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Summary 
 

Lake ecosystems perform essential environmental services for humans and other organisms. They 

provide drinking water, habitat for aquatic animals and plants, recycle nutrients and are vital for 

fisheries, leisure activities, and economics. With the increasing world population and development, 

the negative human impact on lakes is becoming a problem of high priority. To improve management 

and prevent further deterioration of aquatic ecosystems, substantial effort is invested in research to 

better understand their biological processes and environmental stressors. Change of lake trophic stage 

and invasive species are among the most substantial stressors for lakes. In pelagial, they lead to 

rewiring the food web, change of productivity, and energy transfer, which can adversely affect 

fisheries and native organisms. Lake Constance, located on the borders between Germany, 

Switzerland, and Austria, has been intensively researched regarding biotic response to nutrient 

concentrations and invasion of new species. Still, with recent pelagic food web changes, biotic 

responses have to be re-evaluated. 

During the re-oligotrophication of Lake Constance (phosphorus value dropped from 80 µg/L in the 

1970s to below 10 µg/L nowadays), primary production declined. This affected growth and yield of 

whitefish (Coregonus wartmanni), which is the most important fish species for the local fishery in 

Lake Constance and presumably exerts intense predation pressure on the zooplankton community. 

An additional threat for whitefish is the invasion of three-spined stickleback (Gasterosteus aculeatus), 

which firstly appeared in the pelagic zone in 2012/2013 and quickly outnumbered the native whitefish 

population and presumably rewired the pelagic food web. This thesis investigated whitefish and 

invasive stickleback diet and their top-down effects on lower trophic levels to understand fish-

zooplankton interactions related to stickleback invasion and re-oligotrophication changes.  

To better understand interspecific feeding differences, we compared native whitefish and invasive 

stickleback prey selection and feeding rates on different zooplankton species in aquaria experiments 

using small fish ranging from 2 to 8 cm. The experiments did not reveal any difference in both fish 

species diet breadth and only small differences in feeding rates on zooplankton species. However, 

sticklebacks were selecting larger prey, and there were important changes in feeding rate with fish 

size.  

In a mesocosm experiment, we compared both fish species top-down effects on lower trophic levels. 

The results show comparable effects of both fish species, with intense predation on large daphniids. 

Large daphniids had a substantial impact on the phytoplankton community and were therefore 

identified as a keystone species for linking fish with primary producers in a trophic cascade. 
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To investigate the seasonal diet of whitefish and stickleback, fishing was performed monthly. There 

was a high diet overlap between both fish species for most of the year. The same prey species had the 

highest relative importance index in the fish diet and were therefore also positively selected. The most 

noticeable difference was in winter, when whitefish mostly stopped feeding, whereas sticklebacks 

intensively predated on copepods.  

To disentangle stickleback effects on the zooplankton community from other (a)biotic changes of the 

lake, we used long-term data where we compared two periods, before (2006–2011) and after 

stickleback invasion (2012–2017). We have shown that phosphorus concentrations, water 

temperature, and chlorophyll a did not differ between these two periods. However, herbivorous 

cladocerans size decreased, and the abundance of small zooplankton species increased as a 

consequence of stickleback invasion.  

This thesis shows that native whitefish and invasive sticklebacks both prefer large zooplankton prey. 

They do not differ strongly in their feeding abilities and top-down effects on zooplankton when 

comparing the same sizes. However, the stickleback invasion had a more substantial impact on fish-

zooplankton interactions than re-oligotrophication and other (a)biotic changes, which is presumably 

a consequence of the changed size structure of the pelagic fish community and increased predation 

pressure on zooplankton.  
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Zusammenfassung  
  

Seen leisten als Ökosysteme einen essenziellen Dienst für die Umwelt von Menschen und anderen 

Organismen. Sie liefern Trinkwasser, bieten ein Habitat für aquatische Tiere und Pflanzen, 

regenerieren Nährstoffe und sind ein wichtiger Faktor für Fischerei, den Freizeitsektor und die 

Wirtschaft. Mit steigender und sich ständig weiterentwickelnder Weltbevölkerung, stellt der 

menschliche Einfluss zunehmend ein ernsthaftes Problem dar. Um es in den Griff zu bekommen und 

eine weitere Qualitätsminderung unserer Gewässer zu verhindern, werden beträchtliche 

wissenschaftliche Anstrengungen unternommen, um ihre biologischen Prozesse zu verstehen und 

mögliche Umweltstressoren aufzudecken. Veränderungen in den trophischen Ebenen, sowie das 

Auftreten invasiver Arten, sind mitunter die wichtigsten Stressfaktoren für Seen. Im Pelagial führen 

dies Ursachen zur Umstrukturierung der Nahrungsnetze und zur Modifikation in der Produktivität 

und des Energietransfers, welche negative Auswirkungen auf die Fischerei und heimische Arten 

haben können. Der Bodensee, gelegen im Dreiländereck zwischen Deutschland, Österreich und der 

Schweiz, wurde bezüglich der biotischen Wechselwirkungen, mit wechselnden 

Nährstoffkonzentrationen und dem Auftreten invasiver Arten, intensiv untersucht. Jedoch müssen 

diese nun, mit den aktuellen Wandel des Nahrungsnetzes, neu bewertet werden. 

Während der Reoligotrophierung des Bodensees (die Phosphorkonzentration sank von 80 µg/L in den 

1970er Jahren auf unter 10 µg/L heutzutage) ging die Primärproduktion zurück. Dies beeinflusste das 

Wachstum und die Ausbeute der Blaufelchen (Coregonus wartmanni). Sie ist die wichtigste Fischart 

für den kommerziellen Fischfang und zudem wird vermutet, dass sie einen starken Prädationsdruck 

auf die Zooplanktongemeinschaft ausübt. Eine zusätzliche Bedrohung für die Blaufelchen ist die 

Invasion des Bodensees durch den Dreistachligen Stichling (Gasterosteus aculeatus), welcher im 

Pelagial erstmals in den Jahren 2012 und 2013 auftrat. Schnell hat diese Art die heimischen 

Blaufelchen zahlenmäßig übertroffen und sorgte somit mutmaßlich für eine Umstrukturierung des 

Nahrungsnetzes. In dieser Dissertation haben wir die Ernährungsweise und den deszenten Einfluss 

von Blaufellchen und Stichlingen auf niedrigere Trophieniveaus untersucht, um die 

Wechselwirkungen zwischen Fischen und Zooplankton, in Hinblick auf das Auftreten der Stichlinge 

und der Reoligotrophierung, zu verstehen.  

Um Unterschiede im interspezifischen Fraßverhalten zu erfassen, haben wir, in 

Aquarienexperimenten, die Beuteselektion und Fraßraten von kleinen Fischen, mit einer Länge 

zwischen 2 und 8 cm, auf verschiedene Zooplanktonarten untersucht. Die Experimente deckten keine 

Unterschiede in der Nahrungsspektrum und nur geringe Unterschiede in den Fraßraten zwischen den 
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beiden Fischarten auf. Jedoch selektierten Stichlinge größere Beutetiere und die Fraßrate veränderte 

sich maßgeblich mit der Größe der Fische.  

In einem Mesokosmenexperiment haben wir die Auswirkungen beider Fischarten auf die darunter 

liegenden Trophieniveaus untersucht. Im Ergebnis zeigten beide Arten einen vergleichbaren Einfluss, 

mit einem starken Prädationsdruck auf große Daphnien. Diese großen Daphnien wirkten wiederum 

stark auf das Phytoplankton ein und wurden daher als Schlüsselspezies zwischen Fischen und 

Primärproduzenten in einer trophischen Kaskade identifiziert.  

Um das saisonale Fraßverhalten der Blaufelchen und Stichlinge zu untersuchen wurde monatlich 

gefischt. Die Nahrungsspektren beider Spezies überlappten sich stark während des gesamten Jahres. 

Die unter dem Zooplankton wichtigsten Beutespezies zeigten bei beiden Fischarten hohe Kennzahlen 

und wurden daher deutlich selektiert. Die auffälligsten Unterschiede ergaben sich im Winter, in dem 

Blaufelchen ihr Fraßverhalten weitestgehend eingestellt, Stichlinge jedoch intensiv Copepoden bejagt 

haben.  

Um den Einfluss der Stichlinge auf das Zooplankton von anderen biotischen und abiotischen Faktoren 

zu entflechten, wurden Langzeitdaten aus den Perioden vor (2006-2011) und nach (2012-2017) der 

Invasion der Stichlinge verglichen. Dadurch konnten wir zeigen, dass sich die 

Phosphorkonzentration, die Wassertemperatur und der Chlorophyll a Gehalt in den beiden Perioden 

nicht unterschied. Allerdings nahm die Größe der herbivoren Cladoceren ab und die Abundanz 

kleiner Zooplanktonspezies mit der Invasion der Stichlinge zu. 

Diese Arbeit führt auf, dass heimische Blaufelchen und die invasiven Stichlinge beide große Beute 

unter dem Zooplankton bevorzugen und sich dabei, bei gleicher Körpergröße, in ihrem Fraßverhalten 

und dem deszendenten Einfluss auf das Zooplankton nicht unterscheiden. Allerdings hatte die 

Invasion der Stichlinge einen stärkeren Einfluss auf die Interaktion zwischen Fischen und dem 

Zooplankton, als die Reoligotrophierung und weitere biotische und abiotische Wechsel. Dies ist 

vermutlich eine Konsequenz der veränderten Größenstruktur der pelagischen Fischarten und des 

verstärkten Prädationsdrucks auf das Zooplankton. 
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Chapter I: General introduction 
  

Resistance, reversibility, and response of organisms in lake ecosystems to re-oligotrophication 

and invasive species 

Lakes are crucial for the existence of many aquatic and terrestrial organisms and have a prominent 

role for humans. They are among the most important sources of freshwater supply for households, 

agriculture, and industry, as well as a place for our recreational and other activities (Cook et al. 2016). 

Human impact on lake environments is steadily increasing, and we often fail to notice the negative 

consequences in time due to the complexity of biological systems. To enable timely intervention, we 

need a better understanding of i) how aquatic organisms respond to anthropogenic stressors, ii) how 

does this affect their interactions within ecosystems, iii) how long can they resist to changes, and iv) 

how well can they reverse to the previous stage in case of alleviation of stressors.  

 

Among the most critical stressors for lake ecosystems are eutrophication (an increase of nutrients) 

and invasive species (species that spread quickly and undesirably) (Brönmark & Hansson 2002). 

Many lakes around the globe are facing the process of eutrophication due to increased nutrient load 

as a result of human activities. This leads to increased algae growth and lake productivity and has 

many adverse effects like change in species compositions, a decrease of water transparency, decline 

of oxygen at the lake bottom, and the appearance of toxic algae. Several developed countries have 

started with programs to diminish these processes and to return the lakes to their initial trophic state 

(Cook et al. 2016). Although they often manage to return phosphorus and the algae density into the 

initial stage, the entire lake ecosystems' reversibility is more questionable. Even a short period of an 

increased trophic stage might lead to extirpation of some species or evolutionary change of species 

traits, which leads to irreversible changes in lakes communities and organisms’ interactions 

(Vonlanthen et al. 2012).  

 

Invasive species are considered to be the most irreversible threat to environments (Doherty et al. 

2016). Similar to extirpation, the invasion of new species can also cause permanent damage to 

ecosystem function. Even when they are introduced intentionally, they often have many negative 

effects that are not predicted in advance. One such an example is Nile perch, introduced to Lake 

Victoria to increase income from fisheries, but has also driven to the near or complete extinction of 

about half of very numerous endemic cichlid species (Keller & Lodge 2009). Most of the introduced 

species do not succeed to become invasive, as they do not overcome the environment's resistance to 
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invaders. However, the ones that manage to establish permanently can irreversibly alter the 

community and disable the ecosystem's resilience (Moyle & Light 1996). Species that spread over 

larger geographical ranges are causing biotic homogenisation, a process that diminishes ß-diversity 

with reducing genetic, taxonomic, and functional differentiation among habitats (Olden et al. 2004). 

With other global changes and increasingly connected world, the already accelerating invasions will 

also increase further in the future (review by Pyšek et al. 2020). Since this affects species richness, 

genetic composition, behaviour, trophic networks, risk of species extinction and is a major driver of 

ecosystem degradation, scientists appeal to develop strategies to reduce future invasions (review by 

Pyšek et al. 2020). Among the most important traits that promote range expansion of invaders are 

small size, high fecundity, high variability, being a generalist, and rapid dispersal. Crises can make 

natural environments even more vulnerable to new species invasions, therefore, stressors can even 

promote invaders expansion (Mckinney & Lockwood 1999).  

 

Lakes consist of the pelagial (open-water), littoral (near-shore), and profundal (lake bottom), and 

anthropogenic stressors have different effects on them. The pelagial presents the largest part of large 

and deep lakes. Species diversity there is lower, and the food chain often less complex than in the 

littoral. Investigating fish-zooplankton interactions in the pelagial is crucial for understanding 

processes like top-down control, energy transfer, community structure, and function. This interaction 

defines many predator-prey traits like size, motility, and behaviour, which indirectly affect other 

trophic levels. For example, particular factors stimulate increase (invertebrate predation, competition 

for food), whereas others decrease (size-selective fish predation) of zooplankton size. 

 

The case study: the pelagic zone of Lake Constance 

Lake Constance 

Lake Constance is a great example of a gradual increase followed by a reduction of nutrient load. It 

can serve as a case study to investigate the lake's responses and resistance to these changes and the 

system's resilience to return to the same pre-disturbances condition. This pre-Alpine, deep (maximal 

251 m) and oligotrophic lake is located between Austria, Germany, and Switzerland. It consists of 

two basins, larger Upper Lake Constance and smaller Lower Lake Constance. In the previous century, 

the lake underwent eutrophication, and the phosphorus concentration peaked in 1979 (80 mg/m3). 

Due to the ban of phosphorus in detergents and large investments into wastewater treatment plants, 

the lake started to return to its previous trophic stage in the process of re-oligotrophication, and it 

nowadays reaches a phosphorus concentration of around 7 mg/m3 (IGKB 2020).  
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Many functions and communities also returned or showed a tendency to return to the pre-

eutrophication stage gradually. Higher phytoplankton groups, O2 at the lake bottom, whitefish 

dominance in fisherman yield, and some other parameters are now similar to the situation before 

eutrophication began in the 1960s (IGKB 2020; Alexander & Vonlanthen 2016). On the other hand, 

there is continuous climate change and evidence of weaker water vertical mixing due to warmer 

winters (IGKB 2020). In the period of eutrophication and re-oligotrophication, many invasive 

invertebrates got established in the lake (Rey et al. 2005). For example, the zebra mussel (Dreissena 

polymorpha) invaded the lake in the 1960s and the quagga mussel (Dreissena rostriformis) in 2016 

(IGKB 2020). Although these mussels are littoral species, they have a substantial effect on the pelagic 

zone (Gergs et al. 2009). 

 

Pelagic fish community 

Today, Lake Constance is inhabited by approx. 30 fish species (Alexander & Vonlanthen 2016). 

The pelagic fish community in the pre-eutrophication period was dominated by salmonids, especially 

coregonids, and smaller amounts of other species like lake char (Salvelinus umbla), deep-water char 

(Salvelinus profundus), and lake trout (Salmo trutta lacustris). There were four species of whitefish 

in Upper Lake Constance; the littoral and the largest among them “Sandfelchen” (Coregonus 

areninculus), deeper dwelling “Bodensee kilch” (C. gutturosus), “Gangfish” (C. macrophthalmus), 

and the most common pelagic “Blaufelchen” (C. wartmanni). The last one was the dominant pelagic 

fish and the most important species in commercial fishermen’s yields in non-eutrophic times. In 

parallel with eutrophication cyprinid species and perch (Perca fluviatilis) increased in numbers. 

Simultaneously, whitefish faced difficulties with reproduction due to the anoxic conditions at the lake 

bottom and catching young whitefish in gillnets before their first reproduction due to their rapid 

growth. In the time of eutrophication, kilch got extinct, although some of their genes are preserved in 

recent whitefish populations by their hybridization with other species (Vonlanthen et al. 2012). After 

phosphorus decreased, coregonids started to gain domination in the pelagic fish community again. 

However, the dominance was not long. The three-spined stickleback (Gasterosteus aculeatus; 

hereafter stickleback), is a tiny fish whose presence in the lake was reported for the first time in the 

1950s (Muckle 1972). It remained mostly in low numbers in the littoral zone until 2012/2013 when 

it massively spread into the pelagic zone (Eckmann & Engesser 2019) and started to numerically 

dominate pelagial, presenting in 2014 more than 95% of all pelagic fish (Alexander & Vonlanthen 

2016). Since 2012 there is also a strong decline in whitefish yield (Baer & Blank 2020), and it was 

demonstrated that sticklebacks suppress whitefish growth and feed on their larvae (Roch et al. 2018; 
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Rösch et al. 2018). There is a need to understand better stickleback’s sudden massive invasion and 

its consequences on the lake ecosystem. 

 

Zooplankton community 

The most abundant Upper Lake Constance zooplankton species are calanoid copepod Eudiaptomus 

gracilis, cyclopoid copepods like Cyclops vicinus, Cyclops abyssorum, Mesocyclops leuckarti, 

cladocerans Diaphanosoma brachyurum, Bosmina spp., Daphnia galeata, Daphnia longispina, 

Bythotrephes longimanus and Leptodora kindtii (Straile & Geller 1998). Species like Diaphanosoma 

brachyurum disappeared from the lake during the eutrophication time but returned to the lake in the 

re-oligotrophic state. However, some species like copepod Heterocope borealis got extirpated 

permanently, and some other species invaded the lake. Daphnia galeata appeared in the lake in the 

1950s, and in eutrophic times it also dominated daphniid community but became less abundant with 

re-oligotrophication. Daphnia cucullata, a hardly ever detected species in almost 100 years of 

zooplankton sampling, is the most abundant zooplankton species in the lake since 2016 (IGKB 2020). 

Many of these changes might be a response to climate change, nutrient load, or the occurrence of 

invasive species, especially in the fish fauna community and their top-down effects. Disentangling 

the effects of these stressors is difficult since they appeared in parallel.   

 

Aims of the thesis 

With lake trophy and species composition changes, the food web and roles of organisms within it 

have changed. This thesis investigated how re-oligotrophication and invasive species changed fish 

and zooplankton communities and their role in the food web. We focused on understanding invasive 

stickleback fish-zooplankton interactions comparing to native, pelagic whitefish (Coregonus 

wartmanni) (hereafter whitefish). We investigated how the stickleback invasion influenced both fish 

and zooplankton communities in an already changing environment due to re-oligotrophication and 

other stressors. To understand interactions like predation and competition, the thesis ranges on 

different complexity levels. It includes single predator-prey species interaction and multiple species 

prey selection experiments, top-down fish effects on lower trophic levels, their seasonal diet, and 

effects of invasion on long-term zooplankton and phytoplankton community change. 
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Figure 1: A conceptual model of aims from four chapters of the thesis. 

 

 

The aim of the first manuscript was to compare differences in feeding abilities (feeding rate as a 

measure of time to find and ingest food) and prey selection (niche breadth, alternative prey) to 

understand the potential of native and invasive predator to suppress certain zooplankton species at 

different fish ontogenetic stage and size. Their top-down effects on pelagic zooplankton and 

phytoplankton communities were tested in the second manuscript, performing in situ mesocosm 

experiments. The third manuscript aimed to reveal seasonal prey availability and both fish diet 

seasonal changes with field sampling and stomach content analysis. Findings of the first three 

manuscripts, which focused on fish differences and their predation effects, aimed to build up an 

understanding of zooplankton community resistance and response to changes, investigated in the last 

manuscript. In the fourth manuscript, the zooplankton community structure before and after the 

stickleback invasion was compared by analysing long-term zooplankton data to disentangle the 

effects of stickleback invasion from other environmental effects on the zooplankton community. 

Comparing with previous fish diet studies, the thesis aimed to define responses to (a)biotic changes 

and reversibility of Constance Lake pelagic ecosystem. 
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Chapter II: First manuscript 

 

An obligate and an invasive facultative planktivore prey selection and feeding 

rate during ontogenetic growth 

 

Žiga Ogorelec, Lars Gosta Rudstam, Dietmar Straile 

 

Abstract 

Biological invasions are a leading cause of biodiversity loss, often attributed to the invading species 

being superior in utilising resources. They might have a higher feeding rate, broader food niche, 

utilise alternative food sources or have some size or season-related advantage. However, defining and 

measuring resource use as a prediction for invaders' success is challenging. Researchers are often 

applying one of the two methods, but they rarely use both: (1) measuring feeding rates on different 

prey items to compare native and invasive predators' ability to exploit food resources or (2) measuring 

prey selectivity to infer niche overlap among predators. In this study, we used both methods on a case 

study of 0+ native whitefish (Coregonus wartmanni) and invasive three-spined sticklebacks 

(Gasterosteus aculeatus) in Upper Lake Constance to better understand potential reasons for 

sticklebacks’ invasion success. We conducted aquaria experiments on the seven most common 

zooplankton species in the lake in combination with different fish sizes. Sticklebacks’ feeding rate on 

zooplankton was at smallest fish sizes higher and at larger fish sizes similar to whitefish. This is 

surprising, since whitefish is a specialized planktivore, while stickleback is a feeding generalist. Both 

fish species had the highest feeding rate on small zooplankton at smaller sizes (3 cm). This might be 

advantageous for sticklebacks because they reproduce and grow up to smaller sizes and because small 

zooplankton is more abundant in the lake. Sticklebacks did not have a broader food niche, but they 

were selecting larger zooplankton species than whitefish of the same size. We discuss results from 

both methods of measuring resource use as well as the potential importance of fish size and 

seasonality on invasion success of sticklebacks in the case study of Lake Constance. 

 

Introduction 

Invasive alien species are among the main reasons for global biodiversity loss (Doherty et al. 2016). 

There is considerable interest in understanding the mechanisms contributing to the invader's success 
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in a given ecosystem. One proposed mechanism is that the successful invader is more efficient at 

using resources than analogous native species (Dick et al. 2017a). Therefore, many authors have used 

the feeding rate to predict invaders' potential impact or differences between coexisting predators 

(Peterka & Matěna 2009; Persson 1991; Malmquist 1992; Rehage et al. 2005). These feeding rates 

are often calculated from functional response curves (Alexander et al. 2014; Gebauer et al. 2018; 

Dick et al. 2014; Barrios-O’Neill et al. 2016).   

 

As the species being compared for feeding rate are considered analogous, it is assumed that they use 

the same resources (Dick et al. 2017a). However, this assumption should be tested since invaders can 

succeed by relying on less utilised alternative food resources (Roseman et al. 1996; Bonesi et al. 

2004; Thiessen et al. 2018), or they are generalists with the ability to exploit a wide range of prey 

(Olden et al. 2004; Mckinney & Lockwood 1999; Haddaway et al. 2012). With greater diet breadth, 

prey resources are less limiting, giving the invader an advantage over specialized native species 

(Moyle & Light 1996) even if their feeding rates are lower on specific prey species that both predators 

select (Layman et al. 2012; Bonesi et al. 2004). Therefore, we need information on prey selection and 

diet breadth in addition to feeding rates to understand mechanisms contributing to the success of new 

invaders.  

 

Resource use, including feeding rate and prey selection, changes with predator size. The predator and 

prey size is fundamental for understanding predator-prey interactions and energy transfer efficiency 

in the food web (Ersoy et al. 2017; Portalier et al. 2019). Size is especially important for fish-

zooplankton interactions; a specific prey species may shift from being too large for consumption due 

to fish gape limitation (Hartmann 1983; Makrakis et al. 2008) to a preferred prey, and finally to an 

energetically unprofitable prey as fish grow (Sinervo 2007). Fish change both feeding rates and prey 

selectivity during ontogeny (Lawson et al. 2018; Persson & Brönmark 2002; Einfalt et al. 2015; 

Wahlström et al. 2000). These changes are most pronounced during an individual‘s first year of life 

(Miller et al. 1988; Houde 2008) and lead to rapid changes in many fish species' diets from hatching 

through their first summer and autumn (Hartmann 1983). Furthermore, young of the year fish can 

have the most decisive feeding impact on zooplankton in a particular part of the year, leading to food 

limitation for older fish (Helminen et al. 1990). Therefore, the critical period when feeding rates or 

prey selection differences between an invader and an analogous native species are important for 

invasion success, may be limited to a specific size group. Hence, ontogenetic changes in feeding rates 

and selectivity have to be considered when investigating mechanisms for an invaders' success.   
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In Lake Constance, the three-spined stickleback (Gasterosteus aculeatus) has recently successfully 

invaded the pelagic zone previously dominated by native whitefish (Coregonus wartmanni) 

(Eckmann & Rösch 1998; Eckmann et al. 2002). Stickleback appeared in the open water in high 

densities in  2012/2013, and in 2014 reached 96% by number and 28% by biomass of all pelagic fish 

with no sign of decline in following years (Alexander & Vonlanthen 2016; Rösch et al. 2018; 

Eckmann & Engesser 2019). The observed decline in whitefish growth after stickleback became 

abundant suggests a strong competition between these two species (Rösch et al. 2018). Whitefish is 

an obligate zooplanktivore, specialised to the pelagic zone (Eckmann et al. 2002). In contrast, 

sticklebacks occupy diverse habitats and consume a wide range of prey (Kottelat & Freyhof 2007). 

Even though sticklebacks can develop a limnetic form (Schmid et al. 2019), it is surprising that this 

species was able to invade the deep pelagic zone of Lake Constance in large numbers, where 

whitefish, a highly specialised pelagic planktivore, could compete better for food sources. Therefore 

we hypothesize that sticklebacks have some advantage in feeding. Either higher feeding rate than 

whitefish on some if not most of the zooplankton species as suggested for invaders by Dick et al. 

(2017a), broader food niche, utilisation of alternative prey, size advantage, or other factors. 

 

In order to better understand differences in resource use between sticklebacks and native whitefish in 

Lake Constance, we offered the seven most abundant zooplankton taxa in the lake to sticklebacks and 

whitefish of different sizes in two types of aquaria experiments. These experiments were designed to 

measure i) feeding rates of each predator on each prey species, and ii) prey selection of each predator 

from multiple zooplankton species mixtures. We tested the following hypotheses: 1) stickleback has 

a higher feeding rate than whitefish on most potential prey species, 2) feeding rate on zooplankton 

and prey selection depends on fish size, 3) stickleback is less selective (broader food resource niche) 

than specialized whitefish, and utilises alternative prey, that is ignored by whitefish.  

 

Methods 

Fish used in experiments 

Whitefish offspring from wild-caught Lake Constance fish were obtained from the Fish Breeding 

Station Baden-Wurttemberg in Langenargen after their hatching at the end of March 2018. They were 

transported to the Limnological Institute, University of Konstanz, where experiments were 

performed. Young whitefish were kept till September, at which time some of them reached 8 cm total 

length. Different size sticklebacks were caught from Lake Constance. Smaller size sticklebacks (< 3 

cm) were obtained by inducing spawning in aquaria. Both fish species were reared in multiple 21 L 
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and 100 L plastic round tanks and fed brine shrimp (Artemia salina) during the first two weeks of life 

followed by live or frozen zooplankton from the lake. The initial number was more than 300 

specimens per fish species.  

 

Experimental setup 

Experiments were conducted in plastic aquariums with dimensions of 20.5 cm x 38.5 cm x 25.0 cm, 

filled with 16 L lake water, filtered through a sieve of 100 μm mesh size. All sides were painted with 

black tinting colour to reduce disturbances, except for the front side to enable fish observation. The 

temperature was set at 15.5 °C ± 1 °C, and the light intensity in the middle of aquaria was 250 - 300 

lux. The light was regulated by Sera Digital Dimmer, and the duration of a light cycle was adapted to 

natural conditions, lasting 13 - 17 hours per day, with 30 – 60 minutes transition period, depending 

on the season. Aquariums were illuminated by halogen lamps Sera cool daylight 1120, with a colour 

temperature 10000 to 12000 Kelvin. This light simulated the blue spectrum of natural pelagic habitat 

since whitefish tend to feed in depths between 15 m the night and 35 m during daytime according to 

average year-round population depths (Ohlberger et al. 2008; Helland et al. 2007). In upper Lake 

Constance, both sticklebacks and whitefish are most abundant in depths from 12 to 35 m (Alexander 

& Vonlanthen 2016). Individual fish were introduced and left in experimental aquariums overnight 

before their trial to enable fish adaptation to the new environment and standardize appetite. We 

performed two types of fish-zooplankton experiments: a) single species feeding rate, where each prey 

was tested separately, and b) a prey selection, where a mixture of zooplankton was introduced into 

aquaria with fish.  For prey selection experiments, we used eight fish total length size classes of 

sticklebacks and whitefish (2 cm, 2,5 cm, 3 cm, 3,5 cm, 4 cm, 5 cm, 6 cm, and 7 cm, with difference 

up to ± 0.25 cm within each test group), whereas for feeding rate we used only four total length size 

classes (2 cm, 3 cm, 4 cm and 6 cm (± 0.25 cm)) due to higher amount of work for this kind of 

experiment. Each treatment had six replicates in both sets of the experiment. Experiments were 

performed from May to September 2018 in strict accordance with the Protection of Animals Act 

Germany. The protection was approved by the regional council of Freiburg (reference number 35-

9185.81/G-17/119). 

 

Experiment I: Feeding rate 

In single species feeding rate experiments, we used seven of the most abundant zooplankton taxa of 

Lake Constance as a prey: Bosmina spp., Daphnia cucullata, and Daphnia longispina were reared in 

the laboratory, where Eudiaptomus gracilis, Cyclopoida, Leptodora kindtii, and Bythotrephes 

longimanus were caught from the lake and then separated and counted in the laboratory. Each trial 
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was conducted with 32 individuals of each zooplankton species, which equalled two individuals per 

litre density. The prey was poured through a tube that ended up in the middle of aquaria, which 

enabled a quick dispersion of zooplankton. Recording started after the fish made a successful bite and 

continued for 3 minutes, during which time for every successful bite was recorded. In cases when 

there was no food uptake within 5 minutes after the zooplankton introduction, the number of bites 

was marked as 0. The feeding rate was expressed as the number of consumed prey items per minute 

calculated from the total number of bites during the 3 minutes of recording. After the experiment, fish 

were returned to the main school of fish (> 300 individuals); therefore, fish may have been used 

repeatedly. 

 

Experiment II: Prey selection 

Prey selection experiments were conducted with the same zooplankton species with the addition of D. 

galeata, which was not included in the feeding rate experiment due to the high amount of work and 

assumed low difference with D. longispina. Ten specimens of each zooplankton species (total 80 

individuals) were inserted into the aquarium through a tube, similar to the feeding rate experiments. 

We continued the experiments until the fish was observed to consume 20 prey or to a maximum of 

15 minutes. Only fish that consumed at least 10 prey items was included in statistical analyses. 

Afterwards, fish were euthanized by use of 2 g/L TCMP (1,1,1–Trichloro-2-methyl-2-propanol 

hemihydrate) and preserved in 70 % EtOH for later stomach content examination and gape size 

measurement. The smallest whitefish size category (2 cm) was not given L. kindtii in either 

experiment because this prey type was scarce in the lake when the 2 cm whitefish were available. 

Zooplankton body size was measured from a random sample of the animals prepared for experiments, 

and at least ten measurements per species were made to calculate mean body size. 

  

Data analysis 

Our data used did not meet the assumptions of normality and homogeneity checked with Shapiro-

Wilk and Levene's tests respectively for comparing feeding rate differences; i) between equally sized 

fish species on each zooplankton species, ii) between equally sized fish species on small and large 

zooplankton and iii) between fish sizes within both fish species on small and large zooplankton. For 

all these comparisons, Wilcoxon-Mann-Whitney tests were used. Zooplankton species with mean 

sizes larger than 1.5 mm (D. longispina, B. longimanus and L. kindtii) were considered as “large”, 

and species with a mean size smaller than 1.3 mm (Bosmina spp., Cyclopoida, D. cucullata, and E. 

gracilis) were considered as “small”. 
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Wilcoxon-Mann-Whitney test was also used for comparing prey selectivity between fish species on 

each zooplankton species since these data again did not meet the assumptions of normality and 

homogeneity. A nonparametric negative binomial regression was used for changes in prey selection 

with fish size. For each replicate in the selection experiment, the weighted mean size of ingested prey 

was calculated and its relationship to fish size and fish species was analysed using analysis of 

covariance. The same analysis was done for fish gape size. For measuring diet specialisation, namely 

niche breadth or niche width, the Shannon–Weaver index was used as described by Bolnick et al. 

(2002). To compare these indexes between equally sized fish species, Wilcoxon-Mann-Whitney test 

was used. The analyses were done in R (R Core Team 2019). 

 

Results 

Feeding rate  

Feeding rate differences in single prey species experiments were observed only between a few equally 

sized pairs of whitefish and sticklebacks. Wilcoxon-Mann-Whitney test with corrections for ties 

showed a higher feeding rate of 2 cm stickleback for Bosmina spp. (p < 0.05), B. longimanus (p < 

0.05) and D. longispina (p < 0.01) and of 3 cm stickleback for L. kindtii (p < 0.05) comparing to 

whitefish of equal sizes (Fig. 1). With zooplankton grouping into small and large species, 2 cm 

sticklebacks had higher feeding rate for small (p < 0.01) and large (p < 0.0001) zooplankton and 3 

cm sticklebacks for large zooplankton (p < 0.05) than whitefish (Fig. 2).  

Within fish species, comparison among size groups revealed which fish sizes were the most 

successful in feeding on zooplankton (Fig. 2, Tab. 1). For small zooplankton, both fish species had 

the highest feeding rate at 3 cm, which was higher than at 6 cm in the case of stickleback and higher 

than at 2, 6, and 8 cm in the case of whitefish. For large zooplankton also the optimal fish size was 

larger, with feeding rate being the highest at 4 and 6 cm for stickleback and whitefish, respectively. 

Differences between these two size groups were small for whitefish, and both size groups had higher 

feeding rates than 2 and 3 cm fish (Fig. 2, Tab. 1). 
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Fig. 1: Feeding rates of sticklebacks (red) and whitefish (blue) on different zooplankton species at different fish lengths. 

Single measurements are marked with dots, bars show mean ± 1 SE. Graphs are ordered from smallest to largest 

zooplankton species. Note that Leptodora kindtii was not provided to 2 cm whitefish. 

 

 

Fig. 2: Changes of feeding rates (mean ± 1 SE) with sizes of sticklebacks (red) and whitefish (blue) on small- (a) and 

large-sized (b) zooplankton species. The feeding rate is from the same data as in Fig. 1. 
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Table 1: Comparison of feeding rates on small and large zooplankton species between fish sizes. Comparison is within both fish species using the Wilcoxon-Mann-Whitney test with 

corrections for ties. Compared sample sizes in all compared pairs are: n1 = n2 = 24. Negative median differences present a higher feeding rate of the second (larger) size group. 

 

 

 

Compared 

sizes (cm) 

Small zooplankton Large zooplankton 

Stickleback Whitefish Stickleback Whitefish 

median 

difference 

U p-value median 

difference 

U p-value median 

difference 

U p-value median 

difference 

U p-value 

 2-3 -1.33 251 1.00 -4.5 64 0.00002 -1 112 0.46 -0.67 48 0.046 

 2-4 -0.33 281 1.00 -1 151 0.003 -3.17 64 0.009 -5.5 18 0.0008 

 2-6 1 408 0.038 0 249 0.73 -1.17 106 0.39 -4.5 2 0.00005 

 2-8 / / / 0 311 0.73 / / / -2.17 35 0.007 

 3-4 1  1.00 3.5 344 0.60 -2.17 129 0.91 -4.83 70 0.037 

 3-6 2.33 422 0.018 4.5 447 0.007 -0.17 150 1.0 -3.83 49 0.005 

 3-8 / / / 4.5 524 <0.00001 / / / -1.5 117 0.47 

 4-6 1.33 427 0.018 1 358 0.34 2 182 1.0 1 161 0.99 

 4-8 / / / 1 418 0.008 / / / 3.33 226 0.13 

 6-8 / / / 0 364 0.60 / / / 2.33 234 0.093 
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Prey selection  

Across all fish sizes, whitefish selected relatively more D. cucullata and cyclopoid copepods, whereas 

sticklebacks selected more L. kindtii (Fig. 3, Tab. 2). With increasing size, both fish species selected 

more large prey species, such as L. kindtii and D. longispina, and fewer copepods (a tendency for 

both taxa and significant results for E. gracilis in case of sticklebacks and cyclopoid copepods in case 

of whitefish). The smallest prey, Bosmina spp., was avoided by all fish sizes (Fig. 3, 4a, 4b, Table 1).  

Sticklebacks consumed significantly larger mean prey size compared to whitefish (ANCOVA; F1,85 

= 14.2, p = 0.0003, based on stomach content). There was a significant increase of mean prey size 

with fish size for both fish species (ANCOVA; F1,85 = 25.7, p < 0.0001) (Fig. 4c). The increase of 

gape size with body size differed for the two fish species (significant interaction effect between fish 

size and fish species: F1,49 = 25.6, p < 0.0001). Small whitefish had a slightly larger gape size than 

small sticklebacks, and large sticklebacks had a slightly larger gape size than large whitefish. There 

are no differences in Shannon–Weaver index (niche width) between any whitefish and stickleback 

size pairs. 

 

 

Fig. 3: Number of prey in stomachs of sticklebacks (red) and whitefish (blue) for different zooplankton species at different 

fish lengths. Single measurements are marked with dots, bars show mean ± 1SE. Graphs are ordered from smallest to 

largest zooplankton species. Note that L. kindtii was not provided to 2 cm whitefish. 
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Table 2: Wilcoxon-Mann-Whitney test of differences between whitefish and stickleback’s selection for each prey species and negative binomial regression for changes in prey selection 

with each fish size. Negative values in ranked median indicate higher whitefish selection and positive values higher sticklebacks’ selection on considered prey species. 

 

 

 

 

Prey species 

fish species difference in prey selection changes in prey selection with fish size 

 

a difference of 

the ranked 

median 

 

U 

 

p-value 

Stickleback Whitefish 

mean change 

± SE 

z value p-value mean change 

± SE 

z value p-value 

Bosmina spp. 0.5 1006 0.87 -0.26 ± 0.15 -1.77 0.08 -0.06 ± 0.15 -0.39 0.69 

Cyclopoida -1.5 474 < 0.0001 -0.25 ± 0.16 -1.62 0.10 -0.20 ± 0.07 -2.92 0.003 

Daphnia cucullata -0.5 693 0.013 -0.07 ± 0.09 -0.85 0.40 0.002 ± 0.07 0.03 0.98 

Eudiaptomus gracilis -0.5 861 0.26 -0.38 ± 0.15 -2.54 0.01 -0.18 ± 0.10 -1.73 0.08 

Daphnia longispina -0.5 897 0.45 0.15 ± 0.04 3.50 0.0005 0.15 ± 0.04 3.49 0.0005 

Daphnia galeata -0.5 777 0.08 0.001 ± 0.05 0.02 0.98 0.14 ± 0.05 3.12 0.002 

Bythotrephes longimanus -0.5 918 0.56 0.03 ± 0.06 1.77 0.45 0.03 ± 0.06 0.44 0.66 

Leptodora kindtii 2.5 1489 < 0.0001 0.18 ± 0.05 3.81 0.0001 0.75 ± 0.11 6.60 < 0.0001 
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Figure 4: Prey selection of different sizes of sticklebacks (a) and whitefish (b) and selected prey size (mean ± 1 SE) of 

sticklebacks (red) and whitefish (blue) (c). Note that Leptodora kindtii was not provided to 2 cm whitefish. Prey selection 

is from the same data as in Fig. 3. 

 

Discussion  

Given the success of the three-spined sticklebacks invasion into the pelagial of Lake Constance in 

recent years, we may have expected that they have certain advantages in feeding on zooplankton over 

native whitefish. Our first hypothesis was disproven as we did not observe higher feeding rates by 

sticklebacks on zooplankton prey, except for the smallest fish (2 and partly 3 cm), where whitefish 

might still be in the juvenile stage. Comparable feeding rates of sticklebacks with that of specialised 

whitefish indicate that sticklebacks are at least not feeding ability limited to invade the pelagic zone. 

In accordance with our second hypothesis, feeding rate and prey selection depended on fish size. Both 

fish preferred larger zooplankton, and this preference was increasing with fish size. The feeding rate 

started to decrease at larger fish sizes, which was especially evident for smaller and in the lake more 

abundant zooplankton. These results indicate that sticklebacks might have a certain feeding ability 

advantage over whitefish since they grow and reproduce at smaller sizes than whitefish. We found 

only limited evidence for our third hypothesis that sticklebacks have a broader food niche and utilise 

other food prey than whitefish. There were no differences in niche breadth for any equal size 

comparison of both fish. Still, both fish species differed in selection for three of the eight species 

tested, and sticklebacks were selecting larger prey than whitefish of the same size. We demonstrate 

that using both methods, feeding rate on multiple prey species and selectivity in combination with 

different fish sizes can provide us with a better understanding of new species invasion success. We 

discuss how these ex-situ findings match with in-situ lake factors like seasonality, fish hatching, and 

growing timing.  
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Feeding rate differences between fish species 

Comparable, or at small sizes even higher feeding rates of sticklebacks over whitefish in our results 

are from morphological and evolutionary perspective rather surprising. Unless there was such a 

massive stickleback invasion, we would expect that whitefish, a species adapted for thousands of 

years to prey on zooplankton in oligotrophic lakes, would be more efficient zooplankton feeders than 

sticklebacks. Specialised planktivores generally have higher feeding rates on zooplankton than 

facultative planktivore fish (Lazzaro 1987; Svärdson 1976; Devries et al. 1998). Morphological 

adaptations like rounded mouths, mouth position, a high number of gill rankers, and the swim-search 

method make specialised planktivores more efficient in zooplankton consumption than other fish 

(Lazzaro 1987; Svärdson 1976). Whitefish has such mouth morphological adaptations, 29-46 gill 

rankers, as well as the swim-search method (Kottelat & Freyhof 2007). Although recent studies 

showed jaw and gill raker morphological adaptations of pelagic sticklebacks to planktivory feeding 

(Schmid et al. 2019), they are still feeding generalists with only 17-25 gill rankers  (Morrow 1980; 

Kottelat & Freyhof 2007).  

 

At 2 cm, sticklebacks had a higher feeding rate than whitefish on some zooplankton species and 

groups. Whitefish hatch at a larger size, and they are younger than sticklebacks when both reach 2 

cm size (personal observations). This means they are less experienced and possibly in different 

ontogenetic stages at this size. Although gape sizes at this stage did not differ much (sticklebacks’ 

gape was even smaller), sticklebacks’ higher feeding rate was more prominent for larger prey. This 

is in accordance with suggestions of Lazzaro (1987), that mouth morphology of planktivores enables 

capturing small and evasive zooplankton, whereas many facultative planktivores have mouths 

adapted to capture larger prey. 

 

Feeding rates depend on both detection time (time to find prey) and handling time (time to catch and 

consume prey) (Jeschke et al. 2002). The choice of prey density in the experiment was determined to 

mimic the low prey density in Upper Lake Constance when resources are most limiting and 

competition presumably the strongest. At these low prey densities, the detection time is probably 

more important than handling, and detection may be more difficult for the smallest prey items, like 

Bosmina spp. The relative feeding rates of whitefish and sticklebacks could differ if we used a higher 

prey density. We acknowledge that these experiments do not measure a functional response as often 

used for comparing predators (Dick et al. 2014) because only one prey density was used. Using the 

same experimental concentration for all zooplankton species, the density of some species (Bosmina, 
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copepods) were low compared to lake densities, while for others (L. kindtii, B. longimanus), densities 

were high. Even so, we believe that the relative difference in prey specific feeding rates reflects the 

feeding abilities of these two competitors.  

 

Feeding changes with fish size 

Single species feeding experiment revealed that feeding depends on prey species and predator size.  

Small, 3 cm fish of both species had the highest feeding rate on small zooplankton. Young fish larvae 

have inefficient feeding behaviour, since their visual acuity is poor, and their capture success is 

improving by learning to recognize prey (Lazzaro 1987; Braum 1964). Optimal foraging theory 

predicts that as the fish grow, they should select larger prey as the ability to consume large prey 

increases, while energetic return per unit time of relatively small prey is decreasing (Osenberg & 

Mittelbach 1989; Sinervo 2007; Wanzenböck 1995; Werner & Hall 1974). This explains why the 

feeding rate increases with the size until a particular predator-prey size optimum and decreases 

afterwards and why the feeding rate optimum in our experiments was 3 cm for small zooplankton and 

4-6 cm for large zooplankton. In a similar laboratory study on perch, optimal fish size for feeding on 

0.5 mm Daphnia was at around 5 cm, and for 1 mm Daphnia was about 8 cm. Perch bigger than 13 

cm consumed hardly any 0.5 mm Daphnia (Wahlström et al. 2000; Persson 1987). Also, in the field, 

adult whitefish' stomachs usually contain hardly any small zooplankters like copepods or Bosmina 

spp. (Becker & Eckmann 1992). 

 

Prey selection and niche breadth 

An invading species may have a have wider food niche and can rely on alternative food sources that 

the native species are not utilizing (Mckinney & Lockwood 1999). We found no evidence of a wider 

food niche breadth of sticklebacks compared to whitefish. However, sticklebacks selected larger prey 

and more of large and transparent L. kindtii, whereas whitefish selected more D. cucullata and 

especially more cyclopoid copepods. Capture success depends on fish mouth morphology and 

predation strategy (Lazzaro 1987). Since prey escape was very rare in our experiments, prey selection 

might have been more linked to prey detection than to capture ability. According to “the first sight 

model”, fish pursues the first prey detected, ignoring the others (Lazzaro 1987). Prey detection 

depends on different predator and prey traits. For hover-search fishes (pause-moving, such as 

sticklebacks) prey movement is more important for prey detection than for swim-search fishes 

(continuously moving, such as whitefish), which have to rely on other cues to distinguish prey from 

seston (Janssen 1982). Obligate planktivores predominantly use a swim-search strategy (Jarolim et 

al. 2010), while facultative planktivores use a pause-travel strategy (Manatunge & Asaeda 1999; 



 

23 

 

Peterka & Matěna 2009; Peterka & Matěna 2011). Similar was observed for whitefish and 

sticklebacks in our experiments. Swim-search strategy fish have more difficulties distinguishing 

between motile and nonmotile prey as the prey's image moves across its retina as the fish swims 

(Janssen 1982). Since total attention predators can give to prey is limited, fish often develop a “search 

image” of prey according to dietary history experience (Van Leeuwen et al. 2013). L. kindtii has an 

elongated, unusual body shape, which does not present a typical “search image” of zooplankton, and 

it is also transparent. This may explain their low selection by whitefish. Sticklebacks appear to be 

attracted more by prey movement, which may explain their higher consumption rate on L. kindtii, 

which was constantly moving in the experiments. Copepods, more susceptible to whitefish predation, 

were non-motile and only jumped when fish approached. As there were only small differences in fish 

gape size, we suggest that prey detection, rather than handling ability, explains prey selection 

differences between whitefish and stickleback.  

 

Fish feeding ability and seasonality 

Because fish size changes dramatically during their first year of life and affects both feeding rates 

and prey selection, we considered it important to include a range of fish sizes in our study.  Whitefish 

hatch in February and feed on zooplankton available in the lake soon after yolk absorption (Braum 

1964). By May, when the larger zooplankton species appear in higher numbers in the lake (Seebens 

et al. 2013), whitefish already reach 2 to 3 cm (Eckmann & Pusch 1989). Our data demonstrate that 

at this size, whitefish can select and successfully feed also on large zooplankton prey, except L. 

kindtii. Therefore, we suggest that whitefish are never gape limited to feed on zooplankton available 

in the lake, except for the largest zooplankton species L. kindtii, which usually starts appearing in the 

lake in May. Sticklebacks hatch later in the season, but they appear to be gape size limited only for a 

short time, as they have a high selection and feeding rate on large zooplankton prey already at 2 cm. 

Both fish species rarely co-occur in the lake at the same size, making it difficult to compare them 

during the season. As whitefish spawn earlier and grow faster, age-0 whitefish are always larger than 

age-0 sticklebacks. Age-0 whitefish can grow up to 8 cm till August and up to 13 cm till September 

(Eckmann et al. 2007), whereas sticklebacks can maximally grow up to 10 cm (Roch et al. 2018; 

Kottelat & Freyhof 2007). This suggests that in summer 0+ whitefish and adult sticklebacks can be 

found at approximately the same sizes, whereas sizes do not overlap in other seasons. At summer fish 

sizes, both fish prefer larger prey and have similar feeding rates on zooplankton. 

 

It is difficult to compare size pairs that would occur in the lake simultaneously since in situ data are 

missing. However, our experiments suggest that competition for food might be expected between 
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differently sized fish during most of the year. Except for L. kindtii in the case of whitefish, both fish 

species selected large zooplankton already at 2 cm. Besides, feeding rates of small and larger fish was 

often comparable. This is especially evident for stickleback, whose feeding rate on the large 

zooplankton is similar to larger fish already at 3 cm. These results suggest that there is strong 

competition for larger zooplankton prey for most of the season. Sticklebacks’ positive selection of 

the largest zooplankton species might influence zooplankton seasonality and community structure 

and therefore present a threat not only to 0+ but also to adult whitefish. This could explain the 

documented negative effect of stickleback invasion on the growth of 1+ to 4+ whitefish (Rösch et al. 

2018). Although preferring large prey, sticklebacks might have an advantage over larger fish in 

competing for small zooplankton like Bosmina and copepods, which are in Lake Constance always 

present and more abundant than large daphniids, B. longimanus or L. kindtii. 

 

Our results demonstrate that 3 cm fish have a higher feeding rate on small zooplankton species than 

6 cm, or in the case of whitefish, also 8 cm fish (8 cm sticklebacks were not present in the study). 

Also, according to Persson (1987), we can speculate that those differences only increase as fish grow 

larger. Those predictions are supported by studies of Becker et al. (1992) and Eckmann et al. (2002), 

where adult whitefish in Lake Constance predate almost exclusively on the largest four zooplankton 

species and ignore smaller. We speculate that one of the potential reasons for invasive stickleback 

success is the small size of this fish species (SL up to 10 cm) compared to whitefish (SL up to 45 cm) 

(Kottelat & Freyhof 2007) because smaller fish (3 cm) had higher feeding rates on small and in Lake 

Constance more abundant zooplankton species than larger fish (6 and 8 cm). A larger size can have 

other advantages, especially important is a size refugium from other fish predation (Woodward & 

Hildrew 2002). However, with Lake Constance´s re-oligotrophication, the density of predatory fish 

like perch dropped (Alexander & Vonlanthen 2016), which might have reduced the factor of 

predation. Similarly observations were made in the Baltic Sea, where sticklebacks’ increase followed 

a decline of piscivores (Byström et al. 2015). 

 

Conclusions 

We have shown that invasive sticklebacks have similar or at smaller sizes even higher feeding rates 

than the young whitefish, native to Lake Constance, even though sticklebacks are facultative, and 

whitefish obligate zooplanktivores. This shows that the sticklebacks´ feeding ability is at least not 

limiting their spread into the pelagic zone. Sticklebacks small adult size is suggested to be beneficial 

for the possibility of relying on smaller zooplankton compared to larger whitefish. Our results showed 
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low support for stickleback’s alternative prey selection or broader food niche among zooplankton and 

suggest this is not the reason for their invasion success. Our approach of combining feeding rate, prey 

selection, different predator sizes, and seasonality could be useful for other researchers to better 

understand the new invader's success over native species. To better understand invasion, we suggest 

additional studies on other factors that might promote stickleback invasions like genetic and 

morphological adaptations and recent lake environment changes with re-oligotrophication and 

climate change. 
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SM Figure 1: Body sizes (mean ± 1 SE) of zooplankton species used in aquaria experiments. 

 

 

SM Figure 2: Shannon-Weaver index of stickleback (red) and whitefish (blue) indicating prey niche width. Bars show 

mean ± 1 SE, dots represent single measurements.  
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Abstract 

Daphniids act as keystone species in lake ecosystems by controlling phytoplankton biomass and 

experiencing intense fish predation. However, the importance of single daphniid species as trophic 

links between phytoplankton and fish remains unclear, especially compared with other zooplankton 

taxa. To disentangle the role of individual zooplankton taxa 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 native, invasive or no fish predators, respectively. A large daphniid, Daphnia 

longispina, was the zooplankter most strongly predated by both fish species, and also had the highest 

top-down effects on phytoplankton. All other zooplankton taxa, including a small daphniid species, 

had minor roles in terms of both predation by fish and grazing on phytoplankton. We suggest that 

daphniid species with large body sizes can strongly link higher and lower trophic levels in lake food 

webs, and thus function as keystone species in trophic cascades from fish to phytoplankton.  

 

Introduction 

Understanding the ecological roles of individual species and their interactions within food webs is 

essential for the characterisation of ecosystem dynamics. This is particularly true for keystone species, 

which have a strong influence on ecosystem functioning (Cottee-Jones & Whittaker 2012). For 

example, predator-mediated reductions in the abundance of keystone prey species can have indirect 

effects on lower trophic levels, resulting in trophic cascades (Carpenter et al. 1985; Moyle & Light 

1996; Pagnucco et al. 2016). However, the influence of keystone prey species on food webs may 

https://doi.org/10.1127/fal/2020/1344
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change if the predation pressure they experience shifts, for example, due to the invasion of a new 

predator. 

The development of strong trophic cascading effects depends on multiple factors, and disentangling 

top-down and bottom-up regulation within food webs may therefore be difficult. In general, bottom-

up control is more pronounced at the base of food webs, whereas top-down control is stronger at 

higher trophic levels (Brett & Goldman 1997). Therefore, fish have a greater role in regulating 

zooplankton biomass and abundance than nutrients, but have less influence on phytoplankton (Post 

& McQueen 1987; Hansson et al. 2004; Vakkilainen et al. 2004). Multi-level cascades often occur in 

aquatic ecosystems (Östman et al. 2016), especially when fish predation affects species with key roles 

in linking different trophic levels and transferring energy through food chains (Hansson et al. 2004).  

Although zooplankton represent a link between primary producers and fish in freshwater ecosystems 

(Brooks & Dodson 1965; Hansson et al. 2007), not all zooplankters are keystone species that link 

trophic levels. Substantial differences in functional traits between species lead to their different 

effects on phytoplankton (Cyr & Curtis 1999; Sommer et al. 2003; Barnett et al. 2007), and 

conceptualising zooplankton as a homogeneous functional group thus masks species-specific roles in 

within food webs. Hence, studies considering the effects of total zooplankton biomass on 

phytoplankton have typically found no or only weak top-down effects (McQueen et al. 1989; Mehner 

et al. 2008). More pronounced cascading effects have been observed for zooplankton of the genus 

Daphnia (McQueen et al. 1986; McQueen et al. 1989), which are considered as keystone taxa that 

link primary and tertiary production due to their effective grazing on a broad size spectrum of edible 

phytoplankton (Lampert 1987). As well as influencing phytoplankton in green food webs, Daphnia 

can cause complex cascading effects in detritivore-based brown food webs by consuming 

microorganisms through non-selective grazing (Zöllner et al. 2003). 

Body size is among the most important traits influencing both zooplankton filtration rates and 

therefore top-down control of lower trophic levels (Gianuca et al. 2016). Many Daphnia species are 

large zooplankters and are therefore keystone grazers with a high capacity to reduce phytoplankton 

biomass (Vakkilainen et al. 2004). Larger-bodied daphniids can outcompete smaller species due to 

consuming a wider range of phytoplankton, and the growth and reproduction of larger-bodied 

daphniids is greater when phytoplankton densities are low (Gliwicz 1990). Body size also influences 

fish predation, because most fish are size-selective predators that prefer larger and less evasive prey 

(Brooks & Dodson 1965). Daphnia densities can be strongly reduced by specialised planktivorous 

fish, which typically leads to an increase in phytoplankton biomass (Williams & Moss 2003).  
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Although many studies have considered fish effects on zooplankton and consequently on 

phytoplankton (Helminen & Sarvala 1997; Bertolo et al. 2000; Williams & Moss 2003; Vakkilainen 

et al. 2004), the importance of individual zooplankton species within trophic cascades is still poorly 

understood, even for potential keystone species such as daphniids. The role of individual zooplankton 

species in trophic cascades is challenging to investigate within natural ecosystems because species-

specific effects are difficult to isolate. Equally, small-scale ex-situ top-down experiments designed to 

compare the feeding impacts of individual species on phytoplankton (Adrian & Schneider-Olt 1999; 

Gianuca et al. 2016) lack a natural zooplankton community structure as well as predation by fish. In-

situ mesocosm experiments, which allow examination of natural zooplankton communities exposed 

to natural predation, rarely focus on the effects of single zooplankton species on phytoplankton 

(Lynch 1979; Bertolo et al. 2000; Hansson et al. 2004). The role of individual zooplankton species in 

lake food webs thus remains unclear, especially in deeper pelagic and oligotrophic environments. 

To investigate the trophic roles of individual zooplankton species, we performed a mesocosm 

experiment in an offshore area of Upper Lake Constance, Central Europe. This area allowed us to 

represent the pelagic environment using natural phytoplankton and zooplankton communities and the 

two most abundant pelagic fish species, the native whitefish (Coregonus wartmanni; hereafter, 

whitefish), and the invasive three-spined stickleback (Gasterosteus aculeatus; hereafter, stickleback). 

Our aim was to determine which zooplankters function as keystone species that represent strong links 

between fish predation and phytoplankton biomass, and which zooplankters are susceptible to 

changes in top-down predation in natural environments. We tested four hypotheses: 1) smaller and 

more evasive zooplankton species and combined groups of multiple zooplankton species are less 

susceptible to fish predation than large daphniid species; 2) as specialised planktivores, native 

whitefish consume more zooplankton than sticklebacks, which are generalist feeders; 3) large 

daphniids cause greater reductions in edible and total phytoplankton biovolumes than other 

zooplankton taxa; and 4) fish stimulate increases in phytoplankton biovolumes by decreasing large 

daphniid densities. 

 

Methods 

Study sites 

Lake Constance is a large (536 km2), deep (maximum 251 m) pre-Alpine lake situated at the border 

of Germany, Switzerland and Austria. It consists of two basins, the Lower Lake Constance and the 

larger Upper Lake Constance, in which our study was performed. Upper Lake Constance experienced 
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several decades of anthropogenic eutrophication during the 20th century with phosphorus 

concentrations peaking in 1979, but has since returned to an oligotrophic state due to restoration 

efforts (IGKB 2013; Schotzko 2018). The most abundant zooplankton taxa in Upper Lake Constance 

are cyclopoid copepods, the calanoid copepod Eudiaptomus gracilis, and the cladocerans 

Diaphanosoma brachyurum, Bosmina spp., Daphnia longispina (formerly known as D. hyalina), 

Daphnia galeata, Leptodora kindtii and Bythotrephes longimanus (Straile & Geller 1998). Recently, 

a small daphniid species, Daphnia cucullata, has been recorded at high densities (IGKB 2018). The 

fish fauna comprises approx. 30 species, of which three are common in the pelagic zone: the native 

lake char (Salvelinus umbla), the whitefish and the stickleback. The latter is an invasive, non-native 

species that has occurred at high densities in the pelagic zone of Upper Lake Constance since 2012–

2013 (Rösch et al. 2018; Eckmann & Engesser 2019), and in 2014 represented 96% of the total 

abundance and 28% of the biomass of pelagic fish (Alexander & Vonlanthen 2016). 

Experimental design 

The experiment was conducted in the Upper Guell bay of Upper Lake Constance between 27 June 

and 25 July 2019. It comprised 12 plastic cylindrical mesocosms made of transparent polyethylene, 

each with a 15-m depth, a 96-cm diameter and a 10 m3 volume. Mesocosms were heat-sealed at the 

base and open to the atmosphere above the water surface. Mesocosms were attached to pontoons, 

freely hanging in open water, with their bases approx. 2 m above the sediment. Each pontoon 

accommodated four mesocosms in a row at 25-cm intervals and in an east-west direction to prevent 

shading by adjacent mesocosms. Each mesocosm was covered with a transparent acrylic glass plate, 

to protect it from bird excrement and other external disturbances.  

On June 19, the mesocosms were filled with filtered (< 300 µm) lake water and then inoculated with 

lake zooplankton. Zooplankton were sampled using vertical net tows (300 µm) from a depth of 15 m 

to the surface, filtering the same volume of water as in the 12 mesocosms, to ensure inoculation of 

zooplankton at natural densities at these depths. Samples were filtered through a 630-µm sieve to 

remove predatory zooplankton such as L. kindtii and B. longimanus as well as fish larvae; this process 

also removed the largest adult daphniids and copepods. The sampled zooplankton volume was then 

divided into 12 equal parts and one part added to each mesocosm. Zooplankton were then left to 

acclimatise within the mesocosms for eight days, allowing conditions to stabilise and zooplankton to 

develop to adult sizes (Schwartz 1984; Peterson 2001). The experiment lasted four weeks, to provide 

enough time for phytoplankton and zooplankton reproduction, community development and response 

to experimental conditions (Riebesell et al. 2011). To enable characterisation of well-pronounced top-

down effects, the experimental period coincided with the lake’s phytoplankton spring peak, which 

occurred unusually late in the study year i.e. around 1 July (unpublished data). 



 

31 

 

Treatments were randomly assigned to mesocosms, ensuring that each pontoon had at least one 

replicate of each treatment and that the treatments were placed in different orders within the pontoons. 

After the acclimatisation period ended (i.e. day 0, 27 June), the first samples were collected from all 

mesocosms (see below), and predatory zooplankton and fish were then added to treatments. Due to 

the patchy distribution of larger predatory zooplankton species and their potentially important roles 

in pelagic food webs, 200 L. kindtii and 40 B. longimanus were counted and added separately to each 

mesocosm, representing 1/4 and 1/5 of their typical maximum Lake Constance densities, respectively. 

These densities were limited by unusually low numbers of these two species in the lake during the 

study period. A treatment containing only zooplankton (including predatory taxa) acted as the control.  

Two fish treatments received either four sticklebacks (mean ± SD, 0.31 ± 0.048 g) or four whitefish 

(0.32 ± 0.093 g). The body length of whitefish was generally greater than that of sticklebacks with 

the same biomass, although exact lengths were not measured. Total fish densities in mesocosms were 

1.71 ± 0.096 g m-2 SD for sticklebacks and 1.77 ± 0.094 g m-2 SD for whitefish, representing natural 

densities in Lake Constance. Because fish densities in the lake are difficult to estimate precisely, 

annual fishery yields of adult whitefish were used as a reference, with 2007–2016 yields 

corresponding to 0.58 g m-2 (Kugler & Friedl 2018). Because adult whitefish dominate pelagic fish 

biomass (Alexander & Vonlanthen 2016) and because they are usually harvested soon after reaching 

their adult size (Eckmann & Rösch 1998), densities 2–3 times higher than annual whitefish yields 

might adequately represent actual densities in the lake. 

Sampling and sample processing 

Starting on day 0, abiotic parameters were measured and both phytoplankton and zooplankton 

samples were taken from mesocosms. Sampling frequency was different for each parameter. Twice a 

week, dissolved oxygen concentrations, pH and temperature were measured in each mesocosm and 

in the lake with a multiparameter probe (CTD-90 M; Sea&Sun Technology), and chlorophyll 

concentrations were measured with a fluorescence probe (bbe Moldaenke, TS 17-09). These abiotic 

measurements were taken by lowering probes from the surface to a depth of 12 m in each mesocosm, 

prior to disturbance of the water column during biotic sample collection. Zooplankton were sampled 

using vertical net hauls (16.5-cm opening, 100-cm length and 100-µm mesh) from a depth of 12 m to 

the mesocosm surface, on days 0, 14, 21 and 28. Phytoplankton were sampled on days 0, 14 and 28 

by performing a vertical tow with an integrated water sampler across the same depth range, which 

collected 2 L of water, from which 100-mL subsamples were taken for analysis. 

Collected zooplankton samples were preserved at -20°C until processing. After thawing, samples 

were divided into aliquots of ≥ 300 zooplankters, identified to the lowest taxonomic resolution 
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possible (order to species), counted, and values used to back-calculate densities of each taxon. 

Although hybrids of the three Daphnia species probably occurred in our samples (Isanta Navarro et 

al. 2019), we designated each as only one of three species based on its morphological features. All 

copepod life stages were included except nauplii, due to their inconsistent sampling by a 100-µm 

mesh and identification difficulties. The five most abundant taxa were used for further analyses: 

Bosmina spp. (3.6 %), Cyclopoida (20.5 %), E. gracilis (10.1 %), D. cucullata (44.9 %) and D. 

longispina (20.8 %). In addition, D. longispina and D. cucullata were combined as a total daphniid 

fraction. All other zooplankton taxa (including D. galeata) represented < 0.2 % of total zooplankton 

abundance and were therefore excluded from further analysis.  

Phytoplankton samples were fixed in Lugol’s acid solution + sodium acetate, identified to genus level 

using an inverted light microscope and counted following Utermöhl (1958). Biovolumes were 

calculated using taxon-specific body volumes established for Lake Constance (Pauli 1989; 

Kümmerlin & Bürgi 1989; Müller et al. 1991). Phytoplankton species were divided into two groups 

according to their edibility to large daphniids. Unicellular taxa < 40 µm in cell length were classified 

as edible, whereas those > 40 µm in cell length, colony-forming and mucilaginous species were 

classified as inedible (Lampert 1987); cell lengths were based on Rimet & Druart (2018). 

Data analysis  

Shapiro-Wilk tests confirmed that all zooplankton and phytoplankton data had normal distributions. 

Initial (day 0) total zooplankton densities were compared with a one-way ANOVA, to ensure 

comparability among treatments. To compare densities of different zooplankton species among 

treatments (hypothesis 1) including identification of differences between the whitefish and 

stickleback treatments (hypothesis 2), we performed a two-way repeated-measures (RM) ANOVA 

with treatment (control, whitefish, stickleback) as the between-subjects factor and day (0, 14, 21, 28) 

as the within-subjects factor. Mauchly’s tests were used to test the RM ANOVA assumption of 

sphericity, with deviations from sphericity addressed using Greenhouse-Geisser corrections. Pairwise 

t-tests with Bonferroni corrections were used to identify differences between treatments on each day. 

Linear regression models (LM) were used to identify relationships between the densities of 

zooplankton taxa (as predictor variables) and total, edible and inedible fractions of phytoplankton 

biovolumes (as dependent variables; hypothesis 3). To test hypothesis 4, a second RM ANOVA and 

pairwise tests (as described above) were done to compare phytoplankton biovolumes in each 

treatment. All analyses were done in the statistical software R (R Core Team 2018), using the package 

afex (Singmann et al. 2020) to perform RM ANOVAs and Mauchly’s tests, the basic R function lm() 

to run LM, and the package ggplot2 (Wickham 2016) to plot graphics. 
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Results 

Abiotic conditions were stable during the experiment: dissolved oxygen ranged from 10–12 mg L-1 

at the surface to 12–15 mg L-1 at a depth of 12 m, pH varied between 8.5–9.5 at all depths, and 

temperatures ranged from 22–25°C at the surface to 10–12°C at 12 m.  

Zooplankton densities were comparable in all treatments at the start of the experiment (i.e. on day 0; 

one-way ANOVA F2,6 = 0.03, p = 0.969). Total zooplankton and total daphniid densities differed 

among treatments but not days, and no interactions were identified between day and treatment (RM 

ANOVA, Table 1). Both total zooplankton densities (pairwise t-test, p = 0.012) and total daphniid 

densities (p = 0.004) were higher in the control than in the whitefish treatment but not the stickleback 

treatment (p > 0.05). The large daphniid D. longispina was the only zooplankton taxon whose 

densities responded to fish, including a significant treatment effect and a significant treatment–day 

interaction (Table 1, Fig. 1): while D. longispina densities were comparable on all days in both fish 

treatments, densities increased over time in the control treatment (Table 1, Fig. 2). Daphnia 

longispina densities were lower in the whitefish treatment compared to the control treatment on days 

14 (pairwise t-test, p = 0.005), 21 (p = 0.012) and 28 (p = 0.009). Densities of this taxon were also 

higher in the stickleback treatment compared to the control on days 21 (p = 0.038) and 28 (p = 0.013). 

Densities of all other zooplankton taxa changed over time but did not differ among treatments, and 

no interactions were identified between treatment and time (Table 1, Fig. 1). Bosmina spp. (pairwise 

t-test, p = 0.013) and Cyclopoida (p < 0.001) densities increased whereas E. gracilis and D. cucullata 

densities decreased (p < 0.001) between day 0 and day 28. 

Table 1. Results of two-way repeated-measures ANOVAs describing differences in zooplankton densities and total 

phytoplankton biovolumes among treatments, days and their interaction. Significant results (p < 0.05) are indicated in 

bold. 

Group Effect df F p 

Bosmina spp. Treatment 2 1.19 0.367 

 
Day 3 5.36 0.025 

 
Treatment × day 6 0.96 0.462 

     
Cyclopoida Treatment 2 0.82 0.484 

 
Day 3 11.78 <0.001 

 
Treatment × day 6 1.25 0.336 
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Daphnia cucullata Treatment 2 1.64 0.26 

 
Day 3 5.17 0.036 

 
Treatment × day 6 1.21 0.353 

     
Daphnia longispina Treatment 2 28.60 <0.001 

 
Day 3 2.46 0.133 

 
Treatment × day 6 3.84 0.037 

     
Eudiaptomus gracilis Treatment 2 2.,48 0.164 

 
Day 3 9.70 0.03 

 
Treatment × day 6 2.06 0.152 

     
Total daphniids Treatment 2 11.39 0.006 

 
Day 3 1.28 0.306 

 
Treatment × day 6 1.96 0.184 

     
Total zooplankton Treatment 2 6.69 0.024 

 
Day 3 0.22 0.751 

 
Treatment × day 6 1.77 0.212 

          

     
Total phytoplankton Treatment 2 11.28 0.005 

 
Day 2 147.73 <0.001 

 

 

Table 2. Linear model results describing relationships between total phytoplankton biovolumes and densities of different 

zooplankton taxa and groups. Significant results (p < 0.05) are indicated in bold. 

Zooplankton taxon/group 

Day 14 Day 28 

R2 p R2 p 

Bosmina spp. 0.04 0.54 0.06 0.45 

Cyclopoida 0.00 0.89 0.24 0.11 

Daphnia cucullata 0.12 0.27 0.00 0.98 

Daphnia longispina 0.33 0.049 0.51 0.01 

Eudiaptomus gracilis 0.20 0.14 0.18 0.17 



 

35 

 

Total daphniids 0.14 0.23 0.39 0.03 

Total zooplankton 0.12 0.28 0.28 0.07 
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Fig. 1. Mean (± 1 SD) zooplankton taxa densities (individuals [ind.] l-1) in control (a), stickleback (b) and whitefish (c) 

treatments on each sampling day.  
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Fig. 2. Daphnia longispina densities (individuals [ind.] l-1) in each treatment on each sampling day. The results of the 

pairwise t-tests comparing treatments are indicated by brackets and asterisks (* p < 0.05, ** p < 0.01).  



 

38 

 

 

Fig. 3. Linear model (y = b*x) showing the relationship between Daphnia longispina densities (individuals [ind.] l-1) and 

biovolumes (mm3 l-1) of edible (< 40 µm) and inedible (> 40 µm) phytoplankton on day 14 (a, c) and day 28 (b, d).  
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Fig. 4: Mean ± 1 SD phytoplankton biovolumes (mm3 l-1) in control and fish treatments on sampling days 0 (a), 14 (b) 

and 28 (c). Identical phytoplankton biovolumes at day 0 are joined in one bar as initial conditions (a). 

 

Total phytoplankton biovolumes were negatively related to D. longispina densities on both day 14 

(LM; p = 0.049) and day 28 (p = 0.01), and also to total daphniid densities on day 28 (p = 0.03; Table 

2). Increasing D. longispina densities were related to a decline in edible phytoplankton biovolumes 

on day 14 (LM, R2 = 0.41, p = 0.025; Fig. 3a) and day 28 (R2 = 0.56, p = 0.005; Fig. 3b), whereas 

biovolumes of the inedible fraction did not respond to D. longispina densities (Fig. 3c–d). 

Phytoplankton biovolumes were not related to densities of total zooplankton (p = 0.07) or of any other 

individual taxon (p > 0.1; Table 2).  
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Fig. 5. A conceptual model of trophic cascading from fish (represented by a stickleback and a whitefish) and primary 

producers (phytoplankton) within a pelagic ecosystem. Thick arrows represent reductions in densities at lower trophic 

levels. Of all zooplankton taxa, only densities of the large daphniids were reduced by fish predation and thus caused 

declines in phytoplankton biovolumes, indicating their role as keystone species. 

 

Phytoplankton biovolumes differed between days and treatments and a significant interaction was 

observed between treatment and date (Table 1). In all treatments, total phytoplankton biovolumes 

were higher on day 14 compared to day 0 (pairwise t-test, p < 0.001) then declined between days 14 

and 28 (p < 0.001). Compared to the control, biovolumes were higher in the whitefish treatment on 

days 14 (pairwise t-test, p = 0.001) and 28 (p < 0.001) and in the stickleback treatment on day 28 (p 

< 0.001; Fig. 4). Biovolumes were higher in the whitefish treatment compared to the stickleback 

treatment on day 14 (p = 0.002; Fig. 4). 

Discussion 

Zooplankton of the genus Daphnia are typically described as keystone grazers that link primary 

production and higher trophic levels in lake ecosystems, but the roles of single daphniid species 
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remain poorly known. Supporting our first hypothesis, densities of the largest-sized daphniid studied, 

D. longispina, decreased in response to fish predation. In contrast, densities of other zooplankters, 

including the small daphniid D. cucullata, did not decline. These findings demonstrate that 

considering the genus Daphnia as a keystone taxon is a generalisation that overlooks size-mediated 

differences between species. Whitefish and sticklebacks had comparable effects on zooplankton, 

which refutes our second hypothesis, that whitefish – as specialised planktivores – have a greater 

impact on zooplankton communities. Supporting our third hypothesis, phytoplankton biovolumes 

decreased primarily in response to D. longispina densities, likely their large body size enables 

filtration of a wider spectrum of phytoplankton taxa and also growth at lower phytoplankton densities 

(Gliwicz 1990b). Therefore, evidence of cascading effects was seen as higher phytoplankton 

biovolumes in fish treatments, caused by fish-mediated decreases in the densities of large daphniids 

(Fig. 5), supporting our fourth hypothesis. Both fish treatments were linked to comparable increases 

in phytoplankton densities, which our results suggest were mediated by fish predation on 

zooplankton, in particular D. longispina. We thus suggest that D. longispina regulates trophic 

cascades by mediating top-down effects in pelagic food webs including fish with both specialist and 

generalist feeding modes.  

Fish predation on zooplankton  

Compared to the initial lake conditions, D. longispina densities increased only in the fishless control 

treatments, reflecting release from vertebrate predation. Densities of other zooplankton taxa changed 

over time but not between treatments, suggesting that changes were not predation mediated. The 

increases in Bosmina spp. and cyclopoid copepods might be seasonal because comparable increases 

were observed in the lake during the study. In addition, cyclopoid copepod densities might still have 

been increasing following inoculation, since their densities were lower on day 0 than on any other 

date. The drivers of temporal decreases in D. cucullata and E. gracilis are unclear but might reflect 

specific conditions within the closed mesocosm environment. Although densities of microcrustaceans 

other than large daphniids can be reduced when fish predation is high (Post & McQueen 1987; Bertolo 

et al. 2000), we did not observe such reductions, probably because fish densities were low, as is 

natural in oligotrophic Lake Constance. Mehner et al. (2008) also found no negative relationship 

between the biomass of planktivorous coregonid fish and zooplankton species other than Daphnia in 

an oligotrophic lake.   

Various factors contribute to reduced fish predation on zooplankton other than large daphniids. The 

contrasting movement pattern of cyclopoid and calanoid copepods makes them harder to capture 

compared to cladocerans such as Daphnia (Visser 2007; Peterka & Matěna 2011). Furthermore, due 

to their small size, taxa such as the genus Bosmina are less conspicuous and therefore less predated 
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than larger zooplankters (Brooks & Dodson 1965). Although fish predate small and evasive 

zooplankton, densities of some zooplankters can increase at low fish densities due to the removal of 

their competitors by selective fish predation on larger and less evasive species (Brooks & Dodson 

1965; Christoffersen et al. 1993). Comparable densities of the small daphniid D. cucullata in control 

and fish treatments may reflect its small size and also its morphology: it is slimmer and therefore less 

conspicuous than D. longispina of the same body length (Gliwicz 2001). The reactive distance of 

roach for detecting D. longispina is double that for D. cucullata of the same body length, resulting in 

a near-tenfold larger reactive field volume and thus higher fish predation on D. longispina (Gliwicz 

2001). The dominance of small or large-sized zooplankton communities can thus largely reflect 

predation pressure in lakes (Jeppesen et al. 1997; Iglesias et al. 2017; Ersoy et al. 2017), as indicated 

in our study by the dominance of D. cucullata and cyclopoid copepods in fish treatments and D. 

longispina in non-fish treatments.  

The natural zooplankton community represented in our experiments included two invertebrate 

predators, B. longimanus and L. kindtii. Although fish probably influenced their densities, we suggest 

that invertebrate predators did not cause pronounced differences in prey zooplankton composition 

between treatments. Invertebrate predation on zooplankton is typically much lower compared to 

vertebrate (fish) predation (Gliwicz & Pijanowska 1989; Šorf et al. 2014). In addition, due to their 

low densities, larger invertebrate predators were rarely observed in our zooplankton samples, and 

densities of smaller invertebrate predators (i.e. cyclopoid copepods) did not differ between treatments.  

Cascading effects of fish species 

Whitefish did not cause greater reductions in any zooplankton species compared to sticklebacks. 

However, cascading effects on phytoplankton via consumption of zooplankton (especially D. 

longispina) were more pronounced for whitefish than sticklebacks, as indicated by faster increases in 

phytoplankton biovolumes (i.e. by day 14). Whitefish are specialised zooplankton feeders with 

adaptations to pelagic environments whereas sticklebacks are generalist feeders (Morrow 1980; 

Becker & Eckmann 1992; Kottelat & Freyhof 2007), which probably enabled higher whitefish 

consumption of phytoplankton grazers. Although differences in zooplankton densities between fish 

treatments were not significant, moderately lower densities in the whitefish treatment might have 

been enough to cause significant differences in phytoplankton biovolume. Over time, differences in 

zooplankton densities and phytoplankton biovolumes between whitefish and sticklebacks became less 

pronounced, and within 28 days, sticklebacks and whitefish triggered similar trophic cascades. Other 

mesocosm experiments have indicated greater species-specific differences between fish, with 

specialised planktivores affecting zooplankton and consequently phytoplankton communities more 

strongly than facultative planktivorous fish, at least in shallow (<1 m) eutrophic littoral waters 
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(Williams & Moss 2003; Des Roches et al. 2013). However, we are not aware of any previous studies 

with similarly low fish densities and/or sufficiently deep mesocosms to develop a thermocline and 

thus to represent cascading in pelagic and oligotrophic environments; these factors may explain the 

contrasting patterns observed in our study. 

The effects of large daphniids on phytoplankton biomass 

Many studies indicate that the genus Daphnia causes greater reductions in edible phytoplankton 

biovolumes than other zooplankton taxa (McQueen et al. 1986; McQueen & Post 1988; McQueen et 

al. 1989; Adrian & Schneider-Olt 1999; Mehner et al. 2008). In particular, McQueen et al. (1986; 

1989) studied how body size influences the effects of Daphnia on phytoplankton biomass and linked 

large-sized daphniids to reduced biomass in mesoeutrophic and eutrophic environments. Our results 

build on such research by comparing the effects of different-sized daphniids and suggest that larger 

daphniids such as D. longispina are the main zooplankters that reduce phytoplankton biovolumes in 

natural lake communities.  

Although other zooplankton species, such as copepods, can have complementary effects to daphniids 

by grazing on different-sized phytoplankton species, thus contributing to greater overall reductions 

in biomass (Sommer et al. 2001; 2003), they did not alter phytoplankton biovolumes at the natural 

densities represented in our communities. Total zooplankton densities had no significant effect on 

phytoplankton biovolume, due to the pronounced declines caused by D. longispina being offset by 

the limited effects of other, smaller taxa. Equally, the linear relationship between densities of the 

genus Daphnia and phytoplankton biovolumes on day 28 reflected only the pronounced effect of D. 

longispina, whereas D. cucullata had no effect on biovolumes. These results indicate that previous 

research may have overstated the importance of small Daphnia species, if genus-level responses are 

caused solely by larger, co-occurring congeners. Larger D. longispina also have higher potential than 

D. cucullata to increase their population densities due to higher birth and biomass production rates 

(Vijverberg & Richter 1982). This greater fecundity might have contributed to increasing D. 

longispina dominance in our fishless mesocosms, where increasing densities enabled greater control 

of phytoplankton. 

Cascading links from fish to phytoplankton 

Our results indicate that D. longispina was a keystone species that linked both planktivorous and 

generalist fish predators to phytoplankton communities (Fig. 5). No other zooplankton or daphniid 

taxa or groups were so greatly predated by fish or showed such strong phytoplankton control, and 

multi-taxon groups therefore formed much weaker cascading links between fish and primary 

producers. Although smaller zooplankton species can also contribute to trophic cascades from fish to 
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phytoplankton if large cladocerans are absent (Christoffersen et al. 1993; Helminen & Sarvala 1997), 

most studies indicate that the genus Daphnia – if present – is the taxon most negatively affected by 

fish predation, and has also the strongest effects on phytoplankton densities (Post & McQueen 1987; 

Mehner et al. 2008). However, variability in the roles of different Daphnia species in trophic cascades 

remains poorly studied. 

Although fish can also have a positive effect on phytoplankton growth by remineralising nutrients, 

this effect is mostly limited to non-edible phytoplankton, whereas edible phytoplankton is more 

affected by zooplankton grazing (Vanni 2002). In our study, biovolumes of non-edible phytoplankton 

did not differ among treatments, whereas edible phytoplankton biovolumes decreased in response to 

D. longispina densities. These results suggest that phytoplankton biovolumes were strongly 

controlled by direct zooplankton (especially D. longispina) grazing, whereas fish effects such as 

remineralisation had a minor role.  

Trophic cascades in a warming climate 

Our results provide evidence that zooplankton taxa – including small D. cucullata – might have a 

more limited influence on phytoplankton biomass in large oligotrophic lakes than the larger D. 

longispina. Global warming is altering pelagic food webs by shrinking animal body sizes and shifting 

community compositions towards a higher proportion of small-sized species and individuals 

(Daufresne et al. 2009; Geerts et al. 2015). As such, increasing temperatures that cause intraspecific 

or interspecific decreases in zooplankton body sizes could alter the functioning of green and brown 

food webs in oligotrophic freshwaters. Indeed, D. cucullata, which was rarely observed in Upper 

Lake Constance before 2015, became a summer-dominant cladoceran in 2017 (IGKB 2018). How 

recent and ongoing changes in Daphnia composition are altering ecosystem dynamics is unknown. 

Further research is needed to determine how body size and other functional traits interact to determine 

the roles of different daphniid species in trophic cascading and energy transfer from phytoplankton 

to fish. 

Conclusions 

Our study advances our understanding of species-specific roles of zooplankton in food webs and 

trophic cascades in oligotrophic pelagic environments. We demonstrate that considering both 

zooplankton and daphniids as uniform taxonomic groups, as it is common praxis, might limit 

understanding of links between multiple trophic levels in aquatic ecosystems. We suggest that the 

genus Daphnia is not a keystone taxon, but rather that large Daphnia species such as D. longispina 

can control food web structure at trophic levels from phytoplankton to fish. Our observation of 
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comparable top-down predation on D. longispina by fish with specialist and generalist feeding modes 

suggests that the keystone role of large daphniids in oligotrophic lake food webs could extend across 

ecosystems with different fish predation regimes. 
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Seasonal diet of a native and an invasive pelagic fish species in Upper Lake 

Constance 

Žiga Ogorelec, Sarah Gugele, Alexander Brinker, Dietmar Straile 

 

Abstract 

In recent years Upper Lake Constance faced a rapid increase of three-spined sticklebacks 

(Gasterosteus aculeatus) in pelagial. In parallel, the native whitefish (Coregonus wartmanni) 

population declined, presumably due to increased food competition. Besides the Baltic Sea, there are 

worldwide not many other examples of sticklebacks massive invasion into the pelagic zone, and not 

much is known about their diet and ecological role in the pelagic food web. To better understand 

stickleback and whitefish resource use and diet overlap during the season, we conducted a 1-year 

long monthly study of both fish species diets using trawling, gillnet fishing, and zooplankton 

sampling. Our data demonstrate that whitefish, although larger and specialised in planktivory, 

consumed more zooplankton than sticklebacks only in warmer months, whereas in autumn and 

winter, sticklebacks consumed more zooplankton biomass per fish. Although we expected smaller 

stickleback to rely on smaller zooplankton prey than whitefish, our data demonstrate a substantial 

overlap in both fish diets along the season. Both fish species most positively selected large and 

conspicuous Bythotrephes longimanus. With per cent index of relative importance (%IRI), we have 

shown that Daphnia longispina and Bythotrephes longimanus were the most important species for 

both fish species diet and that the importance of prey taxa strongly varied along the season. This study 

shows that sticklebacks, although being a small fish species, could present a high risk for impacting 

the diet of native planktivore fish populations. Therefore, we advocate precautions of sticklebacks 

spreading into new environments. 

 

Introduction 

The spread of invasive species presents a high risk of non-reversible changes in the ecosystem since 

it often affects multiple levels of biological organisation (Ellender & Weyl 2014). Especially affected 
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are native species with an analogous ecological role in resource utilisation (Dick et al. 2017b). When 

new species start to coexist with native ones, knowing to which extend they feed on the same 

resources is crucial. Prey overlap is an important measure of such similarity, and it, in the case of 

limited resources, can be used for predicting the likelihood of competition (Sale 1974). Furthermore, 

understanding prey selection and seasonal changes in predators’ diet is fundamental for native and 

invasive species interactions as well as energy transfer within the ecosystem (Baxter et al. 2004). 

Therefore, studying in situ diet of invaders, wherever they appear, and comparing them with natives 

is of high importance. 

Lake Constance is facing a new fish species invasion, and no comprehensive diet study of the invader 

was done so far. The three-spined stickleback (Gasterosteus aculeatus) appeared in the lake already 

in the 1950s (Muckle 1972), but its presence was mostly limited to the littoral zone and small 

numbers. Then, in the years 2012/2013, it has suddenly invaded the pelagic zone in high numbers 

(Rösch et al. 2018; Eckmann & Engesser 2019). In a study done in September 2014, it presented more 

than 95% by number and one-quarter of the biomass of all pelagic fish (Alexander & Vonlanthen 

2016). This might have affected the diet of whitefish (Coregonus wartmanni), which was historically 

the most abundant pelagic fish (Eckmann & Rösch 1998). 

Although Lake Constance is among the most studied lakes, the whitefish diet was analysed only 

sporadically in the last 100 years. In the lake's oligotrophic state, the diet of whitefish was reported 

mostly on description or semi-quantitative level (Elster 1944; Auerbach et al. 1924). Later, in the 

eutrophic state of the lake, there are more detailed data available (Hartmann 1983; Becker & Eckmann 

1992; Eckmann et al. 2002). Since then, the lake underwent re-oligotrophication, which decreased 

whitefish yield (Baer et al. 2016). In parallel with stickleback invasion, whitefish additionally 

declined in professional fisheries catch, and their growth was also reduced (Rösch et al. 2018). It is 

speculated that these changes are related to increased competition for food after the stickleback 

invasion, but studies are lacking. In this period, the zooplankton community showed changes like the 

increase of small daphniid, D. cucullata (IGKB 2018), whose role is if the fish diet is unclear.  

Different size, morphology, and feeding strategy of both fish species presumably result in different 

resource utilization between both fish species. Stickleback is a small fish species, considered as a 

generalist, consuming a wide range of littoral and pelagic food (Kottelat & Freyhof 2007). Except for 

the Baltic Sea with brackish water (Jakubavičiute et al. 2016), there are not many cases worldwide 

where they appear in the pelagic zone in such huge abundances, therefore, their diet on freshwater 

zooplankton is understudied. In contrast, whitefish are well studied specialized zooplankton feeders 

with many morphological and behavioural adaptations for zooplanktivory (Lazzaro 1987; Eckmann 
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et al. 2002). They are larger than sticklebacks and, according to Kleiber’s law (Kleiber 1947), it is 

expected that they consume more food per predator but less per predator biomass than sticklebacks. 

As both fishes differ in their spawning and juvenile growing seasons (Kottelat & Freyhof 2007), 

differences in their feeding behaviour and diet preference might be more pronounced in certain season 

parts. Gape size limitation is especially important in the first month of fish life, but also later smaller 

fish select smaller prey then larger congeners (Hartmann 1983; Makrakis et al. 2008; Branstrator & 

Lehman 1996), suggesting that sticklebacks would consume smaller prey than whitefish. 

Both fishes appear in the pelagial where zooplankton is by far the most important food, and therefore 

the size spectrum of prey is narrow. Since whitefish growth has declined after the invasion, diet 

overlap and competition for certain zooplankton species can be expected. From zooplankton taxa, 

Daphnia is among the most important and most selected prey item for fish due to its abundance, size, 

and low evasiveness (Lazzaro 1987). As soon as not being gape size limited anymore, it is an 

important prey of young, as well as of adult planktivory fish (Mookerji et al. 1998; Mehner et al. 

2016; Ginter et al. 2018). Therefore, it can be expected that Daphnia contributes an important part to 

the whitefish and stickleback diet. 

To compare both fish species diets and better understand their feeding relations, we conducted a 1-

year long fish seasonal diet study, using gillnetting and trawling to sample fish and their stomach 

content. We tested the following assumptions: 1) whitefish consume more food biomass per fish but 

less per body weight than stickleback; 2) sticklebacks and whitefish consume different zooplankton 

prey during the season; 3) whitefish select larger zooplankton species than sticklebacks; 4) daphniids 

are the most important zooplankton species for whitefish and stickleback diet; 5) sticklebacks 

consume more of recently increased small zooplankton species, D. cucullata.  

 

Methods 

Study site 

Upper Lake Constance is located in the south of Germany as the main basin of Lake Constance. It is 

an oligotrophic lake with an area of 476 km2 and a mean depth of 101 m. In the last century, 

phosphorus concentrations increased due to pollution and reached around 80 μg/L. Later, in the 

process of re-oligotrophication, this value gradually dropped back close to the lake’s initial condition 

(below 10 μg/L). Mean chlorophyll-a concentrations are nowadays around 2-3 μg/L, dominating 

algae are diatoms, and zooplankton density is low (dw = 80 μg/L) (IGKB 2018). There are around 30 
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fish species in the lake, among which only whitefish, sticklebacks, and arctic char (Salvenilus umbula) 

are occupying the pelagial in the adult stage of life (Alexander & Vonlanthen 2016). 

Sampling 

From April 2017 till May 2018, monthly fishing and zooplankton sampling took place in the pelagic 

zone of Upper Lake Constance. The exact location depended on professional fishermen's 

recommendations to obtain enough fish in different seasons, but it was always in the more central 

part of the lake. 

Gillnet fishing for whitefish was performed with 7 m high, differently long net panels of 14-, 17-, 20-

, 26-, 32-, 36-, 38- and 40-mm mesh sizes combined into one 420 m long fleet. The net was set up 2 

hours before sunset and picked up 1.5 hours after sunset, resulting in 3 to a maximum of 4 hours of 

fishing, which prevented too high digestion of fish stomach content. The depth at which nets were set 

was changing with the season (ranging from 5-12 m in May to 32-39 m in January) following 

whitefish's usual depth occurrence, which is in warmer months close below the thermocline. 

During whitefish fishing, zooplankton were sampled. The first sample was taken immediately after 

setting up the gillnets, and the second sample just before picking them up. This enabled mean 

zooplankton density calculation in different depths since in the evenings, there are pronounced 

vertical migrations of zooplankton. For this purpose, standard Clarke Bumpus net (16 cm opening, 

100 µm mesh size) was used at different depth layers (0-10 m, 10-20 m, 20-30 m, 30-40 m, 40-60 

m). Besides, abiotic parameters were sampled with a multiparameter probe (CTD-90 M; Sea&Sun 

Technology), and different chlorophyll levels were measured with a fluorescence probe (bbe 

Moldaenke, TS 17-09). 

Caught fish were put on ice and quickly transported to the laboratory, where they were weighed, 

measured, and sexed. We preserved their stomach in 70% EtOH for stomach content analysis, took 

scales for age determination as well as different tissues for stable isotope analysis (liver, muscles, 

pelvic fin, pelvic bone, and lateral scales). 

Trawling for sticklebacks was performed with 3 m high and 2 m wide trawl with 6 mm net mesh size. 

The mesh size of the codend was 4 mm. Trawling was conducted after sunset at depths of 0–3, 3–6, 

9−12, 15–18, and 21−24 m. Trawling is described in detail by Gugele et al. (2020). Caught fish were 

narcotised with castor oil and put into 70% EtOH for stomach content analysis.  
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Zooplankton identification 

Samples of zooplankton from the lake and stomachs were divided for identification and counting into 

aliquots of at least 300 individuals using a sedimentation tube with 2 equal chambers at its bottom. 

Nine zooplankton taxa have been identified: Eudiaptomus gracilis, Cyclopoida, Bosmina spp., 

Diaphanosoma brachyurum, Daphnia cucullata, Daphnia longispina, Daphnia galeata, Leptodora 

kindtii, and Bythotrephes longimanus. Zooplankton from stomachs that were more destroyed was 

identified from remained fragments as described by Stich & Maier (2006). Lake zooplankton density 

was back-calculated according to aliquots and volume of sampled water. For dry weight calculation, 

zooplankton species-specific mean sizes were used, which were obtained from routine zooplankton 

sampling of Limnological Institute, University of Konstanz. For species where size measurements 

were missing (D. brachyurum, B. longimanus, and L. kindtii), our measurements from our lake 

samples were used. 

Data analysis  

Dry weight was calculated from zooplankton species-specific body length – dry weight correlations 

from different authors (Bledzki & Rybak 2016; Geller 1989; Michaloudi 2005; Hälbich 1997). The 

difference in zooplankton dry weight consumption for each month, as well as the difference in 

zooplankton number consumption between whitefish and stickleback in the season May 2017 – 

January 2018, was calculated with pairwise t-tests. 

In our data analysis, we used the Morisita Horn Index, Chesson Index, and per cent index of relative 

importance to comparing both fish species. All indexes were calculated using only months where data 

for both fish species were available (from May 2017 till January 2018). For niche overlap calculation 

Morisita Horn Index was used because it is suggested as the best index to use to avoid the negative 

bias of small sample size when prey types cannot be expressed as integers (Krebs 2013). In our case, 

proportions were used: 

𝐶𝐻 =
2 ∑ 𝑥𝑖𝑦𝑖

𝑆
𝑖=1

(
∑ 𝑥𝑖

2𝑆
𝑖=1

𝑥2 +
∑ 𝑦𝑖

2𝑆
𝑖=1

𝑦2 )  𝑥𝑦

 

s = number of prey species, xi = number of times prey species i is represented in the total diet of one 

predator, yi = number of times prey species i is represented in the total diet of another predator. Index 

value is classified as low when diet overlap is in range from 0 to 29 %; medium 30 to 60 %; or high 

> 60 % (Langton 1982). 

Fish selectivity for zooplankton species was expressed as Chesson Index, which is taking into account 

not only a percentage of prey in the stomach but also in the environment (Chesson 1978): 
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𝛼𝑖 =
𝑟𝑖/𝑝𝑖

∑ 𝑟𝑖/𝑝𝑖
𝑚
𝑖=1

 

ri = the proportion of food item i in the diet, pi = the proportion of food item i in the environment, m 

= the number of food items in the environment. The index values vary between 0 and 1, where α > 

1/m indicates preference and α < 1/m indicates an avoidance of predator for each prey species. 

The importance of each prey taxa for predators’ diet was expressed with per cent index of relative 

importance (%IRI). %IRI is using occurrence, numerical abundance, and biomass of each prey taxa 

in predator diet and provides a balance between all three parameters in calculating index value (Liao 

et al. 2001; Cortés 1997): 

%IRI = %Oi(%Wi + %Ni) 

For each zooplankton prey %IRI was calculated from its percentage of Oi = occurrence (present/not 

present in sampled predators), Wi = weight (relative to all prey weight) and Ni = number (relative to 

all prey number) in predators diet. All parameters were additionally graphically presented in 3D, as 

suggested by Cortés (1997). Data analysis was made with statistical software R (R Core Team 2018), 

using the package ggplot2 (Wickham 2016) to plot graphics. 

 

Results 

We have analysed the stomach content of whitefish and stickleback obtained from monthly fishing 

in the pelagic zone of Upper Lake Constance between April 2017 and May 2018. Caught whitefish 

ranged from 180 cm to 461 cm and sticklebacks from 2.0 cm to 8.1 cm. From July to September, we 

identified two size groups of stickleback, with a smaller group measuring 2-3 cm in July, increasing 

in size through summer, and merging with a larger (around 5 cm) group in October. In August only 

a smaller group of 0+ sticklebacks was in our samples. 

Comparison of diet was possible for months from May 2017 till January 2018 when both fish species 

were caught. From May to September, whitefish had higher total dry weight consumption per fish 

than stickleback. In October, December, and January, sticklebacks surpassed dry weight zooplankton 

consumption of whitefish (Fig. 1a, Tab. 1). However, in terms of dry weight consumption per wet 

weight of fish, sticklebacks always consumed highly significant more than whitefish (seasonal mean 

= 1.06 ± 0.088 mg/g, t = 12.14, p < 0.0001) (Fig. 1b).  

Whitefish consumed more Bosmina spp. and all large zooplankton species (D. longispina, D. galeata, 

B. longimanus, and L. kindtii) than stickleback, while no differences were observed for smaller 
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zooplankton species (Fig. 2, Tab.2). In the case of removing May month from the calculation (only 5 

sticklebacks were caught, and it was their spawning time), there was no difference in small Bosmina 

spp. consumption, while all mentioned large species remained highly more consumed by whitefish 

and  E. gracilis was more consumed by sticklebacks (mean difference = 16.5 ± 4.73 SE, t = 3.49, p > 

0.001). Month accounted for most of the fish diet variation (26%), followed by fish species (15%). 

Fish size explained hardly any variance (0.1%). 

 

 

 

Figure 1: Whitefish (red) and stickleback (blue) seasonal a) zooplankton dry weight consumption (mean ± 1 SE) and b) 

log10 zooplankton dry weight consumption per gram of fish wet weight (mean ± 1 SE) 
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Table 1: Difference in average zooplankton dry weight consumption (mg) ± 1 SE between whitefish and stickleback 

during the season. Mean difference is presenting how much more (positive values) or how much less (negative values) 

sticklebacks consumed compared to whitefish. 

Month Mean 

difference 

t-value df p-value 

May -19.7 ± 4.51 -4.37 23 0.0002 

June -19.5 ± 4.44 -4.40 36 <0.0001 

July  -9.95 ± 1.23 -8.11 37 <0.0001 

August -8.89 ± 1.29 -6.89 37 <0.0001 

September -11.9 ± 2.84 -4.19 37 0.0002 

October 1.74 ± 0.75 2.30 37 0.027 

November  0.47 ± 0.28 1.69 34 0.101 

December 0.40 ± 0.067 5.90 38 <0.0001 

January 1.61 ± 0.40 4.13 23 0.0004 

All months -7.6 ± 0.39 1.00 318 <0.0001 
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Figure 2: Whitefish (red) and stickleback (blue) seasonal zooplankton consumption. Lines with black squares present 

zooplankton density in the lake. 

 

Table 2: Difference in average zooplankton number consumption ± 1 SE between whitefish and stickleback in season 

May 2017 – January 2018, df = 318. The mean difference presents how much more (positive values) or how much less 

(negative values) sticklebacks consumed compared to whitefish.  

Zooplankton species Mean 

difference 

t value p-value 

Bosmina spp. -279  ± 76.7 -3.64 0.0003 

Cyclopoid copepods -22.0 ± 17.8 -1.23 0.218 
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Eudiaptomus gracilis 0.68 ± 7.84 0.086 0.931 

Diaphanosoma brachyurum -0.09 ± 0.17 -0.52 0.603 

Daphnia cucullata -8.25 ± 8.13 -1.01 0.311 

Daphnia galeata -1.54 ± 0.52 -2.98 0.0031 

Daphnia longispina -256 ± 46.4 -5.52 <0.0001 

Bythotrephes longimanus -32.9 ± 7.23 -4.55 <0.0001 

Leptodora kindtii -60.2 ± 14.4 -4.18 <0.0001 

All zooplankton -660 ± 122 -5.41 <0.0001 

 

Whitefish and stickleback both consumed mostly Bosmina spp. in May. Later, in the summer, they 

switched to larger prey, in late autumn and the beginning of the winter, they consumed mostly 

cyclopoid copepods, and in the middle of winter, D. longispina was the main prey (Fig. 3a, 3b). 

Morisita Horn Index indicates that diet overlap between both fish species was, except for August, 

always medium or high (Fig. 3c). Annually, the most preferred prey was B. longimanus for both fish 

species (Fig. 4).  

 



 

56 

 

 

Figure 3: Diet composition of a) whitefish, b) stickleback, and c) Morisita Horn Index of diet similarity in different 

months. The data used are the same as in Fig. 2. Morisita Horn Index bars below the black line indicate low diet overlap 

(value 30), bars above the red line indicate high diet overlap (value 60), and bars between both lines present medium diet 

overlap according to Langton (1982). 

 

 



 

57 

 

 

Figure 4: whitefish and stickleback annual Chesson index with values above the red line (a = 1/m) presenting preference 

and below red line avoidance for each zooplankton species. 

 

Per cent Index of Relative Importance (%IRI) indicates that Diaphanosoma brachyurum, D. 

cucullata, and D. galeata were never important in fish diet. Bosmina spp. had high %IRI values for 

both fish species in May and for sticklebacks also during summer. Cyclopoid copepods were the most 

important prey species for both fishes in November and December. E. gracilis was important prey in 

whitefish diet in December, and for stickleback in September and January. D. longispina had among 

all zooplankton species the most persistent %IRI values for fish diet through the season and was 

especially important prey in winter. B. longimanus was the most important prey species for both 

fishes for most of the summer and autumn months. L. kindtii %IRI values were high only for whitefish 

in some summer and autumn months (Fig. 5a). On the annual level, we see that the three large 

zooplankton species (D. longispina, B. longimanus and L. kindtii) presented the highest percentage 

in whitefish diet weight, number and had high values also in occurrence (Fig. 5b). For sticklebacks, 

the diet was beside D. longispina and B. longimanus also cyclopoid copepods and Bosmina spp. that 

was important in all 3 parameters (weight, number, and occurrence), while L. kindtii was not 

important according to those parameters (Fig. 5c). 
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Figure 5: whitefish (red) and stickleback (blue) seasonal per cent index of relative importance (%IRI) for each 

zooplankton species (a) and annual 3D visualisation of all three parameters of IRI Index for whitefish (b) and stickleback 

(c). 
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Discussion 

New invasive species often present a threat to native residents in competing for the same food 

resources. According to our predictions, sticklebacks were always consuming larger amounts of food 

per their body weight than whitefish, but they were consuming more food per fish in some autumn 

and winter months. Both fish species had a similar seasonal diet and mostly predated on Bosmina 

spp. in May, on larger zooplankton species in summer, on cyclopoid copepods in late autumn, and on 

copepods and D. longispina in winter. Although there are many morphological, behavioural, and size 

differences between whitefish and invasive sticklebacks, there was medium to high diet overlap 

between them for most of the season. Furthermore, both fish species were strongly selecting B. 

longimanus and had much lower preferences for other prey. B. longimanus and D. longispina were 

the most important food item in both fish diet over the season, probably due to their larger biomass 

and conspicuousness. D. cucullata, a smaller daphniid whose abundance has strongly increased in the 

lake, was of minor importance for fish diet with no differences between both predators. These results 

indicate that whitefish and stickleback rely on similar prey over the season, which presumably leads 

to food competition between them whenever resources are limited. Additionally, as sticklebacks were 

also always consuming relatively large amounts of food, they might have a high potential of 

impacting the native whitefish diet. 

Prey biomass consumption 

Sticklebacks’ higher prey biomass consumption per fish body weight over larger-bodied whitefish is 

in accordance with Kleiber’s law, which says that smaller animals consume more than large in case 

of equal group biomasses (Kleiber 1947). However, it is surprising that in some months, sticklebacks 

consumed more zooplankton also per fish individual. Those were autumn and winter months when 

large zooplankton species like L. kindtii and B. longimanus became absent, and general zooplankton 

density dropped. With lower temperatures, body metabolism drops, and many fish species reduce 

their feeding activities (Johnston & Dunn 1987). In longer periods of hibernation or low food intake, 

larger and fatter organisms have an advantage over smaller congeners (Ultsch 1989). In our case, 

whitefish’ biomass was more than two orders of magnitude larger than of sticklebacks, therefore, they 

should withstand no-feeding longer than sticklebacks. Furthermore, their relatively smaller energy 

income per zooplankter might not compensate for feeding activity. Sticklebacks, being a smaller 

species, can fulfil their metabolic needs with a lower amount of prey (Hamrin & Persson 1986), which 

might lead to a different feeding strategy than of whitefish in colder months. This might explain why 
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consumption per biomass of sticklebacks varied for an order of magnitude during the season, whereas 

for whitefish, this variation extended over four orders of magnitude (Fig. 1b). 

Seasonal diet 

Both fishes preyed opportunistically not only on the largest but also the most available prey. In spring 

2017, when densities of large zooplankton species were much lower, they consumed high amounts 

of small Bosmina spp. In this year, Bosmina spp. was unusually abundant (data from Limnological 

Institute, University of Konstanz), appearing in May in much higher numbers than any other 

zooplankton species. Later in the season and in next spring, it was less abundant, and especially 

whitefish consumed hardly any. Similar was found in Lake Lucerne, where whitefish preyed on 

Bosmina sp. only in the spring when it was in high densities and larger cladocerans scarce (Mookerji 

et al. 1998). When prey is in very high densities, searching energy and time are significantly reduced 

(Holling 1959). Since the profitability of prey is its energetical value subtracted with the predator’s 

energy to find and consume it per time (Sinervo 2007), low searching energy when they are so 

abundant might compensate for Bosmina spp. low energetical value. However, predation on smaller 

size categories is high only in case of low abundance of the larger and therefore preferred zooplankton 

(Lazzaro 1987; Ivlev 1961). Later in the spring and summer, when larger zooplankton become 

abundant, both fish species switched to larger prey species. 

Both fishes switched to cyclopoid copepods in the period from October to December, when large 

predatory B. longimanus and L. kindtii were dropping in numbers in the lake. Predation on D. 

longispina was very low, although it was an important prey in the rest of the season, and in this period, 

its abundance did not change. This is surprising because it is larger than copepods in and also 

cyclopoid copepods abundance remained similar. A possible explanation might be that almost all 

cyclopoid copepods found in stomachs in this period were very large individuals (pers. observ.). Since 

we identified them only to the level of order and not to the species, it might be that more larger 

cyclopoid copepods species appeared in this period. Cyclops vicinus is known to be present more in 

winter months, and it grows up to 1.5 - 2.3 mm, which is more than other common Cyclopoida species 

of Lake Constance (Bledzki & Rybak 2016; Einsle 1983). Later, especially whitefish fed mostly with 

D. longispina, which was the largest zooplankton species in wintertime.  

Overall through the season, sticklebacks consumed more E. gracilis than whitefish, and whitefish 

consumed higher amounts of the four largest zooplankton species when excluding May 2017 from 

the analysis. In May, sticklebacks are spawning (Kottelat & Freyhof 2007), therefore, their feeding 

might be altered, and we caught only five individuals, which affected statistics. Furthermore, 
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extremely high numbers of Bosmina spp. in the environment and stomachs of whitefish in this month 

resulted in an overrepresentation of whitefish’ higher consumption of Bosmina spp. over the season.  

Diet overlap 

Besides relatively high amounts of consumed prey in certain months, sticklebacks also consumed 

similar prey species as whitefish. The diet overlap was always medium or high except in August when 

all sticklebacks in our samples were very young and small and consumed a higher proportion of 

smaller zooplankton species than whitefish. We did not observe fish size dependence on prey 

selectivity at the adult fish size, which is in line with high diet similarity between sticklebacks and 

much larger whitefish. With the exception of larval or very small fish size stages (Hartmann 1983), 

in planktivory, there is often no shift in the diet with fish age and size, which leads to high diet overlap 

and slow growth (Kahilainen et al. 2005). Diet overlap does not directly measure competition, and 

when resources are abundant, the diet may overlap to any degree without competition for resources. 

However, when resources are limiting, diet overlap and competition are directly related (Sale 1974). 

Lake Constance is an oligotrophic lake, and reductions of whitefish yield with reduction of 

phosphorus concentration (Eckmann & Rösch 1998) indicate that resources are most probably the 

limiting factor. Therefore, medium to high diet overlap between whitefish and sticklebacks indicates 

that there might be a competition for resources between these two species. Declines of whitefish 

growth and yield in parallel with stickleback invasion (Roch et al. 2018; Rösch et al. 2018) are in 

accordance with this prediction. 

Prey selection 

High diet overlap is a result of similar prey selection of both fish species. They prefer large and 

conspicuous zooplankton, especially B. longimanus. This species is among the most selected prey by 

whitefish also in some other Alpine lakes (Mookerji et al. 1998; Müller et al. 2007; Gerdeaux et al. 

2002) and historically in Lake Constance (Becker & Eckmann 1992). Although many authors 

reported small fish avoidance of B. longimanus due to its spine (Barnhisel 1991; Barnhisel & Harvey 

1995; Jarnagin et al. 2000), in our case, B. longimanus was not only consumed by sticklebacks above 

2.5 cm, but it was at this size already the most preferred prey. Due to our low number of sampled fish 

smaller than 2.5 cm, this size threshold might be even smaller. For predation decisions, prey size, and 

therefore prey consciousness is of high importance (Lazzaro 1987). In our data, the largest three 

zooplankters were preferred prey. Although L. kindtii had the largest body size among sampled 

zooplankton, it was not the most selected, probably due to its transparency and, therefore, low 

consciousness. In contrast, the most selected species, B. longimanus has a large and conspicuous eye, 

which is important for attracting fish (Lazzaro 1987).  
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Fish residual depth is another crucial factor for zooplankton selection (Mookerji et al. 1998). 

Whitefish are adapting their residual depth according to temperature. In May, whitefish are appearing 

close to the water surface, but later in the season, they are moving deeper as also thermocline moves 

deeper (Thomas et al. 2010). In the pelagial of Lake Constance, whitefish generally appear in deeper 

layers than sticklebacks (pers. com.). Further studies are needed to understand how this affects 

selection differences between both fish species.  

Prey species importance in fish diet 

As predicted, Daphnia had high importance in the fish diet, although B. longimanus was indicated to 

be even more important prey for sticklebacks. Furthermore, high importance was indicated only for 

D. longispina, but not for D. cucullata. In general, D. cucullata is less prone to fish predation due to 

its smaller size and narrower body (Gliwicz 2001). Interestingly, it was not important, not even for 

small-sized sticklebacks, for which it was assumed they could rely on smaller prey. D. cucullata was 

present mostly in the epilimnion and in contrast with D. longispina did not show any migration 

pattern, which should make it even more vulnerable to predation. For whitefish, the largest 

zooplankton species (with the exception of less abundant D. galeata) were, besides being most 

selected, also the most important prey in diet, while for sticklebacks, also Bosmina spp. and cyclopoid 

copepods were important. Although larger, E. gracilis was not an important prey item, which could 

be a result of its evasiveness (Lazzaro 1987). Their low contribution to the fish diet was also observed 

in many other lakes (Mehner et al. 2008; Mookerji et al. 1998). 

Conclusions 

Our study is important for understanding whitefish and stickleback diet and providing insights into 

comparing small and large as well as native and invasive fish species. Worldwide, there are few 

reports of stickleback invasion into the pelagic zone and their interactions with other pelagic fish. 

One such example is the Baltic Sea, where they showed that sticklebacks are potential competitors 

for herring and sprat due to high diet overlap and prey selection on similar prey species (Jakubavičiute 

et al. 2016). Sticklebacks there suppress native fish by their larvae predation and by attribution in 

food limitation (Ljunggren et al. 2010; Byström et al. 2015; Roch et al. 2018), similar as observed in 

our and Roch et al. (2018) study. Comparing our with previous Lake Constance whitefish studies 

performed in eutrophic times (Becker & Eckmann 1992), the amount of zooplankton in whitefish 

stomachs declined. To disentangle how much of the decline is attributed to stickleback invasion and 

how much to re-oligotrophication related lower lake productivity, further studies are needed.  
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SM Figure 1: Body sizes (mean ± 1 SE) of zooplankton species of Upper Lake Constance. 
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SM Figure 2: Size distribution of sticklebacks caught by trawling (0+ sticklebacks started appearing in July). 

 

SM Figure 3: average %IRI of zooplankton species over the whole season for whitefish (red) and sticklebacks (blue). 
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Chapter V: Fourth manuscript 
 

 

A small fish species invasion causing a decrease of zooplankton average size and 

delay in zooplankton phenology 

Žiga Ogorelec, Dietmar Straile 

 

Abstract 

Invasive fish are among the biggest threats to lake ecosystems. A small fish species, three-spined 

stickleback (Gasterosteus aculeatus), has invaded many new areas in the US and Eurasia in recent 

decades and is rapidly expanding. More information about the detailed effects it can have on local 

ecosystems is thus urgently needed. We compared long-term data from before and after the 

stickleback invasion in Upper Lake Constance and found profound differences. In parallel with the 

invasion, average zooplankton size decreased, while small-bodied zooplankton species such as 

Bosmina spp. and Daphnia cucullata increased in numbers. These changes indicate increased fish 

predation pressure that can be explained by a higher turn-over rate of smaller fish and enhanced 

utilization of resources by increased predators' diversity. More interestingly, we found that 

zooplankton phenology was delayed. This opens up a new field of research necessary for the 

understanding of the impacts of invasive fish. All zooplankton changes we documented, negatively 

affect the lake ecosystem and could explain the annual yield decline of whitefish (Coregonus 

wartmanni). As many lakes share similar characteristics with Upper Lake Constance and there is a 

risk of further invasion of sticklebacks into the lake pelagic zones, it is important to consider 

stickleback effects on pelagic communities. 

 

Introduction 

Invasive predators are among the main causes of biodiversity loss and can cause important changes 

in ecosystems. Through invasion, altered top-down predation does not change only the prey 

community but can further affect lower trophic levels (Walsh et al. 2018). Although there are many 

examples of devastating consequences on freshwater ecosystems due to the introduction of new 

species, especially fish, most of the invasions are understudied because it is hard to disentangle 

invaders’ from other environmental and biological effects (Leprieur et al. 2008). 



 

66 

 

In lake ecosystems, zooplankton size decrease often indicates increased fish predation (Gliwicz & 

Pijanowska 1989). This usually happens after introducing a more successful planktivory predator 

(Brooks & Dodson 1965; Bøhn & Amundsen 1998; Svärdson 1976). However, the magnitude of fish 

predation can also increase due to other reasons, such as the increase of predator’s diversity or change 

of predator’s size structure. While predator species compete and exclude each other, their predation 

pressure on prey is often synergistic, resulting in higher exploitation of prey sources (Fox 2004). 

Freshwater ecosystems usually don’t possess many species of planktivory fish that stay in the pelagic 

zone also in the adult stage (Eckmann 2013; Kottelat & Freyhof 2007). Therefore, a new planktivore 

species can significantly alter predation pressure on zooplankton, making pelagic ecosystems 

especially vulnerable to invasions.  

New invasion can also alter a predator’s size structure, leading to a change in the magnitude of fish 

predation. According to Kleiber’s law, the same biomass of smaller sized animals has a higher 

consumption rate than larger (Kleiber 1947). For lake ecosystems, however, reports on invasion-

driven size changes resulting in predation magnitude change are lacking. Increased predation affects 

the prey species’ abundance, its size structure and phenology. The latter is much more often attributed 

to environmental temperature changes, whereas predators' effects are understudied and mechanisms 

of shifting abundance peaks less understood. 

Many predators can spread and their numbers go out of control when risk assessments lack 

information on their negative impact on ecosystems, and precautions are not set carefully (Keller et 

al. 2007). Three-spined sticklebacks (Gasterosteus aculeatus) are a common model organism in 

genetics, ecology, and evolution studies (Mckinnon & Rundle 2002; Fang et al. 2018) as well as 

popular aquarium fish. Therefore, the risks of their introduction into new environments are high, and 

it is essential to understand possible causes and consequences of their invasion. Furthermore, they 

considerably expanded their natural range over recent decades (U.S. Fish & Wildlife Service 2017). 

Although they occur in many lakes in North America and Eurasia, up till now, there are only two 

reported examples of their drastic invasion into the pelagic zone: Lake Constance and Baltic Sea. Due 

to their small size (Kottelat & Freyhof 2007) they can change fish and size structure, which could 

affect zooplankton community. 

Recent massive sticklebacks’ invasion in Upper Lake Constance (ULC) makes this a unique study 

system for examining invasive predator effects on the zooplankton community. ULC has valuable 

long-term data sets: i) yearly reports on fisheries yields since 1910 (Alexander & Vonlanthen 2016), 

ii) first zooplankton reports already in the 1920s (Auerbach et al. 1924), and iii) yearly phosphorus 

values since the 1960s (IGKB 2020). This enables studying different factors that impact the lake 
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ecosystem, such as nutrient level or global warming (Straile & Geller 1998; Stich & Brinker 2010; 

Gum et al. 2014). The massive occurrence of sticklebacks in the pelagic zone started in 2012/2013 

and has remained high until now (Rösch et al. 2018; Eckmann & Engesser 2019). They quickly 

outnumbered the whitefish population and reduced their numbers and growth (Rösch et al. 2018). 

According to hydroacoustic surveys during the springs and falls, the abundance of small fish (<10 

cm) is almost 10-times higher after stickleback invasion, while there is no clear change in the 

abundance of larger fish (Eckmann & Engesser 2019). It is speculated that this invasion has 

consequences on the entire pelagic food web. 

This study compares the years before and after the stickleback invasion to investigate how 

sticklebacks affected zooplankton. We aim to disentangle the effects of the changed fish community 

from other effects like global warming, phosphorus concentration, and chlorophyll a. We tested the 

following hypotheses: 1) stickleback invasion into the pelagic zone caused a shift of zooplankton 

community towards smaller average sizes, 2) the invasion caused an abundance decline in large 

zooplankton species and an increase in small zooplankton species, 3) zooplankton phenology changed 

after sticklebacks’ invasion. 

 

Methods 

Study site and stickleback’s invasion of Lake Constance 

To examine invasive predator effects on zooplankton, we used Upper Lake Constance as our study 

site because the lake's stickleback invasion was well documented. Upper Lake Constance is the main 

basin of Lake Constance with a 476 km2 surface area and a mean depth of 101 m. The lake is 

oligotrophic, but during the second half of the 20th century, it underwent eutrophication and re-

oligotrophication (total phosphorus reaching 80 μg/L around 1980 and dropping back again to below 

10 μg/L in the 2000s). Changes in the lake’s trophic level were well pronounced in fish (Baer et al. 

2016) and zooplankton composition (Straile & Geller 1998). Historically, the dominant planktivore 

fish was whitefish (Coregonus wartmanni) (Eckmann et al. 2002; Eckmann 2017). Stickleback was 

first reported in the lake in the 1950s (Muckle 1972; Roch et al. 2018), but their presence was 

inconspicuous, remaining in the littoral zone and small in number. The first population boom of 

stickleback occurred in the pelagic zone in 2012, according to hydroacoustics (Eckmann & Engesser 

2019) or in 2013, according to bycatch (Rösch et al. 2018). Stickleback quickly outnumbered 

whitefish, which was historically dominant planktivore (R Eckmann, 2017; R Eckmann, Becker, & 

Schmid, 2002). By 2014, sticklebacks represented 96% of the number and 28% of the biomass of all 

pelagic fish (Alexander & Vonlanthen 2016) and their numbers remained high till present (Eckmann 



 

68 

 

& Engesser 2019). In line with mentioned literature, we made two time periods; 2006–2011 (before 

stickleback invasion) and 2012–2017 (after stickleback invasion) and zooplankton composition 

comparison was made accordingly.   

 

Zooplankton sampling 

To study sticklebacks’ invasion effects on zooplankton community, we used long-term zooplankton 

data between 2006 and 2017. Zooplankton sampling was done biweekly by Limnological Institute 

Konstanz at their sampling station, located in Überlingensee, which is a branch of Upper Lake 

Constance. With Clarke-Bumpus net (25 cm mouth opening, 140 µm net mesh size), one sample was 

taken from 140 m depth to the surface. Collected zooplankton was preserved in 4% formalin for later 

analysis. Later in the lab, samples were subdivided by Geller’s sub-sampler (Schwoerbel 1994) to 

different sizes of aliquots, enabling to count at least 300 individuals per sample and back-calculate 

their initial number in the sample. Under a light microscope, nine taxa were identified: Bosmina spp., 

Eudiaptomus gracilis, Cyclopoida, Daphnia cucullata, Daphnia longispina, Daphnia galeata, 

Diaphanosoma brachyurum, Leptodora kindtii, and Bythotrephes longimanus.  

 

Data analysis 

Data were analyzed using a generalized additive mixed model (GAMM) with smooth function of day 

of the year and auto-correlated errors. Based on Akaike’s Information Criterion (AIC), two models 

were compared; a 1-period pattern (2006–2017) and the model of 2 periods pattern (2006–2011 & 

2012–2017). In case that fitting was better for the second model (smaller AIC & difference of more 

than 2), there were significant changes in period before and after stickleback invasion, and 

accordingly, graphs were made with two GAMM curves.  

 

Results 

We used biweekly zooplankton samples to compare a period before (2006–2011) with a period after 

(2012–2017) stickleback invasion in Upper Lake Constance. We have observed a significant increase 

in Bosmina spp. (F1,10 = 17.9, p = 0.0017) and D. cucullata (F1,10 = 9.29, p = 0.0123) (Fig. 1).  

During the time span of our study, there was no significant shift of abiotic parameters or 

phytoplankton biomass in Upper Lake Constance. In the upper 20 m of the epilimnion no changes in 

water temperature (F1,10 = 0.48, p = 0.51) or chlorophyll a (F1,10 = 1.10, p = 0.32) occurred. The same 
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is true also for total phosphorus (F1,10 = 0.23, p = 0.65), calculated from annual average values from 

IGKB reports (Schotzko 2018). 

 

 

Figure 2: Average annual zooplankton density with SD bars. Grey colour present period before and the blue period after 

stickleback invasion. 

 

 

Figure 3: Average annual copepods and herbivorous cladocerans size with SD bars. Grey colour present period before 

and the blue period after stickleback invasion. 

 

Dry biomass of zooplankton per square meter did not change (F1,10 = 3.9, p = ns), but there was an 

overall drop of average herbivorous cladoceran size (F1,10 = 33.3, p = 0.001; Figure 3). For species 
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Bosmina spp., Cyclopoida, D. cucullata, D. galeata, and B. longimanus, there was a change in 

phenology, mostly shifting their abundance peak to later in the year (Figure 4). The most prominent 

was the shift of B. longimanus abundance peak from June to September. 

 

 

Figure 4: Seasonal dynamic of zooplankton density. Grey colour presents a GAMM curve for a period before, blue for a 

period after the stickleback invasion and black both periods together, according to the best AIC model. The lines present 

predicted mean and shaded area ± 1 SE.  

 

Discussion 

Comparing periods 2006–2011 and 2012–2017, presenting pre and post stickleback invasion into the 

pelagic zone of Lake Constance, there was no increase in water temperature due to global warming, 

no increase of phytoplankton biomass, neither change of trophic stage of the lake. However, in 

parallel with a rapid stickleback increase, we observed important changes in zooplankton community 

composition. Our results indicate that the increase of small zooplankton species and decrease of 

average zooplankton size appeared due to changed fish size structure after stickleback invasion, 

leading to higher abundances of small fish. Reasons for a delay in zooplankton phenology seem to be 

less clear to understand and less often reported from other studies. 
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Bottom-up induced changes 

Analysing potential bottom-up control parameters like phosphorus concentration, water temperature, 

and chlorophyll a, showed no evidence for bottom-up driven changes in zooplankton community in 

periods before and after stickleback invasion. The lake has undergone substantial trophic changes in 

the last century, total phosphorus starting from below 10 µg·L-1 before the 1950s, reaching 87 µg·L-

1 in 1979 and then started dropping, which resulted in substantial changes in zooplankton biomass 

and composition (Straile & Geller 1998). However, the phosphorus level dropped below 10 µg·L-1 

in 2005 and stayed constant since (Schotzko 2018). There were no changes in water temperature and 

phytoplankton biomass, during the studied period. This indicates that zooplankton changes have most 

probably occurred due to other reasons than bottom-up changes. 

Invasion of new zooplankton species 

Change in the zooplankton community, i.e. an increase in the abundance of Bosmina spp. and D. 

cucullata, is not indicated to be a consequence of their new introduction either. Bosmina spp. is 

represented by three species that are present in Upper Lake Constance since the 1950s (Straile & 

Geller 1998), and according to our knowledge no other species was reported since. D. cucullata was 

regularly appearing in more eutrophic Lower Lake Constance at least since the 1920s (Ritzi 1940) 

but was hardly ever recorded in the basin of Upper Lake Constance before stickleback invasion, 

despite intensive sampling over the last century (Einsle 1987a; Straile & Geller 1998; Straile 2015; 

Auerbach et al. 1924; IGKB 2020). However, since 2016 it is the most abundant zooplankton species 

there (IGKB 2020). Since Upper and Lower Lake Constance are connected, it is likely that D. 

cucullata invasion was not limited geographically, but it must have been rather a change of lake 

conditions that enabled its huge increase in the Upper Lake in recent years.  

Changed top-down predation 

Our results suggest that the decrease of average herbivorous zooplankton size and increase of small-

bodied taxa Bosmina spp. and D. cucullata are a consequence of stickleback invasion. However, the 

lake seems to be resilient to the new predator in terms of zooplankton biomass. Zooplankton biomass 

was shown to be bottom-up limited with e.g. phosphorus (Straile & Geller 1998), while changed top-

down predation affects structure but not biomass of zooplankton in oligotrophic lakes (Mehner et al. 

2008). The decrease of large-bodied zooplankton biomass by predation is often compensated by the 

increase of small-bodied zooplankton biomass (Brooks & Dodson 1965). Small-bodied zooplankton 

possesses an advantage over large zooplankton in lakes with high planktivorous fish predation 

pressure because fish are size-selective (Gliwicz et al. 1981). 

Although Upper Lake Constance productivity of commercial fish species after 2006 is low (Baer et 

al. 2016), we assume that overall fish predation pressure on zooplankton is high. While the abundance 
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of large fish remained unchanged according to hydroacoustic, or dropped according to fisheries yield, 

with the invasion of the stickleback, small fish became more abundant by order of magnitude 

(Eckmann & Engesser 2019; IGKB 2020). Sticklebacks represent only a bit more than a fourth of all 

pelagic fish biomass, but they are occurring in high numbers of small individuals (Alexander & 

Vonlanthen 2016). According to Kleiber’s law, the metabolic rate of small animals is higher than of 

large animals (Kleiber 1947), which supports the suggestion of considerably high predation pressure 

on zooplankton after the stickleback population boom in the pelagic zone and consequently changes 

in zooplankton community. Additionally, their appearance increased the number of pelagic fish 

species. From other lakes, it is evident that increased fish diversity increases top-down control on 

pelagic zooplankton density and size (Hayden et al., 2013). 

Changes in zooplankton phenology 

Besides the zooplankton community structure, we observed changes in zooplankton phenology in 

parallel with stickleback invasion. The reason for the shift of the abundance peak of many 

zooplankton species from spring towards later in the season is unclear. Opposite trend - advance in 

phenology is documented in an increasing number of papers due to global warming, ranging from 2.3 

to 5.1 days per decade for various taxonomic groups (Parmesan 2007), whereas for freshwater 

plankton, it may reach in some periods even 1.5 days per year (Vadadi-Fülöp & Hufnagel 2014).   

Lake Maggiore shares many similar features with Lake Constance. It is a deep, pre-alpine lake that 

also underwent eutrophication and re-oligotrophication, and the introduction of invasive pelagic fish 

species (Manca et al. 2007a). However, it shows opposite changes in phenology. Most outstanding is 

the shift of B. longimanus, that had its peak density in the 2000s 3-months earlier than in 1980s 

(Manca et al. 2007b).  In Lake Constance, the opposite shift was observed, as the density peak after 

appeared 2 months later than before stickleback invasion. Also, in study on Lake Maggiore, the 

authors attribute phenology changes to global warming. To the best of our knowledge, there is no 

phenology related study considering the new predator invasion.  

In our study, we found a clear connection between the stickleback invasion and change in phenology, 

but the mechanisms behind it are not fully understood. Sticklebacks spawn from April till June in the 

littoral zone (Kottelat & Freyhof 2007), which should result in a decreased fish predation in the 

pelagic zone during this period. In contrary to our expectations, many zooplankton species do not 

reach their abundance peak in spring, as they did before the invasion. The peak was later in the season, 

when adult and young of the year stickleback move in the pelagic zone and when predation should 

be even higher. One explanation is that due to high stickleback predation in winter, many zooplankton 

species need longer to reach higher densities, resulting in a delay in phenology. However, more 

studies are needed to test this suggestion. 
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Recent stickleback increase brings many questions about causes and effects of their invasion. It is 

unclear, why the small-bodied zooplankton did not increase already in more eutrophic times of the 

lake when fish productivity was higher (Baer et al. 2016). Similarly, reasons for stickleback 

population boom in the pelagic zone of Lake Constance and Baltic Sea, but not in other more similar 

lakes or seas, is unclear. These two large water bodies show a few common features, either 

geographical or ecological (fresh vs. brackish water). However, in both the density of predatory fish 

like perch dropped (Alexander & Vonlanthen 2016; Byström et al. 2015). In both cases, stickleback 

invasion also caused substantial ecological changes in the fish community that did not recover since 

(Jakubavičiute et al. 2016; Rösch et al. 2018). 

Conclusions 

Collectively, a rapid stickleback increase led to changes in zooplankton community composition. 

These could not be ascribed to an increase in water temperature, phytoplankton biomass, or 

phosphorus values. According to the literature, we assume that the increase of small zooplankton 

species and decrease of average zooplankton size appeared due to increased fish predation intensity 

after stickleback invasion. Reasons for delay in zooplankton phenology due to invasion are not well 

understood, and literature on this topic is scarce. Since there is an increasing number of sticklebacks’ 

invasion reports, but their reasons and consequences are not well understood, we suggest more studies 

on their invasion and ecological risks. 
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Supplementary Material 

 

 

SM Figure 1: Left: average annual temperature and chlorophyll (mean ± 1 SE). Grey dots present period before and 

colourful dots period after stickleback invasion. Right: temperature and chlorophyll seasonal development with one-

period pattern (2006-2017). The lines present predicted mean and shaded area ± 1 SE. 
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Chapter VI: General discussion 
 

 

The research output in fish species-related processes is steadily increasing since their understanding 

is essential to improve ecosystem-based management (see rewiev by Aksnes & Browman 2016; 

Mather et al. 2008). Predator-prey interactions between fish and zooplankton are crucial for these 

processes in lake food webs (ten Brink et al. 2015; Hambright & Hall 1992; Möllmann et al. 2008). 

Lake Constance, a large oligotrophic lake in Central Europe, has a long tradition of studying pelagic 

fish-zooplankton interactions and improving our understanding of their importance for the lake 

(Reum et al. 2019; Boit et al. 2012). However, these interactions are understudied in the context of 

changing environmental conditions and invasive species that recently altered the pelagic food web. 

 

The results of this thesis demonstrate substantial changes in fish-zooplankton interactions as a 

response to invasive species. Other potential factors that could alter these interactions, for example 

re-oligotrophication, were investigated. The comparison of the pelagic fish invader stickleback 

(Gasterosteus aculeatus) with the native whitefish (Coregonus wartmanni) revealed that equally 

sized fish of the two species mostly did not differ in feeding rates, prey preference or top-down effects 

on zooplankton and phytoplankton. However, we found substantial changes in Lake Constance’s 

zooplankton community structure and phenology after the stickleback invasion, which was not related 

to any other (a)biotic change investigated. Therefore, zooplankton changes might be attributed to 

other stickleback traits, behaviour or solely to their increased population sizes. Our data show that in 

winter, sticklebacks intensively predated on copepods, while whitefish mostly stopped feeding. We 

demonstrated that the feeding rate on smaller zooplankton decreased at larger fish sizes for both fish 

species, but prey preference was the highest for large zooplankton across all tested fish sizes. We 

suggest that since sticklebacks are small, they could have an advantage in feeding on small 

zooplankton species over adult whitefish. With their high abundance they could suppress also large 

zooplankton species and their invasion is the main reason for recent changes in zooplankton 

community.  

 

Different human stressors 

With the growing world population, there is also an increasing need to alleviate human impacts on 

freshwater environments. Therefore, a great effort is invested into research, prevention, and 

mitigation of stressors like pollution, climate change, and invasive species (Cook et al. 2016; David 
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et al. 2017; Parmesan 2007). The nutrient load has crucial effects on various processes in lake 

ecosystems (Jeppesen et al. 2005), and Lake Constance is a great example of how changes of 

phosphorus value influence phytoplankton (Gaedke & Schweizer 1993; Sommer et al. 1993), 

zooplankton (Straile & Geller 1998) and fish (Güde & Straile 2016). 

 

While re-oligotrophication was shown to have stronger effects than global warming on deep lakes 

like Lake Constance (Stich & Brinker 2010), not many studies compared the effects of re-

oligotrophication with invasive species in such systems. The lake was invaded by many animal 

species ranging from mussels, crayfish, fish, benthic macroinvertebrates, and planktonic invertebrates 

(Rey et al. 2005). Among them, not only the pelagic but also littoral species have to be considered 

for their potential effects on the pelagic zone. For example, the zebra mussel (Dreissena polymorpha) 

links littoral with pelagial and causes a strong reduction of phytoplankton density in lakes where these 

mussels appear in high concentrations (Strayer et al. 2004). However, they have low effects on 

zooplankton of lakes with a large pelagic zone and a low rate of water mixing (Strayer et al. 2004), 

therefore their effects on Lake Constance zooplankton community and planktivory fish are assumed 

to be low. However, quagga mussel (Dreissena rostriformis bugensis), which was firstly recorded in 

Lake Constance in 2016 (IGKB 2020) can occupy also deeper profundal of lakes and in Lake 

Michigan it caused changes also in phosphorus levels and zooplankton community (De Stasio et al. 

2018; Mosley & Bootsma 2015). 

 

Zooplankton species changes 

Zooplankton changes on species-level like extirpation and appearance of new species as well as on 

community level (composition and biomass) are mostly identified as being related to Lake Constance 

trophic stage (Straile & Geller 1998; Straile 2015) rather than new (anthropogenic) spreading 

pathways. While Heterocope borealis and Diaphanosoma brachyurum were permanently or 

temporarily extirpated in the eutrophic phase, the increased nutrient concentrations in the lake 

stimulated increase of Daphnia galeata population (Güde & Straile 2016; Straile 2015).  

 

Many studies on the predatory zooplankton Bythotrephes longimanus report a strong negative effect 

on the pelagic food web in North American lakes, where B. longimanus is invasive (Walsh et al. 

2017; Bunnell et al. 2011; Strecker & Arnott 2008). It is not a preferred prey species of young fish in 

those lakes and absent in the diet of fish smaller than 3 to 7 cm, depending on the study (Compton & 

Kerfoot 2004; Miehls et al. 2014; Branstrator & Lehman 1996; Jarnagin et al. 2000; Barnhisel & 
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Harvey 1995). The taxonomy of the genus Bythotrephes in North America is still not clear, but it is 

suggested to be a hybrid closely related to B. cederströmii (Korovchinsky 2015). In contrast, B. 

longimanus is a native species first described in Lake Constance. To our knowledge, there are no 

reports of how presence of native B. longimanus influences zooplankton community structure. 

Furthermore, it is not only preferred by adult whitefish (Becker & Eckmann 1992) but according to 

our data also by small whitefish and sticklebacks, which can prey on it already at 2 cm. Based on 

genetic and morphological identification, Korovchinsky (2015) suggested to classify B. longimanus 

and B. cederströmii as two distinct species. Our data are in accordance with this suggestion as they 

demonstrate a substantial difference in B. longimanus role as a prey species comparing to studies in 

North America on their population of Bythotrephes.  

 

In contrast with other zooplankton of Lake Constance, Daphnia cucullata abundance change is not 

connected with changing phosphorus concentrations. This species is commonly appearing in 

eutrophic lakes with high fish predation (Vijverberg & Richter 1982), therefore it is surprising it did 

not appear in eutrophic times of the lake but later when phosphorus concentrations were low and 

stable (IGKB 2018). This thesis demonstrates that their appearance is related to stickleback invasion 

into the pelagic zone. This is evident from their resistance to fish predation pressure demonstrated in 

mesocosm experiments and seasonal diet, as well as from changes from long-term zooplankton data.  

 

Specialised and facultative planktivores 

Stickleback population increase plays an important role in littoral as well as pelagic food webs 

(Bakhvalova et al. 2016; Bergström et al. 2015; Eriksson et al. 2011). In the Baltic Sea, their diet 

overlaps with other planktivores of pelagic communities (Jakubavičiute et al. 2016; Peltonen et al. 

2004). Although sticklebacks are feeding generalists (Kottelat & Freyhof 2007) and they handle 

larger prey better than planktivores (Lazzaro 1987), they can develop a more limnetic form and 

specialise in feeding on zooplankton (Harmon et al. 2009). Whitefish are more typical zooplankton 

feeder specialists with adaptations in morphology and behaviour (Lazzaro 1987; Eckmann et al. 

2002). In our data, sticklebacks were consuming larger prey than whitefish of the same size, using 

more a hover-search method and relying more on movement detection than “search image” of prey, 

which is in agreement with Lazzaro (1987). However, field data showed that there was a strong diet 

overlap for most of the season, with both fish species preferring larger prey. When resources are 

limited, prey overlap is often used as a prediction for competition between predators (Sale 1974), 

which might be the case in oligotrophic Lake Constance. When comparing equal sizes, we found no 
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differences in feeding rates of both species, with few exceptions for the smallest sizes in which 

whitefish was in the first stages of ontogenetic development. Although the success of invasive 

predators is often related to better utilisation of resources than natives with an analogous ecological 

role (Dick et al. 2017b), we did not find any support for it in our experiments. 

 

Fish hatching and growing differences 

Introductions of non-native species influence size distribution that can lead to ecological changes in 

invaded locations (Fritschie & Olden 2016). Stickleback invasion into the pelagic zone influenced 

fish size structure (Eckmann & Engesser 2019) and, in parallel, according to our data, changed timing 

and predation pressure on zooplankton. Whitefish is a specialised planktivory feeder (Kottelat & 

Freyhof 2007), it spawns between November and December, hatches around February, and their 

larvae accelerate growth with spring zooplankton increase in April (Eckmann & Pusch 1989). 

Stickleback spawns between April and June, and its larvae form larger schools and move to deeper 

water between July and August (Kottelat & Freyhof 2007). In our data, 0+ sticklebacks were also 

first found in the pelagic trawl in July and became even more abundant in August.  

 

During the first year of life, fish change their diet immensely (Miller et al. 1988; Houde 2008), and 

have a strong influence on zooplankton as soon as they reach a certain size (Mehner & Thiel 1999). 

Therefore, changed hatching time for a high proportion of Lake Constance pelagic fish might result 

in differences in zooplankton seasonality. We observed similar feeding abilities and prey preferences 

for both species during their ontogenetic growth. However, further studies are needed to assess the 

effects of both 0+ fish species on the zooplankton community. We observed a shift of zooplankton 

species like B. longimanus and D. galeata phenology towards autumn months in our long-term data 

but could not link it to the spawning cycle of sticklebacks.  

 

Effects of changed fish size - Kleiber’s law 

Besides changes in appearance and size of abundant pelagic 0+ fish, the invasion of non-native 

species altered the size structure of older fish in Lake Constance. Whitefish grows up to 450 mm 

standard length, whereas stickleback exceptionally up to 100 mm (Kottelat & Freyhof 2007). Small-

sized groups of fish often exhibit the strongest predation pressure on zooplankton (Mehner & Thiel 

1999; Hamrin et al. 1986). According to Kleiber’s law, metabolic rate scales to the ¾ power of the 

animal's mass (Kleiber 1947). Since sticklebacks are 2 orders of magnitude smaller than whitefish (3 



 

79 

 

g and 300 g, respectively), their consumption would be approximately 3-times higher for the same 

biomass, according to Kleiber. Since their biomass was less than 3 times smaller in 2014 (Alexander 

& Vonlanthen 2016), it could be expected that they approached or even exceeded whitefish 

consumption. To confirm this suggestion, more precise bioenergetic studies are needed. Even though 

sticklebacks represented one quarter of biomass in 2014 (Alexander & Vonlanthen 2016), it is not 

very likely that total fish biomass increased after their invasion. Although hydroacoustic data did not 

reveal any change in large fish species acoustic signal (Eckmann & Engesser 2019), whitefish yield 

was approx. double in the period before (2006-2011) compared to after (2012-2017) stickleback 

invasion (Kugler & Friedl 2018). 

 

The reason for the successful stickleback invasion in Lake Constance remains to be elucidated. Our 

data demonstrate that their feeding abilities do not differ much from the same sized whitefish. Small 

fish can fulfil their metabolic needs with a lower amount of prey, which is especially important at the 

low abundance and body size of zooplankton available in the lake (Hamrin & Persson 1986). 

Consequently, 0+ fish are less food limited, and their growth is faster even at high population densities 

that negatively affect larger fish groups (Hamrin & Persson 1986; Eckmann 2017). Therefore, we 

suggest that small-sized sticklebacks are less affected by pelagic fish population size and can capture 

a sufficient amount of food more easily. In the period of stickleback invasion, 1+ to 4+ whitefish 

growth declined (Rösch et al. 2018). Comparing whitefish diet studies in eutrophic times (Becker & 

Eckmann 1992) with our field data study, whitefish consumed less zooplankton in five out of six 

comparable months (no difference only in November). We believe that the reason for the decline in 

the diet is the simultaneous effect of both, stickleback invasion and re-oligotrophication. 

 

Although small-sized fish can more easily fulfil their metabolic needs (Hamrin & Persson 1986), they 

have other disadvantages, such as lower-sized refugium from piscivorous predation (Woodward & 

Hildrew 2002; Reimchen 1991). In the Baltic Sea, stickleback invasion of pelagic and littoral areas 

was attributed to piscivores' decline (Byström et al. 2015; Eklöf et al. 2020), elsewhere their number 

is strongly influenced by fish predation (Bakhvalova et al. 2016; Rudman et al. 2016; Baker et al. 

2010). Although a decrease of piscivores (e.g., perch) is evident in Lake Constance (Alexander & 

Vonlanthen 2016), further studies are needed to disentangle potential reasons for stickleback 

invasion. A potential trigger for changes could be also the global warming. It affects organisms by 

reducing body sizes and increasing the proportion of small-sized species (Daufresne et al. 2009; 

Geerts et al. 2015), which happened in fish and zooplankton communities in Lake Constance. 

 



 

80 

 

Increased predation pressure 

The presence of planktivory fish species and high fish predation pressure decreases average 

zooplankton size and increases the abundance of smaller zooplankton species (Brooks & Dodson 

1965; Gliwicz & Pijanowska 1989; Ersoy et al. 2017). This phenomenon is also visible in our data. 

Guild predators (predators that exploit the same resources) can have synergistic predation effects that 

lead to higher prey exploitation (Fox 2004), therefore an increase of guild fish species can lead to 

more intense top-down control on zooplankton. Higher fish predation either related to pelagic fish 

size or fish species diversity change, is also a possible explanation for recent changes in Daphnia 

composition in Lake Constance. D. cucullata is typically appearing in eutrophic lakes with high fish 

predation (Gliwicz 1990; Vijverberg & Richter 1982). Although Upper Lake Constance is 

oligotrophic (Schotzko 2018) and its fish productivity is considered to be low (Baer et al. 2016), D. 

cucullata started to be a dominant Daphnia species in 2016 (IGKB 2020). Data from our mesocosm 

experiments show that both fish species strongly increase the D. cucullata – D. longispina ratio, 

similar to what happened in the lake during recent years. Therefore, increased densities of small fish 

of one or the other species might increase the predation pressure on zooplankton. Hydroacoustic data 

demonstrate that the amount of small fish during spring and fall after 2014 was more than 10-times 

higher compared to the years prior to stickleback invasion, whereas the amount of larger fish did not 

change considerably (Eckmann & Engesser 2019). Sticklebacks, affecting zooplankton as strongly as 

whitefish of the same body size, are very likely to have a strong influence on the resistance of the 

lake ecosystem due to their high numbers.  

 

Seasonal fish diet 

Next to their feeding mode, ontogenetic development, and energetic demands, the seasonal diet of 

whitefish and stickleback should be considered in the evaluation of their effects on zooplankton and 

competition for food. In our data, both fish species highly overlapped in diet, and although being 

smaller, sticklebacks consumed higher amounts of zooplankton biomass in some winter months. The 

same as whitefish, sticklebacks selected large zooplankton species, but they were also able to rely on 

small copepods as an important food source. Optimal foraging theory predicts that predators have a 

low selection of prey with low profitability (energy gain - time and energy spent) (Sinervo 2007). 

When the prey is too small compared to the predator, this can result in predator ignorance of prey 

(Persson 1987; Sinervo 2007). The relation between the residual depth of fish and its prey is also 

important for fish selection (Mookerji et al. 1998). In the eutrophic period of Lake Constance, D. 

galeata did not migrate and mostly appeared at the surface during daytime, which led to strong fish 
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predation (Stich & Lampert 1981; Becker & Eckmann 1992). During the re-oligotrophication process, 

D. galeata abundance decreased (Straile 2015). Our results demonstrate that D. cucullata and E. 

gracilis are now (in years 2017-2018) dominating surface water layers during daytime (data not 

shown). E. gracilis had in previous studies a strong diurnal migration pattern in Lake Constance 

(Einsle 1969; Einsle 1987b; Stich 1989; Geller 1986) and its recent behaviour change is unexplained, 

but it might be related to recent lake changes like re-oligotrophication, stickleback invasion, or global 

warming. Warming of upper water layers benefits small-sized species (Daufresne et al. 2009) and it 

can shift high temperature intolerant fish predators into deeper waters (Bartley et al. 2019). 

 

Top-down control 

Invasive species alter food webs and can have cascading effects on multiple trophic levels (David et 

al. 2017; Östman et al. 2016; Pagnucco et al. 2016). The longer the food chain is, the less likely it 

will have a strong cascading effect on lower levels. Therefore, fish have a great role in controlling 

the zooplankton community, but less on phytoplankton, which is more controlled by nutrients (i.e., 

bottom-up) (Brett & Goldman 1997; Vakkilainen et al. 2004; Hansson et al. 2004). The intensity of 

cascading also depends on whether predation affects keystone species, which have a strong influence 

on lower trophic levels (Carpenter et al. 1985; Moyle & Light 1996; Cottee-Jones & Whittaker 2012). 

Our data demonstrate the high importance of large daphniid species like D. longispina in trophic 

cascades. In our long-term data, we did not see a change in their abundance after stickleback invasion, 

albeit there was a strong increase in D. cucullata – D. longispina ratio. Furthermore, no changes in 

chlorophyll a were observed in recent years, although there were some temporary changes in 

community structure like the appearance of high densities of Planktothrix rubescens (IGKB 2020). 

Other studies also indicated strong cascading effects in eutrophic systems (Williams & Moss 2003; 

Des Roches et al. 2013), whereas in oligotrophic lakes, cascading down to phytoplankton are less 

prominent (Mehner et al. 2008). 

 

Conclusions 

Food webs are constantly rewiring, and interactions within them are changing with altering 

environmental conditions in a rapidly changing world (Bartley et al. 2019; Worm & Duffy 2003; 

David et al. 2017). Organisms are exposed to different timing and magnitudes of multiple stressors, 

which appear sequentially or simultaneously (Gunderson et al. 2016). Re-oligotrophication and 

invasion of alien species arose in Lake Constance simultaneously, making it challenging to 
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disentangle their effects on biological processes. This thesis provides a better understanding of fish 

predation pressure on zooplankton after massive stickleback invasion into the pelagic zone of 

oligotrophic Lake Constance and considers change of fish species, size, and seasonality on fish-

zooplankton interactions. It discusses top-down effects from the new invader, diet overlap, re-

oligotrophication effects, and size decrease of some zooplankton groups. Our results also demonstrate 

that chlorophyll a, representing the amount of phytoplankton, showed to be resistant to the new fish 

invader, while the zooplankton community responded with body size decrease. We suggest that 

changes in zooplankton community after stickleback invasion might be more induced by the changed 

fish community size structure than a change of fish species and with-it related feeding mode. From 

the literature, there is low support for increased fish biomass after the stickleback invasion. Decreased 

prey consumption from native whitefish population is suggested to be a combination of both, re-

oligotrophication and stickleback invasion. The resilience of the system to return to the previous stage 

(domination of D. longispina, higher growth, and yield of whitefish) is questionable since stickleback 

invasion might be irreversible. However, this needs further research. Stickleback is expanding its 

geographical range, and the risk of further spread and invasion is high (U.S. Fish & Wildlife Service 

2017). Therefore, we suggest further research on their invasion effects on aquatic ecosystems in 

combination with environmental changes like a nutrient load. We also advertise the prevention of 

spreading and investigation of reasons that can trigger sticklebacks’ successful invasion. 
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