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PREFACE

This work was carried out while I was employed by the Directorate for Nature 

Management (DN) (1978 - 81), the Norwegian Society for Rural Development (SNV) (1981 

- 89), and, since 1989, the Norwegian Institute for Nature Research (NINA).

First and foremost, I am indebted to my friends and colleagues, Bror Jonsson 

and Tor Næsje. Bror has been a pillar of support since I started as an undergraduate 

student in the Voss project, through the various twists and turns of my professional 

career, until we again are colleagues at NINA. Tor Næsje started as my student at the 

Mjøsa project, and soon became the kind of supportive colleague who makes the life of 

a socially inclined scientist worth living.

In addition, I would particularly like to express my gratitude to a few persons 

whom i have been working with during the process ending with this thesis. During the 

Mjøsa years, I had a very fruitful cooperation with Gösta Kjellberg of the Norwegian 

Institute of Water Research (NIVA). My senior colleague in DN, Per Aass, provided useful 

advice and productive discussions. In SNV, director Kristian Kaus and my section 

leaders Kåre Ulvund and Anne Siri Brandrud enabled me to participate in research 

activities in Femund and Thingvailavatn, although strictly speaking I was employed in a 

management project. In 1983 I was invited by Pétur M. Jönasson to take part in the 

Thingvailavatn project, and I want to thank him sincerely for his inspiring enthusiasm 

and for his fund-raising abilities.

My sincere gratitude is also extended to all my other co-authors and the people 

who have assisted during field work at Mjøsa, Osensjøen, Femund and Thingvailavatn, 

and in the laboratory work through the years.

Last, but not least, my wife Vera and the "kids" Ragnhild and Kjetil, have 

accepted living with a "my-work-is-my-hobby" husband and father for many years. I am 

extremely grateful for their patience and support.
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INTRODUCTION

In the present papers, I have studied the role of ontogenetic niche shifts and 

polymorphism in the formation of the ecological niche of whitefish Coregonus lavaretus 

and vendace Coregonus albula in three large lakes in Norway, and Arctic charr 

Salvelinus alpinus in one large lake in Iceland. I have investigated the habitat use of 

these species and analyzed how they adapt to the temporally and spatially variable 

environments of northern lakes.

The environment

The biota of northern temperate lakes are characterized by a strong seasonality imposed 

by the climate. During winter, the ice cover and low water temperatures usually results 

in low abundances of available invertebrate prey. In addition, the low water temperatures 

cause low metabolic rates and food uptake in the fish (e.g Brett and Higgs 1970, Elliott 

1972, Weatherley 1976, Brett 1979). Higher abundances of available prey are found in 

spring, summer and autumn. Maximum number of available zoobenthos is often 

observed in spring and summer, when insects with aquatic larval stages emerge (e.g. 

Brinkhurst 1974, Aagard 1978, Brittain 1978). Maximum densities of crustacean 

zooplankton, on the other hand, are commonly seen in late summer and autumn (e.g. 

Larsson et al. 1978, Adalsteinsson 1979, Langeland and Reinertsen 1982). This 

seasonality will obviously influence the ecology of fishes in the lakes (Fretwell 1972).

For zoogeographic reasons, few fish species are present in Norwegian and 

Icelandic freshwaters (Huitfeldt-Kaas 1918). The natural colonization occurred during the 

last deglaciation about 10,000 years ago. On the Scandinavian peninsula and in Iceland 

the postglacial land uplift and the salinity of the Baltic and the North Sea created 

immigration barriers soon after deglaciation. The resulting low diversity of the freshwater 

fish fauna is clearly seen when the natural fauna of Scandinavian lakes is compared to 

the fish fauna of the lakes of eastern North America with similar temperature and 

production regimes (e.g. Scott and Crossman 1973). Postglacial immigration of 

freshwater fish in eastern North America was not stopped by impassable barriers (Lagler 

et al. 1977), and consequently the diversity in these lakes are higher.
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The species

The salmonid genera Salvelinus and Coregonus, represented by the species Arctic charr, 

whitefish, and vendace, are widespread in the species-poor lakes of Scandinavia and 

Iceland. There has been considerable debate over the taxonomic status of the three 

species. The morphological and ecological variability between and within populations of 

whitefish and Arctic charr led to the suggestion that there are five whitefish species 

(Svärdson 1979) and three Arctic charr species (Nyman 1972, Nyman et al. 1981). Due to 

differences in spawning time in some sympatric vendace populations, Svärdson (1979, 

1988) claimed that there are two vendace species in Scandinavia. These authors 

assumed that speciation had occurred in geographically isolated localities to the south 

and east during glaciation, and that the forms immigrating to Scandinavia after 

deglaciation already were established species.

On the other hand, a number of investigators have maintained that Arctic charr, 

whitefish and vendace each is one variable species (Reisinger 1953, Dryagin et al. 1969). 

This is supported by several recent genetic analysis and rearing experiments (Ferguson 

et al. 1978, Andersson et al. 1983, Hindar et al. 1986, Nordeng 1983, Vuorinen et al.

1981, 1986) which have provided quite conclusive evidence that Arctic charr, whitefish 

and vendace in northwestern Europe each are one species, which may occur in 

polymorphic populations. The results also indicate that the diversification in salmonids 

has occurred within the localities (Ryman et al. 1979, Ferguson 1981, Vuorinen et al. 

1981, Hindar et al. 1986).

The lake communities and niche width

The niche width of fish species in low-diversity lake communities may be considered in 

the light of island biology. Generally, on islands the number of species will increase 

through immigration until a level when the rate of immigration equals the rate of 

extinction, and the number of species is stabilized (MacArthur and Wilson 1967, 

MacArthur 1972). In general, the maximum number of species depends on the area of 

the island, but island communities normally contain fewer species than comparable 

mainland systems (Diamond 1973, Connor and McCoy 1979). The low level of 

interspecific competition on islands leads to an expanded niche which may induce 

increased variation in morphology (Selander 1966, van Valen 1968), behaviour (Diamond 

1978, Feinsinger and Swarm 1982) and genetic structure (Shugart and Blaylock 1973, 

Steiner 1980). In addition to a wider niche, the wide array of resources available has
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often led to adaptive radiation into polymorphic populations or, given sufficient time, 

speciation (Diamond 1978, Avise 1990).

Scandinavian-lcelandic lakes may be considered islands which at some early 

point in the colonization process have been screened off from further influx of species. 

The consequence is an even lower number of fish species than should be expected 

from the lake surface areas (equivalent to island size). Thus, each fish species in the 

low-diversity lake communities have an opportunity to utilize a wide variety of resources. 

However, as lake ecosystems in the previously glaciated areas are relatively young 

(< 10,000 yrs), diversification has not proceeded into speciation, as observed in older 

lake systems like Lake Baikal, USSR (Smith and Todd 1984) and the great lakes of East 

Africa (Fryer and lies 1972, Greenwood 1984, Meyer et al. 1990). In cases where morphs 

become reproductively isolated, the instability of northern lakes may in most cases 

cause isolation to break down before diversification proceeds to species level.

According to Christiansen and Fenchel (1977) the ecological niche of animal 

populations has three main dimensions: time, habitat (space) and diet (resource). In fish 

communities, between- and within-species segregation is often found to be by habitat 

and diet (Werner et al. 1977, Mittelbach 1984). Many investigations have indicated that 

niche overlap between groups of animals is mainly reduced through a segregation by 

habitat (Schoener 1974, Werner et al. 1977). In large lakes, the habitat available to fish 

is clearly three-dimensional. Thus, groups may be segregated horizontally, i.e. they may 

live benthically or pelagically, or vertically by living in different depths along the bottom 

profile or in the pelagic zone.

The niche width of a population is defined by three components (Christiansen 

and Fenchel 1977): the within-phenotype component (WPC), the between-phenotype 

component (BPC), and the age structure component (ASC). Total niche width may be 

expressed as WPC + BPC + ASC (Vrijenhoek et al. 1987).

The within-phenotype component is the variance of each individual in the 

utilization of resources or in its response to environmental factors, and includes e.g. the 

seasonal variation in habitat use and diet by an individual fish.

The between-phenotype component is the variation in resource use between 

different individuals within the population. In a polymorphic population, this includes 

both the differences in resource use among individuals of the same morph and 

differences between morphs.



The age structure component is the age-specific variation in use of resources, 

including ontogenetic niche shifts (Polis 1984). Thus, an accurate description of the total 

niche width of a fish population may be reached by defining the niche parameters 

habitat use and diet of all ontogenetic stages (size groups) and morphs of a population.

The ontogenetic niche

According to foraging theory, individuals willtake the prey that give the higher relative 

energy return (Charnov 1976, Pyke et al. 1977, Stephens and Krebs 1986). In general, 

this means that the prey size tends to increase as predator size increases. Compared to 

most terrestrial animals, fishes are characterized by indeterminate and flexible growth, 

i.e. the onset of sexual maturity does not mean the end of growth as long as there is 

sufficient food. The growth rate is largely determined by the quality and quantity of food. 

As the fish grow they are able to take increasingly larger prey without losing the ability 

to take small prey (Wilson 1975, Werner and Gilliam 1984). The most profitable feeding 

patch is determined by a combination of prey type and prey abundance, and the fish 

choose feeding habitat according to the optimal energy returns (Werner et al. 1981, 

1983a). The fish occupying the richest patch should thus grow faster and larger than 

those feeding under poorer conditions.

In presence of predators, the choice of feeding habitat is modified by risk of 

predation, which decreases with increasing body size (Werner et al. 1983b, Power 1984, 

Milinski 1986). Small fish are restricted in their habitat use by the presence of predators 

(Mittelbach 1984, Gilliam and Fraser 1987, Schlosser 1987). As the body size increases, 

the fish will gradually be less vulnerable to predation, and more profitable foraging 

patches may be invaded in spite of higher predator frequencies (Werner and Hall 1976, 

Cerri and Fraser 1983, Power 1984, Mittelbach 1986, Abrahams and Dill 1989). The 

balance between foraging profitability and predation risk may often change rather 

abruptly as the fish reach some threshold size not vulnerable to predation (Werner and 

Hall 1976, 1988, Osenberg et al. 1988). Experiments have shown that the fish are able to 

at least partly evaluate profitability and predation risk in different feeding patches, and 

selecting the one offering the greatest expected increase in fitness per unit of time (Dill 

1987, Holbrook and Schmitt 1988). There appears to be an element of learning in the 

process of judging the profitability of habitats (Werner et al. 1981, Persson 1990), so that 

there will be a time lag between increase in available resources and the ability of the 

fish to exploit this increase.
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The habitat use of species is also influenced by competitors (Grant and Grant 

1982, Werner 1986, Bergman 1990). Several Swedish investigations (summarized by 

Nilsson 1967, 1978), have indicated, based on gut contents, that salmonid species are 

using habitats differently depending on which other species are present. In terms of 

dominance related to utilization of pelagic zooplankton, the salmonids brown trout 

(Salmo trutta), Arctic charr, whitefish, and vendace formed a dominance hierarchy, with 

vendace as the most efficient zooplanktivore (Svärdson 1976).

Polymorphism

The "niche-variation hypotheses" (van Valen 1965) predicts increased differences between 

individuals when interspecific competition is low, i.e. the between-phenotype component 

of niche width increases. Polymorphism extends the individual differences into a directed 

divergence into "vacant" niches that create bi- or multimodality in morphological and 

ecological population parameters. In fact, it has been assumed as a precondition for the 

emergence and existence of polymorphism that there is "vacant" niche space available 

for the various modes of the population (Pimm 1979, Turner and Grosse 1980, Hindar 

and Jonsson 1982, Wilson and Turelli 1986). Maintaining stable polymorphism require 

stable niches, which allow morphological and behavioural specialization to develop 

(Vrijenhoek et al. 1987). For the population to develop bi- or multimodality in characters, 

the niche space must contain adaptive peaks, which render intermediate morphs less fit 

(Rosenzweig 1978, Turner and Grosse 1980). Polymorphism in fishes has been shown in 

a number of characters. It may, as in e.g. salmonids and centrarchids, occur in body 

size and coloration at sexual maturity, as well as sexual behaviour (Dominey 1980, Gross 

1982, 1985, Jonsson and Hindar 1982, Jonsson 1989). In many groups of fish, 

polymorphism has been shown in trophic characters like dentition, gillraker number, and 

mouth position (Roberts 1974, Sage and Selander 1975, Turner and Grosse 1980, 

Kornfield et al. 1982, Lavin and McPhail 1987, Gardner et al. 1988). The morphological 

differences have been shown to result in differential efficiency in food uptake (Layzer 

and Clady 1987, Ehlinger 1990).

Polymorphism in fishes may be environmentally induced in a single cohort by 

e.g. differential feeding conditions during early development (DeAngelis and Coutant 

1982, Huston and DeAngelis 1987, Meyer 1987). This phenotypic plasticity appears to 

occur in many salmonid populations, where divergent forms may be genetically identical 

(Andersson et al. 1983, Nordeng 1983, Hindar et al. 1986, Ståhl and Hindar 1988).
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Assortative mating (isogamy) may subsequently contribute to some degree of 

reproductive separation between the morphs (Jonsson and Hindar 1982, McKaye et ai. 

1984). Many salmonid species have been shown to evolve genetically distinct local 

populations, which are maintained by a reproductive homing behaviour, as in e.g. brown 

trout (Stuart 1953, 1957), Arctic charr (Frost 1965), and whitefish (Kirkpatrick and 

Selander 1979). When the various spawning localities provide different environments for 

the offspring, the various spawning demes may easily develop into morphs which are 

recognized within the species population.

The problem

As outlined above, the wide array of resources available to fish in the low-diversity 

communities of large lakes in Scandinavia and Iceland may be utilized through various 

strategies: large variation in body size, ontogenetic niche shifts and adaptive radiation 

resulting in trophic polymorphism.

Based on this, the following questions are studied in the present papers:

1 What are the roles of: a) ontogenetic niche shifts and b) polymorphism in the 

formation of the total niche width of populations of Arctic charr, whitefish and 

vendace?

2 Do polymorphic populations of charr and whitefish have a more extended niche 

in terms of habitat use than monomorphic populations of the same species?

The papers are listed below.

LIST OF PAPERS

Paper I Sandlund, O.T., T.F. Næsje, L. Klyve and T. Lindem 1985. The vertical

distribution of fish species in Lake Mjøsa, Norway, as shown by 

gill net catches and echo sounder. Rep. Inst. Freshwat Res. 

Drottningholm 62: 136 - 149.

Paper II Næsje, T.F, O.T. Sandlund and B. Jonsson 1986. Habitat use and growth 

of age-0 whitefish, Coregonus lavaretus, and cisco, C. albula. Env. 

Biol. Fish. 15: 309 - 314.

Paper III Sandlund, O.T., T.F. Næsje and B. Jonsson. Ontogenetic changes in

habitat use by whitefish, Coregonus lavaretus. Env. Biol. Fish, in 

press.
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Paper IV Næsje, T.F., B. Jonsson, O.T. Sandlund and G. Kjellberg. Habitat switch 

and niche overlap in coregonid fishes: effects of zooplankton 

abundance. Can. J. Fish. Aquat. Sci. in press.

Paper V Sandlund, O.T., T.F. Næsje and G. Kjellberg 1987. The size selection of 

Bosmina longispina and Daphnia galeata by co-occurring cisco 

(Coregonus albula), whitefish (C. lavaretus) and smelt (Osmerus 

eperianus). Arch. Hydrobiol. 110: 357 - 363.

Paper VI Sandlund, O.T., B. Jonsson, T.F. Næsje and P. Aass 1991. Year-class

fluctuations in vendace (Coregonus albula): Who’s got the upper 

hand in intraspecific competition? J. Fish Biol. 38: 873 - 885.

Paper VII Sandlund, O.T. Ecology of two vendace, Coregonus albula, populations 

separated in 1895. Manuscript submitted for publication.

Paper VIII Sandlund, O.T. and T.F. Næsje 1989. Impact of a pelagic gill-net fishery 

on the polymorphic whitefish (Coregonus lavaretus L. &/.) 

population in Lake Femund, Norway. Fish. Res. 7: 85 - 97.

Paper IX Sandlund, O.T., K. Gunnarson, P.M. Jönasson, B. Jonsson, T. Lindem, 

K.P. Magnusson, H.J. Malmquist, H. Sigurjönsdöttir, S. Skulason 

and S.S. Snorrason 1991. The arctic charr Salvelinus alpinus in 

Thingvallavatn. OIKOS in press.

SYNOPSIS OF RESULTS 

Ontogenetic niche shifts

Papers I, II, III, IV, VIII, and IX show that both vendace, whitefish and Arctic charr 

perform ontogenetic niche shifts. All species start their lives in the benthic zone and 

turn to utilizing the pelagic zone at a later age.

In vendace, the whole cohort performs a niche shift to the pelagic zone during 

the first summer (Paper II), and continue living in this zone feeding mainly on 

zooplankton for the rest of the life span (Paper IV and VII). Even in the littoral zone, 

however, the diet of age-0 vendace is dominated by crustacean zooplankton (Paper II). 

Thus, the niche of vendace is narrow, and the specialist nature of the species is 

reflected in its pelagic zooplanktivore life in a variety of localities (Paper IV, V, VII). The 

observed fluctuating or regularly oscillating year class strengths in vendace populations



(Paper VI) are probably due to the narrow niche of the species, restricted both in the 

diet and habitat dimension, creating strong intra-specific interactions.

The generalist nature of Arctic charr and whitefish is indicated by their variable 

diet and habitat use within and between lakes. The two species resemble each other in 

their patterns of ontogenetic niche shifts. Populations of both species maintain a basis 

in the epibenthic habitat, where all size groups of the population usually are present 

(Paper III, VIII, IX). Among certain size groups, some fish perform a seasonal habitat 

shift to the pelagic zone when zooplankton abundance is high. In Mjøsa whitefish, the 

habitat shift occurs just prior to sexual maturity at a size of 25 cm (Paper III and IV). In 

Femund whitefish, the habitat shift occurs at a size of between 20 - 25 cm (Paper VIII), 

and is mainly performed by the most slow-growing morph, which matures sexually from 

a body length of 25 cm onwards. In both lakes the habitat shift involves few fish larger 

than 35 cm, and only a part of the 25 - 35 cm length group. The change in habitat may 

therefore be termed niche expansion rather than niche shift. In Mjøsa, the niche of 

whitefish larger than 35 cm is restricted to feeding in the deep benthic zone on one 

particular prey item (Pallasea quadrispinosa). In Femund, large whitefish utilize the 

shallow benthic zone (Paper VIII, Sandlund and Næsje 1986).

The ontogenetic development of the niches differs among the Arctic charr 

morphs in Thingvallavatn (Paper IX). All morphs start their lives in the littoral zone, 

feeding mainly on chironomid larvae. The benthic morphs remain in the littoral zone, but 

their diet includes an increasing proportion of the snail Lymnaea peregra. Thus, there is 

a rather moderate niche change in the benthic morphs (SB- and LB-charr). The pelagic 

morphs, on the other hand, expand their habitat to include both the profundal and the 

pelagic zone, and their diet includes both zoobenthos and zooplankton, from an age of 

a few months onwards. The large pelagic morph (LP-charr) performs one additional diet 

shift, into a diet dominated by fish (Gasterosteus aculeatus). In this system, the pelagic 

morphs (PL- and Pl-charr) exhibit generalists’ niches, whereas the benthic morphs (SB- 

and LB-charr) are more specialized.

The dominance of pelagic prey in the diet of pelagic whitefish (Paper II and III) 

and Arctic charr (Paper IX), indicates that the individual fish stay for a prolonged period 

in the pelagic zone. This observed pattern of niche shifts generates the hypothesis that 

the individuals performing the niche shift are morphologically and behaviourally better 

adapted to a pelagic life than the individuals remaining in the benthic habitat.
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Polymorphism

Superficially, the occurrence of polymorphism in whitefish and Arctic charr populations 

does not seem to increase total population niche width. For instance, the Mjøsa 

whitefish (Papers I - V) utilize all main habitats (littoral, profundal, pelagic) and all prey 

types and sizes commonly taken by whitefish, during its lifetime. The Femund whitefish, 

which according to gillraker number consists of three morphs (Paper VIII), appears to 

use the same habitats. However, a closer analysis of the niche of each ontogenetic 

stage reveals differences between mono- and polymorphic stocks. E.g., the niche of 

juveniles is wider in polymorphic than in monomorphic whitefish populations. In Femund, 

juveniles were caught in the benthic zone at all depths down to 60 m (Paper VIII, 

Sandlund and Næsje 1986), indicating a wider habitat than among juveniles of the 

monomorphic Mjøsa stock, which are restricted to the littoral zone (Paper II, III).

In the Thingvallavatn charr, the variation in habitat use and diet among the 

morphs, already from age-0, leads to a very wide total niche for this population (Paper 

IX). Within virtually all size and age groups of fish there are both pelagic and benthic 

fish. The diet of all size groups between approximately 7 - 22 cm varies from crustacean 

zooplankton through insects to snails. The diet of fish larger than 22 cm also includes 

fish.

The observations on head morphology and gillraker number of the pelagic versus 

the benthic morphotypes in Thingvallavatn (Paper IX) support the notion that sympatric 

morphs are morphologically specialized to feed on different prey types in different 

environments. Trophic specialization makes each fish more efficient in utilizing its 

special resource. A condition for the occurrence of trophic specialization, however, is 

that there are stable resource bases available. In Thingvallavatn these bases of available 

resources largely consists of the snail Lymnea peregra in the benthic zone, the 

crustacean zooplankton and the emerging and hatching chironomids in the pelagic zone, 

and the sticklebacks in the epibenthic zone. The nearly complete absence of competitors 

has allowed for a trophical diversification and specialization in the Arctic charr 

population.

In Femund, the number of competitors is also relatively low, and the whitefish 

has diversified into morphs differing in trophical morphology (Paper VIII). The three 

morphs have been denoted according to their spawning sites: deepwater (D-), river (R-), 

and shallow water (S-) whitefish. In this case the morph with the lowest number of 

gillrakers, i. e. the D-whitefish (28 gillrakers), utilize the pelagic zone during the period
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of maximum zooplankton abundance. The morphs with the denser giilraker sieves (R- 

whitefish, 35 gillrakers; S-whitefish, 43 gillrakers) mainly stay in the benthic habitat. This 

may indicate that the connection between zooplanktivory and the number of gillrakers is 

not as simple as has been believed (Nikolsky 1963, Lindsey 1981, but see O’Brien 1987). 

The zooplankton size selection by vendace and whitefish in Mjøsa shown in Paper V 

also indicate a more complex connection between giilraker morphology and 

zooplanktivory than is often believed.

It may be hypothesized that some of the differences between whitefish morphs in 

Femund emerge because the morphs spawn in widely different environments (Paper VIII). 

The hatching larvae will consequently experience different physical environments and 

probably different types and abundances of prey. The fact that D-whitefish has a slower 

growth rate and a smaller asymptotic size than the two other morphs might indicate that 

fish of the different morphs experience different environments for a prolonged period of 

time. Thus, other selection pressures of more vital importance than zooplanktivore 

efficiency in subadult or adult life may cause the giilraker divergence among the 

whitefish morphs in Femund.

Polymorphism and fish community structure

In temperate lakes, most invertebrate prey available to fish occur in a seasonal manner 

(Paper III, IV, IX), so that each fish to some degree has to shift from one prey type to 

another. In Mjøsa, there are in all habitats some species that are trophically more 

specialized than whitefish (Paper I). Thus, the possible use by whitefish of each habitat 

is probably restricted. Generalists like whitefish are able to balance this drawback by 

shifting between prey types and habitats both seasonally and through life (Paper II, III, 

IV), and no trophic specialization will occur in terms of e.g. polymorphism.

Paper I shows that the habitat of monomorphic whitefish overlap with several of 

the other dominant species in Mjøsa. In the littoral zone, both perch (Perea fluviatilis) 

and roach (Rutilus rutilus) are numerous. Ruffe (Acerina cernua) has a benthic habitat 

that overlaps with the benthic whitefish population, and smelt (Osmerus eperlanus) has 

both a benthic and pelagic habitat, which is similar to that of whitefish. Thus, an 

extensive coexistence with many species appears not to restrict the habitat dimension of 

the age-structure component of the niche of the whitefish. The niches of polymorphic 

stocks are, however, expanded by means of the between-phenotype component.

11



The polymorphic stocks of whitefish (Paper VIII) and Arctic charr (Paper IX)

treated in my investigations are both found in localities with low fish fauna diversity and

diverse feeding and spawning habitats.

CONCLUSIONS

1. Vendace, whitefish and Arctic charr expand their resource use through 

ontogenetic niche shifts (Paper II, III, IV, VIII, IX).

2. Both whitefish and Arctic charr utilize the benthic resources throughout the year 

and in all age groups, and they are seasonally utilizing the pelagic food 

resource; both species are trophic generalists (Paper III, IV, IX).

3. Vendace occupy the same habitat and feed on the same food items from an age 

of a few months onwards; the species is a trophic specialist (Paper IV, VI, VII).

4. Through trophic polymorphism, Arctic charr and whitefish are able to specialize 

on different food items and habitats, thus exploiting the resource base more 

efficiently (Paper VIII, IX).

5. Although often correlated to degree of zooplanktivory, gillraker number is not a 

sufficient morphological parameter for judging the efficiency of a morph or a 

species as a zooplanktivore (Paper V, VIII).

6. Trophic polymorphism occurs mainly in large and diverse lakes with a relatively 

low number of fish species, i.e. many stable habitats and no effective 

competitors (Paper VIII, IX).

7. In lakes with many, more specialized competitors, whitefish is able to utilize 

various resource types through ontogentic and seasonal habitat shifts (Paper I, II, 

III).
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Patterns of habitat use by vendace Coreqonus albula and 
whitefish C. lavaretus were investigated in a natural experiment 
in Lake Mjøsa, Norway. Vendace lived almost exclusively in the 
pelagic habitat and catch per unit effort in gill nets was 
significantly correlated with water temperature (r2=0.457, 

P<0.005). Whitefish exploited both epibenthic and pelagic areas. 
During summer one part of the population lived in epibenthic 
areas whereas the rest of the population moved out into the 
pelagic zone. The pelagic part returned to the epibenthic habitat 
in the autumn. Cladocerans were important food items for both 
fish species in the pelagic zone. However, only vendace ate the 
large copepod Limnocalanus macrurus, whereas surface insects were 
more important prey for whitefish. This suggests that vendace is 
the most specialized zooplanktivore. The pelagic gill net catches 
of whitefish, and the pelagic habitat overlap (Schoener's (1968) 
D) between whitefish and vendace increased with increasing 
zooplankton densities at depths between 0 and 50 m (r2=0.609 and 
r2=o.494, respectively, P<0.01). Both during spring and autumn 

we observed a time-lag between the change in zooplankton 
abundance and habitat switches of whitefish, indicating an 
element of learning in choice of habitat. There was no 
significant correlation between diet overlap (Schoener's D) 
between pelagic whitefish and vendace and zooplankton densities



(P>0.05). Our study indicates that for whitefish the habitat 
shifts between benthic and pelagic habitats are induced by the 
abundance of crustacean zooplankton in the pelagic zone, and that 
the pelagic habitat overlaps of whitefish and vendace are 
correlated with the abundance of zooplankton.



Introduction
Seasonal habitat switches of animals are supposed to result from 
changes in the environmental conditions, and habitat choices are 
considered to be trade-offs between profitabilities and risks in 
the environment (Krebs and Davis 1984; Stephens and Krebs 1986). 
Solitary animals will move from one food patch to another in 
order to maximize their energy gains (Charnov 1976; McNair 1982), 
and animals may evaluate profits and costs of different habitats 
(Dill 1987; Werner and Hall 1988). Behaviour of fish may be 
modified by the process of learning about the quality of food 
patches (Milinski 1984; Holbrook and Schmitt 1988; Werner and 
Hall 1988), by the risk of predation (Werner et al. 1983; 
Mittelbach 1984; Holbrook and Schmitt 1988), and by the presence 
of competitors (Krebs et al. 1972; Barnard et al. 1982; Pitcher 
et al. 1982; Sutherland 1983).

In northern temperate lakes, prey abundance fluctuates 
seasonally and is an important factor influencing temporal 
habitat switches of fish. In many lakes whitefish (Coreqonus 
lavaretus), may exhibit seasonal habitat switches between benthic 
and pelagic habitats (Svärdson 1976). The closely related 
vendace, C. albula. is usually pelagic when co-occurring with 
whitefish (Svärdson 1976; Nilsson 1979). In such situations the 
two fish species segregate in food selection (Hamrin and Person 
1985). Vendace is the most specialized zooplankton feeder, 
whereas whitefish is a more generalized feeder, exploiting both 
epibenthic and pelagic food resources (Svärdson 1976; Hamrin and 
Person 1986). Little is known, however, about the seasonal and 
spatial habitat use of these fishes in relation to pelagic food



abundance.
Thus we studied habitat use of vendace and whitefish in the 

Norwegian lake Mjøsa, where we tested: (1) if habitat shifts of 
whitefish between epibenthic and pelagic habitats were correlated 
with the abundance of crustacean zooplankton; (2) if habitat 
overlaps between whitefish and vendace were correlated with the 
abundance of crustacean zooplankton; (3) if diet overlaps 
between whitefish and vendace were correlated with the abundance 
of crustacean zooplankton.
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Study site and methods 
Study area
Mjøsa (61°30'N, 10°25'E) is an 449 m deep, oligo-mesotrophic, 
dimictic fjord lake. The lake has a surface area of 365 km2. The 

circulation periods last from late April until the end of June, 
and from October until ice cover usually in January/February 
(Holtan 1979). The thermocline is established at 12 - 20 m depth. 
In 1979, hypolimnetic temperatures varied between 3.5 and 8 °C. 
Epilimnic temperatures reached 10°C by the middle of June and a 
maximum of 14°C in July. Total pelagic primary production in 
1979 was approximately 20 gC m-2yr-1 (Kjellberg and Sandlund 

1983) .
A total of 20 crustacean zooplankton species occur in the 

pelagic zone in Mjøsa; 8 are copepods and 12 are cladocerans. The 
most common are the copepods Limnocalanus macrurus Sars, 
Eudiaptomus gracilis Sars, Cyclops lacustris Sars, and the 
cladocerans Daphnia qaleata Sars, D. cristata Sars and Bosmina 
lonqispina Leydig.

Zoobenthos is dominated by chironomid larvae, oligochaetes, 
bivalves, and the amphipods Pallasea quadrispinosa Sars and 
Gammaracanthus loricatus Sabine (Holtan et al. 1980). Mysis 
relicta Lovén occurs in both epibenthic and pelagic habitats 
(Kjellberg and Sandlund 1983). Among zoobenthos eaten by 
epibenthic whitefish, chironomid larvae and pupae, and Pj_ 
quadrispinosa are the most important.

Mjøsa supports 20 fish species, with vendace, whitefish and 
smelt Osmerus eperlanus (L. ) being numerically dominant in the 
pelagic zone (Sandlund et al. 1985) (Table 1). In shallow water,



g
roach Rutilus rutilus L. , perch Perea fluviatilis L., and ruffe 
Acerina cernua (L. ) are most numerous. The main predators are 
brown trout Salmo trutta L. , burbot Lota lota L. and pike Esox 
lucius L.

Vendace and whitefish grow at about the same rate during the 
first two years of life, reaching 11 - 12 cm at age 1 and 18 - 20 
cm at age 2. The growth rate of vendace levels off earlier than 
for whitefish; asymptotic lengths and Brody's coefficient of the 
von Bertalanffy's growth equations were respectively 22.7 cm and 
1.03 for vendace and 31.0 cm and 0.52 for whitefish. The growth 
rate of males and females did not differ significantly (P>0.05).

Sampling
Zooplankton (February - December 1979), benthic insects and 
molluscs (May - November 1979), and fish (October 1978 - February 
1980) were sampled at two localities in Mjøsa, Brøttum and 
Furnes. In both areas, maximum depth is around 90 m.

Zooplankton were sampled with a 25 1 Schindler trap at the 
following depths: 0.5, 2, 5, 8, 10, 12, 16, 20, 30, and 50 m, and 
subsequently identified and counted in an inverted microscope.

Benthic invertebrates were sampled with an Ekman grab in the 
following depths: 2, 4, 6, 8, 12, 20, and 50 m. 5 parallel 
profiles were taken in both sampling areas.

Fish were sampled by using epibenthic and pelagic gill nets. 
The gill nets consisted of 12 panels (panel size, epibenthic: 25 
x 2 m; pelagic: 25 x 6 m) with varying mesh sizes (8-52 mm bar 
mesh, mesh increments 2-7 mm). The pelagic nets were placed at 
the following depths: 0-10, 10-30, 30-50, and 50-80 m. The



9

benthic nets were set from the shoreline down to the deepest part 
of the sampling area (90 m) . The exact depth of each net was 
registered with an echo sounder (Simrad EL). Catch per unit 
effort (CPUE) was calculated as number of fish pr 100 m^ net area 

for 24 hours fishing. A total of 1172 vendace and 1161 whitefish 
were caught. Very few whitefish and vendace were caught deeper 
than 50 m in the pelagic zone.

Treatment of material
Fish were measured to the nearest 0.1 cm (natural tip length) and 
aged by burning and breaking the otoliths (Christensen 1964).

Stomach contents were analyzed, and prey categories 
identified and counted under a stereoscopic microscope. Wet 
weight of stomach contents was estimated from undigested food 
items. The degree of diet overlap was calculated according to 
Schoener's (1968) similarity index D=l-l/2^ |Pi~<3i | ) / where p^ is 

weight proportion of food item i in population 1, is weight 
proportion of food item i in population 2, and n the number of 
food categories. D varies between 0 and 1, representing no and 
complete food overlap, respectively. Degree of habitat overlap in 
the pelagic zone was calculated using Schoener's (1968) index, 
letting and represent percent of vendace and whitefish at 
the ith depth zone relative to the respective depth distributions 
of the species.

Zooplankton selection was estimated according to Ivlev's 
(1961) electivity index: E = (a-b)/(a+b), where a is the 
frequency by number of the prey organism in the stomach and b is
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the frequency by number of the prey organism in the environment.

Results
Zooplankton
The zooplankton community was dominated by Limnocalanus macrurus 
(spring), and Eudiaptomus gracilis, Bosmina longispina, Daphnia 
galeata, Daphnia cristata (summer and early autumn) (Fig. 1). 
Densities of zooplankton were generally higher at Furnes than at 
Brøttum. At Furnes, maximum biomass of crustacean zooplankton 
occurred in August (6,400 mg m-3), and at Brøttum in July (2,400 
mg m~3). At Furnes, maximum densities of adult D. galeata was 
recorded in August (7,780 ind. m-3) and September (5,100 ind. m" 
3). At Brøttum, densities of D. galeata were lower, with largest 
numbers of adults in July (1,040 ind. m-3) and August (940 ind. 

m“3). At Furnes, B. longispina occurred in maximum densities in 
July (1,320 ind. m~3), August (2,880 ind. m”3), and September 
(1,360 ind. m”3). Densities of B. longispina at Brøttum were 
higher, with maximum numbers in July (3,220 ind. m-3), August 
(2,240 ind. m-3), and September (1,010 ind. m“3).

Vendace and whitefish 
Habitat
Gillnet catches of vendace were low in winter, spring and early 
summer (November - July) (Fig. 2A). In epibenthic habitat catch 
per unit effort (CPUE) of vendace remained low through the rest 
of the year, except for a slight increase in October at Brøttum, 
situated near the spawning grounds. CPUE in the pelagic habitat,
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however, were high in late summer and autumn (August - October) 
(Fig. 2A). In June - July, pelagic vendace were mainly caught at 
depths between 0-10 m, but from August through November they were 
also abundant at depths between 10 and 30 m.

Whitefish were caught in both benthic and pelagic habitats 
(Fig. 2B). In the epibenthic habitat mean CPUE of whitefish 
varied between 0.80 and 1.54. The pelagic catches of whitefish 
were very low during winter, spring and early summer, but 
increased during late summer and autumn. In both sampling areas, 
Brøttum and Furnes, a part of the whitefish population started to 
migrate into the pelagic habitat in July, whereas maximum pelagic 
catches were taken in September (Fig. 2B). In November most of 
the whitefish had returned to the epibenthic habitat. Pelagic 
densities of whitefish were highest at depths between 0 and 30 m.

Diet
In the pelagic zone, the diet of vendace and whitefish differed 
between the sampling areas (Fig. 3). At Furnes vendace fed 
largely on the zooplankton species B. lonqispina. D. qaleata and 
L. macrurus. At Brøttum vendace fed on the same food items, but 
the relative proportions were different. D. qaleata was less 
important, whereas L. macrurus was more important as a food 
source (Mann-Whitney Tests, P<0.05). In addition vendace at 
Brøttum also fed on Leptodora kindti (Focke) and fish (age-0 
smelt).

Whitefish fed largely on zooplankton in the pelagic zone 
(Fig. 3). At Furnes the most important zooplankters eaten were 
L. kindti and D. qaleata. In addition they fed on surface



arthropods and fish (age-0 smelt). At Brøttum whitefish fed on 
the same food items, but in addition cyclopoid copepods were a 
more important food source. Whitefish caught in the pelagic zone 
appeared to stay in that zone for some time as the frequency of 
bottom animals in their stomachs was very low. A small fraction 
of the amphipod P. guadrispinosa, however, indicated some 
exchange of fish between epibenthic and pelagic areas.

Vendace and whitefish differed in their selection of L. 
macrurus (Fig. 4). This species was positively selected by 
vendace during spring and late summer and autumn, but never 
selected by whitefish. Both vendace and whitefish selected B. 
lonqispina and D. galeata during summer and autumn, 
respectively. The large cladocerans L. kindti and Bvthotrephes 
lonqimanus Leydig were also positively selected for shorter 
periods during summer. All other zooplankters were negatively 
selected.

Correlations in habitat and diet
The pelagic catches (CPUE) of vendace were more highly 

correlated with epilimnic water temperature (0-16 m) than with 
abundance of pelagic food, expressed as total number of 
crustacean zooplankton in 0-50 m depth (Temperatures r^=0.457, 
P=0.004; Zooplankton no.: r^=0.337, P=0.018) (Fig. 5A) . On the 

other hand, the pelagic catches (CPUE) of whitefish showed higher 
correlation with number of crustacean zooplankton than with the 
epilimnic water temperature (Temperature: r^= 0.503, P=0.002 
Zooplankton no.: r^=0.609, P=0.0004) (Fig. 5B). Water temperature 

and total number of crustacean zooplankton, however, were
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intercorrelated (r^=0.737, P=0.0001). The two regressions 

(CPUEwhitefish on zooplankton abundace; CPUEven(^ace on epilimnic 
water temperature) were not improved by adding water temperature 
and zooplankton, respectively, as a second independent variable.

Figure 5B gives the regression of pelagic catch of whitefish 
over total number of crustacean zooplankton. Points above the 
regression line represents months where CPUEs were higher than 
expected from the number of zooplankton, and points below 
represents months when the catch is lower. It can be noted that 
the points are below the line in June and July when the abundance 
of zooplankton is increasing, and above the line in September and 
October after the abundance has passed its maximum and is 
decreasing. Ln-transformed curves fitted for cladocerans and 
copepods separately gave r^ equal to 0.568 and 0.458 (P<0.01), 

respectively. The pelagic catch also increased with the biomass 
of crustacean zooplankton (0-50 m), but the fit was not as good 
as for total numbers (r^=0.477, P<0.01).

Neither the pelagic nor the benthic catches of whitefish 
were significantly (P>0.05) correlated with the abundance or wet 
weight of insects and molluscs in the benthic habitat (Table 2).

In most sampling periods there was a high vertical habitat 
overlap between whitefish and crustacean zooplankton, and 
vendace and crustacean zooplankton in the pelagic habitat (Table 
3). In periods with more than 15 fish caught, the Schoener's 
( 1968 ) index D was lower than 0.5 for whitefish in August at 
Brøttum, and for vendace in May at Furnes and during the spawning 
run in October and November at Brøttum. Including all periods 
with more than 10 fish caught of each fish species, there was no
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significant difference in the habitat overlap of the two fish 
species, whitefish and vendace, and crustacean zooplankton (Mann- 
Whitney U-test P>0.05).

The vertical habitat overlap (Schoener's (1968) index) 
between whitefish and vendace in the pelagic zone at Furnes was 
high (D>0.6) during June - September, and low during the rest of 
the sampling period (D<0.3) (Table 4). The index at Brøttum was 
high during July-October and in May, and low in June, August and 
November. The habitat overlap increased with increasing number 
of crustacean zooplankton per m^ at 0-50 m depth (r2=0.494, 

P<0.01; Fig. 5C), and with the biomass of zooplankton at 0-50 m 
depth, although this fit was somewhat lower (r2=0.462, P<0.01).

Diet overlap (Schoener's (1968) index) between vendace and 
whitefish at Furnes was highest in September and lowest in July 
(Table 5). At Brøttum the diet overlap was highest in August and 
lowest in October. There was no significant correlation (P>0.05) 
between diet overlap and habitat overlap or diet overlap and the 
abundance of different categories of zooplankton.

Discussion
The increase in pelagic gill net catches of whitefish from May 
until September demonstrates a movement of fish from epibenthic 
to pelagic areas. This is also indicated by density estimates 
based on echo soundings which showed a density increase parallel 
to the pelagic net catch (Sandlund et al. MS submitted). The 
pelagic whitefish probably remain in the offshore areas for a 
considerable period of time, as few pelagic fish have remains of



zoobenthos in their stomachs. Vendace, on the other hand, stayed 
in the pelagic zone throughout the year, and zoobenthos was never 
registered in the stomach contents.

The habitat switch of whitefish, from an epibenthic to a 
pelagic way of life, was positively correlated with zooplankton 
abundance. Therefore, the habitat shift of whitefish between the 
two habitats, is probably due to increased abundance of 
crustacean zooplankton. Furthermore, habitat overlap between 
whitefish and vendace within the pelagic zone was also correlated 
with zooplankton abundance. The diet overlap between the two fish 
species, however, was not correlated with zooplankton abundance. 
Both habitat switch and habitat overlap were more highly 
correlated with the number than the biomass of zooplankton. These 
results indicate that the fish respond to the numbers rather than 
the biomass of zooplankton.

In assessing the profitability of alternative feeding 
habitats, a process of learning is probably involved (Werner et 
al. 1983; Milinski 1984; Ehlinger 1990). Werner and Hall (1988), 
citing Ehlinger (1986), maintain that when bluegills Lepomis 
macrochirus Rafinesque were fed prey from one habitat and 
switched to prey from another habitat, they suffered nearly a 50% 
decrease in capture rates on the original prey type, as the new 
prey type was added to the diet. According to Werner and Hall 
(1988), learning and search image type phenomena prevented 
maximum efficiency on both prey types simultaneously.

If learning is involved in the habitat switch of whitefish 
in Mjøsa, a delay in fish movement relative to the increase in 
zooplankton abundance should be anticipated. This is supported by
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our results showing that in the period with increasing abundance 
of zooplankton, CPUE of pelagic whitefish was lower than 
expected. On the other hand, the CPUE was above the expected 
value in the period with decreasing abundance of zooplankton. The 
fish may need some time to experience that food availability has 
changed, and accommodate to the new situation. In bluegill, 
Werner et al. (1981) indicate that the timelag between increase 
in food abundance and habitat change is about one week. Such a 
learning mechanism has been described in a simple model called 
the Relative Payoff Sum (RPS) (Harley 1981; Regelmann 1984). 
Switching into feeding on zooplankton in the pelagic zone pays 
off for the first number of whitefish trying this option when 
zooplankton densities are high. When zooplankton densities 
decrease in autumn, whitefish perform an opposite migration back 
to the, by then, more profitable epibenthic zone.

An alternative explanation to the delay in habitat switch 
may be that it is influenced by zoobenthos abundance. We did not 
find any significant correlation between CPUE of benthic 
whitefish and the abundance of benthic insects and molluscs. A 
more detailed analysis of all benthos groups might reveal some 
correlations between benthic food supply and CPUE of benthic 
whitefish. We do not, however, have sufficient quantitative 
zoobenthos data to discuss this possibility.

Ehlinger (1990) found that bluegill sunfish select foraging 
habitats as a function of the difference in return rate between 
habitats, spending more time in a habitat when its return rate is 
relatively higher. Our results indicate that whitin a species the 
return rate may differ between different size groups. In Lake
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Mjøsa medium sized whitefish (25 - 35 cm) move into the pelagic 
zone during summer and autumn, whereas smaller and larger fish 
remain in epibenthic areas. This may be explained by foraging 
theory, as the smaller fish stay in more sheltered, epibenthic 
habitat where predation probably is lower than in the 
unstructured pelagic zone (Crowder and Cooper 1982; Stephens and 
Krebs 1986). The large, mobile, epibenthic amphipod Pallasea 
quadrispinosa (8 - 18 mm in length) is a suitable food item for 
large whitefish (Naesje 1984, Sandlund et al. MS.). Feeding on 
this prey may be more profitable than zooplankton for large fish. 
There seems to be very little predation on large whitefish in the 
lake.

In Mjøsa, habitat, but not diet overlap between pelagic 
whitefish and vendace increased with increasing abundance of 
zooplankton. This might be an indication of exploitative 
competition, similar to what has been found in sunfishes (Werner 
and Hall 1977, 1979; Werner et al. 1977, 1981). Exploitative 
competition between two species occurs when one species reduce 
available food supply to a level making the habitat unprofitable 
for the other species (Werner and Hall 1976, 1977). In Mjøsa the 
more efficient zooplanktivore vendace may render the pelagic zone 
an unprofitable feeding habitat for whitefish, except in periods 
of maximum zooplankton density. Segregation by habitat rather 
than by diet seems to be the common means of resource 
partitioning among animal species (Schoener 1974; Werner et al. 
1977; Schmitt and Coyer 1983). Interference competition, on the 
other hand, is not easily envisaged in the pelagic zone, as it 
often involves some aggressive behaviour, e.g. territoriality
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(Miller 1967; Schutz and Northcote 1972; Schoener 1983; Hindar et 

al. 1988).
Whitefish and vendace feed to some extent on the same 

zooplankton species, and select the same sizes within the species 
(Sandlund et al. 1987). However, their diet overlap (Schoener's 
D) is never above 0.65. This is due to the fact that pelagic 
whitefish also utilize two other pelagic food sources which are 
abundant during summer: surface insects and age-0 smelts. 
Vendace, on the other hand, eat the copepods Limnocalanus 
macrurus and Eudiaptomus gracilis which are not utilized by 
whitefish. Copepods are generally considered difficult to catch 
for non-specialist zooplanktivores (Szlauer 1965; Drenner et al. 
1978; Wright and O'Brien 1984). The difference in trophic 
morphology (cf. Nikolsky 1963) of the two species reflects the 
specialist vs. the generalist: vendace has a superterminal mouth 
and dense gillrakers, whereas whitefish has a subterminal mouth 
and sparse gillrakers (mean number of gillrakers: 47 and 30, 
respectively; Sandlund et al. 1987). Whitefish, being the more 
generalized feeder, perform a habitat shift in relation to the 
zooplankton abundance, whereas vendace, the more specialized 
zooplankton feeder, occupy pelagic waters throughout the year.
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Table 1. Catch per unit effort (CPUE) of the most important
fish species in Lake Mjøsa, 1978-80 (after Sandlund et al. 
1985).

SPECIES CPUE CPUE
PELAGIC NETS BENTHIC NETS

Brown trout Salmo trutta 0.1 << 0.1
Vendace Coreaonus albula 0.9 0.1
Whitefish Coreaonus lavaretus 0.4 1.4
Smelt Osmerus eperlanus 2.4 5.1
Roach Rutilus rutulus << 0.1 3.4
Perch Perea fluviatilis << 0.1 2.1
Ruffe Acerina cernua << 0.1 4.3
Pike Esox lucius << 0.1 << 0.1
Burbot Lota lota 0.0 0.9

______



Table 2. Abundance and weight of benthic insects and molluscs 
in the sampling areas Furnes and Brøttum in Mjøsa, 1979.
N = no.
2,

of animals m-^, Ww = wet weight (g) of animals m“

MONTH FURNES BRØTTUM
N Ww N Ww

May 796.2 0.731 1.589 2.510
July 943.7 3.161 696.2 0.933
August 484.7 0.865 486.0 0.629
October 543.5 0.667 589.2 1.656

November 733.2 1.451 492.1 0.942



Table 3. Vertical habitat overlap between whitefish and 
zooplankton, and vendace and zooplankton (Schoener's (1968) 
index D) in the pelagic zone of the sampling areas Furnes
and Brøttum in
in brackets.

Mjøsa, May - November, 1979. Number of fish

MAY JUN JUL AUG SEP OCT NOV
FURNES
Whitefish 0.521 0.651 0.710 0.715 0.683 0.788 0.253

( 3) ( 2) ( 11) ( 58) (119) ( 83) ( 12)
Vendace 0.184 0.893 0.704 0.667 0.679 0.508 0.551

( 17) ( 76) ( 34) (289) (132) ( 89) ( 48)
BRØTTUM
Whitefish 0.216 0.250 0.954 0.418 0.788 0.769 0.577

( 14) ( 3) ( 15) ( 59) ( 72) ( 11) ( 7)
Vendace 0.073 0.670 0.834 0.799 0.908 0.490 0.298

—L 2J J 8j -L-.5,L. ( 57J -I.12.ZX- L213J ( 45.1
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Table 4. Vertical habitat overlap (Schoener's (1968) index D) 
between vendace and whitefish in the pelagic zone of the 
sampling areas Furnes and Brøttum in Mjøsa, February- 
November, 1979.

FEB MAY 
Furnes 0.000 0.202

0.857

JUN JUL AUG
0.658 0.994 0.952
0.117 0.833 0.297

SEP OCT NOV 
0.958 0.295 0.133
0.880 0.603 0.298Brøttum



Table 5. Diet overlap (Schoener's (1968) index D) between 
vendace and whitefish in the pelagic zone of the sampling 
areas Furnes and Brøttum in Mjøsa, July - October, 1979.

Furnes
Brøttum

JUL
0.076
0.056

AUG
0.236
0.648

SEP
0.551
0.516

OCT
0.289
0.008



Legend

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

to figures

Number of crustacean zooplankton per m^ in the 0 - 50 m 
depth zone in the sampling areas Furnes and Brøttum in 
Mjøsa, February - December, 1979. Copepod nauplii and 
cladoceran embryos were omitted.

Catch per unit effort (CPUE) of vendace (A) and 
whitefish (B) in pelagic and benthic gill nets, 
February - November 1979.

Composition of stomach content (per cent wet weight) of 
pelagic vendace and whitefish in the sampling areas 
Furnes and Brøttum in Mjøsa, 1979.

Ivlev's electivity index (E) for the selection of three 
crustacean zooplankton species by pelagic whitefish 
(squares) and vendace (circles) at Furnes, May- 
December 1979.

A: Linear regression of In (loge) catch per unit effort 
of vendace in pelagic gill nets (CPUE) on water 
temperature, 0-16 m depth. B: Linear regression of In 
(loge) catch per unit effort of whitefish in pelagic 
gill nets (CPUE) on natural logaritm of number of 
crustacean zooplankton per m^, 0 - 50 m depth (In N, 
zooplankton). C: Linear regression of pelagic habitat 
overlap between vendace and whitefish (Schoener's 
(1968) D) on natural logaritm of number of crustacean 
zooplankton per m^, 0 -50 m depth (In N, zooplankton).
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Ecology of two vendace, Coreaonus albula. populations separated 
in 1895
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Synopsis
The vendace stock in the lake Osensjøen are descendants from 
90,000 fry of the lake Mjøsa stock introduced in 1895. Today, the 
two stocks have similar feeding habitats and diets, and juvenile 
growth rates are similar. However, the stocks differ in age at 
maturity, in asymptotic body length, and spawning biology. The 
ages at maturity are 2+ and 3 - 4+, and asymptotic lengths are 
234 mm and 289 mm in Mjøsa and Osensjøen, respectively. The Mjøsa 
stock spawns in an inlet river whereas the Osensjøen stock spawns 
at approximately 10 m depth in the lake. Peak spawning occur 
around October 20 in both lakes, but as water temperature during 
incubation is higher in the lake, the populations differ 
significantly in incubation time as measured by degree-days (165 
degree-days in the Mjøsa stock vs. 575 - 665 degree-days in the 
Osensjøen stock).
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Introduction
The plasticity in morphology, life history, and ecology of fish 
species is clearly demonstrated when they are introduced into new 
and different environments (Aim 1959, Reznick and Bryga 1987). 
Within one or a few generations the new environment may result in 
adaptive changes in a number of population characteristics 
compared to the donor population. The short term changes are due 
to adaptations to a new and different environment. Among 
important environmental factors are food quality and abundance 
(Aim 1959), and presence or absence of competing fish species 
(Lindsey 1981). When a species is introduced into a locality 
with a lower number of competing species, the ecological niche of 
the new population is expected to be wider than the donor 
population (van Valen 1965).

Long term changes may involve changes in genotype (Vuorinen 
et al. 1990). These changes may be due to genetic drift and 
founder effect if the number of introduced individuals surviving 
to reproduce is low. The introduced stock may also be subject to 
selection pressures differing significantly from the donor stock.

The ability to adapt to a new environment appears to vary 
among species. Generalists are believed to be particularly 
adaptive, whereas specialists are less able to change (Nikolskii 
1969). Among coregonids, the whitefishes, with their terminal or 
subterminal mouths and variable gillraker numbers, are considered 
generalists. The ciscoes, on the other hand, with their 
superterminal mouths and high gillraker numbers, are considered 
specialized pelagic zooplanktivores (Scott and Crossman 1964).
The north European cisco, vendace (Coregonus albula L.), is even



considered the most specialized zooplanktivore in the 
Scandinavian freshwater fish fauna (Svärdson 1976).

The whitefishes have been subject to innumerable 
introductions all over their area of distribution, and many of 
the cases have been well documented (reviews in Svärdson (1979) 
and Lindsey (1981)). Relative to whitefish, ciscoes have rarely 
been transplanted into new lakes (Svärdson 1966, Viljanen 1986), 
and morphological and ecological changes following introduction 
has not been documented (Lindsey 1981). Vendace is considered to 
vary little in ecological and morphological characters among 
natural populations (Svärdson 1966). Consequently, introduced 
populations are expected to be similar to their donor 
populations.

The two Norwegian lakes Mjøsa and Osensjøen offer a rare 
opportunity to study changes in transplanted vendace. In 1895 
90,000 vendace fry from the Mjøsa population were transferred to 
Osensjøen (Nysæther 1977), which is situated outside the natural 
distribution area of vendace (Huitfeldt-Kaas 1923). The 
introduction has not been repeated. Thus, the present vendace in 
Osensjøen are descendants from the introduction in 1895.

Based on this, I wanted to investigate the possible 
differences in morphology, life history, habitat and diet of the 
vendace populations in Mjøsa and Osensjøen. The genetic 
divergence has been investigated by Vuorinen et al. (1990). My 
null hypothesis is that there are no major differences between 
the introduced and donor population of vendace in terms of 
morphology, life history characters, and habitat use.
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Material and methods
Study area

Mjøsa and Osensjøen are situated in the southeastern part of 
Norway (Fig. 1). Physical and chemical characteristics of the two 
lakes are given i Table 1, showing some potentially important 
differences. Due the difference in altitudes, the air temperature 
is lower in the area of Osensjøen than Mjøsa. Annual pelagic 
primary productivity is higher in Mjøsa than in Osensjøen. The 
epilimnic zone is smaller in Osensjøen, and due to the high humic 
content, Secchi disc transparency is also lower than in Mjøsa.
The water level fluctuations due to regulations differ between 
the lakes, but in both cases littoral benthic production is 
reduced (Lien et al. 1981, Kjellberg 1986).

The dominating zooplankton species in Mjøsa are Daphnia 
galeata, D. cristata, Bosmina longispina, Limnocalanus macrurus, 
Eudiaptomus gracilis and Cyclops lacustris (Kjellberg 1986). In 
Osensjøen, the zooplankton is dominated by Arctodiaptomus 
laticeps, C. scutifer, B. longispina and D. cristata (Løvik and 
Kjellberg 1982). Reflecting the higher productivity, zooplankton 
biomass in Mjøsa is higher than in Osensjøen (Table 1).

Twenty species of fish occur in Mjøsa (Sandlund et al.
1985b). Of these whitefish, Coregonus lavaretus, and smelt, 
Osmerus eperlanus, are co-occurring with vendace in the pelagic 
zone. Brown trout, Salmo trutta, is a pelagic predator. In 
Osensjøen, there are 9 fish species. Only whitefish and brown 
trout occur in the pelagic zone with vendace (Sandlund 1979).
The pelagic brown trout of Osensjøen is small sized and fish is 
rarely found in their diet (Sandlund and Naesje 1983). Although
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the lakes belong to the same river system, due to water falls, no 
migration by lacustrine fishes like vendace have ever been 
possible between them.

In Mjøsa the vendace population is subject to commercial 
exploitation. In the 1960's, the yield was approximately 3.6 kg 
ha"l yr“l (Aass 1978). In Osensjøen, fishing for vendace is 
negligible, and the yield is less than 0.1 kg ha--*- yr-l.

Sampling

In Mjøsa sampling was performed with pelagic and benthic gill 
nets of mesh size 8 - 52 mm during 1978-1980 (Sandlund et al. 
1985b). In 1987, vendace was caught with a beach seine (mesh size 
20 mm). In Osensjøen, sampling was performed with pelagic and 
benthic gill nets of mesh size 10 - 52 mm during 1976-1978 and 
1985, and with benthic gill nets (mesh size 26 - 32 mm) on the 
spawning sites of vendace in 1977 - 1979, 1981 - 1985, and 1987. 
Altogether 1248 and 2623 vendace were analyzed from Mjøsa and 
Osensjøen, respectively.

Treatment of material

The fish was weighed (1 g), and body length was measured (1 mm) 
as natural tip length (Ricker 1979). Sex and degree of sexual 
maturation were recorded (Dahl 1917). Age was determined by 
burning and cutting otoliths (Christensen 1964). The gillrakers 
were counted on the anterior left gill arch dissected out of 
adult fish. Diet was investigated by identifying and counting the 
stomach contents under a stereo microscope, and per cent wet 
weight composition was calculated based on weights of undigested
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prey items.

On 50 fish from each lake the number of scales along the 
lateral line was counted, and the following meristic characters 
were measured with a caliper (0.1 mm): Head length, eye diameter, 
snout length, upper jaw length and lower jaw length (Fig. 2).

Van Bertallanfy growth parameters were calculated as 
described by Dickie (1978). Length/weight relationship was 
calculated by linear regression of loge-transformed (In-) data 
(Bagenal and Tesch 1978).

Individual fecundity was based on female gonads in maturity 
stage 5. Gonadosomatic index (GSI) was calculated according to 
Mills and Eloranta (1985):

GSI = Wg/(Wt - Wg),
where Wg is the weight of gonads, and Wt is total body weight.

Results
Growth pattern and sexual maturation

The growth rates of juvenile vendace in Mjøsa and Osensjøen were 
similar (Fig. 3), and there were no significant difference in 
body lengths after the first and second growth season (t-tests, 
p>0.05). However, growth stagnation appeared one year later in 
the Osensjøen (at age 4-5) than in the Mjøsa stock (at age 3 - 
4), resulting in asymptotic lengths: L,» = 28.4 cm, and = 23.6 
cm, respectively (Fig. 3, Table 2). As indicated by the higher 
Brody's growth coefficient (Table 2), growth stagnation was more 
abrupt in Mjøsa vendace.

In both sexes, the age at sexual maturity differed 
significantly between lakes (Z* = 37.65, 2 d.f., p<0„005; and Z*
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= 23.54, 4 d.f., p<0.005; for males and females, respectively; 
Siegel 1956). In Mjøsa, nearly all males and 75% of the females 
were mature at age 2+ (Fig. 4). In Osensjøen, 35-40% of the fish 
were mature at age 2+, but 100% maturity was only reached in age 
4+ and 5+ for males and females, respectively.

The mean individual female fecundity was significantly 
higher (t=5.938, 27 d.f., p<0.001) in Osen than in Mjøsa vendace 
(Table 2). The gonadosomatic index was also significantly higher 
in Osen vendace (t=23.77, 27 d.f., p<0.001), but the mean number 
of eggs per gram mean body weight was lower in this stock than in 
Mjøsa vendace, indicating larger eggs in the Osen vendace.

Both populations were iteroparous (Sandlund et al. 1990). In 
Mjøsa more than 10 age groups, and in Osensjøen more than 15 age 
groups were present in the adult stock (Fig. 3).

Morphology

Differences in body length in adult fish were reflected in the 
mensural head characters of the two populations (Table 3). All 
mensural characters were significantly larger in the Osensjøen 
vendace (t-tests, p<0.05), but the ratios between the various 
mensural head characters and body lengths were similar in the two 
stocks. The number of scales along the lateral line did not 
differ significantly between the two populations (t = 0.105, 
p>0.5), whereas gillraker numbers were significantly lower in the 
introduced population in Osensjøen than in Mjøsa (t = 2.194, 
p<0.05). The relative variance (as measured by the coefficient of 
variation) was larger in the Osensjøen stock in all characters 
except upper jaw length (Table 3). There was also a difference in
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body colouration, as the Osensjøen population frequently 
exhibited red pectoral and pelvic fins. This was never observed 
in Mjøsa. The weight/length equations of the two populations show 
that the Osensjøen vendace has a lower weight/length ratio than 
the Mjøsa vendace (Table 4).

Habitat and diet

Spawning occured during late October in both lakes. However, the 
spawning habitat differed greatly between the populations. The 
Mjøsa population spawn in the main inlet river, whereas the 
Osensjøen population spawn in the lake at 10 - 20 m depth. In 
Mjøsa, the incubation period from peak spawning until hatching 
corresponds to approximately 165 degree-days (Naesje et al.
1986a). In Osensjøen, the actual date of hatching is not known, 
but it presumably occurs some time before or around ice-break.
The period from peak spawning until ice-break around May 15 in 
this lake corresponds to approximately 665 degree-days. Water 
temperature at the spawning site in April and May is 
approximately 3 °C. Thus, hatching approximately one month before 
ice-break would correspond to 575 degree-days from peak spawning.

In Mjøsa, newly hatched larvae drift from the spawning area 
in the river into the lake and stays in the littoral zone from 
spring until late summer (Næsje et al. 1986b). In Osensjøen a few 
age-0 fish were caught in benthic nets and none in pelagic nets, 
which may indicate a littoral habitat also in this lake. Catches 
of age-0 vendace in Osensjøen were, however, small.

In both lakes subadult and adult vendace utilized the upper 
20 m of the pelagic zone. Gill net catches were low in the
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benthic zone throughout the year, and in the pelagic zone during 
winter, spring and early summer. Pelagic catches increased from 
late July and stayed high until early October, when spawning 
migrations started.

The diet of vendace was completely dominated by crustacean 
zooplankton in both lakes. Prey species constituting more than 
10% by number at any sampling date were in Mjøsa (numbers in 
parentheses indicate mean size, mm, in stomachs): Daphnia galeata 
(1.25), Bosmina longispina (0.50), Eudiaptomus gracilis (1.15), 
Cyclops lacustris (1.12), and Limnocalanus macrurus (1.78). 
Corresponding prey species in Osensjøen were: D. cristata (1.11), 
D. galeata/longispina (2.13), B. longispina (0.65), 
Arctodiaptomus laticeps (1.48), C. scutifer (1.03), and 
Heterocope appendiculata (2.08) (Sandlund et al. 1987, 1990).

Discussion
The null hypotheses, that there are no major differences between 
the introduced and donor population of vendace, must be rejected. 
The introduced vendace population differed from the donor 
population in spawning environment and incubation time from 
spawning till hatching, and age and size at sexual maturity. The 
prediction that the niche width in terms of habitat use and diet 
should increase in a fish community with fewer competitors, 
however, was not supported by the present study.

As a consequence of spawning in the lake where winter 
temperatures are higher than in the river, the population in 
Osensjøen experiences a higher energy supply (as measured by
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degree-days) during egg incubation than the river spawning 
population in Mjøsa. At the spawning site in Osensjøen, where 
peak spawning occurs around October 20, at a water temperature of 
approximately 7 °C, 200 degree-days are reached already in late 
November. As the coregonid larvae are visual feeders, and 
probably need exogeneous food within a month after hatching 
(Braum 1978), it appears reasonable that hatching must occur 
close to ice-break. In laboratory experiments with vendace eggs, 
Luczynski and Kirklewska (1984) found a variation between 
approximately 200 and 510 degree-days from fertilization till 
hatching at various constant temperatures (1.1 - 9.9 °C). This 
difference between batches from the same population is similar to 
the difference between the Mjøsa and Osen stocks. Investigations 
on the hatching of the river spawning Mjøsa population indicate 
that hatching is triggered by mechanical disturbances of the eggs 
caused by the start of the river spring spate (Næsje et al.
1986a, Næsje and Jonsson 1988), and the larvae drift into the 
lake soon after ice-break. In the lake spawning population, the 
mechanical disturbance of the eggs, if present at all at depths 
of more than 10 m, will be due to the weak currents created by 
the spring circulation after ice-break. In the lake, hatching is 
more probably caused by one or both of the factors: water 
temperature increase at spring circulation (Lindroth 1957, 
Luczynski 1985), or internal physiological conditions of the 
embryo (Colby and Brooke 1973, Luczynski and Kirklewska 1984). It 
may also be speculated that the change in light conditions at ice 
break may cause increased embryo activity leading to hatching 
(Smith 1957). The difference in incubation time between the
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closely related populations indicate that, once a sufficient 
amount of energy to complete embryonal development is provided, 
incubation time may vary greatly according to local conditions. 
The occurrence of sympatric autumn and winter/spring spawning 
populations of vendace (Svärdson 1979, Vuorinen 1987) may also be 
related to this apparent flexibility in incubation time of this 
species.

Asymptotic length and sexual maturity was attained one year 
later and at a larger size in the Osensjøen than in the Mjøsa 
vendace. Age and size at maturity is strongly related to 
individual fitness, and determined mainly by juvenile mortality 
and individual growth rate (Jonsson et al. 1984, Stearns and 
Koella 1986, Reznick and Bryga 1987). In an experiment with 
cutthroat trout (Salmo clarkl) and Dolly Varden charr (Salvellnus 
malma), Jonsson et al. (1984) showed that high values of Brody's 
growth coefficient (K) and low values of tg decreased the optimal 
age at maturity. In Mjøsa and Osensjøen vendace, the values of K 
are equal, but the lower value of tg and the lower age at 
maturity in Mjøsa accord with the model of Jonsson et al. (1984). 
In the present vendace stocks, juvenile mortality due to 
predation probably decreases quickly when the fish reach a size 
of 10 - 15 cm, i. e. after the first growth season. The main 
predators in these localities appear to take smaller prey 
(Sandlund et al. 1985a, Taugbøl et al. 1989). However, no 
information is available on possible differences in juvenile 
mortality between localities.

Growth rate and asymptotic length is dependent on the 
abundance and type of food. The sizes of zooplankton eaten in the
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two lakes are similar. Thus, differences in prey sizes does not 
appear to be the reason for different asymptotic lengths.
However, the density of zooplanktivorous fish in Mjøsa is 6.5 
times higher than that in Osensjøen, whereas the corresponding 
zooplankton biomass in Mjøsa is only 3.1 times higher. This gives 
ratios of fish biomass relative to crustacean zooplankton biomass 
at approximately 0.09 in Mjøsa and 0.04 in Osensjøen, indicating 
higher food availability for individual fish in Osensjøen.

The observed differences between the populations in 
mensural characters of the head were apparently due to 
differences in body length. Number of scales along the lateral 
line did not differ between populations, and although the mean 
gillraker count in Osensjøen vendace was somewhat lower than in 
Mjøsa, the difference was small. These observations support the 
notion that vendace is a morphologically stable species 
(Svärdson 1979). Habitat and diet of the two populations differed 
very little, confirming vendace as a specialist pelagic 
zooplanktivore species (Svärdson 1976).

In conclusion, it appears that vendace adapt well to changes 
in spawning environment, and also is able to adapt to the prey 
abundance in a new environment by changes in size and age of 
sexual maturation. The morphology, habitat use and diet of the 
species, however, does not differ much between the introduced 
and donor populations.
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Table 1. Physical and chemical characteristics of lakes Mjøsa
and Osensjøen (data from Lindem 1978, Lien et al. 1981, 
Rognerud and Kjellberg 1984, Kjellberg 1986, Linløkken 
and Qvenild 1986, and The Norwegian Meteorological 

Institute).

M.iøsa Osens.iøen

Altitude (m a.s.1.) 121 437
Air temperature (°C, 30 yr mean for July) 15.9 11.7
Surface area (km2) 365 53
Maximum depth (m) 449 117
Mean depth (m) 153 37
Theoretical retention time (yrs) 5.6 2.7
Regulation amplitude (m) 3.2 6.6
Secchi disc transparency (m) 2.5-8.0 3.4-6.4
Thermocline level 12-20 8-15
pH 6.7-7.4 6.4-6.7
Conductivity (jiS) 20-40 18-19
Primary production (g C yr"*) 20 8
Zooplankton biomass (g wet weight m"2) 30 9.8
Pelagic fish biomass (kg ha"2) 26 4



Table 2. Population characteristics of vendace in lakes Mjøsa 
and Osensjøen. GSI = gonadosomatic index (Mills and

21

Eloranta 1985). Fecundity sample size: N = 8 for 
Mjøsa, N = 21 for Osensjøen.

M.iøsa Osens.iøen
Von Bertallanfy parameters:

Loo (mm) 236 284
K (Brody's growth coeffecient) 0.82 0.60
*0 0.45 1.24

Spawning locality inlet river lake
Spawning time 15-30 Oct. 15-30 Oct.
Mean ind. fecundity (no of eggs) ±95% c.1. 7350.4 ± 845.1 11890.2 ±1317.0
GSI ± 95% c.l. 0.25 ±0.02 0.29 ±0.02
Mean body weight (W) 121.9 ±6.7 225.4 ±7.5
No of eggs per g body weight 60.3 52.8



aa
Table 3 Mean length (mm), length of various head characters (mm), number of 

scales along the sideline, and gillraker number of 50 sexually mature 
vendace from Mjøsa and Osensjøen. SD = standard deviation, C.V. = 
coefficient of variation (SD/mean), Ratio = ratio of head character on 
(body length - head length).

M.iøsa Osens.iøen
Mean SD C.V. Ratio Mean SD C.V. Ratio

Body length 239.9 7.6 0.032 280.8 11.7 0.041
Head length 44.9 2.2 0.043 0.230 52.9 3.1 0.059 0.232
Eye diameter 9.8 0.6 0.064 0.050 11.3 1.1 0.095 0.049
Snout length 10.8 0.7 0.067 0.055 13.2 1.1 0.081 0.058
Upper jaw 15.1 1.0 0.064 0.077 18.2 1.1 0.061 0.080
Lower jaw 16.0 1.0 0.065 0.082 18.7 1.8 0.098 0.082
No of scales 77.1 2.2 0.028 77.0 3.4 0.044
Gil Irakers 44.6 1.5 0.034 43.9 1.8 0.041



Table 4 Linear regression of the natural logarithms of weight 
(W, g) vs. length (L, mm) for vendace from Mjøsa and 
Osensjøen. R = correlation coefficient, N = number of 
fish, Min.-max. = minimum and maximum length (in mm) of 
fish included.

Locality Eauation R N Min.-max
Mjøsa In» = -12.52 + 3.22 InL 0.99 101 82 - 245
Osensjøen InH = -10.45 + 2.77 InL 0.98 101 65 - 324



Captions to figures

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Locations of lakes Mjøsa and Osensjøen, Norway.

Mensural characters measured on vendace: HL = head 
length, SN = snout length, ED = eye diameter, UJ = 
upper jaw, LJ = lower jaw.

Empirical growth of vendace in lakes Mjøsa and 
Osensjøen (numbers of fish: Nm and No, respectively). 
Vertical lines indicate 95% confidence limits.

Per cent sexually mature vendace females (o) and males 
(+) in lakes Mjøsa (top) and Osensjøen (bottom), based 
on fish caught in July - October. N indicates number of
fish.
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