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Summary 

 

In freshwater habitats, food webs are generally characterized by the body size ratios of 

occurring organisms. Members of the zooplankton community are common components of 

pelagic ecosystems playing a key role for energy transfer, redistribution of nutrients, and growth 

regulation within natural plankton associations. For example, water fleas (Cladocera) and 

copepods (Copepoda) are major contributors to the structure and composition of lower plankton 

size classes. In Lake Constance, both groups are represented by a diverse set of taxa whose 

population dynamics have been recorded along with the changing trophic conditions of the lake 

since the beginning of the past century. Although several studies already addressed the general 

impact of cladocerans and copepods on their respective predators and prey organisms, there is 

little to no information on how the feeding behaviour of individual taxa might influence the 

planktonic communities recently occurring in Lake Constance under oligotrophic conditions. 

In my PhD thesis, I aimed to identify and compare the functional role of particular zooplankters 

within their food web. In order to do this, I analysed the food preferences of selected cladoceran 

and copepod taxa, particularly with regard to contrasting selection patterns, e.g. related to prey 

size or prey type, and observed short-term population dynamics in a plankton community under 

predation by planktivorous fish. 

First, I investigated the impact of the calanoid copepod Eudiaptomus gracilis on its natural prey 

spectrum in Lake Constance by the end of the 1990’s when the lake was still mesotrophic. In 

this work, I described short-term effects of copepod feeding pressure on primary prey as well 

as potential cascading effects on a secondary level (heterotrophic flagellates and bacteria). Data 

of autumnal in-situ experiments demonstrated a strong preference of this copepod for ciliate 

prey whereas phytoplankton and rotifers were less strongly selected for. Additionally, the 

second group experienced a disruptive selective feeding pressure, i.e. small and large cell sizes 

were discriminated against and the mean body size variance in phytoplankton increased over 

time. Those observations imply the omnivorous, highly selective mode of life of a copepod 

species which was previously considered as herbivorous and shed new light on the importance 

of E. gracilis in the pelagic zone of Lake Constance. 

Building on the results of our first study, I strived to find out if and how the feeding habits of 

E. gracilis would change during the course of the year. By conducting six field experiments 
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over an annual cycle, I analysed the interrelation of copepod clearance rates on individual prey 

groups and temperature and assessed indicator species in order to emphasise seasonal 

fluctuations in the prey spectrum of this copepod species. Altogether, we observed that even 

under oligotrophic conditions, ciliates were among the preferred diet of E. gracilis; additionally, 

rotifers experienced high clearance rates during summer/early autumn. In winter, predation 

pressure was low whereas in spring, increased selection of E. gracilis for ciliates favoured 

phytoplankton growth. Therefore, we were able to demonstrate the dietary preferences and thus 

the impact of this copepod species on the planktonic food web to be coupled with alternating 

seasons. 

In the course of those experiments, four additional zooplankters (the copepods Cyclops sp. and 

Mesocyclops leuckarti plus the cladocerans Daphnia x obscura and D. cucullata) were 

examined along with E. gracilis. These fixe taxa represent the dominating zooplankters of Lake 

Constance. Preliminary results indicate diverging selective patterns between individual species, 

even appearing within the group of copepods. In general, the annual mean revealed the 

cyclopoid copepods to predominantly select for both ciliates and rotifers whereas E. gracilis 

efficiently cleared larger algal particles from the water column, in addition to ciliate prey of all 

sizes. None of the two Daphnia taxa exhibited size-selective feeding behaviour. However, both 

of them significantly controlled phytoplankton and ciliate biomasses in their respective 

treatments. Those findings highlight the fact that the functional role of copepods and 

cladocerans might not only significantly differ between higher taxonomic groups but even on 

species level. 

Finally, I conducted a joint mesocosm experiment in collaboration with other PhD students 

aiming to assess how the influence of a natural zooplankton community on phytoplankton 

growth might be affected by either the presence or absence of predators (i.e. fish). We found 

that the growth of small Daphnia species was not affected by fish predation whereas large taxa 

were equally frequently preyed on by the two introduced fish species. Under lacking fish 

predation, biovolumes of large daphniids significantly increased towards the end of the 

experimental period in relation to smaller species whose biovolumes drastically declined. 

Furthermore, phytoplankton was strongly released from the feeding pressure of zooplankton 

under fish presence. Our results show that when interpreting group-specific taxonomic data, the 

genus Daphnia should not only be considered as a uniform entity since more accurate results 

can be achieved by means of a size-specific subcategorisation. 
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In summary, I was able to outline several factors decisively influencing the selective feeding 

behaviour and thus the functional role of different zooplankters within pelagic environments. 

Moreover, I could demonstrate that a higher taxonomic and functional resolution of the 

investigated organisms can yield an even more distinct picture of their dietary preferences. 

Those insights can help us to comprehend the structures of planktonic food webs more 

thoroughly and precisely as well as to better understand the complex ecology of zooplankton. 

Furthermore, they offer a conceptual and comparable basis for similar research approaches 

dealing with experimental investigations on predator-prey interactions in Lake Constance.
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Zusammenfassung 

 

Nahrungsnetze in Süßwasserhabitaten sind generell von den Größenverhältnissen der 

vorkommenden Organismen geprägt. Vertreter des Zooplanktons sind häufige Bestandteile 

pelagischer Ökosysteme und spielen somit eine Schlüsselrolle für Energietransfer, 

Nährstoffumverteilung und Wachstumskontrolle innerhalb natürlicher Plankton-

gemeinschaften. So etwa tragen Wasserflöhe (Cladocera) und Ruderfußkrebse (Copepoda) 

maßgeblich zu Struktur und Zusammensetzung der kleineren Größenklassen des Planktons bei. 

Auch im Bodensee sind beide Gruppen artenreich vertreten, deren Vorkommen seit Beginn des 

vergangenen Jahrhunderts gemeinsam mit den wechselhaften Trophieverhältnissen des Sees 

aufgezeichnet werden. Obwohl sich bereits einige Studien mit dem generellen Einfluss von 

Cladoceren und Copepoden auf ihre Fressfeinde und Beuteorganismen befassten, liegen jedoch 

bisher nur wenige bis kaum Informationen darüber vor, wie einzelne Taxa durch ihr 

Fressverhalten jene planktischen Lebensgemeinschaften beeinflussen, welche heute unter 

nährstoffarmen Bedingungen im Bodensee heimisch sind. 

In meiner Dissertation versuchte ich, die funktionelle Rolle einzelner Zooplankter innerhalb 

ihres Nahrungsnetzes zu identifizieren und diese miteinander zu vergleichen. Hierbei 

untersuchte ich die Nahrungspräferenzen ausgewählter Cladoceren- und Copepodenarten im 

Hinblick auf verschiedene Selektionsmuster wie etwa Größe oder Art der Beute, und 

beobachtete zudem die kurzzeitige Populationsentwicklung einer Planktongemeinschaft unter 

Bejagung durch planktivore Fische. 

Zu Beginn untersuchte ich den Einfluss des calanoiden Copepoden Eudiaptomus gracilis auf 

sein natürliches Beutespektrum im Bodensee gegen Ende der 1990er Jahre, als dieser noch 

mesotroph war. In dieser Arbeit beschreibe ich kurzfristige Auswirkungen des Copepoden-

Fraßdrucks auf primäre Beuteorganismen (Phytoplankton, Ciliaten, und Rotatorien) sowie 

potenzielle Kaskadeneffekte auf sekundärer Ebene (heterotrophe Nanoflagellaten und 

Bakterien). Anhand von Feldexperimenten konnte gezeigt werden, dass diese Copepodenart 

während der Herbstmonate eine starke Präferenz für Ciliaten aufweist und Phytoplankton und 

Rotatorien weniger stark selektiert. Zweitere erfuhren zudem einen disruptiven 

Selektionsdruck, d.h. es erfolgte eine Diskriminierung gegen kleine und große Zellgrößen und 

die mittlere Größenvarianz im Phytoplankton nahm zu. Diese Beobachtungen implizieren die 
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omnivore, hochselektive Lebensweise einer bislang herbivor geglaubten Art und werfen ein 

neues Licht auf die Bedeutung von E. gracilis im Pelagial des Bodensees. 

Anknüpfend an die Ergebnisse unserer ersten Studie wollte ich herausfinden, ob und wie sich 

das Fressverhalten von E. gracilis im Jahresverlauf verändert. Mit Hilfe von sechs 

Freilandversuchen über einen Jahreszyklus analysierte ich den Zusammenhang zwischen den 

Filtrierraten des Copepoden für einzelnen Beutegruppen und der Temperatur und ermittelte 

Indikatorarten, um jahreszeitliche Veränderungen im Beuteschema des Copepoden 

herauszustellen. Insgesamt ließ sich feststellen, dass Ciliaten auch unter oligotrophen 

Verhältnisseen zum bevorzugten Futter von E. gracilis zählen, wobei im Sommer/Frühherbst 

auch Rotatorien stärker filtriert wurden. Im Winter dagegen sank der Fraßdruck und im Frühling 

begünstigte E. gracilis durch vermehrte Selektion von Ciliaten das Phytoplanktonwachstum. 

Somit konnte deutlich gemacht werden, dass sich die Nahrungspräferenzen und damit der 

Einfluss dieser Copepodenart auf das planktische Nahrungsnetz mit wechselnden Jahreszeiten 

ebenfalls verändern. 

Neben E. gracilis wurden im Zuge derselben Studie zudem noch vier weitere Zooplankter (die 

Copepoden Cyclops sp. und Mesocyclops leuckarti sowie die Cladoceren Daphnia x obscura 

und D. cucullata) untersucht. Diese fünf Taxa zählen zu den dominanten Vertretern des 

Bodenseezooplanktons. Vorläufige Ergebnisse ließen abweichende Selektionsmuster zwischen 

den einzelnen Arten erkennen, die auch innerhalb der Gruppen der Copepoden zutage traten. 

Allgemein konnte für das Jahresmittel gezeigt werden, dass die cyclopoiden Copepoden sowohl 

Ciliaten als auch Rotatorien als Nahrung bevorzugten, wohingegen E. gracilis zusätzlich zu 

Ciliaten aller Zellgrößen größere pflanzliche Partikel aus der Wassersäule entfernte. Für keines 

der beiden Daphnientaxa konnte größenspezifische Selektion festgestellt werden, jedoch 

kontrollierten beide signifikant die Algen- und Ciliatenbiomassen in ihren jeweiligen 

Treatments. Diese Erkenntnisse machen deutlich, dass sich die funktionelle Rolle von 

Copepoden und Cladoceren auch auf Artenebene erheblich unterscheiden kann. 

Zum Schluss versuchte ich in Zusammenarbeit mit anderen Doktoranden, anhand eines 

Mesokosmosexperiments zu zeigen, wie sich der Einfluss einer natürlichen 

Zooplanktongemeinschaft auf das Wachstum von Phytoplankton während der An- oder 

Abwesenheit von Räubern (hier: Fischen) auswirkt und entwickelt. Wir fanden heraus, dass 

Fischbejagung keine Rolle für das Wachstum kleiner Daphnien (Cladocera) spielte, große Taxa 

jedoch häufig von beiden eingesetzten Fischarten gleichermaßen gefressen wurden. Fiel der 

Fraßdruck durch die Fische jedoch weg, konnten sich große Daphnien zum Ende der 
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Experimentdauer hin signifikant gegenüber kleineren vermehren, deren Biovolumen wiederum 

drastisch zurückging. Des Weiteren wurde der Fraßdruck durch Zooplankton auf das 

Phytoplankton unter Anwesenheit der Fische erheblich reduziert. Unsere Ergebnisse zeigen, 

dass bei der Interpretation gruppenspezifischer taxonomischer Daten das Genus Daphnia nicht 

nur als uniforme Einheit behandelt werden sollte, sondern in der Tat akkuratere Ergebnisse 

mittels einer größenspezifischen Untergliederung erreicht werden können. 

Zusammenfassend konnte ich einige Einflussfaktoren darlegen, welche das selektive 

Fressverhalten und somit die funktionelle Rolle verschiedener Zooplankter in pelagischen 

Lebensräumen maßgeblich prägen. Darüber hinaus konnte ich aufzeigen, dass eine höhere 

taxonomische oder funktionelle Auflösung der zu untersuchenden Organismen oftmals noch 

individuellere Ergebnisse in Bezug auf deren Nahrungspräferenzen liefern können. Diese 

Einblicke können uns helfen, die Strukturen planktischer Nahrungsnetze noch detaillierter und 

genauer zu ergründen und die komplexe Ökologie von Zooplankton besser zu verstehen. 

Außerdem bieten sie eine konzeptionelle und vergleichbare Grundlage für ähnliche 

Studienansätze, die sich mit der experimentellen Untersuchung von Räuber-Beute-

Beziehungen im Bodensee befassen. 
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“Any ecosystem, no matter how simple or complex, needs energy to make it go and to make 

things grow. Energy flows through an ecosystem along a complex pathway, being partly used 

and dissipated as it passes from one living thing to the next. A firsthand look at the journey that 

energy takes may bring some surprises.” 

- from: Pond and Brook: A Guide to Nature in Freshwater Environments (1985) 
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Chapter I – General Introduction 

Food web structure and species interaction 

Aquatic organisms have the ability to form and maintain manifold and complex biocenoses 

sculpting entire ecosystems. With the specific nature of every relationship between organisms 

of the same or of different species, every community bears a unique composition and distinct 

characteristics. The impact of individual species on their environment and thus on other forms 

of life can have contrasting effects: it can be negative for both (intra- and interspecific 

competition; DeMott, 1989b) or for one of the interaction partners (predation and parasitism; 

Lynch, 1979; Kimmerer and McKinnon, 1990), neutral for either (commensalism and 

amensalism; Bratbak and Thingstad, 1985) or for both partners (neutralism; Nathaniel Holland 

and Deangelis, 2009), or positive for either of them (mutualism and symbiosis; Arthur and 

Mitchell, 1989; Decelle et al., 2012). Especially negative trophic interactions, i.e. predation and 

competition, are considered as key drivers of ecosystem structure and function as they regulate 

energy fluxes and nutrient cycling across freshwater food webs (Steinberg and Geller, 1994; 

Schmitz et al., 2010). In contrast to terrestrial ecosystems, aquatic environments yield increased 

short-term energy exchange but also reduced barriers to dispersal between habitats thereby 

reducing the power of intra-system boundaries (i.e. between sediment and water; Giller et al., 

2004). Consequently, the constraint of an organism, say, a predator, to strictly adhere to a 

defined ecological domain also abates leading to increased interaction, be it either with 

competitors, prey or potential predators of its own, between habitats, or at environmental 

interfaces (Snelgrove et al., 2000). According to Schmitz et al. (2010), predators can control 

and redistribute nutrients in pelagic ecosystems via several consumptive and non-consumptive 

pathways: the first group of mechanisms comprises direct and indirect effects due to immediate 

feeding, such as trophic cascading effects, alteration of nutrient contents of the prey community 

and, accordingly, prey nutrient transport/release, or nutrient translocation across habitat 

boundaries. On the other hand, non-consumptive effects would be e.g. the alteration of both 

community composition and nutrient allocation due to predator-induced shifts in the herbivore 

association. Successful feeding strategies are essential for predatory organisms and do often 

have extensive effects on the rest of their food web and on the overall ecosystem. In 

consequence, aquatic ecosystem functioning and resilience is strongly dependent on both 

predator and prey biodiversity (Folke et al., 2004; Hooper et al., 2005). Mechanisms as nutrient 

distribution and cycling, biomass concentrations, and diversity dynamics define the structure 

of trophic food-webs with predator-induced control of biomass concentrations, competition, 



9 
 

and nutrient regeneration being the main driving forces of a lake’s respective seasonal plankton 

succession (DeMott, 1989b; Gliwicz and Pijanowska, 1989). Therefore, disentangling the 

complex patterns of predator-prey interactions and their impact on community structure is 

crucial for a mechanistic understanding of the processes responsible for modifying and 

maintaining aquatic ecosystem functioning.  

The functional role of zooplankton within lacustrine ecosystems 

In freshwater ecosystems, crustacean zooplankton, particularly copepods and cladocerans, 

embody key predator species and play an important role in regulating nutrient distribution and 

energy resourcing whereby directly controlling ecological stability (Kerfoot and DeAngelis, 

1989; Sterner, 1989; Sterner et al., 1992; Urabe, 1993). For species undergoing shifts in 

resource and habitat use, survival and growth could be explained not only by abiotic factors but 

also by e.g. competitive advantages or size‐dependent food availability (Vanni, 1987). Thus, 

identifying factors determining the performance of crustacean predators is an essential part of 

understanding what governs population dynamics. One increasingly prevalent approach to gain 

insight into planktonic food web structures is classifying organisms according to systematic 

characteristics, more specifically, to their ‘functional traits’ (Nock et al., 2016). Functional 

traits are consistent attributes based on morphological, structural, physiological, or behavioural 

features describing species fitness and interaction in an environmental context – i.e. with other 

species and with their environment – as well as responses to ecosystem functioning within a 

community. Trait-based classifications of plankton communities can help to simplify 

parameters defining ecological relationships without sacrificing structural accuracy (Barnett et 

al. 2007, Litchman & Klausmeier 2008, Kruk et al. 2010, Litchman et al. 2013, Colina et al. 

2016).  

A broad variety of traits affects the functional response of a crustacean predator to its prey. 

Species-specific attributes such as body size, shape, chemical characteristics, and toxicity along 

with behavioural strategies determine the probability of an organism to be ingested by the 

consumer (e.g. Williamson, 1987; Pančić and Kiørboe, 2018; Ger et al., 2019). Quantitative 

traits as body size and biomass were frequently considered important key traits in pelagic 

communities (Vogt et al., 2010; Hart and Bychek, 2011; Gallego et al., 2019). Those ‘master 

traits’ rank among the main determinants for assessing predator-prey interaction and 

community composition in aquatic food webs since they can be used to not only universally 

scale multiple physiological and vital traits of an organism (e.g. growth, respiration, 

reproduction, and mortality; c.f. Brose et al., 2006), but also to assess food web and community 
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structures (e.g. via foraging success and resource use; Scharf et al., 2000; Vogt et al., 2013; 

Kiørboe et al., 2018). Body size often constrains species interaction between predator and prey 

to a distinctive size ratio defining the magnitude of trophic cascades (Delong et al., 2015). 

Contrasting differences in predator-specific ingestion rates have already been presented for 

numerous planktonic taxa (Hansen et al. 1994; Hansen et al. 1997). Herbivorous cladocerans, 

e.g. Daphnia, can act as keystone predators able to alter phytoplankton community composition 

without causing visible net effects (Sarnelle, 2005). Whereas Daphnia seems to utilise small 

particles most efficiently, copepods predominantly feed on larger prey (Horn 1985a; 1985b). 

Numerous copepod species are generalist omnivores with the potential to control the biomass 

of an extensive spectrum of primary and secondary prey such as rotifers, ciliates, and 

phytoplankton, at which provoking more complex trophic cascading effects (Stibor et al., 

2004). Hence, the two zooplankton sister groups have complementary impacts on the lower 

plankton community assigning them to important and sometimes diverging functional and 

trophic positions within pelagic food webs. 

Prey selection and feeding strategies 

There are multiple mechanisms influencing the feeding selectivity of zooplankton filter-feeders 

which are related to body size as an indicator for food quality. Two examples would be 

mechanoreception (i.e. the detection of pressure disturbances in the water column) and 

chemoreception (i.e. the detection of chemical cues), created by suspended particles: the larger 

the particle volume, the stronger become its mechanical and chemical signals (DeMott, 1990). 

Increasing prey size can not only affect interaction and efficiency of each of those techniques 

but also the capture mode of filter-feeders inducing a gradient of advancing selectivity 

(Vanderploeg et al., 1990). Subsequently, according to Lehman's (1976) optimal foraging 

theory, a filter-feeder first assesses the nutritional value of any captured particle before either 

ingesting or rejecting it. If the costs of rejection were negligible, the optimal diet would depend 

on the abundance of high-quality food. As a result, discrimination against low-quality particles 

would increase. Contrastingly, if rejection costs were substantial, the optimal diet would then 

depend on the overall food concentration. In this case, overall selectivity would be likely to 

decrease. 

Generally, cladocerans of the genus Daphnia are considered to feed non-selectively, i.e. they 

mechanically filter the surrounding water for food particles using a sieving apparatus consisting 

of a ‘mesh’ of fine setulae located at their filtering limbs (Gophen and Geller, 1984; DeMott, 

1990). Therefore, the size of ingested prey strongly correlates with the mesh size of the 
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daphniids’ filtering system. Daphnia was also found to react to toxic cyanobacteria and to 

overall high algal concentrations by reducing the food uptake (Gliwicz and Siedlar, 1980; Nizan 

et al., 1986). In contrast, copepods can either perform suspension filter-feeding or actively 

select for prey (‘active choice’). Calanoid and cyclopoid species are able to directly grasp 

particles from the water column and reject low-quality food due to its specific chemical 

signature (DeMott, 1988a). Several calanoid marine and freshwater taxa (e.g. Acartia, 

Eudiaptomus, Pseudocalanus, Temora) are even capable of differentiating between dead and 

living cells of the same prey species (DeMott, 1988b; DeMott, 1989a). Although prey size 

seems to be the most decisive criterion where prey selection is concerned, selectivity of 

different copepod species was found to be greatly influenced by temperature, prey 

concentration, type, and quality (Frost, 1972; Šorf and Brandl, 2012; Garrido et al., 2013; 

Koussoroplis et al., 2014). Therefore, precise predictions about the feeding impact of 

zooplankton within pelagic food webs cannot be made without taking the specialised foraging 

tactics of individual taxa into account, not only mechanically but also behavioural, especially 

regarding extrinsic environmental factors. 

The pelagic zooplankton of Lake Constance 

In the previous paragraphs, general aspects of predator – prey interactions in planktonic food 

webs have been introduced and functionally illustrated for the category of zooplankton. As a 

central focus of this thesis, I conducted in situ experiments in Lake Constance (Germany) with 

native zooplankton to investigate patterns of prey selection in a natural plankton community. 

Lake Constance is a large, deep, warm-monomictic, oligotrophic pre-alpine lake at the borders 

of Germany, Austria, and Switzerland. Due to its well-documented trophic history, this lake 

embodies an interesting study system for investigating long-term ecosystem dynamics. Until 

the late 1970’s, during the course of eutrophication, numerous zooplankton taxa completely 

disappeared from the pelagial, such as the calanoid copepod Heterocope borealis and the 

cladoceran Diaphanosoma brachyurum, along with several rotifer species (Einsle, 1983; Einsle, 

1988; Stich et al., 2018). Furthermore, the invasion of Cyclops vicinus and Daphnia galeata 

caused additional alterations within both taxonomic and biomass composition of the 

zooplankton community shifting it to a cladoceran-dominated system (Straile and Geller, 1998). 

With continuing reoligotrophication since the 1980’s, the relative share of copepod biomass 

again increased but extinct species failed to reinvade (Straile, 2015), presumably due to niche 

constriction by the emerged zooplankton invaders in combination with altered environmental 

conditions. Recently, since around 2014, Daphnia cucullata and its hybrid forms occur in the 

lake in high abundances, temporally coinciding with the immigration of the non-endemic three-
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spined stickleback (Gasterosteus aculeatus) in 2013 (Alexander et al., 2014; Roch et al., 2018; 

Rösch et al., 2018). The contemporary dominant copepod species are Eudiaptomus gracilis, 

Cyclops abyssorum, Cyclops vicinus, and Mesocyclops leuckarti. 

Thesis outline 

In my PhD-thesis, I aimed to investigate the functional role of different zooplankton species 

and their relative impact on prey population dynamics within the natural plankton community 

of Lake Constance. Furthermore, I approached the question whether those roles were 

overlapping or even substitutable within their trophic food web. The reversibility of the role of 

copepods and cladocerans would thus depend on whether the identity of different species is 

functionally redundant in respect to ecosystem functioning. Accordingly, individual 

zooplankton feeders with differing feeding patterns would have contrasting impacts on the 

lake’s ecosystem. Secondly, I examined multi-level trophic cascading effects on a plankton 

community evoked by fish predation with special regard to keystone zooplankton species. In 

both cases, size-selective feeding was assumed to be the main controlling factor of prey 

community structure and composition. 

Chapter II examines the feeding impact of the calanoid copepod Eudiaptomus gracilis on the 

natural lower plankton community of Lake Constance (phytoplankton, ciliates, rotifers, 

heterotrophic nanoflagellates, and bacteria). I analysed a dataset from 1998 and tested whether 

the selectivity of E. gracilis could shift the size structure of the prey community and whether 

the grazing of this species induced trophic cascading effects. Three in situ experiments were 

performed in autumn of the study year to test for short-term temporal effects. 

In Chapter III, I extended the approach from Chapter II conducting similar incubation 

experiments in 2017/18 with the same copepod species to see if its feeding impact has changed 

over time. Additionally, I repeated the experiment every two months over one annual cycle to 

investigate seasonal contrasts in selectivity and feeding impact. Additionally, I analysed 

changes in the taxonomic composition of the prey community. 

Chapter IV gives preliminary results of the incubation experiments explained in Chapter III 

but comprises complementary data from a total of five different zooplankters: three copepods 

(E. gracilis, Cyclops sp., Mesocyclops leuckarti) and two daphniids (Daphnia x obscura, D. 

cucullata). Here, differences in species-specific feeding impact on phytoplankton, ciliates, and 

rotifers are illustrated for each season. 
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Chapter V deals with the role of keystone zooplankton species as a functional link between 

fish predation and phytoplankton. Participating in a joint field study of my graduate school, I 

conducted a mesocosm experiment in Upper Lake Constance and investigated the feeding 

impact of endemic and invasive fish species on the zooplankton community. We further aimed 

to identify important zooplankton taxa triggering trophic cascading effects on phytoplankton 

by size-selective feeding (edible versus inedible prey). 

In the final discussion, Chapter VI, I will give a summary of the results and discuss them in a 

general context, followed by an outlook for future research ideas, as well as by general 

conclusions. 
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Abstract 

Cultural oligotrophication is expected to shift lake zooplankton to become dominated by 

calanoid copepods. Hence, understanding the influence of calanoids on the taxonomic and size 

structure of the lower plankton food web is crucial for predicting the effects of oligotrophication 

on energy fluxes in these systems. We studied the effect of an omnivorous calanoid, 

Eudiaptomus gracilis, on the lower planktonic food web using an in situ incubation approach 

in large and deep Lake Constance. We show that E. gracilis significantly reduced ciliate, 

phytoplankton, rotifer, but increased bacteria biovolume. Highest clearance rates were observed 

for ciliates whose biovolume declines may have caused a release of predation pressure on 

bacteria. E. gracilis grazing shifted the size structure of the phytoplankton community by 

reducing mean phytoplankton cell size (directional selection) and simultaneously increasing 

cell size variance (disruptive selection). Ciliate cell sizes experienced a similar selective regime 

in one of the experiments whereas in the other two experiments, no change of size structure was 

detected. Results suggest strong influences of E. gracilis grazing on the lower plankton food 

web and a significant shift in phytoplankton size structure. For evaluating detailed effects of 

omnivorous consumers on plankton size structure, cascading interactions need to be considered. 

Introduction 

Body size is considered as a master trait in planktonic food webs as it is correlated with many 

physiological and life-history traits of organisms (Litchman et al., 2007; Gianuca et al., 2016). 

Body size controls growth, nutrient uptake and sedimentation as well as the vulnerability of 

organisms to predation (Sommer et al., 2017). Hence, it is a key factor for energy transfer and 

nutrient regeneration within ecosystems (Hildrew et al., 2007; Arhonditsis et al., 2018).  

In aquatic habitats, predator-prey relationships have been shown to be highly size-dependent 

(Hansen et al., 1994; Scharf et al., 2000; Emmerson and Raffaelli, 2004; Folke et al., 2004). 

Usually, consumers prefer specific cell or body sizes of prey organisms resulting in predator-

prey body size ratios based on the predator’s feeding behaviour, e.g. foraging tactics, mode of 

ingestion, or food preferences (Hansen et al., 1994; Hansen et al., 1997; Brose et al., 2006). 

Amongst other factors, size-specific predation might play an important role for seasonal 

plankton succession (DeMott, 1989b; Gliwicz and Pijanowska, 1989). 

Numerous lakes in Europe and Northern America currently undergo oligotrophication resulting 

in changes in the composition of planktonic food webs (Søndergaard et al., 1990; Jeppesen et 

al., 2002; Jeppesen et al., 2005; Van Donk et al., 2008; Bunnell et al., 2014; Watkins et al., 
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2015). Copepods are key components within these food webs and calanoid copepods in 

particular dominate the crustacean zooplankton biomass in oligotrophic waters (Straile and 

Geller, 1998). Consequently, the relative importance of calanoid copepods is likely to increase 

in lakes which currently experience declines in nutrients, i.e. (re-) oligotrophication (Barbiero 

et al., 2012; Barbiero et al., 2014; Rudstam et al., 2015; Straile, 2015). 

Calanoid copepods are known to switch their feeding mode from passive suspension feeding to 

ambush feeding depending on the concentration of prey (Vanderploeg and Paffenhöfer, 1985). 

This allows calanoid species to feed on a broad size range and high diversity of prey organisms 

(Stoecker and Egloff, 1987; Carrick et al., 1991; Fessenden and Cowles, 1994; Adrian and 

Schneider-Olt, 1999; Šorf and Brandl, 2012). Several studies indicate size- and taxon-specific 

ingestion by small calanoid copepods. For instance, small calanoids similar in size to 

Eudiaptomus gracilis (e.g. Boeckella spp., Diaptomus minutus, D. pygmaeus, Epischura 

baikalensis, E. lacustris, Eudiaptomus graciloides) have been shown to highly select for ciliates 

with preference for smaller ciliates (size range: 10 – 20 µm) over smaller-sized algae (≤ 10 µm) 

as well as  large ciliates (> 20 µm; Burns and Gilbert, 1993; Burns and Schallenberg, 1996; 

Burns and Schallenberg, 1998; Adrian and Schneider-Olt, 1999; Burns and Schallenberg, 

2001). Less is known about small calanoid predation effects on rotifers (Williamson and Butler, 

1986; Dhanker et al., 2012). In contrast, large calanoids (Calanus propinquus, D. pallidus, 

Epischura lacustris, E. nevadensis, Limnocalanus macrurus) feed primarily on larger animal 

prey such as rotifers and small crustaceans in addition to phytoplankton (Warren, 1985; Wong 

and Chow-Fraser, 1985; Schulze and Folt, 1990; Pasternak and Schnack-Schiel, 2001; Doubek 

and Lehman, 2014). Thus, both predator and prey sizes control the selective feeding behaviour 

of calanoids and therefore the structure of the prey community. 

In many deep, peri-alpine European lakes, the calanoid copepod Eudiaptomus gracilis is 

abundant throughout the year (e.g. Anneville et al., 2007; Seebens et al., 2007). E. gracilis was 

long considered as a herbivorous species and therefore, many experimental studies were 

performed using algal dietary sources (Muck and Lampert, 1980; Horn, 1985a; Horn, 1985b). 

Amongst phytoplankton, E. gracilis predominantly feeds on larger species and hence has been 

termed a “macro-filtrator” (Horn, 1985a; 1985b). However, E. gracilis also feeds on small algae 

groups such as Scenedesmus (~200 μm3) with enhanced filtering rates (Muck and Lampert, 

1980). More recently, there is evidence for carnivorous feeding with studies showing preference 

for ciliates (Adrian and Schneider-Olt, 1999; Yoshida et al., 2001) and rotifers up to 260 μm in 

body length and a body volume of 340 000 μm3, respectively (Brandl, 2005; Šorf and Brandl, 

2012). Thus, E. gracilis seems to be an omnivorous consumer able to prey on primary producers 
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(phytoplankton) but also on primary consumers (herbivorous ciliates and rotifers) and 

secondary consumers, e.g. predatory ciliates (Müller et al., 1991). This suggests the potential 

for complex and cascading effects of this copepod’s feeding on the structure and size of 

plankton communities.  

Recently, Vellend proposed his ‘theory of ecological communities’ in which he advocated to 

organize community ecology into four high-level processes in analogy to evolutionary biology 

(natural selection theory): drift, selection, dispersal and speciation (Vellend, 2010; 2016). Using 

this framework, the grazing impact of a herbivore on a multispecies community may be 

conceptualised as selection of species resulting in changes in species and trait composition 

within a community. Accordingly, directional selection will change the mean of the prey size 

frequency distribution inducing a shift towards one end of the size spectrum; stabilizing 

selection will decrease the variance of the size frequency distribution whereas disruptive 

selection will increase the variance of the frequency size distribution (Coutinho et al., 2016). 

In this study, we analyse the direct and indirect influence of one of Europe’s most common 

calanoid copepods, E. gracilis, on a natural plankton community (rotifers, ciliates, 

heterotrophic flagellates, phytoplankton and bacteria) using an experimental approach in Lake 

Constance. We assess the impact of E. gracilis on the size structure and composition of the 

lower plankton food web during autumn as long-term data from this lake indicated that the 

copepod’s abundance increases during this season (Seebens et al., 2007).  

More specifically, we test the following four hypotheses:  

1) The grazing impact of E. gracilis is prey-size dependent resulting in largest clearance rates 

for rotifers, followed by ciliates and phytoplankton,  

2) Grazing of E. gracilis results in cascading trophic interactions, i.e. high clearance rates for 

ciliates (large prey) will release bacteria (small prey) from predation,  

3) Size-selective copepod feeding within taxonomic prey groups (phytoplankton, ciliates, 

rotifers) will result in smaller average body sizes (directional selection) and reduced body size 

variances (stabilizing selection) within those groups, and 

4) The effect of E. gracilis on the biovolume and the mean and variance of body size of plankton 

groups does show short-term (within weeks) temporal variation. 
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Material and Methods 

Study system  

To examine the grazing impact of Eudiaptomus gracilis and its short-term variability, we 

conducted three bottle experiments during a 3-week period in autumn 1998 in Überlinger See, 

a fjord-like basin of Upper Lake Constance (47° 45' N, 9° 08' E). Briefly, Upper Lake Constance 

is a large (473 km2), deep (maximum depth: 252 m), warm-monomictic peri-alpine lake 

bordering Germany, Switzerland and Austria which experienced reoligotrophication during the 

last decades (Jochimsen et al., 2013). During the study year, the lake was mesotrophic with a 

total phosphorus concentration of 0.55 μmol P L-1 in September. 

Incubation experiments 

On the day before each of the three experiments (Experiment 1: 21.09.; Experiment 2: 28.09.; 

Experiment 3: 05.10.1998), specimens of E. gracilis were collected with a HYDROBIOS 

plankton net (38.5 cm diameter, 55 µm mesh size) in four vertical tows from 0 – 25 m depth 

and kept overnight in filtered lake water (0.45 µm pore size) at 17.2°C. Most of the copepods 

were adult egg-sac bearing females. Environmental conditions during the overall study period 

where rather stable with Secchi depths slightly increasing from 5.8 m (Experiment 1) to 7.4 m 

(Experiment 2), and 8.4 m (Experiment 3) and epilimnetic water temperatures (measured in 2 

m depth) varying around 14°C (Experiment 1: 14°C, Experiment 2: 14.7°C, and Experiment 3: 

13.8 °C). 

On the first day of each experiment, 8 transparent PVC bottles of approximately 1250 mL 

volume were filled in situ with lake water from a depth-integrated sample (0 – 20 m) gently 

mixed and filtered through a 55 µm mesh (Experiment 3: 100 µm) to remove mesozooplankton. 

Samples from the filtered lake water were directly taken as duplicates to define the initial 

microplankton composition (S) at the starting point of the study. Subsequently, 4 bottles (E1 – 

E4) were populated with 30 adult individuals of E. gracilis individually, the remaining 4 bottles 

without copepods served as control/no copepod treatment (C1 – C4). Similar densities of E. 

gracilis were reported for natural lake habitats, e.g. up to  22 ind L-1 in Lake Balaton (Zánkai 

and Ponyi, 1986) and up to 9 ind L-1 in Lake Constance (Stich, 1989). Also, the chosen copepod 

density lay within the density ranges used in previous mesocosm studies and was likely to 

trigger trophic cascading effects (Adrian and Schneider-Olt, 1999; Sommer et al., 2001; 

Sommer et al., 2004; Zöllner et al., 2009). All bottles were incubated in 2 m water depth for 72 

h to allow the microbial community to respond to multi-level grazing while minimising 
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enclosure effects, e.g. algal growth on enclosure walls (c.f. Burns and Schallenberg, 1996). 

Also, in 2 m depth the bottles were affected by wind driven water movement which generated 

turbulence and reduced sedimentation of immobile plankton. The total exposure time until 

plankton fixation amounted to 74 h.  

Plankton cell concentrations and biomass 

To quantify changes in pico- and microplankton due to feeding of E. gracilis, we estimated the 

abundances (cells/mL) of the different plankton groups in the control (C) and Eudiaptomus (E) 

bottles at the end of each experiment. In addition, plankton densities at the start of each 

experiment (S), i.e. from the water used to fill the experimental bottles, were examined and 

used as a reference to illustrate temporal dynamics in both control and predator treatment. After 

fixation in Lugol’s acid solution + sodium acetate (100 mL sample volume per replicate), 

phytoplankton species were counted following Utermöhl (1958). Individual samples (250 mL 

sample volume per replicate) of both ciliates and rotifers were fixed in Lugol’s acid solution + 

10% glacial ethanoic acid and counted as combined samples. Subsamples of 100 mL were 

counted until 200 individuals of the most common taxon were obtained (only small ciliate taxa 

<35 µm) or the whole sedimentation chamber was analysed (larger ciliate taxa >35 µm and 

rotifers). Heterotrophic nanoflagellates (HNF) and bacteria were fixed in concentrated formol 

solution (~2% final solution) with 10 mL sample volume per replicate. For cell counting with 

the epifluorescence microscope, 3 mL subsamples were filtered over 0.2 μm pore-sized black 

nuclepore filters (CORNING; 25 mm diameter) which were subsequently stained with 4,6-

Diamidino-2-phenylindol (DAPI). A minimum of 100 (400x magnification) and 400 cells per 

filter (1000x magnification) were counted for HNF and bacteria, respectively.  

Phytoplankton, ciliate and rotifer biovolumes were calculated using taxon-specific body 

volumes as previously established for Lake Constance (Kümmerlin and Bürgi, 1989; Müller et 

al., 1991; Pauli, 1989). The mean cell volume of HNF and bacteria used for biovolume 

calculation was 15.09 µm3 (Børsheim and Bratbak, 1987) and 0.036 µm3 (Simon, 1987), 

respectively. 

Statistical analysis 

Differences in biovolumes between treatments and experiments for the individual plankton 

groups were analysed using two-way ANOVA (factor 1: Treatment; levels: E, C; factor 2: 

Experiment; levels: 1, 2, 3) and type II sum of squares. To ensure homogeneity of variance, 

data were log10-transformed prior to statistical analyses.  
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Taxon- (Supplementary table S1) and group-specific clearance rates of E. gracilis were 

calculated from prey concentrations in C and E bottles at the end of the incubation (Rigler, 

1971; Båmstedt et al., 2000), i.e. assuming exponential dynamics (i.e. growth or possibly 

declines due to microzooplankton grazing and/or bottle effects) of prey concentrations in the C 

bottles: 

𝐹 = 𝑙𝑛
𝐶

𝐸𝑖
∗

𝑉

𝑡∗𝑛
                      

where 𝐹 is clearance rate [mL*animal-1*h-1], 𝐶 is the geometric mean biovolume of each group 

in the control/no copepod treatments, 𝐸𝑖 is biovolume of each group in replicate i of treatment 

𝐸, 𝑉 is the bottle volume [mL], 𝑡 is the experimental duration [h], and 𝑛 is the number of adult 

Eudiaptomus in replicate i of treatment 𝐸 at the end of the experiments (for detailed explanation 

and derivation of this formula, see Supplementary text T1). This number ranged between 26-

30 individuals, i.e. average mortality of Eudiaptomus during the experiment was low (7.7%). 

For each experiment separately, differences between mean clearance rates of prey groups were 

examined using one-way mixed effects ANOVA. Here, replicates were used as a random factor 

in order to account for non-independence of clearance rates on the various prey groups within 

each replicate. Pairwise post-hoc comparisons were analysed using Tukey’s HSD (R package 

multcomp, Hothorn et al., 2008). Evidently, clearance rate replicates calculated with mean 

control biovolumes cannot be considered independent (Jason Stockwell, personal 

communication). Moreover, control and grazer treatments were not paired. Thus, mixed effects 

ANOVA and post-hoc comparisons were not conducted using the clearance rates calculated 

from geometric mean control biovolumes but using clearance rates for all possible combinations 

of control and grazer bottles (i.e. 4! = 24 combinations of 4 grazer and 4 control bottles). 

The analysis of size-specific grazing impacts was conducted using three independent 

approaches: (1) size-specific clearance rates were calculated for distinct size classes, which 

were formed by rounding log10-transformed body volume to the nearest integer: size class -1: 

0.04 – 0.3 µm3 cell volume; size class 1: 4 – 15 µm3; size class 2: 40 – 300 µm3; size class 3: 

350 – 2 700 µm3; size class 4: 3 200 – 30 000 µm3; size class 5: 32 000 – 279 000 µm3; size 

class 6: 335 000 – 443 000 µm3. (2) body volume distributions for control and Eudiaptomus 

treatments were calculated using kernel density plots with gaussian kernels and (3) weighted 

mean body volume (BVMw) and weighted body volume variance (BVVw) of phytoplankton, 

ciliates and rotifers were calculated as  
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𝐵𝑉𝑀𝑤 =  
∑ 𝐵𝑖

𝑛
𝑖=1  ∗ 𝐵𝑉𝑖

∑ 𝐵𝑖
𝑛
𝑖=1

  and 𝐵𝑉𝑉𝑤 =  
∑ 𝐵𝑖 ∗ 𝑛

𝑖=1 𝐵𝑉𝑖
2

∑ 𝐵𝑖
𝑛
𝑖=1

− 𝐵𝑉𝑀𝑤
2

 

with B and BV as biovolume (body volume * concentration) and log10 body volume of each 

taxon within the respective groups (Acevedo-Trejos et al., 2018). Differences in BVMw and 

BVVw between treatments and experiments were analysed using two-way ANOVA and type II 

sum of squares. All calculations were conducted using the packages car (Fox and Weisberg, 

2018) and multcomp (Hothorn et al., 2008) with the statistical software R 3.5.0 (R Core Team, 

2018). 

Results 

A total of 55 phytoplankton, 44 ciliate, and 11 rotifer taxa (including undefined ciliates and 

rotifers; Supporting Information Table S1) were identified. Overall and across all three 

experiments, Eudiaptomus gracilis decreased the biovolume of phytoplankton (average 

decrease across all three experiments: 25 %), ciliates (67 %) and rotifers (28 %). Whilst E. 

gracilis increased the biovolume of bacteria (9 %), it did not influence HNF biovolume (Fig. 

1.1; Table 1.1, significant main effects of treatment). Biovolumes significantly differed between 

experiments for ciliates, rotifers, HNF and bacteria (significant main effect of experiment). Yet, 

experiment effects differed between groups. For example, rotifers biovolumes were lowest in 

Experiment 1, whereas HNF biovolumes were lowest in Experiment 3.   

Figure 1.1: Responses of biovolumes of to Eudiaptomus grazing: (a) phytoplankton, (b) ciliates, (c) rotifers, 
(d) HNF and (e) bacteria. S = starting point (n = 2); C = control; E = copepod treatment (n = 4). Symbols indicate 
the different experiments (Circles: Experiment 1; triangles: Experiment 2; squares: Experiment 3). Open 
symbols represent initial samples (S) at the starting point and filled symbols represent experimental samples 
(C + E) after 72 h. Error bars indicate ± one standard error of the mean. 
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The effect of E. gracilis on ciliate and HNF biovolume differed significantly between 

experiments. (Fig. 1.1; Table 1.1, significant treatment x experiment interaction). For ciliates, 

this significant interaction term resulted from larger Eudiaptomus effects in Experiment 1 (75% 

decline) compared to experiments 2 and 3 (56 and 68 % decline, respectively). Eudiaptomus 

decreased HNF biovolume in Experiment 2 (11%), but increased HNF biovolume in 

experiments 1 and 3 (13 and 29 %, respectively). Compared to the in situ samples, 

phytoplankton biovolume was lower in both treatments whereas ciliate in situ biovolume was 

lower compared to the control but higher compared to the Eudiaptomus treatment (Fig. 1.1).  

Table 1.1: Analysis of variance (type II ANOVA) of the effects of treatment, experiment (Exp) and the interaction between 

treatment and experiment (Treatment x Exp) on biovolumes, weighted mean body volume (BVMw) and weighted body 

volume variance (BVVw) of the five plankton groups. 

           Biovolume              BVMW            BVVW 

Factor df F value P value F value P value F value P value 

Phytoplankton        

Treatment 1, 18 7.5130 0.0134 * 7.1757 0.0153 * 7.2572 0.0148 * 

Exp 2, 18 1.8742 0.1822   3.0921 0.0701 . 23.6224 < 0.001 *** 

Treatment x Exp 2, 18 1.2191 0.3188   0.1592 0.8540 0.5652 0.5780 

Ciliates     

Treatment 1, 18 1751.944 < 0.001 *** 0.0140 0.9072 1.1158 0.3048 

Exp 2, 18 16.863 < 0.001 *** 35.4563 < 0.001 *** 35.5919 < 0.001 *** 

Treatment x Exp 2, 18 50.848 < 0.001 *** 3.5835 0.0490 * 5.4844 0.0138 * 

Rotifers     

Treatment 1, 18 8.7624 0.0084 ** 0.1224 0.7305 0.0248 0.8767 

Exp 2, 18 7.9682 0.0033 ** 3.6808 0.0457 * 16.0122 < 0.001 *** 

Treatment x Exp 2, 18 1.8979 0.1787    0.3101 0.7372 0.4919 0.6195 

HNF     

Treatment 1, 18 1.6530    0.2149         

Exp 2, 18 37.6131 < 0.001 ***     

Treatment x Exp 2, 18 4.1287    0.0334 *       

Bacteria     

Treatment 1, 18 5.9285 0.0255 *     

Exp 2, 18 9.1138 0.0018 **     

Treatment x Exp 2, 18 3.2978 0.0602 .     

Significance codes: ‘∗∗∗’: <0.001, ‘∗∗’: <0.01, ‘∗’: <0.05, ‘.’: <0.1, Since variability of body volumes in HNF 

and bacteria was not measured, no tests of BVMw and BVVw were performed. 

 

We found significant differences between clearance rates on plankton groups in all experiments 

and all permutations performed (all p < 0.05). Clearance rates on ciliates were higher than those 

on other taxa in experiments 1 and 3 in all permutations (Fig. 1.2). In Experiment 2, all 

permutations revealed that clearance rates on phytoplankton, ciliates and rotifers were larger 

than those on bacteria (Fig. 1.2). Other differences between groups were not consistently 

observed across all permutations.  
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Size class-specific clearance rates were low 

up to size class 2 and high for all groups (i.e. 

phytoplankton and ciliates) in size classes 3 

and 4, but were group-specific in size classes 

5 and 6. Ciliate clearance rates were also 

high in the latter two size groups whereas 

those for phytoplankton (size class 5, 

Ceratium hirundinella) and rotifers (size 

classes 5 and 6, various species) were low 

(Fig. 1.3). 

As a consequence of the various size- and 

group-specific clearance rates, Eudiaptomus 

grazing led to decreased biovolumes 

between approximately 103 and 105 µm3 

(Fig. 1.4). This is mainly as a result of high 

clearance rates of abundant species such as 

e.g. the algae Cryptomonas ovata, 

Gymnodinium helveticum, and 

Stephanodiscus medius as well as the ciliates 

Histobalantium spp., Strobilidium lacustris, 

and Pelagostrombidium spp. 

(Supplementary Table S1). The large 

biovolume declines in the 103 and 105 µm3 

size ranges resulted in the relative increases 

of biovolumes (between 101 and 103 µm3), 

specifically in Ochromonas sp., 

Rhodomonas minuta, and Rhodomonas 

minuta v. nannoplanctica. 

Eudiaptomus grazing reduced phytoplankton 

BVMw, increased phytoplankton BVVw, but 

had no effect on rotifer BVMw and BVVw 

(Fig. 1.5, Table 1.1). For ciliates, effects of 

Eudiaptomus on BVMw and BVVw were experiment-specific: In Experiment 1, Eudiaptomus 

grazing decreased BVMw and increased BVVw, whereas in the other two experiments 

Figure 1.2: Mean clearance rates of Eudiaptomus gracilis for 
the investigated plankton groups in the three experiments. 
Error bars indicate ± one standard error of the mean and were 
calculated based on clearance rates estimated using the 
geometric mean control biovolumes. Letters represent the 
results from Tukey’s post-hoc Test calculated for all 
permutations of control and grazer bottles within the three 
experiments. Clearance rates of plankton groups differed 
significantly from other groups when they are flagged with a 
different letter (p < 0.05). As not all permutations revealed 
the same differences between clearance rates of plankton 
groups, all permutations results are shown for each 
experiment and their relative frequency is given. Note that 
the mean clearance rate calculated across all permutations is 
identical to the mean clearance rate calculated using the 
geometric mean of control biovolumes. 
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(experiments 2 and 3), there were only weak effects on ciliate BVMw and BVVw. Decreased 

ciliate BVMw and increased BVVw in Experiment 1 (Fig. 1.5b and e) resulted from lower 

clearance rates in size class 3 (Fig. 1.3).  

 

Discussion 

Our experiments revealed strong effects of a calanoid copepod species on the taxonomic and 

size structure of a plankton community. Eudiaptomus gracilis grazing resulted in significant 

declines of phytoplankton, ciliate, and rotifer biovolumes. However, our first hypothesis 

assuming size-related differences between clearance rates for all prey groups was only partially 

confirmed. This is mainly due to relatively higher clearance rates on ciliates than those on 

phytoplankton. Yet, clearance rates on rotifers were lower than those on ciliates and similar to 

those on phytoplankton. Regarding phytoplankton, our results (mean clearance rate: 0.19 mL 

animal-1 h-1) are consistent with Zánkai and Ponyi (1986) and Gulati (1978) who report average 

clearance rates of 0.12 – 0.24 mL animal-1 h-1 for female E. gracilis, respectively. Higher 

clearance rates on ciliates relative to phytoplankton and of similar magnitude to our findings 

were also reported for other calanoid copepods, including for the closely related Eudiaptomus 

graciloides in mesotrophic Lake Großer Vätersee (0.22 mL animal-1 h-1 for Chl a; 1.24 mL 

animal-1 h-1 for ciliates; Adrian and Schneider-Olt, 1999). Likewise, ciliates contributed 96.9 % 

of total carbon ingested by the copepod Epischura baikalensis in oligotrophic Lake Baikal 

Figure 1.3: Taxon- and size-specific clearance rates of 
Eudiaptomus gracilis. Clearance rates were calculated 
after aggregating body volumes into size classes (log10-
transformed biovolumes rounded to the nearest 
integer). See Figure 1.1 for explanation of the different 
symbols. 
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(Moore et al., 2018). Overall, studies that explore the effects of smaller-sized calanoids on 

rotifers are rather rare. Stoecker and Egloff (1987) showed that the marine calanoid Acartia 

tonsa strongly preferred ciliates and rotifers over phytoplankton, but we are not aware of any 

study that compares feeding on rotifers versus ciliates of freshwater calanoids. Williamson and 

Butler (1986) showed that the small calanoid Diaptomus pallidus strongly prefers several rotifer 

species over phytoplankton when offered both food types at similar concentrations. In contrast, 

Eudiaptomus gracilis was shown to feed on rotifers but feeding on rotifers declined strongly 

when the green alga Chlamydomonas geitleri was offered simultaneously at 0.08 mmol C L-1 

(Šorf and Brandl, 2012). We show that in a prey community with natural concentrations of 

phytoplankton and rotifers, clearance rates on both groups were of similar magnitude. However, 

Eudiaptomus clearance rates for ciliates were considerably higher than those for rotifers in two 

out of the three experiments. Obviously, no predators of Eudiaptomus were included in our 

experiments. It is presently unclear whether predator presence might have altered foraging 

behaviour and thus clearance rates of the copepod. 

Figure 1.4: Density distribution across the prey size spectrum in 
the control and Eudiaptomus treatments. Lines represent the 
mean cell density across the four replicates; polygons depict the 
area within ± one standard error of the mean. 
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Any ranking of clearance rates regarding different prey groups in our experiments needs to take 

indirect grazing effects, i.e. cascading trophic interactions, into account. Reduction of 

herbivorous ciliates and rotifers by Eudiaptomus gracilis will relieve phytoplankton from 

grazing pressure. In fact, it is likely that observed clearance rates on phytoplankton might 

underestimate true phytoplankton clearance rates of E. gracilis. The comparison of the in situ 

prey biovolumes (S) with the control treatment (C) also supports the presence of cascading 

interactions from E. gracilis via ciliates to phytoplankton: in situ phytoplankton biovolume 

exceeded control phytoplankton biovolume whereas the opposite was the case for ciliates. This 

suggests that exclusion of E. gracilis and other crustacean zooplankton from the control caused 

biovolume increases of ciliates and declines of phytoplankton (Fig. 1.1). The general 

comparison with the in situ samples suggests that ciliate biovolume in Lake Constance is indeed 

top-down controlled, and that ciliates can control phytoplankton dynamics during specific time 

periods in this lake. The latter has also been suggested by steady-state carbon flow models 

(Gaedke and Straile, 1994) and simulation studies (Kerimoglu et al., 2013). 

Our results do support the second hypothesis whereby an overall increase of bacteria biovolume 

was observable, presumably due to cascading interactions. In addition, bacterial growth might 

be also stimulated by Eudiaptomus defecation and sloppy feeding (Hygum et al., 1997), 

although bacterial dynamics in pelagic systems have often been shown to be controlled by 

protozoan grazing (e.g. Bloem and Bär‐Gilissen, 1989; Domaizon et al., 2003). Hence, we 

Figure 1.5: Weighted mean (BVMw) and weighted variance 
(BVVw) of log10-transformed body volumes in the control (C) and 
the copepod treatment (E) in each of the three experiments. (a, 
d) phytoplankton; (b, e): ciliates; (c, f): rotifers. Error bars indicate 
± one standard error of the mean. 
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consider it more likely that the increase of bacteria in the Eudiaptomus treatment was caused 

by the observed reduction of bacterivorous ciliates (e.g. Coleps spp., Cyclidium spp.) and/or 

mixotrophic phytoplankton (e.g. Gymnodinium helveticum, G. lantzschii), whereas HNF which 

have been considered being important bacterivores in Lake Constance (Weisse and Müller, 

1998; Cleven and Weisse, 2001) were not affected by Eudiaptomus gracilis. To our knowledge, 

this is the first time that cascading effects of E. gracilis on bacteria have been reported. Hence, 

dominance of calanoids in oligotrophic lakes might via suppression of bacterivores partially 

contribute to the observed high bacteria-phytoplankton biomass ratios observed in these 

systems (Simon et al., 1992). 

Contrary to our third prediction, directional selection, i.e. a reduction of mean body sizes, was 

not observed in all groups, but solely in phytoplankton and in one additional experiment for 

ciliates. For rotifers, the size range present in the experiments was presumably too small and 

hence Eudiaptomus gracilis did not lead to altered rotifer community composition based on 

size. The variation in clearance rates for several intermediate size classes of prey and taxonomic 

groups indicates that E. gracilis does not select its prey based solely on prey size or biovolume. 

There are several additional factors that may well influence copepod prey selection. These 

include prey motility (which triggers the ambush feeding of copepods and increases encounter 

rates with prey; Jonsson et al., 2004), texture (aloricate ciliates such as Didinium spp. and 

Strobilidium spp. and aloricate rotifers, e.g. Polyarthra dolichoptera and Synchaeta spp., are 

preferred over those with a lorica; Brandl, 2005), presence/absence of escape responses (e.g. 

escape jumps of Askenasia spp. and Strobilidium spp.; Tamar, 1979; spines of Keratella 

cochlearis; Williamson, 1987), and even chemical properties of food items (Friedman and 

Strickler, 1975; DeMott, 1988b). 

Ciliates experienced uniformly high clearance rates across their size range providing no 

evidence for size selection in two of the three experiments. In all cases when directional 

selection was observed, there was also evidence for disruptive selection, i.e. an increase of size 

variance. Hence, contrary to our third hypothesis, Eudiaptomus grazing did not result in an 

association of directional and stabilizing selection, but in an association of directional and 

disruptive selection. For phytoplankton, this two-fold selective signature most likely is a 

combined effect of both E. gracilis (non-) feeding and reduced ciliate feeding. The decrease of 

phytoplankton BVMw is likely due to reduced biovolumes of phytoplankton species in the 103 

– 105 µm3 size range coupled to the lack of phytoplankton reduction in the 101 – 103 µm3 size 

range. The increase of phytoplankton BVVw is due to the relative increase of biovolume at the 

lower phytoplankton size range was accompanied by a relative increase of biovolume in the 
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higher phytoplankton size range as the largest phytoplankton species, Ceratium hirundinella, 

was also not suppressed in the Eudiaptomus treatment. The closely related species, Ceratium 

furcoides, is defined as nutritionally poor or inadequate for egg development in E. gracilis 

(Santer, 1996). Directional selection of ciliates in Experiment 1 was mostly due to lower 

clearance rates and consequently higher biovolumes of small ciliates such as Balanion 

planctonicum which shifted BVMw to a lower value. Middle-sized ciliates such as Coleps spp. 

and Pelagohalteria viridis did decline in the Eudiaptomus treatment comparatively stronger 

than the largest ciliates, and the BVVw also increased.  

Finally, we could reject our fourth hypothesis for phytoplankton as we found decreasing 

biovolume and BVMw and increasing BVVw in all experiments. For the biovolumes, BVMw, 

and BVVw of other groups, we observed either significant Experiment effects or significant 

treatment x experiment interactions (Table 1.1). However, in case of ciliates and rotifers, 

Eudiaptomus grazing resulted in reduced biovolumes in all three experiments. The observed 

significant experiment x treatment interaction resulted from a different effect size of 

Eudiaptomus grazing (Fig. 1.1) and not from the presence or absence of an Eudiaptomus effect. 

In contrast, for HNF and bacteria, the treatment effects seem to vary qualitatively as well. 

However, the reason for this is not clear and more experiments would be required to resolve the 

causes of short-term variability of experimental outcomes. Methodological differences between 

Experiment 3 versus experiments 1 and 2 (100 µm versus 55 µm mesh size; see methods) are 

unlikely to have caused the differences between experiments as e.g. clearance rate differences 

between groups were rather similar in experiments 1 and 3, but differed from Experiment 2. In 

summary, we observed consistent treatment effects in regard to the biovolumes of the main 

prey items, phytoplankton, ciliates, and rotifers across experiments. In contrast, effects on HNF 

and bacteria as well as effects on group size structures (except on phytoplankton BVMw) were 

less consistent and showed significant temporal variability even within a short time period of 3 

weeks. 

Conclusion 

Applying an in situ incubation approach in large and deep Lake Constance, we obtained strong 

evidence that grazing of the calanoid copepod Eudiaptomus gracilis can influence the 

taxonomic and size structure of the lower plankton food web. Hence, Eudiaptomus grazing has 

the potential to change e.g. trophic transfer efficiency (Carrick et al., 1991) and nutrient 

recycling (Sailley et al., 2014) in pelagic food webs. Largest clearance rates were observed for 

ciliates which most likely resulted in cascading effects, i.e. an increase of bacteria biovolume 
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and a reduced decline of smaller-sized phytoplankton. Large clearance rates of ciliates probably 

also contributed to the observed directional and disruptive selection on phytoplankton size. 

Thus, changes in phytoplankton size structure may not be understood without considering 

cascading interactions and the omnivory of consumers.  

It is not yet clear if the observed co-occurrence of directional and disruptive selection in natural 

phytoplankton communities is season-specific and typical for E. gracilis, and whether such a 

coupling of selection modes exists also for grazers which are less omnivorous and may tend 

either to a phytoplankton diet (e.g. daphniids) or to a more ciliate-based diet (e.g. cyclopoid 

copepods). This suggests that there is a need for experiments in which (a) the size response of 

prey plankton communities to consumers differing in their degree of omnivory, and (b) seasonal 

variability of the selection pressure on plankton size structure is examined. Finally, controlled 

laboratory experiments using multiple trophic levels are needed as experiments using only trait 

variability at two trophic levels, e.g. phytoplankton and herbivores, will most likely only reveal 

an incomplete picture of selective factors affecting algal communities. Irrespective of any future 

work, our study suggests that the quantification of higher-level processes sensu Vellend (2016) 

might represent a promising tool to analyse predation effects on plankton communities possibly 

resulting in improved comparability of predator effects within and between ecosystems. 
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Appendix 

 

Supplementary Text T1 for ‘Calanoid copepod grazing affects plankton size structure 

and composition in a deep, large lake’ 

Derivation of the equation used for the calculation of clearance rates 

Taxon- (Supplementary Information Table 1) and group-specific clearance rates of E. gracilis 

were calculated from prey concentrations in Control and Grazer bottles at the end of the 

incubation (Rigler, 1971). This derivation follows closely the one given in Båmstedt et al. 

(2000):  

We assume that there are exponential dynamics of prey populations in the absence of the grazer 

(i.e. growth or possibly declines due to microzooplankton grazing and/or bottle effects): 

Control:  𝐶𝑡
′ =  𝐶0 ∗  𝑒𝑥𝑝(𝑘∗𝑡)  and     Grazer:  𝐶𝑡 =  𝐶0 ∗  𝑒𝑥𝑝(−𝑔′∗𝑡) 

where 𝐶𝑡
′ and 𝐶𝑡 are the final prey concentrations in the control and grazer treatments, 𝐶0 is the 

starting prey concentration in both treatments, 𝑡 is time, and 𝑘 and 𝑔′ are the instantaneous 

coefficients of change in prey concentrations in the control and grazer treatments. 

From this, the instantaneous feeding coefficient, 𝑔, can be calculated as: 

𝑔 =  𝑔′ + 𝑘  

and the clearance rate 𝐹 as:  

𝐹 = 𝑉 ∗
𝑔

𝑛
  

where 𝑉 is the bottle volume and 𝑛 is the number of grazers. Using the above equations, 𝐹 can 

also be expressed as: 

𝐹 = [ln (
𝐶𝑡

′

𝐶0
) − ln (

𝐶𝑡

𝐶0
)] ∗

𝑉

𝑡 ∗ 𝑛
= ln (

𝐶𝑡
′

𝐶𝑡
) ∗

𝑉

𝑡 ∗ 𝑛
 

i.e., the concentration of prey at the start of the experiment is not needed for the calculation of 

clearance rates (Båmstedt et al., 2000).  
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Supporting Information Table S1 for ‘Calanoid copepod grazing affects plankton size 

structure and composition in a deep, large lake’ 

 

Taxon-specific clearance rates of Eudiaptomus gracilis for phytoplankton, ciliates, and rotifers 

in each of the three experiments (Experiment 1-3). Values are mean clearance rates (mL animal-

1 h-1) ± standard error. N is the number of occurrences in which the prey taxon was present in 

the replicates of both treatments (Maximum N = 8). Blank spaces indicate no data available. 

Body volume (BV) in µm3. 

Group Taxon BV 
Size 

class 
Clearance rate N Clearance rate N Clearance rate N 

Phytoplankton Achnanthes catenata 130 2 1.154 +/- 1.232 7 0.241 +/- 0.103 8 -0.038 +/- 0.138 8 

Phytoplankton Anabaena flos - aquae  150 2 -0.708 +/- 0.956 2     

Phytoplankton Ankyra judayi 150 2 0.622 +/- 0.089 8 0.214 +/- 0.327 8 0.193 +/- 0.105 8 

Phytoplankton Aphanizomenon flos - aquae  70 2 -1.969 +/- 1.254 3 -0.823 +/- 0.823 1 0.134 +/- 0.28 8 

Phytoplankton Asterionella formosa 450 3 -0.026 +/- 0.137 8 0.211 +/- 0.211 8 0.018 +/- 0.158 8 

Phytoplankton 
Aulacoseira granulata 

v.angustissima 
500 3 0.236 +/- 0.452 8   -0.16 +/- 0.37 2 

Phytoplankton Carteria cordifomis 2000 3 0.131 +/- 0.216 8 0.161 +/- 0.346 8 -0.624 +/- 0.255 7 

Phytoplankton Ceratium hirundinella 45000 5 -0.168 +/- 0.07 8 0.188 +/- 0.097 8 -0.103 +/- 0.064 8 

Phytoplankton Chlamydomonas globosa 270 2 -0.352 +/- 0.249 8 0.224 +/- 0.73 3 -0.679 +/- 0.679 1 

Phytoplankton Chlorella minutissima 15 1 0.033 +/- 0 1   -0.777 +/- 0.56 4 

Phytoplankton Chrysochromulina parva  40 2 -0.245 +/- 0.134 8 -0.075 +/- 0.095 8 -0.411 +/- 0.121 8 

Phytoplankton 
Cosmarium depressum v. 
planctonicum  

1200 3 0.092 +/- 0.146 8 -0.122 +/- 0.144 8 0.102 +/- 0.065 8 

Phytoplankton Cryptomonas ovata  2100 3 0.356 +/- 0.109 8 0.773 +/- 0.055 8 0.895 +/- 0.263 8 

Phytoplankton Crytomonas erosa  2100 3 0.862 +/- 0.857 3     

Phytoplankton Cyclotella < 7µm 75 2 0.146 +/- 0.091 8 0.24 +/- 0.174 8 -0.063 +/- 0.158 8 

Phytoplankton Cyclotella spec.  200 2 -0.087 +/- 0.068 8 -0.259 +/- 0.736 6 -0.119 +/- 0.163 8 

Phytoplankton Diatoma elongatum 1100 3 0.273 +/- 0.171 8 -0.42 +/- 0.527 6 -0.823 +/- 0.582 5 

Phytoplankton Dinobryon divergens  230 2 0.832 +/- 0.6 7 0.062 +/- 0.194 8 -0.035 +/- 0.191 8 

Phytoplankton Elakatothrix gelatinosa 200 2 -0.013 +/- 0.11 8 0.129 +/- 0.146 8 -0.691 +/- 0.119 7 

Phytoplankton Erkenia subaequiciliata 50 2 -0.252 +/- 0.17 8 0.007 +/- 0.16 8 0.007 +/- 0.086 8 

Phytoplankton Eudorina elegans 300 2 -0.261 +/- 0.424 2     

Phytoplankton Fragilaria crotonensis 700 3 -0.046 +/- 0.205 8 -0.126 +/- 0.089 8 -0.05 +/- 0.211 8 

Phytoplankton Gymnodinium helveticum  20000 4 1.055 +/- 0.609 7 0.973 +/- 0.493 7 0.832 +/- 0.213 8 

Phytoplankton Gymnodinium lantzschii 1600 3 1.559 +/- 0.286 6 1.556 +/- 0.223 8 1.199 +/- 0.4 6 

Phytoplankton Mallomonas acaroides 3200 4 0.52 +/- 0.005 2   0.239 +/- 0.007 1 

Phytoplankton Microcystis delicatissima  0.3 -1 -0.45 +/- 0.176 8 -0.187 +/- 0.189 2   

Phytoplankton Monosiga ovata 85 2 -0.453 +/- 0.539 2     

Phytoplankton Ochromonas nana 6 1 -0.052 +/- 0.242 8 -0.076 +/- 0.303 8 -0.259 +/- 0.109 8 

Phytoplankton Ochromonas spec. 60 2 -0.226 +/- 0.06 8 0.24 +/- 0.026 8 -0.22 +/- 0.112 8 

Phytoplankton Oscillatoria trichoides  4 1 -0.5 +/- 0.66 3   0.029 +/- 0.397 5 

Phytoplankton Pandorina morum 400 3 0.565 +/- 1.112 6 -0.942 +/- 0.546 2 -0.049 +/- 0.129 8 

Phytoplankton Pediastrom boryanum  350 3 0.088 +/- 0.547 3     

Phytoplankton Peridinium acculiferum 15000 4   -0.343 +/- 0.343 1   

Phytoplankton Peridinium cinctum 25000 4 -0.374 +/- 0.516 3 0.448 +/- 0.337 3 0.651 +/- 0.376 5 
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Group Taxon BV 
Size 

class 
Clearance rate N Clearance rate N Clearance rate N 

Phytoplankton Phacotus lendneri 100 2 0.093 +/- 0.109 8 0.018 +/- 0.037 8 -0.087 +/- 0.108 8 

Phytoplankton Pseudopedinella erkensis 550 3 -0.323 +/- 0.132 8 -0.285 +/- 0.062 8 -0.432 +/- 0.078 8 

Phytoplankton Pseudosphaerocystis lacustris 250 2 -0.933 +/- 0.933 1   1.348 +/- 0.956 6 

Phytoplankton Rhodomonas lens  300 2 0.37 +/- 0.084 8 0.241 +/- 0.2 8 0.262 +/- 0.096 8 

Phytoplankton Rhodomonas minuta 130 2 -0.104 +/- 0.083 8 0.155 +/- 0.802 6 -0.366 +/- 0.097 8 

Phytoplankton 
Rhodomonas minuta v. 
nannoplanctica 

90 2 -0.307 +/- 0.186 8 0.055 +/- 0.092 8 -0.251 +/- 0.061 8 

Phytoplankton Scenedesmus spec. 250 2 0.401 +/- 0.078 8 -0.244 +/- 0.244 1 -1.64 +/- 0.879 5 

Phytoplankton Staurastrum spec.  12000 4 -0.446 +/- 0.446 1 0.312 +/- 0.329 3 -0.04 +/- 0.345 2 

Phytoplankton Stephanodiscus medius 1250 3 1.697 +/- 0.95 4 1.061 +/- 0.929 7 0.816 +/- 1.018 5 

Phytoplankton Stephanodiscus neoastrea 8000 4 0.748 +/- 0.449 5     

Phytoplankton Stephanodiscus parvus  50 2 -0.605 +/- 0.393 3 -0.774 +/- 0.476 3 -0.436 +/- 0.436 1 

Phytoplankton Synedra acus 950 3 -0.072 +/- 0.07 8 0.039 +/- 0.069 8 0.257 +/- 0.147 8 

Phytoplankton Synedra acus v. angustissima 2200 3 0.188 +/- 0.29 8 0.548 +/- 0.504 4 -0.726 +/- 0.421 2 

Phytoplankton Synedra acus v. radians 600 3 -0.131 +/- 0.118 8 0.274 +/- 0.055 8 0.055 +/- 0.137 8 

Phytoplankton Synedra cyclopum 600 3   -0.075 +/- 0.175 2   

Phytoplankton Synedra rumpens 500 3     0.322 +/- 0.01 2 

Phytoplankton Tabellaria fenestrata 2600 3 1.078 +/- 0.011 2 -0.364 +/- 0.49 3   

Phytoplankton Tetraedron minimum 70 2 0.226 +/- 0.002 2 -0.219 +/- 0.235 2   

Ciliates Askenasia spp. 2 7200 4 1.008 +/- 0.204 8 0.23 +/- 0.07 8 0.982 +/- 0.364 6 

Ciliates Askenasia spp. 3 37000 5 1.586 +/- 0.165 8 0.818 +/- 0.206 8 0.822 +/- 0.092 8 

Ciliates 
Askenasia spp.1 / Halteria 

spp.1 / Strobilidium spp.1 
2700 3 1.195 +/- 0.029 8 0.59 +/- 0.034 8 0.876 +/- 0.057 8 

Ciliates Balanion planctonicum 1300 3 0.175 +/- 0.045 8 0.325 +/- 0.127 8 0.809 +/- 0.034 8 

Ciliates Codonella spp.  24000 4 1.423 +/- 0.157 6 0 +/- 0 1 1.166 +/- 0.208 7 

Ciliates Coleps spp. 30000 4 0.553 +/- 0.137 8 -0.003 +/- 0.108 8 0.119 +/- 0.026 8 

Ciliates Cyclidium spp. 1300 3 0.509 +/- 0.095 8 0.499 +/- 0.026 8 0.475 +/- 0.074 8 

Ciliates Didinium nasutum 70000 5 0.104 +/- 0.001 2 0 +/- 0 3   

Ciliates Didinium spp. 38000 5 0.204 +/- 0.002 3 0 +/- 0 3 0.101 +/- 0.003 1 

Ciliates Epistylis rotans  24000 4   -0.158 +/- 0.158 1 -0.606 +/- 0.356 2 

Ciliates 
Halteria spp. 2 / Strobilidium 

spp. 2  
8500 4 1.002 +/- 0.105 8 0.533 +/- 0.082 8 0.943 +/- 0.17 8 

Ciliates Histiobalantium spp. 1 11700 4 0.333 +/- 0.204 6 0.628 +/- 0.044 8 1.071 +/- 0.15 8 

Ciliates Histiobalantium spp. 2 34000 5 0.994 +/- 0.126 8 0.527 +/- 0.04 8 0.892 +/- 0.097 8 

Ciliates Histiobalantium spp. 3  68000 5 0.104 +/- 0.001 1 0 +/- 0 1 0.103 +/- 0.003 1 

Ciliates Lacrymaria spp. 15000 4 0.27 +/- 0.003 1 0 +/- 0 1 0 +/- 0 1 

Ciliates Lagynophrya spp. 1 1600 3 0.641 +/- 0.058 7 0.278 +/- 0.005 6 0.51 +/- 0.015 3 

Ciliates Lagynophrya spp. 2 35000 5 0.057 +/- 0.103 6 0.1 +/- 0.002 4 0.44 +/- 0.013 5 

Ciliates Paradileptus spp. 370000 6 0.839 +/- 0.009 6 0.439 +/- 0.222 7 0.78 +/- 0.024 5 

Ciliates Pelagohalteria viridis  6500 4 0.038 +/- 0.141 7 0.066 +/- 0.116 8 -0.019 +/- 0.247 4 

Ciliates Pelagostrombidium spp.1 32000 5 1.287 +/- 0.178 8 0.608 +/- 0.159 6 1.285 +/- 0.177 7 

Ciliates 
Pelagostrombidium spp.1 
cysts  

32000 5 0.59 +/- 0.006 4     

Ciliates Pelagostrombidium mirabile 77000 5 1.049 +/- 0.011 6 0.367 +/- 0.165 8 0.843 +/- 0.025 5 

Ciliates Staurophyra spp. 35000 5 0.487 +/- 0.005 5 0.871 +/- 0.015 4 0.2 +/- 0.102 4 

Ciliates Stichotricha spp.  146000 5 0.491 +/- 0.236 7 0.2 +/- 0.176 8 0.264 +/- 0.104 8 

Ciliates Strobilidium lacustris 119000 5 0.69 +/- 0.073 8 0.582 +/- 0.317 8 0.468 +/- 0.083 8 

Ciliates Suctoria 1 7000 4 -0.434 +/- 0.251 2 0.296 +/- 0.247 5 -0.726 +/- 0.427 2 

Ciliates Suctoria 2  30000 4 0.261 +/- 0.003 3 -0.009 +/- 0.208 5 0.547 +/- 0.016 5 
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Group Taxon BV 
Size 

class 
Clearance rate N Clearance rate N Clearance rate N 

Ciliates Tintinnidium spp. 1  5400 4 1.878 +/- 0.096 8 1.394 +/- 0.116 8 1.944 +/- 0.142 8 

Ciliates Tintinnidium spp. 2 12300 4 2.065 +/- 0.022 5 1.122 +/- 0.146 6 1.826 +/- 0.055 5 

Ciliates Tintinnidium spp. 3  24000 4 0 +/- 0 1   0.256 +/- 0.008 4 

Ciliates Undefined 1 2000 3 0.312 +/- 0.169 3   -0.166 +/- 0.166 1 

Ciliates Undefined 2  7000 4 0.485 +/- 0.005 2   -0.23 +/- 0.23 1 

Ciliates Undefined 3  30000 4 0 +/- 0 1   0 +/- 0 1 

Ciliates Undefined 4 70000 5 0 +/- 0 1   0 +/- 0 2 

Ciliates Urotricha furcata 1700 3 0.749 +/- 0.146 8 0.728 +/- 0.171 8 0.868 +/- 0.086 8 

Ciliates Urotricha spp. 2 9500 4 1.896 +/- 0.312 7 2.09 +/- 0.427 5 1.588 +/- 0.171 7 

Ciliates Urotricha spp. 3 24000 4 0.995 +/- 0.01 5 1.063 +/- 0.018 6 1.021 +/- 0.108 5 

Ciliates Urotricha spp. 4  70000 5 0.269 +/- 0.003 2 0.97 +/- 0.16 6 0.901 +/- 0.027 4 

Ciliates Vaginicola spp.  3500 4 0.087 +/- 0.193 2 0.167 +/- 0.003 1 -0.328 +/- 0.246 5 

Ciliates Vorticella spp. free 10000 4 0.985 +/- 0.22 7 0.198 +/- 0.13 8 1.192 +/- 0.043 8 

Ciliates Vorticella spp. free 2  37000 5 1 +/- 0.19 8 0.471 +/- 0.1 8 0.904 +/- 0.11 8 

Ciliates Vorticella spp. on Anabaena 16000 4 0 +/- 0 1   0.264 +/- 0.195 8 

Ciliates 
Vorticella spp. on 
Asterionella  

37000 5 -0.101 +/- 0.101 2   0 +/- 0 2 

Ciliates Vorticella spp. on Fragilaria  10000 4 0.287 +/- 0.224 3 0.736 +/- 0.325 4 -0.119 +/- 0.238 8 

Rotifers Ascomorpha ovalis 136000 5 0.167 +/- 0.002 2 0 +/- 0 1 0.104 +/- 0.003 2 

Rotifers Gastropus stylifer 279000 5   0.21 +/- 0.004 3   

Rotifers Keratella cochlearis 88000 5 0.147 +/- 0.165 7 -0.001 +/- 0.103 6 0.258 +/- 0.138 8 

Rotifers Polyarthra dolychoptera 408000 6   0 +/- 0 2 -0.009 +/- 0.09 8 

Rotifers Polyarthra vulgaris 443000 6 0.168 +/- 0.002 4 0.167 +/- 0.003 3 0.028 +/- 0.035 8 

Rotifers Synchaeta spp. 390000 6 0.162 +/- 0.154 8 0.27 +/- 0.027 8 0.12 +/- 0.096 8 

Rotifers Trichocerca porcellus 335000 6 0.182 +/- 0.156 7 0.766 +/- 0.223 7 0.198 +/- 0.158 8 

Rotifers Trichocerca pusilla 77000 5 0.106 +/- 0.159 8 0.143 +/- 0.203 8 -0.104 +/- 0.071 7 

Rotifers Undefined 430000 6 0 +/- 0 1 0.167 +/- 0.003 2 0.105 +/- 0.003 3 
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Abstract  

In lake ecosystems, copepods are dominant grazers of microplankton thereby influencing 

seasonal plankton succession. For a mechanistic understanding of the direct and indirect effects 

of copepod consumption on food web dynamics, the influence of copepods needs to be assessed 

in a seasonal context. By conducting a series of six in situ incubation experiments, we 

investigated the impact of the omnivorous calanoid copepod Eudiaptomus gracilis on a natural 

assemblage of pelagic plankton in Lake Constance throughout the year. Results suggest that the 

copepod did influence the total biovolumes of phytoplankton, ciliates and rotifers and the 

community composition of these groups at least in some parts of the season. Furthermore, the 

influence of the copepod differed between the three taxonomic groups and was influenced by 

water temperature: E. gracilis cleared ciliates more strongly compared to phytoplankton and 

rotifers throughout the season. The effect on phytoplankton and rotifer biovolume was more 

variable with highest clearance for rotifers in July and September and for phytoplankton in July 

and November. In winter, clearance rates were generally low. Enhanced copepod predation on 

ciliates released phytoplankton from ciliate feeding pressure during March and May. Prey taxa 

of all three groups were found to be indicative for copepod feeding at different times of the 

year. Clearance rates increased strongly with increasing water temperature for rotifers, weakly 

for ciliates and were not related to water temperatures for phytoplankton, suggesting that, for 

phytoplankton, seasonal clearance rate variability was not determined by abiotic forcing, but 

indirect food web interactions. Our results indicate E. gracilis to play a major role for the annual 

phytoplankton spring peak feeding selectively on a broad variety of animal prey. Thus, for long-

term food web analyses, seasonal variability in the predation of individual zooplankton species 

needs to be considered. 

Introduction 

In lacustrine ecosystems, crustacean zooplankton play an essential role for nutrient distribution 

and energy resourcing and are therefore directly controlling ecological stability. Zooplankters 

of contrasting sizes are able to either suppress prey biomasses by direct grazing or stimulate 

growth rates due to nutrient regeneration (Bergquist et al., 1985). For conceptual food web 

analyses, it is therefore necessary to understand the reciprocal effects of prey community 

structure, intra-level alpha diversity, and feeding behaviour of key predator species. 

In several calanoid species, grazing rates vary throughout the year. For instance, predation rates 

of Calanus pacificus were shown to increase with rising degree of starvation during the winter 

months and to be independent from the relative biomass availability in any prey size class 
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(Runge, 1980). Similarly, specimens of the large carnivorous calanoid Euchaeta elongata 

turned out to feed more efficiently during the winter season despite bearing smaller body sizes 

compared to the summer months (Yen, 1983). In small calanoids such as Temora longicornis, 

gut clearance rate was found to be positively related to temperature (Dam and Peterson, 1988). 

In lake ecosystems, calanoid copepods are important regulators of phytoplankton biomass with 

grazing rates and selective feeding being influenced by the annual plankton succession and vice 

versa. Additionally, top-down control of zooplankton communities can induce cascading 

effects on a secondary level. For instance, contrasting fish predation can cause pronounced 

temporary shifts in copepod age and size distribution: while recovering from the strain of 

winter, fish predation is low resulting in larger average copepod sizes but increases towards 

summer whereby again reducing average body sizes (‘spring-to-summer shift’; Gliwicz and 

Pijanowska, 1989). On the other hand, seasonal patterns of rotifer and ciliate succession might 

influence the foraging of omnivorous copepods (Stemberger and Evans, 1984; Müller et al., 

1991). With the onset of the clear-water phase in early summer but also later in autumn, 

calanoid copepods have the potential to control and alter phytoplankton communities from 

small, edible to large, less edible taxa (Lampert et al., 1986; Edgar and Green, 1994). However, 

while multiple studies aim to disentangle the feeding mechanisms of this group based solely on 

predator – prey size relationships, the relative importance of prey species identity within their 

respective food webs is still not fully understood. 

In laboratory experiments, omnivorous calanoid copepods often selected for animal food over 

phytoplankton (Anraku and Omori, 1963; Robertson and Frost, 1977; Williamson and Butler, 

1986) or ciliate over rotifer prey when both food types were available (Stoecker and Egloff, 

1987). Additionally, predation of small calanoids (e.g. Boeckella spp., Diaptomus spp., 

Epischura spp., Eudiaptomus graciloides) on natural lake assemblages comprising a high 

diversity of prey has been shown to result in selective, sometimes taxon-specific prey selection 

(Carrick et al., 1991; Burns and Gilbert, 1993; Burns and Schallenberg, 1996; Burns and 

Schallenberg, 1998; Adrian and Schneider-Olt, 1999). Thus, prey selection of calanoids may 

not only affect community size composition but also intraspecific abundance and taxonomic 

diversity of prey. In consequence, calanoid copepods have the potential to shift nutrient 

resource and habitat use over time affecting overall population and community structure within 

copepod-dominated ecosystems. 

Eudiaptomus gracilis is one of the most abundant native copepod species of Europe inhabiting 

many peri-alpine water bodies. Since this species does not leave the pelagic zone for entering 

into diapause, it is constantly present during all seasons (Anneville et al., 2007; Seebens et al., 
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2007). The latter authors claim that seasonal temperatures as well as nutrient availability seem 

to control copepodite and adult copepod abundances of E. gracilis throughout the year. It was 

recently shown that E. gracilis is an omnivorous feeder with a strong preference for ciliates 

(Kunzmann et al., 2019). With its apparently flexible degree of omnivory, this copepod holds 

an important position within the pelagic food-web of lacustrine ecosystems. Yet, there is little 

to no information about seasonal dynamics in the feeding behaviour of E. gracilis and its impact 

on the taxonomic composition of the prey community. 

Using an in situ incubation approach, we analysed variability in feeding rates and prey selection 

patterns of Eudiaptomus gracilis at different times of the year, furthermore aiming to investigate 

the seasonal impact of calanoid copepod grazing and prey selection on the composition of the 

native plankton community of Lake Constance. 

In this work, we test the following hypotheses: 

1) As temperature affects grazing rates, the feeding impact of Eudiaptomus varies between 

months and seasons resulting in a positive relationship of clearance rates with water 

temperatures for all prey groups, i.e. phytoplankton, ciliates, and rotifers. 

2) Copepod grazing is dependent on the taxonomy of prey. Grazing rates of ciliate taxa are 

assumed to be higher in comparison to the grazing rates of phytoplankton and rotifers. 

Material and Methods 

Study system 

We conducted six bottle experiments in bimonthly intervals over a one-year period (September 

2017 – July 2018) in Überlinger See, a fjord-like basin of Upper Lake Constance (47° 45' N, 9° 

08' E). Upper Lake Constance is a large (473 km2), deep (maximum depth: 252 m), warm-

monomictic peri-alpine lake bordering Germany, Switzerland and Austria experiencing 

reoligotrophication since the last decades (Jochimsen et al., 2013). With the lake returning to 

oligotrophic conditions, the mean total phosphorus concentration during the study months was 

8.93 µg P L-1.  

Incubation experiments 

On the day before each of the experiments (Experiment 1: 05.09.2017; Experiment 2: 

21.11.2017; Experiment 3: 23.01.2018; Experiment 4: 13.03.2018; Experiment 5: 08.05.2018; 

Experiment 6: 17.07.2018; Table 2.1), specimens of Eudiaptomus gracilis were collected with 
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a HYDROBIOS plankton net (100 µm mesh size) in vertical tows from 0 – 25 m depth. 

Copepods were kept overnight in filtered lake water (0.45 µm pore size), most of the animals 

were adult egg-sac bearing females. Environmental conditions during the respective study 

periods were consistent showing no major temperature variations between consecutive days 

(See Table 2.1 for a summary of experimental parameters). 

On the first day of each experiment, 8 transparent PVC bottles (V ≈ 1250 mL) were filled in 

situ with lake water from a depth-integrated sample (0 – 20 m) which was gently mixed and 

sieved through a 100 µm gauze to remove mesozooplankton. The filtered lake water was 

sampled as duplicates to assess the microplankton composition at the starting point of each 

experiment (S1 + S2). For the predator treatment (E1 – E4), 25 individuals of E. gracilis were 

added to four of the bottles, the remaining four bottles without copepods served as control/no 

predator treatment (C1 – C4). The chosen zooplankton densities were close to natural densities 

and were previously shown to trigger trophic cascading effects (Adrian and Schneider-Olt, 

1999; Sommer et al., 2001; Sommer et al., 2004; Zöllner et al., 2009; Kunzmann et al., 2019). 

Randomly arranged onto a freely floating rack which was attached to four small buoys and 

anchored down to the bottom of the lake, all bottles were incubated in 2 m water depth for 72 

h; the total exposure time until plankton fixation was 74 h (c.f. Kunzmann et al., 2019).  

Plankton cell concentrations and biomass 

To quantify changes in pico- and microplankton due to zooplankton feeding, we estimated the 

abundances (cells/mL) of the different plankton groups in the control (C) and copepod (E) 

bottles at the end of each experiment. In addition, plankton densities at the start of each 

experiment (S), i.e. from the water used to fill the experimental bottles, were examined, and 

used as a reference to illustrate temporal dynamics in both control and predator treatment. 

Phytoplankton cells were fixed in Lugol’s acid solution + sodium acetate (100 mL sample 

volume per replicate) and counted following Utermöhl (1958). Ciliate samples were fixed in 

Lugol’s acid solution + 10% glacial ethanoic acid (100 mL sample volume per replicate). For 

 

Table 2.1: Summary of experimental parameters at the field study site. Secchi depth and TP were 

measured at the sampling site in Überlinger See (Upper Lake Constance). 

Parameter Sep 2017  Nov 2017 Jan 2018 Mar 2018 May 2018 Jul 2018 

Date 05.09.  

– 08.09. 

21.11.  

– 24.11. 

23.01. 

 – 26.01. 

13.03.  

– 16.03. 

08.05.  

– 11.05. 

17.07. 

 – 20.07. 

Temperature [°C]* 19.0 8.97 5.49 5.41 14.47 23.44 

Secchi depth [m] 5.0 11.8 15.1 11.2 5.4 3.0 

mean TP [μmol P L-1]** 0.3871 0.1935 0.2258 0.2581 0.3548 0.2903 

*Measured in two meters water depth where the experiments were conducted. 

** Mean total phosphorus concentrations from 0 – 20 m. 
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sampling rotifers, the whole bottle volume was screened over a 45 μm mesh and the filtrate was 

fixed in 70% ethanol. Individuals of each group were counted using the inverted microscope 

and dissecting microscope, respectively; the whole sedimentation chamber was analysed.  

Plankton biovolumes were calculated using taxon-specific body volumes as previously 

established for Lake Constance (Kümmerlin and Bürgi, 1989; Pauli, 1989; Müller et al., 1991, 

Schmidt-Halewicz, unpublished data; Kunzmann, unpublished data). As due to their lower 

numbers in the experimental bottles compared to phytoplankton, and thus lower precision of 

our grazing estimates for ciliates and especially rotifers, 4 replicates were counted for the latter 

two groups, and only three for phytoplankton. 

Statistical analysis 

For several analyses, taxa contributing at least 1% to the total prey biomass of their respective 

replicates (referred to as ‘common taxa’) were considered. Ciliate and rotifer biovolumes were 

considerably lower and more variable than those of phytoplankton. Thus, to get more accurate 

estimates of the means, all four replicates were used for those groups. Furthermore, as rotifer 

densities were extremely low during January and March and thus no reliable predictions could 

not be made, experiments 3 and 4 were excluded from the rotifer analyses. 

Differences in biovolumes between treatments and experiments for the individual plankton 

groups were analysed by applying two-way ANOVA (factor 1: Treatment; levels: E, C; factor 

2: Experiment; levels: 1, 2, 3, 4, 5, 6) and type II sum of squares to log10-transformed data. 

Group-specific clearance rates of E. gracilis were calculated from prey concentrations in 

control (C) and predator (E) bottles at the end of the incubation following the assumptions of 

Rigler (1971) and Båmstedt et al. (2000): 

𝐹 = 𝑙𝑛
𝐶

𝐸𝑖
∗

𝑉

𝑡 ∗ 𝑛
 

where 𝐹 is clearance rate [mL*animal-1*h-1], 𝐶 is geometric mean biovolume of each group in 

the control/no predator treatments, Ei is biovolume of each group in replicate i of the predator 

treatment (𝐸), 𝑉 is bottle volume [mL], 𝑡 is experimental duration [h], and 𝑛 is the number of 

adult copepods used in each experiment (n = 25). 

To compare taxon-specific configurations of the bottle communities in all six experiments, we 

performed a Principal Component Analysis for the most common taxa of the prey community 

in both C and E treatments. For a better comparison with the phytoplankton samples, only three 
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replicates of ciliate and rotifer taxa were included, respectively. Prior to analysis, a Hellinger-

transformation was applied to the dataset. In order to identify taxa characterizing each treatment 

in every experiment, we performed an Indicator Species Analysis (Dufrêne and Legendre, 

1997) with log-transformed abundance data (indicspecies package; De Cáceres et al., 2010). 

This method generates single associations between species and site groups based on both 

species’ abundance data and a set of sites (here: experimental treatments). As a result, we 

obtained information about the statistical probability of the occurrence of a species in a certain 

treatment (‘Indicator Value’ IndVal). The Indicator Value is a product of two components: 

specificity (= conditional probability of a species as indicator of a site group – here: a grouping 

of experiment and treatment – based on its occurrence) and fidelity (= sensitivity of the species 

as indicator of the target site group). The higher IndVal, the stronger a species would be 

associated with a particular treatment. We further corrected the resulting p-values for multiple 

testing via p.adjust according to (Benjamini and Hochberg, 1995). 

Differences of 1) the overall prey communities and 2) individual taxonomic prey groups (here, 

we used all four replicates for ciliates and rotifers) between treatments and seasons 

(experiments) were investigated using PERMANOVA, which analyses multivariate data based 

on any distance measure using permutations (here: permutations = 999). Prior to analysis, data 

were again Hellinger-transformed. All functions used for multivariate analyses were taken from 

the vegan package (Oksanen et al., 2010). All calculations were conducted with the statistical 

software R 3.6.1 (R Core Team, 2019). 

Results 

Across all experiments, 144 phytoplankton, 58 ciliate, and 25 rotifer taxa were identified. Mean 

total plankton biovolume at the beginning of the experiments (S) was composed of 75.5 (± 2.2 

SE) % phytoplankton, 21.5 (± 1.5) % ciliates, and of 3.0 (± 1.0) % rotifers (Table 2.2). In the 

control treatment (C), phytoplankton experienced a mean decrease of approx. 8.6 (± 4.0) % and 

ciliates a mean increase of 8.3 (± 3.9) % compared to the start biovolumes whereas rotifer 

biovolumes hardly changed. In the copepod bottles (E), the mean biomass portions of all groups 

were similar to those of the initial samples (phytoplankton: 76.2 ± 4.2 %; ciliates: 20.0 ±  

3.6 %; rotifers: 3.8 ± 1.0 %). Mean biomass fractions of phytoplankton and ciliates differed 

between C and E treatment by +9.3 (± 2.0) % and –10.0 (± 1.2) %, respectively. These 

differences were greater during summer months (May, July, September means for 

phytoplankton and ciliates: +15.6 (± 3.7) % and +15.2 (± 3.9) % compared to the winter season 
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(means of November, January, March: +3.1 ± 1.4 % and –4.5 ± 0.1 %), although initial biomass 

proportions (S) were rather consistent throughout all experiments (Table 2.2).  

 

 

 

Table 2.2: Biomass distribution (x 1000 µm3 L-1) of the three plankton groups across the 
experiments S = starting point (n = 2); C=control; E = copepod treatment (n = 3 for 
phytoplankton; n = 4 for ciliates and rotifers). All taxa included. 

S 

Group Sep 2017  Nov 2017 Jan 2018 Mar 2018 May 2018 Jul 2018 

Phytoplankton 884.17 265.95 90.87 378.62 661.21 504.69 

Ciliates 244.69 59.70 21.70 91.87 237.72 196.95 

Rotifers 16.59 15.36 0.76 3.59 48.24 43.72 

C 

Group Sep 2017  Nov 2017 Jan 2018 Mar 2018 May 2018 Jul 2018 

Phytoplankton 590.58 315.31 102.86 501.04 416.14 448.38 

Ciliates 444.64 88.73 19.25 102.79 323.96 368.40 

Rotifers 45.23 10.10 1.53 4.45 41.89 49.93 

E 

Group Sep 2017  Nov 2017 Jan 2018 Mar 2018 May 2018 Jul 2018 

Phytoplankton 569.25 177.27 85.32 543.94 522.79 287.33 

Ciliates 184.55 38.99 10.11 82.20 148.97 167.33 

Rotifers 21.29 15.43 1.11 5.82 43.47 25.75 

Figure 2.1: Responses of biovolumes to Eudiaptomus grazing: (a) phytoplankton, (b) ciliates, and (c) 

rotifers. S=starting point (n = 2); C=control; E=copepod treatment (n = 3 for phytoplankton; n = 4 for 

ciliates and rotifers). Symbols indicate the different experiments. Open symbols represent initial 

samples (S) at the starting point and filled symbols represent experimental samples (C + E); after 72 h. 

Error bars indicate ± one standard error of the mean. All taxa were analysed. 
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Biovolumes of all three groups differed 

between experiments reflecting the 

seasonal dynamics of the three groups 

(Fig. 2.1, Table 2.3). Likewise, for all 

groups, differences between control and 

Eudiaptomus treatment varied between 

experiments (significant Treatment x 

Experiment interactions for all groups, 

Table 2.3). However, despite some 

differences between experiments, 

Eudiaptomus reduced ciliate biovolume 

rather strongly in all experiments, 

whereas its effects on phytoplankton and 

rotifers showed greater variability between experiments (Fig. 2.1). Eudiaptomus decreased 

phytoplankton biovolume most strongly in July and November experiments, but had no or even 

positive effects on phytoplankton in other experiments. Likewise, rotifer biovolume was 

reduced only in two months, i.e., July and September (Fig. 2.1) but was not affected in other 

months. 

Clearance rates significantly differed 

between prey groups, and the 

temperature-dependency of clearance 

rates differed between prey groups 

(significant interaction effect, Table 2.4): 

rotifer clearance increased strongly with 

increasing temperature  (slope = 0.052 ± 

0.019 SE),  ciliate clearance only weakly 

(slope = 0.015 ± 0.007 SE), and we found no temperature dependency phytoplankton (slope = 

0.004 ± 0.018 SE). These differences between groups did not depend on whether we included 

rotifer clearance rates for January and March in the model or not. Mean clearance rates were 

highest on ciliates across all six experiments (Fig. 2.2). In January and March, rates were very 

low, down to half the magnitude of the rates of other study months. Phytoplankton was cleared 

efficiently only in November and July; during the remaining experiments, grazing rates were 

very low or even negative. Rotifer clearance rates showed a similar variation between 

Table 2.3: Analysis of variance (type II ANOVA) of the effects of 
Treatment, Experiment (Exp) and the interaction between 
Treatment and Experiment (Treatment x Exp) on biovolumes (log-
transformed) of the three plankton groups (phytoplankton: n = 3; 
ciliates and rotifers: n = 4). All taxa were analysed. For rotifers, 
the January and March experiments were omitted. 

           Biovolume  

Factor df F value P value  

Phytoplankton     

Treatment 1, 24 6.2261 0.02 * 

Exp 5, 24 81.1441 < 0.001 *** 

Treatment x Exp 5, 24 3.9712 0.009 ** 

Ciliates 

Treatment 1, 36 130.9885  < 0.001 *** 

Exp 5, 36 235.8220  < 0.001 *** 

Treatment x Exp 5, 36 2.7693   0.03 * 

Rotifers 

Treatment 1, 24 2.2624 0.15  

Exp 5, 24 13.6855  < 0.001 *** 

Treatment x Exp 5, 24 3.2508 0.04 * 

Significance codes:  ‘∗∗∗’: <0.001, ‘∗∗’: <0.01, ‘∗’: <0.05, ‘.’: <0.1 

Table 2.4: Mixed random effects ANOVA of the effects of prey 
group (Group), mean experimental temperatures, and the 
interaction between Group and temperature on clearance rates 
(phytoplankton: n = 3; ciliates and rotifers: n = 4). All taxa were 
analysed.  For rotifers, the January and March experiments were 
omitted. 

 Clearance Rate 

Factor df Chisq P value  

Group 2 42.893 < 0.001 *** 

Temperature 1 12.968 < 0.001 *** 

Group x Temperature 2 14.139 < 0.001 *** 

Significance codes:  ‘∗∗∗’: <0.001, ‘∗∗’: <0.01, ‘∗’: <0.05, ‘.’: <0.1 
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experiments but were generally low during winter and moderate to high during summer. 

Clearance rates were of higher magnitude than those on phytoplankton. 

Altogether, 61 indicator species (26 phytoplankton, 24 ciliate, and 11 rotifer taxa) were 

identified of which 36 were associated with the control and 25 with the copepod treatment 

(Table 2.5). On average, the control treatment was characterized by 33% phytoplankton, 47% 

ciliate, and 20% rotifer indicator species, respectively. In contrast, indicator species of the 

Eudiaptomus treatment consisted of 56% phytoplankton, 28% ciliates, and 16% rotifers. The 

PCA of the prey communities efficiently separated control and copepod treatment in almost 

every experiment (Fig. 2.3; for PCA of separate prey groups, see Supplementary Information 

Figs. 2.1a – c). Likewise, PERMANOVA results yielded significant differences between 

experiments and treatments as well as significant Experiment x Treatment interaction effects 

for phytoplankton and ciliates (Table 2.6, 2.7). Toxic cyanobacteria (Microcystis sp.; species 

scores < 0.2 in Fig. 2.3 and therefore not labeled) and small flagellate algae (e.g. Erkenia 

subaequiciliata, Ochromonas spp.; Table 2.5) seemed to benefit from copepod presence by 

exhibiting enhanced abundances in the E treatments (Supplementary Information Fig. S2.1a). 

Figure 2.2: Group-specific clearance rates of Eudiaptomus gracilis for phytoplankton, ciliates, and rotifers in 

each of the six experiments. Error bars indicate ± one standard error of the mean. Number of replicates for 

phytoplankton: n = 3; for ciliates and rotifers: n = 4, respectively. All taxa included. 
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Figure 2.3: PCA ordination plots for the overall prey communities in C and E treatments. Filled symbols = 

control; open symbols = copepod treatment (each n = 3). Ellipsoids show the standard deviation 

(confidence limit = 0.95). Data were Hellinger-transformed prior to analysis. Labels are given for indicator 

species (red) and taxa with scores > 0.2 (black). Abbreviations: Asp: Asplanchna priodonta,  

Chl: Chlamydomonas spp., Chr: Chromulina spp., Cro: Cryptomonas ovata, Cyc: Cyclotella spp. < 7 µm, 

Dtv: Diatoma vulgaris, Gyh: Gymnodinium helveticum, F: Histiobalantium bodamicum,  

Pls: Pelagostrombidium sp., Ply: Polyarthra vulgaris, Psp: Pseudobalanion planctonicum,  

Rhl: Rhodomonas lens, Rhm: Rhodomonas minuta, Rvm: Rhodomonas minuta v. nannoplanctica,  

Sts: Strobilidium sp., Stl: Strobilidium lacustris, Urf: Urotricha furcata. For indicator species labels, see 

Table 2.5. 
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Although the ciliate community experienced an overall strong suppression in all experiments, 

considerably more ciliate taxa were significantly associated with the controls in contrast to the 

copepod treatment (Table 2.5). 64% of all rotifer indicator species were associated with the 

control treatments although the relative share of this group in the number of all indicator species 

was similar as in the copepod treatment (control: 20%; E treatment: 16% rotifer indicator 

species on average; Table 2.5). Dominant species such as the small-sized Keratella cochlearis 

as well as large, soft-bodied taxa (Polyarthra spp., Synchaeta spp.) were more strongly reduced 

in the Eudiaptomus treatments in summer and autumn. 

Control and Eudiaptomus treatments were most clearly separated from one another in 

November, May, and July (Fig. 2.3). Diatom biomasses significantly dominated the E treatment 

in January, in contrast to increased abundances of cryptophycean phytoplankton and ciliates in 

the controls. Furthermore, cryptomonads, small flagellates, and the ciliate Codonella sp. were 

indicative for the E treatment in March, the controls were characterized by dinoflagellates, 

tintinnid ciliates, and small rotifers. In May, both treatments were heavily dominated in 

abundance by both the diatom Synedra acus v. radians and small flagellates (E. subaequiciliata, 

Ochromonas sp.) with the former being significantly associated with the control and the latter 

being significantly indicative for the predator treatment. Along with other taxa, e.g. small 

specimens of the diatom Cyclotella spp., the flagellate chlorophyte Carteria cordiformis, and 

the rotifer Synchaeta pectinata were characteristic for the May copepod treatment. In July, the 

small dinoflagellate Peridinium aculiferum as well as several ciliate and rotifer taxa mostly 

characterized the C treatment. In the E bottles, chrysophycean algae, suctoriid ciliates, and 

small rotifers were prevailing. The September experiment resulted in several indicator taxa for 

both control and copepod treatment: in the latter, e.g. the dinoflagellate Peridinium sp. and 

peritrich ciliates were found to be of major significance whereas colony-forming chlorophytes 

(Dictyosphaerium pulchellum) and cyanobacteria (Coelosphaerium kützingianum) along with 

several ciliate and rotifer species were characteristic for the C treatment. In November, the 

control treatment was dominated by large and medium-sized cryptophyceans such as 

Cryptomonas ovata and Rhodomonas spp. which were strongly reduced in the copepod 

treatment (c.f. Table 2.5). On the other hand, abundances of flagellate algae (Chlamydomonas 

sp.) along with the rotifers Asplanchna priodonta and Polyarthra vulgaris were able to increase 

under copepod presence (Fig. 2.3). Additionally, the flagellate chrysophycean Mallomonas 

akrokomos was found to be significantly associated with the E treatment. 
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Discussion 

Only few studies have focused on seasonal changes of copepod grazing on lower trophic levels 

(e.g. Edgar and Green, 1994; Mariani et al., 2013; Kenitz et al., 2017). Our results demonstrate 

that the grazing impact of a calanoid copepod species can not only affect biovolume and 

taxonomic composition of its prey community, but it can also vary throughout different seasons. 

In contrast to our first hypothesis, a temperature dependency of clearance rates was not 

observed for all prey groups, but only for rotifers, weakly for ciliates and not for phytoplankton. 

In the latter case, this suggests that seasonality of food web interactions, i.e. cascading 

interactions (e.g. Kunzmann et al. 2019), did more strongly influence observed clearance rates 

as seasonality of water temperatures. We observed an overall strong biovolume decline in the 

group of ciliates, irrespective of their initial biomass availability, as well as contrasting biomass 

responses of phytoplankton and rotifers. Additionally, clearance rates on phytoplankton were 

strongly alternating between experiments although initial biovolume concentrations were 

always at least equal or higher than those of ciliates. This conforms to the findings of Burns and 

Gilbert (1993) who stated that ciliate vulnerability to calanoid copepod predation is not affected 

by biomass changes of alternative prey, i.e. phytoplankton. In this study, three freshwater 

calanoids (Epischura lacustris, Diaptomus minutus, and D. pygmaeus) were fed with different 

food types, combinations, and densities (Cryptomonas sp., several oligotrich ciliates, mixed 

diets) resulting in enhanced predation on ciliates irrespective of algal concentrations. 

Furthermore, Kunzmann et al. (2019) previously reported low grazing rates of Eudiaptomus 

gracilis on common phytoplankton taxa together with uniformly high rates on ciliates in late 

summer/early autumn which could also be observed in our experiments. In the group of rotifers, 

the relative share of indicative taxa did not change; however, during warmer seasons (July, 

September), we found none of those taxa in the copepod treatment whereas in these months, 

large, soft-bodied forms were significantly characteristic for the controls. 

Our results do support the first hypothesis according to which the feeding of Eudiaptomus 

gracilis is dependent on temperature resulting in contrasting clearance rates for summer and 

winter experiments. E. gracilis is able to perform two modes of feeding associated with the 

density of prey: suspension-feeding and ambush-feeding (Vanderploeg and Paffenhöfer, 1985). 

At low temperatures, with copepods being ectotherm organisms, passive filter-feeding or 

ambush-feeding is energetically less costly than active foraging and prey selection (Berge et 

al., 2020). Since prey densities are generally low during winter, the probability of encountering 

high-quality food, i.e. ciliates or rotifers, is lower than at high prey biomass availability during 

summer. Thus, it seems reasonable that overall clearance rates as well as the selective feeding  
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Table 2.5: Indicator Species of the six experiments. Exp-T (C = control; E = Eudiaptomus treatment): Experiment-Treatment;   
IndVal: Indicator value (in brackets); Phyto = phytoplankton; Cil = ciliates; Rot = Rotifers. P-values of all given species: 0.01 < p < 0.05.  
Superscripts are taxon abbreviations used in Figure 2.2 (numbers: control; letters: copepod treatment).  

 Exp  Group Control  Eudiaptomus  

Se
p

te
m

b
er

 
 

Phyto  
  
  
Cil  
  
 

  
 
Rot  
  
   

Dictyosphaerium pulchellum (0.68)1 

Coelosphaerium kützingianum (0.68)2 

Dinobryon divergens (0.46)3 

Enchelys sp. (0.71)4 

Askenasia sp. (0.54)5 

Urotricha sp. (0.54)6 

Pseudobalanion planctonicum (0.42)7 

Histiobalantium bodamicum (0.36)8 

Polyarthra sp. (0.71)9 

Synchaeta stylata (0.54)10 

Polyarthra dolichoptera (0.54)11 

Trichocerca sp. (0.38)12 

Chromulina spp. (0.52)a   
Peridinium spp. (0.83)b   
  
Peritrichida (0.77)c   
Pelagodileptus sp. (0.67)d 

  
  
  
Kellicottia longispina (0.7)e 

  

N
o

ve
m

b
er

 

Phyto  
  
 
Cil  
  
Rot  

Rhodomonas lens (0.34)13 
Rhodomonas minuta (0.38)14 

Cryptomonas ovata (0.31)15 

Didinium sp. (0.84)16 

Mesodinium sp. (0.41)17 

Mallomonas akrokomos (0.54)f 

  
  
  
 
Cephalodella sp. (0.75)g 

Ja
n

. Phyto   Navicula spp. (0.75)h  

M
ar

ch
 Phyto  

  
Cil   

Gymnodinium lantzschii (0.68)18 

  
Pelagostrombidium cysts (0.85)19 

Tintinnidium sp. (0.61)20 
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Fragilaria crotonensis (0.44)21 
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Coleps hirtus (0.72)23 

Vorticella sp. (0.55)24 

Strobilidium sp. (0.37)25 

Synchaeta sp. (0.41)26 

Pseudanabaena limnetica (0.69)l 

Pseudokephyrion entzii (0.68)m 

Cyclotella spp. < 7 µm (0.5)n 

Ochromonas spp. < 10 µm (0.46)o 

Stephanodiscus neoastrea (0.36)p 

Carteria cordiformis (0.31)q 

Erkenia subaequiciliata (0.23)r 
Staurophrya sp. (0.69)s 

  
  
Synchaeta pectinata (0.66)t 
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Cyclotella spp. 7-20 µm (0.39)27 

Ochromonas spp. > 10 µm (0.51)28 

Peridinium aculiferum (0.86)29 

Dileptus sp. (0.97)30 

Uroleptus piscis (0.73)31 

Cyclidium sp. (0.45)32 

Strobilidium lacustris (0.36)33 

Pelagostrombidium sp. (0.3)34 

Keratella cochlearis (0.44)35 

Pompholyx complanata (0.53)36 

Pseudopedinella erkensis (0.77)u 

  
  
Suctoria (0.92)v 

Paradileptus elephantinus (0.73)w 

Epistylis spp. (0.71)x 

  
  
Euchlanis dilatata (0.64)y 
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Table 2.6: PERMANOVA (adonis function; permutation = 999) results for the prey community 
(n = 3). Only common taxa. For rotifers, the January and March experiments were omitted. 

Source  df SS MS F R2 p  

Treatment 1 0.1309 0.13092 12.782 0.02871 0.001 *** 

Exp 5 4.0789 0.81578 79.645 0.89455 0.001 *** 

Treatment x Exp 5 0.1041 0.02081 2.032 0.02282 0.01 ** 

Residuals 24 0.2458 0.01024  0.05391   

Total 35 4.5597   1.00000   

Significance codes:  ‘∗∗∗’: <0.001, ‘∗∗’: <0.01, ‘∗’: <0.05, ‘.’: <0.1 

 

pressure on ciliates decline during the winter season. In fact, we observed low clearance rates 

in the winter experiments on all prey groups including ciliates, although the grazing rates on 

ciliates were still significantly higher as those of other groups (c.f. Fig. 2.2; significant prey 

group x temperature interaction: Table 2.4). For phytoplankton, we found seasonal contrasts in 

the magnitude of clearance: in autumn and winter (September, November, January), rates 

showed a broad range from low to high grazing. Ciliates are considered to be important 

microzooplankton mostly responsible for clearing algae experiencing high peaks in abundance 

during phytoplankton spring bloom (Müller et al., 1991; Kerimoglu et al., 2013). We showed 

that E. gracilis heavily suppressed ciliates of Lake Constance during this period thereby 

possibly releasing phytoplankton from grazing pressure resulting in non-significant clearance 

rates for this group during March and May experiments. Thus, the high grazing pressure of E. 

gracilis on ciliates might be an important contributing factor for inducing the annual spring  

 

 

 

 

 

 

 

 

 

 

Table 2.7: PERMANOVA (adonis function; permutation = 999) results for phytoplankton (n = 
3), ciliates, and rotifers (each n = 4). Only common taxa. For rotifers, the January and March 
experiments were omitted. 

Source  df SS MS F R2 p  

Phytoplankton        

Treatment 1 0.0449 0.04491 6.284 0.00790 0.001 *** 

Exp 5 5.3697 1.07394 150.250 0.94480 0.001 *** 

Treatment x Exp 5 0.0973 0.01945 2.722 0.01712 0.003 ** 

Residuals 24 0.1715 0.00715  0.03018   

Total 35 5.6834   1.00000   

Ciliates        

Treatment 1 0.1154 0.11541 12.632 0.06863 0.001 *** 

Exp 5 1.2369 0.24738 27.076 0.73549 0.001 *** 

Treatment x Exp 5 0.1101 0.02203 2.411 0.06549 0.001 *** 

Residuals 24 0.2193 0.00914  0.13039   

Total 35 1.6817   1.00000   

Rotifers        

Treatment 1 0.1346 0.13458 2.7390 0.03617 0.031 * 

Exp 5 2.5967 0.86556 17.6155 0.69784 0.001 *** 

Treatment x Exp 5 0.2036 0.06787 1.3812 0.05472 0.188  

Residuals 16 0.7862 0.04914  0.21128   

Total 23 3.7211   1.00000   

Significance codes:  ‘∗∗∗’: <0.001, ‘∗∗’: <0.01, ‘∗’: <0.05, ‘.’: <0.1 
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blooms in lakes. Subsequently to this event, the clearance of phytoplankton increases to positive 

and even high rates in early summer (July) when the relative abundance of ciliates reaches a 

second, yet comparably low peak (Müller et al., 1991; Gaedke and Wickham, 2004; Sonntag et 

al., 2006). 

The influence of Eudiaptomus on total rotifer biovolume varied strongly throughout the season, 

with highest clearance rates observed during September and July, but low clearance rates in 

May and November. Regarding biovolume, E. gracilis had a significant effect on rotifers only 

during the summer months (F1,24 = 8.17; p = 0.01; type II ANOVA on rotifer biovolumes of 

control and copepod treatments in July and September). During the remaining 

experiments/seasons, copepod presence did not significantly influence rotifer biomasses. This 

suggests that for rotifers, but not for phytoplankton, the results of the experiments performed 

two decades earlier but yet in the same month (Kunzmann et al., 2019) could be confirmed. 

Most of the rotifer taxa which were dominant in September/early October 1998 showed equally 

high relative abundances in our September experiment (i.e. Keratella cochlearis and the large, 

soft-bodied taxa Polyarthra dolichoptera, P. vulgaris, and Synchaeta spp.) where all of them 

were indicator species for the control treatment for the summer months (July and September; 

c.f. Table 2.5, Fig. 2.3), being efficiently cleared in both 1998 (Supplementary Table S1) and 

2017. Contrary to rotifers, the phytoplankton community differed strongly between 1998 and 

2017: for example, the biovolumes of the mixotrophic chrysophycean Dinobryon divergens and 

the green alga Dictyosphaerium pulchellum had low biovolumes (Dinobryon) or were absent 

(Dictyosphaerium) in the in situ (S) samples in September/early October 1998, but contributed 

strongly to the phytoplankton community (16.5% and 30.7%, respectively) in September 2017. 

Both species were hardly consumed by Eudiaptomus (low clearance rates) and hence, their 

dominance resulted in the overall small clearance rate on phytoplankton in the September 2017 

experiment. In respect to Dinobryon divergens, our results support recent work showing that 

Eudiaptomus seems to avoid this species as a food item (Vad et al., 2020). Furthermore, 

Dinobryon divergens and Dictyosphaerium pulchellum were identified as indicator species for 

the control treatment suggesting that these two species were able to even better flourish in an 

environment without Eudiaptomus but with a high abundance of ciliates. These findings 

indicate that these two species seem to be also protected in respect to ciliate feeding. 

Finally, we could also confirm our second hypothesis and thus the grazing of E. gracilis being 

influenced by the taxonomic composition of the prey community. As previously demonstrated 

in other studies, several small freshwater calanoids similar in size to E. gracilis show strong 

preferences for ciliates (Adrian and Schneider-Olt, 1999) and rotifers (Williamson and Butler, 
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1986) over phytoplankton. In this work, clearance rates of E. gracilis on phytoplankton and 

rotifers were of similar magnitudes in four out of six experiments and always lower than those 

on ciliates. In the two experiments with high rotifer predation (September, July), predominantly 

soft-bodied forms of different sizes were cleared (c.f. Table 2.5). Furthermore, E. gracilis 

effectively reduced dinoflagellates (e.g. Peridinium aculiferum) but not small flagellate algae 

such as Ochromonas spp. or Erkenia subaequiciliata which were found to be indicative for the 

copepod treatment. Those taxa belong to the group of mixotrophic chrysophyceans. Several 

studies indicate that multiple species of this group show toxic activity at which negatively 

impacting zooplankton feeding (Nielsen et al., 1990; Boenigk and Stadler, 2004; Barreiro et 

al., 2005; Hiltunen et al., 2012; Vad et al., 2020). It seems that those observations also apply 

to the presently studied zooplankter E. gracilis. In another recent study, the growth of toxic 

cyanobacteria (Microcystis aeruginosa) was shown to be facilitated by E. gracilis shifting the 

system away from edible algae (Ger et al., 2019) which could also be observed for the two 

Microcystis species in our experiments (M. aeruginosa, M. delicatissima; Kunzmann, 

unpublished data). Furthermore, large phytoplankton (diatoms or gelatinous chlorophytes) were 

hardly affected by copepod grazing. Our results are in line with Kunzmann et al. (2019) who 

reported increased clearance rates of E. gracilis for abundant species, e.g. the alga Cryptomonas 

ovata or the ciliate species Histiobalantium bodamicum and Strobilidium lacustris during 

September/October. Accordingly, in the present study, those taxa were only efficiently reduced 

in the summer/early autumn experiments (July, September). During winter, the magnitude of 

reduction decreased as biomasses were almost stagnating. 

Conclusion 

Eudiaptomus gracilis is a highly selective feeder inducing contrasting predation effects on the 

lower plankton community throughout the year. From our experiments, we conclude that this 

calanoid copepod possibly exhibits seasonal shifts in omnivory in response to fluctuating 

temperatures and food resources. Flexible foraging strategies provide an essential advantage 

over competitors, especially during periods when prey is scarce. In mesotrophic times, 

autumnal clearance rates of E. gracilis on ciliates were similarly high as in our study conducted 

under oligotrophic conditions (c.f. Kunzmann et al., 2019). Although rotifers were already 

positively cleared back then, our present results suggest an even stronger preference of rotifers 

in recent summer and early autumn seasons. Thus, with increasing oligotrophy in Lake 

Constance, this copepod seemed to have adapted a broader dietary spectrum now including 

food of higher quality. To assess the refined trophic position of E. gracilis within the planktonic 

food web of Lake Constance, experimental approaches comparing multiple zooplankton species 
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in both individual and combined settings are required. How this overall switch in calanoid 

copepod omnivory affected competition and thus the foraging tactics of other zooplankton over 

time, might be another subject to future investigations. 
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Appendix 

Supplementary material S2 for ‘Seasonal changes in prey selection and omnivory of a 

calanoid freshwater copepod’ 

Figure S2.1: PCA ordination plots for a) phytoplankton (n = 3), b) ciliate (n = 4), and c) rotifer 

communities (n = 4) in C and E treatments. Filled symbols = control; open symbols = copepod 

treatment. Ellipsoids show the standard deviation (confidence limit = 0.95). Data were 

Hellinger-transformed prior to analysis. Blue arrows indicate occurring taxa. Labels (red) are 

given for taxa with scores > 0.1 for phytoplankton and > 0.2 for ciliates and rotifers, 

respectively.  
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Abbreviations: 
Chr: Chromulina spp., Chs: Chlamydomonas spp., Clk: Coelosphaerium kützingianum,  

Crc: Carteria cordiformis, Cro: Cryptomonas ovata, Csm: Cyclotella spp. (7-20 µm),  

Cs<: Cyclotella spp. < 7µm, Dcp: Dictyosphaerium pulchellum, Dnd: Dinobryon divergens, 

Dtv: Diatoma vulgaris, Ers: Erkenia subaequiciliata, Frc: Fragilaria crotonensis, Gyh: 

Gymnodinium helveticum, Gyl: Gymnodinium lantzschii, Mla: Mallomonas akrokomos, Nsk: 

Navicula spp., Pra: Peridinium aculiferum, Pse: Pseudopedinella erkensis, Prs: 

Pseudopedinella erkensis, Rhl: Rhodomonas lens, Rhm: Rhodomonas minuta, Rmv: 

Rhodomonas minuta v. nannoplanctica, Stn: Stephanodiscus neoastrea, Svr: Synedra acus v. 

radians. 
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Abbreviations: 

Ass: Askenasia sp., Cys: Cyclidium sp., Dls: Dileptus sp., gGP: Pelagodileptus sp.,  

Hsb: Histiobalantium bodamicum, Pls: Pelagostrombidium sp., Plv: Pelagohalteria viridis, 

Prt: Peritrichida, Psp: Pseudobalanion planctonicum, Stl: Strobilidium lacustris,  

Sts: Strobilidium sp., Tns: Tintinnidium sp., Urf: Urotricha furcata, Urs: Urotricha sp. 
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Abbreviations: 

Asp: Asplanchna priodonta, Ecd: Euchlanis dilatata, Krc: Keratella cochlearis,  

Krq: Keratella quadrata, Pld: Polyarthra dolichoptera, Plm: Polyarthra major,  

Pls: Polyarthra sp., Plv: Polyarthra vulgaris, Pmc: Pompholyx complanata, Pms: Pompholyx 

sulcata, Syn: Synchaeta sp., Sys: Synchaeta stylata, Syp: Synchaeta pectinata,  

Trs: Trichocerca sp., unk: unknown. 
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Abstract 

To identify the functional roles of individual zooplankton species within the pelagic food web 

of Lake Constance, we conducted six in situ incubation experiments in Upper Lake Constance 

with five selected zooplankton taxa: three copepods (Eudiaptomus gracilis, Cyclops sp., 

Mesocyclops leuckarti) and two daphniids (Daphnia galeata x longispina, Daphnia cucullata). 

Altogether, the five study species showed contrasting grazing rates which were dependent on 

both prey group and concentrations. All copepod grazers yielded enhanced clearance rates on 

ciliates and/or rotifers. Grazing intensity was associated with prey body size resulting in 

contrasting, prey group- and predator-specific selection patterns. The selected Daphnia species 

did not exhibit size-selective feeding but significantly controlled phytoplankton and ciliate 

biomasses. These results highlight the versatile functional identity of individual copepod (and 

daphniid) taxa affecting both structure and composition of planktonic food webs and emphasise 

the importance of experiments covering multiple trophic levels to achieve a better 

understanding of multi-level cascading effects. 

Introduction 

The stability of lacustrine ecosystems is strongly dependent on biodiversity, controlled by the 

distinct predator–prey size ratios of resident organisms (Hansen et al., 1994). Copepods and 

cladocerans are major components of pelagic food webs and can provoke contrasting effects on 

protozoan biomasses, size spectra, and species compositions (Burns and Schallenberg, 2001; 

Sommer et al., 2001; Sommer et al., 2003). Moreover, selective feeding of copepods can induce 

trophic cascading effects down to the microbial community (Zöllner et al., 2003). Whereas a 

great share of those studies about feeding impact and prey selection of zooplankton only 

consider them as merged taxonomic entities (i.e. copepods vs. cladocerans), comparative 

approaches investigating the effects of individual zooplankton species on the lower food web 

are scarce. Independent experimental studies demonstrated a preference of copepods for larger 

prey items whereas Daphnia utilised small particles most efficiently (McMahon, 1968; Horn, 

1985a; Horn, 1985b). In the latter case, the size of ingested particles is strongly correlated with 

the size range of their filtering apparatus and thus Daphnia body size. However, there is 

growing evidence for species-specific feeding patterns not only of calanoid (Anraku and Omori, 

1963) and cyclopoid copepods (Nagata and Hanazato, 2006), but also of different-sized species 

of Daphnia (Burns, 1969). 

During the process of reoligotrophication, the zooplankton community of Lake Constance 

underwent significant alterations in both biomass and species composition: the extinction of the 
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calanoid copepod Heterocope borealis and the cladoceran Diaphanosoma brachyurum in 

combination with the invasion of Cyclops vicinus and Daphnia galeata led to an increase of the 

relative biomasses of cyclopoid copepods and daphniids (Straile and Geller, 1998; Straile, 

2015). On the other hand, abundances of calanoid copepods (E. gracilis) were rather stable 

although their seasonal abundance pattern has considerably changed since eutrophic times 

(Seebens et al., 2007). Just recently, Daphnia cucullata invaded the lake occurring in high 

abundances ever since. Presumably, the relative importance of the dominant zooplankton 

species for food web dynamics and ecosystem functioning in Lake Constance changed as well. 

The aim of this study was to assess the feeding preferences of five common native zooplankton 

taxa regarding prey size and type, and, furthermore, variance in selective feeding throughout 

the year. These results enable us to differentiate between distinct functional identities not only 

of copepods and cladocerans in general but also on intra-group level, i.e. of individual 

zooplankton species.  

Material and Methods 

Experimental set-up 

The study design equals the one explained in Chapter III but comes with several additions. In 

total, six in situ incubation experiments were performed with five zooplankton taxa in two-

month intervals over a one-year period (September 2017 – July 2018). On the day before 

experiments, specimens of Cyclops sp. and Mesocyclops leuckarti were collected in vertical 

tows (HYDROBIOS plankton net, 100 µm mesh size) from 0 – 50 m and 0 – 25 m water depth, 

respectively, and kept overnight in filtered lake water (0.45 µm pore size; see Eudiaptomus 

gracilis in Chapter III). Since adult females of M. leuckarti were not present in Lake Constance 

in sufficient numbers during winter and spring, this species was only used in two out of the six 

experiments (September 2017 + July 2018). Individuals of Daphnia cucullata and a Daphnia 

galeata x longispina hybrid were isolated from stock cultures in the lab and stored under the 

same conditions as the copepods. Both cladocerans were isolated from the lake in June 2017, 

genetically identified via microsatellite analyses, and subsequently cultivated in the lab. 

Morphological analyses identified the D. galaeata x longispina as D x obscura according to 

Flößner (1993; 2000). 

On the first day of each experiment, 20 (Exp 1 + 6: 24) transparent PVC bottles of 

approximately 1250 mL volume were filled with the filtered lake water (0 – 20 m depth-

integrated sample, filtered over 100 µm gauze). Samples from the filtered lake water were 
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directly taken as duplicates (S1 + S2) to define the initial microplankton composition (S) at the 

starting point of the study. To generate approximately equal predator biomasses (~ 140 mg dry 

mass L-1) in each treatment, copepod and Daphnia bottles were subsequently populated as 

follows: Eudiaptomus treatment (E): 25 individuals; Cyclops treatment (Cy): 10 individuals; 

Mesocyclops treatment (M): 40 individuals; D. galeata x longispina treatment (O): 8 

individuals; D. cucullata treatment (Cu): 40 individuals. Each treatment was replicated 4 times 

(E1 – E4; Cy1 – Cy4; M1 – M4; O1 – O4; Cu1 – Cu4), the remaining four bottles without either 

copepods or daphniids served as control treatment (C1 – C4). Most of the copepods were 

females carrying egg sacs. Incubation and sampling procedures, fixation of phytoplankton, 

ciliates and, rotifers as well as and biomass calculations followed the specifications given in 

Chapter IV. After each experiment, zooplankton grazers were fixed in 70% ethanol and body 

length was measured of each animal individually. Due to lower ciliate and rotifer abundances 

compared to phytoplankton, 4 replicates were counted for the latter two groups, and only three 

for phytoplankton. 

Statistical analysis 

As rotifer densities were very low in the experimental bottles in January and March, they were 

excluded from the analysis for those months to obtain more accurate estimations of the means. 

Differences in biovolumes between treatments and experiments for the individual plankton 

groups were analysed using two-way ANOVA and type II sum of squares for each predator 

separately (factor 1: Treatment; levels: C and predator treatment; factor 2: Experiment; levels: 

1, 2, 3, 4, 5, 6). To ensure homogeneity of variance, data were log10-transformed prior to 

statistical analyses.  

Group-specific clearance rates of copepod and cladoceran predators were calculated from prey 

concentrations in control (C) and predator bottles at the end of the incubation (Rigler, 1971; 

Båmstedt et al. 2000), i.e., assuming exponential dynamics (i.e., growth or possibly declines 

due to microzooplankton grazing and/or bottle effects) of prey concentrations in the C bottles: 

𝑔 = 𝑙𝑛
𝐶

𝑍𝑖
∗

𝑉

𝑡 ∗ 𝑛
 

where 𝑔 is clearance rate [mL*animal-1*h-1], 𝐶 is geometric mean biovolume of each group in 

the control/no predator treatments, Zi is biovolume of each group in replicate i of predator 

treatment (𝐸, 𝐶𝑦, 𝑀, 𝑂, 𝐶𝑢), 𝑉 is bottle volume [mL], 𝑡 is experimental duration [h], and 𝑛 is 
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the number of adult copepods/daphniids of all age classes in replicate i of treatment 𝑍 at the 

start of the experiments.  

For the analysis of size-specific zooplankton grazing, we used two different approaches: (1) 

size-specific clearance rates were calculated for nine size classes formed by rounding log10-

transformed body volume to the nearest integer: size class –1: 0.3 µm3 cell volume; size class 

0: 2 µm3; size class 1: 10 – 27 µm3; size class 2: 38 – 312 µm3; size class 3: 350 – 2700 µm3; 

size class 4: 3200 – 31 000 µm3; size class 5: 32 000 – 279 000 µm3; size class 6: 319 700 – 2 

897 664 µm3; size class 7: 6 400 000 µm3. (2) weighted mean body volume (BVMw) and 

weighted body volume variance (BVVw) of phytoplankton, ciliates, and rotifers were calculated 

as  

𝐵𝑉𝑀𝑤 =  
∑ 𝐵𝑖

𝑛
𝑖=1  ∗ 𝐵𝑉𝑖

∑ 𝐵𝑖
𝑛
𝑖=1

  and 𝐵𝑉𝑉𝑤 =  
∑ 𝐵𝑖 ∗ 𝑛

𝑖=1 𝐵𝑉𝑖
2

∑ 𝐵𝑖
𝑛
𝑖=1

− 𝐵𝑉𝑀𝑤
2

 

with B and BV as biovolume (body volume * concentration) and log10 body volume of each 

taxon within the respective groups (Acevedo-Trejos et al., 2018). Differences in BVMw and 

BVVw between treatments and experiments were analysed using two-way ANOVA and type II 

sum of squares. All calculations were performed using the packages car (Fox and Weisberg, 

2018) and multcomp (Hothorn et al., 2008) with the statistical software R 3.6.1 (R Core Team, 

2019). 

Results 

Copepods 

Each of the five zooplankters had a species-specific impact on the lower prey community 

consisting of phytoplankton, ciliates, and rotifers. Two of the three copepod taxa (Cyclops sp., 

Mesocyclops leuckarti; Cy, M treatments) showed no significant mean effect on phytoplankton 

whereas Eudiaptomus gracilis (E treatment) significantly reduced algal biovolumes (Table 3.1; 

Fig. 3.1A – C). However, we found a significant treatment x experiment interaction for E. 

gracilis and Cyclops sp. indicating significant differences in their seasonal impacts on 

phytoplankton biovolumes. All copepods had highly significant effects on ciliate biomasses. 

Rotifer biovolumes were not influenced by the presence of E. gracilis but were significantly 

lower under the presence of the two cyclopoid copepods. The seasonal effect was highly 

significant for all prey groups and all copepods. A significant treatment x experiment interaction 
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for all three prey groups and for phytoplankton and ciliates was only found in the E and Cy 

treatments, respectively. 

 

E. gracilis showed a strong preference for ciliates over phytoplankton and rotifers with the latter 

rates being of similar magnitudes (Fig. 3.2a). Total clearance rates on ciliates were highest of 

all groups in each of the experiments. In contrast, Cyclops sp. yielded higher clearance rates on 

rotifers than on ciliates in late spring (May); in late autumn/winter (November, January), rates 

on ciliates were highest (Fig. 3.2b). Grazing rates on ciliates were always higher than on  

 

Table 3.1: Analysis of variance (type II ANOVA) of the effects of Treatment, Experiment (Exp) and the interaction between 
Treatment and Experiment (Treatment x Exp) on biovolumes of the three plankton groups (phytoplankton: n = 3; ciliates 
and rotifers: n = 4). All taxa were analysed. For rotifer analysis, the January and March experiments were omitted. 

           Biovolume           Biovolume 

Factor df F value P value Factor df F value P value 
E. gracilis    D. x obscura   

Phytoplankton    Phytoplankton   

Treatment 1, 24 6.226        0.02 * Treatment 1, 24 34.114 < 0.001 *** 

Exp 5, 24 81.144   < 0.001 *** Exp 5, 24 69.135 < 0.001 *** 

Treatment x Exp 5, 24 3.971      0.009 ** Treatment x Exp 5, 24 2.331      0.07 . 

Ciliates Ciliates 
Treatment 1, 36 130.988   < 0.001 *** Treatment 1, 36 59.341 < 0.001 *** 

Exp 5, 36 235.822   < 0.001 *** Exp 5, 36 198.371 < 0.001 *** 

Treatment x Exp 5, 36 2.769        0.03 * Treatment x Exp 5, 36 12.905 < 0.001 *** 

Rotifers Rotifers 
Treatment 1, 24 2.262        0.15 Treatment 1, 24 6.752      0.02 *  

Exp 3, 24 13.686   < 0.001 *** Exp 3, 24 17.812 < 0.001 *** 

Treatment x Exp 3, 24 3.251        0.04 * Treatment x Exp 3, 24 3.103      0.04 * 

Cyclops sp.    D. cucullata   

Phytoplankton    Phytoplankton   

Treatment 1, 24 1.249      0.28     Treatment 1, 24 0.06      0.81 

Exp 5, 24 85.065 < 0.001 *** Exp 5, 24 77.031 < 0.001 *** 

Treatment x Exp 5, 24 2.80      0.04 * Treatment x Exp 5, 24 3.75      0.01 * 

Ciliates    Ciliates    

Treatment 1, 36 27.714 < 0.001 *** Treatment 1, 36 12.996 < 0.001 *** 

Exp 5, 36 242.061 < 0.001 *** Exp 5, 36 248.707 < 0.001 *** 

Treatment x Exp 5, 36 2.487       0.05 *   Treatment x Exp 5, 36 3.578    0.009 ** 

Rotifers    Rotifers    

Treatment 1, 24 10.247      0.001 ** Treatment 1, 24 1.214      0.20 

Exp 3, 24 17.55 < 0.001 *** Exp 3, 24 27.125 < 0.001 *** 

Treatment x Exp 3, 24 2.148       0.12     Treatment x Exp 3, 24 7.788 < 0.001 *** 

M. leuckarti    

Phytoplankton    Significance codes: 
Treatment 1, 16 2.344      0.14 ‘∗∗∗’: <0.001, ‘∗∗’: <0.01, ‘∗’: <0.05, ‘.’: <0.1 

Exp 5, 16 32.617 < 0.001 ***    

Treatment x Exp 1, 16 0.629      0.44    

Ciliates       

Treatment 1, 24 61.533 < 0.001 ***    

Exp 5, 24 172.758 < 0.001 ***    

Treatment x Exp 1, 24 0.766      0.39    

Rotifers       

Treatment 1, 18 31.095 < 0.001 ***    

Exp 3, 18 16.60 < 0.001 ***    

Treatment x Exp 1, 18 3.31      0.09 .    
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Figure 3.1: Responses of biovolumes to A) Eudiaptomus gracilis, and B) Cyclops sp. grazing: a) 

phytoplankton, b) ciliates, and c) rotifers. S = starting point (n = 2); C = control; E and Cy = 

copepod treatments (n = 3 for phytoplankton; n = 4 for ciliates and rotifers). Symbols indicate 

the different experiments. Open symbols represent initial samples (S) at the starting point and 

filled symbols represent experimental samples (C + E); after 72 h. Error bars indicate ± one 

standard error of the mean.  
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Figure 3.1: Responses of biovolumes to C) Mesocyclops leuckarti, and D) Daphnia x obscura 

grazing: a) phytoplankton, b) ciliates, and c) rotifers. S = starting point (n = 2); C = control; M 

and O = grazer treatments (n = 3 for phytoplankton; n = 4 for ciliates and rotifers). Symbols 

indicate the different experiments. Open symbols represent initial samples (S) at the starting 

point and filled symbols represent experimental samples (C + E); after 72 h. Error bars indicate 

± one standard error of the mean.  
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phytoplankton as they were only moderately cleared by this copepod in November. Ciliate and  

rotifer clearance rates were found to be positive during all experiments. The second cyclopoid 

predator, M. leuckarti, showed positive grazing rates similar to those of Cyclops sp. with a 

significantly higher rate on rotifers in the first experiment (September; Fig. 3.2c). Clearance 

rates on phytoplankton and ciliates also differed significantly: as for the two previously 

presented copepods, a preference for ciliates over phytoplankton was recorded. 

Prey size-specific grazing resulted in contrasting patterns of the three copepod grazers (Fig. 

3.3a–c). On average, E. gracilis induced a rather disruptive selective regime on the 

phytoplankton community with medium-sized cells (size classes 3 – 4) experiencing increased 

feeding pressure compared to small and large size classes. However, although we found a 

significant treatment effect for the weighted mean body volume (BVMw), this effect was not 

significant for the weighted body volume variance (BVVw) of the phytoplankton (Table 3.2a). 

Ciliates were almost uniformly grazed on exhibiting a slight, prey size-dependent increase in 

mean clearance rates. Here, both BVMw and BVVw yielded significant treatment effects. 

Figure 3.1: Responses of biovolumes to E) Daphnia cucullata grazing: a) phytoplankton, b) 

ciliates, and c) rotifers. S = starting point (n = 2); C = control; Cu = cladoceran treatment (n = 3 

for phytoplankton; n = 4 for ciliates and rotifers). Symbols indicate the different experiments. 

Open symbols represent initial samples (S) at the starting point and filled symbols represent 

experimental samples (C + E); after 72 h. Error bars indicate ± one standard error of the mean.  
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Although clearance rates on rotifers declined with size, we did not find significant treatment 

effects for either mean body size or variance. For the complete prey spectrum, we observed a 

disruptive selection pattern favouring taxa at both ends of the size spectrum (Fig. 3.3a). Group-

specific clearance rates of Cyclops sp. exhibited directional selection towards large size classes 

on phytoplankton and ciliates which was found to be significant along with an additional 

significant treatment effect of BVVw only for the latter group (Table 3.2a). Rotifers of all size 

classes were strongly grazed on by Cyclops sp. Size selection of the overall prey community 

was directed toward large size classes with exception of the largest rotifer taxa in size class 7.  

Table 3.2a: Analysis of variance (type II ANOVA) of the effects of Treatment, Experiment (Exp) and the interaction between 

Treatment and Experiment (Treatment x Exp) on weighted body volume means (BVMW) and variances (BVVW) of the three 

plankton groups (phytoplankton: n = 3; ciliates and rotifers: n = 4) under copepod presence. All taxa were analysed.  For rotifer 

analysis, the January and March experiments were omitted. 

                  BMVW   BVVW 
Factor df F value P value Factor df F value    P value 
E. gracilis       

Phytoplankton    Phytoplankton   
Treatment 1, 24 15.649 < 0.001 *** Treatment 1, 24 0.13 0.72 

Exp 5, 24 17.813 < 0.001 *** Exp 5, 24 15.621    < 0.001 *** 

Treatment x Exp 5, 24 10.962 < 0.001 *** Treatment x Exp 5, 24 5.357     0.002 ** 

Ciliates Ciliates 
Treatment 1, 36  11.065 0.002 ** Treatment 1, 36  16.079    < 0.001 *** 

Exp 5, 36 8.582 < 0.001 *** Exp 5, 36 6.468    < 0.001 *** 

Treatment x Exp 5, 36 2.080 0.09 . Treatment x Exp 5, 36 11.153     < 0.001 *** 

Rotifers Rotifers 
Treatment 1, 24  1.302 0.27 Treatment 1, 24  1.973   0.17 

Exp 3, 24 4.917    0.008 ** Exp 3, 24 2.04   0.14 

Treatment x Exp 3, 24 1.346 0.28 Treatment x Exp 3, 24 1.801   0.17 

Cyclops sp.       

Phytoplankton    Phytoplankton   
Treatment 1, 24 2.370 0.14 Treatment 1, 24 0.807 0.38 

Exp 5, 24 32.048    < 0.001 *** Exp 5, 24 29.530    < 0.001 *** 

Treatment x Exp 5, 24 5.933     0.001 ** Treatment x Exp 5, 24 0.519 0.76 

Ciliates    Ciliates    

Treatment 1, 36  39.490    < 0.001 *** Treatment 1, 36  71.317    < 0.001 *** 

Exp 5, 36 4.423     0.003 ** Exp 5, 36 9.176    < 0.001 *** 

Treatment x Exp 5, 36 1.105 0.37 Treatment x Exp 5, 36 7.314    < 0.001 *** 

Rotifers    Rotifers    

Treatment 1, 24  2.443 0.13 Treatment 1, 24  1.652 0.21 

Exp 3, 24 37.27    < 0.001 *** Exp 3, 24 30.491    < 0.001 *** 

Treatment x Exp 3, 24 2.172 0.12 Treatment x Exp 3, 24 2.267 0.11 

M. leuckarti 

Phytoplankton    Phytoplankton    
Treatment 1, 16 6.068   0.03 * Treatment 1, 16 0.512 0.48 

Exp 5, 16 14.602   < 0.001 *** Exp 5, 16 19.093    < 0.001 *** 

Treatment x Exp 1, 16 47.928   < 0.001 *** Treatment x Exp 1, 16 1.355 0.26 

Ciliates    Ciliates    

Treatment 1, 24 33.572   < 0.001 *** Treatment 1, 24 63.349    < 0.001 *** 

Exp 5, 24 4.831   0.003 ** Exp 5, 24 6.747    < 0.001 *** 

Treatment x Exp 1, 24 3.726 0.07 . Treatment x Exp 1, 24 32.072    < 0.001 *** 

Rotifers    Rotifers    

Treatment 1, 18 0.383 0.54 Treatment 1, 24 0.38 0.55 

Exp 3, 18 6.401    0.004 ** Exp 5, 24 7.272     0.002 ** 

Treatment x Exp 1, 18 0.933 0.38 Treatment x Exp 1, 24 0.865 0.36 

Significance codes:  ‘∗∗∗’: <0.001, ‘∗∗’: <0.01, ‘∗’: <0.05, ‘.’: <0.1 
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The third copepod predator, M. leuckarti, yielded increased clearance rates for smaller 

phytoplankton (size classes –1 – 1) declining towards the other end of the spectrum (size class 

5) which is also shown by a significant treatment effect of BVMw (Table 3.2a). In contrast, 

ciliates experienced directional selection with increased grazing rates for large size classes 

releasing taxa of smaller sizes from predation pressure. At the same time, Mesocyclops 

predation had a significant effect on ciliate BVVw. Rotifers of large sizes (size class 7) were 

hardly affected by the feeding of this copepod whereas taxa of the size classes 5 and 6 were 

positively grazed on. All three predators showed reduced or negative clearance rates on the 

phytoplankton taxa representing size class 2. Furthermore, a significant effect of experiment as 

well as significant interactions between treatments and experiments for either BVMw and/or 

BVVw of phytoplankton and ciliates were found for each copepod (Table 3.2a). 

  

 

 

Table 3.2b: Analysis of variance (type II ANOVA) of the effects of Treatment, Experiment (Exp) and the interaction between 

Treatment and Experiment (Treatment x Exp) on weighted body volume means (BVMW) and variances (BVVW) of the three 

plankton groups (phytoplankton: n = 3; ciliates and rotifers: n = 4) under cladoceran presence. All taxa were analysed.  For 

rotifer analysis, the January and March experiments were omitted. 

                   BMVW 

BMVW 

                  BVVW 
Factor df F value P value Factor df F value P value 

D. x obscura        
Phytoplankton    Phytoplankton    
Treatment 1, 24 2.736  0.11 Treatment 1, 24 0.819 0.37 

Exp 5, 24 29.730    < 0.001 *** Exp 5, 24 15.60

2 

   < 0.001 *** 

Treatment x Exp 5, 24 6.040    < 0.001 *** Treatment x Exp 5, 24 1.173 0.35 

Ciliates    Ciliates    

Treatment 1, 36 0.143  0.71 Treatment 1, 36 1.905         0.18 

Exp 5, 36 6.831    < 0.001 *** Exp 5, 36 2.087 0.09 . 

Treatment x Exp 5, 36 2.955     0.02 * Treatment x Exp 5, 36 4.002      0.005 ** 

Rotifers    Rotifers    

Treatment 1, 24 7.83       0.01 ** Treatment 1, 24 5.557    0.03 * 

Exp 3, 24 13.608    < 0.001 *** Exp 3, 24 10.73    < 0.001 *** 

Treatment x Exp 3, 24 0.988  0.42 Treatment x Exp 3, 24 0.94 0.44 

D. cucullata        

Phytoplankton    Phytoplankton    
Treatment 1, 24  2.496 0.12 Treatment 1, 24 4.81 0.04 * 

Exp 5, 24 19.129    < 0.001 *** Exp 5, 24 16.35

3 

< 0.001 *** 

Treatment x Exp 5, 24 18.852    < 0.001 *** Treatment x Exp 5, 24 7.59 < 0.001 *** 

Ciliates    Ciliates    

Treatment 1, 36  2.857 0.10 . Treatment 1, 36  3.350 0.08 . 

Exp 5, 36 6.325    < 0.001 *** Exp 5, 36 3.897   0.006 ** 

Treatment x Exp 5, 36 2.072 0.09 . Treatment x Exp 5, 36 6.383   < 0.001 *** 

Rotifers    Rotifers    

Treatment 1, 24  0.545 0.47 Treatment 1, 24  1.781 0.19 

Exp 3, 24 31.012    < 0.001 *** Exp 3, 24 30.28

1 

        0.03 *** 

Treatment x Exp 3, 24 0.968 0.42  Treatment x Exp 3, 24 1.168 0.34 

Significance codes:  ‘∗∗∗’: <0.001, ‘∗∗’: <0.01, ‘∗’: <0.05, ‘.’: <0.1 
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Daphnia 

Contrary to the copepod treatments, phytoplankton was highly significantly reduced in the 

Daphnia x obscura (O) treatments during all experiments (Table 3.1; Fig. 3.1D). Likewise, we 

observed a significant biomass reduction of ciliates and a significant negative influence on 

rotifers. Daphnia cucullata (Cu treatment; Fig. 3.1E) had no visible impact on phytoplankton 

and rotifer biomasses but also reduced ciliate biomass considerably. In both cladoceran 

treatments, a significant experiment effect and a significant treatment x experiment interaction 

were found for ciliates and phytoplankton. During all experiments, D. x obscura exhibited 

positive clearance rates on phytoplankton which were high during summer, autumn, and winter 

(September, November, January, July; significantly higher in January) but low in spring 

(March, May; Fig. 3.2d). Clearance rates on ciliates were low or negative in autumn, winter, 

and early spring (September, November, January, March) but significantly higher in late spring 

and summer (May, July), here, being highest of all groups. Likewise, clearance rates on rotifers 

were highest in summer and autumn (September, July) but close to zero or negative during the 

remaining experiments. Phytoplankton of all sizes was effectively cleared by this hybrid form 

but with clearance rates decreasing towards larger size classes (with the exception of the 

January experiment where clearance rates for size classes -1, 0, and 1 were negative; Fig. 3.3d). 

Ciliate and rotifer clearance rates were within the same range as those for phytoplankton 

biomass, and cladoceran grazing revealed a significant treatment effect on both rotifer BVMw 

and BVVw. In contrast to the copepod grazers, D. x obscura positively cleared phytoplankton 

of size class 2 but did not influence phytoplankton or ciliate BVMw/BVVw (Table 3.2b). 

Unlike the larger-bodied D. x obscura, the small cladoceran D. cucullata showed similar total 

clearance rates on any prey group in most of the experiments which were lower on average than 

those of D. x obscura (Fig. 3.2e). Only in the September experiment, we found significantly 

enhanced clearance rates on ciliates and rotifers with the latter being the highest observed 

during the study period for this cladoceran. In late spring and summer (May, July), grazing rates 

on ciliates significantly differed from the negative rates for phytoplankton and rotifers. 

Effective size-specific clearance rates of D. cucullata on phytoplankton seemed to range 

between size class –1 and 1; size classes 2 – 5 were hardly cleared (Fig. 3.3e). Accordingly, we 

found a significant treatment effect on phytoplankton BVMw (Table 3.2b). Also, for the two 

cladoceran treatments, significant seasonal effects, and sometimes significant treatment x 

experiment interaction effects of BVMw and/or BVVw were found. 
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Discussion 

Those results revealed contrasting feeding patterns within the studied copepod and cladoceran 

taxa. Generally, the copepods exhibited a preference for ciliate and rotifer prey. Small 

phytoplankton prey was selected against by all copepods in almost all experiments (exception: 

September experiment). Whereas the calanoid copepod E. gracilis most efficiently cleared 

ciliates, the cyclopoid copepods had a greater relative impact and higher clearance rates on 

rotifer biomasses. Mean and size-specific clearance rates were of highest magnitudes in Cyclops 

sp., followed by slightly lower rates of E. gracilis and finally by M. leuckarti which had the 

lowest overall clearance rates of all copepod predators. A similar pattern was found in size-

dependent copepod clearance rates where Cyclops sp. and E. gracilis showed higher magnitudes 

of grazing compared to M. leuckarti. These differences likely result from the different average 

body sizes of the copepods (Cyclops sp.: 1194 µm; E. gracilis: 1160 µm; M. leuckarti: 682 µm). 

Likewise, the two cladoceran study species substantially differed in feeding rates (D. x obscura: 

1003 µm; D. cucullata: 669 µm mean body length). Additionally, clearance rates of D. x 

obscura were similar to those of Cyclops sp. and E. gracilis whereas clearance rates of D. 

cucullata fell within the range of those of M. leuckarti. Lynch (1977) used zooplankton body 

size as a measure of fitness to express feeding efficiency. In his approach, larger body sizes 

lead to higher fitness and thus higher feeding efficiency or, alternatively expressed, higher 

feeding rates. This theory can also be applied to our data but, however, fails to explain the 

increased clearance rates of M. leuckarti and D. cucullata on small size classes. Considering all 

of the above-mentioned observations, we conclude that predator-prey size ratios can be used to 

evaluate overall magnitudes of grazing but not to interpret prey size-specific grazing patterns. 

Despite the body size relations of the copepods and their prey, species-specific preferences of 

prey types varied between the taxonomic groups of calanoid and cyclopoid copepods. All three 

copepod predators induced a directional selective regime on the ciliate community targeting 

larger prey sizes, at the same time significantly affecting weighted body volume variance. Both 

cyclopoid taxa preferred rotifer over ciliate and phytoplankton prey (significant exception for 

Cyclops sp.: November) indicating a more animal-based diet compared to E. gracilis. Several 

studies confirmed different species of Mesocyclops selecting for a range of cladocerans when 

alternative food was offered (e.g. Gophen, 1977; Janicki and DeCosta, 1990). Hansen and 

Santer (1995) demonstrated that the survival of both Cyclops and Mesocyclops was higher with 

rotifer contribution to their diets but Cyclops required both algal and animal food supply for 

optimal egg production. In contrast, E. gracilis apparently preferred a broader, more balanced 

diet between phytoplankton, ciliates, and small rotifers. Those observations about differing 
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degrees of omnivory between calanoids and cyclopoids conform to the findings of Anraku and 

Omori (1963) who reported a wide range of feeding habits for different omnivorous marine  

copepod species. They demonstrated that the calanoid copepod Acartia tonsa which is about 

the same size as E. gracilis predominantly pursues the lifestyle of a generalist omnivore. As our 

study calanoid, adults of A. tonsa were shown to select for ciliates and rotifers over 

Figure 3.2: Group-specific clearance rates of a) Eudiaptomus gracilis, b) Cyclops sp., c) 

Mesocyclops leuckarti, d) Daphnia x obscura, and e) Daphnia cucullata (n = 3 for 

phytoplankton; n = 4 for ciliates and rotifers) in each of the six experiments. Error bars 

indicate ± one standard error of the mean. Letters represent the results from Tukey’s post-

hoc Test. Clearance rates of plankton groups differed significantly from other groups when 

they are flagged with a different letter (p < 0.05). 
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phytoplankton with predation rates on ciliates being higher than on rotifers (Stoecker and 

Egloff, 1987). 

 

Altogether, both Daphnia taxa fed on small phytoplankton (size classes -1, 0, and 1) with 

enhanced grazing rates. In contrast, copepod clearance rates were low on this size class 

compared to higher size classes, i.e. other types of prey. Although size class 2 yielded the 

highest overall diversity of all investigated prey size classes, the respective phytoplankton taxa 

were mostly unaffected by the copepods and D. cucullata. Only D. x obscura cleared algae of 

this size range, comprising a broad range of different algae, for example, toxic cyanobacteria 

(e.g. Microcystis aeruginosa, Planktothrix rubescens), potentially toxic chrysophyceans (e.g. 

Erkenia subaequiciliata, Ochromonas spp.; c.f. Boenigk and Stadler, 2004; Hiltunen et al., 

2012), small, chain-forming diatoms (Cyclotella spp. 7 – 20 µm; Stephanodiscus hantzschii), 

and colony-forming, partly gelatinous chlorophytes (e.g. Pseudosphaerocystis lacustris, 

Eudorina elegans, Chroococcus limneticus). Whereas the copepods seemed to ignore those 

prey types due to their inedibility/toxic nature, the Daphnia hybrid did seemingly not select 

against them as we found positive clearance rates for size class 2 during all six experiments. 

For D. cucullata, the low clearance rates (around zero) might derive from either chemical 

perception of inedible food particles reducing the food uptake (Bern, 1990) or simply from food 

Figure 3.3: Group– and size–specific clearance rates of a) Eudiaptomus gracilis, b) Cyclops sp., c) Mesocyclops leuckarti, 

d) Daphnia x obscura, and e) Daphnia cucullata (n = 3 for phytoplankton; n = 4 for ciliates and rotifers). Clearance rates 

were calculated after aggregating body volumes into size classes (log10-transformed biovolumes rounded to the nearest 

integer). 
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size limitation, i.e. size classes 2 or higher could not be utilised. Interference by algivorous 

ciliates might have additionally decreased the clearance rates on phytoplankton and, at the same 

time, increased clearance rates on ciliates in the D. cucullata treatments. This might also explain 

the significant treatment effect on phytoplankton mean body volume variance with small cell 

sizes being removed by either ciliates or D. cucullata. Furthermore, we found decreased or 

stagnating ciliate biomasses compared to the control treatments in every experiment whereas 

rotifer biomasses increased in three out of six experiments. Thus, one could assume that food 

competition between both grazers had negative impacts on either of them (exploitative 

competition). This might also explain the increased clearance rates on ciliates in both 

cladoceran treatments. However, D. x obscura seems to have a greater competitive success 

compared to D. cucullata since rotifers were not able to increase in terms of biomass in the 

latter treatment but even got reduced in summer/early autumn (July, September). 

Conclusion 

In summary, we found that, in a natural plankton assemblage, each of the studied zooplankton 

taxa specifically impacted lower trophic levels. In contrast to Daphnia which fed unselectively 

on phytoplankton, calanoid and cyclopoid copepods were able to alter the size composition of 

either the phytoplankton and/or the ciliate prey community. Furthermore, the two copepod 

groups showed contrasting degrees of omnivory varying throughout different seasons. E. 

gracilis fed on a broad, animal- and plant-based diet with a general preference for ciliates, 

whereas the cyclopoids predominantly cleared rotifer and ciliate prey. Finally, competition with 

rotifers and/or ciliates may have been likely to influence the clearance rates of the two 

investigated Daphnia species. 
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Abstract 

Daphniids are considered keystone species in lake ecosystems. Numerous studies demonstrate 

either high importance of this group for controlling phytoplankton biomass or intense fish 

predation on them. However, the importance of single daphniid species as a trophic link 

between fish and phytoplankton is still unclear, especially compared with other zooplankton 

taxa. To disentangle the role of individual zooplankton species in the food web of a large lake, 

we performed an in situ mesocosm experiment with natural phytoplankton and zooplankton 

communities in three treatments with either native, invasive, or no fish predators. The large 

daphniid, Daphnia longispina, was the zooplankter most strongly affected by the predation of 

both fish species and, at the same time, also had the highest top-down effect on phytoplankton. 

We found all other zooplankton species, including small daphniids, to have a minor role in both 

predation by fish and grazing on phytoplankton. Thus, we suggest that only large daphniid 

species strongly link higher and lower trophic levels and therefore function as keystone species 

in lake food webs. 

Introduction 

Understanding the ecological role of a species in an ecosystem and its interactions within its 

respective food web is essential for defining entire ecosystem dynamics and can be used in 

related fields of research such as biomanipulation or for predicting invasive predators’ impacts. 

This holds particularly true for keystone species having a strong influence on ecosystem 

functioning. However, for keystone grazers, their impact on the food web might change once 

the predation pressure on them changes, for example in consequence of the invasion of a new 

predator. Predators may not only directly shift prey abundance but can also have further indirect 

effects on lower trophic levels, resulting in the so-called trophic cascading effect (Moyle and 

Light, 1996; Pagnucco et al., 2016).  

The appearance of strong trophic cascading effects depends on multiple factors and 

disentangling top-down and bottom-up regulation within food webs may be difficult. In general, 

bottom-up control is more pronounced at the base of the food web, while top-down control is 

stronger at higher trophic levels (Brett M. T. and Goldman C. R., 1997). Therefore, fish have a 

greater impact in regulating zooplankton biomasses and abundances than on nutrient 

availability but have less influence on phytoplankton (Post and Mcqueen, 1987; Hansson et al., 

2004; Vakkilainen et al., 2004). However, in lake ecosystems, top-down cascading effects were 

shown to influence up to three (Jürgens, 1994) or more levels (Byström et al., 2015; Östman et 

al., 2016). 
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This multi-level cascading can occur when predation affects keystone species that have a crucial 

role in linking different trophic levels and energy transfer within a food chain (Hansson et al., 

2004). Although zooplankton present an essential link between primary producers and fish in 

freshwater ecosystems (Brooks Langdon and Dodson, 1965; Hansson et al., 2007), not all 

zooplankton can be considered keystone species linking those trophic levels. Due to substantial 

interspecific differences and due to their different impact on phytoplankton (Cyr and Curtis, 

1999; Sommer et al., 2003; Barnett et al., 2007), considering all zooplankton as a homogeneous 

functional group is masking each species’ role in their respective food web. Hence, many 

studies found no or only weak top-down effects on phytoplankton when taking total 

zooplankton biomass into account (McQueen et al., 1989; Mehner et al., 2008). More 

pronounced cascading effects were often found for zooplankton of the genus Daphnia 

(McQueen et al., 1986, 1989). They have been identified as keystone grazers linking primary 

and tertiary production due to their effective grazing impact on phytoplankton (Lampert, 1987).  

Although there are many studies of fish effects on zooplankton and consequently on 

phytoplankton (Helminen and Sarvala, 1997; Bertolo et al., 2000; Williams and Moss, 2003; 

Vakkilainen et al., 2004), the importance of certain zooplankton taxa or even particular 

Daphnia species within trophic cascades is still poorly understood. In situ (in lakes), the role of 

specific zooplankton species in trophic cascades is challenging to investigate as their effects are 

difficult to differentiate. Small-scale top-down experiments, designed for comparing the 

feeding impact of individual zooplankton species (Adrian and Schneider-Olt, 1999; Gianuca et 

al., 2016) lack natural zooplankton community structure as well as predation by fish. Mesocosm 

experiments which include predation and natural zooplankton community, usually do not focus 

on single zooplankton species´ further effects on phytoplankton (Lynch, 1979b; Bertolo et al., 

2000; Hansson et al., 2004), which is why studies of individual zooplankton species´ role in the 

food web are lacking. This is especially true for the deeper pelagic and oligotrophic 

environment as in our case. 

To better understand the role of zooplankton species on cascading effects in natural 

environments, we tested the following hypotheses:  

1) Largest daphniid species are the most affected by fish predation and have the highest effect 

on phytoplankton biovolume.  

2) Small Daphnia species are less affected by fish predation but also have a substantial effect 

on phytoplankton biovolume if larger daphniids are less abundant.  



75 
 

3) Calanoid and cyclopoid copepods are less predated on by fish and have a lower impact on 

phytoplankton biovolume than daphniid species.  

4) Native and invasive fish species have different effects on the composition of zooplankton 

species and consequently on phytoplankton biovolume.  

To investigate the respective effects of individual zooplankton species on linking primary 

production with different fish species, we performed a mesocosm experiment in an offshore 

area of Upper Lake Constance to mimic the pelagic environment. We used the natural 

phytoplankton and zooplankton communities of the lake, as well as the two most abundant 

pelagic fish species, the native whitefish (Coregonus wartmanni) and the invasive three-spined 

stickleback (Gasterosteus aculeatus). Special attention was given to identifying which 

zooplankters function as keystone species and present a strong link between fish predation and 

phytoplankton biomass, and which species are susceptible to changes in top-down predation. 

This study demonstrates that considering either zooplankton or daphniids as uniform taxonomic 

groups, as it is common praxis, might be misleading for linking multiple trophic levels in 

aquatic ecosystems. Our data suggest that not simply the genus Daphnia, but rather solely large 

Daphnia species should be considered as keystone species.  

Material and Methods 

Study site 

Lake Constance is a large (536 km2) and deep (251 m) pre-Alpine lake situated at the borders 

of Germany, Switzerland, and Austria. It consists of 2 basins, Lower Lake Constance, and larger 

Upper Lake Constance, where our study was performed. Upper Lake Constance underwent a 

process of eutrophication, with the highest annual mean phosphorus concentrations in 1979 

(>80 μg/l) but later it returned to an oligotrophic state (7.5 μg/l in 2017) (IGKB, 2013; Schotzko, 

2018). The most abundant zooplankton taxa in Upper Lake Constance are cyclopoid copepods, 

Eudiaptomus gracilis, Bosmina spp., Diaphanosoma brachyurum, Daphnia longispina, 

Daphnia galeata, Leptodora kindtii, and Bythotrephes longimanus (Straile and Geller, 1998). 

In recent years, also Daphnia cucullata started to appear in large numbers (IGKB, 2018). The 

fish fauna comprises around 30 species, of which three are commonly living in the pelagic zone: 

the lake char (Salvelinus umbla), whitefish (Coregonus wartmanni) and, since recently, the 

three-spined stickleback (Gasterosteus aculeatus). The latter is occurring in high numbers since 

2012-2013 in the pelagic zone of Upper Lake Constance (Rösch et al., 2018; Eckmann and 

Engesser, 2019). Since then, the abundance of sticklebacks have increased and in 2014, they 



76 
 

represented 96% of total abundance and 28% of the biomass of the pelagic fish (Alexander and 

Vonlanthen, 2016). 

Experimental set-up  

The mesocosm experiment was conducted in a bay of Upper Lake Constance called Upper 

Guell with 12 transparent plastic enclosures in June and July 2019. Enclosures were of 

transparent polyethylene (LDPE Poly-Verpackung, Trappenkamp), had a depth of 15 m, a 

diameter of 96 cm and volume of 10 m3. They were heat-sealed at the bottom ends and open to 

the atmosphere, being attached to pontoons. Each pontoon carried four enclosures in a row, 

having an east-west direction to prevent them from shading one another. Enclosures were 

covered with transparent acrylic glass plates to protect them from bird excrements and other 

outer disturbances. On June 19, the mesocosms were filled with filtered (< 300 µm) lake water. 

On the same day, enclosures were inoculated with zooplankton larger than 300 µm, but smaller 

than 630 µm to ensure removal of predatory zooplankton such as Leptodora kindtii, 

Bythotrephes longimanus as well as fish larvae. The filtering process also removed the largest 

adult daphniids and copepods. Due to stress caused by setting the enclosures, enclosures were 

left to rest for eight days for conditions to stabilise and for zooplankton to develop all sizes.  

One week later, on June 27, treatments were randomly assigned between enclosures, ensuring 

that each pontoon held one replicate of each treatment and that the treatments were placed in 

different positions within the pontoons. Before fish and predatory zooplankton were added, the 

first sampling was performed on all mesocosm enclosures (day 0). On the same day, predatory 

zooplankton and fish were added to the respective treatments. Due to the patchiness of larger 

predatory zooplankton and its potentially important role in the pelagic food web, they were 

counted and added separately to each enclosure. To all treatments, 200 Leptodora kindtii and 

40 Bythotrephes longimanus were added, representing 1/4 and 1/5 of their usual maximum Lake 

Constance density, respectively. Used densities were lower due to unusually low numbers of 

these two species in the lake at the time of setting the experiment. The first treatment contained 

only natural zooplankton (including predatory zooplankton) and is therefore referred to as 

control. The two fish treatments received either four specimens (0.31 g ± 0.048 SD) of 

Gasterosteus aculeatus (later referred to as sticklebacks) or four specimens (0.32 g ± 0.093 SD) 

of Coregonus wartmanni (later referred to as whitefish).  

The total density of fish in each fish treatment enclosure was 1.74 g/m2 ± 0.094 SD, representing 

the natural fish density in Lake Constance. As the exact fish density in the lake is difficult to 



77 
 

estimate, annual fishery yields were taken as reference. The fishery yield of adult Coregonus 

wartmanni of the last decade (2007 – 2016) corresponds to 0.58 g/m2 (Kugler and Friedl, 2018). 

Since adult whitefish represent the majority of all pelagic fish biomass (Alexander and 

Vonlanthen, 2016) and as they are usually harvested soon after reaching their legal minimum 

size (Eckmann and Rösch, 1998), it is assumed, that densities two to three times higher than 

annual whitefish yields might not differ significantly from the lake’s actual fish density. 

Sampling 

Abiotic parameter measurements, phytoplankton and zooplankton samples were taken from the 

mesocosm enclosures. Starting on June 27, each of the investigated parameters was sampled. 

Afterwards, the frequency of sampling was different for each parameter. Twice a week, abiotic 

parameters were sampled with a CTD-90 M probe (Sea&Sun Technology) and different 

chlorophyll levels were measured with a fluorescent probe (bbe Moldaenke, TS 17-09). Except 

for the second zooplankton sampling, which took place two weeks after the first sampling 

campaign, zooplankton net hauls were collected weekly while phytoplankton was sampled 

biweekly with an integrated water sampler (HYDRO-BIOS). The zooplankton net had a 16.5 

cm mouth opening, 100 cm length and 100 µm net mesh size. From the integrated water 

sampler, 100 mL of sampled water was used for phytoplankton samples. First, samples were 

taken with the CTD and moldaenke in parallel and, subsequently, all other samples which were 

not sensitive to mixing since samples were taken from 12 m up to the surface as an integrated 

sample. Simultaneously with the enclosures, also lake water was sampled in the same way. The 

experiment ran until July 25, resulting in a total duration of 4 weeks, assuring enough time for 

phytoplankton and zooplankton to sufficiently develop and reproduce (Barry et al., 2011). To 

get well pronounced top-down effects, the experiment was planned to coincide with the lake 

phytoplankton spring peak, which occurred unusually late in the study year, namely on the 1st 

of July.  

Collected zooplankton was preserved in a freezer at - 20°C and later counted on the level of 

order or below whenever possible. For this purpose, samples were divided into aliquots of at 

least 300 zooplankters, counted and from the results, zooplankton density was backcalculated. 

For data analysis, five of the most abundant zooplankters were used: Bosmina spp., 

Eudiaptomus gracilis, Cyclopoida, Daphnia cucullata and Daphnia longispina. All copepod 

developmental stages were used except nauplii. Phytoplankton was fixed in Lugol’s acid 

solution + sodium acetate and species were counted following Utermöhl (Utermöhl, 1958). 

Biovolumes were calculated using taxon-specific body volumes as previously established for 
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Lake Constance  (Kümmerlin and Bürgi, 1989; Pauli, 1989; Müller et al., 1991). Phytoplankton 

was divided into two groups according to its edibility to large daphniids. Taxa smaller than 40 

µm in cell length were defined as edible (Lampert, 1987), taxa with cell length above or colony-

forming and mucilaginous species were defined as inedible.  

Statistical analysis  

All treatments were analysed for zooplankton over four sampling occasions (June 27- July 25). 

Initial equality of total zooplankton abundances was tested with a One-Way-ANOVA. For 

comparison of zooplankton densities and phytoplankton biovolumes, a two-way repeated-

measures ANOVA with Mauchly’s-Test for sphericity was performed for testing interactions 

between time and the corresponding treatments. Deviation from sphericity was adjusted by 

Greenhouse-Geisser correction. Normal distribution of the analysed zooplankton and 

phytoplankton datasets was tested using Shapiro-Wilk-Test and no further transformations were 

required. The model consisted of the independent “between” factor treatment and the “within” 

factor date. Additionally, pairwise t-tests were performed to show significant differences 

between treatments at each time point. The impact of investigated zooplankton taxa on total 

phytoplankton and the edible/inedible fractions was evaluated via linear regression models. All 

calculations were performed using the statistical software R (R Core, 2018) using the package 

afex (Singmann et al., 2020) for the repeated measures ANOVAs. 

Results 

In our study, we investigated the linking role in the food web of the five most abundant 

zooplankton species in Upper Lake Constance. D. longispina was the only zooplankton species 

whose abundance significantly depended on fish presence and it also significantly correlated 

with phytoplankton biovolume (Fig. 4.1, Table 4.1, Table 4.2). Zooplankton showed the same 

densities in all treatments at the start of the experiment (F2,6 = 0.03, p = 0.969). In Figure 4.2, 

the analysed densities of all evaluated zooplankters are displayed over time. Total zooplankton 

density did not change over time but showed significant differences between the treatments 

(Table 4.1). Similar results for treatments were found for total daphniid density (Table 4.1). 

There were no interactions found between date and treatment, neither for total zooplankton 

density nor for total daphniid density. We observed a significant treatment effect for D. 

longispina, and the interaction effect of treatment and time was significant (Table 4.1, Fig. 4.2). 

All remaining zooplankton showed significant changes over time but no significant differences 

between treatments or interaction effect between treatment and time (Table 4.1). D. longispina 
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showed positive growth in the control treatment, while both fish treatments showed no 

significant increases in the densities of this daphniid (Fig. 4.3). Subsequently, pairwise 

comparison t-tests between treatments at each time point revealed a significant difference 

between control and whitefish at July 11 (p = 0.005), July 18 (p = 0.012) and July 25 (p = 

0.009). Control and stickleback treatments were significantly different at July 18 (p = 0.038) 

and July 25 (p = 0.0131), whereas July 11 showed no significant differences between control 

and stickleback. Moreover, no differences in zooplankton species abundance were found 

between stickleback and whitefish treatments. 

Total phytoplankton biovolume increased after two weeks in all treatments and showed the 

highest value in the whitefish treatment (Fig. 4.4). After four weeks, the total algal biovolume 

declined again in all treatments but remained higher in both fish treatments compared to the 

control. Repeated-measures two-way ANOVA revealed a significant interaction between 

treatment and date on phytoplankton biovolume (F4,16 = 8.55, p = 0.006), significant differences 

between days (F2,16 = 147.73, p < 0.001) and significant differences between treatments (F2,8 = 

Figure 4.1: A conceptualised figure of trophic cascading within the pelagic ecosystem. The thick red arrows 

represent significant negative effects on lower trophic levels. D. longispina was shown to be the crucial 

cascading link between fish and primary producers. Its abundance was among all zooplankton species most 

affected by fish predation and had the highest impact on phytoplankton biovolume. 
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11.28, p = 0.005). The linear models revealed a strong correlation of D. longispina abundance 

with total phytoplankton biovolume. A strong negative correlation was found for July 11 (F1,10 

= 5.008, p = 0.049, R2 = 0.334) and for July 25 (F1,10 = 10.44, p = 0.009, R2 = 0.511). The 

remaining zooplankton taxa weakly correlated with total phytoplankton biovolume (Tab. 4.2). 

Total biovolume increase of D. longispina showed a significantly negative correlation with 

decreasing biovolume of edible phytoplankton at July 11 (Tab. 4.3). Inedible phytoplankton 

Figure 4.2: Zooplankton taxa density means (individuals l-1) (± 1 SE) for whitefish (a), stickleback (b) and 

control (c) treatment according to sampling date. 
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was only weakly correlated to D. longispina concentration at any day, while edible 

phytoplankton had a strong negative correlation (Fig. 4.5).  

Discussion 

In general, it is assumed that Daphnia are keystone grazers linking primary production and 

higher trophic levels. Whether or not this holds for all species of that genus remains to be 

unknown. We found that among all zooplankton, the large daphniid species D. longispina is 

not only the most affected by fish predation but is at the same time also having the greatest 

impact on the phytoplankton community. This was also found to be true when compared to the 

merged group of all zooplankton or all daphniids. The small daphniid species, D. cucullata, 

was not affected by fish predation and showed no correlation with phytoplankton biovolume, 

similar to other non-daphniid species. These findings demonstrate that considering all species 

from the Daphnia genus as keystone species might be fallacious. We observed the same effects 

Table 4.1: Results of the two-way repeated-measures ANOVA comparing treatments and sampling days of 
the zooplankton time series. 

Species Effect df F value P value 

Bosmina spp.     

 Treatment 2 1.190  0.367 

 Date 3 5.360  0.025* 

 Treatment x Date 6 0.960  0.462 

     
Cyclopoida     

 Treatment 2 0.82  0.484 

 Date 3 11.78 <0.001*** 

 Treatment x Date 6 1.25  0.336 

     
Daphnia cucullata     

 Treatment 2 1.640  0.26 

 Date 3 5.170  0.036* 

 Treatment x Date 6 1.210  0.353 

     
Daphnia longispina     

 Treatment 2 28.6 <0.001*** 

 Date 3 2.460  0.133 

 Treatment x Date 6 3.840  0.037* 

     
Eudiaptomus gracilis     

 Treatment 2 2,48  0.164 

 Date 3 9.70  0.03* 

 Treatment x Date 6 2.060  0.152 

     
Daphnia Treatment 2 11.39  0.006** 

 Date 3 1.28  0.306 

 Treatment x Date 6 1.96  0.184 

     
Total Zooplankton Treatment 2 6.69  0.024* 

 Date 3 0.22  0.751 

 Treatment x Date 6 1.77  0.212 

Significance codes:  ‘∗∗∗’: <0.001, ‘∗∗’: <0.01, ‘∗’: <0.05, ‘.’: <0.1 
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of large daphniids in both whitefish and stickleback treatments, indicating that the trophic link 

formed by D. longispina is robust in both cases of either native or invasive fish top-down 

control.  

Our study reveals that large Daphnia species have a higher potential of algal growth control in 

natural lake communities than other zooplankton species. The correlation between zooplankton 

abundance and phytoplankton biovolume was significant only for D. longispina, while the 

correlation for the smaller daphniid D. cucullata was very low (Table 4.2). Not only among 

species but also higher taxonomical groups, D. longispina was shown to be the most effective 

grazer. The correlation between D. longispina abundance and phytoplankton biovolume was 

higher than between phytoplankton biovolume and the abundance of either all zooplankton or 

even all daphniids. That the genus Daphnia has a stronger effect on phytoplankton than other 

zooplankton genera is already well known (McQueen et al., 1986, 1989; McQueen and Post, 

1988; Mehner et al., 2008), although some authors argue that the complementary impact of 

daphniids and copepods is larger (Sommer et al., 2001, 2003). Disentangling single Daphnia 

species and comparing their effects to other zooplankton taxa in the pelagic community is less 

studied as species are often merged to higher taxonomic groups. McQueen et al. (McQueen et 

al., 1986, 1989) did not compare different zooplankton species but showed a connection 

between large-sized daphniids and reduced phytoplankton biomass in mesoeutrophic and 

Figure 4.3: Boxplot for treatment-specific density (individuals l-1) of D. longispina according to 

sampling dates. Asterisks and clamps visualise the results of the pairwise t-tests comparing 

treatments. 
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eutrophic lakes or enclosures. Adrian & Schneider-Olt (Adrian and Schneider-Olt, 1999) 

showed a stronger top-down effect of assemblages of D. cucullata and D. longispina on 

autotrophic picoplankton and flagellates than of cyclopoid copepods or Eudiaptomus but did 

not disentangle the effects of both Daphnia species.  

D. longispina has many traits that enable the utilisation of high amounts of phytoplankton. For 

zooplankton, the feeding rate is among the most important traits to control phytoplankton 

growth (Gianuca et al., 2016). There are many feeding rate studies about Daphnia longispina, 

Daphnia cucullata, Bosmina sp., Eudiaptomus gracilis and cyclopoid copepods, taxa, that were 

studied in our experiment (DeMott, 1982; Kandel et al., 1993; Horn, 1985b; Riccardi, 2002), 

but these studies are difficult to compare due to unequal methods (e.g.: the use of different units, 

concentrations, temperature and size). Unfortunately, no direct comparative study of these 

species exists to the best of our knowledge. Several other traits such as higher reproduction, 

biomass production rate and larger body size compared to D. cucullata (Vijverberg and Richter, 

1982) promote the competitive advantage of D. longispina. Cladoceran body size is an 

important predictor not only for resources competition outcome but also for top-down grazing 

control (Gliwicz, 1990; Gianuca et al., 2016), explaining why D. longispina had a strong 

negative correlation with phytoplankton biovolume in our study. 

Since D. longispina abundances were low in all fish treatments, one might argue that high 

phytoplankton biovolume could be an effect of fish presence regardless of zooplankton. By 

remineralizing nutrients, fish have an additional positive effect on algal growth (Vanni, 2002), 

which might contribute to differences in our fish versus non-fish treatments. However, 

Figure 4.4: Phytoplankton biovolume means (mm3l-1) (± 1 SE) according to treatment and sampling date (a = June 

26, b = July 11, c = July 25). 
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abundances of non-edible algae among treatments were not significantly different, while edible 

algae were dominating in mesocosms where D. longispina abundances were low. Hence, 

phytoplankton biovolumes appeared to be more subjected to direct grazing than to fish effects 

other than top-down control of zooplankton. 

Besides having the highest effect on phytoplankton, our mesocosm results show that D. 

longispina abundance was also strongly controlled by fish predation, while other zooplankton 

species showed to be less susceptible to changes in top-down control. From the initial lake 

conditions, the numbers of D. longispina highly increased only in the non-fish treatments (Fig. 

4.2), where it was released from vertebrate predation. We observed significant changes over 

time for other zooplankton species but not between treatments (Table 4.1), showing changes 

due to season or the mesocosm set-up as a smaller, closed system, but not due to changed 

predation. Others indicated that Daphnia is the genus most negatively correlated to the increase 

of fish predation (McQueen et al., 1989), but other crustacean taxa are also reduced in 

abundance when fish predation is high (Mookerji et al., 1998; Bertolo et al., 2000). In our 

mesocosms, the abundance of total zooplankton was not reduced, presumably because fish 

densities were low and similar to natural fish densities in oligotrophic Lake Constance. Mehner 

et al. (Mehner et al., 2008) also found no correlation between planktivorous coregonid fishes 

and total zooplankton biomass in oligotrophic lakes, but there was a strong negative correlation 

of coregonid biomass to the proportion of Daphnia in zooplankton. 

Table 4.2: Impact of investigated zooplankters on phytoplankton biovolume measured in a regression model y = 
b*x, where y is the target phytoplankton biovolume and x is the predicting zooplankton biovolume. 

Zooplankton  11.07.2019       25.07.2019      

           b  r2 p               b  r2 p 

Bosmina spp.  -1.69  0.04 0.54  -0.20  0.06 0.45 
Cyclopoida  0.05  0.00 0.89  0.29  0.24 0.11 

D. cucullata  -0.13  0.12 0.27  0.00  0.00 0.98 

D. longispina  -0.58  0.33 0.05*  -0.13  0.51 0.01** 

E. gracilis  1.06  0.20 0.14  -0.45  0.18 0.17 

           
Daphnia  -0.14  0.14 0.23  -0.15  0.39 0.03* 

Total Zooplankton   -0.08  0.12 0.28   -0.08  0.28 0.07 

Significance codes:  ‘∗∗∗’: <0.001, ‘∗∗’: <0.01, ‘∗’: <0.05, ‘.’: <0.1 

 

Reasons for higher resistance to fish predation among other zooplankton groups are various. 

The contrasting movement pattern of copepods makes them harder to capture comparing to 

Daphnia (Visser, 2007; Peterka and Matěna, 2011). Furthermore, Bosmina is, due to its small 

size, less predated on than other crustacean zooplankton (Brooks Langdon and Dodson, 1965). 

Although fish predate on them, some zooplankton species increase their abundances at low fish 
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densities due to the removal of competitors (Brooks Langdon and Dodson, 1965; Christoffersen 

et al., 1993). Small Daphnia species such as D. cucullata also perform better in the presence of 

fish than some larger congeners. A reactive distance of 1+ roach for Daphnia longispina is 

double the magnitude compared to those for Daphnia cucullata specimens of the same size, 

measured to the top of the helmet, which implies an almost tenfold difference in reactive volume 

and gives D. cucullata a high advantage in avoiding fish predation (Gliwicz, 2001). 

Furthermore, D. longispina grows larger than D. cucullata, giving it the additional disadvantage 

of conspicuousness against fish predation. The dominance of small or large-sized zooplankton 

Figure 4.5: Linear model (x ~ y) showing the influence of D. longispina density (individuals l-

1) on edible (< 40 µm) and inedible (> 40 µm) phytoplankton biovolume (mm3 l-1) on July 11 

(a, c) and July 25 (b, d), partitioned in treatments. 
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mostly depends on predation pressure (Jeppesen et al., 1997; Ersoy et al., 2017; Iglesias et al., 

2017) which was also shown to be true in our study. 

We do not aim to claim that other zooplankton cannot enable trophic cascades from fish to 

phytoplankton. Rather, at least under oligotrophic conditions, the effect of large daphniid 

species is considerably larger. Although some authors observed cascading effects at changes in 

fish abundance down to phytoplankton level in the absence of large cladocerans (Christoffersen 

et al., 1993; Helminen and Sarvala, 1997), many postulate high importance of daphniids (if 

present) for phytoplankton control (McQueen et al., 1986; McQueen and Post, 1988; Mehner 

et al., 2008), some in combination with other zooplankton groups (Sommer et al., 2001, 2003). 

However, they mostly consider daphniids as a merged taxonomic entity and did not treat species 

individually. Although we used a natural zooplankton community which also includes 

invertebrate predators, we assume that they did not have a pronounced impact on zooplankton 

composition. Invertebrate predation is considered to be much lower compared to vertebrate 

(fish) predation (Gliwicz and Pijanowska, 1989; Šorf et al., 2014). Additionally, due to low 

densities, Bythotrephes longimanus and Leptodora kindtii were hardly ever occurring in our 

zooplankton samples and cyclopoid copepod abundances did not differ significantly between 

treatments. Therefore, they did not seem to play an important role in our study. 

Table 4.3: Impact of D. longispina on phytoplankton biovolume grouped  
by edibility according to D. longispina feeding spectrum measured in a 
regression model y = b*x, where y is the target phytoplankton biovolume 
and x is the predicting zooplankton biovolume. 

 
Edibility   11.07.2019       25.07.2019     

    b r2 p   b r2 p 

Edible  -0.58 0.41 0.025*  -0.11 0.56 0.005** 

Inedible   -0.01 0.00 0.950    -0.02 0.10 0.313 

Significance codes:  ‘∗∗∗’: <0.001, ‘∗∗’: <0.01, ‘∗’: <0.05, ‘.’: <0.1 

 

D. longispina was shown to be a keystone species linking fish and phytoplankton regardless of 

a native or invasive fish predator. In our experiments, we found no significant difference 

between invasive sticklebacks and native whitefish effects also on other zooplankton, although 

sticklebacks are feeding generalists, while whitefish are more specialised to feed on 

zooplankton (Morrow, 1980; Kottelat and Freyhof, 2007). Top-down effects to phytoplankton 

were more or faster pronounced by whitefish (Fig. 4.3), which might be explained by its 

historical adaptation to pelagic life (Eckmann et al., 2002). Yet, the efficiency of sticklebacks 

as a generalist species was surprisingly close to that of whitefish. We presume that interspecific 

fish differences are less pronounced due to low fish densities, which we used to correspond to 
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the oligotrophic environment. Other studies have shown larger species-specific effect 

differences on zooplankton and consequently on the phytoplankton community caused by 

specialised or facultative planktivores (Williams and Moss, 2003; Des Roches et al., 2013). 

However, all those mesocosm studies were representing eutrophic littoral environments (depth 

1 m, with sediment substrate), so the functioning of those systems is likely to be substantially 

different from ours. To our knowledge, studying the importance of zooplankton species for 

trophic cascades in the deeper pelagic and oligotrophic environment is a novel approach. 

We have shown that not all zooplankton or even daphniid species are important for 

phytoplankton biomass control in oligotrophic lakes and suggest that management policies or 

prediction models should consider large daphniids as keystone species in trophic cascade. We 

predict that changes of dominance from large daphniid keystone species to other zooplankton 

species might cause additional changes in the phytoplankton community, especially in spring. 

During this season, Daphnia affects water transparency and can cause a 'clear-water' phase 

(McQueen and Post, 1988). Later in summer or during eutrophic conditions, the relationship 

between Daphnia and phytoplankton becomes less predictable due to large inedible colonies or 

toxic algae (McQueen and Post, 1988; Matveev et al., 2000). We also recommend additional 

studies on the role of other daphniid species on trophic cascading, to reveal the importance of 

Daphnia size versus Daphnia phylogeny on cascading effects. 

Summary 

We have shown that consolidation of all daphniids into one taxonomic group could be 

misleading when correlating them with phytoplankton biomass, especially when small daphniid 

species such as D. cucullata were taken into consideration. Across the overall zooplankton 

community, large daphniid species like D. longispina are suggested to have a leading role in 

controlling phytoplankton growth. As their abundance is also strongly subjected to fish 

predation, they can be considered as keystone species in cascading trophic effects, linking fish 

with primary producers. We suggest that their role in the food web could be robust in different 

fish predation scenarios as we did not observe any distinct difference in top-down predation on 

D. longispina between specialist whitefish and generalist stickleback. 
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Chapter VI – General Discussion 

 

Aim of the study 

In this thesis, employing different experimental approaches in the field, I analysed and 

compared the selective feeding behaviour of individual zooplankton species in order to assess 

their functional roles within the pelagic food web of Lake Constance. Effects of calanoid 

copepod feeding on taxonomic and size composition of its natural prey community at different 

trophic states of the lake and between seasons were addressed in Chapters II and III. A 

comparative analysis of the size-selective feeding of three copepods and two cladocerans was 

conducted in Chapter IV. In Chapter V, I analysed both population dynamics and feeding 

impact of a natural zooplankton assemblage on phytoplankton performing a mesocosm 

experiment in the pelagic zone of the lake. 

The major outcomes of this thesis are the following: 

(1) In a series of in situ incubation experiments in mesotrophic Lake Constance, the calanoid 

copepod Eudiaptomus gracilis actively selected ciliates over phytoplankton and rotifers 

shifting the size structure of the phytoplankton community towards both small and large 

cell sizes (disruptive selection). Furthermore, E. gracilis was able to induce trophic 

cascading effects on bacteria. 

(2) Under oligotrophic conditions, the feeding impact of E. gracilis varied throughout the year 

exhibiting uniform predation pressure on ciliates and contrasting effects on phytoplankton 

and rotifers. Copepod predation impact was found to correspond to both prey species 

identity and water temperature. For the latter, we found a strong positive correlation with 

clearance rates on rotifers, a weak positive correlation with clearance rates on ciliates, and 

grazing on phytoplankton was not affected by temperature. 

(3) Seasonal feeding effects also differed between calanoid and cyclopoid copepods and 

Daphnia: the three copepods showed predator-specific preferences for rotifers and/or 

ciliates. All of them significantly impacted the size composition of the ciliate community; 

E. gracilis and M. leuckarti shifted phytoplankton mean cell sizes towards smaller or larger 

taxa, respectively. In contrast, the two cladocerans did not actively exhibit selective feeding 

but significantly controlled algal, ciliate, and, probably via reciprocal effects of 

competition, even affected rotifer biomasses during several seasons. 
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(4) In a natural zooplankton community, large daphniids induced the strongest top-down effect 

on phytoplankton and, at the same time, were most heavily predated on by planktivorous 

fish. A size-based classification of Daphnia can thus provide more detailed insights into 

their functional roles than merging them to a taxonomic entity. 

In the previous chapters, the results of my experimental investigations were presented and 

discussed focusing on particular questions and in the context of related research. In the 

following chapter, I want to put those newly acquired evidences into a general frame and draw 

some potential conclusions. I will discuss my findings in relation to commonly known 

mechanisms controlling food web dynamics in pelagic systems such as predator–prey 

interactions and competition. Secondly, I want to show that by applying both small- and large-

scale in situ approaches, I was able to empirically demonstrate the relationships between 

copepod and cladocerans and their prey in Lake Constance to be characterized by a functional 

interplay of body size and species identity. Finally, I will conceptually compare the two 

different schemes for classifying organisms into functional groups (i.e. body size versus 

taxonomy) aiming to show that they can in fact accomplish a higher accuracy in the resolution 

of ecological data by being operated as a combined implementation. 

The relative importance of copepods and cladocerans within the pelagic food web 

of Lake Constance 

While the selection of prey and underlying behavioural and mechanical mechanisms have been 

thoroughly investigated in marine crustacean zooplankton, comparably little is known about 

freshwater taxa, even less so within natural assemblages comprising several trophic levels. Even 

in a well-studied lake such as Lake Constance, food web interactions are yet not fully 

understood as hardly any study comparatively addresses the relative influence of single copepod 

and cladoceran species in shaping the overall pelagic plankton community. The analysis of 

experimental data dating from 1998 revealed the potential of the lake’s only calanoid copepod 

species, Eudiaptomus gracilis, to affect both the taxonomic and size structure of lower trophic 

levels at which triggering trophic cascading effects down to bacteria. Although the selective 

nature of this copepod has been known before, diaptomids in general have been long considered 

being exclusively herbivorous. Here, I demonstrated that E. gracilis is in fact an omnivorous 

feeder utilising a broad variety of prey. Although feeding on rotifer prey was recently reported 

for this copepod (Berger and Maier, 2001; Šorf and Brandl, 2012), Chapters II and III are 

hitherto the first studies where a general preference of E. gracilis for ciliates could be observed. 

Moreover, selective feeding on ciliates did not seem to be affected by the trophic state of the 
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lake, at least not during early autumn when the comparative experiments were conducted in 

1998 and 2017, respectively. Interestingly, in my autumn experiment (September 2017; 

Chapter III), feeding rates on rotifers were more similar to those on ciliates than on 

phytoplankton comparing to the first incubation series (September/November 1998; Chapter 

II). Generally, E. gracilis exhibited increased preferences for rotifer prey during the summer 

experiments of the study year (c.f. Chapter III and IV), probably due to changes within the 

plankton community during the past two decades: whereas experimental communities in 

September 1998 comprised 9 rotifer taxa, rotifer diversity during September 2017 increased 

about 31% to 13 identified taxa (relative changes in September ciliate and phytoplankton 

diversity between the two studies: –28% and +32%, respectively). Thus, the relative impact of 

E. gracilis within the pelagic community still induces a strong top-down effect on animal prey 

in summer/autumn compared to more eutrophic times. However, as autumnal ciliate diversity 

declined over the years, the copepod seemed to have compensated for the loss of ciliate prey in 

its diet by enhanced predation on rotifers. 

It is generally known that freshwater cyclopoid copepods pursue a raptorial, predominantly 

carnivorous lifestyle preying on either rotifers or larger zooplankton (Williamson, 1983; 

Hansen and Santer, 1995; Nagata and Hanazato, 2006). According to Plaßmann et al. (1997), 

predation by Cyclops vicinus is considered a main cause for the vernal biomass decline of the 

rotifer Synchaeta in Lake Constance. Accordingly, in the previously presented May experiment, 

clearance rates of Cyclops sp. on rotifer biomasses were twice as high than on ciliates and 

significantly higher than on phytoplankton (c.f. Chapter IV). In the summer/early autumn 

experiments (July, September), the smaller cyclopoid copepod Mesocyclops leuckarti exhibited 

feeding patterns similar to those of Cyclops sp. However, as this species usually enters diapause 

during the winter months and adult individuals are hardly ever present in the water column 

during winter and spring, the feeding impact of nauplii and young copepodites on lower trophic 

levels and other crustacean zooplankton is probably negligible regarding the annual spring 

plankton dynamics. In contrast to Cyclops sp., rotifer clearance rates of E. gracilis were around 

zero in May. As the calanoid only positively cleared ciliates during spring and also at higher 

rates than Cyclops sp., in a natural assemblage where both calanoids and cyclopoids are present, 

the annual plankton spring bloom is likely to be directly and indirectly influenced by a twofold 

reduction of predation pressure on algal biomass: (1) enhanced predation on ciliates by E. 

gracilis releases phytoplankton from direct ciliate grazing and (2) strong suppression of rotifers 

by Cyclops sp. reduces rotifer predation on ciliates and phytoplankton. As vernal ciliate 

biomasses were shown to be bottom-up controlled by the onset of the phytoplankton spring 
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bloom (Tirok and Gaedke, 2007), E. gracilis favours the growth of edible algae by clearing 

ciliate grazers. This effect is even intensified by the increased removal of rotifers and ciliates 

by Cyclops sp. Thus, concurring predatory mechanisms such as contrasting feeding preferences 

or intraguild predation within the omnivorous zooplankton community seem to be major drivers 

of the seasonal plankton succession in Lake Constance. 

Experimental comparisons of copepod feeding with cladoceran species of the genus Daphnia 

revealed contrasting seasonal responses of phytoplankton, ciliates, and rotifers (Chapter IV). 

The hybrid form Daphnia x obscura effectively reduced phytoplankton and partly also ciliate 

biovolumes with the first being positively and consistently cleared throughout the whole study 

season. The presence of the small species Daphnia cucullata did hardly affect phytoplankton 

and rotifer biovolumes but significantly altered the cell size variance of phytoplankton. In 

spring, where the copepod grazers promoted phytoplankton growth, D. x obscura efficiently 

reduced algal biomasses. This was also observed in the summer and early autumn experiments 

(July, September) were ciliate and rotifer biomasses strongly declined and phytoplankton 

grazing showed the highest overall rates. The capability of large Daphnia species to 

significantly control phytoplankton biomass during July was also demonstrated by means of 

our mesocosm experiment (Chapter V). Even when applying additional controlling factors 

such as top-down regulation by fish along with intraguild predation and competition against 

other zooplankton, large daphniids had the greatest impact on edible phytoplankton compared 

to copepods and the small cladocerans Bosmina and D. cucullata. Exploitative and interference 

competition between Daphnia and rotifers (Gilbert, 1985; Gilbert, 1988) but also within the 

group of ciliates (Sonntag et al., 2006) might possibly be one reason for the negative impact on 

rotifer and ciliate biovolumes in the cladoceran treatments in my incubation experiments. 

Moreover, during the spring peak, ciliates are of smaller average body sizes relative to other 

seasons and thus more susceptible to direct predation by large daphniids (Jack and Gilbert, 

1993; Jürgens, 1994; Gaedke and Straile, 1998). In my experiments, D. x obscura in fact seemed 

to have a competitive advantage over rotifers and, at the same time, heavily suppressed ciliates, 

whereas D. cucullata might have been too small to successfully compete against rotifers. Yet, 

the small cladoceran controlled algal and ciliate biovolumes in early spring, when the ciliate 

community was still small in size and therefore possibly outcompeted or even cleared by D. 

cucullata at low rates. Hence, I conclude that both medium-sized and large copepods (E. 

gracilis, Cyclops sp.) as well as large daphniids (D. x obscura, D. longispina) are important 

regulators within pelagic food webs having a significantly greater impact on lower trophic 

levels than small copepods (M. leuckarti) or small daphniids (D. cucullata, Bosmina). 
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Plankton size composition as a measure of ecosystem functioning 

Size-related feeding of zooplankton can affect both consumer and producer communities in 

multiple ways. As body size is directly correlated with prey size and feeding efficiency, 

contrasting possible scenarios might arise within a multi-species association of zooplankton: 

firstly, resource use overlap will result in negative effects for inferior grazers, i.e. larger taxa 

exploiting the same food sources will outcompete smaller competitors (Gianuca et al., 2016). 

In this case, the relative grazer proportions within the community are expected to shift towards 

the dominating larger taxa, coupled with increased depletion of the targeted food source. 

Secondly, if small and large species explore alternative resources, the zooplankton community 

will be able to maintain its grazer diversity due to niche partitioning. Additionally, the size 

range of utilised resources might even expand when adaptive feeding on new resources is 

pursued. These mechanisms directly control body size diversity within planktonic food webs 

and both size selection and size-mediated complementarity on multiple trophic levels 

significantly affect mean community traits and thus ecosystem functioning (Hébert et al., 2017). 

In the previous chapters, the potential of individual zooplankters to impact either body size or 

size structure of lower trophic levels was already discussed. In the absence of crustacean 

competitors, E. gracilis and M. leuckarti significantly shifted the phytoplankton community 

towards smaller or larger size classes, respectively. D. x obscura strongly reduced total 

phytoplankton biomass but did not alter algal size structure. At competition with other 

zooplankton and under fish predation, D. longispina significantly removed small, edible 

phytoplankton from the water column. In my incubation experiments, of all investigated 

zooplankton, only D. cucullata grazing decreased algal size variance during summer/early 

autumn and, additionally, slightly increased mean ciliate body size across most seasons. E. 

gracilis, Cyclops sp., and M. leuckarti decreased both mean cell size and variance of the ciliate 

community but, along with D. cucullata, they did not have any significant effects on rotifer size 

or variance (D. x obscura was the only tested taxon significantly affecting rotifer mean body 

size and body size variance). Even though D. cucullata did not turn out to be a good competitor 

to other zooplankton, due to its small size, it is easily overlooked by fish whereas large 

cladocerans are highly susceptible to fish predation. Those findings imply that foraging in a 

natural environment will result in food partitioning between Daphnia, E. gracilis and the 

cyclopoid copepods, with the calanoid preying on intermediate cell sizes (i.e. algal and ciliate, 

and small rotifer prey), and the latter preferring larger animal prey. Since ovigerous females of 

E. gracilis predominantly occur within the first fifteen meters of the epilimnetic zone of Upper 

Lake Constance and adult Cyclops females can reach depths of more than forty meters (Einsle, 
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1987), spatial segregation of food resources might be an additional factor to minimise direct 

competition between these copepods at different seasons or different times of the day. As M. 

leuckarti transcends several zones of water depth down to forty meters (Einsle, 1987), this 

copepod is likely to coexist with E. gracilis by utilizing contrasting food sources (size-mediated 

complementarity; Gianuca et al., 2016). However, the low grazing rates of M. leuckarti suggest 

that it would be effectively excluded by Cyclops when competing for the same dietary 

resources. To summarize, I found that interaction strengths between different zooplankters and 

lower trophic levels were dependent on both prey size and type. My results imply size-related 

niche partitioning and competition directly controlling community size diversity and thus 

ecological stability within the pelagic zone of Lake Constance. Of course, for a more realistic 

natural food web model, trophic intra-level crosslinks such as intraguild predation or 

cannibalism which were not investigated in this thesis need to be considered. 

Functional synthesis of taxonomic and trait classifications 

Several different approaches can be used to assess the diversity of plankton, depending on the 

chosen parameters for organising the target community into categorical units. The taxonomic 

status has been widely used to classify aquatic organisms into ecologically relevant groups for 

the past centuries. Recently, functional classifications became increasingly popular since 

several morphological, physiological, behavioural, and life history key traits such as body size, 

volume to biomass ratio, shape, motility, or vertical migration not only transcend taxonomic 

systematics but also multiple ecological functions at which affecting many other traits 

(Litchman and Klausmeier, 2008; Litchman et al., 2013). However, this way, information on 

hierarchic resolution and thus structural accuracy might get lost. Several studies compared both 

functional and taxonomic diversity within and across phytoplankton communities aiming to 

index and scale different diversity measures (Longhi and Beisner, 2010; Santos et al., 2015; 

Weithoff et al., 2015). They found (1) a positive relationship as well as seasonal synchrony 

between the two diversity measures, (2) that taxonomic diversity can be a good predictor for 

productivity in freshwater environments, and (3) the use of function-based approaches to reveal 

more simple or strong responses to environmental forces. The latter authors even recommend a 

combined analysis of both diversity measures for a higher resolution of phytoplankton 

community dynamics. 

The outcomes of this thesis suggest that both taxonomic affiliation and body size of prey 

organisms are decisive factors for prey selection of crustacean zooplankton, especially of 

copepods. Size-selective copepod feeding applied to both phytoplankton and ciliates, but not to 
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rotifers. Additionally, I observed differences in feeding efficiency between different-sized 

zooplankters, even of the same genus. However, any ranking of the impact of size- and type-

related prey selection needs to be done with caution since multiple intrinsic and extrinsic factors 

(e.g. competition or food concentration) influence selective feeding of zooplankton. Thus, I 

suggest establishing a combination of taxonomic and size diversity across multiple trophic 

levels as a key determinant of food web functioning within pelagic environments at which 

preserving both trait-based and multi-level structuring. 

Limitations of the study and perspectives 

Although I could reveal several new and intriguing findings about the selective feeding 

behaviour of dominant crustacean zooplankters of Lake Constance, there are some limitations 

of the presently discussed approaches. First, I could not include fish predation in my incubation 

experiments as the experimental enclosures were too small to mimic a natural environment for 

fish. Thus, the seasonal influence of top-down effects on zooplankton feeding could not be 

investigated. Although our mesocosm experiment aimed to address the impact of fish predation 

on zooplankton, we were only able to make an estimation for some particular taxa or higher-

level groups of zooplankton. Furthermore, I was not able to separate and identify different 

species of Cyclops under the stereoscopic microscope as I had to capture all copepods alive and 

at good health to successfully run my experiments. After a screening of eligible anaesthetics 

(Gannon and Gannon, 1975), I decided for the most gentle approach using carbonated water. 

The sedation procedure of sampled copepods had to be performed with great care to not harm 

the animals or impact their subsequent behaviour; hence, the recovery timespan (0.5 – 2 

minutes) was too short to clearly identify different Cyclops species. A closer identification 

would have only been possible on permanently immobile (i.e. dead) animals and under higher 

magnification. A possible way to solve this issue and generate sufficient abundances of single 

species could be to isolate and cultivate them in the laboratory. 

For future studies, I would suggest performing integrative short-time experiments with 

individual crustacean zooplankton species, a fish predator, and filtered lake water containing 

natural phytoplankton, ciliates, and rotifers in separate aquaria (or mesocosms) in order to test 

multi-level responses to fish predation. Regarding the species identity of zooplankton, this 

approach could reveal the functional role of crustacean zooplankton in regulating biomass 

dynamics within planktonic food webs under top-down control in contrast to situations where 

fish are absent as they were presented in some of the previous chapters. Another interesting 

subject to investigate would be the functional role of the formerly native but now locally extinct 
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calanoid copepod Heterocope borealis within the recent trophic food web of Lake Constance. 

An experimental analysis of how this copepod would impact the present plankton community 

might explain why it failed to reinvade the lake after the invasion of Cyclops vicinus during the 

early 1950’s (maybe due to niche occupation?). 

Conclusion 

In the course of this thesis, I examined how the feeding selectivity of crustacean zooplankton 

affected the structure of lower-level planktonic communities in Lake Constance. First, I 

analysed the impact of the dominant calanoid copepod Eudiaptomus gracilis on the size 

structure of lower trophic levels under mesotrophic conditions demonstrating a strong 

preference for ciliates over phytoplankton and rotifers. Subsequently, I experimentally 

investigated the seasonal feeding preferences of this copepod within an oligotrophic setting and 

found that the diet of E. gracilis today contains a greater share of rotifers compared to the late 

1990’s and that water temperature did only affect the clearance rates on two of the three prey 

groups (rotifers and ciliates). Third, I experimentally assessed the selective feeding behaviour 

of three selected copepod and two cladoceran taxa revealing contrasting feeding patterns 

between single groups and species with copepods directly controlling ciliates and rotifers and 

cladocerans reducing phytoplankton and indirectly impacting ciliate and rotifer biovolumes. 

Finally, by conducting an in situ mesocosm experiment, I showed that large daphniids form a 

keystone link between fish and phytoplankton being both most susceptible to direct fish 

predation and being most effectively reducing total and edible phytoplankton biovolumes. The 

results of my studies represent the first integrative experimental approach under near-natural in 

situ conditions directly comparing different copepod and cladoceran taxa as well as covering 

multiple trophic levels. Additionally, the present mesocosm experiment was the first to 

successfully assess the impact of native and invasive fish predators on zooplankton and 

phytoplankton communities in the deeper pelagic zone of Lake Constance. With this doctoral 

thesis, I hope to encourage further studies on the development of novel techniques to apply in 

the field since the best place to study and experience natural mechanisms and processes, is 

nature itself. 

  



97 
 

References 

 

Acevedo-Trejos, E., Marañón, E. and Merico, A. (2018) Phytoplankton size diversity and 

ecosystem function relationships across oceanic regions. Proc. R. Soc. B Biol. Sci., 285, 

20180621. 

Adrian, R. and Schneider-Olt, B. (1999) Top-down effects of crustacean zooplankton on 

pelagic microorganisms in a mesotrophic lake. J. Plankton Res., 21, 2175–2190. 

Alexander, T.J. and Vonlanthen, P. (2016) Artenvielfalt und Zusammensetzung der 

Fischpopulation im Bodensee. 

Alexander, T.J., Vonlanthen, P., Périat, G., Raymond, J.C., Degiorgi, F. and Seehausen, O. 

(2014) Artenvielfalt und Zusammensetzung der Fischpopulation im Bodensee. 

Kastanienbaum Proj. Lac, Eawag. 

Anneville, O., Molinero, J.C., Souissi, S., Balvay, G. and Gerdeaux, D. (2007) Long-term 

changes in the copepod community of Lake Geneva. J. Plankton Res., 29, 149–159. 

Anraku, M. and Omori, M. (1963) Preliminary Survey of the Relationship Between the 

Feeding Habit and the Structure of The Mouth‐Parts of Marine Copepods. Limnol. 

Oceanogr., 8, 116–126. 

Arhonditsis, G.B., Shimoda, Y. and Kelly, N.E. (2018) Allometric Theory: Extrapolations 

From Individuals to Ecosystems, 2nd ed. Elsevier Inc. 

Arthur, W. and Mitchell, P. (1989) A revised scheme for the classification of population 

interactions. Oikos, 56, 141–143. 

Båmstedt, U., Gifford, D.J., Irigoien, X., Atkinson, A. and Roman, M. (2000) Feeding. In, 

Harris,R.P., Wiebe,P.H., Lenz,J., Skjoldal,H.R., and Huntley,M. (eds), ICES 

Zooplankton Methodology Manual. San Diego: Academic Press, pp. 297–398. 

Barbiero, R.P., Lesht, B.M. and Warren, G.J. (2012) Convergence of trophic state and the 

lower food web in Lakes Huron, Michigan and Superior. J. Great Lakes Res., 38, 368–

380. 

Barbiero, R.P., Lesht, B.M. and Warren, G.J. (2014) Recent changes in the offshore 

crustacean zooplankton community of Lake Ontario. J. Great Lakes Res., 40, 898–910. 

Barnett, A.J., Finlay, K. and Beisner, B.E. (2007) Functional diversity of crustacean 

zooplankton communities: Towards a trait-based classification. Freshw. Biol., 52, 796–

813. 

Barreiro, A., Guisande, C., Maneiro, I., Lien, T.P., Legrand, C., Tamminen, T. et al. (2005) 

Relative importance of the different negative effects of the toxic haptophyte Prymnesium 

parvum on Rhodomonas and Brachionus plicatilis. Aquat. Microb. Ecol., 38, 259–267. 

Barry, J.P., Tyrrell, T., Hansson, L., Plattner, G.-K. and Gattuso, J.-P. (2011) Guide to best 

practices for ocean acidification research and data reporting; 6 Pelagic mesocosms. 

 



98 
 

Benjamini, Y. and Hochberg, Y. (1995) Controlling the False Discovery Rate: A Practical and 

Powerful Approach to Multiple Testing. J. R. Stat. Soc. Ser. B, 57, 289–300. 

Berge, J., Daase, M., Hobbs, L., Falk-Petersen, S., Darnis, G. and Søreide, J.E. (2020) 

Zooplankton in the Polar Night. In, Berge,Jørgen, Johnsen,G., and Cohen,H.J. (eds), 

Polar Night Marine Ecology. Cham: Springer, pp. 113–159. 

Berger, I. and Maier, G. (2001) The mating and reproductive biology of the freshwater 

planktonic calanoid copepod Eudiaptomus gracilis. Freshw. Biol., 46, 787–794. 

Bergquist, A.M., Carpenter, S.R. and Latino, J.C. (1985) Shifts in phytoplankton size 

structure and community composition during grazing by contrasting zooplankton 

assemblages1. Limnol. Oceanogr., 30, 1037–1045. 

Bern, L. (1990) Size-related discrimination of nutritive and inert particles by freshwater 

zooplankton. J. Plankton Res., 12, 1059–1067. 

Bertolo, A., Lacroix, G., Lescher-Moutoué, F. and Cardinal-Legrand, C. (2000) Plankton 

dynamics in planktivore- and piscivore-dominated mesocosms. Arch. fur Hydrobiol., 

147, 327–349. 

Bloem, J. and Bär‐Gilissen, M.B. (1989) Bacterial activity and protozoan grazing potential in 

a stratified lake. Limnol. Oceanogr., 34, 297–309. 

Boenigk, J. and Stadler, P. (2004) Potential toxicity of chrysophytes affiliated with 

Poterioochromonas and related “Spumella-like” flagellates. J. Plankton Res., 26, 1507–

1514. 

Børsheim, K.Y. and Bratbak, G. (1987) Cell volume to cell carbon conversion factors for a 

bacterivorous Monas sp. enriched from seawater. Mar. Ecol. Prog. Ser., 36, 171–175. 

Brandl, Z. (2005) Freshwater copepods and rotifers: predators and their prey. Hydrobiologia, 

546, 475–489. 

Bratbak, G. and Thingstad, T.F. (1985) Phytoplankton-bacteria interactions: an apparant 

paradox? Analysis of a model system with both competition and commensalism. Mar. 

Ecol. Prog. Ser., 25, 23–30. 

Brett M. T. and Goldman C. R. (1997) Consumer versus resource control in freshwater 

pelagic food webs. Science, 275/5298, 384–386. 

Brooks Langdon, J. and Dodson, S.I. (1965) Predation, Body Size, and Composition of 

Plankton. Science, 150/3692, 28–35. 

Brose, U., Jonsson, T., Berlow, E.L., Warren, P., Banasek-Richter, C., Bersier, L.F. et al. 

(2006) Consumer–resource body‐size relationships in natural food webs. Ecology, 87, 

2411–2417. 

Bunnell, D.B., Barbiero, R.P., Ludsin, S.A., Madenjian, C.P., Warren, G.J., Dolan, D.M. et al. 

(2014) Changing ecosystem dynamics in the Laurentian Great Lakes: Bottom-up and 

top-down regulation. Bioscience, 64, 26–39. 

Burns, C.W. (1969) Particle Size and Sedimentation in the Feeding Behavior of Two Species 

of Daphnia. Limnol. Oceanogr., 14, 392–402. 



99 
 

Burns, C.W. and Gilbert, J.J. (1993) Predation on ciliates by freshwater calanoid copepods: 

rates of predation and relative vulnerabilities of prey. Freshw. Biol., 30, 377–393. 

Burns, C.W. and Schallenberg, M. (2001) Calanoid copepods versus cladocerans: consumer 

effects on protozoa in lakes of different trophic status. Limnol. Oceanogr., 46, 1558–

1565. 

Burns, C.W. and Schallenberg, M. (1998) Impacts of nutrients and zooplankton on the 

microbial food web of an ultra-oligiotrophic lake. J. Plankton Res., 20, 1501–1525. 

Burns, C.W. and Schallenberg, M. (1996) Relative impacts of copepods, cladocerans and 

nutrients on the microbial food web of a mesotrophic lake. J. Plankton Res., 18, 683–

714. 

Byström, P., Bergström, U., Hjälten, A., Stahl, S., Jonsson, D. and Olsson, J. (2015) 

Declining coastal piscivore populations in the Baltic Sea: Where and when do 

sticklebacks matter? A J. Hum. Environ., 44, 462–471. 

De Cáceres, M., Legendre, P. and Moretti, M. (2010) Improving indicator species analysis by 

combining groups of sites. Oikos, 119, 1674–1684. 

Carrick, H.J., Fahnenstiel, G.L., Stoermer, E.F. and Wetzel, R.G. (1991) The importance of 

zooplankton-protozoan trophic couplings in Lake Michigan. Limnol. Oceanogr., 36, 

1335–1345. 

Christoffersen, K., Riemann, B., Klysner, A. and Søndergaard, M. (1993) Potential role of 

fish predation and natural populations of zooplankton in structuring a plankton 

community in eutrophic lake water. Limnol. Oceanogr., 38, 561–573. 

Cleven, E.J. and Weisse, T. (2001) Seasonal succession and taxon-specific bacterial grazing 

rates of heterotrophic nanoflagellates in Lake Constance. Aquat. Microb. Ecol., 23, 147–

161. 

Colina, M., Calliari, D., Carballo, C. and Kruk, C. (2016) A trait-based approach to 

summarize zooplankton–phytoplankton interactions in freshwaters. Hydrobiologia, 767, 

221–233. 

Coutinho, R.M., Klauschies, T. and Gaedke, U. (2016) Bimodal trait distributions with large 

variances question the reliability of trait-based aggregate models. Theor. Ecol., 9, 389–

408. 

Cyr, H. and Curtis, J.M. (1999) Zooplankton community size structure and taxonomic 

composition affects size-selective grazing in natural communities. Oecologia, 118, 306–

315. 

Dam, H.G. and Peterson, W.T. (1988) The effect of temperature on the gut clearance rate 

constant of planktonic copepods. J. Exp. Mar. Bio. Ecol., 123, 1–14. 

Decelle, J., Probert, I., Bittner, L., Desdevises, Y., Colin, S., De Vargas, C. et al. (2012) An 

original mode of symbiosis in open ocean plankton. Proc. Natl. Acad. Sci. U. S. A., 109, 

18000–18005. 

Delong, J.P., Gilbert, B., Shurin, J.B., Savage, V.M., Barton, B.T., Clements, C.F. et al. 

(2015) The body size dependence of trophic cascades. Am. Nat., 185, 354–366. 



100 
 

DeMott, W.R. (1990) Retention efficiency, perceptual bias, and active choice as mechanisms 

of food selection by suspension-feeding zooplankton. In, Hughes,R.N. (ed), Behavioural 

Mechanisms of Food Selection. Berlin: Springer Berlin Heidelberg, pp. 569–594. 

DeMott, W.R. (1989a) Optimal foraging theory as a predictor of chemically mediated food 

selection by suspension‐feeding copepods. Limnol. Oceanogr., 34, 140–154. 

DeMott, W.R. (1989b) The role of competition in zooplankton succession. In, Sommer,U. 

(ed), Plankton Ecology. Springer Berlin Heidelberg, pp. 195–252. 

DeMott, W.R. (1988a) Discrimination between algae and artificial particles by freshwater and 

marine copepods. Limnol. Oceanogr., 33, 397–408. 

DeMott, W.R. (1988b) Discrimination between algae and detritus by freshwater and marine 

zooplankton. Bull. Mar. Sci., 43, 486–499. 

DeMott, W.R. (1982) Feeding selectivities and relative ingestion rates of Daphnia and 

Bosmina. Limnol. Oceanogr., 27, 518–527. 

Dhanker, R., Kumar, R. and Hwang, J.S. (2012) Predation by Pseudodiaptomus annandalei 

(Copepoda: Calanoida) on rotifer prey: Size selection, egg predation and effect of algal 

diet. J. Exp. Mar. Bio. Ecol., 414–415, 44–53. 

Domaizon, I., Viboud, S. and Fontvieille, D. (2003) Taxon-specific and seasonal variations in 

flagellates grazing on heterotrophic bacteria in the oligotrophic Lake Annecy - 

Importance of mixotrophy. FEMS Microbiol. Ecol., 46, 317–329. 

Van Donk, E., Hessen, D.O., Verschoor, A.M. and Gulati, R.D. (2008) Re-oligotrophication 

by phosphorus reduction and effects on seston quality in lakes. Limnologica, 38, 189–

202. 

Doubek, J.P. and Lehman, J.T. (2014) Historical trophic position of Limnocalanus macrurus 

in Lake Michigan. J. Great Lakes Res., 40, 1027–1032. 

Dufrêne, M. and Legendre, P. (1997) Species assemblages and indicator species: The need for 

a flexible asymmetrical approach. Ecol. Monogr., 67, 345–366. 

Eckmann, R., Becker, M. and Schmid, M. (2002) Estimating Food Consumption by a Heavily 

Fished Stock of Zooplanktivorous Coregonus lavaretus. Trans. Am. Fish. Soc., 131, 

946–955. 

Eckmann, R. and Engesser, B. (2019) Reconstructing the build-up of a pelagic stickleback 

(Gasterosteus aculeatus) population using hydroacoustics. Fish. Res., 210, 189–192. 

Eckmann, R. and Rösch, R. (1998) Lake Constance fisheries and fish ecology. Arch. für 

Hydrobiol. Spec. Issues Adv. Limnol., 53, 285–301. 

Edgar, N.B. and Green, J.D. (1994) Calanoid copepod grazing on phytoplankton: seasonal 

experiments on natural communities. Hydrobiologia, 273, 147–161. 

Einsle, U. (1988) The long-term dynamics of crustacean communities in Lake Constance 

(Obersee, 1962-1986). Schweizerische Zeitschrift für Hydrol., 50/2, 136–165. 

Einsle, U. (1987) Zur Vertikalwanderung planktischer Copepoden im Bodenseee-Obersee. 

Swiss J. Hydrol. 



101 
 

Einsle, U. (1983) Long-term changes in planktonic associations of crustaceans in Lake 

Constance and adjacent waters and their effects on competitive situations. 

Hydrobiologia. 

Emmerson, M.C. and Raffaelli, D. (2004) Predator-Prey Body Size, Interaction Strength and 

the Stability of a Real Food Web. J. Anim. Ecol., 73, 399–409. 

Ersoy, Z., Jeppesen, E., Sgarzi, S., Arranz, I., Cañedo-Argüelles, M., Quintana, X.D. et al. 

(2017) Size-based interactions and trophic transfer efficiency are modified by fish 

predation and cyanobacteria blooms in Lake Mývatn, Iceland. Freshw. Biol., 62, 1942–

1952. 

Fessenden, L. and Cowles, T.J. (1994) Copepod predation on phagotrophic ciliates in Oregon 

coastal waters. Mar. Ecol. Prog. Ser., 107, 103–111. 

Flößner, D. (2000) Die Haplopoda und Cladocera (ohne Bosminidae) Mitteleuropas, Leiden: 

Blackhuys Publisher. 

Flößner, D. (1993) Zur Kenntnis einiger Daphnia-Hybriden (Crustacea: Cladocera). 

Limnologica, 23, 71–79. 

Folke, C., Carpenter, S., Walker, B., Scheffer, M., Elmqvist, T., Gunderson, L. and Holling, 

C.S. (2004) Regime shifts, resilience, and biodiversity in ecosystem management. Annu. 

Rev. Ecol. Evol. Syst., 35, 557–581. 

Fox, J. and Weisberg, S. (2018) An R companion to applied regression, Second Edition. 

Thousand Oaks, CA: Sage Publications. 

Friedman, M.M. and Strickler, J.R. (1975) Chemoreceptors and feeding in calanoid copepods 

(Arthropoda: Crustacea). Proc. Natl. Acad. Sci., 72, 4185–4188. 

Gaedke, U. and Straile, D. (1998) Daphnids - Keystone species for the pelagic food web 

structure and energy flow: a body size-related analysis linking seasonal changes at the 

populationand ecosystem levels. Adv. Limnol., 53, 587–610. 

Gaedke, U. and Straile, D. (1994) Seasonal changes of the quantitative importance of 

protozoans in a large lake. An ecosystem approach using mass- balanced carbon flow 

diagrams. Mar. Microb. Food Webs, 8, 163–188. 

Gaedke, U. and Wickham, S.A. (2004) Ciliate dynamics in response to changing biotic and 

abiotic conditions in a large, deep lake (Lake Constance). Aquat. Microb. Ecol., 34, 247–

261. 

Gallego, I., Venail, P. and Ibelings, B.W. (2019) Size differences predict niche and relative 

fitness differences between phytoplankton species but not their coexistence. ISME J., 13, 

1133–1143. 

Gannon, J.E. and Gannon, S.A. (1975) Observations on the Narcotization of Crustacean 

Zooplankton. Crustaceana, 28, 220–224. 

Garrido, S., Cruz, J., Santos, A.M.P., Ré, P. and Saiz, E. (2013) Effects of temperature, food 

type and food concentration on the grazing of the calanoid copepod Centropages 

chierchiae. J. Plankton Res., 35, 843–854. 

 



102 
 

Ger, K.A., Naus-Wiezer, S., De Meester, L. and Lürling, M. (2019) Zooplankton grazing 

selectivity regulates herbivory and dominance of toxic phytoplankton over multiple prey 

generations. Limnol. Oceanogr., 64, 1214–1227. 

Gianuca, A.T., Pantel, J.H. and De Meester, L. (2016) Disentangling the effect of body size 

and phylogenetic distances on zooplankton top-down control of algae. Proc. R. Soc. B 

Biol. Sci., 283, 20160487. 

Gilbert, J.J. (1985) Competition between Rotifers and Daphnia. Ecology, 66, 1943–1950. 

Gilbert, J.J. (1988) Susceptibilities of Ten Rotifer Species to Interference From Daphnia 

Pulex. Ecology, 69, 1826–1838. 

Giller, P.S., Hillebrand, H., Berninger, U.-G., Gessner, M.O., Hawkins, S., Inchausti, P. et al. 

(2004) Biodiversity effects on ecosystem functioning: emerging issues and their 

experimental test in aquatic environments. Oikos, 104, 423–436. 

Gliwicz, Z.M. (2001) Species-specific population-density thresholds in cladocerans? 

Hydrobiologia, 442, 291–300. 

Gliwicz, Z.M. (1990) Food thresholds and body size in cladocerans. Nature, 343, 638–640. 

Gliwicz, Z.M. and Pijanowska, J. (1989) The Role of Predation in Zooplankton Succession. 

In, Sommer,U. (ed), Plankton Ecology. Springer Berlin Heidelberg, pp. 253–296. 

Gliwicz, Z.M. and Siedlar, E. (1980) Food size limitation and algae interfering with food 

collection in Daphnia. Arch. Hydrobiol, 88, 155–177. 

Gophen, M. (1977) Food and feeding habits of Mesocyclops leuckarti (Claus) in Lake 

Kinneret (Israel). Freshw. Biol., 7, 513–518. 

Gophen, M. and Geller, W. (1984) Filter mesh size and food particle uptake by Daphnia. 

Oecologia, 64, 408–412. 

Gulati, R.D. (1978) The ecology of common planktonic crustacea of the freshwaters in the 

Netherlands. Hydrobiologia, 59, 101–112. 

Hansen, A.-M. and Santer, B. (1995) The influence of food resources on the development, 

survival and reproduction of the two cyclopoid copepods: Cyclops vicinus and 

Mesocyclops leuckarti. J. Plankton Res., 17, 631–646. 

Hansen, B., Bjørnsen, P.K. and Hansen, P.J. (1994) The size ratio between planktonic 

predators and their prey. Limnol. Oceanogr., 39, 395–403. 

Hansen, P.J., Bjørnsen, P.K. and Hansen, B.W. (1997) Zooplankton grazing and growth: 

Scaling within the 2-2,000-μm body size range. Limnol. Oceanogr., 42, 687–704. 

Hansson, L.-A., Gyllström, M., Ståhl-Delbanco, A. and Svensson, M. (2004) Responses to 

fish predation and nutrients by plankton at different levels of taxonomic resolution. 

Freshw. Biol., 49, 1538–1550. 

Hansson, L.-A., Nicolle, A., Brodersen, J., Romare, P., Skov, C. and Anders, P. (2007) 

Consequences of fish predation, migration, and juvenile ontogeny on zooplankton spring 

dynamics. Limnol. Oceanogr., 52, 696–706. 



103 
 

Hart, R.C. and Bychek, E.A. (2011) Body size in freshwater planktonic crustaceans: An 

overview of extrinsic determinants and modifying influences of biotic interactions. 

Hydrobiologia, 668, 61–108. 

Hébert, M.-P., Beisner, B.E. and Maranger, R. (2017) Linking zooplankton communities to 

ecosystem functioning: toward an effect-trait framework. J. Plankton Res., 39, 3–12. 

Helminen, H. and Sarvala, J. (1997) Responses of Lake Pyhäjärvi (southwestern Finland) to 

variable recruitment of the major planktivorous fish, vendace (Coregonus albula). Can. 

J. Fish. Aquat. Sci., 54, 32–40. 

Hildrew, A.G., Raffaelli, D. and Edmonds-Brown, R. (2007) Body Size: The Structure and 

Function of Aquatic Ecosystems, Cambridge: Cambridge University Press. 

Hiltunen, T., Barreiro, A. and Hairston, N.G. (2012) Mixotrophy and the toxicity of 

Ochromonas in pelagic food webs. Freshw. Biol., 57, 2262–2271. 

Hooper, D.U., Chapin, F.S., Ewel, J.J., Hector, A., Inchausti, P., Lavorel, S. et al. (2005) 

Effects of biodiversity on ecosystem functioning: A consensus of current knowledge. 

Ecol. Monogr., 75, 3–35. 

Horn, W. (1985a) Investigations into the Food Selectivity of the Planktic Crustaceans 

Daphnia hyalina, Eudiaptomus gracilis and Cyclops vicinus. Int. Rev. der gesamten 

Hydrobiol., 70, 603–612. 

Horn, W. (1985b) Results Regarding the Food of the Planktic Crustaceans Daphnia hyalina 

and Eudiaptomus gracilis. Int. Rev. der gesamten Hydrobiol. und Hydrogr., 70, 703–

709. 

Hothorn, T., Bretz, F. and Westfall, P. (2008) Simultaneous inference in general parametric 

models. Biometrical J., 50, 346–363. 

Hygum, B.H., Petersen, J.W. and Søndergaard, M. (1997) Dissolved organic carbon released 

by zooplankton grazing activity - A high-quality substrate pool for bacteria. J. Plankton 

Res., 19, 97–111. 

IGKB (2018) Limnologischer Zustand des Bodensees. 

IGKB (2013) Limnologischer Zustand des Bodensees. Grüner Bericht Nr. 40. 

Iglesias, C., Jeppesen, E., Mazzeo, N., Pacheco, J.P., Mello, F.T., Landkildehus, F. et al. 

(2017) Fish but not macroinvertebrates promote trophic cascading effects in high density 

submersed plant experimental lake food webs in two contrasting climate regions. Water, 

9, 1–17. 

Jack, J.D. and Gilbert, J.J. (1993) Susceptibilities of different‐sized ciliates to direct 

suppression by small and large cladocerans. Freshw. Biol., 29, 19–29. 

Janicki, A. and DeCosta, J. (1990) An analysis of prey selection by Mesocyclops edax. 

Hydrobiologia, 198, 133–139. 

Jeppesen, E., Jensen, J.P. and Søndergaard, M. (2002) Response of phytoplankton, 

zooplankton, and fish to re-oligotrophication: An 11 year study of 23 Danish lakes. 

Aquat. Ecosyst. Heal. Manag., 5, 31–43. 



104 
 

Jeppesen, E., Lauridsen, T., Mitchell, S.F. and Burns, C.W. (1997) Do planktivorous fish 

structure the zooplankton communities in New Zealand lakes? New Zeal. J. Mar. 

Freshw. Res., 31, 163–173. 

Jeppesen, E., Søndergaard, M., Jensen, J.P., Havens, K.E., Anneville, O., Carvalho, L. et al. 

(2005) Lake responses to reduced nutrient loading - An analysis of contemporary long-

term data from 35 case studies. Freshw. Biol., 50, 1747–1771. 

Jochimsen, M.C., Kümmerlin, R. and Straile, D. (2013) Compensatory dynamics and the 

stability of phytoplankton biomass during four decades of eutrophication and 

oligotrophication. Ecol. Lett., 16, 81–89. 

Jonsson, P.R., Johansson, M. and Pierce, R.W. (2004) Attachment to suspended particles may 

improve foraging and reduce predation risk for tintinnid ciliates. Limnol. Oceanogr., 49, 

1907–1914. 

Jürgens, K. (1994) Impact of Daphnia on planktonic microbial food webs-A review. Mar. 

Microb. Food Webs, 8, 295–324. 

Kandel, A., Christoffersen, K., Nybroe, O., Porter, K.G., Feig, Y.S. and Vetter, E.F. (1993) 

Filtration rates of Daphnia cucullata on Alcaligenes eutrophus JMP134 estimated by a 

fluorescent antibody method. FEMS Microbiol. Ecol., 12, 1–8. 

Kenitz, K.M., Visser, A.W., Mariani, P. and Andersen, K.H. (2017) Seasonal succession in 

zooplankton feeding traits reveals trophic trait coupling. Limnol. Oceanogr., 62, 1184–

1197. 

Kerfoot, W.C. and DeAngelis, D.L. (1989) Scale-dependent dynamics: Zooplankton and the 

stability of freshwater food webs. Trends Ecol. Evol., 4, 167–171. 

Kerimoglu, O., Straile, D. and Peeters, F. (2013) Seasonal, inter-annual and long term 

variation in top-down versus bottom-up regulation of primary production. Oikos, 122, 

223–234. 

Kimmerer, W.J. and McKinnon, A.D. (1990) High mortality in a copepod population caused 

by a parasitic dinoflagellate. Mar. Biol., 107, 449–452. 

Kiørboe, T., Visser, A. and Andersen, K.H. (2018) A trait-based approach to ocean ecology. 

ICES J. Mar. Sci., 75, 1849–1863. 

Kottelat, M. and Freyhof, J.J. (2007) Handbook of European freshwater fishes. 

Koussoroplis, A.-M., Nussbaumer, J., Arts, M.T., Guschina, I. a. and Kainz, M.J. (2014) 

Famine and feast in a common freshwater calanoid: Effects of diet and temperature on 

fatty acid dynamics of Eudiaptomus gracilis. Limnol. Oceanogr., 59, 947–958. 

Kruk, C., Huszar, V.L.M., Peeters, E.T.H.M., Bonilla, S., Costa, L., Lürling, M., Reynolds, 

C.S. and Scheffer, M. (2010) A morphological classification capturing functional 

variation in phytoplankton. Freshw. Biol., 55, 614–627. 

Kugler, M. and Friedl, C. (2018) Felchenfischerei, Monitoring der Blaufelchen sowie 

Felchen-Laichfischfang im Jahr 2017. 

 



105 
 

Kümmerlin, R. and Bürgi, H.R. (1989) Die langjährige Entwicklung des Phytoplanktons im 

Bodensee (1961-1986). Berichte der Int. Gewässerschutzkommission für den Bodensee, 

39, 1–175. 

Kunzmann, A.J., Ehret, H., Yohannes, E., Straile, D. and Rothhaupt, K.-O. (2019) Calanoid 

copepod grazing affects plankton size structure and composition in a deep, large lake. J. 

Plankton Res., 41, 955–966. 

Lampert, W. (1987) Feeding and nutrition in Daphnia. Mem. dell’Istituto Ital. di Idrobiol., 45, 

143–192. 

Lampert, W., Fleckner, W., Rai, H. and Taylor, B.E. (1986) Phytoplankton control by grazing 

zooplankton: A study on the spring clear‐water phase. Limnol. Oceanogr., 31, 478–490. 

Lehman, J.T. (1976) The filter‐feeder as an optimal forager, and the predicted shapes of 

feeding curves. Limnol. Oceanogr., 21, 501–516. 

Litchman, E. and Klausmeier, C.A. (2008) Trait-Based Community Ecology of 

Phytoplankton. Annu. Rev. Ecol. Evol. Syst., 39, 615–639. 

Litchman, E., Klausmeier, C.A., Schofield, O.M. and Falkowski, P.G. (2007) The role of 

functional traits and trade-offs in structuring phytoplankton communities: scaling from 

cellular to ecosystem level. Ecol. Lett., 10, 1170–1181. 

Litchman, E., Ohman, M.D. and Kiørboe, T. (2013) Trait-based approaches to zooplankton 

communities. J. Plankton Res., 35, 473–484. 

Longhi, M.L. and Beisner, B.E. (2010) Patterns in taxonomic and functional diversity of lake 

phytoplankton. Freshw. Biol., 55, 1349–1366. 

Lynch, M. (1979) Predation, competition, and zooplankton community structure: An 

experimental study. Limnol. Oceanogr., 24, 253–272. 

Lynch, M. (1977) Fitness and Optimal Body Size in Zooplankton Populations. Ecology, 58, 

763–774. 

Mariani, P., Andersen, K.H., Visser, A.W., Barton, A.D. and Kiørboe, T. (2013) Control of 

plankton seasonal succession by adaptive grazing. Limnol. Oceanogr., 58, 173–184. 

Matveev, V., Matveeva, L. and Jones, G.J. (2000) Relative impacts of Daphnia grazing and 

direct stimulation by fish on phytoplankton abundance in mesocosm communities. 

Freshw. Biol., 44, 375–385. 

McMahon, J.W. (1968)  Environmental factors influencing the feeding behavior of Daphnia 

magna Straus. Can. J. Zool., 46, 759–762. 

McQueen, D.J., Johannes, M.R.S., Post, J.R., Stewart, T.J. and Lean, D.R.S. (1989) Bottom-

up and top-down impacts on freshwater pelagic community structure. Ecol. Monogr., 59, 

289–309. 

McQueen, D.J. and Post, J.R. (1988) Cascading trophic interactions: Uncoupling at the 

zooplankton- phytoplankton link. Hydrobiologia, 159, 277–296. 

McQueen, D.J., Post, J.R. and Mills, E.L. (1986) Trophic relationships in freshwater pelagic 

ecosystems. Can. J. Fish. Aquat. Sci., 43, 1571–1581. 



106 
 

Mehner, T., Padisak, J., Kasprzak, P., Koschel, R. and Krienitz, L. (2008) A test of food web 

hypotheses by exploring time series of fish, zooplankton and phytoplankton in an oligo-

mesotrophic lake. Limnologica, 38, 179–188. 

Mookerji, N., Heller, C., Meng, H.J., Burgi, H.R. and Muller, R. (1998) Diel and seasonal 

patterns of food intake and prey selection by Coregonus sp. in re-oligotrophicated Lake 

Lucerne, Switzerland. J. Fish Biol., 52, 443–457. 

Moore, M. V., Silow, E.A., De Stasio Jr, B.T. and Huizenga, K.N. (2019) Trophic coupling of 

the microbial and the classical food web in Lake Baikal, Siberia. Freshw. Biol., 64, 138–

151. 

Morrow, J.E. (1980) The Freshwater Fishes of Alaska, No. 1520. Alaska Northwest 

Publishing Company. 

Moyle, P.B. and Light, T. (1996) Biological invasions of fresh water: Empirical rules and 

assembly theory. Biol. Conserv., 78, 149–161. 

Muck, P. and Lampert, W. (1980) Feeding of freshwater filter-feeders at very low food 

concentrations: Poor evidence for “threshold feeding” and “optimal foraging” in 

Daphnia longispina and Eudiaptomus gracilis. J. Plankton Res., 2, 367–379. 

Müller, H., Schöne, A., Pinto-Coelho, R.M., Schweizer, A. and Weisse, T. (1991) Seasonal 

Succession of Ciliates in Lake Constance. Microb. Ecol., 21, 119–138. 

Nagata, T. and Hanazato, T. (2006) Different predation impacts of two cyclopoid species on a 

small-sized zooplankton community: An experimental analysis with mesocosms. 

Hydrobiologia, 556, 233–242. 

Nathaniel Holland, J. and Deangelis, D.L. (2009) Consumer-resource theory predicts dynamic 

transitions between outcomes of interspecific interactions. Ecol. Lett., 12, 1357–1366. 

Nielsen, T.G., Kiørboe, T. and Bjørnsen, P.K. (1990) Effects of a Chrysochromulina polylepis 

subsurface bloom on the planktonic community. Mar. Ecol. Prog. Ser., 62, 21–35. 

Nizan, S., Dimentman, C. and Shilo, M. (1986) Acute toxic effects of the cyanobacterium 

Microcystis aeruginosa on Daphnia magna. Limnol. Oceanogr., 31, 497–502. 

Nock, C.A., Vogt, R.J. and Beisner, B.E. (2016) Functional Traits. eLS, 1–8. 

Oksanen, J., Blanchet, F.G., Kindt, R., Legendre, P., O’Hara, R.B., Simpson, G.L. et al. 

(2010) Vegan: community ecology package. 

Östman, Ö., Eklöf, J., Eriksson, B.K., Olsson, J., Moksnes, P.O. and Bergström, U. (2016) 

Top-down control as important as nutrient enrichment for eutrophication effects in North 

Atlantic coastal ecosystems. J. Appl. Ecol., 53, 1138–1147. 

Pagnucco, K.S., Remmal, Y. and Ricciardi, A. (2016) An invasive benthic fish magnifies 

trophic cascades and alters pelagic communities in an experimental freshwater system. 

Freshw. Sci., 35, 654–665. 

Pančić, M. and Kiørboe, T. (2018) Phytoplankton defence mechanisms: traits and trade-offs. 

Biol. Rev., 93, 1269–1303. 

 



107 
 

Pasternak, A.F. and Schnack-Schiel, S.B. (2001) Seasonal feeding patterns of the dominant 

Antarctic copepods Calanus propinquus and Calanoides acutus in the Weddell Sea. 

Polar Biol., 24, 771–784. 

Pauli, H.R. (1989) A new method to estimate individual dry weights of rotifers. 

Hydrobiologia, 186, 355–361. 

Peterka, J. and Matěna, J. (2011) Feeding behaviour determining differential capture success 

of evasive prey in underyearling European perch (Perca fluviatilis L.) and roach (Rutilus 

rutilus  (L.)). Hydrobiologia, 661, 113–121. 

Plaßmann, T., Maier, G. and Stich, H.B. (1997) Predation impact of Cyclops vicinus on the 

rotifer community in Lake Constance in spring. J. Plankton Res., 19, 1069–1079. 

Post, J.R. and Mcqueen, J. (1987) The impact of planktivorous fish on the structure of a 

plankton community. 79–89. 

R Core Team (2019) R: A Language and Environment for Statistical Computing. 

R Core Team (2018) R: A Language and Environment for Statistical Computing. 

Riccardi, N. (2002) In situ Measurement of Daphnia longispina Grazing on Algae and 

Bacteria in a High Mountain Lake (Lake Paione Superiore, Northern Italy) using 

Fluorescently Labeled Cells. Water, Air Soil Pollut. Focus, 2, 343–357. 

Rigler, F.H. (1971) Feeding rates - Zooplankton. In, Edmondson,W.T. and Winberg,W.W. 

(eds), A Manual for the assessment of secondary productivity in freshwaters. IBP 

Handbook No. 17. Oxford: Blackwell, pp. 228–256. 

Robertson, S.B. and Frost, B.W. (1977) Feeding by an omnivorous planktonic copepod 

Aetideus divergens Bradford. J. Exp. Mar. Bio. Ecol., 29, 231–244. 

Roch, S., von Ammon, L., Geist, J. and Brinker, A. (2018) Foraging habits of invasive three-

spined sticklebacks (Gasterosteus aculeatus) – impacts on fisheries yield in Upper Lake 

Constance. Fish. Res., 204, 172–180. 

Des Roches, S., Shurin, J.B., Schluter, D. and Harmon, L.J. (2013) Ecological and 

Evolutionary Effects of Stickleback on Community Structure. PLoS One, 8, e59644. 

Rösch, R., Baer, J. and Brinker, A. (2018) Impact of the invasive three-spined stickleback 

(Gasterosteus aculeatus) on relative abundance and growth of native pelagic whitefish 

(Coregonus wartmanni) in Upper Lake Constance. Hydrobiologia, 824, 243–254. 

Rudstam, L.G., Holeck, K.T., Bowen, K.L., Watkins, J.M., Weidel, B.C. and Luckey, F.J. 

(2015) Lake Ontario zooplankton in 2003 and 2008: Community changes and vertical 

redistribution. Aquat. Ecosyst. Heal. Manag., 18, 43–62. 

Runge, J.A. (1980) Effects of hunger and season on the feeding behavior of Calanus 

pacificus. Limnol. Oceanogr., 25, 134–145. 

Sailley, S.F., Polimene, L., Mitra, A., Atkinson, A. and Allen, J.I. (2014) Impact of 

zooplankton food selectivity on plankton dynamics and nutrient cycling. J. Plankton 

Res., 37, 519–529. 

 



108 
 

Santer, B. (1996) Nutritional suitability of the dinoflagellate Ceratium furcoides for four 

copepod species. J. Plankton Res., 18, 323–333. 

Santos, A.M.C., Carneiro, F.M. and Cianciaruso, M. V. (2015) Predicting productivity in 

tropical reservoirs: The roles of phytoplankton taxonomic and functional diversity. Ecol. 

Indic., 48, 428–435. 

Sarnelle, O. (2005) Daphnia as keystone predators: Effects on phytoplankton diversity and 

grazing resistance. J. Plankton Res., 27, 1229–1238. 

Scharf, F.S., Juanes, F. and Rountree, R.A. (2000) Predator size - prey size relationships of 

marine fish predators: interspecific variation and effects of ontogeny and body size on 

trophic-niche breadth. Mar. Ecol. Prog. Ser., 208, 229–248. 

Schmitz, O.J., Hawlena, D. and Trussell, G.C. (2010) Predator control of ecosystem nutrient 

dynamics. Ecol. Lett., 13, 1199–1209. 

Schotzko, N. (2018) Bericht zur IBKF 2018 Die Fischerei im Bodensee-Obersee im Jahr 

2017. 

Schulze, P.C. and Folt, C.L. (1990) Food resources, survivorship, and reproduction of the 

omnivorous calanoid copepod Epischura lacustris. Ecology, 71, 2224–2240. 

Seebens, H., Straile, D., Hoegg, R., Stich, H.-B. and Einsle, U. (2007) Population dynamics of 

a freshwater calanoid copepod: Complex responses to changes in trophic status and 

climate variability. Limnol. Oceanogr., 52, 2364–2372. 

Simon, M. (1987) Biomass and production of small and large free-living and attached bacteria 

in Lake Constance. Limnol. Oceanogr., 32, 591–607. 

Simon, M., Cho, B.C. and Azam, F. (1992) Significance of bacterial biomass in lakes and the 

ocean: comparison to phytoplankton biomass and biogeochemical implications. Mar. 

Ecol. Prog. Ser., 86, 103–110. 

Singmann, H., Bolker, B., Westfall, J., Aust, F. and Ben-Shachar, M.S. (2020) afex: Analysis 

of Factorial Experiments. R package version 0.27-2. 

Snelgrove, P.V.R., Austen, M.C., Boucher, G., Heip, C., Hutchings, P.A., King, G.M. et al. 

(2000) Linking Biodiversity Above and Below the Marine Sediment–Water Interface. 

Bioscience, 50, 1076. 

Sommer, U., Charalampous, E., Genitsaris, S. and Moustaka-Gouni, M. (2017) Benefits, costs 

and taxonomic distribution of marine phytoplankton body size. J. Plankton Res., 39, 

494–508. 

Sommer, U., Sommer, F., Feuchtmayr, H. and Hansen, T. (2004) The Influence of 

Mesozooplankton on Phytoplankton Nutrient Limitation: A Mesocosm Study with 

Northeast Atlantic Plankton. Protist, 155, 295–304. 

Sommer, U., Sommer, F., Santer, B., Jamieson, C., Boersma, M., Becker, C. and Hansen, T. 

(2001) Complementary impact of copepods and cladocerans on phytoplankton. Ecol. 

Lett., 4, 545–550. 

 



109 
 

Sommer, U., Sommer, F., Santer, B., Zöllner, E., Jürgens, K., Jamieson, C., Boersma, M. and 

Gocke, K. (2003) Daphnia versus copepod impact on summer phytoplankton: functional 

compensation at both trophic levels. Oecologia, 135, 639–647. 

Søndergaard, M., Jeppesen, E., Mortensen, E., Dall, E., Kristensen, P. and Sortkjaer, O. 

(1990) Phytoplankton biomass reduction after planktivorous fish reduction in a shallow, 

eutrophic lake: a combined effect of reduced internal P-loading and increased 

zooplankton grazing. Hydrobiologia, 200/201, 229–240. 

Sonntag, B., Posch, T., Klammer, S., Teubner, K. and Psenner, R. (2006) Phagotrophic 

ciliates and flagellates in an oligotrophic, deep, alpine lake: Contrasting variability with 

seasons and depths. Aquat. Microb. Ecol., 43, 193–207. 

Šorf, M. and Brandl, Z. (2012) The rotifer contribution to the diet of Eudiaptomus gracilis (G. 

O. Sars, 1863) (Copepoda, Calanoida). Crustaceana, 85, 1421–1429. 

Šorf, M., Brandl, Z., Znachor, P. and Vašek, M. (2014) Different effects of planktonic 

invertebrate predators and fish on the plankton community in experimental mesocosms. 

Ann. Limnol. - Int. J. Limnol., 50, 71–83. 

Steinberg, C.E.W. and Geller, W. (1994) Biodiversity and interactions within pelagic nutrient 

cycling and productivity. In, Schulze,E.-D. and Mooney,H.A. (eds), Biodiversity and 

ecosystem function. Berlin: Springer Berlin Heidelberg, pp. 43–64. 

Stemberger, R.S. and Evans, M.S. (1984) Rotifer Seasonal Succession and Copepod Predation 

in Lake Michigan. J. Great Lakes Res., 10, 417–428. 

Sterner, R.W. (1989) The role of grazers in phytoplankton succession. In, Plankton ecology. 

Springer Berlin Heidelberg, pp. 107–170. 

Sterner, R.W., Elser, J.J. and Hessen, D.O. (1992) Stoichiometric relationships among 

producer, consumers and nutrient cycling in pelagic ecosystems. Biogeochemistry, 17, 

49–67. 

Stibor, H., Vadstein, O., Diehl, S., Gelzleichter, A., Hansen, T., Hantzsche, F. et al. (2004) 

Copepods act as a switch between alternative trophic cascades in marine pelagic food 

webs. Ecol. Lett., 7, 321–328. 

Stich, H.B. (1989) Seasonal changes of diel vertical migrations of crustacean zooplankton in 

Lake Constance. Arch. für Hydrobiol. Suppl., 83, 355–405. 

Stich, H.B., Schumann, M. and Brinker, A. (2018) Dynamics of pelagic rotifers subject to 

trophic fluctuations in Upper Lake Constance (1963-2012). J. Plankton Res., 40, 118–

128. 

Stoecker, D.K. and Egloff, D.A. (1987) Predation by Acartia tonsa Dana on planktonic 

ciliates and rotifers. J. Exp. Mar. Bio. Ecol., 110, 53–68. 

Straile, D. (2015) Zooplankton biomass dynamics in oligotrophic versus eutrophic conditions: 

A test of the PEG model. Freshw. Biol., 60, 174–183. 

Straile, D. and Geller, W. (1998) Crustacean zooplankton in Lake Constance from 1920 to 

1995: response to eutrophication and re-oligotrophication. Arch. für Hydrobiol. Spec. 

Issues Adv. Limnol., 53, 255–274. 



110 
 

Tamar, H. (1979) The Movements of Jumping Ciliates. Arch. für Protistenkd.  Protozoen, 

Algen, Pilze, 122, 290–327. 

Tirok, K. and Gaedke, U. (2007) Regulation of planktonic ciliate dynamics and functional 

composition during spring in Lake Constance. Aquat. Microb. Ecol. 

Urabe, J. (1993) N and P Cycling Coupled by Grazers’ Activities: Food Quality and Nutrient 

Release by Zooplankton. Ecology, 74, 2337–2350. 

Utermöhl, H. (1958) Zur Vervollkommnung der Quantitativen Phytoplankton-Methodik. Mitt. 

Int. Ver. Theor. Angew. Limnol., 9, 1–39. 

Vad, C.F., Schneider, C., Lukić, D., Horváth, Z., Kainz, M.J., Stibor, H. and Ptacnik, R. 

(2020) Grazing resistance and poor food quality of a widespread mixotroph impair 

zooplankton secondary production. Oecologia. 

Vakkilainen, K., Kairesalo, T., Hietala, J., Balayla, D.M., Bécares, E., Van De Bund, W.J. et 

al. (2004) Response of zooplankton to nutrient enrichment and fish in shallow lakes: A 

pan-European mesocosm experiment. Freshw. Biol., 49, 1619–1632. 

Vanderploeg, H.A. and Paffenhöfer, G.A. (1985) Modes of algal capture by the freshwater 

copepod Diaptomus sicilis and their relation to food-size selection. Limnol. Oceanogr., 

30, 871–885. 

Vanderploeg, H.A., Paffenhöfer, G.A. and Liebig, J.R. (1990) Concentration-variable 

interactions between calanoid copepods and particles of different food quality: 

observations and hypotheses. In, Hughes,R.N. (ed), Behavioural Mechanisms of Food 

Selection. Springer Berlin Heidelberg, pp. 595–613. 

Vanni, M.J. (1987) Effects of food availability and fish predation on a zooplankton 

community. Ecol. Monogr., 57, 61–88. 

Vanni, M.J. (2002) Nutrient Cycling by Animals in Freshwater Ecosystems. Annu. Rev. Ecol. 

Syst., 33, 341–370. 

Vellend, M. (2016) The theory of ecological communities, Vol. 75. Princeton University 

Press. 

Vellend, M. (2010) Conceptual synthesis in community ecology. Q. Rev. Biol., 85, 183–206. 

Vijverberg, J. and Richter, A.F. (1982) Population dynamics and production of Daphnia 

hyalina Leydig and Daphnia cucullata Sars in Tjeukemeer. Hydrobiologia, 95, 235–259. 

Visser, A.W. (2007) Motility of zooplankton: Fitness, foraging and predation. J. Plankton 

Res., 29, 447–461. 

Vogt, R.J., Beisner, B.E. and Prairie, Y.T. (2010) Functional diversity is positively associated 

with biomass for lake diatoms. Freshw. Biol., 55, 1636–1646. 

Vogt, R.J., Peres-Neto, P.R. and Beisner, B.E. (2013) Using functional traits to investigate the 

determinants of crustacean zooplankton community structure. Oikos, 122, 1700–1709. 

Warren, G.J. (1985) Predaceous feeding habits of Limnocalanus macrurus. J. Plankton Res., 

7, 537–552. 



111 
 

Watkins, J.M., Weidel, B.C., Rudstam, L.G. and Holeck, K.T. (2015) Spatial extent and 

dissipation of the deep chlorophyll layer in Lake Ontario during the Lake Ontario lower 

foodweb assessment, 2003 and 2008. Aquat. Ecosyst. Heal. Manag., 18, 18–27. 

Weisse, T. and Müller, H. (1998) Planktonic protozoa and the microbial food web in Lake 

Constance. Arch. für Hydrobiol. Spec. Issues Adv. Limnol., 53, 223–254. 

Weithoff, G., Rocha, M.R. and Gaedke, U. (2015) Comparing seasonal dynamics of 

functional and taxonomic diversity reveals the driving forces underlying phytoplankton 

community structure. 758–767. 

Williams, A.E. and Moss, B. (2003) Effects of different fish species and biomass on plankton 

interactions in a shallow lake. Hydrobiologia, 491, 331–346. 

Williamson, C.E. (1987) Predator‐prey interactions between omnivorous diaptomid copepods 

and rotifers: The role of prey morphology and behavior. Limnol. Oceanogr., 32, 167–

177. 

Williamson, C.E. (1983) Behavioral interactions between a cyclopoid copepod and its prey. J. 

Plankt. Res., 5, 701–711. 

Williamson, C.E. and Butler, N.M. (1986) Predation on rotifers by the suspension‐feeding 

calanoid copepod Diaptomus pallidus. Limnol. Oceanogr., 31, 393–402. 

Wong, C.K. and Chow-Fraser, P. (1985) The food of three large freshwater calanoid 

copepods: Limnocalanus macrurus Sars, Epischura lacustris Forbes, and Senecella 

calanoides Juday. Int. Vereinigung für Theor. und Angew. Limnol. Verhandlungen, 22, 

3190–3194. 

Yen, J. (1983) Effects of prey concentration, prey size, predator life stage, predator starvation, 

and season on predation rates of the carnivorous copepod Euchaeta elongata*. Mar. 

Biol., 75, 69–77. 

Yoshida, T., Gurung, T., Kagami, M. and Urabe, J. (2001) Contrasting effects of a cladoceran 

(Daphnia galeata) and a calanoid copepod (Eodiaptomus japonicus) on algal and 

microbial plankton in a Japanese lake, Lake Biwa. Oecologia, 129, 602–610. 

Zánkai, P.N. and Ponyi, J.E. (1986) Composition, density and feeding of crustacean 

zooplankton community in a shallow, temperate lake (Lake Balaton, Hungary). 

Hydrobiologia, 135, 131–147. 

Zöllner, E., Hoppe, H.-G., Sommer, U. and Jürgens, K. (2009) Effect of zooplankton-

mediated trophic cascades on marine microbial food web components (bacteria, 

nanoflagellates, ciliates). Limnol. Oceanogr., 54, 262–275. 

Zöllner, E., Santer, B., Boersma, M., Hoppe, H.-G. and Jürgens, K. (2003) Cascading 

predation effects of Daphnia and copepods on microbial food web components. Freshw. 

Biol., 48, 2174–2193. 

 

  



112 
 

Acknowledgements 

 

Carrying out my PhD would not have been possible without the support of several people I 

want to acknowledge below. 

First of all, I would like to express my gratitude to my first supervisor Prof. Karl-Otto Rothhaupt 

who hired me for the project. Thank you for enabling me to be part of your group, for your 

patient supervision, and for your continuous help and advice whenever it was needed. I also 

want to thank my second supervisor Dr. Dietmar Straile for sharing his tremendous 

programming experience with me and supporting me with his knowledge at every step of my 

graduation. I have learnt a lot from both of you, as both a scientist and a person. 

I also want to thank my remaining PhD Advisory Committee members Dr. Elizabeth Yohannes 

and Prof. Rita Adrian who provided me with helpful advice and helped me to further shape my 

work. Thank you, Eli, for your personal support, I was really happy to have you in my PAC. 

A special thank goes to the RTG ‘R3’ and Dr. Tina Romer who gave me the chance to 

participate in this great project. I have made so many new experiences, met new friends, and 

gained a huge amount of knowledge during those three years; thank you so much for all this. 

Thank you, Tina, for all the help and encouragement. 

I am also grateful to Pia Mahler who provided me with invaluable guidance in phytoplankton 

taxonomy and introduced me to multiple techniques revolving around microscopy. Another big 

thank you goes to Angelika Seifried who taught me a lot about zooplankton cultivation and 

morphology. Also thank you for your support in the field; working with the two of you was so 

much fun. 

I also want to acknowledge Dr. Sabine Schmidt-Halewicz and Hanna Binder who helped me 

immensely with the analysis of my field samples and never ceased to answer any of my 

questions. Also thank you to all student assistants who backed me in the field and in the lab: 

Julia Germroth, Natalie Wandel, Manuel Romero, and Konstantin Seeger. Without you, all this 

work would not have been feasible. 

Furthermore, I would like to thank Beatrix Rosenberg, Alfred Sulger, Sepp Halder, and Martin 

Wolf for their technical support in the field or in the lab. To do fieldwork on the lake was a 

great experience for me. 



113 
 

Additionally, I want to thank those PhD students and PostDocs who were not part of the RTG 

but also supported me during my work: Michelle Helmer, Eva Lievens, Pelita Octorina, Simone 

Wengrat, and Hui Zhang. To all the staff of the Limnological institute I could not name here, 

thank you for all your help. I really enjoyed working in such a nice atmosphere. 

Finally, my warm thank you goes to my parents and grandparents, my family and beloved ones 

who always supported me during my academic career, and especially to Lilly Mann for her 

never-ending patience and encouragement, even when times were difficult to master. I also 

thank Andreas Blaut for always being there for me, even from afar. You all have shown me a 

way to grow and to become the best version of myself I can be. Thank you, with all my heart. 

This study was funded by the Deutsche Forschungsgemeinschaft (DFG, German Research 

Foundation, 298726046/GRK2272).  



114 
 

Record of achievement 

 

Chapter II 

Alessandra Janina Kunzmann: performed most of the data analyses, designed the study, 

and wrote the paper. 

Harald Ehret: performed field experiments and data collection. 

Elizabeth Yohannes: wrote the paper. 

Dietmar Straile: supervised and performed statistical analyses, designed the study, and wrote 

the paper. 

Karl-Otto Rothhaupt: conceived the project, designed the study, and wrote the paper. 

 

Chapter III 

Alessandra Janina Kunzmann: performed the experiments and data collection, performed 

most of the statistical analyses, designed the study, and wrote the manuscript. 

Dietmar Straile: supervised and performed statistical analyses, designed the study, and wrote 

the manuscript. 

Karl-Otto Rothhaupt: conceived the project, designed the study, and contributed to the 

discussion. 

 

Chapter IV 

Alessandra Janina Kunzmann: performed field experiments, data collection, and statistical 

analyses, designed the study, and wrote the manuscript. 

Dietmar Straile: supervised and performed statistical analyses, designed the study, and wrote 

the manuscript. 

Karl-Otto Rothhaupt: conceived the project and designed the study. 

 

Chapter V 

Žiga Ogorelec: performed field work and data collection, designed the study, and wrote the 

paper. 

Carsten Wunsch: performed field work, data collection, and data analysis, designed the 

study, and wrote the paper. 



115 
 

Alessandra Janina Kunzmann: performed field work and data collection, helped with data 

analysis, designed the study, and wrote the paper. 

Pelita Octorina: performed field work and wrote the paper. 

Jana Isanta Navarro: performed field work and data collection, designed the study, and 

wrote the paper.  



116 
 

Curriculum Vitae 

 

Name Alessandra Janina Kunzmann 

Day of birth 15.09.1991 

Place of birth Erlangen 

Nationality German 

Family status unmarried 

 

Research experience  

  

2017 – today Fellowship in RTG R3 – “Responses to biotic and abiotic 

changes, Resilience and Reversibility of lake ecosystems”, 

University of Konstanz 

2017 – today PhD studentship at University of Konstanz, Limnological 

Institute, Germany (Group: Prof. Dr. Karl-Otto Rothhaupt) 

2016 Master Thesis “Brachiopods and palaeoecology of the Upper 

Emsian Daleiden Fauna (Wiltz Formation, Lower Devonian, 

Eifel Region)”; supervisors: Dr. U. Jansen (Senckenberg 

Institute, Frankfurt), Prof. A. Munnecke (GeoZentrum 

Erlangen) 

2014 Bachelor Thesis “Räumliche Orientierung von Organismen in 

Brachiopodenriffen (Oberer Malm, Nördliche Frankenalb); 

supervisors: Prof. R. Koch, Prof. W. von Gosen, Prof. A. 

Munnecke (GeoZentrum Erlangen) 

  

University education  

  

2018 Stable Isotopes Summer School, University of Konstanz 

2017 Course “Molecular Analysis of Trophic Interactions” 

(MATI), University of Innsbruck (Austria) 

2014 – 2016 Advanced studies in Geosciences (Palaeobiology & Applied 

Sedimentology – Georesources) at Friedrich Alexander 

University Erlangen-Nürnberg (final degree: Master of 

Science) 

2016 International Course on Carbonate Microfacies, Friedrich 

Alexander University Erlangen-Nürnberg 

2011 – 2014 Basic studies in Geosciences at Friedrich Alexander 

University Erlangen-Nürnberg (final degree: Bachelor of 

Science) 

  

Student internships  

  

2015 Internship at Alfred Wegener Institute Bremerhaven (sector: 

Marine Geology) 

 Student research assistant at GeoZentrum Erlangen 

2012 – 2014 Student assistant at RRZE Erlangen 

2011 Internship at Senckenberg Institute, Frankfurt (Main), 

Germany (sector: Palaeozoology III) 



117 
 

  

Further commitment DGGV – Deutsche Gesellschaft für Geowissenschaften 

 BDG – Berufsverband deutscher Geowissenschaftler 

 ASLO – Association for the Sciences of Limnology and 

Oceanography 

  

Publications and talks  

  

Submitted articles: Ogorelec, Ž., Wunsch, C., Kunzmann, A. J., Octorina, P., & 

Isanta Navarro, J.: Large daphniids as keystone species link 

fish predation and phytoplankton in a trophic cascade. 

Submitted to Fundamental and Applied Limnology. 

  

Articles in preparation: Kunzmann, A. J., Straile, D., & Rothhaupt, K. O.: Seasonal 

switches in prey selection and omnivory of a calanoid 

freshwater copepod. In preparation. 

  

 Helmer, M., Helmer, D., Weisbrod, B., Kunzmann, A. J., 

Yohannes, E., Dietrich, D. R., & Martin-Creuzburg, D.: 

Harmful cyanobacterial bloom mediates trophic shifts and 

enhance carbon source alternation in an artificial 

reservoir. In preparation. 

  

Publications: Kunzmann, A. J., Ehret, H., Yohannes, E., Straile, D., & 

Rothhaupt, K. O. (2019). Calanoid copepod grazing affects 

plankton size structure and composition in a deep, large lake. 

Journal of Plankton Research, 41(6), 955-966. 

  

 Kunzmann, A., Gosen, W.v., Koch, R. & Munnecke, A. 

(2015): Rekonstruktion des primären Schichteinfallens 

mittels Geopetalgefügen in Brachiopoden. Weißjura Epsilon, 

Quackenschloß bei Engelhardsberg (Nördliche Frankenalb, 

Süddeutschland). Geol. Bl. NO-Bayern, 65 (2-4), 157-172; 12 

Abb., 1 Tab., Erlangen 2015.  

  

Posters and Talks: Talk “Predator-prey interaction in an oligotrophic lake: the 

dietary spectrum of a keystone freshwater copepod” at ASLO 

Summer Meeting 2019 (San Juan, PR) 

  

 Poster presentation at ASLO Winter Meeting 2018 (Victoria, 

BC, Canada) 

 

 

Dortmund, 25.06.2020 

 




