
ACTA
UNIVERSITATIS
UPSALIENSIS
UPPSALA
2006

Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology 235

Interplay Between Environment
and Genes on Morphological
Variation in Perch – Implications
for Resource Polymorphisms

JENS OLSSON

ISSN 1651-6214
ISBN 91-554-6696-6
urn:nbn:se:uu:diva-7212
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Introduction

General background 
The way organisms behave and look is seldom the result of stochastic 

processes. Rather, the behavioral and morphological attributes expressed in 
populations are usually a response to the environmental conditions experi-
enced. For example, in birds, the beak is the primary tool used in feeding. As
such, in the famous Darwin’s finches there is substantial variation in beak 
morphology between species coupled to the preferred diet of the species. 
Within the monophyletic family of ground finches (Geospiza), species spe-
cialized on hard and large seeds have deeper beaks compared to those spe-
cies preferentially feeding on smaller and softer seeds (reviewed in Schluter 
2000). This results from that the depth of the beak determines an individual’s 
efficiency in handling seeds of different size (reviewed in Freeman & Herron 
2004). Another good example of the tight relationship between morphology 
and the environmental condition is the wide array of body shapes found in 
fishes. Species living in structurally complex habitats feeding on attached 
prey usually develop a deep-bodied and laterally-compressed morphology 
with large pectoral fins (Webb 1984; Webb & Weihs 1986). In contrast, 
species found in open waters feeding on widely dispersed prey usually de-
velop more streamlined bodies with narrow caudal peduncles and small pec-
toral fins (Webb 1984; Webb & Weihs 1986). The functional significance of 
these extreme morphologies is that fish with large pectoral fins and deep and 
laterally-compressed bodies are superior in maneuvering, whereas species 
with a streamlined morphology with small pectoral fins in turn are better 
cruisers (Webb 1984; Webb & Weihs 1986).  

Intraspecific polymorphisms 
Further good examples of the tight correlation between the environment 

and the phenotype are the numerous cases of intraspecific polymorphisms 
found across a wide range of animal taxa (Skúlason & Smith 1995; Smith & 
Skúlason 1996). In nature, generalist populations usually consist of individu-
als specialized on a subset of the resources utilized by the population, and 
this form of individual specialization in resource use is proposed to be more 
common than currently appreciated (Bolnick et al. 2003). Since there usually 
is a strong link between resource utilization and morphological expression, 
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individual resource specialization might result in a resource polymorphism 
(Skúlason & Smith 1995; Smith & Skúlason 1996). Other potential out-
comes might be the development of an ecological sex dimorphism (Shine 
1989, 1991; Bolnick & Doebli 2003) or ontogenetic resource segregation 
(Polis 1984; Werner & Gilliam 1984). Sometimes the intraspecifc differ-
ences in resource polymorphisms might exceed the variation seen between 
conventional species (Werner & Sherry 1987; West 1986, 1988; Ehlinger & 
Wilson 1988). However, at least as likely as discrete resource specialization 
is the occurrence of a more continuous and subtle distribution of phenotypes 
in the population where the major differences are found between the average 
individual from each resource specialist category (Ehlinger & Wilson 1988, 
Robinson et al. 1993; Via et al. 1995). Such subtle phenotypic variation 
could hence possibly account for the fact that new examples of resource-
based differentiation in morphology steadily increases among animal taxa.  

Much effort has been put into studying intraspecific polymorphism during 
recent years, but we still know relatively little about the underlying mecha-
nisms. However, as suggested by the examples of differences in beak mor-
phologies in Darwin’s finches and body shapes of fishes, a fitness trade-off 
between the divergent forms in different environments is hypothesized to be 
one of the major causes (Schluter 1993; Smith & Skúlason 1996; Robinson 
et al. 1996; Schluter 2000; Svanbäck & Eklöv 2003, 2004). Individuals 
should hence be superior competitors on the resources they are adapted to, 
while being less effective in novel environments due to a less optimal behav-
ior and/or morphology. For example, a fish that is morphologically adapted 
for cruising over large distances capturing widely dispersed food is generally 
a poor competitor in a structurally complex habitat with cryptic prey at-
tached to the structure (Webb 1984, 1988). If the theory of trade-offs holds, 
a fish adapted to the structurally complex environment should at the same 
time be a poorer competitor in the non-structured open environment. In the 
absence of trade-offs, no partitioning of resources and resulting variation in 
morphology between individuals would exist. Instead, we would find a supe-
rior, single phenotype in all environments. The combination of increased 
intra-specific resource competition and availability of open and under-
utilized new niches is hypothesized to be the major driver of niche expansion 
in natural populations (Robinson & Wilson 1994; Smith & Skúlason 1995; 
Bernatchez & Wilson 1998; Schluter 2000). Evidence of this comes from a 
few theoretical (Roughgarden 1972; Wilson & Turelli 1986) as well as em-
pirical studies (Smith 1993; Schluter 2000; Bolnick 2001). Individuals 
should, according to these theories, via the influence of disruptive selection 
switch to novel and/or sub optimal resources in order to escape competition 
during periods of increased intraspecific competition. A prerequisite for this 
to happen is that the switching part of the population gains higher fitness 
after the niche-shift. The shift to exploitation of new resources may in turn 
expose individuals to new selection regimes leading to character divergence. 
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In Eurasian perch (Perca fluviatilis), there is evidence that increased compe-
tition could drive exploitation of novel resources (Svanbäck & Persson 
2004). Svanbäck & Persson (2004) studied a perch population with intrinsi-
cally driven population dynamics over a 9 year period, and found that at low 
perch densities (i.e. relaxed intraspecific competition) the majority of the 
population was found in the littoral habitat whereas at high perch densities 
(i.e. intense intraspecific competition), a large proportion of the adult perch 
performed a habitat switch into the less preferred pelagic habitat.  

Not only competition but also predation is potentially a diversifying force. 
Several studies have shown that predators could have large influences on the 
behavior and morphology of their prey populations (reviewed in Lima & Dill 
1990; Werner & Anholt 1993), though the role of predation in character 
divergence has received less attention (Langerhans et al. 2004). Some recent 
findings have, however, highlighted the importance of predation during the 
process of divergence (e.g. Brönmark & Miner 1992; Relyea 2002; Abrams 
2003; Langerhans et al. 2004; Nosil 2004; Eklöv & Svanbäck 2006; Eklöv & 
Jonsson, In press). Predators could either directly influence prey via their 
mere presence (Brönmark & Miner 1992; Eklöv & Jonsson In press), induce 
habitat shifts subjecting their prey to novel selection regimes and thereby 
indirectly affect trait diversity (Eklöv & Svanbäck 2006), or directly select 
for traits via killing (Vamosi 2002).

Phenotypic plasticity and heritable differences 
Two opposing but sometimes interacting processes could account for an 

intraspecific polymorphism: either heritable genetic differences between 
individuals or environmental induction and phenotypic plasticity (Scheiner 
1993). Phenotypic variation in relatively unstable environments is thought to 
be influenced by phenotypic plasticity (Stearns 1989; Pfennig 1992; 
Scheiner 1993), whereas such variation occurring in stable environments is 
hypothesized to be under strong genetic control (Hori 1993; Smith 1993). 
Theory predicts that phenotypic plasticity should evolve when alternative 
phenotypes are favored in heterogeneous environments (e.g. Via & Lande 
1985; Moran 1992; Via et al. 1995), but if selection regimes are rather con-
stant, genetically fixed traits should due to the associated costs with plastic 
phenotypes evolve (DeWitt et al. 1998). Despite that phenotypic plasticity is 
a common feature of many intraspecific polymorphisms (e.g. Day et al.
1994; Lindsey 1981; Meyer 1987; Wimberger 1992; Robinson & Wilson 
1995, 1996; Mittelbach et al. 1999; Svanbäck & Eklöv 2006), there are also 
reports of genetically differentiated intraspecific morphs (e.g. Hindar et al.
1986; Foote et al. 1989; Smith 1993; Vuorinen et al. 1993; Bernatchez et al.
1996, 1999; Gislason et al. 1999; Taylor 1999; Hendry et al. 2000, 2002; 
Rundle et al. 2002). Furthermore, sometimes a polymorphism within the 
same species could be caused by heritable genetic differences in one system, 
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whereas in other systems it could be driven by phenotypic plasticity (Nor-
deng 1983; Gislason et al. 1999). The two processes forming an individual’s 
phenotype are thus not mutually exclusive. The formation of a polymor-
phism could instead be governed by heritage from the parental genotype 
with adaptive plasticity playing a proximate role in fine-tuning the pheno-
typic expression (Smith & Skúlason 1996). Moreover, the amount of gene 
flow between closely situated populations is thought to be substantial 
(Wright 1943; Epperson 2003; Rousset 2004), and gene flow should coun-
teract local differentiation (Wright 1931; Slatkin 1985; Lenormand 2002). 
The different morphs in resource polymorphisms are commonly found at 
relatively small spatial scales with large potential for homogenizing gene 
flow. Examples of genetically differentiated intraspecific morphs might 
therefore suggest that genetic differentiation could be substantial at scales 
smaller than commonly acknowledged.  

Most alternative morphs influenced by phenotypic plasticity are condi-
tional and non-reversible, but in a few cases they have been shown to be 
reversible (Meyer 1989, 1990; Pfennig 1992; Proulx & Magnan 2004). One 
reason for why not all organisms exhibit such an “infinite and perfect” phe-
notypic match to the environment experienced is the hypothesized costs as-
sociated with possessing a plastic phenotype (DeWitt et al. 1998; Agrawal 
2001). The constraints to infinite plasticity might for example come in the 
form of costs of maintaining and producing an optimal phenotype, costs of 
having a developmentally instable phenotype, genetic constraints for ex-
pressing an optimal phenotype, and costs associated with acquiring informa-
tion about changes in the environment (reviewed in DeWitt et al. 1998; see 
also Van Buskirk 2000; Relyea 2002). If these constraints cause an organism 
with a plastic phenotype to exhibit lower fitness when expressing the same 
mean trait value as an organism with a fixed phenotype, a cost of plasticity is 
indicated. Despite that costs of plasticity have important ecological and evo-
lutionary consequences, they have in comparison to the benefits of plasticity 
rarely been studied (DeWitt et al. 1998). An explanation for this might be 
the difficulty to empirically measure the embedded costs of expressing an 
induced character (Van Buskirk 2000). Most studies investigating constraints 
of plasticity have so far been confined to systems where predators induce a 
plastic trait response in their prey (e.g. Petterson & Brönmark 1997; DeWitt 
1998; Van Buskirk 2000; Relyea 2002), and more studies are therefore 
needed in systems where the response is induced by other forms of environ-
mental heterogeneity.  

Phenotypic plasticity has been recognized to slow down evolutionary di-
vergence (reviewed West-Eberhard 1989, 2003), since an environmentally-
induced trait that enhances its bearer’s fitness is less likely to become estab-
lished in a population compared to a genetically fixed trait. There has, how-
ever, lately been a revived interest in the idea of plasticity as a diversifying 
factor in evolution (West-Eberhard 1989, 2003; Pigliucci & Murren 2003; 
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Price et al. 2003). Phenotypic plasticity might actually contribute to the ori-
gin of novel traits and alter the directions of change (West-Eberhard 1989, 
2003). Furthermore, evidence for genetic variation and heritability of pheno-
typic plasticity is currently accumulating, suggesting that selection might 
thus act upon plasticity just as it does on any other phenotypic character 
(reviewed in Pigliucci 1996; Svanbäck & Eklöv 2006). The traditional view 
of the speciation process where genetic and phenotypic changes between 
diverging groups is thought to develop after the evolution of barriers for 
interbreeding (West-Eberhard 2003) has also been challenged by the theory 
of genetic assimilation. Here characters originally acquired by environmental 
induction become genetically fixed where after evolutionary branching and 
speciation follows as a result of reproductive isolation between divergent 
forms (Pigliucci & Murren 2003; West-Eberhard 2003). Phenotypic plastic-
ity thus enables populations to more easily move between adaptive peaks. 
However, whether or not evolutionary divergence follows plasticity-driven 
divergence should depend on the level of plasticity. At low levels of plastic-
ity, an inability to develop appropriate phenotypes in novel environments 
could impede colonization and therefore prevent subsequent divergence 
(Pigliucci & Murren 2003; Price et al. 2003). Likewise, at too high levels of 
plasticity, genetic variation might not get exposed to novel selection regimes 
and no further divergence will therefore follow. Divergence is therefore ex-
pected to be highest at intermediate levels of plasticity. Despite that little 
work is done in this area of research, there is substantial and convincing 
evidence for that a genetically fixed phenotypic response initially could be 
formed by environmental induction (reviewed in Pigliucci & Murren 2003). 
More empirical studies are nevertheless needed before the role of plasticity 
in evolution could be firmly established.  

The role of behavior during divergence 
So far I have mainly focused on morphological responses to environ-

mental heterogeneity, but adaptive behavioral differences might also develop 
between populations inhabiting different geographical areas (reviewed in 
Foster 1999). For example, guppies (Poecilia reticulata) from locations with 
different predation regimes have been shown to have different mating behav-
iors (Endler 1995), different ecotypes of white fish (Coregonus clupea-
formis) have a genetic basis for different swimming behaviors (Rogers et al.
2002), and differences in behavior have been hypothesized to play an impor-
tant role in speciation among Lake Malawi Cichlids (reviewed in Stauffer et
al. 2002). Furthermore, whereas morphological traits are relatively conserva-
tive to change, it has been suggested that behavioral traits are more flexible 
(reviewed in Rogers et al. 2002). Behavioral differences have therefore been 
postulated to precede morphological differences during the process of diver-
sification (e.g. Mayr 1963; West-Eberhard 1989; Price et al. 2003), since 
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flexibility in individual behavior is more likely to result in favorable adapta-
tions. Adaptive variation in behavioral traits might thus be a potent force in 
initiating new directions in the process of adaptive radiation.  

The role of resource polymorphisms in evolution 
What is then the point of investing money and time in studying intraspeci-

fic polymorphisms? To me a good reason is that an individual variation in 
morphology coupled to resource use has been considered to be of great evo-
lutionary significance as the build-up of reproductive isolation between ge-
netically differentiated morphotypes might represent an initial step in a 
speciation process (West-Eberhard 1989; Smith & Skúlason 1996; Doebeli 
& Dieckmann 2000; Figure 1).  

Figure 1. Schematic view showing potential steps and mechanisms leading to re-
source polymorphisms and eventually speciation, according to Smith and Skulason 
(1996). 

For example, increased intraspecific competition might govern exploitation 
of novel resources, exposing individuals to new selection regimes in turn 
leading to character divergence and finally to the evolution of different spe-
cies (Rosenzweig 1978; Doebeli & Dieckmann 2000; Figure 1). Hence, by 
studying intraspecific polymorphism we can increase our knowledge about 
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the factors creating natural diversity and understand the processes important 
in speciation. Schliewen et al. (1994) showed that in two different crater 
lakes in Cameroon, 11 and 9 different species, respectively, of cichlids have 
evolved in sympatry, probably as a result of competition for resources and 
habitats. Furthermore, in a recent study, Barluenga and co-authors (Barlu-
enga et al. 2006) presented convincing evidence that an initial divergence in 
resource use in a population can lead to future speciation. The authors stud-
ied two species of fish from the Midas cichlid species complex (Amphilopus 
citrinellus and A. zaliosus) from Lake Apoyo, a small and young crater lake 
in Nicaragua. The lake was colonized in a single event by A. citrinellus. A.
zaliosus was then shown to have evolved within the lake from the ancestral 
A. citrinellus colonizers in less than 10,000 years. Disruptive ecological se-
lection in resource use is thought to have played an important role during the 
speciation event since the two species are morphologically differentiated 
from each other and additionally differ with respect to food preferences and 
habitat use. The above examples suggest that systems harboring heritable 
polymorphisms should be considered as ”evolutionary hotspots” that merit 
special attention for conservation since they might represent an arena for 
future speciation (Bernatchez & Wilson 1998). 

Resource polymorphisms and character release in 
postglacial fish 

To date, one of the best example of intraspecific differentiation in mor-
phology coupled to divergent resource use, are the replicated resource poly-
morphisms found across several families of fish from lakes in previously 
glaciated areas of the Northern hemisphere  (Robinson & Wilson 1994; 
Schluter 1996; Robinson & Parsons 2002). Populations of these species have 
for long been known to show intraspecific variation in morphology, with the 
evidence originating from old anecdotes of local fishermen, later confirmed 
in scientific reports (e.g. Ekman 1912). It was, however, not until the eight-
ies and nineties that the phenomena received increased interest of students in 
evolutionary ecology (Skúlason & Smith 1995; Smith & Skúlason 1996). 
The lakes in which these resource polymorphisms are found were formed 
and colonized after the last glaciations about 10,000 years ago (Robinsson & 
Wilson 1994) which resulted in  relaxed interspecific competition and avail-
ability of open niches (Robinson & Wilson 1994; Schluter 1996; Robinson 
& Parsons 2002). The morphological variation in postglacial species of fish 
occurs repeatedly and is associated with the discrete resource distributions in 
the different habitats of the lakes (Robinson & Wilson 1994; Schluter 1996; 
Robinson & Parsons 2002). For example, one typically finds benthivorous 
individuals having blunter snouts, longer upper jaws, larger pectoral fins and 
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more deep-bodied morphologies in the vegetated and shallow littoral habitat, 
whereas the deeper and non-structured pelagic zone usually is inhabited by a 
planktivorous morph with a more pointed snout, equally sized jaws, usually 
longer and more numerous gill rakers, and a more fusiform body form (e.g. 
Malmquist et al. 1992; Schluter & McPhail 1992, 1993; Robinson et al.
1993; Robinson & Wilson 1994; Snorrason et al. 1994; Svanbäck & Eklöv 
2002, 2003). The habitat-specific morphologies seem to be adaptive since a 
few studies have demonstrated a fitness trade-off in optimal morphology 
between habitats (Ehlinger 1990; Schluter 1993; Robinson et al. 1996; Rob-
inson 2000; Svanbäck & Eklöv 2003, 2004). The differences between mor-
photypes can be rather extreme, and in some instances up to four different 
morphs within the same lake have been recorded (Jonsson & Jonsson 2001). 
More commonly, however, the morphological differences are rather subtle 
and therefore easily overlooked.  

As in most cases where resource polymorphisms have been documented, 
we still know relatively little about the mechanistic background behind the 
intraspecific differentiation in morphology in postglacial fish. There might, 
however, be multiple selective factors operating on the development of fish 
morphology. Several studies have, for example, demonstrated that both the 
food type and predation regime could influence the morphological expres-
sion of fish from different habitats (Meyer 1990; Robinson & Wilson 1995; 
Day & McPhail 1996; Mittelbach et al. 1999; Vamosi 2002; Abrams 2003; 
Andersson 2003; Stauffer & Gray 2004; Eklöv & Svanbäck 2006; Eklöv & 
Jonsson In press). Less is, however, known about how differences in food 
density and quality as well as the physical structure of the habitat affect the 
morphological development. Phenotypic plasticity is important in forming 
the morphological differentiation within postglacial fish species (e.g. Robin-
son & Parsons 2002), and despite that evidence of additive genetic variation 
for plasticity has accumulated (reviewed in Robinson & Parsons 2002), little 
is known about the limits of the plasticity. Nevertheless, due to the replicated 
pattern, the large influence of plasticity, and good knowledge of functional 
morphology, resource polymorphisms in postglacial fish species offers a 
great opportunity for studying important processes during divergence. 
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Aims of this thesis 

The focus of this thesis is on the mechanistic background of the evolution of 
resource polymorphisms and morphological diversity. The majority of the 
studies have focused on plastic responses in morphology to a heterogeneous 
environment, but the degree of genetic differentiation between individuals 
from contrasting as well as similar environments was also investigated. More 
specifically, this thesis focuses on the following issues and specific questions 
addressed:

The role of phenotypic plasticity and genetic differentiation in resource 
polymorphisms. 

- Could an induced morphology be reversed (paper I)?
- What is the degree of genetic differentiation between individuals 

from different/similar habitats (paper II)?

Factors influencing the development and plasticity of polymorphic popula-
tions.

- What is the influence of habitat complexity and divergent feeding 
modes on the development of resource polymorphisms (paper I)?

- What are the effects of resource abundance and habitat type on  
behavioral and morphological plasticity (paper III)?

- Could resource competition via reduced growth rates constrain 
morphological plasticity and divergence (paper IV)?

Divergence of internal morphological attributes in resource polymorphisms.  
- Could different food resources cause differentiation of the diges-

tive system (paper V)?
- What are the implications of divergent digestive systems for the 

occurrence of resource polymorphisms (paper V)?
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Relevance of the thesis 

I believe that the most important thing when doing science is to ask your-
self, “What’s the relevance of my studies?” Despite that this is an obvious 
question, it is not always that easy to come up with a reasonable answer for 
the things you are doing. This is especially true when some of your findings  
originate as by-products of studies originally intended to investigate some-
thing completely different. I will here try to prove the relevance of my find-
ings and put them into a broader context both in light of basic research and 
applied science. 

When it comes to basic research, I believe that the main relevance of this 
thesis is that studies of intraspecific variation in morphology and resource 
polymorphisms might, as already stated, give us insights about the very early 
stages of the process of diversification and speciation. Furthermore, the 
world around us is, due to global warming, currently changing at a pace that 
has never been seen before. The resulting environmental change could be 
that some biotopes and habitats are destroyed whereas others are created. By 
studying phenotypic plasticity we can increase our understanding of several 
ecological interactions since the degree of plasticity has profound influences 
on the ability to track environmental change. For example, competitive in-
teractions between species might be altered if one of the competitors has a 
highly plastic morphology that enables it to efficiently utilize a wider range 
of resources than would otherwise be possible. From a more applied per-
spective, studies of phenotypic plasticity will increase our understanding of 
whether it is enough to preserve single and unique populations and environ-
ments as opposed to a wide range of different environments in order to allow 
for intraspecific character expansion, and thus the evolution of unique popu-
lations and species. Furthermore, the degree of genetic differentiation be-
tween populations has for long been thought to be scale-dependent where the 
exchange of migrants, and hence also genes, between populations determines 
the degree of differentiation. Pronounced differentiation is therefore thought 
to be confined to situations where populations are separated by large geo-
graphic distances with limited migration between populations. Detecting 
genetic structures over small spatial scales such as differentiation between 
sympatric morphs in a polymorphism will therefore increase our understand-
ing of how populations are structured in nature. Moreover, systems with 
genetically determined polymorphisms should merit special attention in con-
servation since they might harbor a large potential for future speciation. Fi-
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nally, if we wish to preserve genetic variation in nature and are to accept that 
differentiation occurs at smaller scales than previously acknowledged, then 
studies investigating the genetic structures of natural populations at a wide 
range of spatial scales are definitely needed. 
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Study species and methods 

Study species and methods 
In this thesis Eurasian perch was used as a model organism to answer the 

postulated hypothesis. Eurasian perch is widely distributed in fresh and 
brackish waters in Northern Eurasia (Thorpe 1977a), and is one of the most 
common species of fish in Sweden (Svärdsson 1976; Johansson & Persson 
1986). The spawning time of perch is in late spring during a period of accel-
erating increase in water temperature and usually takes place in shallow wa-
ters (reviewed in Thorpe 1977b). To date, there is no evidence for mate 
choice in perch. Instead, a female typically sheds all her eggs at once in a 
continuous connected egg strand into the surrounding vegetation or structure 
followed by fertilization by several males (reviewed in Thorpe 1977b). The 
eggs hatch after about 25-27 days and the 5-7 mm long larvae migrate out to 
the pelagic habitat within a day and start shortly to feed on zooplankton 
(Hjelm et al. 2000). After a few weeks in the pelagic habitat, the juvenile 
perch shift back to the littoral zone and, due to their larger size, start feeding 
on macroinvertebrates (Byström et al. 2003). Perch usually become piscivo-
rous later in life with increasing size (Persson 1988), but recent studies have 
reported that this final stage could be reached surprisingly early in the on-
togeny (Beeck et al. 2002; Quevedo & Olsson 2006). Despite that perch 
usually go through two ontogenetic habitat shifts one typically finds indi-
viduals from all size classes both in the littoral and pelagic habitats of lakes 
(Svanbäck & Eklöv 2002). The movement of individuals between these two 
habitats seems to be relatively restricted (Eklöv 1997), and like many other 
species of fish inhabiting postglacial lakes of the Northern Hemisphere, 
perch from the two habitats differs in morphology and resource use (Robin-
son & Schluter 2000; Svanbäck & Eklöv 2002, 2003). Typically, perch 
caught in the littoral habitat are mainly feeding on benthic and littoral prey 
and have a more deep-bodied and downward bent morphology compared to 
pelagic perch which mainly feed on pelagic prey and is more streamlined 
with an upward bent morphology (Figure 2). Many of the studies reporting 
such resource polymorphisms in fish show distinct morphotypes between 
littoral and pelagic habitats of lakes (reviewed in Smith & Skúlason 1996), 
but in perch the variation in morphology are more continuous and overlap-
ping between the habitats (Svanbäck & Eklöv 2002; Figure 2a). 
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A)

B)

Figure 2. Morphological differences between perch from the littoral and pelagic 
habitats of lakes. A) Perch from Lake Erken, and B) cartoon of the extreme mor-
phologies found in each habitat. 

Furthermore, the morphological development of perch seems to be inde-
pendent of sex (Peter Eklöv & Richard Svanbäck, unpublished data), and the 
habitat-specific morphologies seem to be adaptive (Svanbäck & Eklöv 2003, 
2004). For example, individuals with the most extreme morphologies have 
the highest growth rates in their natal habitat (Svanbäck & Eklöv 2003; Ek-
löv & Svanbäck 2006), and littoral fish have higher foraging success on litto-
ral food types in trials with vegetation (Svanbäck & Eklöv 2003, 2004). The 
opposite pattern was found for pelagic perch (Svanbäck & Eklöv 2003, 
2004). The differentiation in morphology coupled to resource use seems to 
be common in perch, and has to date been recorded in about 20 different 
lakes (Peter Eklöv et al. unpublished data). However, the degree of differen-
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tiation and overlap in morphology differs between lakes (Peter Eklöv et al.,
unpublished data), suggesting that factors like, for example, lake morphol-
ogy and differences in intra- and interspecific competitor biomasses are af-
fecting the morphological expression in natural populations (Lindsey 1981; 
Magnan 1988; Smith & Skúlason 1996; Jastrebski & Robinson 2004; Peter 
Eklöv & Richard Svanbäck, unpublished data).

Methods
To study the mechanistic and genetic background to the observed varia-

tion in morphology in perch, I used a combination of laboratory experiments 
and field studies. In the laboratory experiments I typically used young-of-
the-year (YOY) perch housed in aquaria and exposed to different combina-
tions of habitat structures, feeding modes and food levels. All fish used in 
these experiments were at an age of about two months old and caught in the 
littoral zone. At this age perch have already migrated back from the pelagic 
habitat and are typically found in both habitats (Svanbäck & Eklöv 2002) 
with little exchange of individuals between the habitats (Eklöv 1997). There-
fore, I believe that most of the experimental fish were of a common littoral 
origin.   

To quantify the morphology of the fish in both experiments and field 
studies I used landmark-based geometric morphometrics (see for example 
Zelditch et al. 2004). This is a powerful, flexible and easily interpreted mul-
tivariate technique to measure shape differences among specimens (Marcus
et al. 1996). In contrast to traditional morphometrics, which are based on 
linear distances between landmarks, geometric morphometrics also incorpo-
rates changes in shape over the whole object that is often best described by 
non-linear relationships. The procedure I used involved thin-plate spline 
analyses where a number of homogenous landmarks were digitalized on a 
photo of each fish. I used the software TpsDIG32 (Rohlf 2005) to capture 
the x and y coordinates of the landmarks and the resulting data were then 
transferred to TpsRelw (Rohlf 2005). Here the shape variation resulting from 
differences in position and size of the specimen are excluded (Zelditch et al.
2004), and the treatment effects are calculated by comparing the landmark 
configuration of all specimens. Based on the shape variation in the data set, 
TpsRelw (Rohlf 2005) calculates the shape of the consensus (i.e. average) 
specimen to which it then relates the shape of each single object in data set. 
The deviation in shape of each object from the consensus specimen is then 
decomposed into a unique set of variables called non-uniform scores or par-
tial warps and uniform scores. The partial warps describe small shape 
changes (local deformations) between the objects such as for example the 
position of a fin, whereas the uniform scores map shape changes along the 
whole body axes such as twisting or bending of the body. Since TpsRelw 
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produces a number of partial warps where each usually explains a fraction of 
the total variation, I used a Discriminant Function Analyses (DFA) as de-
scribed in Svanbäck and Eklöv (2003, 2006) and Jastrebski and Robinson 
(2004) to facilitate efficient interpretation of the morphological differences 
between treatment groups. In the DFA the partial warps and uniform scores 
were used as independent variables and treatment as grouping variable. The 
morphological parameters entered into the DFA are combined into a few 
discriminant functions with a unique value (morphological index) for each 
individual. The morphological index (MI) of each function maximally dis-
criminates between the predefined groups and describes the shape of each 
individual. The individual MI’s obtained from the DFA were then used as 
parameters in further analyses. An obvious advantage with geometric mor-
phometrics is that it is simple to visualize the morphological variation in the 
data set. I used the software TpsRegr (Rohlf 2005) to visualize differences in 
morphology between treatment groups. This program performs a regression 
between the landmark coordinates original captured by TpsDIG32 and the 
morphological indexes obtained from the DFA. In paper II I instead used 
relative warps obtained from TpsRelw (Rohlf 2005) as variables in the mor-
phological analyses. Relative warps represent principal-component vectors 
in a multivariate shape-space and was used to compare morphological and 
genetic differentiation (see paper II for further details). 

In order to elucidate whether differences between populations are due to 
environmental induction (i.e. phenotypic plasticity) or heritable genetic dif-
ferences, one can either raise individuals of known origin in similar and/or 
different environments (i.e. perform a common garden experiment) or di-
rectly analyze differences in the genetic architecture of individuals. In this 
thesis I used the latter technique by looking at the individual variation at a 
number of microsatellite loci. Microsatellites are tandem repeats of 1-6 nu-
cleotides at a high frequency in the nuclear genome (Selkoe & Toonen 
2006). A locus typically varies in length between 5 and 40 repeats and mi-
crosatellites are species specific (Selkoe & Toonen 2006). One of the rea-
sons for why microsatellites are frequently used as population genetic mark-
ers are their high mutation frequency which generates enough genetic diver-
sity to enable studies of  processes acting on ecological time scales (Selkoe 
& Toonen 2006). Thus, it is relatively easy to genotype different individuals 
in a population by using several variable microsatellite loci, and the data set 
becomes more reliable when including more loci. Another reason for using 
microsatellites as population genetic markers are their assumed neutrality, 
but evidence is accumulating that this is not always the case (reviewed in 
Selkoe & Toonen 2006; John Gilbey, unpublished data). For example, sev-
eral human diseases are directly caused by mutation at microsatellite loci and 
a microsatellite might sit adjacent to a gene under selection and thereby be 
passed on by hitchhiking. Whether microsatellites should be assumed to 
represent neutral population genetic markers is still an open question, but the 
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most common methods for estimating gene flow between populations (e.g. 
FST, rare alleles and maximum likelihood) have been shown to be relatively 
robust to at least weak selection (Slatkin & Barton 1993).  
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Results and Discussion 

I will here try to summarize the major results of my thesis, discuss poten-
tial implications of my findings and also put them into a broader context in 
light of what has been done in previous studies in this area of research.  

The role of phenotypic plasticity and genetic 
differentiation in resource polymorphisms. 

Phenotypic plasticity seems to be ubiquitous in populations of fish (e.g. 
Lindsey 1981; Meyer 1987; Wimberger 1992; Robinson & Wilson 1996; 
Robinson & Parsons 2002), and the genetic diversity between alternative 
forms seems to be remarkably low (reviewed in Schluter 1996; Bernatchez 
& Wilson 1998). However, the genetic basis behind many resource poly-
morphisms is in general poorly understood (Smith & Skúlason 1996), and 
the role of polymorphisms during the process of evolutionary branching and 
speciation remains controversial.

Despite that plasticity seems to be influential in the morphological devel-
opment of fish, little is known about the limits of this plasticity. Whether or 
not an induced trait is reversible or not could have profound influences on 
several evolutionary and ecological outcomes. The competitive interactions 
between species might for example be altered if one of the species exhibits a 
reversible morphology that enables it to efficiently utilize a wider range of 
resources than would otherwise be possible. Also, the potential for character 
divergence and evolution might change if populations as a result of reversi-
ble plasticity are able to more easily move between adaptive peaks in the 
fitness landscape (West-Eberhard 2003). Paper I showed that YOY perch to 
some extent were able to reverse an induced morphology in such a short time 
as four weeks. Little is known about reversible plasticity in animals and es-
pecially so in species with resource polymorphisms (but see Meyer 1989, 
1990; Pfennig 1992; Proulx & Magnan 2004). To the best of my knowledge 
only two studies (Meyer 1987; Proulx & Magnan 2004) have previously 
demonstrated that an induced morphology could be reversed during a rela-
tively restricted amount of time. Neither of these studies did, however, dem-
onstrate such a fast response as found in paper I. The importance of pheno-
typic plasticity in the development of perch morphology is now well estab-
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lished (Hjelm et al. 2001; Svanbäck & Eklöv 2006; Eklöv & Svanbäck 2006; 
Paper I, III, IV), and there might be several reasons for perch to exhibit a 
highly plastic phenotype. For example, perch likely experience an ontoge-
netic trade-off in optimal morphology since each niche experienced over 
ontogeny favors a unique and non-compatible morphology (e.g. Webb 1984, 
1988; Ehlinger & Wilson 1988; Ehlinger 1990; Schluter 1993; Svanbäck & 
Eklöv 2003, 2004). By displaying a plastic and to some extent reversible 
instead of genetically fixed morphology, perch might have the ability to 
track the optimal morphology of each niche and hence experience a higher 
fitness during all ontogenetic stages. Furthermore, populations of perch 
might experience intense population dynamics (Persson et al. 2000; Svan-
bäck & Persson 2004). By having a plastic phenotype perch might success-
fully respond to the temporal changes in the optimal morphologies favored at 
different population densities.  

After establishing that perch morphology was highly plastic, I wanted to 
estimate the degree of genetic differentiation between fish from different 
habitats (paper II). A recent common-garden experiment reported that only 
about 2 % of the morphological variation between littoral and pelagic perch 
was explained by the parental type (Svanbäck & Eklöv 2006). The influence 
of heritage on morphology could however have been underestimated in this 
study since the authors did not use a complete sib design in the experiment. 
In paper II the resolution of genetic differentiation was increased by using 
molecular methods.  

Figure 3. Map over the three sites sampled in Hjulstafjärden, Lake Mälaren. The 
habitat characteristics of Site 1 were of a pelagic type, whereas sites 2 and 3 were 
more littoral like. 
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The focus in studies of resource polymorphisms has almost exclusively been 
on differences between individuals utilising contrasting environments and/or 
habitats. Evidence is, however, accumulating of that morphological 
differentiation could be significant between environments with similar habi-
tat characteristics (Ruzzante et al. 2003; Webster M, Hart P, Olsson J, 
Ruxton G & Eklöv P, submitted manuscript). Therefore, perch from two 
neighboring littoral sites (Figure 3) were also included in paper II. The
sampling procedure was also repeated (in May during perch spawning and in 
August the same year) to study the consistency of differentiation. The results 
indicated significant genetic differentiation between the pelagic and the two 
littoral sites at both sampling dates, and the overall differentiation was 
actually larger in August compared to May. To my surpirse differentiation 
was substantial also between the two closely situated littoral sites at both 
sampling events. The spatial scale on which these differences have evolved 
is strikingly small, where two of the sites are situated less than 400 meters 
from each other (Figure 3). Gene flow is thought to counteract local 
differentiation (Wright 1931; Slatkin 1985; Lenormand 2002), and closely 
situated populations are via extensive migration thought to exchange genes 
frequently (Wright 1943; Epperson 2003; Rousset 2004). In line with a few 
recent studies (Van Oppen et al. 1997; Arnegard et al. 1999; Barluenga et al.
2006; Senar et al. 2006), the pattern found in paper II challenge this view by 
suggesting that differentiation over small spatial scales could be substantial 
despite the potential for homogenizing gene flow. When comparing the 
temporal replicates at each of the three sites studied in paper II it was 
evident that temporal differentiation was substantial (Figure 4). Whereas 
there is evidence for genetic differentiation over small spatial scales, compa-
rably little empirical work has been done on differentiation at the temporal 
scale. The findings in paper II do, however, corroborate the results found by 
Dannewitz and co-authors (2005) suggesting that temporal genetic 
differentiation might make a significant contribution to the overall genetic 
structuring of natural populations. The driving mechanism behind the 
temporal differentiation found in previous studies are sampling of different 
cohorts derived from parents that differ in allele frequencies (Jorde & Ry-
man 1995; Dannewitz et al. 2005). Paper II might be unique in demonstrat-
ing temporal differentiation within such a short time scale as one year, and I 
am confident that sampling of genetically differentiated cohorts are not driv-
ing the pattern. For example, the sampled fish at each site and sampling date 
spanned over a substantial and overlapping size range representing several 
cohorts of perch, and in August the fish were clearly differentiated between 
sties despite no size and age differences.  
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Figure 4. Genetic similarity between the six different groups of perch sampled. The 
plot is based on a Principal Component Analysis in PCAGen (Goudet 1999) of the 
variation at the 8 microsatellite loci used. The two first principal components (PC) 
explained 47.8 and 22.7 % respectively of the variation. 

Another potential explanation for the small scaled differentiation found in 
paper II is that perch caught at the different sites were morphologically dif-
ferentiated from each other and that the morphological differences were heri-
table. There was a temporal effect on morphology corroborating the pattern 
of genetic differentiation between May and August. There was also a spatial 
effect on morphology in August where the genetically more related perch 
caught at Site 2 and 3 (Figure 4) also were morphologically more similar to 
each other compared to the morphologically and genetically more differenti-
ated fish caught at Site 1. In May, however, the pattern of genetic and mor-
phological differentiation did not corroborate each other. As in August, there 
was a pattern of isolation by distance with higher gene flow between the 
closely situated Site 2 and 3 compared to the more distantly situated Site 1 
(Figure 4), but we found no differences in morphology between sites. Hence, 
the overall genetic basis for morphological in our study did not seem to be 
very strong. Instead, the morphology of these fish was likely influenced by 
differences in the environmental conditions at the site of (see also Hjelm et 
al. 2001; Svanbäck & Eklöv 2006; Paper I). There might be several other 
explanations for the small scaled differentiation in this study, but we found 
indications of that the majority of the sampled groups consisted of individu-
als that were more related to each other than expected by chance alone. 
Hence, in addition to a minor genetic basis for the morphological differ-
ences, the pattern of small scaled genetic differentiation could have been 
influenced by limited gene flow between groups of perch that consisted of 
close relatives. We do, however, not know whether kin preference and/or 
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recognition have evolved in the sampled population, but other studies have 
reported that shoals of perch might consist of individuals that are full- and/or 
half sibs (Gerlach et al. 2001). Juvenile perch have also been demonstrated 
to prefer to associate with related fish in front of non-kin (Behrmann-Godel 
et al. 2006), and it is known for long that perch is a relatively sedentary spe-
cies that exhibit strong site and shoal fidelity (e.g. Kipling & Le Cren 1984; 
Imbrock et al. 1996).  

Mechanisms influencing the development and plasticity 
of polymorphic populations. 

Despite the recent advances in studies of the process of diversification, 
more research is needed in order to fully understand what factors that influ-
ence the development of resource polymorphisms. The environment an or-
ganism experience is often heterogeneous with numerous variables and a 
wide range of selective factors potentially influencing the phenotypic ex-
pression. By studying the trait response from several environmental vari-
ables acting in concert we can gain insights in how the environment affects 
the divergence of species. Furthermore, intense competition over resources 
has been hypothesized to drive divergence (Roughgarden 1972; Wilson & 
Turelli 1986; Schluter 2000), but the empirical examples among non-
microbial systems are few (see references in Schluter 2000; Bolnick 2001, 
2004). We hence know little about limits and constraints of competition 
driven divergence. 

Although there have been several studies on trait plasticity in fishes, there 
are to the best of my knowledge only one previous multi factorial study 
looking at the trait response from several environmental variables acting in 
concert (Andersson et al. 2006). Since natural populations generally undergo 
strong population dynamics (e.g., Krebs et al. 1995; Hanski et al. 2001; Mit-
telbach et al. 1995; Persson et al. 2003; Svanbäck & Persson 2004) resulting 
in fluctuations in resource abundances and optimal habitat choices of indi-
viduals, paper III investigated how differences in resource levels influenced 
behavioral and morphological plasticity of perch subjected to two simulated 
habitat treatments. The behavioral component studied was activity. The ac-
tivity of an individual plays the key role in various fitness components such 
as the foraging rate, growth rate, mortality rate and predation risk (Werner & 
Anholt 1993). The resource level influenced plasticity in both activity and 
morphology, and the resource level also affected individual growth rates. 
Behavioral differences have been hypothesized to precede morphological 
transitions since they due to larger flexibility are more likely to result in 
favorable adaptations (Dill 1983; West-Eberhard 1989). I suggest that the 
morphological response to different resource levels in paper III to some 
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extent was mediated via differences in activity and individual growth rates. 
The habitat type also affected morphological plasticity but to a lesser extent, 
and there was no effect on activity from habitat type. Furthermore, the re-
source level experienced explained 44.3 %, habitat type 22.1 %, and the 
resource level x habitat type interaction 21.4 % respectively of the total 
variation in morphology. Thus, these results suggest that both resource levels 
and habitat type are important factors influencing trait plasticity in perch, but 
potentially do so with different magnitudes. 

In paper I the impact of several variables acting in concert on trait plastic-
ity was further explored. More specifically the impact of divergent habitat 
complexities and feeding modes on the morphological development of perch 
was studied. Both these variables differ between the littoral and pelagic habi-
tats of lakes and could potentially influence the morphological radiation 
found in perch and other species of postglacial fish. For example, the littoral 
habitat typically has a physical structure consisting of vegetation, and fish 
usually picks prey attached to the vegetation or the bottom substrate. Pelagic 
fish on the other hand experience an open and non-structured habitat and 
feeds on widely dispersed planktonic prey in the open water column. The 
results of paper I are in accordance with other studies showing that divergent 
diets and/or feeding modes can trigger a morphological response (see for 
example Robinson & Wilson 1995; Day & McPhail 1996; Meyer 1990; Mit-
telbach et al. 1999; Andersson 2003; Proulx & Magnan 2004). We also 
found that the habitat structure explained 40.7 % of the morphological varia-
tion, whereas the feeding mode only explained 4.9 % and the interaction 
between the two explained 30.2 %. Thus, the effects of divergent habitats 
structure on morphology were dramatically superseding that of differences in 
feeding modes. A likely explanation for this pattern could be that the ex-
perimental design rendered different exposure times of the two variables 
tested. The perch were only fed once a day, and the effects of divergent feed-
ing mode were therefore restricted to short periods of time once a day, 
whereas the effects of structure were present all of the time. Despite this 
bias, paper I is to the best of my knowledge the first to demonstrate that the 
physical complexity of the habitat could trigger a morphological response.  

According to theory, intense resource competition within a generalist 
population could generate disruptive selection where individuals specialized 
on rare resources escape competition and should thereby experience an in-
crease in fitness (Roughgarden 1972; Wilson & Turelli 1986). If the level of 
competition is kept constant at a high level the generalist population might 
split into two or more subpopulations each consisting of individuals special-
ized on a subset of the resources available. In the long run, selection might 
also favor evolutionary branching (Doebeli & Dieckmann 2000). This sce-
nario of competition-driven divergence is only true as long as individuals are 
not constrained from developing the traits needed for successful exploitation 
of alternative resources. A number of studies have, however, highlighted that 
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organisms could be constrained from morphologically tracking and respond-
ing to changes in selection regimes (e.g. Björklund & Merilä 1993; Baker & 
Wilkinson 2003; Stauffer & Gray 2004). In paper I indications was found of 
that variation in individual growth rates could influence reversibility of an 
induced morphology, and an ignored but potential constraint to morphologi-
cal plasticity might thus be limitations in growth. Individual growth rates are 
usually negatively related to the density of the population (e.g. Petranka 
1989; Persson et al. 2000; Bolnick 2004), and at high population densities 
the level of intraspecifc competition is high. Paper IV therefore investigated 
if there was a connection between competition, growth rate and morphologi-
cal plasticity. In an aquarium experiment we demonstrated that morphologi-
cal plasticity in perch exposed to contrasting habitat types was growth de-
pendent in that morphological differentiation was confined to treatments 
with high growth rates (Figure 5a). At lower growth rates there was no di-
vergence in morphology between the different habitat treatments (Figure 5a). 
Despite that a wide span of growth rates was covered in the aquarium ex-
periment, it is hard to translate these results to natural conditions since there 
is a wide array of environmental variables that potentially could influence 
morphological differentiation between littoral and pelagic habitats of lakes 
(Paper I and III). Nevertheless, a reasonable assumption is that perch in the 
natural environment show a negative relationship between competitor bio-
mass and divergence if they are constrained by density dependent growth. In 
this respect we found a corroborating pattern in a field study of 10 lakes 
since there was a negative correlation between morphological divergence 
between the littoral and pelagic habitats in each lake and the intraspecific 
biomass in the lake (Figure 5b). Intraspecific competitor biomass is fre-
quently used as a proxy of intraspecific competition (e.g. Bolnick 2001, 
2004; Svanbäck & Persson 2004), and the results of paper IV hence suggest 
that a reduction in growth rates due to intense competition might slow down 
and/or constrain morphological plasticity and likely also divergence between 
contrasting environments. The underlying mechanisms behind this pattern 
are to date not known, but it might be that at low growth rates all energy 
available is used for metabolic maintenance and no surplus energy is there-
fore available for morphological modulation. 
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A)

B)

Figure 5. The relationship between morphological divergence and competition. A) 
Morphology was positively related to the individual growth rate, and differentiation 
between habitat types (filled symbols indicate littoral habitat type and open symbols 
pelagic habitat type) was confined to treatments with high growth rates (triangles). 
Individual growth rates usually decrease with increased levels of competition, and 
no differentiation was found between habitat treatments at intermediate (squares) or 
low (circles) growth rates. B) The degree of morphological differentiation (y-axis) 
between littoral and pelagic perch decreased with increasing levels of intraspecifc 
competition (perch biomass, CPUE) in 10 sampled lakes. 

Divergence of internal morphological attributes in
resource polymorphisms.

Whereas most studies conducted on resource polymorphisms have fo-
cused on divergence in external morphological features and their functional 
implications (e.g. Smith & Skúlasson 1996; Svanbäck & Eklöv 2003, 2004), 
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little is known about differences in other phenotypic traits. It is well estab-
lished among several vertebrate taxa that the digestive demands of the food 
utilized influence the digestive system (reviewed in Piersma & Lindström 
1997; Starck; 1999). For example, individuals feeding on low quality food 
usually have larger digestive tracts compared to those feeding on more easily 
digested food resources (Sibly 1981). A larger digestive systems allow 
longer transit times and a larger diameter per unit body for food processing, 
hence facilitating a more efficient utilization of the energetic content of the 
food (Sibly 1981; Magnan & Stevens 1993). The proposed cost of having a 
large digestive tract is increased requirements of nutrients and energy for 
maintenance of the tract (Sibly 1981; Moss 1983), and animals are thus ex-
pected to trade-off the size of their digestive tracts between the digestive 
requirements of their food and the costs involved in maintaining a large or-
gan system. We would therefore expect to find plasticity in the morphology 
of the digestive organs among animals experiencing temporal or spatial dif-
ferences in food quality (Hammond 1993; Magnan & Stevens 1993; Piersma 
& Lindström 1997). Since organisms seldom display infinite plasticity, it 
might be costly for individuals with a specialized digestive system to switch 
to food types with novel digestive requirements. The diverse array of food 
types found in the different habitats utilized by resource polymorphic popu-
lations likely differ in quality. Divergent digestive requirements of these 
food types could thus hinder individual movement between habitats and in 
the long run hence facilitate stability and persistence of resource polymor-
phisms. In paper V a difference in the length of the gastrointestinal tract 
between perch in the littoral and pelagic habitats of a lake was found. Perch 
caught in the littoral habitat had on average relatively shorter guts compared 
to fish from the pelagic habitat (Figure 6a). A likely cause for these differ-
ences could be divergent resource use as indicated by the differences in sta-
ble isotope signature ( 13C and 15N isotopes). At present we do not know 
whether littoral and pelagic food resources differ in digestibility and/or en-
ergy content, but a subsequent aquarium experiment suggested that this 
might actually be the case. Perch was shown to exhibit considerable plastic-
ity in their digestive system, where fish adjusted their gut length to match the 
digestive requirements of the food. Individuals fed a food types that was 
hard to digest developed longer guts compared to those that were fed more 
easily digested food (Figure 6a). Furthermore, the littoral zone is hypothe-
sized to be the preferred habitat of perch (Svanbäck & Persson 2004), and 
the food types found in the littoral habitat might be of higher energy content, 
digestibility and/or quantity compared to the pelagic habitat. A similar pat-
tern was found by Magnan and Stevens (1993) where brook charr 
(Salvelinus fontinalis M.) feeding on their less preferred diet, zooplankton, 
were shown to have longer pyloric caeca compared to charr feeding on their 
preferred diet of macro-invertebrates. This pattern was hypothesized to be 
caused by a lower energetic value of zooplankton compared to macro-
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invertebrates (Magnan1989). To study whether it was costly for perch condi-
tioned on a specific food type to switch to a novel food type, paper V also 
investigated the change in body condition of fish whose diets were switched 
to either be of higher or lower digestibility. In accordance with the predic-
tions the body condition of perch drastically decreased when the new food 
were of comparably lower digestibility (Figure 6b).  

A)   

B)

Figure 6. A) Gut length of perch exposed to either easy digested or less digestible 
food (Experiment: left panel). The right panel represents gut lengths of perch caught 
in the littoral and pelagic habitat of Lake Söderginingen. B) Change in body condi-
tion of perch experiencing a switch in the quality of their food. The body condition 
of perch initially fed easily digested food (black squares) drastically decreased after 
the diet switch. Perch initially fed less digestible food (open squares) did, however, 
experience an average increase in body condition after the diet switch. 
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The body condition of perch initially fed less digestible food did, however, 
increase slightly after the diet switch (Figure 6b). Furthermore, the decrease 
in body condition for fish switching to less digestible food was only tempo-
ral (Figure 6b), suggesting that there might be a time constraint on the de-
velopment of an optimal digestive system in perch. Despite the proposed 
cost when switching to a suboptimal diet, we do not know at present whether 
the observed decrease in body condition was associated with a cost of modu-
lating the gastrointestinal tract, a cost of developing new digestive enzymes 
or simply a cost of switching to a diet with lower energetic value. Neverthe-
less, the approximately 40 days it took for fish exposed to a suboptimal diet 
to recover a higher body condition represent a substantial part of the growth 
period of perch at this latitude. Hence, if the observed pattern of a decrease 
in body condition when switching food types applies to natural conditions, 
this likely has large fitness consequences for perch. For example, individuals 
in suboptimal condition might be inferior competitors, take higher risks 
when foraging and thus increase their susceptibility to predators (Werner & 
Anholt 1993). Furthermore, fish in poor condition likely have lower growth 
rates compared to fish in good condition and as suggested in paper IV, a
decrease in the growth rate should constrain perch from expressing an opti-
mal morphology. This would in turn decrease an individuals’ competitive 
ability and thereby further decrease its fitness. Thus, based on the results of 
paper V, I propose that the shape of internal structures such as the digestive 
system might co-vary with food preference in resource polymorphic popula-
tions, and despite that this response could be highly plastic it might enhance 
habitat fidelity.
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Conclusions and Perspectives 

Despite that the work in this thesis only has touched upon a minor frac-
tion of those numerous mechanisms and factors that potentially shape an 
individual’s phenotype, I hope that my results will help to fill some of the 
gaps in our knowledge about what factors contribute to form the diversity of 
organisms. In this section I will summarize the major findings of the thesis, 
and based on my findings raise a number of issues that might be worth con-
sidering in future studies.     

In light of what has been found in previous studies of fish, it is perhaps 
not that surprising that perch morphology is highly plastic. More surprising, 
at least to me, was the finding that an induced morphology to some extent 
could be reversed. We know relatively little about the limits of morphologi-
cal plasticity, and these findings suggest that predictions of various evolu-
tionary and ecological interactions, such as for example the potential for 
character divergence and competitive interactions between species, might be 
altered if reversible plasticity is common in the natural environment. In line 
with this result I found a rather weak heritable basis for perch morphology 
but detected genetic differentiation at strikingly small spatial and temporal 
scales. Something that might have contributed to form these patterns could 
be that perch aggregate in genetically differentiated groups consisting of 
close relatives. Since there also was substantial genetic differentiation be-
tween habitats of similar characteristics, I think that it is important to widen 
the perspective in future studies to also consider the potential for differentia-
tion within similar habitats, especially so when studying the replicated mor-
phological variation found in post-glacial fish species. Whether small scale 
genetic differentiation is common in perch is an open question. For example, 
a recent study (Sara Bergek & Mats Björklund, unpublished manuscript)
found evidence for genetic differentiation at a similar scale as found in paper 
II, whereas there were no genetic structures between littoral and pelagic 
perch from a relatively smaller lake (Olsson et al., unpublished data). It 
might be that small scale genetic differentiation in perch is lake dependent, 
since both lakes where genetic structures were detected were comparably 
large. A recent theoretical study also suggested that evolutionary branching 
is more likely in populations of large sizes (Claessen et al. In press). A pre-
requisite for genetic differentiation might also be that perch from different 
parts of the lake have separate spawning grounds (see e.g. Hendry et al.
2000). Nevertheless, our results suggest that if we overlook the potential for 
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temporal differentiation and only collect samples at a single occasion, we 
may get a biased picture of the level of population differentiation that actu-
ally exists. 

Despite that it has rarely been addressed in empirical studies of fish, the 
finding that a number of different environmental variables could affect the 
phenotypic expression in populations is, to me, rather straight forward. Nev-
ertheles, if we are to establish what factors that are important in promoting 
divergence in nature, more multi-factorial studies on the phenotypic expres-
sions are needed. Furthermore, a long standing paradigm that has little em-
pirical support is that behavioral changes should precede morphological 
transitions during the process of divergence. I suggest that the finding of a 
plastic response in both behavior and morphology to the resource level ex-
perienced might indicate that morphological differentiation, in at least perch, 
could be driven by behavioral responses to a heterogeneous environment. 
Natural populations are seldom at numerical equilibrium (Krebs et al. 1995; 
Hanski et al. 2001; Mittelbach et al. 1995; Persson et al. 2003; Svanbäck & 
Persson 2004). Rather, their densities fluctuate over time, something that in 
turn might affect the amount of resources available. The finding of that a 
difference in resource levels could impact both behavioral and morphologi-
cal development of perch hence suggests that population dynamics might 
influence diversification.  

I also propose that intense competition could constrain morphological di-
vergence since the morphological development might be influenced by dif-
ferences in growth rates. I do, however, still believe that intraspecific com-
petition might play an important role in the process of divergence, but during 
somewhat more limited conditions than previously thought. Competition 
driven divergence might actually be restricted to situations where divergence 
in resource use is favored at the same time as individual growth rates are 
kept sufficiently high for plasticity-driven divergence to be effective. For 
example, at low levels of competition, growth rates are sufficiently high for 
morphological modulation, but disruptive selection is weak, and so utiliza-
tion of novel environments is therefore not favored. The potential for plastic-
ity-driven divergence should, on the other hand, not be favored during the 
most intense forms of competition, despite strong disruptive selection, since 
individual growth rates might be too low. The results of paper IV also sug-
gest that selection might be more effective on heritable rather than plasticity-
induced morphological traits during high levels of competition. 

Finally, paper V suggested that adaptations in the digestive system might 
co-vary with the morphological and dietary divergence of individuals in 
resource polymorphic populations. Despite that differences in the outline of 
the digestive tract might be the result of a plastic response to the quality of 
the current food types, these results also suggest that individuals adapted to a 
specific food type might experience a fitness-associated cost when switching 
to food types of lower digestibility. Several studies on postglacial fish spe-
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cies have documented a trade-off in optimal morphology between the habi-
tats utilized, something that might prevent random mixing of individuals and 
hence enhance habitat fidelity. Since the quality of food resources in differ-
ent habitats likely differ, the proposed cost of having a too specific digestive 
system could at least theoretically reinforce habitat fidelity and in turn favor 
the persistence of resource polymorphisms.  

During the course of this project I have, based on my findings, raised a num-
ber of questions that hopefully will be answered in the future. In my opinion, 
a few of these that potentially could be worth addressing in coming studies 
are:

How common is reversible plasticity in nature and is the potential for it 
dependent on the size and age of the individual? Since a sufficient growth 
is required for the modulation of morphology (Paper I and IV), and indi-
vidual growth rates decrease with increasing size, reversible plasticity is 
perhaps restricted to the high growths rates significant for small sizes and 
juvenile stages. 

How common is genetic differentiation at small scales and what is the 
mechanistic background? A related question is what environmental condi-
tions and life-history characteristics are required for small scale differen-
tiation to evolve? 

To what extent could we expect to find local adaptations between envi-
ronments with similar habitat characteristics? It might actually be that dif-
ferentiation within environments supersedes differentiation between con-
trasting environments (Paper II).

Which environmental variables are important in trait plasticity and diver-
gence in populations? Paper I and IV show that such diverse factors as 
the physical complexity, the feeding mode and the resource abundance of 
a habitat could influence the behavioral and morphological development 
of individuals. It is thus obvious that similar multi-factorial studies are 
needed if we are to understand the mechanisms important during diver-
gence. Furthermore, the role of population dynamics in diversification 
should also attract the attention of students in evolutionary ecology.  

Paper III suggests that competition-driven divergence might be restricted 
to somewhat more limited conditions than previously thought. It would 
therefore be interesting to know if our findings are general and applicable 
to other taxa. Since little empirical work is done in this area of research, 
more studies are needed to confirm that increased levels of competition 
generally lead to character divergence.  
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At last, despite that paper V suggests that divergence in the morphology 
of the digestive system might co-vary with habitat and diet choice in re-
source polymorphic populations, we do not know the limits of gut length 
plasticity, whether an induced response is reversible or not, or the herita-
bility of gut length. Furthermore, the suggested cost of having a too spe-
cific digestive system might enhance habitat fidelity and in the long run 
also facilitate the stability and persistence of resource polymorphisms. 
We do, however, know little about this and it would therefore be interest-
ing to conduct similar studies in other taxa in order to elucidate the gener-
ality of this hypothesis.  

Acknowledgements 
I am grateful to Peter Eklöv and Richard Svanbäck whose comments im-
proved the quality of this part of the thesis. I also owe big thanks to Tim 
Harris for proof reading and spell checking. I am also grateful to Lisa 
Fernius for comments and spell check of the Swedish summary.  



40

Summary in Swedish (Sammanfattning) 

Bakgrund
Varför organismer ser ut och beter sig på ett speciellt sätt beror ofta på 

miljön som de lever i. Ett bra exampel på detta är formen på näbben hos de 
välkända Darwinfinkarna från Galapagosöarna. De arter som främst livnär 
sig på hårda och stora fröer har en robust och tjock näbb medans de fåglar 
som äter mjukare och mindre frön har en mindre och tunnare näbb. Anled-
ningen till denna formvariation är att en tjockare näbb gör det lättare att 
knäcka stora och tjocka frön och således tillgodogöra sig energin som finns i 
dessa. Ytterligarre ett bra exempel på den vanligtvis starka kopplingen mel-
lan en individs utseende och de rådande miljöfårhållandena är den tydliga 
inomartsvariation i kroppsform som finns hos ett flertal arter från ett stort 
antal djurgrupper. När en sådan variation inom arten beror på nyttjandet av 
olika resurser kallas det för resurspolymorfism, och sträcker sig från före-
komsten av tydliga former (morfer) till en mer kontinuerlig variation mellan 
individer utan distinkta morfer. Ibland är även de individuella skillnaderna 
mellan de olika morferna större än den man ser mellan konventionella arter. 
Kroppsformsvariationen kan antingen orsakas av en plastisk respons till den 
rådande miljön (fenotypisk plasticitet) eller av att de olika morferna är gene-
tiskt isolerade från varandra.

En av de djurgrupper där resurspolymorfismer inom en och samma po-
pulation är vanligt förekommande, är fiskar från sjöar i områden på norra 
halvklotet som var täckta av is under den senaste istiden. Hos dessa fiskarter 
förekommer resurspolymorfismer i ett upprepat mönster kopplat till de olika 
habitaten i en sjö. Abborren är en av de arter som uppvisar en sådan inom-
artsvariation i födo- och habitatsutnyttjande. Abborrar fångade i litoralen 
(den grunda strandzonen) är vanligtvis mer högryggade, har en nedåtriktad 
mun och livnär sig främst på bottendjur. Individer från  det pelagiala habita-
tet (det öppna vattnet) är å andra sidan mer ström- linjeformade, har en upp-
åtriktad mun och har specialiserat sig på att äta djurplankton. Vid större stor-
lekar så börjar båda formerna även att äta fisk. Tidigare studier har indikerat 
att litorala och pelagiala abborrar är sin ursprungsmiljö trogen. Det före-
kommer nämligen ett begränsat utbyte av fisk mellan de två habitaten. De 
habitatspecifika anpassningarna har även visat sig vara fördelaktiga då de 
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möjliggör den effektivaste bytesfångsten och rörelsesättet i de respektive 
habitaten. För personer med bakgrund som fritidsfiskare är det antagligen 
ingen nyhet att abborrar från olika habitat ser olika ut, med de mer högryg-
gade ”nate-abborrarna” och de mer ”slanka” fiskar man får på grund mitt ute 
i sjön. Trots detta är det först på senare år som man har börjat studera 
kroppsformsvariationen hos abborre ur ett mer vetenskapligt perspektiv. 

Varför studera resurspolymorfismer? 
Då kan man ju fråga sig varför man ska studera resurspolymorfismer och 

då i synnerhet kroppsformsvarition hos abborre? Ur ett grundforsknings-
perspektiv så är den främsta anledningen till att studera resurspolymorfismer 
att dess förekomst kan vara ett viktigt förstadium i en artbildningsprocess. 
Om de olika formerna av abborre är genetiskt isolerade från varandra och 
inte reproducerar sig med varandra, så skulle de i framtiden kunna utvecklas 
till olika arter. Genom att studera resurspolymorfismer så kan vi alltså få en 
ökad förståelse för de processer som är viktiga under ett tidigt stadium av 
artbildning. De miljöer i vilka man hittar resurspolymorfismer skulle således 
kunna vara evolutionära ”hot-spots” och det borde därför vara av högsta 
intresse ur ett biologiskt mångfaldsperspektiv att bevara miljöer där framtida 
artbildning är möjlig. Förekomsten av en resurspolymorfism är även ett ex-
empel på lokala anpassningar. En sådan anpassning kan ha stor betydelse för 
en individs, och på lång sikt även en populations, framgång och fortlevnad. 
Därför är det av största vikt att kartlägga om anpassningen är ett resultat av 
en induktion från den rådande miljön eller om den är unik och nedärvs från 
föräldragenerationen. Om anpassningen är en plastisk respons till den rådan-
de miljön, så är det troligt att individen/populationen har en stor förmåga till 
att på ett lyckat sätt svara på en plötslig miljöförändring. Effekterna av växt-
huseffekten, såsom en ökad temperaturer och ökade vattennivåer runt om i 
världen, påverkar och kommer att påverka allt liv som finns på vår planet. 
Genom att identifiera de miljövariabler som styr uppkomsten av lokala an-
passningar hos djur så kan vi även öka vår förståelse för, och möjligen även 
kunna förutspå hur, populationer svarar på en sådan miljöförändring.  

Vad jag kommit fram till 
Resultaten från den inledande studien i denna avhandling visade att en 

abborres kroppsform är mycket plastisk och att ett förutbestämt utseende  
kunde ändras och även reverseras under en så kort tidsrymd som fyra veckor. 
Detta resultat tyder på att abborrar mycket snabbt kan svara på plötsliga mil-
jöförändringar, i alla fall med avseende på dess kroppsform. I en uppfölajnde 
studie i Mälaren så undersöktes det om det även finns några genetiska skill-
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nader mellan abborrar från olika habitat. För att studera om abborrar från 
habitat med samma karaktärer kan vara genetiskt differentierade från var-
andra, så undersöktes även två närliggande litorala lokaler. Provifsket utför-
des både under abborrens lek (tidig maj) och i augusti, och det fanns tydliga 
genetiska skillnader mellan den pelagiala och de litorala lokalerna. Skillna-
der fanns även mellan de två närliggande litorala lokalerna  under båda prov-
tagningstillfällena. Något som var slående var att det även förelåg en gene-
tisk differentieringen mellan de två provfisketillfällena inom varje lokal. 
Abborrarna från de olika habitaten uppvisade tydliga skillnader i kropps-
form, men det fanns endast en svag koppling mellan dessa skillander och 
graden av genetisk differentiering. I enighet med vad den inledande studien i 
avhandlingen visade, så verkade de genetiskt isolerade abborrgruppernas 
utseende istället vara styrt av en plastisk respons till de rådande miljöförhål-
landena på fångstlokalen. Mer detaljerade analyser visade att abborrarna 
inom de olika grupperna bestod  av närbesläktade individer med begränsat 
utbyte av gener mellan grupperna. Sammantaget indikerar resultaten av des-
sa två studier att abborrar kan bilda genetiskt differentierade stim med nära 
släktingar, där utseendet är ett resultat av en plastisk respons till den rådande 
miljön.

När vi nu faställt att en abborres kroppsform till stor del bestäms av fak-
torer i den omgivande miljön, så var det ett naturligt steg att undersöka vilka 
dessa var och hur stor betydelse de har. Ett akvarieexperiment indikerade att 
både habitatstypen (litoralt eller pelagialt) och mängden föda påverkade både 
en individs utseende och beteende. När vi undersökte saken närmare så visa-
de det sig att mängden föda hade en större inverkan på såväl utvecklingen av 
kroppsform som beteende. Ett sedan länge känt samband är att djur först 
anpassar sitt beteende och senare sitt utseende när de koloniserar nya miljö-
er. De empiriska bevisen för detta samband är dock få. Våra resultat tyder på 
att den mest sannolika förklaringen till variationen i kroppsform hos abbor-
rarna i vårt experiment var att mängden föda som erbjöds ledde till beteen-
deskillnader mellan födonivåerna. Dessa skillnader gav sen i sin tur upphov 
till variationen i utseendet. Ett vanligt före-kommande fenomen i naturen är 
att populationer är väldigt dynamiska över tiden med en stor variation i indi-
vidantal och därigenom även i tillgången på föda. Våra resultat tyder således 
på att förekosmten av en sådan populationsdynamik kan spela en betydande 
roll för uppkomsten av diversitet i naturen. I ytterligare ett akvariexperiment 
ville vi undersöka vilka faktorer i de litorala respektive pelagiala habitaten 
som påverkar en abborres utseende. Vi hittade bevis för att den fysiska struk-
turen i habitatet (förekomsten av vegetation eller inte) påverakade en indi-
vids utseende. Även sättet att fånga ett byte på, antingen genom att plocka 
byten som befinner sig på botten eller sitter fast på vegetation som i det lito-
rala habitatet, eller genom att fånga vitt spridda djurplankton i vattenkolum-
nen som i pelagialen, påverkade kroppsformen.  
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Man har sedan länge antagit att en ökad konkurrens om resurser är en av 
de avgörande faktorer som driver divergering inom djurgrupper och således 
även artbildning. Antalet studier som experimentellt bevisat detta är dock 
förvånasvärt få, och stödet för denna hypotes kommer därför främst från 
teoretiska modeller. Det är sedan tidigare känt att den individuella tillväxt-
takten hos fisk skiljer sig mellan populationer och att nivån av inomartskon-
kurrens över resurser påverkar tillväxttakten hos en individ. Detta föranledd-
de oss att undersöka hur konkurrensregimen och tillväxt-takten påverkar 
divergeringen i kroppsform hos abborre. Ett akvarie-experiment visade att 
förmågan att anpassa kroppsformen till habitatet endast fanns hos individer 
med hög tillväxttakt. De abborrar som växte långsammare svarade inte på 
habitatsbehandlingen. En uppföljande fältstudie utförd i 10 sjöar visade även 
att skillnaden i kroppsform mellan de litorala och pelagiala habitaten mins-
kade med ökad inomartskonkurrens. Detta samband skulle således kunna 
förklaras med att vid hög konkurrens så är tillväxttakten låg och därigenom 
finns det troligen inte tillräckligt med energi tillgängligt för att utveckla en 
för omständigheterna optimal kroppsform. I motsats till vad man tidigare 
antagit så tyder alltså våra resultat på att en ökad resurskonkurrens inte nöd-
vändigtvis driver diver-gering. Ökad inomartskonkurrens kan istället även 
motverka en variation i t.ex. kroppsform.  

I det avslutande arbetet i denna avhandling så undersökte vi om en ab-
borres tarmsystem är anpassat till och påverkas av de olika sorters föda som 
man hittar i de litorala och pelagiala habitaten i en sjö. En fältstudie indike-
rarde att det finns en skillnad i tarmlängd mellan individer från de två habita-
ten. Litorala abborrar hade kortare tarmar än pelagiala abborrar. Ett uppföl-
jande akvarieexperiment visade att denna skillnad i tamlängd kan vara kopp-
lad till kvaliteten på födan som erbjuds. I enlighet med vad man tidigare sett 
i studier hos andra djur så utveckalde de individer som fick föda av låg kva-
litet längre tarmar än de som fick föda av högre kvalitet. Det är i tarmarna 
som det största näringsupptaget sker, och genom att förlänga sina tarmar så 
får en individ ett mer effektivt näringsupptag om den främst livnär sig på 
föda av låg kvalitet. En trolig anledning till att inte alla individer maximerar 
längden på sina tarmar är att om man äter föda av hög kvalitet så överstiger 
kostnaderna med att bilda och underhålla ett extra stort tarmsystem vinsterna 
med det samma. Trots att utseende på abborrens tarmsystem verkar vara 
plastiskt så är det möjligt att kopplingen mellan tarmlängd och födokvalitet 
kan påverka en individs benägenhet till att byta habitat. Vi fann nämligen att 
kroppskonditionen sjönk drastiskt hos abborrar som tvingades byta till en 
föda av lägre kvalitet. Ett rimligt antagande är därför att en abborre som har 
ett tarmsystem väl anpassat till högkvalitetsfödan i det litorala habitatet inte 
bör vara benägen att byta habitat till följd av kostnaden (dvs en försämrad 
kroppskondition) med ett dåligt anpassat matspjälkningsystem. En sådan 
kostnad av ett habitatskifte torde öka troheten mot ursprungshabitatet hos 
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abborre och således även möjliggöra upprätthållandet av  resurspolymorfis-
men.

Sammanfattning och slutsatser 
Sammantaget så tyder resultaten från den här avhandlingen på att det 

finns en mycket småskalig genetisk variation hos abborre. Om den småskali-
ga genetiska strukturen hos abborre är biologiskt relevant så har resultaten 
betydelse ur ett mångfaldsperspektiv. Ett mål inom bevarandebiologin är att 
bevara en genetisk mångfald, och man bör därför ta hänsyn till förekomsten 
av småskaliga genetiska strukturer. Resultaten  belyser även betydlesen av 
upprepad provtagning för att få en tydlig bild över den genetiska strukturen 
inom populationer. Då den genetiska differentieringen mellan lokaler av 
liknande karaktär verkar vara betydande samt att det saknas en stark kopp-
ling mellan genetisk och morfologisk variation, så anser jag att potentialen 
för artbildning mellan litorala och pelagiala abborrar är liten. De lokala an-
passningarna hos abborre verkar istället till övervägande del betsämmas av 
den rådande miljön. Tillsammans med andra studier som visat att t. ex. när-
varon av en predator kan påverka en individs utseende, så indikerar även 
resultaten i denna avhandling att ett komplext samband mellan olika biotiska 
och abiotiska variabler kan påverka de morfologiska anpassningar vi ser i 
fiskpopulationer. Trots att detta resultat är intuitivt och föga överraskande, så 
är det relativt få studier som har studerat detta. Jag anser därför att det be-
hövs fler studier med denna angreppspunkt om vi ska kunna öka vår kunskap 
om vilka faktorer som är viktiga under en divergeringsprocess. Sammantaget 
så verkar det alltså som om abborrar svarar snabbt på plötsliga förändringar i 
den omgivande miljön, i alla fall med avseende på de faktorer som påverkar 
utvecklingen av en för omständigheterna fördelaktig kroppsform. Nackde-
larna med att ha ett alltför specifikt matspjälkningssystem kan dock leda till 
att det åtminstone i ett initialt skede kan vara kostsamt för en abborre att byta 
habitat.
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spend time with you. You have more than anyone else contributed to the 
finishing of this thesis by always pushing me a bit further, encouraging me 
and almost always being skeptic to my ideas and suggestions. I need it!!  
You keep me focused and makes me reconsider the plans that I have made 
up in my head. I’m also so happy for sharing little Tilde with you. Tilde, 
thank you for your arrival that day in May. You make me so happy when-
ever I see your eyes and your little smile!! 



48

References

Abrams PA. 2003. Can adaptive evolution or behaviour lead to diversification of 
traits determining a trade-off between foraging gain and predation risk? 
Evolutionary Ecology and Research, 5: 653-670. 

Agrawal AA. 2001. Phenotypic plasticity in the interactions and evolution of spe-
cies. Science, 294: 321-326. 

Arnegard ME, Markert JA, Danley PD, Stauffer Jr JR, Ambali AJ, Kocher TD. 
1999. Population structure and colour variation of the cichlid fish 
Labeotropheus fuelleborni Ahl along a recently formed archipelago of rocky 
habitat patches in southern Lake Malawi. Proceedings of the Royal Society of 
London B-series, 266: 119-130. 

Andersson J. 2003. Effects of diet-induced resource polymorphism on performance 
in arctic charr (Salvelinus alpinus). Evolutionary Ecology and Research, 5: 213-
228. 

Andersson J, Johansson F, Soderlund T. 2006. Interactions between predator- and 
diet-induced phenotypic changes in body shape of crucian carp. Proceedings of 
the Royal Society of London B-series, 273: 431-437. 

Baker RH, Wilkinson GS. 2003. Phylogenetic analysis of correlation structure in 
stalk-eyed flies (Diasemopsis, Diopsidae). Evolution, 57: 87-103. 

Barluenga M, Stölting KN, Salzburger W, Muschick M, Meyer A. 2006. Sympatric 
speciation in Nicaraguan crater lake cichlid fish. Nature, 439: 719-723. 

Beeck P, Tauber S, Kiel S, Borcherding J. 2002. 0+ perch predation on 0+ bream: a 
case study in a eutrophic gravel pit lake. Freshwater Biology, 47: 2359-2369. 

Behrmann-Godel J, Gerlach G, Eckmann R. 2006. Kin and population recognition in 
sympatric Lake Constance perch (Perca fluviatilis L.): can assortative shoaling 
drive population divergence? Behavioral Ecology and Sociobiology, 59: 461-
468. 

Bernatchez L, Wilson CC. 1998. Comparative phylogeography of Nearctic and 
Palearctic fishes. Molecular Ecology, 7: 431-452. 

Bernatches L, Vuorinen JA, Bodaly RA, Dodson JJ. 1996. Genetic evidence for 
reproductive isolation and multiple origins of sympatric trophic ecotypes of 
whitefish (Coregonus). Evolution, 50: 624-635. 

Bernatchez L, Chouinard A, Lu GQ. 1999. Integrating molecular genetics and ecol-
ogy in studies of adaptive radiation: whitefish, Coregonus sp., as a case study. 
Biological Journal of the Linnean Society, 68: 173-194.  

Björklund M, Merilä J. 1993. Morphological differentiation in Carduelis finches: 
Adaptive vs. constraints models. Journal of Evolutionary Biology, 6: 359-373. 

Bolnick DI. 2001. Intraspecific competition favours niche width expansion in Dro-
sophila melanogaster. Nature, 410: 463-466. 

Bolnick DI. 2004. Can intraspecific competition drive disruptive selection? An ex-
perimental test in natural populations of sticklebacks. Evolution, 58: 608-618. 

Bolnick DI, Doebli M. 2003. Sexual dimorphism and adaptive speciation: two sides 
of the same ecological coin. Evolution, 57: 2433-2449. 



49

Bolnick DI, Svanbäck R, Fordyce JA, Yang LH, Davis JM, Hulsey CD, Forister 
ML. 2003. The ecology of individuals: incidence and implications of individual 
specialization. American Naturalist, 161:1-28. 

Brönmark C, Miner JG. 1992. Predator-induced phenotypical change in body mor-
phology in crucian carp. Science, 258: 1348-1350. 

Byström P, Persson L, Wahlström E, Westman E. 2003. Size- and density-dependent 
habitat use in predators: consequences for habitat shifts in young fish. Journal of 
Animal Ecology, 72: 156-168. 

Claessen D, Andersson J, Persson L, de Roos AM. In press. Delayed evolutionary 
branching in small populations. Evolutionary Ecology and Research. 

Dannewitz J, Maes GE, Johansson L, Wickström H, Volckaert FAM, Järvi T. 2005. 
Panmixia in the European eel: a matter of time… Proceedings of the Royal 
Society of London B-series, 272: 1129-1137. 

Day T, Pritchard J, Schluter D. 1994. A comparison of two sticklebacks. Evolution,
48:1723-1734. 

Day T, McPhail JD. 1996. The effect of behavioural and morphological plasticity on 
foraging efficiency in the threespine stickleback (Gasterosteus sp.). Oecologia, 
108: 380-388. 

DeWitt TJ. 1998. Costs and limits of phenotypic plasticity: Tests with predator-
induced morphology and life history in a freshwater snail. Journal of Evolution-
ary Biology, 11: 465-480. 

DeWitt TJ, Sih A, Wilson DS. 1998. Costs and limits of phenotypic plasticity. 
Trends in Ecology and Evolution, 13: 77-81. 

Dill LM. 1983. Adaptive flexibility in the foraging behavior of fishes. Canadian 
Journal of Fisheries and Aquatic Sciences, 40: 398-408. 

Doebeli M, Dieckmann U. 2000. Evolutionary branching and sympatric speciation 
caused by different types of ecological interactions. American Naturalist, 156:
S77-S101. 

Ehlinger TJ. 1990. Habitat choice and phenotype-limited feeding efficiency in blue-
gill: individual differences and trophic polymorphism. Ecology, 71: 886-896. 

Ehlinger TJ, Wilson DS. 1988. Complex foraging polymorphism in bluegill sunfish. 
Proceedings of the National Academy of Science of the USA, 85: 1878-1882. 

Ekman S. 1912. Om Torne träsks röding, sjöns förhållande och dess fiske. Veten-
skapliga och praktiska undersökningar i Lappland, 1-54. 

Eklöv P. 1997. Effects of habitat complexity and prey abundance on the spatial and 
temporal distributions of perch (Perca fluviatilis) and pike (Esox lucius). Cana-
dian Journal of Fisheries and Aquatic Sciences, 54: 1520-1531. 

Eklöv P, Jonsson P. In press. Pike predators induce morphological changes in young 
perch and roach. Journal of Fish Biology. 

Eklöv P, Svanbäck R. 2006. Predation risk influence adaptive morphological in fish 
populations. American Naturalist, 167: 440-452.

Endler JA. 1995. Multiple-trait coevolution and environmental gradients in guppies. 
Trends in Ecology and Evolution, 10: 22-29. 

Epperson BK. 2003. Geographical Genetics. Princeton University Press, Princeton. 
Freeman S, Herron JC. 2004. Evolutionary analysis 3rd ed. Pearson Education, Inc. 

USA.  
Foote CJ, Wood CC, Withler RE. 1989. Biochemical genetic comparison of Sock-

eye salmon and Kokanee, the anadromous and nonanadromous forms of On-
corhynchus nerka. Canadian Journal of Fisheries and Aquatic Sciences, 46: 149-
158. 

Foster SA. 1999. The geography of behaviour: an evolutionary perspective. Trends 
in Ecology and Evolution, 14: 190-195. 



50

Gerlach G, Schardt U, Eckmann R, Meyer A. 2001. Kin-structured subpopulations 
in Eurasian perch (Perca fluviatilis L.). Heredity, 86: 213-221. 

Gislason D, Ferguson MM, Skúlason S, Snorrason SS. 1999. Rapid and coupled 
phenotypic and genetic divergence in Icelandic Arctic char (Salvelinus alpinus).
Canadian Journal of Fisheries and Aquatic Sciences, 56: 2229-2234. 

Goudet J. 1999. Available from http://www2.unil.ch/popgen/softwares/pcagen.html
Hammond KA. 1993. Seasonal changes in gut size of the wild prairie vole (Microtus 

ochrogaster). Canadian Journal of Zoology, 71: 820-827. 
Hanski I, Henttonen H, Korpimaki E, Oksanen K, Turchin P. 2001. Small-rodent 

dynamics and predation. Ecology, 82: 1505-1520. 
Hendry AP, Wenburg JK, Bentzen P, Volk EC, Quinn TP. 2000. Rapid evolution of 

reproductive isolation in the wild: evidence from introduced salmon. Science, 
290: 516-518. 

Hendry AP, Taylor EB, McPhail JD. 2002. Adaptive divergence and the balance 
between selection and gene flow: lake and stream stickleback in the Misty 
system. Evolution, 56: 1199-1216. 

Hindar K, Ryman N, Ståhl G. 1986. Genetic differentiation among local populations 
and morphotypes of artic charr, Salvelinus alpinus. Biological Journal of the 
Linnean Society, 27: 269-285. 

Hjelm J, Persson L, Christensen B. 2000. Growth, morphological variation and on-
togenetic niche shifts in perch (Perca fluviatilis) in relation to resource avail-
ability. Oecologia, 122: 190-199. 

Hjelm J, Svanbäck R, Byström P, Persson L,Wahlström E. 2001. Diet-dependent 
body morphology and ontogenetic reaction norms in Eurasian perch. Oikos, 95:
311-323. 

Hori M. 1993. Frequency-dependent natural selection in the handedness of scale-
eating cichlid fish. Science, 260: 216-219. 

Imbrock F, Appenzeller A, Eckmann R. 1996. Diet and seasonal distribution of 
perch in Lake Constance: a hydroacoustic study and in situ observations. Jour-
nal of Fish Biology, 49: 1-13. 

Jastrebski CJ, Robinson BW. 2004. Natural selection and the evolution of replicated 
trophic polymorphisms in pumpkinseed sunfish (Lepomis gibbosus). Evolution-
ary Ecology and Research, 6: 285-305. 

Johansson L,  Persson L. 1986. The fish community of temperate, eutrophic lakes. 
In: Reimann B, Søndergaard M, eds. Carbon dynamics of eutrophi, temperate 
lakes: the structure and functions of the pelagic environment. Elsiver, Amster-
dam, The Netherlands, 205-218. 

Jonsson B, Jonsson N. 2001. Polymorphism and speciation in Arctic charr. Journal 
of Fish Biology, 58: 605-638. 

Jorde PE, Ryman N. 1995. Temporal allele frequency change and estimation of 
effective population size in populations with overlapping generations. Genetics, 
139: 1077-1090. 

Kipling C, Le Cren ED. 1984. Mark-recapture experiments on fish in Windermere. 
Journal of Fish Biology, 24: 395-414. 

Krebs CJ, Boutin S, Boonstra R, Sinclair ARE, Smith JNM, Dale MRT, Turkington 
R. 1995. Impact of food and predators on the snowshoe hare cycle. Science, 
269: 112-115. 

Langerhans BR, Layman CA, Shokrollahi AM, DeWitt T J. 2004. Predator-driven 
phenotypic diversification in Gambusia affinis. Evolution, 58: 2305-2318. 

Lenormand T. 2002. Gene flow and the limits to natural selection. Trends in 
Ecology and Evolution, 17: 183-189. 



51

Lima SI, Dill LM. 1990. Behavioural decisions made under predation: a review and 
prospectus. Canadian Journal of Zoology, 68: 619-640. 

Lindsey CC. 1981. Stocks are chameleons: plasticity in gill rakers of coregonid 
fishehs. Canadian Journal of Fisheries and Aquatic Sciences, 38: 1497-1506. 

Magnan P. 1988. Interactions between brook charr, Salvelinus fonitnalis, and non-
salmonid speices- ecological shift, morphological shift, and their implications. 
Canadian Journal of Fisheries and Aquatic Sciences, 45: 999-1009.  

Magnan P. 1989. The impact of cyprinid and catostomid introduction on brook charr 
Salvelinus fontinalis, populations: a review. Physiological Ecology Of Japan 
Special Volume, 1: 337-356. 

Magnan P, Stevens ED. 1993. Pyloric caecal morphology of brook charr, Salvelinus 
fontinalis, in relation to diet. Environmental Biology of Fishes, 36: 205-210. 

Malmquist HJ, Snorrason SS, Skulason S, Jonsson B, Sandlund OT, Jonasson PM. 
1992. Diet differentiation in polymorphic Arcitc charr in Thingvallavatn, Ice-
land. Journal of Animal Ecology, 61: 21-35. 

Marcus L, Corti M, Lot A, Naylor GJP, Slice DE. 1996. Advances in Morphomet-
rics. Plenum Press, New York. 

Mayr E. 1963. Animal species and evolution. Cambridge, MA: Harvard University 
Press.

Meyer A. 1987. Phenotypic plasticity and heterochrony in Cichlasoma managuense
(Pisces, Cichlidae) and their implications for speciation in cichlid fishes. Evolu-
tion, 41: 1357-1369.

Meyer A. 1989. Costs of morphological specialization: feeding performance of the 
two morphs in the trophically polymorphic cichlid fish, Cichlasoma citrinellum.
Oecologia, 80: 431-436. 

Meyer A. 1990. Ecological and evolutionary consequences of the trophic polymor-
phism in Cichlasoma citrinellum (Pisces: Cichlidae). Biological Journal of the 
Linnean Society, 39: 279-299. 

Mittelbach GG, Turner AM, Hall DJ, Rettig JE. 1995. Perturbation and resilience: a 
long-term, whole-lake study of predator extinction and reintroduction. Ecology, 
76: 2347-2360.

Mittelbach GG, Osenberg CG, Wainwright PC. 1999. Variation in feeding morphol-
ogy between pumpkinseed populations: Phenotypic plasticity or evolution? Evo-
lutionary Ecology and Research, 1: 111-128. 

Moran NA. 1992. The evolutionary maintenance of alternative phenotypes. Ameri-
can Naturalist, 139: 971-989. 

Moss R. 1983. Gut size, body weight, and digestion of winter foods by grouse and 
ptarmigan. Condor, 85: 185-193. 

Nordeng H. 1983. Solution to the “char” problem based on Arctic char (Salvelinus 
alpinus) in Norway. Canadian Journal of Fisheries and Aquatic Sciences, 40:
1372-1387.  

Nosil P. 2004. Reproductive isolation caused by visual predation on migrants be-
tween environments. Proceedings of the Royal Society of London B-series, 271:
1521-1528.

Persson L. 1988. Assymetries in Competitive and Predatory Interactions in Fish 
Populations. In: B. Ebenmann, L. Persson, eds. Size-structured populations.
Spriger-Verlag, Berlin. Pp: 205-218. 

Persson L, Byström,P, Wahlström E. 2000. Cannibalism and competition in Eura-
sian perch: population dynamics of an ontogenetic omnivore. Ecology, 81:
1058-1071. 

Persson L, De Roos AM, Claessen D, Byström P, Lövgren J, Sjögren S, Svanbäck 
R, Wahlström E, Westman E. 2003. Gigantic cannibals driving a whole-lake 



52

trophic cascade. Proceedings of the National Acadademy of Science of the 
USA, 100: 4035-4039. 

Petranka JW. 1989. Density-dependent growth and survival of larval Ambystoma:
evidence from whole-pond-manipulations. Ecology, 70: 1752-1767. 

Petterson LB, Brönmark C. 1997. Density-dependent costs of an inducible morpho-
logical defence in crucian carp. Ecology, 78: 1805-1815. 

Pfennig DW. 1992. Polyphenism in spadefoot toad tadpoles as a locally adjusted 
evolutionary strategy. Evolution, 46: 1408-1420. 

Piersma T, Lindström Å. 1997. Rapid reversible changes in organ size as a compo-
nent of adaptive behaviour. Trends in Ecology and Evolution, 12: 134-138. 

Pigliucci M. 1996. How organisms respond to environmental changes: From pheno-
types to molecules (and vice versa). Trends in Ecology and Evolution, 11: 168-
173. 

Pigliucci M, Murren CJ. 2003. Perspective: Genetic assimilation and a possible 
evolutionary paradox: can macroevolution sometimes be so fast as to pass us 
by? Evolution, 57: 1455-1464. 

Polis G. 1984. Age structure component of niche width and intraspecific resource 
partitioning: can age groups function as ecological species? American Natural-
ist, 123: 541-563. 

Price T, Qvarnström A, Irwin DE. 2003. The role of phenotypic plasticity in driving 
genetic evolution. Proceedings of the Royal Society of London B-series, 270:
1433-1440.  

Proulx R, Magnan P. 2004. Contribution of phenotypic plasticity and heredity to the 
trophic polymorphism of lacustrine brook charr (Salvelinus fontinalis M.). Evo-
lutionary Ecology and Research, 6: 631-658. 

Quevedo M, Olsson J. 2006. The effect of small-scale resource origin on trophic 
position estimates in Eurasian perch. Journal of Fish Biology, 69: 141-150. 

Relyea RA. 2002. Local population differences in phenotypic plasticity: predator-
induced changes in wood frog tadpoles. Ecological Monographs, 72: 77-93. 

Robinson BW. 2000. Trade offs in habitat-specific foraging efficiency and the nas-
cent adaptive divergence of sticklebacks in lakes. Behaviour, 137: 865-888. 

Robinson BW, Parsons KJ. 2002. Changing times, spaces, and faces: tests and im-
plications of adaptive morphological plasticity in the fishes of northern post-
glacial lakes. Canadian Journal of Fisheries and Aquatic Sciences, 59: 1819-
1833. 

Robinson B, Schluter D. 2000. Natural selection and the evolution of adaptive ge-
netic variation in northern freshwater fishes. In: Mosseau T, Sinervo B, Endler 
JA, eds. Adaptive genetic variation in the wild. Oxford University Press, New 
York. 

Robinson BW, Wilson DS. 1994. Character release and displacement in fishes: a 
neglected litterature. American Naturalist, 144: 596-627. 

Robinson BW, Wilson DS. 1995. Experimentally induced morphological diversity 
in Trinidadian guppies (Poecilia reticulata). Copeia, 2: 294-305. 

Robinsson BW, Wilson DS. 1996. Genetic variation and phenotypic variation in a 
trophically polymorphic population of pumpkinseed sunfish (Lepomis gibbo-
sus). Evolutionary Ecology, 10: 631-652. 

Robinson BW, Wilson DS, Margosian AS, Lotito PT. 1993. Ecological and morpho-
logical differentiation of pumpkinseed sunfish in lakes without bluegill sunfish. 
Evolutionary Ecology, 7: 451-464. 

Robinson BW, Wilson DS, Shea GO. 1996. Trade-offs of ecological specialization: 
an intraspecific comparison of pumpkinseed sunfish phenotypes. Ecology, 77:
170-178. 



53

Rogers SM, Gagnon V, Bernatchez L. 2002. Genetically based phenotype-
environment association for swimming behaviour in lake whitefish ecotypes 
(Coregonus clupeaformis Mitchill). Evolution, 56: 2322-2329. 

Rohlf FJ.´2005. Freeware at http://life.bio.sunysb.edu/morph/.
Roughgarden J. 1972. Evolution of niche width. American Naturalist, 106: 683-718. 
Rousset F. 2004. Genetic Structure and Selection in Subdivided Populations.

Princeton University Press, Princeton. 
Rosenzweig ML. 1978. Competitive speciation. Biological Journal of the Linnean 

Society, 10: 275-289. 
Rundle HD, Nagel L, Boughman W, Schluter D. 2002. Natural selection and parallel 

speciation in sympatric sticklebacks. Science, 287: 306-308.
Ruzzante DE, Walde SJ, Cussac PJM, Alonso MF, Battini M. 2003. Resource 

polymorphism in a Patagonian fish Percichthys trucha (Percichthyidae): pheno-
typic evidence for interlake pattern variation. Biological Journal of the Linnean 
Society, 78: 497-515. 

Scheiner SM. 1993. Genetics and evolution of phenotypic plasticity. Annual Re-
views in Ecology and Systematics, 24: 35-68. 

Schliewen UK, Tautz D, Pääbo S. 1994. Sympatric speciation suggested by mono-
phyly of crater lake cichlids. Nature, 368: 629-632. 

Schluter D. 1993. Adaptive radiation in sticklebacks: size, shape, and habitat use 
efficiency. Ecology, 74: 699-709. 

Schluter D. 1996. Ecological speciation in postglacial fishes. Philosophical Transac-
tions of the Royal Society of London B-series, 351: 807-814. 

Schluter D. 2000. The ecology of adaptive radiation. Oxford University press, Ox-
ford U.K. 

Schluter D, McPhail JD. 1992. Ecological character displacement and speciation in 
sticklebacks. American Naturalist, 140: 85-108. 

Schluter D, McPhail JD. 1993. Character displacement and replicate adaptive  
 radiation. Trends in Ecology and Evolution, 8: 197-200. 
Selkoe KA, Toonen RJ. 2006. Microsatellites for ecologists: a practical guide to 

using and evaluating microsatellite markers. Ecology Letters, 9: 615-629. 
Senar JC, Borras A, Cabrera J, Cabrera T, Björklund M. 2006. Local differentiation 

in the presence of gene flow in the citril finch Serinus citrinella. Biology 
Letters, 2: 85-87. 

Shine R. 1989. Ecological causes of for the evolution of sexual dimorphism: a re-
view of the evidence. Quarterly Review of Biology, 64: 419-461. 

Shine R. 1991. Intersexual dietary divergence and the evolution of sexual dimor-
phism in snakes. American Naturalist, 138: 103-122.  

Sibly RM. 1981. Strategies of digestion and defecation. In: Townsend CR, Calow P, 
eds. Physiological Ecology: An Evolutionary Approach to Resource Use. Ox-
ford: Blackwell Publishing, 109-139. 

Skúlason S, Smith TB. 1995. Resource polymorphisms in vertebrates. Trends in 
Ecology and Evolution, 10: 366-370. 

Slatkin M. 1985. Gene flow in natural populations. Annual Review of Ecology and 
Systematics, 19: 393-430. 

Slatkin M, Barton N. 1989. A comparison of 3 indirect methods for estimating aver-
age levels of gene flow. Evolution, 43: 1349-1368. 

Smith TB. 1993. Disruptive selection and the genetic basis of bill size polymor-
phism in the African finch, Pyrenestes. Nature, 363: 618-620. 

Smith TB, Skúlason S. 1996. Evolutionary significance of resource polymorphisms 
in fishes, amphibians and birds. Annual Review of Ecology and Systematics, 
27: 111-133. 



54

Snorrason SS, Skulasson S, Jonsson B, Malmquist HJ, Jonasson PM, Sandlund OT, 
Lindem T. 1994. Trophic specialization in Artic charr Salvelinus alpinus (Pi-
sces; Salmonidae): morphological divergence and ontogentic niche shifts. Bio-
logical Journal of the Linnean Society, 52: 1-18. 

Starck JM. 1999. Structural flexibility of the gastro-intestinal tract of vertebrates- 
implications for evolutionary morphology. Zoologischer Anzeiger, 238: 87-101. 

Stauffer JR, Gray EV. 2004. Phenotypic plasticity: its role in trophic radiation and 
explosive speciation in cichlids (Teleostei : Cichlidae). Animal Biology, 54:
137-158. 

Stauffer JR, McKaye KR & Konings, A. 2002. Behaviour: an important diagnostic 
tool for Lake Malawi cichlids. Fish and Fisheries, 3: 213-224. 

Stearns SC. 1989. The evolutionary significance of phenotypic plasticity. Biosci-
ence, 39: 436-445. 

Svanbäck R, Eklöv P. 2002. Effects of habitat and food resources on morphology 
and ontogenetic growth trajectories in perch. Oecologia, 131: 61-70. 

Svanbäck R, Eklöv P. 2003. Morphology dependent foraging efficiency in perch: a 
trade-off for ecological specialization? Oikos, 102: 273-284. 

Svanbäck R, Eklöv P. 2004. Morphology in perch affects habitat specific feeding 
efficiency. Functional Ecology, 18: 503-510. 

Svanbäck R, Eklöv P. 2006. Genetic variation and phenotypic plasticity: causes of 
morphological and dietary variation in Eurasian perch. Evolutionary Ecology 
and Research, 8: 37-49. 

Svanbäck R, Persson L. 2004. Individual diet specialization, niche width and popu-
lation dynamics: implications for trophic polymorphisms. Journal of Animal 
Ecology, 73: 973-982. 

Svärdsson G. 1976. Intraspecific population dominance in fish communities. Report 
from the Institute of Freshwater Research, Drottningholm, 56: 144-171. 

Taylor EB. 1999. Species pairs of northern temperate freshwater fishes: Evolution, 
taxonomy, and conservation. Reviews in Fish Biology and Fisheries, 9: 299-
324. 

Thorpe JE. 1977a. Morphology, physiology, ecology and behaviour of Perca fluvi-
atilis L and Perca flavescens Mitchill. Journal of the Fisheries Research Board 
of Canada, 34: 1504-1514. 

Thorpe JE. 1977b. Synopsis of biological data on the perch Perca fluviatilis Lin-
naeus, 1758 and Perca flavescens Mitchill, 1814. Food and Agriculture Organi-
zation, Rome, Fisheries Synopsis, 113:vii + 138 pp.  

Vamosi SM. 2002. Predation sharpens the adaptive peaks: survival trade-offs in 
sympatric  sticklebacks. Annales Zoologici Fennici, 39: 237-248. 

Van Buskirk J. 2000. The cost of an inducible defence in anuran larvae. Ecology,
81: 2813-2821. 

Van Oppen MJH, Turner GF, Rico C. 1997. Unusually fine-scale genetic structuring 
found in rapidly speciating Malawi cichlid fish. Proceedings of the Royal 
Society of London B-series, 264: 1803-1812.  

Via S, Lande R. 1985. Genotype-environment interaction and the evolution of phe-
notypic plasticity. Evolution, 39: 502-522. 

Via S, Gomulkiewicz R, De Jong G, Scheiner SM, Schlichting CD, Van Tienderen, 
PH. 1995.  Adaptive phenotypic plasticity: consensus and controversy. Trends 
in Ecology and Evolution, 10: 212-217. 

Vuorinen JA, Bodaly RA, Reist JD, Bernatchez L, Dodson JJ. 1993. Genetic and 
morphological differentiation between dwarf and normal size forms of lake 
whitefish (Coregonus clupeaformis) in Como Lake, Ontario. Canadian Journal 
of Fisheries and Aquatic Sciences, 50: 210-216. 



55

Webb PW. 1984. Body form, locomotion and foraging in aquatic vertebrates. 
American Zoology, 24: 107-120. 

Webb PW. 1988. Simple physical principles and vertebrate aquatic locomotion. 
American Zoology, 28: 709-725. 

Webb PW, Weihs D. 1986. Functional locomotor morphology of early life history 
stages of fishes. Transactions of the American Fisheries Society, 115: 115-127. 

Werner EE, Anholt BR. 1993. Ecological consequences of the tradeoff between 
growth and mortality rates mediated by foraging activity. American Naturalist, 
142: 242-272. 

Werner EE, Gilliam JF. 1984. The ontogenetic niche and species interactions in size-
structured populations. Annual Review of Ecology and Systematics, 15: 393-
425. 

Werner EE, Sherry TW. 1984. Behavioural feeding specialisation in Pinarolaxias 
inornata, the Darwin’s finch of Cocos Island, Costa Rica. Proceedings of the 
National Academy of Science of the USA, 84: 5506-5510. 

West L. 1986. Interindividual variation in prey selection by the snail Nucella (=
Thais) emerginata, Ecology, 67: 798-809. 

West L. 1988. Prey selection by the tropical snail Thais melons: a study of interindi-
vidual  variation, Ecology, 69: 1839-1854. 

West-Eberhard MJ. 1989. Phenotypic plasticity and the origins of diversity. Annual 
Review of Ecology and Systematics, 20: 249-78. 

West-Eberhard MJ. 2003. Developmental plasticity and evolution. Oxford Univer-
sity Press, New York. 

Wilson DS, Turelli M. 1986. Stable underdominance and the evolutionary invasion 
of empty niches. American Naturalist, 127: 835-850. 

Wimberger PH. 1992. Plasticity of fish body shape. The effects of diet, develop-
ment, family and age in two species of Geophagus (Pisces, Cichlidae). Biologi-
cal Journal of the  Linnen Society, 45: 197-218. 

Wright S. 1931. Evolution in Mendelian populations. Genetics, 16: 97-159. 
Wright S. 1943. Isolation by distance. Genetics, 28: 114-138. 
Zelditch ML, Swiderski DL, Sheets HD, Fink WL. 2004. Geometric morphometrics 

for biologist, a primer. Academic Press, USA. 



Acta Universitatis Upsaliensis
Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology 235

Editor: The Dean of the Faculty of Science and Technology

A doctoral dissertation from the Faculty of Science and
Technology, Uppsala University, is usually a summary of a
number of papers. A few copies of the complete dissertation
are kept at major Swedish research libraries, while the
summary alone is distributed internationally through the
series Digital Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Science and Technology.
(Prior to January, 2005, the series was published under the
title “Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology”.)

Distribution: publications.uu.se
urn:nbn:se:uu:diva-7212

ACTA
UNIVERSITATIS
UPSALIENSIS
UPPSALA
2006


	Abstract
	List of papers
	Contents
	Introduction
	General background
	Intraspecific polymorphisms
	Phenotypic plasticity and heritable differences
	The role of behavior during divergence
	The role of resource polymorphisms in evolution

	Resource polymorphisms and character release in postglacial fish

	Aims of this thesis
	Relevance of the thesis
	Study species and methods
	Study species and methods
	Methods

	Results and Discussion
	The role of phenotypic plasticity and genetic differentiation in resource polymorphisms.
	Mechanisms influencing the development and plasticity of polymorphic populations.
	Divergence of internal morphological attributes in resource polymorphisms.

	Conclusions and Perspectives
	Acknowledgements

	Summary in Swedish (Sammanfattning)
	Bakgrund
	Varför studera resurspolymorfismer?
	Vad jag kommit fram till
	Sammanfattning och slutsatser

	Acknowledgements
	References

