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Abstract
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Brain size varies greatly among vertebrates. It has been proposed that the diversity of brain
size is produced and maintained through a balance of adaptations to different types and levels
of cognitive ability and constraints for adaptive evolution. Phylogenetic comparative studies
have made major contributions to our understanding of brain size evolution. However, previous
studies have nearly exclusively focused on mammalian and avian taxa and almost no attempts
have been made to investigate brain size evolution in ectothermic vertebrates.

In my thesis, I studied brain size evolution in two groups of fish with extreme diversity
in ecology, morphology and life history, Cichlidae and Syngnathidae. Using phylogenetic
comparative methods, I investigated four key questions in vertebrate brain size evolution;
cognitive adaptation, sexual selection, phenotypic integration and energetic constraints.

I have demonstrated i) that phenotypic integration can link functionally unrelated traits, and
this may constrain independent evolution of each part involved or promote concerted evolution
of an integrated whole, ii) that brain-body static allometry constrains the direction of brain
size evolution, even though the static-allometry showed ability to evolve, allowing evolution of
relative brain size under allometric constraints, iii) that the energetic constraints of development
and maintenance of brain tissue is an important factor in forming the diversity in brain size in
cichlids and syngnathids, both at macroevolutionary and microevolutionary time scales, and iv)
that adaptation for feeding and female mating competition may have played key roles in the
adaptive evolution of brain size in pipefishes and seahorses. To conclude, my thesis shows the
strong benefit of using fish as a model system to study brain size evolution with a phylogenetic
comparative framework.
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Introduction

Vertebrate brain size evolution

The vertebrate brain is highly variable in size (Jerison 1973). Since Darwin
(1871), evolutionary biologists have investigated the processes and mecha-
nisms that produce and maintain the diversity of vertebrate brain size. The
core concept that explains contemporary organic diversity is adaptation
(Williams 1996; Futuyma 2013). Because variation in brain size underlies
differences in cognitive performance (Kotrschal et al. 2013), brain size var-
iation is considered to evolve in response to variation in the ecological and
social environments under which different types and levels of cognitive ca-
pacity are favored (Striedter 2005). However, the trajectory and possibility
of trait adaptation is constrained by various factors. The process of neural
development (Lande 1979; Finlay and Darlington 1995; Striedter and
Northcutt 2006) and the extensive energy budget required to develop and
maintain neural tissue (Aiello and Wheeler 1995; Aiello et al. 2001) have
been proposed to have profound influence on brain size diversification. The
operation of these two general principles, i.e. adaptations and constraints, is
further influenced by phylogenetic history, environment, behavior and the
ontogeny of the animals in question. Therefore, the explanations of why and
how vertebrate brains evolved to different sizes include a diverse set of in-
teracting principles and factors (Striedter 2005).

Historically, the study of brain size in evolutionary biology stemmed from
the observation that humans have considerably larger brains for a given body
size compared to many, though not all, vertebrates (reviewed in Striedter
2005). It is therefore not surprising that subsequent attention in this research
field focused on large brained animals, namely anthropoid primates and
birds. However, these groups represent less than 20% of the overall verte-
brates diversity. With approximately 26,000 species, teleost fish is by far the
most species rich lineage of vertebrates (Helfman et al. 1997). The remarka-
ble level of geographical, ecological and morphological diversification in
fishes is matched by accompanying variation in their cognitive ability
(Brown et al. 2008). The diversity of fishes therefore offers an exceptional
opportunity to test various hypotheses on brain size evolution that were hith-
erto almost exclusively tested in mammalian and avian taxa.



Cognitive adaptation

There is ample evidence supporting that among-species variation in both
absolute brain size and relative brain size (i.e. brain size after the effect of
body size is removed) is shaped through adaptation to various cognitive
challenges that animals face in their natural environment (Harvey and Krebs
1990; Striedter 2005). Ecological factors; diet (Cluttonbrock and Harvey
1980; Hutcheon et al. 2002), habitat complexity (Shultz and Dunbar 2006),
predation (Kotrschal et al. 2015), social aspects; social group size (Barton et
al. 1996; Dunbar and Shultz 2007), mating system (Barton 2006; Shultz and
Dunbar 2006) and more directly cognition-related measures; tactical decep-
tion rate (Byrne and Corp 2004), social play (Iwaniuk et al. 2001; Pellis and
Iwaniuk 2002; Graham 2011), innovation propensity (Lefebvre et al. 1997;
Nicolakakis and Lefebvre 2000; Sol and Lefebvre 2000; Timmermans et al.
2000; Lefebvre et al. 2002), food hoarding (Garamszegi and Eens 2004;
Garamszegi and Lucas 2005), success in a novel environment (Sol et al.
2005; Maklakov et al. 2011) are all have been proposed to affect and drive
adaptive brain size evolution.

Phenotypic integration

Biological systems require their different parts to be integrated in order to
function as a coherent whole (Gould and Lewontin 1979). The independent
parts of the animal body may therefore represent evolutionary compromises
due to the association in developmental, genetic, constructional and func-
tional aspects of different traits (Olson and Miller 1958; Pigliucci and
Preston 2004). In studies of brain size evolution, it has been a long standing
observation that the size of the brain is explained to a large extent by varia-
tion in overall body size in form of a simple power law, ¥ = aX”, where X is
body size, Y is brain size (figure 1). Such a pattern of covariation is referred
to as allometry (Huxley 1924; Huxley 1932). Various mechanisms have been
suggested to produce patterns of brain size allometry, such as body surface
area to brain volume scaling (Jerison 1973), metabolic constraints (Martin
1981) and a genetic correlation between body size and brain size (Lande
1979). In all of these mechanistic explanations, the underlying idea is that
the tight covariation between brain and body size indicates that independent
evolution of brain size is constrained by a constant growth regulation
(Huxley 1932; Simpson 1944; Jerison 1973; Gould and Lewontin 1979;
Lande 1979).



Log brain mass

Log body mass

Figure 1. Relationship between brain mass and body mass for 489 marine teleost
fish species in a double logarithmic scale. Slope (b) = 0.58, Intercept (a) = 1.21, R* =
0.81. Data taken from Iglesias et al. 2015.

Furthermore, the development of the brain is tightly integrated with devel-
opment of the neurocranium (Richtsmeier et al. 2006; Richtsmeier and
Flaherty 2013). As a consequence, diversification of brain size has coincided
with evolution in cranial morphology. In mammals and birds, evolutionary
increase in brain size (i.e. encephalization) has occurred through an accom-
panying increase in skull size (Iwaniuk and Nelson 2002; Luo 2007; Koyabu
et al. 2014) and reduction in size of the feeding apparatus (Stedman et al.
2004). In fish, the telencephalon, one of the structural parts of the brain,
develops through a process of eversion (Striedter and Northcutt 2006) due to
the small head size of teleost fish embryos that places stronger spatial con-
straints on the developing brain (Kotrschal et al. 1990). These findings all
point to the possibility that phenotypic integration, both in terms of body size
allometry and integration with the skull, could play a major role in constrain-
ing the rate and direction of adaptive brain size evolution. However, if, how
and fo what extent phenotypic integration influences the patterns and pro-
cesses of brain size diversification in macroevolutionary time scales remain
open questions.

Energetic limitation

The brain is one of the most energetically expensive organs in the vertebrate
body. In humans for example, brain mass comprises only 2 % of the total
body mass but consumes 20 % of the oxygen consumption during resting
conditions (Mink et al. 1981). Aiello and Wheeler (1995) showed that the
exceptionally large brain in humans and anthropoid primates coincides with
a significant reduction in gut size. The expensive tissue hypothesis (ETH)



proposes that energy requirement for increased brain size creates a series of
trade-offs between brain size and other energetically expensive organs
(Aiello and Wheeler 1995). Moreover, recent findings in relation to the ETH
suggest that any energetically costly aspects of life, such as reproduction,
could coevolve with brain size (the expensive brain hypothesis, EBH) (Isler
and van Schaik 2009). ETH and EBH were first proposed as explanations for
the extraordinarily large brain size of several anthropoid primates, and sub-
sequent focus on this subject has largely been focusing on mammals and
birds. However, recent evidence supports that the energetic limitations on
brain size may have significant implications also in ectothermic vertebrates
(Kaufman et al. 2003; Kotrschal et al. 2013).

Aims

The goal of my thesis is two-fold. First, I aim to test the generality of the
existing ideas that explain mammalian and avian brain size diversity by
studying brain size evolution in the most species-rich vertebrate taxon, fish-
es. Second, I specifically focus on two types of potential constraints on brain
size evolution; phenotypic integration and energetic constraints. According-
ly, I study the following topics:

* The role of phenotypic integration in brain size evolution (Paper I
and IT).

¢ The effect of energetic limitation on brain size evolution at a
macroevolutionary (Paper III) and microevolutionary (Paper 1V)
time scale.

¢ The adaptive perspective of brain size evolution in relation to
ecology, life history, and sexual selection (Paper V).

10



Materials and methods

Study groups

Two groups of fishes were chosen as subject groups in this thesis; Lake Tan-
ganyika cichlids (order Perciformes, family Cichlidae) and pipefishes and
seahorses (order Syngnathiformes, family Syngnathidae).

Lake Tanganyika cichlids (family Cichlidae)

The cichlid fishes from Lake Tanganyika in East Africa represents one of the
most fascinating and well-studied examples of adaptive radiation (Schluter
2000). Among three separate events of radiations in East African Great
Lakes (Lake Malawi, Lake Tanganyika and Lake Victoria), the species flock
in Lake Tanganyika, that is composed of approximately 250 species
(Salzburger et al. 2005), is the oldest and represents the largest ecological,
morphological and genetic diversity (Salzburger et al. 2002). I conducted a
field expedition to Lake Tanganyika in 2011 to collect specimens used in my
thesis (figure 2). Previous studies on brain evolution in the Lake Tanganyika
cichlids have found that algal-eating littoral species have relatively large
brains (Huber et al. 1997; Pollen et al. 2007; Gonzalez-Voyer et al. 2009;
Gonzalez-Voyer and Kolm 2010), indicating that complex social interactions
in the littoral community of the lake (Hori et al. 1993) may have selected for
larger brains (Gonzalez-Voyer et al. 2009). Exceptional diversity in morpho-
logical, ecological, social, and life history as well as a solid molecular phy-
logeny in this group (figure 3) offers an appealing opportunity to test various
hypotheses on brain size evolution in a phylogenetic comparative frame-
work.

11



Figure 2. Cichlid community of Lake Tanganyika. Group of Tropheus moorii (top)

and a male Cyathopharynx furcifer with his sand bower (bottom). Photo taken by
Alexander Hayward.

12
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Pipefishes and seahorses (family Syngnathidae)

The family Syngnathidae consists of about 200 species of pipefishes
(Dawson 1985) and 32 species of seahorses (Lourie et al. 1999). This group
was chosen to complement two important aspects of variation that do not
exist in Lake Tanganyika cichlid; single sex care provisioning by males and
stronger sexual selection in females. Syngnathid fishes underwent an unri-
valed morphological adaptation of the males’ brooding structure (Wilson et
al. 2003) with which males provide all post-zygotic care of offspring
(Berglund et al. 1986b; Wilson et al. 2001; Stolting and Wilson 2007). Dur-
ing copulation, the female transfers unfertilized eggs to the male’s ventral
surface (figure 4) where fertilization takes place, and males maintain a pla-
centa-like connection that exchange nutrients between embryos and the
pregnant males (Sagebakken et al. 2010; Kvarnemo et al. 2011; Goncalves et
al. 2015). The family Syngnathidae represent a unique array of variation in
the degree and direction of sexual selection, from monogamous seahorses
and pipefishes that represent male-male competition as commonly observed
across vertebrates (Vincent 1990) to polygynandrous and polyandrous pipe-
fishes where females compete for mating opportunities (Berglund et al.
1986a; Rosengvist 1990). This extraordinary variation in sexual selection as
well as the wide ecological and geographical distribution of the family
(Dawson 1985; Foster and Vincent 2004; Lim et al. 2011) provides opportu-
nities to extend the investigation of adaptations and constraints of fish brain
size evolution beyond groups with conventional sex roles. I collected sam-
ples of pipefishes and seahorses through my own expedition to the Malay
Peninsula in 2013, in collaboration with international researchers of
Syngnathidae, and through access to museum specimen at National Museum
of Nature and Science in Tokyo, Japan. Figure 5 shows a phylogeny of
Syngnathidae species studies in my thesis, reconstructed with Bayesian
methods based on molecular information and maximum-likelihood estima-
tion based on morphological information.

14



Figure 4 A male pipefishes brooding embryo in their ventral surface. Males of
Nerophis ophidion (top) and Syngnathus typhle (bottom) are shown. Photos taken
by Anders Berglund (top) and Ola Jennersten (bottom).

15
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Figure 5. Molecular-morphological phylogeny of 23 species of Syngnathidae based
on fragments of three mitochondrial genes, head morphology and brood pouch loca-
tion. All nodes except for the ones indicated with values have a posterior probability
of 1.00. Three grey tips indicate species that were added based on morphological
information. Species represented in the photos on the right are (from top to bottom)
Corythoichthys haematopterus (photo taken by Adam Lim), Syngnathus typhle (An-
ders Berglund), Hippocampus spinosissimus (Lau Chai Ming), Hippocampus kuda
(Lutfi Afiq B. Rosli), Doryrhamphus dactyliophorus (Kristen Soong), Nerophis
ophidion (Anders Berglund).
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Phylogenetic comparative analysis

Because species are related according to their history of diversification, spe-
cies data cannot be treated as independent data points in statistical analysis
(Felsenstein 1985). The phylogenetic comparative methods are a series of
statistical techniques developed to overcome this lack of independence and
are considered a major methodological breakthrough in modern mac-
roevolutionary studies (Harvey and Pagel 1991; Garamszegi 2014). The
original application of the phylogenetic comparative method exclusively
focused on the removal of phylogenetic signal from species data based on
the Brownian motion model of evolution (Felsenstein 1985). However, due
to misunderstanding in statistical and biological assumptions behind the
application of phylogenetic comparative methods, many studies have mis-
used the comparative methods especially in the context of testing adaptive
hypotheses (Hansen 1997, reviewed in Hansen 2014). The core premises of
comparative methods in biological context has now began to be recognized
again (Hansen 2014) and various approaches that fit alternative evolutionary
models are becoming available (Butler and King 2004; Beaulieu et al. 2012;
Ingram and Mabhler 2013; Pennell et al. 2014; Uyeda and Harmon 2014,
reviewed in Garamszegi 2014). In my thesis, I have extensively exploited
these conceptual and technical developments in phylogenetic comparative
methods. 1 used a multivariate extension of the conventional correlation
analysis with phylogenetic variance co-variance matrix (phylogenetic gener-
alized least square, PGLS; Grafen 1989) (paper I). In paper 11, I took a step
forward by testing the rate of evolutionary change rather than the trait value
(O'Meara et al. 2006). In paper III and V, I used the phylogenetic mixed
model (Hadfield and Nakagawa 2010) that takes phylogenetic non-
independence (Felsenstein 1985) and within species variation (Garamszegi
and Moller 2010) simultaneously into consideration. Finally, I analyzed
within species variation in brain size within the context of diversification at a
macroevolutionary time scale (paper II and IV). Details of each method are
presented in the respective chapters.

17



Results and discussion

Phenotypic integration of brain size (Paper I)

With their remarkable variation in head morphology (Barel 1983), the Lake
Tanganyika cichlid species provide an excellent opportunity to test if pheno-
typic integration plays a role in brain size evolution. Previous studies on
vertebrates have shown that the brain is developmentally integrated with the
skull (Richtsmeier and Flaherty 2013), and the skull is developmentally inte-
grated with the jaw (Cooper et al. 2011). Given the tight correspondence
between jaw morphology and trophic niche in Lake Tanganyika cichlids
(Barel 1983; Clabaut et al. 2007), cognitive adaptation and eco-
morphological adaptation may interact indirectly through developmental
integration among brain, skull, and jaw. In this paper, I investigated the co-
variation patterns between relative brain size (i.e. the brain size after the
effect of body size allometry is controlled for), head morphology, and feed-
ing mode to assess if brain-skull-jaw integration exists. To quantify head
morphology, we employed geometric morphometrics (figure 6). This tech-
nique uses a set of landmarks based on morphological homology across spe-
cies, and quantifies their variation without decomposing the shape into a
subset of length and angle measurements.

Figure 6. Positions of landmarks used to quantify head shape of Lake Tanganyika
cichlids. Homologous landmarks (O) and semi-landmarks (+) along the edge of
forehead are given. Detailed descriptions for this figure are found in Paper .

18



I found that the pre-orbital region of the head, that mainly reflects jaw struc-
ture, and the post-orbital region of the head, that mainly represents skull
shape, did not form morphologically modular subunits. Subsequently, using
PGLS with a multivariate response matrix, I found that both the mode of
feeding and relative brain size were significantly associated with head shape
(figure 7). These results together suggest that different areas of head regions
are morphologically integrated and that two distinctive selective agents; eco-
morphological adaptation and cognitive adaptation, may operate simultane-
ously on head morphology. From this study, I concluded that distinct selec-
tion pressures could be linked through phenotypic integration. This may
incur a conflict between feeding adaptation and brain size evolution.
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Figure 7. Relationship between relative brain size and head shape in Lake Tanganyi-
ka cichlids. Relative brain size is the residual of a phylogenetic generalized least
squares regression of log brain weight as a function of log body weight. Y-axis rep-
resents the first principal axis of the variation in head shape, and the direction of
shape change along this dimension is represented with the black lines connecting
closed circles. Average shape is also presented as grey lines connecting open circles.
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Evolution of brain-body allometry (Paper II)

In this paper, I extended the investigation of the phenotypic integration in
relation to brain size. In paper II, I studied the most ubiquitously observed
phenotypic integration for brain size: the brain-body static (i.e. within spe-
cies) allometry (Huxley 1924; Jerison 1973). I employed an analysis of the
rate of trait diversification (O'Meara et al. 2006). This analysis first recon-
structs the history of character changes using a stochastic simulation
(Huelsenbeck et al. 2003), and then compares models that fit a single rate of
trait evolution across the entire tree to a multiple-rate model that allows line-
ages classified differently by stochastic character mapping to have different
rates of evolution (O'Meara et al. 2006).

First, I evaluated the patterns of evolution for absolute brain size, relative
brain size and static allometry. I found markedly different patterns between
these traits. While brain size, both absolute and relative, was characterized
by gradual and constant accumulation in trait variance over the history of
divergence, static allometry showed a recent rapid diversification. I then
tested if static allometry constrains brain size evolution by comparing the
performance of various models of evolution that differ in the number of es-
timated evolutionary parameters. I found no significant evidence that static
allometry influence the rate of brain size evolution. Instead, I found that the
rate of evolution in static allometry was faster in lineages with small brains
and large brains compared to lineages with medium brain size (figure 8).
Overall, these findings indicate that brain size evolution may occur mainly
along the direction determined by static allometry, supporting the allometric-
constraints hypothesis (Voje and Hansen 2012), but that brain size may still
evolve relatively independent of body size because of the existing evolvabil-
ity in static allometry at macroevolutionary time scales.

)
S

0.1

Rate of evolution in
static allometry

0.05

=)

Small brain ~ Medium brain ~ Large brain

Figure 8. Comparison of evolutionary rate of static allometry between lineages with
small, medium and large relative brain size. The presented mean evolutionary rates
and standard errors are calculated over 500 phylogenies onto which the transitions in
relative brain size were mapped using stochastic simulations.
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Revisiting the expensive tissue hypothesis (Paper I11I)

The brain is one of the most metabolically expensive organs in the vertebrate
body (Mink et al. 1981). As a consequence, evolutionary increase in brain
size (i.e. encephalization) has been proposed to generate trade-offs with oth-
er costly traits to fuel the energetic demands of encephalization (Aiello and
Wheeler 1995; Isler and van Schaik 2009). Despite the fact that a number of
studies have implied that such energetic limitation is universal across all
vertebrates (Kaufman et al. 2003; Kotrschal et al. 2013), surprisingly little
attention has been given to the study of exothermic vertebrates in this con-
text. In paper III, I investigated the expensive tissue hypothesis and related
hypotheses for the first time outside of homoeothermic vertebrates in a mac-
roevolutionary framework. I employed a Bayesian alternative of the conven-
tional PGLS regression (Grafen 1989), the phylogenetic mixed model
(Hadfield and Nakagawa 2010). This technique allows analyzing each spec-
imen data point rather than decomposing them into species means, which
enables us to account for within species variation.

After controlling for the effect of phylogeny, trophic guild and body size,
I found that brain size and gut size were negatively correlated (figure 9).
This finding provides the first macroevolutionary support for any ectother-
mic taxon for the expensive tissue hypothesis in its original form, the brain-
gut trade-off (Aiello and Wheeler 1995). Furthermore, egg size and duration
of parental care were both positively associated with brain size (figure 9).
These results provide support for several variants of energetic constraints
hypotheses for brain size evolution. Together with previous findings in other
taxa, these results support that energetic limitations are important selection
pressures for brain size evolution universally across vertebrates.
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Figure 9. Relationships between relative brain size and relative gut size (a), egg size
(b) and care duration (c) of Lake Tanganyika cichlids. Each data point represents
single individuals and an ordinary least square regression is provided.
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The expensive tissue hypothesis within species (Paper
IV)

An emerging research field in the evolutionary ecology of brain morphology
is the investigation of variation in brain size at within species (microevolu-
tionary) levels (Gonda et al. 2013). In this paper, I investigated the expensive
tissue hypothesis using within species variation of one species of pipefish,
Syngnathus schlegeli. Like in all other Syngnathus species, male S. schlegeli
provide all post zygotic care of offspring in a brood pouch (Watanabe and
Watanabe 2001). The reproductive ecology of this species offers interesting
contrasts in reproductive states that can be used to test the ETH at the within
species level (i.e. brooding males, non-brooding males and females). The
relative size of the brain and other energetically expensive organs (kidney,
liver, heart, gut, visceral fat, ovary/testis) was compared among these groups.

Brood size in pregnant males was unrelated to brain size or the size of any
other organ, whereas positive relationships were found for ovary size with
kidney and liver size in females. Moreover, we found that the size of a suite
of energetically expensive organs (brain, heart, gut, kidney, liver) as well as
the amount of visceral fat did not differ between pregnant and non-pregnant
males. However, we found marked differences in the relative size of the
expensive organs between sexes. Females had larger liver and kidney than
males, whereas males stored more visceral fat than females (figure 10). Fur-
thermore, in females we found a negative correlation between brain size and
the amount of visceral fat (figure 11), whereas in males a positive trend be-
tween brain size and both liver and heart size was found. These results sug-
gest that, while the majority of variation in the size of various expensive
organs in this species likely reflects that individuals in good condition can
afford to allocate resources to several organs (van Noordwijk and de Jong
1986), the cost of the expensive brain was visible in the visceral fat content
of females, possibly due to the high costs associated with female egg produc-
tion. This study indicates that patterns seen at microevolutionary scales may
be linked to patterns at macroevolutionary time scales.
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Figure 10. Comparison of relative organ size between non-brooding males, brooding
males and females of S. schlegeli. Relative size of brain, gut, heart, testis, kidney,
liver and visceral fat are residuals of an ordinary least squares regression of logj
organ/fat size against log;o body length.
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Figure 11. Relationship between relative brain size and relative amount of visceral
fat in female S. schlegeli. A significant negative relationship was found (r + s.e. = -
0.48 £0.18, p = 0.008).
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Brain size evolution in Syngnathidae (Paper V)

One of the limitations in previous studies of vertebrate brain size evolution
was their almost exclusive focus on species in which males compete for the
opportunities for mating and females choose mates (i.e. conventional sex
roles). In paper V, using the Syngnathid fishes that have undergone a dra-
matic diversification in sex roles (Vincent et al. 1992), I investigated the role
of ecology, life history and sexual selection in relation to relative brain size
in this group where females are generally under stronger sexual selection
than males. For these analyses, I collected a data set of brain size for 339
individuals across 23 species of pipefishes and seahorses and the data was
analyzed with the phylogenetic mixed model (Hadfield and Nakagawa
2010).

Table 1 summarizes the result of a phylogenetic mixed model. I found
that relative snout length (i.e. snout length compared to head length
(SnL/HL)) and egg size were both positively associated with relative brain
size. Additionally, I found a female favored sexual brain size dimorphism.
Female syngnathids had on average 4.3 % heavier brains than males of the
same species and the same body size. Interestingly, female favored sexual
brain size dimorphism was more pronounced in polygynandrous species than
in monogamous species (fig 12). These results show that feeding adaptation
for motile prey items, energetic constraints associated with offspring produc-
tion and female mating competition are associated with variation in brain
size in pipefishes and seahorses.

Table 1. Summary of phylogenetic mixed model that tested correlations between
ecology, life history and sexual selection and relative brain size while taking the
phylogeny into account. Body length is included as a covariate in all models.

Response Main predictor Posterior mean [9sy, c.1 p

Brain size  SnL/HL ratio 0.92110367, 1.519] 0.002
Mating pattern -0.0971-0.300, 0.120] 0.341
Egg size 0.136(0.014, 0.267] 0.036
Brood size 0.056(.0.094, 0.202] 0.436
Brood duration 0.01110.007, 0.028 0.213
Sex -0.019(.0.032, -0.004] 0.013
Mating pattern: Sex -0.021.0.04, -0.001] 0.053
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Figure 12. Visualization of the interaction between mating pattern and sex on brain
size. Y-axis indicate relative brain size (i.e. residuals of ordinary least squares re-
gression of logo brain weight as a function of log;o body weight) and X-axis indi-
cate the strength of sexual selection in females which is estimated from the mating
pattern as follows; monogamy: weak sexual selection (black circle), polygynandry:
moderate sexual selection (grey circle), polyandry: strong sexual selection (open
circle). Females are connected with solid lines and males are connected with dashed
lines.

26



Summary and future remarks

Bran size evolution in cichlids, pipefishes and seahorses

In the present thesis I have investigated a range of hypotheses in relation to
brain size evolution using two diverse families of fish, Cichlidae and
Syngnathidae. I have demonstrated i) that phenotypic integration can link
functionally unrelated traits, and this may constrain independent evolution of
each part involved or promote concerted evolution of an integrated whole, ii)
that brain-body static allometry constrains the direction of brain size evolu-
tion, even though the static-allometry showed ability to evolve, allowing
evolution of relative brain size under allometric constraints, iii) that the en-
ergetic constraints of development and maintenance of brain tissue is an
important factor in forming the diversity in brain size in cichlids and
syngnathids, both at macroevolutionary and microevolutionary time scales,
and iv) that adaptation for feeding and female mating competition may have
played key roles in the adaptive evolution of brain size in pipefishes and
seahorses. Below, I will summarize the four most important aspects involved
in brain evolution in cichlids, pipefishes and seahorses; feeding ecology,
sexual selection, phenotypic integration and energetic constraints.

Feeding ecology

Feeding ecology is evolutionarily associated with brain size across many
vertebrate taxa (Striedter 2005). For example, consumption of food items
that are cognitively challenging to find or catch (Cluttonbrock and Harvey
1980; Hutcheon et al. 2002), wide diet breadth (MacLean et al. 2014) and
propensity for innovative food acquiring behavior (Nicolakakis and Lefebvre
2000; Garamszegi et al. 2005) are strong predictors of large brain size across
species. These studies indicate that selection for the ability to explore and
exploit food resources may be a common underlying force for adaptive brain
size evolution (Striedter 2005; MacLean et al. 2014). In my thesis, I found
that pipefishes and seahorses that consume mobile prey such as mysids,
shrimps and fish have larger brains than species that prey on slow moving
prey. Given that the cognitive ability required to in search for and catch eva-
sive prey is presumably higher than that required to catch slow moving prey
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items, the found pattern supports the idea that feeding adaptations select for
increased brain size in Syngnathidae.

Sexual selection

Since Darwin, it has been an enduring idea that mate choice could be direct-
ly based on the cognitive ability of potential partners (Miller 2000; Boogert
et al. 2011) and that intra-sexual competition over mating opportunities often
involves cognitive challenges (Francis 1995; Jacobs 1996; Boogert et al.
2011). Using the family Syngnathidae, in which sexual selection is generally
stronger in females than in males, I showed that females represent 4.6 %
heavier brains than males of the same body size. Moreover, the degree of
female-favored brain size dimorphism is more pronounced in polyandrous
species than in monogamous species (figure 12). A few studies have previ-
ously reported male-favored brain size dimorphism in species where males
compete for mates (Iwaniuk 2001; Kotrschal et al. 2012). Although these
studies have claimed that the pattern would be in line with the hypothesis
that stronger sexual selection within males lead to large male brain size, they
were not able to disentangle the effect of numerous other variables that
commonly co-vary with sex. By demonstrating paralleling patterns in fe-
males that experience strong sexual selection, my study provides general
support for the idea that sexual selection affects brain evolution.

Phenotypic integration

It has long been discussed that the correlation between brain size and other
traits could serve as a constraint for adaptive brain size evolution (Jerison
1973; Lande 1979; Striedter and Northcutt 2006). My thesis provided two of
the first direct investigations to this old hypothesis with a rigorous phyloge-
netic comparative approach. I found covariation between brain size, head
morphology and feeding mode as well as limited modularity in cichlid head
morphology. These results indicate an interesting possibility that cognitive
adaptation and trophic adaptation can be linked through phenotypic integra-
tion. As a result, independent evolution of brain size may be restricted. Such
constructional constraints (Gould and Lewontin 1979) have been proposed to
explain the concerted evolution of increased brain size and decreased jaw
size during hominid evolution (Stedman et al. 2004). Our results propose
that this type of constraint might not be limited to large brained anthropoid
primates.

In my investigation of the evolution of within species (static) allometry, |
found somewhat contradicting results to this finding. I found a trend for al-
lometric constraints on brain size evolution. There was i) a tendency that
strong static allometry constrains the rate of relative brain size evolution, and
i) support for stabilizing selection for static allometry to follow a common
allometric slope. This follows the prediction of the allometric-constraints
hypothesis (Voje et al. 2013). However, I also found that static allometry has
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the ability to evolve over long time scales (i.e. millions of years) and that the
rate of evolution of static allometry differs between groups of different brain
size. Based on these results, I propose that brain evolution is partially con-
strained but not completely governed by static allometry if directional selec-
tion for change in brain size is strong enough. To sum up, although it ap-
pears to be true that the constant growth regulation does constrain the trajec-
tory of brain size evolution (Huxley 1924; Jerison 1973; Lande 1979), the
ability of static allometry to evolve appears to be large enough to cross the
boundary of developmental regulation mechanisms, enabling brain size to
evolve relatively independent of the influence of allometric constraints.

Energetic constraints

The energetic cost of increased brain size was first hypothesized to explain
hominid evolution (Aiello and Wheeler 1995) and subsequent attention has
primarily focused on large-brained, homeothermic animals. However, a
growing number of studies now demonstrate that energetic limitations on
brain size is not a particular constraint for large brained animals but univer-
sally applicable across vertebrates including ectothermic vertebrates
(Kotrschal et al. 2013; Iglesias et al. 2015). My thesis provide several im-
portant results that render support for and extend the idea that energetic con-
straints are important factors in forming the diversity of vertebrate brain size.
Particularly, I found that egg size was a strong predictor of variation in brain
size in both Cichlidae and Syngnathidae. Larger brains were associated with
larger eggs in both cases, results that support those found in placental mam-
mals (Isler and van Schaik 2009) and birds (Isler 2011). Furthermore, in
cichlids, duration of parental care was positively correlated with brain size,
which fits with the prolonged gestation/parental care period found among
large brained homeothermic species (Iwaniuk and Nelson 2003; Isler and
van Schaik 2006; Isler and van Schaik 2009; Isler 2011). I also demonstrated
a negative correlation between brain size and the amount of visceral fat stor-
age in the Pacific seaweed pipefish. This is the first micro evolutionary sup-
port for a recent finding of a negative association between brain size and
adipose tissue in primates (Navarrete et al. 2011).
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Future remarks

Microevolution and Macroevolution

“The crucial point in population differentiation is that at which discontinuity
appears between parts of what was previously a continuous population. ...
The most important difference of opinion, at present, is between those who
believe that discontinuity arises by intensification or combination of the
differentiating processes already effective within a potentially or really con-
tinuous population and those who maintain that some essentially different
factors are involved. ... Micro-evolution involves mainly changes within
potentially continuous populations, and there is little doubt that its materials
are those revealed by genetic experimentation. Macro-evolution involves the
rise and divergence of discontinuous groups, and it is still debatable whether
it differs in kind or only in degree from micro-evolution. If the two proved to
be basically different, the innumerable studies of micro-evolution would
become relatively unimportant and would have minor value in the study of
evolution as a whole.”

George G. Simpson 1944 in Tempo and Mode in Evolution

This paragraph written by G. G. Simpson in 1944 captures what we can learn
from the studies summarized in my thesis. It is, by the way, striking that
what was mentioned as the most important difference of opinion “at present”
more than seven decades ago is probably still one of the fundamentally dif-
ferent schools-of-thought in evolutionary biology today. We are yet to agree
on if or how micro- and macroevolutionary processes are linked.

One of the challenges that I faced in my thesis was to bridge patterns of
variation observed at within species (microevolutionary) levels to patterns of
variation observed at between species (macroevolutionary) levels. This was
particularly relevant to paper II and paper IV. These two studies both
demonstrated that microevolutionary patterns and macroevolutionary pat-
terns could be comparable if one is cautious concerning the significant dif-
ferences in time scales and to the precise models of evolution. Importantly, if
microevolution and macroevolution were generally compatible with each
other, one can predict macroevolutionary outcomes based on microevolu-
tionary patterns and vice versa. Major theoretical and methodological ad-
vances have already been made in this area of research (Steppan et al. 2002;
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Hansen and Houle 2008). I believe that future studies with more rigorous
microevolutionary approaches, especially in the fields of quantitative genet-
ics and genomics, and employment of more elaborate and biologically realis-
tic evolutionary models in phylogenetic comparative methods will be a key
to unify microevolution and macroevolution.

Phylogenetic comparative analyses

With regard to a specific methodological detail of phylogenetic comparative
methods, there is one important path for further improvement. In my thesis, I
have mostly employed various versions of Brownian motion as the model for
trait evolution. Due to its simplicity, this model is very easy to handle and
interpret. However, real evolutionary processes may not always follow such
a simple random walk processes (reviewed in Pennell and Harmon 2013).
There are several alternative models of evolution to consider in a biological
context; the Early-Burst model (Harmon et al. 2010), the Ornstein-
Uhlenbeck model with or without multiple optima and rate changes (Hansen
1997; Butler and King 2004; Beaulieu et al. 2012), the Acceleration-
Deceleration model (Blomberg et al. 2003) and early-burst model (Harmon
et al. 2010), Speciation- and Diversity-based models (FitzJohn 2010;
Magnuson-Ford and Otto 2012) and various combinations of these. Attempts
to incorporate these alternative models have just started to develop (Pennell
and Harmon 2013; Garamszegi 2014; Uyeda and Harmon 2014; Pennell et
al. 2015) and consideration of these alternative evolutionary models would
lead to better understanding of the data presented in my thesis.

Brain size diversification across teleost fishes

One approach to further investigate brain size evolution in fish is to expand
the range of studies outside of the two groups studied in my thesis. Figure 13
shows the brain-body allometry of 489 marine teleost species, collected from
Iglesias et al. (2015), compared to that of cichlids and syngnathids used in
my thesis. Interestingly, the family Cichlidae and Syngnathidae have both
underwent a significant reduction in relative brain size compared to many
marine teleost fishes. Why do these two groups have on average smaller
relative brains? Is this difference a result of reductions in brain size, or in-
creases in body size without accompanying change in brain size, or both? Or
do the other marine species in this comparison live in physical and social
environments with higher cognitive demands? These questions could be
answered by expanding the investigation of brain size to many more groups
of fishes in addition to cichlids and syngnathids.
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Figure 13. Relationship between log-brain size and log-body size of 489 species of
marine teleost fish (open circle), 71 species of cichlids (blue circles) and 23 species
of pipefishes/seahorses (magenta circles). Ordinary least squares regressions are
provided for marine teleost (solid black line), cichlids (dashed blue line) and pipe-
fishes/seahorses (dashed magenta line) separately.

Brain structures

Finally, it is worth noting that my thesis is entirely written about the evolu-
tion of brain size. Given the generally high predictability of structural size
from the overall brain size (Finlay and Darlington 1995, but see Iwaniuk et
al. 2004; Noreikiene et al. 2015) my approach should be justified as long as
the investigation is related to brain properties that are shared between struc-
tural parts. This would be the case for phenotypic integration and energetic
constraints, but caution should be taken when adaptive explanations for vari-
ation in brain size are given (Healy and Rowe 2007). It will be important to
investigate also the existing variation in brain region size, neuron density
and connectivity (Striedter 2005; Herculano-Houzel 2012) to provide a more
complete picture of how ecology, life history, behavior and sexual selection
shape brain morphology among contemporary vertebrates.
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Conclusions

To conclude, my thesis proposes that feeding ecology, sexual selection and
energetic constraints are three key factors involved in forming the contempo-
rary diversity of brain size in the family Cichlidae and Syngnathidae. On the
other hand, although the thesis demonstrated a clear involvement of pheno-
typic integration in brain size diversification, the available data presented in
my thesis imply that this type of constraints may have limited effects on
brain size evolution at long-term macroevolutionary time scales.

My thesis exploited the wide range of variation in ecology, life history,
and sexual selection represented by these two fascinating families of fish to
provide critical and novel insights in our understanding of macroevolution-
ary patterns and processes of brain size diversification. Moreover, by em-
ploying a number of state-of-the-art phylogenetic comparative methods, my
thesis investigated novel types of questions as well as old questions in novel
ways. In summary, my thesis shows that phylogenetic comparative analysis
using fishes as a model system can be a rewarding avenue of research for the
study of vertebrate brain size evolution.
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Sammanfattning pd svenska

Bakgrund

Hjéarnans storlek dr extremt variabel bland ddggdjuren (Jerison 1973) och att
forklara denna variation har varit ett viktigt filt inom evolutionsbiologin
dnda sedan Darwins forsta texter i &mnet (Darwin 1871). Den Overgripande
forklaringsmodellen for de processer som genererat variation i hjarnstorlek
ar baserad pa antagandet att hjarnan evolverar genom en balansering av sel-
ektion for okad kognitiv forméaga och energikostnaderna som foljer av att
utveckla en storre hjarna och att forsorja detta kostsamma organ med nddva-
ndiga energiresurser (Aiello & Wheeler 1995). Tidigare studier pa hur
anpassningar och begriansningar har paverkat vertebrathjarnans evolution har
fokuserat mestadels pa ddggdjur och faglar. Jag har istéllet studerat hur
anpassningar och begransningar paverkat hjarnans evolution hos den mest
variabla djurgruppen pa jorden, fiskarna. Mer specifikt s& har jag anvint
ciklider och kantnélar och sjohidstar, tvd extremt diversa fiskfamiljer som
modellsystem for mina studier.

Material och metoder

Modellsystem
Ciklidfiskarna som finns i Tanganyikasjon i Afrika representerar ett av de

mest fascinerande och vélstuderade exemplen pa adaptiv radiation (Schluter
2000). Gruppen bestéar av ca 250 arter som evolverat pad mycket kort tid och
som uppvisar extrem ekologisk, morfologisk och genetisk variation mellan
de olika arterna (Salzburger et al. 2002).

Familjen Syngnathidae, kantndlar och sjohidstar, bestar av ca 200 arter
(Dawson 1985) och uppvisar dven den stor variation i beteenden och mor-
fologi. Till skillnad fran cikliderna och de flesta andra djurgrupper, sa spen-
derar hannar mycket mer resurser dn honor pa att ta hand om &gg och av-
komma hos manga arter i denna grupp (Berglund et al. 1986b; Wilson et al.
2001; Stolting and Wilson 2007). Det finns vidare stor variation i nivderna
av sexuell selektion pa honor respektive hannar hos kantnalar och sjéhostar
(Vincent 1990; Berglund et al. 1986a; Rosenqvist 1990). Detta gor att grup-
pen dr ett mycket lampligt komplement till andra grupper for att studera
lanken mellan sexuell selektion och konsskillnader i hjarnans storlek och for
att testa generella idéer som bist studeras hos arter med stor variation i
konsroller.
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Phylogenetiska jamforande analyser

Eftersom arter ar besldktade genom deras sldktrdd (fylogeni) kan separata
arter inte anses vara oberoende datapunkter (Felsenstein 1985). S& kallade
jamforande fylogenetiska analyser kravs déarfor vid mellanartsjamforelser for
att kontrollera for dylika sldktskap (Harvey & Pagel 1991; Garamszegi
2014). Man kan dessutom anvidnda moderna varianter av dessa metoder for
att studera evolutiondra skeenden i fylogenier. I min avhandling har jag
anvant de senast utvecklade analysmetoderna inom denna metodik och ana-
lyserat enkla mellanartskorrelationer (Grafen 1989), mellanartskorrelationer
som tar hansyn till inomartsvariation (Hadfield & Nakagawa 2010), evolu-
tionshastigheter (O’Meara et al. 2006), och evolutionen av inomartsvariation
(Hadfield & Nakagawa 2010; Garamszegi & Moller 2010).

Resultat

* Hjarnstorlek och huvudmorfologi formar en fenotypiskt integrerad
enhet som kan péaverka hjarnans evolution (artikel 1).

¢ Allometri mellan hjarnans storlek och kroppsstorlek har péverkat
hjarnans evolution hos ciklidfiskarna men hjdrnans storlek har trots
detta evolverat relativt oberoende hos denna grupp (artikel 2).

* De hoga energikostnader som stora hjarnor krdver har péaverkat
andra organ. Hos cikliderna var stora hjarnor associarade med
mindre mag-tarm paket och storre 4gg medan dggstorleken var storre
hos arter med stora hjarnor hos kantnalar och sjohéstar och fettreser-
verna var mindre hos honor med stora hjarnor hos en kantnélsart
(artiklar 3, 4 och 5).

* Anpassningar till att dta snabbt simmande byten &r positivt associe-
rade med storre hjarnor hos kantnélar och sjohéstar (artikel 5).

¢ Sexuell selektion, framforallt hos honor, ar starkt positivt associerad
till hjarnans storlek hos kantnalar och sjohéstar (artikel 5).
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Diskussion

Baserad pa moderna analyser av data pa bade inom- och mellanartsniva har
jag 1 min avhandling testat flera viktiga hypoteser rorande hur hjérnan
evolverar bland ryggradsdjuren. Jag har i mina analyser funnit stod for att
hjarnan paverkas av kroppsmorfologi bade vad giller huvudets form och
generell kroppsstorlek och ddrmed demonstrerat dessa samband for forsta
gangen med storskaliga fylogenetiska analyser hos vixelvarma djur. Vidare
sé fann jag att sambandet melllan kroppsstorlek och hjarnstorlek spelar roll
for riktningen av hjdrnans evolution, men dven att forhallandet mellan kropp
och hjiarna kan fordndras Over langa evolutiondra tidsperspektiv. Jag fann
starka indikationer pa att investeringar i hjarnans storlek maste balanseras
mot andra kostsamma organ sdsom mag-tarm paketet och fettreserver. Jag
fann dven att arter med storre hjarnor lagger storre dgg, som troligen leder
till storre ungar. Slutligen sd fann jag att anpassningar till att dta snabbt
simmande bytesdjur och graden av sexuell selektion, framforallt hos honor,
ar starkt lankade till storre hjarnstorlek hos kantnalar och sjohéstar. Min
avhandling har ddrmed genererat viktiga generella data som stddjer flera,
men inte alla, viktiga hypoteser géllande hjdrnans evolution hos ryg-
gradsdjuren. Min avhandling har dirmed okat var forstaelse for hur varia-
tionen i hjarnstorlek evolverat hos olika djurgrupper. Vidare si visar min
avhandling, i egenskap av kombinationen av inomartsanalyser och mel-
lanartsanalyser, att det gar att kombinera olika evolutionéra nivaer for att 6ka
var forstaelse over hur egenskaper evolverar bade inom och mellan arter.
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FBH L L TRERMY A X 2o TWDL00, LWnIMnrbiaE o7
(Huxley 1863), = D7z, It A AENOWITEN ZNE TEICERF L ER
BaBUWABZ R OB L L TE 2 LIIAREETIT RV, Ll W
FUEIZHFMHBD LD 1 0% % HEO 2| E i, FHEEMW 285G
BRIt A AL D X T) = X L EFFET HHFIL TN E TOMIETIETAARET
bolz, FHIHEMEMO KRS E 5D 2 RBEWITIKT A XOMETITIFE
AEERSNTRRNoTe, £ 2 TARUFE TIIFESE D L THEH MO L%
H O, Ba IRBREEICIE N L C & T AR S RIS A XL 2 igE T D 2 &
T, THE TIRONHFREM CTiliam S U T & 7o G O % 1 2 #Ef 3 2
&, BELTHERGRERBT 222 HE LT,
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MHERE

H U A X AF} Cichlidae & I 7 ¥ v 4 F} Syngnathidae

T 7 1 R O RIS I ALE T D BRI - # T =A RS
27T AR ARHFRBUTEIS B OBRERF L LT biL, BN i
A FDET VR TH S (Schluter 2000), H 'V A X AR IZZ W =A
D& B W 5 AW - FFAEMRIREEIZENS L CRIFN 2 b2z, BE
L SN TWDK2 0 OFEDERE - ERE - TGS - ITEINZARMEITH RN
TRONDZHEMEE L TIIMIZEENZ LW IE EIZ K E W (Salzburger et al.
2002), AGFEBEICB T DY A XHEIZEI L Tl SEATHFZE CHERMEIC AR
TOMBERE (EChu 7=V AW BMUOHD T AXAF LY b RE My
ARXEFFOTNDH I EPHESI, Mr 7o U R EOAEBIRE CREREMICA
ONDEHE/FEN - M EERDY o H=A DPED T A X A B DY
A I BB A RO 2 & 23k S 4L T £ 72 (Gonzalez-Voyer et al.
2009),

37 YU ARHIBE D DR KD DK E THR T OB 5 25 /KIk
WCAERT AN CTHEORESBRL2E 4V /4 M aE (K3 2H)
LavvuAE (K20 0H) MoK SIS (Dawson 1985; Lourie et al.
1999), ARGHHEIIA ADA AOEWBRIZINZFEIIL, A AN Tl 32
EWnO O THEREF XA Z2ELMLIELLNEHELLTALTHD
(Berglund et al. 1986b; Wilson et al. 2001; Stolting and Wilson 2007), Z D¥¢#k7
EREAERE LRV, T UV U AR TIE B A AR A R L OBTEES &
Ko THF L, AANBIHMHF L LTARAZRET D, ZHITAEEHEZIT
IRZBBDEY LITHONRE—THY | ATEVERFIZIB W THEIRIK D RRGE
ZATHOETNVHRE L TEICHIES TE 7 (Berglund et al. 1986a; Rosenqvist
1990; Ahnesjo and Craig 2011), ABFFEIZIS T HPEMIK & i1 X DR %
FREET 5 Z &2 ER A E U THROFERHISEE LT,

e AR b 1k

I L CE B DR CRIERD X o TEBANL TV DI, Tk
FEENHEL L2 TBE R, B RE L CIIEE L2 BB — A8 S
b, ZORER, FEOT — & ZHEHFEICMNL 72T — X S8 LT D 1T
720 (Felsenstein 1985), SAKAYFERMILLENEIL Z ORBEIRE N S HE LT-
Fi 4 DIRFHITIEORIH TH 5 (Garamszegi 2014), AHFIERBEIZHB VT,
0BT AR ] LE B LIRS RIS G 2R T 24T O To IR A R FIETH
LHleoefmam U CTHEH L, 72, WEOMBLET T V& ZREE# & BifF
T HREMEOFERE BIZE DWW THEE T 2 BFT OO FIES v,
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R

o YA XEFEHHEBITELLICES SN THWD Z ERbholz (R
X1)

o MERoMxRE (7r A MY —) IZL o TR A XD TN
s TnWasZ EMmrani, —HTT7rA NI —ZDOH0DH 1
0 O JHEHAL ORI R E CId#EL LTz (iX2)

o YA XEEY A X GEX3) . NIEIEN T E (EX4) DI b
L— KA 70nR. 67z

o YA XOHEIICEWIIY A KON & BEFHRIERE N RSNz
(33, WX5)

o U A XELFEXOMERE S L TV (FRX5)

o AR DHMERIROFBNFETIZA ROV A AN A R & LT
RKEWHEH “RNAR S (GEX5)

EREFLED

AR L TIEA VA AR L 9 7 Uy A REEORE - AR - ATES
DEREMECE R L, FHEENM O MMHE(L I 2303 2 TH G & RIS DWW TR RE
M EE W TR 21T 72, T OREE., 1) HREFICET2RMEES. 2)
MR DFEEE L HERFIZ 0D =R V¥ — EORIK, 3) KA X - BHEERE L O
FEREMIM AIC L BDHIK., £ LT4) AilE KDl LB 2 B EE /1 DS /5
SHERICB T AMMEMICEERERZ R L2 LRI, Zhub Off
RITFLENY & BE T RIS S TR REE DGR IR 2 VT8
TR REER 2R3 5 & & CHHEE SR —RIEE 5 2 -, AT, A4
FTTITZNE TN EA TR o T E T 2R a2H 5
TEHTEL, Thbb, MEREOFE LI AR TR LN A X
VAR > To PRI 4 X 8%, Y AR L - T LTV 5 Al EE
MEEXRFLTWE, &5, 7r X MU —0El & N1 XELoBEEIZS
WTIE, B BEERNRT AT TIEIREIN TV L OO (Huxley 1932;
Gould and Lewontin 1979)#ZF FIENTEE L TV hy o T-, AKBFZEClisk
B O FARBOTER LB 2 B 5 2 & T O WRIBEICH - LWE X 287 R
TAHZ LIRS LT,

BBIC, AR EZITT 5 LT b D LR EIT/ ML & KL DORR
720 CThotz, EROE Y AU ITARFEIIFER LLERIEDO R ZBME L, i
FEAERZMNRIITbIT-, O, 2% U CARMFIEITEE UL Lo 2
=)L —RPIZTENR ST S 1 0 0 HAERMUL Lo REICKIT A E
DAL NF — NN TOMETH D, ZHNEXNBHRT 7 —FREARND
BRI —NZONWTERIIHTET 5 FIET, THUHRENICET 5 /0L
DWFFENE— AN E AR S E Iz b 72 2 AR o h AU D
fbRF—r ZktBE LTWS, T2 THEULIREMRERIZ. b Rkl
EINEER BT 5 T D DIXHEMICIFM A 7 — v Th > TUMEfLD T r ' X
100 HEBMIZEIEETTZ L TREILO T 0 AT TRITE SD0,
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b I T oORHENI BT 2 EICIIARENR2ENRH DD, &
WH RTHS (Simpson 1944), AMFETIXZ OfMEREZKE X, —>D
SUCHESPICHT I e I A E T -T2, T2 Tk, N TR ONDIE
BEFRIZIESODTHY A LBV A XOBEREOBIEZFML, Thi Kk
HEALDRER] R & — )V TRENT LTz, IRICFRSC 4 Tl BN TR N5 NlgY A
RDOERNY — o e FERE RIS W Tilan S C & 72 &l 72 i ds i
(Aiello and Wheeler 1995) D ¥4 Cigam L7172, AL THE LN R
. NERD T aE 2 L KD T R IARE D TEEL L TV B T
REMEZRIEL T, LL, AFRICE O CTIIENERICET 2T —4 0
RRLTBYMEBLRHELT D T TE o7, BNERT — & & FER
BERT— 5 el — e llA Cilkm T D AIIEICIZICE-o TR0, Fx D
PHEGAY « FEMEFRNEREINTE TS (Steppan et al. 2002; Hansen
and Houle 2008), = ® X 9 72H Y #H A 3 A 55 S CTIT oL 7= Rt i FE
LB Al S T RO EE R RE TH A D,

F LD L, R TITAIEDOIIE - £RE - A5 - BRI ENE LR
HEMEIEA R L, WA X0t BEET A2 ER A E L, %
NICk T, AENFHEIIMOMY A ZECICHE LEFEMEITh D2 &%
R EE BT, ROBICEBT DH RO RTREMEIC OV TIREE T 72,
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