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1 Introduction 

Fishes regulate aquatic food webs by feeding on various organisms, providing profound 

ecosystem services (Holmlund and Hammer 1999). Investigating food webs calls for 

detailed information on fish feeding ecology or trophic ecology, which helps to explain 

structural and functional aspects of ecosystems (Vander Zanden and Vadeboncoeur 2002, 

Pasquaud et al. 2008). It is crucial to understand community dynamics and species 

assemblages, especially for economically and ecologically important species (Link and 

Garrison 2002, Vander Zanden and Vadeboncoeur 2002, Heath 2005). For example, 

fishes can influence the activity, distribution and abundance of their prey (Carpenter et 

al. 1987, Wellborn et al. 1996). Moreover, fishes are major members of complex trophic 

cascades within aquatic ecosystems that influence food webs through top-down and 

bottom-up controls (Carpenter et al. 1985, Pace et al. 1999, Frank et al. 2005). For 

instance, piscivory or planktivory can cause cascading trophic effects in lake ecosystems 

(e.g. Simon and Townsend 2003, Reissig et al. 2006, Bystrom et al. 2007). 

Several concepts can help to describe the ecological role of a species. The functional 

niche and the trophic level or linkages (interactions with other organisms) are key 

concepts in ecology as they depict resource use and the functional roles of fishes as 

consumers in aquatic food webs (Paine 1988, Vander Zanden and Vadeboncoeur 2002, 

Chase and Leibold 2003). The Eltonian or functional niche concept is used to delineate 

the functional role of a species in the community and its potential resource use (Colwell 

and Rangel 2009, Devictor et al. 2010). The trophic level concept represents an energy-

weighted mean path length leading to a consumer (sensu Vander Zanden and Rasmussen 

1999, p. 406). Furthermore, the trophic position (TP), precisely ranks a species in the 

trophic order (e.g. predators have a trophic level of four, but predator X has a TP of 4.3) 

(Benke 2011). Such trophic positions are useful to elucidate food web interactions and 

functionally characterize the resource use (i.e. realized niche) of a species (Post 2002). 

Moreover, this concept allows for describing cascading trophic interactions, energy 

flows, the accumulation of pollutants and the horizontal biodiversity of communities 

(Power 1992, Hairston 1993, Rasmussen et al. 2008, Reiss et al. 2009). 

Fishes occupy a range of different functional niches and TPs in aquatic ecosystems, which 

differ among species as well as among individuals (Helfman et al. 2009, 424 pp). The 
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resource use of fish can generally be described as its dietary guild or feeding strategy 

(Garrison and Link 2000, Williams and Martinez 2000). Many different feeding strategies 

apply to fish: phytophagous, detritivorous, planktivorous, benthivorous, piscivorous and 

omnivorous fish feed at different parts of the food web (i.e. trophic levels). However, 

changes in food types during ontogeny affect and complicate the feeding ecology of a 

single species (Werner and Gilliam 1984). Such changes are usually related to increasing 

gape size, allowing fish to exploit progressively larger prey (Karpouzi and Stergiou 

2003). Almost all fish start to feed on zooplankton (ZP) and then undergo ontogenetic 

diet or niche shifts (Werner and Gilliam 1984). For example, predatory fish shift from 

zooplanctivory to benthivory to piscivory (Olson 1996). Consequently, individuals in size 

structured populations can only be assigned to a specific feeding strategy at a certain size 

(de Roos and Persson 2001, de Roos et al. 2002). Size classes within fish species often 

form ecologically distinct groups, which differently affect population dynamics and 

community structure (Werner and Gilliam 1984, Polis et al. 1989, Polis and Strong 1996). 

The shifts in feeding strategy, whether ontogenetically or environmentally determined, 

are tantamount to shifts in trophic levels or functional niches (Osenberg et al. 1992, 

Wainright et al. 1993, de la Moriniere et al. 2003). The growth-related increase in the TP 

of many fish can even turn interaction with other species from competition to predation 

(Olson et al. 1995). In addition, the TP and niche space can be altered by several factors, 

such as interspecific or intraspecific competition (Vander Zanden et al. 1999a, Svanback 

and Bolnick 2007). 

The Eurasian perch (EP - Perca flavescens) and the American yellow perch (YP - Perca 

fluviatilis) represent good model species for feeding ecology, because many of their traits 

and characteristics have been studied: diet (e.g. Keast 1977, Persson 1983b, Horppila et 

al. 2000), ontogenetic diet shifts (e.g. Wahl et al. 1993, Graeb et al. 2006, Bystrom et al. 

2012), trophic positioning (e.g. Vander Zanden et al. 1997, Quevedo and Olsson 2006), 

individual resource use (e.g. Ansari and Qadri 1989, Svanback and Persson 2004), 

competition (e.g. Fraser 1978, Persson 1983a, Paszkowski 1985), etc. Generally, EP and 

YP feed on a variety of food sources, using their generalized terminal mouth (Craig 2008). 

Both are considered omnivorous predatory fish or bentho-pelagic generalists of a medium 

trophic level, but variability in diet can be high (Webb 1984, Craig 1987, Cabana and 

Rasmussen 1996, Vander Zanden et al. 1997). 
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Like most fish, perch hatch as very small larvae and then rapidly increase in size and 

weight many times over (Persson 1983b, Werner and Gilliam 1984, Persson 1987b). 

Accordingly, their energy requirements change and new resources become available, 

mainly because of increasing gape size (Mehner and Thiel 1999). For example, size of 

consumed ZP was smaller in stomachs of YP larvae than in the ZP samples from their 

habitat, but with increasing gape size, bigger Daphnia species were exploited (Treasurer 

1990). Both perch species consume increasingly larger prey as they grow (Keast 1977, 

1985, Mittelbach and Persson 1998). More specifically, their diet and TP changes with 

size and age, while they start to exploit new prey types twice during ontogeny, which are 

described as ontogenetic diet shifts (Hjelm et al. 2000, Graeb et al. 2006, Quevedo and 

Olsson 2006). This alternating feeding ecology has been described as life history 

omnivory (Polis and Strong 1996, Persson and de Roos 2006). In addition, many perch 

populations exhibit a resource dimorphism between littoral and pelagic morphs with 

subpopulations that utilize different basal resources (Svanback and Eklov 2002, Parker et 

al. 2009a, Luek et al. 2010). Hence, different functional groups exist within EP and YP 

that specialize on particular food items (Werner and Gilliam 1984, Persson and Greenberg 

1990a, Claessen and Dieckmann 2002). 

Perch ontogeny starts in spring when spawning takes place (Collette et al. 1977). Larvae 

hatch at about 6 to 7 mm total length (TL) and stay confined to the littoral until their yolk 

sac is absorbed (Fig. 1). After yolk sac depletion, larvae undergo a pelagic phase 

accompanied by foraging on ZP (Whiteside et al. 1985, Post and McQueen 1988, Wang 

and Eckmann 1994). The free swimming larvae start to feed on rotifers (e.g. Keratella 

sp.) and then include stage one copepodites in their diet. They feed on increasingly larger 

copepods and finally on cladocerans (Whiteside et al. 1985, Treasurer 1990, Fulford et 

al. 2006). In general, perch prefer large sized ZP species like daphnids, as soon as they 

overcome their mouth gape limitation (Furnass 1979, Romare 2000, Shrader 2000, quoted 

in Brown et al. 2009, MacDougall et al. 2001, quoted in Brown et al. 2009). For instance, 

at about TL = 9 mm, YP larvae have been shown to start feeding on large Daphnia pulex 

(Wahl et al. 1993). 
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Figure 1: Schematic figure of the habitat shifts between the littoral and the pelagic habitat during 

the early ontogeny of P. fluviatilis & P. flavescens (modified from Whiteside et al. (1985)). 

 

Following the pelagic phase, juvenile perch undergo a diet shift towards zoobenthivory 

(Fig. 2). At about 25 to 30 mm TL, young perch migrate to the littoral and start to feed 

on various benthic invertebrates (Whiteside et al. 1985, Post and McQueen 1988, 

Berezina and Strel'nikova 2001). In the littoral environment, perch feed mostly on 

chironomids, isopods and amphipods (Persson 1983b, Fullhart et al. 2002). The diet shift 

to zoobenthivory can immediately affect the zoobenthos community, reducing its 

biomass, abundance and diversity, depending on habitat complexity (Diehl 1992). For 

example, biomass and abundance of oligochaets and chironomids in a controlled 

environment was drastically reduced when young-of-the-year (YOY) perch started to 

feed on benthic prey 30 to 60 days after hatching (Berezina and Strel'nikova 2001). 

Most perch perform a second ontogenetic diet shift and become facultative piscivores 

(Fig. 2). Fish is included in the diet to various degrees at about age-1+, which is why adult 

perch are considered to be secondary piscivorous (Mittelbach and Persson 1998, Fullhart 

et al. 2002, Amundsen et al. 2003). Sometimes, very early piscivory can occur in YOY 

perch at TL < 30 mm, which feed on fish larvae. In EP, this usually results in size 

bimodality between mainly zooplanctivorous and piscivorous perch (Berezina and 

Strel'nikova 2001, Beeck et al. 2002, Urbatzka et al. 2008). Generally, perch hunt other 

fish by chasing them in small troops or packs (Deelder 1951, Nursall 1973). Common 

prey fish for P. flavescens in their native range include sunfishes (e.g. Lepomis gibbosus), 

minnows (Cyprinidae), sticklebacks (e.g. Culaea inconsta) and other YP (Knight et al. 
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1984, Fullhart et al. 2002, Parker et al. 2009b). In Lake Washington (Washington, USA), 

YP primarily feed on benthic-living prickly sculpin (Cottus asper) (McIntyre et al. 2006). 

Also, EP feed on a variety of fish: cyprinids like roach (Rutilus rutilus) and bream 

(Abramis brama), but also ruffe (Gymnocephalus cernua), smelt (Osmerus eperlanus), 

and smaller conspecifics (Persson and Eklov 1995, Beeck et al. 2002). 

 

 

Figure 2: Food web scheme for P. fluviatilis & P. flavescens with respect to ontogeny and energy 

pathways. Trophic links to aquatic consumers are illustrated with solid arrows ( ). Diet shifts 

between size classes of perch are shown as dashed arrows ( ). The scheme depicts (from top 

to bottom) the co-ocurring top predators (Esox lucius (upper picture) & Micropterus salmoides 

(lower picture), the different size classes of P. fluviatilis (upper pictures) & P. flavescens (lower 

pictures), their most important types of prey (zooplankton, benthic/epiphytic invertebrates and 

fish) and the bases of the littoral and pelagic food webs (phytoplankton, benthic & epiphytic 

algae) along their assumed trophic positions (modified from Rasmussen et al. 2008) – pictures: 

Wisconsin Department of Natural Resources, Bangladesh Fisheries Information, Fish 

Management in New York State & Fischereiverband für das Land Vorarlberg. 
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Especially among EP, cannibalism has been shown to play an important role for 

population structure and dynamics (Persson et al. 2000, Persson et al. 2004). 

Exceptionally large individuals are often highly cannibalistic and exhibit increased 

growth (Lecren 1992, Claessen et al. 2000, Bystrom et al. 2012). The resulting individual 

variation in morphology allows for larger-sized EP to perform earlier diet shifts or 

intracohort cannibalism, respectively. Larger-bodied individuals have a larger mouth 

gape and can therefore switch their diet to invertebrates and fish more easily (Mittelbach 

and Persson 1998, Bystrom et al. 2012). The cannibalistic perch represent a top-down 

control for interspecific competitors as well as for smaller perch (Persson et al. 2004). 

Removal or death of these individuals results in recruitment overcompensation 

(Ohlberger et al. 2011). For example, more recruits of YOY EP followed the die-off of 

large age-2+ perch, that inhabited the near shore areas of a lake (Persson et al. 2000). 

Diet shifts and the functional niche can be strongly affected by interspecific competition: 

Inferior foraging success of perch leads to foraging on less profitable prey and has been 

shown to result in reduced growth or even stunted populations (e.g. Persson 1983a, 

Persson 1983b, Persson 1988, Persson and Hansson 1999, Schoenebeck and Brown 

2010). For example, EP and roach compete for a variety of food sources, whereas roach 

(R. rutilus) prey more efficiently on ZP than perch (Persson 1987a). Thus, high densities 

of roach are thought to accelerate the perch ontogenetic diet shift from ZP to 

macrozoobenthos (MZB) (Persson 1986, Bergman 1990). However, habitat-specific 

foraging abilities mediate competitor success, and competition might be rather limited 

(Radke and Eckmann 2001, Haertel et al. 2002, Persson and de Roos 2012). YP, for 

instance, shifted from ZP to MZB after the removal of zoobenthivorous white suckers 

(Catostomus commersonii) (Hayes et al. 1992). 

Additionally, ontogenetic shifts in perch are highly variable between individuals and 

localities and can be skewed by individual specialization on certain food items, 

accompanied by changes in growth, size and morphology (Quevedo and Olsson 2006, 

Urbatzka et al. 2008). EP have been shown to avoid increasing intraspecific competition 

by specialization, evidenced by higher niche breadths at high densities of adult perches 

(Svanback and Persson 2004, Bolnick et al. 2007). For example, the foraging efficiency 

of pelagic and littoral EP differs: Streamlined, pelagic perch are better adapted to catch 

ZP while deep bodied, littoral perch perform better with benthic food items (Svanback 

and Eklov 2003, 2004). Also, small YP individually differed in the number of feeding 
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attempts, number of unsuccessful feeding attempts and timing between feeding attempts 

when they were fed different prey items (Ansari and Qadri 1989). 

The aforementioned factors show that the conditions of diet shifts in perch are not yet 

fully understood or whether these differ between EP and YP. The functional role of both 

species in their respective ecosystems has never before been compared across continents. 

Intercontinental comparisons in fish ecology are rare and in most cases focus on 

communities (e.g. Mahon 1984, Tonn et al. 1990, Lamouroux et al. 2002). Comparisons 

at the species level can reveal great differences among species or populations in their 

native and introduced ranges (Brandner et al. 2013, Budy et al. 2013). This study meant 

to analyze and describe the functional feeding role or niche of EP and YP from North 

America and Europe by means of stable isotope (SI) analysis. YP and EP are closely 

related, but they or their ontogenetic feeding stages, might not play similar roles in the 

ecosystems they inhabit. Carbon (δ13C) and nitrogen (δ15N) isotope-based calculations of 

TP, mixing models of resource use and isotopic niche characteristics provide a powerful 

currency to compare the ecological role and describe the ontogenetic changes of YP and 

EP in food webs (Vander Zanden and Rasmussen 1996, Semmens et al. 2009). 

In a seminal paper on perch biology, Thorpe (1977) concluded that YP and EP fulfill the 

same ecological role, due to their high degree of similarity in morphological, 

physiological and behavioral characteristics. However, such commonalities do not 

necessary mean ecological equality as other factors like behavior, resource abundance 

and predator distribution influence the diet (Motta et al. 1995). So far, only minor 

differences could be demonstrated in YP and EP ecology, like a greater physical tolerance 

to eutrophication and high water temperatures in EP (Hokanson 1977, Leach et al. 1977, 

Morgan et al. 2003). In general, TP estimates derived from stomach- and SI analyses of 

YP and EP are characteristic for omnivorous or secondary piscivorous fishes. They range 

from TP 3.0 to 4.0, which comply with secondary to tertiary consumer levels (Cabana 

and Rasmussen 1996, Vander Zanden and Vadeboncoeur 2002). However, TP estimates 

for perch should only be given for a defined size class to account for distinguishable 

ontogenetic feeding guilds (McIntyre et al. 2006, Quevedo and Olsson 2006). Similar 

patterns in ontogenetic diet shifts in both perch lead to the first hypothesis: 
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Hypothesis 1: 

Similar breakpoints exist within the size related increase of trophic position in YP and EP. 

Carbon sources and nitrogen content of perch prey changes, as they feed on different 

trophic levels and utilize distinct trophic pathways during ontogeny (e.g. McIntyre et al. 

2006, Quevedo and Olsson 2006). Generally, TP-estimates (and δ15N-values) are 

expected to increase with size (Jennings et al. 2002). C13-values should also increase when 

C13-enriched benthic prey or littoral fish are included in the diet and isotope turnover rates 

decrease at larger sizes. The size at the breakpoints should be similar in YP and EP and 

mark the endpoints of a transitional ontogenetic diet shift, representing the limits of the 

respective feeding guilds. 

The resulting subgroups, as defined by the breakpoint, should be used to model the diet 

of those size classes. SI analysis can be used to investigate their middle-to-long-term 

feeding patterns via mixing models (Phillips and Gregg 2003). Also, the niche space of 

populations and the degree of individual specialization can be inferred from SIs (Bearhop 

et al. 2004, Layman et al. 2007). Studies on stomach contents and mixing models of diet 

in both perch species showed that they undergo the aforementioned niche shifts from ZP 

to MZB to fish and consequently occupy similar foraging niches within their respective 

size classes (Hjelm et al. 2000, Amundsen et al. 2003, McIntyre et al. 2006). 

Hypothesis 2: 

In accordance with Thorpe (1977), YP and EP occupy similar trophic positions and show 

similar resource utilization during ontogeny. 

The resource use in the smaller and larger group therefore should be analogous. Also, 

convex hull area and other metrics introduced by Layman et al. (2007), which have 

already been successfully used to study the feeding ecology of perch, should be similar if 

the two species occupy equivalent ecological niches (Quevedo et al. 2009). 

To test these hypotheses, the trophic positions and diets of YP from three North-American 

lakes in Washington, USA and EP from three lakes in Brandenburg, Germany are 

estimated from SI samples.  
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2 Eurasian Perch and Yellow Perch 

2.1.1 Systematics & Zoology 

The genus Perca comprises of three species that resemble each other in many 

characteristics: The Eurasian perch, P. fluviatilis (Linnaeus 1758 – Fig. 3a), the yellow 

perch, P. flavescens (Mitchill 1814 – Fig. 3b) and the Balkhash perch, P. schrenkii 

(Kessler 1874) (Kottelat and Freyhof 2007, Craig 2008). The latter is not dealt with in 

this study. It has been proposed that the geographically separated P. fluviatilis and P. 

flavescens represent a single species with three subspecies (Svetovidov and Dorofeeva 

1963). Nowadays, both are considered to be distinct species because of the different 

positioning of their predorsal bone (Collette and Banarescu 1977). 

 

Figure 3: Photographs of adult P. flavescens (a) & P. fluviatilis (b) – pictures: wikimedia.org 

YP and EP exhibit minor morphological differences: YP (World Record: 1.91 kg) stay 

notably smaller than EP (World Record: 4.8 kg). Fishbase (www.fishbase.org) states a 

maximum size of 500 mm as total length (TL). For EP, the given maximum size is 600 

mm as standard length (SL) (Froese and Pauly 2012). In addition, several phenological 

differences exist: YP are brass-colored and can exhibit five to nine vertical bars. EP are 

greenish in color, have five to eight vertical bars and exhibit more pronounced red pelvic, 

anal and caudal fins as well as a more pronounced spot at the second dorsal fin. (Craig 

1987). 

Genetic analysis of mitochondrial cytochrome-b DNA revealed the phylogenetic 

relationships in perch. It could be shown that both species are closely related and share a 

common ancestor (monophyletic), but they differ at 130 sites in their cytochrome-b 

sequences (Song et al. 1998, Sloss et al. 2004). 

http://en.wikipedia.org/wiki/Yellow_perch
http://en.wikipedia.org/wiki/Yellow_perch
http://en.wikipedia.org/wiki/Samuel_Latham_Mitchill
http://en.wikipedia.org/wiki/Balkhash_perch
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2.1.2 Distribution 

YP and EP exhibit similar tolerance zones in their environment (Thorpe 1977). All 

species of the genus Perca are distributed in the holoarctic ecozone (Craig 1987). They 

mainly inhabit mesotrophic to slightly eutrophic water bodies, where especially P. 

fluviatilis often dominates the fish communities (Mehner et al. 2005, Brown et al. 2009). 

Both species inhabit and spawn in fresh or sometimes brackish waters of small ponds to 

large lakes, rivers and estuaries (Scott and Crossman 1973, Kottelat and Freyhof 2007). 

The North American P. flavescens is native to the north-eastern part of the American 

continent (USA, Canada): The Great Lakes and Mississippi River basins from Nova 

Scotia and Quebec west to Great Slave Lake in Northwest Territories in Canada, and 

south to Ohio, Illinois and Nebraska in the USA; south in Atlantic drainages to Santee 

River in South Carolina, USA (Froese and Pauly 2012). Presently, P. flavescens can be 

found beyond their original distribution west of the continental divide in the states of 

Washington (introduced in Washington in 1890 as a sport and food fish), Oregon, 

California and British Columbia, as well as south in New Mexico and Texas (Scott and 

Crossman 1973). 

Native throughout Europe, P. fluviatilis does not occur naturally on the Iberian Peninsula, 

central Italy and the Adriatic basin. P. fluviatilis is widespread all over Siberia eastwards 

up to Kolyma and in drainages into the Arctic and the Aralsee. Moreover, this species 

was introduced to the several southern European countries, Australia and South Africa 

(Kottelat and Freyhof 2007). The latitude affects certain aspects of their life history traits 

(Berven and Gill 1983). For example, growth rates, mortality rates, and reproductive 

investment decrease with latitude (Heibo et al. 2005). 
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3 Material & Methods 

3.1 Study Area 

The TPs of fishes in lake ecosystems are dependent on lake size (Vander Zanden et al. 

1999b, Post et al. 2000). Thus, six small, mesotrophic, summer-stratified lakes between 

12 and 63 ha (also Fig. 4) were chosen for the species comparison: three lakes in North 

America (USA) and three lakes in Germany (GER). A summary of important 

limnological lake characteristics is given in table 1. Every lake was considered to be a 

single sample. One epilimnic (1 m depth) and one hypolimnic water sample (~1 m above 

the deepest point of each lake) were taken from each lake with a standard water sampler 

according to Ruttner for total phosphorous and total nitrogen analysis. Also, conductivity, 

pH, and temperature were measured during sampling events in the epilimnium and 

hypolimnium by YSI multi-probes (YSI Model 85 / YSI 600)* (Tab. 1). 

* Due to different equipment in Washington and Germany, the type and/or brand of an 

item are given for each country as: (product USA / product GER). 

 

3.1.1 American Lakes 

Between June and August 2012, three North American lakes were sampled in western 

Washington State, USA: Lake Padden (Fig. 4a), Whatcom County (48.7027°, -

122.4529°); Walsh Lake (Fig. 4b), King County (47.4085°, -121.9285°) and Lake 

Wilderness (Fig. 4c), King County (47.3726°, -122.0344°). The lakes are kettle lakes with 

glacial origin located in the Pudget Sound basin. The near shore areas are forested and 

covered by douglas fir (Pseudotsuga menziesii), alder (Alnus spec.), vine maple (Acer 

circinatum) and black cottonwood (Populus trichocarpa). Mesotrophic Lake Padden and 

Lake Wilderness exhibit residential clearings at the shoreline, while Walsh Lake lies 

within the Seattle water protection area with no development in the upstream watershed. 

YP do not natively inhabit these lakes and have been introduced to this area since the late 

nineteen hundreds (DFO 2011). Although the records are incomplete, the earliest known 

stocking of YP into Walsh Lake occurred in 1915-17 (2,000 perch were stocked) (Julian 

Olden pers. comm. 2012). 
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3.1.2 German Lakes 

Three European lowland lakes in Brandenburg, Germany were sampled in October and 

November 2012: Lake Dölln (Fig. 4d), Uckermark (52.9946°, 13.5818°); Lake Väter 

(Fig. 4e), Uckermark (53.0051°, 13.5530°) and Lake Wucker (Fig. 4f), Uckermark 

(53.0071°, 13.6424°). All lakes are situated in the Baltic lake region and the lake district 

of Templin-Werbellin. The lakes have a glacial origin and originated in the late 

Pleistocene. Their near shore areas are forested with alder (Alnus spec.), beech (Fagus 

sylvatica), birch (Betula spec.) and pine (Pinus sylvestris). The mesotrophic to slightly 

eutrophic Lake Väter and Lake Dölln have been well studied with respect to 

hydrogeography, trophic characteristics, submerged macrophytes and fish communites 

(Radke 1998, Kasprzak et al. 2000). The fish communities are known to be dominated by 

roach and perch (Radke 1998, Haertel 2001). Generally, there is a high degree of 

similarity between all of the tested German water bodies with respect to fish community 

and morphometric characters, like mean and maximum depth (Eckmann 1995, Mehner et 

al. 2005). 
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Table 1: Limnological characteristics and water quality parameters of the studied lakes, measured in June/July (USA) and October/November (Germany). Chemical 

parameters are the average of one epi- and one hypolimnic water sample per lake. The fish community comprises all fish species caught during sampling in the 

USA and Germany. 

lake 
latitude 

(dec. °) 

longitude 

(dec. °) 

secchi 

(m) 

altitude 

(m) 

area 

(ha) 

Zmax 

(m) 

Zmean 

(m) 

U 

(km) 

σ 

(µS/cm) 
pH 

TP 

(µg/l) 

TN 

(µg/l) 
fish community 

USA               

Padden 48.7027 -122.4529 4.6 137 63.5 18.0 8.2 3.64 100 7.8 23 483 LB, RT, YP, PS, PSc 

Walsh 47.4085 -121.9285 4.2 221 24 10.7 N/A 2.05 54 7.0 11 343 LB, YP, PSc, NP 

Wilderness 47.3726 -122.0344 5.6 143 27.9 11.6 6.4 2.86 115 8.0 16 366 LB, RT, Ko, YP, PS, GS, PSc 

GER               

Dölln 52.9946 13.5818 1.8 54 25 7.8 4.1 2.19 463 8.1 33 950 Pi, EP, Ro, Ru, Te, Br, WB,  

Väter 53.0051 13.5530 2.2 60 12.07 11.5 5.2 1.39 389 6.9 22 780 Pi, EP, Ro, Ru, Te, Br, WB,  

Wucker 53.0071 13.6424 3.8 64 22 16.1 8.0 3.15 365 7.0 14 580 Pi, EP, Ro, Ru, Te, Br, WB,  

U = shoreline length; Zmax = maximum depth; Zmean = mean depth; σ = conductivity; TP = total phosphorus; and TN = total nitrogen. Abbreviations for fish species – USA: LB 

= largemouth bass (Micropterus salmoides); RT = rainbow trout (Oncorhynchus mykiss); Ko = kokanee (Oncorhynchus nerka); YP = yellow perch (Perca flavescens); PS = 

pumpkinseed sunfish (Lepomis gibbosus); green sunfish (Lepomis cyanellus); prickly sculpin (Cottus asper). Abbreviations for fish species – Germany: Pi = pike (Esox lucius); EP 

= Eurasian perch (Perca fluviatilis); Ro = roach (Rutilus, Rutilus); Ru = rudd (Scardinius erythrophthalmus); Te = tench (Tinca tinca); WB = white bream (Abramis bjoerkna); Br 

= bream (Abramis brama). 
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Figure 4: Aerial photographs and position of the studied lake ecosystems in North America and Europe (position and scale of the continents are not drawn to scale): 

Lake Padden (a), Walsh Lake (b), Lake Wilderness (c), Lake Dölln (d), Lake Väter (e) & Lake Wucker (f) - pictures: Google Maps
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3.2 Sample Collection 

3.2.1 Fish 

To account for littoral and pelagic differences in feeding ecology and to catch a broad 

range of size classes, different sampling gears were used. Fish were caught with minnow 

traps, fyke nets, hook and line, electrofishing and multi-mesh, pelagic gillnets between 

June and August 2012 (Washington) and between October and November 2012 

(Brandenburg). Benthic multi-mesh gill nets were set perpendicular to the shore to catch 

pelagic fishes; two longer nets in the USA and four shorter nets in Germany (58.52 m x 

1.83 m; six panels each being 9.75 m long with mesh-sizes 25.4, 31.75, 38.1, 50.8, 63.5 

76.2 mm (stretched mesh) / NORDIC; lxh: 30 m x 1.5 m; twelve panels each being 2.5 m 

long with mesh-sizes 5, 6.25, 8, 10, 12.5, 16, 19.5, 24, 29, 35, 43 and 55 mm; Lundgrens 

Fiskredskapsfabrik AB, Stockholm, Sweden). In Washington, one fyke net (with a 

diameter of 0.76 m, 7.92 m wing length and five hoops with 24.52 cm² openings) and 

four galvanized, steel minnow traps (41 cm, two 2.54 cm openings and 6.4 mm mesh 

size) were set in each of four sectors to catch littoral fishes. In Germany, electrofishing 

was conducted in the littoral zone. Fish were identified to species. Total length (TL in 

mm) and weight (g) were recorded for each fish (Tanita 1144; d = 0.01 g / Satorius AW-

4202; d = 0.01 g). Later on, fish were grouped into size classes according to the results of 

the breakpoint models (3.4.1). The fish were bagged, labeled and put on ice for transport. 

Perch and potential prey fish were selected for analysis. All samples (ZP, benthic 

invertebrates and fish) were frozen in the laboratory at -20°C prior to preparation for SI 

analysis, because preservation in formalin or ethanol has been shown to alter SI ratios 

(Kaehler and Pakhomov 2001, Sarakinos et al. 2002). 

 

3.2.2 Benthic Invertebrates & Zooplankton 

To address spatial variability of signatures of rather immobile invertebrates within lakes, 

lakes were divided into four similarly sized sectors (Syvaranta et al. 2006). Each sector 

was sampled at two points of the littoral, targeting different microhabitats (wood, 

macrophytes & stones). Benthic organisms were collected with a D-frame aquatic net 

(mesh size 500 µm) and hand-picked from stones and wood of the littoral at different 

depths less than 1 m. Habitat and depth of each netting event were recorded. Larger stones 
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and pieces of wood were examined for benthos and removed from the net sweeps. An 

Ekman dredge (WILDCO Ponar grab) was used to sample profundal benthos. These 

samples were not included in the analysis, because they contained very few or no 

invertebrates at all. ZP were caught by multiple trawls with plankton nets of 100 µm mesh 

size. The net sweeps and composite ZP samples were bagged, labeled and put on ice for 

transport. All samples were frozen within 8 h after sampling at -20°C to kill the 

invertebrates and to store them for analysis. 

 

3.3 Stable Isotopes: Sample Preparation and Analysis 

ZP were thawed and filtered through a series of mesh sieves (200 µm, 500 µm (471 µm 

– USA) and 1000 µm) to remove algae and gain different size fractions. The samples 

were washed with deionized water and transferred into petri dishes. Each fraction was 

then examined under a dissecting microscope and sorted with a pair of tweezers. The ZP 

were divided into groups of cladocerans, calanoids, cyclopoids and Chaoborus spec. due 

to their different diets (Matthews and Mazumder 2003). All other predatory cyclopoids 

like Epischura or Mesocyclops and Leptidora spec. were sorted out. Other materials like 

parts of plant or detrital particles were removed from the samples. Cladocerans were 

grouped into small and large individuals where possible. A great share of the German ZP 

samples consisted of very small cladocerans and calanoids (< 500 µm). Hence, they were 

pooled together in bulk samples. 

Benthos samples were thawed and examined for invertebrates under a dissecting 

microscope. Invertebrates were sorted out and grouped by taxonomic groups as accurately 

as possible. A minimum of five individuals were pooled for one sample and at least three 

replicates of each group were created. In case of very large individuals, e.g. large 

predatory invertebrates, less than five individuals were used for a sample. Only one 

crayfish was caught in Walsh Lake and thus excluded from the samples. 

White muscle tissue samples from 68 YP (20 PA, 19 WA, 15 WI) and 82 EP (32 DO, 30 

VA, 20 WU) were used for the analysis. Muscle tissue was chosen because it offers the 

most robust estimates of long term diet predictability by SIs due to its relatively low 

metabolic activity (low turnover rate of SI) (Pinnegar and Polunin 1999). 
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The fish were thawed, weighed, measured and descaled at the dorso-ventral area (Fig. 

5a). The skin was removed and a cube of about 1 cm edge length was cut out of the dorsal 

muscle with a scalpel (Fig. 5b). All samples were transferred into aluminum trays and 

dried for 24 h in a drying oven at 60°C (Fig. 5c). After drying, samples were ground as 

to a fine powder with mortar and pestle to increase isotopic homogeneity (Fig. 5d). 

Finally, samples were transferred into Eppendorfer tubes or small glass vials with snap-

caps and stored in a desiccator prior to weighing. 

 

 

Figure 5: Preparation of fish tissue samples: Weighing and measuring (a); tissue removal of the 

dorsal muscle (b); drying of samples in a drying oven at 60°C for 24 h (c); grinding the samples 

with mortar and pestle (d). 

 

To calculate trophic positions and diet composition from SIs, the samples had to be 

analyzed for the ratios of carbon isotopes (12C, 13C) and nitrogen isotopes (14N, 15N), with 

12C and 14N being the more common isotopes (Fry 2006). A micro analytical balance 

(Sartorius micro / Scientech SA80) was used to weigh about 1.000 mg (± 0.200 mg) from 

each sample (ZP, MZB and fish). Samples were then weighed into 5*9 mm / 8*5 mm tin 

capsules (COSTECH Analytical Inc. / Elemental Micoanalysis). After compressing the 

tin capsule, each sample was re-weighed. Finally the samples were placed in a 96-well 

http://www.costechanalytical.com/
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polystyrene cell plates (Rotilabo®-microtest plates), which were covered and labeled. 

Samples were sent to UC Davis SI Facility in California, USA, for 13C and 15N isotope 

analyses. Altogether, 255 samples (125 invertebrate & 130 fish samples) from 

Washington and 321 samples (184 invertebrate & 137 fish samples) from Germany were 

analyzed. In the laboratory, the capsuled samples were broken down into elemental 

components N2 (for 15N analysis) and CO2 (for 13C analysis) at 1000°C in the presence of 

catalyzing chromium oxide and silvered copper oxide in a PDZ Europa ANCA-GSL 

elemental analyzer. Then oxides were removed and the N2 and CO2 gases were separated 

in a Carbosieve GC column (65°C, 65 mL/min) with helium carrier gas. Finally, 13C and 

15N isotope ratios were analyzed in the connected PDZ Europa 20-20 isotope ratio mass 

spectrometer (Sercon Ltd., Cheshire, UK). The laboratory ran a number of replicates from 

different laboratory standards with the samples. Those standards resembled the 

composition of the sample and have been calibrated against the American National 

Institute of Standards and Technology (NIST) Standard Reference Materials (IAEA-N1, 

IAEA-N2, IAEA-N3, US.GS-40, and USGS-41). All samples isotope ratios were 

corrected based on those standards. The long term standard deviation of UC Davis SI 

laboratory is 0.2‰ for 13C and 0.3‰ for 15N. 

Results are expressed relative to international standards (delta (δ) notation), as the heavy 

to light isotope ratio of the sample (R) to the according ratio of a given standard (δ = 0‰). 

The standard for carbon is carbon dioxide derived from the calcium carbonate of Vienna 

PeeDee Belemnite (V-PDB) limestone and atmospheric nitrogen (air) for nitrogen. 

Results are given as ratios of 13C to 12C (Equ. 1) and 15N to 14N (Equ. 2) relative to 

international standards: 

Equation 1: Formula for calculating delta (δ) values from mass ratios of 12C & 13C (R). 

𝛿 𝐶13 =
( 𝑅sample − 𝑅standard)

𝑅standard
× 1000 

Equation 2: Formula for calculating delta (δ) values from mass ratios of 14N & 15N (R). 

𝛿 𝑁15 =
( 𝑅sample − 𝑅standard)

𝑅standard
× 1000 

Rsample = ratio of the heavy to light isotope in the sample and Rstandard ratio of the heavy to 

light isotope in V-PDB/air (Sharp 2007). Units are expressed as per mill (‰). 
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Many studies propose a correction of δ13C-values for 13C-depleted lipids, either by 

chemical extraction or by mathematical models for normalization (Sweeting et al. 2006, 

Post et al. 2007, Logan et al. 2008). This is done because lipids in the tissue are depleted 

in 13C, which leads to lower δ13C-values in fatty tissue (Post et al. 2007). Although, many 

of these models which estimate lipid contents from C/N mass ratios can perform well 

with fish muscle tissue (e.g. Sweeting et al. 2006, Logan et al. 2008), most of these models 

work rather poorly on invertebrates (e.g. Kiljunen et al. 2006, Syvaranta and Rautio 

2010). Also, chemical lipid extraction may alter δ15N-values and consequently TP 

estimates (Sweeting et al. 2006, Post et al. 2007). Furthermore, data on lipid content of 

the samples were not recorded, which would have been necessary to get reasonable 

estimates of lipid normalized values from mathematical models (Sweeting et al. 2006). 

Finally, perch dorsal muscle exhibit low lipid contents (2.4 ± 0.4% for P. flavescens and 

1.43 ± 0.03% for P. fluviatilis) and low C/N ratios (< 5) (Pinnegar and Polunin 1999, 

Mairesse et al. 2006, Mackintosh et al. 2012). In this case, lipid normalization does not 

significantly remove biases in δ13C-values (Post et al. 2007). For example, muscle tissue 

from P. fluviatilis showed only marginal differences (0.06 ± 0.06‰) between lipid 

extracted samples and untreated samples (Kiljunen et al. 2006). Hence, the δ13C-values 

were not corrected for lipids in this study. 

 

3.4 Statistical Analysis 

Exploratory analyses were carried out with SPSS version 21 (IBM): Residual plots of TP-

data of each species were examined for normal distribution. Homogeny of variances was 

determined for TP with a non-parametric Levene's test prior to further analysis 

(Nordstokke and Zumbo 2010). Descriptive statistics were calculated for δ13C-/δ15N-

values, TL and TP. Regression analyses were calculated for δ13C- and δ15N-values and 

TL of both perch species in every lake. Isotope values of different organisms were plotted 

in bi-plots for each lake together with its specific baseline. 
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3.4.1 Breakpoint Analysis 

The similarity of ontogenetic diet or niche shifts between species was examined by 

breakpoint analysis of TPs related to length. The three different ontogenetic feeding 

groups in perch have to be considered when analyzing the prey of perch. Regressions 

between TL and TP were analyzed for breakpoints, to assess significant threshold values 

in TP and to determine size classes for subsequent analysis by a mixing model. The 

procedure was conducted for all YP and EP. First, linear models for the TL against TP 

were calculated with the statistic program R (RCoreTeam 2012). Those models were then 

tested for breakpoints with the Davies’ Test implemented in the R-package segmented 

(Muggeo 2008). The Davies’ Test tests for a non-zero difference-in-slope parameter of a 

segmented relationship within a generalized linear model (Davies 1987). Such a change 

in slope is thought of as an indicator of a (ontogenetic) diet change. The perch samples 

were then grouped into size classes according to the results of the Davies test (small & 

large). The smallest EP (TL = 62 mm, TP = 3.60) had to be excluded from the dataset 

because the Davies’ test falsely identified a nonsensical breakpoint before the next larger 

individual (breakpoint at 62 mm). 

In addition, the collected dataset of Walsh Lake and Lake Wilderness – was supplemented 

by SI data from the year 2009 for this analysis (Eric Larson, University of Washington, 

unpublished data). The δ13C/δ15N-values of the same taxonomic groups or diet groups 

from the year 2009 and the present dataset (2012) were tested against each other via 

Student’s t-test. When primary consumers that were present in both datasets did not differ 

significantly, perch trophic level was calculated and implemented into the breakpoint 

analysis. 

 

3.4.2 Trophic Position 

The TPs were calculated for each perch in relation to a lake specific baseline. The change 

in carbon and nitrogen ratios (sometimes complemented by sulfur or hydrogen isotope 

ratios) can be analyzed for differences between consumers and their diet to calculate the 

TP and resource use of an individual (Peterson and Fry 1987, Cabana and Rasmussen 

1996, Caut et al. 2009). The process of isotopic fractionation makes it possible to infer 

the TP of an organism in the food web from its δ15N-value and to point towards the dietary 
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sources according to its δ13C-value (France 1995, Post 2002). The 15N isotope 

accumulates along the food chain within the tissue of consumers (Deniro and Epstein 

1981, Checkley and Miller 1989). Therefore, the 15N-content of a consumer represents a 

temporally integrated measure of its diet, accounting for the energy or mass flow to the 

consumer (Fry 1988, Hobson and Welch 1992). The TP of any consumer in its respective 

food web should be calculated by relating its δ15N-value to a properly defined baseline in 

order to enable cross system comparisons (Cabana and Rasmussen 1996, Vander Zanden 

and Rasmussen 1999, Post 2002). Primary consumers represent good baseline organisms, 

because they are more stable and less variable in their isotopic signature than primary 

producers (Anderson and Cabana 2007). 

A general formula (Equ. 3) which is frequently used for calculating TP from δ15N-values 

is given below (Cabana and Rasmussen 1996, Vander Zanden et al. 1997): 

Equation 3: General formula for calculating the trophic position (TP) of a consumers. 

𝑡𝑟𝑜𝑝ℎ𝑖𝑐 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 consumer  = [
(𝛿 𝑁consumer

15 −  𝛿 𝑁baseline
15 )

Δ N15 ] + λ 

The δ15Nconsumer-value is the measured δ15N-value of the consumer, for which the TP 

should be estimated. The δ15Nbaseline is the measured δ15N-value of the baseline 

organism(s) chosen. The λ represents the estimated TP of the baseline consumer (e.g. λ = 

2 for a primary consumer). The ratio of the different reaction rates for the light and heavy 

isotope is expressed as the fractionation factor (Δ) which is given in positive per mill 

values (Farquhar et al. 1989). The fractionation factor Δ15N resembles the medium-

enrichment in 15N from one trophic level to the next higher trophic level or between 

consumers and their prey, respectively. Typically, Δ15N or the degree to which a consumer 

is enriched in 15N relative to its diet, varies between 2 and 5‰ (for a meta-analysis see: 

Vanderklift and Ponsard 2003). Many studies and reviews established Δ15N = 3.4‰ as a 

standard value for trophic interactions of aquatic consumers including P. flavescens 

(Minagawa and Wada 1984, Vander Zanden et al. 1997, Post 2002). 

However, in aquatic environments, the different but interwoven littoral, profundal and 

pelagic pathways have to be taken into account when TPs are calculated (Vander Zanden 

and Rasmussen 1999, Vadeboncoeur et al. 2002). In lakes for example, TP can be 

weighted by importance of benthic and pelagic carbon pathways (Quevedo and Olsson 

2006). Vander Zanden and Rasmussen (1999) developed a robust model that accounts for 
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lake specific effects and spatial variability of primary consumers or the baseline, 

respectively. The model includes the habitat specific 15N-13C relationships within lentic 

systems to calculate a lake-corrected baseline curve, from which a higher-order 

consumer’s TP can be derived (Fig. 6). The general baseline curve for aquatic primary 

consumers is given in equation 4: 

Equation 4: General formula for calculating the baseline curve derived from primary 

consumer stable isotope (SI) composition (δ15Nprim.con. & δ13Cprim.con.). 

𝛿 𝑁prim.con.
15 =

6.43

1 + exp[9.67 + (0.356 ∗ 𝛿 𝐶13
prim.con.)]

 

 

 

Figure 6: An example of lake corrected baselines as they are used in this study to depict the δ15N-

δ13C relationship in the context of habitats and the consequences for consumer trophic position 

(TP - i.e. the average position relative to primary producers at which an organism feeds). Primary 

consumers represent a TP of 2. In spite of similar δ15N-values, sculpins occupy lower TP due to 

their diet of 13C-depleted profundal prey (modified from Vander Zanden & Rasmussen) - picture 

of YP: Maryland Dept. of Natural Resources. 
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In order to achieve an intercontinentally comparable measure for TP, the model of Vander 

Zanden & Rasmussen (1999) was used to correct δ15N-values for the aforementioned 

effects. Firstly, all primary consumers samples were selected from each lake: ZP (bulk), 

Calanoida, Cladocera, Chironominae, Trichoptera, Gammaridae and Asellidae. Based on 

their δ15N- and δ13C-values, the residuals for the individual primary consumers were 

calculated by equation 5: 

Equation 5: Formula for calculating the residuals of primary consumer stable isotope 

(SI) composition (δ15Nprim.con. & δ13Cprim.con.). 

𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 =  𝛿 𝑁prim.con. − 15 6.43

1 + exp[9.67 + (0.356 ∗ 𝛿 𝐶13
prim.con.)]

 

Secondly, the lake-specific mean residual value (Uresid) was calculated as the mean of all 

primary consumer’s residuals of a given lake. Thirdly, the lake corrected baseline value 

(δ15Ncorrected) for consumers was calculated (Equ. 6): 

Equation 6: Formula for calculating a lake corrected baseline value of δ15N (δ15Ncorrected). 

𝛿 𝑁corrected.
15 =

6.43

1 + exp[9.67 + (0.356 ∗ 𝛿 𝐶13
consumer)]

+ 𝑈resid 

Finally, TP of each perch was calculated by a using the corrected δ15N-baseline value in 

equation 7. The fractionation factor (Δ) used in the equation 7 was 3.4 for nitrogen (from 

Vander Zanden and Rasmussen 2001, Post 2002). 

Equation 7: Formula for calculating the trophic positions (TPs) of consumer δ15N 

composition with respect to lake-corrected primary consumer baselines. 

𝑡𝑟𝑜𝑝ℎ𝑖𝑐 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 consumer  = [
(𝛿 𝑁consumer

15 −  𝛿 𝑁correct
15 )

Δ N15 ] + λ 

The TPs of each size class were tested for differences between species and lakes as a 

dependent variable within a generalized linear model (GLM) in SPSS (ver. 21). A 

generalized model was chosen because of its robustness, since TPs were not normally 

distributed in all lakes. The fixed factors in the model were species and lakes, whereas 

species have been nested within lakes as only one species exists in a given lake. The TL 

was included in the model as a covariate. Finally, main effects (species, lakes & size) 

were tested for differences, because full factorial analysis revealed no significant 

interactions of e.g. size and lake. 
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3.4.3 Trophic Niche Metrics 

Trophic niche metrics were calculated for each lake and size class in R with the R-package 

SIAR - SI-analysis in R (Parnell et al. 2010). N-dimensional SI plots (e.g. two dimensional 

δ13C-δ15N-bi-plots) can be used to define the trophic niche of consumers. The idea of 

hypervolumes as descriptors of ecological niches have been implemented in new 

quantitative metrics and definitions of niche space (Layman et al. 2007, Newsome et al. 

2007, Jackson et al. 2011). Studying isotopic niche spaces can give insights into feeding 

ecology, especially when combined with conventional stomach analysis (Bearhop et al. 

2004). The metrics introduced by Layman et al. (2007) can be used to describe trophic 

niche characteristics in consumers and even ontogenetic niches (e.g. Darimont et al. 2009, 

del Rio et al. 2009, Olsson et al. 2009, Hammerschlag-Peyer et al. 2011). 

For this study trophic niche metrics following Layman et al. (2007) were calculated to 

describe the niche of both size classes in each perch species within the “δ-space” 

(δ13C/δ15N-bi-plots). To that end, SIBER (SI Bayesian Ellipses in R) was used, which is 

part of the SIAR-package for R (Parnell et al. 2010, Jackson et al. 2011). Niche parameters 

were calculated for each species as mean values for each lake. The metrics comprise the 

δ13C- and δ15N-range, the smallest convex set of data points (convex hull), the mean 

distance to centroid (CD), the mean nearest neighbour distance (MNND) and the standard 

deviation of the nearest neighbour distance (SDNND). The δ15N-range gives a measure 

of trophic diversity within each perch species. For example, high ranges indicate that 

many TPs are occupied. High δ13C-ranges can indicate multiple basal resources (i.e. 

phytoplankton in the pelagic food web - periphyton in the littoral food web) that differ in 

δ13C. The area covered by the convex hull describes the occupied niche space of a 

consumer between the most extreme individuals in the bi-plot standard ellipse area 

(SEA). It has been shown that SEA is a better descriptor for niche space than convex hull 

area (TA) because it is less influenced by sample size (Syvaranta et al. 2013). The CD is 

another measure for trophic diversity, which is less influenced by outliers. MNND 

characterizes the density of individual packing, showing whether individuals exhibit more 

or less similar trophic ecologies. The SDNND is a degree of evenness in the distribution 

of trophic niches among individuals. Trophic niche metrics have not been calculated for 

small YP in Walsh Lake (n = 0), large YP in Lake Wilderness (n = 2) and small EP in 

Lake Wucker (n = 1) because of limited sample size. Species means of the metrics were 

compared between the two species with a One-Way ANOVA in SPSS (ver. 21).  
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3.4.4 Estimated Diet Composition 

Mixing models of resource use were calculated to substantiate the differences in feeding 

ecology of the determined size classes. Since dietary niche breadth determined by 

stomach analysis can be misleading, SIs are ideal to capture long-term dietary differences 

(Copp 2008). The SI signature of consumer tissues is represents the mixture of SI 

signatures in all food items consumed in a certain period after being corrected for 

fractionation (Hobson and Clark 1992, Kelly 2000). The differences in δ15N- and δ13C-

signals of prey organisms are integrated in higher-order consumers and can thus be used 

to calculate relative contributions of distinct food items in isotope mixing models (Fry 

and Sherr 1984, Vander Zanden and Rasmussen 2001). An estimate of a consumer’s diet 

can be obtained by comparing distributions of isotope ratios in multidimensional plots 

(most often two dimensional δ13C/δ15N-bi-plots). Further, diet and shifts in diet can be 

elucidated by looking at distinct signals of prey items (Phillips and Eldridge 2006). 

Many different models exist to calculate potential diets, including different source 

concentrations, errors from variation in sources and sub-sampled tissues etc. (Hopkins 

and Ferguson 2012). The isotope mixing models allow transformation of isotopic data 

into resource contribution values. They are based on linear mixing models with n isotopes 

and n+1 sources contributing to the sample isotopic composition. To account for greater 

number of sources (> n+1), Bayesian mixing models have been developed (Moore and 

Semmens 2008, Semmens et al. 2009). 

The predetermined size classes were analyzed with a Bayesian mixing model 

implemented in the R package SIAR (Parnell et al. 2010). The package construes linear 

mixing models to infer the diet composition from SI-analysis in consumers and selected 

food sources. Based on a Bayesian analytical framework, SIAR allows for the 

incorporation of a number of sources greater than n+1 isotopes analyzed. The mixing 

model accounts for unequal elemental concentrations in the sources, isotopic variation in 

the sampled sources (source process error) and the sub-sampled tissue or sample mixture 

(Hopkins and Ferguson 2012). 

Prior to application of the mixing model, perch with marked differences in their δ13C- or 

δ15N-signals were grouped by cluster analyses, to account for intraspecific niche 

partitioning within the size classes. The cluster analyses of perch value pairs (δ13C/δ15N) 

were performed to increase precision in the mixing models. K-means Cluster Analyses 



26 

(number of clusters = 2) were carried out in SPSS (ver. 21). Resulting groups were 

modeled separately if they were significantly different. Only groups consisting of more 

than three perch were considered as distinct group along the δ13C- or δ15N-gradient. The 

groups are given as the cluster center in δ13C/δ15N-values (Tab. A 1). The resulting F- and 

p-values are used only for descriptive purposes because the clusters have been chosen to 

maximize the differences among cases in different clusters and significance levels are not 

corrected for this (sensu IBM SPSS ver. 21). Some perch could roughly be designated to 

littoral or pelagic habitat by the fact that they were caught with either electro fishing or 

hoop nets near the shoreline (littoral) or with gillnets, which were set near shore (littoral) 

or farther from shore (pelagic) to compare the δ13C-signatures of the respective sites. 

The selection of potential food sources for the mixing model was made from the available 

samples with respect to published dietary data (e.g. Keast 1977, Persson 1983b and 

others). All sources for which more than two samples were available and that showed 

great overlap in the δ13C/δ15N-bi-plots were tested for distinct isotopic signals. The δ13C- 

and δ15N-values of the potential diets were tested separately for differences via post hoc 

tests (Tukey) in a generalized linear model (fixed factor species, dependent variable: 

δ13C- or δ15N-values) in SPSS (ver. 21). The samples were pooled if there was no 

significant difference in both isotopes. Most importantly, Anisoptera in Lake Padden did 

not differ from the Chinese mystery snail (Bellamya chinensis), which was very abundant 

in the littoral, and these were pooled together. Chinese mystery snails also inhabited Lake 

Wilderness, but they were not included in the mixing model due to extreme standard 

deviations in δ13C (SD=3.54). Additionally, Leptoceridae (Trichoptera) and Libelluidae 

(Odonata) in Walsh Lake were pooled together due to indiscriminate signals. The 

bivariate data of prospective food sources then defined the convex hull for which perch a 

diet could be modeled. Perch outside the convex hull were excluded from mixing models. 

The four largest fish (310 - 370 mm TL) from Lake Dölln and one large EP (379 mm) 

from Lake Väter were outside the convex hull defined by the sources and had to be 

excluded from the mixing model. 

Mixing models for the American lakes were calculated for the 2012 dataset. No models 

were calculated for small YP (TL < 158 mm) in Walsh Lake (n = 0), large YP (TL > 158 

mm) in Lake Wilderness (n = 2) or small EP (TL < 169 mm) in Lake Wucker (n = 1) 

because of limited sample size. The particular food sources used for mixing models in 

each species and lake are given in table A 2. Fractionation factors were chosen carefully 
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to account for consumer and diet specific variation (Caut et al. 2009). Many SI studies 

use the fractionation factor Δ13C = 0.4 (1 SD =1.3‰) given in the meta-analysis by Post 

et al. (2002) (e.g. Pinnegar and Polunin 1999, McCutchan et al. 2003). It has, however, 

been shown that it is higher for carnivores than for herbivores (Vander Zanden and 

Rasmussen 2001). Several studies indicate that 13C-enrichment can be much higher than 

1‰. For example, in the case of EP, dietary studies produced Δ13C-values > 2.64 ‰ 

(Vollaire et al. 2007, Banas et al. 2009). The fractionation factors (Δ) used in the mixing 

model was 3.4 ± 1 for nitrogen (from Vander Zanden and Rasmussen 2001, Post 2002) 

and a low to medium fractionation of 0.8 ± 1.13 for carbon (Vander Zanden and 

Rasmussen 2001). 

Each computation of SIAR for a given lake species and size consisted of 106 iterations of 

the Markov Chain Monte Carlo (MCMC). The outputs for each lake are given as mean 

proportional dietary source estimates. The percent values of single food sources were then 

attributed to one of the following main diet groups: ZP, MZB and fish. Members of the 

same diet group were then added up for each lake and size class. In addition, a mean diet 

contribution for the two size classes of each species was calculated. 
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4 Results 

4.1 Trophic Position & Breakpoint Analysis 

The Davies’ test or breakpoint analysis for YP (n = 68) resulted in a non-significant 

breakpoint estimate at TL = 157.8 mm (p = 0.228) (Fig. 7). There was a significant 

breakpoint for EP (n = 81) at TL = 169.3 mm (p = 0.021). Subsequently ‘small’ and 

‘large’ perch are defined as fish smaller or larger than 158 or 169 mm TL, respectively. 

The increase in TP up to the breakpoint tended to be higher in YP, but after the breakpoint, 

the slope was higher for EP (Tab. 2). 

 

Figure 7: Trophic positions (TP - i.e. the average position relative to primary producers at which 

an organism feeds) of P. fluviatilis (green triangles) & P. flavescens (yellow triangles) at 

increasing total length (TL) and regression of TP and TL with breakpoints (* = significant) in TPs 

for P. fluviatilis (dotted, green line) & P. flavescens (dotted, yellow line) for all lakes combined. 

 

Table 2: Point estimates of the intercepts and point estimates, standard errors (st.err), t-values and 

confidence intervals of the slopes of each segmented relationship in the fitted model of trophic 

position and total length for P. flavescens & P. fluviatilis before (reg. 1) and after the breakpoint 

(reg. 2). 

species reg. intercept slope st.err. t-value CI (95%) CI (95%) 

P. flavescens 
1 1.940 0.011 0.005 2.41 0.002 0.020 

2 3.547 0.001 0.002 0.23 -0.004 0.006 

P. fluviatilis 
1 3.036 0.006 0.001 4.86 0.003 0.008 

2 3.613 0.002 0.001 4.70 0.001 0.003 

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

0 50 100 150 200 250 300 350 400

tr
o
p
h
ic

 p
o
si

ti
o
n

total length (mm)

P. fluviatilis

P. flavescens

Linear (P. fluviatilis*)

Linear (P. flavescens)



29 

Small YP and EP had comparable trophic positions (Fig. 8a). Estimated marginal means 

of both species were about 3.5 (Tab. 3). Small size classes of YP did not differ 

significantly in their TP from small EP (p = 0.444, Wald Chi-Square = 0.57, df = 1). The 

TL (p = 0.001, Wald Chi-Square = 10.20, df = 1) and the lakes (p < 0.0001, Wald Chi-

Square = 90.75, df = 4) had a significant influence on TP of small YP and EP. Lake 

Wilderness significantly influenced the course of size related TP of small YP (p = 0.039, 

Wald Chi-Square = 4.26, df = 1). 

 
Figure 8: Box-and-whisker plots of observed mean trophic positions (TP - i.e. the average 

position relative to primary producers at which an organism feeds) of small (a) and large (b) P. 

fluviatilis (green) & P. flavescens (yellow). Outliers are plotted as dots with given total length 

(TL). 

TL = 370 mm 

TL = 320 mm 

b) 

a) 
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YP larger than 158 mm and EP larger than 169 mm differed in TP (Fig. 8b). The mean 

TP of large EP was significantly higher than the position occupied by large YP (p < 

0.0001, Wald Chi-Square = 102.96, df = 1 – Tab. 3). Also, TL (p < 0.0001, Wald Chi-

Square = 20.64, df = 1) and lakes (p < 0.0001, Wald Chi-Square = 69.75, df = 4) had a 

highly significant impact on the absolute TP of large YP and EP. Also, two of the largest 

perch (TL = 320 mm & TL = 370 mm) exhibited very high TPs. 

 

Table 3: Estimated marginal means, standard error (SE) and 95%-confidence interval (CI) of 

species trophic position (TP - i.e., the average position relative to primary producers at which an 

organism feeds) of P. flavescens & P. fluviatilis for each lake and for all sampled small and large 

perch (bold). 

size group species lake n mean TP SE CI (95%) CI (95%) 

small  

P. flavescens 

PA 10 3.72 0.08 3.56 3.87 

WA 2 N/A N/A N/A N/A 

WI 15 2.94 0.06 2.82 3.05 

   3.45 0.07 3.32 3.58 

        

P. fluviatilis 

DO 19 3.74 0.05 3.64 3.85 

VA 15 3.42 0.06 3.30 3.54 

WU 1 N/A N/A N/A N/A 

    3.53 0.08 3.37 3.70 

         

large  

P. flavescens 

PA 10 3.56 0.08 3.41 3.71 

WA 28 3.92 0.05 3.82 4.02 

WI 3 2.90 0.14 2.63 3.18 

   3.46 0.06 3.35 3.57 

        

P. fluviatilis 

DO 12 4.40 0.07 4.27 4.53 

VA 15 4.16 0.07 4.03 4.29 

WU 19 4.09 0.06 3.98 4.21 

   4.22 0.04 4.14 4.29 
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The size range of YP (n = 68) included fish from 63 to 267 mm TL and the EP (n = 81) 

ranged from 62 to 402 mm TL (Tab. 4). The variation in TP was higher in small (s2 = 

0.286) and large YP (s2 = 0.185) compared to small (s2 = 0.070) and large EP (s2 = 0.045). 

Individual TPs in YP ranged from 2.49 (TL = 127 mm, Lake Wilderness) to 4.34 (TL = 

178 mm, Walsh Lake). The lowest observed TP in EP was 3.07 (TL = 67 mm, Lake Väter) 

and the highest was 4.96 (TL = 370 mm, Lake Dölln). 

 

Table 4: Means ± standard deviation (SD) of total length (TL), trophic position (TP), δ13C- and 

δ15N-isotopic signatures of muscle tissue from P. flavescens & P. fluviatilis in Lakes of 

Washington (USA) and Brandenburg (Germany) with the corresponding number of samples (n). 

TP is given with sample variance (s2). 

species lake size group TL δ13C δ15N TP s2 n 

P. flavescens  

PA 
small 135 ± 11 -25.74 ± 0.43 11.13 ±0.15 3.79 ± 0.07 0.01 10 

large 224 ± 29 -26.67 ± 0.85 10.58 ± 0.44 3.48 ± 0.21 0.05 10 

WA large 215 ± 23 -25.78 ± 2.40 7.37 ± 0.38 3.82 ± 0.42 0.18 19 

WI 
small 127 ± 11 -29.51 ± 2.80 12.52 ± 0.32 2.99 ± 0.42 0.17 13 

large 189 -32.54 13.27  2.82  N/A 2 

P. fluviatilis  

DO 
small 95 ± 31 -31.22 ± 0.37 9.17 ± 0.77 3.72 ± 0.23 0.05 19 

large 247 ± 70 -29.77 ± 1.02 9.51 ± 0.19 4.43 ± 0.29 0.08 12 

VA 
small 96 ± 26 -30.00 ± 0.61 7.18 ± 0.55 3.37 ± 0.19 0.04 15 

large 299 ± 59 -28.42 ± 0.93 9.05 ± 0.37 4.29 ± 0.16 0.03 15 

WU 
small 80 -27.99 6.57 3.32 N/A 1 

large 286 ± 59 -27.77 ± 1.07 10.96 ± 0.61 4.19 ± 0.15 0.02 19 

total P. flavescens  
small 

130 ± 12 -27.88  ± 2.83 11.92  ± 0.76 3.35 ± 0.52 0.29 23 

total P. fluviatilis  95 ± 28 -30.06  ± 0.89 8.24  ± 1.22 3.56 ± 0.27 0.07 35 

total P. flavescens  
large 

216 ± 25 -26.50 ± 2.54 8.78 ± 1.96 3.67 ± 0.40 0.19 31 

total P. fluviatilis  280 ± 64 -28.24 ± 1.46 9.70 ± 0.88 4.28 ± 0.22 0.05 46 

 

No general correlations for YP total length and isotopic signatures were found in YP (Fig. 

9). YP and all other samples (fish and invertebrates) from Lake Wilderness and Lake 

Padden had very high δ15N-levels (Tab. 4). A weak positive relationship between δ15N-

values and TL was found in Lake Wilderness (R2 = 0.408, p = 0.010, F = 8.97, df = 13 - 

Fig. 9e). 13C-values negatively correlated with TL in Lake Padden (R2 = 0.297, p = 0.013, 

F = 7.59, df = 18 - Fig. 9b). 
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Figure 9: Linear relationships between isotopic signatures (δ15N & δ13C) of muscle tissue from 

P. flavescens (YP) and total length (TL) in Lake Padden (a & b), Walsh Lake (c & d) and Lake 

Wilderness (e & f). Yellow triangles represent samples from YP, caught with gill nets, yellow-

green triangles are YP caught with hoop nets and brown triangles are YP from the 2009 dataset 

collected by Eric Larson (University of Washington, unpublished data). 

 

Strong positive relationships were found between total length and δ15N or δ13C-values for 

EP (Fig. 10). In Lake Dölln (R2 = 0.702, p < 0.0001, F = 68.17, df = 29 - Fig. 10a) and 

Lake Väter (R2 = 0.776, p < 0.0001, F = 97.07, df = 28 - Fig. 10c). δ15N strongly correlated 

with TL, but not in Lake Wucker (R2 = 0.166, p = 0.074, F = 3.59, df = 18- Fig. 10e). A 

positive correlation between δ13C and TL was found for all EP in all lakes (Lake Dölln: 

R2 = 0.879, p < 0.0001, F = 209.69, df = 29; Lake Väter: R2 = 0.757, p < 0.0001, F = 

87.38, df = 28; Lake Wucker: R2 = 0.635, p < 0.0001, F = 34.12, df = 18 - Figs. 10b,d,f). 
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Figure 10: Linear Relationships between isotopic signatures (δ15N & δ13C) of muscle tissue from 

P. fluviatilis (EP) and total length (TL) in Lake Dölln (a & b), Lake Väter (c & d) and Lake 

Wucker (e & f). Dark green triangles represent EP caught with gill nets, light green triangles are 

EP caught with traps or electrofishing. 

 

4.2 Trophic Niche Metrics 

There were no significant differences in trophic niche metrics between the two species of 

one size class (Tab. A 3). Some trends could be observed: Although, highly variable, the 

δ15N-range, and therefore the range of occupied trophic niches tended to be lower in YP 

within lakes than in EP (Tab. 5). By contrast, the δ15N-range showed a trend to be larger 

for small and large EP than for YP. YP were characterized by a great range of δ13C-
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signals, especially in Walsh Lake and Lake Wilderness. The δ13C-range was wider for 

small and large YP than for EP. The occupied hull area was larger in YP. MNND was 

higher in small and large YP with relatively uneven distribution of individual niche space 

(SDNND). 

 

Table 5: Trophic niche metrics of P. flavescens & P. fluviatilis: δ15N-range, δ13C-range, hull area, 

mean distance to centroid (CD), mean nearest neighbour distance (MNND) and standard deviation 

of the nearest neighbour distance (SDNND)) for each species and size class for each lake. 

species lake size group  δ15N-range δ13C-range hull area CD MNND SDNND 

P. flavescens 

PA 
small 0.46 1.30 0.36 0.38 0.20 0.11 

large 1.39 2.50 2.06 0.82 0.38 0.38 

WA large 1.33 6.96 5.20 2.18 0.32 0.26 

WI small 1.13 7.43 5.25 2.60 0.51 0.37 

P. fluviatilis 

DO 
small 2.61 1.12 1.69 0.65 0.19 0.11 

large 2.00 3.01 2.57 1.04 0.32 0.18 

VA 
small 2.20 1.95 2.56 0.70 0.35 0.22 

large 0.67 3.25 1.38 0.78 0.27 0.25 

WU large 1.26 3.62 2.81 0.95 0.30 0.21 

 

4.3 SIAR - Mixing Model 

In most of the lakes, marked differences in δ13C- and δ15N-signals were found. In all lakes, 

13C-enriched (littoral) and 13C-depleted (pelagic) groups could be discriminated by K-

means Cluster Analyses and mixing models were calculated separately for these groups. 

Table A 1 gives an overview of the different clusters and resulting groups for each lake. 

The groups of perch found by K-means Cluster Analyses are marked with different 

symbols in figures 11 and 12. 

The position of all sampled perch in the bi-plot was between two to three trophic levels 

(~Δ15N = 3.4) above the invertebrates. Figures 11a-c display the trophic postioning of the 

perch and their prey organisms with the calculated baseline for each lake.  
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Figure 11a 

 

Figure 11b 
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Figure 11: Bi-plots of isotopic signatures (δ15N & δ13C) of muscle tissue from P. flavescens (YP) 

and potential prey items in Lake Padden (a), Walsh Lake (b) and Lake Wilderness (c). YP are 

grouped by body length (small & large) and by value clusters (1/2), representing groups of similar 

isotopic composition. The hull area of each size class is outlined by yellow (small) and brown 

(large) dashed lines. The black dashed line indicates the baseline of primary consumers, which 

was used for calculating trophic positions of YP. Triangles represent fish, diamonds zooplankton 

and circles benthic invertebrates. 

 

In general, YP were rather scattered along the horizontal δ13C-axis. In Lake Padden large 

YP were more depleted in δ15N and δ13C than small conspecifics (Fig. 11a). In Walsh 

Lake, YP split into δ13C-depleted and δ13C-enriched individuals (Fig. 11b). YP in Lake 

Wilderness also exhibited a split in δ13C-values, with a 13C-depleted group in contrast to 

13C-enriched individuals (Fig. 11c). 

 

EP tended to be ordered along the vertical δ15N-axis. The largest individuals were 

positioned in the upper right corner of the bi-plots. Small EP and roach had the same 

position in the bi-plots of Lake Dölln (Fig. 12a) and Lake Väter (Fig. 12b). Small EP 

exhibited a group of larger 15N enriched individuals in Lake Dölln (Fig. 12a) and Lake 

Väter (Fig. 12b). The large individuals were scattered along the horizontal δ13C-axis, 

which was especially distinctive in in Lake Wucker (Fig. 12c). The largest individuals 

were depleted in 15N and enriched in 13C (e.g. large EP 2 - Fig. 12a). 
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Figure 12: Bi-plots of isotopic signatures (δ15N & δ13C) of muscle tissue from P. fluviatilis (EP) 

and potential prey items in Lake Dölln (a), Lake Väter (b) and Lake Wucker (c). EP are grouped 

by body length (small & large) and by value clusters (1/2), representing groups of similar isotopic 

composition. The hull area of each size class is outlined by light green (small) and dark green 

(large) dashed lines. The black dashed line indicates the baseline of primary consumers, which 

was used for calculating trophic positions of EP. Triangles represent fish, diamonds zooplankton 

and circles benthic invertebrates. 

 

Similar shares of ZP, MZB and fish resources were found in small YP, EP and large YP, 

while large EP exhibited lower shares of MZB and higher shares of fish (Fig. 13). The 

contributions of all sources used in the mixing models explained between 94% (group 

one Lake Wucker) to 100% of the perch isotopic signals. Detailed results of single source 

contributions of all groups are given in the annex, figures A 1a-h and figures A 2a-i. 
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Figure 13: Results of the SIAR (stable isotope analysis in R) mixing model as mean percentage 

of zooplankton (yellow), zoobenthos (brown) and fish (green) from the resource use of small and 

large P. flavescens & P. fluviatilis for all lakes, inferred from stable isotopes. Sample size (n) is 
given in brackets. 

 

Some notable differences existed between different clusters within lakes, especially in the 

ones divided along the 13C-gradient (Fig. 14a&b). Small YP (TL < 158 mm – n = 23) in 

Lake Padden (22 & 24%) and group one of Lake Wilderness (21%) had similar values 

for ZP in the while the second group in Lake Wilderness showed more than 50% ZP. 

Small EP (TL < 169 mm) from the second group in Lake Dölln had a very high 

contribution of fish resources (35%) in contrast to group one (19%). In Large YP (TL > 

158 mm) group one of Walsh Lake (9%) exhibited much lower shares of ZP in the diet 

than group two (38%), but they had higher shares of MZB. In group one of large EP (TL 

> 169 mm) in Lake Wucker, fish accounted for 29% of the diet, while group two exhibited 

49%. 
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Figure 14: Percentage of zooplankton (yellow), zoobenthos (brown) and fish (green) in the diet 

of small (a) and large (b) P. flavescens & P. fluviatilis for each lake (PA = Lake Padden, WA = 

Walsh Lake, WI = Lake Wilderness, DO = Lake Dölln, VA = Lake Väter & WU = Lake Wucker). 

The diet within each size class is given for each group (1/2) with similar isotopic composition, as 

defined in preliminary cluster analysis. Sample size (n) is given in brackets. 
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5 Discussion 

In line with the first hypothesis, the breakpoint analysis revealed a size-related increase 

of TP in both species and similar breakpoints in TP. In contrast to the second hypothesis, 

YP and EP markedly differed in the course of size-related trophic positioning and 

resource use. While YP remained at medium TPs in large size classes using similar 

resources, the mean TP of EP steadily increased and they became progressively 

piscivorous. On average small and large size classes of YP relied on the same resources 

at similar proportions. Further, YP exhibited great individual- and lake-specific 

variability in TPs and the range of individual δ13C-signals. EP showed more stable 

patterns and tended to have narrower realized niches. 

YP and EP undergo similar ontogenetic niche shifts from ZP to MZB to fish, linked to 

their respective TPs (Hjelm et al. 2000, Amundsen et al. 2003, McIntyre et al. 2006, 

Kraemer et al. 2012). Persson et al (2000) coined the term ‘ontogenetic omnivore’ to 

describe this feeding ecology, in EP. In this study, breakpoints in TP within the range of 

160 to 170 mm TL were identified, marking points where TP starts to level off. Up to 

these points growing perch increasingly consume higher-order organisms (Craig 2008). 

In the size range of measured perch (62 to 402 mm TL), the breakpoints probably indicate 

the second trophic niche shift to piscivory (Mittelbach and Persson 1998). The first shift 

from ZP to MZB generally occurs at smaller sizes (Wu and Culver 1992, Wahlström et 

al. 2000, Berezina and Strel'nikova 2001, Graeb et al. 2006). At these breakpoints the 

increment in TP (i.e. slope) is attenuated because the trophic level of the consumed prey, 

large, predatory invertebrates and fish, does not increase further. The TPs of perch, 

however, still increases with size, since more higher-order consumers are eaten, but at a 

lower slope. Simultaneously, δ13C and δ15N increased with TL of EP. This enrichment 

also reflects the ontogenetic dietary shifts i.e. increasing reliance on littoral resources and 

fish (Quevedo and Olsson 2006, Quevedo et al. 2009). 

These results, nevertheless, question the ecological equivalence of YP and EP as proposed 

by Thorpe (1977). Both species markedly differed in the course of size related trophic 

positioning. Up to the breakpoint, they occupied similar TPs, but above the breakpoint, 

EP further increased in TP, while YP occupied the same TPs as their smaller conspecifics. 

In Lake Padden, YP even slightly declined in TP. The average TPs of about 3.5 calculated 

for small perch of either species matches results of other studies (Quevedo and Olsson 
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2006, Browne and Rasmussen 2009). Thus, it can be concluded that small size classes of 

both perch species take up similar foraging niches or at least utilize analogous resources. 

Statistical power to detect changes between size classes of YP at the breakpoint was low, 

due to the high degree of variability in TP. Especially small YP from Lake Wilderness 

strongly increased the slope and lowered the intercept of the first regression. However, 

YP remained at mean TPs of about 3.5, even at larger sizes. Other studies on YP also 

suggest such marginal shifts of less than 0.5 in TP (McIntyre et al. 2006, Bertrand et al. 

2011). The TPs and trophic niche characteristics point towards a flexible, generalist 

feeding strategy or a high degree of omnivory in YP. 

The trophic niche metrics (Layman et al. 2007, Jackson et al. 2011) i.e. occupied hull 

area, δ15N- and δ13C-range support this assertion. All metrics tended to be larger for YP, 

besides the nitrogen range in small YP. This was also true for MNND in small and large 

YP, which showed relatively uneven distribution of individual niche space (SDNND). 

This means that, trophic diversity and realized niche might be wider in YP than in EP. 

High values in those characteristics are typical for omnivorous fish (e.g. Oreochromis 

niloticus) (Zambrano et al. 2010). The broad hull area of YP is mostly stretched out by 

the wide range of δ13C and large intrapopulation variation in δ15N, which is again reflected 

in differences of more than 1.5 in TP among YP. TPs and the heterogenous resource use 

of YP could be explained by individual specialization in different niches. Populations of 

generalist consumers are thought of as assemblages of individual specialists (Bolnick et 

al. 2007). YP have been shown to differ in individual resource use (Parker et al. 2009a, 

Roswell et al. 2013). Individual diet strategies are known in EP, promoting different 

fitness but relieving from intraspecific competition (Beaudoin et al. 1999, Bolnick et al. 

2003, Svanback and Bolnick 2007). 

The δ15N-levels of YP were expected to increase during their ontogeny (e.g. Kraemer et 

al. 2012). However, no supporting evidence was found. Individual body condition might 

have affected δ15N-values (Fuller et al. 2005, Kempster et al. 2007). For example, 

pumkinseed sunfish (Lepomis gibbosus) exhibited increased δ15N-values with declining 

condition factor (Colborne and Robinson 2013). In Lake Padden, YP showed an 

unsuspected pattern and became depleted in 15N. Only the largest fish showed a rise in 

δ15N-content. Such observations have also been made in Dore Lake, Canada, where 

littoral YP showed comparable patterns in δ15N-length regressions (Barks et al. 2010). 

The high δ15N-levels observed in small YP in contrast to large perch could be attributed 
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to either naturally 15N-enriched pelagic food sources (i.e. Chaoborus spec.) or a higher 

trophic level of these perch (Vander Zanden and Rasmussen 1999, Quevedo et al. 2009). 

Subsequently, δ15N-values would decrease when MZB are consumed and increase when 

crayfish and/or fish are eaten. The high variability in δ15N-levels in small size classes, 

however, could result from early cohort splitting into piscivores and planktivores (Post et 

al. 1997, Urbatzka et al. 2008). 

The range of calculated TPs for EP are within limits determined for other populations 

(e.g. Quevedo and Olsson 2006, Quevedo et al. 2009, Akin et al. 2011). EP had a 

significant breakpoint at about a TP of 3.6 and a length of TL = 169 mm. Also, they 

exhibited a more stable pattern than YP. This ontogenetic diet shift in EP seems to be 

rather gradual, probably by increasing shares of fish prey. Due to the increase and high 

TPs of large and very large individuals (max. TP = 4.96), it can be concluded that EP take 

up the position of a primary piscivorous fish with size and age when prey fish are 

abundant (Dörner et al. 2003). The strongly piscivorous and cannibalistic perch, so called 

‘giants’, have been widely discussed due to their impact on population dynamics and 

community structure (Claessen et al. 2000, Persson et al. 2003, Persson et al. 2004). Very 

large YP were not present in the samples and also have not been reported to have similar 

impacts. 

Their very large, piscivorous size class, could be termed ‘ontogenetic specialists’. 

Modeled dynamics of size structured populations (i.e. perch) assume that fish would 

gradually shift diets, resulting in either a generalist strategy or two specialist strategies 

(Claessen and Dieckmann 2002). This complies very well to the observations made for 

EP, which exhibited size specific diets and TPs. However, adult YP showed a different 

pattern and behaved more like a generalist. A generalist feeding modality is to be expected 

if the possible intake rate increases more slowly as body size increases in the first niche 

than in the second niche (sensu Claessen and Dieckmann 2002). The differences in TPs 

of large perch becomes clear with regard to the importance of piscivory in both species. 

The mixing model outputs corroborate the patterns found within TPs. For YP, such 

mixing models have been proven to reflect the diet very well, when compared with 

stomach analysis (McIntyre et al. 2006). Small and large YP exploited the same resources 

and exhibited a similarly broad diet breadth, which might indicate opportunistic feeding 

behavior. Piscivory, however, was not prevalent in YP. In YP, the share of fish prey, and 
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correspondingly TP, did not increase with size as it was expected. Fish comprised only a 

minor share of the resources used by small and large YP. The very abundant sculpins 

could have been an important prey for YP, as other studies have found extensive feeding 

on sculpins or gobies (Truemper and Lauer 2005, Truemper et al. 2006, Weber et al. 

2011). For example, stomach analyses and isotope mixing models of YP in Lake 

Washington, USA demonstrate that large perch increasingly consume prickly sculpins 

(C. asper) (Costa 1979, McIntyre et al. 2006). Other studies have also reported a minor 

importance of fish prey in the diets of YP (e.g. Jansen and Mackay 1992, Lott et al. 1996, 

Legler 2008, quoted in Guzzo et al. 2013). YP from acidified lakes, which were restricted 

in their ability to utilize benthic prey, did not exploit fish to a great extent (Luek et al. 

2010). One possible explanation for the low levels of piscivory by comparison to EP 

might be bulky prey fish. YP prefer smaller prey even if they are not gape limited 

(Truemper and Lauer 2005). The most abundant prey fish in the studied lakes were 

centrachids, which is true for many fish communities in North America (Werner et al. 

1977, Keast 1978). These rather high bodied fish are often shunned by piscivorous fish 

(Bolding et al. 1998). The presence of suitable, more slender prey fish might shift the 

preference in adult YP towards fish prey. Studies on the piscivory of YP emphasize the 

importance of slender prey fish like brook sticklebacks (Culae inconstans), johnny darters 

(Etheostoma nigrum) or clupeids (Fish and Savitz 1983, Knight et al. 1984, Fullhart et al. 

2002). For example, in Dore Lake, Canada, nine-spined sticklebacks (Pungitius 

pungitius) seem to represent an ideal diet for age-4+ YP, resulting in over 80% fish in 

their diet (Barks et al. 2010). In their native range, YP can exploit a wide range of fish 

prey. In Lake Michigan, USA large YP consume alewife, johnny darter, mottled sculpin, 

rainbow smelt, round goby, spottail shiner and several other species, most of which are 

not present in the studied lakes (Truemper et al. 2006). 

The observed lake effects seem to be particularly evident for the mean TP of YP. Abiotic 

factors such as habitat complexity (e.g. abundance of macrophytes) or basin morphometry 

can influence perch feeding ecology (Diehl 1992, Vander Zanden and Vadeboncoeur 

2002). In Lake Wilderness for instance, the lowest degree of piscivory was found, which 

exhibited very steep slopes and mostly narrow littoral areas. More than 250 perch with a 

TL < 150 mm and only two bigger individuals were caught. Large pelagic and small 

littoral zones can create stunted populations under high intraspecific competition (trophic 

bottleneck) (Persson 1987b, Heath and Roff 1996). Stunted EP feed mainly on MZB and 
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do not perform ontogenetic shifts to piscivory (Ylikarjula et al. 1999). Lake Wilderness’ 

YP might thus be stunted, but this remains to be confirmed. Further, the importance of 

zoobenthic or zooplanktonic prey has been shown to be related to morphometric lake 

characteristics. For example, smaller lakes generally exhibit higher degrees of 

zoobenthivory (Vander Zanden and Vadeboncoeur 2002). The morphometry of Lake 

Wilderness, which is characterized by steep slopes and a relatively small littoral zones, 

might promote zoobenthic and zooplanktonic specialization. 

By contrast, large EP had more stable feeding patterns and consumed greater amounts of 

fish prey. Mixing models predicted high shares of fish prey (> 40%) in large EP. With 

respect to small EP, the determined breakpoint value could thus be seen as a good 

estimator for the second ontogenetic shift to piscivory. It has been reported that fish start 

to be the main food item of either littoral or pelagic EP exceeding 170 to 180 mm TL 

(Horppila et al. 2000, Heibo et al. 2005). For example, large, subarctic EP fed on more 

than 75% fish prey (Amundsen et al. 2003). Above the breakpoint, EP seem to have a 

large enough gape width to cope with profitable shares of the available prey fish species 

(Mittelbach and Persson 1998). Their gape width exceeds gape height at about TL = 120 

mm length and is linearly related to prey length (Dörner and Wagner 2003). More slender 

prey fish like roach might be available for EP than comparable prey for YP in the sampled 

lakes. Also, some EP skip the second diet shift and prey preferentially on fish (Dörner et 

al. 2001). This might explain why two out of the four groups of small perch in Lake Väter 

and Lake Dölln had higher δ15N-values and larger shares of fish prey than their 

conspecifics. These groups included mainly larger individuals near the onset of piscivory. 

Large EP had distinct positions in the bi-plots. However, some individuals were 

positioned outside the convex hull, defined by the sources. Therefore, no mixing models 

could be calculated, for those fish, which were among the largest fish of the samples (310 

- 370 mm TL) and particularly high δ13C-values. One possible reason is the existence of 

a rather 13C-enriched food source that was not part of the sampled prey items. Also, 

exceptionally large perch are thought to be true piscivores that often have faster growth 

than their conspecifics. This again can lead to increased incorporation of 13C (Lecren 

1992, Zuanon et al. 2006). Additionally, old perch grow slowly and thus have low tissue 

turnover rates (Tieszen et al. 1983). The diet reflected in the measured signal is probably 

skewed by accumulated 13C-isotopes. Finally, the carbon fractionation factors selected 

for the model might be too low, because carbon enrichment could be higher in perch than 
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given standards. Determination of fractionation factors in feeding trails found very high 

values for 13C in perch (Vollaire et al. 2007, Banas et al. 2009). 

Generally, the often recited, intermediate TP of perch is reflected in the high shares of 

secondary consumers (i.e. invertebrate prey) in the diet (Cabana and Rasmussen 1996, 

Vander Zanden et al. 1997, Quevedo and Olsson 2006). Interpreting the results of the 

mixing model, MZB were the most important prey for small size classes of both species 

and the large YP. Crayfish and odonats made up the highest shares of benthic resources 

in YP. Smaller invertebrates like chironomids, isopods and amphipods were found to 

comprise most of the prey in intermediate size classes of YP (Fullhart et al. 2002). Large 

bodied invertebrates like odonats resemble another important prey and mainly determine 

trophic level in YP (Keast 1985). For example, odonats alone can account for more than 

60% of the diet of age-1+ YP in a comparable lake system (Weidel et al. 2008). Also in 

EP, stomach analysis confirm that ephemeropterans, chironomids and odonats are the 

most important invertebrate prey in Lake Dölln and Väter (Radke 1998). The contribution 

of other invertebrates in small and large YP was similar to EP. Chironomids, however, 

seem to be underrepresented in SI mixing models of both species, because many studies 

have emphasized the importance of this prey, especially in smaller perch (Keast 1977, 

Persson 1983b). For example, in a smaller eutrophic lake up to 80% or 70% amphipods 

and chironomids (larvae & pupae) were found in the diet of YP at different times of the 

day (Jansen and Mackay 1992). Chironomid pupae were not found in the MZB samples 

and thus were not part of the mixing model. Also, chironomids might be more important 

to size classes < 60 mm. 

Some of the patterns found in the importance of MZB for YP might be explained by 

interspecific competition. Different competition within the fish communities could 

influence niche segregation (Mahon 1984). Fishes from the family centrarchidae are 

generalists and omnivorous predators like perch, which have been suspected to limit the 

trophic impact of YP in North America (Kitchell et al. 1977, Cooke and Philipp 2009). 

YP and sympatric centrachid species react to the dietary overlap by diet segregation to a 

certain degree (Keast 1978). The different fish communities of the American lakes 

probably caused lake effects on TP. Sunfish species populated the littoral areas of Lake 

Wilderness and Lake Padden. Sympatric pumpkinseed sunfish (L. gibbosus) and bluegill 

sunfish (Lepomis macrochirus) have been shown to outcompete YP in foraging on MZB 

in littoral habitats and to induce diet shifts to a ZP dominated diet (Hanson and Leggett 
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1985, 1986, Kaemingk and Willis 2012). Invasive sunfish can even be superior 

competitors to EP where they occur together (Fobert et al. 2011). In Walsh Lake, 

however, the only centrachid species is largemouth bass (M. salmoides) (Julian D. Olden 

pers. comm.). In the absence of sunfish, YP preferentially forage on MZB in the littoral 

areas (Wall and Blanchfield 2012). This could explain why YP in Walsh Lake utilize 

littoral, benthic prey to such a great extent. 

Although large EP showed a clear tendency towards fish prey, MZB probably makes up 

for more than half of the diet in small to intermediate EP and about a third in large EP. 

EP especially consumed high proportions of the crayfish Orconectes limosus. Crayfish 

are an important trophic-link to higher-order consumers like perch, since they are an 

important food item to many predatory fish (Momot 1995, Nystrom et al. 1996). For 

example, large size classes of EP in Australia almost exclusively fed on crayfish (Morgan 

et al. 2003). The importance of the crayfish (i.e. O. limosus), especially for large EP 

within the studied lake systems has been emphasized by several stomach analyses (e.g. 

Radke 1998, Radke and Eckmann 2001, Schulze et al. 2012). Bioenergetic models and 

stomach analysis suggest that crayfish account for almost half of the annual consumption 

in EP of Lake Väter, where they comprise half of its MZB biomass (Haertel-Borer et al. 

2005). The consumption of crayfish varies over the seasons and is highest in summer, 

which should be reflected in the tissues sampled in this study (Haertel et al. 2002). 

However, due to a lack of samples, calculated values for Lake Väter and Lake Dölln were 

based upon crayfish replicates of Lake Wucker. These lakes do not strongly differ in the 

isotopic content of samples like the American lakes, but the model remains skewed due 

to lake-specific isotopic signals. Nevertheless, O. limosus is likely to be an important food 

items for all sampled populations of EP. The patterns found in Lake Wucker and the 

American lakes show that crayfish are the only prey organisms which are 15N-enriched 

and highly 13C-enriched, and can thus explain a great share of EP isotopic composition. 

ZP was exploited differently by the classified groups in YP. The importance of calanoids 

and cladocerans has been shown in Canadian Shield lakes, where they have been the most 

important prey item throughout the seasons (Johnson 2001). Water transparency 

potentially could determine zooplanktonic proportions of the diet (Bartels et al. 2012). 

Transparency was the highest in Lake Wilderness, which might support the high reliance 

on copepods present in small perch. ZP are often important prey for small YP, but they 

can be essential for larger perch, too. For example, large ZP like mysid shrimps 
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(Acanthomysis awatchensis) or Leptodora kindtii are intensively fed upon by large YP 

(Serns and Hoff 1984, McIntyre et al. 2006). Chaoborus spec. have been present in many 

American zooplankton samples, but did not provide enough material for SI samples. 

The degree of zooplanktivory was generally constant in small and large EP. Radke (1998), 

however, found great differences in the use of ZP among small and large individuals of 

Lake Väter. The mixing model suggests that Chaoborus spec. is particularly important 

for large and small EP. Also, L. kindtii is preyed upon in Lake Väter and they probably 

have a similar isotopic composition as Chaoborus spec.(Haertel 2001, Haertel et al. 

2002). Large, predatory, ZP seem to resemble important prey for perch of all size classes,  

although consumption is strongly determined by availability of ZP (Dörner et al. 2001). 

In addition, the fish community of Lake Wucker includes vendace (Coregonus albula), a 

pelagic planktivorous fish that has not been caught during sampling (Kottelat and Freyhof 

2007, LELF 2012). Vendace are prey fish for EP where they occur (Beier 2001, Haakana 

et al. 2007). These prey fish might explain the disproportionately high shares for ZP, 

which were computed for the large size class of EP in Lake Wucker. 

In general, perch are highly mobile and have been shown to shift between pelagic and 

littoral habitats (Fish and Savitz 1983, Eklöv 1997, Zamora and Moreno-Amich 2002). 

In YP, stomach- and SI-analyses revealed a high degree of variability up to 95% in 

resource use of different size classes. YP inconsistently utilized littoral (MZB) and 

pelagic prey items (ZP) (Browne and Rasmussen 2009). The range of δ13C-signals within 

a population in comparison with the range of δ13C-signals in their diet can inform about 

differences in individual variation, like the resource polymorphism in perch (Matthews 

and Mazumder 2003, Bertrand et al. 2011). Some of the studied perch populations showed 

potential pelagic and littoral subpopulations, demonstrated by the clustering of value pairs 

along the 13C-gradient. The wide δ13C-ranges of small and large YP indicate multiple 

basal resources, i.e. pelagic and littoral resources (Quevedo et al. 2009). Lake 

Wilderness’s small perch and Walsh Lake’s large perch exhibited two very distinct 

groups, with high shares of either 13C-enriched, littoral prey or of 13C-depleted ZP and 

profundal prey (i.e. chironomids) in the diet. The existence of potential subpopulations is 

corroborated by three perch that were caught with a hoop net in a shallow, littoral area of 

Lake Wilderness. They had the lowest δ13C-signals of all sampled YP in Lake Wilderness. 
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Also, EP show signs of resource bimodality. Notably the larger individuals, differed in 

the range of δ13C-signals and share of ZP in the diet, which suggests specialization on 

littoral or pelagic resources (Svanback and Bolnick 2007, Quevedo et al. 2009). In EP, 

intraspecific competition is thought to be the driving force of this process (Svanback and 

Bolnick 2007). However, roach can also influence habitat and diet segregation in EP, 

since they are superior competitors for ZP (Persson and Greenberg 1990a, Persson and 

Greenberg 1990b). The marked splits in δ13C-signals and patterns of δ15N among the 

defined groups could be linked to differentiation into littoral and pelagic or profundal 

subpopulations (Quevedo et al. 2009, Barks et al. 2010). 
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6 Conclusions 

The new information on perch feeding ecology contributed by this study has several 

implications. It can help to explain population dynamics of the studied lakes (Persson and 

Greenberg 1990a, Jansen 1996, Olson et al. 2001, Schoenebeck and Brown 2010). For 

example, piscivory by YP can promote growth and thus the occurrence of larger size 

classes, desired by fishermen (Barks et al. 2010). Due to the lack of piscivorous 

individuals, a poor to moderate growth might thus be predicted for the examined YP 

populations. Additionally, knowledge on feeding ecology is needed to assess ecosystem 

impacts since both species have become an issue for ecosystem management (Leunda et 

al. 2008, Olden et al. 2008, Layman and Allgeier 2012). YP and EP are invasive species 

and successfully invaded new ecosystems in North America, Southern Europe, South 

Africa and Australia (Elvira and Almodóvar 2001, Champion et al. 2002, Lintermans 

2004, Schade and Bonar 2005, Orrù et al. 2010). They altered local community structures 

and caused regime shifts (Post and Cucin 1984, Arthington 1991). It was shown that EP 

become top predators in large size classes. This is why EP can severely affect native fish 

communities in New Zealand and Australia (Closs et al. 2001, Wilson 2005). Risk 

assessments state that YP have a potential for “very high impacts”, especially in small 

lake ecosystems in the Pacific North West of North America (Johnson 2009, DFO 2011). 

For example, YP have been shown to outcompete the salmonid communities that are 

native in the water bodies of the region (Fraser 1978, Browne and Rasmussen 2009). 

Highly variable feeding ecology among populations of different water bodies is thought 

to promote invasions (Ribeiro et al. 2007). The high variability and the trophic 

adaptability found in YP might be one reasons for their competitive superiority. Effects 

of management measures, for instance removal of YP to improve salmonid stocks, are 

not fully understood. The outcomes differ and might be attributed to this high degree of 

trophic flexibility of YP (Rumsey et al. 2007, Browne and Rasmussen 2012). 

Although, YP and EP live in comparable habitats, continent-specific, physical habitat 

characteristics or differences in the fish community can have an influence on fish traits 

(Mahon 1984, Lamouroux et al. 2002). Linking the results, TP estimates and mixing 

models of diet in adult YP suggest that in the lakes of Western Washington, YP are not 

as piscivorous as their European relatives. Among large perch, none of the examined YP 

populations reflected the patterns of EP. They seem to exhibit a broader resource 

utilization and more omnivorous feeding ecology than EP. The reviewed literature from 



51 

dietary and SI analysis of both species corroborate these findings. However, the 

conditions under which large YP exhibit piscivory (e.g. Fullhart et al. 2002, Truemper et 

al. 2006) or where they do not (e.g. this study, Jansen and Mackay 1992, Lott et al. 1996), 

remain to be clarified. Also, potential bimodality in resource use of YP has rarely been 

studied and calls for more investigations (i.e. Parker et al. 2009a). By contrast, adult EP 

are suggestive of increasing specialization on piscivory. These findings imply different 

top-down impacts of introduction or removal of either species to the affected ecosystem 

via trophic cascades (Huryn 1998, Potthoff et al. 2008). Piscivorous fish like EP 

substantially affect the water quality of lakes (Mehner et al. 2002). The studied EP 

populations thus probably have greater top-down impacts on the ecosystems than YP. 

Additionally, trophic cascades in perch could positively affect primary producer levels by 

increasing nutrient availability (Attayde and Hansson 2001, Leroux and Loreau 2010). 

Finally, the ecological roles ascribed to YP and EP should be seen with respect to local 

conditions. In the course of invasions, for instance, resource shifts are possible and 

feeding ecology of populations might be hard to predict (e.g. Brandner et al. 2013). The 

functional niche of YP and EP might show great overlap, but the realized niches of 

different populations probably differ strongly due to competition, predation, the size 

spectrum or different prey items. The results refute the assumed ecological equivalence 

of YP and EP and suggest an independent view on the feeding ecology of either species. 

Top-down interactions and trophic links within food webs of EP and YP should be further 

examined to understand their complex feeding ecology. 
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7 Summary 

The closely related North American yellow perch (Perca flavescens) and the Eurasian 

perch (Perca fluviatilis) share many similarities in morphology, life history traits, 

environmental tolerance and trophic requirements, including ontogenetic diet shifts. 

Consequently, the functional foraging niches of these species are hypothesized to be 

similar. However, their feeding ecology has never been compared directly. Knowledge 

of the ecological and trophic niches of Eurasian perch and yellow perch is needed to better 

understand their role in ecosystems and their invasive potential. This study aimed at 

comparing the feeding ecology and characterizing the functional role of yellow perch and 

the Eurasian perch in North America and Europe by means of stable isotope analysis. The 

stable isotope ratios of nitrogen and carbon (15N and 13C) represent powerful ecological 

tools to trace consumer foraging history and determine trophic position. Similarities in 

the transition of diets and magnitude of trophic position were expected. In contrast to 

expectations, marked breakpoints in trophic position during growth and an ontogenetic 

diet shift occurred in Eurasian perch, but not in yellow perch. Also, large Eurasian perch 

occupied higher trophic levels than adult yellow perch. Eurasian perch became 

increasingly piscivorous after they reach about 160 mm total length. The species 

comparison across a similar size range revealed high variability in trophic position among 

individual yellow perch and a more size related trophic position in Eurasian perch. Large 

yellow perch seem to be more opportunistic and omnivorous predators than their 

European counterpart, which exhibited rather stable patterns of resource use. The elevated 

trophic positioning of Eurasian perch suggests that they may exert a more pronounced 

top-down trophic control of populated ecosystems, which would influence water quality. 

High flexibility in diet of yellow perch and strong piscivory in large Eurasian perch might 

favor their ability to invade ecosystems. The functional niche of YP and EP might show 

great overlap, but the realized niches of different populations probably differ strongly due 

to competition, predation, the size spectrum or different prey items, which remain to be 

clarified. 
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8 Zusammenfassung 

Der Amerikanische Flussbarsch (Perca flavescens) und der Eurasische Flussbarsch 

(Perca fluviatilis) weisen viele Gemeinsamkeiten auf. Sie ähneln sich in ihren 

Lebenszyklen, Ansprüchen an ihre abiotische Umgebung und in Bezug auf 

ontogenetische Nischenwechsel in ihrer Ernährung. Aus diesem Grund wird beiden Arten 

dieselbe Rolle im Ökosystem zugeschrieben. Funktionelle Eigenschaften beider 

Barscharten oder deren Rolle im Ökosystem wären somit vergleichbar. Die 

Nahrungsökologie beider Arten wurde jedoch noch nie interkontinental verglichen. Um 

ihre Bedeutung für das Ökosystem zu verstehen und ihr Invasionspotenzial besser 

abschätzen zu können, bedarf es Wissen über die trophische Nische beider Arten. Diese 

Studie sollte mithilfe stabiler Isotopenanalyse die Ernährungsökologie beider Arten 

beziehungsweise die sich daraus erschließende Funktion der Fische in den 

entsprechenden Ökosystemen im interkontinentalen Vergleich betrachten. Mithilfe der 

stabilen Isotope von Stickstoff und Kohlenstoff (15N und 13C) kann die 

Nahrungsaufnahme rekonstruiert und die trophische Stellung bestimmt werden. Es 

wurden ähnliche Wechsel der Ernährung in Abhängigkeit von der Größe der Barsche 

sowie eine vergleichbare Einnischung beider Arten erwartet. Die Studie konnten dabei 

deutliche Veränderungen in der trophischen Position während des Wachstums sowie 

ontogenetische Nischenwechsel bei Eurasischen-, nicht jedoch bei Amerikanischen 

Flussbarschen feststellen. Adulte, Eurasische Flussbarsche nahmen höhere trophische 

Positionen als Amerikanische Flussbarsche vergleichbarer Größe ein. Der Vergleich 

eines ähnlichen Größenspektrums zeigte eine weitaus höhere Variabilität in der 

trophischen Position der Amerikanischen Flussbarsche und eine deutlich 

größenabhängige trophische Position der Eurasischen Flussbarsche. Große 

Amerikanische Flussbarsche scheinen opportunistisch und eher omnivor in ihrer 

Ernährung zu sein verglichen mit Eurasischen Flussbarschen, welche ab etwa 160 mm 

Gesamtlänge zunehmend piscivor wurden. Die höhere Position Eurasischer Flussbarsche 

im Nahrungsnetz impliziert eine stärkere Abwärtssteuerung von besiedelten 

Ökosystemen, was beispielsweise die Wasserqualität beeinflusst. Wobei die flexible 

Ernährungsweise von Amerikanischen Flussbarschen und die piscivore Ernährung großer 

Eurasischer Flussbarsche auch ihre Konkurrenzfähigkeit als Neozooen befördern 

könnten. Die fundamentalen Nahrungsnischen beider Arten mögen zum Großteil 

überlappen, jedoch scheint die realisierte Nische der untersuchten Amerikanischen 

Flussbarsche an unbekannten Standortfaktoren wie Konkurrenz, Größenspektrum und 

Art der Beuteorganismen angepasst zu sein. 
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10 Annex 

 
Table A 1: Clusters of values from P. fluviatilis & P. flavescens with distinct isotopic signals in 

the δ13C/δ15N-bi-plots identified by K-Cluster analysis. Significant differences in δ13C or δ15N are 

highlighted (bold; < 0.05 =*; < 0.01=**; < 0.0001=***). 

lake size group  cluster 
center 

isotope df F sig. n δ13C 

(‰) 

δ15N 

(‰) 
distance 

PA 

small 
1 -25.31 11.14 

0.72 
δ13C 8 25.249 0.001** 4 

2 -26.03 11.12 δ15N 8 0.012 0.915 6 

large 
1 -25.67 10.74 

1.44 
δ13C 8 14.994 0.005* 3 

2 -27.09 10.51 δ15N 8 0.522 0.491 7 

WA large 
1 -23.95 7.53 

4.38 
δ13C 17 97.909 0.000*** 11 

2 -28.31 7.14 δ15N 17 6.679 0.019* 8 

WI small 
1 -32.31 12.40 

5.19 
δ13C 11 133.163 0.000*** 6 

2 -27.13 12.65 δ15N 11 2.223 0.164 7 

DO 

small 
1 -31.28 9.76 

1.26 
δ13C 18 0.321 0.578 10 

2 -31.19 8.56 δ15N 18 38.548 0.000*** 10 

large 
1 -30.40 10.65 

2.12 
δ13C 10 55.193 0.000*** 8 

2 -28.50 11.58 δ15N 10 12.713 0.005** 4 

VA 

small 
1 -30.21 6.95 

1.17 
δ13C 13 7.351 0.018* 11 

2 -29.41 7.80 δ15N 13 13.034 0.003** 4 

large 
1 -27.87 9.56 

1.67 
δ13C 13 39.504 0.000*** 10 

2 -29.53 9.42 δ15N 13 1.798 0.203 5 

WU large 
1 -25.60 8.70 

2.15 
δ13C 17 64.484 0.000*** 5 

2 -27.69 9.17 δ15N 17 8.264 0.011* 14 
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Table A 2: List of samples used for the SIAR mixing model for each lake. Pooled sources for the 

mixing model are marked grey. Species or taxa are given as identified with the number of analyzed 

samples (n) and diet group (ZP = zooplankton; MZB = zoobenthos; F = fish). Notes are in parentheses. 

lake species/taxon type n lake species/taxon type n 

PA 

Cladocera ZP 8 

DO 

Zooplankton (bulk) ZP 8 

Calanoida ZP 1 Chaoborus spec. ZP 3 

Gammaridae MZB 4 Chironomidae MZB 4 

Chironomidae MZB 4 Asellidae MZB 3 

Lepidostomatidae MZB 3 P. fluviatilits (< 120 mm) F 16 

Cotus asper F 5 Rutilus rutilus F 10 

Pacifastacus leniusculus MZB 8 Orconectes limosus (replica) MZB 3 

Zygoptera MZB 4 Aeshnidae MZB 2 

Libellulidae MZB 2 Zygoptera MZB 4 

Bellamya chinensis MZB 7 Leptoceridae MZB 2 

WA 

Cladocera ZP 8 Lepidostomatidae MZB 4 

Calanoida ZP 1 Tanypodinae MZB 1 

Gammaridae MZB 5 Nepa cinerea MZB 1 

Libellulidae MZB 4 

VA 

Zooplankton (bulk) ZP 8 

Leptoceridae MZB 2 Chaoborus spec. ZP 4 

Chironomidae MZB 5 Chironomidae MZB 4 

Aeshnidae MZB 7 Asellidae MZB 3 

Zygoptera MZB 4 P.fluviatilits(< 120 mm) F 12 

M. salmoides (<35 mm) F 5 Rutilus rutilus F 10 

Cotus asper F 3 Orconectes limosus (replica) MZB 3 

WI 

Cladocera ZP 4 Aeshnidae MZB 2 

Calanoida ZP 1 Zygoptera MZB 4 

Chironomidae (prof.) MZB 2 Leptoceridae MZB 4 

Chironomidae (litt.) MZB 2 Lepidostomatidae MZB 3 

Pacifastacus leniusculus MZB 13 Haliplidae MZB 2 

Zygoptera MZB 4 Corixidae MZB 1 

Bellamya chinensis MZB 10 Gyrinidae MZB 1 

Libellulidae MZB 4 

WU 

Zooplankton (bulk) ZP 8 

Aeshnidae MZB 6 Chaoborus spec. ZP 3 

Cotus asper F 10 Chironomidae MZB 4 

Gammaridae MZB 4 Asellidae MZB 3 

Leptoceridae MZB 6 P. fluviatilits(< 120 mm) F 1 

Lepidostomatidae MZB 4 Rutilus rutilus F 5 

      Orconectes limosus MZB 3 

      Aeshnidae MZB 1 

      Zygoptera MZB 4 

      Leptoceridae MZB 3 

      Lepidostomatidae MZB 3 

      Tanypodinae MZB 2 

      Nepa cinerea MZB 2 

     Corixidae MZB 1 

      Gyrinidae MZB 1 
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Table A 3: Results of the one-way ANOVA in P. fluviatilis & P. flavescens for the trophic niche 

metrics (δ15N-range, δ13C-range, hull area, mean distance to centroid (CD), mean nearest 

neighbour distance, (MNND) & standard deviation of the nearest neighbour distance (SDNND). 

  
sum of 

squares df 

mean 

square F sig. 

δ15N-range 1.008 1 1.008 2.393 0.166 

δ13C-range 8.515 1 8.515 1.802 0.221 

hull area 2.292 1 2.292 0.838 0.390 

CD 1.010 1 1.010 2.025 0.198 

MNND 0.011 1 0.011 1.130 0.323 

SDNND 0.017 1 0.017 1.962 0.204 

 

 

P. flavescens TL < 158 mm: 
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P. flavescens TL > 158 mm: 
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Figure A 1: Results of the SIAR mixing model with percentage mean, median and 95%- 

confidence intervals for potential contributions of different food source to the isotopic 

composition of muscle tissue from small and large P. flavescens within Lake Padden (PA - a, b, 

e & f), Walsh Lake (WA - g & h) and Lake Wilderness (WI – c & d). Contributions are calculated 

for groups of similar isotopic composition (1/2). 
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P. fluviatilis < 169 mm: 
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P. fluviatilis > 169 mm: 
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Figure A 2: Results of the SIAR mixing model with mean percentage, median and 95%-

confidence intervals for potential contributions of different food sources to the isotopic 

composition of muscle tissue from small and large P. fluviatilis within Lake Dölln (DO – a, b & 

e), Lake Väter (VA – c, d, f & g) and Lake Wucker (WU - h & i). Contributions are calculated 

for groups of similar isotopic composition (1/2). 
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