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Summary 

Freshwater ecosystems provide crucial ecosystem services and also shelter at least 6 % of all 

described species, although they contain only 0.01 % of the total amount of water and cover less 

than 2.3 % of the earth’s surface (Dudgeon et al., 2006; Reid et al., 2019). Nevertheless, freshwa-

ter ecosystems worldwide face multiple threats, such as climate change, pollution and invasive 

species and hence belong to the most endangered ecosystems with biodiversity rapidly decreas-

ing (Albert et al., 2021). 

Lake Constance is one such ecosystem facing multiple threats, including a recent population ex-

pansion by the invasive three-spined stickleback (Gasterosteus aculeatus) that negatively affects 

native species. Sticklebacks had a solely littoral distribution until the end of 2012, when they 

suddenly expanded into the pelagic waters of Upper Lake Constance that was originally domi-

nated by native pelagic whitefish (C. wartmanni) (Roch et al., 2018; Eckmann & Engesser, 2019). 

In September 2014 sticklebacks accounted for 96 % of all the fish of the pelagic community and 

28 % of the total fish biomass (Alexander et al. 2016). In 2015 the fisheries yield of native white-

fish, the main target species of the local fishery (Baer et al., 2016), declined more than 50 % while 

a simultaneous weight loss of 33 % was recorded (Rösch et al., 2018). Since this time, stickleback 

abundances have plateaued between 1280 and 7990 individuals/ha in the pelagic waters of Up-

per Lake Constance (Eckmann & Engesser, 2019), while laboratory experiments and occasional 

field catches confirmed successful stickleback predation on whitefish eggs and larvae (Roch et 

al., 2018). This invasion and its ecosystem effects are of broad interest, not only because of the 

risk to the ecosystem and local fishery, but also because this situation is unique for a large, oligo-

trophic freshwater lake, although stickleback have caused similar problems within their native 

range (Bergström et al., 2015). In particular, more information on stickleback habitat use and 

movement, feeding ecology, ecosystem effects, and an evaluation of potential population control 

measures are needed to help inform management in Lake Constance.  

This is organized in four chapters that each describe research to help to fill these knowledge gaps: 

1) a detailed understanding of seasonal and spatial stickleback abundance and evaluation of po-

tential population control measures; 2) a novel hydroacoustic-based species classification tool to 
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support improved monitoring of stickleback and whitefish in the future; 3) a description of inter-

annual trophic characteristics through isotope analyses; and 4) an evaluation of potential egg 

predation by sticklebacks through experiments and population consumption estimates.  

In chapter II, three different fisheries methods were used to describe seasonal and spatial dy-

namics of stickleback abundance, migration and habitat-specific co-occurrence of sticklebacks 

with other fish species. These results were then used to evaluate potential options for fisheries 

management or stock reduction, respectively. Two main abundance peaks were observed in the 

pelagic zone, the highest in September when sticklebacks (re)invade the pelagic zone after 

spawning or hatching (19,100 n/ha), and a second one in early Winter during whitefish spawning 

season (> 1000 n/ha). Due to hardly any bycatch observed, these two time slots would be most 

suitable for a stickleback reduction fishery using an efficient trawl net. 

A reliable estimate of population size and dynamics is essential for fisheries management, but 

can be difficult to provide. One especially problematic issue in large, deep lakes like Lake Con-

stance is the intensive fishing effort required with traditional capture fisheries, which can also 

lead to mass mortality of non-target fish species (Emmrich et al., 2012). For this reason, this thesis 

developed a novel tool, described in chapter III, that enables identification of stickleback through 

hydroacoustics, which is a less-invasive method and can provide high resolution data over large 

spatio-temporal scales (Horne, 2000). Hydroacoustic data were collected in a mesocosm experi-

ment with similar-sized individuals of sticklebacks and whitefish, and the developed classifier was 

able to identify species with 73.4 % accuracy. Once verified with field data, this classifier will ex-

pand monitoring capabilities to improve estimates of abundance, species overlap, interspecific 

competition, abiotic preferences, and foraging. This novel development is furthermore likely to 

be highly transferrable, with the expectation that future studies will follow to develop classifiers 

for other species that can broadly help to improve fishery monitoring to help support sustainable 

fisheries.   

Stable isotope analysis of nitrogen and carbon was used in this thesis to investigate integrative 

diet information over an extended time span and evaluate potential predation of sticklebacks on 

whitefish (chapter IV). Two clear seasonal peaks of the sticklebacks’ δ15N isotopic signature and 

trophic position were observed. The first occured in spring, when whitefish are stocked and 

hatch, and the second one during whitefish spawning season. These results suggest that stickle-

backs might extensively feed on high protein, nutritive whitefish larvae and eggs. Furthermore, 
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isotopic niche overlap indicates that sticklebacks and whitefish most probably feed on the same 

diet during the summer growth season (Ogorelec et al., 2021), but use different feeding sources 

during colder seasons. Hence, in addition to interspecific competition for food, sticklebacks might 

represent a serious threat to whitefish recruitment, which has already been suggested following 

their mass appearance in pelagic waters and parallel decline of whitefish abundance (Rösch et 

al., 2018; Roch et al., 2018).  

Finally, laboratory experiments were conducted to evaluate potential stickleback consumption 

of whitefish eggs under various light conditions, and to determine how long eggs remain visible 

in stomachs (chapter V). Maximum consumption occurred in daylight, but surprisingly stickle-

backs were also able to effectively feed on whitefish eggs under complete darkness. Eggs were 

consumed whole and could be clearly identified and counted 24 h after ingestion, which will fa-

cilitate future sampling and interpretation of stomach content analysis to quantify egg predation. 

Population consumption estimates suggested that even if only one percent of stickleback con-

sume 20 eggs daily, up to 25 % of all whitefish eggs released in 2014 could be consumed. This 

could seriously hamper recruitment and might further help explain the decrease of relative abun-

dance and growth of whitefish observed after the stickleback invasion into the pelagic waters 

(Rösch et al., 2018). 

This thesis provides new insights into the life history of invasive sticklebacks in Lake Constance. 

Options for stickleback management are presented and a new tool, bearing the potential for fa-

cilitating future monitoring, is provided. Furthermore, insights into stickleback feeding ecology 

are presented, that may further help explain the decrease of relative abundance and growth of 

whitefish observed after the stickleback invasion into the pelagic waters (Rösch et al., 2018). 

Most importantly, these results will help to inform future studies and development of fisheries 

and ecosystem management options. 
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Zusammenfassung 

Süßwasserökosysteme stellen wesentliche Ökosystemdienstleistungen bereit und beherbergen 

6 % aller beschriebenen Arten weltweit, obwohl der Anteil an Süßwasser nur 0,01 % des gesam-

ten Wasservolumens der Erde beträgt und weniger als 2,3 % der Erdoberfläche bedeckt 

(Dudgeon et al., 2006; Reid et al., 2019). Dennoch werden Süßwasserökosysteme weltweit mit 

Bedrohungen wie dem Klimawandel, Umweltverschmutzung und invasiven Arten konfrontiert 

und zählen daher zu den gefährdetsten Ökosystemen, deren Biodiversität rapide abnimmt (Al-

bert et al., 2021). 

Der Bodensee ist ein Beispiel für ein Süßwasserökosystem, das sich mehreren Bedrohungen, wie 

dem Populationsanstieg des invasiven Dreistachlingen Stichlings (Gasterosteus aculeatus), der 

negative Auswirkungen auf heimische Arten hat, gegenübersieht. Stichlinge waren bis zum Ende 

des Jahres 2012 nur im Litoral vertreten und breiteten sich dann unerwartet in das Pelagial des 

Bodensee Obersees aus, welches ursprünglich von heimischen Felchen (C. wartmanni) dominiert 

wurde (Eckmann & Engesser, 2019; Roch et al., 2018). Im September 2014 machten Stichlinge 

dann bereits 96 % aller Individuen der gesamten Fischgemeinschaft und 28 % der gesamten 

Fischbiomasse im Pelagial aus (Alexander et al., 2016). Im Folgejahr 2015 brach schließlich der 

Felchenertrag der Berufsfischer um über die Hälfte ein, zugleich wurde ein Gewichtsverlust von 

33 % bei den Felchen festgestellt (Rösch et al., 2018), der fischereilich wichtigsten Art im Boden-

see (Baer et al., 2016).  

Seitdem schwanken die Stichlingsbestände auf hohem Niveau zwischen 1280 und 7990 Indivi-

duen/ha im Pelagial des Bodensee-Obersees (Eckmann & Engesser, 2019). Laborexperimente 

und vereinzelte Wildfänge bewiesen, dass Stichlinge erfolgreiche Prädatoren bei der Jagd auf 

Felchenlarven- und eier sind (Roch et al., 2018; Ros et al., 2019). Die Invasion der Stichlinge in 

das Freiwasser des Bodensees und die anschließenden Folgen auf das Ökosystem sind nicht nur 

aufgrund des dadurch entstehenden Risikos für die lokale Fischerei und das Ökosystem von gro-

ßer Bedeutung. Diese Situation stellt einen Einzelfall für einen großen, oligotrophen See dar; 

Stichlinge verursachen jedoch auch in ihrem natürlichen Verbreitungsgebiet ähnliche Probleme 

wie im Bodensee (Bergström et al., 2015). 

Insbesondere Informationen bezüglich der Bewegungsmuster und Habitatnutzung von Stichlin-

gen, ihrer Nahrungsökologie und Effekte auf das Ökosystem, sowie die Evaluierung möglicher 
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Methoden zur Populationskontrolle sind vonnöten, um das Fischereimanagement des Bodensees 

zu unterstützen. 

In vier Kapiteln dieser Dissertation werden wissenschaftliche Studien vorgestellt, die Wissenslü-

cken in den oben erwähnten Punkten füllen; 1) ein umfangreiches Verständnis über die saisonale 

und räumliche Verteilung der Abundanz der Stichlinge und Evaluierung potenzieller Methoden 

zur Populationskontrolle; 2) eine neuartige Methode zur Unterscheidung von Stichlingen und Fel-

chen mithilfe von Hydroakustik, welche in Zukunft zu einem verbesserten Monitoring der beiden 

Arten beitragen soll; 3) der Jahresverlauf trophischer Kennwerte durch Isotopenanalyse und 4) 

die Evaluierung der Möglichkeit von Stichlingsprädation auf Felcheneier und eine Schätzung mög-

licher Konsumptionsraten der Stichlingspopulation. 

In Kapitel II wurden drei verschiedene Fischereimethoden benutzt, um saisonale und räumliche 

Dynamiken der Abundanz und Migration von Stichlingen, sowie habitatspezifische Überlappung 

von Stichlingen und anderen Fischarten zu untersuchen. Anhand dieser Ergebnisse wurden im 

Anschluss Möglichkeiten für das Fischereimanagement bzw. einer gezielten Fischerei zur Be-

standsreduktion evaluiert. Dabei wurden im Pelagial zwei Abundanzspitzen im Jahresverlauf der 

Stichlinge beobachtet. Die höchste Abundanz (19.100 n/ha) trat im September auf, wenn Stich-

linge nach der Laichzeit bzw. nach dem Schlupf in das Freiwasser zurückkehren bzw. aufsuchen. 

Eine zweite Spitze (> 1000 n/ha) wurde im Winter während der Felchenlaichzeit beobachtet. Auf-

grund der kaum vorhandenen Beifänge eignen sich diese beiden Zeiträume am besten für eine 

intensive Schleppnetzfischerei auf Stichlinge. 

Eine verlässliche Schätzung von Fischpopulationen und deren Dynamik ist essenziell für das Fi-

schereimanagement, es ist aber schwierig solche Daten bereitzustellen. Speziell in großen, tiefen 

Seen wie dem Bodensee ist der fischereiliche Aufwand mit traditionellen Fangmethoden zur Ge-

nerierung solcher Daten problematisch und kann auch zu Massensterben von Beifang führen 

(Emmrich et al., 2012). In dieser Dissertation wurde daher in Kapitel III eine neue Methode ent-

wickelt, um anhand von Hydroakustik Stichlinge zu identifizieren. Hydroakustik ist eine weniger 

invasive Methode, kann aber gleichzeitig hochauflösende Daten über große räumliche und zeit-

liche Dimensionen bereitstellen (Horne, 2000). In einem Mesokosmosexperiment wurden hyd-

roakustische Daten ähnlich großer Individuen von Stichlingen und Felchen gesammelt. Der dabei 

entwickelte „classifier“ wird die zukünftigen Möglichkeiten des Monitorings erweitern und künf-

tige Schätzungen von Abundanz, Habitatüberlappung verschiedener Arten, zwischenartlicher 
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Konkurrenz, abiotischer Präferenzen und Informationen zur Nahrungssuche verbessern. Da diese 

neue Methode zudem sehr wahrscheinlich gut übertragbar ist, wird erwartet, dass zukünftige 

Studien „classifier“ für andere Arten entwickeln, welche wiederum dabei helfen werden, das fi-

schereiliche Monitoring zu verbessern und eine nachhaltige Fischerei unterstützen. 

Stabile Isotopenanalyse von Stickstoff und Kohlenstoff wurde in Kapitel IV verwendet, um integ-

rative Informationen über die Nahrung von Stichlingen über einen längeren Zeitraum zu erhalten 

und die mögliche Prädation von Stichlingen auf Felchen zu untersuchen. In der Studie wurden 

zwei eindeutige saisonale Spitzen der Stickstoffsignatur und trophischen Position der Stichlinge 

sichtbar. Die erste Spitze trat während des Frühlings, wenn Felchen schlüpfen und in den See 

besetzt werden, auf. Die zweite Spitze wurde im Winter, während der Felchenlaichzeit, beobach-

tet. Diese Ergebnisse führen zu der Vermutung, dass sich Stichlinge extensiv von proteinreichen, 

nahrhaften Felchenlarven und -eiern ernähren. Zudem lassen die Nischenüberlappung von Stich-

lingen und Felchen, basierend auf Isotopendaten, vermuten, dass sich die beiden Arten während 

des Sommers von derselben Nahrung ernähren (Ogorelec et al., 2021), jedoch während des rest-

lichen Jahres unterschiedliche Nahrungsquellen nutzen. Somit stellen Stichlinge möglicherweise 

neben der zwischenartlichen Konkurrenz um Nahrung auch eine ernsthafte Gefahr für die Rek-

rutierung der heimischen Felchen dar, was schon nach deren Invasion in das Freiwasser vermutet 

wurde (Rösch et al., 2018; Roch et al., 2018). 

In Kapitel V wurden Laborexperimente mit dem Ziel durchgeführt, den potenziellen Konsum von 

Stichlingen an Felcheneiern unter verschiedenen Lichbedingungen zu ermitteln und festzustel-

len, wie lange gefressene Eier in den Mägen der Stichlinge sichtbar und identifizierbar sind. Ma-

ximale Konsumptionsraten traten während Tageslichtbedingungen auf. Überraschend war je-

doch, dass Stichlinge auch während absoluter Dunkelheit in der Lage waren, effektiv Felcheneier 

zu fressen. Die Eier wurden ganz gefressen und konnten auch noch nach 24 h klar identifiziert 

und gezählt werden. Dieses Ergebnis wird zukünftige Probenahmen und Untersuchungen zur 

Quantifizierung von Eifraß erleichtern und die Interpretation von Mageninhalten vereinfachen. 

Schätzungen der Konsumptionsrate der Stichlingspopulation deuten darauf hin, dass wenn 1 % 

der Stichlingspopulation 20 Eier pro Tag frisst, 25 % aller Felcheneier aus dem Jahr 2014 konsu-

miert werden. Dies könnte die Rekrutierung der heimischen Felchen schwer beeinträchtigen und 

könnte zur Erklärung des Rückganges der relativen Abundanz und des Wachstums von Felchen, 
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welche nach der Invasion der Stichlinge in das Pelagial beobachtet wurde (Rösch et al., 2018), 

beitragen.  

Diese Dissertation bietet neue Einblicke in die Lebensgeschichte invasiver Stichlinge im Boden-

see. Es werden Möglichkeiten für ein Management der Stichlinge präsentiert und eine neue Me-

thode, die über das Potenzial verfügt das zukünftige Monitoring zu erleichtern, wird bereitge-

stellt. Zudem werden neue Einsichten in die Nahrungsökologie der Stichlinge präsentiert, die 

dazu beitragen könnten, den Rückgang der relativen Abundanz und des Wachstums der Felchen 

zu erklären. Die Ergebnisse dieser Dissertation stellen wichtige Informationen für zukünftige Stu-

dien sowie für die Entwicklung von Ökosystem- und Fischereimanagement bereit.
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Chapter I: General Introduction 

Invasive species and their associated abiotic alterations and biotic effects are one of the most 

dangerous threats for freshwater ecosystems worldwide (Geist, 2011; Craig et al., 2017; Darwall 

et al., 2018). Freshwater ecosystems support exceptionally high biodiversity (Geist, 2011; Remon 

et al., 2016; Darwall et al., 2018) but are amongst the most endangered habitats in the world (Nel 

et al., 2009; Geist, 2011; Remon et al., 2016). Ecosystem effects of invasive species are thus es-

pecially problematic in these systems (Remon et al., 2016), especially when considered alongside 

of threats from climate and land use change, resource extraction and overexploitation, habitat 

alteration, fragmentation, degradation and loss, flow modifications, and water pollution (Geist, 

2011; Craig et al., 2017; Darwall et al., 2018). Negative effects on invaded freshwater ecosystem 

and native fauna include alterations of the ecosystems’ biogeochemical cycling and habitat 

(Strayer, 2010), biotic interactions such as competition and predation that hamper recruitment 

(Bergström et al., 2015, Byström et al., 2015; Rösch et al., 2018; Remon et al., 2016; Roch et al., 

2018; Dudgeon et al., 2019), introduction of parasites and diseases, hybridization with closely 

related native species (Cucherousset et al., 2011; Perry et al., 2002; Copp et al., 2005; Strayer et 

al., 2010; Lymbery et al., 2014), and  habitat change (Copp et al., 2005; Strayer, 2010; Sheath et 

al., 2015; Remon et al., 2016).  

Fish are one of the most frequently introduced species in freshwater ecosystems and the mech-

anisms as well as reasons for introduction are numerable and varied. Primary motivations under-

lying the introduction of non-native fish species include aquaculture, ornamental use, fishing en-

hancement and trade and shipping (Copp et al., 2005, Remon et al., 2016; Kiruba-Sankar et al., 

2018). Introductions also occur via canals or vectors like ballast water (Strayer, 2010). 

The three-spined stickleback (Gasterosteus aculeatus), hereafter referred to as stickleback, is ex-

tensively distributed in the temperate and boreal regions of the northern hemisphere as well as 

around the northern margins of the Atlantic and Pacific oceans, inhabiting coastal marine, brack-

ish and a multitude of fresh waters (Wootton, 1984; Bell & Foster, 1994). Sticklebacks have a 

broad native distribution, for example in the Baltic and White Sea, but originating in the Pacific 

Ocean area. The species has also been widely introduced, especially in freshwater systems 

throughout central Europe, for example Lake Constance, Lake Geneva, the upper Rhone River, 



 

12 

 

Lake Neuchâtel, Lake Lucerne and Lake Biel (Wootton, 1984; Bell & Foster, 1994; Lucek et al., 

2010, Bergström et al., 2015; Roch et al., 2018; Lajus et al., 2020; Hudson et al., 2021).  

Sticklebacks belong to the order of Gasterosteiformes, the family of Gasterosteidae and the ge-

nus of Gasterosteus. The species has extremely variable physiology, morphology and life-history 

characteristics (Wootton, 1984). Nevertheless, there are some features that all populations have 

in common: sticklebacks are small and streamlined with a standard length of about 5 – 11 cm. 

The three serrated dorsal spines are the most notable characteristic of the species, with the third 

and smaller dorsal spine ending anterior of the dorsal fin (Fig. 1). Another small spine is located 

directly anterior of the anal fin followed by large serrated spines at the pelvic girdles ventral end 

posterior to the pelvic fins. Sticklebacks further wear bony, lateral plates, whose numbers and 

distribution can vary substantially within and between populations (Fig. 2). When plating is fully 

expressed the plates cover each side of the sticklebacks’ body, beginning above the pectoral gir-

dle and ending at the caudal peduncle (Bell & Foster, 1994) (Fig. 2).  

 

 

 

 

Figure 1: A male stickleback in nuptial colouration. 
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Figure 2: A low plated stickleback (above) and a fully plated individual (below) from Lake Constance caught 

both in the same habitat. The stickleback below further carries four dorsal spines, which appears in about 

6 % of the species occurring in western Austria and hence Lake Constance (Ahnelt et al., 2006). 

 

Colouration of sticklebacks is diverse and can range from silver to green hued depending on the 

habitat (Bell & Foster, 1994). As spawning season begins male sticklebacks start to change col-

ouration. Typically, their eyes become blue to turquoise and the ventral side of the trunk and 

head mostly takes on shades of red. In some populations, however, sticklebacks turn black in-

stead of red or don’t develop any nuptial colour at all (Wootton, 1976; Reimchen, 1989; Bell & 

Foster, 1994; Östlund-Nilsson, 2007). 

Sticklebacks are not only widely distributed but are also well-studied model organisms. They de-

ploy a wide range of behaviours, for example male parenting, aggression, territoriality and court-

ship (Bell & Foster, 1994, Bell 1995). In particular, their complex and unique mating and spawning 

behaviour has been studied intensively (Tinbergen, 1951; van den Assem, 1967; Pressley, 1981; 

Kynard, 1978; van den Assem & Sevenster, 1985; Bell & Foster, 1994; Bell, 1995; Foster, 1995; 

McDonald et al., 1995; Arnott & Barber; 2000; Kawahara & Nishida, 2006; Östlund-Nilsson, 2007; 

Foster et al., 2008; Rick & Bakker, 2008; Hopkins et al., 2011; Stein & Bell, 2015). When spawning 

time arrives males develop their nuptial colouration, become territorial and build a nest glued 
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together with a kidney secrete, called spiggin (Kawahara & Nishida, 2006; Östlund-Nilsson et al., 

2007). Gravid females are wooed with a typical zigzag dance, where the male swims from the 

nest zigzagging horizontally towards the female. Following successful spawning actions, males 

start fanning and defending the nest against any possible dangers. After the larvae hatch, male 

sticklebacks take care of the offspring for about approximately one week and retrieve the fry in 

case the larvae stray too far away from the nest (Bell & Foster, 1994; Bell, 1995; Östlund-Nilsson, 

2007).  

In addition to behaviour, host-parasite interaction between stickleback and the pseudophyllid-

ean cestode Schistocephalus solidus has also been studied intensively (Clarke, 1954; Lester, 1971; 

McPhail & Peacock, 1983; Giles, 1987; LoBue & Bell, 1993; Tierney et al., 1993; Cunningham et 

al., 1994; Barber & Huntingford; 1995; Heins, 1999; Ness & Foster, 1999; Arnott et al.,2000; Bar-

ber & Svensson, 2003; Heins & Baker, 2003; Bagamian et al., 2004; Schultz et al., 2006; Barber & 

Scharsack, 2010; Benesh & Hafner, 2012; Barber, 2013; Heins & Baker, 2014; Jolles et al., 2019). 

The complex life cycle of S. Solidus starts with its eggs entering the water with the faeces of pis-

civorous birds. Out of these eggs hatch free-swimming larvae, the coracidia, which are further 

ingested by cyclopoid copepods, the first intermediate host. The parasite develops in the cope-

pods haemocoel into the procercoid stage wearing a hooked cercomer. The obligatory second 

intermediate host are sticklebacks, which are infected by feeding on parasitized copepods. After 

ingestion the procercoids first shed their cercomer and outer layer, and then penetrate the in-

testine wall. In the sticklebacks’ body cavity, the parasite further develops into the large growing 

plerocercoid (Fig. 3). After a piscivorous bird ingests an infected stickleback, the parasite matures 

and sexually reproduces, completing its life cycle (Fig. 4) (Clarke, 1954; Barber & Scharsack, 2010). 

Infestation with S. solidus can markedly affect the behaviour, reproduction and survival of stick-

lebacks, even leading to a mass population breakdown if prevalence exceeds 80 % (Barber & 

Scharsack, 2010; Heins et al., 2010).  
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Figure 3: A stickleback with opened body cavity releasing 3 plerocercoids of S. solidus. 
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Figure 4: life cycle of Schistocephalus solidus. 

Sticklebacks have invaded freshwater lakes throughout Central Europe (Lucek et al., 2010; Roch 

et al., 2018; Hudson et al., 2021). One such system is Lake Constance, one of the largest lakes in 

Central Europe (Fischer & Eckmann, 1997), where the species established in littoral zones and 

recently invaded the pelagic zone in high numbers (Rösch et al., 2018, Roch et al., 2018). Pro-

ceeding this invasion, Lake Constance had extensive nutrient dynamics in the past century that 

had marked effects on ecosystem structure and function. A period of rapid eutrophication saw 

phosphorous concentrations increase from 7 to 87 µg/L between 1951 and 1979, followed by 

wastewater treatment and phosphorus levels decreasing to oligotrophic levels again (7.8 µg/L in 

2018) (Gaedke & Schweizer, 1993; Straile & Geller, 1998; Stich & Brinker, 2010; Baer et al., 2016; 

IGKB; 2020).  

The phytoplankton and zooplankton community structure and biomass changed as a result of 

nutrient dynamics (Gaedke & Schweizer, 1993; Straile & Geller, 1998; Stich & Brinker, 2010; 

Jochimsen et al., 2013) and consequently altered the structure and function of the food web 
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(Gaedke et al., 1998; Baer et al., 2016). In addition to re-oligotrophication limiting food availabil-

ity and altering trophic pathways, several species have also invaded and altered the Lake Con-

stance ecosystem (Gergs et al., 2011; Hesselschwerdt & Wantzen 2018; Rösch et al., 2018). One 

of the alien species causing severe impacts on the ecosystem and its native species is the three-

spined stickleback. 

The exact time and way of introduction of sticklebacks into Lake Constance is unknown. Most 

probably their introduction was a result of deliberate or accidental introduction by humans 

(Muckle, 1972; Roch et al., 2018). Genetic studies suggest that the origin of the Lake Constance 

stickleback population is the Baltic Sea (Hudson et al., 2021). 

The first confirmed sighting of sticklebacks was in the Lower Lake in 1951. Afterwards the species 

dispersed rapidly and by 1959 first individuals reached the Upper Lake. In 1962 sticklebacks were 

distributed extensively in whole Lake Constance (Muckle, 1972) (Fig. 5). 

  

 

Figure 5: Graphic depiction of the timing of the stickleback invasion and further spread into different parts 

of Lake Constance. 

 

Sticklebacks were solely distributed littorally in Lake Constance until the end of 2012, when they 

suddenly expanded into the pelagic zone of Upper Lake Constance, the habitat originally domi-

nated by native whitefish (Rösch et al., 2018; Roch et al., 2018). By September 2014 they ac-

counted for 96 % of all fish in the pelagic community and 28 % of the total pelagic fish biomass 
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(Alexander et al. 2016) and lake-wide mean abundances plateaued between 1280 and 7990 indi-

viduals/ha in the pelagic waters of Upper Lake Constance (Eckmann & Engesser, 2019). 

The hyperabundant stickleback population caused shifts in the species composition of pelagic 

zooplankton (Ogorelec, 2021) and probably reduced overall abundance, with negative effects on 

native fish species. In 2015 the fisheries yield of native whitefish (C. wartmanni), representing 

the main fishery target in Lake Constance (Baer et al., 2016), declined significantly from around 

300-600 mt (metric tons) before stickleback invasion to less than 150 mt afterwards (Rösch et al., 

2018; Roch et al., 2018). In fact, the whitefish yield was lower after stickleback invasion than 

during pre-eutrophication times, where yields accounted for total catches of about 300 mt (Baer 

et al., 2016). Simultaneously, a sudden weight loss of whitefish (age classes 1 – 4) of 17 % - 51 % 

(arithmetic mean: 33 %) was recorded (Rösch et al., 2018). Laboratory experiments and occa-

sional field catches confirmed successful stickleback predation on whitefish larvae and eggs (Fig. 

6) (Roch et al., 2018; Ros et al., 2019). These results indicate a significant negative effect of inva-

sive sticklebacks on native whitefish via interspecific competition for food, as well as predation 

on larvae and eggs, followed by reduced whitefish growth, survival and hampered recruitment. 

 

 

Figure 6: A stickleback with opened body cavity and stomach bearing 36 freshly stocked whitefish larvae. 

The Lake Constance situation is similar to that in the Baltic Sea, where a recent drastic increase 

of the native stickleback population has significantly affected the coastal food web and the  
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recruitment of pike and perch (Bergström et al., 2015; Byström et al., 2015; Nilsson et al., 2019; 

Eklöf et al., 2020) Stickleback also show a high overlap in diet and prey selection with herring and 

sprat, two commercially important species (Jakubavičiute et al., 2017). 

In order to conserve native species and manage invaded (freshwater) ecosystems, the impacts of 

invasive species have to be estimated, associated damage has to be mitigated, and fisheries man-

agement options have to be developed (Remon et al., 2016). However, this is challenging, since 

diverse data collection using various methods is required (Soranno et al., 2011; Craig et al., 2017). 

For example, the Bighead (Hypophthalmichthys spp.) and Silver Carp are invasive to the Illinois 

River, US, suspected to affect growth and condition of native species via diet competition. To 

determine naval environments and dispersal of the species Norman and Whitledge (2015) used 

stable isotope and trace element analyses in order to conduct population reduction efforts to 

decrease the risk of the species invading the Great Lakes via the Illinois River. 

Another example is presented by Budy et al. (2013) using measurements of water temperature, 

diet composition, fish growth and maximum body size of brown trout, being native to large parts 

of Europe, but invasive in almost the whole US, outcompeting native species (McIntosh et al., 

2012), to determine the overall fish performance in order to define invasion success. 

In this thesis the life history and effects of sticklebacks in Lake Constance were investigated by 

further developing and applying diverse methods used before in research on invasive species, 

including hydroacoustics (Eckmann & Engesser, 2019), stable isotope analyses 

(Bodey et al., 2011; Remon et al., 2016), and traditional capture fisheries (Alexander et al., 2016, 

Rösch et al., 2018). Special emphasis was placed on the generation of application-oriented results 

and the development of fisheries management options. The focus was thus on applied research 

designed to support managers in Lake Constance attempting to deal with an invasive species 

affecting native species and the whole ecosystem.  

In chapter II three different fisheries methods were used to investigate seasonal and spa-

tial trends in stickleback abundance, track habitat-specific co-occurrence of sticklebacks and na-

tive fish species, and to understand stickleback spawning migrations in order to explore possible 

options for stickleback stock reduction that do not greatly threaten native fish species through 
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bycatch. Furthermore, data regarding seasonal spatial trends in abundance and spawning migra-

tion of sticklebacks into the littoral zone can help determine the timing of larval whitefish stock-

ing in order to limit predation. 

Chapter III focuses on the development of novel methods for separately tracking and es-

timating stickleback and whitefish populations in the pelagic zone through hydroacoustics. Reli-

able assessment of population size and trends is essential for fisheries management (Begg et al., 

1999; Chen et al., 2003). Conventional capture methodologies employed in Chapter II provide 

invaluable data towards this end but require intensive fishing effort and often cause mass mor-

tality of sampled fish (Bean et al., 1996; Murphy & Willis, 1996; Emmrich et al., 2012; EN 14757, 

2015). Hydroacoustic monitoring is a less-invasive method, capable of collecting higher resolu-

tion data over larger temporal and spatial scales (Argyle, 1992; Horne, 2000; Godlewska et al., 

2004). However, traditional hydroacoustic monitoring does not enable tracking two or more spe-

cies of similar sizes in the same habitat, which makes it difficult to accurately quantify stickleback 

density. Recently developed wideband hydroacoustics were successfully used in mesocosm ex-

periments with native whitefish and invasive sticklebacks to develop a hydroacoustic classifier 

for species differentiation. This tool will be applied in the future and better enable scientists and 

managers to track the abundance of invasive stickleback and assess recruitment of whitefish. 

Chapter IV focuses on the use of stable isotope analysis to shed light on stickleback feed-

ing ecology and its relative trophic level in the foodweb. Laboratory experiments and single field 

catches have confirmed that sticklebacks are able to efficiently prey on whitefish larvae and 

therefore can represent a serious threat to their recruitment (Roch et al., 2018; Ros et al., 2019). 

Gut content analysis represents a standard tool for the examination of fish feeding ecology and 

trophic interactions in food webs (Janjua & Gerdeaux, 2011). However, this method only provides 

information on consumption during recent hours, which complicates investigations when a po-

tential prey item is only available for a relatively short period of time, such as whitefish larvae 

during hatching and stocking time in spring (Janjua & Gerdeaux, 2011; Roch et al., 2018). Stable 

isotope analysis, on the other hand, offers integrative diet information over an extended time 

span and can measure complex interactions, following energy or mass travelling through ecolog-

ical communities (Post, 2002; Janjua & Gerdeaux, 2011). Carbon isotopes provide information 

about whether a diet is littoral or pelagic (France, 1995), and nitrogen can provide a measure of 

the trophic position due to an enrichment of 3.4 ‰ of the δ15N value by each trophic transfer 
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from a prey to its predator (Mingawa & Wada, 1984; Vander Zanden & Rasmussen, 1999; Vander 

Zanden & Rasmussen, 2001; Post, 2002). Hence, stable isotope analysis of nitrogen and carbon 

was used to shed light on stickleback feeding ecology and its possible impact on whitefish recruit-

ment over an extended spatiotemporal scale. 

In Chapter V, experiments and population estimates are combined to estimate the poten-

tial stickleback consumption of whitefish eggs. A single field catch documented egg consumption 

and the results of chapters II and III showed that stickleback migrate to whitefish spawning sites 

and consume eggs based on isotopic signatures. Despite this evidence, extensive whitefish egg 

predation seems somewhat unlikely since stickleback only have a small time window to consume 

eggs in dark conditions when whitefish spawn. Laboratory experiments were thus conducted to 

investigate how effectively sticklebacks can forage on whitefish eggs under daylight, twilight, and 

dark conditions, and how long the eggs are visible in their stomach after ingestion. These results 

were combined with population and fecundity estimates to calculate the number of whitefish 

eggs that could theoretically be consumed by sticklebacks. 
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Chapter II: First manuscript 

Published 2020 in Fisheries Research, 232, 105746; 
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The spatiotemporal dynamics of invasive three-spined sticklebacks in a large, 

deep lake and possible options for stock reduction  

Gugele Sarah Maria, Baer Jan, Brinker Alexander 

Abstract 

A combination of fishing and surveying methods (trawling, gillnetting, electrofishing and hydro-

acoustics) were used to obtain insight into the spatiotemporal dynamics of invasive three-spined 

sticklebacks (Gasterosteus aculeatus) in the pelagic zone of Upper Lake Constance. The resulting 

information is highly pertinent to the development of management strategies to reduce the neg-

ative impact of sticklebacks on the pelagic ecosystem of the lake, and especially on the commer-

cially important native pelagic whitefish (Coregonus wartmanni). The results indicate that stick-

lebacks are very mobile and opportunistic with respect to habitat selection, making extensive 

shifts between benthic and pelagic habitats. The greatest abundances of sticklebacks in the pe-

lagic zone were identified in late summer, shortly after their spawning, when densities exceeding 

10,000 individuals per hectare were recorded. A second peak occurred in winter, during the 

spawning season of pelagic whitefish. Data from gillnetting indicate high stickleback densities in 

the littoral zone of the lake during the spawning season of benthic whitefish (Coregonus mac-

rophthalmus). Thus, damaging predation of pelagic and benthic whitefish eggs and larvae by 

sticklebacks seems very likely. Electrofishing surveys in tributary rivers revealed that these were 

used irregularly as migration routes and are therefore unlikely to represent a significant habitat 

for stickleback reproduction. Depth distribution of sticklebacks in the pelagic zone changed 

throughout the year with highest densities at depths of 9 – 12 m in spring, summer and autumn, 

while in winter densities were highest at 15 – 18 m.  The most efficient option for capturing stick-

lebacks is trawling during September, at depths of 9-12 m, where very large catches were rec-

orded without significant bycatch of non-target species. This method of control would require 

https://doi.org/10.1016/j.fishres.2020.105746
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special fishing vessels not currently deployed on the lake and its economic feasibility will require 

careful assessment. 

Keywords: Multi-method assessment; invasive species; fisheries; surveys; management 

Introduction  

Knowing how many fish of particular species are present and where is vital in the successful man-

agement of fish stocks and fisheries (Cowx, 1996), and especially so in waters impacted by inva-

sive species (Zimmerman & Krueger, 2009). However the variety of fish to be monitored and the 

fluctuations in abundance caused by, for example, their daily, seasonal or feeding migrations 

makes the acquisition of timely and reliable quantitative spatiotemporal data a complex task, 

often requiring a variety of sampling gears (Appelberg et al., 1995). A combination of methods is 

recommended to obtain the best data on which to base management decisions (Emmrich et al., 

2010).  

Gillnets can be deployed flexibly and cost-effectively in monitoring lake fish communities 

and are widely used. For example, the Water Framework Directive (European Union, 2000) re-

quires that  lakes are sampled with standardized multi-mesh gillnets (CEN (European Committee 

for Standardisation), 2005). Used alone, however, and especially in large, deep lakes, gillnets only 

reliably sample a proportion of the water body and thus tend to underestimate species compo-

sition and abundance (Deceliere-Vergès & Guillard, 2008). Furthermore, as a passive form of cap-

ture, gillnetting misses almost all inactive fish. In such lakes, therefore, it is advisable to comple-

ment gillnetting with methods that actively monitor pelagic fish assemblages, such as 

hydroacoustics and pelagic trawling (Emmrich et al. 2010, Kubečka et al., 2009). Meanwhile state-

of-the-art electrofishing is considered the most effective method for obtaining data on fish mi-

grating via tributaries (Caudron & Champigneulle, 2011; Hayes, 1987). A combination of these 

four methods should provide a reliable insight into the distribution, migration activity and species 

abundance of fish populations in a large lake.  

The three-spined stickleback (Gasterosteus aculeatus) (hereafter referred to as stickle-

back) is one of several aquatic invasive species to have invaded Lake Constance, one of the largest 

lakes in Central Europe. Sticklebacks first established in the littoral zone of Upper Lake Constance 
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(ULC) around 1958 (Roch et al., 2018), but by the end of 2012 they had expanded from an exclu-

sively shoreline habitat into the pelagic zone (Eckmann & Engesser, 2019). According to a lake-

wide fishing survey of ULC in September 2014, sticklebacks represented 96 % of all fish in the 

pelagic fish community and 28 % of total biomass (Alexander et al., 2016). Hydroacoustic surveys 

conducted twice yearly in the pelagic zone from 2009 to 2018 showed an exponentially increasing 

population of small fish up until 2012, plateauing after 2014 to fluctuate between 1,280 and 

7,990 individuals/ha (Eckmann & Engesser 2019). The assessment of stickleback abundance by 

Eckmann & Engesser (2019) required an assumption that the increase in small fish abundance 

seen in echograms represented stickleback, and no parallel sampling was conducted to verify this 

assumption. Trawling and gillnetting conducted alongside of hydroacoustics could help to deter-

mine if most small fish are indeed sticklebacks, reducing a significant source of uncertainty.   

Since the invasion, very large spawning migrations of sticklebacks have occasionally been 

recorded in small tributaries of ULC. The full impact of sticklebacks on the aquatic community in 

ULC and its tributaries is unknown. However, the results of two recent studies (Rösch et al., 2018, 

Roch et al., 2018) imply significant effects of stickleback presence on pelagic living and spawning 

whitefish Coregonus wartmanni, which previously dominated the pelagic fish community and 

was the main target of local fishery (Baer et al., 2016). It is suspected that interspecific competi-

tion for food has led to reduced whitefish growth and survival, while stickleback predation on 

whitefish eggs and larvae has hampered recruitment. The arrival of sticklebacks in the pelagic 

zone has coincided with a sharp decline in whitefish yield, from around 300-600 mt (metric tons) 

before stickleback invasion to less than 150 mt (Roch et al., 2018). A better insight into the aute-

cology of sticklebacks in ULC is needed to assess the species’ ecological impact, to test the hy-

pothesis that most of the small fish in the pelagic zone are sticklebacks (Eckmann & Engesser, 

2019) and to develop appropriate fisheries management strategies.  

The present study combined four fishery survey methods to: (1) track the seasonal and 

spatial stickleback abundance in the pelagic zone, (2) track habitat-specific co-occurrence of stick-

lebacks with other fish species, (3) track stickleback spawning migrations and (4) evaluate the 

management potential of a selective fishery aiming for maximal stickleback removal and minimal 

bycatch. 
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Material and methods 

Study area 

Lake Constance is part of the Rhine drainage basin and situated between Austria, Germany and 

Switzerland (Fig. 1). Its surface area covers 536 km², of which 472 km² belong to the deep Upper 

Lake (ULC) and 63 km2 to the shallower Lower Lake (LLC). ULC has undergone intensive re-oligo-

trophication in recent years (Stich and Brinker, 2010). A minimum of 30 fish species live in the 

lake (Eckmann & Rösch, 1998), of which about 10 are targeted by fisheries (Rösch et al., 2018). 

Whitefish (Coregonus spp.) are the most important species economically, and ULC fisheries man-

agement is based on routine monitoring of this group (www.ibkf.org). An overview of the fisher-

ies by Baer et al. (2016) focused solely on ULC; therefore only data for ULC are presented here. 

 

 
 
Figure 1: Map showing sampling locations in Upper Lake Constance of: a) trawling, hydroacoustics and 

pelagic gillnets; b) Benthic gillnets; c) electro fishing. Grey and bold black (c2, c2, c3) lines indicate rivers 

as well as in- and outflows, respectively, of Lake Constance. 

Sampling 

Sampling was conducted using various methods in three habitats: trawling combined with hydro-

acoustics in the pelagic zone, gillnetting in the pelagic and littoral zones and electrofishing in 

three tributary rivers.  
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Monthly trawling was conducted after sunset in the center of ULC (Fig. 1) for two periods 

covering the majority of two consecutive years from March 2017 to January 2019. Period I lasted 

from March 2017 until January 2018 and period II from March 2018 until January 2019. To com-

pare the data from the present study with the echograms from the study of Eckmann & Engesser 

(2019), which were using a EK60 (Simrad, Horten, Norway) split-beam echosounder, operating at 

120 kHz, similar equipment was used: a Simrad EK80 wide band transceiver (Simrad, Horten, 

Norway) equipped with an ES120-7C split beam transducer was used in all surveys. The system 

emitted a nominal frequency of 120 kHz and was set to FM mode with fast ramping, 100 watt 

emissions (electric power), a pulse duration set to 0.512 ms and a ping rate of ~9.5 pings per 

second. The bandwidth of the chirp function was set to 80 kHz, ranging from 90 to 170 kHz. Pre-

liminary studies, where both systems (EK60 and EK80) were mounted on a boat and used parallel 

for the same survey, showed highly comparable results. Echo recordings were conducted over 

short distances (600 m) and the protocol did not use repeated, standardised transects. For this 

reason, hydroacoustic data collection was not designed to survey the entire lake and cannot be 

used to provide a quantitative stock assessment as the area surveyed is insufficient. The hydroa-

coustic data were stored and used to monitor the depth distribution of fish during trawling. The 

number of small (-60 dB to < -45 dB target strength) and large fish (-45 dB to -24 dB target 

strength) within various depth ranges was estimated from the hydroacoustic data and qualita-

tively compared to the depth distribution of fish reported by Eckmann & Engesser (2019). Fur-

thermore, hydroacoustic estimates of small fish counts were combined with species identifica-

tion from trawl catches to test the hypothesis that nearly all small fish in the pelagic zone are 

sticklebacks.  

Trawling was conducted with a fixed-frame trawl using the protocols of Jůza & Ku-

bečka (2007) and Jůza et al (2012). The trawl had a rectangular opening 3 m high and 2 m wide, 

fitted with a 6 mm mesh net in the main belly and 4 mm mesh in the codend. The codend of the 

trawl was equipped with a trap funnel preventing the escape of fish when the tow-rate slowed 

down. The trawl was towed by a 6 m long 2.5 m wide boat for 10 minutes and maintained at the 

stipulated depth by two weights fixed to the lower rim of the frame and several buoys at the 

water surface, which were connected to the top of the trawl frame by two custom made ropes 

of defined lengths. The trawling speed was approximately 1 m s–1 for all depths and the exact 

sampling depth was checked using a depth sensor (HOBO 250-Foot Depth Water Level Data Log-

ger; Onset Computer Corporation, Cape Cod Massachusetts, USA) fixed to the upper rim of the 
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trawl frame. The same device also logged the mean water temperature in each layer. According 

to the height of the trawl frame the sampled layers were each 3 m high. Five layers (at depths of 

0-3, 3-6, 9-12, 15-18 and 21-24 m) were sampled during each survey. All captured fish were meas-

ured (total body length (TL) to the nearest mm) and counted.  

Gillnet surveys were conducted monthly from March 2017 to January 2019. Additional 

gillnet sampling was conducted from March 2016 to January 2017 and from March 2019 to Sep-

tember 2019. Pelagic gillnets were set over night (soak time 15h) in the same area where trawling 

was conducted, and benthic gillnets were set over night (soak time 15h) close to the eastern 

shore of the lake (Fig. 1). For the pelagic gillnetting, four nets (mesh sizes of 6, 8, 10 and 12 mm) 

were set while benthic surveys deployed only 3 nets (mesh sizes 6, 8 and 12 mm) to avoid exces-

sive bycatch of ruffe (Gymnocephalus cernua) that would have occurred in nets with 10 mm mesh 

size. All nets had a height of 3 m and a twine diameter of 0,12 mm. Nets with a mesh size of 8 

and 10 mm were 30 m long, nets with a mesh size of 6 mm were 10 m long and nets with a mesh 

size of 12 mm were 15 m long. All nets deployed in the pelagic area were attached to free drift 

gillnets used for the monthly monitoring of whitefish (mesh sizes 36–44 mm) at depths of 3–

32 m. Several buoys were attached at regular intervals to the upper line of the net to keep drift-

nets stretched and at the desired depth. Nets were set only during nights with low wind and 

currents to minimize drift distance, the following morning they were lifted near (within a few 

meters) where they have been set.  

Benthic gill nets were set at depths from 6 –20 m, meaning they started fishing at a depth 

of 3 m. Due to a government mandated swimmer and boating safety height of 2 m between a 

gillnet and the water surface in littoral waters, it was not possible to set the nets shallower. Since 

nets with 8 mm mesh captured most sticklebacks these were used for calculating catch per unit 

effort (NPUE, defined as stickleback individuals caught per m² net). Water temperature at 0, 5, 

10 and 15 m depth (measured at the Fischbach-Uttwil station) and the water level of ULC (water 

gauge Konstanz) were recorded for every month of the study.  

Between March and June 2017 and 2018 three tributaries (Nonnenbach, Lipbach and 

Brunnisach; Fig. 1) were sampled by electrofishing. Electrofishing took place at irregular intervals 

of one to three weeks due to unexpected flood events. All three tributaries were fished by wading 

with a straight DC electrofishing device (EFKO 8000, 300–600 V, Leutkirch, Germany). The sam-

pled area extended from the lake confluence to at least 200 m upstream, and where water level 
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and flow velocity allowed wading of the tributaries further upstream, the sample track was ex-

tended up to 100 m. NPUE of sticklebacks by electrofishing was calculated as the number of cap-

tured individuals per dip (fished area per dip approx. 2 m²). At least 30 dips were made in each 

tributary during every survey (up to 185, depending on water level). The water level of the lake, 

and lake and tributary temperatures were recorded on each occasion. 

Data treatment 

To analyze the data and ensure the transferability of trawling and gillnetting results, the sampling 

periods were subdivided into seasons (spring: March–May; summer: June–August; autumn: Sep-

tember–November; and winter: December–January) and categorized according to the spawning 

seasons (incorporating nest-building, spawning and parental care) of sticklebacks (May–July), 

whitefish (November–December) or neither (rest of the year). 

Due to the non-parametric distribution of the mean TL of fish per sampling layer, the dif-

ference between TL and season was tested with a pairwise Wilcoxon-test. The abundance of 

sticklebacks in a specific depth layer was calculated according to Jůza et al. (2012) as:  

A = (N/Tw * L) *10000         (1) 

where A is fish abundance per hectare, N is the number of fish captured by a trawl in the specific 

depth layer, Tw is trawl width (2 m) and L is tow length (m). Total abundance was calculated as 

the sum of abundance values of all depth layers sampled during one survey. 

The effects of surface water temperature, sampling period (I and II), spawning seasons of 

sticklebacks (May, June, July) and whitefish (November, December) and water level of Lake Con-

stance (data supplied by Landesanstalt für Umwelt Baden-Württemberg, LUBW) on the total 

abundance of sticklebacks caught by trawling were analyzed using a general linear model (GLM) 

(Sachs, 1997; Underwood, 1997). A Box-Cox-transformation of the abundance was necessary due 

to residual deviation from model assumptions:  

Yijklm = µ + αi + βj + γk+ δl + (αβ)ij + (αδ)il + εijklm      (2) 

where Yijklm is total abundance; µ is the overall mean; αi denotes the spawning seasons of stick-

lebacks and whitefish; βj is water temperature; γk represents sampling period; δl is water level; 
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(αβ)ij is the interaction between period and water temperature; (αδ)il is the interaction between 

period and water level and εijklm represents the random residual error.  

The effects of water temperature, period, season, trawling depth and water level of ULC 

on the abundance of sticklebacks in each layer during trawling were incorporated into a GLM 

with a Box-Cox-Transformation:  

Yijkl = µ + αi + βj +γk+ δl + (αβ)ij +εijkl       (3) 

where Yijklm is abundance per layer; µ is the overall mean; αi represents trawling depth; βj is sea-

son; γk denotes period depth; δl is water temperature; (αβ)jj is the interaction between season 

and trawling depth and εijkl represents the random residual error. Post hoc comparison of trawl-

ing layers was done by constructing the respective contrasts. 

To compare the NPUE of sticklebacks achieved by benthic and pelagic gillnets, the same 

GLM used to analyze the total trawling abundance (Fig. 2) was applied. Again residual deviation 

required a Box-Cox-transformation. A Tukey-Kramer HSD test was used for post hoc comparisons 

between different spawning times (Hayter, 1984). 

The general regression model used for evaluating NPUE by electrofishing surveys sug-

gested a negative binomial distribution for the response variable, following O’Hara & Kotze 

(2010). Data for water temperature in the tributaries and water level of Lake Constance, survey 

location (tributary), sampling period (I and II), month and number of sticklebacks caught in ben-

thic gillnets during the survey month were incorporated into the model as independent variables.  

All statistics were run on JMP Pro 13.1.0 (64 bit, SAS Institute). 

Results 

Trawling 

A total of 7,738 fish were caught during the trawling surveys, the majority were sticklebacks (n = 

5,223, 67.5 % of total catch), followed by perch (n = 2,507, 32.4 %). Other species recorded were 

whitefish (n = 7, 0.09 %) and Arctic char Salvelinus umbla (n = 1, 0.01 %). Sticklebacks were caught 

in almost every survey except during their main spawning season in May (Fig. 2). 
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The statistical model (r2= 0.61, n = 22) revealed that spawning period had a significant 

negative influence (P < 0.05) on the total abundance of sticklebacks in pelagic waters and that 

depth was also important. No significant effects were observed with respect to any of the other 

variables such as lake water level, water temperature, or the interactions between period and 

water temperature and period and water level (p > 0.05). Post hoc comparison of layers showed 

a significant difference between trawls at 9–12 m (highest values) and 21– 24 m (lowest values). 

Stickleback abundance increased slightly during the summer months and peaked in Sep-

tember; greatest abundance was recorded in September 2017, with 19,100 individuals ha-1. A 

significant decrease in abundance was observed in October, followed by an increase in November 

and December to more than 1,000 sticklebacks ha- 1. This significant increase in pelagic stickle-

backs coincided with the spawning season of pelagic whitefish (Fig. 2). 

 

 

Figure 2: Abundance for periods I and II (March 2017 – January 2019) as sticklebacks per ha, including 

standard deviations, by trawling and number of sticklebacks per m² (NPUE), including standard deviations, 

by pelagic and benthic gillnets. Grey framed areas denote spawning season. Note the discontinuity of the 

y-axis. 
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Sticklebacks were caught in all sampled layers, with greatest abundances at a depth of 

9-12 m (Fig. 3). In the upper two layers (0–3 and 3–6 m), most sticklebacks were caught in sum-

mer and autumn (Fig. 3), while in the deepest two layers (15–18 and 21–24 m) the peak occurred 

in autumn and in winter. No sticklebacks were caught in the deepest layer (21-24 m, Fig. 3) in 

spring. The greatest autumn abundances, exceeding 1,000 sticklebacks per ha, were recorded in 

the upper two and in the middle layer. The model (r2 = 0.44, n = 110) revealed that stickleback 

abundance was significantly influenced by trawling depth (P < 0.05). Post hoc comparison by 

building contrasts yielded significantly higher values (P < 0.05) for the middle layer (9–12 m) than 

at 3–6 m or 15–18 m, followed by the top and bottom layers (0-3 m and 21–24 m respectively). 

 

 

Figure 3: Stickleback abundance in bars (n/ha, including standard deviation) at various depths 

during spring, summer, autumn and winter. Note the discontinuity of the x-axis in autumn. 

 

The mean TL of all captured sticklebacks was lowest in summer (Fig. 4). After the stickle-

back spawning season, the first individuals of the new year class entering the pelagic waters 
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caught in June and July, respectively, had a TL <25 mm. In August sticklebacks with a TL < 30 mm 

accounted for 50–90 % of the total catch. In September, mean TL increased (Fig. 4) and some 

individuals with TL above 60 mm were caught, mainly in the deepest layers (15-18 m and 21–

4 m). In October and November single large individuals with TL up to 95 mm were caught in the 

deepest layers. TL during winter (59 mm ± 5 mm standard deviation (SD)) was significantly higher 

than in summer (46 mm ± 16 mm SD, Wilcoxon-test, P < 0.05). No significant differences in TL 

were recorded between other seasons (Wilcoxon- test).  

 

 

Figure 4: Mean total length in black squares (including standard deviations) of sticklebacks for each month 

of sampling by trawling. Numbers above the squares depict the sample size of measured fish for each 

month. 

 

Nearly 90 % of perch captures were recorded during one sampling survey in June 2018, 

with a second smaller peak of perch bycatch in August 2018. The abundance of perch ranged 

between 0 and 250 individuals ha-1 in all other study months. The TL of all caught perch was 

< 100 mm. All whitefish (in total 7 individuals) and Arctic char (n=1) were caught in 2017, the first 

year of the study. 
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The results of the combined hydro-acoustic recordings were consistent with the trawl 

catches during all months with high stickleback abundance in summer, autumn and winter. Thou-

sands of single echoes of small fish (-60 to < -45 dB target strength) were detected in water 

depths between 2 and 20 m during trawling, while in deeper water single echoes representing 

larger fish (-45 to -24 dB target strength) were present. While quantitative estimates within 

depth distributions are not possible in this study due to the short transects, depth distributions 

of different sized fish were qualitatively similar to those obtained in previous hydroacoustic sur-

veys (Eckmann & Engesser, 2019). In months with low stickleback trawl catches (May or June) 

the upper water layers (0–15 m) yielded zero to very few single echoes from small fish with target 

strength less than -45 dB. 

Gillnetting 

A total of 46,479 fish were caught in benthic gillnets in the surveys performed during periods I 

and II. The majority of captured fish were sticklebacks (n = 40,428, 86.9 % of total catch), followed 

by perch (n = 4,607, 9.9 %). Other species caught (n=1,444, 3.2 %) were predominantly ruffe 

(Gymnocephalus cernua) and some dace (Leuciscus leuciscus). The pelagic gillnet surveys taking 

place during periods I and II captured 1,353 fish in total. The majority of these were sticklebacks 

(n= 1,292, 95.5 % of total catch) followed by perch (n=59, 4.4) and two whitefish (0.1 % of total 

catch). Two additional survey periods 0 and III (data not shown) yielded very similar catch com-

position. 

The highest NPUE of sticklebacks was recorded in the benthic gillnets during the stickle-

back spawning season from May to July (Fig. 2). During this time, NPUE for other fish species was 

comparatively low. In September and October, the NPUE of sticklebacks by benthic gillnets 

dropped below 0.5. That of perch and other bycatch species, mainly ruffe, increased. A second 

significant increase in the NPUE of sticklebacks by benthic gillnets was observed in November, as 

benthic whitefish Coregonus macrophthalmus began spawning in near shore areas (Fig. 2). The 

model used for analyzing the factors influencing NPUE by benthic gillnets (r2= 0.42, n = 40) re-

vealed a significant positive influence (P < 0.05) of spawning time. The difference between 

spawning and non-spawning season for sticklebacks was significant (P < 0.05, Tukey HSD-test), 

whereas no difference in NPUE was apparent between the respective spawning seasons of stick-

lebacks and whitefish. None of the other examined variables appeared to have a significant in-

fluence on NPUE by benthic gillnets. 
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The overall NPUE by pelagic gillnets from March until September were extremely low, 

with only single sticklebacks caught (Fig. 2). The NPUE of sticklebacks increased slowly in autumn, 

and peaked in December during the spawning season of pelagic whitefish Coregonus wartmanni 

(Fig. 2). The model for analyzing the factors influencing NPUE by pelagic gillnets (r2= 0.60, n = 40) 

revealed a significant influence of spawning season (P < 0.05). Post-hoc comparisons revealed 

significantly higher NPUE during the whitefish spawning season compared to all other times 

(P < 0.05) (Tukey HSD-test). None of the other examined variables had a significant effect. 

Electrofishing 

Most sticklebacks were caught during the electrofishing surveys in April (Tab. 1). The NPUE during 

April of period I was higher than that in period II. The model (observations = 1,900, r²adjusted = 0.2, 

P < 0.001) revealed significant effects on NPUE of period (P < 0.001), tributary and month 

(P < 0.05). There was no apparent influence on electrofishing NPUE by water level, water tem-

perature in the tributaries, or of NPUE. 

 

Table 1: Results of the electrofishing surveys during the two study periods (I and II) expressed as mean number of 

caught sticklebacks per dip (NPUE) and standard deviation (SD) 

 
Period I (March 2017 – January 2018)          

  Lipbach Brunnisach Nonnenbach 

month date Mean 
NPUE 

SD dips (n) Mean 
NPUE 

SD dips (n) Mean 
NPUE 

SD dips (n) 

March 30.03. 0.16 0.5 30 0.13 0.4 30 0.06 0.2 30 

April 11.04. 26.35 56.2 40 51.50 102.4 36 75.3 116.2 37 

May 04.05. 0.70 2.5 60 2.20 7.3 64 0.16 0.5 31 

May 24.05. 0.13 0.4 87 0.56 2.1 96 0.35 1.9 105 

June 12.06. 0.24 0.4 100 1.20 4.2 185 0.03 0.2 120 

June 29.06. 0.07 0.5 100 0.13 0.40 110 0.13 0.4 81 

           

Period II (March 2018 – January 2019)          

  Lipbach Brunnisach Nonnenbach 

month date Mean 
NPUE 

SD dips (n) Mean 
NPUE 

SD dips (n) Mean 
NPUE 

SD dips (n) 
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March 28.03. 0  33 0.04 0.2 46 0.02 0.2 41 

April 06.04. 0.05 0.2 30 0.12 0.3 30 0.03 0.2 31 

April 11.04. 0.05 0.2 36 0.18 0.5 33 15.8 47.2 30 

April 20.04. 0  30 9.47 47.8 34 0.05 0.2 30 

April 27.04. 0.13 0.3 30 1.45 2.6 30 0.05 0.2 30 

May 09.05. 0  30 0  30 0.02 0.2 44 

June 07.06. 0  30 0  32 0  30 

Discussion 

The results of this study allow some insight into the life history and population ecology of invasive 

sticklebacks in Upper Lake Constance made possible through a combination of sampling meth-

ods, including passive and active sampling. Two peaks in the abundance of sticklebacks in pelagic 

waters were identified: the first shortly after the stickleback spawning season, the second during 

the whitefish spawning season. The sampling methods used in this study revealed drastic differ-

ences in capture rates at different times of the year and may thus inform new management op-

tions. 

The spawning activity of sticklebacks, incorporating nest building, spawning and parental 

care occurs mainly in shallow areas of the littoral zone and in small marinas and other artificially 

sheltered areas such as around piers or protection barriers (own observations) between May and 

July. During this time the NPUE by benthic gillnets showed a significant peak, while trawl catches 

in pelagic waters were reduced to effectively zero. The hypothesis that a significant proportion 

of the pelagic stickleback stock consistently migrates into tributaries for spawning and that these 

habitats are important in supporting the total Lake Constance stock has to be rejected: while 

electrofishing data showed that some migration into tributaries occurred during April of period 

I, there was almost a complete absence of tributary migration in period II. Even electrofishing 

surveys expanded upstream as far as natural migration barriers, revealed very few spawning 

sticklebacks. This variable pattern of migration into tributaries might be density-dependent: in 

years with reduced spawning options in the lake, for example due to low water levels or high 

spawning stock biomass, sticklebacks may search actively for alternative spawning grounds. Pre-

vious examples of environmental heterogeneity driving different spawning behaviors in stickle-

backs were reported by Candolin et al. (2007) and Wootton (1985). However, the statistical 



 

36 

 

model used in the present study does not specifically identify water level (as a proxy for spawning 

habitat availability) or NPUE by benthic gillnets (as a proxy for littoral density) as triggers for mi-

gration into tributaries. As long as the biological causes of changes to the timing and intensity of 

migration are unknown, coordinated management to reduce the abundance of sticklebacks in 

the tributaries of ULC is not possible.  

Pelagic trawl catches show that the pelagic zone is (re)invaded by young-of-the-year stick-

lebacks and adult spawners during late summer and early autumn. Similar cases of juveniles mi-

grating into pelagic waters in late summer have been previously documented in surveys in Can-

ada (Williams & Delbeek, 1989). Notably, however, during this migration into pelagic waters the 

NPUE by pelagic gillnets did not increase. The most likely reasons for this are that the smallest 

mesh deployed (6 mm) was too large to capture juvenile sticklebacks and that the rigidity of nets 

with this small mesh size may even repel sticklebacks. If gillnets had been the sole capture 

method used in this study, the (re)invasion of the pelagic zone at the end of summer and the 

huge associated peak in abundances exceeding 10,000 sticklebacks ha-1 would not have been 

documented. As it stands, the hypothesis of Eckmann & Engesser (2019) that nearly all small 

hydroacoustic echoes in the pelagic zone at this time of the year are sticklebacks, is consistent 

with our results, underlining the efficacy of the presented method in our study. However, the 

mean abundance of sticklebacks recorded in pelagic trawls, at approximately 2,940 per ha in pe-

riod I and 1470 per ha in period II was lower than the estimates of Eckmann & Engesser (2019) 

whose hydroacoustic data suggested densities of 5300 ± 1970 individuals/ha in recent years. Tak-

ing into account, that some water layers were omitted in the present study and that the deepest 

trawl was between 21 – 24 m, one explanation for this difference might be the capture efficiency 

of trawling. Due to the small mesh size of the trawl used in this study the back pressure of the 

net may have decreased the catchability (Dickson, 1993). Another explanation might be that the 

hydroacoustic surveys of Eckmann & Engesser (2019) were carried out during winter (November, 

except one year in September) and early spring (March), and never during summer. This excluded 

the month with the lowest abundance of pelagic sticklebacks, which would have brought down 

the overall estimate. Furthermore, swarms of small perch inhabiting the pelagic zone during 

March may have been taken for sticklebacks when their echoes were detected. Regardless of the 

varying numbers, both studies clearly demonstrate an extensive population of pelagic stickle-

backs which has now persisted in Upper Lake Constance for more than seven years.  
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The later summer/autumn peak in August but mostly September in both periods (I and II) 

in stickleback abundance caused by (re)invasion of the pelagic zone is highly relevant to efforts 

to calculate niche overlap between sticklebacks and whitefish, and quantify competition for food. 

Sticklebacks grow continuously until winter, indicating high consumption rates likely to impact 

negatively on food availability (zooplankton; Roch et al. 2018) and therefore to reduce growth 

and survival of pelagic whitefish (Rösch et al. 2018). Furthermore, confirmation of a second peak 

in November (late autumn) and December (winter) of both periods (I and II) of pelagic stickleback 

abundance coinciding with the spawning season of pelagic whitefish C. wartmanni has major im-

plications for whitefish stocks and for management priorities. Recent experiments and stomach 

content analyses revealed that sticklebacks feed on whitefish eggs (data not shown) and it is 

therefore likely that the second migration is triggered by the opportunity to feed on whitefish 

eggs and larvae. The resulting predation pressure on eggs and larvae could account for severe 

declines in whitefish recruitment in recent years (Roch et al. 2018, data not shown). During this 

specific time of the year, thousands of adult sticklebacks with TL exceeding 60 mm were caught 

by trawling. In contrast to the first abundance peak during August and September, where pelagic 

gillnet recoveries did not match the high trawl catch, NPUE by pelagic gillnets during whitefish 

spawning did increase in line with the trawling results. This likely reflects the increased total 

length of sticklebacks, which become more likely to be trapped in gillnets (Hamley, 1975). In-

creased density of other food sources, i.e. planktonic crustaceans, the main diet of sticklebacks 

in Lake Constance (Roch et al. 2018), can be excluded as an explanation, since zooplankton den-

sities are at their lowest during this time of the year (IGKB, 2018) and other food items were not 

recorded in analyses of the stickleback stomach contents (unpublished data). 

The benthic gillnets in the littoral zone also show a peak in stickleback abundance and 

activity during the spawning season of benthic whitefish, with high NPUE of sticklebacks recorded 

in November and December, as they take advantage of the availability of the new, energy-dense 

food source. A similar situation was described in the Baltic Sea where sticklebacks were observed 

to migrate to the spawning grounds of perch and pike (Esox lucius) and feed on their eggs and 

larvae, leading to significant stock reduction in the latter two species (Bergström et al., 2015, 

Byström et al., 2015, Ljunggren et al., 2010).  

While sticklebacks are considered economically important in some regions of the world, 

the species has never been actively targeted by fisheries in Lake Constance. In the Baltic Sea 
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sticklebacks have been fished commercially for centuries. Catches in the 1970s and 1980s ex-

ceeded 5,000 mt (Ojaveer, 1999) and today there is increasing interest from large pelagic fishing 

fleets in  harvesting the species for fishmeal and biogas production (Bergström et al., 2015; 

Roozbeh & Ammenberg, 2017). As yet no permits have been issued by the relevant authorities, 

at least partly because the potential ecological consequences of such exploitation are not ade-

quately known (Bergström et al., 2015). Likewise, in Lake Constance, the full ecological impacts 

of intensive trawling to reduce stickleback stocks are unknown, although bycatch of native fish 

species is an obvious concern. Indirect negative effects such as the reduction of a food source for 

piscivorous fish seem less likely in this case, because the native pike and brown trout feed mainly 

on perch or cyprinids (data not shown). To minimize the risk of high bycatch in Lake Constance, 

a stickleback fishery should be conducted during months when other fish species are less active 

in the pelagic zone. According to the present data, September would be the best month, with 

highest abundance of sticklebacks and low bycatch (0 – 0.04 %) of other species. The greatest 

impact in terms stock reduction could be expected from trawls at depths between 9-12 m, where 

sticklebacks were consistently recorded in highest densities in every survey. A second promising 

time slot is November and December when large numbers of sticklebacks could be caught at 

depths between 15 and 24 m, with very little bycatch. However, trawling in November and De-

cember should only be conducted before the start of whitefish spawning activity. With this infor-

mation, it may be feasible in principle to conduct a stickleback removal fishery in ULC.  

However, to achieve an effective reduction in the stickleback population in the ULC by 

trawling would require equipment with greater capacity than that used in our study. The pelagic 

area of ULC (defined as area deeper as 25 m) amounts to approximately 40,000 ha, and with a 

mean abundance of sticklebacks of at least 2,900 individuals per ha (Eckmann & Engesser, 2019), 

standing stock of sticklebacks is likely to exceed 115 million. A stock reduction of 80 %, sufficient 

to lead to a breakdown of the stickleback population (Heins et al., 2010), would therefore require 

the capture of more than 90 million individuals. Using the equipment deployed in this study and 

assuming the highest recorded catch rate during our surveys, extended to 8 h continual trawling 

per night, it would take approximately 2,000 nights to capture the necessary number of stickle-

backs – and this estimate does not account for the reduced catch per effort as density diminishes 

(Tab. 2). In order to achieve the required catch efficiency, it would be necessary to deploy much 

larger equipment such as the commercial trawlers with large nets used elsewhere to catch small 

fish in open waters (Bethke et al., 1999; Warner et al., 2012), or two-boat systems for mid-water 
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trawling (Dahm, 1980). Using a trawl net with a mouth opening of 8 x 5 m, such as Kühlmann 

used for small whitefish (personal communication Markus Kühlmann, Ruhrverband, Möhnesee, 

Germany) and assuming the same standing stock as above and the highest trawling catch rate 

extended to 8 hours, converted to the bigger trawl net, it would take 290 nights of trawling to 

cause a significant population reduction of sticklebacks (Tab. 2). Using 10 boats for parallel trawl-

ing a significant stickleback reduction could be achieved in one month. 

The use of benthic gillnetting to reduce stickleback abundance is at least theoretically 

possible. Based on the results of this study, deploying 8 mm mesh nets overnight along near 

shore spawning grounds from May to July could capture large numbers of sticklebacks (in this 

study up to 87 individuals/m² per night) without affecting other fish species. Gillnetting in No-

vember should be avoided, despite the potentially high NPUE (in this study up to 207 individu-

als/m²), because of the risk of significant bycatch of young perch overwintering in the littoral 

zone (Wang & Eckmann, 1994). In the present study up to 14 perch/m² per night were caught at 

this time of year. If the use of gillnets to reduce stickleback density is to be considered, then the 

considerable potential for net damage due to the removal of spiny fish and the time consuming 

work of net repair would have to be taken into account. Overall, the effort required to bring 

about a significant depletion of the existing stickleback population by this method would be ex-

tremely high.  Assuming the same standing stock and stock reduction outlined above, 10 nets 

with an individual area of 100 m² would have to be set more than 1,000 nights (Tab. 2). Acknowl-

edging that such an effort is unrealistic, active trawling with more selective fishing gear (Dryer, 

1966; Ferguson and Regier, 1963) is the more feasible option. 

 

Table 2: Methods, required sampling gear and fishing time for an effective reduction of stickleback stock 

of 80 % (> 90 million sticklebacks). 

 
Method Required sampling gear Fishing time 

Trawling (present study) 2 x 3 m trawl net 2,000 nights (8 h/night) 

Commercial trawling 8 x 5 m trawl net 290 nights (8 h/night) 

Gillnetting  100 m² net, 8 mm mesh size >1,000 nights (10 nets/night) 
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In summary, the combined sampling approach used in the current study offers a deeper 

insight into the autecology and spatiotemporal dynamics of sticklebacks in Lake Constance. The 

combined survey approach is to be recommended in comparable situations where surveys of 

invasive species in large water bodies are required. The data presented here reinforce previous 

assumptions that sticklebacks have negative impacts on the pelagic ecosystem, and especially on 

whitefish recruitment, since migrations of sticklebacks seem to be triggered by whitefish spawn-

ing activity. These new insights suggest optimal time windows for active management to stock 

reduction in ULC, and fishery methods that will minimize unintended impacts on the lake’s native 

fish fauna.   
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Differentiation of two swim bladdered fish species using next generation 

wideband hydroacoustics 

Sarah Maria Gugele, Marcus Widmer, Jan Baer, J. Tyrell DeWeber, Helge Balk, Alexander Brinker 

Abstract  

Monitoring fish populations in large, deep water bodies by conventional capture methodologies 

requires intensive fishing effort and often causes mass mortality of fish. Thus, it can be difficult 

to collect sufficient data using capture methods for understanding fine scale community dynam-

ics associated with issues such as climate change or species invasion. Hydroacoustic monitoring 

is an alternative, less invasive technology that can collect higher resolution data over large tem-

poral and spatial scales.  Monitoring multiple species with hydroacoustics, however, usually re-

quires conventional sampling to provide species level information. The ability to identify the spe-

cies identity of similar-sized individuals using only hydroacoustic data would greatly expand 

monitoring capabilities and further reduce the need for conventional sampling. In this study, 

wideband hydroacoustic technology was used in a mesocosm experiment to differentiate be-

tween free swimming, similar-sized individuals of two swim-bladdered species: whitefish (Core-

gonus wartmanni) and stickleback (Gasterosteus aculeatus). Individual targets were identified in 

echograms and variation in wideband acoustic responses among individuals, across different ori-

entations, and between species was quantified and visually examined. Random forest classifica-

tion was then used to classify individual targets of known species identity, and had an accuracy 

of 73.4 % for the testing dataset. The results show that species can be identified with reasonable 

accuracy using wideband hydroacoustics. It is expected that further mesocosm and field studies 

will help determine capabilities and limitations for classifying additional species and monitoring 

fish communities. Hydroacoustic species differentiation may offer novel possibilities for fisheries 

managers and scientists, marking the next crucial step in non-invasive fish monitoring.  

https://doi.org/10.1038/s41598-021-89941-7
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Introduction 

Fish communities are subject to a variety of influences and stressors, and the resulting population 

and stock dynamics may have far reaching implications for both ecosystems and fisheries (Col-

lingsworth et al., 2017). The ability of researchers and fishery managers to track and understand 

these changes is however limited by the difficulty in achieving reliable assessments of fish popu-

lations with a meaningful resolution in time and space (Hilborn & Walters, 1992). Monitoring fish 

populations using invasive capture methods is problematic, especially in large, deep waters due 

to high time, labour and material costs, and the mortality of fishes (Bean et al., 1996; Murphy & 

Willis, 1996; Emmrich et al., 2012; EN 14757, 2015). For example, it is very difficult to collect 

sufficient data to properly monitor the impacts of invasive aquatic species (Kinzelbach, 1995; 

Cerwenka, 2014; Byström et al., 2015; Ustups et al., 2016) and to identify the mechanisms driving 

these changes using conventional sampling (Bean et al., 1996; Jackson & Harvey, 1997). Hydroa-

coustic surveying is a widely used, less invasive approach that can provide highly resolved data 

for following trends in fish abundance, biomass, and movement that are often associated with 

ecosystem changes (Argyle, 1992; Jurvelius et al., 1996; Horne, 2000; Godlewska et al., 2004; 

Muška et al., 2018). However, monitoring multiple species with hydroacoustics usually requires 

conventional sampling to provide species level information (Emmrich et al., 2010; Berger et al., 

2018; DuFour et al., 2021), unless acoustic responses can be classified to species based on size 

differences or school morphological differences (Cabreira et al, 2009; Robotham et al., 2010; Ber-

ger et al., 2018). The ability to classify individual targets or aggregations of multiple species using 

only hydroacoustics would greatly expand monitoring capabilities and reduce the need for con-

ventional sampling.  

Hydroacoustic fish surveys use active sonar to locate fish (and other organisms) in the 

water column based on the principle that sound travels through water and produces backscatter 

when fish or other objects are encountered.  Hydroacoustic surveys are most often conducted 

using vertical sampling where soundwaves travel from a boat at the surface and encounter fish 

dorsally. Horizontal and upward facing hydroacoustic surveys are also possible (Horne, 2000). 
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The acoustic backscatter produced is then converted to estimates of fish size, density, and pop-

ulation biomass (Taylor & Maxwell, 2007; Parker-Stetter et al., 2009; DuFour et al., 2021). Trawl-

ing (Guillard et al., 2006; Emmrich et al., 2010; Emmrich et al., 2012) or gillnetting (Winfield et 

al., 2009; Yule et al., 2013; DuFour et al., 2021) is conventionally used to provide species compo-

sition data when multiple species is present. While this approach provides reliable information, 

conventional sampling is invasive, causes death of sampled fish, and has a lower spatial and tem-

poral resolution than hydroacoustics. There is thus substantial interest in identifying fish species 

using hydroacoustic data alone, but this has only been possible under certain circumstances.  

Most hydroacoustic species classification studies have used descriptors of school mor-

phology and environmental characteristics to classify schooling pelagic, marine species of high 

commercial importance (Haralabous & Georgakarakos, 1996; Zakharia et al., 1996; Horne, 2000; 

Cabreira et al., 2009; Fernandes, 2009; Robotham et al., 2010; Berger et al., 2018). Hydrocacous-

tic classification of non-schooling or partial-schooling species (such as those which school by day 

and disperse at night), will most likely rely on acoustic information obtained from individual fish 

echoes during night time surveys when fish disaggregate (Eckmann, 1991; Emmrich et al., 2012; 

Eckmann & Engesser, 2019). Species classification of individual fish targets typically relies upon 

vertical hydroacoustics using target strength (TS; echo amplitude created by the fish expressed 

as the logarithmic transformation of the backscattering cross section given in decibels) cutoffs to 

separate species with known size differences (Peltonen et al., 1999; Horne, 2000; MacLennan et 

al., 2002; Eckmann & Engesser, 2019; DuFour et al., 2021). Species with and without swim-blad-

ders can also be readily differentiated, since air in swim-bladders produces a significant acoustic 

response (Berger et al., 2018; Korneliussen, 2010). Imaging sonar has also been used for individ-

ual targets (Langkau et al., 2012), but for technical reasons is not as widely used in pelagic surveys 

as in narrower systems such as riverine corridors (Boswell et al., 2008; Crossman et al., 2011) or 

trawl mouths (Rakowitz et al., 2012). It is common for similar-sized individuals of multiple species 

with swim bladders to be present during a survey, but hydroacoustic classification of individual 

targets has not yet been achieved in this case. 

It is hypothesized that such classification via machine learning may be possible if morpho-

logical differences among species (e.g. swim bladder or body shape) result in sufficiently distinct 

acoustic responses when measured across a broad range of frequencies (Skowronski & Harris, 

2005; Jordan & Mitchell, 2015; Witten & Frank, 2017). This hypothesis can now be more readily 
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tested since recently developed, commercial wideband echosounders emit multiple frequencies 

across a wide frequency range and can manage bands of 40 – 50 % around their nominal fre-

quency, known as a chirp function, instead of only one or a few frequencies (Jech et al., 2017; 

Lavery et al., 2017; Bassett et al., 2018). Echosounders using pulse compression can provide bet-

ter signal to noise ratio and range resolution relative to narrowband echosounders (Bassett et 

al., 2018). Pulse compression is achieved by correlating the returned echo signal with a model of 

the emitted pulse (Demer et al., 2017; Bassett et al., 2018).  However, single echo detection is 

more complicated and less reliable and the matched filtering process introduces artificial side-

lobe phenomena that may cause incorrect interpretation of the acoustic data, especially where 

small and large targets near boundaries, for example a lake bottom, are present. Slow ramping 

may be applied to reduce side lobe effect but this also reduces the bandwidth for spectral char-

acterization (Tuzlukov, 2013; Demer et al., 2017). The side-lobes produced by wideband is a side 

effect caused by the pulse compression algorithm. They occur as weaker peaks or shadows on 

each side of the main peak and can be falsely interpreted as smaller fish next to a big fish. Despite 

potential limitations, a wideband echosounder can produce acoustic response curves across a 

wide frequency band and may provide information for species identification (Demer et al., 2017; 

Bassett et al., 2018). 

This study explores the possibility of using wideband hydroacoustic responses to differ-

entiate similar-sized individuals of two species that inhabit the pelagic zone of Lake Constance, 

Europe: native whitefish (Coregonus sp.) and invasive three-spined stickleback (Gasterosteus 

aculeatus, hereafter referred to as sticklebacks). The recent invasion of sticklebacks into the pe-

lagic zone of Lake Constance (Eckmann & Engesser, 2019) has had significant negative effects on 

the endemic fish community and the whitefish fishery (Rösch et al., 2018). Sticklebacks display a 

very considerable food niche overlap with native whitefish (Coregonus sp.), feed on whitefish 

eggs and larvae (Roch et al., 2018) and have been linked to whitefish declines in recent years 

(Rösch et al., 2018). High resolution spatial and temporal data for both species are urgently 

needed to better understand and manage invasion impacts, and hydroacoustic monitoring are 

strongly preferred given the aforementioned limitations of conventional sampling in large, deep 

water bodies like Lake Constance. It is currently possible to use TS cutoffs to differentiate much 

larger adult whitefish from stickleback (Eckmann & Engesser, 2019), but similar sized whitefish 

juveniles cannot be separated from stickleback using existing tools. Differences between the two 

species, including swim bladder shape and body covering (scales for whitefish and bony plates 
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for sticklebacks), could result in sufficiently different wideband hydroacoustic responses to allow 

species identification of similar sized individuals. To test this hypothesis, wideband hydroacoustic 

data were collected using a mesocosm experiment and the random forest machine-learning 

method was used to determine if individual targets could be classified to species.  

Material and Methods  

Experimental design  

Data were collected in October 2018 using a mesocosm placed in a sheltered part of a marina of 

upper Lake Constance. The mesocosm comprised a 6 m high, 2.3 m diameter cylindrical net cage 

with a volume of around 25 m³ and a mesh size of 6 mm (Fig. 1). The cage was mounted with the 

cylinder length oriented vertically, suspended from buoys that ensured the top remained 10 cm 

below the water surface, attached by a rope to a pontoon to prevent drifting. Ropes attached to 

the bottom of the mesocosm were used to raise it and a zipper was used to remove and introduce 

fish (Fig. 1). The transducer was centered just inside the mesocosm, at the top, with the acoustic 

axis pointing down, emitting sound pulses from a depth of 20 cm. The EK80 wide band transceiver 

(Simrad, Horten, Norway) echo sounder, laptop, and power supply were located under cover on 

a boat moored next to the mesocosm (Fig. 1).  
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Figure 1: Left: experimental setup; boat with two tanks where the EK 80 wide band transceiver and a 

laptop were stored during the experiment and the mesocosm (6 x 2.3 m) attached to a floating pontoon. 

Right: mesocosm stocked with free swimming whitefish (blue) and sticklebacks (red), which are depicted 

together but were sampled separately for data collection. The cone (in grey) represents the true to scale 

sound cone emitted by the ES-120-7C transducer with an opening angle of 7 degrees. Note that fish are 

not true to scale due to their small size.  

Experimental animals 

Fish used for the experiments were 90 wild caught juvenile and adult sticklebacks measuring 5.1 

cm ± 0.7 cm TL (mean ± SD), the most common size for the season, and 90 hatchery-reared juve-

nile offspring of wild whitefish (7.0 cm ± 0.6 cm TL). Sticklebacks were obtained from a trawl net 

fishery in Lake Constance shortly before the experiment began and kept in 240 L flow-through 

basins supplied by lake water until the start of the experiment. Water temperature and oxygen 

concentration were measured twice daily and sticklebacks were fed once a day with chironomid 

larvae. The whitefish were hatchery-reared offspring of wild spawners obtained from the Fish 

Hatchery of the Stocking Commission in Langenargen, Germany. The fish were kept in the hatch-

ery and fed with commercially available dry food until needed for the experiment. The two spe-

cies differ in body covering and the shape of the swim bladder: sticklebacks have bony plates and 

a swim bladder with tapered ends while whitefish are fully scaled with a rounded swim bladder 

zipper 



 

48 

 

(Fig. 2). In both species the swim bladder length to body length ratio is similar, around 22 % (± 

2.5 % SD) for stickleback and 24 % (± 3 % SD) for whitefish. 

 

 

Figure 2: Juvenile stickleback (a) and whitefish (b) with abdominal cavity partly visible to expose the swim 

bladder, which is tapered in the stickleback, rounded in the whitefish.  

Lake water temperature remained constant at 16 °C (± 0.03) and oxygen saturation was 

100 % (± 0.02) throughout the experiments. By the end of each experiment, all fish were carefully 

captured from the mesocosm, anaesthetised with clove oil and measured to the nearest mm of 

body length. After recovering in an aerated tank supplied with lake water, they were then re-

stocked into the lake.  

All experiments were conducted according to the German Animal Welfare Act (TierSchG) 

and approved by Referat Tierschutz of Regierungspräsidium Tübingen (LAZ 2-18, AZ 35/9185.81-

4). 

Software 

Data was recorded using Simrad’s standard operating software EK80 (Ver. 1.10.1) configured to 

save .RAW files. Post-processing was carried out with Sonar5-Pro (S5) suite (Ver. 605.0) from Balk 

and Lindem (2018) in combination with python (Ver. 3.7.3). The numerical feature descriptor in 
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S5 and the utilized python script are custom developed scripts for this study and available in the 

latest version of S5 and can be requested by the corresponding author, respectively. Species clas-

sification was performed in R (Ver. 3.4.0; R Core Team, 2017) using the random forest package 

(Ver. 4.6-14; Liaw & Wiener, 2002) and differences in species classification methods were com-

pared using a t-test and a Fisher’s exact test for count data in R. 

Hydroacoustic data collection 

Hydroacoustic data were collected using an EK80 wide band echosounder equipped with an ES-

120-7C split beam transducer, emitting a nominal frequency of 120 kHz with an opening angle of 

7x7 degrees. The transceiver was set up in FM mode with fast ramping for the envelope, which 

tapers the first and last two wavelengths of the emitted signal over a duration 0.0434 μs, 100 

watt emissions (electric power), a pulse duration set to 0.512 ms and a ping rate of ~9.5 pings 

per second. The bandwidth of the chirp was set to 80 kHz, ranging from 90 to 170 kHz. This fre-

quency range was chosen because it is centered close around 120 kHz, which is commonly used 

in fish hydroacoustics (Degan & Wilson, 1995; Godlewska et al., 2009). A short pulse duration 

was used to allow sampling of clean echoes from single targets under the high density mesocosm 

conditions. Prior to data collection the system was calibrated using a 23 mm copper sphere and 

the calibration option in Simrad’s standard operating software EK80 (Ver. 1.10.1). Data collection 

started as soon as fish were introduced to the net cage and stopped just before they were taken 

out.  

At midday, 30 live sticklebacks were introduced carefully into the net cage. After three hours the 

sticklebacks were removed from the mesocosm, and 30 live whitefish were introduced for an-

other three hours, after which data collection was stopped and all fish were removed from the 

mesocosm. The experiment was repeated on the subsequent two days. 

Individual, fully sonified, fish targets were identified in the echograms and 10 frequency 

responses were extracted from each target to accommodate possible intra fish variation. Each 

frequency response was linearized and normalized, which produced a frequency response curve 

(FRC) consisting of 656 amplitude samples along the frequency-axis from 90 to 170 kHz (referred 

to as TSu(f) in (Bassett et al., 2018). The frequency spectra were normalized to be able to compare 

the relative spectra without influence of echo intensity. For species with clear difference in echo 

size, classification based on TS is simple. For sticklebacks and whitefish, however, there are over-

lapping size classes with similar TS distributions. Moreover, with normalized spectra we could 
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extract signals from the targets directly without including complicated single echo detections and 

off-axis compensation. This full FRC was used for classification, and was also used to develop a 

subset of features thought to support classification, referred to as the numerical feature de-

scriptor (NFD). More details on hydroacoustic data processing and development of the NFD are 

given in the Supplementary Information.  

Frequency responses were extracted from 101 free swimming sticklebacks and 86 free 

swimming whitefish. Of these, 1,400 frequency responses resulting from 10 observations of 74 

sticklebacks and 66 whitefish targets from experimental days one and three were used to train 

the model. The targets from the remaining 27 sticklebacks and 20 whitefish collected on experi-

mental day two, amounting to 470 frequency responses, were used as the testing dataset.  

Orientation or target aspect angles has been shown to greatly alter narrowband hydroa-

coustic responses of individual targets and is likely to affect wideband frequency responses. Seen 

from the dorsal aspect a targets echo will be strong and short. Tilting the target will cause the 

echo to be weaker and longer with smoother flanks relative to the echo from the dorsal aspect. 

According to Fourier theory, this change will influence the frequency response as energy from 

the high end of the frequency spectra is shifted towards the lower end. S5 was used to track fish 

and measure aspect angles, using the average aspect method (see Supplemental Information for 

further details). The absolute orientation angle was measured relative to the surface (i.e., hori-

zontal was 0° and vertical was 90°). Orientation or aspect angle was then classified as having a 

low (0-20), medium, (20-40) or high (> 40) angle. The effect of orientation on hydroacoustic re-

sponses was visually assessed using figures and its effect on classification accuracy was inspected 

as described in the section below. 

Classification of fish species 

Species classification was done using random forests (RF), which is an ensemble of classification 

trees developed through feature subsampling and bootstrapping across training data (Breiman, 

2001). RF was used because it has shown good performance for diverse classification and regres-

sion problems in ecology (Cutler et al., 2007; Oppel et al., 2012) and no dimensionality reduction 

was necessary for using the FRC. In addition, RF is able to estimate feature importance among a 

set of highly correlated features, such as those from the FRC, by subsampling m features at each 

split, provided that m is not too large and a sufficient number of classification trees is fit so that 

all features are subsampled multiple times (Breiman, 2001; Cutler et al., 2007). The default value 
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for m is the square root of the total number of predictors rounded to the nearest integer, which 

was used since preliminary analyses showed that it provided optimum classification accuracy. 

Since a sufficient number of classification trees is needed for accurate estimate of variable im-

portance and forests do not become overfit with too many (Breiman, 2001), 5,000 trees were 

trained in each forest instead of the default 500. Default values were used for all other tuning 

parameters except for the number of trees.  

Random forests were fit using both FRCs and NFDs to see which approach provided better 

accuracy. Since the 10 observations were taken from each fish target are correlated, the simple 

random splitting procedure of random forests would likely have overestimated classification ac-

curacy for new fish. To accurately estimate the accuracy of classifying observations from new fish 

during model training, cross validation was performed using all 10 observations from 90 % of fish 

selected at random from the training data set to fit the model, then using the remaining obser-

vations from the withheld fish to assess accuracy. The cross validation procedure was repeated 

30 times using the train function of the caret package in R (version 6.0-81; Kuhn, 2018). Species 

classification of observations from new fish was assigned based on majority voting across all trees 

in the forest. The final RF was then fit using all training data and accuracy was assessed for the 

testing data. To better understand the contribution of specific NFD features or FRC frequencies 

for species differentiation, feature importance was measured as the average decrease in node 

impurity as measured by the Gini index across all trees in the forest (Liaw & Wiener, 2002; Archer 

& Kimes, 2008).  

To determine the effect of orientation on classification accuracy, training and testing da-

tasets were first combined to increase sample size. Classification accuracy with RF was then cal-

culated within each of the orientation classes using cross validation as described above. There 

were insufficient numbers of both species in the high orientation group to assess accuracy (see 

results). 

The intra- and inter- individual variation in frequency responses was quantified for each 

species to enable comparisons. The normalized FRC was first logit transformed to enable calcu-

lation of unbounded deviations. The intra-individual deviations at each frequency were calcu-

lated as the difference between the values at each of the 10 responses and the individual target’s 

mean values. The inter-individual deviations were calculated as the difference between each in-
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dividual’s mean value and the species’ mean value. The mean absolute deviation was then calcu-

lated for each species and frequency, as well as summarized across all frequencies to give a grand 

mean absolute deviation. 

Results 

There was a high degree of variation in FRCs within a single target, among targets, and between 

species. Combined plots of FRCs from three randomly selected sticklebacks and whitefish also 

show that the frequency response can vary greatly over the 10 responses taken for a single tar-

get, as the interquartile range is often quite large (Fig. 3). A similar plot comparing FRCs of both 

species reveals a large overlap at lower frequencies (<120 kHz) but greater differences in the 135 

to 170 kHz range (Fig. 4).  

 

Figure 3: Variation in relative frequency response curves (FRC) from three individual sticklebacks (a) and 

whitefish (b). The bold line is the median and the shaded polygon region includes the 25-75 percentiles 

for observations from each fish, where overlapping regions are shown by the combined colours. 
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Figure 4: Comparison of the relative frequency response curves (FRCs) for stickleback (red) and whitefish 

(blue). The bold line is the median and the shaded polygon region includes the 25-75 percentile observa-

tions from all individuals of both species, and overlapping regions are shown by combined colours. 

 

 

Figure 5: Relative importance (measured by the Gini index) of the different frequencies from 90 – 170 kHz 

for random forest classification of stickleback and whitefish.            
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The intra- and inter-individual variation summarized across all frequencies were of a sim-

ilar magnitude for whitefish (MAD = 0.94 and 0.99, respectively), but differed for stickleback 

(MAD = 0.81 and 1.33, respectively). Intra-individual variation was slightly higher at both ends of 

the frequency range for both species, but otherwise showed no clear trends. Inter-individual var-

iation showed an increasing trend from 110-160 kHz for stickleback, and a similar trend from 120-

160 for whitefish. From 160-170 kHz the trend tended to decrease for both species (Fig. S6). 

Classification accuracy from the training data was slightly but significantly higher for the FRC 

compared to the NFD method (t-test, 1,400 frequency responses, t-value = 3.03, df = 57.7, 

p-value = 0.0036; Tab. 1). Classification accuracy for the testing data set was also significantly 

higher for the FRC method (Fisher’s exact test, 470 frequency responses, p-value = 0.027). 

Table 1: Overall accuracy of the random forest models developed for classifying stickleback and whitefish 

using numerical feature descriptors (NFD) and the frequency response curves (FRC) estimated for training 

data through cross validation (CV accuracy) and for test data (Test accuracy). For CV accuracy, the mean 

accuracy and standard deviation was estimated through 10-fold cross validation with 3 repeats. 

Prediction approach Train accuracy (SD) Test accuracy 

NFD 73.8 % (7.6) 66.6 % 

FRC 78.1 % (6.8) 73.4 % 

 

Frequency responses for whitefish were correctly classified more often than those for 

sticklebacks, using both the FRC (Fisher’s exact test, p-value < 0.001) and NFD (Fisher’s exact test, 

p-value < 0.001; Tab. 2). The positive predictive value for whitefish was 83 % (166/200) using the 

FRC, but only 70 % (140/200) using the NFD. Positive classification of sticklebacks differed only 

slightly between FRC and NFD (Tab. 2).  

Higher frequencies of the acoustic band showed the greatest potential for acoustic spe-

cies identification using random forests, with a relatively narrow range between 140 and 155 kHz 

receiving most of the variable importance as measured by the Gini index (Fig. 5). 
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Table 2: A confusion matrix showing species classification of targets from the testing data set using two 

prediction approaches, frequency response curve (FRC) and numerical feature descriptor (NFD). Each cell 

contains the number of known stickleback or whitefish responses (rows) that were predicted to belong to 

either stickleback or whitefish (columns). 

 Predicted identity 
 Frequency Response Curve 

(FRC) 
Numerical Feature Descriptor 

(NFD) 

True identity Stickleback Whitefish Stickleback Whitefish 

Stickleback 179 91 173 97 

Whitefish 34 166 60 140 

 

Stickleback and whitefish targets had similar orientation angles and were most often low 

or medium, with only 8 sticklebacks and 6 whitefish targets having high orientations (Tab. 3). The 

frequency responses of the two species within the low and medium orientation were similar to 

those from all fish (supporting information, Fig. S3-S5). Frequency responses appeared some-

what different in the high orientation group, but low sample sizes of stickleback and whitefish 

make these comparisons tenuous. Cross validation based estimates of classification accuracy 

within the low (79.0 ± 7.9 %) and medium (76.7 ± 10.3) orientation group were similar and within 

the expected accuracy range estimated using the training dataset across all orientations (78.1 ± 

6.8 %). There were too few targets in the high orientation groups to provide an accurate assess-

ment of classification accuracy.  

Table 3: Number of stickleback and whitefish in each of the orientation different orientation classes, 

measured as absolute degrees relative to the water surface.  

Orientation Class Stickleback Whitefish 

Low (< ±20°) 67 48 
Medium (≥20° & < 40°) 26 32 
High (≥ 40°) 8 6 

   

Discussion 

This study shows the potential for wideband hydroacoustics to enable species differentiation of 

similar-sized, swim-bladdered individuals. A recent study (Bassett et al., 2018) described  
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wideband acoustic responses for schools of several species encountered during trawls, and con-

cluded that differentiation of multiple species with swim bladders would be challenging due to 

similarities in acoustic responses. Acoustic responses of whitefish and stickleback individuals 

were also similar in this study, but classification was achieved using random forests with reason-

ably high accuracy. Most previous efforts to classify species using hydroacoustic monitoring have 

focused on differentiating schooling species with morphometric and bathymetric descriptors of 

school behaviour (reviewed in Horne (2000) and Bassett (2018)). For example, single species 

schools of anchovy, sardine and round herring were differentiated using morphometric, ener-

getic, and bathymetric traits derived from echograms with discriminant function analysis (Lawson 

et al., 2001) and artificial neural networks (Cabreira et al., 2009). The ability to identify the species 

identity of individual targets with wideband hydroacoustics could expand these capabilities to 

the much larger number of species that do not display strong schooling behaviours. In addition, 

single-species aggregations in mesocosms were successfully differentiated by hydroacoustic data 

collected using custom-designed wideband echosounders in previous studies (Simmonds et al., 

1996; Zakharia et al., 1996). This would suggest that schooling or shoaling species may also be 

differentiated using widely available commercial wideband echosounders, but this remains to be 

tested in future studies.  

The model developed in this study, once verified with field data, will expand monitoring 

capabilities so that both populations can be better monitored. The likely timing of invasion and 

potential abundance of sticklebacks through hydroacoustics was estimated by Eck-

mann & Engesser (2019) by assuming that the abundance of other small pelagic fishes did not 

increase. Classifying small fish targets with the tool developed in this study will provide more 

accurate estimates of stickleback and juvenile whitefish abundance to help inform species spatial 

overlap, interspecific competition, abiotic preferences (e.g. temperature), and foraging. Infor-

mation pertaining to the seasonal distribution of stickleback could help to better define spawning 

migration into near-shore areas (Bergström et al., 2015), and this information might be utilized 

to alter the timing of larval whitefish stocking in order to limit predation (Roch et al., 2018; Pepin 

& Shears, 1995). Abundance estimates for juvenile whitefish provided by hydroacoustics may 

also help improve estimates of natural recruitment and stocking success.  

The mesocosm experiment was carefully designed to collect data of free swimming indi-

viduals within a lake environment to enable its transferability to the lake environment. Previous 
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studies have shown that orientation of targets can affect acoustic responses and TS measure-

ments, and population estimates (Frouzová et al., 2005). Orientation of targets could also alter 

the FRC and classification accuracy if unaccounted for. In this study, individuals of both species 

were mostly found with orientations below 40° relative to the water surface, with a few individ-

ual targets at higher angles. Classification accuracy of individuals that exhibited low and medium 

orientations was similar to the expected bounds of accuracy estimated for all orientations. The 

results suggest that classification accuracy does not differ greatly with orientation, but additional 

data collected on individuals with high orientations would is to determine the limits of this con-

clusion. It is expected that juvenile whitefish and sticklebacks have similar orientations in the lake 

environment to those free-swimming in the mesocosm, but this will need to be considered in 

field applications. 

Orientations of targets was estimated using tracked motions, which requires that fish are 

actively swimming to give precise measurements. Since only targets entering and leaving the 

narrow acoustic beam were used in this study, all included fish had to be actively swimming. 

Some targets however, moved too little between individual observations to give reliable orien-

tation estimates. This was most profound for stickleback. Since classification accuracy was similar 

for almost all fish regardless of orientation, it is not expected that this uncertainty would greatly 

affect our general conclusions. Future studies investigating the effect of orientation on wideband 

acoustic responses would benefit from using paired cameras or other methods to more accu-

rately measure orientation.  

In addition to potential variation from orientation, there was substantial intratarget variation 

among hydroacoustic responses within an individual fish target that stemmed from extracting 

data from different parts of the fish echo. This study has not attempted to determine the under-

lying reasons, but these could presumably be due to how much swim bladder area is sampled, 

the presence of plating on some parts of the body in stickleback or other morphological differ-

ences along a single fish. Accuracy for whitefish was higher than for sticklebacks, which could 

reflect greater morphometric variation in the latter which is indeed shown for Lake Constance 

sticklebacks (Marques et al., 2019). This study used wild caught sticklebacks with different plate 

arrangements that are largely representative of those in the lake. For these reasons it is expected 

that the model will have similar accuracy across fish of different orientations, sizes and stickle-

back plating patterns in field tests.  
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Previous studies have used other machine learning and statistical classification ap-

proaches, including artificial neural networks (e.g. Cabreira et al., 2009; Robotham et al., 2010; 

Haralabous &Georgakarakos, 1996), support vector machines (e.g. Robotham et al., 2010), and 

discriminant analysis (e.g. Simmonds et al., 1996) for hydroacoustic classification.  RF was used 

in this study because of its superior performance in tackling a diverse range of classification and 

regression problems in ecology (Cutler et al., 2007; Oppel et al., 2012). In addition, RFs could be 

trained using the full FRC without the pre-processing of data or the dimensionality reduction 

required for these other methods. This ability was important as the FRC were shown to generate 

greater classification accuracy than the NFD in this study. Other features or a subsample of fre-

quencies may provide similar classification accuracy (Boswell et al., 2008), but these summaries 

could not include more information than the FRC and the effort to select such features seems 

unnecessary when used with RF or related approaches.   

While wideband hydroacoustic classification may have great potential for monitoring 

multiple species, there are difficulties in collecting the data needed to develop classifiers for in-

dividual targets. This is especially true in a mixed species experiment or under field conditions 

since the species identify of individual targets needs to be known. A mixed species experiment 

was also attempted in the current study in which sticklebacks and whitefish were held together 

in the mesocosm overnight, and video cameras were used to record individual fish location and 

identity. However, the data from this experiment could not be used to further test the classifier 

due to poor visibility below 3 m depth preventing species identification. One potential solution 

for future mesocosm or field studies is to use unique fluorescent marks so that species can be 

identified using video, and possibly also using hydroacoustic tracking to ensure that the correct 

individual is identified in the echogram. Another solution with sufficiently large fish would be to 

tag one or more species, identify tagged individuals using acoustic data, and then filter out the 

acoustic response from the tag. In the current study a relatively small amount of the mesocosm 

was covered by the acoustic cone to avoid interference from mesocosm sidewalls, which reduced 

the likelihood of recording individual targets and limited data. Future mesocosm experiments 

may benefit from increasing cone coverage to maximize data collection, provided that interfer-

ence is avoided.  

It is expected that further studies will determine the extent to which wideband hydroa-

coustics can be used to identify other fish species. Such studies could allow species classification 
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and greatly improve monitoring of fish community dynamics through noninvasive sampling. 

When combined with the real-time data processing capabilities of software, such as Sonar5-Pro, 

classification algorithms may also facilitate species-specific fishing in order to reduce bycatch and 

maximize the sustainability of fisheries (Horne, 2000; Lawson et al., 2001). 

 

Data availability 

The datasets generated and analyzed during the current study are available from the correspond-

ing author on request. 
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Supporting information 

Hydroacoustic data processing   

Sonar5-Pro allows the operator to click on a selected target in an echogram with the mouse and 

extract hydroacoustic data.  After a thorough investigation of hydroacoustic data from stickle-

backs and whitefish Sonar5-Pro was set to extract acoustic data covering 150 % of the emitted 

pulse length, vertically symmetrical around the clicks to ensure that frequency responses in-

cluded all energy from the selected target. The 150 % buffer around the target may have included 

some signal from surrounding water, but this would have little effect on the signal since echo 

from water is two orders of magnitude lower than fish (Fig. S1).  

 

a) 

 

 

b) 

 

 

c) 

 

 

Supplementary Figure S1: FRC of a) free water (buffer 100 %), b) whitefish (buffer 150 %), c) whitefish 

(buffer 100 %). 

A mouse click on a target extracts a signal piece consisting of 96 samples from the underlying 

complex acoustic raw data. Processing this signal with a Fast Fourier Transform (FFT) produces 

the frequency response. Adding zeros (traditional zero padding in signal processing) was applied 

to meet the FFT’s requirement for the number of samples to be 2N. The FFT algorithm can for 

example handle sample sets of 27=128, 28=256, or 29=512 samples. We applied 29 because this 

produces TSu(f) functions with the same smoothness as presented by Simrad’s EK80 software. 
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Due to the EK80 sampling regime aliasing occurs and the output from the FFT must be split and 

reorganized to produce the frequency spectra. Due to EK80’s sampling regime, aliasing occur and 

the output from the FFT must be split and reorganized to produce the frequency spectra. This 

reorganized spectral density is too weak in the beginning and the end due to the algorithm mod-

ifying the intensity of the frequency response in accordance with the intensity of the emitted 

pulse (called ramping in Simrads terminology). This was compensated with the inverted Fourier 

spectra of the modeled emitted pulse. Parameters like the absorption coefficient and transducer 

opening angles vary with the frequency and the algorithm therefore apply the sonar equation to 

each individual frequency component in the spectra.  This provides the final target strength re-

sponse as a function of frequency (TSu(f), given in dB). The processing details are well described 

by Demer et al. (2017). The processing, as we applied it, resulted in TSu(f) functions consisting of 

656 samples along the frequency-axis from 90 to 170 kHz. The subscript u in TSu(f) dB functions 

indicates that the TS values are uncompensated with respect to the beam pattern. We used the 

uncompensated target strength to avoid applying the single echo detector, which would add an-

other layer of complexity and uncertainty to the analysis and the results. Selection of single tar-

gets had to be done manually because we needed to ensure clear water below and above each 

selected target to avoid contamination of the spectra by neighbour targets. Moreover, we did 

not use off-axis compensated responses because we were not testing if the system could obtain 

the true size of the target. We rather wanted to see if we could classify targets without respect 

to TS and position in the beam. A surface exclusion zone was set to 2.2 m below the transducer 

in the software to avoid near field influence and low sampling volume (Urick, 1983).   

We used combined linearized and normalized frequency responses to avoid logarithmic 

non-linearity and the influences of fish size and beam pattern on the classification results. In the 

linearization process the logarithmic compression of the target strength TS is removed and the 

sigma 𝜎𝑢(𝑓) (MacLennan et al., 2002) is estimated instead: 

Equation (1):  𝜎𝑢(𝑓) = 𝑒
𝑇𝑆𝑢(𝑓)

10  

To avoid target size influencing on the classification we also normalized the  𝜎𝑢(𝑓) to span from 

zero to one:  

Equation (2): 𝜎𝑢(𝑓)𝑛𝑜𝑟𝑚.  =
𝜎𝑢(𝑓)−𝜎𝑢(𝑓)𝑀𝑖𝑛

𝜎𝑢(𝑓)𝑀𝑎𝑥−𝜎𝑢(𝑓)𝑀𝑖𝑛
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The linearized and normalized 𝜎𝑢(𝑓)𝑛𝑜𝑟𝑚., referred to as the frequency response curve (FRC),  

consisted of 656 amplitude samples along the frequency-axis from 90 to 170 kHz. This full FRC 

was used for classification, and was also summarized to develop a numerical feature descriptor 

(NFD).  

Qualitative studies of FRC from sticklebacks, whitefish, bubbles, bottom of the marina, 

and metal targets showed high variability in hydroacoustic responses. Some curves showed reg-

ular sinusoidal oscillating patterns with variable amplitudes, while others had more irregular pat-

terns with a few profound peaks and nulls. In addition, curves varied in the number of peaks or 

dips and the existence of trends across the frequency range. Based on these observations, the 

NFD set of numerical features was chosen to help characterize variability among objects and po-

tentially enable species classification. The FRC functions were input to the algorithm that de-

tected and calculated the NFD. Table 1 and Figure 2 show the definitions of the NFD. The ampli-

tudes of the five lowest harmonic frequencies were produced via processing the FRC with a FFT. 

A peak detector identified maxima in the FRC, linear regression was applied to estimate trends 

in the data, and standard statistics were calculated (Tab. S1).  The peak detector first sliced the 

FRC in 10 equal layers and then counted peaks in each layer, starting at the highest layer. Layers 

are separated by threshold lines starting at 0.9 and ending at 0.1. Figure S2 show an example on 

how the algorithm will work for a given FRC.  We see one peak in the top layer and another peak 

in the second top layer. Only the first two layer lines are indicated.  The process is repeated until 

5 peaks has been identified or until all layers has been searched. The numerical feature descriptor 

is a custom developed script for this study and is available in the latest version of S5. 

Supplementary Table S1: Formulas to extract the individual features of the numerical feature descriptor 

(NFD) vector describing the frequency response curves. 

Feature Method Comment 

Oscillation 1...5 Extracted by FFT Amplitudes of the 

5 lowest harmonic 

frequencies. 
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Mean 
𝑚𝑒𝑎𝑛 =

1

𝑁
  ∑ 𝑦𝑖

𝑁

𝑖=1

   
 

Variance 
𝑉𝑎𝑟 =

1

𝑁 − 1
  ∑(𝑦𝑖 − �̅�)2

𝑁

𝑖=1

 

 

 

Simplified skewness 
𝑠 =

1

𝑁 − 1
  ∑(𝑦𝑖 − �̅�)3

𝑁

𝑖=1

 

 

Similar to skew-

ness, but with sim-

plified normaliza-

tion. 

Simplified kurtosis 
𝑘 =

1

𝑁 − 1
  ∑(𝑦𝑖 − �̅�)4

𝑁

𝑖=1

 

 

Similar to kurtosis, 

but with simplified 

normalization. 

Nr. of peaks Peak detector  

Trend_overall Inclination y=ax+b Linear regression 

based on all sam-

ples in the FRC. 

Trend_BeforeMax Inclination Linear regression 

of the sample in 

the FRC from the 

start to the max. 

peak. 
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Trend_AfterMax Inclination Linear regression 

of the sample in 

the FRC extracted 

from the max. peak 

to the end of the 

FRC. 

Trend_Interpeak Inclination  Linear regression 

of the samples in 

the FRC extracted 

between the two 

highest peaks de-

tected. 

Peak 1..5 Frequency  and amplitude  Peak detector ob-

taining the 5 high-

est peaks and their 

locations. 
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Supplementary Figure S2: Illustration of trend lines and peaks in the numerical feature descriptor ex-

tracted from a frequency response curve. The peak detector is illustrated here to highlight the two highest 

peaks, and further peaks would be identified as described in the text.  

Each individual fish target identified in the echograms was clicked 10 times at different positions, 

which extracted 10 FRCs and NFDs per individual in order to accommodate intra target variation. 

FRC and NFD were extracted and stored as a text file via a custom developed python script that 

can be requested by the corresponding author. 

Orientation and Frequency Responses 

Built in tools in S5 were used to track each target and measure the aspect (i.e., orientation angle 

relative to the water surface). S5 can be set up to either find the aspect by averaging or by linear 

regression.  We applied the average aspect method. The split beam system provides 3D positions 

for each individual observation within a track.  Arcus tangent to the vertical and horizontal mo-

tion between neighbor observations in a track gives a series of aspect angles. The averaging of 

these are output as the final aspect for each track. If we assume a track containing N observa-

tions, S5 find each ith aspect angle in the following way:  

 

Δ𝑥𝑖 = 𝑥𝑖+1 − 𝑥𝑖 ,  

Δ𝑦𝑖 = 𝑦𝑖+1 − 𝑦𝑖, 

Δ𝑧𝑖 = 𝑧𝑖+1 − 𝑧𝑖 
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𝑎𝑛𝑔𝑙𝑒𝑖 = arctan (
𝛥𝑧𝑖

(𝛥𝑥𝑖
2 + 𝛥𝑦𝑖

2)
0.5) 

Finally, S5 finds the average aspect from all the individual aspect angles.   

𝐴𝑠𝑝𝑒𝑐𝑡 𝑎𝑛𝑔𝑙𝑒 =
1

𝑁
∑ 𝑎𝑛𝑔𝑙𝑒𝑖

𝑁−1

𝑖=1

    

 

As described further in the manuscript, the orientation of each fish relative to the water surface 

was measured and classified as low (< ±20°), medium (≥ ±20° - < ± 40°) and high (≥ ± 40°). Figures 

were made to compare the FRC of each species within these orientation classes to help visually 

determine the effect of orientation on acoustic responses (Fig. S3-S5). The frequency responses 

of the low and medium classes appear very similar to those produced for all fish targets without 

respect to orientation (Fig. 4 in the manuscript). The frequency responses in the high orientation 

classes appear slightly different, but this could simply be due to the very small sample sizes of 6 

whitefish and 8 stickleback targets in this class. 
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Supplementary Figure S3: Comparison of FRC for sticklebacks and whitefish with low orientations (< 

±20°). The bold line is the median and the shaded polygon region includes the 25-75 percentile observa-

tions from all individuals of both species, and overlapping regions are shown by combined colours. 
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Supplementary Figure S4: Comparison of FRC for sticklebacks and whitefish with medium orientations (≥ 

±20° and <40°). The bold line is the median and the shaded polygon region includes the 25-75 percentile 

observations from all individuals of both species, and overlapping regions are shown by combined colours. 
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Supplementary Figure S5: Comparison of FRC for sticklebacks and whitefish with high orientations (≥ 

±40°). The bold line is the median and the shaded polygon region includes the 25-75 percentile observa-

tions from all individuals of both species, and overlapping regions are shown by combined colours.
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Supplementary Figure S6: The intra-individual (top) and inter-individual (bottom) variation in hydroacous-

tic responses measured for each species measured as the mean absolute deviation.  
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Stable isotope values and trophic position of a unique invasion of the three-

spined stickleback in Lake Constance indicates significant piscivory 

Sarah Maria Gugele, Jan Baer, Christina Spießl, Elizabeth Yohannes, Steve Blumenshine, Alexan-

der Brinker 

Abstract 

The three-spined stickleback Gasterosteus aculeatus was introduced into Lake Constance in the 

1940s. Since the end of 2012 sticklebacks expanded from a solely littoral habitat use to seasonal 

migrations to the pelagic zone of Upper Lake Constance, with very high abundances. Due to ob-

servations of stickleback stomach samples with whitefish eggs and larvae it is hypothesized that 

the migration of the sticklebacks into the pelagic zone is triggered by the opportunity to forage 

on whitefish eggs and larvae. However, since stormy conditions during winter and spring limiting 

field sampling, traditional stomach content analyses could only offer singular evidence of stick-

lebacks feeding on whitefish eggs and larvae. Due to the fact that stable isotope analysis can 

provide integrate diet information over time, a seasonal stable isotope analysis of stickleback 

muscle and liver tissue was conducted to obtain additional insight into the stickleback feeding 

ecology in Upper Lake Constance during two consecutive years. Stickleback trophic position was 

calculated and the δ15N and δ13C values were compared with other fish species of Lake Con-

stance. The results showed that: i) δ15N values and the trophic position of sticklebacks increased 

during winter, the whitefish spawning time and spring, when whitefish larvae hatch ii) the δ13C 

values suggests that sticklebacks feed and assimilate prey tissue mainly in the pelagic zone, iii) 

the δ15N values of sticklebacks were comparable to those of piscivorous pike, and iv) the trophic 

position classified sticklebacks as piscivorous fish. These findings corroborate the hypothesis that 

sticklebacks of Lake Constance feed regularly on fish, most likely on whitefish larvae and eggs. 



 

73 

 

Keywords: trophic position, carbon littoral source, Gasterosteus aculeatus, larvae predation, 

niche overlap ‰ 

Introduction 

Understanding the trophic niches and consumptive impacts of invasive species is crucial to un-

derstand the threats and implications for food webs and ecosystems (Bodey et al., 2011). This is 

especially true for Lake Constance, one of the largest lakes in Central Europe. In this lake the 

three-spined stickleback (Gasterosteus aculeatus), hereafter referred to as stickleback, was in-

troduced in the mid 1940s (Roch et al., 2018). This fish lived for more than half a century in small 

swarms near to the shore. However, since the end of 2012 sticklebacks expanded from a solely 

littoral habitat use into the pelagic zone of Upper Lake Constance and built large shoals (Eckmann 

& Engesser, 2019; Gugele et al., 2020). Only two years later, in September 2014, they represented 

96 % of all pelagic fish and accounted for 28 % of the total pelagic fish biomass (Eckmann & 

Engesser, 2019), a globally unique situation for a large, deep oligotrophic lake. After 2014 stick-

leback abundances plateaued between 1280 and 7990 individuals/ha in the pelagic zone of Lake 

Constance (Alexander et al., 2016) with maximum abundances of 19100 individuals/ha in Sep-

tember 2017 (Gugele et al., 2020). Stomach content analysis of sticklebacks identified zooplank-

ton (Daphnia spp.) as the main stickleback prey (Ogorelec, 2021). Since the native pelagic white-

fish (C. wartmanni) also mainly feed on zooplankton (Eckmann &, 1998; Ogorelec, 2021), the high 

stickleback abundances may have negative impacts on native whitefish via interspecific compe-

tition for zooplankton prey. In 2015 the fisheries yield of native whitefish, the main target species 

of local fishery (Baer et al., 2016), declined drastically from around 300-600 mt (metric tons) be-

fore stickleback invasion to less than 150 mt (Roch et al., 2018). Simultaneously, pelagic captures 

of whitefish (age classes 3-5) revealed a sudden weight loss of 17 % - 51 % (arithmetic mean: 

33 %) (Rösch et al., 2018). Other factors, which may have large impacts on the commercial yield 

of whitefish in Lake Constance are stable since 2014, especially nutrient concentrations (Baer et 

al., 2016), which have been low (6-8 μg L-1 phosphorus since 2014, oligotrophic conditions) and 

the fishing effort on whitefish was not intensified (www.ibkf.org). Therefore, there are few other 

explanations for the abrupt decreases in the growth and yield of whitefish, and all bordering 

states recognize stickleback as a huge problem (https://seewandel.org/en/research/).  
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Interestingly, during field sampling of sticklebacks in March 2016 and 2018, several large 

sticklebacks with more than 20 whitefish larvae in the stomachs were found, one stickleback had 

36 whitefish larvae eaten (Fig 1). In some sticklebacks the stomach was filled exclusively with 

whitefish larvae. Furthermore, in December 2016 single sticklebacks were caught with whitefish 

eggs in the stomachs (Fig. 1).  

Figure 1: Stomach content of sticklebacks from Lake Constance. A) stickleback sampled in March 2016 

with 36 whitefish larvae in the stomach, B) stomach from a stickleback sampled in December 2016 includ-

ing whitefish eggs.  

 Sticklebacks with whitefish eggs in the stomach were caught during the sampling of the 

spawner stock of the pelagic whitefish. Parallel hydroacoustics surveys showed large swarms of 

sticklebacks with some 10,000 individuals near the whitefish spawners (Baer, own observation). 

During this time and in November 2020, sticklebacks were found in Lake Constance nearly exclu-

sively on the spawning grounds of the whitefish (Baer, own observation). Furthermore, stickle-

back aggregations were documented in habitats, where the first hatched whitefish larvae were 

found (from March to April in the pelagic zone and near the shoreline). These observations 

strongly suggest that sticklebacks in Lake Constance may affect whitefish through competitors 

for food, and as predators on whitefish larvae and eggs (Roch et al., 2018; Ros et al., 2019; Rösch 

et al., 2018; Gugele et al., 2020). However, field investigations during the spawning time of pe-

lagic whitefish are especially challenging because spawning time is difficult to predict, lasting only 

a few days (Eckmann, 1991), and is often accompanied by strong winds that make sampling 

enough stickleback with gillnets or trawling difficult. Pelagic whitefish spawn near the water sur-

face in the middle of the lake (Eckmann, 1991) and their eggs sink relatively quickly to the bottom 
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of Lake Constance to depths up to 250 m (5) while sticklebacks only forage in maximum depths 

of around 30 m (Gugele et al., 2020). Therefore, sticklebacks must consume whitefish eggs while 

they are still near the surface, before they sink and become unattainable. Furthermore, the gen-

erally patchy distribution of sticklebacks hindered sampling during the time when the first 

hatched larvae could be observed in the lake (March-April). Due to those factors (short time 

frame for sampling during the spawning of the whitefish and restricted sampling during spring 

when whitefish larvae emerge), it is not possible to reliably quantify larvae and egg consumption 

based on field catches and traditional stomach analyses.  

Therefore, monthly stable isotope analysis of stickleback muscle and liver tissue over two 

years was performed, because stable isotope analysis provides integrative diet information over 

extended time and feeding habitats, quantifies complex interactions, and the tracking of ele-

ments, energy, or mass through food webs and ecosystems (Janjua & Gerdeaux, 2011; Post, 

2002). Stable isotope ratios of carbon and nitrogen have been extensively used in food web stud-

ies during the last 30 years (Janjua & Gerdeaux, 2011) and applied to understanding the impacts 

of invasive species on trophic structures (Vander Zanden and Rasmussen, 1999; Bodey et al., 

2011). In the present study, stable isotope analysis was conducted to address the research ques-

tions: 1) Do stickleback δ15N values and concomitant trophic position correspond to seasonal 

availability of whitefish larvae and eggs and therefore supports the hypothesis that sticklebacks 

feed opportunistically on whitefish eggs and larvae? 2) Where does the isotopic signature place 

stickleback in trophic comparison to other fish species of Lake Constance? 3) Which trophic po-

sition do Lake Constance sticklebacks occupy in comparison to sticklebacks in similar ecosystems? 

4) Are there any differences in the isotopic signature between sticklebacks caught in littoral and 

pelagic habitats? Resolving these questions has implications beyond Lake Constance because 

similar tendencies (increased predation) are observed elsewhere (Ljunggren et al., 2010; Berg-

ström et al., 2015; Byström et al., 2015).  

Material and Methods 

Ethics statement 

Approval of the present study by a review board institution or ethics committee was not neces-

sary because all fish were caught under the permission of the local fisheries administration (Re-
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gierungspräsidium Tübingen) and all needed qualifications for the involved people (fishing li-

censes) were checked regularly by the local fisheries administration (Regierungspräsidium Tü-

bingen). All fish were caught according to the German Animal Protection Law (§ 4) and the ordi-

nance on slaughter and killing of animals (Tierschutzschlachtverordnung § 13). 

Sampling 

Lake Constance is bordered by Austria, Germany and Switzerland. The total surface area of 536 

km² is characterized by the 472 km² deep Upper Lake (ULC) and the 63 km2 shallower Lower Lake 

(LLC). Stickleback sampling was conducted monthly from March 2017 until November 2018 at 

ULC using littoral and pelagic gillnets. 10 to 34 samples of stickleback white muscle and liver tis-

sue were taken each month. Catches below 10 individuals (each year in August and September, 

April 2017, July 2017 and October 2018) were excluded from analysis. C and N stable isotope 

analysis was run on 520 sticklebacks. Of these, 367 were caught in the littoral zone and 153 in 

the pelagic zone. All fish were euthanized with an overdose of clove oil (1 mL L−1) and a gill cut. 

Afterwards, they were measured (total length (TL) to the nearest mm), weighed to the nearest 

0.01 mg and sex was recorded. Due to the infestation of some sticklebacks with the pseudophyl-

lidean cestode Schistocephalus solidus all parasites were counted per host, blotted and weighed 

to the nearest 0.01 mg. A combined parasite : host biomass ratio (parasite index, PI) was used as 

an indirect measure of the severity of parasite infestation because it is known that the health 

status of a fish can have direct effects on the stable isotope values (Karlson et al., 2018). PI was 

calculated using the formula  

P I= P/H          (1) 

where P is the total weight of the parasites and H is the mass of the host without the parasite. 

Stable isotope analysis 

Although stable isotope analyses on fish tissue C & N is generally taken from muscle tissue alone, 

liver tissue has a much higher turnover rate and thus reflects more recent feeding relative to 

muscle tissue (Boecklen et al., 2011). These different dietary signal lags in tissues are useful to 

resolve the timing of non-stable and often opportunistic seasonal prey availability such as white-

fish eggs and larvae. Therefore, the coherence and variation in δ15N from liver and muscle tissue 

was examined over months.  
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Tissue samples were prepared for analysis via drying in an oven at around 60 °C for 48 

hours and finally ground to fine powder. Lipid extraction was conducted by adding 200 µl of a 

Chloroform : Methanol (2:1) mixture to the tissue powder, because preliminary studies showing 

C:N ratios greater than 3.5, making lipid extraction advisable to not bias δ13C (Skinner et al., 

2016). Afterwards samples were vortexed and centrifuged for two minutes with 4000 rpm. The 

sample excess was discarded and the centrifugation process repeated 2 - 4 times until the excess 

colour changed from yellow to colourless. In order to wash the sample 200 µl Milli-Q water was 

added followed by vortexing and centrifugation for 2 min with 4000 rpm. Again, the excess was 

discarded and washing was repeated as many times as the lipid extraction was conducted. After-

wards samples were dried in a fume hood for 48 hours followed by grounding to powder and 

weighing (ca. 0.7 mg) the sample to the nearest 0.001 mg into tin capsules, using a micro balance.  

To measure the isotopic ratios samples were combusted in a vario MICRO cube elemental 

analyser (Elementar Analysensysteme GmbH, Hanau, Germany). The emerging gases were sepa-

rated via gas chromatography and passed into a Micromass Isoprime isotope mass spectrometer 

(Isoprime Ltd., Cheadle Hulme, UK) for determination of the 13C/12C and 15N/14N ratios (R). Meas-

urements are reported in δ-notation (δ13C, δ15N) in parts per thousand deviations (‰), where δ 

= 1000 × (Rsample/Rstandard – 1) relative to the Pee Dee Belemnite (PDB) for carbon and atmos-

pheric N2 for nitrogen. Two sulphanilamide (Isoprime internal standards) and two casein samples 

were used as laboratory standards for every 10 unknowns in sequence. Replicate assays of inter-

nal laboratory standards indicate measurement errors (SD) of ±0.05 % and 0.15 % for δ13C and 

δ15N, respectively. 

To compare the isotopic values of sticklebacks with other fish species of Lake Constance, 

128 additional fish samples from bleak (Alburnus alburnus, n = 18) with a mean TL of 60 mm ± 6 

mm (± standard deviation SD), roach (Rutilus rutilus, n = 34) with a mean TL of 263 mm ± 71 mm 

SD, rudd (Scardinius erythrophthalmus, n = 12) with a mean TL of 217 mm ± 40 mm SD, tench 

(Tinca tinca, n = 19) with a mean TL of 226 mm ± 147 mm SD, whitefish (n = 21) with a mean TL 

of 308 mm ± 55 mm SD, burbot (Lota lota, n = 19) with a mean TL of 374 mm ± 38 mm SD, and 

pike (Esox lucius, n = 5) with a mean TL of 289 mm ± 44 mm SD were sampled with gill nets in 

August and September 2020. All fish were euthanized with an overdose of clove oil (1 mL L−1) and 

a gill cut. All whitefish were considered as zooplanktivorous, pike and burbot as piscivorous, 

roach, bleak, and tench as benthivorous/insectivorous, rudd as herbivorous, and stickleback as 
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omnivorous. In addition, the analysed fish were divided into benthic (pike, burbot, tench, roach, 

rudd) and limnetic (whitefish, bleak, stickleback) feeding guilds. All fish were caught with gill nets 

or electrofishing. Samples from white muscle were taken and frozen (-20 °C) until further pro-

cessing. Samples were prepared for analysis via freeze drying at -50 °C and pressurization 

(<1 mbar) and finally ground to homogenous powder, using a mixer mill. 0.3 – 0.4 mg of the 

sample powder was weighed into tin capsules and combusted in an isotope ratio mass spectrom-

eter (Delta plus, Finnigan MAT, MasCom GmbH, Bremen, Germany), interfaced (viaConFlo II, Fin-

nigan MAT, MasCom GmbH, Bremen, Germany) with an elemental analyzer (EA 1108, CarloErba, 

Thermo Fisher SCIENTIFIC, Milan, Italy) and a pyrolysis unit (HT Sauerstoffanalysator, HEK-

AtechGmbH, Wegberg, Germany). Since the mean C:N values (± SD) of bleak, roach, tench, white-

fish, burbot and pike all were below 3.5, lipid extraction of fish muscle tissue was not conducted 

(Matthews et al., 2010; Skinner et al., 2016). 

Trophic position of stickelbacks 

The trophic position of sticklebacks was calculated after Post (2002), where trophic position for 

a two-source food web is calculated as:  

 

Trophic position = λBase + (δ15Nstickleback - [δ15Nlit.base * α + δ15Npel.base * (1-α)])/Δn (2) 

 

 α = (δ13Cstickleback - δ13Cpel.base) / (δ13Clit.base  - δ13Cpel.base )    (3) 

 

where λBase denotes the trophic position of the consumer (λBase = 2) used for the estimation of 

the littoral (=δ15Nlit. base) and pelagic (=δ15Npel. base) baseline. Faucet snail (Bithynia tentaculata, n 

= 10) was collected in August 2020 from the littoral habitat to represent the δ15Nlit. base and δ13Clit. 

base values and quagga mussels (Dreissena rostriformis bugensis, n = 200) were collected from 

free-standing piles in the pelagic zone at depth of 0.5 – 2 m in the upper mixed layer of Lake 

Constance and used for δ15Npel. base and δ13Cpel. base. Quagga mussels are filter feeders and an ideal 

integrator representing the consumer base of the pelagic food web compared to bulk seston or 

plankton samples which may include non-consumer material and undifferentiated detritus which 

may bias stable isotope ratio signatures. δ15Nstickleback is the measured δ15N value of sticklebacks 

and Δn is the enrichment in δ15N per trophic level (Δn = 3.4 (Minagawa and Wada, 1984; Vander 

Zanden and Rasmussen, 1999; Post, 2002; Reimchen et al., 2008;)) and α denotes the proportion 



 

79 

 

of carbon in sticklebacks ultimately derived from littoral sources. A Δn value of 3.4 is commonly 

used for sticklebacks (Post, 2002; Matthews et al., 2010), but more recent review sources suggest 

lower levels of δ15N enrichment for carnivorous fish (Vanderklift and Ponsard, 2003; Boecklen et 

al., 2011; Blanke et al., 2017; Kambikambi et al., 2019). Thus analysis of stickleback trophic posi-

tion using Δn=2.0 were included to test the assumption of the commonly used value of Δn=3.4 for 

the trophic enrichment of δ15N in sticklebacks. 

Statistical analysis 

To test the effects of covariates on the δ15N values of muscle tissue the following general linear 

model (GLM) (Sachs, 1997) was used:  

Yijklmn=µ + αi + βj + (αβ)ij + γk + δl + εm + ζn + ηo + θijklmno    (4) 

where Yijklmno is the δ15N value in muscle tissue; µ is the overall mean, αi denotes month, βj is Total 

Length, (αβ)ij is the interaction between month and Total Length, γk represents year, δl is habitat 

(pelagic or littoral zone), εm is sex (male or female), ζn denotes the infection state (yes/no), ηo is 

Parasite Index and θijklmno is the random residual error. To test if these parameters were affecting 

the δ15N value of liver tissue as well as the δ13C value of muscle and liver tissue, the same GLM 

as above (4) was applied, where Yijklm is the δ13C value of muscle or liver tissue or the δ15N value 

of liver tissue. Single outliers were excluded from the dataset due to extreme values (selection 

criteria: more than eight times standard deviation). Student-t test was used for post hoc compar-

isons between habitat and sex.  

Differences in mean δ15N and δ13C values among Lake Constance fish species were exam-

ined by Tukey-Kramer HSD-tests. Furthermore, data of all examined fish species were pooled into 

their feeding guild in order to calculate the standard ellipse area corrected for small samples 

(SEAc). The SEAc represents the core isotopic niche of each guild after factoring in maximum 

likelihood and is similar to a two-dimensional measurement of standard deviation and comprises 

around 40 % of data (Jackson et al., 2011). The small sample size-corrected standard ellipse 

area(SEAc) represents the core isotopic niche area of sampled individuals. The isotopic niche 

overlap of omnivorous sticklebacks with the remaining trophic guilds was subsequently calcu-

lated as a proportion of the sum of the non-overlapping area of the SEAcs. All analyses were 

performed with help of the SIBER package (Stable Isotope Bayesian Ellipses in R, v. 2.15; (Jackson 

et al., 2011)) in R (v. 4.04, (R Core Team, 2020)). 
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To test the effects of month, year, sex, total length, habitat (benthic or pelagic), infection 

(yes/no), PI, and the interaction of TL and month on the trophic position of sticklebacks, the same 

GLM for investigating influence on δ15N in the muscle (4) was used, where Yijklmno is the trophic 

position; µ is the overall mean, αi denotes the month, βj is TL, (αβ)ij is the interaction between 

month and TL, γk is the year, δl is the habitat (pelagic or littoral zone), εm is sex (male or female), 

ζn is the infection state (yes/no), ηo is PI and θijklmno the random residual error.  The same GLM 

was run with Δn set at 2.0. 

The trophic positions of sticklebacks from Lake Constance were compared to lake popu-

lations from North America (Matthews et al., 2010) and Norway (Østbye et al., 2016) using a z-

test on arithmetic means and standard deviation with post hoc Bonferroni correction. In those 

lakes the calculation according to Post (2002) and the same trophic enrichment factor (Δn = 3.4) 

as in the present study were used. 

 If not further specified, all statistics were performed in JMP Pro 15.1 (64 bit, SAS Institute). 

Results 

For sticklebacks the mean δ15N value was 14.9 ± 1.2 ‰ (± SD) for muscle and 14.6 ± 2.2 ‰ (± SD) 

for liver tissue. The lowest δ15N values for stickleback muscle tissue were recorded in summer 

(June -July) with mean values between 14.1 ‰ – 14.3 ‰ (Fig 2). During autumn and winter (Oc-

tober-February) intermediate values of 14.5 ‰ – 15.2 ‰ were measured, and highest values 

between 15.3 ‰ – 15.7 ‰ occurred during spring in March and April (Fig 2). The same tendency 

was observed for the δ15N values of stickleback liver tissue with lowest mean values during sum-

mer months (12.3 ‰ – 12.4 ‰), intermediate values from October to December (14.6 ‰ – 

15.7 ‰) and highest values in March and April (16.1 ‰ – 16.6 ‰) (Fig 2). δ15N in liver varied 

more over months than muscle tissues in both littoral and pelagic habitats (F-tests on within-

group variations; 3.88185,180 and 3.2582,70 respectively, both P ≤ 0.001). Month and year had a sig-

nificant influence and highest effects strength on muscle tissue δ15N (GLM, r²= 0.23, n= 252, 

P < 0.0001, Tab. 1). All other parameters had no significant effect (Tab. 1). The GLM for the δ15N 

value of liver tissue (r²=0.62, n=266) showed a similar result for month and year effects 

(P < 0.0001 and P < 0.01 respectively). The interaction between TL and month also had a signifi-

cant effect on liver δ15N, where all other parameters showed no significance (Tab. 1).  
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Figure 2: Fitted spline intervals of δ15N and δ13C in the muscle and liver of sticklebacks. Solid lines are the 

mean values and the shaded areas represent upper and lower 95 % confidence intervals during the course 

of the year in Lake Constance. 

The mean δ13C values averaged -30.5 ± 0.8 ‰ (± SD) for stickleback muscle tissue and -

31.2 ± 1.5 ‰ (± SD) for liver tissue. The muscle δ13C was lowest during July (-29.5 ‰) and slightly 

fluctuated during all other sampling months between -30.1 ‰ – -31.0 ‰ (Fig 2). The liver δ13C of 

stickleback were highest during July (-28.5 ‰) and lowest during March (-32.2 ‰) and varied 

during all other sampling months between -31.0 ‰ – -32.0 ‰ (Fig 2). The model testing effects 

on the δ13C muscle value (GLM, r² = 0.27, n = 251, P < 0.0001) revealed that only month and sex 

had a significant influence (P < 0.0001). Post hoc comparison found that females had significantly 

lower δ13C than males (Student-t, P < 0.05). The effect strength of sex on the outcome of the 

model was 5x smaller than for month (Tab. 1). All other parameters had either no impact or lower 

effect strength (Tab. 1). Month and sex had a significant influence (P < 0.0001) on liver δ13C (GLM, 

r² = 0.51, n = 255, P < 0.0001), and as with muscle δ13C, females had lower values than males 

(Student-t, P < 0.05). In contrast to the δ13C level in muscle tissue, habitat had a significant effect 

(P < 0.05) on liver δ13C; with significantly lower δ13C in sticklebacks from the pelagic zone com-

pared to littoral (Student-t, P < 0.05). Overall the effects of sex and habitat on the whole model 
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were low (Tab. 1). There were no significant differences in the isotopic signature of sticklebacks 

caught in the pelagic and littoral habitat, respectively, except for the liver δ13C values. 

Table 1: The significance and effect strength of study parameters on the δ15N and δ13C values of muscle 

and liver tissue of sticklebacks from Lake Constance. 

 δ15N  

 muscle liver 

Parameter effect strength effect strength 

month 0.265xxx 0.796 xxx 

year 0.249 xxx 0.046xx 

habitat 0.001 0.007 

Total Length 0.148 0.026 

sex [m/f] 0.011 0.006 

infested [yes/no] 0.001 0.000 

Parasite Index 0.027 0.028 

TL*month n.a. n.a. 

  

 δ13C  

 muscle liver 

Parameter 

 

effect strength effect strength 

Month 0.292xxx 0.654xxx 

Year 0.016 0.009 

habitat  0.012 0.027x 

Total Length 0.188 0.019 

sex [m/f] 0.061xxx 0.048xxx 

infested [yes/no] 0.001 0.003 

Parasite Index 0.037 0.003 

TL*month n.a. n.a. 

Model terms: x = P < 0.05; xx = P < 0.01; xxx = P < 0.0001; effect strength is a dimensionless factor 

assessing impact of variable in model formula. 
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For the study fishes in Lake Constance other than sticklebacks, the total range of variation 

of species’ mean δ15N for muscle tissue was 4.0 ‰, with a minimum value of 9.6 ±1.1 ‰ for 

herbivorous rudd and a maximum value of 13.6 ± 0.1 ‰ for piscivorous pike with intermediate 

values for whitefish, bleak, roach, burbot, and tench (Fig 3). During the time of fish sampling 

(summer), the mean stickleback muscle δ15N (14.3 ± 1.2 ‰) did not differ from the exclusively 

piscivorous pike (Tukey-Kramer-HSD, P > 0.05) and was significantly higher compared to all other 

fish species (Tukey-Kramer-HSD, P < 0.0.5). The δ15N values of quagga mussels were 5.6 ± 0.1 ‰ 

and 6.9 ± 0.2 ‰ for faucet snail (Fig. 3).  

The mean muscle δ13C of all analysed fish species, except sticklebacks, ranged 

from -29.6 ± 1.4 ‰ for whitefish to -21.4 ± 1.9 ‰ for rudd. The five other species bleak, roach, 

tench, pike and burbot showed mean δ13C values between -28.4 ‰ and -25.1 ‰ (Fig. 3). During 

the time of sampling the fish species (summer), the mean muscle δ13C of sticklebacks 

(-30.5 ± 1.0 ‰) was significantly lower in comparison to all other fish species (Tukey-Kramer-

HSD, P < 0.0.5). The δ13C values of quagga mussels were -30.1 ± 0.3 ‰ and -24.3 ± 0.9 ‰ for 

faucet snail (Fig. 3). 

The core isotopic niche of each trophic guild is shown in Fig. 3. The SEAc ranged from 2.43 

(zooplanktivorous) to 6.56 (benthivorous). The niche overlap of omnivorous sticklebacks with 

other trophic guilds was limited, revealing only a minor overlap (9 %) with zooplanktivorous 

whitefish. 
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Figure 3: δ15N versus δ13C bi-plot showing the mean isotope values of aquatic consumers in Lake Con-

stance during summer (August and September). Horizontal and vertical bars represent ± SD of total pooled 

data. The standard ellipse areas (SEAc) represent the core isotopic niche for each trophic guild (comprising 

~ 40 % of the data; (Jackson et al., 2011)).  

The statistical model testing effects on the stickleback trophic position (GLM, r² = 0.29, n = 249, 

P < 0.0001) identified a significant influence of month and year (P < 0.0001) which comprised 

>64 % of the total effect strength in the model (Tab. 2). The mean trophic position of sticklebacks 

in Lake Constance was 4.7 ± 0.2 (± SD) in 2017 and 4.8 ± 0.5 (± SD) in 2018 using a Δn value of 3.4. 

In contrast, using Δn = 2.0 produced stickleback trophic positions of 6.5 ± 0.6 (± SD) and 

6.8 ± 1.1 (± SD) for these respective years which is unreasonable given the food web and feeding 

guilds of Lake Constance. Thus analyses of trophic position are based on results from using Δn = 

3.4. Lowest values of the trophic position were calculated for summer months June and July 

(4.4 - 4.6), highest for spring months during March and April (4.9 – 5.0). All other tested param-

eters had no significant effect (Tab. 2). 
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Table 2: The significance and effect strength of different parameters on the trophic position of stickle-

backs in Lake Constance. 

 Trophic position 

Parameter effect strength 

month 0.413xxx 

year 0.231xxx 

habitat 0.002 

Total Length 0.147 

sex [m/f] 0.011 

infested [yes/no] 0.004 

Parasite Index 0.033 

TL*month n.a. 

Model terms: x = P < 0.05; xx = P < 0.01; xxx = P < 0.0001; effect strength is a dimensionless factor 

assessing impact of variable in model formula. 

There was a seasonal trend in stickleback trophic position in both study years. The trophic posi-

tion was lowest during the stickleback spawning season in summer months, and increased during 

autumn and winter (Fig. 4). 
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Figure 4: Fitted spline intervals of the trophic position of sticklebacks in 2017 and 2018. Solid lines are the 

mean values and the shaded areas represent upper and lower 95 % confidence intervals during the course 

of the year in Lake Constance. 

Sticklebacks from Lake Constance have significantly higher trophic position compared to popula-

tions in North America and Norway (z-test, P < 0.001) (Fig. 5). The proportion of littoral carbon in 

the diet of sticklebacks (α) from Lake Constance (mean=0.06, standard error=0.01) is comparable 

with populations with a ‘‘limnetic-like’’ phenotype from Norway and North America (α ≤ 0.4; 

(Matthews et al., 2010; Østbye et al., 2016); Fig. 5) and far away from values documented for 

benthic populations (α ≥ 0.6; Fig. 5) (Matthews et al., 2010; Østbye et al., 2016). 
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Figure 5: Comparison of trophic position and littoral carbon in the diet of three-spined sticklebacks. Values 

for sticklebacks from Lake Constance in black, from North America in blue and Norway in red; error bars 

indicating standard deviation. The eight North American stickleback populations (Matthews et al., 2010) 

(PRL = Priest Lake, KL = Kennedy Lake, PAL = Paxton Lake, CL = Cranby Lake, DL = Dugout Lake) and the 

two from Norway (Østbye et al., 2016) (EP = Einletvatn pond, FL = Farstadtvatn lake) are subdivided into 

limnetic (n=4), benthic (n=4) and intermediate (n=1) ecophenotypes. 

Discussion 

One main outcome of the study is the seasonal trend of stickleback muscle and liver δ15N, with 

the highest values during winter and spring. Generally, this could be linked to the elevated δ15N 

values of the stickleback main diet, zooplankton, as was observed in Lake Geneva during winter 

months (Perga & Gerdeaux, 2005, 2006). In Lake Geneva the seasonal nature of the zooplankton 

δ15N was reflected by the consumer’s tissues (whitefish) after an interval of 1 month in the case 

of the liver and of 4–5 months in that of the muscle. However, whitefish in Lake Geneva consume 

during the winter months relatively less food, therefore the food consumed over those five win-

ter months were allocated by this fish species to basal metabolism and to gonadic growth and 
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their isotope composition was not reflected in the tissue (Perga & Gerdeaux, 2005). In contrast, 

sticklebacks from Lake Constance consume food every month (Ogorelec, 2021), therefore a com-

parison of both species, even if both consume nearly the same food source (zooplankton), is 

problematic, especially during the winter month, when sticklebacks in Lake Constance seem to 

consume both zooplankton (Ogorelec, 2021) along with whitefish eggs and larvae. Furthermore, 

during summer the mean stickleback muscle δ15N value (14.3 ± 1.2 ‰) was significantly higher 

compared to whitefish (13.2 ± 0.5 ‰), indicating differences in the feeding ecology. A recent 

study reported that sticklebacks in Lake Constance switch from Daphnia (main diet during sum-

mer) to copepods during winter (Ogorelec, 2021). This switch could be responsible for the ele-

vated δ15N values in sticklebacks, because the same diet shift and the same increase in δ15N was 

observed in a study from North America (McIntyre et al., 2006). However, in a German Lake co-

pepods showed low values in winter and high values in summer (Santer et al., 2006). Due to the 

fact that the isotopic signature of copepods in Lake Constance is unknown, further studies are 

needed to evaluate possible interrelations. 

Lake Constance sticklebacks had an extraordinary high trophic position during 2017-2018 

(mean=4.7), even using a conservative trophic enrichment level (Δn = 3.4). In other studies, using 

the same trophic enrichment factor (Δn = 3.4), the same trophic position of the consumer (λBase 

= 2) and the same calculation for the trophic position as in the present study, those values were 

remarkably lower: In lakes of North America and Norway the mean trophic position of stickle-

backs ranged from 2.9 to 3.7 (Matthews et al., 2010; Østbye et al., 2016), and sticklebacks of 

lakes in Japan occupied a mean trophic position of 2.8 (Ravinet et al., 2014). In large oligotrophic 

lakes a trophic position above 4 is normally occupied by at least partly piscivorous fish like arctic 

charr (Salvelinus alpinus) or perch (Perca fluviatilis) (Eloranta et al., 2015). One explanation for 

the high trophic position in Lake Constance sticklebacks could be the baseline values of the con-

sumers (here: faucet snail and quagga mussel). For quagga mussel from Lake Constance it is for 

example known that the δ15N or δ13C values are dependent on depth, water temperature and 

season (Yohannes et al., 2014). However, even if we change the baseline values in the given range 

for the comparable time frame (late summer) (Yohannes et al., 2014) in a range from -30.5 ‰ to 

-34.5 ‰ for δ13C values and for the δ15N from 6 ‰ to 9 ‰ (Yohannes et al., 2014), the stickleback 

trophic position always exceeds 4. Nevertheless, in other lakes, for example in the western basin 

of Lake Erie in the US, for quagga mussels δ13C values of around -22 ‰ were reported (Guzzo et 

al., 2011). Those values would lead even in Lake Constance to a trophic position of around 3.5 
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and would be therefore highly comparable to other Lakes in North America (Matthews et al., 

2010). However, the western basin of Lake Erie is much warmer and mesotrophic (Guzzo et al., 

2011) and it is known for warmer habitats that δ15N is in general much smaller and δ13C is gener-

ally much higher than in cooler systems (Yohannes et al., 2014). Consequently, comparison with 

studies dealing with trophic positions of sticklebacks from other parts of the world, even if they 

use the same equation (Post, 2002) and the same method as we did, are questionable if they are 

made in different temperature regimes. However, the present study here compares studies from 

Canada, Norway and Lake Constance, therefore lakes with comparable cold temperature re-

gimes. Thus, a comparison should be possible and the trophic position of the sticklebacks in Lake 

Constance are still remarkably high, but further investigations are needed to highlight the effects 

of temperature on stable isotope turnover rates and diet tissue discrimination patterns.  

Due to the facts that in Lake Constance muscle and liver δ15N values and trophic position 

of sticklebacks are highest during the whitefish spawning and hatching season in winter and 

spring, when: a) millions of eggs and larvae are in the pelagic zone, and b) whitefish larvae were 

excessively stocked into Lake Constance (during 2018 and 2019 nearly 150 million larvae in total 

(IBKF, 2020)) the hypothesis arose that sticklebacks feed regularly on whitefish eggs and larvae 

(Gugele et al., 2020). This hypothesis is supported by other recent studies which demonstrate 

that sticklebacks can effectively feed on whitefish larvae, because the larvae don´t show any 

predator avoidance behavior (Roch et al., 2018; Ros et al., 2019). Recent hydroacoustics surveys 

documented high densities of sticklebacks at the spawing grounds of whitefish (Baer, personal 

observation). The patterns of the high mobility of sticklebacks (Gugele et al., 2020), the high 

availability of whitefish larvae and eggs, and the fact that sticklebacks are facultative piscivores 

clearly coalesce with the findings of this study: i) habitat has no effect on stickleback δ15N values, 

ii) the δ15N values, as well as the trophic position of sticklebacks, are significantly elevated fol-

lowing whitefish spawning, hatching and stocking season, and iii) that sticklebacks possess a 

trophic position normally documented for mainly piscivorous fish. 

The hypothesis of regularly piscivory by Lake Constance sticklebacks is corroborated by 

comparison of the mean δ15N muscle value of sticklebacks with those of fish species from a range 

of foraging guilds. Sticklebacks had significantly higher δ15N muscle values (up to 5 ‰) compared 

to samples from zooplanktivorous and/or benthivorous and herbivorous fish, i.e. whitefish, 

bleak, roach, tench, and rudd as well as benthi- and piscivorous burbot. Those difference cannot 
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be explained with different sampling times (sticklebacks were sampled in previous years). Other 

studies showed δ15N differences between years, however, the values of the fish species from one 

foraging guild are more or less stable over years (Janjua & Gerdeaux, 2011). Furthermore, the 

sticklebacks mean δ15N muscle value is not different to that of piscivorous pike (Craig, 2008; 

Juanes et al., 2002) in Lake Constance. This indicates that a considerable part of the sticklebacks’ 

diet derives from protein-rich prey (Frisch et al., 2014; Gu et al., 1996), like fish eggs or larvae. 

Consequently, the classical studies investigating stomach contents of sticklebacks in Lake Con-

stance and identifying zooplankton as the dominant prey (Roch et al., 2018; Bretzel et al., 2021; 

Ogorelec et al., 2021;) have to be scrutinized. A systematic shortcoming here is incomplete sam-

pling due to heavy winter storms and therefore the inability to set effectively gill nets for sam-

pling (Bretzel et al., 2021; Ogorelec et al., 2021), which hampers reliable sampling of the patchy 

feeding windows on whitefish eggs or larvae. In addition, if sticklebacks were not caught during 

spawning and/or the period of parental care (Bretzel et al., 2021), their predatory behaviour is 

likely to be severely underestimated. Furthermore, other studies dealing with invasive fish spe-

cies showed that stable isotope analysis are more significant to point out the possible impact 

than indicated by stomach content analysis alone (Brush et al., 2012). 

The low δ13C values measured in muscle tissue of sticklebacks (-30.5 ± 0.8 ‰) identify 

sticklebacks as pelagic feeders, since low carbon isotopic signatures are linked to this foraging 

habitat (France, 1995). The calculated proportion (<10 %) of assimilated littoral carbon (α) from 

the diet of sticklebacks strongly suggests that sticklebacks of Lake Constance are predominantly 

pelagic and not benthic feeders, because in benthic populations the proportion of littoral carbon 

is normally near 60 % or even higher (Matthews et al., 2010; Østbye et al., 2016). However, it is 

somewhat surprising that their littoral residence has almost no influence on stickleback δ13C val-

ues. But this might be explained by the high mobility (Gugele et al., 2020) and the preference to 

forage in open water. Thus, the accumulated data suggest that the main foraging habitat is the 

pelagic zone. On the other hand, the δ13C liver levels reflect seasonal habitat shifts. But as liver 

tissue incorporates and processes diet components faster than muscle tissue due to its high turn-

over rate (Perga & Gerdeaux, 2006), liver tissue can effectively document shorter term feeding 

changes. But muscle tissue is typically used for longer term food web characterization and to 

differentiate consumers into ecotypes or guilds (Matthews et al., 2010; Østbye et al., 2016). Fur-

thermore, sticklebacks showed comparable δ15N values and trophic positions independent of 

sampling location (littoral or pelagic zone). In summary, the theory of two distinct populations of 
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sticklebacks (a littoral and a pelagic one) in Lake Constance was not supported by stable isotope 

signatures and rather align them as pelagic foragers with respect to tissue production. 

Future studies investigating stickleback feeding ecology with stable isotope ratios should 

include Lake Constance zooplankton as well as whitefish eggs and larvae. This would enhance the 

interpretation of the patterns from data through more complete and detailed knowledge of the 

isotopic signatures of stickleback (possible) prey organisms and a more detailed insight into the 

energy fluxes of the Lake Constance food web, though quantification will still be difficult due to 

the described restrictions on stomach content analyses. Additionally, future studies could exam-

ine stickleback tissues for the presence of more specific markers, such as fatty acids specific to 

(whitefish) eggs or larvae (Hou et al., 2020; Rubenson et al., 2020). Furthermore, laboratory stud-

ies investigating isotopic expression in stickleback muscle and liver tissue based on different diets 

(zooplankton, fish eggs, fish larvae etc.) as well as the effect of starvation due to low food avail-

ability, spawning and parental care should be conducted in order to attain more detailed and 

species specific results. Moreover, the hypothesis should be tested in future studies, if stocking 

with recently hatched whitefish larvae could be nothing else as stocking of “stickleback food” and 

could perhaps foster the stickleback population growth and spread. This would additionally in-

form whether stocking is a reason for the invasion of sticklebacks in the pelagic zone. 

However, even if data on the stable isotope signatures of stickleback food sources is lim-

ited as in nearly all field studies, the results of this study provide insights to the research ques-

tions: a) the observed δ15N values and the trophic position of sticklebacks increased with availa-

bility of whitefish larvae and eggs suggesting that sticklebacks feed opportunistically on 

whitefish, however, different other explanations for this circumstance (elevated δ15N values in 

zooplankton, baseline of consumers) has to be evaluated before this hypothesis could be clarified 

finally, b) the δ15N values of sticklebacks were comparable to pike and higher than all other fish 

while the δ13C values identify stickleback as pelagic feeders, and c) the high trophic position of 

sticklebacks from Lake Constance were comparable only to values recognized for piscivorous fish. 

In addition, (d) trophic position is independent of littoral and pelagic foraging and furthermore 

no differences in the muscle isotopic signature of littoral and pelagic caught sticklebacks were 

visible, indicating that one large mobile stickleback population inhabits Lake Constance.  
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In conclusion, the study results support the hypothesis that Lake Constance sticklebacks 

feed regularly on whitefish eggs and larvae. This is in line with studies from the Baltic Sea high-

lighting the negative effects on fish due to the predatory behaviour of sticklebacks (Ljunggren et 

al., 2010; Bergström et al., 2015; Byström et al., 2015). All these data provide a further puzzle 

piece of invasive stickleback taking over a key role in the food web of a large aquatic ecosystem 

and may even facilitate trophic cascade effects through their top-down regulation of zooplankton 

(Roch et al., 2018; Rösch et al., 2018) and fish biomass (Byström et al., 2015).  
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All day-long: Sticklebacks effectively forage on whitefish eggs during all light 

conditions 

Jan Baer & Sarah Maria Gugele, Joachim Bretzel, J. Tyrell DeWeber, Alexander Brinker 

Abstract 

The three-spined stickleback Gasterosteus aculeatus invaded Lake Contance in the 1940s and 

expanded in large numbers from an exclusively shoreline habitat into the pelagic zone in 2012. 

Stickleback abundance is very high in the pelagic zone in winter near the spawning time of pelagic 

whitefish Coregonus wartmanni, and it is hypothesized that this is triggered by the opportunity 

to consume whitefish eggs. Field sampling has qualitatively confirmed predation of whitefish 

eggs by stickleback, but quantification has proven difficult due to stormy conditions that limit 

sampling. One fundamental unknown is if freshwater stickleback, known as visual feeders, can 

successfully find and eat whitefish eggs during twilight and night when whitefish spawn. It is also 

unknown how long eggs can be identified in stomachs following ingestion, which could limit ef-

forts to quantify egg predation through stomach content analysis. To answer these questions, 

144 individuals were given the opportunity to feed on whitefish roe under daylight, twilight, and 

darkness in controlled conditions. The results showed that stickleback can ingest as many as 100 

whitefish eggs under any light conditions, and some individuals even consumed maximum num-

bers in complete darkness. Furthermore, eggs could be unambiguously identified in the stomach 

24 hours after consumption. Whitefish eggs have 28 % more energy content than the main diet 

of sticklebacks (zooplankton) based on bomb-calorimetric measurements, underlining the poten-

tial benefits of consuming eggs. Based on experimental results and estimates of stickleback abun-

dance and total egg production, stickleback could potentially consume substantial proportions 

of the total eggs produced even if relatively few sticklebacks consume eggs. Given the evidence 

https://doi.org/10.1371/journal.pone.0255497
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that stickleback can feed on eggs during nighttime spawning and may thereby hamper recruit-

ment, future studies aimed at quantifying actual egg predation and resulting effects on the white-

fish population are urgently needed. 

Introduction 

The three-spined stickleback (Gasterosteus aculeatus, hereafter referred to as stickleback) is one 

of several aquatic invasive species in Lake Constance, one of the largest lakes in Central Europe. 

Sticklebacks first established in the littoral zone of Upper Lake Constance (ULC) in the 1940s (Roch 

et al., 2018), but by the end of 2012 had expanded from an exclusively shoreline habitat into the 

pelagic zone (Eckmann and Engesser, 2019). Hydroacoustic surveys conducted twice yearly in the 

pelagic zone from 2009 to 2018 showed an exponentially increasing population of small fish (pre-

sumably sticklebacks) starting in 2012 and plateauing after 2014 with fluctuations between 1 280 

and 7 990 individuals/ha (Eckmann and Engesser, 2019). Recent trawling surveys found that stick-

leback density in the pelagic zone was highest in late summer (exceeding 10 000 individuals per 

hectare), when post-spawning and newly hatched juveniles exit the littoral zone (Gugele et al., 

2020). A second peak, with densities of up to 2 000 individuals per hectare, also occurred in win-

ter during the spawning season of the endemic and economically important pelagic whitefish 

Coregonus wartmanni (hereafter referred to as whitefish), (Gugele et al., 2020). Furthermore, 

hydroacoustic surveys conducted in November 2020 showed large, dense swarms of small fish 

that were most likely sticklebacks (around 10.000 individuals in areas less than one hectare) near 

larger fish that were most likely whitefish spawner stock (Baer, own observation). Since densities 

of zooplankton, the pelagic sticklebacks’ main diet (Roch et al., 2018), are very low and stickle-

backs would otherwise starving at this time of year, it is hypothesized that this winter abundance 

peak might represent a migration to feed on whitefish eggs (Gugele et al., 2020). The resulting 

egg predation pressure could then partly explain the severe declines in whitefish recruitment 

observed in recent years (Rösch et al., 2018).  

In contrast to the clear evidence of stickleback predation on whitefish larvae in Lake Con-

stance (Roch et al., 2018), the extent and magnitude of egg predation and its implications for 

whitefish recruitment are still unknown. Field investigations are especially challenging because 

the whitefish spawning time is difficult to predict, lasts only a few days (Eckmann, 1991), and is 
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often accompanied by strong winds that make catching enough stickleback with gillnets or trawl-

ing difficult. Such sampling has been tried during several recent spawning seasons (several gill-

nets with mesh sizes from 6, 8, 10, and 12 mm set for at least five nights), but sticklebacks were 

only successfully captured in one year (2016) near the spawning peak. Egg feeding was qualita-

tively confirmed in this sample (one stickleback of 20 analysed had 8 countable eggs in the stom-

ach), but quantifying egg predation is not possible based on this single small sample. It is also 

unknown if eggs are digested too quickly to enable counting eggs in stomach contents of stickle-

backs caught in overnight set gillnets. Furthermore, whitefish primarily spawn during twilight and 

night (Eckmann, 1991) near the surface in the middle of the lake (Eckmann, 1991) and whitefish 

eggs also sink relatively quickly (around 1 m min-1; Elster, 1944) to the bottom with depths up to 

250 m (Eckmann, 1991), while freshwater sticklebacks are thought to feed in well–lit environ-

ments (Wootton, 1976) and only forage in maximum depths of around 30 m (Gugele et al., 2020). 

Therefore, sticklebacks must find and consume whitefish eggs while they are still near the sur-

face, before they sink and become unavailable. If this is not possible (because they can´t find the 

eggs during twilight or night) a significant impact on the reproduction of whitefish could be ex-

cluded a priori.  

Based on the above information, a laboratory experiment was designed in which stickle-

backs were given the opportunity to feed on roe from fresh caught whitefish to answer the fol-

lowing questions: 1. Under which light conditions can sticklebacks effectively forage on whitefish 

eggs? 2. How long are whitefish eggs identifiable in the stomach after consumption?  

In addition, the energy content of eggs and zooplankton was measured and compared to 

determine if there is an energetic benefit of consuming whitefish eggs, which might explain the 

high winter abundance of sticklebacks into the pelagic zone. Lastly, the experimental results were 

combined with population and fecundity estimates to calculate the theoretical number of white-

fish eggs that could be consumed by sticklebacks in Lake Constance.  
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Material and Methods 

Live sticklebacks were caught during a monthly trawling survey in the pelagic zone of ULC shortly 

before the beginning of whitefish spawning season (for details cf. (Gugele et al., 2020)). 144 un-

harmed individuals were selected and held in two flow-through aquaria (volume 140 L) supplied 

with aerated lake water. All individuals were longer than 50 mm total length (TL), which is normal 

during this time of the year (Gugele et al., 2020). Water temperature was maintained at 8 °C, 

which is similar to lake temperatures when whitefish spawn. Prior to the experiments, stickle-

backs were acclimatized to laboratory conditions and fed daily with frozen chironomids (Chiron-

omidae). Due to the fact that during this time of the year no satiated fish could be find in the field 

(Gugele, own observation), feeding was suspended for 48 h before the start of the foraging ex-

periments.  

Experiments were performed in three glass tanks (volume 140 L each, supplied with the 

same water as the aquaria) in a room with full-spectrum artificial light (NARVA BIO vital ®, LT T8 

58W/958, 350 – 750 nm). The 24 h foraging experiments were conducted on three different days 

under three different light treatments resembling night, twilight and day with 3 replicates each. 

Treatment one started during complete darkness (11 h dark, followed by 0.5 h twilight, 12 h day-

light, and 0.5 h twilight), treatment two started during twilight (0.5 h twilight, followed by 11 h 

darkness, 0.5 h twilight, and 12 h daylight) and treatment three started during daylight (12 h 

daylight, followed by 0.5 h twilight, 11 h darkness, and 0.5 h twilight). Transition time between 

darkness, twilight, and daylight was 15 minutes. The trial illuminance in lux (lx) mirrored the av-

erage illuminance measured in ULC at the depth with the highest stickleback abundance during 

the whitefish spawning season (15 m water depth, see (Gugele et al., 2020)). Illuminance data 

were kindly offered by Landesanstalt für Umwelt Baden-Württemberg (LUBW) and was 0 lx at 

night, 0.4 klx during twilight and 0.8 klx in daylight. To simulate night conditions, all other lights 

and light sources (windows, doors) were masked with opaque plastic film.  

For each treatment (night, twilight and day), 48 randomly selected sticklebacks were 

transferred to the three glass tanks (16 sticklebacks per tank) and allowed to acclimatize for 0.5 

h. Therefore, the 144 sticklebacks selected for the whole experiment were divided in three equal 

parts (3x48). Each treatment and tank combination was assigned their own identification number 

for statistical analyses. After transferring the sticklebacks to the tanks, 75 mL of fresh roe (about 
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4,000 eggs, egg diameter 2.2-2.4 mm), obtained from freshly caught whitefish was gently added 

to each glass tank by turning over a spoon filled with the eggs at the water surface. In the night 

treatments, one person was placed in front of the aquaria before shutting of the lights and then 

eggs were added after waiting five minutes for the room to become dark. In all treatments, any 

remaining eggs were removed with suction by a small flexible tube 0.5 h after adding the eggs 

(using a headlamp during night conditions). 4 sticklebacks were randomly selected from each 

glass tank at time points of 0.5, 3, 6 and 24 h after adding eggs, euthanized with an overdose of 

clove oil (1 mL L−1) and a gill cut, measured (fresh weight, total length), and examined to deter-

mine sex. All macroscopically visible eggs and egg integuments were then counted after opening 

the stomach, and the digestion state was visually described. Seven individuals containing the 

tapeworm Schistocephalus solidus were excluded from the dataset to avoid bias due to possible 

effects of the parasite on feeding behaviour (Barber & Huntingford, 1995). All experiments were 

conducted according to the German Animal Welfare Act (TierSchG) and approved by the appro-

priate agency (Referat Tierschutz of Regierungspräsidium Tübingen: 3/19 G; AZ 35/9185.81-4). 

The effect of light intensity on egg consumption was analysed using the following general 

linear mixed model (GLMM) (Bolker et al., 2009):  

Yij  = µ + αi + βj  + (αβ)ij  + δ[η]I + εij      (1) 

where Yij is the number of consumed eggs; µ is the overall mean, αi denotes light intensity during 

feeding, βj is the sampling time (interval between feeding and sampling), (αβ)ij is the interaction 

between light intensity and sampling time, δ(η)i is the random factor nesting sticklebacks within 

tanks, and εij is the random residual error. The Tukey-Kramer HSD (honestly significant differ-

ence) test was used for post hoc comparisons between light intensities during feeding (Hayter, 

1984). A similar GLMM (Roch et al., 2018) was used to test the effects of sex and TL on egg con-

sumption, where Yij is the number of consumed eggs; µ is the overall mean αi denotes TL, βj is 

sex, (αβ)ij is the interaction between sex and TL, δ(η)i is the random factor nesting stickleback 

within tanks, and εij is the random residual error.  

The energy density of zooplankton and whitefish eggs was measured using multiple sam-

ples from Upper Lake Constance. Zooplankton was sampled with a pelagic trawl net (mesh size 

60 µm) at least once per month between August and November 2014 and then frozen at -20°C 
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(eleven trawling events, sample weights between 20 and 150 g). In December 2019, 20 fully ma-

ture whitefish spawners were caught using drift gillnets in the pelagic zone of Upper Lake Con-

stance, and 100 eggs from each female were counted. The eggs as well as each zooplankton sam-

ple (after thawing) were homogenized using a mortar and placed into pre-weighed aluminium 

trays. Individual samples (component plus aluminium tray) were weighed, placed in an oven at a 

constant temperature of 82 °C for 24 h, and dried to constant mass. The gross energy (GE) of 

individual samples of pelagic zooplankton (n=11) and whitefish eggs (n=20) was measured using 

an IKA™ bomb-calorimeter (C 7000). The gross energy (GE) of each composite sample was deter-

mined in the calorimeter chambers using standard procedures (McLean and Tobin, 1987) and 

calculated in kJ g−1. 

The population size of stickleback and total whitefish egg production were estimated and 

combined with consumption experiment results to calculate potential egg consumption by stick-

lebacks.: The pelagic area of ULC (defined as the area with depths > 25 m) was estimated as 

approximately 40 000 ha. Based on a mean stickleback density of at least 2 900 individuals per 

ha (Eckmann and Engesser, 2019), the stickleback population was estimated to be at least 115 

million. The abundance of whitefish spawners in 2014 was calculated using cohort analysis fol-

lowing Thomas & Eckmann (2007), with an assumed annual natural mortality rate of 0.2. White-

fish abundance in 2014 was estimated because this is the most recent year when all cohorts up 

to age 6 have been removed through fishing (abundance of older individuals is very low) as re-

quired by cohort analysis. The number of spawning females in ages 3-6 was then estimated as-

suming a sex ratio of 0.5. A von Bertalanffy growth curve fit with samples from 2013-2015 was 

used to estimate the mean length of each age class in November and December. The length spe-

cific fecundity was then estimated using the linear length-fecundity regression equation 

y = 1551.6x – 40752 (r2 = 0.66), which was fit using data from 23 ripe but not yet spawning fe-

males sampled in December 2020. The total number of eggs spawned in the lake was then calcu-

lated as the product of fecundity and abundance, and spawning was assumed to occur evenly 

throughout a 5-day period.  

All statistics were run on JMP Pro 15.2.1 (64 bit, SAS Institute). 
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Results 

In the daytime and twilight treatments, sticklebacks did not react to surface disturbances caused 

by introducing eggs and started to feed while eggs were slowly sinking to the bottom. Some stick-

lebacks consumed more than 10 eggs in a few seconds, and some sticklebacks also ate more eggs 

from the bottom after they had eaten sinking eggs. Across all treatments, 66.9 % of all stickle-

backs consumed eggs, with an average of 27.5 eggs ± 26.6 (mean ± standard deviation) per stom-

ach. The GLMM (n = 137, d.f. = 3, r² = 0.17, P = 0.02) revealed that there was no significant influ-

ence of sampling time on the number of eggs consumed (P = 0.12). In contrast, light intensity had 

a significant positive effect (P = 0.02). Mean egg consumption during daylight (37.2 ± 25.8) was 

significantly higher than during darkness (21.5 ± 25.3; P = 0.035, Tukey-Kramer HSD). No signifi-

cant difference between twilight and the other two tested light intensities was found (Fig. 1). The 

interaction of sampling time and light intensity during feeding also had no significant effect 

(P = 0.06). 

Figure 1: Box plot of the number of consumed eggs by light intensity treatment. Box limits indicate the 

25th and 75th percentiles, centrelines show the medians, centre boxes the mean, whiskers extend 1.5 



 

100 

 

times the interquartile range from the 25th and 75th percentiles, and outliers are represented by crosses. 

Circles with whiskers (dotted lines) show the grand marginal means and their standard errors. Groups 

sharing the same alphabetic character are not significantly different (Tukey-Kramer HSD, P < 0.05).  

The mean TL of sticklebacks was 68 mm (±8 mm SD) and whitefish eggs were found in 

both the stomachs of the smallest (TL 55 mm) and the largest sticklebacks (TL 90 mm). The GLMM 

(n = 137, d.f. = 3, r² = 0.13, P = 0.008) revealed that neither sex (P = 0.66), TL (P = 0.16), nor their 

interaction (P = 0.21) had a significant influence on egg consumption. Consumed eggs were 

clearly visible regardless of time sampled and were obviously swallowed whole. This was evident 

as only undamaged eggs with no signs of digestion were present at 0.5 and 3 h after consumption. 

Eggs showed the first signs of digestion 6 h after consumption, when some membranes were 

cracked and most showed deformations. After 24 h, all eggs were no longer circular, most were 

polygonal, and almost half of the eggs were cracked (Fig. 2). Nevertheless, the egg membrane of 

cracked eggs was clearly visible and all eggs could still be counted (Fig. 2). 
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Figure 2: Whitefish eggs extracted from stickleback stomachs 30 minutes (A), 3 hours (B), 6 hours (C) and 

24 hours (D) after eggs were available for consumption. 

GE of whitefish eggs (26.93 ± 0.31 kJ g-1) was approximately 28 % higherthan that of zoo-

plankton (21.08 ± 1.29 kJ g-1), which was significant (t test, P < 0.05).  

The estimated abundances of female whitefish spawners in 2014, mean lengths, and es-

timated numbers of eggs produced per age class are shown in Table 1. Total production was 

estimated at 2.2 billion eggs, or 440 million eggs daily if spawning occurs evenly over a 5-day 

period. Given an estimated population of 115 million sticklebacks, it is theoretically possible that 

all whitefish eggs could be consumed by stickleback if each consumed about 4 eggs daily. If only 

five percent of stickleback consumed 20 eggs (near the mean number of eggs consumed in dark 
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experimental treatments) for 5 days, consumption would equal 115 million eggs or 25.8 % of all 

eggs produced.  

Table 1: The abundance, mean length, mean fecundity, and number of produced eggs in age classes 3 – 6 

used to estimate total whitefish egg production in 2014.  

Age Abundance Mean Length Mean Fecundity Eggs (n) 

3 230 000 30.2 6 100 1 403 000 000 

4 76 000 32.5 9 700 737 200 000 

5 6 000 34.2 12 300 73 800 000 

6 570 35.4 14 200 8 100 000 

   In total 2 223 000 000 

 

Discussion 

The results show that sticklebacks can feed on whitefish eggs during twilight and even during 

complete darkness under lab conditions. Consumption in twilight was not significantly lower than 

daylight, but consumption was 43.2 % lower in the dark than in daylight. However, even in com-

plete darkness some individuals consumed up to the maximum of 100 eggs achieved during day-

light (Fig. 1), which was probably near the physical restrictions of the stomach. These results are 

in stark contrast to the established view that freshwater sticklebacks are primarily visual preda-

tors that mainly feed in well-lit environments (Wootton, 1976). There is evidence that stickle-

backs can feed at night in freshwater ecosystems, but only when the moon is bright enough (Allen 

& Wootton, 1982). However, nocturnal feeding has been shown in marine stickleback popula-

tions (Mussen & Peeke, 2001). Other studies (Webster et al., 2007) also showed that visibility 

(turbidity) had no impact upon prey capture rates of sticklebacks, suggesting that stickleback can 

rely on olfactory cues or the lateral line system to successfully forage in turbid waters or perhaps 

even in the dark. Furthermore, new studies show that stickleback can find food using olfactory 

cues (Mobley et al., 2020), and that combining visual and olfactory cues improves food detection 

(Johannesen et al., 2012). In this context it should also be kept in mind that olfaction in stickle-

backs is highly developed, even enabling the recognition of close relatives (Mehlis et al., 2010, 

2008). Therefore, even if the results from lab experiments are not perfectly transferable into the 
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wild, stickleback predation of whitefish eggs during the spawning process (during twilight and 

night) is certainly possible and also seems likely given their high densities (more than 10,000 

individuals/ha) near spawning areas. It is expected that at least some stickleback successfully 

feed on whitefish eggs using visual cues in twilight and in the dark through olfaction, by detecting 

the movement of sinking eggs, or both. Nevertheless, follow up studies are needed to identify 

the mechanisms responsible for the ability of sticklebacks to feed on whitefish eggs in the dark. 

These studies could also determine the efficiency of stickleback foraging during complete dark-

ness when eggs are sinking, which may help reveal mechanisms while also more closely resem-

bling field conditions.  

Whitefish eggs were clearly visible in the stomach of sticklebacks even 24 h after con-

sumption. This long time may make field investigations easier, because eggs should be easily de-

tected even if consumption occurred several hours or one day before sampling. Stickleback ob-

viously swallowed the whitefish eggs whole despite possessing pharyngeal teeth (Cleves et al., 

2014). Studies in brackish environments have documented sticklebacks consuming large num-

bers of herring eggs, which were also likely swallowed whole as they were identifiable 8 h post-

feeding (Kotterba et al., 2014). Digestion in our study was thus based solely on enzyme activity, 

which is lower in cold temperatures (Rajasilta, 1980) as used here and likely helps to explain the 

prolonged digestion times observed. Since water temperature is similarly cold in Lake Constance 

when whitefish spawn, it is expected that eggs should be easily detected and counted in the 

stomachs of wild sticklebacks caught using gill nets fished overnight. 

The potential risks for fisheries management are quite clear: given their extreme abun-

dance in the pelagic zone, stickleback could theoretically consume a large proportion of whitefish 

eggs and reduce recruitment. In addition, whitefish eggs provide a very high energetic incentive 

compared to the main diet of sticklebacks (zooplankton). While one whitefish egg contains ap-

proximately 51 Joules (dry weight of 0.0019 g), one Daphnia galeata, a preferred prey of stickle-

backs in Lake Constance (Bretzel et al., 2021), contains only about 0.5 Joules (assuming similar 

energy content to the zooplankton samples in this study and a dry weight of 26.1 µg (Berberovic, 

1990)). Therefore, a stickleback has to consume around 100 D. galeata to get the same energy 

amount of one whitefish egg. The actual energetic incentive is likely even higher since zooplank-

ton are very rare in December. These data underline the potential benefits of consuming eggs 

and its possible role triggering a feeding migration of sticklebacks. Our estimates suggest that 
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even if only five percent of sticklebacks consume 20 eggs each night, around 25 % of all eggs 

produced in 2014 would have been consumed. Such predation levels would very likely reduce 

whitefish recruitment and, alongside of larval predation (Roch et al., 2018), may help to explain 

the 50 % reduction in relative abundance of small whitefish following the stickleback invasion of 

the pelagic zone (Rösch et al., 2018). It is tempting to speculate that stickleback could consume 

large proportions of whitefish eggs, especially in the littoral zone or in shallower lakes where eggs 

do not sink to great depths and remain available for weeks. Some caution is warranted, however, 

as sticklebacks did not consume eggs that were 2 days old but rather spit them back out during 

preliminary observations (J. Baer, unpublished data). It seems likely that the eggs are avoided 

after complete hardening (Zotin, 1958), which would limit egg predation to the short time inter-

val directly after spawning. 

Given the potential implications of egg consumption, future field efforts are needed to 

quantify consumption of whitefish eggs by stickleback in Lake Constance. Capturing stickleback 

in gillnets fished overnight and analysing stomach contents should provide the necessary infor-

mation since eggs are clearly visible in the stomach of sticklebacks for at least 24 hours. Larger 

mesh gillnets should also be fished simultaneously to capture spawning whitefish to verify that 

eggs were likely released nearby. As pointed out earlier, strong winds during the spawning season 

have limited past sampling efforts and will remain a challenge. Sufficient sampling should none-

theless be possible by fishing with a greater number of gill nets on days with suitable weather or 

perhaps by setting nets over 2 nights. The resulting estimates could inform future studies inves-

tigating the possible impact of sticklebacks on the whitefish population. Such studies are highly 

needed because the annual, pulsed mass availability of eggs could trigger specialization in stick-

leback through evolution as has been shown for other predators (Willson & Womble, 2006). 

In summary, sticklebacks can forage effectively on whitefish eggs even during complete 

darkness. The opportunity to predate on whitefish eggs may explain why stickleback are so abun-

dant in pelagic waters during the winter (Gugele et al., 2020), especially since they are likely to 

benefit energetically by consuming whitefish eggs, are highly effective egg predators in other 

systems (Kotterba et al., 2014), and tend to spend more time in habitats with more profitable 

food sources (Croy and Hughes, 1991). In the future managers and scientists need to consider 

how whitefish recruitment may be negatively affected by egg predation, especially since only a 
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small percentage of the huge stickleback population may consume a relatively large number of 

eggs. 
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Chapter VI: General Discussion 

This thesis provides a clear understanding of the spatial dynamics, migratory behaviour, and 

feeding ecology of invasive sticklebacks to support informed management in Lake Constance. 

While nutrient dynamics and subsequent processes in Lake Constance have been well studied for 

years (Sommer et al., 1993; Gaedke et al., 1998; Straile & Geller, 1998; Wessels et al., 1999; 

Thomas & Eckmann, 2007; Stich & Brinker, 2010; IGKB, 2014; IGKB, 2016), research to understand 

potential causes of stickleback invasion, which only began in 2012, and subsequent effects on 

the ecosystem and native fish species is just at its beginning (Alexander et al., 2016; Eckmann & 

Engesser, 2019). The first studies about invasive sticklebacks in Lake Constance strongly sug-

gested that they compete with and predate on native whitefish (Alexander et al., 2016; Rösch et 

al., 2018, Roch et al., 2018; Ros et al., 2019), both factors expected to make invasive species 

especially harmful (Dudgeon et al., 2019). Hence, there was a pressing need for more extensive 

insights into the autecology of sticklebacks as well as the development of specialized methods to 

support fisheries management options that can protect the ecosystem and local fishery. 

In this thesis the spatiotemporal dynamics and migration behaviour of sticklebacks were investi-

gated using three different fisheries methods: trawling, electro fishing, and gillnetting. The infor-

mation gained was then used to evaluate potential population control options. The first abun-

dance peak was observed in the littoral zone during stickleback spawning season (May through 

July). It was hypothesized that a significant proportion of stickleback stock regularly migrates not 

only to the littoral zone but also into tributaries to reproduce, which could offer an opportunity 

for targeted fishing. As pointed out in chapter II, however, a regular migration was not observed 

in every year and related population control measures would likely not be successful. A second 

peak was observed during later summer and early autumn when young-of-the-year sticklebacks 

and adult spawners re-enter the pelagic zone, with highest densities (19,100 sticklebacks ha-1) 

between 9 – 12 m. Since the bycatch of native species was very low (0 – 0.4 %), intensive trawling 

during September at depths of 9 – 12 m would be the most favourable option. A third significant 

abundance peak occurred in November and December during whitefish spawning seasons in 

both pelagic and benthic waters. Trawling at depths of 15 – 24 m during this time period could 

also be used for population control, albeit the lower densities would require greater effort than 

in September. In addition, fisheries should be conducted before the peak of whitefish spawning 

activity and would need to be agreed upon by managers. 
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In order to obtain a better understanding of stickleback spawning behaviour and migration, fol-

low-up studies are needed to further monitor stickleback migration into tributaries and to iden-

tify the underlying triggers. These results might further help to develop new options for a coor-

dinated stickleback management or complement options for fisheries management presented in 

chapter II. Sticklebacks in the Baltic Sea, for example, display a very similar spawning migration 

behaviour as in Lake Constance: they migrate from their pelagic habitat into the coastal littoral 

zone for peak reproduction between May and July, and the young-of-the-year fish and adult 

spawners migrate (back) into the open sea in autumn (Bergström et al., 2015). Sticklebacks in the 

White Sea also migrate inshore to spawn during summer and afterwards return to their pelagic 

habitats again (Bakhvalova et al., 2016). Despite the significant similarities between these marine 

and freshwater ecosystems, respectively, stickleback migratory behaviour can differ between 

populations originating from the same drainage, as observed in Northern California. Three dif-

ferent stickleback populations from the river Navarro drainage display different migratory be-

haviours, including some that are anadromous and highly migratory, others conducting short mi-

grations in coastal freshwaters, and some with constant residence in freshwaters (Snyder, 1991).  

The ecological consequences of an intensive stickleback fishery for stock reduction are unknown 

(Bergström et al., 2015) and need to be considered. A primary concern of actively reducing stick-

leback stock in Lake Constance with fisheries is to avoid bycatch of native species. The potential 

time slots given above were identified to have minimal bycatch, but monitoring would still be 

needed to verify the magnitude and potential ecosystem effects of bycatch (Alverson & Hughes, 

1996; Bellido et al, 2011; Komoroske & Lewison, 2015). Furthermore, the hydroacoustic classifier 

presented in chapter III could be used to target trawling and further reduce bycatch to a mini-

mum. High stickleback abundance negatively effects the recruitment of perch and pike in the 

Baltic Sea (Bergström et al., 2015; Byström et al., 2015; Ljunggren et al., 2010), and reducing 

stickleback abundance may increase their recruitment in Lake Constance. In Lake Constance 

stomach content analyses has not revealed sticklebacks feeding on perch or pike eggs (data not 

shown), but sampling for diet analysis was primarily conducted in the pelagic zone while perch 

and pike spawn in littoral habitats (Casselmann & Lewis, 1996; Eckmann & Rösch, 1996). Thus, 

despite the high mobility of sticklebacks (chapter II) and the Lake Constance sticklebacks being 

mainly pelagic feeders (chapter IV), future studies investigating stomach content analyses in lit-

toral habitats are needed to reliably exclude perch and pike eggs as stickleback diet.   
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Indirect effects on the ecosystem via removal of a food source for piscivorous fish seem unlikely, 

since native pike and lake trout (Salmo trutta lacustris) in Lake Constance mainly feed on perch 

and cyprinids (Baer, 2018; Revermann A. pers. comm.). During stickleback spawning season in 

the White Sea, sticklebacks can comprise up to 60 % of the diet of European sculpin (Myxoceph-

alus scorpius) (adult sticklebacks), 52 % of cod (Gadus morhua) (adult and juvenile sticklebacks 

and eggs) and 15 % of saffron cod (Eleginus nawaga) (juvenile sticklebacks) (Bakhlavova et al., 

2016). In various lakes in Norway sticklebacks are even a preferred diet by arctic charr (Salvelinus 

alpinus) and lake trout (L’Abee-Lund et al., 1992). Furthermore, in Lake Takvatn, Norway, stickle-

backs were introduced in the 1950ies and are accepted, but not preferred, as a prey species by 

arctic charr (Amundsen et al., 1989). In Lake Constance, sticklebacks are found in stomachs of e. 

g. pike, eel (Anguilla Anguilla), arctic charr and burbot (data not shown) but don’t seem to com-

prise a significant amount of their diet. Nevertheless, no regular monitoring exists to investigate 

the proportion sticklebacks contribute to the diet of piscivorous fish species. This might be a fu-

ture task that could involve citizen science, especially using input from professional fishermen 

and anglers. 

Furthermore, there are also piscivorous birds at Lake Constance which might feed on stickle-

backs, such as the great cormorant (Phalacrocorax carbo), the great crested grebe (Podiceps cris-

tatus) and the goosander (Mergus merganser) (OAB, 2020). A recent study in the Baltic Sea found 

that stickleback comprised up to 19 % of the diet of cormorants (Arlinghaus et al. 2021), with 

perch and roach being more preferred. In Lake Constance the cormorant population steadily in-

creased over the past years, for example from 540 breeding pairs in 2018 to about 640 breeding 

pairs in 2019 (Gugele & Schotzko, 2019). The piscivorous birds represent a consumer of fish that 

has led to conflicts with commercial fishermen. In 2019 61 cormorants were sampled in January, 

March and September in the Austrian part of Lake Constance. In total, sticklebacks comprised 30 

% of the diet of the investigated cormorants, while perch comprised 35 % (Gugele & Schotzko, 

2019). Although cormorants feed on sticklebacks, no effects of cormorant predation on stickle-

back abundance and population have been observed. In addition, native species such as perch 

are preferred by cormorants at Lake Constance and thus seem to mitigate predation pressure on 

sticklebacks. 

While it is possible to hope for natural population control through fish or bird predation, until 

now this has not occurred. It is further possible that infestation with the cestode Schistocephalus 
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solidus could affect stickleback populations and might even lead to a significant population re-

duction if over 80 % of fish are parasitized (Heins et al., 2010). However, to date infestation of 

Lake Constance sticklebacks has been too low to affect the population (Baer et al., in prepara-

tion). Nevertheless, monthly monitoring of stickleback infestation with S. solidus might be useful 

to track possible changes in stickleback stock. 

With this knowledge at hand, a carefully designed active fishery to remove stickleback in ULC 

seems feasible and could reduce effects on the native fish fauna and ecosystem. The continuous 

growth of stickleback until winter, as described in chapter II, indicates high consumption rates 

probably leading to reduced food availability of zooplankton (Roch et al., 2018) and hence growth 

and survival of pelagic whitefish (Rösch et al., 2018). In addition, recent studies, indicate that 

stickleback invasion led to an increase of small zooplankton species, such as Bosmina spp. and 

Daphnia cuccullata and a simultaneous decrease of average zooplankton size (Ogorelec, 2021). 

Furthermore, zooplankton abundance seems to peak later in the year since the invasion of stick-

leback into the pelagic zone (Ogorelec, 2021). Thus, reducing stickleback abundances during this 

period may increase whitefish growth and limit egg predation in the following whitefish spawning 

season and thereby produce the greatest fishery benefits. 

However, an effective reduction of sticklebacks is a challenging task. First, sufficient harvest is 

only possible with a commercial trawling gear and appropriate vessel, which are not currently 

present in Lake Constance. Second, even with appropriate gear, the fishing effort required to 

greatly reduce stickleback abundance is extremely high (see chapter II). Third, it is unclear how 

removed stickleback would be used, as there is no existing market in the region. Interest to fish 

sticklebacks for fishmeal and biogas production is increasing in the Baltic Sea, where they were 

harvested for similar use until the dissolution of the Soviet Union (Bergström et al., 2015). Stick-

leback removal has not yet been conducted in the Baltic Sea, however, due to the lack of 

knowledge of possible ecological consequences (Bergström et al., 2015). 

In any case, stickleback removal fisheries should be tightly coordinated with fisheries managers 

and the results of monthly fisheries monitoring check for possible ecosystem effects. Further-

more, the effect of stickleback removal fisheries might be visible in the abundance and yield of 

other fish species, such as commercially important whitefish and perch.  
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If implemented, a test phase for stickleback removal fisheries might be helpful to determine if 

the benefit achieved through increased fishery yield of whitefish and perch outweigh the effort 

and any negative ecological costs. In addition, monitoring of zooplankton abundance and density 

represent important information to further inform the effects of stickleback removal fishery. In 

conclusion, this study identified potential opportunities to remove stickleback through trawling 

but substantial investment is required to overcome challenges and ensure long-term sustainabil-

ity.  

As mentioned earlier, the causes underlying stickleback migration are still unknown and further 

research is needed to enhance the knowledge of stickleback migration to further inform fisheries 

management. Reasons for the invasive migration of sticklebacks into the pelagic waters are still 

not fully disentangled, though this thesis gives some information on which future research can 

build onto. A hypothesis for stickleback invasion into pelagic waters is that they may have learned 

to feed on hatched and stocked whitefish larvae during a season where food is usually scarce. 

The results of chapter IV revealed that stickleback indeed feed on whitefish larvae. Another hy-

pothesis is that sticklebacks learned to exploit other alien species such as the mysid Lymnomysis 

benedeni, and thus benefitted in comparison to other species. A third hypothesis is that the Lake 

Constance stickleback population might be represented by two forms of sticklebacks – a pelagic 

and a littoral form. Nevertheless, results of chapter IV indicated that, based on isotopic signature, 

lake Constance sticklebacks seem to be represented by one pelagic form. Other reasons for pe-

lagic stickleback invasion might be parasite avoidance in littoral waters (Baer et al., in prepara-

tion) or genetic makeup (Hudson et al., 2021). Nevertheless, further research based on high-res-

olution data is needed to investigate stickleback migration and possibly fully address the reasons 

for pelagic stickleback invasion.  

The hydroacoustic species-classification tool developed in Chapter III could greatly expand the 

ability to monitor the stickleback population and track spatiotemporal dynamics. In Lake Con-

stance, the classifier will provide more accurate estimates of sticklebacks and juvenile whitefish 

abundance and further help inform species spatial overlap, interspecific competition, abiotic 

preferences (e.g. temperature) and foraging. Such information could help to better define the 

timing of stickleback spawning migration into littoral waters (Bergström et al., 2015) and might 

also be utilized to identify the most advantageous timing for larval whitefish stocking that limits 

predation (Pepin & Shears, 1995; Roch et al., 2018). In addition, the novel tool could provide 
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better estimates of juvenile whitefish abundance to understand natural recruitment and success 

of stocking, which are both important for whitefish management.  

Nevertheless, the classifier first has to be tested in the field to be able to provide reliable results. 

This should best be conducted on pelagic transects with parallel trawling to be able to verify the 

classifiers’ results. In case more species are present than sticklebacks and whitefish, such as perch 

(chapter II), the classifier results have to be handled with caution and data verification might be 

not fully possible and/or labour intensive. Since perch are the most abundant bycatch in trawling 

(Chapter II) and the second most important fisheries species after whitefish (Baer et al., 2016), it 

would be beneficial to modify the hydroacoustic classifier to be able to also classify perch indi-

viduals. This would enable classification of additional species and even further improve monitor-

ing of fish community dynamics via non-invasive sampling. Once verified and tested in the field, 

the classifier could be integrated in semi-annual standard monitoring transects of the Institute 

of Lake Research (IGKB; 2018) to greatly enhance monitoring results. However, to study fish mi-

grations and changes in abundance in detail, hydroacoutstic monitoring should be conducted at 

regular intervals (e.g. monthly) and may need to be complemented with fisheries (chapter II) for 

purposes like tracking spawning migrations into littoral habitats.  

It is expected that future studies will develop similar hydroacoustic classificiers for other species 

in both freshwater and marine ecosystems. In the Baltic Sea this tool might help to evaluate the 

timing of stickleback spawning migration into the littoral zone and enable managers to set actions 

to prevent sticklebacks from further hampering pike and perch recruitment via feeding on their 

eggs (Bergström et al., 2015; Byström et al., 2015; Ljunggren et al., 2010). In addition, classifica-

tion algorithms, combined with real-time data processing capabilities, may allow species-specific 

fishing and hence reduce bycatch while maximizing the sustainability of fisheries (Horne, 2000; 

Lawson et al., 2001).  

The collection of high quality data needed to develop a classifier is, however, difficult. In partic-

ular, collecting data in a mixed species experiment as attempted in chapter III is especially diffi-

cult, since it is necessary to verify the species identify of each target through an independent 

method. In chapter III the video footage designed to record individual fish location to test the 

classifier could not be used due to poor visibility. In addition, developing of classifier of closely 

related species or species with similar morphology might not be possible, due to the lack of dif-

ferent structures or traits possibly enabling differentiation. Furthermore, frequencies between 
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140 and 155 kHz showed the greatest potential for species differentiation of whitefish and stick-

lebacks (chapter III), but developing a classifier for different species might require using a differ-

ent or additional frequency band as used in this thesis. Since previous studies using custom-de-

signed wideband echosounders successfully differentiated single-species aggregations (Zakharia 

et al., 1996; Simmonds et al., 1996), it is also expected that schooling or shoaling species can be 

differentiated using commercial wideband echosounders in future studies. 

Despite its great benefits, there are also limitations in the kind of data that can be provided by 

hydroacoustics. For example, many studies require closer investigation of the organisms to de-

termine age and sex, body condition, parasitization or diseases, and consumption preferences or 

rates. Thus, hydroacoustics may help to reduce their need, but capture fisheries will still be re-

quired at some level to provide such data.  

Chapter II documented high spatial overlap with whitefish and likely competition during the late 

summer, and potential migrations to prey on whitefish eggs in early winter. Previous studies have 

shown reductions in weight-at-age and yield of native pelagic whitefish that point towards com-

petition (Rösch et al., 2018), and predation on pelagic whitefish is further supported through 

laboratory experiments and single field catches (Roch et al., 2018; Ros et al., 2019). To provide 

an integrated insight into the feeding ecology of sticklebacks in Upper Lake Constance, this thesis 

used stable isotope data of carbon and nitrogen.  

The year-round δ15N isotopic signature, which relates to trophic position of sticklebacks, revealed 

a clear seasonal trend. Highest values were expressed in spring months, lowest values during 

summer months, and intermediate values in autumn and winter months, with winter values rep-

resenting a second peak in the annual cycle. This observed variability most likely reflects seasonal 

changes in stickleback diet (Wootton, 1984; Bretzel et al., 2021), and could result from stickle-

backs extensively feeding on the high protein, nutritive diet represented by whitefish larvae and 

eggs. This hypothesis is supported by previous studies (Rösch et al., 2018, Roch et al., 2018; Ros 

et al., 2019) and the unexpected movement pattern of sticklebacks following whitefish to their 

spawning areas (chapter II). On the other hand, elevated values of δ15N and trophic position in 

winter and spring might also result out of elevated δ15N values of sticklebacks’ main diet, zoo-

plankton, as observed in Lake Geneva during winter (Perga & Gerdeaux, 2005; 2006), or starving 

of sticklebacks (Gaye-Siessegger et al., 2007; Katzenberg et al., 2008; Bowes et al., 2014). Never-
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theless, the fact that the sticklebacks’ mean δ15N muscle value is similar to that of obligate pis-

civorous pike (Juanes et al., 2002; Craig, 2008) is very surprising, since stomach content analyses 

identified zooplankton as the stickleback main diet (Roch et al., 2018; Bretzel et al., 2021; Ogo-

relec et al, in preparation). Therefore, it seems likely that sticklebacks not only feed on whitefish 

larvae and eggs, but also feed on their own offspring during spring and summer months as de-

scribed in several studies (Whoriskey and FitzGerald, 1985; Foster et al., 1988; FitzGerald, 1991; 

FitzGerald, 1992). The hypothesis that sticklebacks feed on whitefish larvae and eggs is further 

supported by the fact that Lake Constance sticklebacks represent higher trophic positions than 

their conspecifics in ecosystems of North America, Norway and Japan (Moodie et al., 2007; Reim-

chen et al., 2008; Matthews et al., 2010; Snowberg & Bolnick, 2012; Ravinet et al., 2014; Østbye 

et al., 2016). Sticklebacks feeding on fish eggs of pike, perch and Atlantic herring (Clupea ha-

rengus) has been reported in the Baltic Sea (Kotterba et al., 2014), hampering recruitment of the 

latter two (Bergström et al., 2015; Byström et al., 2015). 

Regarding isotopic niche overlap of Lake Constance fish species, omnivorous sticklebacks show a 

remarkably low overlap (9 %) with zooplanktivorus whitefish. Although sticklebacks compete for 

the same diet as whitefish (Roch et al., 2018; Rösch et al, 2018), Daphnia and Bythotrephes (Ogo-

relec et al., 2021), during the main growth and feeding period, the low overlap suggests that they 

use different food sources during the colder seasons, such as whitefish larvae and eggs in spring 

and winter, as well as their own offspring. In comparison to other fish species of Lake Constance, 

sticklebacks’ mean δ13C isotopic signature is depleted, indicating that sticklebacks mainly feed on 

a pelagic diet. In addition, the calculated proportion of littoral carbon of stickleback diet and the 

fact that sampling location showed no remarkable effect on muscle isotopic signature of δ15N 

and δ13C (in chapter IV) indicates that Lake Constance sticklebacks share a common feeding ecol-

ogy, which is highly flexible and pelagic.    

The exceptional high δ15N values of Lake Constance sticklebacks observed during spring might 

result from predation on stocked whitefish larvae (Roch et al. 2018), which could boost stickle-

back survival and abundance by providing a readily available, easy to capture prey in an otherwise 

food scarce period. Hence, sticklebacks might represent a serious threat to whitefish recruitment 

by not only competing for food but also through predation, and both might explain the seriously 

hampered whitefish recruitment following their mass appearance in pelagic waters (Rösch et al., 

2018; Roch et al., 2018).  
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Estimating the trophic level of a fish should be done with caution when the δ15N signature of 

zooplankton shows intra-annual variation (which could be the case in Lake Constance), since δ15N 

variation can be due to factors other than trophic variation (Matthews et al., 2005). Future stud-

ies aiming to investigate the Lake Constance stickleback feeding ecology and possible effects on 

whitefish using stable isotopes should additionally collect data of zooplankton and whitefish. This 

would provide an extended data basis by including (possible) prey organisms and thus enhance 

interpretation of the isotopic signature and trophic position, thereby providing a more detailed 

insight into the energy fluxes in the food web. Furthermore, to attain more detailed and species 

specific results, laboratory studies investigating the sticklebacks’ isotopic expression based on 

different diets (e.g. zooplankton, fish larvae etc.) and the effect of starvation should be con-

ducted. In addition, similar isotopic analyses in the ecologically similar Baltic Sea population 

(Ljunggren et al., 2010; Bergström et al., 2015; Byström et al., 2015; Jakubavičiute et al., 2017) 

might help to verify the results here while also providing data to more fully assess the damage of 

stickleback predation in a more detailed spatio-temporal context. 

Despite the low food availability of sticklebacks’ main diet zooplankton (Roch et al., 2018) during 

winter, chapter II describes the migration of sticklebacks to whitefish spawning sites in littoral 

and pelagic waters. In addition to this unexpected migratory behaviour, a single field catch and 

isotope analyses in chapter IV also indicate that sticklebacks effectively feed on whitefish eggs. 

Further, laboratory experiments described in chapter V revealed that sticklebacks can effectively 

feed on whitefish eggs, even during complete darkness. This represents a high contrast to the 

dominating view that freshwater sticklebacks are mostly visual predators, feeding under lighted 

conditions (Wootton, 1976; Allen & Wootton, 1982). Since turbidity was also shown to have no 

impact on prey capturing rates of sticklebacks (Webster et al., 2007), it is likely that sticklebacks 

use olfaction or other cues to forage in the dark, which is further supported through their ability 

to recognise close relatives solely by olfactory cues (Mehlis et al., 2008; Mehlis et al., 2010). Nev-

ertheless, mean egg consumption was highest during daylight conditions which suggests that 

stickleback do feed more effectively using sight.  Estimates showed that if only one percent of 

the stickleback standing stock consumed 20 eggs each night, about 25 % of all spawned whitefish 

eggs in 2014 would have been consumed. Predation levels like this would, in addition to larval 

predation (Roch et al., 2018), seriously hamper recruitment and might help explain the decrease 

of relative abundance and growth of whitefish observed after the stickleback invasion into the 
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pelagic waters (Rösch et al., 2018). Follow-up studies are needed, however, to better understand 

feeding mechanisms in darkness and to confirm the magnitude of egg predation in the field. 

Future field efforts will likely benefit from the surprising result that ingested whitefish eggs were 

clearly visible 24 hours post ingestion, as sticklebacks obviously swallowed the eggs whole as also 

described in Kotterba et al. (2014). This is important as it means that egg detection in stickleback 

stomachs is not limited by fast digestion when sampling with gillnets set overnight. This will fa-

cilitate future sampling and interpretation of field data, since gillnets can be set over night and 

egg predation can be investigated using standard stomach content analysis (Janjua & Gerdeaux, 

2011). Such fishing will likely require substantial fishing effort, since spawning and egg predation 

are likely to be spatially patchy. Further, substantial numbers of stickleback would need to be 

captured if only a small proportion consume whitefish eggs. If only one percent consumes eggs, 

for example, several hundred individuals would need to be captured and analyzed to accurately 

quantify egg predation at the population level. Despite the high effort required, such studies are 

likely to be very important for understanding the causes of stickleback migration and effects on 

whitefish.  

The possible, serious impact on whitefish recruitment by sticklebacks feeding on whitefish eggs 

should be considered in future research and management discussions. If substantial egg preda-

tion is identified in the field, this would provide further support for a fishery to remove stickle-

backs, especially prior to whitefish spawning. In other systems, such as the Baltic Sea, sticklebacks 

seriously hamper pike and perch recruitment by feeding on their eggs (Ljunggren et al., 2010; 

Bergström et al., 2015; Byström et al., 2015). This egg predation occurs in the littoral zone, which 

is very different from the pelagic zone where pelagic spawning whitefish “Blaufelchen” (Core-

gonus wartmanni) eggs sink to great depths at a speed of about 1m/s to the lake bottom (Eck-

mann & Rösch, 1996) and are thus only available for a short amount of time. In addition, although 

perch and pike eggs harden as well (Rask, 1984; Murry et al., 2008), they may be an easier acces-

sible prey for stickleback since the species spawn in egg strands or spread the eggs on flat sub-

strate (Snickars et al., 2015; Gillet & Dubois, 1995). Thus, it is likely that littoral spawning “Gang-

fisch” (Coregonus macrophthalmus) eggs are more available for stickleback predation, and the 

results of chapter II reported high stickleback abundances during whitefish spawning season in 

littoral waters. “Gangfisch” egg predation has yet been reported in the field by only one single 

catch (data not shown), but sampling has been restricted in the littoral zone as described for the 
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pelagic zone in chapter V. However, since the yield of littoral spawning “Gangfisch” also signifi-

cantly decreased since the invasion of sticklebacks into the pelagic waters (IBKF, 2020), it is fur-

ther likely that sticklebacks affect littoral spawning “Gangfisch” in the same negative ways as 

pelagic spawning “Blaufelchen” (Rösch et al., 2018; Roch et al., 2018). Nevertheless, a study on 

“Gangfisch” similar to the one of Rösch et al. (2018) which used long-term monitoring data on 

relative abundance and weight-at-age of pelagic “Blaufelchen” to compare the periods before 

and after the invasion of sticklebacks, would provide a basis to further reliably estimate impacts 

of sticklebacks on “Gangfisch”. 

In any case, studies investigating stickleback predation on whitefish eggs should sample both 

pelagic and littoral habitats. In addition, future “Blaufelchen” and “Gangfisch” stock should be 

closely investigated and linked to stickleback abundances in the respective habitats during white-

fish spawning season. 

This thesis provides new insights into the life history of invasive sticklebacks in Lake Constance. 

By conducting multiple applied research methods, options for stickleback management were pre-

sented and a new tool, bearing the potential for facilitating future monitoring, was developed. 

According to latest lake-wide fisheries, stickleback stock seems to have decreased slightly (data 

not shown). Nevertheless, sticklebacks will remain a challenge for the ecosystem, native white-

fish, and the dependent fishery. Hence, future research is needed to investigate long-term im-

pacts of sticklebacks as well as resilience and reversibility of the ecosystem Lake Constance. In 

addition to whitefish, also stock and yield of perch and other fish species such as pike and pike-

perch (Sander lucioperca) should be closely compared to spatio-temporal dynamics and abun-

dances of sticklebacks. Future studies on zooplankton density, abundances and species compo-

sition linked to stickleback and whitefish abundance would also be of great importance in order 

to investigate e.g. competition of sticklebacks and whitefish or long-term effects of the stickle-

back invasion on zooplankton. Finally, it is important to monitor potential population control 

through infestation with S. solidus and piscivorous fish and birds.  

In addition, new invasions keep threatening Lake Constance, such as quagga mussel (Dreissena 

rostriformis). The bivalve is native to the Black Sea, was introduced to Central Europe via shipping 

and spread upwards along the River Rhine system before finally being introduced into Lake Con-

stance. The first sighting took place in 2016, and since then the mussel has spread rapidly across 

the whole lake and has even settled at the lake bottom (IGKB, 2020). Since quagga mussels are 
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filter-feeders and have been shown to significantly decrease the primary production in Lake 

Michigan (Rowe et al., 2017; Pilcher et al., 2017), there is growing concern of the consequences 

of the mussels’ rapid invasion and spread in Lake Constance. Besides quagga mussel, another 

future threat might be the invasion of the round goby (Neogobius melanostomus), a highly inva-

sive species, which was already reported in the High Rhine (Copp et al., 2005; Kalchhauser et al., 

2013). 

Hence, future studies on the further spread, density, abundance and filtering rates of quagga 

mussel in Lake Constance are needed to understand possible changes and ecosystem effects and 

might inform future ecosystem managing. In addition, further spread of the round goby should 

be monitored to inform Lake Constance managers which might, in case of round gobies threat-

ening to invade Lake Constance, develop management options to prevent goby invasion. Fur-

thermore, it will be important to inform citizens about the threats of invasive species and in-

crease the consciousness of biodiversity and invasive species. In 2020, for example, the IGKB 

published flyers and posters with information about the threats and introduction pathways of 

several invasive species, also round goby and quagga mussel, and including steps to help prevent 

further introductions. Such research and management efforts are greatly needed, since invasive 

species can have far reaching and unexpected consequences as clearly shown here for stickle-

back.  

In addition to sticklebacks and new invasive species, climate change and other threats will con-

tinue to threaten freshwater ecosystems and hence Lake Constance in the future (Craig et al. 

2017; Dudgeon, 2019). Therefore, prospective research needs to focus on combined threats (e.g. 

invasive species and climate change) in order to acquire a better understanding of how multiple 

threats interact and the consequences of their interactions. This research can finally be used to 

develop management strategies capable of reducing system uncertainties as well as supporting 

and facilitating resistance and resilience of freshwater ecosystems (Craig et al., 2017; Dudgeon, 

2019) such as Lake Constance.  

This thesis significantly contributes to the knowledge about invasive sticklebacks in Lake Con-

stance and their negative effects on the ecosystem and whitefish, while also providing potential 

options for fisheries management. Many more questions remain, but this work provides a good 

foundation to help guide future studies and inform management. 
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