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Zusammenfassung 

Die Analyse von Nahrungsnetzen ermöglicht die Beschreibung von verschiedenen Formen 

der Nutzung von Nahrungsressourcen, wie zum Beispiel Generalismus, trophische 

Omnivorie, Prädation, und Ressourcen-Überlappung zwischen Konkurrenten. Die 

interspezifische Aufteilung der Resourcen-Nischen ist ein nahrungsnetzstrukturierender, 

weitgehend anerkannter Prozess, obgleich für die Struktur mancher Nahrungnetze die 

intraspezifische Aufteilung der Resourcen-Nischen bedeutender ist. Die Charakterisierung 

von ungestörten Nahrungsnetzen bietet die Möglichkeit, die Widerstandsfähigkeit eines 

Ökosystems gegen mögliche zukünftige Störungen zu bewerten, da eine generalistische 

Nahrungsaufnahme eine Anpassung an Veränderungen innerhalb eines Ökosystems 

ermöglicht. Das Ziel der vorliegenden Studie war es, die Ernährungsstrategien sowie die 

Aufteilung der Resourcen-Nischen der Fischartengemeinschaft des Kleinen Döllnsees zu 

analysieren. Die Ernährungsstrategien (trophisch-omnivor, generalistisch, spezialistisch, 

Nahrungsketten-omnivor), sowie die inter- und intraspezische Aufteilung der Resourcen-

Nischen wurden mit Hilfe von stabilen Isotopen (δ13C und δ15N) für acht Fischarten 

untersucht. Die Ergebnisse zeigen auf, dass die analysierten Fischarten nicht auf 

Nahrungressourcen spezialisiert waren und diverse Ressourcen aus dem Litoral und 

Pelagial, sowie aus verschiedenen trophischen Ebenen nutzten. Nur geringe interspezifische 

Unterschiede in der Nahrungsaufnahme wurden eruiert und folglich war die Isotopen-Nische 

der Fischartengemeinschaft unterwartet klein. Intraspezifische Aufteilung der Resourcen-

Nischen wurde hingegen innerhalb der Cypriniden und besonders innerhalb der piscivoren 

Fischarten nachgewiesen. Schlussfolgernd ist das Nahrungsnetz der analysierten 

Fischartengemeinschaft durch zahlreiche Verknüpfungen aufgrund von generalistischer und 

trophisch-omnivorer Nahrungsaufnahme im Litoral und Pelagial charakterisiert. Daher kann 

geschlussfolgert werden, dass die analysierten Fischarten resilient auf mögliche zukünftige 

Störungen des Nahrungsnetzes reagieren können, wenn die in der folgenden Studie 

aufgefundenen Muster ein allgemeingültiges Charakteristikum des Döllnsee-Nahrungsnetzes 

sind und nicht nur eine temporäre Struktur der Fischartengemeinschaft widergeben. 

Weiterhin hat der Vergleich der Fischartengemeinschaften dreier Seen gezeigt, dass die 

Isotopen-Nischenbreite des Kleinen Döllnsees, mit ausdifferenziertem Litoral und Pelagial, in 

der Größe vergleichbar mit der Isotopen-Nischenbreite eines kleinen und flachen, 

strukturreichen Sees war. Während die Isotopen-Nischenreite eines kleinen und flachen, 

strukturarmen Sees größer war, vermutlich aufgrund starker Konkurrenz um Ressourcen. 

Dies deutet an, dass die Vernetzung des Litoral und Pelagials geringer ist, wenn 

Fischartengemeinschaften ressourcenlimitiert sind. Insgesamt bestätigt die vorliegende 

Studie die Theorie, dass Komplexität ein prägender Bestandteil von Nahrungsnetzen ist und 

deshalb in Nahrungsnetz-Theorien Beachtung finden sollte.  
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Abstract 

Food web analyses allow detection of feeding characteristics such as generalstic feeding, 

trophic-omnivory, predation, cannibalism, and resource overlap among competitors. Dietary 

niche partitioning between species is a widely accepted pattern structuring food webs, but 

occasionally intraspecific dietary niche partitioning is more important. Characterization of a 

food web also provides a basis to evaluate resilience of an ecosystem to future disturbances 

as ingestion of diverse resources by species allows adaptations to changing ecosystems. 

The aim of this study was to uncover feeding strategies and dietary niche partitioning of the 

fish community in lake “Kleiner Döllnsee”, an eutrophic small lake. Feeding strategy (trophic-

omnivorous, generalist, specialist, food-chain-omnivorous) and inter- and intraspecific dietary 

niche partitioning was investigated for eight fish species using stable isotope analyses (δ13C 

and δ15N). Results indicated that the analyzed fish species used diverse resources from 

littoral and pelagic food chains and were trophic-omnivorous forager. Interspecific dietary 

niche partitioning was low, reflected by an unexpectedly small isotopic niche width of the 

studied lake, while intraspecific dietary niche partitioning was detected for cyprinids and 

piscivorous species. Concluding, the food web of the studied fish community is structured by 

numerous connections through generalistic, trophic-omnivorous as well as food-chain-

omnivorous foraging. Therefore, the analyzed fish species can be expected to be resilient to 

potential ecosystem disturbances, if the observed pattern is a long lasting characteristic of 

the Kleiner Döllnsee food web, rather than a temporal pattern. Besides, isotopic niche width 

comparison between three fish communities revealed that the isotopic niche width in Kleiner 

Döllnsee, characterized by distinct littoral and pelagic habitats, is comparable to a small and 

shallow structural complex lake. While the isotopic niche width of a small and shallow lake, 

missing structural complexity, was larger, supposably due to high competition for resources. 

Indicating lower coupling between littoral and pelagic habitats may occur in fish communities 

where resources are limited. Overall, the present study supports the theory that complexity is 

a relevant mechanism driving food webs and needs to be integrated in food web theory to 

understand ecological systems. 
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1. Introduction 

Food webs schematically demonstrate consumption of organisms (who eats whom), 

energy flows, trophic relationships, biodiversity, and species interactions within a community 

(May 1983, Levin 1992, Cohen et al. 1993). Food web analysis allows detection of feeding 

characteristics such as generalsitic feeding, trophic-omnivory, predation, cannibalism and 

resource overlap among competitors (Briand 1983, May 1983, Vander Zanden et al. 1997, 

Dunne et al. 2002, Ings et al. 2009, Paterson et al. 2014). Food webs can be bottom up or 

top-down controlled: bottom-up means that the productivity of a system is limited by the 

resources at the base of the food web, whereas in a top-down controlled system top 

predators limit biomass of lower guilds (Lampert and Sommer 1999). Understanding patterns 

of food webs might help to recognize general structures and mechanisms of ecological 

networks (Dunne et al. 2002, Ings et al. 2009). The literature to date has focused on systems 

with limited diversity (Beaudoin et al. 2001) and most well studied networks describe 

species-poor, less-productive habitats (Ings et al. 2009). Nevertheless most ecosystem food 

webs are characterized by numerous connections and trophic-omnivorous species (Polis and 

Strong 1996), leading to resilient ecosystems, because flexible resource use allows 

adaptation to changing ecosystems (Beaudoin et al. 2001). 

1.1 Omnivorous feeding strategy 

Omnivory has been defined as “feeding on more than one trophic level” (Pimm and 

Lawton 1978). Pimm and Lawton (1978) distinguished between three subtypes of 

omnivory,(1) feeding on different trophic levels in one life stage (“conventional omnivores”), 

(2) feeding on different trophic levels in different life stages, and (3) unintentional feeding on 

more than one trophic level (while consuming a food resource that inhabits an organism of 

lower trophic level). Following Pimm and Lawton´s (1978) concept of trophic omnivory, Coll 

and Guershon (2002) used further subdivisions for omnivorous species. They mainly 

distinguish between predators, feeding on different trophic levels, and “true omnivores”, 

feeding on plant material and ingesting animals (Coll and Guershon 2002). Within these two 

subgroups they additionally distinguish between feeding within the same food chain or in 

different food chains (Coll and Guershon 2002). This broad definition of omnivory is also 

used in fish biology where diverse species have been described as omnivorous. Several 

predatory fish, e.g. European perch Perca fluviatilis L. (hereafter referred to as perch) and 

European pike Esox lucius L., hereafter referred to as pike), have been described as 

omnivorous in terms of trophic omnivory and food chain omnivory, linking littoral and pelagic 

habitats (Diehl 1992, Schindler and Scheuerell 2002, Vander Zanden and Vadeboncoeur 
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2002). Sometimes “omnivorous” is also used in its original sense of “feeding on everything”. 

In this context, European catfish Silurus glanis L. (hereafter referred to as catfish) as well as 

pike have been described as opportunistic omnivorous species (Beauodin et al. 2001, 

Martino et al. 2011). Cyprinid species, such as Common bream Abramis brama (L.) 

(hereafter referred to as bream), roach Rutilus rutilus (L.), rudd Scardinius erythrophthalmus 

(L.), and white bream Blicca bjoerkna (L.), have been described as omnivorous in terms of 

feeding on both plant material and animal prey (Vinni et al. 2000, Dorenbosch and Bakker 

2011, Encina et al. 2004, Drenner et al. 1996, Persson et al. 1993). In my thesis I use the 

term “omnivorous” for fish species feeding on both plant material and animal prey, “trophic-

omnivorous” for fish feeding on more than one trophic level (including the term “omnivorous” 

fish), “food-chain-omnivorous” for fish feeding in pelagic and littoral habitats according to Coll 

and Guershon (2002), and “life-history-omnivorous” for fish feeding in different life stages on 

different trophic levels according to Polis and Strong (1996). For fish that don´t show a 

preferred food resource and no resource makes up more than 35% of their total diet, I use 

the term “generalist” according to Sibbing and Nagelkerke (2001). 

1.2 Stable isotopes 

In aquatic systems direct observations of fish are not feasible (Finlay and Kendall 2007) 

and even if fish are sampled they might have empty stomachs not allowing any conclusion 

about resource use (Beaudoin et al. 2001). Stable isotopes provide information about 

assimilated (not only ingested) diets of organisms in an animal’s tissue over time (Rounick 

and Winterbourn 1986, Syväranta et al. 2013). Therefore stable isotope analysis (SIA) is an 

advantageous method to investigate aquatic food webs and is a widely used method 

nowadays, especially of carbon and nitrogen isotopes (Syväranta et al. 2006, 2013). 

Isotopes differ in the number of neutrons and therefore in their atomic mass; stable 

isotopes do not decay (Sulzman 2007). Only two forms of stable carbon and stable nitrogen 

exist naturally, a heavy one containing an additional neutron (13C and 15N) and a light one, 

more common in nature (12C, 13N; Sulzman 2007). Mainly those two stable isotopes have 

been used to analyze food webs in freshwater ecosystems (Hecky and Hesslein 1995, 

Beaudoin et al. 2001, Syväranta et al. 2006, Syväranta and Jones 2008, Scharnweber et al. 

2014). Due to isotopic differences (δ), which are measured in per mill (‰, parts per 

thousand) relative to an internationally accepted standard, organisms can be distinguished 

by their stable isotope signatures (Peterson and Fry 1987, Sulzman 2007), representing the 

assimilated food source over time (Hobson and Clark 1992, Vander Zanden and 

Vadeboncoeur 2002, Syväranta et al. 2013). Due to isotopic fractionation the ratio of heavy 

and light isotopes changes in the consumer depending on the nutrient source (Peterson and 



3 
 

Fry 1987). Isotopic fractionation is the discrimination of the heavy isotope in comparison to 

the light isotope (Peterson and Fry 1987). Isotopic fractionation can occur in equilibrium, due 

to stronger bonds of the heavy isotope, and kinetic processes, because of slower reactions 

of the heavy isotopes (Peterson and Fry 1987). Producers differ in δ13C due to differing 

discrimination rates in photosynthetic carbon fixation and the source of the dissolved CO2 in 

water, therefore pelagic phytoplankton and littoral algae can often be differentiated in their 

δ13C (Peterson and Fry 1987, Hecky and Hesslein 1995, Quevedo et al. 2009). Consumers 

have nearly the same isotopic composition of carbon as their prey; therefore the δ13C of 

consumers provides information about the original C-source in the food web (Peterson and 

Fry 1987, Vander Zanden and Rasmussen 1999). In contrast, consumers are enriched in 

δ15N by around 4.3‰ in comparison to their prey, because excretion of light nitrogen is 

increased (Peterson and Fry 1987, Vander Zanden and Rasmussen 1999). Therefore δ15N 

can be used to define the trophic position of a consumer. Furthermore they can integrate 

habitat information because δ15N can differ between littoral and pelagic habitats due to 

potential limitation of nitrogen in water and a potentially faster loss of 14N in decomposition 

(Peterson and Fry 1987, Vander Zanden and Rasmussen 1999). By combining δ13C and δ 

15N information, estimates of quantitative contributions of each food source to the whole diet 

of the consumer can be analyzed with Bayesian isotopic mixing models if diets are distinct in 

their δ13C and δ 15N (Hobson and Clark 1992, Phillips et al. 2014). Furthermore, it is possible 

to calculate isotopic niche width by combining δ13C and δ15N information (Jackson et al. 

2011, Syväranta et al. 2013). Hutchinson (1957) defined the ecological niche of a species as 

an n-dimensional hypervolume, which is practically impossible to quantify (Syväranta et al. 

2013). However, in 2007 Newsome et al. defined the isotopic niche as the area of a bi-plot 

which is given by isotopic ratios or by proportions of the isotopic ratios (for comparisons 

between ecosystems), which reflect information on the resources and the habitat of an 

organism. As resource and habitat are mainly used to define ecological niche space, the 

isotopic niche space reveals ecological information of community structure (Newsome et al. 

2007, Jackson et al. 2011). However, the isotopic niche should not be equated with the 

Hutchinson niche (Jackson et al. 2011, Syväranta et al. 2013).  
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1.3 Dietary niche partitioning 

Usage of different niches or different resources by competing species (dietary niche 

partitioning) is a widely accepted theory (Schoener 1974, Schoener 1983, Chesson 2000, 

Svanbäck et al. 2008, Paterson et al. 2014). This already indicates that niche partitioning or 

specialization on different resources (no resource overlap) is needed for species coexistence 

in resource-limited environments. The theory goes back to 1934, when Gause tested a 

mathematical model (Lotka-Volterra-model), predicting that competition of two species for 

one resource will always result in the extinction of one of the species. He tested the 

competition between two unicellular paramecium species under constant lab conditions and 

one limiting resource; in the end one species always outcompeted the other (Gause 1934). 

Gause concluded that two species competing for the same resources cannot coexist under 

constant conditions, establishing a principle known as Gause principle or competitive 

exclusion principle (Hardin 1960, Schoener 1974).  

On the other hand, some studies indicate that intraspecific competition is more important 

than interspecific competition. Chesson (2000) stated that an environmental advantage of a 

competing species leads to interspecific competition, while intraspecific competition occurs 

when the species itself has an environmental advantage. Svanbäck et al. (2008) attributed 

different morphotypes of perch and roach, which were feeding on distinct resources, to 

intraspecific competition. Robinson and Wilson (1994) found a higher diversification within 

species for species-poor communities due to lower interspecific competition. High 

diversification within fish species is mostly reflected by the occurrence of littoral and pelagic 

types within one species (Robinson and Wilson 1994). This indicates that with low species 

diversity intraspecific competition increases. Robinson and Wilson (1994) suggested that 

competition leads to diversification in freshwater communities: In species-rich fish 

communities, competition acts as an interspecific and in species-poor communities as an 

intraspecific diversification force. Fish communities are further affected by predation pressure 

(Persson 1997) and occasionally the presence of increased predation pressure promotes 

diversity in fish communities (Persson and de Roos 2012). Persson and de Roos (2012) 

reported that the coexistence of roach and perch depends on the presence of the top 

predator pike, lowering the predation pressure of perch on roach. 
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1.4 Small lakes 

Structurally complex habitats provide more refuges to hide from predators and also 

promote habitat-alternatives to reduce competition (Diehl 1992). In contrast, Havens (1997) 

found lower predator-prey ratios in pelagic habitats. Most of the world´s lakes are small with 

a surface area of around 100 ha (Wetzel 1990). Small lakes have an increased perimeter-to-

area ratio and thus increased potential for habitat coupling (Schindler and Scheuerell 2002, 

Vander Zanden et al. 2006). If lakes are small and shallow structural complexity can differ in 

macrophyte (more complex) or phytoplankton dominated lakes (Scharnweber 2013). Small 

and shallow lakes are dominated by littoral resources due to the higher benthic productivity 

(Hanson and Leggett 1982, Hecky and Hesslein 1995, Vander Zanden et al. 2006). Vander 

Zanden et al. (2006) found secondary production (primary consumers) was mainly built up by 

pelagic production, but adult fish relied mainly on zoobenthos as resource in small and 

shallow lakes. This indicates that littoral production might be more efficiently transferred to 

higher consumers, e.g. fish, compared to pelagic production (Hecky and Hesslein 1995, 

Vander Zanden et al. 2006). Foraging of prey also differs between littoral and pelagic 

habitats. In the present study littoral habitat is defined as the area colonized by macrophytes 

and littoral resources include benthic prey and are referred to as invertebrates (excluding 

crayfish Orconectes limosus).  

Pelagic habitats are relatively homogenous on the horizontal axis, but can vary in in the 

vertical axis, e.g. due to lake-stratification (Schindler and Scheuerell 2002) or due to diel 

migration of planktonic prey with highest abundances in the epilimnion at night (Greene 

1983, Jeong and Park 2010). Predation on planktonic prey in the pelagic zone is mainly 

controlled by size-selectivity and swimming speed of the predator (Greene 1983, Johansson 

1987). Littoral habitats are heterogeneous on the vertical axis with structural elements as 

plants and a variety of prey species (Schindler and Scheuerell 2002). Prey in littoral habitats 

is suggested to be more vulnerable with increasing activity (Diehl 1992). These differing 

characteristics of littoral and pelagic habitats, such as structural complexity, properties of 

prey-vulnerability, and differing productivity, provide potential for dietary niche partitioning 

within or between species in lakes with clear distinct littoral and pelagic habitats (Robinson 

and Wilson 1994).  

Intra- and interspecific-differentiation in fish is mostly found between littoral and pelagic 

habitats (Robinson and Wilson 1994, Svanbäck et al. 2008) and can be differentiated with 

stable isotopes as described above. Shallow lakes would be expected to show a smaller 

isotopic niche width, due to the missing pelagic habitat, while phytoplankton dominated 

shallow lakes would be expected to have the lowest isotopic niche width due to missing 

structural complexity. 
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1.5 Fish species of Döllnsee 

The aim of the study was to investigate the food web of the fish community of the small 

dimictic Lake “Kleiner Döllnsee” (hereafter referred to as Döllnsee), characterized by distinct 

littoral and pelagic habitats, with stable isotope analyses (δ13C and δ15N), by having a closer 

look at feeding strategies (e.g. trophic-omnivorous, generalist, specialist, food-chain-

omnivorous) as well as inter- and intraspecific dietary niche partitioning. Fourteen fish 

species were documented in the Döllnsee in 2011: bleak Alburnus alburnus (L.), bream, carp 

Cyprinus carpio L., crucian carp Carassius carassius (L.), eel Anguilla anguilla (L.), catfish, 

perch, pike, zander Sander lucioperca (L.), roach, ruffe Gymnocephalus cernuus (L.), rudd, 

tench Tinca tinca (L.) and white bream (Zajicek 2012).  

Lammens and Hoogenboezem (1991) stated that European cyprinids are often 

generalist, but can be grouped into three main feeding groups: herbivores, pelagic feeders 

and invertebrate feeders. They assigned roach and rudd as herbivores (Lammens and 

Hoogenboezem 1991).  Congurent, Hellawell (1972) found roach to be feeding mainly on 

non-animal material (plant material, soil and detritus), with mollusks as the second most 

important resource and invertebrates ingested only to a small extent. Older roach ingested 

molluscs to a greater extent, but plant material was still the most important food resource 

(Hellawell 1972). This result is congruent with the result of Zapletal et al. (2014) in a Czech 

reservoir, who found roach to be feeding mainly on detritus regardless of age class, season, 

or pelagic vs. littoral location. Additionally, roach ingested macrophytes, periphyton and, 

though non-substantially, zooplankton (Zapletal et al. 2014). But, Zapletal et al. (2014) found 

roach smaller than 92 mm standard length (SL) to feed more on zooplankton and less on 

non-animal material. Persson also found roach in Swedish lakes (1983a) and enclosure 

experiments (1987) feeding mainly on detritus and algae, irrespective of whether roach 

coexisted with perch or not (enclosure experiments). In contrast, Johannson (1987) found 

roach and rudd feeding mainly on Zooplankton in pelagic and littoral zones, although by 

holding them in sympatry ingested plant material increased, with roach feeding more 

efficiently (higher growth rates) on Zooplankton than rudd. García-Berthou and Moreno-

Amich (2000) analyzed feeding behaviour of rudd in a Spanish lake and found them mainly 

feeding on plant material. Although in contrast to roach, rudd used only littoral resources and 

also ingested aquatic and terrestrial animal resources from the water surface to a small 

extent (Berthou and Moreno-Amich 2000). Van Donk and Otte (1996) additionally found rudd 

to be feeding to high degrees on submerged macropyhtes in the Netherlands, with the 

exception of young-of-the-year rudd. Interestingly, a feeding experiment performed by 

Dorenbosch and Bakker (2011) showed that rudd preferably ingested animal prey 

(Gammarus) and only started to ingest plant material after animal resources were depleted, 
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indicating plant material is not the favored food of rudd. Marklund et al. (2002), found no 

feeding effect on submerged macrophytes by rudd as well as by roach and tench.  

Bleak are categorized as pelagic feeders (Lammens and Hoogenboezem 1991).  Kottelat 

and Freyhof (2007) stated that bleak feed on plankton, as well as drifting insects and 

invertebrates at the water surface. Although littoral bleak of shallow lake Balaton (Hungary) 

ingested benthic invertebrates to some extent (chironomids and amphipoda), they also fed 

mainly on zooplankton (Bìró and Muskó 1995).  

Lammens and Hoogenboezem (1991) group bream, tench and white bream as 

invertebrate feeders. Kennedy and Fitzmaurice (1970) found tench to be feeding mainly on 

algae and cladocera. Other studies found tench to reduce the abundance of mollusks and 

snails through feeding activity, but they also feed on zooplankton and invertebrates in high 

amounts (O´Maoileidigh and Bracken 1989, Brönmark 1994). In an Irish lake, O´Maoileidigh 

and Bracken (1989) found that tench smaller than 210 mm fork length (FL) preferably fed on 

Zooplankton, while bigger fish fed mainly on mollusks  and additionally on chironomids and 

other macrozoobenthos. Giles et al. (1990) found tench resource use to be lake specific: in 

one lake adult tench fed mainly on zooplankton (Daphnia hyalina) and in the other lake adult 

tench fed on various benthic invertebrates, mainly Asellus. Adult bream also were found to 

be feeding on benthic invertebrates and mollusks while juveniles were feeding on 

Zooplankton (Kottelat and Freyhof 2007). Hayden et al. (2011) found bream resource use in 

Ireland to be lake specific as well: in some lakes bream fed mainly on littoral resources, 

whereas in other lakes bream additionally used pelagic or profundal resources. Lammens 

(1986) assigned invertebrates such as small crustaceans and chironomids to be the most 

important food resource for bream of 250-300 mm FL, but found bream of 150-250 mm FL to 

feed mainly on zooplankton and less than 25% on chironomids. Lammens (1986) showed 

that white bream and bream feed on the same resources in different amounts. White bream 

of 150-250 mm FL also mainly fed on zooplankton but 30% on chironomids. Other authors 

described white bream to be mainly benthic invertebrate foragers (Kottelat and Freyhof 

2007).  

Eel are also known to feed on a broad variety of benthic organisms (Kottelat and Freyhof 

2007). Congruently, Thomas (1962) found eel feeding solely on invertebrates, while Degani 

and Levanon (1983) found eel also to be cannibalistic. In German lakes, resource use of eel 

has been shown to be dependent on macrozoobenthos density. At high densities eel fed on 

macrozoobenthos, while at low densities eel mainly ingested fish (Dörner et al. 2009). 

Piscivorous fish are described to undergo ontogenetic diet shifts. While feeding at small 

sizes on invertebrates, with increasing size they become piscivorous and also cannibalistic 

(Willemsen 1977, Mittelbach and Persson 1998). Perch are described as having two 
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ontogenetic shifts, feeding predominantly on zooplankton in early life stages, feeding mainly 

on invertebrates at intermediate size, and when perch become large enough, they mainly 

ingest fish (Persson 1983b, Amundsen et al. 2003). In a Swedish lake, Svanbäck and Eklöv 

(2002) found pelagic and littoral caught perch differed in the sizes at which they start to feed 

on other resources than zooplankton. While littoral perch fed mainly on invertebrates at a 

size of 90 mm and mainly on fish at a size of 120 mm total length (TL), pelagic perch fed 

mainly on zooplankton until a size of 180 mm TL and fed mainly on fish when they were 

larger (Svanbäck and Eklöv 2002).  

Pike have been described to begin feeding mainly on zooplankton, and with increasing 

size move on to invertebrates before becoming piscivorous (Giles et al. 1986, Bry et al. 

1991). However, pike have also been described as almost exclusively feeding on fish 

(Amundsen et al. 2003) starting from a body size of 22 mm TL (Giles et al. 1986). Other 

studies found low piscivorie as well as low cannibalism in pike: Bry et al. (1991) described 70 

mm TL pike to still be feeding mainly on invertebrates and Paradis et al. (2008) found 28% of 

analyzed 500-700 mm TL pike fed on both fish and invertebrates. Beaudoin et al. (1999) 

found only one third of all analyzed pike to be feeding on invertebrates while the main dietary 

resource was fish- only in lakes lacking prey fish were pike feeding mainly and sometimes 

exclusively on invertebrates. Sometimes crayfish can also be an important food resource for 

pike (Elvira et al. 1996).  

Two ontogenetic shifts are also described for zander: feeding mainly on zooplankton at 

sizes between 20-50 mm TL, switching to feed on invertebrates and fish at sizes between 

60-100 mm TL, and feeding solely on fish at with larger body lengths (Willemsen 1977, 

Specziár 2005). Occasionally, zander bigger than 100 mm TL were found to feed additionally 

on small crustacean and benthivorous invertebrates in Turkish lakes (Campbell 1992).  

Catfish feed on all available fish species in its habitat that are of suitable size, and they 

additionally ingest other animals like crayfish and other invertebrates, frogs, and birds (Copp 

et al. 2009, Wysujack and Mehner 2005). Information on size-specific diet changes in catfish 

is rare (Wysujack and Mehner 2005, Syväranta et al. 2009), but Wysujack and Mehner 

(2005) found no variation in the ingested food resources in relation to catfish body size.  

Overall the literature describes resource use of cyprinids, eel and piscivorous species as 

broad, indicating a broad resource use of freshwater fish. Cyprinid bream, roach, rudd, tench 

and white bream are described to be omnivorous to a large extent, using plant and animal 

resources. All piscivorous species are described as trophic-omnivorous, both feeding on 

invertebrates and fish. However, if species compete for food and interspecific competition is 

high, partitioning on different food resources can be expected to occur in such a way that 

species use the resources they can utilize most efficiently. According to Lammens and 
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Hoogenboezem (1991), for cyprinid species this would mean that bleak would specialize on 

pelagic resources, roach and rudd would mainly feed on plant material, and bream, tench, 

and white bream would forage on invertebrates and thereby ingesting also plant material. 

 Perch preferably use littoral habitats (Svanbäck et al. 2008), zander preferably use mid-

channel habitats in rivers (Wolter and Bischoff 2001), and catfish forage in all habitats for 

food (Copp et al. 2009). In Döllnsee, Kobler et al. (2009) found three behavioral types for 

pike: one used submerged macrophytes, one reed habitats, both stayed exclusively in the 

littoral (Kobler et al. 2009). The third group was classified as habitat opportunists; these were 

the most active and also used pelagic habitat (Kobler et al. 2009). Therefore in pike it can be 

expected to find some pike that use littoral resources, and some that use pelagic resources. 

In a German lake, Schulze et al. (2012) found reduced niche overlap in the piscivorous 

species pike, perch, and zander after the introduction of zander. None of the resources were 

used by all three species (Schulze et al. 2012). Zander resource use overlapped with pike, 

while the overlap of used resources between pike and perch decreased after introduction of 

zander (Schulze et al. 2012). If interspecific competition is high in piscivorous species, they 

are expected to use different resources, it can be expected that zander will preferable feed in 

the pelagic, perch preferable use littoral resources, while catfish and pike feed on both littoral 

and pelagic resources.  

Competition can also be reduced by intraspecific dietary niche partitioning (Svanbäck et 

al. 2008). Dietary niche partitioning within species may occur because of different feeding 

types within the species (Svanbäck et al. 2008) or due to ontogenetic shifts because different 

size classes might use different resources (Hellawell 1972, Giles et al. 1986, Lammens and 

Hoogenboezem 1991, Schulze et al. 2012). If no competition occurs between cyprinids, e.g. 

due to a top-down controlled food system, it can be expected to find cyprinids using mainly 

the safer littoral habit, as it offers refuges to hide from predation (Svanbäck et al. 2008).  

  



10 
 

1.6 Hypotheses 

Based on above mentioned literature, I hypothesized that:  

1) Sampled fish species would specialize on different resources, or at least use differing 

amounts of the same resources. For example, in cyprinids this would mean that they 

specialize either on plant material, pelagic, or benthic resources.  

2) Piscivorous species would be enriched in δ15N in comparison to cyprinids and would show 

trophic-omnivory.  

3) Isotopic niche width of the entire fish community and the omnivorous fish community of 

Döllnsee would be larger in size compared to the two other fish communities followed by 

the macrophyte domintated shallow lake.  

4) Increasing fish size would be associated with more enriched δ15N tissues. 

5) Littoral and pelagic individuals would differ in δ13C because of dietary niche partitioning.  

6) Piscivorous species would differ in δ13C with increasing size due to habitat switches in life 

stages, and would show life-history-omnivory. 
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2. Material and methods 

2.1 Study sites 

All three study lakes were located in the biosphere reserve Schorfheide-Chorin in the 

north-eastern lowlands of Germany (figure 1, table 1). Lake “Kleiner Döllnsee” (hereafter 

referred to as Döllnsee) was formerly described as a mesotrophic to slightly eutrophic (total 

phosphorus concentration at spring turnover of 28 µg l-1) dimictic shallow natural lake with a 

surface area of 25 ha and a mean and maximum depth of 4.1 m and 7.8 m, respectively, and 

although Döllnsee is shallow it has a distinct pelagic habitat. (Kobler et al. 2008). Restoration 

of wetlands in the lake’s catchment area caused a trophic change of the lake in 2013 and a 

slightly increased water level. Total phosphorus concentrations of 52 ± 30.2 µg l-1 

characterize Döllnsee nowadays as a eutrophic lake, with the tendency to a hypertrophic 

lake as total phosphorus concentrations reach over 100 µg l-1 on rare occasions in summer. 

Kleiner Gollinsee (hereafter referred as Gollinsee) and Schulzensee are eutrophic, 

polymictic natural lakes (for morphological and trophic details see table 1). Gollinsee is a 

turbid, phytoplankton dominated and Schulzensee a clear, macropyte dominated lake. 

Gollinsee and Schulzensee were used for investigations in 2010 to 2013 and in past 

investigations they were divided into two almost equal parts by a plastic curtain, which 

completely isolates both halves of the lake (Scharnweber et al. 2014). One half is the 

manipulation site (maize, Zea mays) leaves were added as a terrestrial particulate organic 

carbon load and an isotopically-distinct carbon tracer) and the second the control site 

(Scharnweber et al. 2014). For lake comparisons I used exclusively data from the control 

sites of Gollinsee and Schulzensee in 2011. 

  

Figure 1 Map of study site 

showing all three investigated 

lakes (dots) located in the state 

Brandenburg (dark grey marked 

area) in the north-east of Berlin in 

Germany. Capital cities are shown 

as squares. 
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Table 1 Overview of the characteristics of lake Döllnsee and the two comparison lakes 

Gollinsee and Schulzensee (values were extracted from Scharnweber et al. 2014, *exact area of 

the control site, personal communication with Kristin Scharnweber). 

Lake 

(geographic 

coordinates) 

Lake state Lake 

stratification 

Area 

(ha) 

Mean 

depth 

(m) 

Secchi 

depth 

(m) 

TP 

(µg l-1) 

Döllnsee 

(52°99′N, 

13°58′E,) 

Clear, in 

summer 

slightly turbid 

Dimictic 25 4.1 2.1 ± 0.6 52 ± 30.2 

       

Gollinsee 

(53°03′N, 

13°59′E) 

Turbid, 

phytoplankton 

dominated 

Polymictic 19* 1.7 1.1 ± 0.3 38.6 ± 8.1 

       

Schulzensee 

(52°93′N, 

13°81′N) 

Clear, 

macrophyte 

dominated 

Polymictic 21* 2.3 1.7 ± 0.1 34.1 ± 6.4 

2.2 Sampling of food web components in Döllnsee 

Samples of food web components were taken on June, 6th, August, 7th and October, 1st 

2013. Fish were sampled on May, 14th, July 9th, September 4th and 16th, and catfish in the 

time period between July 17th and October 10th. Chaoboridae were sampled on September, 

4th 2013. Detailed descriptions of the sampling procedures and sample treatment are 

presented in the following.  

2.2.1 Zooplankton 

Zooplankton were sampled qualitatively by hauling nets (mesh sizes 55 µm, 100 µm and 

250 µm), behind a boat through the epilimnion to obtain sufficient material for stable isotope 

analyses. Zooplankton samples were transferred to non-chlorinated tab water (tap water was 

taken from the IGB main building at Müggelseedamm 310, Berlin, Germany) and left 

overnight in a refrigerator (7°C) to allow gut defecation. On the next day zooplankton 

samples were filtered using a series of mesh sieves (500 µm, 200 µm and 100 µm filter 

sizes) to separate different size classes. The samples were transferred to Eppendorf tubes 

and were treated as bulk samples. In total eleven Zooplankton samples were analyzed.  
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2.2.2 Chaoboridae 

Chaoboridae were sampled during night time using a bongo-plankton net (60 cm , 1 

mm mesh size) which was hauled behind a fast-moving boat through the aerobic water 

column at 0.75 m depth to obtain sufficient material for stable isotope analyses. Samples 

were transferred to non-chlorinated tab water and left overnight in a refrigerator (7 °C) to 

allow gut defecation, and the next day samples were frozen (-18°C). A sample of n = 100 

larvae and n = 100 puppae (after Bellmann and Honomichl 2007) were picked under a 

binocular, transferred to Eppendorf tubes and treated as bulk samples.  

2.2.3 Periphyton 

Periphyton samples were collected in the littoral and pelagic zone of the lake. The littoral 

periphyton was sampled from reed stems. Pelagic periphyton was sampled from transparent 

polypropylene textured sheets fixed on a rope as artificial substrates according to Brothers et 

al. (2014). Plastic strips were installed for three to four weeks from 0.1 to 2.5 m below the 

lake surface at half meter intervals. Pelagic and littoral samples were brushed from the 

substrate and stored in tap water. In the lab, larger particles and chironomids were removed 

and periphyton samples were transferred to glass vials. Twenty-one periphyton samples 

were analyzed. 

2.2.4 Reeds 

Samples were taken from common reed Phragmites australis  and common bulrush 

Typha latifolia L. from at least three different sampling areas. In the lab, reeds were gently 

cleaned with tap water of loosely attached materials and biofilm and a piece of the each plant 

was transferred to aluminum foil trays. A total of 31 reed samples were analyzed. 

2.2.5 Invertebrates 

Macroinvertebrates were collected using a kick net (500 µm, edge length 25 cm) from 

different littoral sampling sites (at least three sites). No individuals were found in the anoxic 

profundal. Macroinvertebrates were identified and assigned to the major taxonomic groups 

according to Engelhardt (1996) and left overnight in tap water filled plastic containers 

(Volume: 1000 ml) in the refrigerator (7°C) to allow gut defecation. On the next day, 

individuals were transferred to glass vials. If individuals were too small in size to make one 

sample, individuals were pooled. The shells of gastropods and bivalves were removed before 

individuals were transferred to glass vials. In total 84 invertebrate samples were analyzed. 
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2.2.6 Crayfish 

Invasive crayfish Orconectes limosus (Rafinesque) were collected using a kick net and by 

turning over stones manually. Crayfish were frozen and transferred to the lab. Muscle 

samples were taken ventrally from the abdomen without the intestine. Eight crayfish samples 

were analyzed. 

2.2.7 Fish 

Fish were sampled with gill net sets comprising 25 m long and 2 m high fleets of 8, 12, 

15, and 20 mm mesh sizes. Gill nets were fished in the littoral and pelagic zone of the lake 

during day and night times for 2 h, respectively, during samplings on June 14th, July 9th and 

September 16th. Gill net catches were composed of the fish species bleak, bream, perch, 

roach, rudd and white bream. To sample juvenile individuals and to expand the number of 

species, a battery powered DC electro-fishing unit (Type EFGI 4000, 4 kW, Bretschneider 

Spezialelektronik, Chemnitz, Germany) was used to sample the littoral zone on September 

4th. Electrofishing increased the number of juvenile fish in the sample of the above 

mentioned species. Juvenile pike, eel, tench, and zander were also sampled. In addition, 

pike > 250 mm total length (TL) were caught by rod and line fishing. Catfish were caught with 

a jug line, but no information on catch location (littoral or pelagic) of these fish was available. 

All fish were measured to the nearest 1 mm TL and weighed to the nearest 0.1 g. Dead fish 

were immediately stored in a freezer and a small piece of dorsal muscle tissue was dissected 

in the laboratory (see figure A1-A for an example). From very small fish, the whole white 

muscle tissue was taken to obtain sufficient material for stable isotope analyses (see figure 

A1-B). Dorsal muscle tissue from catfish and tench was sampled using a biopsy (4 mm 

diameter disposable biopsy punch, kai Europe GmbH, Solingen, Germany). All muscle 

samples were transferred on aluminum foil trays or in the case of very small samples in a 

glass vial. In total 195 fish samples were analyzed (bleak n = 19, bream n = 21, catfish n = 

19, eel n = 1, perch n = 36, pike n = 10, roach n = 33, rudd n = 31, tench n = 2, white bream 

n = 22, zander n = 1). For an overview of the amount of sampled fish (n), sampling dates, 

sampling locations, and sampling methods see table 2. Carp, crucian carp and ruffe were not 

caught in 2013, for an overview of all documented species in Döllnsee in 2011 see table A1. 

All samples were dried in an oven at 60°C and afterwards pulverized with a mortar and 

pestle or directly in the glass vial to produce a homogeneous sample. Fibrous macrophyte 

samples were ground with a mill (IKA, A11 basic analytical mill, Germany) if mortar and 

pestle were insufficient.  
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Table 2 Sampling-overview for all fish species, including sampling date, sampling method, 

sampling location (littoral or pelagic) and the amount of the samples, n = amount of sampled 

fish, free slots indicate no fish had been caught. 

Species Date of sampling Method n littoral n pelagic n total 

Bleak 

Alburnus alburnus (L.) 

14-May-2013 gillnet 3 3 6 

9-Jul-2013 gillnet 3 3 6 

4-Sep-2013 electrofishing 4 0 4 

16-Sep-2013 gillnet 3 0 3 

Total   13 6 19 

      Bream 

Abramis brama (L.) 

14-May-2013 gillnet 3 3 6 

9-Jul-2013 gillnet 3 5 8 

4-Sep-2013 electrofishing 3 0 3 

16-Sep-2013 gillnet 4 0 4 

Total   13 8 21 

      
Catfish 

Silurus galnis L. 

17-Jul-2013 jug line - - 3 

18-Jul-2013 gillnet/jugline - - 2 

19-Jul-2013 jug line - - 2 

26-Jul-2013 gillnet - - 1 

30-Jul-2013 gillnet/jugline - - 2 

1-Aug-2013 jug line - - 3 

28-Aug-2013 gillnet - - 1 

29-Aug-2013 gillnet - - 1 

27-Sep-2013 gillnet - - 3 

1-Oct-2013 gillnet - - 1 

Total   - - 19 

      
Eel 

Anguilla anguilla (L.) 

4-Sep-2013 electrofishing 1 0 1 

  
   

      
Perch 

Perca fluviatilis L. 

14-May-2013 gillnet 6 3 9 

9-Jul-2013 gillnet 6 6 12 

4-Sep-2013 electrofishing 1 0 1 

4-Sep-2013 gillnet 1 0 1 

16-Sep-2013 gillnet 8 5 13 

Total   22 14 36 

      Pike 

Esox lucius L. 

4-Sep-2013 electrofishing - - 2 

16-Sep-2013 angling - - 2 

1-Oct-2013 angling - - 4 

2-Oct-2013 electrofishing - - 2 

Total   - - 10 
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Table 2 continued. 

Species Date of sampling Method n littoral n pelagic n total 

Roach 

Rutilus rutilus (L.) 

14-May-2013 gillnet 6 3 9 

9-Jul-2013 gillnet 5 6 11 

4-Sep-2013 electrofishing 2 0 2 

4-Sep-2013 Bongo-net 0 3 3 

16-Sep-2013 gillnet 5 3 8 

Total   18 15 33 

      Rudd 

Scardinius 

erythrophthalmus (L.) 

14-May-2013 gillnet 6 3 9 

9-Jul-2013 gillnet 6 4 10 

4-Sep-2013 electrofishing 8 0 8 

4-Sep-2013 Bongo-net 0 1 1 

16-Sep-2013 gillnet 3 0 3 

Total   23 8 31 

      Tench 

Tinca tinca (L.) 

4-Sep-2013 electrofishing 2 0 2 

  
   

      
Zander 

Sander lucioperca (L.) 

30-Jul-2013 gillnet - - 1 

     

      
White bream 14-May-2013 gillnet 5 3 8 

Blicca bjoerkna (L.)  9-Jul-2013 gillnet 3 5 8 

 4-Sep-2013 gillnet 6 0 6 

 Total    22 

      
Total     195 
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2.3 Stable isotope analyses and sample preparation 

2.3.1 Carbonate deposition 

On the second sampling date, carbonate deposition on leaves was visually detected on 

some macrophytes in Döllnsee. In water dissolved carbon dioxide partially hydrates to 

carbonic acid (𝐻2𝐶𝑂3), which in turn dissociates to hydron (𝐻+), hydrogen carbonate 

(𝐻𝐶𝑂3
− ) and carbonate (𝐶𝑂3

2−) (Lampert and Sommer 1999, Schwoerbel and Brendelberger 

2005): 

𝐶𝑂2 + 𝐻2𝑂 ⇌  𝐻2𝐶𝑂3 ⇌ 𝐻+ + 𝐻𝐶𝑂3
−  ⇌ 2𝐻+ + 𝐶𝑂3

2−       Eq. 1 

The dissociation state is dependent on the pH value (Lampert and Sommer 1999, 

Schwoerbel and Brendelberger 2005). The pH value of Döllnsee in 2013 ranged between pH 

7 – 9, where mainly hydrogen carbonate exists. In most natural lakes carbon dioxide builds 

with alkaline earth metals and alkali metals slightly soluble salts (Lampert and Sommer 1999, 

Schwoerbel and Brendelberger 2005). 

In freshwater the most important ones are calcium ions, which play an important role 

together with the salts of carbon dioxide for the carbonate balance (Lampert and Sommer 

1999, Schwoerbel and Brendelberger 2005): 

𝐶𝑎𝐶𝑂3 + 𝐻2𝐶𝑂3  ⇌ 𝐶𝑎(𝐻𝐶𝑂3)2       Eq.2 

For this balance, there must be always a little bit of carbonic acid (𝐻2𝐶𝑂3), otherwise the 

readily soluble calcium hydrogen carbonate (𝐶𝑎(𝐻𝐶𝑂3)2) dissociates to carbonic acid and 

the insoluble calcium carbonate (𝐶𝑎𝐶𝑂3) (Lampert and Sommer 1999, Schwoerbel and 

Brendelberger 2005). In lakes with a high lime proportion, water plants can become incrusted 

by a calcareous crust in times with a high photosynthetic rate, because plants absorb the 

carbon dioxide from the water and the insoluble calcium carbonate become deposited on 

their leaves (Lampert and Sommer 1999, Schwoerbel and Brendelberger 2005). As this 

carbonate deposition occurred in Döllnsee, it could give an alterated δ13C for periphyton in 

SIA. A small subsample of each sample was therefore chemically tested for inorganic carbon 

using 1 N HCl and carbon dioxide deposits were visually detected (according to Devlin et al. 

2013). Therefore, the samples had to be acidified to remove the inorganic carbon. Dry 

samples were treated as recommended by Hedges and Stern (1983) drop wise with 1 N HCl 

in small glass vials until the material was covered.  The samples were allowed to dissolve the 

inorganic carbon overnight and samples were again dried in an oven at 60 °C. Afterwards, a 

small subsample of each sample was retested with 1 N HCl for inorganic carbon and if a 

positive result was obtained the whole sample was retreated again as described before.   
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To avoid altered δ15N prior to the stable isotope analyses and to avoid high lipid contents 

for fish, only white muscle samples were used, which contain only small amounts of lipids 

(Pinnegar and Polunin 1999, Sweeting et al. 2006, Post et al. 2007). C:N ratios were not 

mathematically corrected after SIA because all samples contained low amounts of C:N ratios 

(fish: Döllnsee: 3.3 ± 0.2, Gollinsee: 3.3 ± 0.3, Schulzensee: 3.3 ± 0.2; zooplankton + 

chaoboridae: Döllnsee: 4.7 ± 0.8, Schulzensee: 5.6 ± 2.3, Schulzensee: 4.3 ± 0.6; 

invertebrates: Döllnsee: 4.4 ± 0.8, Gollinsee: 4.6 ± 0.7, Schulzensee: 4.2 ± 0.4) and lipid 

normalization has little influence on the δ13C if C:N ratios are small  (Post et al. 2007, 

Syväranta and Rautio 2010). 

2.3.2 Stable isotope analyses 

To prepare samples for δ13C and δ15N analyses (see fD), small subsamples of 0.6 mg (± 

0.15 mg) for animal and 1.5 mg (± 0.1 mg) for plant samples were weighed (Sartorius CP2P, 

max. 2.1 g, Sartorius M2P max 2.0 g, Finland) in small tin capsules (Elemental 

Microanalysis, Tin Capsules Pressed, standard weight 8 x 5 mm, UK). Tin capsules were 

stored in a 96-well plate in a desiccator until samples were analyzed. 

It is common practice in labs to use internal working standards because international 

standards are too expensive for day-to-day operations (Sulzman 2007). For animal samples, 

pulverized pike muscle tissue and for plant samples, pulverized potato and pulverized algae 

leaves were used as laboratory working standards. To ensure an accurate analysis working 

standards were replicated in every analysis run. Internal precision for internal standards was 

checked. Standards precision was 0.18 % for C and 0.09 % N for the pike standard, 0.22 % 

for C and 0.3 % for N for the potato standard, and 0.15 % for C and 0.56 % for N for the 

algae standard in each run. Ratios of stable carbon (13C/12C) and stable nitrogen (15N/14N) 

isotopes were analyzed at the Institute for Environmental Research, University of Jyväskylä, 

using an elemental analyzer (FlashEA 1112, Thermo Electron Corporation, Waltham, MA, 

USA.) coupled with a mass spectrometer (Thermo Finnigan DELTAplus Advantage mass 

spectrometer, Thermo Electron Corporation, Waltham, MA, USA). Stable isotope ratios are 

expressed as parts per thousand (‰) delta ratios (δ13C or δ15N) referring to the international 

standards for carbon (PeeDee Belemnite) and nitrogen (atmospheric nitrogen) as shown by 

equation 3 (Peterson and Fry 1987, Fry 2008, Sulzman 2007).  

𝛿(‰) = ( 
𝑅𝑠𝑎𝑚𝑝𝑙𝑒

𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑𝑖𝑛

− 1) ∗ 1000      Eq.3 

𝛿(‰) represents the delta notation for an element (in this study 13C or 15N) in permil (parts 

per thousand), the ratio of the heavy to the light isotope of the sample and of the international 
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standard is given by 𝑅𝑠𝑎𝑚𝑝𝑙𝑒  and 𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑𝑖𝑛
, respectively. The ratio of the heavy to the light 

isotope of the sample (𝑅) is given by equation 4, where 𝐹 
𝐻  is the fractional abundance of the 

heavy isotope and 𝐹 
𝐿  is the fractional abundance of the light isotope. 

𝑅 =
𝐹 

𝐻

𝐹 
𝐿            Eq. 4 

The internal lab standards were compared to the international standards, so the final isotopic 

composition is represented by equation 5 (Sulzman 2007). 

𝛿(‰) =
𝑅𝑠𝑎𝑚𝑝𝑙𝑒

𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑𝑙𝑎𝑏

+
𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑𝑙𝑎𝑏

𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑𝑖𝑛

+ 1000 ∗ (
𝑅𝑠𝑎𝑚𝑝𝑙𝑒

𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑𝑙𝑎𝑏

∗  
𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑𝑙𝑎𝑏

𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑𝑖𝑛

)  Eq. 5 

 

𝛿(‰) represents the delta notation for an element (in this study 13C or 15N) in per mill (parts 

per thousand), 
𝑅𝑠𝑎𝑚𝑝𝑙𝑒

𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑𝑙𝑎𝑏

 is the isotopic ratio of the sample relative to the internal lab 

standard (in ‰), 
𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑𝑙𝑎𝑏

𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑𝑖𝑛

 is the isotopic ratio of the internal lab standard relative to the 

international standard (in ‰) and 
𝑅𝑠𝑎𝑚𝑝𝑙𝑒

𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑𝑙𝑎𝑏

 is the isotopic ratio of the sample relative to the 

international standard (in ‰). 
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2.4 Data treatment and statistical analyses 

Due to small sample sizes for some fish species, only species with adequate amounts of 

individuals were used for the statistical analysis to investigate dietary contributions and inter- 

and intraspecific differences in δ13C and δ15N. Included in this analysis were bleak, bream, 

catfish, perch, pike, roach, rudd and white bream (table 2). Data were checked for normality 

in R 3.0.2 (R Core Team 2013) using the Shapiro-Wilk test, and results indicated that data 

were not normally distributed. For an overview data were plotted using SigmaPlot version 

12.0 (Systat Software, Inc., San Jose California USA). 

2.4.1 Diet contribution analyses 

Stable isotope signatures of consumer tissues represent the isotopic composition of their 

consumed food (Hobson and Clark 1992). Thus, isotopically distinct diets can be used to 

analyze the quantitative contributions of each food source to the whole diet of the consumer 

because they are incorporated into the consumer’s tissue (Hobson and Clark 1992). The 

consumer is normally, due to fractionation, enriched in δ15N by 3-4 ‰ relative to its diet, as 

has been described before. To correct sources for this trophic fractionation, the suggested 

fractionation factors from Post (2002) were chosen: δ15N: 3.4 ‰ ± 1 ‰ and δ13C: 0.4 ‰ ± 1.3 

‰. Sources mostly do not have similar concentrations in the C and N elements, if these 

different concentrations are not integrated in mixing models, source contributions can be 

considerably over- or underestimated (Phillips and Koch 2002). Therefore the concentration 

dependences (the C and N concentrations of each source) were included in the model as 

suggested by Phillips and Koch (2002), because sources for the isotopic mixing model varied 

in C:N ratios. 

The proportions of five to six different food resources in the diets of fish were calculated 

using isotope mixing models in the SIAR (Stable Isotope Analysis in R) package (Parnell and 

Jackson 2013) in R 3.0.2 (R Core Team 2013). SIAR computes source contribution using 

Bayesian inference and it is possible to include uncertainties as standard variation of the 

sources and fractionation factors (Jackson et al. 2009).  

Lammens and Hoogenboezem (1991) characterized cyprinids as specialist and 

generalist, feeding mostly on zooplankton, invertebrates such as gastropoda, mussels, 

insects and oligochaetes, but some also consumed primary producers. The following five 

resource groups for SIAR were chosen, to investigate which resources were ingested by the 

five cyprinid species (bleak, bream, roach, rudd and white bream): 1) zooplankton, 2) 

chaoboridae (larvae and pupae), 3) invertebrates (chironomidae, trichoptera, ephemeroptera, 

gastropoda), 4) isopoda and 5) plant material (periphyton and reeds). Invertebrates were 
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grouped according to similar biological habitats and isotopic ratios. Isopoda (only Asselus 

aquaticus L.) and chaoboridae were analyzed as separate resources because they had 

distinct isotopic signatures as indicated by non-parametric two-sample-Wilcoxon tests, and 

were not integrated in benthic invertebrates or zooplankton, respectively. (Two-sample 

Wilcoxon test: isopoda vs. invertebrates δ13C: W = 435, p < 0.001, δ15N: W = 57, p < 0.001; 

chaoboridae vs. zooplankton: δ13C: W = 22, p = 0.026; δ15N: W = 11, p = 1). 

Due to ontogenetic changes to piscivory, different resources were integrated in the SIAR 

model for catfish, perch and pike to analyze dietary contributions. As mentioned before perch 

are described as having two ontogenetic shifts, feeding predominantly on zooplankton in 

early life stages, feeding mainly on invertebrates at intermediate size and when fish become 

large enough they mainly ingest fish (Persson 1983b, Amundsen et al. 2003). Therefore 

dietary analyses of perch were not only done by including all size classes for comparison 

with the other analyzed species, but additionally perch were grouped in two size-groups for 

SIAR analyses. Perch were classified as small perch (TL < 169 mm, n = 20) and large perch 

(TL > 169 mm; n = 16) as the threshold for becoming piscivorous is 169 mm TL for perch in 

Döllnsee as described by Linzmaier (2013). As mentioned before, some pike have been 

found to become piscivorous at a length of 22 mm (Giles et al. 1986), while other studies 

found low piscivory in 70 mm pike (Bry et al. 1991). For Döllnsee pike stomach analysis from 

2012 showed pike fry started to feed on fish larvae at 52 mm TL (M. Friedrichs, unpublished 

data). As only larger pike were caught in the present study, pike were not size classified. As 

described before, catfish feed on all available fish species in its habitat that are of suitable 

size and additionally ingest other animals like crayfish (Copp et al. 2009, Wysujack and 

Mehner 2005) For catfish, information on size-specific diet changes is rare (Wysujack and 

Mehner 2005, Syväranta et al. 2009). However, Wysujack and Mehner (2005) found no 

variation in the ingested food resources in relation to catfish size. Therefore, and because 

only catfish bigger than 500 mm TL were caught, catfish were also not size classified. For 

isotopic mixing models of piscivorous fish, six potential resources have been used, according 

to the above mentioned literature: 1) zooplankton, 2) chaoboridae, 3) invertebrates (for 

details of these three resources see above), 4) crayfish (Orconectes limosus), 5) pelagic fish 

(bream, roach and white bream) and 6) littoral fish (bleak and rudd). Littoral and pelagic fish 

were analyzed separately because of distinct isotopic signatures (Two-sample Wilcoxon test: 

littoral vs. pelagic fish: δ13C: W = 3414, p < 0.001; δ15N: W = 1708, p = 0.34).  

SIAR always fits a model, so the data must be checked to insure that they lie within the 

isotopic mixing polygon before using the model (Parnell et al. 2010). All cyprinid fish 

individuals fit into the isotopic mixing polygon and no individual had to be removed from the 

data set for SIAR analysis of cyprinid fish (figure 5). The δ13C-δ15N-biplot of the piscivorous 

fish species, figure 6, revealed that not all individuals fit into the isotopic mixing polygon. Five 
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catfish individuals (grey circles in figure 6) were excluded from the dataset for the isotopic 

mixing model analyses. 

2.4.2 Isotopic niche width comparison 

2.4.2.1 Calculation of trophic position and the percentage of the littoral 

food resource 

In a single ecosystem it is common to use δ15N and δ13C to compare single species (Post 

2002, Syväranta et al. 2013) as done above. But, comparisons across ecosystems using 

δ15N and δ13C may give a distorted picture, because of the potential heterogeneity among 

ecosystems in δ15N and δ13C at the base of the food web, which is also reflected in all trophic 

positions of the food web (Post 2002). To compare Döllnsee with Gollinsee and Schulzensee 

it was crucial to calculate values that are independent of the ecosystem’s specific baseline 

and make it possible to compare the three different ecosystems. For that, not the original 

δ15N was compared, but the trophic position (in the following named as TP) was calculated 

based on the baseline of each lake and the δ15N of each individual (for details see below). It 

is feasible to use δ15N for calculating TP because of the consistent increase in δ15N along the 

food chain that is related to TP (Finlay and Kendall 2007). 

δ13C is used for analyzing the source of the primary production in the food net. Instead of 

using this ratio, the percentage of the littoral food resource (in the following named as LP) 

was calculated, to get a value which is independent of the δ13C range of a specific lake (for 

details see below). Primary producers often have very variable signatures over time periods 

(Finlay and Kendall 2007, Vander Zanden and Rasmussen 1999). To get a more stable time-

integrated value for carbon and nitrogen sources, it is common to use values of the tissues of 

primary consumers for the base of the food web (Vander Zanden and Rasmussen 1999, 

Quevedo and Olsson 2006). 

The contribution of the littoral (LP) and the pelagic (PP) pathway to the isotopic signature 

of each fish was calculated by the distance between the carbon signature of the consumer to 

the littoral and the pelagic end-member pathway, respectively (Quevedo and Olsson 2006), 

as follows: 

𝐿𝑃 (𝑃𝑃, 𝑟𝑒𝑠𝑝𝑒𝑐𝑡𝑖𝑣𝑒𝑙𝑦) =  1 −
𝑑𝑏/𝑝

 𝑑𝑇
        Eq. 6 

𝐿𝑃 (𝑃𝑃) is the littoral ( pelagic) pathway, 𝑑𝑏/𝑝 is the distance between the carbon signature of 

the individuals and the signature they would have along littoral (db) or pelagic (dp) end-

member pathway (see figure 2). 𝑑𝑇, the distance between the littoral and the pelagic end-
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member pathway, was calculated based on the distance between carbon signatures of the 

littoral and pelagic end-member pathways as follows: 

𝑑𝑇 =  |𝛿13𝐶𝑒𝑛𝑑𝑚𝑙𝑖𝑡
− 𝛿13𝐶𝑒𝑛𝑑𝑚𝑝𝑒𝑙

 |      Eq. 7 

𝛿13𝐶𝑒𝑛𝑑𝑚𝑙𝑖𝑡
 was the littoral end-member δ13C and 𝛿13𝐶𝑒𝑛𝑑𝑚𝑝𝑒𝑙

  the pelagic end-member δ13C. 

Pelagic and littoral end-member pathways were calculated from the most and the least 

enriched in δ13C primary consumer groups. In all three lakes, zooplankton represents the 

pelagic end-member pathway and isopoda the littoral end-member pathway. The estimated 

trophic position of primary consumer groups was 2. The distance of the consumer carbon 

signature to the littoral and pelagic end-member pathway (𝑑𝑏/𝑝) was calculated based on the 

distance between the individual consumer carbon signature and the signature that the 

consumer would have along the littoral or pelagic end-member pathway (figure 2): 

𝑑𝑏/𝑝 = | 𝛿13𝐶𝑐𝑜𝑛 −  𝛿13𝐶𝑐𝑜𝑛𝑙𝑖𝑡/𝑐𝑜𝑛𝑝𝑒𝑙
 |      Eq. 8 

𝛿13𝐶𝑐𝑜𝑛 is the consumer δ13C and 𝛿13𝐶𝑐𝑜𝑛𝑙𝑖𝑡/𝑐𝑜𝑛𝑝𝑒𝑙
 is the δ13C the consumer would have along 

the littoral (𝛿13𝐶𝑐𝑜𝑛𝑙𝑖𝑡
)or pelagic (𝛿13𝐶𝑐𝑜𝑛𝑝𝑒𝑙

) end-member pathway, calculated as follows:  

𝛿13𝐶𝑐𝑜𝑛𝑙𝑖𝑡/𝑐𝑜𝑛𝑝𝑒𝑙
=

𝑐𝑐𝑜𝑛− 𝑐𝑙𝑖𝑡/𝑝𝑒𝑙

𝑚𝑐𝑜𝑛− (
3.4

0.4
)

       Eq. 9 

𝑐𝑐𝑜𝑛  was the y-intercept of the consumer-straight line, 𝑐𝑙𝑖𝑡/𝑝𝑒𝑙 is the y-intercept of the end-

member pathway-straight line and 𝑚𝑐𝑜𝑛 is the slope of the consumer straight line. Finally, the 

equation included the slope of the end-member pathway straight line given by one trophic 

level increment in δ15N of 3.4 and in δ13C of 0.4 (Post 2002).  

𝑚𝑐𝑜𝑛 is calculated as follows: 

𝑚𝑐𝑜𝑛 =
𝛿15𝑁𝑒𝑛𝑑𝑚𝑙𝑖𝑡

−𝛿15𝑁𝑒𝑛𝑑𝑚𝑝𝑒𝑙
 

𝛿13𝐶𝑒𝑛𝑑𝑚𝑙𝑖𝑡
−𝛿13𝐶𝑒𝑛𝑑𝑚𝑝𝑒𝑙

       Eq. 10 

𝛿15𝑁𝑒𝑛𝑑𝑚𝑙𝑖𝑡/𝑝𝑒𝑙
 is the littoral or pelagic end-member δ15N, respectively, and 𝛿13𝐶𝑒𝑛𝑑𝑚𝑙𝑖𝑡/𝑝𝑒𝑙

 is 

the littoral or pelagic end-member δ13C, respectively. 𝑐𝑐𝑜𝑛 is calculated by equation: 

 𝑐𝑐𝑜𝑛 = 𝛿15𝑁𝑐𝑜𝑛 − (𝑚𝑐𝑜𝑛  ∗ 𝛿13𝐶𝑐𝑜𝑛)            Eq. 11 

𝛿15𝑁𝑐𝑜𝑛 is the consumer δ15N, 𝛿13𝐶𝑐𝑜𝑛 is the consumer δ13C and 𝑚𝑐𝑜𝑛 is the slope of the 

consumer straight line. 𝑐𝑙𝑖𝑡/𝑝𝑒𝑙 is calculated by equation: 

𝑐𝑙𝑖𝑡/𝑝𝑒𝑙 = 𝛿15𝑁𝑒𝑛𝑑𝑚𝑙𝑖𝑡/𝑝𝑒𝑙
− [(

3.4 

0.4
) ∗ 𝛿13𝐶𝑒𝑛𝑑𝑚𝑙𝑖𝑡/𝑝𝑒𝑙

]     Eq. 12 
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𝛿15𝑁𝑒𝑛𝑑𝑚𝑙𝑖𝑡/𝑝𝑒𝑙
𝛿15𝑁𝑐𝑜𝑛  is the littoral or pelagic end-member δ15N, respectively, 𝛿13𝐶𝑒𝑛𝑑𝑚𝑙𝑖𝑡/𝑝𝑒𝑙

 

is the littoral or pelagic end-member δ13C, respectively, and 
3.4

0.4
 is the slope of the end-

member pathway straight line given by one trophic level increment in δ15N (3.4) and in δ13C 

(0.4) (according to Post 2002). 

 

 

  

 

Figure 2 Overview of the calculation of TP and LP modified according to Quevedo and Olsson 

(2006) by the example of lake Döllnsee. δ
13

C and δ
15

N of zooplankton and isopoda were used to 

calculate the pelagic and the littoral end-member pathway respectively. Solid black lines show 

pelagic (left dots) and the littoral (right dots) end-member pathways, calculated with a trophic 

position of 2, by integrating the most and the least δ
13

C enriched primary consumer group 

(zooplankton and isopoda, respectively)  and stepwise enrichment of 0.4 for δ
13

C and 3.4 for 

δ
15

N after Post (2002) (For details see text). Dots indicate trophic levels along the end-member 

pathway respectively. As an example perch (grey filled square) and white bream (grey filled 

circle) are shown here as δ
13

C-δ
15

N mean values (± SD) for simplicity, but LP´s were calculated 

for each individual fish. db is the distance between the carbon signature of the individuals and 

the signature they would have along littoral end-member pathway. dT total distance between 

pelagic and littoral end-member δ
13

C pathway. 
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TP was calculated as a weighed trophic position resulting from the trophic position the 

consumer would have along the littoral or pelagic end-member pathway, given by the 

equation: 

𝑇𝑃 = (𝑇𝑝 ∗ 𝑃𝑃) + (𝑇𝑏 ∗ 𝐿𝑃)             Eq. 13 

 𝑇𝑏/𝑝 is the trophic position resulting from the littoral (Tb) and pelagic (Tp) pathway and 𝐿𝑃/𝑃𝑃 

the percenage of littoral (LP) or pelagic (PP) food resource given by equation 6. 𝑇𝑏/𝑝 was 

calculated as follows: 

𝑇𝑏/𝑝 = [
(𝛿15𝑁𝑐𝑜𝑛− 𝛿15𝑁𝑒𝑛𝑑𝑚𝑙𝑖𝑡/𝑝𝑒𝑙

)

3.4
] + 𝜆       Eq. 14 

𝛿15𝑁𝑐𝑜𝑛 is the consumer δ15N, 𝛿15𝑁𝑒𝑛𝑑𝑚𝑙𝑖𝑡/𝑝𝑒𝑙
 is the δ15N of the littoral (δ15Nendmlit) or the 

pelagic (δ15Nendmpel) end-member, 3.4 is one trophic level increment in δ15N (according to 

Post 2002) and 𝜆 is the trophic position of the organism used to estimate the baseline, for 

primary consumers = 2 

All calculated LP values should be theoretically in the range between 0 and 1, as 0 

indicates utilization of 100% pelagic food resources and 1 indicates 100% littoral food 

resources. But in Döllnsee, seven of 195 individuals had a value that was higher than 1, 

indicating the usage of an resource enriched in δ13C in comparison to isopoda, and in 

Gollinsee 27 of 122 individuals had a higher value than 1 (17 individuals had a higher value 

than 1.04). As these individuals do not fulfill the assumptions to feed only on littoral or pelagic 

resources, these individuals were excluded from the dataset for SIBER (Stable Isotope 

Bayesian Ellipses in R, described in detail below) analyses. Afterwards the calculated LP and 

TP data sets of each lake were both checked for normality with a Kolmogorov Smirnov test. 

TP was normally distributed in Döllnsee and Gollinsee, but was skewed in Schulzensee. LP 

was normally distributed in Schulzensee, but was skewed in Döllnsee and Gollinsee. 



26 
 

Table 3 Overview of integrated species and the total sample size (n) of the three compared lakes Döllnsee, 

Gollinsee and Schulzensee for the entire community, cyprinid community and omnivorous community. 

Niche width 

measured for 

Lake Integrated species n 

piscivore planktivore omnivore 

Entire 

community 

Döllnsee catfish, eel 

perch, pike, 

zander  

bleak bream, roach, 

rudd, tench, 

white bream 

188 

     
Gollinsee perch, pike Sunbleak 

(Leucaspius 

delineatus  

(Heckel))  

roach, rudd, 

tench 

95 

     
Schulzensee pike bitterling 

(Rhodeus 

sericeus  

(Pallas)),  

sunbleak 

roach, rudd, 

tench 

99 

 
     

Cyprinid fish 

community 

Döllnsee  bleak bream, roach, 

rudd, tench, 

white bream 

127 

     
Gollinsee  sunbleak roach, rudd, 

tench 

72 

     
Schulzensee  bitterling, 

sunbleak 

roach, rudd, 

tench 

92 

Omnivorous 

fish 

community 

Döllnsee   bream, roach, 

rudd, tench, 

white bream 

108 

     
Gollinsee   roach, rudd, 

tench 

51 

     
Schulzensee   roach, rudd, 

tench 

85 
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2.4.2.2 Standard ellipse area 

As mentioned earlier, species’ ecological niche is described as an n-dimensional 

hypervolume (Hutchinson 1957), which is impossible to quantify practically (Syväranta et al. 

2013). Therefore, the feeding niche was considered in more detail. It is important to state that 

a stable isotope niche does not fulfill the whole ecological niche and cannot be seen as 

equivalent (Jackson et al. 2011, Syväranta et al. 2013). However, the stable isotope niche 

gives important information on resources used and trophic position and habitat of individuals, 

populations and communities, which are used to describe ecological niches (Jackson et al. 

2011, Newsome et al. 2007). So far, niche width was calculated by using convex hull area, 

where all data points in a δ13C -δ15N bi-plot are encompassed (Layman 2007, Quevedo et al. 

2009). Recently, Syväranta et al. (2013) showed that convex hull areas calculated from small 

sample sizes underestimate the real population niche width, because the convex hull area is 

highly sensitive to sampling numbers. The authors suggest to calculate the niche width by 

using a new method calculating a standard ellipse area (SEA) recently published by Jackson 

et al. (2011) for datasets with a smaller sample size. This method is more robust to calculate 

the isotopic niche width with small datasets (Syväranta et al. 2013). Standard ellipses are a 

kind of standard deviation for bivariate data x (here δ13C) and y (here δ15N) (Jackson et al. 

2011). The means of x and y define the location and the shape and size of the standard 

ellipses are described by a covariance matrix of the data x and y (Jackson et al. 2011). 

Jackson et al. (2011) proposed a calculation of a corrected standard ellipse (SEAc), because 

SEA of small sample sizes is underestimated. SEAc calculates satisfactory results for all 

sample sizes, but ellipses of small sample sizes are slightly enlarged. Another proposed 

ellipse calculation by Jackson et al. (2011), is a Bayesian approach. Here, probability values 

are given for simulated values of Bayesian ellipse areas (SEA.B). The results allow 

comparisons of similarities of isotopic niche width of populations in a probabilistic manner 

(Jackson et al. 2011). Standard ellipse areas (SEAc and SEA.B) were calculated in R 3.0.2 (R 

Core Team 2013) with the SIBER package according to Jackson et al. (2011). To compare 

niche width of the three different communities (Döllnsee, Gollinsee and Schulzensee) TP and 

LP values, which are comparable between ecosystems (instead of the original δ15N and 

δ13C), were integrated in SIBER (for details see above). Also not all data were normally 

distributed, but SIBER still gives good results with skewed data if n ≥ 30 as Syväranta et al. 

(2013) has recently shown. Overall community niche width between Döllnsee, Gollinsee and 

Schulzensee was compared between 1) the entire fish community 2) the cyprinid fish 

community and 3) the omnivorous fish community (excluding planktivorous fish; for details on 

sample size and fish species see table 3). 

For comparison of Döllnsee with the two other shallow lakes –Gollinsee and 

Schulzensee- an existing raw data set, sampled with similar methods as described above 
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from 2011 was used. Data for Gollinsee and Schulzensee were extracted from Scharnweber 

et al. (2014) or from personal communication with Kristin Scharnweber. 

2.4.3 Intraspecific dietary niche partitioning 

Littoral and pelagic primary consumers were tested for significant differences in δ13C and 

δ15N using a non-parametric Two-sample Wilcoxon test. Zooplankton was the primary 

pelagic resource and pooled ephemeroptera, gastropoda and isopoda ratios represented the 

primary littoral resource. Data of fish species were not normally distributed (see above). Non-

parametric tests have lower power to detect significant differences than parametric tests, 

because ranked data lose the differences between the measured values (Field 2005). 

Therefore, a cascade of statistical tests was conducted, as described in the following (figure 

3). 

 

 

  

Figure 3 Overview of conducted statistics for δ
13

C and δ
15

N of each fish species, from which a 

total amount of at least 10 individuals were analyzed. 
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Intraspecific differences were investigated with a non-parametric ANCOVA (Analysis of 

covariance) for δ13C and δ15N of the cyprinid fish species and perch with available habitat 

information (littoral or pelagic). Within the ANCOVA, habitat information was included as a 

fixed factor (and size as a covariate). Model residuals were tested for normality using a 

Shapiro-Wilk test. Levene tests were conducted for homogeneity of variances. Levene tests 

revealed no homogeneity of variances for δ15N of bream and perch as well as for δ13C and 

δ15N of rudd. In case of inhomogeneous variances and for the species pike and catfish with 

no available habitat information, regression analyses were conducted for δ13C and δ15N. 

Within the regression analyses, δ13C and δ15N were included as dependent variables, 

respectively, and total length (mm) as an independent variable. For the non-normally 

distributed δ15N residuals for perch, a simple non-parametric correlation analyses (Spearman 

rho) was conducted to test for a correlation between δ15N and size. Significant differences 

between δ13C of littoral and pelagic rudd were tested with a non-parametric two-sample-

Wilcoxon test. For an overview of the test statistics for δ13C and δ15N for each species see 

figure 3.  

Outliers were defined as those individuals that lay out of the range of the bottom or top 

quartile, respectively (Field 2005). Visual evaluation and non-normally distributed residuals in 

roach suggested a biological outlier. After excluding this outlier from the dataset, residuals 

became normally distributed for δ13C and δ15N. Four outliers were omitted for exploratory 

analysis of δ13C in perch (the same individuals were not outliers for δ15N), and general test 

results for perch did not change after the exclusion. Five outliers were omitted for δ15N 

analysis of bream (those individuals were not detected as outliers for δ13C), and general test 

results did not change by excluding the outliers. Three outliers were omitted for analysis of 

δ13C in catfish (those individuals were not detected as outliers in δ15N), and general test 

results did not change by excluding the outliers. 

ANCOVA, Regression analyses, Spearman rho correlation analyses, Shapiro-Wilk tests 

and descriptive statistics were conducted in SPSS (IBM, version 22, USA). The non-

parametric Two-sample Wilcoxon test was performed in R 3.0.2 (R Core Team 2013). 

Isotope mixing models were conducted in the SIAR (Stable Isotope Analysis in R) package 

(Parnell and Jackson 2013) in R 3.0.2 (R Core Team 2013). Standard ellipse areas (SEAc 

and SEA.B) were calculated in R 3.0.2 (R Core Team 2013) with the SIBER package 

according to Jackson et al. (2011). 
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3. Results 

3.1 Interspecific differences 

A lack of distinct SI signatures for most of the sampled species was observed, as 

revealed by the δ13C-δ15N biplot (figure 4). Bream, roach and white bream showed no 

differences in their δ13C and δ15N SI signals, although white bream was less variable in δ13C 

than the other two species (figure 4). Bleak, eel and rudd were slightly enriched in δ13C 

signals compared to bream, roach, and white bream. But no strong differences in δ13C were 

present between the last three species. Bleak, eel and rudd δ15N also did not differ, but rudd 

was more variable than bleak. SI signatures of eel, tench, and zander have to be interpreted 

carefully, due to low sample sizes (see table 1). SI signals of tench and zander differ strongly 

from all other analyzed species (figure 4).  

The biplot revealed that the tench did not differ in δ13C compared to bleak, bream, eel, 

and roach, but δ15N signals were the most depleted of all sampled fish species. Zander SI 

signals (δ13C and δ15N) were the most enriched signals among all studied species. δ13C 

signals of perch were characterized by wide variation and overlapped with δ13C signals of 

bleak, bream, eel, roach, and tench, but perch δ15N signals were enriched compared to 

bleak, bream, eel, roach, and tench.  

Catfish SI signals showed a high variation, indicating a wide range of food sources used. 

However, overall δ13C and δ15N for catfish and pike were not different from each other, 

though pike were less variable and appeared to use a narrower range of δ13C resources. 

Both piscivorous species were not different in δ13C compared to bleak, eel, and rudd, but 

were enriched in δ15N. δ15N signals of the piscivorous catfish, perch, and especially pike, 

were not enriched in δ15N by 3-4 ‰ relative to the cyprinid fish, with the exception of tench. 

Overall, the biplot provides no distinct SI signatures for the cyprinid fish species, excluding 

tench, or for catfish and pike.  
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Figure 4 Mean (± SD) of δ
13

C and δ
15

N signals of all sampled fish species in Döllnsee. Sample 

size of each species, except eel (n=1), tench (n=2) and zander (n=1) (in white symbols), were 

represented by at least 10 individuals. Note the eel data point is hidden behind the bleak data 

point. 

3.2 Diet of fish species and intraspecific dietary niche partitioning 

To examine the evidence for the lack of specialization on different resources in the 

observed fish species in Döllnsee, Bayesian isotopic mixing model analyses were conducted 

for all species with a sample size of at least 10 individuals (figure 4, table 2). For isotopic 

mixing models of cyprinids (bleak, bream, roach, rudd, white bream), benthic invertebrates, 

chaoboridae, isopoda, plant material, and zooplankton were analyzed as potential resources. 

Isopoda (only Asselus aquaticus L.) and chaoboridae were analyzed as separate resources 

because they were characterized by distinct isotope signatures and hence not integrated into 

benthic invertebrates or zooplankton (Two-sample Wilcoxon test: isopoda vs. invertebrates: 

and chaoboridae vs. zooplankton: δ13C: W = 22, p = 0.026; δ15N: W = 11, p = 1). The δ13C-

δ15N-biplot of the fish species and potential food resources (figure 5) revealed that all 

sampled omnivorous fishes fit into the isotopic mixing polygon, which is drawn around the 
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outer points of the resource´s standard deviations. Thus, all individuals could be integrated 

into the analyses. The isotopic mixing model revealed that chaoboridae was the most 

important food source for all five omnivorous fishes in lake Döllnsee with 95% credible 

intervals (CI) ranging between 19% and 54% (95% CI: bleak, 21-52%; bream, 19-55%; 

roach, 25-49%; rudd, 24-48%; white bream, 24-54%; figure 7a-e). Plant material represented 

a second important food resource for bleak and rudd (95% CI: bleak, 13-43%; rudd, 22-48%; 

figure 7a, d). All other resources were detected by the isotopic mixing model as potential 

resources, but with uncertainty. One exception were rudd, which were found to be unlikely to 

feed on zooplankton (95% CI: 0-11%). Overall, Bayesian isotopic mixing model analyses 

revealed that all cyprinid species used chaoboridae as their main food resource, while only 

bleak and rudd ingested a second main resource (plant material). 

 

Figure 5 δ
13

C-δ
15

N-biplot of fish species and potential resources, shown are single individuals 

of bleak (circle) , bream (triangle up), roach (diamond), rudd (triangle down), and white bream 

(square with cross). Resources are shown as mean (± SD) calculated by SIAR with integration 

of trophic fractionation factors according to Post (2002) δ
15

N: 3.4 ‰ ± 1 ‰ and δ
13

C: 0.4 ‰ ± 1.3 

‰ and C:N ratios. 
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For isotopic mixing models of piscivorous fish, six potential resources were investigated 

(benthic invertebrates, chaoboridae, crayfish, pelagic fish (bream, roach and white bream), 

littoral fish (bleak and rudd), and zooplankton). Littoral and pelagic fish were analyzed 

separately because of distinct isotopic signatures (Two-sample Wilcoxon test: littoral vs. 

pelagic fish: δ13C: W = 3414, p < 0.001; δ15N: W = 1708, p = 0.34). The δ13C-δ15N-biplot of 

the piscivorous fish species with their potential food resources (figure 6) revealed that not all 

individuals fit into the isotopic mixing polygon. Five catfish individuals (grey circles, figure 6) 

were excluded from the data set for the isotopic mixing model analyses.  

 

Figure 6 δ
13

C-δ
15

N-biplot of piscivorous fish species and potential resources, shown are single 
individuals of catfish (circle), perch (triangle up) and pike (cross). Resources are shown as 
mean (± SD) calculated by SIAR with integration of trophic fractionation factors according to 
Post (2002) δ

15
N: 3.4 ‰ ± 1 ‰ and δ

13
C: 0.4 ‰ ± 1.3 ‰ and C:N ratios. 
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Mixing models revealed that the remaining catfish and pike mainly fed on crayfish (95% 

CI: catfish, 17-54%; pike, 8-54%) and on the littoral fish species bleak and rudd (catfish: 11-

44%, pike: 4-42%, figure 8a, c). Mixing models revealed further, that pike fed additionally on 

invertebrates (95% CI 2-34%, figure 8c). The five catfish that were excluded from the dataset 

used a different unknown food resource which was not sampled and had an enriched δ13C 

compared to all samples taken from the lake. Stomach content analysis of one catfish 

revealed that this individual fed on an unspecified bird. The isotopic mixing model for perch 

did not detect a preferred food resource for the pooled sample (figure 8b). However, small 

perch fed preferable on zooplankton (95% CI: 14-35%), while all other resources were 

detected by the isotopic mixing model as potential resources with uncertainty (figure 8d). 

Isotopic mixing models revealed crayfish (8-38%), littoral fish (95% CI: 11-42%), and also 

pelagic fish (4-37%) as preferred food resources for large perch (figure 8e). The use of 

pelagic fish as a resource by large perch contrasts with findings with regard to catfish and 

pike. 
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Figure 7 Comparison of mean diet contributions (range 0-1) calculated by isotopic mixing 

models (SIAR) for the five cyprinid fish species bleak (a), bream (b), roach (c), rudd (d) and 

white bream (e). Resources included were zooplankton (Z), chaoboridae (Ch), asellidae (A), 

invertebrates (I) and periphyton and reed (P) and are shown as mean, 75% and 95% Bayesian 

credibility intervals. 
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Figure 8 Comparison of mean diet contributions (range 0-1) calculated by isotopic mixing 

models (SIAR) for the three piscivorous fish species catfish (a), perch (b) and pike (c). For 

perch analyzes were done additionally by including the breaking point for piscivory for perch 

in Döllnsee: perch < 169mm (d) and perch > 169mm (e). Resources included were zooplankton 

(Z), chaoboridae (Ch), invertebrates (I), crayfish (CF), littoral fish (LF) and pelagic fish (PF) and 

are shown as mean, 75% and 95% Bayesian credibility intervals. 
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3.3 Isotopic niche width comparison 

SEAs were calculated using the trophic position (TP) and the percentage of the littoral 

resource (LP) to ensure comparability between ecosystems. The SEA analyses provided 

strong evidence that the isotopic niche width (INW) of the fish community in Gollinsee (G) is 

larger than the INW of the fish community in Döllnsee (D, SEA.B ellipses: G > D 99.97%, 

SEAc: D 0.16, G 0.26, table 4, figure 9a and 10a) and Schulzensee (S, SEA.B ellipses: G > 

S 99.89%, SEAc: S 0.13, G 0.26, table 4, figure 9a and 10a). A slight trend could be detected 

for a larger INW of the community in Döllnsee compared to the community in Schulzensee, 

but with some uncertainty (SEA.B ellipses: D > S 64.67%, SEAc: D 0.16, S 0.13, table 4) and 

the 95% probability values were similar between the two lakes (95% CI: D 0.19-0.25%, S 

0.17-0.25%, table 4). By comparing cyprinid INW estimates of Döllnsee and Schulzensee, 

similar standard ellipse areas (50.81%, table 4) were observed. The stable INW of the 

Gollinsee cyprinid fish community was the largest of the three lakes (SEA.B ellipses: G > D 

99.97%, G > S 99.89%, SEAc: G,0.23, D 0.12, S 0.12, table 4, figure 9b and 10b). 

Comparing INW estimates of those fish, that are in literature mainly described as 

omnivorous, and excluding those fish that are in literature mainly described as planktivorous 

(here bleak and sunbleak), the differences in INW decreased slightly between Gollinsee and 

Döllnsee as well as between Gollinsee and Schulzensee (95% CI: D 0.16-0.23%, G 0.21-

0.36%, S 0.15-0.22%, table 4, figure 10c). The SEA analyses of omnivorous fish INW 

provided strong evidence that the INW of the omnivorous fish community of Gollinsee was 

larger than the INW of the omnivorous fish community Schulzensee (SEA.B ellipses: G > S 

99.35%, SEAc: G 0.14, S 0.09, table 4, figure 9c and 10c). A slight trend could be detected 

for a larger INW of the omnivorous community in Döllnsee compared to the omnivorous 

community in Schulzensee, but with some uncertainty (SEA.B ellipses: D > S 67.45%, SEAc: 

D 0.12, S 0.09, table 4) and the 95% probability values were similar between the two lakes 

(95% CI: D 0.16-0.23%, S 0.15-0.22%, table 4). However, contrasting results were observed 

in the comparison of Döllnsee and Gollinsee: SEAc revealed only slightly differences 

between SEA of Döllnsee and Gollinsee, whereas SEA.B ellipses of Döllnsee were smaller 

than those of Gollinsee (SEA.B ellipses: G > D 98.75%, SEAc: D 0.12, G 0.14, table 4, figure 

10c). The contrary results of SEA.B and SEAc did not allow for a clear size comparison, as 

an omnivourous fish community in Döllnsee might have a comparable INW to a Gollinsee 

omnivorous fish community, but might also be smaller.  
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Figure 9 Stable isotope niches of a) the entire fish communities, b) the cyprinid fish 

communities and c) the omnivorous fish communities (outliers excluded) for the three 

analyzed lakes. Solid line: standard ellipse areas corrected for small sample size, dashed line: 

for comparison the convex hull area, y-axis: trophic position, x-axis: proportion of littoral food 

resource, range 0-1 (according to Quevedo and Olssen 2006). 
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Figure 10 Entire fish community niche width (a), cyprinid fish community niche width (b), and 

omnivorous fish community niche width estimates (c) for Döllnsee (D), Gollinsee (G) and 

Schulzensee (S). Boxplot of the Bayesian standard ellipses (SEA.B) and the standard ellipse 

area were corrected for small sample size (SEAc, circle). 

Table 4 Results of isotopic niche width estimates for Döllnsee (D) Gollinsee (G), and 

Schulzensee (S) calculated by standard ellipse areas (SEA) for the entire fish community, the 

cyprinid fish community, and the omnivorous fish community. Results are shown for the 

standard ellipse area corrected for small sample sizes (SEAc) and mean and 95% Bayesian 

standard ellipses (SEA.B) as well as proportions of SEA.B ellipses that were smaller than the 

ellipses of a comparison lake.  

  Lake 

 

SEAc Mean 

SEA.B 

95%  % SEA.B ellipses 

  lower upper  < D < G < S 

entire fish 

community 

Döllnsee 0.157 0.214 0.185 0.246  
 

99.97% 35.33% 

Gollinsee 0.260 0.328 0.265 0.398  0.03% 
 

0.11% 

Schulzensee 0.132 0.206 0.166 0.247  64.67% 99.89% 
 

    

cyprinid 

fish 

community 

Döllnsee 0.121 0.192 0.16 0.226  
 

99.97% 50.81% 

Gollinsee 0.234 0.318 0.248 0.392  0.03% 
 

0.06% 

Schulzensee 0.118 0.193 0.155 0.233  49.19% 99.94% 
 

           

omnivorous 

fish 

community 

Döllnsee 0.122 0.194 0.161 0.228   98.75% 32.55% 

Gollinsee 0.135 0.282 0.208 0.361  1.25%  0.65% 

Schulzensee 0.093 0.182 0.145 0.221  67.45% 99.35%  
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Table 5 Results of analyses of covariance (ANCOVA) with δ
13

C and δ
15

N as dependent variable, 

respectively, habitat (littoral vs. pelagic) as factors and total length (mm) as covariate. Results 

are only shown if variances were homogenouse and residuals were normally distributed. n = 

number of included samples, * outliers excluded, EMM = estimated marginal means, PM = 

parameter estimates, EMM and PM are only shown for significant results.  

Species n n  

litoral 

n  

pelagic 

Isotope Intercept r2 Habitat  Total 

length 

PM 

       
p EMM p  

Cyprinids 

Bleak 19 13 6 
δ13C < 0.001 0.377 0.020 L > P 0.389  

δ15N < 0.001 0.868 0.074  < 0.001 0.012 

           
Bream 21 13 8 δ13C < 0.001 0.235 0.085  0.126  

           

Roach 32* 17 15 
δ13C < 0.001 0.075 0.365  0.269  

δ15N < 0.001 0.23 0.507  0.010 0.003 

           
White 

bream 
22 14 8 

δ13C < 0.001 0.187 0.357  0.093  

δ15N < 0.001 0.036 0.644  0.519  

           
Piscivore 

 
 

 
 

Perch 32* 18 14 δ13C < 0.001 0.852 0.213  < 0.001 0.013 
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Table 6 Results of regression analyses with δ
13

C and δ
15

N as the dependent variable, respectively, and total length (mm) as the independent variable. 

Results are only shown if residuals were normally distributed. n = number of included samples, * outliers excluded, best fit model is only shown for 

significant results. 

Species Isotope n r2 F df 

numerator 

df 

denominator 

p Best fit model 

Cyprinids 

Bream δ15N 16* 0.146 2.391 1 14 0.144 
 

         

Rudd 

δ13C 

31 

0.002 0.065 

1 29 

0.800 
 

δ15N 0.616 46.447 < 0.001 d15N = 6.3 + (0.023)*size 

         
Piscivore 

Catfish 

δ13C 

16* 

0.950 265.779 

1 14 

< 0.001 d13C = -31.9 + (0.003)*size 

δ15N 0.723 36.560 < 0.001 d15N = 8.9 + (0.002)*size 

         

Pike 

δ13C 

10 

0.002 0.017 

1 8 

0.899 
 

δ15N 0.817 35.748 < 0.001 d15N = 8.0 + (0.005)*size 
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3.4 Intraspecific dietary niche partitioning 

In Döllnsee a non-parametric two-sample-Wilcoxon test revealed that pooled pelagic 

resources (zooplankton including chaoboridae) differed significantly in δ13C from littoral 

primary consumers (ephemeroptera, gastropoda and isopoda, W = 259, p < 0.001), 

indicating measurable differences between pelagic and littoral sources. For bleak, ANCOVA 

revealed significant differences in δ13C between individuals that were caught in the pelagic 

compared to those that were caught in the littoral (p = 0.02), but differences were not 

correlated with TL (p = 0.389, table 5). In bream, roach and white bream no habitat effect 

(bream: p = 0.085, roach: p = 0.365, white bream: p = 0.357) and no correlation with size 

was found in δ13C signatures (all tests p > 0.09, cp table 5). This indicated that fish caught in 

the littoral used the same C-resources as those individuals caught in the pelagic, irrespective 

of their ontogenetic state (figure 11c, e, i). δ15N did not differ between pelagic and littoral 

individuals of white bream and roach (roach: p = 0.507, white bream: p = 0.644, table 5), 

showing a lack of specialization on different resources (figure 11f, j), these results for bream, 

roach and white bream were congruent with the results of the diet analyses. For white 

bream, no significant correlation between size and δ15N was found (p = 0.519), in contrast to 

bleak and roach (bleak: p < 0.001, roach: p = 0.010) where a significant positive correlation 

was found (table 5). This indicates, along the size gradient, bleak and roach used the same 

C-resources (for bleak in the littoral or in the pelagic), but they fed with increasing size on 

resources that were differently enriched in δ15N (figure 11b, f, j). No differences in δ13C were 

detected between littoral and pelagic caught perch (p = 0.213). However, δ13C positively 

correlated with size (p < 0.001, table 5, figure 11m), revealing perch used different C-

resources durong their ontogeny. 

For bream, regression analyses revealed no correlation between δ15N and size (p = 

0.144, table 6). No correlation between δ13C and size was detected in rudd and in pike (pike: 

p = 0.899, rudd: p = 0.800, table 6). But a significant positive correlation between δ15N and 

size was found (both: p < 0.001), indicating that pike and rudd did not change C-resources 

during their ontogeny but fed with increasing size on differently enriched δ15N resources 

(table 6, figure 9h, p). For rudd no pattern was found between individuals caught in the 

pelagic versus in the littoral (figure 11g). This result was confirmed by the non-significant 

two-sample-Wilcoxon-test (W = 113, p = 0.362). For catfish a significant positive correlation 

was found for δ13C as well as for δ15N (both: p < 0.001), indicating that catfish used enriched 

C-resources and also fed on higher trophic levels with increasing size (table 6, figure 11k, l). 

δ15N was strongly correlated with size in perch (r = 0.549, p > 0.001, figure 11n).  
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Figure 11 Influence of size on δ
13

C (left) and δ
15

N (right) for all analyzed fish species, bleak (a, 

b), bream (c, d), catfish (k, l), perch (m, n), pike (o, p), roach (e, f), rudd (g, h) and white bream (i, 

j). Size is shown as total length (mm) on the x-axis, δ
13

C (left) and δ
15

N (right) are shown on the 

y-axis, respectively. Shown are single individuals, white circles show individuals that have 

been caught in the littoral and grey circles show individuals that have been caught in the 

pelagic. If no information on the habitat was available individuals are shown as white squares.  
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Figure 11 continued. 
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Figure 11 continued. 
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4. Discussion 

Against expectation Döllnsee fish were not specialized in resource use in 2013, but fed 

more generalistic, ingesting resources from the littoral and pelagic food chain. The results 

indicated, that fish obtain resources from both food chains and do not partition between 

littoral or pelagic habitat. The exception was bleak, showing habitat-specific feeding. Eel, 

tench and zander were excluded from further analyzes as low sample sizes made general 

conclusions impossible. Therefore, those three species are excluded from generalized 

predictions in the discussion. Resource use was similar between bream, roach, rudd and 

white bream. All used littoral and pelagic resources linking food chains. Interspecific dietary 

overlap was high, but intraspecific dietary niche partitioning was detected in cyprinids in the 

present study. Piscivorous species ingested different resources during ontogeny, but 

interspecific dietary niche partitioning was low. Congruent with low interspecific differences in 

resource use of the species, the isotopic niche width of the Döllnsee fish community was 

unexpectedly small. 

4.1 Resource use and omnivory of cyprinids in Döllnsee 

All cyprinids showed a preference for chaoboridae, while rudd and surprisingly bleak 

additionally favored plant material (figure 7, for bleak the result might be biased, for details 

see below). Despite that preference, cyprinids did not behave as specialists, defined as 

ingesting a main resource that makes up more than 65% of their diet (Sibbing and 

Nagelkerke 2001). Generalists were defined as having no single resource comprising more 

than 35% of their diet (Sibbing and Nagelkerke 2001). This value was exceeded by the 

highest 95% CI values for chaoboridae and in the case of rudd and bleak also for plant 

material (figure 7). However, all resources were detected by SIAR as potential food 

resources for cyprinids, with the exception of zooplankton for rudd (figure 7). In addition, 

mean proportions of chaoboridae and plant material given by SIAR were close to 35%, 

indicating foraging behavior of bleak, bream, roach, rudd and white bream in Döllnsee was 

more generalistic than specialized in 2013. This result contrasts the expected specialization 

of cyprinids on plant material, invertebrate and pelagic resources, that can be found in 

cyprinids depending on availability of resources (Lammens and Hoogenboezem 1991) and 

interspecific competition (Robinson and Wilson 1994). However the result for bleak should be 

taken carefully, as resource estimates might be biased (for details see below). 

Roach and rudd were grouped as herbivorous feeders (Lammens and Hoogenboezem 

1991). Congruently, Hellawell (1972), Persson (1983a, 1987) and Zapletal et al. (2014) found 

roach feeding mainly on plant material, whereas Johansson (1987) found roach to be feeding 
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mainly on animal prey (zooplankton). Unexpectedly, roach did not show a clear specialization 

on plant material, but rather feeding on chaoboridae (figure 7).  

Roach were found to feed mainly on plant material (Hellawell 1972, Persson 1983a, 

1987, Johansson 1987, Marklund et al. 2002, Zapletal et al. 2014). Occasionally plant 

material was found to be the preferred resource, regardless of sampling site (littoral or 

pelagic), age of the fish (young-of-the-year were excluded in this study) and fish density 

(Zapletal 2014), but dependent on resource availability (Hellawell 1972, Persson 1983a, 

1987). In contrast, Marklund et al. (2002) found no effect of roach, rudd, tench and other fish 

on the biomass of aquatic vegetation, but stated that the vegetation biomass in their study 

was low. Johansson (1987) found roach and rudd mainly feeding on zooplankton. However, 

in sympatry, when resources became more limited, the amount of ingested plant material 

increased for both species (Johansson 1987). However, Zapletal et al. (2014) found no 

switch to increased zooplankton ingestion after a mass removal of bream and roach and 

hence a relaxed competition for food, instead roach continued to feed mainly on plant 

material. Overall, the literature indicates that roach feed on plant material depending on 

availability and accessibility compared to animal prey, but not because roach favor plant 

material per se. This is a conclusive behavior because plant material can be less efficiently 

digested by fish as it is composed of harder tissues and less proteins than animal prey 

(Sibbing and Nagelkerke 2001). It has been suggested by Persson (1983a) that poor growth 

rates of roach can be associated with resource limitation of animal prey, and the consequent 

dependence on less nutritious plant material. 

The assumption, that roach do not prefer plant material, is congruent to feeding 

experiments with rudd. Dorenbosch and Bakker (2011) found rudd preferable ingests animal 

prey and not feeding on plant material until animal resources are depleted. However, in the 

present study rudd ingested plant material and chaoboridae in similar proportions, showing 

clear omnivorous feeding behavior (figure 7). Ingestion of plant material by rudd in the 

present study is congruent with the result of Van Donk and Otte (1996) who found rudd to be 

feeding on submerged macrophytes in large amounts in the Netherlands. Unfortunately, Van 

Donk and Otte (1996) provided no information about the availability of alternative food 

resources in their experiment. In addition, García-Berthou and Moreno-Amich (2000) found 

rudd to feed mainly on plant material and showing a high preference for littoral habitat in a 

Spanish lake, which was attributed to interspecific partitioning with other fish species in this 

lake, indicating resource limitation. In the present study, amounts of ingested plant material 

between roach and rudd were differing (figure 7). Rudd are described to preferably inhabit 

littoral habitats (García-Berthou and Moreno-Amich 2000), while roach usually inhabit pelagic 

habitats (Svanbäck et al. 2008). Those habitat preferences of roach and rudd are likely the 

cause for the difference in amounts of ingested plant material. 
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Similarly to roach, bream and white bream in the present study were not found to ingest 

plant material in high amounts. It was expected that they would mainly feed benthivorous 

(Lammens and Hoogenboezem 1991, Kottelat and Freyhof 2007) and thereby ingest plant 

material to some amounts. However, bream and white bream ingested mainly chaoboridae in 

Döllnsee (figure 7b, e). Although Lammens (1986) found bream and white bream to be 

feeding mainly on zooplankton, he described size dependent resource utilization. Larger 

bream and white bream (250-300 mm FL) fed on benthivorous invertebrates in higher 

proportions than smaller bream and white bream (150-250 mm FL). Hayden et al. (2011) 

found resource use of bream to be lake specific. Congruent to Lammens and 

Hoogenboezem (1991) and Kottelat and Freyhof (2007), Hayden et al. (2011) determined 

bream to preferably use littoral resources, but in some lakes bream additionally or solely 

used pelagic and profundal resources. Congruent with our data, they found no or only slight 

differences in resource use between bream, roach and their hybrids within the lakes, and 

therefore concluded there was no resource limitation in the studied lakes (Hayden et al. 

2011). This indicated no preferred resource use for both bream and roach per se, but 

efficiency to forage for prey may be a lake specific.  

Another explanation for the lack of benthivorous feeding by bream and white bream in 

Döllnsee might be the low sample size and missing data of large bream (TL >than 180 mm, 

with the exception of two individuals) and white bream (TL > 200 mm). Only white bream 

smaller than 200 mm TL and only two bream larger than 180 mm TL were sampled in the 

present study. δ15N ratios of the two large bream as well as of the small bream (TL< 50 mm 

TL) differ from the δ15N ratios of bream in the size range of 94-180 mm TL (figure 11d, no fish 

in the size range of 50 - 94 mm TL were sampled), indicating resource use of bream may 

differ according to size. But no statistical evidence could be obtained on this issue for this 

study, which will be discussed in chapter 4.7 “Cohesion between body length and 

intraspecific dietary niche partitioning”. Further investigations could help clarify whether 

bream and white bream larger than 200 mm TL show benthivorous foraging in Döllnsee. 

However, resource use might be lake specific, because feeding efficiency may vary between 

lakes. Feeding efficiency depends on the handling time and the energy cost of a specific 

resource. (Nagelkerke and Sibbing 1996). Energy gain can vary depending on how long a 

fish has to search for food and how energy-rich the ingested resource is (Nagelkerke and 

Sibbing 1996). Lakes may differ in amounts of resources which may explain why food 

resources of bream and white bream are not exclusive benthivorous, but may vary in diet 

depending on the most efficient prey. 

Bleak is assigned as a pelagic feeder (Lammens and Hoogenboezem 1991), feeding 

mainly on zooplankton (Lammens and Hoogenboezem 1991, Kottelat and Freyhof 2007, Bìró 

and Muskó 1995). Surprisingly, in the present study SIAR revealed, that bleak were mainly 
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feeding on chaoboridae and plant material. Feeding on pelagic chaoboridae is congruent 

with studies mentioned before, but feeding on reed and periphyton has, to my knowledge, 

not been described in the literature so far. Only phytoplankton has previously been described 

as a resource for bleak (Vøllestad 1985). However, the results of the present study should be 

interpreted carefully: SIAR offers a great possibility to analyze the composition of an animal’s 

diet. However, in a recently published article, Phillips et al. (2014) stated that requirements 

for a reliable result should be the inclusion of all potential resources, otherwise estimates of 

consumed food would be distorted. The estimates of all potential resources in the SIAR 

model will always produce a sum of 100% (Phillips et al. 2014). If one resource is missing, 

the estimates of the remaining food sources will increase, as the sum still has to be 100% in 

the mathematical model (Phillips et al. 2014). How much the estimates of the remaining food 

sources increase is variable, but they can vary greatly (Phillips et al. 2014). Vøllestad (1985) 

and Kottelat and Freyhof (2007) stated that bleak sometimes ingests drifting insects and 

invertebrates from the water surface. Those potential resources have not been sampled and 

therefore were not included in the SIAR model. This possibly resulted in a distorted picture of 

diet of bleak, because the estimates of the analyzed resources may be biased. Further 

investigations including insects as a potential resource for bleak and additional gut content 

analyses would help to examine whether Döllnsee bleak consume plant material as a food 

resource.  

Two individuals of tench could be sampled for the present study, which did not permit any 

general conclusions on resource use of tench in Döllnsee. Therefore, this species was 

excluded from the analyses of resource utilization. However, δ15N of the two sampled tench 

were depleted and differed strongly from all other Döllnsee fish (figure 4), indicating at least 

for the sampled individuals a specialization on distinct resources and foraging on lower 

trophic levels than all other sampled fish species. To clarify the resource use of tench in 

Döllnsee further analyses with higher sample sizes are necessary.  

With the exception of tench, resource use of cyprinid populations in Döllnsee was shown 

to be generalistic, with chaoboridae being the preferred resource of cyprinids. Furthermore 

cyprinids are most likely omnivorous, as plant material was detected by SIAR as potential 

resource for all species. However the result for bleak should be taken carefully, as resource 

estimates might be biased, because insects, available to bleak at the water surface, were not 

included in the SIAR model. Overall the hypothesis that species specialized on different 

resources has to be rejected for bream, roach and white bream, while dietary resource use 

by rudd overlapped with the before mentioned species, but littoral resources were ingested to 

higher amounts. 
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4.2 Resource use and trophic-omnivory of piscivorous species in 

Döllnsee 

Catfish, large perch and pike ingested mainly crayfish and littoral fish (bleak and rudd). 

Pike additionally showed a preference for invertebrates and large perch for pelagic fish 

(bream, roach and white bream; figure 8). Despite those preferences, they did not forage as 

specialists, defined as ingesting a main resource that makes up more than 65% of their diet 

(Sibbing and Nagelkerke 2001). Overall, the results were surprising, expected specialization 

on fish was not detected in catfish, large perch as well as pike and the sampled zander (n = 

1) had the highest δ15N ratio. 

Pike is described to be an exclusively piscivorous species (Amundsen et al. 2003), that 

occasionally consume invertebrates (Bry et al. 1991, Beaudoin et al. 1999, Paradis et al. 

2008) or crayfish (Elvira et al. 1996). Contrasting with Amundsen et al. (2003), but in line with 

the other studies (Bry et al. 1991, Beaudoin et al. 1999, Paradis et al. 2008, Elvira et al. 

1996) pike of Döllnsee were found to forage mainly on crayfish, littoral fish and on 

invertebrates, being a trophic-omnivore feeder as well as a generalistic feeder according to 

mean proportions of crayfish, invertebrates and littoral fish given by SIAR analyses were 

below 35% (figure 8c). Pike feeding on invertebrates and fish were also described by Paradis 

et al. (2008). Beaudoin et al. (1999) reported that up to one third of the pike in a studied 

population fed on invertebrates. Although those authors found pike to be feeding on 

invertebrates, they all found fish to be the most important resource for pike. Only in lakes 

where pike were the only fish species present, were invertebrates the dominant prey 

resource due to lower prey fish availability (only smaller pike could serve as prey) and littoral 

prey became more important (Beaudoin et al. 1999). This could be an indication that prey 

fish abundance is low in the territories of the sampled pike and therefore pike must 

additionally use other resources than fish. However, the occurrence of crayfish was not 

mentioned for either study. Congruent with the Döllnsee results, Elvira et al. (1996) found 

crayfish to be the most important food resource for pike of Ruidera Lakes in Spain, followed 

by fish and, in case of smaller pike (FL < 500 mm) by invertebrates.  

The high consumption of littoral fish (bleak and rudd) versus the low consumption of 

pelagic fish (bream, roach and white bream) by pike is interesting. This could indicate a 

preference for the species bleak and rudd or could be due to higher foraging activities in the 

littoral of the littoral prey fish. Enriched δ13C ratios of bleak and rudd show that they used 

littoral resources in higher amounts than the other three cyprinids. Concluding it is likely that 

bleak and rudd forage to higher amounts in the littoral habitat than the pelagic fish and 

therefore are exposed to higher predation risk by pike. Pike have been described to attack 

more successfully in the littoral than in the pelagic habitats (Eklöv and Diehl 1994). Increased 
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utilization of the littoral by bleak and rudd may explain the higher amounts of ingested littoral 

fish over pelagic fish in pike. However, it was expected to find some pike foraging in the 

pelagic according to Kobler et al. (2009). Using radio tracking Kobler et al. (2009) showed 

that half of the tagged individuals (n = 20, ≥ 450 mm TL) use pelagic habitats. In the present 

study, only ten pike were sampled (five were > 450 mm TL). Four pike (152-179 mm TL) 

were caught in the littoral, but unfortunately, for the other six, larger pike habitat information 

were not available, but it is likely that these individuals were also caught near shore from rod 

and line fishing. It might be that all sampled pike of the present study were in the group that 

was described by Kobler et al. (2009) as using solely littoral resources. Therefore, the 

sampled pike of the present study might not be a representative sample of the whole pike 

population of Döllnsee, but just representative for the littoral foraging group.  

The conjecture that only littoral foraging pike may have been sampled in the present 

study is supported by a newly analyzed stable isotope dataset of Döllnsee pike. In this 

dataset - in contrast to the present study - a high variability in δ13C and δ15N of Döllnsee pike 

was detected. In the new dataset 198 pike from six different years were analyzed. A higher 

variability was found within years, but variability of pike also differed between years 

(unpublished data; Kate Laskowski, IGB, personal communication). On one hand this 

indicates that ten samples of a species are not enough to get a representative picture of 

used resources, on the other hand it also shows that resource use can differ between years. 

Further research with increased sample size and habitat-use information of pike (through 

telemetric methods) will help to get a comprehensive picture of resource use by the pike 

population of Döllnsee.  

Catfish have been described as generalists, feeding on all available fish species of 

suitable size in their habitat (Copp et al. 2009, Wysujack and Mehner 2005). For analyzed 

catfish SIAR revealed, that they were mainly feeding on crayfish and littoral fish in Döllnsee. 

Five catfish could not be analyzed with SIAR, as their δ13C ratios were enriched in 

comparison to all sampled resources (figure 6), indicating catfish may partially use 

allochtonous resource. Congruent with this assumption, one of those catfish had ingested an 

unspecified bird. This result is comparable to findings by Wysujack and Mehner (2005), who 

found catfish to be mainly feeding on fish and secondarily on crayfish (Wysujack and Mehner 

2005). Further, they also found one catfish have fed on a bird (a chick of waterfowl; 

Wysujack and Mehner 2005). Amphibians could be a further resource for catfish (Copp et al. 

2009). Wysujack and Mehner (2005) found that catfish were not foraging on all available prey 

fish species; they stated that activity of the prey might be more important than the density of 

the prey fish, as catfish forage at night. This might also be an explanation why in Döllnsee 

catfish were found to forage mainly on littoral fish, while pelagic fish were less likely ingested 

(figure 8a). Copp et al. (2009) reviewed in early life stages catfish preferably use pelagic 
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habitats, while adult catfish use mainly littoral habitats in the day-time and littoral and pelagic 

habitats during nocturnal foraging. Analyzed catfish preferably fed on littoral fish (bleak and 

rudd) compared to pelagic fish. As described above bleak and rudd ingested enriched δ13C 

sources to higher amounts than the other cyprinids. Therefore, bleak and rudd may show 

increased activities in the littoral, which may increase their likelihood of being preyed upon by 

catfish.  

Perch perform two ontogenetic shifts, feeding predominantly on zooplankton in early life 

stages, mainly on invertebrates at intermediate size, and when they become large enough, 

they mainly ingest fish (Persson 1983b, Amundsen et al. 2003). Amundsen et al. (2003) 

found perch smaller than 100 mm FL feeding mainly on zooplankton, but also ingesting 

zoobenthos, perch in the size range of 100 mm to 175 mm FL feeding mainly on 

invertebrates but additionally on fish, and perch exceeding  175 mm FL feeding mainly on 

fish, but additionally ingesting invertebrates. Persson (1983b) found perch of around 110 mm 

TL feeding mainly on invertebrates, but also zooplankton, chaoboridae as well as fish. 

Literature reports that perch use all available resources, but shifts in resource with ontogeny 

(Persson 1983b, Mittelbach and Persson 1998, Svanbäck and Eklöv 2002, Amundsen et al. 

2003, Schulze et al. 2012). Congruent with this, the perch population of Döllnsee was shown 

to be generalistic (figure 8b). The more detailed picture of size classified perch in the present 

study revealed differences between small perch (TL ≤ 169 mm), expected not to be 

piscivorous, and large perch (TL ≥ 169 mm). Small perch in Döllnsee have been found to be 

trophic generalists, with a slight preference for zooplankton and a lower probability for 

crayfish and littoral fish as food resource (figure 8d). This is congruent with the above 

mentioned literature. However, the used size categories in the present study might not have 

been narrow enough to detect further size dependent resource specialization as has been 

described by Persson (1983b) and Amundsen et al. (2003). Large perch fed mainly on 

crayfish and littoral fish as well as on pelagic fish. Utilization of zooplankton and invertebrates 

was unlikely for large perch (figure 8e). Congruent with the present study crayfish as food 

resource for perch larger than 150 mm TL was found by Schulze et al. (2012) in a nearby 

lake (Großer Vätersee). 

Because only one eel and one zander were sampled, general conclusion for resource 

use of both species in Döllnsee were not possible. Therefore, both species were excluded 

from the analyses of resurces utilization. But δ13C and δ15N signatures of this zander differed 

compared to the other sampled fish species (figure 4), indicating specialization on distinct 

resources at least for that individual. It was not expected to find zander being most enriched 

in δ15N indicating that the zander inhabits the highest trophic position compared to the other 

piscivorous fish species. However, this result is congruent with zander of a French river 

analyzed with stable isotope data by Kopp et al. (2009). They found zander to have a higher 
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trophic position than catfish and pike and suggest this might be due to ingestion of other 

piscivorous fish such as perch and juvenile zander, indicating zander as a top-predator 

(Kopp et al. 2009). Specialized feeding of zander, solely ingesting fish has been described in 

the literature (Willemsen 1977, Specziár 2005, Schulze et al. 2012) and could explain high 

δ15N ratios of Döllnsee zander. But none of the sampled prey fish were as depleted in δ13C 

as zander (figure 4). However, as only one zander could be caught, further analyses with 

higher sample size and additional gut content analyses are needed to reveal resource use of 

zander in Döllnsee. 

Although the caught eel was not different from bleak in δ13C and δ15N mean values 

(figure 4), for eel different resource use can be expected, as eel are described to feed on 

invertebrates and fish (Thomas 1962, Dörner et al. 2009). Therefore in SIAR fish would need 

to be included as potential resource for eel. The δ15N ratio of eel was comparable to cyprinids 

(exception: tench), but not with piscivorous species, indicating that trophic position of eel is 

comparable to cyprinids (exception: tench). However, as only one eel could be caught and 

no SIAR analysis was conducted, further analyses with an appropriate sample size are 

needed to reveal resource use of eel in Döllnsee.   

Overall, high resource overlap was detected in the analyzed piscivorous fish species 

(excluding zander and eel). Therefore, the first hypothesis has to be rejected for pike and 

analyzed catfish. The second hypothsis can be accepted as piscivorous species were 

enriched compared to cyprinids. Prey fish was not the only resource ingested by the 

piscivorous species: other resources were ingested that were less enriched in δ15N, 

explaining why δ15N ratios of piscivorous fish were not enriched by one trophic level in 

comparison to cyprinids. Perch and pike were found to be trophic omnivorous, ingesting 

zooplankton and invertebrates, respectively, as well as fish. 

4.3 Linkage of littoral and pelagic food chains 

Polis and Strong (1996) described food webs to be highly interconnected and stated that 

unconnected food chains are obsolete. They review that linkages between different food 

chains are mainly driven by ontogenetic niche shifts (Polis and Strong 1996). Littoral and 

pelagic food chains are further connected through excretions of mobile fish in the whole lake, 

leading to a flow of nutrients between different food chains (Schindler et al. 1993). Vander 

Zanden and Vadeboncoeur (2002 and 2006) found fish of north-temperate lakes in North 

America to use both littoral and pelagic resources. In Döllnsee, integration of littoral and 

pelagic food resources was found in cyprinids, indicating a coupling of littoral and pelagic 

food chains already in lower guilds than top predators. This is congruent with Vander Zanden 
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and Vadeboncoeur (2006). However, in contrast with Vander Zanden and Vadeboncoeur 

(2006) littoral resources were ingested in lower amounts than pelagic food resources. 

Although catfish and pike in the present study preferably ingested littoral fish compared to 

pelagic fish, they indirectly consumed pelagic C-sources via littoral fish, as cyprinids ingested 

pelagic resources (e.g. chaoboridae); this is congruent with Vander Zanden and 

Vadeboncoeur (2002).  

Lake characteristics are also important determinants of the extent of food chain linkages. 

For example, food chain omnivory of lake trout Salvelinus namaycush was lake-size 

dependent and only in lakes with a surface area smaller than 1000 ha did lake trout feed 

from both littoral and pelagic food chains (Vander Zanden and Vadeboncoeur 2002).The 

authors attributed their findings to the fact that littoral habitats are more important in small 

lakes, because they have a higher perimeter-to-area ratio and they are on average 

shallower, leading to a dominance of littoral habitats in small lakes (Vander Zanden and 

Vadeboncoeur 2002). Döllnsee is a small lake (25 ha), but has a clearly distinguishable 

pelagic zone, making the littoral habitat less dominant, as it has a smaller percentage of total 

lake area. Although the littoral habitat is less dominant in Döllnsee, the linkage between 

littoral and pelagic resources is congruent with Vander Zanden and Vadeboncoeur (2002), 

indicating that linkage of food chains by fish was affected by lake size but not by the 

dominance of littoral habitat. Also Hayden et al. (2011) reported that bream and roach used 

more than one food chain in some Irish lakes. The present study indicated that the 

observations by Vander Zanden and Vadeboncoeur (2012) in North American lakes are 

transferable to small European lakes, where mobile fish forage on all available food chains. 

4.4 Isotopic niche width comparison of fish communities 

 In resource-limited environments, competing species are expected to partition on diverse 

resources for stable coexistence (Schoener 1974, Schoener 1983, Chesson 2000, Svanbäck 

et al. 2008, Paterson et al. 2014). Cyprinids are known to feed on a variety of resources, but 

when resources are limited they can be grouped into the three main specialized feeding 

groups: herbivores, pelagic feeders and invertebrate feeders (Lammens and Hoogenboezem 

1991). Döllnsee cyprinids can be characterized by a generalistic feeding strategy, foraging 

for the same main food resource(s) and being food-chain omnivorous, as described above. 

Therefore, interspecific dietary niche partitioning was unexpectedly not detected in cyprinids 

in the present study. Even catfish, large perch and pike were not specialized to feed on fish, 

but all three species additionally ingested crayfish. Furthermore, resource overlap to some 

degree was detected between the above mentioned piscivorous species, but different 

resources were additionally ingested by all three species. Resource use of perch and pike 



55 
 

overlapped to some degrees with cyprinids, due to additional ingestion of chaoboridae or 

invertebrates, respectively. Small perch fed generalistically, leading to a partial overlap of 

resource use with cyprinids and the other piscivorous species. 

Overall, this generalistic resource use and the high dietary overlap of the Döllnsee fish 

species is reflected by SEA analyses. It was expected that isotopic niche width (INW) of the 

Döllnsee community would be bigger than INW of the two compared shallow lake 

communities, as only Döllnsee has a real pelagic habitat and it was expected to find fish 

species partitioning on the distinct habitats. However, unexpectedly the phytoplankton 

dominated Gollinsee was found to have the broadest INW, while the INW of Schulzensee 

and Döllnsee were of comparable size. The results may be explainable by different feeding 

strategies of the fish species in the investigated lakes. Carbon isotopic signatures of 

generalists are averaged signatures of the ingested food sources (Kiriluk et al. 1995) and 

follows that specialized feeding on one resource would lead to a similar carbon isotopic 

signature as the ingested food source (Quevedo and Olsson 2006). Two species feeding 

both generalistically on littoral and pelagic food chains would therefore have the same 

averaged isotopic signature (if they feed on the same trophic level) and their INW would be 

small. Partitioning on distinct resources from littoral or pelagic food chains, respectively (i.e. 

one species ingesting solely littoral and the other pelagic resources) would lead to distinct 

isotopic signatures and INW of the specialized community would be broader in comparison to 

the INW of the generalistic community. As described above, Döllnsee fish are generalistic 

feeders, using the same food sources, some even to the similar amounts, resulting in a low 

community INW. Stable isotope ratios between bleak and the other cyprinids of Döllnsee did 

not differ, and accordingly no differences were detected in INW of cyprinid fish community 

and the omnivorous fish community. In contrast, the INW of omnivorous fish was smaller 

than for the cyprinid fish community in Gollinsee indicating pelagic fish (here sunbleak, table 

3) differed in resource use from the other cyprinids in Gollinsee. Hilt et al. (2014) reported in 

a recently published paper that a winterkill (“the partial or complete eradication of a fish 

community in the wintertime due to oxygen depletion”) reduced the biomass of the fish 

community in Gollinsee by 43% and in Schulzensee by 16%. This led to high abundances of 

young-of- the-year fish in both lakes in 2010, while abundances of young-of-the-year fish in 

Schulzensee were lower than in Gollinsee (Hilt et al. 2014). Due to low piscivorous species 

after the fish kill (Hilt et al. 2014), this pattern might still have exist in 2011, because of low 

predation pressure on young-of-the-year fish. The INW of Gollinsee may be influenced by 

high abundance of young-of-the-year fish. Small cyprinids (≤ 65 mm FL) compete for the 

same food and habitat with all size-classes of sunbleak (21-65 mm FL), due to low sunbleak 

growth rates leading to small sized adults (Gozlan et al. 2003). Congruent with this, Mehner 

and Thiel (1999) reviewed that most fish feed on zooplankton in their first year, while 
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sunbleak are specialized pelagic feeders, eating zooplankton and surface insects (Lammens 

and Hoogenboezem 1991). Species that are specialized planktivorous feeders can 

outcompete young-of-the-year of other species that are not specialized and are planktivorous 

only in early life stages (reviewed by Werner and Gilliam 1984). Competition for zooplankton 

may have been high in Gollinsee 2011, as crustacean biomass was reduced in Gollinsee in 

2010, because of high abundances of young-of-the-year roach (three times higher than in 

Schulzensee) and high abundances of sunbleak (Hilt et al. 2014). The high competition for 

pelagic resources in Gollinsee in 2010 was also reflected by resource use of roach bigger 

than 100 mm TL. They ingested zooplankton in low amounts from summer on and switched 

then to feeding mainly on invertebrates and plant material (algae and detritus, Hilt et al. 

2014). In conclusion, the larger INW of the Gollinsee fish community in comparison to the 

Döllnsee fish community may be driven by dietary niche partitioning between sunbleak and 

the other cyprinids in Gollinsee (figure 9b,c and 10b,c). However, SEA.B and SEAc revealed 

conflicting results for whether the INW of omnivorous communities in Döllnsee and Gollinsee 

were of comparable size. This indicated that potentially not only dietary niche partitioning 

between sunbleak and other cyprinids drove the large INW of Gollinsee, but that additionally 

cyprinids themselves were more variable in resource use in Gollinsee than in Döllnsee.  

However, overall INW of Döllnsee fish community was comparable to the fish community 

of Schulzensee, while fish community of Gollinsee had a larger INW due to dietary niche 

partitioning of the Gollinsee fish species. This further indicates that in small lakes mobile fish 

forage in littoral and pelagic food chains, and may only partition in resource use, when 

resources become limited. In small lakes where resources are limited INW is increased 

through spezialisation on distinct resources, leading to a lower coupling between littoral and 

pelagic habitats. In conclusion the hypothesis that Döllnsee has a larger isotopic niche width 

than the compared two lakes has to be rejected. 

4.5 Interspecific dietary niche partitioning 

There are two possible explanations for the absence of the expected interspecific dietary 

niche partitioning in Döllnsee. First, the lack of dietary niche partitioning between species 

could indicate that resources are not limited in Döllnsee, as only competition for food in 

coexisting species leads to interspecific dietary niche partitioning and diversification 

(Vøllestad 1985, Robinson and Wilson 1994). In high abundance of resources, it can be more 

profitable for fish to use the abundant resource, even if the species is normally specialized to 

forage other resources (Sibbing and Nagelkerke 2001). A lack of interspecific dietary niche 

partitioning in cyprinids has also been detected by Hayden et al. (2011), who found dietary 
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overlap of bream, roach and their hybrids, revealed by stable isotope analyses and gut 

content analyses in four Irish lakes. Only small differences in resource use were detected 

between the cyprinds and this was similarly observed in Döllnsee as described above. Bleak 

and rudd were slightly enriched in δ13C ratios compared to bream, roach, and white bream, 

indicating that bleak and rudd populations foraged in higher amounts in the littoral than 

bream, roach and white bream populations (figure 4). This is congruent with the higher 

ingestion of littoral resources estimated by SIAR for rudd and for bleak (also the SIAR-

estimates for bleak might be biased, for details see above; figure 7).  

However, all cyprinids in the present study ingested pelagic resources in equal or higher 

amounts than littoral resources. This result was surprising, as it was expected to find 

cyprinids using mainly littoral resources, if no interspecific dietary niche partitioning could be 

detected, due to higher structural complexity in littoral habitats. Structural complexity is 

generally described as offering higher availability of food and hiding places from predation, 

and therefore is associated with higher densities of fish (Diehl 1992, Grenouillet and Pont 

2001). Furthermore, energy transfer was found to be more efficient in littoral pathways than 

in pelagic pathways (Vander Zanden et al. 2006). Pike are described as being more 

successful predators in littoral habitats (Eklöv and Diehl 1994). Perch, on the contrary attack 

more efficiently in the pelagic (Eklöv and Diehl 1994) and catfish locate prey fish accurately 

through chemical tracing in complete darkness (reviewed by Copp et al. 2009), indicating no 

habitat preference in foraging. But SIAR analyses revealed that piscivorous species 

(excluding small perch) fed on higher amounts littoral resources in Döllnsee, indicating that 

the littoral habitat may be the preferred foraging habitat of piscivorous species, where they 

could also feed on crayfish. This conjecture is congruent with reports of lower predator-prey 

ratios in pelagic habitats (Havens 1997). Low ingestion of littoral resources by cyprinids in 

the present study may be due to higher foraging activities of predators in the littoral, which is 

in turn avoided by cyprinids. Further chaoboridae have been described to be an important 

food resource in spring and summer time (Vinni et al. 2000), when the abundance of 

chaoboridae is high (Jäger et al. 2011) and fish show high feeding activity (Hellawell 1972). 

In the present study, feeding efficiency of cyprinids may be higher in the pelagic, due the 

high abundance of chaoboridae in the investigated time period, and due to reduced predator 

avoidance energy cost as predator attacks might be lower or less efficient in the pelagic 

habitat in Döllnsee. 

Resource overlap has been described for piscivorous species (Amundsen et al. 2003), 

while increasing competition between piscivorous species can reduce their dietary niche 

overlap (Schulze et al. 2012). In the German lake Großer Vätersee Schulze et al. (2012) 

found reduced dietary niche overlap in the piscivorous species pike, perch, and zander after 

the introduction of zander. The overlap of used resources between pike and perch decreased 
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after introduction of zander, and zander and perch had low diet overlap (Schulze et al. 2012). 

Diet overlap between pike and zander was asymmetric, as zander and pike used the same 

resources (diverse fish species), but pike additionally ingested invertebrates and crayfish, 

having a broader resource use. Zander were most specialized, while pike consumed fish and 

additional resources, and perch were found to have the broadest diet flexibility and ingested 

the highest amounts of invertebrates (Schulze et al. 2012). In a subarctic watercourse 

(Pasvik watercourse between Norway and Russia), resource overlap between burbot (Lota 

lota), perch and pike was high (Amundsen et al. 2003). All three fish species mainly ingested 

two prey fish (nine-spined sticklebacks [Pungitius pungitius] and whitefish [Coregonus 

lavaretus]). In the present study, some dietary niche partitioning was expected between 

piscivorous species, as at least pike abundance of Döllnsee has been described to be high 

(Pagel 2009). However, low niche partitioning was detected between catfish, perch and pike, 

all three species showing a trend to generalistic feeding and ingestion of crayfish and littoral 

fish in large perch, catfish and pike. Additionally ingested resources differed in the three 

species (for details see above in chapter 4.2 “Resource use and trophic-omnivory of 

piscivorous species in Döllnsee”). Amundsen et al. (2003) and Schulze et al. (2012) detected 

low interspecific dietary niche partitioning, but intraspecific dietary niche partitioning. This 

leads to the second reason why interspecific dietary niche partitioning might be reduced: 

intraspecific dietary niche partitioning described in the following two chapters. 

4.6 Intraspecific dietary niche partitioning on the habitat axis 

Intraspecific diversification has been suggested to mostly result in a habitat segregation 

leading to littoral and pelagic morphotypes that partition resources (littoral or pelagic) 

according to their specialized habitat (Robinson and Wilson 1994, Svanbäck et al. 2008). For 

example more slender morphotypes forage more efficiently in the pelagic and more superior 

morphotypes forage more efficiently in the littoral habitat, explaining cohesion of divergent 

morphotypes with partitioning on the habitat axis (Robinson and Wilson 1994, Svanbäck and 

Eklöv 2002, Svanbäck et al. 2008). In the present study, the pelagic resources differed 

significantly in δ13C from littoral primary consumers in Döllnsee. But, only bleak differed 

significantly in δ13C depending on sampling location (littoral or pelagic), indicating all other 

cyprinids and perch were very mobile foragers because they used the same resources 

independent of sampling location (As mentioned before, no information was available on 

sampling habitat of catfish and pike). Bleak caught in the littoral zone ingested δ13C enriched 

sources in higher amounts compared to bleak sampled in the pelagic zone. Chesson (2000) 

suggested that intraspecific competition occurs when the species itself has an environmental 

advantage. Svanbäck et al. (2008) found littoral and pelagic perch and roach feeding on 



59 
 

distinct resources, and attributed it to intraspecific competition. However, as all cyprinids fed 

mainly on chaoboridae and did not show differences in resource use, competition for 

resources in bleak seems to be unlikely. Feeding on different resources might be an 

individual habitat-dependent specialization of bleak. This could be intensified by different 

preferences in foraging time (day or night). Feeding activities of bleak have been described 

differently: bleak was described to be a diurnal feeder (Politou et al. 1993) but in situations 

with high predator abundance bleak was described to feed at night (Bohl 1980). Diurnal 

feeding may be advantageous for visual foraging (Politou et al. 1993), when selecting 

specific resources or searching for food in the littoral. However in the pelagic, visual 

predation is less important, because zooplankton and chaoboridae show diel patterns with 

highest abundances in the epilimnion at night, when light conditions are low and swimming 

speed is the most important factor to increase prey encounter rate (Johansson 1987, Bohl 

1980, Jeong and Park 2010). Although the present study did not analyze day and nighttime 

foraging, potentially some bleak individuals may have specialized on feeding during the day 

in the littoral habitat while others may have specialized on feeding at the night time on 

chaoboridae in the pelagic. Further studies with attention to the inclusion of bleak density, 

biomass data of resources (including surface insects) and morphometric data are needed to 

reveal resource use of littoral and pelagic bleak and clarify if intraspecific partitioning on the 

habitat axis is due to intraspecific competition, as stated by Chesson (2000). Furthermore, 

including foraging and activity periods (day/night) of bleak in future studies could reveal 

whether partitioning on the habitat axis is due to variability in diel activity. Different 

morphologies can be expected in bleak, as littoral and pelagic caught bleak differ significantly 

in resource use, and niches have their own specific trade-offs (e.g. individuals with an 

increased body depth forage more efficiently in littoral than in pelagic habitats; Hjelm et al. 

2003, Svanbäck and Persson 2004). The fifth hypothesis has to be rejected for all analyzed 

species with the exception of bleak. 

4.7 Cohesion between body length and intraspecific dietary niche 

partitioning 

Intraspecific diversification in resource use is not only found through partitioning within 

species specialize in littoral or pelagic diets , but also due to ontogenetic shifts (Sibbing and 

Nagelkerke 2001, Hjelm et al. 2003). Feeding efficiency is the “ratio between energy gain 

and energy costs per unit of time and depends on the properties of both food and forager” 

(Sibbing and Nagelkerke 2001). It is not surprising that feeding efficiency targeted prey 

changes with increasing body length (Sibbing and Nagelkerke 2001, Hjelm et al. 2003). Fish 

can feed on bigger prey with increasing body length due to the fact that fish are gape- and 
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pharyngeal-size limited (Mittelbach and Persson 1998, Sibbing and Nagelkerke 2001). In 

piscivorous species resource use differs with ontogeny and as prey size increases with fish 

length; for example individuals may feed on zooplankton at shorter length, then on 

invertebrates, and finsally becoming piscivorous when they attain sufficient size (Willemsen 

1977, Persson 1983b, Mittelbach and Persson 1998). Mehner and Thiel (1999) reviewed that 

most fish feed in their first year on zooplankton and with a body length of 20 mm TL would be 

able to ingest all size-range of zooplankton (including chaoboridae). Fish with a body length 

of 20 mm TL could be expected to ingest the largest possible prey, as they offer the highest 

energy gain per ingested prey item. However, reported results are in contrast to expectation, 

as ingested resources were often smaller than physiologically consumable (Mehner and 

Thiel 1999). This could be due to more complex handling of large prey items reducing the net 

energy gained from the intake of large prey items (Pyke et al. 1977, Mehner and Thiel 1999).  

Ontogenetic shifts have also been associated with cyprinids. Many species, including 

cyprinids, use similar resources during juvenile life stages (e.g. zooplankton as young-of-the-

year) but diverge into separate niches as larger individuals (Werner and Gilliam 1984, 

Mehner and Thiel 1999). Furthermore, vulnerability to predation decreases with increasing 

body length, enabling larger fish to expand their forage areas (Werner and Gilliam 1984). 

Differences in resource use and differences in the amounts of ingested resources between 

different body length classes have been described for cyprinids (Hellawell 1972, Lammens 

1986, Politou et al. 1993, Hjelm et al. 2003, Hayden et al. 2011). Politou et al. (1993) found 

larger body lengths classes (TL > 100 mm) of bleak feeding on larger organisms compared 

to smaller length classes of bleak. Lammens (1986) found bream and white bream of larger 

body lengths (200-250 mm FL) feeding on a higher proportion of benthivorous organisms 

compared to bream and white bream of smaller body length (150-200 mm FL), although the 

main dietary resource was still zooplankton. Similarly, Hayden et al. (2011) found an 

ontogenetic shift from zooplankton to macro-invertebrate feeding with increasing body length 

within bream (of body length 105-475 mm FL).  However, they found only in one out of four 

lakes significant ontogenetic variation within roach (of body length 58-350 mm FL). In that 

lake amounts of ingested plant material were higher than in the other lakes where no 

ontogenetic shift was detected (Hayden et al. 2011). In contrast, Hellawell (1972) found the 

amounts of used resources differed among three age-classes (years) of roach: 0-5+ (150-

200 mm TL), 6-9+ (> 200-250 mm TL), 10+ (220-300 mm TL) and therefore with body length. 

The oldest group (220-300 mm TL) did not ingest macrophytes, but ingested twice as many 

molluscs as the youngest and intermediate groups, whereas algae were ingested by all age 

classes (Hellawell 1972). Hellawell (1972) suggested that older roach feed more selectively 

than smaller roach. Hjelm et al. (2003) found small roach (TL <150 mm) fed mainly on 

zooplankton, whereas larger roach (TL > 150 mm) fed mainly on invertebrates. Diet shifts of 
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roach occured at different body lengths among lakes (Hjelm et al. 2003). Hjelm et al. (2003) 

suggested that two factors could explain dietary shifts in roach that become larger than 200 

mm TL. First, growing to longer than 200 mm TL leads to an increased metabolism in roach, 

which cannot be satisfied by feeding on small zooplankton; thus roach must feed more 

selectively on macrobenthos (Hjelm et al. 2003). Second, with increasing body length the 

morphology of roach changes (e.g. body depth increases) making foraging in littoral more 

efficient than in the pelagic habitats (Hjelm et al. 2003). 

Within the sampled Döllnsee cyprinids, no correlation was detected between δ13C and 

body length, indicating no niche shift in cyprinids with increasing length and no difference in 

resource use between smaller and larger cyprinids. The lack of diet shift and therefore 

habitat shift is contrary to above mentioned literature. This may be due to small size ranges 

of sampled cyprinids in the present study, as only two bream larger 200 mm TL were 

sampled (figure 11, table A2), and 200 mm TL was suggested to be a breakpoint for diet 

shifts in some cyprinds (Hjelm et al. 2003). A significant positive correlation was detected 

between δ15N and body length of bleak, roach, and rudd, however not for bream and white 

bream. Smaller bleak, roach, and rudd used resources that were less enriched in δ15N, 

indicating that they had been feeding on lower trophic levels, probably due to less complex 

handling requirements for smaller prey (Mehner and Thiel 1999). No correlation between 

δ15N and body length was detected in bream (table 6). But small bream were assigned as 

outliers and excluded from the analyses, figure 11d shows that smaller bream are less 

enriched in δ15N. However, figure 11 further reveals that cyprinids in size ranges between 50-

200 mm TL did not differ greatly, whereas fish smaller than 50 mm TL were less enriched in 

δ15N compared to larger fish. Increasing δ15N ratios with increasing body length in cyprinids 

might be due to ingestion of larger prey with increasing body length (Politou et al. 1993), or 

due to higher amounts of enriched resources (Hayden et al. 2011). Smaller fish might also 

preferably ingest smaller instars I and II (larvae stages) of chaoboridae. Chaoboridae instars 

I and II feed mainly on phytoplankton and as chaoboridae are also gape size limited, with 

increasing size they consume larger zooplankton (Jäger et al. 2011). These dietary 

differences cause instar stages differ in their δ15N ratios (Jeong and Park 2010). In the 

present study, chaoboridae δ15N ratios did not vary strongly. This might be due to the single 

chaoboridae sampling event in September. Jäger et al. (2011) stated that chaoboridae 

instars reach instar stage IV by autumn.  For further analyses chaoboridae sampling should 

be performed at least once in summer and once in autumn, to sample different instar stages 

of chaoboridae (Jäger et al. 2011), allowing for integration of varying stable isotope ratios of 

chaoboridae in resource use analyses. 

However, the lack of correlations between δ13C and body length as well as correlations 

between δ15N and body length – that seemed to be mainly driven by fish smaller 50 mm TL – 
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together with the before mentioned low differences in resource use, indicates that some 

cyprinids foraged as a feeding guild in the body length range of 50-200 mm TL. Foraging of 

cyprinids in one feeding guild may arise through similar gape- and pharyngeal-size limitation 

in similar sized cyprinids (Sibbing and Nagelkerke 2001) and through similar predation risk, 

both changes with increasing body length, and therefore size-specific predation (Werner and 

Gilliam 1984). In the present study a feeding guild could only be detected in bream, roach 

and white bream in the body length range of 50-200 mm TL, that had a high resource overlap 

with similar sized rudd and littoral sampled bleak, but rudd and bleak preferred to some 

degrees δ13C enriched resources. Further studies with increased sample size and body 

length ranges are necessary to investigate whether cyprinids of Döllnsee share further 

feeding guilds.  

Intraspecific dietary niche partitioning has been described for piscivorous species, with 

shifts between littoral and pelagic resources in the ontogeny of perch (Persson 1983b, 

Amundsen et al. 2003, Svanbäck et al. 2008, Schulze et al. 2012). Intraspecific resource 

overlap within perch was low between the analyzed size classes: 150-200, 200-250, 250-300 

and larger than 300 mm TL in the study of Schulze et al. (2012). The dietary niche 

partitioning between the perch size classes became even stronger, through increased 

competition with stocked zander (Schulze et al. 2012). In pike, intraspecific resources use 

differed mainly between pike 150-250 mm TL and pike larger than 250 mm TL, and was not 

affected by stocked zander (Schulze et al. 2012). Amundsen et al. (2003) found not only 

intraspecific dietary niche partitioning within piscivorous species, but detected five functional 

feeding guilds in burbot, perch and pike. The three species had the same ontogenetic niche 

shifts, although the body length at which the niche shifts occurred differed among the species 

(Amundsen et al. 2003). Amundsen et al. (2003) detected five feeding guilds for burbot, 

perch and pike, but some feeding guilds were only detected in one species, probably 

because not all size classes were caught in all species. They found perch inhabiting four and 

pike inhabiting two guilds a) very small perch (< 100 mm TL) feeding mainly on zooplankton; 

b) small perch (100-175 mm TL) feeding mainly on invertebrates; c) large perch (175-300 

mm TL) feeding on a mixture of invertebrates, whitefish and stickleback; d) very large perch 

(> 300 mm TL) and small pike (200-400 mm TL) ingesting a mixture of whitefish and other 

prey fish; e) large pike (> 400 mm TL) ingesting mainly whitefish (Amundsen et al. 2003).  

The positive correlation between δ15N and body length in catfish, perch and pike in the 

present study indicates a shift to feed on higher trophic levels with increasing body length in 

all three piscivorous species. Feeding on higher trophic levels with increasing size has been 

described before for piscivorous fish, as the optimal prey sizes in terms of feeding efficiency 

increases with increasing body length (Sibbing and Nagelkerke 2001, Paradis et a. 2008, 

Werner and Gilliam 1984); The results presented here are congruent with the previously 
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mentioned studies (Amundsen et al. 2003, Schulze et al. 2012). δ13C was positively 

correlated with body length in catfish and perch in the present study, but not in pike. This 

indicates a shift in resource use with increasing size for catfish and perch. Resource shifts in 

perch are congruent with Persson (1983b), Amundsen et al. (2003) and Schulze et al. 

(2012). But, it is interesting to find perch larger than 169 mm TL become enriched in δ13C 

with increasing size, when they are large enough to feed mainly on fish. It would be expected 

that δ13C ratios of intermediate-sized perch are enriched in comparison to the large perch, as 

they feed on invertebrates (Persson 1983b, Amundsen et al. 2003). The enriched  δ13C ratio 

of large perch might be due to increased ingestion of δ13C enriched crayfish and a preference 

for foraging on bleak and rudd, as has been suggested for catfish and pike in the present 

study (for details see above).  

Information on size-specific diet changes in catfish is rare (Wysujack and Mehner 2005, 

Syväranta et al. 2009). Wysujack and Mehner (2005) found no significant variation in the 

ingested food resources in relation to catfish body size. Copp et al. (2009) reviewed that 

resource use is diverse and variability increases with body size, though not consistently. In 

the present study smaller catfish already used littoral resources in higher amounts than 

pelagic resources. But a positive correlation was found between δ13C and body size, and 

δ13C ratios of five large catfish (> 1400 mm) were enriched in comparison to all sampled 

resources. This is an indication for a partly allochtonous resource use. Although Wysujack 

and Mehner (2005) found no significant variation in resource use along the continuum of 

catfish body size, they found catfish larger than 800 mm TL (n = 4) used different resources 

compared to smaller catfish. Large catfish in lake Feldberger Haussee in the north of 

Germany fed mainly on perch and not on other fish species or crayfish, as did the smaller 

catfish (Wysujack and Mehner 2005). But as only four catfish larger than 800 mm TL were 

sampled (Wysujack and Mehner 2005), variation of resource use with increasing length 

might not have been statistically significant in their study. Because perch are piscivorous, it 

can be expected that the four largest catfish from the Wysujack and Mehner (2005) study fed 

on higher trophic levels than the smaller catfish. This would be in agreement with the 

enriched δ15N ratios observed for the large catfish (TL > 1400 mm) in the present study 

(figure 11l), that potentially also ingested large perch.  

The switch in resource use and between food-chains in catfish (littoral food-chain and 

allochtonous food-chain) and perch (pelagic and littoral food-chain) indicates that both 

species are life-history-omnivorous and food-chain-omnivorous in ontogeny. Interestingly, 

catfish and pike of similar size ranges (catfish: 515-797 mm TL, pike: 474-557 mm TL) had 

similar δ13C and δ15N ratios in the present study (figure 11k,l,o,p).  This indicates catfish and 

pike may build one feeding guild in Döllnsee in the mentioned size range. Piscivorous 

feeding guilds have been detected before in other lakes (Amundsen et al. 2003), but further 
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studies are needed to investigate if further feeding guilds can be detected in piscivorous 

species of Döllnsee. 

Overall the results indicate that the fish community of Döllnsee is structured through 

intraspecific dietary niche partitioning as larger fish used enriched δ15N resources, although 

no significant statistical evidence was found for bream and white bream, which might be 

attributed to low sample sizes of bream 50 mm TL and missing samples of white bream 

smaller 50 mm TL. Catfish and perch were enriched in δ13C and δ15N with increasing size, 

indicating they are life-history-omnivorous and food-chain-omnivorous during ontogeny. The 

forth hypothesis can be accepted for bleak, catfish, pike, perch, rudd and roach, and has to 

be rejected for the bream and white bream in the present study.The sixth hypothesis that 

piscivorous species are life-history-omnivorous can be accepted for perch, pike and catfish. 
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5. Conclusions 

Food web analysis allows detection of energy flow through feeding characteristics such 

as generalistic feeding, omnivory, predation, cannibalism, and resource overlap among 

competitors (Briand 1983, May 1983, Levin 1992, Cohen et al. 1993, Vander Zanden et al. 

1997, Dunne et al. 2002, Ings et al. 2009, Paterson et al. 2014). Food webs structured by 

generalistic feeding fish can be expected to be resilient to ecosystem disturbances (e.g.  

invasive species, climate change, contaminants) because generalists can switch between 

feeding modes in reaction to environmental variation of disturbance (Beaudoin et al, 2001, 

Sibbing and Nagelkerke 2001, Paterson et al. 2014). In the present study the analyzed 

Döllnsee fish species were not specialized in resource use and ingested diverse resources 

from littoral and pelagic food chains. No correlation between sampling habitat and resource 

use was detected, indicating that Döllnsee fish forage across the entire lake. Bleak 

represents an exception, showing habitat-specific feeding. The food web of Döllnsee is 

structured by numerous connections through generalistic, trophic-omnivorous as well as 

food-chain omnivorous feeding fish. Therefore, the Döllnsee food web can be expected to be 

resilient to various ecosystem disturbances (Beaudoin et al, 2001, Sibbing and Nagelkerke 

2001, Paterson et al. 2014). Food chain coupling is higher in small lakes; because of a 

higher perimeter-to-area ratio, and energy flow is asymmetric from littoral to pelagic habitats, 

because littoral habitats often dominate in small lakes and energy flow is asymmetric from 

littoral to pelagic habitats (Schindler and Scheuerell 2002, Vander Zanden and 

Vadeboncoeur 2002 and 2006). Coupling of littoral and pelagic food chains by mobile fish 

has been detected throughout small and shallow lakes in North America, where benthic 

resources were often more important than pelagic resources (Schindler and Scheuerell 2002, 

Vander Zanden and Vadeboncoeur 2002). Congruently a strong coupling of littoral and 

pelagic food chains was detected in Döllnsee. Despite that, energy sources of cyprinids were 

less dominated by littoral resources, contrasting Schindler and Scheuerell (2002) and Vander 

Zanden and Vadeboncoeur (2006), probably due to the distinct pelagic habitat of Döllnsee. 

Coupling of littoral and pelagic resources seemed to occur indirect in piscivorous species, 

though feeding on generalistic cyprinids leads to ingestion of littoral and pelagic resources. 

High resource overlap, generalistic feeding, and reduced ingestion of plant material indicate 

reduced competition between Döllnsee fish species and was further supported by a low 

community niche breadth of lake Döllnsee in comparison to a small lake where resources 

were supposably limited. However, in the present study biomass and abundance of potential 

resources, fish species and fish growth rates in Döllnsee were not assessed. Further studies 

including those data would be needed to confirm that Döllnsee is not limited by the 

productivity of the lake ecosystem. Furthermore, such a holistic approach is suitable to 

quantify primary production of littoral and pelagic habitats, elucidate energy flows between 
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littoral and pelagic habitats, and investigate ecological efficiency of energy transport from 

littoral and pelagic food chains up to the level of predatory fish. Overall, the fish community of 

Döllnsee seems to be mainly structured through intraspecific dietary niche partitioning. 

Changing resource use due to ontogeny can be expected in fish, because the efficiency of 

feeding and foraging prey changes with increasing body length (Sibbing and Nagelkerke 

2001, Hjelm et al. 2003), due to reduced gape-size limitation (Sibbing and Nagelkerke 2001, 

Mehner and Thiel 1999), changes in body morphology and increased metabolism (Sibbing 

and Nagelkerke 2001, Hjelm et al. 2003) and reduced predation pressure (Werner and 

Gilliam 1984). In the present study, no shift in resource use was detected in different sized 

cyprinids, indicating no habitat shift occurred between size classes. However, with increasing 

size, bleak, roach and rudd and the piscivorous species catfish, perch and pike ingested 

resources that were enriched in δ15N, indicating they were feeding on larger prey (Politou et 

al. 1993), higher amounts of enriched resources (Lammens 1986, Hayden et al. 2011) or 

feeding on higher trophic levels (Paradis et a. 2008). Previous work showed that perch shifts 

from pelagic to littoral habitats with increasing body length (Persson 1983b, Amundsen et al. 

2003, Svanbäck et al. 2008, Schulze et al. 2012) and these results from the Döllnsee were 

consistent with those findings. Also for catfish a shift in C-source was detected, hinting that 

large catfish ingested allochtonous resources. However, allochtonous resources were not 

sampled in this study making SIAR analyses of large catfish impossible, while also potentially 

biasing results of SIAR analyses in bleak (Phillips et al. 2014). Further studies should include 

gut content analyses to provide robust analyses of resource use of bleak and catfish in 

Döllnsee (Vander Zanden and Vadeboncoeur 2002, Phillips et al. 2014). Overall, sampling 

size of fish species was low and potentially not all size classes were sampled. While future 

investigation with increased sample size, including varying size classes, are needed to 

address variation in diets over the ontogeny of Döllnsee fish species and detection of further 

size-dependent feeding guilds (Werner & Gilliam 1984, Jackson et al. 2011, Amundson et al. 

2013). The present study revealed that the Döllnsee community was mainly structured 

through intraspecific dietary niche partitioning by body length and by numerous connections 

through generalistic, trophic-omnivorous as well as food-chain-omnivorous foraging. 

Therefore, the analyzed fish species can be expected to be resilient to potential ecosystem 

disturbances, if the observed pattern is a long lasting characteristic of the Döllnsee food web, 

rather than a temporal pattern. 
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7. Appendix 

 

Table A1 Fish species documented in Kleiner Döllnsee in 2011 (modified from Zajicek 2012). 

Family Species Estimated 
abundance 

Cyprinidae Bleak Alburnus alburnus (L.) dominant 

 Bream Abramis brama (L.) subdominant 

 Carp Cyprinus carpio L. rare 

 Crucian carp Carassius carassius (L.) rare 

 Roach Rutilus rutilus (L.) dominant 

 Rudd Scardinius erythrophthalmus (L.) dominant 

 Tench Tinca tinca (L.) dominant 

 White bream Blicca bjoerkna (L.) rare 

Esocidae Pike Esox lucius L. dominant 

Anguillidae Eel Anguilla anguilla (L.) rare 

Siluridae European catfish Silurus glanis L. subdominnat 

Percidae European perch Perca fluviatilis L. dominat 

 Zander Sander lucioperca (L.) rare 

 Ruffe Gymnocephalus cernuus (L.) rare 
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Table A2 Size range (total length, TL) of fish species sampled in the littoral and pelagial of 

Kleiner Döllnsee 

Family Species Sampling 

location 

Sample size 

(N) 

TL range 

(mm) 

Cyprinidae Bleak Alburnus alburnus (L.) Littoral 13 41-169 

  
Pelagial 6 121-166 

  
Total 19 41-169 

     
 

Bream Abramis brama (L.) Littoral 13 45-343 

  
Pelagial 8 94-180 

  
Total 21 45-343 

     
 

Roach Rutilus rutilus (L.) Littoral 18 47-199 

  
Pelagial 15 62-197 

  
Total 33 47-199 

     

 
Rudd Scardinius erythrophthalmus (L.) Littoral 23 24-182 

  
Pelagial 8 81-135 

  
Total 31 24-182 

     

 
Tench Tinca tinca (L.) Littoral 2 42-199 

     

 
White bream Blicca bjoerkna (L.) Littoral 14 69-180 

  
Pelagial 8 98-198 

  
Total 22 69-198 

     
Percidae European perch Perca fluviatilis L. Littoral 21 65-312 

  
Pelagial 15 97-319 

  
Total 36 65-319 

     
 

Zander Sander lucioperca (L.) unknown 1 800 

     
Esocidae Pike Esox lucius L. Littoral 4 152-179 

  
unknown 6 269-557 

  
Total 10 152-557 

     
Siluridae European catfish Silurus glanis L. unknown 19 515-1653 

     
Anguillidae Eel Anguilla anguilla (L.) Littoral 1 360 
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Figure A1 Pictures of sample preparation for stable isotope analyses. A) Fish samples contain 

a small piece of dorsal muscle tissue that was dissected in the laboratory and transferred on 

aluminum foil trays. B) Complete white muscle tissue of juveniles (age-0) were extracted to 

obtain sufficient material for stable isotope analyses. C) Zooplankton samples were checked 

for purity. D) Samples were stored in an oven and dried at 60°C before they were pulverized for 

homogenization. E) Elemental analyzer with the coupled mass spectrometer. F) Working space 

for weighing small homogenized subsamples for the stable isotope analysis. 
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