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One of the primary goals of biology is to explain patterns of phenotypic diversity. One trait in
animals with considerable diversity within and between species is brain form (i.e. brain size and
the proportional relationships between brain parts). Variation in brain form affects cognitive
ability through variation in neuroprocessing power. Ecological conditions are hypothesized to
generate different cognitive requirements, potentially driving the evolution of brain form. I study
the link between ecological conditions and brain from using fish because fish are extremely
diverse in terms of their ecology and their brain form. In my thesis, I answer three primary
questions. First, why may fish brain form vary independent of body size? Second, what factors
may constrain variation in brain form? Finally, what proximate mechanisms contribute to
variation in brain form?

I test for the effect of ecology on brain form variation using populations of sunfish that are
diverging between the littoral and pelagic habitats of lakes. These habitats differ in their biotic
and abiotic characteristics, potentially leading to differences in the level of cognitive ability
required for optimal ecological performance. I address these research questions using
interspecific and intraspecific comparisons, ontogenetic comparisons using field samples, and
ii

with a lab-based rearing experiment designed to evaluate heritable variation and plastic
responses in brain form.

The ecological divergence of sunfish between lake habitats influences variation in brain form in
all comparisons, consistent with the hypothesis that habitats vary in their cognitive requirements.
However, inconsistencies in the specific patterns of brain form divergence between habitats
suggests that constraints exist that limit the evolution or development of optimal brain form.
Additionally, I found a mismatch between brain size development and ontogenetic shifts in
ecology, again consistent with an important constraint on brain growth over development.
Finally, experimental results indicate that divergence in brain size between habitats reflects
evolved differences in brain size plasticity between ecotypes. Broadly, my thesis demonstrates
the importance of ecological variation in shaping brain form evolution within a set of limitations
that are only beginning to be revealed, and so underscores the challenges to understanding the
evolution and ecology of brain form.
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General Introduction
An important goal of biology is to explain the causes and consequences of the phenotypic
variation that exists in life. One important aspect of phenotypic variation in animals is brain
form, which I use to refer to both brain size and morphology (i.e. the proportional relationships
between brain parts). Brain form is a particularly interesting trait because it regulates cognition
and behaviour, and therefore influences many aspects of an individual’s ecological performance
that determine fitness. Vertebrate brains range in size from a few milligrams to more than 10
kilograms and much of this variation is explained by body size. However, residual variation
unrelated to body size has not been fully explained (Striedter 2005).
Brain form is likely to be an important functional trait because it is thought to be causally related
to cognitive ability and behaviour. I define cognition broadly as all information processing done
by the central nervous system, including processing of sensory, motor and higher integrative
functions of the brain. Cognitive ability is difficult to directly measure, so early attempts to
understand the functional relationship between brain form and cognitive ability were done using
subjective interpretations of the intelligence of different animals (Jerison 1973; Roth and Dicke
2005), with humans generally considered to be the most intelligent. As Charles Darwin stated in
The Decent of Man, “No one, I presume, doubts that the large proportion which the size of man’s
brain bears to his body, compared to the same proportion in the gorilla or orang, is closely
connected with his higher mental powers…” (Darwin 1871). Though most people would agree
with this presumption, in order to understand the true functional consequences of brain size
variation, relating brain form to quantitative measures of cognitive ability or behaviour are
required. Tests of this kind have found a relationship between brain form and
cognition/behaviour in fish (Kotrschal et al. 2013; Buechel et al. 2018), birds (Madden 2001;
Garamszegi and Eens 2004), and mammals (Benson-Amram et al. 2016). Larger brains are
thought to permit greater cognitive ability because they have greater numbers of neurons and
neuronal connections (Herculano-Houzel and Lent 2005; Marhounavá et al. 2019), which in turn
influence information processing. However, a key uncertainty about the evolution of brain form
is the ecological conditions that favour increased or decreased cognitive ability.
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Brain form evolution is thought to be shaped by a trade-off between the cognitive benefits and
the metabolic costs of brain tissue. Increased brain size (or brain region size) provides benefits to
individuals, in part, through ecological advantages afforded by greater cognitive ability.
However, neural tissue is energetically costly relative to many other tissues (Aiello and Wheeler
1995) and so is hypothesized to evolve and be maintained under strong selection for increased
cognitive ability (Isler and Schaik 2006; Niven and Laughlin 2008; Navarrete et al 2011;
Kotrschal et al. 2013). This hypothesis is supported by phylogenetic comparisons revealing that
relaxed selection on cognitive ability results in the evolution of reduced brain size (Safi et al.
2005).
The energy - cognitive ability trade-off hypothesis predicts that variation in brain form arises
because different behavioural and cognitive abilities (and so different brain forms) are optimal
under different environmental conditions. An enormous body of animal behaviour, ethology and
behavioural ecology work has demonstrated that individuals living in different habitats often
differ in behaviour both among species and within species. For example, red squirrels differ in
foraging behaviour between coniferous and deciduous forests (Wauters et al. 1992) and bluegill
sunfish differ in prey searching behaviour between shallow and open water habitats (Ehlinger
1989). The prediction that brain form should also vary predictably between individuals living in
different habitats arises from a more specific hypothesis that habitats vary in important aspects of
cognitive or behavioural requirements in order for their animal residents to collect energy, grow,
survive and reproduce. Broadly, studies have shown that individuals living in habitats with
greater structural complexity, foraging complexity, or that have specific cognitive or perception
requirements tend to have larger size-adjusted brains and brain regions (Harvey et al. 1980;
Barton and Harvey 1984; Gittleman 1986; Hutcheon et al. 2002; Gonda et al. 2013). Ecological
performance in more complex environments is also enhanced in individuals with larger brains
(Sol et al. 2008).
Whole brain size is thought to be a good measure of general cognitive ability, but individual
brain regions also have more specialized functions. Specific aspects of behaviour, sensory
perception and cognitive ability may be influenced by variation in region size just as general
cognition is shaped by variation in whole brain size (Healy and Rowe 2007). Brain region size

2

has been related to particular cognitive functions (Evans 1940; Clutton-Brock and Harvey 1980;
Kotrschal and Junger 1988; Kotrschal and Palzenberger 1992; Schellart 1992; Van Staaden et al
1995), suggesting that region size, in addition to whole brain size, may also reflect differences in
cognitive and behavioural requirements among habitats.
My dissertation's most general hypothesis is that variation in brain form reflects environmentspecific functional links between cognitive performance and brain form (Adaptive Brain
Hypothesis). If, as described above, brain form causally influences cognitive ability and
behaviour, and if environments vary in the cognitive processing abilities required to perform well
in them, then we would expect to see a relationship between environmental conditions and brain
form. This generally predicts that if I compare groups of individuals that differ in their ecology,
whether that variation is spatial or temporal, I will see a corresponding difference in brain form,
reflective of the cognitive challenges associated with the specific ecological conditions.
The predicted association between individual ecology and brain form is based on the assumption
that the hypothesized causal link between brain form and ecology is largely free of evolutionary
and functional constraints. It is possible for environments to differ in cognitive requirements, but
that optimal brain form is constrained in some way in its ability to match its optimal trait value.
Hypothesized evolutionary constraints include limited heritable variation and genetic/functional
covariation with other traits. Hypothesized functional constraints include the time required for
cellular mechanisms, like neurogenesis or programmed cell death, to grow or shrink the brain in
order to match a change in environmental conditions. If the environment changes faster than the
brain can, then phenotypic mismatch is more likely. Testing how constraints may affect brain
form variation requires replicated comparisons of brain form across evolutionary scales in order
to find possible instances of mismatch between brain form and ecological conditions.
Previous work on the evolution of brain morphology suggests potentially important constraints
on brain region evolution. A long-standing uncertainty in the study of brain form evolution is the
capacity for brain regions to evolve independently or whether brain regions are constrained to
evolve in a concerted fashion. Various studies have suggested some degree of constrained
evolution of brain region size (Finlay and Darlington 1995; Finlay et al. 2001; Powell and Leal
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2001; Gonzalez et al. 2009; Gutierrez-Ibanez et al. 2014; Liao et al. 2015; Hoops et al. 2017;
Moore and DeVoogt 2017; Sukhum et al. 2018). Other studies have suggested more
independence in brain region size evolution (Barton and Harvey 2000; Iwaniuk et al. 2004;
Gonzalez-Voyer and Kolm 2010; Noreikiene et al. 2015). The inconsistency of these patterns
suggests that the degree of either functional or genetic covariance of brain regions varies among
organisms. As of yet, the mechanisms that determine the degree of independence of brain region
evolution are not well established.
My thesis focuses on explaining patterns of variation in residual brain size and brain morphology
in order to determine if they are influenced by the cognitive requirements of different ecological
conditions. I study variation in the brains of fishes because they are the most diverse group of
vertebrates, they inhabit a wide array of habitats, and they display enormous variation in brain
form. Brain form in fish has been observed to vary between environments, suggesting causal
links between brain form and ecological conditions distinguishing different environments, and
this association exists at both the intraspecific (Gonda et al. 2009; Evans et al. 2013; Walsh et al.
2016; Ahmed et al. 2017) and interspecific levels (Kruska 1988; Shumway 2008; Lecchini et al.
2014; Fischer et al. 2015). An example of intraspecific variation in brain form between
environments was found by Walsh et al. (2016), who found that Trinidadian killifish (Rivulus
hartii) living in predator-rich habitats have smaller brains than those living in predator-free
habitats. An interspecific example involves benthic shark species which display larger olfactory
bulbs than pelagic species; whereas the pelagic shark species tend to have larger cerebella than
benthic species (Kruska 1998). Despite limited tests of a relationship between cognitive ability
and brain form in fish (Kotrschal et al. 2013; Buechel et al. 2018), the direct link between brain
form and cognitive ability in fish has not been established in many species, nor has it been tested
in a natural setting. As such, whether differences in brain form observed between environments
reflect functionally different cognitive abilities has not been established.
An influence of brain form on ecological performance predicts a match between brain form and
environmental conditions, however this association can happen via multiple proximate
mechanisms. Generally speaking, three mechanisms can generate a relationship between
environmental conditions and brain form. First, fish could non-randomly sort themselves in
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habitats on the basis of variation in brain form. Second, selection could favour divergent brain
forms between habitats. If heritable variation in brain form exists, then diversifying selection
between habitats could contribute to population divergence in brain form. Third, if brain form is
partially under environmental control, then fish living in a particular habitat may change their
brains to match local conditions through phenotypic plasticity. These mechanisms are not
mutually exclusive because phenotypic plasticity can also evolve under selection usually in
response to unavoidable environmental heterogeneity (Schlichting and Pigliucci 1998).
Understanding the specific proximate mechanism that generates brain diversity across ecological
conditions can be important for how the trait may influence adaptive diversification. This is
because mechanisms may differ in their effect on population establishment and persistence in
novel habitats, and because trait variation expressed in a population can affect the intensity and
evolutionary outcomes of natural selection (Muschick et al. 2011). As of yet, the proximate
mechanisms that influence brain form and their interactions are not well understood, particularly
in the context of adaptive diversification between environments that generate different cognitive
requirements.
Testing the adaptive brain hypothesis requires comparing brain form among individuals living
under environmental conditions that differ in their cognitive requirements. One example of this
type of environmental divergence is sunfish living in the littoral and pelagic habitats of lakes
(Werner and Gilliam 1984; Osenberg et al. 1992; Robinson and Wilson 1994). The near-shore
littoral habitat is characterized by shallow water, abundant aquatic plant life, and fallen trees.
Sunfish living in this habitat typically forage on large benthic macroinvertebrates (Robinson et
al. 1993). The offshore pelagic habitat is characterized by deeper open-water and less physical
structure, though sunfish in this habitat typically congregate around shallow rocks. Foraging in
this habitat is mainly specialized on zooplankton (Robinson et al. 1993). The “clever foraging
hypothesis” suggests that variation in relative brain size reflects differences in the complexity of
foraging (Striedter 2005; Park and Bell 2010). These habitats may differ in the level of cognitive
ability required for optimal ecological performance due to differences in structural complexity
and foraging styles.
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I will attempt to answer three primary questions in order to expand our understanding of the
causes and consequences of variation in fish brain form. First, why does fish brain form vary
independently of variation in body size? Second, to what degree is change in brain form limited
by evolutionary or functional constraints? Finally, what proximate mechanisms contribute to
variation in brain form?
In chapter 1, I test for intraspecific variation in brain form between coexisting ecotypes of
Pumpkinseed sunfish (Lepomis gibbosus) that inhabit either the littoral or pelagic habitats of a
lake. This chapter represents an initial test of the adaptive brain hypothesis which predicts that
brain form is associated with lake habitat. The littoral and pelagic habitats inhabited by sunfish
differ in structural complexity as well as foraging styles, allowing me to predict differences in
relative brain size and relative brain region size between the habitats if hypothesized causal links
between brain form, cognitive ability and ecological performance are correct. This research also
permits an initial test of constraint on independent change in brain region size at the intraspecific
level. Limited difference in brain region size between habitats would suggest that the
independent change in brain regions is likely constrained.
In chapter 2, I focus more carefully on evaluating constraints on brain form variation. I employ a
hierarchical comparative analysis that nests intraspecific comparisons within interspecific
comparisons of relationships between brain form and habitat in order to test the consistency of,
and the impact of constraints on, this relationship. This hierarchical test compares brain form
variation between Bluegill (Lepomis macrochirus) and Pumpkinseed sunfish species that
specialize between pelagic and littoral niches respectively, with variation between littoral and
pelagic ecotypes within each species. I use this approach to test for constraints that may limit the
ability of brain form to match habitat conditions over different time scales of evolution (i.e.
recent ecotypic vs. older species divergence).
In chapter 3, I continue my test of the adaptive brain hypothesis, but over a short temporal scale.
This hypothesis predicts that brain size should always match the cognitive requirements of
individual ecology. As such, if ecology changes over the course of an individual’s lifetime, brain
size should also change accordingly. I test for this proposed association between ecological shifts
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and brain size by comparing brain size divergence between pumpkinseed ecotypes that differ in
ecological niche use over ontogeny. Adult pumpkinseed ecotypes differ in their foraging
ecology, however juveniles from both habitats exhibit similar foraging ecology. This difference
in ontogenetic niche shift allows me to test the link between brain size and ecological variation
over ontogeny, as this link predicts that brain size in these ecotypes only diverges once ecology
diverges. This chapter also tests how constraints may limit the link between brain form and
environmental variation within an individual’s lifetime. Finally, this chapter also serves as an
initial test of the proximate mechanism that determines brain form variation, as deviation from a
temporal correlation between brain size and ecology over ontogeny would suggest limitations on
change of brain size by phenotypic plasticity.
In chapter 4, I test for proximate mechanisms of brain form variation in Pumpkinseed sunfish by
rearing juveniles of both ecotypes in the lab under feeding treatments designed to mimic littoral
and pelagic foraging conditions. This experiment tests the proximate mechanism of brain size
variation as phenotypic plasticity predicts that brain size will change across feeding treatments,
while inherited differences predicts that brain size will consistently differ between ecotypes. This
experiment also allows me to test whether brain plasticity has diverged between ecotypes, should
ecotypes differ in their response to feeding treatments. Additionally, using of fish of different
ages allows me to investigate ontogenetic effects on how these different proximal mechanisms
shape brain size variation.
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Chapter 1: Intraspecific brain size variation between coexisting
sunfish ecotypes
Abstract
Variation in spatial complexity and foraging requirements between habitats can impose different
cognitive demands on animals that may influence brain size. However, the relationship between
ecologically-related cognitive performance and brain size is not well established. We test
whether variation in relative brain size and brain region size in fish is associated with habitat use
within a population of pumpkinseed sunfish composed of different ecotypes that inhabit either
the structurally complex shoreline littoral habitat or simpler open-water pelagic habitat. Sunfish
using the littoral habitat have on average 8.3% larger brains than those using the pelagic habitat.
We found little difference in the proportional sizes of five brain regions between ecotypes. The
results suggest that cognitive demands on sunfish may be reduced in the pelagic habitat given no
habitat-specific differences in body condition. They also suggest that either a short divergence
time or physiological processes may constrain changes to concerted, global modifications of
brain size between sunfish ecotypes.
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Introduction
Vertebrate brains vary in size from a few milligrams to more than 10 kilograms. While most
variation in brain size is due to body size variation, considerable residual variation reflects a
combination of historical and more contemporary evolutionary and environmental processes
(Striedter 2005). Brain size variation is of interest because of its potential functional links to
behavioural and cognitive performance. In addition, behavioural and cognitive diversity has
been hypothesized to permit adaptive diversification by allowing populations to colonize novel
habitats where they subsequently experience diversifying selection on other traits (Mayr 1982).
Thus, revealing the causal links between brain, behaviour and ecology could provide insights
into adaptive diversification processes in vertebrates. Fish are ideal for studies of the causes and
consequences of variation in brain size because as the most diverse clade of vertebrates, they
show considerable variation in brain size and occur in a wide range of freshwater and marine
habitats.
A large portion of the variation in brain features across vertebrate taxa is represented by
variability in whole brain size (Northcutt et al. 1978; Kruska 1988; Kondoh 2010; Lecchini et al.
2014; Chojnacka et al. 2015). Because larger brains typically have more neurons and more
connections between neurons, whole brain size is thought to reflect general cognitive ability
(Striedter 2005; Buechel et al. 2018; Herculano-Houzel and Lent 2005). However, since neural
tissue is energetically costly to maintain, greater brain size should evolve and be maintained only
under strong selection for cognitive ability (Niven and Laughlin 2008; Navarrete et al. 2011;
Kotrschal et al. 2013). This idea is supported by the evolution of smaller brains when selection
on cognitive ability is relaxed (Safi et al. 2005). Additionally, larger brains are associated with
habitat spatial complexity (Shumway 2008), suggesting functional links between spatial
complexity and brain size.
Whole brain size may reflect general cognitive ability, but it may not capture variation in the
relative contributions of more specialized cognitive abilities. Fish brains vary in morphology.
They are composed of regions that appear partially specialized (Healy and Rowe 2007), because
the relative size of particular brain regions are often associated with environmental conditions
that require particular sensory or cognitive tasks (Jerison 1973; Clutton-Brock and Harvey 1980;
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Kotrschal and Junger 1988; Kotrschal and Palzenberger 1992; Schellart 1991; van Staaden et al.
1994). However, enlargement of a brain region should only occur when the sensory, cognitive, or
behavioural function that region serves benefit organismal performance and fitness because brain
tissue is energetically costly.
If brain morphology and cognitive performance are functionally related, then fish living in
habitats that require greater cognitive abilities for specific attributes of behavior, cognition or
sensory perception, should have relatively larger brains and larger regions of the brain associated
with those specific attributes (Kotrschal et al. 1988). For example, benthic shark species display
more developed olfactory bulbs than pelagic species that conversely have larger cerebella
(Kruska 1988), likely reflective of differences in movement and foraging requirements of those
habitats. This and other examples of interspecific variation in brain morphology, such as in reef
fish (Lecchini et al. 2014), cichlids (Gonzalez-Voyer and Kolm 2010), and gobies (White and
Brown 2014), are consistent with functional relationships between brain morphology and habitat
use in fishes.
Most studies exploring the relationship between brain morphology and habitat use invoke
interspecific comparisons that can confound current with historic functional utility (GonzalezVoyer and Kolm 2010; Gonda et al. 2013; Lecchini et al. 2014; White and Brown 2014; Fischer
et al. 2015). Species comparisons have the advantage of substantial and consistent ecological
divergence rarely observed within species, but intraspecific comparisons can provide a
complementary approach by isolating current effects of habitat use on brain morphology. Here
we explore the potential for adaptive diversification in brain size and morphology between
ecotypes diversifying into littoral and pelagic lake habitats. Various studies suggest that the
shallow inshore littoral and deeper offshore pelagic habitats of aquatic environments require
different sensory, cognitive and behavioural abilities in fishes because they differ in many biotic
and abiotic conditions (Kruska 1988; Lecchini et al. 2014; White and Brown 2014). For
example, bluegill sunfish (Lepomis macrochirus) inhabiting littoral habitat have been found to
use a more thorough searching style while foraging than pelagic individuals in order to deal with
the more structured environment (Ehlinger 1989). Ecologically-related alternative phenotypes
(hereafter ‘ecotypes’) occur in littoral and pelagic lake habitats, and are widespread in fishes in
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northern postglacial lakes (Robinson and Wilson 1994; Woods et al 2013; Marchinko et al.
2014). Because of their young age since the last glacial retreat (< 12,000 years bp) and
replication within and among species, these ecotypes provides excellent opportunities to explore
relationships between brain features, cognitive performance and early ecological diversification.
Specifically, we hypothesize that fish that inhabit the inshore littoral habitat require larger brains
after accounting for the effects of body size due to its greater structural complexity compared
with the pelagic habitat. Similarly, if each habitat has specific cognitive requirements, then the
proportional size of brain regions relative to the whole brain will also differ between fish that
occupy each habitat, assuming that brain regions are unconstrained in their ability to change in
size.
Methods
Study organism
Pumpkinseed sunfish (Lepomis gibbosus) are a freshwater ray-finned fish native to northeastern
North America that can exhibit divergent ecotypes within a single lake population.
Pumpkinseeds typically occur in an inshore shallow-water or littoral habitat and have evolved
adaptations including specialized pharyngeal jaws for consuming large armored invertebrate prey
like snails, and tolerance for low oxygen tension in the warm and structurally complex littoral
habitat (Robinson et al. 2013). However, in larger nutrient-poor oligotrophic post-glacial lakes
adults are frequently found offshore in the deep pelagic habitat, particularly in proximity to
submerged rocky shoals where they can spawn and find refuge from predators. Pelagic
pumpkinseeds feed extensively on zooplankton throughout the summer growing season whereas
littoral pumpkinseeds do not (Robinson et. al. 1993; Jastrebski and Robinson 2004). Ecotypes
have evolved in sympatry in numerous geographically separated post-glacial lakes from a local
common ancestor, although local lake conditions (Robinson et al. 2000) and colonization history
(Weese et al. 2012) shape each local divergence. Variation in body form and behaviour
generally follow functional expectations of the different foraging requirements in the different
habitats. For example, pelagic fish tend to have shorter heads, more densely packed gill rakers,
and smaller jaws appropriate for a planktonic diet (Gillespie and Fox 2003; Jastrebski and
Robinson 2004; Weese et al. 2012), while the littoral fish display the opposite characteristics
better suited for larger benthic invertebrate prey. Body form and behavioral variation is related to
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feeding performance in laboratory (Parsons and Robinson 2007) and in field studies (Robinson et
al. 1996). Common garden studies indicate that phenotypic variation is influenced by both
genetic and environmental components (Robinson and Wilson 1996; Parsons and Robinson
2007). The combination of ecological, phenotypic and performance variation along with genetic
differences among ecotypes suggests adaptive diversification between ancestral littoral and
derived pelagic ecotypes.
Study population
Samples of pumpkinseed sunfish were collected from Ashby Lake, Ontario (45°05′N, 77°21′W),
a Canadian Shield lake with a surface area of 2.59 km2 and a maximum depth of 36.6 m. The
pelagic habitat in the lake is characterized by deep (3-36 m) open water punctuated by
submerged rocky shoals. The littoral habitat is characterized by shallow sheltered bays
containing soft sediments supporting emergent and submerged macrophyte vegetation.
Pumpkinseed sunfish inhabit both habitats in Ashby Lake and divergent ecotypes are
consistently maintained over time (Jastrebski and Robinson 2004; Weese et al. 2012).
Sampling
Adult fish (71mm-126mm) were sampled by angling from four pelagic and four littoral sites in
August 2016 (n=50) and 2017 (n=81) after spawning had ceased in late July to minimize any
potential effects of reproduction on brain form (Ebneter et al. 2016). Pumpkinseed sunfish
ecotypes display high site fidelity. Mark recapture studies show that the probability of an
individual being recaptured at its site of origin within a summer season is greater than 97%, and
is 50% among pelagic sites and 90% among littoral sites between seasons (McCairns and Fox
2004; Jarvis 2018). We included multiple sampling sites in each habitat in order to fully sample
phenotypic variation across sites within each habitat. Captured fish were euthanized with an
overdose of clove oil (100 ppm) and preserved in 10% buffered formalin. Sampling procedures
were approved by the University of Guelph animal care committee under the guidelines of the
Canadian Council on Animal Care.
Sample Processing
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Fish were blotted and weighed and their standard length and external oral jaw width (maximum
distance between maxillaries) measured using digital callipers. Following external
measurements, fish were sexed via gonad examination, and heads were removed. A small
incision was made in the brain case, and heads were replaced in buffered formalin for an
additional 24 h to allow post-fixation of brain tissue. Whole brains were then removed by
dissection. Sixteen individuals from 2016 were excluded from analysis due to failed dissection
leaving a sample of 115 fish.
Digital images of complete brains were made from dorsal, ventral and lateral orientations using a
Canon Powershot G10 camera connected to an Olympus SZ61 dissection microscope. Consistent
lateral orientation was achieved by ensuring that both sides of the large bilaterally symmetrical
lobes (optic tectum and telencephalon) were vertically aligned. The brains were trimmed of
excess cranial nerves and the spinal cord was cut at the level of the obex. Brains were blotted to
remove excess formalin and weighed using an Accu-124D scale (Fisher Scientific) at a
resolution of 0.0001 g.
The linear length, width and depth of each region (cerebellum, optic tectum, telencephalon,
olfactory bulb, hypothalamus) were measured from digital images using the Neurolucida quick
line measurement function at a resolution of 0.0001 mm (MBF Bioscience, Williston, VT). Only
the left side of the brains was photographed, so the depth of both lobes of bilaterally symmetrical
brain regions was assumed to be the same. The volume of each region was then estimated using
the ellipsoid formula: V = (LxWxH)π/6, following reliability analyses by White and Brown
(2015). Two individuals collected in 2016 were excluded from analyses of the olfactory bulb
and PCA due to damage during dissection to that region (n=113). Observer bias was avoided
during brain preparation and measurement with labels containing no information on capture
location that were added once the heads were removed.
Statistical Methods
Relationships between brain mass or brain region volume and explanatory variables were
evaluated with linear mixed effects models. Body size was estimated from standard length (SL)
because it is unaffected by body condition that can influence mass. Brain mass, brain region
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volumes, and standard length were all log-transformed to meet the assumption of residual
normality. Habitat use was assessed at two scales with separate variables. A factorial sample
source habitat variable (littoral vs. pelagic) indicated capture habitat. Because individuals may
also specialize somewhat on benthic or pelagic resources within habitats, microhabitat use was
quantified by residual variation in an important continuous resource use trait, oral gape width
scaled to body length (Berchtold et al. 2015; Colborne et al. 2016). Fish that tend to feed more
benthically have larger jaws relative to body size, allowing them to consume larger macroinvertebrates (Jarvis et al. 2017).
The final whole brain mass model included standard length, capture habitat, sex, residual gape
width and collection year as fixed effects, and capture site (within habitat) as a random effect.
Site was included as a random effect in case sunfish differ in their brain size and brain
morphology between sites within habitats. An interaction between standard length and habitat
was included in an initial analysis to test for differences in brain allometry between the habitats,
but was not included in the final model as it was not a significant predictor, nor did it increase
model fit. Other interactions between fixed effects were not included in the mixed effects model
because specific predictions relating to brain size were not available, and because exploratory
analysis indicated that the best model based on Akaike’s Information Criterion (AIC) excluded
these interactions. In order to evaluate possible differences in energy intake between the habitats
and resulting differences in body condition that may affect brain size, we also fit a mixed effects
model relating body mass to standard length, capture habitat, residual gape width, and sex as
fixed effects, treating capture site as a random effect.
The models for brain region volumes were the same as that for whole brain mass, except that
whole brain mass was used as a size covariate instead of standard length. We also evaluated the
influence of explanatory variables on the covariation among brain region sizes by extracting
principal components of the five brain region sizes. A correlation matrix based PCA revealed a
first principal component accounting for 78% of total variation in brain region size with all five
regions making almost equal contributions. PC1 was also highly correlated with brain mass
(r=0.95). This indicates that PC1 reflects variation in region size due to whole brain size, which
we do not pursue since this is redundant with our analysis of whole brain mass. PC2 accounted
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for an additional 10.5% of total variation dominated by variation in the volumes of olfactory bulb
and cerebellum, and PC3 accounted for 5.3% of total variation dominated by cerebellum and
hypothalamus volumes (all other principal components accounted for less than 5% of total
variation; Appendix 1). The PC2 and PC3 scores of individuals were evaluated separately in the
same mixed effects model as described for individual brain regions above.
Results
Brain mass
Brain mass was greater in sunfish caught from the littoral habitat compared to fish caught from
the pelagic habitat after accounting for the effects of other variables in the model (Figure 1-1A;
source habitat estimate + SE = -0.081 + 0.016, t6 = -5.19, p = 0.002). The mean brain mass was
on average 8.3 % greater in littoral fish after accounting for other model effects (adjusted littoral
mass = 0.118 g, pelagic = 0.109 g). Furthermore, brain mass increased with residual gape width
(0.031 + 0.012, t103 = 2.63, p = 0.01), indicating that fish with larger mouths for their body size
within each habitat also possessed larger brains (Figure 1-1B). Brain mass was not influenced by
any other model variable (Table 1-1). There was no evidence that body mass, adjusted for
standard length, differed between the habitats (1.59 + 1.73, t70 = -0.92, p = 0.39), suggesting that
energy allocation was broadly similar in fish from both habitats.
Brain region volumes
None of the five region volumes were related to capture habitat after statistically accounting for
the effects of the other variables in the model (Table 1-1). Furthermore, only telencephalon
volume was negatively related to gape width residuals (-0.40 + 0.016, t103 = -2.5, p = 0.014),
meaning a larger relative telencephalon volume was associated with a smaller gape width. The
volumes of the olfactory bulb and hypothalamus were both greater in 2016 than 2017 (Table 11), possibly due to less precise brain dissections in 2016 that subsequent inspection revealed had
damaged the edges of the hypothalamus and olfactory bulbs. Variation in brain region principal
components 2 and 3 were also unrelated to capture habitat or residual gape width (Table 1-1),
indicating that covariation of brain region volumes was unrelated to capture habitat or
microhabitat use. Additionally, sex had no effect on brain region size or any of the principal
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components. An effect of collection year on PC2 was also likely due to the dissection effects in
2016 noted above.
Discussion
We found that relative brain size was greater in sunfish that make use of the littoral habitat than
those that use the pelagic habitat but that the proportional size of individual brain regions did not
consistently differ between fish from these lake habitats. These data suggest that fish living in the
littoral habitat may face increased cognitive requirements that require a larger brain. A lack of
brain region differences between littoral and pelagic sunfish either suggests that specific
cognitive requirements do not differ between these habitats, or that habitat-related differentiation
of brain region size is constrained in these sunfish. Our observational study cannot discriminate
whether these differences in brain size reflect plastic responses, constitutive genetic differences
or their combined effects.
Brain size variation
Three explanations may account for differences in brain size between sunfish from these lake
habitats: differences in energetics or in cognitive requirements. Brains are energetically costly
organs (Niven and Laughlin 2008; Navarette et al. 2011; Kotrschal et al. 2013), so fish that
consume less food may have smaller brains. We considered and rejected the idea that the smaller
size of brains in fish from the pelagic habitat could be a consequence of less available energy
because body condition (mass adjusted for standard length) did not differ between adults from
these habitats. Furthermore, a separate study indicates that young of year juveniles have better
growth over their first summer season in the pelagic compared to the littoral habitat (Robinson,
unpublished results), indicating potentially greater energy availability in the pelagic habitat, at
least for juveniles. Hence, the smaller brain size of the pelagic sunfish ecotype seems unlikely to
reflect less available energy.
A second explanation for brain size variation among ecotypes is that head size variation
constrains brain size (Striedter and Northcutt 2006; Tsuboi et al. 2014). We considered and
rejected the idea that adult pelagic sunfish brains are smaller due to smaller head size (correlated
with smaller jaws) of that ecotype. First, we do not have strong evidence that brain case size
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differs between the habitats; the differences that we have observed are in the bottom half of the
head, in the buccal region [see figure 3, Robinson et al. 1993; and figure 5, Robinson et al.
2000]. Additionally, and consistent with previous observations in fish (Kotrschal et al. 1998), a
significant amount of the adult sunfish brain case of both ecotypes is not occupied by the brain,
but filled with lipid tissue. However, further study is needed to exclude the possibility that a
cranial constraint in juveniles (Striedter and Northcutt 2006) occurs in the pelagic ecotype that
carries over through development to affect adult brain size.
Lastly, differences in brain size between habitats could reflect differences in the cognitive
requirements of living in each habitat. Two observations support this explanation. First, brain
size was consistently associated with habitat use both at between- and within-habitat scales.
Individuals inhabiting the inshore littoral habitat and individuals that make greater use of littoralbenthic resources within each habitat (as indicated by oral jaw size) tended to have larger brains
than individuals living in the pelagic habitat or more likely to use pelagic prey. Second, larger
whole brain size was associated with the more spatially complex littoral habitat, consistent with
functional predictions relating cognitive requirements to habitat complexity in vertebrates
(Shumway 2008; Powell and Leal 2014).
These ecotype differences support previous work that suggests that different cognitive
requirements between littoral and pelagic habitats can affect brain size. The 8.3% difference in
relative brain size between the habitats is consistent with or slightly greater than differences
found between fish species that occupy different habitats (Lecchini et al. 2014; White and Brown
2014). Furthermore, this difference in brain size is comparable to evolved responses observed
under artificial selection for large and small brains in guppies (Poecilia reticulata) (Kotrschal et
al. 2013), as well as developmental responses in brain size to acute oxygen deprivation in
African cichlids (Pseudocrenilabrus multicolour) (Crispo and Chapman 2010). This suggests
that habitat-specific differences in cognitive requirements or environmental conditions that
influence brain size can have strong effects among individuals within a species.
Studies of intraspecific variation in relative brain size as a response to habitat variation are
limited, highlighting the novelty of these results. Moran et al. (2015), and Ahmed et al. (2017)
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found no consistent relationship between habitat and relative brain size in Mexican tetra
(Astyanax mexicanus) and threespine stickleback (Gasterous aculeatus) respectively. Similarly,
Evans et al. (2013) found no difference in brain size within species pairs of lake whitefish
(Coregonus clupeaformis). Intraspecific differences in brain size between spatially separated
populations of fish have also been reported in other studies (Gonda et al. 2009; Kolm et al. 2009;
Eifert et al. 2015). Gonda et al. (2011) found that freshwater pond dwelling nine-spined
sticklebacks (Pungitius pungitius) had larger brains (adjusted for body size) than marine
sticklebacks, and they emphasized that multiple proximate mechanisms could generate this
diversity (discussed below). As far as we know, our study is the first to find a relationship
between habitat and relative brain size variation between ecotypes that coexist in a single lake
population of fish.
It is important to recognize that we cannot distinguish between three proximate mechanisms that
could generate a functional association between habitat and brain size among ecotypes. First,
individuals could non-randomly sort themselves into habitats based on functional variation in
brain size or other correlated traits. Second, diversifying selection acting on variation in brain
size among individuals in each habitat could favour different optimum brain sizes in each
habitat. Should diversifying selection be strong and persistent, and heritable variation in brain
size available, then differences in brain size could evolutionarily diverge between ecotypes.
Third, previous work suggests plasticity in brain size (Zupanc 2006; Kaslin et al. 2008;
McCallum et. al. 2014; Eifert et al. 2015), raising the possibility that individuals may develop
brain characteristics that improve the functional match to local conditions over their lifetimes.
Common garden, plasticity, and selection studies could distinguish among these proximate
mechanisms, although it is possible for all three mechanisms to contribute to phenotypic
variation in nature (Parson and Robinson 2007). We also do not know that brain size variation
influences ecologically relevant cognitive ability in this system (e.g., Kotrschal et a. 2013).
Nevertheless, the uncertainty around the relative importance of the proximate mechanisms
shaping brain size variation does not detract from our expectation that habitat-specific cognitive
requirements likely have contributed to differences in brain size between these sunfish ecotypes.
Brain region size variation
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A key observation here was that there was little evidence for a habitat effect on the proportional
size of brain regions. There are three possible explanations for this. First, the ellipsoid method
used to assess brain region size was insufficiently precise compared to micro CT methods used
to detect finer scale brain region size differences (White and Brown 2015), although the ellipsoid
method has been used to detect brain region size differences elsewhere (Pollen et al. 2007; Kolm
et. al. 2009). Second, the specific cognitive requirements of the different brain regions examined
may not differ between these two lake habitats. Instead, there could be characteristics of the
different habitats that select for greater overall cognitive abilities, such as structural complexity,
which would result in larger relative brain size without favouring specific cognitive abilities
rooted in different brain regions. We cannot rule this out, however it seems unlikely given that
previous work has found evidence for different specific cognitive requirements for fish living in
different aquatic habitats (Kotrschal et al. 1998; White and Brown 2014; Lecchini et al. 2015).
Second, independent changes in fish brain region sizes could be constrained, a possibility that
has been tested, but with no consistent result (Striedter 2005; Noreikiene et. al. 2015; Hoops et
al. 2017). This constraint could be caused either by neuro-developmental processes such as
limited ability to target growth hormones to particular brain regions, or by evolutionary
processes such as limited standing genetic variation in or genetic correlations among brain region
volumes that could constrain rapid evolutionary divergence. In both constraint scenarios, brain
region differences functionally affect sensory processing, cognition or behaviour, but increasing
the size of a particular brain region generates a correlated increase in whole brain size because of
the constraint. We cannot yet distinguish between these explanations for the absence of brain
region differences between ecotypes.
A notable exception to the lack of effects of habitat on brain region volumes here was the
negative relationship between relative telencephalon volume and gape width, suggesting the
telencephalon may be important for using pelagic resources. It is possible this reflects a type 1
error, since we performed a large number of non-independent tests on five related brain regions.
There is, however, prior work that suggests that the telencephalon may be involved with
environmental space use in fishes (Davis et al. 1981; Rodriguez et al. 2002; Park and Bell 2010;
Pollen et. al. 2007; Gonzalez-Voyer and Kolm 2010). Our results are consistent with Wilson and
McLaughlin (2010), Park and Bell (2010), and Gonda et al. (2011), who all found larger
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telencephala in fish more likely to forage for prey in the water column. A larger telencephalon
may be advantageous when feeding on pelagic prey due to the three dimensional nature of that
type of foraging, although we found no evidence of larger telencephala in pelagic sunfish overall.
Interestingly, Edmunds et al. (2016) found smaller telencephala in fish species that fed more on
pelagic resources than those consuming greater proportions of littoral resources in the same lake.
The inconsistency of these results warrants further studies of telencephalon function in fishes.
Brain, behaviour and adaptive divergence
A long standing evolutionary hypothesis proposes that behavioural diversification is critical to
ecological diversification when behaviour allows organisms to colonize and persist in novel
environments where diversifying selection can subsequently operate on other ecologically
important traits (Mayr et al. 1982; Wcislo 1989; Lister 2014). Under this scenario, variation in
brain size and morphology that is causally linked to ecologically important behavioural variation
should diversify simultaneously with ecological divergence, as observed here. However, a novel
feature revealed here is that colonization of the pelagic habitat from the ancestral littoral habitat
by sunfish may have been facilitated by behaviours that reduced rather than increased the
cognitive costs of ecologically important novel behaviours, thereby allowing reduced energetic
costs related to maintenance of brain tissue.
Conclusion
Evaluating the functional links between variation in brain size and habitat use within a single
species at an early stage of ecological divergence is uncommon. Our observations from a recent
divergence of pumpkinseed sunfish indicate that the lake habitat in which an individual resides,
as well as foraging preferences of individuals within that habitat, are associated with variation in
brain size. This suggests that variation in brain size may be an adaptive evolutionary or
functional plastic response to conditions that distinguish littoral from pelagic habitats.
Specifically, the littoral habitat was associated with larger brains than the pelagic habitat,
suggesting that littoral-benthic conditions are likely a more cognitively challenging environment.
Individual brain region sizes were not related to habitat, possibly indicating constraints that limit
the ability of regions to change in size independent of other regions, at least over the relatively
short 12,000-year post-glacial time scale over which these sunfish have ecologically diverged
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between lake habitats. The intraspecific differences in total brain size described here strongly
encourage further searches for evidence of functional links between brain size, cognition,
ecology, and adaptive divergence in lake fishes.
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Tables
Table1-1. Mixed effects model results predicting brain size, brain region volume or Principal
Component brain region volume scores based on models that included body size as a covariate
(SL = standard length; or brain mass), source habitat (littoral vs. pelagic), sex, oral jaw size that
reflects resource use (residual gape width (GW) after adjusting for standard length) and year
(2016-2017). A positive effect for habitat indicates an increased value of the response variable
in the pelagic habitat; for sex an increased value in males; for GW residual an increased value
with larger gape width; and for date an increased value in 2017.
Response
Variable
Estimate
t-value
DF’s
p-value
Variable
Brain Size
Brain Mass
SL
1.26+0.043
29.4
103
<0.0001
Habitat
-0.081+0.016
-5.19
6
0.002
Sex
-0.0035+0.013 -0.27
103
0.78
GW resid
0.031+0.012
2.63
103
0.001
Year
0.0094+0.014
0.69
103
0.49
Univariate Brain Region Size
Cerebellum
Brain Mass
1.1+0.074
14.7
103
<0.0001
Volume
Habitat
0.020+0.046
0.41
6
0.69
Sex
-0.020+0.029
-0.66
103
0.51
GW resid
-0.021+0.027
-0.77
103
0.44
Year
-0.047+0.031
-1.51
103
0.13
Optic Tectum
Brain Mass
0.95+0.035
26.8
103
<0.0001
Volume
Habitat
-0.016+0.017
-0.98
6
0.37
Sex
-0.013+0.014
-0.92
103
0.36
GW resid
-0.0095+0.013 -0.72
103
0.47
Year
-0.010+0.015
-0.52
103
0.52
Telencephalon
Brain Mass
1.1 +0.043
25.9
103
<0.0001
Volume
Habitat
-0.023+0.021
-1.1
6
0.32
Sex
0.014+0.017
0.80
103
0.42
GW resid
-0.040+0.016
-2.5
103
0.014
Year
-0.024+0.018
-1.33
103
0.18
Olfactory Bulb Brain Mass
0.75+0.089
8.4
101
<0.0001
Volume
Habitat
0.023+0.049
0.46
6
0.66
Sex
-0.015+0.036
-0.41
101
0.68
GW resid
0.015+0.033
0.44
101
0.66
Year
-0.13+0.038
-3.30
101
0.0013
Hypothalamus
Brain Mass
1.03+0.064
16.2
103
<0.0001
Volume
Habitat
0.047+0.030
1.57
6
0.22
Sex
0.024+0.025
1.00
103
0.43
GW.resid
0.023+0.024
1.00
103
0.33
Year
-0.065+0.027
-2.41
103
0.046
Multivariate Brain Region Size
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PC2

PC3

BM
Habitat
Sex
GW resid
Year
BM
Habitat
Sex
GW resid
Year

-0.54+0.35
0.1+0.21
0.084+0.14
0.12+0.13
-0.47+0.15
-0.34+0.25
-0.049+0.15
-0.13+0.1
-0.052+0.093
-0.081+0.11

-1.55
0.46
0.61
0.9
-3.21
-1.34
-0.32
-1.25
-0.55
-0.75

101
6
101
101
101
101
6
101
101
101

0.12
0.66
0.54
0.37
0.0018
0.18
0.76
0.21
0.58
0.45
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Figure 1-1. Whole brain mass variation after adjusting for other factors in the mixed effects
model. Red symbols indicate littoral habitat, blue symbols indicate pelagic habitat. A: The
relationship between adjusted brain mass and standard length (both natural-log transformed),
along with the linear fits for each habitat. B: The relationship between brain mass (log
transformed) and gape width residuals, along with linear fits for each habitat. In both analyses,
linear fits were parallel (no interaction between habitat and standard length in A: 0.13+0.084,
t102=1.58, p=0.12; and no interaction between habitat and gape width residuals in B:
0.0028+0.025, t102=0.11, p=0.91).
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Chapter 2: Interspecific and intraspecific comparisons reveal the
importance of evolutionary context in sunfish brain form divergence
Abstract
Habitats can select for specialized phenotypic characteristics in animals. However, the
consistency of evolutionary responses to particular environmental conditions remains difficult to
predict. One trait of great ecological importance is brain form, which is expected to vary between
habitats that differ in their cognitive requirements. Here we compared brain form divergence
across a common littoral-pelagic ecological axis in two sunfishes at both the intraspecific and
interspecific levels. Brain form differed between habitats at every level of comparison, however
divergence was inconsistent. Pumpkinseed and bluegill species differed in cerebellum, optic
tectum, and olfactory bulb size. These differences are consistent with a historical ecological
divergence because they did not manifest between littoral and pelagic ecotypes within either
species, suggesting constraints on changes to these regions over short evolutionary time scales.
There were also differences in brain form between conspecific ecotypes, but they were
inconsistent between species. Littoral pumpkinseed had larger brains than their pelagic
counterpart, and littoral bluegill had smaller telencephalons than their pelagic counterpart.
Inconsistent brain form divergence between conspecific ecotypes of pumpkinseed and bluegill
sharing a common littoral-pelagic habitat axis suggests that contemporary ecological conditions
and historic evolutionary context interact to influence evolutionary changes in brain form in
fishes.
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Introduction
Environments that vary tremendously in ecological characteristics should cause trait
specialization by animals when selection favors particular morphological and behavioural
characteristics that optimize performance under particular conditions. This should be particularly
true for traits that more directly regulate the interaction between an animal and its environment.
What remains unclear is the degree to which particular habitat types consistently select for the
same evolutionary outcomes. When considering populations diverging between a replicated set
of alternate ecological conditions, we expect parallel patterns of trait divergence between
divergent groups in the absence of opposing effects (Losos 1992; Schluter and Nagel 1995).
However, other factors can also influence trait responses to identical ecological pressures,
including intrinsic population genetic factors and the extrinsic form of the local fitness
landscape. Characteristics of population genetic structure, such as limited phenotypic or heritable
variation, or tight trait covariance relationships, can limit local adaptation over the short
evolutionary term (Schwenk 1995; Conner et al. 2011; Bolstad et al. 2015). One of several
different possible adaptations may also evolve in response to identical ecological pressures when
multiple phenotypic optima exist and populations differ slightly in standing phenotypic variation
(Wright 1932; Whitlock et al. 1995). For example, Blows et al. (2003) demonstrated three fitness
peaks in colour ornamentation in male guppies, suggesting that multiple effective ways exist for
male guppies to attract females. Hence, the occurrence of multiple optimal phenotypes in a
particular environment can make it difficult to predict the evolutionary response to that
environment based on knowledge of ecological conditions alone. In addition, the evolutionary
history of a population can also influence a population’s propensity to evolve a particular
phenotypic state.

While the evolutionary response of a population to selection is regulated by the geometry of trait
variance and covariance, that geometry can radically differ among lineages because of historic
differences in selection, drift and subsequent trait integration (Haber 2015). One result is that the
covariation of traits can vary between species, and covariation among species can differ from
within-species. Consequently, these historic influences on trait variance and covariance in a
population shape any evolutionary responses to contemporary selection (Montgomery et al.
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2016). For example, the evolutionary capacity of a population of ecological generalists may be
more labile than that of an ecologically specialized population if the latter has adaptively evolved
functionally codependent traits that contribute to phenotypic integration (Monteiro and Nogueira
2010) or enhanced phenotypic modularity (Espinosa-Sota and Wagner 2010). In the absence of a
detailed understanding of species’ trait variance and covariance it is difficult to predict responses
to selection.
One trait that is ideally suited to testing evolutionary responses to similar ecological conditions is
brain form. Brain size and morphology are important traits for shaping cognitive ability and
behaviour and have been linked to variation in ecological performance. Cognitive tests (learning
and/or problem-solving tests) suggest functional links between relative brain size and cognitive
ability (Kotrschal et al. 2013; MacLean et al. 2014; Benson-Amram et al. 2016; Buechel et al.
2018), thought to be the result of greater numbers of neurons and neuronal connections in larger
brains (Heculano-Houzel and Lent 2005). Here, we define cognition broadly as all information
processing done by the central nervous system, including processing of sensory, motor and
higher integrative functions of the brain. Furthermore, brain size is related to habitat use, both
interspecifically (Kruska 1988; Shumway 2008; Lecchini et al. 2014; Fischer et al. 2015) and
intraspecifically (Gonda et al. 2009; Evans et al. 2013; Walsh et al. 2016; Ahmed et al. 2017;
Axelrod et al. 2018), with larger brains generally associated with habitats that are expected to
present greater cognitive challenges.
Relative brain region size may also functionally shape some aspects of cognition, behaviour, and
sensory integration in relation to environmental conditions (Schellart 1991; Kotrschal et al. 1998;
Healy and Rowe 2007). Brain regions appear specialized for particular cognitive or sensory
functions (summarized in Table 2-1). Like relative brain size, relative brain region size has been
associated with particular habitats that appear to require specific cognitive abilities (Kruska
1988; Shumway 2008; Gonzalez-Voyer and Kolm 2010; Lecchini et al 2014; White and Brown
2014). Brain tissue is understood to be particularly energetically costly (Aiello and Wheeler
1995; Isler and van Schaik 2006; Niven and Laughlin 2008, Isler and van Schaik 2009; Navarette
et al. 2011; Kotrschal et al. 2013), and so brain tissues are expected to be no larger than required
by local conditions (Jerison 1973). For example, phylogenetic comparative analysis has revealed
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that relaxed selection for larger brains results in the evolution of smaller brains in bats (Safi et al.
2005).
Replicated or consistent relationships between habitat and brain form are commonly used to infer
brain size and region functions, and these patterns can be evaluated using interspecific or
intraspecific comparisons. Each approach has its strengths and limitations (Gonda et al. 2013).
Interspecific comparisons may be limited by unknown but important historic evolutionary
differences between species that constrain contemporary evolutionary responses to selection in
unexpected ways. Additionally, interspecific comparisons would likely not reveal withingeneration plastic effects on brain form that could be observed using within-species
comparisons. Intraspecific comparisons avoid these challenges but may be limited because
divergent ecotypes may not reflect evolved responses, or reliably signal long-term evolutionary
responses. Combining both approaches may be an effective way to test the consistency of trait
responses to environmental conditions over a wider span of evolutionary scale in order to
indirectly test for adaptive evolution and elucidate potential mechanisms that could limit
adaptive responses (Foster et al. 1998; Riopel et al. 2008). A combined approach requires a
shared divergence in ecological niche use by species and by ecotypes nested within species, and
subsequently focuses on how evolutionary history in the form of species’ effects may influence
contemporary responses to selection represented by replicated ecotype differences.
A hierarchical comparative approach, employing both within-species and between-species
comparisons, along a consistent axis of ecological divergence can also generate insights about
mechanisms that cause different trait states under similar ecological conditions. Mechanistic
hypotheses about factors that influence trait change can be developed, and to a limited extent
tested, using a hierarchical comparative approach because they generate different predictions for
groups that share a common axis of ecological divergence but differ in the historical timing of
divergence, as we expect constraints to act differently over different timescales. Additionally, by
including multiple within-species comparisons we can evaluate the possibility of multiple
adaptive peaks, as these could result in different patterns of phenotypic divergence among
ecotypes of different species exposed to similar ecological pressures.
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This approach has the potential to resolve some aspects of a long-standing uncertainty about the
evolutionary lability of brain size and morphology. At issue is whether distinct brain region sizes
can evolve independently (often referred to as ‘mosaic’ brain form evolution), or whether
evolutionary change in brain regions is constrained and brain size evolves through concerted
change among brain regions (Striedter 2005, Montgomery et al. 2016). Previous work across
animal taxa has found support for both these patterns. Brain region size in primates and bats is
predicted by whole brain size (Finlay and Darlington 1995; Finlay et al. 2001), suggesting
concerted evolution of brain regions. A concerted pattern of brain morphology variation has also
been observed in lizards (Powell and Leal 2001) and fish (Axelrod et al. 2018). Contrary to these
findings, primates and insectivorous mammals have also been shown to exhibit ‘mosaic’ change
in the size of brain regions (Barton and Harvey 2000). A mosaic pattern of brain evolution has
also been inferred in birds (Iwaniuk et al. 2004), cichlids (Gonzalez-Voyer and Kolm 2010), and
stickleback (Noreikiene et al. 2015). Finally, many studies have found results that support a
combination of concerted and mosaic patterns of brain region evolution, including in fish
(Gonzalez et al. 2009; Sukhum et al. 2018), lizards (Hoops et al. 2017), amphibians (Liao et al.
2015), and birds (Gutierrez-Ibanez et al. 2014; Moore and DeVoogt 2017). Progress in resolving
uncertainty over the degree of constraint in brain region evolution has stagnated perhaps because
of a phenomenological focus on pattern in brain morphology evolution that is poorly connected
to mechanistic processes. Identifying and then testing specific mechanisms of brain change
should facilitate our understanding of how brains evolve and perhaps resolve some
inconsistencies in the literature. Here we demonstrate how a hierarchical comparative approach
can be used to evaluate the effects of some of these mechanisms, focusing specifically on the
potential of historical constraint, variation in plastic responses, and multiple local adaptive peaks
to influence variation in brain form.
We evaluated the consistency of the effects of littoral and pelagic habitats on brain form between
and within species of two congeneric freshwater sunfish species, pumpkinseed (Lepomis
gibbosus) and bluegill (L. macrochirus). Pumpkinseed and bluegill are North American
freshwater ray-finned fish that diverged approximately 15 mya (Near et al 2005). Typically,
pumpkinseed and bluegill are ecologically specialized for the littoral and pelagic habitat,
respectively (Werner and Gilliam 1984; Osenberg et al. 1992; Robinson and Wilson 1994).
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Pumpkinseed have larger heads, fewer, shorter and more widely spaced gill rakers, larger oral
jaws and more robust pharyngeal jaws than bluegill; morphological specializations that enhance
feeding on large macroinvertebrates. Conversely, bluegill morphological specializations enhance
foraging on small zooplankton present in both habitats but dominating in the pelagic habitat
(reviewed in Robinson et al. 1993). These species are ideal for evaluating the consistency of
habitat effects on brain form because postglacial lake populations of each species can also be
composed of coexisting ecotypes that have diverged along the same littoral-pelagic axis over the
last 12,000 yrs, forming a nested evolutionary hierarchy of replicated ecological divergence
(Figure 2-1) (Ehlinger and Wilson 1988; Ehlinger 1990; Robinson et al. 1993, 2000; Wilson et
al. 1996; Gillespie and Fox 2003; Chipps et al. 2004; Jastrebski and Robinson 2004; Weese et al.
2012). Inhabiting these different lake habitats may demand different cognitive requirements of
sunfish ecotypes because the brains of littoral pumpkinseed are 8.3% larger than in pelagic
individuals, without differences between the sexes or in brain region morphology (Axelrod et al.
2018). The importance of habitat specific foraging requirements in shaping brain size is further
supported by a relationship between oral jaw size and brain size in pumpkinseed within each
habitat (Axelrod et al. 2018). Although foraging morphology and tactics differ between littoral
and pelagic ecotypes of bluegill (e.g., Ehlinger and Wilson 1988), no data on brain form is
currently available in this species.
Our comparative investigation involves a nested hierarchy of replicated divergence between
littoral and pelagic habitats of inland lakes that allows us to test the consistency of the
relationship between brain form and habitat use in these sunfishes. A consistent relationship
between habitat and brain form within and among species would be strong evidence that habitats
have particular cognitive requirements that favor adaptive brain form evolution. The complete
absence of divergence in brain form between conspecific ecotypes and between species would
serve as strong evidence that pelagic and littoral habitats do not differ in their eco-cognitive
requirements. Inconsistent differences in brain form between ecotypes of pumpkinseeds and
ecotypes of bluegills would suggest either multiple successful cognitive performance strategies
or that the evolutionary histories of the species affect contemporary phenotypic responses to
habitat divergence. Differences in brain form between species that do not occur between
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conspecific ecotypes would suggest that evolutionary history constrains contemporary changes in
brain form.
Methods
Sample Collection
Pumpkinseeds were collected in August of 2016 and 2017 from Ashby Lake, Ontario (45.092N,
77.351W) via angling from four littoral and four pelagic sites in early August of 2016 and 2017
(N=131), euthanized using an overdose of clove oil (100ppm), and preserved in 10% buffered
formalin. Analysis of the pumpkinseed ecotypes in isolation was published in Axelrod et al.
(2018). Bluegills were collected in July of 2017 from Holcomb Lake, Michigan (42.507N,
85.434W) (N=97). The small size of Holcomb Lake limited collection to one littoral and one
pelagic site, but otherwise sampling procedures were identical to that for pumpkinseed. These
lake populations were chosen as they both exhibit within species ecotype divergence
(pumpkinseed, Jastrebski and Robinson 2004; bluegill, Ehlinger and Wilson 1988; Wilson et al.
1996). Sampling was performed in accordance with animal use and welfare protocols
administered by the animal care committee of the University of Guelph under the guidelines set
by the Canadian Council on Animal Care.
Sample Processing
All individuals were given uninformative labels, so as to conceal identity during processing.
Pumpkinseed were processed in 2017 and bluegill in early 2019, so species identity was known
during processing. Though processed at different times, samples from both species were held in
formalin for less than two years, so shrinkage of brain tissue should not generate confounding
results. Fish were blotted to remove excess formalin, weighed, and their standard length and oral
jaw width were measured using digital callipers. The oral jaw width was measured as the
maximum distance between the maxillaries and standard length as the distance between the tip of
the nose and the end of the caudal peduncle. All fish were aged by counting annuli on a sample
of at least five scales per individual. Brains were removed via dissection and excess cranial
nerves were trimmed. The spinal cord of all brains was cut at the level of the obex to ensure
consistency in comparisons. Dissection damaged the brains of 16 pumpkinseed and three bluegill
individuals and so these were excluded from analyses, leaving 113 pumpkinseed and 94 bluegill.
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Following removal, the region volume and weight of brains were measured. To measure region
volume, brains were digitally photographed from dorsal, ventral and lateral orientations using a
Canon Powershot G10 camera connected to an Olympus SZ61 dissection microscope. Brains
were oriented for imaging using a sculped well of Styrofoam, and consistent lateral orientation
was achieved by ensuring that both sizes of bilaterally symmetrical regions were vertically
aligned. The linear length, width and depth of each region (cerebellum, optic tectum,
telencephalon, olfactory bulbs, and hypothalamus), including both lobes of bilaterally
symmetrical regions, was measured using the Neurolucida (MBF Bioscience) quick line
measurement function, and the volume of each region was estimated as V=(LxWxH)π/6
(Ullmann et al. 2010; White and Brown 2015). Only one lateral view of the brain was
photographed, and so the depth of each lobe of bilaterally symmetrical regions was assumed to
be the same. Blotted brain weight was measured using an Accu-124D scale (Fisher Scientific) at
a resolution of 0.0001g. Brain mass and brain region volumes were used as estimates of total and
regional brain size, respectively.
Statistical Methods
The consistency of the relationship between brain form and habitat was evaluated by comparing
traits among four groups of sunfish that encompass two within species ecotype comparisons as
well as one species level comparison (sites within each habitat were combined for pumpkinseed).
We compared oral jaw width, a morphological proxy of habitat use (Jarvis et al. 2017; Axelrod et
al. 2018; Axelrod et al 2020), between species and ecotypes in order to evaluate their historical
and contemporary patterns of ecological divergence. We then tested for species and ecotype
effects on brain mass and brain region volumes. We used covariance models that include species
(pumpkinseed vs. bluegill) and ecotype (littoral vs. pelagic) as main effects (species-ecotype
models). Oral jaw width and brain mass models included a body length covariate to account for
the allometric nature of these traits. Body length was preferred over body mass because length is
less affected by short term changes in body condition. Separate species-ecotype models analyzed
variation in each of the five brain regions and included brain mass as a covariate because we
focus on the contribution of each region in relation to the whole brain. Interaction terms were
also included in these models.
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The interactions between each main effect and either body length or brain mass (depending on
the species-ecotype model above) evaluated possible allometric differences between species and
between ecotypes. Interaction between the species and ecotype main effects permitted a
preliminary test of the degree to which ecotypes diverged in a similar fashion between habitats.
However, we are cautious of an inference of parallel ecotypic divergence on the basis of a nonsignificant species by ecotype interaction because this test treats consistent ecotype divergence as
the null hypothesis. By focusing on limiting an erroneous conclusion when groups differ by
chance alone in order to avoid a type-1 error, this test is biased towards finding evidence of
consistent ecotype divergence between habitats. To avoid an inference biased towards
concluding parallel ecotypic divergence, we compared any differences between conspecific
littoral and pelagic ecotypes for the two species using an additional simpler linear model
including either standard length or brain mass as a scaling covariate and a grouping factor that
combined species and ecotype together (PSLittoral, PSPelagic, BGLittoral, BGPelagic),
followed by Tukey HSD pairwise tests among these four groupings (multicomp function in R).
Here, the consistency of any differences between littoral and pelagic ecotypes can be directly
compared between the two species. We infer parallel patterns of brain form divergence only
when conspecific ecotypes diverge in the same way for the two species and in concert with a
non-significant species and ecotype interaction effect in the species-ecotype models above.
The prediction that brain form divergence between species is consistent with brain form
divergence within species predicts significant species and ecotype main effects in our speciesecotype models, acting in the same direction of trait change across habitats. Specifically, this
means that species differences in brain form should differ consistently for ecotypes that share the
same habitat, meaning that littoral pumpkinseed should differ from littoral bluegill in brain form,
and pelagic pumpkinseed should differ from pelagic bluegill in a similar way. We use the Tukey
HSD test on the second four-group model described above to additionally test this prediction. As
above, we infer similar species and ecotype differences only when the results of both models
align with our predictions.
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Oral jaw width, brain mass, brain region volume and standard length were all natural-log
transformed before the analyses to improve linearity and residual normality. All statistical
analyses were conducted using the R program for statistical computing (version 3.5.2) and the
statistical threshold was set at 0.05.
Results
We found evidence that oral jaw width, a key feeding-related morphological trait functionally
related to consumption of macroinvertebrate prey primarily in the littoral habitat, was
hierarchically replicated here consistent with adaptive divergence processes. Pumpkinseed
sunfish, a littoral habitat specialist, have larger oral jaws than bluegill who are more specialized
for the pelagic habitat. Sunfish ecotypes within species consistently express a similar divergence
between lake habitats, with littoral ecotypes having larger oral jaws than conspecific pelagic
ecotypes (Table 2-2, Table 2-3, Figure 2-2), although statistical evidence of this ecotype
difference in bluegill was weaker (Pelagic-Littoral estimate ± SE = -0.037 ± 0.015, t = -2.4, 2sided P = 0.076).
Unlike oral jaws, divergence of brain form traits was not hierarchically replicated in these
sunfish. Variation arose between species that was not apparent between ecotypes. Volumes of
cerebellum, optic tectum and olfactory bulb adjusted for standard length all differed between
bluegill and pumpkinseed species, but not between ecotypes within these species. Cerebellum
and olfactory bulb volumes were greater in pumpkinseed (Table 2-2, Table 2-3, Figure 2-4A,
Figure 2-4D), and optic tectum volume was greater in the bluegill. Hypothalamus volume
consistently did not differ between species or ecotypes (Table 2-2, Table 2-3, Figure 2-4E).
Furthermore, divergent brain form between conspecific ecotypes was not replicated in the two
sunfish species. Pumpkinseed ecotypes differed in relative brain mass, while bluegill ecotypes
differed in relative telencephalon volume. Species and habitat both predicted whole brain mass
after accounting for standard length, and there was no evidence of an interaction between species
and ecotype (Table 2-2), potentially suggesting a consistent change in brain mass between
species and ecotypes within species in response to habitat. However, post-hoc comparisons
revealed only that brain mass was greater in littoral compared to pelagic ecotypes in

34

pumpkinseed, but not between ecotypes in bluegill (Table 2-3, Figure 2-3), indicating that brain
mass of ecotypes did not consistently diverged between habitats in pumpkinseed and in bluegill.
The effect of standard length on brain mass was also influenced by ecotype in this model
(standard length – ecotype interaction, Table 2-2), suggesting that smaller sunfish differ more in
brain size between ecotypes than larger sunfish. However, we interpret this interaction effect as a
statistical artifact resulting from pumpkinseed being generally smaller than bluegill (mean and
standard error of standard length pumpkinseed = 88.9mm±13.5mm; bluegill =
117.4mm±19.3mm) in combination with difference in brain mass between pumpkinseed but not
between bluegill ecotypes. In order to mitigate the possible effect of body size differences we ran
a post-hoc analysis of covariance on each individual species that revealed no significant
interaction effect between standard length and ecotype on brain mass in either species
(Supplementary 2-1). No other interactions were significant in the brain size model.
With respect to brain region size, our analyses also suggest inconsistent within-species habitat
effects on telencephalon volume. Telencephalon volume was influenced by species, ecotype and
their interaction in our species-ecotype model (Table 2-2), the latter suggesting that differences
between ecotypes were inconsistent between these two species. Post-hoc analysis of ecotype
groups revealed that littoral bluegill had smaller telencephalons than pelagic bluegill, but no such
difference existed between the pumpkinseed ecotypes (Table 2-3, Figure 2-4C). Like brain mass
above, a significant brain mass by ecotype interaction effect on telencephalon volume likely
resulted from the larger body size of bluegill relative to pumpkinseed, and the difference in
telencephalon volume between ecotypes being present only within bluegill. Again, similar to
brain mas above, this inference is supported by separate models for each species that showed no
significant ecotype by brain mass interaction effect in either species (Supplementary 2-1). No
significant brain mass by species interaction effect was found.
Discussion
Prior studies have shown effects of habitat on fish brain size and morphology. Here, we
investigated the consistency of relationships between divergence in brain form and ecological
divergence across the littoral-pelagic ecological axis using a hierarchy of comparisons: among
ecotypes within species that are evolutionarily recent and between pumpkinseed and bluegill
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sunfish species that diverged in the more distant evolutionary past. First, we find strong evidence
of a replicated pattern of ecological and adaptive divergence across the littoral-pelagic axis in
oral jaw size, a key feeding trait. Patterns of brain form variation can now be interpreted against
this hierarchically replicated pattern of ecological divergence. Second, we find habitat effects on
brain form across every comparison we examine for all but one brain trait, although none of
these effects were consistently replicated among ecotypes and species. Brain size and
telencephalon size diverged between ecotypes of pumpkinseed and bluegill respectively, but
neither trait diverged between conspecific ecotypes in both of these sunfish species. Cerebellum,
optic tectum and olfactory bulb size all diverged between the two sunfish species, but not
between conspecific ecotypes within species. Hypothalamus size was the only trait that did not
diverge between habitats in any comparison. Our results generally support our hypothesis that
habitats vary in their cognitive requirements, and that this manifests in variation in brain form.
The inconsistency of these effects, however, suggests that the specific evolutionary
characteristics of a species, such as life history and trait variation and covariation, influence how
fish brains respond to the different cognitive requirements of the littoral and pelagic habitats.
Ecological and brain form divergence
The difference in oral jaw width between species, as well as between ecotypes within species, is
strong evidence in support of a replicated pattern of ecological divergence across the littoralpelagic axis and supports our understanding of habitat-specific foraging ecology (outlined in
figure 2-1). Pumpkinseed are well adapted to foraging on larger benthic prey, including snails in
the littoral habitat, whereas bluegill are better adapted to feed extensively on small zooplankton
prey particularly in the pelagic lake habitat (Werner and Gilliam 1984; Osenberg et al. 1992;
Robinson and Wilson 1994). The oral jaws of both pumpkinseed ecotypes are wider than those
of either bluegill ecotype here, consistent with the known species-level ecological divergence.
Suction feeding fishes, including the bluegill and pumpkinseed, diverge along a continuum
between ‘suction’ and ‘ram’ feeding, with suction feeding being more effective at capturing
smaller elusive prey, such as those found in the pelagic habitat, and ram feeding being more
effective at foraging on larger prey, such as those found more in the littoral habitat. This feeding
continuum is mitigated in part by oral jaw size relative to body size (Carroll et al. 2004). The oral
jaws of littoral ecotypes within both species are larger than those of pelagic ecotypes, although
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evidence of this is weaker in bluegill. Intraspecific variation in oral jaw width has been shown to
be a reliable indicator of habitat use in pumpkinseed elsewhere (Jarvis et al. 2017; Axelrod et al.
2018; Axelrod et al 2020). These prevailing trends support our understanding that the ecological
divergence between pumpkinseed and bluegill is replicated between littoral and pelagic ecotypes
within each species and demonstrate the usefulness of our hierarchical comparison in showing
replicated trait divergence across habitats.
Ecological divergence across the littoral-pelagic axis was associated with significant changes in
brain form at all levels of comparison, suggesting that habitats likely differ in their eco-cognitive
requirements and that this manifests in brain form responses. However, unlike oral jaw width
above, the patterns of divergence were inconsistent, and so we have to reject the idea of a simple
or single consistent effect of habitat on brain form in these sunfish. Littoral and pelagic
diversification was associated with brain form variation between ecotypes within both species, as
well as between species, however ecotype diversification was not the same across species. In
pumpkinseed, the whole brain size (adjusted for body size) is larger in littoral than in pelagic
individuals, suggesting that conditions in the littoral habitat are more broadly cognitively
challenging. The larger relative telencephalon size in pelagic relative to littoral bluegill suggests
that sensory integration, navigation, and spatial learning (Table 1) may influence performance in
the pelagic habitat. Pelagic foraging is associated with a larger telencephalon in fish (Park and
Bell 2010; Wilson and McLaughlin 2010; Gonda et al. 2011), perhaps because of the cognitive
requirements of navigating a large volume and deep, three-dimensional habitat. Alternatively,
pelagic bluegill may require greater spatial learning and memory because they have to move
between the pelagic habitat where they primarily feed and the littoral habitat where they spawn
(Colgan et al. 1979). Movement between habitats may also increase the importance of other
aspects of cognitive ability such as behavioural flexibility (Healy and Rowe 2007), which may
be related to telencephalon size.
Differences between bluegill and pumpkinseed species in optic tectum, olfactory bulb and
cerebellum size reveal a more historic divergence in aspects of brain performance related to the
littoral-pelagic divergence than found between conspecific ecotypes. For example, foraging for
small zooplankton prey in the pelagic habitat requires adept vision which involves the optic
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tectum where visual information is processed (Table 2-1). Bluegill feeding on small pelagic
zooplankton prey may have favored the evolution of larger optic tecta. Pumpkinseed feeding on
cryptic macroinvertebrate prey such as snails and insect larvae in the littoral habitat, may use
olfaction to enhance finding prey, and so favor the evolution of larger olfactory bulbs. The larger
relative cerebellum size in pumpkinseed suggests that performance in the littoral habitat may
require greater motor control and function (Table 2-1). There is precedent for such a relationship
since Pollen et al. (2007) and Gonzalez-Voyer and Kolm (2010) found that greater habitat
complexity was associated with larger cerebellum size in cichlids. Movement in a more
structurally complex littoral habitat might have favored greater cerebellum size in pumpkinseed.
The littoral habitat is more structurally complex than the pelagic habitat due to its shallow depth
and proximity to the shoreline which gives rise to a great variety of substrate types, such as
macrophytes, boulders, and fallen trees. Feeding and evading predators here likely requires more
refined motor control than in the pelagic habitat, where there is far less complex physical
structure. For example, Ehlinger (1990) showed that bluegill use a more complex prey search
strategy involving greater motor control under littoral conditions than pelagic conditions,
although a role for the cerebellum in this behavior is unknown. The observed differences in
relative brain region size between sunfish species support the hypothesis of differences in
specific cognitive requirements of littoral and pelagic habitats.
One consistent finding was the absence of any habitat effect on the hypothalamus at any scale of
comparison. The hypothalamus is associated with endocrine function and social ecology,
suggesting that cognitive requirements of the social environment (Table 2-1) do not differ
importantly between these habitats or species. This is unexpected given that links between
hypothalamus size and mating behaviour have been shown in cichlids (Gonzalez-Voyer and
Kolm 2010), and the two sunfish species differ in nesting behaviour. Bluegill males nest in
colonies where they express considerable conspecific interactions whereas pumpkinseed are
solitary nesters (Dominey 1981). Differences in mating behaviour between the pumpkinseed and
bluegill species though appear not to generate enough differences in cognitive requirements to
drive the evolution of hypothalamus size.
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Mechanisms of brain form variation:
Three mechanisms can generate brain form variation between ecotypes in the different habitats;
habitat choice, phenotypic plasticity, and diversifying selection. First, if individuals are able to
switch habitats, then they could select habitats based on a brain phenotype that provides an
optimal performance fit (Edeelar et al. 2019). Second, brain size and morphology could respond
to habitat conditions over an individual’s lifetime if phenotypic plasticity allows phenotype to
match local conditions (Gonda et al. 2009; McCallum et al. 2014; Eifert et al. 2015). Finally,
divergent optimum brain forms could be favoured between habitats if the functional effects of
brain form on cognitive and ecological performance differ between habitats. Kotrschal et al.
(2013) showed that guppies (Poecilla reticulata) could be artificially selected for larger and
smaller brains, demonstrating that heritable variation in brain size can evolve under selection. As
such, diversifying selection could lead to evolutionary change in brain size, particularly when
selection is sustained. Comparative results alone like ours cannot distinguish among these
mechanisms (or a combination of them). Reciprocal transplant or common garden experiments,
such as those performed by Walsh et al. (2016), are required to further distinguish these
mechanisms.
Implications of inconsistencies in brain form divergence
Differences in brain morphology between species that did not manifest between conspecific
ecotypes suggest that species level differences may constrain contemporary evolutionary
responses to ecological divergence over the short term. We consider two possible mechanisms of
constraint that could generate this pattern: limited heritable variation and functional or genetic
trait covariation. Heritable variation straightforwardly constrains evolutionary responses to
selection and can only be increased slowly by mutation or more rapidly by gene flow into a
population. However, rapid adaptative evolution suggests that limitations to heritable variation
may be uncommon in most natural populations (Barrett and Schluter 2007). Trait covariation
constrains evolutionary responses by allowing opposing forces of selection to simultaneously act
on a trait. Noreikiene et al. (2015) suggested some covariation among brain regions in fish, but
few if any other studies have measured quantitative estimates of brain trait variance and
covariance are known in fishes and so this will likely be a fruitful direction of future study.
Strong sustained selection is required to break tight genetic trait covariation relationships
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(Conner et al. 2011; Bolstad et al. 2015). The differences in optic tectum, olfactory bulb and
cerebellum size between sunfish species here did not manifest between ecotypes in either
species, and so could reflect historic effects on the variance-covariance architecture of brain form
in each species that limits divergence between conspecific ecotypes. A similar species effect may
also account for the respective divergence in brain size and telencephalon size that were
respectively unique to pumpkinseed and bluegill ecotypes.
However, at least three other mechanisms can contribute to the unique responses of bluegill and
pumpkinseed ecotypes to littoral and pelagic habitats. First, large differences in life history could
alter the cognitive challenges faced by each species. For example, during the summer growing
and breeding season, pumpkinseed express very strong site fidelity (McCairns and Fox 2004;
Jarvis et al. 2020), and as a result forage and breed in one or the other habitat but rarely both.
Bluegill ecotypes also segregate by habitat to feed (Ehlinger and Wilson 1988), but all breed in
the littoral habitat (Colgan et al. 1979). This generates different cognitive challenges related to
habitat switching for pelagic but not for littoral bluegill. However, the movement challenge faced
by pelagic individuals may be balanced in littoral bluegill by the greater cognitive challenges
required to feed on cryptic prey in the structurally more complex littoral habitat noted earlier.
Furthermore, the cognitive challenges associated with littoral foraging that favors larger brains
may be offset by greater pelagic productivity and hence a relaxation of energy limitation in
pelagic bluegill individuals. Brain tissue is energetically expensive to grow and maintain (Aiello
and Wheeler 1995; Safi et al. 2005; Isler and van Schaik 2006; Niven and Laughlin 2008; Isler
and van Schaik 2009; Navarette et al. 2011; Kotrschal et al. 2013) and so selection should favor
smaller brains wherever energy is limited and cognitive challenges are relaxed. Pelagic bluegill
here were larger than littoral individuals (mean standard length pelagic = 128.0mm±12.5mm;
littoral = 106.3mm±19.1mm), despite similarity in age (mean age pelagic = 4.9±0.7; littoral =
4.4±0.9), suggesting that the pelagic habitat may have a greater supply of resources.
Pumpkinseed do not show as great a difference in body size between the habitats (mean standard
length pelagic = 90.9mm±13.8mm; littoral = 87.1mm±13.1mm). Greater available energy in the
pelagic habitat could reduce the cost of a larger brain there because pelagic bluegill may be less
energy limited than littoral individuals. In summary, life history differences interacting with
ecological differences in resource availability could shape brain size responses.
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A second explanation for the differences in brain and telencephalon responses to habitat between
pumpkinseed and bluegill ecotypes may reflect evolved differences in the plasticity of brain
characteristics. Fish brain size is expected to have a lifelong potential for plasticity as fish
maintain widespread neurogenesis through adulthood (Zupanc 2006; Sorensen et al. 2013). Brain
size plasticity has been demonstrated experimentally in nine-spined stickleback (Gonda et al.
2011) and shortfin molly (Eifert et al. 2015). Trait plasticity can evolve under selection (Scheiner
1993; Schlichting and Pigliucci 1998). Morphological plasticity has been shown to have
diverged between conspecific pumpkinseed ecotypes (Parsons and Robinson 2006;
Januszkiewicz and Robinson 2007) and brain morphology plasticity has been shown to diverge
in other fish (Crispo and Chapman 2010; Gonda et al. 2012). For example, this may occur
between conspecific ecotypes if colonization of the novel habitat favored phenotypically plastic
genotypes over more developmentally canalized types. Additionally, selection on brain form
plasticity may differ between species if their life histories or habitat specializations generate
differences in exposure to environmental variability. Reciprocal transplant common garden
studies are required to further evaluate differences between species or between conspecific
ecotypes in brain form plasticity.
A final explanation for differences between species in the pattern of ecotype divergence is the
presence of multiple adaptive peaks within one or the other lake habitat. The hypothesis of a
consistent relationship between brain form and habitat makes a restrictive assumption that a
single phenotypic optimum exists for each habitat. This need not be the case with regard to brain
form. If multiple cognitive strategies provide similar functional performance in a given habitat,
then local adaptation within a habitat may not be consistent, and adaptive divergence between
habitats may not be replicated. This outcome could occur as a result of chance but becomes more
likely when species phenotypically differ even slightly, potentially priming the population to
evolve towards one of a set of local phenotypic optima (Wright 1932; Whitlock et al. 1995).
Testing this explanation would be an exceptionally difficult task that would require quantifying
relationships between different brain forms and eco-cognitive performance in particular habitats
and then comparing performance and fitness of the different brain phenotypes.
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Implications for evolutionary mechanisms influencing brain morphology
More generally, the results of our hierarchical analysis may explain some of the lack of
consistency in tests of ‘concerted’ versus ‘mosaic’ brain morphology evolution in the literature.
Indeed, the patterns of divergence in brain form within and between two sunfish species here are
consistent with both concerted and mosaic patterns of brain change. Pumpkinseed ecotypes
diverged with respect to whole brain size, roughly suggesting a concerted pattern of brain
change. Bluegill ecotypes on the other hand diverged with respect to a single brain region, the
telencephalon, interpretable as a mosaic pattern of brain change. In addition, the relative sizes of
certain brain regions (cerebellum, optic tectum, olfactory bulb) can evolve independently given
enough time (15 million years between sunfish species here consistent with mosaic change), but
not over shorter evolutionary scales (~12,000 years between conspecific ecotypes). Our findings
show how dichotomizing brain form evolution between two phenomenological patterns, mosaic
versus concerted, ignores a crucial evolutionary idea. Concerted brain form evolution very likely
results from strong functional, developmental or genetic patterns of brain region covariance and
low trait variance. Mosaic trait evolution, in contrast, likely reflects the opposite, weak trait
covariation and high trait variance. Populations will vary along a continuum with respect to this
underlying genetic architecture of brain form traits. Furthermore, the time scale over which brain
form change is observed will impact the degree to which genetic architecture constrains
phenotypic evolution. Constraints can be broken given sustained selection against trait
covariation, as suggested by the species differences observed here, but operate over the shortterm limiting divergence between conspecific ecotypes. There has been limited work testing the
degree of functional covariation between brain regions, for example in mice (Hager et al. 2012) ,
stickleback (Noreikiene et al 2015), and guppies (Kotrschal et al. 2017), highlighting the need
for research that furthers our understanding of genetic and functional links between brain regions
in order to better predict how this will shape evolutionary change in brain form. This approach
represents a shift from phenomenological hypotheses about brain form evolution to more explicit
mechanistic hypotheses. Our hierarchical test of brain form variation, in addition to highlighting
the effect of the eco-cognitive requirements of different habitats on brain form, demonstrates the
importance of ecological and evolutionary context in interpreting factors that regulate brain form
evolution.
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Tables
Table 2-1. Fish brain region, function, and their potential ecological relevance.
Brain Region
Cerebellum

Function
Motor
Coordination

Optic Tectum

Vision, Orientation Foraging
Predator
detection/avoidance
Olfaction
Foraging
Predator detection

Olfactory Bulb

Ecological Relevance
Foraging
Predator avoidance

Telencephalon

Navigation,
Learning,
Sensory
integration

Habitat navigation
Foraging
Predator avoidance

Hypothalamus

Social behaviour,
Endocrine control

Mating
Social
interactions/competition

Reference
Huber et al. 1997
Pollen et al. 2007
Gonzalez-Voyer and
Kolm 2010
Huber et al. 1997
Pollen et al. 2007
Huber et al. 1997
Pollen et al. 2007
Laberge and Hara
2001
Pollen et al. 2007
Gonzalez-Voyer and
Kolm 2010
Park and Bell 2010
Costa et al. 2011
Pollen et al. 2007
Gonzalez-Voyer and
Kolm 2010
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Table 2-2. Summary of species-ecotype covariance models predicting oral jaw width, brain mass
and five brain region volumes. SL refers to standard length, and BM refers to body mass
covariates. The p-values for significant effects are bolded. F subscript reflects numerator and
denominator degrees of freedom.
Response Variable
Predictor Variable
F1,200
p
Oral Jaw Width
SL
662.33
<0.0001
Species
490.01
<0.0001
Ecotype
51.90
<0.0001
SL x Species
1.54
0.22
SL x Ecotype
6.44
0.012
Species x Ecotype
1.88
0.17
Brain Mass
SL
2371.83
<0.0001
Species
13.91
0.0003
Ecotype
49.86
<0.0001
SL x Species
0.63
0.43
SL x Ecotype
18.14
<0.0001
Species x Ecotype
2.64
0.11
Cerebellum Volume BM
404.89
<0.0001
Species
143.30
<0.0001
Ecotype
2.14
0.15
BM x Species
0.27
0.60
BM x Ecotype
1.24
0.27
Species x Ecotype
0.21
0.65
Optic Tectum
BM
2811.16
<0.0001
Volume
Species
40.36
<0.0001
Ecotype
0.31
0.58
BM x Species
0.012
0.91
BM x Ecotype
0.051
0.82
Species x Ecotype
0.44
0.51
Telencephalon
BM
1588.68
<0.0001
Volume
Species
23.72
<0.0001
Ecotype
13.36
0.00033
BM x Species
0.98
0.32
BM x Ecotype
6.48
0.012
Species x Ecotype
4.10
0.044
Olfactory Bulb
BM
8.10
0.0049
Volume
Species
217.90
<0.0001
Ecotype
0.006
0.94
BM x Species
0.73
0.40
BM x Ecotype
0.43
0.51
Species x Ecotype
0.095
0.76
Hypothalamus
BM
742.03
<0.0001
Volume
Species
1.38
0.24
Ecotype
0.28
0.60
BM x Species
0.47
0.50
BM x Ecotype
0.023
0.88

44

Species x Ecotype

1.42

0.24

Table 2-3. Summary of Tukey HSD post hoc tests resulting from ANCOVA models considering
four species-ecotype groups. The p-values for significant effects are bolded. BGL: bluegilllittoral, BGP: bluegill-pelagic, PSL: pumpkinseed-littoral, PSP: pumpkinseed-pelagic. Estimates
indicate the direction of effect of the first minus the second listed comparison.
Response
Species and
Estimate ± Standard Error
t
p
Variable
Ecotype
Comparison
Adjusted Jaw BGP-BGL
-0.037±0.015
-2.4
0.076
Width
PSL-BGL
0.32±0.015
21.7
<0.0001
PSP-BGL
0.22±0.014
15.5
<0.0001
PSL-BGP
0.36±0.018
19.4
<0.0001
PSP-BGP
0.26±0.018
14.8
<0.0001
PSP-PSL
-0.096±0.013
-7.6
<0.0001
Adjusted
BGP-BGL
-0.023±0.016
-1.5
0.46
Brain Mass
PSL-BGL
0.099±0.015
6.6
<0.0001
PSP-BGL
-0.0065±0.015
-0.44
0.97
PSL-BGP
0.12±0.019
6.4
<0.0001
PSP-BGP
0.016±0.018
0.90
0.80
PSP-PSL
-1.1±0.013
-8.1
<0.0001
Adjusted
BGP-BGL
0.017±0.030
0.57
0.94
Cerebellum
PSL-BGL
0.27±0.028
9.6
<0.0001
Volume
PSP-BGL
0.30±0.029
10.4
<0.0001
PSL-BGP
0.25±0.032
7.8
<0.0001
PSP-BGP
0.29±0.034
8.4
<0.0001
PSP-PSL
0.036±0.026
1.4
0.49
Adjusted
BGP-BGL
-0.0008±0.015
-0.052
0.99
Optic Tectum PSL-BGL
-0.071±0.014
-5.1
<0.0001
Volume
PSP-BGL
-0.080±0.015
-5.4
<0.0001
PSL-BGP
-0.070±0.016
-4.3
0.00014
PSP-BGP
-0.079±0.017
-4.6
<0.0001
PSP-PSL
-0.0089±0.013
-0.68
0.90
Adjusted
BGP-BGL
0.10±0.021
4.9
<0.0001
Telencephalon PSL-BGL
0.11±0.019
5.7
<0.0001
Volume
PSP-BGL
0.12±0.020
5.9
<0.0001
PSL-BGP
0.0054±0.022
0.29
0.99
PSP-BGP
0.016±0.024
0.66
0.91
PSP-PSL
0.0093±0.018
0.52
0.95
Adjusted
BGP-BGL
-0.013±0.05
-0.26
0.99
Olfactory
PSL-BGL
0.56±0.046
12.1
<0.0001
Bulb Volume PSP-BGL
0.57±0.048
11.8
<0.0001
PSL-BGP
0.57±0.054
10.7
<0.0001
PSP-BGP
0.58±0.057
10.3
<0.0001
PSP-PSL
0.014±0.043
0.32
0.99
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Figures
Pelagic Habitat

Littoral Habitat
Pumpkinseed Sunfish

Ecotype

Species

Bluegill Sunfish

Common
Ancestor

Figure 2-1. Diagram representing the hierarchical pattern of replicated ecological divergence of
pumpkinseed and bluegill sunfish and their respective ecotypes between littoral (orange) and
pelagic (blue) lake habitats. The two species diverged approximately 15 million years ago (Near
et al. 2005), whereas ecotypes within each species diverged following the Wisconsin glaciation
approximately 12,000 years ago (Weese et al.2012).
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Figure 2-2. Relationships between natural-log oral jaw width (mm) and natural-log standard
length (mm) of pumpkinseed sunfish from Ashby Lake (orange) and bluegill sunfish from
Holcomb Lake (blue) collected from the littoral (dark colouration) and pelagic (light coloration)
habitats in each lake.
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Figure 2-3. Relationships between natural-log brain mass (g) and natural-log standard length
(mm) of pumpkinseed sunfish from Ashby Lake (orange) and bluegill sunfish from Holcomb
Lake (blue) collected from the littoral (dark colouration) and pelagic (light coloration) habitats in
each lake.
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Log Optic Tectum Volume
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Log Telencephalon Volume

3.5
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2.5

−2.4
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Log Olfactory Bulb Volume

0.0

−0.5

−1.0

−1.5

−2.4
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−1.6

Log Brain Mass
D
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Log Hypothalamus Volume
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E
Figure 2-4. Relationship between natural-log brain region volumes (mm3) and natural-log brain
mass (g) of pumpkinseed sunfish from Ashby Lake (orange) and bluegill sunfish from Holcomb
Lake (blue) collected from the littoral (dark colouration) and pelagic (light coloration) habitats in
each lake. Brain region volumes are for: A: cerebellum, B: optic tectum, C: telencephalon, D:
olfactory bulb, and E: hypothalamus.
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Chapter 3: Isolating the effects of ontogenetic niche shift on brain
size development using pumpkinseed sunfish ecotypes
Abstract
A functional relationship between relative brain size and cognitive performance has been
hypothesized. However, the influence of ontogenetic niche shifts on cognitive performance is not
well understood. Increases in body size can affect niche use but distinguishing non-ecologically
relevant brain development from effects associated with ecology is difficult. If survival is
enhanced by functional changes in eco-cognitive performance over ontogeny, then brain size
development should track ontogenetic shifts in ecology. We control for non-ecologically relevant
brain size development by comparing brain growth between two ecotypes of Pumpkinseed
sunfish whose ecologies diverge over ontogeny from a shared juvenile niche. Brain size differs
between ecotypes from their birth year onwards even though their foraging ecology appears to
diverge at age 3. This finding suggests that the eco-cognitive requirements of adult niches shape
early life brain growth more than the requirements of juvenile ecology.
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Introduction
Shifts in an individual’s ecology during development are ubiquitous across the animal kingdom.
Such ontogenetic niche shifts (ONS) arise because body size growth generally regulates a
plethora of ecological interactions related to sociality, feeding, species interactions and avoiding
predation (Wilson 1975; Werner and Gilliam 1984; Nakazawa 2015). From an evolutionary
perspective, selection on traits can also vary over ontogeny and shape adaptive divergence and
even speciation based on variation at different life stages (Ebenman 1992; de Roos et al. 2002).
ONS is widely observed across the animal kingdom, including in fish (Sadzikowski and Wallace
1976; Mittelbach et al. 1988; Dahlgren and Eggleston 2000), amphibians (Kolarov et a. 2011),
reptiles (Subalusky et al. 2009), and birds (Carravieri et al. 2017). Less well understood is how
eco-cognitive requirements may change with ONS and how this affects brain development.
The cognitive demands of an organism’s ecology are difficult to directly measure, but brain size
appears to relate to the cognitive requirements of particular ecological conditions. Brain size has
been linked to cognitive ability (Kotrschal et al. 2013; MacLean et al. 2014; Benson-Amram et
al. 2016; Beuchel et al. 2018), supporting the hypothesis that brain size is related to variation in
cognitive requirements likely as a consequence of larger brains having greater amounts of
neurons and neuronal connectivity (Herculano-Houzel and Lent 2005). Brain tissue is also
energetically costly (Niven and Laughlin 2008, Navarette et al. 2011) underscoring Jerison’s
principle of proper mass (1973), which posits that individuals will not have more brain mass than
required for adequate cognitive performance. Functional relationships between brain size and
eco-cognitive performance are supported by consistent relationships between brain size and
ecological differences between species (Kruska 1988; Lecchini et al. 2014; Fischer et al. 2015)
as well as between individuals within populations of fish (Gonda et al. 2009; Evans et al. 2013;
Walsh et al. 2016; Axelrod et al. 2018). However, it is not clear whether such relationships
necessarily also arise as ecological conditions change over ontogeny.
Although ontogenetic shifts in brain size and morphology (i.e. the relative size of brain regions)
have been noted, specifically in fish, the link between brain structure and ONS has been largely
unexplored. For example, in four species of cyprinid fishes changes in brain morphology over
ontogeny reflect a general decrease in the size of the visual processing center with age as well as
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species-specific increases in the size of other sensory regions that seem related to each species’
adult ecological niche (Brandstatter and Kotrschal 1990). A shift from larger visual brain regions
in juveniles to a greater importance of other sensory systems (and associated brain regions) in
adults has been observed in many fishes, including Galaxius (Galaxias vulgaria) (Cadwallader
1975), Arctic Silverfish (Pleuragramma actarctica) (Mongomery and Sutherland 1997), deepsea grenadier (Coryphaenoides armatus) (Wagner 2003), and elasmobranchs (Lisney et al.
2007). Shifts in relative brain size can also occur over maturation associated with the onset of
breeding (Buechel et al. 2019). However, whether changes in brain size and morphology over
ontogeny functionally reflect shifts in ecology is not known.
The primary challenge to evaluating relationships between brain morphology and ecology over
ontogeny is that changes in brain morphology or size caused by changes in ecology are difficult
to isolate from “background” developmental changes unrelated to ontogenetic shifts in ecology.
The effect of an ecological shift on brain size could be experimentally isolated from nonecological developmental changes by allocating replicate individuals with a shared ontogenetic
trajectory to different ecological conditions and observing subsequent brain development. This
has the advantage of testing the influence of a particular environmental condition, but at the
potential cost of more realistic ecological complexity that likely shapes individual cognitive
performance. Alternatively, a natural system can be observed where individuals that share a
common developmental trajectory diverge ecologically over ontogeny. This provides the
ecological complexity most likely to influence cognitive performance, but at the cost of
identifying which specific ecological conditions are related to cognitive performance and its
attendant effects on brain size.
We used a natural population of pumpkinseed sunfish (Lepomis gibbosus) that is adaptively
diverging between different lake habitats to isolate the effect of ONS on brain development.
Pumpkinseed sunfish are freshwater centrarchids native to northeastern North America that in
some postglacial lakes have diversified into ecotypes that coexist by inhabiting different habitats.
Typically, pumpkinseed sunfish inhabit the shallow inshore (littoral) lake habitat, where a set of
specialized adult traits, such as large heads, shorter and widely spaced gill rakers, large oral jaws
and robust pharyngeal jaws enhances feeding on benthic macro-invertebrate prey (reviewed in
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Robinson et al. 1993; Weese et al. 2012). In oligotrophic post-glacial lakes in upstate New York
and the Canadian Shield of Ontario, pumpkinseeds also inhabit the deep, offshore (pelagic)
habitat, often in close proximity to submerged rocky shoals where adults feed extensively on
large pelagic zooplankton (Robinson et al. 1993, 2000; Gillespie and Fox 2003; Jastrebski and
Robinson 2004; Weese et al. 2012). Pelagic fish have smaller heads, narrowed gaps among
adjacent gill rakers, narrower external jaws and less robust pharyngeal jaws. The adaptive
divergence of adult ecotypes is supported by the divergent morphological traits between ecotypes
across replicated populations (Robinson et al. 2000; Jastrebski and Robinson 2004; Weese et al.
2012); trait variation that is related to prey-specific feeding performance in lab experiments
(Parsons and Robinson 2007) and to individual growth and body condition in nature (Robinson
et al. 1996); and a pattern of trait divergence that parallels different sunfish species adapted to
littoral and pelagic lake habitats (Riopel et al. 2008). Despite adult differences in ecology, nonecological ontogenetic differences in brain growth between ecotypes are unlikely. We see no
distinction in neutral alleles between the ecotypes (Riopel et al.2008), suggesting minimal
divergence in non-ecological characteristics, either by drift or by indirect selection. However,
evidence from common garden experiments suggests functional genetic differences between
pumpkinseed ecotypes (Robinson and Wilson 1996; Parsons and Robinson 2006).
Pumpkinseed sunfish ecotypes are effective for testing questions about the importance of
ecological shifts over ontogeny for shaping brain size development for two reasons. First,
juvenile sunfish less than approximately 70 mm standard length in both habitats are often
constrained by their small body size to a similar benthic niche where structure provides refuge
from visual predators. Release from this predation risk permits the ecological differentiation of
larger fish (Mittelbach 1984; Mittelbach et al. 1988; Osenberg et al. 1988, 1992; Arendt and
Wilson 1997). A graphical representation of our expectation of this divergence in foraging
ecology during ontogeny can be seen in Figure 3-1. Ecotypes of pumpkinseed sunfish can mature
at age 3 (Fox 1994; Gillespie and Fox 2003), and adults of the two ecotypes spatially segregate
by spawning at benthic sites in the inshore littoral habitat or offshore on submerged rocky shoals
in the pelagic habitat (Jastrebski and Robinson 2004; Colborne et al. 2016). Age-0 juveniles also
reliably recruit to each habitat after a short ~1-month larval stage (B.W. Robinson, personal
observation). Importantly, the divergence into different adult ecological niches can be estimated
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by comparing a resource-related morphological trait, oral jaw width, between the habitats, where
larger jaw width (adjusted for body size) is correlated with greater use of larger benthic
invertebrate prey (Jarvis et al. 2017). Second, different ecological conditions between lake
habitats likely shape the cognitive requirements of adult pumpkinseed sunfish because brain size
differs between adult ecotypes. The brains of littoral individuals are on average 8.3% larger than
for pelagic individuals, with no differences between the sexes or differences in brain region
morphology (Axelrod et al. 2018). Additionally, brain size variation within habitats is related to
oral jaw width, suggesting that individuals that make more use of larger benthic invertebrate prey
require larger brains than individuals that feed on zooplankton prey in the water column
(Axelrod et al. 2018).
We compare brain size development between pumpkinseed ecotypes that diverge in ecology over
ontogeny in order to isolate the effects of shifting ecological conditions on brain growth from
non-ecological developmental changes. The hypothesis that changes in brain size over ontogeny
are partially caused by ONS predicts that brain size does not diverge between juveniles of the
two ecotypes while they share a common benthic niche and only diverges as each ecotype shifts
into different adult niches, as signalled by a divergence in oral jaw width.
Methods
Sampling
Samples of pumpkinseed sunfish were collected from Ashby Lake, Ontario (45.092N, 77.351
W). Age-0 sunfish (~13-26mm) were collected via hand netting from five littoral and five
pelagic sites in August of 2016 (n=103). At the same time, larger juvenile sunfish (~30-60mm)
were collected using minnow traps from five littoral and five pelagic sites (n=139). Adult sunfish
(~70-125mm) were collected via angling from four littoral and four pelagic sites in August of
2016 (n=50) and 2017 (n=81). Data on relative brain size of adult sunfish was published in
Axelrod et al. (2018, see chapter 1). All captured fish were euthanized with an overdose of clove
oil (100 ppm) and preserved in 10% buffered formalin. Sampling procedures were approved by
the University of Guelph animal care committee under the guidelines of the Canadian Council on
Animal Care.
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Processing
All fish were assigned uninformative labels to avoid unconscious bias during processing. They
were then blotted dry and weighed. The standard (body) length and oral jaw width (maximum
distance between maxillaries) was measured using digital callipers for adult and larger juvenile
fish (age-1 and greater). An ocular micrometer (Leica MZ-8 dissection microscope) was used to
measure jaw width of age-0 fish. Fish age was estimated from annuli counts on a minimum of
four scales per individual mounted on slides and viewed using a dissecting microscope. Since
fish are born in the summer, fish sampled in the summer of their birth are classified as age-0.
Adult heads were removed, a small incision was made in the brain case and heads were replaced
in buffered formalin for an additional 24 h to allow post-fixation of brain tissue. No post-fixation
was used for juvenile fish. Whole brains of all fish were removed by dissection. The spinal cord
of each brain was trimmed at the obex and excess cranial nerves were removed. The brains were
then blotted to remove excess formalin and weighed using an Accu-124D scale (Fisher
Scientific) at a resolution of 0.0001 g. Samples preserved in formalin can shrink and so affect
estimates of brain mass (F. Laberge, personal observation). It seems reasonable to assume a
uniform rate of shrinkage for both ecotypes and so this is unlikely to bias our results because
samples of both ecotypes were processed at the same time.
Statistical methods
In order to test the hypothesis that brain size development is related to ONS, we first estimate the
age when feeding ecology diverges between the sunfish ecotypes using oral jaw width as a
morphological proxy (Jarvis et al. 2017; Axelrod et al. 2018), and then test whether brain size,
estimated using brain mass, diverges at the same developmental point. The relationship between
oral jaw width and habitat, as well as relationships between brain mass and predictor variables,
were assessed using linear mixed-effects models. Standard length was included as a covariate in
all jaw size and brain mass models to correct for body size. We use standard length as a measure
of body size because it is unaffected by short term changes in body condition that affect body
mass. Brain mass, jaw size, and body length were log-transformed in order to normalize model
residuals. We assess the developmental points at which ecology and brain mass diverge between
the habitats with a separate model for each age class, other than ages 4, 5 and 6, which were
combined as these age classes share common ecological conditions within each habitat. Sunfish
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can reach maturity as early as age 3 (Fox 1994; Gillespie and Fox 2003) and so we include a
model for age 3 fish to increase the specificity of our analysis of ontogenetic events. The final
jaw size and brain mass models for each age group included standard length and capture habitat
as fixed effects, as well as collection site within each habitat as a random effect. An interaction
between habitat and standard length was initially included in all models but was subsequently
excluded when it was not statistically significant (alpha > 5%; Table 3-1).
Results
Juvenile sunfish of both ecotypes appear to share a common juvenile niche because oral jaw
width only diverges later in ontogeny at age 3. Mean relative oral jaw width (adjusted for
standard length) was similar between sunfish sampled from the two habitats until fish were at
least 3 years old, when littoral fish expressed on average larger oral jaws than those from the
pelagic habitat (Table 3-1, Figure 3-2). Divergence in this resource-related trait occurred at the
body size of ~70mm standard length (Figure 3-3), which is the size expected to release sunfish
from most forms of fish predation. The standard length of all age classes within each habitat can
be seen in Figure 3-3. Within each age class, oral jaw width allometry did not differ between
habitats, except for age-0 fish where there was some evidence that the width of oral jaws of
pelagic individuals increased more quickly with body size than for age-0 littoral individuals
(body length by habitat interaction, Table 3-1).
There was no evidence that a divergence in brain mass between sunfish from different habitats
corresponded with the divergence in oral jaw width between ecotypes at age 3. Littoral sunfish
aged 1 and older all exhibited larger mean brain mass compared to pelagic fish, with no
difference between habitats in the slope of the body length-brain mass regressions (Figure 3-4BE, Table 3-1). Brain growth was faster in the natal summer in littoral sunfish, indicated by a
steeper allometric relationship between standard length and brain mass in littoral age-0 compared
to pelagic age-0 sunfish (Figure 3-4A, Table 3-1).
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Discussion
Prior work has shown that adult pumpkinseed sunfish in the littoral habitat of Ashby Lake have
brains approximately 8.3% larger than sunfish inhabiting the pelagic habitat (Axelrod et al.
2018). Here, we investigated the ontogeny of this brain size difference in order to better
understand how it may be related to adult niche divergence. Littoral pumpkinseeds had
consistently larger relative brain size through all ages and faster brain growth at age-0 than
pumpkinseeds sampled from the pelagic habitat. This is despite evidence that an important
trophic trait, oral jaw width, only diverged between ecotypes at age-3, when at a larger body size
fish can access divergent adult niches. Hence, brain size divergence between ecotypes of
pumpkinseed sunfish does not appear to be directly linked to changing eco-cognitive
performance demands related to divergent ontogenetic niche shifts. Instead, we suggest that the
cognitive ecology of the adult stage is more important to shaping life-long brain size variation
than the ecology of juvenile stages for these sunfish ecotypes.
We expected and found evidence that trophic ecology changes over ontogeny in both the littoral
and pelagic ecotypes of pumpkinseed sunfish. In northern populations, sunfish less than
approximately 70 mm standard length are limited to occupying benthic conditions where
structure provides refuge from visual predators but where competition over benthic invertebrate
resources can be intense (Mittelbach 1984; Mittelbach et al. 1988, Osenberg et al. 1988). Our
body size results further support the hypothesis of a shared juvenile niche as we see an apparent
drop in growth rate between the ages of 1 and 2 years old in both ecotypes, consistent with a
shared competitive benthic habitat until age 3 (see Figure 3-3). Adult niche space is partitioned
only above this size threshold. In Ashby Lake, both habitats provide refuge structure to small
fish to escape from predation. Coarse woody debris, macrophytes, and large cobble are present in
the littoral habitat. In the offshore pelagic habitat, a variety of boulder sizes create many cracks
and crevices used by small sunfish on submerged shoals that function like reefs (Jastrebski and
Robinson 2004). Smallmouth bass (Micropterus dolomieu) predators are abundant in both
habitats (C.J. Axelrod, personal observation). The divergence in oral jaw width between age-3
ecotypes, when fish reach approximately 70 mm standard length, is consistent with a reduction in
predation risk with size and an expansion of resource use by adults and larger sub-adults beyond
benthic refugia (Mittelbach 1984). We suggest that this allows pelagic adults to use abundant
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zooplankton prey while littoral adults can use increasingly larger benthic invertebrates such as
snails (Robinson et al. 1993; Gillespie and Fox 2003; Jastrebski and Robinson 2004; Weese et al.
2012). Our hypothesis that brain size divergence between ecotypes would be causally linked to
this ontogenetically based trophic divergence is not supported.
Potential causes of variation in juvenile brain growth
Three explanations could account for the observed differences in brain size between sunfish
ecotypes: habitat-specific differences in available energy, ecological differences between habitats
that are not associated with resource use, and selection for early life brain growth arising from
diverging adult ecological conditions. The available energy hypothesis predicts faster brain
growth and larger brains in the habitat with the greater available energy (Niven and Laughlin
2008; Navarette et al. 2011). Our evidence suggests that energy is more available in the pelagic
compared with the littoral habitat throughout life, including age-0 fish (figure 3-3). Larval and
age-0 juvenile sunfish feed on zooplankton in both habitats but large zooplankton prey are
approximately three fold more abundant in the pelagic habitat and make up a larger part of age-0
pelagic sunfish diet (B.W. Robinson unpublished results). Age-0 juveniles from the pelagic
habitat also have a mean body size approximately 11% larger than samples from littoral habitats,
congruent with superior growth in the pelagic habitat that results from more abundant
zooplankton resources Figure 3-3). These patterns of superior growth indicate greater energy
availability in the pelagic rather than littoral habitat, and so cannot explain why sunfish from the
littoral habitat allocate more energy early on to develop larger brains.
Second, juvenile ecology could differ between the habitats in ways unrelated to foraging, such as
predation pressure or sociality. Predator presence has been shown to influence brain size in
killifish (Walsh et al. 2016), with predator-rich environments selecting for smaller brains than
predator-free environments, potentially due to greater energetic investment in somatic tissue.
Larger brains have also been shown to improve behavioural performance in the presence of
predators in guppies artificially selected for larger or smaller brains (van der Bjil et al. 2015).
Smallmouth bass seem equally abundant in littoral and pelagic habitats in Ashby Lake
suggesting that bass predation risk could be quite similar across habitats. Nevertheless, predator
avoidance strategies may differ between habitats because of differences in water depth
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(shallower in the littoral habitat) or refuge structure (requiring more active predator alertness in
the structurally more complex littoral habitat). These differences in the eco-cognitive impacts of
habitat-specific predation risk, unrelated to resource use, could influence brain size. Brain size
also can be influenced by sociality (De Meester et al. 2019), with larger brains generally being
associated with more social environments because social environments are thought to be more
cognitively challenging. Sunfish are social fish and have been used in studies of dominance (e.g.,
Beacham and Newman 1987). Mark-recapture studies of sunfish in Ashby Lake show that
sunfish density is approximately 8-fold greater in the pelagic shoal habitat than in the littoral
habitat due to the latter habitat’s greater volume (Jarvis 2018), suggesting that social interactions
could be more prevalent in the pelagic habitat. For example, male sunfish nesting on pelagic
shoals appear to experience greater social interaction during spawning than in the littoral habitat
based on in situ remote video (B.W. Robinson, unpublished results). However, the greater
opportunity for sociality on pelagic shoals would typically predict larger brains in the pelagic
habitat for all ages, which we did not find. Although we believe that foraging ecology is likely
the main determinant of brain size differences between ecotypes, we cannot rule out that other
ecological factors unrelated to foraging may differ between habitats to influence brain size.
Third, differences in brain size between the ecotypes as early as age 0 may suggest that selection
could have shaped divergent brain growth trajectories in this system, favouring individuals with
quicker brain growth in the littoral habitat because of differences in adult cognitive requirements.
Previous work has suggested that foraging performance in the littoral and pelagic habitats is
affected by ecologically-relevant traits (Ehlinger and Wilson 1988; Parsons and Robinson 2007;
Robinson et al. 1996) that likely include oral jaw width (Jarvis et al. 2017), indicating both that
habitat use is different between adult fish and that success as adults is influenced by functional
traits related to trophic divergence. The brain size differences between adult fish occupying these
habitats found by Axelrod et al. (2018) show that these ecological conditions likely involve
different cognitive requirements. These results suggest that brain growth trajectories in early life
have diverged between the ecotypes as a result of selection for adult ecological requirements.
This hypothesis requires that there is a limit on the ability of pumpkinseeds to shift their brains to
match changes in current ecological conditions. One possibility is that adult differences in brain
size and cognitive performance requirements are large enough that it would take a long time to
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fully develop these differences. Another possibility is that there are constraints that limit the
ability of adult sunfish to change their brain in accordance with their ecological requirements,
potentially as a result of reduced neurogenesis rates in adulthood (Tozzini et al. 2012; Edelmann
et al. 2013). In either case, early brain growth differences between the ecotypes could benefit the
lifetime fitness of individuals by easing their transition into the eco-cognitive requirements of
adulthood.
Implications of brain size variation
The difference in early life brain size between the ecotypes suggests that brain size variation in
this population is determined either by inherited genetic differences, or by early-life
environmental programming. The proximate mechanism that generates trait variation in
intraspecific systems is important to understand because it can alter the ecological and
evolutionary consequences of changing environmental conditions (Donelson et al 2019).
Inherited genetic differences and phenotypic plasticity have both been shown to play a role in
shaping brain size variation in fish populations. For example, using a common garden
experiment, Walsh et al. (2016) found that predator regime-based differences in brain size of
male killifish are primarily genetically based. Additionally, Kotrschal et al. (2013) demonstrated
a genetic basis for brain size variation by artificially selecting for large and small-brained
guppies. Other studies have shown that fish brains can plastically change in response to
environmental conditions. For example, Gonda et al. (2011) found that that brain morphology
variation between marine and freshwater populations of ninespine stickleback (Pungitius
pungitius) largely reflected plastic responses to the environment. Additionally, Eifert et al.
(2015) found plastic effects of light environment on brain morphology in neotropical
extremophile fish (Poecilia Mexicana). Environmental effects on brain size could occur through
early life sensory cues, epigenetic inheritance (Bludeau et al. 2019), or maternal effects
(Jasarevic et al. 2015). The proximate mechanism generating the life-long differences in brain
size between sunfish ecotypes remains unclear and further research may clarify this issue.
Finally, our data also suggest that brain tissue growth might not be as constrained by energetic
costs as has been previously expected, at least during certain life stages. Brain tissue is
understood to be energetically costly (Niven and Laughlin 2008; Navarette et al. 2011), and
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relaxed selection for greater cognitive ability has been shown to result in the evolution of smaller
brains (Safi et al. 2005). Our results show that sunfish living in the littoral habitat in their first
two years of life have larger brains than pelagic individuals, without an apparent concurrent
ecological benefit, contrary to Jerison’s principle of proper mass. As reviewed by Stearns (1989)
and Schluter et al. (1991), trade-offs due to conflicting selection pressures at different stages of
life can be important for shaping trait evolution. Our results suggest that the energetic cost
associated with a large brain size might be tolerated in early life stages if it is offset by benefits
in the adult life stage.
Conclusion
It is difficult to test the influence of ecological shifts across ontogeny on brain size development
because it may be confounded with background brain developmental processes unrelated to
niche shifts. Our comparison of wild-caught pumpkinseed sunfish ecotypes that share a common
benthic niche as small juveniles and diverge into distinct littoral and pelagic adult niches
revealed that brain size development is not temporally related to the divergence into adult niches.
Despite a similar benthic ecology as small juveniles, sunfish living in the littoral habitat
exhibited faster brain growth in their natal summer season and maintained a larger relative brain
size as they matured compared to pelagic individuals. This suggests that the eco-cognitive
performance of adults may be more important in shaping brain size development than ecocognitive performance of small juveniles Confirming this observation in other evolutionarily
independent populations would strengthen this preliminary conclusion. These findings
demonstrate the importance of a developmental perspective on studying brain size diversity in
order to explore the links between brain size, cognition and ecology.
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Tables
Table 3-1. Summary of linear mixed-effects least square model results predicting oral jaw width
and brain mass. Models included standard body length as a covariate (SL), source habitat (littoral
versus pelagic), and when it is significant, an interaction term between SL and habitat. A positive
estimated effect for habitat indicates a lager response value in the pelagic habitat; and for the SL
x Habitat interaction term, a higher slope in the pelagic habitat. All p-values < 0.05 are bolded.
Response
Predictor
Estimate +
t-value
Error DF
p-value
Variable
Variable
SE
Age 0
Jaw Width
SL
0.94± 0.055
17.3
89
<0.0001
Habitat
-0.45± 0.24
-1.88
8
0.10
SL*Habitat
0.17± 0.081
2.09
89
0.039
Brain Mass
SL
2.12± 0.31
19.71
89
<0.0001
Habitat
0.95± 0.11
2.1
8
0.071
SL*Habitat
-0.34± 0.15
-2.2
89
0.03
Age 1
Jaw Width
Brain Mass
Age 2
Jaw Width
Brain Mass
Age 3
Jaw Width
Brain Mass
Age 4+
Jaw Width
Brain Mass

SL
Habitat
SL
Habitat
SL
Habitat
SL
Habitat
SL
Habitat
SL
Habitat
SL
Habitat
SL
Habitat

1.11± 0.12
-0.036±
0.035
1.5± 0.089
-0.052±
0.022

9.13
-1.03

36
8

<0.0001
0.33

16.8
-2.33

36
8

<0.0001
0.048

0.72± 0.11
-0.059±
0.025
1.58± 0.095
-0.11± 0.021

6.27
-2.34

42
7

<0.0001
0.052

16.71
-4.95

42
7

<0.0001
0.0016

1. ± 0.054
-0.088±
0.022
1.69± 0.064
-0.11± 0.024

21.18
-4.08

36
7

<0.0001
0.0047

26.51
-4.66

36
7

<0.0001
0.0023

1.03± 0.046
-0.09± 0.015
1.32± 0.052
-0.091±
0.016

22.34
-6.19
25.32
-5.53

75
6
75
6

<0.0001
0.0008
<0.0001
0.0015
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Figures

Younger

Age

Older

Figure 3-1. Idealized ontogeny of foraging ecology of divergent Pumpkinseed sunfish (Lepomis
gibbosus) ecotypes (Red: littoral; Blue: pelagic ecotype). Shifts in prey type by each ecotype
with age result from the functional effects of increasing body size in the different habitats. The
dashed grey line represents the point during development when individuals reach a size large
enough to release them from the burden of predation from gape limited fish predators at
approximately 70mm standard length.

67

0.02
0.01
0.00
−0.01
−0.02

Relative Oral Jaw Width

* *

L.0

0

P.0

L.1

1

P.1

L.2

2

P.2

L.3

3

P.3

L.4

4

P.4

Age and
Habitat
Age
Figure 3-2. Boxplots of relative oral jaw width (jaw width(mm) / standard length(mm)) of each
age class (0 to 4+ years old) of sunfish in the littoral (red) and pelagic (blue) habitats of Ashby
Lake. The asterisks show ages for which the mixed-effects models revealed a significant effect
of habitat on oral jaw width. Values are normalized around a mean of 0 in each age class to
facilitate presentation. Boxes show interquartile ranges (25th to 75th) separated by a black line
representing the median, with whiskers expressing minimum and maximum values excluding
outliers shown as circles (values outside 150% of the interquartile range).
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Figure 3-3. Boxplots of standard length of each age class (0 to 4+ years old) of sunfish in the
littoral (red) and pelagic (blue) habitats of Ashby Lake. Boxes show interquartile ranges (25th to
75th) separated by a black line representing the median, with whiskers expressing minimum and
maximum values excluding outliers shown as circles (values outside 150% of the interquartile
range).
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Figure 3-4. Linear fits of the relationship between brain mass and standard length (both natural
log-transformed) after adjusting for other factors in the mixed-effects models for sunfish sampled
from littoral (red) and pelagic (blue) habitats. Panel A shows age 0 individuals, B age 1, C age 2,
D age 3, and E age 4-6 years. Data in panels D-E was published in Axelrod et al. (2018).
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Chapter 4: Foraging manipulations demonstrate divergent brain
size plasticity between coexisting sunfish ecotypes.
Abstract
Plasticity in brain size may be possible throughout the lifetime of most fishes. However, the
capacity of plasticity to shape brain size variation is not yet well tested. Additionally, little is
known about the potential for evolution of brain size plasticity. Here, we use a reciprocaltransplant common garden experiment to test the extent of brain size plasticity in Pumpkinseed
sunfish (Lepomis gibbosus) ecotypes that are adaptively diverging between the ancestral littoral
and recently colonized pelagic habitats of a lake. To induce plastic effects, we exposed
individuals of varying age collected from both the pelagic and littoral lake habitats (source) to
experimental feeding conditions that mimicked foraging in these different habitats (column and
benthic foraging treatments). The effectiveness of experimental feeding conditions at inducing
functional plastic morphological responses was confirmed by changes in oral jaw size by both
source types that paralleled trophic differences in the field. However, corresponding plasticity in
brain size occurred in fish only from the pelagic habitat indicating that plasticity in brain size has
diverged between the two ecotypes. In pelagic sourced fish, brain size increased in response to
benthic foraging relative to water column feeding. Plasticity also declined with age, as only age0 pelagic source individuals expressed plastic responses in both traits, suggesting that plasticity
becomes constrained as individuals age. Selection for increased plasticity in brain size early in
life in pelagic pumpkinseed could either be generated by exposure to conditions that require
greater variability in cognitive performance in the pelagic habitat or reflect the consequences of
the population’s initial colonization of the pelagic habitat. Overall, the findings demonstrate that
brain size plasticity can diverge even within populations and that responses to feeding ecology
wane with age, illustrating far greater complexity in plastic brain size responses than anticipated
in fish.
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Introduction
Phenotypic plasticity, the process by which traits can change within an individual’s lifetime in
response to environmental cues, is widespread across taxa (Schlichting and Pigliucci 1998). One
trait of particular functional and ecological importance in animals that may also be
phenotypically plastic is brain size. Much remains unknown about the role of plasticity in
shaping brain size variation, including the contributions of phenotypic plasticity and heritable
variation to overall patterns of brain size variation within populations and between species, the
evolutionary potential of plasticity in brain size, and how plastic responses in brain size change
over ontogeny (Striedter 2005; Gonda 2013).
Brain size should be particularly important for ecological interactions because of its causal link
to animal behaviour and cognitive ability. Brain size has been connected to cognitive ability
using learning and problem-solving tests (Kotrschal et al. 2013; MacLean et al. 2014; BensonAmram et al. 2016; Buechel et al. 2018). This relationship is thought to represent the effects of
greater numbers of neurons and neuronal connections in larger brains that enhance cognitive
processing (Herculano-Houzel and Lent 2005; Marhounova et al. 2019). The functional effects
of brain size variation on ecological interactions is supported by comparative relationships
between brain size and habitat use among closely-related species (Kruska 1988; Shumway 2008;
Lecchini et al. 2014; Fischer et al. 2015), and intraspecifically among individuals of different
populations with consistent differences in ecology (Gonda et al. 2009; Evans et al. 2013; Walsh
et al. 2016; Ahmed et al. 2017; Axelrod et al. 2018). In these cases, individuals with larger brains
tend to be associated with more cognitively challenging environments. Smaller brains under
reduced cognitive challenges are expected because brain tissue is particularly metabolically
costly (Niven and Laughlin 2008; Navarette et al. 2011). The relationship between brain size and
environmentally mediated variation in cognitive challenges is expected regardless of the
proximate mechanisms that contribute to variation in brain size. Comparative studies of brain
variation cannot easily distinguish these mechanisms, which instead require careful experimental
study.
Brain size is influenced by both heritable variation and phenotypic plasticity. Heritable variation
expressed as species level differences in relative brain size has been consistently observed
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(Striedter 2005). In addition, genetic variation in brain size has been detected in common garden
experiments with Trinidadian killifish (Rivulus hartii) (Walsh et al. 2016), and through artificial
selection experiments for relative brain size in guppies (Poecilia reticulata) (Kotrschal et al
2013). Functional plastic responses in brain size might be expected when individuals experience
environmental conditions that generate variable cognitive challenges and when the plastic
response can be reliably matched to those conditions. Experimental tests of brain size plasticity
in fish are rare, despite the expectation that it may be quite common given that most fishes
maintain widespread neurogenesis well into adulthood (Zupanc 2006; Sorensen et al. 2013). For
example, Gonda et al. (2011) demonstrated brain size plasticity in ninespine stickleback
(Pungitius pungitius) in response to social and predator cues. The extremophile fish (Poecilia
mexicana) also expresses plasticity in brain size in response to light conditions (Eifert et al.
2015).
Additionally, since trait plasticity can itself evolutionarily diverge between populations, variation
in brain size may also reflect subtle evolved differences in brain plasticity among populations
facing different conditions. For example, Gonda et al. (2012) found greater plasticity of the
olfactory region of the brain in freshwater compared to local marine populations of threespine
stickleback (Gasterosteus aculeatus). Additionally, Crispo and Chapman (2010) found that
variation in dissolved oxygen levels induced greater brain size plasticity in populations of
African cichlids (Pseudocre nilabrus multicolor) with the greatest dispersal potential among
habitats, suggesting that exposure to greater environmental variability may select for greater
brain size plasticity. These intriguing studies suggest that plasticity in brain size in fishes may be
common, but also that this plasticity itself may be an evolvable trait that contributes to brain size
variation among populations and related species.
How plastic responses in brain size may also change over ontogeny is largely a mystery. In fish,
brain size plasticity may be possible throughout their lifetime because fish maintain widespread
neurogenesis well into adulthood (Zupanc 2006). However, as far as I know, no studies have
tested this prediction by evaluating plastic brain size responses over ontogeny. Selection may
maintain plasticity in brain size throughout life when ecological conditions that influence
cognitive requirements shift predictably over ontogeny. Ontogenetic niche shifts are common in
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many fishes and occur when developmental changes in body size with age affect ecological
interactions including foraging, predation avoidance and social environment (Wilson 1975;
Werner and Gilliam 1984; Nakazawa 2015). On the other hand, more genetically canalized brain
development may be favored by relatively constant cognitive environmental conditions over
ontogeny or after a given stage particularly if plasticity in brain size is costly. Furthermore,
Bayesian modelling of development suggests that plasticity in behaviour should decline with age
in most animals even in the absence of costs (Stamps and Frankenhuis 2016; Stamps and
Krishnan 2017). To the extent that plasticity in behaviour is mediated by plasticity in brain form,
then we may expect the same decline in plasticity in brain size with age. Loss of phenotypic
plasticity over development has been demonstrated in the response of the age of metamorphosis
of spring peepers (Pseudacris crucifer) to variation in food level (Hensley 1993), as well as the
timing of egg-hatching in rough-skinned newts (Taricha granulosa) in response to predator cues
(Lehman and Campbell 2007). Change in individual responses to environmental cues over
ontogeny has also been noted in anti-predator behavior of Atlantic salmon (Salmo salar)
(Hawkins et al. 2008) and African cichlids (Pelvicachromis taeniatus) (Meuthen et al. 2018).
The influence of development on plastic trait responses can be evaluated by comparing responses
among individuals of different ages.
We evaluate the proximate mechanisms contributing to variation in brain size in a population of
Pumpkinseed sunfish (Lepomis gibbosus) that are functionally and trophically diverging between
alternate lake habitats. Pumpkinseed are centrarchid sunfish native to freshwater systems in
North America and typically inhabit the near shore (littoral) habitat of lakes. In this habitat,
pumpkinseed have evolved morphological traits that enhance feeding on a variety of benthic
macroinvertebrate and armored prey, such as snails, including larger heads, larger oral and
pharyngeal jaws, and widely spaced gill rakers (reviewed in Robinson et al. 1993; Weese et al.
2012). In pelagically-dominated postglacial lakes, however, pumpkinseed have also colonized
the offshore (pelagic) habitat, particularly in the absence of significant planktivorous competitors
(Robinson et al. 2000). During the summer growing season, pelagic pumpkinseed congregate
around submerged rocky shoals that provide structure and protection where they feed extensively
in the water column on zooplankton prey, such as Daphnia spp. (Robinson et al. 1993; Robinson
et a. 2000; Gillespie and Fox 2003; Jastrebski and Robinson 2004; Weese et al. 2012).
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Morphological traits related to trophic ecology have diverged between pumpkinseed from
pelagic compared to littoral habitats, with pelagic individuals expressing smaller oral and
pharyngeal jaws and more densely packed gill rakers (Robinson et al. 1993, Jastrebski and
Robinson 2004; Jarvis et al. 2017; Axelrod et al. 2018; Jarvis et al. 2020). These divergent
morphologies are related to ecological performance in their respective habitats and prey groups
(Robinson et al. 1996; Parsons and Robinson 2007), suggesting that diversifying selection may
favor alternate specializations between littoral and pelagic habitats. Reciprocal-transplant
common-garden studies indicate that heritable differences, phenotypic plasticity and their
interaction (ie., heritable differences in plastic responses) all contribute to morphological
variation among pumpkinseed ecotypes (Robinson and Wilson 1996; Parsons and Robinson
2006; Januszkiewicz and Robinson 2007).
Mean brain size also differs between littoral and pelagic pumpkinseed ecotypes, suggesting that
littoral and pelagic lake habitats may generate different cognitive requirements that contribute to
habitat divergence. Adult pumpkinseed from the littoral habitat have on average 8.3% larger
brains than pelagic sourced individuals (Axelrod et al. 2018). This difference was attributed to
greater physical structural complexity and diversity of foraging opportunities in the littoral
compared to the pelagic habitat, which are thought to generate greater cognitive demands on
littoral dwelling fish. A functional link between brain size and foraging was supported by a
positive relationship between oral jaw width and brain size both among and within habitats,
suggesting that individuals that make more use of larger littoral prey have larger brains. The
difference in brain size is apparent among individuals in their birth summer (ie., only a few
months old) and is maintained throughout life, despite niche diversification occurring between
the ecotypes only at age 3 years (Axelrod et al. 2020). This suggests either a genetic effect on
brain size or that differential plastic responses in brain size to subtle environmental cues occur
very early in life. Brain size differences so early in life (before divergence in ecology) suggests
that if brain size plasticity is an important mechanism in this system it likely decreases with age,
as continuous plasticity through life would lead to a constant match between brain form and
ecology. Whether brain size plasticity decreases with age has not yet been tested experimentally.
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This pumpkinseed system also provides a unique opportunity to study how proximal mechanisms
that generate brain size variation interact with conditions between habitats distinguished by their
cognitive challenges because these sunfish ecotypes are at a very early stage of diversification
(Weese et al. 2012). The factors that initiate diversification can be replaced and obscured by
subsequent factors that contribute to further diversification and lead to species formation. For
example, when plastic trait responses that generate variation in a population exposed to
heterogeneous environmental conditions become subsequently developmental-genetically
canalized over time through a process of genetic accommodation (Braendle and Flatt 2006;
Moczek 2007). Three lines of evidence support the nascent diversification of these pumpkinseed
ecotypes. First, pumpkinseed populations in northeastern North America colonized post-glacial
lakes from refugia no later than approximately 12,000 years ago during the Pleistocene
deglaciation. Second, Weese et al. 2012 found little neutral allelic differentiation between
ecotypes that coexisted within lakes but considerable differentiation among lakes in different
drainages, consistent with the effects of considerable contemporary gene flow between sympatric
ecotypes. Furthermore, Jarvis et al. (2020) demonstrate sufficient habitat switching by individual
adults to support such gene flow. Finally, though mean differences in morphological
characteristics between ecotypes have been consistently observed, there is still a high degree of
overlap in trait variation (Robinson et al. 1993; Parsons and Robinson 2007; Axelrod et al.
2018).
Here we evaluate the proximate mechanisms that contribute to brain size variation between
littoral and pelagic ecotypes by rearing juvenile pumpkinseed from both habitats under different
feeding conditions that mimic foraging regimes in natural littoral (benthic feeding) and pelagic
(water column feeding) conditions. Genetic variation in brain size between ecotypes predicts
differences in brain size between collection locations regardless of feeding treatment. More
specifically, genetic variation predicts larger brains in littoral-sourced than pelagic-sourced fish
given differences noted in the field (Axelrod et al. 2018; Axelrod et al. 2020). Since wild-caught
juveniles are used here, this test can only be interpreted as evaluating potential genetic
differences among ecotypes since we cannot exclude very early environmental effects.
Phenotypic plasticity in brain size predicts consistent brain size variation between foraging
treatments regardless of ecotype. More specifically, functional plasticity predicts larger brains
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developing in the benthic feeding treatment that mimics littoral foraging. Furthermore, if plastic
brain responses have diverged between pumpkinseed from the two habitats as other
morphological traits have (Parsons and Robinson 2007), then pumpkinseed sourced from
different habitats should have different plastic responses to the feeding treatments. In addition,
this study will address two secondary questions related to the influences of ontogeny and
cognitive challenge on plastic brain size responses. In order to test how plasticity might change
over ontogeny, our experiment was duplicated with three age categories of age-0, age-1, and
older age-2-3 juvenile pumpkinseed. If plastic brain responses are lost with age, then we expect
the largest plastic response to occur in age-0 fish. It is also not clear that the experimental benthic
feeding treatment necessarily generates a more complex foraging task than the water column
feeding treatment, as happens under natural littoral and pelagic conditions in the field. To
address this uncertainty, I include a third feeding treatment where foraging regimes temporally
alternate between benthic and water column treatments over a two-week interval. Although this
effect has not been evaluated in any fish, environmental variability is associated with larger brain
size in birds (Shuck-Paim et al. 2008; Sayol et al. 2016). This manipulation directly tests how
variation in a foraging task affects plastic brain size responses. If foraging treatment variability is
more cognitively challenging than the two constant foraging treatments above, then brain size
should be larger in the variable foraging regime than in the constant foraging treatments.
Methods
Fish collection
All fish were collected from Ashby Lake, Ontario, during three weeks of sampling in August and
September of 2016. Sunfish ecotypes in Ashby Lake have been extensively studied in terms of
their foraging ecology and morphology (Jastrebski and Robinson 2004; Weese et al. 2012) and
have been shown to differ in brain size (Axelrod et al. 2018; Axelrod et al. 2020). Individuals
were collected from five littoral and five pelagic sites. Sunfish of different ages were used in this
experiment. Age-0 individuals are best captured using hand nets while snorkel diving, while
older juvenile individuals (age1-3) were collected using standard minnow traps. Pumpkinseed
were transported from Ashby Lake to the Hagen Aqualab (University of Guelph) at the end of
each week of sampling. Details of fish collection and transport are summarized in supplementary
figure 4-1.
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Experimental Design
We use a common-garden reciprocal transplant design to test proximate mechanisms of brain
size variation in pumpkinseed ecotypes (Robinson and Wilson 1996; Parsons and Robinson
2006; Januszkiewicz and Robinson 2007). Juvenile pumpkinseed were reared for approximately
6 months in a fully crossed factorial design involving two habitat sources (littoral or pelagic),
three foraging treatments (benthic, water column, variable), and two age groups (age-0 and older
juveniles age-1, 2, 3 years) for a total of 12 source-treatment-age groupings. Older juveniles (age
1, 2 and 3 years) were only aged after the end of the experiment. The benthic and water column
treatments mimicked foraging in the littoral and pelagic habitats, respectively. Fish in the water
column treatment inhabited tanks without bottom sediments and were fed frozen gel-based food
(Repashy Spawn and Grow – Grub Pie, Saskatoon, SK, Canada) blended into small particles that
remained suspended in the water column while the fish foraged to mimic feeding on zooplankton
prey. Fish in the benthic treatment inhabited tanks with gravel substrate where they were fed ~1
cm3 chunks of refrigerated food spread on the gravel, which mimicked feeding on larger
macroinvertebrates at the benthos. In addition to a constant quality of food, the quantity (mass)
of food delivered to each treatment was also equalized so that only its particle size (small vs.
large) and location (water column vs. bottom) changed. The variable feeding treatment alternated
water column and benthic feeding treatments at a two-week interval over the experimental
period. Because we compare morphology at the level of treatment groups, our experimental
method only estimates a mean plastic response between groups of genetically variable
individuals reared under different treatments, rather than plastic responses of individual
genotypes. This rearing experiment occurred over six months from September of 2016 through
February of 2017.
Pumpkinseed were reared in a flow-through system at the University of Guelph’s Hagen
Aqualab in 12 individual tanks (243 cm long by 61 cm wide with water depth of ~20 cm) each
with its own inflow of freshwater and outlet at opposite ends. Flow was low and did not generate
any noticeable current in a tank. Each of the 12 source-treatment-age groupings were assigned to
1 tank. The 12 tanks were arrayed in 5 stacks of 3 tanks each (3 tanks were unused) and
treatment grouping was systematically assigned to tanks so that each factor was replicated at
different heights (positions of treatment groups in tanks is shown in supplemental figure 4-2).
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Each treatment grouping was replicated in each tank by dividing the tank into seven sections
using plastic barriers with small holes (~1/2 cm) to allow water passage from inflow to outflow
down the tank. Replication of the treatment group was applied among sections within each tank
in order to exclude the possibility that the very smallest age-0 individuals might exchange
between treatments. The number of replicate sections varied among the 12 treatment groupings
because the total number of fish collected from littoral and pelagic sources differed and we
choose to make starting density per replicate section similar across all treatments (~8-12
individuals per section) so as to limit potential confounding social effects on brain development
(Gonda et al. 2009).
To mitigate any effects of flow direction on replicate section conditions within a tank, each
section was aerated with an air stone which also helped to keep the water column treatment food
particles in suspension. Water and room temperature were kept at 20°C and lighting set to a 12hour light/dark cycle similar to mid-summer light conditions. Food quality was constant across
all 12 treatments but did change over the course of the study to meet changing nutritional needs
(months 1-4, Repashy Spawn and Grow; months 5-6, Repashy Grub Pie). Fish were fed twice
per day for the first month of the experiment, then once per day for the final five months. Fish
were fed to satiation at each feeding, indicated by the end of active feeding and the presence of
left-over food for approximately 5 minutes. The amount of food delivered per section was
constant across treatments and was based on the quantity fed to the benthic foraging treatment
where leftover food was easier to see. Fish in the water column treatment were fed the same
volume of food as the benthic treatment on an approximate per capita basis. Food in excess ~510 minutes after cessation of feeding in the benthic treatment was removed daily. At this time
fish were enumerated in each section and any dead fish were also removed and tallied.
The variable feeding treatment alternated between the benthic and water column treatments
every two weeks. In addition, gravel sediment was added for the benthic treatment and removed
for the column treatment at each switch. Gravel was gently removed and added without
removing fish to reduce stress. Fish were herded to a corner of the tank with a net during this
procedure. To hold this potential stress consistent among foraging treatments, fish in the two
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static feeding treatments (benthic and water column) were also herded into a corner with a net on
the same day as the substrate change procedure in the variable treatment fish.
Sample Processing
After six months of rearing, all fish were euthanized using an overdose of close oil (100ppm) and
stored in labelled jars of 10% buffered formalin. Before processing, each individual was assigned
a non-identifying label linked to a database so as to avoid unconscious bias, though some
information about age was known because age-0 and older juveniles were processed at different
times. Samples were processed in 2019-2020. Blotted wet weight, standard body length and oral
jaw width (maximum distance between the maxillaries) were assessed on each individual, and a
sample of scales was collected from just above the lateral line, behind the pectoral fin. Fish age
was subsequently determined by counting annuli on scales under a dissecting microscope with
the absence of an annuli interpreted as age-0. Brains were removed via dissection by shaving the
skull from a dorsal direction. The spinal cord of each brain was trimmed at the level of the obex
and excess cranial nerves were removed. Brain blotted wet weight was used to quantify brain
size and taken with an Accu-124D scale (Fisher Scientific) at a resolution of 0.0001 g. Shrinkage
of soft tissue due to storage in fixative is possible, however all samples of each age group were
processed within a month of each other, and each age group was processed within a year of each
other so shrinkage is unlikely to contribute substantially to differences in brain size variation
especially among source-treatment groupings within ages.
Statistical Analyses
My basic approach involves linear mixed effects models to statistically partition trait variation
(oral jaw width or brain mass) into components related to source habitat (littoral or pelagic) to
evaluate potential heritable variation; foraging treatment (benthic, water column, variable) to
evaluate phenotypic plasticity; and their interaction to evaluate differences in plastic responses
between habitat sources. This method estimates a mean plastic response between groups of
individuals reared under different treatments, rather than plastic responses of individual
genotypes. Standard length was included in the models as a covariate to account for allometric
effects and length and mass variables were transformed to their natural logarithms to improve
residual normality. Standard length was used to estimate body size because it is less subject to
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short term fluctuations in condition than body mass. All models included tank section as a
random effect in order to account for possible effects of section location or fish density.
Comparisons of models including or excluding the random section effect using Akaike
information criterion indicated similar or better model fit by including the random section effect.
I explore the effects of ontogeny on proximal mechanisms of trait variation using separate
models for different age classes of fish. Three separate linear mixed effects models were applied
to age-0, age-1, and age-2-3 fish. Age 2 and 3 fish were combined into a single age class as the
sample size of age 3 individuals was low (n=19).
I first test whether foraging treatments induced functional variation in a trophic trait, oral jaw
width, in order to evaluate whether the experimental treatments mimicked natural foraging
conditions that differ between littoral and pelagic habitats in the field. Pumpkinseed from littoral
habitats have larger oral jaws than those from pelagic habitats (Jarvis et al. 2017; Axelrod et al.
2018; Axelrod et al. 2020) indicating that oral jaw width can be used as a morphological proxy
for the trophic ecology of these fish. I interpret differences in oral jaw width between feeding
treatments that are consistent with those observed from field collections as evidence that the
treatments induced morphological responses that to some extent mimic natural trophic ecology.
Any significant feeding treatment effects were subsequently explored using difference contrasts
between each treatment level in order to determine how mean trait values changed among the
three feeding treatments.
Similar linear mixed effects models were employed to study variation in brain mass. Any
significant interaction between source and foraging treatment was explored further with two
additional mixed effects models, one for each source habitat (littoral and pelagic). These separate
source models include only standard length and foraging treatment as main effects, tank section
as a random effect, and the parameter transformations noted above.
Finally, variation in body size between treatments might indicate that treatments generated
differences in growth that may affect brain growth (Niven and Laughlin 2008). We test for
possible confounding effects of body growth among treatments using mixed effects models that
relate standard length to collection source, feeding treatment and their interaction, again applied
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separately to each age group. All statistical analyses were conducted using the R program for
statistical computing (version 3.6.3), and the statistical threshold was set at 0.05.
Results
Plastic responses of oral jaw width to foraging treatment occurred in age-0 and age-1 but not in
older juveniles, suggesting that plastic responses by the oral jaws to feeding mode decrease over
ontogeny (Table 4-1). The responses to foraging treatment were qualitatively similar to
differences in oral jaw width observed between habitats in the field. In age-0 fish, mean oral jaw
width was greater in the benthic and variable foraging treatments in comparison to the water
column treatment (Benthic - Column = 0.16 ± 0.04, t = 4.4, p = 0.0005; Variable - Column =
0.11 ± 0.04, t = 3.2, p = 0.007; Variable - Benthic = -0.05 ± 0.03, t = -1.4, p = 0.2) (Figure 4-1A).
Age-1 individuals also showed a plastic response to foraging treatments (Table 4-1), with mean
oral jaw width greater in the benthic than the other two feeding treatments (Benthic - Column =
0.08 ± 0.03, t = 2.4, p = 0.03; Variable - Column = -0.03 ± 0.03, t = -0.9, p = 0.37; Variable Benthic = -0.1 ± 0.03, t = -3.5, p = 0.005) (Figure 4-1B). These patterns support our expectation
that the benthic and water column treatments here mimic important aspects of foraging under
littoral and pelagic conditions respectively (Axelrod et al. 2018). Consistent with previous
findings, there also was evidence that source habitat influenced oral jaw width in age-1 and age2-3 pumpkinseed because littoral source individuals had significantly wider jaws than pelagic
source individuals in these older juveniles (Table 4-1) (Figure 4-1B, C). There was no indication
that plasticity in oral jaw width to foraging treatment differed between ecotypes (no source by
habitat interaction effects at any age; Table 4-1). In all pumpkinseed, evidence for plastic
phenotypic responses by oral jaws decreased with age and was replaced by fixed differences that
may represent either heritable differences or the effects of early plastic responses subsequently
made irreversible with aging.
I found evidence of differences in plastic brain mass responses in response to foraging treatments
between the littoral and pelagic source pumpkinseed, as well as a decrease in evidence for brain
mass plasticity with age. Age-0 individuals showed differences in brain size responses to feeding
treatment between ecotypes (significant source by treatment interaction in Table 4-2). Further
analysis revealed that pelagic sourced fish developed larger brains in the benthic and variable
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foraging treatments than in the water column treatment (Benthic - Column = 0.06 ± 0.02, t=2.5,
p=0.02; Variable - Column = 0.07 ± 0.02, t = 3.3, p = 0.002; Variable - Benthic = 0.02 ± 0.02, t =
0.9, p = 0.37) (Figure 4-3A). Littoral sourced age-0 fish showed no significant change in brain
size between treatments (Table 4-2) (Figure 4-2A). Age-1 and Age-2-3 individuals also did not
show any plastic response in brain mass to foraging treatments (Table 4-2) (Figure 4-2B, C).
Consistent with previous observations in this system, the mean brain mass of littoral sourced
pumpkinseed was greater than that of pelagic individuals in age-2-3 individuals (Table 4-2)
(Figure 4-2C) demonstrating that brain size becomes increasingly fixed with age.
There was evidence that mean standard length varied among foraging treatments, although these
differences are not consistent with brain mass differences, suggesting that differences in food
availability and growth had a limited influence on brain mass. In age-0 pumpkinseed, standard
length varied by feeding treatment, but not consistently for pelagic and littoral pumpkinseed
(Table 4-3, supplementary figure 4-3). In pelagic sourced pumpkinseed, individuals from the
column foraging treatment were longer than those reared in the other two treatment (Column –
Benthic = 0.14 mm ± 0.05, p = 0.009; Column – Variable = 0.12 mm ± 0.05, p = 0.03). In littoral
sourced fish, the pattern reversed. Individuals from the variable foraging treatment were longer
than those in the column treatment (Variable – Column = 0.21 mm ± 0.08, p = 0.04). These body
size differences among treatments do not map consistently with observed differences in brain
mass between foraging treatments (Table 4-3; Supplementary 4-3) and so it is not likely that
differences in food availability have influenced the variation in brain mass described above.
After six months, mean standard length was also greater in pelagic sourced fish of age-1 and age2 (Table 4-3; Supplementary 4-3) consistent with mean differences in body size observed in the
field. Survival over the course of the six-month experiment was 51% (mean of % survival among
the 12 treatment groupings) and also varied among groupings. Survival was lowest in age-0
pumpkinseed and in the water column foraging treatment (supplemental figure 4-4). Differential
mortality is unlikely to have contributed to patterns of variation in brain mass among feeding
treatments in pelagic sourced pumpkinseed because reduced survival occurred in the column
treatment for both littoral and pelagic sourced pumpkinseed. As such, if mortality contributed to
the differences between treatments, we would expect that effect to occur in individuals from both
source habitats.
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Discussion
Here we investigated the proximate mechanism generating variation in brain size among
coexisting ecotypes of pumpkinseed sunfish. We reared wild-collected juveniles from both the
littoral and pelagic habitats under conditions that mimic foraging in the different habitats. We
interpret phenotypic differences between experimental treatments as evidence for phenotypic
plasticity. It is unlikely that non-random survival of individuals in the different treatments or
differences in body growth could explain the phenotypic differences between treatments as we
do not see any evidence that variation in mortality or growth mapped consistently with variation
in brain size. Age-0 individuals collected from the pelagic habitat expressed plastic responses in
brain size by having larger brains when feeding benthically either continuously or sporadically,
while changes in brain size were not expressed by littoral source pumpkinseed to the same
feeding treatments. Neither age-1 nor age-2-3 individuals exhibited any group-level changes in
brain size among feeding treatments, although mean brain size differences occurred between
ecotypes at age-2-3, consistent with genetic differences in brain size between the ecotypes.
Phenotypic plasticity, genetic effects, and evolutionary changes in plasticity all appear to
contribute to brain size variation among pumpkinseed ecotypes.
We provide direct evidence that cues related to feeding mode (location and prey size) induce a
plastic response in oral jaw size in pumpkinseed, suggesting that our foraging treatments
effectively simulated aspects of trophic ecology that distinguish littoral and pelagic
pumpkinseed. In order to test for phenotypic plasticity in brain size in response to trophic
conditions, we needed to expose individuals to experimental treatments that likely differed in
cognitive conditions representative of the trophic differences that distinguish ecotypes in littoral
and pelagic lake habitats. Oral jaw size differs between wild pumpkinseed ecotypes and is
associated with brain size divergence (Axelrod et al. 2018; Jarvis et al. 2020), indicating that is
an important trait that influences foraging performance. The larger oral jaw width induced by the
benthic and variable feeding treatments suggest that the benthic foraging mode experimentally
imposed here differs functionally from the mode of feeding deployed for feeding on fine
particles suspended in the water column, suggesting that the cognitive environment might also
differ between treatments, and can therefore be used to test for effects on brain plasticity.
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Evolution of brain size plasticity
It appears likely that variation in brain size among the diverging sunfish ecotypes is largely
shaped by evolutionary divergence in the plasticity in brain size, suggesting that brain size
plasticity is itself has considerable evolutionary potential in these sunfish. Plastic responses to
feeding treatment were apparent in age-0 pumpkinseed sourced from the pelagic habitat while
mean brain size did not change with treatments in littoral source individuals. This suggests that
differences in brain size between habitats of wild pumpkinseed (Axelrod et al. 2018; 2020) may
result from plastic responses early in life to environmental cues experienced by pelagic
individuals. These findings suggest either that evolutionary change in brain plasticity is a more
effective solution to divergent ecological conditions than evolutionary change in mean brain size,
or that the pelagic habitat itself selects for increased brain size plasticity.
Differences in brain size plasticity between pumpkinseed ecotypes may have been selected for
during colonization of the novel pelagic habitat if colonization required genotypes with more
plastic brains, perhaps because this facilitated population persistence under novel conditions
(Baldwin 1896; Yeh et al. 2004; Casasa and Moczek 2019). Alternatively, colonization may have
been random with respect to brain phenotype, but subsequent selection under pelagic conditions
may have favored individuals with more plastic brains. For example, upon the initial
colonization of Ashby Lake after the Pleistocene deglaciation, pumpkinseed would likely have
initially tried to exploit resources in the littoral habitat given that their morphologies appear
functionally biased towards feeding on benthic prey (Parsons and Robinson 2006), and only
subsequently began to exploit pelagic resources after competition for limited littoral resources
became strong. Reduced brain size in pumpkinseed in the pelagic habitat suggests that the
cognitive challenges of life in the pelagic habitat were reduced compared to the ancestral littoral
habitat. Individuals that developed smaller relative brain size in the pelagic habitat would also
have had lower metabolic costs associated with less brain tissue, allowing greater growth (larger
size) or earlier maturation, either of which may have increased female fecundity (Wootton 1973;
Schultz et al. 1991). Under this scenario, pelagic selection favored individuals that limited the
metabolic costs of larger brains through a plastic developmental response that reduced energy
allocation to brain tissue, hence driving the evolution of plastic brain responses in pelagic
pumpkinseed.
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Greater brain size plasticity in the pelagic ecotype may also indicate that pelagic conditions
select for greater cognitive flexibility through life. Generally, phenotypic plasticity is expected to
evolve when environmental conditions that influence ecological performance vary within the
lifetime of individuals (Schlichting and Pigliucci 1998). Brain size plasticity is expected under
conditions of environmental variability as a larger brain size confers greater cognitive ability,
and a smaller brain size reduces the metabolic costs of growth and maintenance of brain tissue.
The evolution of brain size plasticity due to ecological variability also requires that cues from
individuals’ environments reflect subsequent ecological conditions. As such, the brain size that
develops as a result of the cues effectively allows for greater cognitive performance. This
explanation would suggest that, while we expect greater mean cognitive challenges in the littoral
habitat, the pelagic habitat has more variability in its cognitive requirements. We cannot yet
determine the specific reason for the evolutionary divergence of brain size plasticity in this
system, however both explanations support the idea that the evolution of brain size plasticity
may be an important mechanism that shapes brain size variation in fish.
Functional variation in brain size plasticity
The phenotypic plasticity in brain size observed in age-0 pumpkinseed from the pelagic habitat
was consistent with our expectation that benthic foraging imposes greater cognitive challenges
compared to feeding on small prey in the water column. We hypothesized that littoral and
pelagic foraging conditions could induce plastic responses in brain size because pumpkinseed
feeding on macrobenthic prey under littoral conditions should face different cognitive challenges
than when feeding on much smaller zooplankton under pelagic conditions. In the field,
pumpkinseed oral jaw size phenotypically covaries with relative brain size both between littoral
and pelagic habitats as well as among individuals within habitats (Axelrod et al. 2018),
suggesting that variation in brain size may contribute to foraging performance in addition to
trophically related traits such as oral jaw size. While we could not directly measure cognition
related to feeding treatment here, we think it likely that benthic versus water column feeding
modes generated different cognitive responses by pumpkinseed because the induced divergence
in oral jaw size replicated phenotypic differences between wild pumpkinseed from littoral and
pelagic habitats in Ashby Lake. Regardless, our results clearly demonstrate that foraging mode
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can induce plastic response in both trophically important morphological traits and in brain size in
these pumpkinseed.
Environmental conditions that impose greater foraging complexity may require greater cognitive
ability and therefore larger brain size (Park and Bell 2010; Ahmed et al. 2017). Feeding
benthically, in combination with foraging for cryptic prey in the much more physically complex
structure of the littoral habitat, may present a greater cognitive challenge compared to open water
pelagic conditions. In the water column feeding treatment, small food particles were widely
dispersed throughout the water likely increasing particle encounter rate and reducing the
opportunity that individuals could monopolize the food. In the benthic feeding treatment, the
food was limited to a portion of the tank bottom surface where after settling within the gravel
substrate it was partially concealed. Finally, the need to handle and process large pieces of food
could also be more challenging than similar handling and processing of fine particles, especially
with respect to motor requirements related to food handling. Though feeding benthically in these
small tanks likely does not fully duplicate the challenges of seeking cryptic benthic prey under
complex littoral conditions, it seems reasonable that the benthic feeding treatment here provoked
greater cognitive challenges compared to feeding in the water column.
It is possible that changes in brain size between foraging treatments was a response to a
potentially more complex social environment induced in the benthic foraging treatment. Multiple
individuals were regularly observed eating simultaneously from a single chunk of food in the
benthic treatment, while such close feeding aggregations were not observed in the column
treatment. It has been noted that brain size increases with sociality among species (deMeester et
al. 2019). Brain form also responds plastically to social environment in ninespine stickleback
(Gonda et al. 2009) and in common frogs (Rana temporaria) (Gonda et al. 2010). If the benthic
feeding treatment increased competition or other forms of social interaction, then this may have
resulted in a more challenging cognitive environment which may have cued increased brain
growth. For example, the more limited spatial extent of the benthic food distribution, by
promoting some resource monopolization by dominant individuals who could better defend the
food, could have induced differences in social environment between feeding treatments. In this
case, differences in the cognitive challenges between the feeding treatments induced
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experimentally would not reflect the same differences in cognitive challenges related to foraging
differences between lake habitats. Our uncertainty about the specific differences in the cognitive
challenges induced by feeding treatments here do not preclude the important observation that
these differences induced changes in brain size. Future studies could resolve uncertainty over the
nature of the cognitive challenges related to feeding by testing for plastic brain size responses to
foraging conditions in individually isolated fish to remove potential social environment effects.
Attempting to experimentally increase the cognitive challenge by alternating feeding in the water
column with benthic feeding did not appear to present any substantial increase in the cognitive
challenge of feeding, at least in comparison to the static benthic feeding condition. When brain
plasticity is present (in age-0 pelagic sourced individuals), the variable treatment increased brain
size to the same level as in the benthic treatment, suggesting a generally similar level of
cognitive challenge in both cases. It may be that the cognitive feeding challenge of the variable
treatment is primarily driven by the challenges associated with benthic feeding. In this case, fish
respond plastically to cues in the benthic treatment and develop a brain size appropriate for the
more cognitively challenging of the two alternating foraging situations. This observation does
not support the hypothesis that greater environmental variability requires greater cognitive
ability.
Change in plasticity over ontogeny
Brain plasticity not only differs between pumpkinseed ecotypes but may also decrease over
ontogeny, indicating either that plasticity in brain size is disfavoured as individuals age, or that
brain size plasticity becomes constrained with age. Brain size growth occurs primarily via
neurogenesis. In fish, neurogenesis is observable into adulthood (Zupanc 2006), suggesting that
brain size could be plastic into adulthood. If this is true, then the lack of observable plasticity in
brain size in fish age-1 and older here suggests that life-long brain size plasticity has been
evolutionarily disfavoured. Axelrod et al. (2020) observed that in the wild these pumpkinseed
ecotypes differ in brain growth rate well before they diverge between alternate adult trophic
conditions. This delay in ecological divergence is due to juvenile individuals in both habitats
being limited to benthic refugia by predation risk and limited to zooplankton foraging by their
small body size (Mittelbach 1984; 1988). This early onset of brain size differences prior to adult
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divergence in trophic conditions suggests that individuals may face a fitness cost to a having a
poor match between brain size and adult trophic conditions. High levels of brain size plasticity
later in life could increase the risk of a mismatched brain in adults.
Alternatively, the maintenance of neurogenesis with age in fish may not be sufficient to provide
for plastic brain size responses throughout ontogeny. Though observable into adulthood,
evidence shows that neurogenesis rates are reduced in adult fish compared to juveniles (Tozzini
et al. 2012; Edelmann et al. 2013). Reductions in neurogenesis over ontogeny have been
associated with age-related declines in cognitive ability in mammals (Bizon et al. 2004; Kumar
and Foster 2010; Nyberg et al. 2012; Eavri et al. 2018). In fish, where within-species variation in
whole brain size has been associated with cognitive ability, declines in neurogenesis could
reduce the scope of plastic responses in brain size. As such, brain size plasticity may become
constrained as fish age. If this is the case, then the lack of life-long brain size plasticity in these
pumpkinseed is not an evolutionary response to changes in trophic ecology but represents a
developmental constraint that may be more widespread across species. Testing for a similar loss
of brain size plasticity with age across fish species may provide insights into the evolution of
limitations in plastic brain responses.
Plastic responses in oral jaw morphology also appeared to decline over ontogeny, suggesting that
loss of plasticity with age may be a general phenomenon in these sunfish. We observed plasticity
in oral jaw width in age-0 and age-1 individuals collected from both habitats, but not in older
juveniles. As with brain size, this could be the result of constraints on the ability for jaws to alter
their rate of growth after a certain age due to molecular or physiology limitations, though these
limitations would likely be different than those limiting brain size plasticity. Alternatively, the
loss of plasticity in oral jaw features could also be the result of evolved reductions in plasticity in
order to reduce the risk of poorly suited jaws upon transitioning to the adult trophic niche,
similar to brain size. Notably, jaw width plasticity is observable for a year longer than brain size
plasticity. This raises an additional uncertainty as to why brain size plasticity would be more
constrained than plasticity in jaw morphology. Broadly, these results also suggest that
morphological plasticity in these sunfish is likely not reversible, indicating static foraging
ecology in adult niches (Gabriel et al. 2005).
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Conclusion
Here, we evaluated the contributions by three proximal mechanisms to variation in brain size in
pumpkinseed that are functionally diverging between lake habitats. We found evidence that
plastic responses may have evolutionarily diverged between ecotypes indicating that a complex
interaction between plastic and heritable effects primarily shape brain size variation in juvenile
pumpkinseed. This demonstrates the evolutionary potential of brain size plasticity over a period
of less than 12,000 years. We also show, for the first time, that the opportunity for plastic brain
size responses appears to decrease over ontogeny in a fish despite the capacity for neurogenesis
throughout their life. Elucidating these proximate mechanisms is important both for our
understanding of brain size evolution as well as adaptive diversification. Variation in plastic
phenotypic responses can influence the outcomes of adaptive diversification through effects on
population establishment and persistence in novel habitats, effects on trait variation expressed by
a population that can affect the intensity of selection, and subsequent evolutionary responses that
slow or hurry adaptive evolution (Muschick et al. 2011). These evolutionary effects should be
particularly likely for traits that strongly regulate an individual’s ecological and social
interactions through a wide range of sensory processes and behavioural outputs, such as brain
size. These results demonstrate the potential for the evolution of plasticity to be an important
mechanism in determining brain size variation at the intraspecific level and encourage further
tests of specific constraints to brain size plasticity and the performance and ecological
consequences of plasticity in brain form.
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Tables
Table 4-1. Results of mixed-effects models predicting oral jaw width for each age group with
standard length (log-transformed), source (littoral, pelagic), treatment (column, benthic, variable)
and the interaction between source and treatment as predictors.
Predictor Variable
Sum Square
F
Num DF
p
Age 0
SL
5.2
118
1
<0.0001
Source
0.0003
0.06
1
0.8
Treatment
0.2
17.4
2
0.0004
Source X Treatment
0.008
0.7
2
0.5
Age 1
SL
0.5
104
1
<0.0001
Source
0.04
7.9
1
0.01
Treatment
0.06
6.2
2
0.008
Source X Treatment
0006
0.7
2
0.5
Age 2-3
SL
1.8
339
1
<0.0001
Source
0.005
8.6
1
0.007
Treatment
0.002
0.2
2
0.9
Source X Treatment
0.02
2.2
2
0.1
Table 4-2. Results of mixed-effects models predicting brain mass for each age group with
standard length (log-transformed), source (littoral, pelagic), treatment (column, benthic, variable)
and the interaction between source and treatment as predictors. Significant source by treatment
interaction effects were further explored using individual models for each source habitat
including only standard length and treatment as predictors.
Predictor Variable
Sum Square
F
Num DF
p
Age 0
SL
11.8
1067
1
<0.0001
Source
0.004
0.3
1
0.6
Treatment
0.005
0.2
2
0.8
Source X Treatment
0.1
5.0
2
0.008
Age 0 Pelagic
SL
5.0
978
1
<0.0001
Treatment
0.06
5.7
2
0.005
Age 0 Littoral
SL
6.9
419
1
<0.0001
Treatment
0.08
2.5
2
0.09
Age 1
SL
0.6
85
1
<0.0001
Source
0.02
2.1
1
0.2
Treatment
0.007
0.5
2
0.6
Source X Treatment
0.02
1.5
2
0.2
Age 2-3
SL
3.3
617
1
<0.0001
Source
0.04
8.1
1
0.01
91

Treatment
Source X Treatment

0.02
0.006

1.8
0.6

2
2

0.2
0.6

Table 4-3. Results of mixed-effects models predicting standard length for each age group with
source (littoral, pelagic), treatment (column, benthic, variable) and the interaction between
source and treatment as predictors.
Predictor Variable
Sum Square
F
Num DF
p
Age-0
Source
0.1
3.8
1
0.07
Treatment
0.08
1.1
2
0.3
Source X Treatment 0.5
6.5
2
0.009
Age-1
Source
0.09
17.0
1
0.0003
Treatment
0.001
0.1
2
0.9
Source X Treatment 0.0009
0.09
2
0.9
Age2-3
Source
0.12
7.9
1
0.006
Treatment
0.058
2.0
2
0.1
Source X Treatment 0.0069
0.2
2
0.8
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Figure 4-1. Residual oral jaw width across experimental treatments. A) age-0, B) age-1, and C)
age-2-3 fish. Habitat source collection is represented by colours (littoral=red, pelagic=blue).
Residual oral jaw width values were calculated using linear models of oral jaw width and
standard length in each age group. Letters indicate significant differences between experimental
treatments obtained by the mixed-effects models in the text (littoral=red, pelagic=blue). Boxes
show median and interquartile range (25th to 75th), whiskers the maximum and minimum values,
and circles outlier values (values outside 150% of the interquartile range).
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Figure 4-2. Residual brain mass across experimental treatments. A) age-0, B) age-1, and C) age2-3 fish. Habitat source collection is represented by colours (littoral=red, pelagic=blue). Residual
brain mass values were calculated using linear models of brain mass and standard length in each
age group. Letters indicate significant differences between experimental treatments obtained by
the mixed-effects models in the text (littoral=red, pelagic=blue). Boxes show median and
interquartile range (25th to 75th), whiskers the maximum and minimum values, and circles outlier
values (values outside 150% of the interquartile range).
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General Discussion
For more than a century, biologists have attempted to explain the factors that influence the
diversity of life. This goal is particularly relevant for explaining phenotypic diversity of
ecologically important traits. Brain form (brain size and the proportional relationships between
brain regions) is one such trait in animals, and one that demonstrates huge amounts of variation,
both within and between species (Striedter 2005). One proposed explanation for diversity in
brain form is that different environments vary in their requirements for cognitive ability and
behaviour, which in turn selects for differences in brain form (adaptive brain hypothesis). This
hypothesis is supported by observed correlations between brain form and habitat conditions
(Harvey et al. 1980; Gittleman 1986; Hutcheon et al. 2002; Gonda et al. 2013). However, major
uncertainties remain such as how environments might vary in their cognitive requirements, and
the degree to which this variation leads to diversity in brain form. Another uncertainty is the
proximal mechanisms that contribute to brain form variation, which could include heritable
genetic variation, phenotypic plasticity, and their interactions. Finally, the ways that constraints
might lead to mismatch between brain form and ecological conditions remains unclear. These
uncertainties lead to three specific questions that I address in this thesis. First, why may fish
brain form vary independent of body size? Second, what factors may constrain variation in brain
form? Finally, what proximate mechanisms contribute to variation in brain form?
I address these questions using a system of adaptively diverging sunfish. Fish are effective for
studies of brain form diversity because fish demonstrate a large amount of diversity in both brain
form and ecology, at both interspecific and intraspecific levels. Using populations of sunfish in
the initial stages of adaptive diversification between discrete lake habitats allows me to isolate
the effects of ecological variation on brain form, since individuals differ only slightly in
evolutionary history. Below, I summarize four thesis chapters that address the questions above.
Synopsis
In chapter 1, I start my investigations of my first question above by testing the hypothesis that
ecology plays an important role in shaping brain form variation in fish. I test for ecological
effects on brain form variation between coexisting ecotypes of pumpkinseed sunfish (Lepomis
gibbosus) that are adaptively diverging between lake habitats. The intraspecific comparison
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allows me to remove potentially confounding effects of divergent evolutionary histories on the
evolution of brain form in response to ecological divergence that confound many comparative
studies of brain form among species. I collected adult pumpkinseed from multiple littoral and
pelagic sites of Ashby Lake, Ontario, and compared brain size and brain region size between
habitats. I found that brain size is likely influenced by ecological differences because littoral
sourced fish had 8.3% larger relative brain size than pelagic sourced individuals. I hypothesize
that this difference in relative brain size reflects differences in the cognitive requirements of life
in each habitat that arise from ecological conditions relating to foraging, sociality, predation risk
and physical structural complexity. This hypothesis predicts that the littoral habitat leads to
greater cognitive requirements of pumpkinseed than the pelagic habitat. The greater cognitive
demand of littoral foraging for example is supported by a correlation between brain size and oral
jaw width within habitats, suggesting that individuals that make more use of benthic prey like
macroinvertebrates have larger brains than those that feed on pelagic prey like zooplankton.
These results suggest that in pumpkinseed, brain size variation may be an adaptive response that
improves ecological performance and fitness to divergent ecological conditions between lake
habitats.
In chapter 2, I further test for the effects of divergent ecological conditions on brain form by
considering how brain form diverges, 1) between pumpkinseed and a related species the bluegill
sunfish (L. macrochirrus) that have ecologically and evolutionarily diverged between littoral and
pelagic habitats, and 2) between littoral and pelagic ecotypes within each species. By employing
a hierarchical test that compares brain form both within and between species across a shared
habitat comparison, I was able to test the consistency or the relationship between brain form and
habitat. This hierarchical approach of comparisons also allowed me to evaluate the role of
constraints in the expression of variation in brain form in sunfish (my second question above).
Aspects of brain form diverged between littoral and pelagic ecotypes for both species, but these
differences are not consistent. Pumpkinseed ecotypes differ in whole brain size, whereas bluegill
ecotypes differ in the size of the telencephalon region. This inconsistency suggests that life
history differences between species can influence contemporary evolutionary change in brain
form, or that the species may have evolved differences in brain plasticity. Brain form also differs
between sunfish species in a distinct way from differences found between ecotypes within
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species. Pumpkinseed have larger cerebella and olfactory bulbs, whereas bluegill have larger
optic tecta. The lack of correspondence between the intraspecific and interspecific patterns of
brain form divergence suggests that brain form evolution is constrained in its ability to rapidly
respond to diverging ecological conditions.
In chapter 3, I continue my test of the adaptive brain hypothesis by evaluating the effect of
ontogenetic shifts in ecology on brain size development. The ecological conditions experienced
by an individual can often change over ontogeny because changes in body size mediate many
important ecological interactions, such as social environment, prey use, and predation risk
(Wilson 1975; Werner and Gilliam 1984; Nakazawa 2015). I hypothesize that changing
ecological conditions will lead to shifting cognitive requirements and abilities over ontogeny. If
brain size influences ecologically-relevant cognitive abilities, then brain size development should
track ontogenetic shifts in ecology. Comparisons of brain size development among species
however may confound ontogenetic ecological effects on brain size of interest here with species
level effects on brain size development. Using the two pumpkinseed ecotypes, I can control for
non-ecologically relevant changes in brain size over ontogeny. Pumpkinseed ecotypes share a
juvenile benthic niche but diverge in subadult trophic ecology. I collected individuals of all ages
from littoral and pelagic habitats of a single lake and compared their patterns of brain size
development in relation to the divergence of their adult trophic niche. Oral jaw width, a
morphological indication of trophic ecology, only diverges between ecotypes at 3 years of age
confirming the common juvenile benthic niche and a subsequently diverging adult trophic niche.
However, the onset of differences in brain size that distinguish pumpkinseed ecotypes did not
correspond with the onset of trophic divergence. Instead, brain growth was accelerated in
individuals from the littoral habitat as young as a few months old. The mismatch between brain
growth and ecological divergence suggests that the cognitive challenges of adulthood are more
important in shaping the trajectories of brain growth than juvenile ecology, and that brain size
may be limited in its ability to change rapidly in response to changing environmental conditions.
In chapter 4, I test the proximate mechanisms that influence variation in brain size (question 3)
among pumpkinseed ecotypes by rearing individuals in a reciprocal transplant common-garden
experiment. Variation in brain size could reflect inherited differences between ecotypes or
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phenotypic plasticity by ecotypes. Furthermore, ecotypes may differ in their plastic responses,
reflecting an interaction between heritable and environmental effects. Finally, I also included
individuals of varying age in order to evaluate how plasticity in brain size may change over
ontogeny. Experimental treatments mimicked feeding modes that distinguish foraging ecology in
the different lake habitats (benthic versus water column feeding on particles of different sizes) in
order to evaluate effects on brain size. Only the youngest individuals collected from the pelagic
habitat expressed a plastic response to feeding treatment, developing larger brains while feeding
benthically. This indicates that, 1) plasticity in brain size has diverged between pumpkinseed
from the two habitats, and 2) the potential for plasticity in brain size decreases with age. This
study reveals that inherited differences in brain size and developmentally plastic responses in
brain size shape brain size variation in recently diverging pumpkinseed populations, and that
contrary to expectations of continued neural generation throughout life, plasticity in brain size
may not be common in adult fish.
Synthesis
Why may fish brain form vary?
The adaptive brain hypothesis proposes that variation in brain form causally reflects variation in
cognitive ability and behaviour that in turn influence ecological performance and ultimately
fitness. This hypothesis predicts that we should see variation in brain form when ecological
conditions vary in a way that influences the cognitive requirements of ecological performance.
My thesis broadly supports the adaptive brain hypothesis, although I find that the simple
prediction is not always supported under every specific test that I performed. In chapters 1 and 2,
I demonstrate a relationship between divergence in brain form traits and ecological divergence
between littoral and pelagic lake habitats, a relationship consistent with ecological differences in
cognitive demands between habitats. For example, larger brain size in littoral pumpkinseed occur
in the more spatially and visually complex littoral habitat, where a more complex foraging
behaviour is required to find cryptic prey (Ehlinger and Wilson 1988). This is also consistent
with a ‘clever foraging’ hypothesis, which posits that variation in brain size results from
differences in foraging task complexity (Striedter 2005; Park and Bell 2010). Differences in
brain morphology between sunfish species here also support specific predictions about the
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cognitive requirements between littoral and pelagic habitats. Larger optic tecta in bluegill likely
enhance foraging performance on small pelagic zooplankton prey, an important food source
(Huber et al. 1997; Pollen et al. 2007). The larger cerebellum in the pumpkinseed likely enhances
the motor control required for navigating the more spatially and structurally complex littoral
habitat, an association also observed in cichlids (Pollen et al. 2007; Gonzalez-Voyer and Kolm
2010). These examples add to the growing body of evidence that brain size variation, to some
degree, reflects variation in ecological conditions.
What factors may constrain variation in brain form?
Inconsistent associations between brain form and ecological contexts suggest the presence of
constraints on brain form diversity. I found strong evidence of inconsistent responses in brain
form to littoral and pelagic conditions at different taxonomic scales (between pumpkinseed and
bluegill, and between similar ecotypes in both species). Additionally, I found that brain size
development did not track ontogenetic shifts in trophic ecology. Taken together, these results
suggest imperfect matches between brain form and ecological conditions distinguished by
different cognitive requirements. This mismatch suggests that changes in brain form can
frequently be limited either by evolutionary, developmental, genetic or physio-neurological
constraints.
The adaptive brain hypothesis incorporates the effects of a trade-off between cognitive benefits
and energetic costs. A mismatch between brain form and habitat may be costly to an individual
because a brain or brain region smaller than required would reduce cognitive performance while
one larger than ideal would generate greater metabolic costs (Jerison 1973; Kotrschal et al.
2013). However, while there may be an optimal balance between these opposing factors for a
given environmental condition, other features may limit whether the optimum is achievable and
so contribute to phenotype-environment mismatch. Evolutionary constraint can create
phenotypic mismatch by limiting the amount of genetic variation in brain form available to
selection. Tight trait genetic covariation can also constrain short-term evolutionary responses to
selection on traits (Schwenk 1995; Conner et al. 2011; Bolstad et al. 2015) and require strong
sustained selection in order to be overcome. Functional constraints can similarly limit responses
to a change in ecological condition, though through a different mechanism. For example, the rate
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at which neurogenesis and neural cell death occur could regulate responses in brain and brain
region size to environmental effects. When these processes proceed more slowly than changes in
ecology, then a mismatch may occur, as suggested by my findings in developmental schedule of
brain growth that distinguishes pumpkinseed ecotypes. My research demonstrates these
constraints, however the specific type or form of constraints remains unclear.
What proximate mechanisms influence within-species brain form change?
Trait covariation with habitats can be generated via multiple proximate mechanisms, including
phenotypically biased habitat movement, diversifying natural selection processes, inherited
genetic differences, and phenotypic plasticity, and there is little research explicitly focusing on
their relative roles. Recent evidence shows that pumpkinseed do demonstrate matching habitat
choice based on trophic morphology (A. deLeeuw, unpublished data), which suggests that brain
size may also influence phenotypically directed habitat switching. However, my research did not
address this. Instead, my research provides insights into how inherited variation and phenotypic
plasticity may interact to generate variation in brain form. My reciprocal-transplant common
garden study revealed what appears to be genetic differences between ecotypes in their potential
for brain size plasticity, and furthermore that the potential for plasticity in brain size rapidly
decreases with age. Collectively, these observations indicate that differences in brain size
between sunfish ecotypes are likely the result of evolved differences in early life plasticity.
These results add to the body of evidence that phenotypic plasticity is an important mechanism
for brain form diversity (Gonda et al. 2011; Eifert et al. 2015), and that brain size plasticity is
itself an evolvable trait (Crispo and Chapman; Gonda et al. 2012).
Future directions
One of the major conclusions of my thesis is that brain form variation reflects the effects of
adaptive evolution interacting with constraints that shape the standing phenotypic variation in a
population. However, I cannot identify the specific nature of constraint(s) on brain size here.
These constraints could be functional, such as limitations to phenotypic plasticity or an inability
for molecular or cellular processes to induce changes in brain form. Comparing rates of
neurogenesis between sunfish ecotypes at different life stages could reveal the degree to which
these processes vary or are constant and so suggest whether they limit brain size responses.
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Histology techniques can be used to measure rates of cell growth and death (Dunlap et al. 2019),
which could demonstrate the ability for cellular/tissue processes to either facilitate or limit
changes in brain size. Evolutionary constraints would involve limited genetic variation on which
selection can act, potentially due to tight covariance relationships between traits. These
covariance relationships could be between brain form and another aspect of phenotype, for
example skull morphology, or between different aspects of brain form, such as covariance of
different regions. Covariance of brain regions could result in limited potential for brain
morphology evolution if selection acts in opposite directions on different regions, or due to the
increase metabolic cost of changing multiple linked brain regions. These constraints could be
estimated by measuring genetic and phenotypic covariances among candidate traits and further
evaluated by artificial selection experiments on brain size such as performed in guppies
(Kotrschal et al. 2013).
The adaptive brain hypothesis posits that brain form causally influences cognitive ability and
behaviour, and that these in turn influence ecological performance and fitness. My results
support only the most general prediction possible from this hypothesis, that brain form will be
associated with ecological condition, but does not test each step along the causal pathway. Brain
size has been shown to be related to learning ability and problem solving in lab-based tests
(Kotrschal et al. 2013; Benson-Amram et al. 2016; Buechel et al. 2018) and has been linked to
breeding and foraging behaviour (Madden 2001; Garamszegi and Eens 2004). However, the ecocognitive consequences of brain form variation generally remain poorly understood. Learning
and problem solving under ecologically relevant conditions relating to predator avoidance,
foraging efficiency, spatial learning and navigation could all be experimentally evaluated. Field
tests of cognitive ability or performance are more difficult but if possible could also provide
insights into the cognitive consequences of brain form variation. As with measuring ecocognitive ability, evaluating the consequences on ecological performance and fitness will be a
difficult task, however it can be achieved using comparative or experimental tests of predicted
relationships between trait variation and proxies of ecological performance (Robinson et al.
1996).
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Conclusion
In this thesis, I explore questions that address why and how brain form varies among groups of
ecologically diversifying fish. Persistent associations between brain form and lake habitats
strongly distinguished by ecological conditions supports the general hypothesis of adaptive
variation in brain form in these sunfish, and so adds to the growing body of evidence that brain
form variation is causally linked to ecological conditions because of functional effects on
cognitive ability. However, relationships between brain form and ecology also reflect important
functional or evolutionary constraints that can generate inconsistent relationships between brain
form and ecology. As far as I know, my research is the first to demonstrate constraints on brain
form evolution operating among individuals at the earliest stage of divergence between habitats.
Another novel feature of my research is that the relationship between brain form and ecological
conditions is not consistent over ontogeny, and that the proximate mechanisms shaping variation
(e.g., heritable effects and phenotypic plasticity) also change over ontogeny. Future work on
patterns of variation in brain form will also benefit from an explicit developmental perspective.
In these pumpkinseed, the ecology of the adult life stage appears to be sufficiently important to
drive divergence in brain development starting a few months after birth, suggesting important
limitations on brain form divergence. Whether this constraint is specific to sunfish or widespread
is unknown but worthy of study because it may reveal the strength of the limitation constraining
change in brain size. Broadly, my research highlights the complexity of studying the evolution of
ecologically important traits. Evolutionary history, ecology, developmental processes, and
constraints all interact to shape trait evolution, demonstrating that an integrative approach will be
required to further advance our understanding of brain form diversity.
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Supplementary Material
Supplementary 1-1. Summary of principal component analysis of the volumes of five brain
regions: cerebellum (Cb), optic tectum (OT), telencephalon (Tel), olfactory bulbs (OB), and
hypothalamus (Hyp) of adult Pumpkinseed sunfish in Ashby Lake, Ontario.
Principal
Eigenvalue Percentage
Region
Component
of Variance
Contributions
PC1

3.89

77.7%

PC2

0.53

10.5%

PC3

0.26

5.3%

PC4

0.23

4.6%

PC5

0.093

1.86%

Cb: 19.1%
OT: 22.0%
Tel: 23.0%
OB: 15.2%
Hyp: 20.8%
Cb: 19.6%
OT: 7.07%
Tel: 0.96%
OB: 71.7%
Hyp: 0.60%
Cb: 46.1%
OT: 0.83%
Tel: 6.67%
OB: 12.3%
Hyp: 34.1%
Cb: 14.5%
OT: 30.0%
Tel: 13.3%
OB: 0.55%
Hyp: 41.7%
Cb: 0.67%
OT: 40.2%
Tel: 56.0%
OB: 0.29%
Hyp: 2.85%

Supplementary 1. Summary of post-hoc species specific general linear models predicting either
brain mass or telencephalon volume in pumpkinseed sunfish from Ashby Lake or bluegill
sunfish from Holcomb Lake. SL refers to standard length, and BM refers to brain mass
covariates. The p-values for significant effects are bolded.
Response Variable
Predictor Variable
F
d.f
p
Pumpkinseed Brain Mass
SL
802
109
<0.0001
Ecotype
70
109
<0.0001
SL x Ecotype
1.8
109
0.19
Bluegill Brain Mass
SL
712
90
<0.0001
Ecotype
0.68
90
0.41
SL x Ecotype
1.3
90
0.27
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Pumpkinseed
Telencephalon Volume
Bluegill Telencephalon
Volume

BM
Ecotype
BM x Ecotype
BM
Ecotype
BM x Ecotype

735
0.33
3.1
555
16
0.6

109
109
109
90
90
90

<0.0001
0.57
0.08
<0.0001
0.0001
0.44

1. Fish collected.
2. Before transport, fish were stored in cages in Ashby Lake. Fish were fed once per day on
a combination of live zooplankton and flake fish food.
3. Immediately before transport, all fish from each habitat and age group were combined
into a single bucket, and then haphazardly split evenly into either three or six plastic bags
for transport.
4. Plastic bags were one third filled with lake water, and then filled fully with oxygen using
a pressurized oxygen tank, before being sealed with an elastic band.
5. Bags of fish were stored in coolers with ice during transport from Ashby Lake to the
Hagen Aqualab.
6. Upon arrival at the Hagen Aqualab, fish from each bag were poured into a net and then
added to experimental tanks in each treatment.

Height

Supplementary 4-1. Flowchart of procedures for fish collection, storage and transport from
Ashby Lake to the Hagen Aqualab at the University of Guelph.

Littoral
Age-0
Variable
N=40

Pelagic
Age-1/2
Column
N=100

Pelagic
Age-0
Benthic
N=60

Littoral
Age-1/2
Column
N=100

Unused

Littoral
Age-0
Column
N=40

Littoral
Age-1/2
Benthic
N=200

Pelagic
Age-1/2
Variable
N=60

Pelagic
Age-0
Variable
N=60

Unused

Pelagic
Age-1/2
Benthic
N=100

Pelagic
Age-0
Column
N=60

Unused

Littoral
Age-0
Benthic
N=40

Littoral
Age-1/2
Variable
N=100

Stack
Supplementary 4-2. Spatial arrangement of experimental treatment groups in five vertical units
of three tanks each. Replication occurred within each tank unit using perforated partitions (not
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shown). Sample sizes indicate the number of individuals in each treatment group at the start of
the experiment.

50

A
AB

B

B

B

Standard Legnth

40

A
30

20
Column

Benthic
Treatment

Variable

A.
109

B

Standard Legnth

44

A

B
A

B
A

40

36

32

Column

Benthic
Treatment

Variable

B.

110

70

B
A

B
A

B
A

Standard Legnth

60

50

40

Column

Benthic
Treatment

Variable

C.
Supplementary 4-3. Standard length across experimental treatments. A) age-0, B) age-1, and C)
age-2-3 fish. Habitat source collection is represented by colours (littoral=red, pelagic=blue).
Letters indicate significant differences between experimental treatments obtained by the mixedeffects models above (littoral=red, pelagic=blue). Boxes show median and interquartile range
(25th to 75th), whiskers the maximum and minimum values, and circles outlier values (values
outside 150% of the interquartile range).

111

Supplementary 4-4. Experiment survival of each source by age group in each treatment.
Treatment
Source by age class group Column
Benthic
Variable
Pelagic Age 0
37%
50%
45%
Littoral Age 0
35%
60%
40%
Pelagic Age 1-3
43%
60%
74%
Littoral Age 1-3
43%
72%
56%
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