Chapter 2
Predator Diversity Changes the World:
From Gene to Ecosystem

Abstract Trophic polymorphism, defined as the state in which two or more clearly
different feeding functional traits exist within the same population of a species, is
general in fishes. In aquatic ecosystems, the fishes often have strong impacts on prey
communities as keystone predators, so that phenotypic divergence of their feeding
traits can alter biotic and abiotic attributes of environments through changes in the
form of trophic interactions. The predator-induced environmental alterations may,
in turn, drive evolutionary changes in adaptive traits of themselves as well as of
other members in the communities. This process, in which ecology and evolution
reciprocally interplay over contemporary time-scales, is termed “‘eco-evolutionary
feedback.” In this chapter, we review how and when trophic polymorphism has been
generated in fish populations and then discuss what consequences it has in ecologi-
cal and evolutionary aspect. Special references are made to the case in the ancient
Lake Biwa, which has a geological history long enough for divergent fish popula-
tions to come to ecological speciation and thus provides a good opportunity to
understand how such an evolutionary process diversifies biological communities
and consequently ecosystem properties in lakes.

Keywords Biodiversity ¢ Eco-evolutionary feedback ¢ Ecological speciation ¢
Ecosystem functioning ¢ Keystone predator * Mesocosm ¢ Species pair ® Trophic
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2.1 Why is Biodiversity Important?

What is the ecological significance of conserving biological diversity within a spe-
cies? In the context of conservation biology, it could be argued that maintenance of
intraspecific phenotypic variation has the advantage of increasing population viabil-
ity because it provides the population with the adaptability to respond to changing
environments. However, such a traditional view has been replaced by recent
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ecological findings that the intraspecific diversity of a keystone species impacts
substantially on biological communities and their ecosystem functioning. In this
chapter, we first focus on phenotypic polymorphism in fishes as keystone predators
of aquatic ecosystems, referring to genetic mechanisms underlying their polymor-
phism. We also introduce some of the latest studies, which demonstrate that intra-
specific functional diversity of fish predators alters aquatic community structure and
ecosystem processes. Finally, we show that environments modified by a predator’s
functional diversity can serve as a driver for the evolutionary diversification of
aquatic biota through eco-evolutionary feedbacks.

2.2 Biodiversity at Three Levels

According to the Convention on Biological Diversity (CBD), biological diversity
includes diversity within species, between species and of ecosystems, being
viewed at different levels of biological organization from genes to ecosystems. In
terms of conservation biology, the maintenance of intraspecific diversity is of
ecological importance because a population with a variety of phenotypes, which
have the potential for adaptation against unpredictable environmental changes in
the future, such as global warming, habitat alteration and prevalence of emerging
pathogens, may be able to prevent extinction. Furthermore, recent developments
in community genetics have provided a new insight into the ecological and evo-
lutionary consequences of intraspecific diversity. In a population of terrestrial
plant, for example, cottonwood Populus, individual phenotypes can harbor dif-
ferent arthropod communities according to their anti-herbivore defense capacity,
which is based on genotypes (Whitham et al. 2006). The genotypic difference
among individuals further causes intraspecific variation in condensed tannin pro-
duction in leaves, which in turn affects litter decomposition processes attribut-
able to forest floor microbes. Since this finding, an increasing number of studies
have looked at the cascading effects of intraspecific biodiversity on community
structure and ecosystem processes, attracting much attention from both commu-
nity and evolutionary ecologists.

2.3 What is Phenotypic Polymorphism?

Phenotypic polymorphism, defined as the state in which two or more clearly differ-
ent phenotypic traits exist within the same population of a species, is a common
phenomenon found in a variety of taxonomic groups from prokaryotes to higher
vertebrates. The polymorphic phenotypes include behavioral, morphological, phys-
iological and life history traits (Gross 1996). In a narrower sense, phenotypic poly-
morphism is confined to discontinuous phenotypic variation within a Mendelian
population in which interbreeding individuals share a common gene pool. In a broad
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sense, however, it is applicable to the case in which intraspecific phenotypic varia-
tion results from secondary contact between multiple populations under different
selection regimes and/or undergoing different genetic drifts in different locations. In
addition, some studies have recently reported that the polymorphic state is attained
by phenotypic plasticity within a genetically monomorphic population (Agrawal
2001; Miner et al. 2005). To understand the evolution of phenotypic polymorphism,
it is essential to elucidate the origins of polymorphic phenotypes and the underlying
mechanisms for polymorphic expression. But yet, such a subject is at the state of the
art. In this chapter, when treating with cases in which there exists discontinuous
phenotypic variation within a given population at a given time, we regard all of them
as phenotypic polymorphism without referring to the processes and mechanisms for
generating it.

2.4 Phenotypic Polymorphism in Aquatic Ecosystems

In aquatic organisms, phenotypic polymorphism is often observed in traits related
to predator—prey interactions. Prey organisms often show a polymorphic pattern of
traits in relation to inedibility, termed anti-predator defensive traits. For example,
phytoplankton can avoid zooplankton predation by means of colony formation,
while zooplankton under high predation pressure express their sharp helmet and
extended tail spine, which functions to deter fish and invertebrate predation (Lass
and Spaak 2003). In contrast, fish predators show polymorphism in behavioral and
morphological traits associated with feeding habits, which is referred to as trophic
polymorphism (Smith and Skulason 1996). Intraspecific variation in feeding traits
leads to discrete variation in species trophic niche through functional differences in
prey size selectivity or prey species-specific foraging efficiency (Robinson 2000).

2.4.1 Trophic Polymorphism and Adaptive Divergence

In the East African Great Lakes, which have a long geological history spanning
hundreds of thousands to tens of millions of years, cichlid fishes are well known to
be a group showing adaptive radiation. In this group, it has been believed that a
small number of ancestral species evolved to the diversity of existing species
through specialization of their habitat and food resource utilization (Seehausen
2006). The ancestral species, which was the first to colonize these lakes, would have
intensified intraspecific competition for food resources and habitats in the process
of its population expansion under environments in which there existed few or no
predators and competitors. As an efficient way to reduce intraspecific competition,
the fish might have partitioned their resources to occupy alternative empty niches as
the population became saturated. Individual variation in plastic foraging behavior
may have been the first step of niche specialization (Bolnick et al. 2003). When the



24 2 Predator Diversity Changes the World: From Gene to Ecosystem

foraging behavior is partly inherited in the progeny, behavioral specialization can
facilitate the subsequent physiological and morphological adaptations to specific
resource utilization (Sacotte and Magnan 2006). Such a phenotypic adaptation,
which enables each individual to utilize different resources more efficiently, will
favor disruptive selection within the population (Knudsen et al. 2010). If it is accom-
panied by reproductive isolation due to sexual selection, then the adaptive diver-
gence can lead to ecological speciation (Seehausen et al. 2008). Marked interspecific
diversity of trophic niches and morphology found in African cichlids may be an
evolutionary consequence of resource partitioning among individuals derived from
a colonized population (Bootsma et al. 1996; Genner et al. 1999).

There is excellent evidence supporting the evolutionary scenario of adaptive
radiation in cichlids, in which colonized populations of ancestral species partitioned
resources among individuals and subsequently diversified their morphology, lead-
ing to ecological speciation. In a Nicaraguan crater lake, which was formed by
volcanic activity less than 23,000 years ago, two cichlid species coexist and form a
monophyletic assemblage (Barluenga et al. 2006). One species, which is wide-
spread among adjacent lakes, lives in the littoral habitat and another endemic spe-
cies lives in the limnetic habitat of the deep crater lake. The two species also differ
greatly in their feeding habits and morphology, with the limnetic species possessing
a more slender body. Molecular data revealed that these two species were reproduc-
tively isolated less than 10,000 years ago, suggesting that morphological divergence
through habitat/food preference and subsequent reproductive isolation through
assortative mating led to sympatric speciation. This finding seems to reconfirm
assumptions of adaptive radiation of cichlids in African Great Lakes in which mor-
phologically diverse species have derived from a few ancestors. In the case of
Nicaraguan cichlids, colonization to newly created environments, where competi-
tors are originally absent, would have facilitated phenotypic divergence of trophic
morphology and the subsequent ecological speciation, which provides unique
opportunities to understand the evolutionary process of adaptive diversification
within a lake environment.

Although trophic polymorphism has been found in phylogenetically different
groups of fishes, some of its features are shared among them. One of the most
remarkable, in this respect, is that the evolutionary pattern of morphological diver-
gence associated with feeding specialization is similar across species. For example,
individuals with a deeper body, a shorter snout and a wider mouth feed on benthic
prey preferentially, while those with a slenderer body and an elongated snout fre-
quently feed on plankton in pelagic waters. In the former case, the wider mouth has
the advantage of readily consuming benthic prey on the lake bottom (Robinson
2000) and the deeper body allows the development of larger pharyngeal muscles,
which are advantageous in the crushing of the hard shells of benthic invertebrates,
such as gastropods and decapods (Wainwright et al. 1991; Osenberg et al. 2004). By
contrast, in the latter case, the slender body is suited to optimize swimming perfor-
mance, which would be required to extensively search for planktonic prey (Hendry
et al. 2011). In addition, these individuals have a greater gill raker number and nar-
rower gill raker spacing, which are both effective in the filtration of small particles
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such as plankton (Robinson 2000). Such a morphological divergence is closely
associated with habitat-specific food resource distribution, characterized by typical
lake food webs, i.e., plankton prey derived from a pelagic food chain in the limnetic
habitat and benthos prey from a benthic food chain in the littoral habitat. For many
fish species with phenotypic polymorphism, even if there are interspecific varia-
tions, their morphological divergence is usually associated with two different tro-
phic niches, planktivory and benthivory.

2.4.2 Ecological Speciation and Species Pair

Trophic polymorphism has also been frequently observed in freshwater fish species
inhabiting postglacial lakes in northern temperate environments: e.g., salmonids,
sticklebacks and osmerids (Taylor 1999). The reason for this is associated with the
geological history of these lakes. In high latitudes of the Northern Hemisphere, the
land surface was extensively covered by ice during the last glaciation, which
extended from approximately 110,000 to 10,000 years ago. According to the most
predominant hypothesis, fish species that were the first to colonize in postglacial
lakes would have undergone morphological divergence in order to utilize unused
food resources in the absence of competitors. If that is true, the evolution of trophic
polymorphism in high latitudes must have occurred during the last 10,000 years.
This time scale is too short for the fish population to diverge into different biological
species with complete reproductive isolation (i.e., speciation) but it may be long
enough for the population to undergo adaptive divergence (Hendry et al. 2009).

The above situation reported for freshwater fishes in high latitudes is often
regarded as a species pair. A species pair is defined as a pair of populations that are
typically distinguished from each other by differences in ecology, behavior and/or
morphology, but are taxonomically classified as the same species because of their
incomplete reproductive isolation (Taylor 1999). However, sexual selection follow-
ing divergent natural selection will lead to the evolution of reproductive isolation
through assortative mating based on ecologically selected traits, which can be the
principal mechanism of ecological speciation (McKinnon and Rundle 2002). Recent
molecular studies also provide strong support for the hypothesis that adaptive diver-
gence contributing to reduction of gene flows will cause genetic incompatibility
responsible for reproductive isolation and promote ecological speciation between
members of a sympatric species pair (Rogers and Bernatchez 2007).

In traditional systematics based on morphological taxonomy, it does not matter
if the species pair accords with the entity of biological species. For freshwater fishes
whose local populations have experienced isolation and reorganization repeatedly
through geological events such as river and lake capture, it is not easy to define a
boundary for a biological species. Whether discrete variation in feeding traits found
in a focal taxa is regarded as intraspecific or interspecific variation relies on how a
researcher classifies a biological entity into “single species” or “different species”.
However, “species” is just an operational taxonomic unit and its definition is not an
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important issue for understanding how a diversity of feeding functions has evolved
from an ancestral lineage. It is more important to recognize that polymorphic popu-
lations observed in nature can be arrayed somewhere along a continuum from pan-
mixia to complete reproductive isolation (Hendry 2009).

2.4.3 The Ancient Lake Biwa as an Evolutionary Hot Spot

The ancient Lake Biwa, which has a geological history longer than postglacial lakes
(tens of thousands years) and shorter than the oldest African Great Lakes (tens of
millions years), provides a good opportunity to observe how the process of ecologi-
cal speciation leads to species diversification. This lake was formed south far from
its current location ca. four million years ago (see Chap. 1). It is a tectonic lake, i.e.,
the lake formed as a result of tectonic movement, having gradually moved north-
wards. The lake deepened through faulting at the current location ca. 400 thousand
years ago and then has stood still there. At present, it shows a high biodiversity with
1,769 aquatic species recorded, including 61 endemics (Timoshkin et al. 2011).
Similar to other ancient lakes created by tectonic movements, Lake Biwa is charac-
terized by the development of deep pelagic habitats, which support many pelagic
fishes (Okuda et al. 2012). Recent molecular techniques have revealed that some
endemic fishes, which have adapted to pelagic environments, are derived from lit-
toral or fluvial ancestral species (see Chap. 1). Many of these pelagic species share
adaptive traits, such as a slender body and narrow gill raker spacing, which are
advantageous to inhabiting pelagic waters. Because such an evolutionary diver-
gence is found among phylogenetically distant groups, it is suggested that conver-
gent evolution of phenotypes adaptive to the pelagic habitats has occurred following
the appearance of newly created deep water environments in Lake Biwa.

Even if divergent evolution progressed over geological time scales in this lake,
reproductive isolation may remain incomplete. This is the case in sister species of a
minnow, Gnathopogon, living in Lake Biwa (Fig. 2.1). Gnathopogon elongatus elon-
gatus is a common freshwater fish inhabiting rivers and ponds in western Japan, while
G. caerulescens is endemic to Lake Biwa. In Lake Biwa, these two species coexist but
segregate their habitats: i.e., G. elongatus elongatus lives in littoral and fluvial habi-
tats, whereas G. caerulescens lives in limnetic habitats. The former is typical of ben-
thivores and the latter of planktivores. The planktivorous G. caerulescens has a slender
body and narrower gill raker spacing, which is advantageous to feeding on plankton
in pelagic waters. An advanced molecular technique, with a next generation sequencer,
elucidated the genetic basis of such a morphological adaptation (Kakioka 2013; also
see Sect. 2.4.6). Although there are remarkable morphological differences between
these coexisting fishes, their phylogenetic relationship is closer than that of allopatric
populations within the species G. elongatus elongates (Kakioka et al. 2013a; Fig. 2.1).
More interestingly, they are reproductively compatible to each other in captive condi-
tions and their hybrids sometimes occur in nature (Nakamura 1969; T. Kokita, unpub-
lished data), suggesting that discrete variation in their feeding morphology stands for
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Fig. 2.1 Feeding habits, morphology and molecular phylogeny of a genus Gnathopogon in Japan.
The phylogenetic tree was modified after Kakioka et al. (2013a)

trophic polymorphism within a species pair rather than interspecific variation between
sister species. This phenomena may also be true for sister species of some other fish
groups in Lake Biwa.

2.4.4 Life History Polymorphism

In freshwater fishes, another example of phenotypic polymorphism is often found in
life history traits. In many species of salmon and sticklebacks in which trophic poly-
morphism is well known, two different life history forms coexist within a popula-
tion, i.e., a diadromous form, which migrates between freshwater and marine
habitats, and a non-diadromous (or landlocked) form, which occurs in freshwater
environments throughout its entire life (Taylor 1999). In these polymorphic popula-
tions the non-diadromous form generally has a smaller body size at maturity and
more gill rakers or narrower gill raker spacing than those in the anadromous form
(Foote et al. 1999; McKinnon and Rundle 2002). For migratory threespine stickle-
backs with a marine origin, molecular phylogenetic evidence suggests that the
migration-related morphological traits (e.g., the pattern, number, and size of the
bony lateral plates) have evolved repeatedly in populations from different locations
(Colosimo et al. 2004).
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An alewife Alosa pseudoharengus (Clupeidae) is one example where relationships
between life history, trophic morphology and feeding habits have been intensively
investigated (Palkovacs and Post 2008). In this species, anadromous fish migrate from
the ocean to freshwater lakes for breeding in spring. Their young-of-the-year (YOY)
fish spend several months in nursery lakes to preferentially prey upon large bodied
zooplankton before migrating to the ocean in autumn. However, if there are any physi-
cal barriers to their migration route, the migratory populations become landlocked,
completing their entire life in the nursery lakes. While migratory populations are
sometimes landlocked by natural barriers such as beaver dams and wind throws for
years to decades, some of them have been completely isolated by artificial barriers
such as man-made dams, resulting in the prevention of gene flows.

In alewives, non-migratory landlocked populations have smaller gape width
and narrower gill raker spacing than anadromous populations. In lakes with land-
locked alewives, zooplankton size is small all year round, as compared to lakes
with anadromous alewives, because of constant fish predation of large bodied
zooplankton. In a situation where intra- and/or inter-specific food competition is
intense and constant among planktivores coexisting in lakes, evolution might
favor the landlocked morph with the smaller gape width and narrower gill raker
spacing, which are more adept at foraging on small-bodied prey items. Estimations
based on molecular data suggest that such a divergent evolution occurred between
5000 and 270 years ago, during which time dams were built in this region
(Palkovacs et al. 2008).

For migratory fishes, geographic barriers temporarily isolate local populations
in terms of geological time scales, while their high mobility promotes the reorga-
nization of different populations under different selection regimes, creating
spatio-temporal heterogeneity in trait distribution within and/or among popula-
tions. As a consequence, a multimodal distribution of phenotypes may be observed
at a given time and space in relation to trophic morphology as well as life history
traits. This may explain why polymorphic phenomena, such as trophic polymor-
phism or a species pair, have often been reported for freshwater fishes with a
diadromous origin.

2.4.5 Rapid Evolution of Trophic Polymorphism

How rapidly can trophic polymorphism emerge within a population after coloni-
zation of a new environment? Human introductions of non-native species, which
have been considered a serious conservation issue worldwide, can provide unex-
pected opportunities to study the evolutionary process of trophic polymorphism.
The bluegill sunfish Lepomis macrochirus was introduced into Japan from the
United States in 1960 and, thereafter, rapidly spread throughout the country.
Surprisingly, all of the introduced fish are derived from only 18 individuals col-
lected from the Mississippi River at Guttenberg, Iowa, and genetic diversity is
very low in the respective introduced populations, probably due to a founder
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effect arising from introduction of a small number of individuals with subsequent
genetic drift (Kawamura et al. 2006). In the original population there are two
feeding morphs. The littoral or benthic morph has an enlarged body depth and
long pectoral fins, indicating a feeding specialization towards benthic prey, while
the limnetic or pelagic morph has a slender body and short pectoral fins, which
give an advantage in searching for zooplankton in pelagic waters (Ehlinger 1990,
1991; Wilson 1998).

In Lake Biwa, there are records indicating that introduced bluegills mainly fed
on shrimp in the early phase of their colonization during the 1970s (Terashima
1980), suggesting that their founders were originally the littoral morph. More than
half a century after the colonization, however, Yonekura et al. (2002) found that the
introduced population showed specialization of feeding habits, i.e., individual food
preferences for zooplankton, zoobenthos or submerged plants, and that they indi-
vidually differed in morphology corresponding to their feeding specialization.
Their trophic morph-specific feeding habits were also consistent through the time,
as suggested by their stable isotopic signatures, which revealed that each of the
morphs occupied a different trophic niche (Uchii et al. 2007). Such a feeding spe-
cialization might have been promoted by food resource partitioning among intro-
duced bluegills because their habitats are confined to a narrow zone of shallow
waters in this deep lake. Yonekura et al. (2007b) demonstrated that the smaller gill
raker spacing characteristic of the pelagic morph increases foraging efficiency for
zooplankton prey, whereas the wider mouth characteristic of the benthic morph
increases foraging efficiency for zoobenthos prey. More interestingly, submerged
plant feeders have developed an intermediate morph between benthic and limnetic
morphs. Uchii (2007) revealed that bluegills in captive conditions could not com-
pensate for their growth by feeding on submerged plants exclusively, suggesting
that the submerged plant feeders found naturally adopt “the best of a bad situation”
strategy, because their intermediate morph is not specialized for either benthos or
plankton feeding.

The example of introduced bluegills implies that newly colonized populations
can achieve phenotypic divergence much faster than expected from the evolutionary
time required for a species pair, which is estimated as ten thousand years.
Unfortunately, it remains untested whether trophic polymorphism of introduced
bluegills is attributed to genetic divergence during their colonization, which gives
direct evidence for the rapid evolution. However, recent molecular data suggests the
possibility that polymorphic variation in feeding traits is under the control of phe-
notypic plasticity (see Sect. 2.4.6). Another excellent example of the rapid evolu-
tion, if not of trophic polymorphism, in fishes is the case of sockeye salmon, in
which introduced populations derived from a common ancestry colonized adjacent
river and lake habitats separately, resulting in phenotypic divergence. In these intro-
duced populations, Hendry et al. (2000) demonstrated that reproductive isolation
rapidly evolved between two divergent populations within fewer than 13 genera-
tions of their colonization. Therefore, it is possible for newly colonized populations
to evolve trophic polymorphism followed by assortative mating between the same
morphs on an ecological time-scale, sometimes even within decades.
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2.4.6 Genetic Mechanisms of Trophic Polymorphism

Although it remains unknown how phenotypic polymorphism is maintained within
a population, there are two mechanisms for generating it. One is genetic variation,
with the other being phenotypic plasticity, defined as ontogenetic phenotypic
changes in response to changes in the environment. Some studies have reported that
trophic polymorphism in fishes has at least partly a genetic basis. For example,
Proulx and Magnan (2004) conducted common garden experiments with a lacus-
trine brook charr, in which both pelagic and littoral morphs coexisted. Young-of-
the-year (YOY) fish of each morph were transplanted to a tank, either simulating a
pelagic or a littoral habitat, and fed pelagic or benthic food respectively. Some vari-
ation in feeding morphology was accounted for by genetic effects, whereas some
was environmental. More interestingly, additional experiments, under which fish
habitats were alternated between each other during their growth, indicated that
some of the morphological traits were plastically changed to adjust to a new habitat,
suggesting the ecological significance of phenotypic plasticity during ontogenetic
habitat shifts. For many species showing trophic polymorphism, phenotypic plastic-
ity plays an important role in intraspecific phenotypic variation, as discussed later.

Recent advances in molecular techniques have stimulated studies to elucidate the
genetic mechanisms of phenotypic polymorphism in fishes: the techniques include
comparative genomics, genetic mapping, candidate gene approaches, transcrip-
tomics and so on (Ellegren and Sheldon 2008). Quantitative trait loci (QTL) analy-
sis, one of the linkage mapping, is a powerful approach for identifying genome
regions that contain genes responsible for variation in quantitative traits. Since the
QTL analysis requires intercross and backcross between different populations,
which have divergent phenotypic traits but are reproductively compatible to each
other, species pairs are considered a promising subject for this analysis. Threespine
sticklebacks are among the best understood species in fishes in relation to the
genetic basis on life history and trophic polymorphisms with the application of the
QTL (Peichel et al. 2001; Colosimo et al. 2004; Cresko et al. 2004; Shapiro et al.
2004; Kimmel et al. 2005). Although we have difficulty in applying this technique
to wild populations of non-model organisms because of the labor intensive and time
consuming work required to get their genomic resources, the development of high
throughput next generation sequencers will enable us to efficiently perform it with
wild fish populations (Baird et al. 2008; Kakioka et al. 2013b).

Because the QTL can only detect genome regions containing or linked to target
genes, positional cloning and nomination of candidate genes are required to find
causative genetic variants. Colosimo et al. (2005) is the first to identify a particular
gene involved in the expression of divergent phenotypes in wild fish populations. In
threespine sticklebacks, landlocked populations evolved from fully armored anad-
romous ancestors and experienced armor reduction repeatedly in different locations
(Barrett 2010). Colosimo et al. (2005) demonstrated that the ectodysplasin gene,
which is involved in proper development of a number of ectodermal derivatives and
dermal bones in mammals, was responsible for the armor reduction in landlocked
threespine sticklebacks by means of genetic mapping, sequencing and transgenic
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techniques. Surprisingly, the causative alleles were shared among widely separated
populations, suggesting a molecular genetic basis of the rapid parallel evolution of
phenotypes adaptive to freshwater habitats.

Transcriptome profiling is also a promising tool for unraveling complex molecular
genetic basis of phenotypic divergence between closely relatives by examining their
differential gene expression on the microarray. Using this technique, for example,
Derome and others demonstrated in polymorphic populations of lake whitefish
Coregonus clupeaformis that two sympatric morphs, a dwarf morph adaptive to lim-
netic habitats and a normal morph to benthic habitats, showed differential expression
of genes involved in energetic metabolism and regulation of muscle contraction, both
of which are associated with swimming activity, and that their differential gene expres-
sion was parallel among different lakes (Derome and Bernatchez 2006; Derome et al.
2006). This is reasonable when considering that the dwarf morphs are selected for
high swimming performance in the limnetic habitats. More interestingly, the expres-
sion of the same genes involved in modulating swimming activity were upregulated
for a sympatric congener Coregonus artedi, a specialist competitor for the limnetic
trophic niche, providing the molecular evidence of parallel phenotypic evolution.

While an increasing number of studies have reported evidence for the molecular
genetic basis of phenotypic polymorphism in fishes, they do not usually reject the pos-
sibility of its environmental determination, i.e., phenotypic plasticity. Many research-
ers have used common garden experiments to demonstrate that phenotypic plasticity
of feeding morphology is induced by diet and/or habitat manipulation in fish popula-
tions with polymorphic phenotypes (Hegrenes 2001; Andersson 2003; Andersson
et al. 2005; Olsson and Eklov 2005). In introduced populations, which have been
recently colonized by a small number of individuals and, therefore, possess low
genetic variation, trophic polymorphism may be substantially controlled by pheno-
typic plasticity, as in the case of bluegills introduced into Japan (Yonekura et al.
2007a; also see Sect. 2.4.5). Although it is hypothesized that the phenotypic plasticity
can be controlled by epigenetics (i.e., heritable changes in gene expression or cellular
phenotype caused by mechanisms other than changes in the underlying DNA
sequence), its molecular mechanisms are poorly understood. In particular there is lit-
tle published information regarding which key genes are involved in phenotypic plas-
ticity of polymorphic traits and how they control developmental plasticity through a
gene regulatory network (Sibthorpe et al. 2006). Without understanding the molecular
mechanisms for phenotypic plasticity, difficulties remain in discriminating between
genetic and environmental effects on trophic polymorphism. Further advances in
molecular techniques and their application to wild fish populations are needed to elu-
cidate the genetic mechanisms underlying life history and trophic polymorphisms.

2.5 Niche Construction

A member of a biological community embedded within an ecosystem has a number
of effects on other individuals simply by utilizing the space and energy provided by
the ecosystem. These effects can sometimes alter ecosystem structure and
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functioning through ecological interactions between individuals or between biotic
and abiotic components. In such an interaction network, species that have strong
impacts on community and ecosystem processes are termed “keystone species” or
“ecosystem engineers.” When “environment” is defined as “physical, chemical and
biological properties outside the organism under consideration,” phenotypes of the
keystone species can shape their environments. The environments altered by the
keystone species may, in turn, act as a driver for the evolution of both itself and
other members of the community. The process by which phenotypes expressed by a
given species shapes the adaptive landscape of phenotypic evolution for itself or
other species through alteration of biotic and abiotic attributes of their environments
is termed “niche construction” (Odling-Smee et al. 2003).!

In aquatic ecosystems, although there are a large number of examples of niche
construction by fish acting as keystone predators, two key mechanisms of trophic
cascade and nutrient transportation can be recognized (Fig. 2.2). Trophic cascade is
defined as a food web consequence in which predators have indirect effects on non-
prey organisms at trophic levels lower than those of their prey, through trophic inter-
actions within a food web (Carpenter et al. 1985). For example, in the presence of
planktivorous fish, large-bodied zooplankton are preferentially eliminated from the
plankton community through fish predation (Brooks and Dodson 1965). This preda-
tion effect can alter microbial communities including microalgae, bacteria and pro-
tozoa. Since large-bodied zooplankton such as Daphnia have higher grazing rates,
they depress growth of their microbial prey to a greater extent. Despite their micro-
scopic size, microalgae and bacteria have large impacts on ecosystem processes,
including production and decomposition rates, because of their large biomass and
high metabolic turnover. When the abundance of planktivorous fish increases,
microbial communities enhance their production and decomposition through alle-
viation of predation by large-bodied zooplankton, resulting in an alteration of
aquatic environments.

The mechanism of nutrient transportation is more effective in a situation where
predator fish move from productive to less productive habitats (Vanni 2002). For
example, when a large shoal of anadoromous fish migrate from the ocean to oligo-
trophic streams and lakes, or when benthic fish exhibit vertical feeding migration
from the lake bottom to surface waters in which nutrients are prone to be depleted,
a supply of nutrients is transported to the less productive habitat as their excreta or
their body mass themselves. The transported nutrients are quickly consumed by
microalgae and bacteria, increasing their production and decomposition rates. This
fish-driven nutrient transportation can have a substantial effect on material cycling
within an ecosystem.

In this way, fishes that are considered keystone predators of aquatic ecosystems
have the potential to drastically alter community structure and ecosystem processes

"Post and Palkovacs (2009) recommended restricting the use of the term “niche construction” to
the process by which organisms shape environments in order to separate it from the process by
which biologically constructed environments shape selection regimes for the evolution of organis-
mal traits.
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Fig. 2.2 Ecological impacts of keystone fish predators on plankton communities through top-
down trophic cascade (a) and nutrient transportation (b). (+) and (-) indicate positive and negative
effects on prey or predator biomass, respectively

through trophic cascade and nutrient transportation. If mutation occurs on loci
involved in the expression of traits affecting trophic interactions and nutrient trans-
portation or if gene flows occur through outbreeding with such variants from differ-
ent populations, a new niche might be constructed within the naive population. In
the next section, we will introduce some empirical studies demonstrating that intra-
specific phenotypic variation in predator fish creates new environments in aquatic
ecosystems.

2.6 Predator Diversity and Ecosystem Functioning

It has been a great challenge for ecologists to answer the question of why biodiver-
sity is important for us. A plant ecologist David Tilman tried to answer this question
by elucidating relationships between biodiversity and ecosystem functioning (Kinzig
et al. 2001). He is the first to experimentally demonstrate that plant species diversity
positively correlates with their biomass as an index of primary productivity in ter-
restrial ecosystems. Considering that terrestrial plants provide a variety of ecosystem
services, (i.e., humankind benefits from a multitude of resources and processes sup-
plied by natural ecosystems, such as, supporting, provisioning, regulation and
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cultural services; see Millennium Ecosystem Assessment 2005 for definition), it is
obvious that we profit from the conservation of plant species diversity, which results
in increased primary production. Inspired by his work, several theoretical models
have been proposed and subsequently an increasing number of empirical studies
have been conducted, for both animal and plant communities, to test the hypothesis
that biodiversity enhances ecosystem functioning (Waide et al. 1999).

What about the role of predators? Unfortunately, very few studies have examined
how the species diversity of predators affects community composition and ecosystem
processes (Straub and Snyder 2006; Schmitz 2009). There are various reasons why
studies on predator diversity effects are so limited. First, we have difficulty in experi-
mentally manipulating the species composition of predators, which have an extensive
home range associated with their high mobility. Secondly, it is not easy to theoreti-
cally predict how a combination of different predator species, which feed on prey at
different trophic levels and from different trophic pathways, will impact on an ecosys-
tem. Even if predator diversity effects are detected, we cannot easily interpret their
mechanisms using theoretical models. Furthermore, even when effects on community
composition and ecosystem processes can be quantified for each predator species, it is
impossible to conclude what traits actually lead to such community and ecosystem
consequences because the species are different from each other in traits other than
those related to feeding (Chalcraft and Resetarits Jr. 2003; Wesner 2012). However,
there is a measure to overcome such difficulties in demonstrating predator functional
diversity effects on community structure and ecosystem processes, which is, to
manipulate a diversity of trophic morphs or a species pair of fish predators.

As mentioned previously, trophic morphs are usually different only in trophic
and/or life history traits and, otherwise, share all other ecological characteristics. By
comparing different morphs or by manipulating a combination of these morphs
within a predator population, we can examine how phenotypic diversity of a focal
trait affects community and ecosystem properties. Based on this idea, Post et al.
(2008) tried to demonstrate that intraspecific phenotypic variation among predator
fish populations can alter prey community structure under natural conditions.

Post et al. (2008) focused on geographic variation in migration behavior and feed-
ing morphology among alewife populations from 19 lakes in Connecticut, USA. They
compared body size and biomass of zooplankton prey among lakes either with anad-
romous or landlocked alewives or entirely without alewives. As stated in Sect. 2.4.4,
since the anadromous alewives have larger gape width and gill raker spacing than the
landlocked alewives, the former preferentially feed on large-bodied zooplankton prey.
In the anadromous lakes, alewives were absent during the winter season, so that large-
bodied zooplankton dominated in the absence of strong zooplankton predators.
However, spring breeding migration by the anadromous alewives and the subsequent
recruitment of their YOY facilitated selective predation on large-bodied zooplankton,
seasonally eliminating larger individuals from the zooplankton communities. By con-
trast, in landlocked lakes in which alewives reside through the year, zooplankton com-
munities are always exposed to intense and indiscriminate predation by landlocked
YOY with smaller gape and gill raker spacing, perpetually skewing the zooplankton
community size towards a smaller distribution.
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Intraspecific geographic variation over their life history and trophic polymor-
phisms of alewives can also alter lake environments through top-down trophic cas-
cades (Post et al. 2008). In the anadromous lakes, phytoplankton biomass increases
during the seasonal reduction in zooplankton body size and biomass, suggesting
that the anadromous YOY have positive, indirect effects on phytoplankton by
depressing the grazing intensity of large-bodied zooplankton. The work of Post
et al. (2008) is noteworthy as a milestone study demonstrating that intraspecific
variation in predator feeding functions affects ecosystem processes such as primary
productivity.

2.6.1 Mesocosm Experiments

Even though variations in prey community structure and ecosystem processes were
found between lakes with different feeding functions within a predator species, they
might be attributed to geographic variation in limno-physical and -chemical charac-
teristics or to the density of other planktivorous fish. In order to reveal the ecosys-
tem consequence of intraspecific predator functional diversity, experiments are
required in which environmental factors, with the exception of predator feeding
functions, are controlled. One promising approach is that of mesocosm
experiments.

Since Forbes (1887) proposed the idea of “The Lake as a Microcosm,” in which
lakes are considered as self-contained and circulating systems, the term “micro-
cosm” has often been used in microbiology to refer to microbial cultivation systems
containing essential components for their sustainable growth. Following experi-
mental attempts to simulate lake ecosystems containing macro organisms such as
zoobenthos and fish, the microcosms have been too small to ensure their sustain-
ability. In order to fulfill energy and space requirements for the macro organisms,
we have to provide them with a larger cultivation system. Such a self-contained
experimental system, which is larger than microbial cultivation systems but smaller
than natural ecosystems (i.e., on the meso-scale), is termed a “mesocosm.”
Mesocosm experiments enable us to manipulate a given factor by controlling all
other physical, chemical and biological environments and, thereby, to assess the
ecosystem effects of the focal factor (Fig. 2.3).

An interesting mesocosm experiment considering trophic polymorphism in ale-
wives was undertaken by Palkovacs and Post (2009) who constructed solid walled
polyethylene enclosures with 2 m diameter and 6 m depth in Rogers Lake,
Connecticut, USA. Plankton communities were exposed to different predation
regimes by introducing 15 YOY fish of either anadromous or landlocked alewives
into each enclosure in order to examine effects of predator feeding functions on prey
communities. Some enclosures were left unstocked (i.e., no fish) as a control.
Mesocosm experiments were conducted during the summer season when the YOY
fish cause top-down trophic cascades in natural zooplankton communities. Weekly
sampling of zooplankton communities from the enclosures was undertaken.
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Fig. 2.3 Twelve 2,000 L mesocosms tanks set up in Center for Ecological Research, Kyoto
University. It is possible to automatically control water temperature, light intensity and L:D length.
They are useful for experiments to examine effects of fish predator manipulation on ecosystem
properties (see Sect. 2.6.2)

Experimental results were consistent with those reported for natural lakes, with
summer zooplankton body size and biomass significantly reduced only in systems
containing anadromous alewives. In addition, the presence of anadromous alewives
led to a marked reduction in species richness and the diversity index of zooplankton
communities. Palkovacs and Post (2009) were successful in demonstrating that intra-
specific variation in predator feeding functions alone could alter zooplankton size
distribution and species composition using these mesocosm experiments. This may
also support the previous conclusion that variation between lakes in primary produc-
tivity is due to differential trophic cascading effects caused by alewife morphs.
Similar results have been reported for another system exhibiting trophic poly-
morphism in fish predators. Harmon et al. (2009) conducted mesocosm experiments
with a species pair of threespine sticklebacks that underwent adaptive divergence to
benthic (i.e., benthivorous) and limnetic (i.e., planktivorous) morphs from a gener-
alist ancestor. To examine the effects of evolutionary diversification of the threes-
pine sticklebacks on ecosystem properties, they manipulated a combination of two
specialist morphs or one generalist ancestor in large tanks to artificially simulate
pond ecosystems including the plankton and benthos communities. They found
strong effects of predator functional diversification on prey community composition
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and ecosystem processes such as primary productivity and water chemistry. One of
the more remarkable outcomes was that they could detect synergistic effects of the
predators’ adaptive diversification on the pond ecosystems as well as differential
effects of each morph, by comparing ecosystem consequences between simple and
diverse feeding functions. The results have ecological implications for the evolu-
tionary diversification of the sticklebacks because these morphs often coexist in
natural ponds and lakes.

Intraspecific phenotypic diversity effects of fish predators can also appear
through nutrient transportation. In guppies inhabiting streams in Trinidad, local
populations are often isolated by natural barriers such as waterfalls and are exposed
to different predation regimes from piscivorous fish. The high predation risk favors
the evolution of life history traits in guppies, including a younger age at maturity, a
smaller body size at maturity and higher reproductive rates. These life history traits
are also linked with metabolic rate, which determines physiological performance
such as respiration and excretion rate. The common garden experiments to manipu-
late fish from different populations showed that phenotypic diversification in gup-
pies results in the divergence of community structure (benthic algal and invertebrate
biomass) and ecosystem processes (gross primary productivity, leaf decomposition
rates and nutrient flux), which are altered through nutrient transportation driven by
intraspecific variation in the excretion rate of fish from different populations
(Palkovacs et al. 2009; Bassar et al. 2010).

2.6.2 Food Web Properties as a Universal Measure

In previous sections, we cited some examples in which intraspecific phenotypic
diversity in fish predators alters ecosystem properties. However, some ecosystem
properties are system-specific (e.g., species composition) and others are just a func-
tional trait of a specific guild (e.g., primary productivity by algae and decomposi-
tion rate by bacteria and fungi) rather than ecosystem functions performed by an
entire community. How then can we generalize from a variety of results from differ-
ent systems and what is a universal measure for ecosystem properties, which are
ubiquitous and intrinsic to all aquatic systems, thus allowing comparisons to be
made between systems? Here we focus on structural properties of food web as a
universal measure for the entire community.

A food web is a diagram to depict the overall energy flows through trophic inter-
actions within an entire community (Lindeman 1942). Since the Eltonian pyramid
(Elton 1927), a variety of ideas have been proposed to describe structural properties
of intricate food webs in nature. One of promising measures to characterize food
web properties is food chain length (FCL), defined as the number of trophic trans-
fers of energy from primary producers to a top predator, which has been easily
measured and comparable across ecosystems, with the recent development of isoto-
pic technique (Post 2002). In lake ecosystems, the FCL can be the best explained by
the lake size in volume (Post et al. 2000). However, it also varies temporally even
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within a lake, as in the case of Lake Biwa (Okuda et al. 2012). The possible mecha-
nism to cause temporal variation in the FCL may be compositional and functional
changes in plankton and benthos prey communities, which can affect the number of
trophic links.

In aquatic food webs, there also exists a general rule in which larger organisms
eat smaller ones and becomes fewer in number, so that organisms increase their
trophic levels and decrease abundance with their body mass (Fig. 2.4; also see
Cohen et al. 2003). Based on the allometric relationship between body size and
biomass (body mass multiplied by the numerical abundance in each size class), size
distribution of entire community can be formulated as the size-biomass spectrum,
defined as the slope of body mass—biomass regression (de Eyto and Irvine 2007;
Jennings and Mackinson 2003). When the community size distribution skews
toward smaller-sized organisms, the size-biomass spectrum slope become steeper.
Jennings et al. (2002) also proposed a new method to predict predator—prey body-
mass ratios (PPMR) in food webs, using their nitrogen stable isotope ratio as a
proxy of trophic level. The PPMR can be calculated as the inverse of body size-
trophic level regression slope in Fig. 2.4. The PPMR is an important factor deter-
mining interaction strength between preys and predators and in turn the stability of
food webs (Emmerson and Raffaelli 2004).

To examine how evolutionary diversification of fish feeding traits alters food web
properties of prey communities, we conducted mesocosm experiments that simu-
lated conditions at Lake Biwa where ecological diversification occurred indepen-
dently in some phylogenetically distant fish groups during the last 400,000 years
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Fig. 2.5 An experimental design of predator manipulation. Each treatment corresponds to histori-
cal change in diversity of fish feeding functions in a lake. The lake has no fish in original condition
(a), an ancestral benthivorous fish colonizes the lake (b), and then the colonized population experi-
ences ecological speciation into benthivorous and planktivorous species (c). However, fish diver-
sity decreases if either of these two becomes extinct. The ancestral benthivorous species may go
extinct for some reason, e.g., destruction of coastal habitats under human disturbances (d)

after the development of deep pelagic habitats (see Sect. 2.4.3). We set up 12 meso-
cosm tanks in which abiotic environments (i.e., light intensity, L:D length, water
temperature and nutrient levels) were controlled and then a plankton community
and supplementary zoobenthos prey were provided (Fig. 2.3). We manipulated the
phenotypic diversity of feeding functions in fish predators, using a species pair of
Gnathopogon that had diverged into planktivorous G. caerulescens and benthivo-
rous G. elongatus elongatus but remained reproductively compatible to each other
(see Sect. 2.4.3). We conducted experiments with a full-factorial design for four
treatments: no fish (NO), benthivorous G. elongatus elongatus (B), and both plank-
tivorous G. caerulescens and benthivorous G. elongatus elongatus (PB), and plank-
tivorous G. caerulescens (P), assuming historical change in diversity of fish feeding
functions in a lake (Fig. 2.5).

We measured the size-biomass spectrum, FCL and PPMR of plankton prey com-
munities in the mesocosm tanks. It was predicted that planktivorous fish would
skew the plankton communities toward a smaller size distribution through a top-
down trophic cascading effect, under which a large zooplankton biomass would be
depressed and a smaller plankton biomass would be indirectly enlarged, resulting in
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a steeper slope of size-biomass spectrum in the order of NO<B <PB <P. Contrary
to this prediction, the plankton size-biomass spectrum did not significantly differ
among these four treatments though the presence of fish predator increased the bio-
mass of phytoplankton (Fukumori et al. unpublished data). The benthivorous
G. elongatus elongatus feeds mainly on benthos but also less efficiently on plank-
ton, as is often the case in other benthivorous fishes. The mesocosm tanks with a
volume of 2,000 L might not be large enough to control predation of ben-
thivorous G. elongatus elongates on zooplankton.

However, we found significant differences in the FCL and PPMR among the
treatments. Under the presence of benthivorous fish, the plankton FCL, defined as
the highest trophic level observed for all samples of size-fractionated plankton com-
munities, increased and the PPMR of plankton communities decreased (Sakai
2013). Although underlying mechanisms for these results remain unclear, selective
predation of the two fishes on different species of large-sized zooplankton (e.g.,
cladocerans versus copepods) is likely to alter trophic relations within plankton
communities. More interestingly, we detected synergetic effects of predator feeding
functional diversity on both indices. Under the coexistence of fish with different
feeding functions, fish production, particularly for benthivorous fish, increased,
possibly due to reduced food resource competition between planktivorous and ben-
thivorous fish: the benthivore can exploit benthic food exclusively in the absence of
benthic competitors (Fukumori et al., unpublished data). Assuming that the nutrient
excretion rate scales with fish body mass (Torres and Vanni 2007; Mclntyre et al.
2008), the benthivorous fish coexisting with the planktivorous fish might enhance
nutrient transportation from the benthic to the pelagic habitats, resulting in syner-
getic effects of top-down and bottom-up trophic cascades on the plankton food
webs. Our experiments demonstrate that predator phenotypic diversity can alter
food web properties of prey communities and thus the overall energy flows within
an ecosystem.

2.7 Eco-Evolutionary Feedbacks

There is no doubt that intraspecific phenotypic diversity of fish predators is an
important driver for altering prey community composition and thus ecosystem prop-
erties. However, we must also consider an overlooked point, which is that ecosys-
tem alteration, as a consequence of fish phenotypic diversification, creates new
aquatic environments, i.e., niche construction, which can shape the adaptive land-
scape for the evolution of predators themselves as well as prey species. Ecological
interactions between a keystone species and other community members drive evo-
lutionary changes in their adaptive traits through environmental alterations and, in
turn, the adaptive evolutionary changes shape the form of ecological interactions.
This process, in which ecology and evolution reciprocally interplay over contempo-
rary time-scales, is termed “eco-evolutionary feedback” (Post and Palkovacs 2009;
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Fig. 2.6). Although eco-evolutionary feedbacks are poorly understood, some studies
have provided evidence that such feedbacks do operate in natural conditions.

2.7.1 Feedback Loops

A good example of a widely studied system is that of alewife-zooplankton interac-
tions in lakes. In landlocked lakes, intense and constant predation by alewives elimi-
nates large-bodied zooplankton and skews the prey size toward a smaller distribution
throughout the year. This results in individuals with smaller gape width and gill
raker spacing being favored when foraging on smaller prey. Such a situation will
place the landlocked alewives under strong directional selection for feeding on
small-bodied zooplankton, driving the adaptive evolution of the landlocked morph
from an anadromous ancestor (Palkovacs and Post 2008). In addition, sporadic
occurrences of physical barriers to fish migration between freshwater and marine
habitats promotes the parallel evolution of landlocked morphs independently in dif-
ferent locations, resulting in spatio-temporal heterogeneity in the geographic distri-
bution of feeding traits within the species (Palkovacs et al. 2008).

It has been also suggested for Gnathopogon fishes that planktivorous morphs evolved
from the fluvial ancestors with benthivorous morph independently in some lakes where
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there exist few fish competitors for zooplankton prey (Kakioka et al. 2013b). Among
these populations with the great geographic variation in geometric morphology, a popu-
lation endemic to Lake Biwa seems to have been most adapted for plankton feeding in
pelagic environments, with its longest evolutionary history (Kakioka 2013).

Geographic variation in keystone predator phenotypes also has the potential to
drive evolutionary divergence in their prey as well as to alter food web properties of
prey communities. Walsh and Post (2011) recently evaluated the link between pheno-
typic variation in predators and their prey species by rearing water fleas, Daphnia,
from lakes containing predatory alewives with different phenotypes under different
water temperature and resource conditions, and then comparing their life history traits
among these lakes. They found that Daphnia grew faster, matured earlier, and pro-
duced more offspring in lakes with anadromous alewives than in lakes with land-
locked or no alewives. Although life history theory predicts that increased predation
on large sized-zooplankton selects for maturity at smaller size, laboratory experiments
showed that Daphnia matured at a slightly larger size in anadromous lakes, in which
alewives have both a larger gape width and gill raker spacing to preferentially forage
larger prey (see Sect. 2.4.4). This result seems to be inconsistent with the theory. The
evolutionary response of Daphnia to divergent predation regimes can be best explained
as an adaptation to a colder environment and shorter growing season known as coun-
tergradient variation (sensu Conover et al. 2009). For Daphnia from the anadromous
lakes, the colder environment and shorter growing season results from the seasonal
migration and predation by anadromous alewives, which substantially extirpated
reproductive populations of Daphnia early in the summer. In this prey—predator sys-
tem, prey life history evolution is facilitated by seasonal occurrence of increased pre-
dation, associated with predator life history traits rather than predation intensity and
size-specific predation associated with predator feeding traits.

Walsh and Post (2012) also focused on how predator evolutionary divergence can
mold the evolution of phenotypic plasticity in prey life history traits. It is well known
that Daphnia alternate between sexual and asexual phases, producing parthenogenetic
eggs (i.e., fully developed eggs without fertilization) throughout most of the year and
sexual resting eggs during periods when environmental conditions deteriorate.
Increased occurrence of predators selects for prey individuals that pass through the
period of high predation as resting eggs. In lakes with landlocked alewives, Daphnia
are under intense year-round predation, whereas they experience temporal but predict-
able predation in the anadromous lakes into which alewives seasonally migrate from
marine habitats. According the theory, the temporal variation of alewife occurrence
should affect a response of Daphnia engaged in sexual reproduction. To test this pre-
diction, Daphnia from lakes with different alewife phenotypes were exposed to ale-
wife kairomones as an environmental cue for the presence of predators. They found
that, when exposed to the fish kairomones, Daphnia from the anadromous lakes
invested more in sexual reproduction than those from the landlocked or alewife free
lakes, suggesting a flexible life history trade-off in response to the predation risk. In
conclusion, the divergent evolution of predator phenotypes has evolutionary conse-
quences for phenotypic plasticity of prey life history traits.
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2.7.2 Community Genomic Dynamics

In lake ecosystems, eco-evolutionary feedback loops can also cascade from
Daphnia to microbes, such as bacteria, microalgae and protozoa, because
Daphnia has strong impacts on microbial communities through resource com-
petition and nutrient regeneration, due to its high grazing ability and excretion
rate (Carpenter et al. 1985; Carpenter et al. 1992). However, such cascading
effects have been hitherto evaluated only as the overall response of each tro-
phic guild (e.g., primary producer, primary consumer or decomposer) or func-
tional group (i.e., pico-, nano- or micro-plankton) rather than of each microbial
taxon. Microbial diversity, particularly of bacteria, is primarily important in
determining ecosystem functioning and, thus, ecosystem services for human-
kind, including the decomposition of organic matter, nutrient cycling and water
purification (Bell et al. 2005; Cardinale 2011). Prompt responses of bacterial
communities to changing environments are achieved by rapid evolution rates as
well as by species turnover (Fukami et al. 2007; Gravel et al. 2011). Decades
ago, the largest obstacle to disentangling the intricate relationships between
bacterial diversity and ecosystem functioning was the difficulty in character-
izing bacterial species composition in situ because most of them are unculti-
vable and thus cannot be isolated for species identification. However, recent
advances in molecular techniques and bioinformatics have developed metage-
nomics or ecogenomics to characterize a profile of community-level genetic
diversity in situ or comprehensively search for functional genes involved in
phenotypic expression (see Chap. 3). The advent of next generation sequencer
technologies has also accelerated ecological research as well as advancing our
understanding of the molecular phylogenetics of aquatic microbial communi-
ties (Kalyuzhnaya et al. 2008).

As discussed previously, plankton communities can be affected by pheno-
typic polymorphism in fish predators. Recent molecular studies on fish pheno-
typic polymorphism suggest that alleles at a small number of loci have large
effects on adaptively divergent traits (Colosimo et al. 2005), contrary to tradi-
tional views of quantitative genetics that consider polygenic variation in a large
number of loci to have additive small effects on phenotypes. If it is general in
fishes, such a gene with large effects may act as a “keystone gene” to influence
metagenomic dynamics of whole plankton communities and, consequently,
ecosystem properties. This is known to occur in terrestrial ecosystems where
genetic variation within a population of foundation plant species is inherited
through its phenotypic expression (e.g., concentration of chemical defense sub-
stances) to community and ecosystem phenotypes (e.g., species composition
and interactions, nutrient cycling, and decomposition rate) (Whitham et al.
2006). It will not be long before we can examine the nature of the eco-evolu-
tionary feedbacks as community genomic dynamics under water, through a
molecular-scope.
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2.8 Why is Predator Diversity Important?

Traditionally, evolutionary biologists have searched for an answer to the questions
of how and when current biological communities diversified using fossil and molec-
ular records, which help to infer the past changes in morphology and DNA sequence.
However, ecologists have been more interested in what are the ecological implica-
tions for evolutionary diversification of current biological communities, often
assuming that species’ traits are static rather than variable. As demonstrated by an
increasing number of studies, we now perceive that organismal traits are evolving at
a faster rate than was previously assumed (Hairston et al. 2005), which leads to a
new idea that the evolution of the organismal traits dynamically interplays with the
ecology of populations, communities and ecosystems, and vice-versa (Post and
Palkovacs 2009). Biological diversity observed in nature can therefore be viewed
not only as a consequence of past evolutionary events but also as a product of on-
going evolution in existing communities. Diversity currently found within/among
keystone predator populations can have the potential to influence the future direc-
tion of diversity at three levels of biological organization, from genes to ecosystems,
through eco-evolutionary feedbacks.

At present, species extinction has progressed rapidly, with an accelerating rate,
due to anthropogenic disturbances ranging from local human activities to global
climate change. Biodiversity loss is particularly severe in freshwater ecosystems
(Secretariat of the Convention on Biological Diversity 2010). Although much atten-
tion has been paid to the conservation of species, specifically those that are endan-
gered, we also have to conserve the functional diversity of keystone species within/
among populations, which may not necessarily be endangered. The effects of preda-
tor functional diversity can sometimes extend to ecosystem functioning, such as
energy flows and nutrient cycling, from which we can enjoy a variety of ecosystem
services profitable for human well-being.

In this chapter, the ecological and evolutionary importance of functional diver-
sity of fish predators in the context of ecosystem management, as well as of tradi-
tional conservation biology, has been discussed. In order to deepen our understanding
of the processes and mechanisms for generating and maintaining biological diver-
sity, we have to further accumulate empirical data and establish a framework to
integrate the theory of eco-evolutionary feedbacks. This idea is expected to develop
a new paradigm for biological synthesis, linking from molecular biology to
macroecology.

Acknowledgements We thank Dr. T. Kokita for his comments on our manuscript. We also thank
R. Kakioka and Y. Sakai for providing their unpublished data. This manuscript was under the sup-
port of the Global COE Program (06) from the MEXT, Japan, and The Environment Research and
Technology Development Fund (D-1102 and S-9) of the Ministry of the Environment, Japan, and
the JSPS Grant-in Aid (N0.20370009 and No.23657019).



References 45

References

Agrawal AA (2001) Phenotypic plasticity in the interactions and evolution of species. Science
294:321-326. doi:10.1126/science.1060701

Andersson J (2003) Effects of diet-induced resource polymorphism on performance in arctic charr
(Salvelinus alpinus). Evol Ecol Res 5:213-228. http://cat.inist.fr/?aModele=afficheN&cps
idt=14588743

Andersson J, Bystrom P, Persson L, De Roos AM (2005) Plastic resource polymorphism: effects
of resource availability on Arctic char (Salvelinus alpinus) morphology. Biol J Linn Soc
85:341-351. doi:10.1111/1.1095-8312.2005.00501.x

Baird NA, Etter PD, Atwood TS, Currey MC, Shiver AL, Lewis ZA, Selker EU, Cresko WA,
Johnson EA (2008) Rapid SNP discovery and genetic mapping using sequenced RAD markers.
PLoS One 3:e3376. doi:10.1371/journal.pone.0003376

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

Barrett RDH (2010) Adaptive evolution of lateral plates in three-spined stickleback Gasterosteus
aculeatus: a case study in functional analysis of natural variation. J Fish Biol 77:311-328.
doi:10.1111/j.1095-8649.2010.02640.x

Bassar RD, Marshall MC, Lépez-Sepulcre A, Zandona E, Auer SK, Travis J, Pringle CM, Flecker
AS, Thomas SA, Fraser DF, Reznick DN (2010) Local adaptation in Trinidadian guppies alters
ecosystem processes. Proc Natl Acad Sci U S A 107:3616-3621. doi:10.1073/pnas.0908023107

Bell T, Newman JA, Silverman BW, Turner SL, Lilley AK (2005) The contribution of species rich-
ness and composition to bacterial services. Nature 436:1157-1160. doi:10.1038/nature-
03891Bolnick DI

Bolnick DI, Svanbick R, Fordyce JA, Yang LH, Davis JM, Hulsey CD, Forister ML (2003) The ecol-
ogy of individuals: incidence and implications of individual specialization. Am Nat 161:1-28.
http://www.jstor.org/stable/10.1086/343878

Bootsma HA, Hecky RE, Hesslein RH, Turner GF (1996) Food partitioning among Lake Malawi
nearshore fishes as revealed by stable isotope analyses. Ecology 77:1286—1290. http://www.
jstor.org/discover/10.2307/22655982uid=3739920&uid=2134&uid=2&uid=70&uid=4&uid=
3739256&s1d=55941630443

Brooks JL, Dodson SI (1965) Predation, body size, and competition of plankton. Science 150:28-35.
http://www.jstor.org/discover/10.2307/1717947

Cardinale BJ (2011) Biodiversity improves water quality through niche partitioning. Nature
472:86-89. doi:10.1038/nature09904

Carpenter SR, Kitchell JF, Hodgson JR (1985) Cascading trophic interactions and lake productiv-
ity. BioSci 35:634-639. http://www.jstor.org/discover/10.2307/1309989?uid=3739920&uid=2
&uid=4&uid=3739256&sid=55941682303

Carpenter SR, Cottingham KL, Schindler DE (1992) Biotic feedbacks in lake phosphorus cycles.
Trends Ecol Evol 7:332-336. doi.org/10.1016/0169-5347(92)90125-U

Chalcraft DR, Resetarits Jr. WJ (2003) Predator identity and ecological impacts: functional redun-
dancy or functional diversity? Ecology 84:2407-2418. doi.org/10.1890/02-0550

Cohen JE, Jonsson T, Carpenter SR (2003) Ecological community description using the food web,
species abundance, and body size. Proc Natl Acad Sci U S A 100:1781-1786

Colosimo PF, Peichel CL, Nereng K, Blackman BK, Shapiro MD, Schluter D, Kingsley DM
(2004) The genetic architecture of parallel armor plate reduction in threespine sticklebacks.
PLoS Biol 2:0635-0641. doi:10.1371/journal.pbio.0020109

Colosimo PF, Hosemann KE, Balabhadra S, Villarreal G Jr, Dickson M, Grimwood J, Schmutz J,
Myers RM, Schluter D, Kingsley DM (2005) Widespread parallel evolution in sticklebacks by
repeated fixation of ectodysplasin alleles. Science 307:1928-1933. doi:10.1126/science. 1107239


http://dx.doi.org/10.1126/science.1060701
http://cat.inist.fr/?aModele=afficheN&cpsidt=14588743
http://cat.inist.fr/?aModele=afficheN&cpsidt=14588743
http://dx.doi.org/10.1111/j.1095-8312.2005.00501.x
http://dx.doi.org/10.1371/journal.pone.0003376
http://dx.doi.org/10.1111/j.1095-8649.2010.02640.x
http://dx.doi.org/10.1073/pnas.0908023107
http://dx.doi.org/10.1038/nature03891Bolnick%20DI
http://dx.doi.org/10.1038/nature03891Bolnick%20DI
http://dx.doi.org/http://www.jstor.org/stable/10.1086/343878
http://dx.doi.org/10.1038/nature03891Bolnick%20DI
http://dx.doi.org/http://www.jstor.org/discover/10.2307/2265598?uid=3739920&uid=2134&uid=2&uid=70&uid=4&uid=3739256&sid=55941630443
http://dx.doi.org/http://www.jstor.org/discover/10.2307/2265598?uid=3739920&uid=2134&uid=2&uid=70&uid=4&uid=3739256&sid=55941630443
http://dx.doi.org/http://www.jstor.org/discover/10.2307/2265598?uid=3739920&uid=2134&uid=2&uid=70&uid=4&uid=3739256&sid=55941630443
http://dx.doi.org/http://www.jstor.org/discover/10.2307/1717947
http://dx.doi.org/10.1038/nature09904
http://dx.doi.org/http://www.jstor.org/discover/10.2307/1309989?uid=3739920&uid=2&uid=4&uid=3739256&sid=55941682303
http://dx.doi.org/http://www.jstor.org/discover/10.2307/1309989?uid=3739920&uid=2&uid=4&uid=3739256&sid=55941682303
http://dx.doi.org/doi.org/10.1016/0169-5347(92)90125-U
http://dx.doi.org/doi.org/10.1890/02-0550
http://dx.doi.org/10.1371/journal.pbio.0020109
http://dx.doi.org/10.1126/science.1107239

46 2 Predator Diversity Changes the World: From Gene to Ecosystem

Conover DO, Duffy TA, Hice LA (2009) The covariance between genetic and environmental Influences
across ecological gradients: reassessing the evolutionary significance of countergradient and cogra-
dient variation. Ann N'Y Acad Sci 1168:100-129. doi:10.1111/j.1749-6632.2009.04575.x

Cresko WA, Amores A, Wilson C, Murphy J, Currey M, Phillips P, Bell MA, Kimmel CB,
Postlethwait JH (2004) Parallel genetic basis for repeated evolution of armor loss in Alaskan
threespine stickleback populations. Proc Natl Acad Sci U S A 101:6050-6055. doi:10.1073/
pnas.0308479101

de Eyto E, Irvine K (2007) Assessing the status of shallow lakes using an additive model of bio-
mass size spectra. Aquat Conserv Mar Freshw Ecosyst 17:724-736

Derome N, Bernatchez L (2006) The transcriptomics of ecological convergence between 2 lim-
netic coregonine fishes (Salmonidae). Mol Biol Evol 23:2370-2378

Derome N, Duchesne P, Bernatchez L (2006) Parallelism in gene transcription among sympatric
lake whitefish (Coregonus clupeaformis Mitchill) ecotypes. Mol Ecol 15:1239-1249

Ehlinger TJ (1990) Habitat choice and phenotype-limited feeding efficiency in bluegill: individual
differences and trophic polymorphism. Ecology 71:886-896. http://www.jstor.org/discover/10
.2307/1937360?uid=3739920&uid=2&uid=4&uid=3739256&s1d=55941682303

Ehlinger TJ (1991) Allometry and analysis of morphometric variation in the bluegill, Lepomis
macrochirus. Copeia 1991:347-357. http://www.jstor.org/discover/10.2307/1446584 7uid=373
9920&uid=2&uid=4&uid=3739256&51d=55941682303

Ellegren H, Sheldon BC (2008) Genetic basis of fitness differences in natural populations. Nature
452:169-175

Elton C (1927) Animal ecology. Sidgwick and Jackson, London

Emmerson MC, Raffaelli D (2004) Predator—prey body size, interaction strength and the stability
of a real food web. J Anim Ecol 73:399-409

Foote CJ, Moore K, Stenberg K, Craig KJ, Wenburg JK, Wood CC (1999) Genetic differentiation in
gill raker number and length in sympatric anadromous and nonanadromous morphs of sockeye
salmon, Oncorhynchus nerka. Environ Biol Fish 54:263-274. doi:10.1023/A:1007548807233

Forbes SA (1887) The lake as a microcosm. Bulletin of the Peoria Scientific Association 7787

Fukami T, Beaumont HJE, Zhang X-X, Rainey PB (2007) Immigration history controls diversifi-
cation in experimental adaptive radiation. Nature 446:436-439. doi:10.1038/nature05629

Genner MJ, Turner GF, Barker S, Hawkins SJ (1999) Niche segregation among Lake Malawi
cichlid fishes? Evidence from stable isotope signatures. Ecol Lett 2:185-190.
doi:10.1046/j.1461-0248.1999.00068.x

Gravel D, Bell T, Barbera C, Bouvier T, Pommier T, Venail P, Mouquet N (2011) Experimental
niche evolution alters the strength of the diversity—productivity relationship. Nature 469:89—
92. doi:10.1038/nature09592

Gross MR (1996) Alternative reproductive strategies and tactics: diversity within sexes. Trends
Ecol Evol 11:92-98. http://dx.doi.org/10.1016/0169-5347(96)81050-0

Hairston NG Jr, Ellner SP, Geber MA, Yoshida T, Fox JA (2005) Rapid evolution and the convergence
of ecological and evolutionary time. Ecol Lett 8:1114—1127. doi:10.1111/j.1461-0248.2005.00812.x

Harmon LJ, Matthews B, Des Roches S, Chase JM, Shurin JB, Schluter D (2009) Evolutionary
diversification in stickleback affects ecosystem functioning. Nature 458:1167-1170.
doi:10.1038/nature07974

Hegrenes S (2001) Diet-induced phenotypic plasticity of feeding morphology in the orangespotted
sunfish, Lepomis humilis. Ecol Freshw Fish 10:35-42. doi:10.1034/j.1600-0633.2001.100105.x

Hendry AP (2009) Ecological speciation! Or the lack thereof? Can J Fish Aquat Sci 66:1383—
1398. doi:10.1139/F09-074

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, Bolnick DI, Berner D, Peichel CL (2009) Along the speciation continuum in stickle-
backs. J Fish Biol 75:2000-2036

Hendry AP, Hudson K, Walker JA, Risdnen K, Chapman LJ (2011) Genetic divergence in mor-
phology—performance mapping between Misty Lake and inlet stickleback. J Evol Biol 24:23—
35.doi:10.1111/§.1420-9101.2010.02155.x


http://dx.doi.org/10.1111/j.1749-6632.2009.04575.x
http://dx.doi.org/10.1073/pnas.0308479101
http://dx.doi.org/10.1073/pnas.0308479101
http://dx.doi.org/http://www.jstor.org/discover/10.2307/1937360?uid=3739920&uid=2&uid=4&uid=3739256&sid=55941682303
http://dx.doi.org/http://www.jstor.org/discover/10.2307/1937360?uid=3739920&uid=2&uid=4&uid=3739256&sid=55941682303
http://dx.doi.org/http://www.jstor.org/discover/10.2307/1446584?uid=3739920&uid=2&uid=4&uid=3739256&sid=55941682303
http://dx.doi.org/http://www.jstor.org/discover/10.2307/1446584?uid=3739920&uid=2&uid=4&uid=3739256&sid=55941682303
http://dx.doi.org/10.1023/A:1007548807233
http://dx.doi.org/10.1038/nature05629
http://dx.doi.org/10.1046/j.1461-0248.1999.00068.x
http://dx.doi.org/10.1038/nature09592
http://dx.doi.org/http://dx.doi.org/10.1016/0169-5347(96)81050-0
http://dx.doi.org/10.1111/j.1461-0248.2005.00812.x
http://dx.doi.org/10.1038/nature07974
http://dx.doi.org/10.1034/j.1600-0633.2001.100105.x
http://dx.doi.org/10.1139/F09-074
http://dx.doi.org/10.1111/j.1420-9101.2010.02155.x

References 47

Jennings S, Mackinson S (2003) Abundance-body mass relationships in size-structured food
webs. Ecol Let 6:971-974

Jennings S, Warr KJ, Mackinson S (2002) Use of size-based production and stable isotope analy-
ses to predict trophic transfer efficiencies and predator—prey body mass ratios in food webs.
Mar Ecol Prog Ser 240:11-20

Kakioka R (2013) Adaptive divergences of cyprinid fishes in relation to divergent habitat use.
Doctoral Thesis, Kyoto University, Kyoto

Kakioka R, Kokita T, Tabata R, Mori S, Watanabe K (2013a) The origins of limnetic forms and
cryptic divergence in Gnathopogon fishes (Cyprinidae) in Japan. Environ Biol Fish 96:631—
644. doi:10.1007/s10641-012-0054-x

Kakioka R, Kokita T, Kumada H, Watanabe K, Okuda N (2013b) A RAD-based linkage map for
QTL analysis and comparative genomics in the gudgeons (genus Gnathopogon, Cyprinidae).
BMC Genomics 14:32. http://www.biomedcentral.com/1471-2164/14/32

Kalyuzhnaya MG, Lapidus A, Ivanova N, Copeland AC, McHardy AC, Szeto E, Salamov A,
Grigoriev 1V, Suciu D, Levine SR, Markowitz VM, Rigoutsos I, Tringe SG, Bruce DC,
Richardson PM, Lidstrom ME, Chistoserdova L (2008) High-resolution metagenomics targets
specific functional types in complex microbial communities. Nat Biotechnol 26:1029-1034.
doi:10.1038/nbt.1488

Kawamura K, Yonekura R, Katano O, Taniguchi Y, Saitoh K (2006) Origin and dispersal of blue-
gill sunfish, Lepomis macrochirus, in Japan and Korea. Mol Ecol 15:613-621.
doi:10.1111/j.1365-294X.2006.02823.x

Kimmel CB, Ullmann B, Walker C, Wilson C, Currey M, Phillips PC, Bell MA, Postlethwait JH,
Cresko WA (2005) Evolution and development of facial bone morphology in threespine stick-
lebacks. Proc Natl Acad Sci U S A 102:5791-5796. doi: 10.1073/pnas.0408533102

Kinzig AP, Pacala SW, Tilman D (2001) The functional consequences of biodiversity: empirical
progress and theoretical extensions. Princeton University Press, Princeton

Knudsen R, Primicerio R, Amundsen P-A, Klemetsen A (2010) Temporal stability of indi-
vidual feeding specialization may promote speciation. J Anim Ecol 79:161-168.
doi:10.1111/j.1365-2656.2009.01625.x

Lass S, Spaak P (2003) Chemically induced anti-predator defences in plankton: a review.
Hydrobiologia 491:221-239. doi:10.1023/A:1024487804497

Lindeman RL (1942) The trophic-dynamic aspect of ecology. Ecology 23:399—417

Mclntyre PB, Flecker AS, Vanni MJ, Hood JM, Taylor BW, Thomas SA (2008) Fish distributions
and nutrient cycling in streams: can fish create biogeochemical hotspots? Ecology 89:2335—
2346. http://dx.doi.org/10.1890/07-1552.1

McKinnon JS, Rundle HD (2002) Speciation in nature: the threespine stickleback model systems.
Trends Ecol Evol 17:480-488. http://dx.doi.org/10.1016/S0169-5347(02)02579-X

Millennium Ecosystem Assessment (2005) Ecosystems and human well-being: synthesis. Island,
Washington, DC

Miner BG, Sultan SE, Morgan SG, Padilla DK, Relyea RA (2005) Ecological consequences of phe-
notypic plasticity. Trends Ecol Evol 20:685-692. http://dx.doi.org/10.1016/j.tree.2005.08.002

Nakamura M (1969) Cyprinid fishes in Japan. Midori Shobo, Tokyo (in Japanese)

Odling-Smee FJ, Laland KN, Feldman MW (2003) Niche construction: the neglected process in
evolution. Princeton University Press, Princeton

Okuda N, Takeyama T, Komiya T, Kato Y, Okuzaki Y, Karube J, Sakai Y, Hori M, Tayasu I, Nagata
T (2012) A food web and its long-term dynamics in Lake Biwa: a stable isotope approach. In:
Kawanabe H (ed) Lake Biwa: interactions between nature and people, Springer, Amsterdam,
pp 205-210

Olsson J, Eklov P (2005) Habitat structure, feeding mode and morphological reversibility: factors
influencing phenotypic plasticity in perch. Evol Ecol Res 7:1109-1123

Osenberg CW, Huckins CJF, Kaltenberg A, Martinez A (2004) Resolving within- and between-
population variation in feeding ecology with a biomechanical model. Oecologia 141:57-65.
doi:10.1007/s00442-004-1650-z


http://dx.doi.org/10.1007/s10641-012-0054-x
http://dx.doi.org/http://www.biomedcentral.com/1471-2164/14/32
http://dx.doi.org/10.1038/nbt.1488
http://dx.doi.org/10.1111/j.1365-294X.2006.02823.x
http://dx.doi.org/10.1073/pnas.0408533102
http://dx.doi.org/10.1111/j.1365-2656.2009.01625.x
http://dx.doi.org/10.1023/A:1024487804497
http://dx.doi.org/http://dx.doi.org/10.1890/07-1552.1
http://dx.doi.org/http://dx.doi.org/10.1016/S0169-5347(02)02579-X
http://dx.doi.org/http://dx.doi.org/10.1016/j.tree.2005.08.002
http://dx.doi.org/10.1007/s00442-004-1650-z

48 2 Predator Diversity Changes the World: From Gene to Ecosystem

Palkovacs EP, Post DM (2008) Eco-evolutionary interactions between predators and prey: can
predator-induced changes to prey communities feed back to shape predator foraging
traits? Evol Ecol Res 10:699-720. http://www.yale.edu/post_lab/pdfs/Palkovacs%20and %20
Post%202008%20%28EER %29.pdf

Palkovacs EP, Post DM (2009) Experimental evidence that phenotypic divergence in predators
drives community divergence in prey. Ecology 90:300-305. http://www.esajournals.org/doi/
pdf/10.1890/08-1673.1

Palkovacs EP, Dion KB, Post DM, Caccone A (2008) Independent evolutionary origins of land-
locked alewife populations and rapid parallel evolution of phenotypic traits. Mol Ecol 17:582—
597. doi:10.1111/j.1365-294X.2007.03593.x

Palkovacs EP, Marshall MC, Lamphere BA, Lynch BR, Weese DJ, Fraser DF, Reznick DN, Pringle
CM, Kinnison MT (2009) Experimental evaluation of evolution and coevolution as agents of
ecosystem change in Trinidadian streams. Philos Trans R Soc Lond B 364:1617-1628.
doi:10.1098/rstb.2009.0016

Peichel CL, Nereng KS, Ohgi KA, Cole BLE, Colosimo PF, Buerkle CA, Schluter D, Kingsley
DM (2001) The genetic architecture of divergence between threespine stickleback species.
Nature 414:901-905. doi:10.1038/414901a

Post DM (2002) The long and short of food-chain length. Trends Ecol Evol 17:269-277

Post DM, Palkovacs EP (2009) Eco-evolutionary feedbacks in community and ecosystem ecology:
interactions between the ecological theatre and the evolutionary play. Philos Trans R Soc Lond
B 364:1629-1640. doi:10.1098/rstb.2009.0012

Post DM, Pace ML, Hairston NG Jr (2000) Ecosystem size determines food-chain length in lakes.
Nature 405:1047-1049

Post DM, Palkovacs EP, Schielke EG, Dodson SI (2008) Intraspecific variation in a predator affects com-
munity structure and cascading trophic interactions. Ecology 89:2019-2032. doi:10.1890/07-1216.1

Proulx R, Magnan P (2004) Contribution of phenotypic plasticity and heredity to the trophic poly-
morphism of lacustrine brook charr (Salvelinus fontinalis M.). Evol Ecol Res 6:503-522.
http://www.bgc-jena.mpg.de/bgc-organisms/uploads/People/Proulx-Magnan-EER-2004.pdf

Robinson BW (2000) Trade offs in habitat-specific foraging efficiency and the nascent adaptive
divergence of sticklebacks in lakes. Behaviour 137:865-888. http://www.jstor.org/discover/10
.2307/45357457id=3739920&uid=2&uid=4&uid=3739256&s1d=55942013823

Rogers SM, Bernatchez L (2007) The genetic architecture of ecological speciation and the associa-
tion with signatures of selection in natural lake whitefish (Coregonus sp. Salmonidae) species
pairs. Mol Biol Evol 24:1423-1438. doi:10.1093/molbev/msm066

Sacotte S, Magnan P (2006) Inherited differences in foraging behaviour in the offspring of two forms of
lacustrine brook charr. Evol Ecol Res 8:843-857. http://www.uqtr.ca/GREA/pdf/publi/sacotte.pdf

Sakai Y (2013) Spatio-temporal dynamics of planktonic food webs in the coastal ecosystem of
Lake Biwa. Doctoral Thesis, Kyoto University, Kyoto

Schmitz OJ (2009) Effects of predator functional diversity on grassland ecosystem function.
Ecology 90:2339-2345. http://dx.doi.org/10.1890/08-1919.1

Secretariat of the Convention on Biological Diversity (2010) Global Biodiversity Outlook 3. An
open access publication (http://creativecommons.org/licenses/by-nc/3.0/), Montréal

Seehausen O (2006) African cichlid fish: a model system in adaptive radiation research. Proc R
Soc Lond B 273:1987-1998. doi:10.1098/rspb.2006.3539

Seehausen O, Terai Y, Magalhaes IS, Carleton KL, Mrosso HDJ, Miyagi R, van der Sluijs I,
Schneider MV, Maan ME, Tachida H, Imai H, Okada N (2008) Speciation through sensory
drive in cichlid fish. Nature 455:620-626. doi:10.1038/nature07285

Shapiro MD, Marks ME, Peichel CL, Blackman BK, Nereng KS, J6nsson B, Schluter D, Kingsley
DM (2004) Genetic and developmental basis of evolutionary pelvic reduction in threespine
sticklebacks. Nature 428:717-723. doi:10.1038/nature024 15

Sibthorpe D, Sturlaugsdéttir R, Kristjansson BK, Thorarensen H, Skilason S, Johnston IA (2006)
Characterisation and expression of the paired box protein 7 (Pax7) gene in polymorphic Arctic
charr (Salvelinus alpinus). Comp Biochem Physiol B 145:371-383

Smith TB, Skulason S (1996) Evolutionary significance of resource polymorphisms in fishes,
amphibians, and birds. Ann Rev Ecol Syst 27:111-133. http://www.jstor.org/discover/10.2307
/2097231?0id=3739920&uid=2&uid=4&uid=3739256&sid=55943041433


http://www.yale.edu/post_lab/pdfs/Palkovacs%20and%20Post%202008%20%28EER%29.pdf
http://www.yale.edu/post_lab/pdfs/Palkovacs%20and%20Post%202008%20%28EER%29.pdf
http://dx.doi.org/http://www.esajournals.org/doi/pdf/10.1890/08-1673.1
http://dx.doi.org/http://www.esajournals.org/doi/pdf/10.1890/08-1673.1
http://dx.doi.org/10.1111/j.1365-294X.2007.03593.x
http://dx.doi.org/10.1098/rstb.2009.0016
http://dx.doi.org/10.1038/414901a
http://dx.doi.org/10.1098/rstb.2009.0012
http://dx.doi.org/10.1890/07-1216.1
http://www.bgc-jena.mpg.de/bgc-organisms/uploads/People/Proulx-Magnan-EER-2004.pdf
http://dx.doi.org/http://www.jstor.org/discover/10.2307/4535745?uid=3739920&uid=2&uid=4&uid=3739256&sid=55942013823
http://dx.doi.org/http://www.jstor.org/discover/10.2307/4535745?uid=3739920&uid=2&uid=4&uid=3739256&sid=55942013823
http://dx.doi.org/10.1093/molbev/msm066
http://www.uqtr.ca/GREA/pdf/publi/sacotte.pdf
http://dx.doi.org/http://dx.doi.org/10.1890/08-1919.1
http://creativecommons.org/licenses/by-nc/3.0/
http://dx.doi.org/10.1098/rspb.2006.3539
http://dx.doi.org/10.1038/nature07285
http://dx.doi.org/10.1038/nature02415
http://dx.doi.org/http://www.jstor.org/discover/10.2307/2097231?uid=3739920&uid=2&uid=4&uid=3739256&sid=55943041433
http://dx.doi.org/http://www.jstor.org/discover/10.2307/2097231?uid=3739920&uid=2&uid=4&uid=3739256&sid=55943041433

References 49

Straub CS, Snyder WE (2006) Species identity dominates the relationship between predator biodi-
versity and herbivore suppression. Ecology 87:277-282. http://dx.doi.org/10.1890/05-0599
Taylor EB (1999) Species pairs of north temperate freshwater fishes: Evolution, taxonomy, and
conservation. Rev Fish Biol Fish 9:299-324. doi:10.1023/A:1008955229420

Terashima A (1980) Bluegill: a vacant ecological niche in Lake Biwa. In: Kawai T, Kawanabe H,
Mizuno N (eds) Japanese freshwater organisms: ecology of invasion and disturbance. Tokai
University Press, Tokyo, pp 63-70

Timoshkin OA, Grygier MJ, Wada E, Nakai K, Nishino M, Genkal SI, Biserov VI, Gagarin VG,
Semernoy VP, Jankowski AW, Stepanjants SD, Tsalolikhin SY, Starobogatov YI, Alexeev VR,
Tuzovskij PV, Okuneva GL, Sheveleva NG, Pomazkova GI, Arov IV, Mazepova GF, Janz H,
Obolkina LA, Chernyshev AV, Morino H, Matsuda M, Ohtsuka T, Kawakatsu M, Maehata M,
Masuda Y, Faubel A, Yahiro K, Hirasawa R, Tuji A, Kusuoka Y, Kameda K, Ishida T, Itoh T,
Ichise S, Wakabayashi T, Okubo I, Seki S, Nagasawa K, Ogawa K, Masunaga K,Gamo J (2011)
Biodiversity of Lake Biwa: new discoveries and future potential. In: Timoshkin OA (ed) Index
of animal species inhabiting Lake Baikal and its Catchment Area. Volume II: Basins and
Channels in the South of East Siberia and North Mongolia, vol 2. Russian Academy of
Sciences, Siberian Division, Limnological Institute, Novosibirsk, pp 1439-1513

Torres LE, Vanni MJ (2007) Stoichiometry of nutrient excretion by fish: interspecific variation in
a hypereutrophic lake. Oikos 116:259-270. doi:10.1111/j.0030-1299.2007.15268.x

Uchii K (2007) Adaptive significance of a herbivorous morph in blugill sunfish introduced into
Lake Biwa. Doctoral Thesis, Kyoto University, Kyoto

Uchii K, Okuda N, Yonekura R, Karube Z, Matsui K, Kawabata Z (2007) Trophic polymorphism
in bluegill sunfish (Lepomis macrochirus) introduced into Lake Biwa: evidence from stable
isotope analysis. Limnology 8:59-63. doi:10.1007/s10201-006-0196-7

Vanni MJ (2002) Nutrient cycling by animals in freshwater ecosystems. Ann Rev Ecol Syst
33:341-370. doi:10.1146/annurev.ecolsys.33.010802.150519

Waide RB, Willig MR, Steiner CF, Mittelbach G, Gough L, Dodson SI, Juday GP, Parmenter R
(1999) The relationship between productivity and species richness. Ann Rev Ecol Syst 30:257—
300. http://www.jstor.org/stable/221686

Wainwright PC, Osenberg CW, Mittelbach GG (1991) Trophic polymorphism in the pumpkinseed
sunfish (Lepomis gibbosus Linnaeus): effects of environment on ontogeny. Funct Ecol 5:40—
55. http://www.jstor.org/discover/10.2307/23895542uid=3739920&uid=2&uid=4&uid=37392
56&s1d=55943041433

Walsh MR, Post DM (2011) Interpopulation variation in a fish predator drives evolutionary diver-
gence in prey in lakes. Proc R Soc Lond B 278:2628-2637. doi:10.1098/rspb.2010.2634

Walsh MR, Post DM (2012) The impact of intraspecific variation in a fish predator on the evolution
of phenotypic plasticity and investment in sex in Daphnia ambigua. J Evol Biol 25:80-89.
doi:10.1111/j.1420-9101.2011.02403.x

Wesner JS (2012) Predator diversity effects cascade across an ecosystem boundary. Oikos 121:53—
60. doi:10.1111/§.1600-0706.2011.19413.x

Whitham TG, Bailey JK, Schweitzer JA, Shuster SM, Bangert RK, LeRoy CJ, Lonsdorf EV, Allan
GJ, DiFazio SP, Potts BM, Fischer DG, Gehring CA, Lindroth RL, Marks JC, Hart SC, Wimp
GM, Wooley SC (2006) A framework for community and ecosystem genetics: from genes to
ecosystems. Nat Rev Genet 7:510-523. doi:10.1038/nrg1877

Wilson DS (1998) Adaptive individual differences within single populations. Philos Trans R Soc
Lond B 353:199-205. doi:10.1098/rstb.1998.0202

Yonekura R, Nakai K, Yuma M (2002) Trophic polymorphism in introduced bluegill in Japan. Ecol
Res 17:49-57. doi:10.1046/j.1440-1703.2002.00462.x

Yonekura R, Kawamura K, Uchii K (2007a) A peculiar relationship between genetic diversity and
adaptability in invasive exotic species: bluegill sunfish as a model species. Ecol Res 22:911—
919. doi:10.1007/s11284-007-0357-0

Yonekura R, Kohmatsu Y, Yuma M (2007b) Difference in the predation impact enhanced by mor-
phological divergence between introduced fish populations. Biol J Linn Soc 91:601-610.
doi:10.1111/5.1095-8312.2007.00821.x


http://dx.doi.org/http://dx.doi.org/10.1890/05-0599
http://dx.doi.org/10.1023/A:1008955229420
http://dx.doi.org/10.1111/j.0030-1299.2007.15268.x
http://dx.doi.org/10.1007/s10201-006-0196-7
http://dx.doi.org/10.1146/annurev.ecolsys.33.010802.150519
http://www.jstor.org/stable/221686
http://dx.doi.org/http://www.jstor.org/discover/10.2307/2389554?uid=3739920&uid=2&uid=4&uid=3739256&sid=55943041433
http://dx.doi.org/http://www.jstor.org/discover/10.2307/2389554?uid=3739920&uid=2&uid=4&uid=3739256&sid=55943041433
http://dx.doi.org/10.1098/rspb.2010.2634
http://dx.doi.org/10.1111/j.1420-9101.2011.02403.x
http://dx.doi.org/10.1111/j.1600-0706.2011.19413.x
http://dx.doi.org/10.1038/nrg1877
http://dx.doi.org/10.1098/rstb.1998.0202
http://dx.doi.org/10.1046/j.1440-1703.2002.00462.x
http://dx.doi.org/10.1007/s11284-007-0357-0
http://dx.doi.org/10.1111/j.1095-8312.2007.00821.x

	Chapter 2: Predator Diversity Changes the World: From Gene to Ecosystem
	2.1 Why is Biodiversity Important?
	2.2 Biodiversity at Three Levels
	2.3 What is Phenotypic Polymorphism?
	2.4 Phenotypic Polymorphism in Aquatic Ecosystems
	2.4.1 Trophic Polymorphism and Adaptive Divergence
	2.4.2 Ecological Speciation and Species Pair
	2.4.3 The Ancient Lake Biwa as an Evolutionary Hot Spot
	2.4.4 Life History Polymorphism
	2.4.5 Rapid Evolution of Trophic Polymorphism
	2.4.6 Genetic Mechanisms of Trophic Polymorphism

	2.5 Niche Construction
	2.6 Predator Diversity and Ecosystem Functioning
	2.6.1 Mesocosm Experiments
	2.6.2 Food Web Properties as a Universal Measure

	2.7 Eco-Evolutionary Feedbacks
	2.7.1 Feedback Loops
	2.7.2 Community Genomic Dynamics

	2.8 Why is Predator Diversity Important?
	References


