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Common stabilizing structures in food webs require that organisms at higher trophic 

positions (i.e. predators) are able to forage flexibly in diverse habitats and respond to changing 

resource densities. This flexible behaviour requires that organisms have the necessary cognitive 

abilities to acquire, process, integrate and store information about their environments to make 

informed behavioural decisions. By using relative brain size as a proxy for cognitive ability, this 

research assesses the role that cognition plays in the maintenance of food web stabilizing 

structures. Using 16 species of teleost fish in the Georgian Bay aquatic food web, this research 

evaluates the association between brain size and morphology, and pelagic-littoral habitat use, 

habitat coupling, and trophic position. It demonstrates that brain size and brain morphology are 

woven into the structure of food webs in a manner that ought to promote stability.  
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General Introduction  

An organism’s cognitive capacity is its ability to acquire, process, integrate and store 

information in the nervous system (Real 1993). This capacity informs the behavioural decision 

making of organisms in response to their environment. Thus, an important area of inquiry is how 

cognitive capacity may influence the behaviour of organisms in response to various 

environmental pressures. However, the measurement of cognitive capacity is challenging. 

Because of this, researchers have turned to brain size as a proxy for cognitive capacity.   

There is a long history of investigations of brain size in ecology stemming from Jerison’s 

(1973) principle of proper mass, which states that the mass of neural tissue dedicated to a 

particular function needs to be matched to the amount of neural processing required by that 

function. However, neural tissue is energetically expensive to maintain, so strong environmental 

pressures are necessary for increases in brain size to occur (Niven 2008, Navarrete 2011). These 

ideas are complicated by the fact that the brain is a modular organ in both structure and function 

and pressures may act upon brain regions individually (i.e. mosaic evolution). Thus, we would 

expect brain size and morphology to change naturally over time as a result of evolution acting 

upon various behaviours of species, producing astounding variation in brain size across species. 

This evolved variation in the brain has been examined in comparative studies across behavioural 

and ecological gradients in attempts to understand the differences across species (Mace et al. 

1980).  

Recently, neuro-ecological studies have focused on the brain of fish species in aquatic 

systems. Such studies have focused on genetically isolated and ecologically distinct populations 

of the three-spined stickleback (ex. Gonda et al. 2009) and assemblages of recently radiated 

cichlid species (ex. Huber et al. 1997) to examine patterns of brain evolution. Studies have found 
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effects of social structure, diet, habitat use, and mating behaviours on brain morphology (see van 

Staaden et al. 1994, Huber et al. 1997, Pollen et al. 2007, Gonda et al. 2009, Park & Bell 2010). 

Furthermore, fish undergo extensive lifelong neurogenesis, which may allow individual fish to 

respond to strong cognitive pressures through brain plasticity, making them even more 

interesting for the study of the brain in ecology (Zupanc 2006, Ebbesson & Braithwaite 2012). In 

light of evidence that interspecies interactions and species interactions with the environment can 

produce changes in brain size and morphology, it is remarkable that brain mass and structure has 

been largely ignored in larger scale studies. Little is known about the evolution of brain variation 

across species within whole systems or the roles that the brain has in cross species dynamics in 

food webs. 

Discussion of the brain and cognition in food web studies is limited to two recent papers. 

The first, Rooney et al. (2008), speculates about the role of the brain and brain complexity in the 

foraging and optimal decision making of predators. Rooney et al. speculate that brain size in fish 

may play a role in the storage of information about prey densities and resource availability on a 

landscape scale, which may allow fish to behave flexibly in response to their environments. The 

second, Kondoh (2010), used brain size in teleost fish as a proxy for learning adaptations to 

explore and predict predator-prey relationships in food webs. Empirical analysis in this study 

was limited to a regression suggesting coevolution of brain size between predators and prey 

which may be indicative of a brain size arms race. These studies together suggest that there may 

be a role for brain size in food web studies. 

Recent food web theory has begun to incorporate specific behaviours of species into 

ideas about system stability, for instance, the idea that behaviour and feeding patterns of top 

predators can regulate prey species compositions and influence community structure (McCann & 
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Rooney 2009). It has been suggested that due to larger body size, species occupying higher 

trophic positions have greater mobility which may enable them to couple distinct macrohabitats 

within a food web (ex. the use of both pelagic and littoral habitats). This behaviour creates a 

hump shaped pattern between trophic position (y-axis) and habitat use (x-axis), with lower 

trophic positions tending to be more specialized (i.e. feeding from one habitat) and higher 

trophic positions more generalized in their feeding patterns (i.e. can couple habitats). This 

structure is stabilizing in food webs only if larger organisms are able to respond flexibly to 

changes in resource availability in a way that prevents any single species or sets of species from 

monopolizing nutrients and energy (Rooney et al. 2006, Rooney et al. 2008, McCann & Rooney 

2009). This behavioural flexibility requires that organisms have the cognitive ability to store 

information about their prey populations and use this information to make informed foraging 

decisions. Therefore, we would expect higher trophic level organisms capable of coupling across 

habitats to have greater cognitive abilities and thus, larger brains. However, it has also been 

speculated that within-species variation in behaviour may also contribute to the stability of 

populations (Bolnick et al. 2011). Thus, the investigation of this hypothesis within- and between-

species may reveal across scale invariant pattern that integrates brain size into food webs in a 

way that ought to promote stability.  

This research tests this cognitive food web hypothesis using the Georgian Bay aquatic 

food web as a model. This food web contains many fish species located in diverse trophic 

positions and habitat types, and display a diversity of feeding strategies. Using stable isotope 

techniques, we measured several common food web attributes for each fish in the study, 

including macrohabitat use (i.e., pelagic vs. littoral; degree of habitat coupling into both littoral 

and pelagic) and trophic position. These ecological variables were then split into within- and 
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between species variation following the ‘within-subject centering’ methodology described by 

van de pol & Wright (2009) to examine relationships between brain size and ecology on multiple 

scales.  

In chapter 1, variation in total brain size (after correction for body size) is examined for 

relationships with ecological variables using linear mixed effects models (LMEMs). The 

approach used aims to: (i) determine if food web structure is associated with brain size variation 

within- and between-species. However, because the use of brain size alone ignores the brain’s 

modularity, it is unclear how changes in regional morphology could contribute to any patterns 

that may be found. To address this question, chapter 2 examines the volumes of five brain 

regions with known ecological functions using the same ecological variables within- and 

between-species to: (ii) determine how food web structure is associated with the morphology of 

teleost fish brains.  
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Abstract 

In aquatic systems, organisms found at higher trophic positions tend to be larger and more 

mobile, enabling them to forage (couple) in spatially distinct food web compartments (e.g. 

littoral and pelagic macrohabitats) (Pyke et al. 1977, Mittelback 1981, Rooney et al. 2008). This 

coupling feature of organisms high in the trophic chain can be a potent stabilizing force when 

different resources vary asynchronously and the mobile consumers are capable of rapid 

behavioural response to changing resource conditions (Rooney et al. 2006, Eveleigh et al. 2007). 

However, what provides this ability to respond behaviorally (i.e., adaptive capacity) has not been 

quantified. We hypothesized that brain size is a plastic, but expensive, trait that will be enhanced 

only in organisms that require increased cognitive abilities to occupy their position in a food 

web. We tested this hypothesis within- and between-species to determine if such patterns exist 

across multiple organizational scales. To test this, we obtained stable isotope signatures and 

brains of 298 individuals from 16 species of fish in a lacustrine food web. Stable isotopes 

provided a quantitative estimate of habitat use and trophic position for each fish (Post 2002, 

Vander Zanden et al. 2000). Consistent with food web theory, we found that relative brain size 

increased with macrohabitat use (coupling) and higher relative trophic level within- and between 

species in this food web, indicating that larger brains may afford the cognitive capacity to exploit 

various habitats flexibly and promote efficient predation. These results suggest a role for brain 

size and cognitive function in shaping and maintaining food web structure.  
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Introduction 

 

A breadth of literature in ecology maps body size to ecological traits that collectively 

combine to form the structure of ecological systems. For example, in aquatic ecosystems it is 

well known that increasing body size is correlated with increased trophic level and mobility 

(Rooney et al. 2008)
 
(Fig. 1a).  Further, organisms that are more mobile tend to be more 

generalist foragers (those capable of consuming a variety of distinct prey types) because, all else 

equal, their mobility exposes them to a greater number of habitats and prey types (i.e., encounter 

probability is positively related to mobility) (Pyke et al. 1977). This patterning in body size, 

therefore, leads to some clear predictions on the structure of ecological systems: (i) lower trophic 

level organisms should be more compartmentalized in habitats; and, (ii) higher trophic level 

organisms should increasingly forage (or couple) across habitats (Fig. 1a).  

These simple predictions from longstanding organismal traits are met when we 

investigate the structure of aquatic food webs (Peters 1986, Rooney et al. 2006). Here, stable 

isotopes and/or stomach content data show that energy from the littoral or pelagic environment is 

isolated lower in the web (Fig 1b) and that higher trophic level organisms progressively couple 

more between macrohabitats (Fig 1 a, b; e.g. top predators derive carbon from both littoral and 

pelagic macrohabitats, whereas lower level organisms have more compartmentalized carbon 

sources). In summary, data within aquatic ecosystems display an intriguing pattern which scales 

from small to large habitats, whereby mobile generalists couple across different energetic 

pathways.   

Recent theory argues that this repeated structure (i.e., generalist coupling of isolated 

lower level compartments) represents an extraordinary property that allows ecosystems to 

respond to, and buffer against, environmental stochasticity (McCann & Rooney 2009). In the 



 

10 
 

most simplified sense, this theory argues that resources in different habitats (from micro to 

macro habitats) do not always respond in a synchronous manner with changing environmental 

conditions. This differential habitat/species response creates a spatial and temporal mosaic of 

resource productivity on the landscape. Larger mobile organisms, that presumably are capable of 

rapid behavioural responses to changing conditions, then interact with this landscape of species 

variability in a way that prevents any single species, or sets of species, from monopolizing 

nutrients and energy. If one habitat is thriving while the other is not, then the mobile predator 

responds by foraging more in the more productive habitat (called the birdfeeder effect) (Eveleigh 

et al. 2007). It is necessary to point out that this presumed ability for rapid behavioural response 

is critical for this structure to be stabilizing, as slower or poorly informed behavioural decisions 

generate lags that can make such a system highly unstable (Abrams 2007).  

While the above represents an enticing set of theoretical and empirical ideas, one 

unresolved and critical empirical issue, is whether these large mobile organisms are indeed 

capable of rapid, informed behavioural responses. The ability to rapidly modify one’s foraging 

behaviour requires flexibility which is difficult to quantify without enormous quantities of fine-

grained behavioral data. So, here we attempt to bridge this behavioural mechanistic gap by using 

brain size as a proxy for cognitive ability (e.g. Kondoh 2010). The use of brain size as a proxy 

for cognitive abilities has a long history. Jerison’s (1973) principle of proper mass sums up the 

main underlying idea – that the mass of neural tissue dedicated to a particular function needs to 

be matched to the amount of neural processing required for that function. This idea was later 

refined based upon the observation that nervous tissue is energetically expensive to maintain, 

and thus could only be increased under strong selective pressure (Niven & Laughlin 2008, 

Navarrete et al. 2011). Under relaxed pressure, brain tissue can decrease in size (Safi et al, 2005). 
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In addition to the inter-generational effects of evolution, ecological pressure acting on long-lived 

organisms like fish could also alter brain size through phenotypic plasticity (i.e. the ability of 

individuals to invest in brain tissue when needed). 

An organism’s decision making is directly related to its cognitive capacity: the ability to 

acquire and process information in the nervous system (Real 1993). This association raises 

questions about how cognitive capacity may influence the behaviour of organisms in large 

ecological systems. Thus, the exploration of the stability theory mentioned above within this 

cognitive framework leads to some simple predictions of how brain size ought to change with 

food web structure. First, if organisms capable of coupling across habitats require more advanced 

cognitive abilities, then increased coupling should correlate with increased brain size (Fig. 1c 

thick solid line; Behavioural Flexibility Hypothesis).  Second, if ability to couple across 

habitats increases with increased trophic position and attaining higher trophic positions requires 

advanced cognitive abilities, then brain size should increase with increasing trophic position 

(Fig. 1d thick solid line; Trophic Level Hypothesis). While these patterns are presumed to 

occur on the ‘average individual’ or the species level, it has also been speculated that 

intraspecific trait variability may influence these types of ecological dynamics. For example, 

variation may promote stability in populations through mechanisms such as the ‘portfolio effect’ 

by protecting populations from extreme temporal fluctuations through response diversity 

(Bolnick et al. 2011). Thus, the examination of the above hypotheses simultaneously at both 

within-species as well as between-species levels could reveal a role for intraspecific brain size 

variation (i.e. plasticity or natural variation) in the stability of aquatic food webs (Fig 1 c & d, 

thin solid lines).  
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Most previous comparative studies of the brain have used species or higher taxonomic 

levels and average values of brain size (Kotrschal et al. 1998). Investigations of within-

population variation in brain size have been valuable in answering specific questions about the 

relationship between brain features and ecology or behaviour (e.g. Gonda et al. 2013). Many 

such studies were done in fish, taking advantage of a wide range of variation in ecology, body 

size, behaviour and brain types to choose from, as well as lifelong brain growth (Kaslin et al. 

2008). For example, active foraging in young brook charr correlates with increased 

telencephalon size, which is consistent with the proposed role of this brain structure in spatial 

cognition (Wilson & McLaughlin 2012). In what follows this study will assess if relative brain 

size relates to fish habitat use and foraging abilities to test the above hypotheses. 

Methods 

 

Sampling 

Fish were collected from Big Sound Bay in Lake Huron near Parry Sound, Ontario, 

Canada during August 17-24, 2013 and August 23-29, 2014 (Figure 3).  Fish were caught using a 

variety of techniques including angling, minnow traps, seine nets, and gill nets. A total of 298 

fish from 16 species were caught and used in this analysis (Table 2). Big Sound Bay is cut off 

from the rest of Georgian bay by a ~ 6km channel. Sampling and procedures were approved by 

the Ontario Ministry of Natural Resources (permit # UGLMU2013-06a, UGLMU2014-07) and 

the University of Guelph animal care committee.  

Field 

Captured fish were processed daily on shore. Each fish was weighed and measured; large 

fish were weighed with a Rapala Pro Select Digital Scale and small fish were weighed with a 



 

13 
 

laboratory balance (Mettler Toledo PB1502-S, Columbus, OH, USA). Fish body cavities were 

opened to examine their reproductive organs. Sex was recorded as ‘male’, ‘female’ or 

‘unidentified’ for immature or very small fish. Samples were then taken from the dorsal caudal 

musculature (skin was cut out) of each fish for stable isotope analysis (Figure 4). In very small 

fish, a whole muscle fillet was taken from one side to obtain enough tissue for analysis. The 

muscle samples were frozen at -20˚C immediately after sampling and remained frozen until 

processing for stable isotope analysis (see Isotope Analysis section). For large fish, the top half 

of the head was dissected and the base of the spinal cord was exposed before immersion in 

fixative (10% buffered formalin). The small fish were placed into fixative whole. Samples 

remained in fixative until further dissection (see Lab section). In addition to fish, bivalve mussels 

and littoral snails were collected for use as baselines in stable isotope analysis. These were used 

because they accurately reflect within lake spatial differences in δ
13

C and δ
15

N between shallow 

water littoral and open water pelagic zones (Post 2002).  

Lab 

During the months following field sampling (September-December 2013 and 2014), 

brains were dissected out of each individual fish. The brains were trimmed of excess cranial 

nerves and the spinal cord was cut at the level of the obex. The brains were then blotted using 

Kimwipes (Kimberly-Clark, Roswell, GA, USA) to remove excess formalin before weighing 

using an Accu-124D scale (Fisher Scientific, Waltham, MA, USA) at a resolution of 0.0001g. 

The comparisons between fish body weight and brain weight were thus done between ‘wet body 

weight’ and ‘post-fixation’ brain weights.  
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Data Analysis 

Because brain scaling displays a negative allometric relationship (i.e. gets proportionally 

smaller with larger body size), the effects of individuals and species that differed in body size 

had to be accounted for before comparisons were made. Linear and Gompertz sigmoid models 

were fitted to a log-log brain-to-body size growth curve and compared using Akaike information 

criteria (AIC). The non-linear Gompertz sigmoid model was found to have the best fit 

(∆AIC=120.9) (Figure 5, R
2
=0.976), which is in line with the non-linear relationship across fish 

species observed by Bauchot et al. (1988). The Gompertz model is thought to provide an 

accurate representation of the developmental causes of allometry (Nijout & German 2012). 

Then, the residual values representing the distance away from this relationship were taken and 

used in all further analyses as representations of relative brain size. Positive values indicate 

larger than expected brain mass and negative values indicate smaller than expected brain mass 

corrected for body size. A separate analysis showed that these residuals were not significantly 

correlated with log transformed body mass (R
2
=0 p=0.974). 

Isotope analysis  

Stable isotopes of δ
13

C and δ
15

N were used to acquire measures of habitat coupling and 

trophic position. Muscle samples from individual fish and baseline organisms were dried at 70˚C 

for 2 days, ground into powder and sent to the University of Windsor GLIER laboratories for 

isotopic analysis (Windsor, ON, Canada). δ
13

C isotopic values were corrected for fat content 

using the equation δ
13

C(corr)= δ
13

C + (-3.32 + 0.99 * C:N) (Post et al. 2007). Resulting δ
13

C and 

δ
15

N values were used in the calculations of habitat coupling and trophic position. Random 
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muscle samples analyzed in triplicate showed that carbon standard error was 0.03 and nitrogen 

standard error was 0.04.   

We used carbon ratios of consumers and baselines to measure the dietary littoral carbon 

use to represent the habitat use displayed by organisms with the equation: 

Percent Littoral Carbon Usage = (δ
13

CFish – δ
13

Cmussel) / (δ
13

Csnail – δ
13

Cmussel) 

where CFish, Cmussel and Csnail are the carbon signatures of consumers, mussels and snails 

respectively (Tunney et al. 2012).The scale of this equation ranges from 0 – 1, where values 

closer to 0 indicate greater use of pelagic carbon sources and values approaching 1 indicate 

greater use of littoral carbon sources. This equation was then altered slightly to measure the 

amount of habitat coupling displayed by organisms with the equation: 

Habitat Coupling = 0.5-|0.50 - (δ
13

CFish – δ
13

Cmussel) / (δ
13

Csnail – δ
13

Cmussel)| 

where CFish, Cmussel and Csnail are the carbon signatures of consumers, mussels and snails, 

respectively (Tunney et al. 2012). The scale of this equation ranges from 0 – 0.5, where values 

closer to 0.5 indicate greater amounts of coupling between the pelagic and littoral macrohabitats 

and lower values indicate predominant use of one habitat type. Additionally, we used nitrogen 

ratios from consumers and baselines to estimate a consumer’s trophic position with the equation:  

Trophic Position = [(δ
15

NFish - δ
15

Nmussel)/3.4] + 2 

where NFish and Nmussel are the nitrogen signatures of fish and mussels, respectively. The value of 

3.4 is the assumed increase in δ
15

N per trophic level and a value of 2 is added because we are 

using primary consumers instead of primary producers (i.e. mussels and snails instead of algae 

and phytoplankton) (Vander Zanden et al. 2000). As trophic position is correlated with fish size 
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(Warren & Lawton 1987), the effect of body size was removed by taking the residuals from a 

trophic position – log body size Gompertz relationship (Figure 6, R
2
=0.663). The Gompertz fit 

was used because it provided the best fit (∆AIC=15.9) and for consistency with the size 

correction method used to obtain relative brain size. The residual values, representing the 

distance away from this relationship, were taken and used as a representation of relative trophic 

position in all further analyses. Positive values indicate higher than expected trophic position and 

negative values indicate lower than expected trophic position for a particular body size. A 

separate analysis showed that these residuals were not significantly correlated with log 

transformed body mass (R
2
=0 p=0.96). 

Analysis 

Within-population and between-species effects 

We used the “within-subject centering” method described in van de Pol and Wright 

(2009) by applying centering to within-species data. As a result, the ecological variables (i.e. 

percent littoral carbon, habitat coupling and relative trophic position) were separated into within-

species variation and between-species variation. Within-species variation was calculated for each 

individual by subtracting the species mean value from each individual’s observation value (i.e. 

xis - x̄s). The between-species variation was obtained by replacing each individual value with its 

species mean value. By including both variables as fixed effects in the models it was possible to 

evaluate both the within- and between-species effects of ecology on relative brain size. 

LMEMs  

Linear mixed effects models (LMEMs) were used to account for the clustered nature of 

our data, where multiple individuals were sampled from each species. To account for this effect, 
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species grouping was initially modeled as a random effect intercept which allowed for 

correlations within species clusters. Sex may also influence the brain and ecology of fish, thus 

fish sex (male, female or unidentified) was also included as a random effect in all LMEMs. In 

addition to this, the effect of elongated species was modeled because this body type has been 

shown to skew estimates of relative brain size (Bauchot et al. 1988). The inclusion of each 

ecological variable (within- and between-species effects together), fish sex and body type fixed 

effects were assessed using Akaike information criterion (AIC) techniques. Models including 

these variables were chosen over simpler models containing only within- and between-species 

ecological effects if ∆AIC > 2. AIC was chosen over other information criteria because it is 

better for handling more complex “infinite-dimensional” systems with “tapering effects” (i.e. 

few major effects, more intermediate effects, many small effects, etc.) such as those typically 

studied in ecology (Burnham & Anderson 2004, Yang 2005). Fixed effects for percent littoral 

carbon and fish sex were excluded from all subsequent models because their inclusion did not 

meet the ∆AIC > 2.  

Four models were built in sequence from highest complexity to lowest complexity to 

determine how within- and between-species effects change under varying model assumptions 

(Table 1). The first model was built following prior methodology described by van de Pol an 

Wright (2009), where species groups were assumed to be commonly correlated to account for 

individual similarities within-species (Table 1, model 1). However, we realized that this model 

may be suppressing the between-species effects through the assumptions of common correlation, 

so we relaxed this assumption with the inclusion of a zero correlation term for within-species 

effects (Table 1, model 2). This permitted within-species relationships to vary independently of 

one another in an attempt to accurately depict the strength of within-species effects and reveal 
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any between-species effects that may be present. Finally, in light of the correlated nature of 

coupling and relative trophic position it was important to examine these variables separately. 

Thus, we created two additional models to test for these effects independently (Table 1, models 3 

& 4). The habitat coupling and relative trophic position models assessed the within- and 

between-species effects on relative brain size, while allowing within-species relationships to 

vary independently. For ease of interpretation the significance of each fixed effect was then 

assessed using the R package lmerTest which obtains p-values from the t-tests of the models’ 

fixed effects via the Satterthwaite approximation for degrees of freedom (Schaalje et al. 2002). 

Results 

 

Through the estimation of fixed effects in model 1 we found that within-species relative 

brain size increased with increased habitat coupling (Estimate ± s.e. = 0.15 ± 0.027, t = 5.5, p < 

0.001) and relative trophic position (0.064 ± 0.015, t = 4.2, p < 0.001), but neither had an effect 

between-species (habitat coupling: 0.12 ± 0.091, t = 1.3, p = 0.19; relative trophic position: -0.03 

± 0.04, t = -0.75, p = 0.46). Once species groups were allowed to vary independently (zero 

correlation: Table 1, Model 2) we found that relative brain size increased with habitat coupling 

within-species (0.13 ± 0.038, t = 3.6, p = 0.014) and with relative trophic position within- (0.06 ± 

0.023, t = 2.7, p = 0.026) and between-species (0.036 ± 0.017, t = 2.2, p =0.029). This model 

also revealed the expected positive relationship between relative trophic position and habitat 

coupling between species (r = 0.35), which may explain why between-species habitat coupling 

had little effect in this model (0.06 ± 0.03, t = 1.6, p = 0.11). However, when examined 

independently, we found that relative brain size increased with habitat coupling at both within-

species (0.12 ± 0.04, t = 2.8, p = 0.027) and between-species levels (0.082 ± 0.033, t = 2.4, p = 

0.015). Additionally, relative brain size also increased with relative trophic position both within-
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species (0.053 ± 0.022, t = 2.3, p = 0.043) and between-species (0.047 ± 0.016, t = 2.9, p = 

0.004) when examined independently. 

Discussion 

 

The results found for habitat coupling support the Behavioural Flexibility Hypothesis and 

demonstrate that relative brain size tends to increase with littoral-pelagic habitat coupling within- 

and between-species within the system (Fig. 1a; Table 1). This suggests that fish cognitive 

ability may facilitate the coupling of spatially distinct food web compartments across multiple 

scales. The results found for relative trophic position support the Trophic Level Hypothesis and 

demonstrate that brain size tends to increase with trophic position within- and between- species 

within the system (Fig. 2b; Table 1). This suggests that attaining higher trophic positions both 

within- and between-species by feeding on larger, more mobile organisms may require enhanced 

cognitive abilities to be successful. 

  The association between cognitive ability and continuous habitat and behavioural 

variables were examined for the first time in a food web context. The results indicate that both 

within-population and between-species processes may be exerting effects on relative brain size. 

This work provides additional evidence for a relationship between ecology and the nervous 

system. Further, and importantly, the consistency of these results across within- and between- 

species scales suggests that this may be an invariant pattern that weaves the cognitive ability of 

organisms into the fabric of food webs in a manner that ought to promote stability. Incorporating 

cognition into how we think about food webs can help us to understand how individuals and 

populations will respond in the face of changing environmental conditions in the future.  
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Figures and tables 

 

 

Figure 1. The structure of aquatic food webs predicted by body size and mobility, and the within- 

and between-species brain size hypotheses. a) The architecture of an aquatic food web is 

predicted by body size and mobility. In this figure coupling is hierarchical such that increases in 

trophic position or body size allows switching from singular habitat use, to habitat coupling, to 

macrohabitat coupling (graphic obtained from McCann and Rooney 2009). b) Empirical data 

(stomach contents or stable isotope data) from four aquatic food webs that display the predicted 

hump shape pattern of coupling over different spatial scales. Each symbol represents the average 

trophic position and habitat use value for functionally different food web levels: white circles, 

Chile detrital channel; white squares, Cantabrian detrital channel; white triangles, Chesapeake 

phytoplankton channel; white diamonds, Bering detrital channel; black circles, Chile 

phytoplankton channel; black squares, Cantabrian phytoplankton channel; black triangles, 

Chesapeake detrital channel; black diamonds, Bering phytoplankton channel; grey circles, Chile 

couplers; grey squares, Cantabrian couplers; grey triangles, Chesapeake couplers; grey 

diamonds, Bering couplers (graphic obtained from McCann and Rooney 2009). c) The expected 

relationship between brain size and habitat coupling predicted by our behavioural flexibility 

hypothesis. d) The expected relationship between brain size and trophic position predicted by 

the trophic level hypothesis. In both panels c) and d), the thicker line depicts the predicted 

relationship between-species and the smaller lines depict predicted within-species relationships.   
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Figure 2. The raw data representing within- and between-species effects of ecological variables 

on relative brain size. a) The raw data of the relationship between relative brain size and habitat 

coupling. The large bold line represents the between-species relationship and each of the smaller 

lines represents within-species relationships. The within-species lines of five species are missing 

due to unanimous zero coupling values within the species. b) The raw data of the relationship 

between relative brain size and relative trophic position. The large bold line represents the 

between-species relationship and each of the smaller lines represents within-species 

relationships. Note: these graphs are based upon raw data to directly relate to the hypotheses 

shown in figures 1c and 1d. Thus, these depictions do not take into account model structure or 

the relationships that may exist between ecological variables. Data points for elongated species 

are depicted in red and within-species relationships for these species are excluded for clarity. 

Elongated species have much lower relative brain sizes (Bauchot et al, 1988) and fish body type 

had a significant effect in all models computed in this study despite a low count of elongated 

species (24 individuals from 3 species).  
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Figure 3. Location of sampling site. Big Sound Bay, Georgian Bay, Parry Sound, Ontario, 

Canada. 

 

 

 

Figure 4. Example of where muscle samples were taken from each fish for use in stable isotope 

analysis. 
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Figure 5. Body size – brain size relationship across all fish sampled in this study. This 

relationship is fit with a Gompertz sigmoidal growth model. Brain size residuals of this 

relationship were used as relative brain size in our analyses. 

 

Figure 6. Body size – trophic position relationship across all fish sampled in this study. This 

relationship is fit with a Gompertz sigmoidal growth model to be consistent with the acquisition 

of relative brain size. Trophic position size residuals of this relationship were used as relative 

trophic position in our analyses. 



 

 

Table 1. Model equations and fixed effects slope estimates for the effects on relative brain size. The classic LMEM 

without the use of van de Pol and Wright (2009) centering approach is also included to demonstrate that our results 

are robust and remain consistent with and without the use of this technique. (RBS: relative brain size, Spp: fish 

species, Sex: fish sex, WTP: within-species relative trophic position, BTP: between-species relative trophic 

position, WCOUP: within-species habitat coupling, BT: Body type, BCOUP: between-species habitat coupling, 

RTP: calculated relative trophic position, HC: calculated littoral-pelagic habitat coupling). *BCOUP and BTP are 

correlated with an r = 0.35, which may explain why BCOUP had no significant effect in model 2.   

Model Equation Variables Estimate t p 

1 RBS=WTP+BTP+WCOUP+BCOUP+BT+(1|Spp)+(1|Sex) WTP 

 

0.064±0.015  4.3 <0.001 

BTP 

 

-0.03±0.04 -0.7 0.46 

WCOUP 

 

0.15±0.027  5.5  <0.001 

BCOUP 

 

0.12±0.09  1.4 0.19 

2 RBS=WTP+BTP+WCOUP+BCOUP+BT+(0+WTP|Spp)+(0+WCOUP|Spp)+(1|Sex) WTP 

 

0.061±0.023  2.7 0.026 

BTP 

 

0.036±0.016  2.2 0.029 

WCOUP 

 

0.135±0.04  3.6 0.014 

BCOUP 

 

0.056±0.035  1.6 0.11* 

3 RBS=WCOUP+BCOUP+BT+(0+WCOUP|Spp)+(1|Sex) WCOUP 

 

0.12±0.04  2.8 0.027 

BCOUP 

 

0.082±0.034  2.4 0.015 

4 RBS=WTP+BTP+BT+(0+WTP|Spp)+(1|Sex) WTP 

 

0.053±0.022  2.3 0.042 

BTP 

 

0.047±0.016  2.9 0.004 

Classic 

LMEM 

 

RBS = RTP + HC + BT + (1|Spp) + (1|Sex) RTP 0.053±0.014  3.7 <0.001 

 

HC 0.14±0.025  5.5 <0.001 

 

2
5
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Table 2. Total fish collected per species for use in this analysis. Asterisks indicate 

elongated species. 

 

Common Name Latin Name # Collected 

Lake trout Salvelinus namaycush 48 

Whitefish Coregonus clupeaformis 2 

Cisco Coregonus artedii 34 

Rainbow smelt* Osmerus mordax 15 

Walleye Sander vitreus 19 

Yellow perch Perca flavescens 29 

Smallmouth Bass Micropterus dolomieu 41 

Rock Bass Ambloplites rupestris 11 

Pumpkinseed Lepomis gibbosus 9 

Northern Pike* Esox lucius 4 

Bluntnose minnow Primephales notatus 6 

Spottail shiner Notropis hudsonius 11 

Alewife Alosa pseudoharengus 35 

Goby Neogobius melanostomus 21 

Burbot* Lota lota 5 

Trout Perch Percopsis omiscomaycus 8 

 

 

 

 

  

 

 

 

 

 

 

 

 



 

27 
 

References 

 

Abrams, P. A. (2007). Habitat choice in predator‐prey systems: spatial instability due to 

interacting adaptive movements. The American Naturalist,169(5), 581-594. 

Bauchot, R., Randall, J. E., Ridet, J. M., & Bauchot, M. L. (1988). Encephalization in tropical 

teleost fishes and comparison with their mode of life. Journal für Hirnforschung, 30(6), 

645-669. 

Bolker, B. M., Brooks, M. E., Clark, C. J., Geange, S. W., Poulsen, J. R., Stevens, M. H. H., & 

White, J. S. S. (2009). Generalized linear mixed models: a practical guide for ecology and 

evolution. Trends in Ecology & Evolution, 24(3), 127-135. 

Bolnick, D. I., Amarasekare, P., Araújo, M. S., Bürger, R., Levine, J. M., Novak, M., ... & 

Vasseur, D. A. (2011). Why intraspecific trait variation matters in community 

ecology. Trends in Ecology & Evolution, 26(4), 183-192. 

Burnham, K. P., & Anderson, D. R. (2004). Multimodel inference understanding AIC and BIC in 

model selection. Sociological methods & research, 33(2), 261-304. 

Eveleigh, E. S., McCann, K. S., McCarthy, P. C., Pollock, S. J., Lucarotti, C. J., Morin, B., ... & 

Faria, L. D. (2007). Fluctuations in density of an outbreak species drive diversity cascades 

in food webs. Proceedings of the National Academy of Sciences USA, 104(43), 16976-

16981. 

Gonda, A., Herczeg, G., & Merilä, J. (2013). Evolutionary ecology of intraspecific brain size 

variation: a review. Ecology and Evolution, 3(8), 2751-2764. 

Jerison, H. J. (1973). Gross brain indices and the meaning of brain size. Evolution of the brain 

and intelligence. Academic Press, New York, San Francisco and London, 55-81. 

Kaslin, J., Ganz, J., & Brand, M. (2008). Proliferation, neurogenesis and regeneration in the non-

mammalian vertebrate brain. Philosophical Transactions of the Royal Society B: 

Biological Sciences, 363(1489), 101-122. 

Kondoh, M. (2010). Linking learning adaptation to trophic interactions: a brain size‐based 

approach. Functional Ecology, 24(1), 35-43. 

Kotrschal, K., Van Staaden, M. J., & Huber, R. (1998). Fish brains: evolution and environmental 

relationships. Reviews in Fish Biology and Fisheries, 8(4), 373-408. 

McCallum, E. S., Capelle, P. M., & Balshine, S. (2014). Seasonal plasticity in telencephalon 

mass of a benthic fish. Journal of Fish Biology, 85(5), 1785-1792. 

McCann, K. S., & Rooney, N. (2009). The more food webs change, the more they stay the 

same. Philosophical Transactions of the Royal Society B: Biological Sciences, 364(1524), 

1789-1801. 

Mittelbach, G. G. (1981). Foraging efficiency and body size: a study of optimal diet and habitat 

use by bluegills. Ecology, 62(5), 1370-1386. 

Navarrete, A., van Schaik, C. P., & Isler, K. (2011). Energetics and the evolution of human brain 

size. Nature, 480(7375), 91-93. 

Nijhout, H. F., & German, R. Z. (2012). Developmental causes of allometry: New models and 

implications for phenotypic plasticity and evolution. Integrative and Comparative 

Biology, 52(1), 43-52. 

Niven, J. E., & Laughlin, S. B. (2008). Energy limitation as a selective pressure on the evolution 

of sensory systems. Journal of Experimental Biology, 211(11), 1792-1804. 



 

28 
 

Peters, R. H. (1986). The ecological implications of body size (Vol. 2). Cambridge University 

Press. 

Post, D. M. (2002). Using stable isotopes to estimate trophic position: models, methods, and 

assumptions. Ecology, 83(3), 703-718. 

Post, D. M., Layman, C. A., Arrington, D. A., Takimoto, G., Quattrochi, J., & Montana, C. G. 

(2007). Getting to the fat of the matter: models, methods and assumptions for dealing with 

lipids in stable isotope analyses. Oecologia, 152(1), 179-189.  

Pyke, G. H., Pulliam, H. R., & Charnov, E. L. (1977). Optimal foraging: a selective review of 

theory and tests. Quarterly Review of Biology, 137-154. 

Real, L. A. (1993). Toward a cognitive ecology. (1993). Trends in Ecology and Evolution. (8), 

413-417. 

Rooney, N., McCann, K. S., & Moore, J. C. (2008). A landscape theory for food web 

architecture. Ecology Letters, 11(8), 867-881. 

Rooney, N., McCann, K., Gellner, G., & Moore, J. C. (2006). Structural asymmetry and the 

stability of diverse food webs. Nature, 442(7100), 265-269. 

Safi, K., Seid, M. A., & Dechmann, D. K. (2005). Bigger is not always better: when brains get 

smaller. Biology Letters, 1(3), 283-286. 

Schaalje, G. B., McBride, J. B., & Fellingham, G. W. (2002). Adequacy of approximations to 

distributions of test statistics in complex mixed linear models. Journal of Agricultural, 

Biological, and Environmental Statistics, 7(4), 512-524. 

Tunney, T. D., McCann, K. S., Lester, N. P., & Shuter, B. J. (2012). Food web expansion and 

contraction in response to changing environmental conditions. Nature Communications, 3, 

1105. 

van de Pol, M., & Wright, J. (2009). A simple method for distinguishing within-versus between-

subject effects using mixed models. Animal Behaviour, 77(3), 753-758. 

Vander Zanden, M. J., Shuter, B. J., Lester, N. P., & Rasmussen, J. B. (2000). Within-and 

among-population variation in the trophic position of a pelagic predator, lake trout 

(Salvelinus namaycush). Canadian Journal of Fisheries and Aquatic Sciences, 57(4), 725-

731.  

Vander Zanden, M., & Rasmussen, J. B. (2001). Variation in δ15N and δ13C trophic 

fractionation: implications for aquatic food web studies. Limnology and 

Oceanography, 46(8), 2061-2066. 

Warren, P. H., & Lawton, J. H. (1987). Invertebrate predator-prey body size relationships: an 

explanation for upper triangular food webs and patterns in food web 

structure? Oecologia, 74(2), 231-235. 

Wilson, A. D., & McLaughlin, R. L. (2010). Foraging behaviour and brain morphology in 

recently emerged brook charr, Salvelinus fontinalis. Behavioral Ecology and 

Sociobiology, 64(11), 1905-1914. 

Yang, Y. (2005). Can the strengths of AIC and BIC be shared? A conflict between model 

identification and regression estimation. Biometrika, 92(4), 937-950. 

 

 

 



 

29 
 

Chapter 2: Food web structure shapes the morphology of teleost fish brains  

 

Edmunds., Nicholas, McCann., Kevin S. and Laberge., Frédéric 

 

University of Guelph 

Department of Integrative Biology  

Guelph, Ontario N1G 2W1 

 

Key Words: olfactory bulbs, optic tectum, telencephalon, cerebellum, hypothalamus, percent 

littoral carbon, trophic position, within-species effects, between-species effects, trade-offs 

 

 

 

 

 

 

 

 



 

30 
 

Abstract 

 

While teleost fish brain size correlates with the exploitation of habitats and advantageous 

foraging in an aquatic food web, it is unclear how changes in the morphology of brain regions 

contribute to these relationships. Here we quantitatively examine the association between 

ecological variables (habitat use and trophic ecology) and brain morphology in 100 teleost fish 

from 16 species in a lake food web. Using stable isotope techniques, we measured three common 

food web attributes for each fish including macrohabitat use (i.e. pelagic vs. littoral and degree 

of littoral-pelagic habitat coupling) and trophic position. The effects of these variables upon five 

brain regions were then assessed at both within-species (plasticity or natural variation) and 

between-species (evolution) scales. Our results indicate that brain structure is associated with 

habitat use and trophic position, but not with the degree of littoral-pelagic habitat coupling in this 

system, despite the fact that total brain size increased with habitat coupling. Intriguingly, the 

results revealed two potential evolutionary sensory trade-offs: (i) relative olfactory bulb size 

increased while relative optic tectum size decreased across a trophic position gradient; and, (ii) 

the telencephalon was relatively larger in fish using more littoral based carbon, while the 

cerebellum was larger in fish using more pelagic based carbon. Additionally, evidence for a 

within-species effect was found in the telencephalon, where it increased with trophic position. 

Collectively, these results suggest that food web structure has fundamentally contributed to the 

shaping of teleost brain structure.  
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Introduction 

 

Cognitive pressures resulting from interactions between organisms and their 

environments require specific amounts of neural processing, which must be matched by the 

neural tissue dedicated to that function to be successful (Jerison 1973). Changes to brain size or 

structure require strong environmental pressures because of high energetic demands of neural 

tissue (Niven 2008, Navarrete 2011). Therefore, the size and structure of species brains could 

reflect how they have adapted to specific pressures in the environment. 

Environmental demands have been shown to alter the size and morphology of teleost fish 

brains (Kotrschal et al. 1998, Gonzalez-Voyer & Kolm 2010). Typically, these changes are 

studied over evolutionary time in the diversity of species radiations. For example, changes in 

brain size and morphology have been linked to social structure and the physical environment in 

African cichlids (van Staaden et al. 1994, Huber et al. 1997, Pollen et al. 2007), as well as diet 

and habitat use in sticklebacks (Gonda et al. 2009, Park & Bell 2010). However, recent evidence 

suggests an ecological role for natural variation in brain size within species, or even brain 

plasticity in individuals (Gonda et al. 2009, 2011, Kotrschal et al. 2012, 2013).  Plasticity of fish 

brain size is suggested by evidence of environmental simplification influencing fish brain 

development (Ebbesson & Braithwaite 2012), sensory brain morphology changing during 

ontogeny (Wagner, 2003), and seasonal variation influencing telencephalon size (McCallum et 

al. 2014). The mechanism for such changes could involve neurogenesis, which is a lifelong 

process in many parts of the brain in fishes (Zupanc 2006, Kaslin et al. 2008).  

Many studies have examined whole brain size in an attempt to relate cognitive abilities to 

ecological patterns. For example, Chapter 1 used relative brain size to relate cognitive ability to 
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the structure of food webs and Kondoh (2010) used brain size as a proxy for learning abilities in 

teleost fish predator-prey relationships. However, because the brain is modular and regions 

within the brain have specific functions, it is unclear what changes in total brain size truly 

represent (Healy & Rowe 2007). Furthermore, variation in the size of specific regions that have 

known functions may point to the ecological and evolutionary processes that have led to this 

brain variation. Thus, studies investigating size variation in specific brain regions are important 

for determining what factors truly influence patterns of change in brain size. The present study 

assessed if the size of specific brain regions relate to fish habitat use and foraging abilities. A 

food web approach and stable isotope techniques allowed a quantitative evaluation of three 

ecological variables in 100 individual fish from 16 species sampled from the same lake: trophic 

position (location in food chain), habitat use (i.e. use of pelagic-littoral habitats) and habitat 

coupling (ability to use both habitats).  

Five brain regions were chosen for examination: olfactory bulbs, telencephalon, optic 

tectum, cerebellum and the hypothalamus (Figure 1; walleye brain). They were selected because 

of their significance to ecological interactions and their distinct and measureable morphology. 

Table 1 highlights studies on the ecological role of each of these regions. The olfactory bulbs are 

paired structures, located at the rostral end of the brain, that receive chemosensory input from 

olfactory receptor neurons located in the olfactory rosettes (Hara 1992, Laberge & Hara 2001). 

Projection neurons of the olfactory bulbs (the mitral cells) then send olfactory information to the 

telencephalon (Becerra et al. 1994). The telencephalon is the primary site for higher-order 

integrative brain functions (Davis et al. 1981, Davis & Kassel 1983). It receives abundant input 

from other brain regions and displays extensive intra-regional local connections. The 

telencephalon is involved in learning, memory, and complex behaviours such as spatial 
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navigation (Demski 1983, Davis & Kassel 1983, Portavella et al. 2002). The superficial layers of 

the optic tectum receive visual information directly from the eye retinal ganglion cells via the 

optic nerve. The deeper layers of the optic tectum receive sensory afferents from multiple 

modalities. This organization is thought to be involved in orienting responses toward salient 

sensory stimuli in the environment (Northcutt 1983). The cerebellum is responsible for 

coordination of motor activity, balance in the water column and motor learning (Demski 1983, 

Butler & Hodos 1996). The hypothalamus is involved in neuroendocrine and behaviour 

regulation, such as the coordination of hormonal and behavioural responses during stress and 

reproduction (Peter & Fryer 1983, Butler & Hodos 1996).  

Trophic relationships in aquatic systems are important because they contribute to the 

structure of food webs (Vander Zanden et al. 2000). Measuring trophic position of fish in aquatic 

systems provides an estimation of food web structure, and provides a continuous classification of 

the functional role of individual fish (i.e. predator, consumer, omnivore, etc.) (Post 2002). 

Trophic level also incorporates variation in diet that exists within and between species groups 

(Vander Zanden & Rasmussen 1996). Lower trophic positions are generally smaller non-

piscivorous fish that feed close to the base of the food web on zooplankton, invertebrates and 

vegetation. Higher trophic positions, however, are generally piscivorous – feeding on a variety of 

other fish species. It is thought that fish mobility and behavioural complexity increase with 

trophic position, so that successful foraging at higher trophic positions would require increased 

cognitive abilities (Rooney et al. 2008, Warren & Lawton 1987). Higher trophic positions may 

also place pressure on brain structures such as the cerebellum for improved motor control and the 

telencephalon for enhanced learning abilities (Table 1). In addition to this, the successful 

predation or avoidance of predators in trophic dynamics is dependent upon sensory abilities that 
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warn of approaching predators or detect nearby prey (Johannesen et al. 2012). For this reason, 

we may also see selection for larger sensory brain regions (olfactory bulbs and optic tectum) 

across a trophic position gradient (Table 1).  

Typically, in freshwater lakes, habitat types can be divided into their pelagic open water 

and littoral shallow water environments (France 1995). These habitats are different in terms of 

their space and structure, and thus may place dissimilar cognitive pressures on the fish that 

inhabit them. Littoral near-shore environments have comparably smaller vertical areas to 

traverse (i.e. are relatively two-dimensional) and are structurally complex due to rocks, plants 

and dead organic debris, which may provide both refuge for prey and ambush cover for 

predators. Conversely, pelagic environments are large open spaces (three-dimensional) and are 

structurally simple. Thus, preferred foraging behaviour is likely to vary between these two 

environments. The dissimilar cognitive demands of littoral and pelagic habitats may shape or 

require different brain structures for optimal function. Selection for a larger telencephalon may 

be favored for superior spatial navigation skills in response to the structural complexity of littoral 

environments (Table 1). On the other hand, species residing in open water pelagic zones may 

favor a larger cerebellum due to its association with movement coordination. Further, use of both 

these two habitats by a species (coupling) involves movement from place to place and additional 

habitat-specific cognitive demands. Thus, couplers may need morphological attributes required 

in both habitats. We expected that learning would be an important determinant of successful 

habitat coupling because of the numerous behaviours necessary when using multiple habitats, 

thus larger telencephalon size may be favored in couplers (Table 1).  

In what follows this study will assess if the size of specific brain regions relate to fish 

habitat use and foraging abilities. A food web approach and stable isotope techniques allowed a 
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quantitative evaluation of the following ecological variables in 100 individual fish from 16 

species sampled from the same lake: trophic position (location in food chain), habitat use (i.e. 

use of pelagic-littoral habitats) and habitat coupling (ability to use both habitats). Because 

variation in brain structure may be present both within- and between-species, we used the 

‘within-group centering’ method as described by van de Pol & Wright (2009) to examine these 

effects independently. Between-species effects represent the product of evolution, whereas 

within-species variation may be the result of phenotypic plasticity influencing brain growth in 

individuals or the result of the natural variation that may be present within a population. By 

using this technique we hope to elucidate the immediate and evolutionary cognitive pressures 

that are acting to shape the morphology of teleost fish brains in a food web. 

Methods 

 

Sampling 

Fish were collected from Big Sound Bay in Lake Huron near Parry Sound, Ontario, 

Canada during August 17-24, 2013 and August 23-29, 2014 (Figure 2).  Fish were caught using a 

variety of techniques, including angling, minnow traps, seine nets, and gill nets. A total of 100 

adult fish, from 16 species were used in this analysis (Table 2). Big Sound Bay is cut off from 

the rest of Lake Huron’s Georgian Bay by a ~ 6km channel. Sampling and procedures were 

approved by the Ontario Ministry of Natural Resources (permit # UGLMU2013-06a, 

UGLMU2014-07) and the University of Guelph animal care committee.  

Field 

Each day fish were processed in the same way. Each fish was weighed (g) and measured 

(cm); large fish were weighed with a Rapala Pro Select Digital Scale (50lb capacity) and small 
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fish were weighed with a balance scale (Mettler Toledo PB1502-S, Columbus, OH, USA). Fish 

body cavities were opened, cutting along the belly, to allow examination of their reproductive 

organs. They were recorded as ‘male’, ‘female’ or ‘unknown’ if sex was unidentifiable (i.e. 

immature or very small fish). Muscle samples were then taken from the dorsal caudal end for use 

in stable isotope analysis of δ
13

C and δ
15

N (Figure 3). For large fish, heads were then removed 

from the body and lower jaws were detached. The base of the spinal cord was then exposed so 

that fixative could penetrate the cranial cavity and fix the brain. Fish heads and entire small fish 

were placed into buffered neutral formalin (10%) for fixation, where they remained until further 

dissection (see lab section). In addition to the fish sampled, bivalve mussels and littoral snails 

were collected for use as baselines in stable isotope analysis. These were used because they 

accurately reflect within lake spatial differences in δ
13

C and δ
15

N between shallow water littoral 

and open water pelagic zones (Post 2002).  

Lab 

During the months following field sampling (September-December 2013, 2014), brains 

were removed from the heads of individual fish. The brains were trimmed of excess cranial 

nerves and the spinal cord was cut at the level of the obex. The brains were then blotted using 

Kimtech Science*Brand Kimwipes to remove any excess formalin before weighting using a 

Fisher Scientific accu-124D scale to a resolution of 0.0001g. In addition to this, the average 

weight of the eyes was acquired from the 100 fish used in this study and the average weight of 

the olfactory rosettes was acquired from lake trout, walleye, cisco and whitefish.   
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Region measurements 

 Digital images of the dorsal, ventral and left sides of the brain were taken through an 

Olympus SZ61 dissection microscope, using a Cannon Powershot G9 digital camera and 

PSREMOTE v. 1.7 software. The length, width and depth was measured (to the nearest 0.01 µm) 

on the digital images for each of the 5 brain regions studied (See Figure 1 for measurement 

illustrations) using the quick measure line tool function in Neurolucida (MBF Bioscience, 

Williston, VT, USA). Regional measurements were then translated into estimates of volume 

using the ellipsoid formula: V = (LxWxH)π/6 (van Staaden et al. 1995, Huber et al. 1997, Pollen 

et al. 2007). Relative volume of each brain region was obtained by dividing region volume by 

total brain weight, giving us a relative estimate in mm
3
/g. Total brain weight was used because it 

is difficult to measure the total volume of small, complexly shaped brains accurately.   

Isotope analysis  

Stable isotopes of δ
13

C and δ
15

N were used to acquire measures of habitat use and trophic 

level. Muscle samples from individual fish and baseline organisms were dried at 70˚C for 2 days, 

ground into powder and sent to the University of Windsor GLIER laboratories for isotopic 

analysis (Windsor, ON, Canada). δ
13

C isotopic values were corrected for fat content using the 

equation δ
13

C(corrected)= δ
13

C + (-3.32 + 0.99 * C:N) (Post et al. 2007). Resulting δ
13

C and δ
15

N 

values were used in the calculations of percent littoral carbon, habitat coupling and trophic 

position. Random muscle samples analyzed in triplicate showed that carbon standard error was 

0.03 and nitrogen standard error was 0.04.   

We used carbon ratios of consumers and baselines to measure the dietary littoral carbon 

use to represent the habitat use displayed by organisms with the equation: 
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 % Littoral Carbon usage = (δ
13

CFish – δ
13

Cmussel) / (δ
13

Csnail – δ
13

Cmussel) 

where CFish, Cmussel and Csnail are the carbon signatures of consumers, mussels and snails 

respectively (Tunney et al. 2012).The scale of this equation ranges from 0 – 1, where values 

closer to 0 indicate greater use of pelagic carbon sources and values approaching 1 indicate 

greater use of littoral carbon sources. This equation was then altered slightly to measure the 

amount of habitat coupling displayed by organisms with the equation: 

Coupling = 0.5-|0.50 - (δ
13

CFish – δ
13

Cmussel) / (δ
13

Csnail – δ
13

Cmussel)| 

where CFish, Cmussel and Csnail are the carbon signatures of consumers, mussels and snails 

respectively (Tunney et al. 2012). The scale of this equation ranges from 0 – 0.5, where values 

closer to 0.5 indicate greater amounts of coupling between the pelagic and littoral habitats and 

lower values indicate predominant use of one habitat type. 

Additionally, the nitrogen ratios from consumers and baselines were used to estimate a 

consumer’s trophic position with the equation:  

Trophic Position = [(δ
15

NFish - δ
15

Nmussel)/3.4] + 2 

where NFish and Nmussel are the nitrogen signatures of fish and mussels respectively, 3.4 is the 

assumed per trophic level increase in δ
15

N and +2 because we are using primary consumers (i.e. 

mussels) instead of primary producers (an approach suggested by Vander Zanden et al. 2000).  

Within- and between-species effects 

Since variation in brain structure may be present both within- and between-species, we 

used the “within-subject centering” method described in van de Pol & Wright (2009) by 

applying centering to within-species data.  This effectively split our ecological variables (i.e. 
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trophic position, littoral carbon use and habitat coupling) into within-species and between-

species variation. Within-species effects were tested using values from the equations above and 

between-species effects were tested by replacing individual values with the mean species value 

(ex: each of the 11 lake trout received a value of 0.31 for littoral carbon use). Within-species 

effects account for the potential effects of brain plasticity and incorporate the natural variation 

that may be present in a population. Between-species effects represent the product of evolution 

that led to different species. By including both variables (for each ecological variable) as fixed 

effects in each model, we are accounting for the effects of individual behaviour and the inherent 

species-specific behaviour on relative brain size. This method may be able to distinguish 

between the effects that our ecological variables are having both within- and between-species. 

By using this technique we have attempted to elucidate the immediate and evolutionary cognitive 

pressures that are acting to shape the morphology of teleost fish brains in a food web. 

Analysis 

Normalizing of brain regions data 

  The use of linear mixed effects models (LMEM) methodology requires that the 

dependent variables be normally distributed. Brain region relative volumes were assessed for 

normality using SPSS v.22. The olfactory bulbs, telencephalon and cerebellum relative volumes 

were normally distributed without transformation. However, the relative volumes of the optic 

tectum and the hypothalamus were non-normal, therefore square root and log10 transformations 

were applied respectively to obtain normality in these regional variables.  

Brain morphology differences and ecological variables 
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 Multivariate analysis of variance (MANOVA) was used to determine if brain 

morphology was influenced by our ecological variables (% littoral carbon use, habitat coupling 

and trophic position). Two-way complete model MANOVAs were performed on the relative 

volume of all brain regions and ecological variables. The purpose of this test was to determine if 

our ecological variables related to brain morphology. This was done initially to validate the 

subsequent examination of each region individually. If ecological variables were found to have a 

significant effect, we proceeded with the creation of independent models for each of the five 

brain regions. 

Mixed models 

Linear mixed effects models (LMEMs) were used to account for the clustered nature of 

our data, where multiple individuals were sampled from each species. To account for this effect, 

species grouping was modeled as a random intercept; this allowed for correlations within species 

clusters. Sex may also influence the brain and ecology of fish, thus fish sex (male, female or 

unidentified) was also included as a random effect in all LMEMs.  

We followed a backwards elimination step-wise procedure to build a model for each 

brain region (Guyon & Elisseeff 2003). This was done so that we could assess the effects of 

percent littoral carbon usage, habitat coupling and trophic position on each brain region. For 

each region, we began with a model containing all ecological variables within- and between 

species as well as fish sex as fixed effects. Within- and between- species effects for each 

ecological variable were treated as grouped pairs for all exclusions. This means that a variable 

pair was only excluded if both within- and between-species effects had no statistically significant 

effect (i.e. p > 0.05). The significance of each fixed effect was assessed using the R package 
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lmerTest, which obtains p-values from the t-tests of the models fixed effects via the Satterthwaite 

approximation for degrees of freedom (Schaalje et al. 2002). If any of the between-species 

ecological variables were found to have significant effects on the size of a brain region, the 

relationship was verified with a phylogenetic generalized least squared regression to account for 

phylogenetic relatedness among species. 

PGLS Analysis 

To determine if the between-species effects obtained with the LMEMs were influenced 

by phylogenetic relationships, we performed phylogenetic generalized least square regressions 

(PGLS) (Freckleton et al. 2002). PGLS tests were completed using the R Studio platform v2.1. 

within the caper and ape packages. PGLS tests were done using average values of brain region 

size and ecological variables for each species. A PGLS test also requires an accurate 

phylogenetic tree to compare physical properties to branch lengths. The phylogenetic tree was 

obtained using the tree builder in the NCBI database, which uses a diverse array of phylogenetic 

resources to build phylogenetic trees (Sayers et al. 2009, Benson et al. 2009). The resulting tree 

(Figure 4) was checked for accuracy using a more extensive phylogeny of ray-finned fishes 

(Near et al. 2012).  

Results 

 

The two-way complete model MANOVA revealed that morphological variation in the 

size of brain regions was significantly associated with differences in percent littoral carbon and 

trophic position. However, there was no association between brain morphology and habitat 

coupling (Table 3).  
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For the olfactory bulbs, backwards elimination excluded sex and the within- and 

between-species effects of percent littoral carbon and habitat coupling. The final model 

contained the within- and between-species trophic position variables. Relative olfactory bulb size 

increased with trophic position between-species (estimate ± s.e. 11.9±4.3, N=100, t=2.8 p=0.01; 

Figure 5), but not with trophic position within-species (2.4±2.2, t=1.1, p=0.3). The between-

species effect of trophic position was further supported when accounting for phylogenetic 

relatedness across species (14.9±3.8, R
2
=0.56, N=16, p=0.002). In addition, the size of the 

olfactory bulbs was signifantly associated with the mass of the olfactory rosettes (R
2
=0.65, df= 

33, p<0.001). This suggests that fish located higher in the food web make greater use of olfaction 

compared to other fish.  

For the telencephalon, backwards elimination excluded sex and the within- and between-

species effects of habitat coupling. The final model contained the within- and between-species 

trophic position variables and the within- and between-species littoral carbon usage variables. 

Relative telencephalon size increased with trophic position within species (17.3±5.5, t= 3.1, 

N=100, p=0.002; Figure 6) and increased with littoral carbon use between species (72.0±19.0,   

t= 3.8, N=100, p=0.001; Figure 7). However, relative telencephalon size was not influenced by 

trophic position between species (0.23±13.9, t=0.016, p=0.98), or by littoral carbon use within 

species (-11.4±7.04, t=-1.6, p=0.11). The positive effect of mean species littoral carbon use was 

supported when accounting for phylogenetic relatedness across species (70.8±19.2, R
2
=0.53, 

N=16, p=0.003). This result indicates that evolution has favored increased telencephalon size in 

littoral environments compared to pelagic enviornments. Additionally, the within-species effect 

of trophic position indicates that a large telencephalon may favour more efficient predation.  
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For the optic tectum, backwards elimination excluded sex and the within- and between-

species effects of percent littoral carbon and habitat coupling. The final model contained the 

within- and between-species trophic position variables. Relative optic tectum size decreased with 

trophic position between species (-2.2±1.0, t=-2.1, N=100, p=0.046; Figure 5), but did not vary 

with trophic position within species (p=0.62). This increase with mean species trophic position 

was supported when accounting for phylogenetic relatedness across species (-83.2±32.9, 

R
2
=0.35, N=16, p=0.027). This result indicates that the optic tectum is relatively larger in fish 

located lower in the food web. In addition, the size of the optic tectum was significantly 

associated with the mass of the eyes (R
2
=0.64, df= 97, p<0.001). 

For the cerebellum, backwards elimination excluded sex and the within- and between 

species effects of habitat coupling. The final model contained the within- and between-species 

trophic position variables and the within- and between-species littoral carbon use variables. 

Relative cerebellum size increased with trophic position (40.1±17.7, t= 2.3, N=100, p=0.032; 

Figure 6) and decreased with littoral carbon use between species (-75.2±23.4, t= -3.2, N=100, 

p=0.0038; Figure 7). However, relative cerebellum size was not influenced by trophic position   

(-8.3±8.5, t=-0.980, p=0.33) or by littoral carbon use within species (-4.6±10.8, t=-0.42, p=0.67). 

The general trend of cerebellum increase with trophic position was found when accounting for 

phylogenetic relatedness across species, however this relationship was not statistically significant 

(46.2±23.3, R
2
=0.27,N=16, p=0.07). Cerebellum size decrease with species littoral carbon use 

was supported when accounting for phylogenetic relatedness (-82.6±30.5, R
2
=0.38, N=16, 

p=0.02). These results suggest that evolution has favored a larger cerebellum in fish species 

located at higher trophic positions and fish species that use more of the pelagic habitat. 
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For the hypothalamus, backwards elimination excluded sex and the within- and between 

species effects of habitat coupling and trophic position. The final model contained the within- 

and between-species littoral carbon use variables. Hypothalamus size increased with littoral 

carbon use between species (0.47 ±0.1, t=4.7, N=100, p<0.001; Figure 8), but was not influenced 

by littoral carbon use within species (-0.01±0.04, t=-0.3, p=0.76). This result was supported 

when accounting for phylogenetic relatedness across species (46.3±10.9, R
2
=0.60, N=16, 

p=0.001). This result indicates that the hypothalamus is important to fish species that use more of 

the littoral habitat. 

Within- and between-species habitat coupling was removed from models for each of our 

brain regions through backwards elimination. This result is also mirrored by the result of the 

two-way complete model MANOVA. This indicates that variation seen in the size of these brain 

regions was not explained by the amount of habitat coupling individuals or species were 

displaying. As such,  there were no significant relationships associated with habitat coupling and 

teleost brain regions.  

Discussion 

 

The brain morphology of the 16 species of fish used in this study was found to vary in 

non-random patterns with ecological variables estimated from isotopic signatures of individual 

fish. The variability in the relative size of all component regions examined was significantly 

associated with either littoral-pelagic habitat use or the trophic position of the fish. This includes 

effects within- and between-species groups. Conversely, no association between regional 

volumes and littoral-pelagic habitat coupling was found. All significant results between species 



 

45 
 

groups were also supported when taking into account phylogenetic relatedness of the species 

sampled.  

These results contribute to a growing body of literature that examines the effects of the 

environment and ecology on brain evolution. Although the results presented here cover a wide 

phylogenetic range of fish, the patterns found are relatively consistent with past studies such as 

Huber et al. (1997) and Gonzalez-Voyer & Kolm (2010) who focused on cichlid species. We 

found that variation in the size of sensory regions was associated with trophic position, which is 

similar to previous results in cichlids, where the olfactory bulb and optic tectum varied with 

feeding type (Huber et al. 1997). Variation in the size of the telencephalon and the cerebellum 

with differential habitat use was also found by Gonzalez-Voyer & Kolm (2010) in cichlids. We 

also found that these regions vary with trophic position, which is a diet and predator-prey 

interaction measure. Interestingly, we found that the telencephalon increased with increasing 

trophic position within-species, which implicates phenotypic plasticity or natural variation in 

telencephalon size as the origin of this effect. Plasticity of the telencephalon has been previously 

documented in the round goby (McCallum et al. 2014). Results indicating a role for brain 

plasticity in ecology have also been seen in patterns of whole brain size (ex. Gonda et al. 2009, 

Kotrschal et al. 2012, Edmunds unpublished). It is thus possible that the telencephalon is the 

main brain region contributing to this phenomenon. Finally, while previous studies have 

observed an effect of mating behaviours on hypothalamus size, we found that hypothalamus size 

is associates with habitat use (Pollen et al. 2007, Gonzales-Voyer & Kolm 2010).  
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Trophic Position – sensory trade-offs 

In aquatic systems, vision and olfaction are of paramount importance in predator-prey 

interactions. Our results suggest that trophic position has influenced the evolution of sensory 

capacities in teleosts. With increasing trophic position olfactory bulbs showed a significant 

increase in relative size, while the optic tectum showed a significant decrease in relative size 

between species. This suggests that sensory trade-offs may exist across a trophic position 

gradient between species (Figure 5). This result is supported by documented behaviours 

exhibited by the species of predators and prey in this system. Pelagic or bentho-pelagic predators 

(i.e. lake trout and burbot) feed in low light, deep waters, while littoral generalist predators (i.e. 

walleye and smallmouth bass) feed at dawn and dusk when light penetration in the water column 

is low (Emery 1973, Ryder 1977). In addition, the littoral predator northern pike feeds in dense 

vegetation using sit-and-wait ambushing tactics (Savino & Stein 1989). These feeding 

behaviours share the common goal of avoiding conditions where vision is favoured. Thus, 

olfaction could have been selected for as a way to detect the location of prey in conditions when 

vision is not favoured. Conversely, for prey species, vision would be favoured to decrease 

predation risk, as predators could be seen from large distances allowing for timely predator 

avoidance responses (Cerri 1983). In addition to this, fish schooling as a predator avoidance tool 

is dependent upon vision for success, and thus may be selected for in schooling species (Shaw 

1978). Consequently, selection for vision in this system may be driven by lower trophic position 

schooling species such as yellow perch, cisco, rainbow smelt and alewife (Emery 1973).  

Another possible explanation of olfactory bulb and optic tectum differences may be the 

distance traveled to locate and obtain prey by organisms occupying different trophic levels. 

Organisms at higher trophic positions, which presumably feed on other fish, must be able to 
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track their prey over large distances because prey fish are not uniformly distributed throughout 

the environment. This behaviour favours olfaction capabilities, as they act across much larger 

distances compared to vision (DeBose & Nevitt 2008). A prime, yet extreme, example of this is 

seen in Greenland sharks, which use their superior olfactory abilities to track and feed upon a 

variety of fish, mammal and invertebrate species over large distances (up to 115km observed) 

(Skomal & Benz 2004, MacNeil et al. 2012). At lower trophic positions, fish feed upon 

organisms that are well camouflaged and difficult to detect in their environments. Small prey, 

such as zooplankton, are clear bodied and difficult to see in the water column; other prey such as 

benthic invertebrates commonly occupy muddy bottoms or complex habitats with vegetation or 

dead organic matter where they can camouflage. Therefore, greater visual capacities may be 

favored in fish occupying lower trophic positions. 

Trophic Position - Cerebellum 

Our findings indicate that the relative size of both the telencephalon and the cerebellum 

are associated positively with trophic position. However, these regions respond on different 

scales, with the telencephalon increasing within species and the cerebellum increasing between 

species (Figure 6) (the telencephalon will be discussed below). The cerebellum’s importance to 

species at higher trophic positions may be driven by the selection for greater mobility and motor 

learning in predator-prey interactions. Predators, which are typically large bodied themselves, 

prefer to feed upon other larger organisms due to the energy gained per successful foraging 

attempt (Pyke et al. 1977). Given that movement ability increases with body size, mobility and 

movement coordination would be strongly selected for both escape and pursuit type behaviours 

in predator-prey interactions. This may drive an arms race for mobility across predator-prey pairs 

(e.g. predatory lake trout feeding on cisco and rainbow smelt), thereby selecting for larger 
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cerebellum size (especially in species that occupy open water habitats) (Bauchot et al. 1988). 

Jerison (1973) and Kondoh (2010) proposed similar hypotheses about relative brain size and 

learning in predator-prey pairs and found that larger-brained predators tended to feed upon 

larger-brained prey. Our results showing that the cerebellum increases with trophic position 

support these past findings and suggest that this brain size arms race may be motivated by motor 

learning and movement capabilities of fish species. However, for our results to be supported by 

this mechanism, higher trophic positions must experience greater selective pressure for 

movement than their prey. Schooling behaviour in prey species tends to cause confusion in 

predators (Parrish 1993). This confusion may therefore lead to more time spent foraging and 

greater selection for motor function/learning and movement in predators to respond to prey 

schooling behaviours.  

Trophic Position - telencephalon 

We expected relative telencephalon size to vary between species; however, we found that 

the relative size of the telencephalon increased with trophic position within-species (Figure 6: 

dashed lines). This indicates that either telencephalon size plasticity or natural variation 

influences the attainment of higher trophic positions within this system. Attaining higher trophic 

positions typically indicates that fish are feeding upon larger, more behaviourally complex prey 

and successful foraging attempts result in greater energetic gains (Pyke et al. 1977). This can be 

beneficial if fish are able to shift their energy needs to other important functions such as gonadal 

development or brain growth (Isler & van Schaik 2009). Growth of the telencephalon may then 

facilitate enhanced learning abilities, enabling fish to be behaviourally flexible and respond to 

more complex prey behaviours. Telencephalic growth may also assist in sensory integration, 

which is also important in predator-prey interactions. Fast response to sensory cues may make 
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the difference between catching a large-bodied or small-bodied prey item, or no prey at all. 

Increased telencephalon size would incur advantages in predator-prey interactions and plasticity 

may provide the necessary adaptive capacity to attain higher trophic positions. However, this 

does not preclude the effect of natural variation in relative telencephalon size, where a larger 

telencephalon would allow attaining higher trophic positions and not result from the latter. 

Further investigation is needed to elucidate the mechanism underlying this effect. 

Habitat use 

The distributions of species typically vary across habitat use gradients. Fish that forage 

and consume prey in different environments will have different isotopic carbon muscle content 

due to differential assimilation of δ
13

C between periphyton (littoral) and phytoplankton (pelagic) 

carbon sources (France 1995). For example, in this study lake trout, which are primarily pelagic 

predators, have much lower δ
13

C signatures than northern pike, which are a shallow water littoral 

predator. The cognitive pressures in different habitats are expected to have shaped brain 

morphology of the species over evolutionary time. As expected, our results showed that brain 

morphology varies between species across the littoral-pelagic habitat use gradient (Figure 7). 

The telencephalon tends to be larger in species that occupy littoral habitats and the cerebellum 

tends to be larger in species that occupy pelagic habitats. The telencephalon, which is involved in 

spatial navigation and learning (Portavella et al. 2002), may be more important for species in 

littoral zones because of the more complex structure of that habitat. The breadth of prey 

available is also more extensive in littoral habitats; therefore, the variety of strategies needed to 

deal with different prey types in this habitat may require enhanced learning abilities. Conversely, 

the cerebellum, which is responsible for motor control and motor learning, may be more 

important in pelagic zones because of the three-dimensional nature of large open waters 
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(Bauchot et al. 1988). This makes fish species that inhabit the pelagic zone spend more time 

foraging and locating prey and less time sitting and waiting like common ‘sit-and-wait’ littoral 

predators such as northern pike and largemouth bass. Predator-prey interactions in pelagic 

conditions may also be drawn out because there is nowhere to seek refuge, so swimming abilities 

for enhanced pursuit or escape response will be needed.  

We also found that hypothalamus size increased with littoral carbon usage between 

species. Due to the complexity of the hypothalamus and its functional diversity, it is difficult to 

directly infer why we see this region vary across habitats. Past studies have suggested that the 

hypothalamus is associated with mating behaviours and sociality in African cichlids, with more 

complex mating strategies and greater levels of sociality associated with a larger hypothalamus 

(Pollen et al. 2007, Gonzalez-Voyer & Kolm 2010). This may also be why we found habitat use 

to have such an effect, as three of our primarily littoral species belong to the centrarchidae 

family, which display complex mating behaviours such as male nesting and egg guarding 

(Pflieger 1966, Keenleyside 1978). 

Habitat Coupling 

We did not find any association between the degree of littoral-pelagic habitat coupling 

and the size of the brain regions studied. This result is surprising given the effect found in 

Chapter 1, which indicated that relative total brain size increases with the amount of habitat 

coupling within- and between-species using a superset including the same sample of fish used in 

the present study. This suggests that achieving higher levels of habitat coupling must require 

trade-offs between multiple brain regions that were not detected in this study. However, because 

the telencephalon and cerebellum volumes respectively increased and decreased with littoral 



 

51 
 

habitat use, these regions are good candidates for a habitat use trade-off. Behaviours associated 

with the telencephalon are preferred in littoral habitats, whereas behaviours associated with the 

cerebellum are associated with pelagic habitats (Figure 7). Thus, equal use of these environments 

would place selective pressure on both of these regions. However, the pressure exerted would be 

less than that faced by habitat specialists. This result may help to explain the patterns seen in 

Chapter 1 where balanced increases across brain regions contributing to larger total brain size 

could afford fish the capacity to couple across pelagic and littoral habitats. Because brain growth 

is constrained by energetic limitations, intermediate (relative) sizes of these regions may be all 

that couplers can achieve. Ultimately, total brain size may be a better determinant of habitat 

coupling ability because of these trade-offs and constraints.  

Another explanation for this lack of a pattern may be that the above-mentioned balance 

between brain regions may differ across species. For example, species that have evolved in 

littoral environments may require larger cerebellum sizes, whereas species that have evolved in 

pelagic zones may require larger telencephalon sizes to couple across these habitats. This 

relationship may also be influenced by body size relationships that were not explored in the 

present study. Larger bodied organisms, which presumably are capable of coupling habitats 

because of their increased mobility, may experience less selection pressure on brain regions 

compared to smaller organisms.  

Limitations of centering approach – future directions 

Through the use of the van de Pol & Wright (2009) centering approach to mixed models 

we were able to differentiate within- and between-species effects of ecology on the size of brain 

regions. The between-species portion of this approach is easy enough to interpret, being the 
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product of evolution over time presumably in part due to the variables that we measured. 

However, the within-species variation that was detected in the telencephalon is more difficult to 

interpret. Either this effect could be the result of plasticity in the size of the brain region, or it 

could be due to natural variation of the size of that region within species populations. We are 

unable to determine exactly which one of these processes is responsible for this within-species 

result; however, it is interesting to explore what each of these scenarios would entail. For the 

case in which natural variation is responsible for telencephalic variation, regional size would be 

directly responsible for the ecological interactions of individuals (ecology via brain size). For the 

case in which brain phenotypic plasticity is responsible, regional size would be influenced by the 

ecology of an individual (brain size via ecology). Additionally, both of these mechanisms may 

contribute to within-species patterns. Laboratory studies would be helpful to elucidate the 

mechanism(s) at play.  

Conclusion 

We have used a new methodology to examine both within- and between-species effects 

of ecology to try to understand the mechanisms underlying changes in brain morphology in 

teleost fish. By using continuous ecological variables obtained in a food web context, we 

attempted to access a more accurate portrayal of the ecological effects on brain morphology. We 

found that the relative size of each of the five regions examined varied by between-species levels 

and we identified potential evolutionary trade-offs between different regions within the brain. 

Further, we found evidence to suggest that within-species variation in telencephalon size has a 

direct impact on individual fish ecological interactions. Through this examination we have 

identified the brain as a critical component that influences how organisms interact with their 

environment and each other in ecological systems. In addition, this study provides further 
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understanding of the underlying ecological mechanisms that contribute to changes in the brain 

morphology of teleost fish.   
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Figures and tables 

 

 

 

Figure 1. The brain regions examined in this study as seen on the lateral view of a walleye brain. 

1: the olfactory bulbs – a paired structure involved in olfactory sensing. 2: the telencephalon – a 

structure involved in sensory integration, spatial navigation and learning. 3: the optic tectum – a 

structure involved in vision and orienting responses. 4: the cerebellum – involved in motor and 

balance coordination, and motor learning. 5: the hypothalamus – involved in neuroendocrine and 

behaviour regulation. Illustration of regional measurements made on each brain. Three 

measurements were made for each of the 5 brain regions. Volumes were obtained by applying 

the ellipsoid equation (V = (LxWxH)π/6). 
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Figure 2. Location of sampling site. Big Sound Bay, Georgian Bay, Parry Sound, Ontario, 

Canada. 

 

 

 

Figure 3. The location where muscle tissue was removed from each fish for stable isotope 

analysis. This specimen is a lake trout. 
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Figure 4. Phylogenetic tree used in all PGLS analyses to determine if the results found by 

LMEMs were influenced by phylogenetic relatedness between species. This tree was built using 

the taxonomy browser in the NCBI database  
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Figure 5. The relationships between the sensory brain region size and trophic position between-

species. The dotted line is the relationship between relative olfactory bulb size and trophic 

position between-species (estimate ± s.e. 11.93±4.3, N=100, t=2.8 p=0.01), while the solid line is 

the relationship between relative optic tectum size and trophic position between-species (-

2.2±1.0, N=100, p=0.046).  
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Figure 6. The relationships between relative telencephalon size, relative cerebellum size and 

trophic position. The multiple dotted lines represent the within-species relationships between 

relative telencephalon size and trophic position for each species. Cumulatively, these dotted lines 

contribute to the estimated within-species relationship between relative telencephalon size and 

trophic position (17.3±5.5, t= 3.1, N=100, p=0.002). The solid line is the relationship between 

relative cerebellum size and trophic position between-species (40.1±17.7, t= 2.3, N=100, 

p=0.032). 
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Figure 7. The relationships between relative telencephalon size, relative cerebellum size and 

habitat use. The dotted line is the relationship between relative telencephalon size and littoral 

carbon use between-species (72.0±19.0, t= 3.8, N=100, p=0.001). The solid line is the 

relationship between relative cerebellum size and littoral carbon use between-species (-

75.2±23.4, t= -3.2, N=100, p=0.0038).  

 

 

 

 

 

 

 

 

 

 



 

60 
 

 

 

Figure 8. The relationship between relative hypothalamus size and habitat use. This relationship 

is between-species, with an estimate of 0.47 ±0.1 (t=4.7, N=100, p<0.001).  

 

 

 

 

 

 

 

 

 



 

61 
 

 

Table 1. Brain regions examined in this study, their known functions, and suggested ecological links. 

Brain region Known functions Suggested ecological links Citations 

 

Olfactory bulb Olfaction - Diet 

- Predator avoidance/ prey detection 

Huber et al. 1997, Pollen et 

al. 2007 

Telencephalon Learning, sensory 

integration, spatial 

navigation 

- Habitat use 

- Diet 

- Feeding behaviour 

Huber et al. 1997, Pollen et 

al. 2007, Gonzalez-Voyer & 

Kolm 2010, Park & Bell 

2010 

Optic tectum Vision, orienting 

response 

- Diet 

- Predator avoidance/ prey detection 

- Schooling behaviour 

Huber et al. 1997, Pollen et 

al. 2007 

Cerebellum Motor coordination, 

motor learning 

- Habitat use 

- Diet 

- Feeding behaviour 

 

Huber et al. 1997, Pollen et 

al. 2007, Gonzalez-Voyer & 

Kolm 2010 

Hypothalamus Neuroendocrine 

control, mating 

behaviour regulation 

- Complex mating behaviours 

- Social organization 

 

Pollen et al. 2007, Gonzalez-

Voyer & Kolm 2010 
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Table 2. Total fish per species used in this analysis 

Common Name Latin Name # used 

Lake trout Salvelinus namaycush 11 

Whitefish Coregonus clupeaformis 2 

Cisco Coregonus artedii 12 

Rainbow smelt Osmerus mordax 6 

Walleye Sander vitreus 9 

Yellow perch Perca flavescens 6 

Smallmouth Bass Micropterus dolomieu 8 

Rock Bass Ambloplites rupestris 3 

Pumpkinseed Lepomis gibbosus 6 

Northern Pike Esox lucius 4 

Bluntnose minnow Primephales notatus 5 

Spottail shiner Notropis hudsonius 6 

Alewife Alosa pseudoharengus 8 

Goby Neogobius melanostomus 4 

Burbot Lota lota 5 

Trout Perch Percopsis omiscomaycus 5 

 

 

Table 3. The effects of % Littoral Carbon, Habitat Coupling and Trophic Position on overall brain morphology 

assessed using a two-way MANOVA.  

Source Pillai F Df P (>F) 

   % Littoral Carbon  0.561 22.02 8,86 <0.001 

   Habitat Coupling 0.062 1.14 8,86 0.35 

   Trophic Position  0.471 15.34 8,86 <0.001 
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General Conclusion 

 

 In this research, for the first time teleost fish brain size and morphology has been 

examined in a food web context. Further, the use of continuous food web variables has allowed 

for a comprehensive examination of both within- and between-species food web effects on the 

brain. Collectively, the results of the two chapters presented here suggest that food web structure 

has influenced and continues to influence the size and morphology of teleost fish brains. 

The first chapter examined variation in relative brain size across habitat use (i.e. pelagic 

vs. littoral; degree of habitat coupling into both littoral and pelagic) and trophic position 

gradients within- and between- species. The results show that relatively larger brains are 

associated with the ability to couple multiple habitats and to attain higher trophic positions, 

indicating that larger brains may afford the cognitive capacity to exploit various habitats flexibly 

and promote efficient predation. These patterns were also consistent across within- and between-

species scales, suggesting that this may be an invariant pattern that weaves the cognitive ability 

of organisms into the fabric of food webs. This chapter identifies the brain and cognition as 

potentially important components contributing to the structure of food webs. Thus, the 

incorporation of brain size and cognition into how we think about food webs could be a key 

element to be considered in future research.  

The second chapter addressed potential effect of brain modularity on the functional 

patterns revealed in the first chapter by examining variation in the volume of five brain regions. 

It was demonstrated that the relative volumes of brain regions were also associated with food 

web variables within- and between-species. These results indicate that food webs have also 

contributed to the evolution of diverse brain morphologies. Some brain regions may be 

responsible for the patterns that were seen in chapter 1. Higher trophic positions correlate with 
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increased cerebellum size at the between-species scale and with telencephalon size at the within-

species scale. However, sensory structures are also important across trophic position, with the 

optic tectum decreasing and the olfactory bulbs increasing across this gradient. The results also 

revealed that the size of the telencephalon and the cerebellum vary in opposite fashion across a 

habitat use gradient, indicating that a balance between both of these regions may be involved in 

the habitat coupling results found in chapter 1. The potential evolutionary trade-offs between the 

olfactory bulb and the optic tectum across a trophic position gradient was unexpected. This 

shows the potential that this type of analysis has for trying to further understand predator-prey 

relationships and the nature of food webs 

This thesis provides the first empirical evidence that brain size and cognition are 

fundamentally related to food web structure and possibly system stability. In addition, it provides 

the first look at the within- and between-species effects that food webs have on brain 

morphology. It is evident that the brain and cognition of organisms are important factors to 

consider in the structure of food webs. Incorporating the ideas presented here into how we think 

about and examine food webs may help us to understand how individuals and populations will 

respond to changing environmental conditions in the future.  
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APPENDIX A:  

Raw brain size data used in the Chapter 1 analysis. Body weight is in kilograms (kg), body length is in 

centimetres (cm) and brain weight is in grams (g). F: female, M: male, U: unidentified, TP: trophic 

position, %LC: percent littoral carbon, HC: habitat coupling. N/A is only present for samples that 

were damaged or otherwise unusable. 

 

Species  # Sex Body 
weight 
(kg) 

Body 
length 
(cm) 

Brain 
Weight 
(g) 

TP %LC HC 

lake trout 1 M 2.65 66 0.997 4.611 0.32 0.32 

lake trout 2 F 1.18 53.5 0.793 4.671 0.289 0.289 

lake trout 3 M 1.18 53 0.768 4.703 0.312 0.312 

lake trout 4 F 1.1 51 0.615 4.624 0.322 0.322 

lake trout 5 M 6.68 86.5 1.723 5.06 0.354 0.354 

lake trout 6 M 5.06 80 1.454 4.839 0.225 0.225 

lake trout 7 M 2 60 0.858 4.744 0.279 0.279 

lake trout 8 F 2.14 62 0.885 4.645 0.256 0.256 

lake trout 9 M 1.93 61 0.952 4.425 0.328 0.328 

lake trout 10 F 1.81 61.5 0.911 4.549 0.193 0.193 

lake trout 11 F 1.63 56 0.816 4.727 0.218 0.218 

lake trout 12 F 0.91 48 0.626 4.712 0.373 0.373 

lake trout 13 M 0.96 49 0.636 4.8 0.235 0.235 

lake trout 14 U 0.5 39.5 0.536 4.659 0.417 0.417 

lake trout 15 F 2.34 61 1.001 4.958 0.368 0.368 

lake trout 16 F 1.59 58 0.882 4.715 0.245 0.245 

lake trout 17 F 0.83 47.5 0.728 4.688 0.3 0.3 

lake trout 18 M 1.71 58 0.851 4.72 0.371 0.371 

lake trout 19 F 0.9 50 0.753 4.665 0.21 0.21 

lake trout 20 U 0.72 45.5 0.73 4.809 0.274 0.274 

lake trout 21 M 1.15 53 0.789 4.9 0.231 0.231 

lake trout 22 U 0.62 44.5 0.63 4.718 0.274 0.274 

lake trout 23 M 1.85 48 0.659 5.053 0.333 0.333 

lake trout 24 U 1.13 49 0.685 4.735 0.314 0.314 

lake trout 25 F 2.09 58.5 0.819 4.776 0.229 0.229 

lake trout 27 F 4.75 75 0.972 4.776 0.511 0.489 

lake trout 28 U 0.27 32 0.382 4.818 0.371 0.371 

lake trout 29 U 0.27 33 0.383 4.807 0.189 0.189 

lake trout 30 F 2.84 64.5 0.735 4.579 0.451 0.451 

lake trout 31 M 1.66 56 0.694 4.689 0.106 0.106 

lake trout 32 F 0.69 42 0.517 4.773 0.199 0.199 

lake trout 33 F 2.16 60.5 0.851 4.976 0.26 0.26 

lake trout 34 U 0.1 22.5 0.257 5.28 0.159 0.159 

lake trout 35 M 0.57 42.5 0.517 5.043 0.225 0.225 
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lake trout 36 M 0.69 44.5 0.632 4.758 0.161 0.161 

lake trout 37 F 2.17 58.5 0.805 4.506 0.249 0.249 

lake trout 38 U 0.12 24 0.305 4.888 0.567 0.433 

lake trout 39 M 0.95 47 0.594 4.709 0.15 0.15 

lake trout 40 M 2.11 59 0.843 4.958 0.622 0.378 

lake trout 41 F 2.3 61 0.769 4.625 0.058 0.058 

lake trout 42 F 1.53 56.5 0.759 4.669 0.153 0.153 

lake trout 43 M 1.53 54 0.726 4.717 0.135 0.135 

lake trout 44 F 1.86 59.5 0.79 4.972 0.087 0.087 

lake trout 45 F 1.19 49 0.674 4.795 0.07 0.07 

lake trout 46 F 0.81 45 0.628 4.924 0.229 0.229 

lake trout 47 F 1.97 58 0.863 4.955 0.166 0.166 

lake trout 48 M 3.36 66.5 0.967 4.706 0.167 0.167 

lake trout 49 M 3.89 72 1.565 4.648 0.397 0.397 

smallmouth bass 1 M 2.01 50 0.681 4.181 0.523 0.477 

smallmouth bass 2 M 0.68 35 0.417 4.068 1 0 

smallmouth bass 3 U 0.00295 6 0.042 3.201 0.614 0.386 

smallmouth bass 4 U 0.00426 7.5 N/A 3.427 0.348 0.348 

smallmouth bass 5 M 0.08573 18 0.208 3.847 1 0 

smallmouth bass 6 M 0.05233 17 0.222 3.728 1 0 

smallmouth bass 7 U 0.0063 8 N/A 3.348 0.318 0.318 

smallmouth bass 8 U 0.00554 7.5 0.06 3.36 0.45 0.45 

smallmouth bass 9 U 0.00445
6 

7 N/A 2.683 0.607 0.393 

smallmouth bass 10 U 0.00412  N/A 2.869 0.534 0.466 

smallmouth bass 11 U 0.00319 6 N/A 2.799 0.729 0.271 

smallmouth bass 12 U 0.00389 6.5 N/A 2.815 1 0 

smallmouth bass 13 U 0.00309 6 N/A 2.757 0.72 0.28 

smallmouth bass 14 U 0.00201 5.5 0.038 3.245 0.46 0.46 

smallmouth bass 15 U 0.00278 6 0.037 3.057 0.421 0.421 

smallmouth bass 16 U 0.00218 5.5 0.038 2.88 0.426 0.426 

smallmouth bass 17 U 0.00208  N/A 2.999 0.912 0.088 

smallmouth bass 18 U 0.00188 5.5 0.037 2.947 1 0 

smallmouth bass 19 U 0.00145 5 N/A 2.99 0.646 0.354 

smallmouth bass 20 M 0.22 29.5 0.384 4.1 0.941 0.059 

smallmouth bass 21 M 0.22 27 N/A 4.042 1 0 

smallmouth bass 22 M 0.1118 20 N/A 3.969 1 0 

smallmouth bass 23 M 0.09474 20 0.246 4.125 1 0 

smallmouth bass 24 M 0.094 19 0.239 3.961 1 0 

smallmouth bass 25 M 0.0999 19.5 0.248 3.926 1 0 

smallmouth bass 26 U 0.04824 16 0.172 4.187 1 0 

smallmouth bass 27 F 1.92 48.5 0.782 4.219 0.383 0.383 

smallmouth bass 28 F 1.6 47 0.694 4.225 0.765 0.235 

smallmouth bass 29 M 0.78 38 0.562 4.097 0.989 0.011 

smallmouth bass 30 U 0.04257 15.5 N/A 4.188 0.917 0.083 
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smallmouth bass 31 U 0.04456 15.5 N/A 3.599 0.42 0.42 

smallmouth bass 32 F 1.01 37.5 N/A 3.885 1 0 

smallmouth bass 33 M 0.58 33.5 0.374 3.79 1 0 

smallmouth bass 34 M 0.39 29.5 0.357 3.805 1 0 

smallmouth bass 35 M 0.04366 15 N/A 3.611 1 0 

smallmouth bass 36 F 0.7 35.5 0.473 3.757 1 0 

smallmouth bass 37 M 0.24 24.5 0.33 4.277 1 0 

smallmouth bass 38 M 0.16 21 0.257 4.253 1 0 

smallmouth bass 39 U 0.11 20 0.235 4.247 1 0 

smallmouth bass 40 M 0.58 33 0.534 4.363 0.72 0.28 

smallmouth bass 41 U 0.12 21.3 N/A 4.209 0.979 0.021 

smallmouth bass 42 M 0.11 20 0.247 4.193 0.955 0.045 

smallmouth bass 43 M 0.11 19 0.225 4.208 0.713 0.287 

smallmouth bass 44 M 0.1 18 0.243 4.053 0.784 0.216 

smallmouth bass 45 F 0.19 22 0.287 4.223 1 0 

smallmouth bass 46 M 0.17 22 0.281 4.221 0.95 0.05 

smallmouth bass 47 M 0.14 21 0.277 4.261 0.919 0.081 

smallmouth bass 48 U 0.12 20.5 0.258 4.22 1 0 

smallmouth bass 50 U 0.0052 7.5 0.062 3.623 0.306 0.306 

smallmouth bass 51 U 0.0028 6 N/A 3.563 0 0 

smallmouth bass 52 U 0.003 6 0.049 3.445 0.505 0.495 

smallmouth bass 53 U 0.0035 6.5 N/A 3.379 0.334 0.334 

smallmouth bass 54 U 0.003 6 0.046 3.358 0.392 0.392 

smallmouth bass 55 U 0.0029 6 N/A 3.568 0.51 0.49 

smallmouth bass 56 U 0.0038 6.5 N/A 3.489 0.553 0.447 

smallmouth bass 57 U 0.0029 6 N/A 3.513 0.191 0.191 

smallmouth bass 58 U 0.0022 5.5 0.039 3.488 0.06 0.06 

smallmouth bass 59 F 0.94 39.5 0.548 4.5 0.772 0.228 

smallmouth bass 60 M 0.56 32 0.412 4.384 0.826 0.174 

smallmouth bass 61 M 0.28 28 0.427 3.619 0.362 0.362 

smallmouth bass 62 M 0.25 25.5 0.373 4.267 1 0 

smallmouth bass 63 M 0.17 23 0.322 4.578 0.651 0.349 

walleye 1 F 1.7 56 0.647 4.149 1 0 

walleye 2 F 1.99 57.5 0.663 4.102 0.643 0.357 

walleye 3 F 1.91 60 0.718 4.059 0.816 0.184 

walleye 4 M 1.93 57 0.656 4.367 0.249 0.249 

walleye 5 F 2.31 62 0.661 3.992 0.626 0.374 

walleye 6 F 1.92 55.5 0.677 3.978 0.527 0.473 

walleye 7 M 1.97 56 0.658 4.306 0.495 0.495 

walleye 8 F 2.49 58.5 0.623 4.621 0.112 0.112 

walleye 9 M 2.18 57 0.643 4.369 0.326 0.326 

walleye 10 F 2.07 58 0.598 3.934 0.473 0.473 

walleye 11 M 0.94 45.5 0.528 3.938 0.606 0.394 

walleye 12 M 1.74 55.5 0.717 3.831 0.643 0.357 

walleye 13 M 1.16 51 0.6 3.953 0.853 0.147 
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walleye 14 M 2.32 58 0.63 4.406 0 0 

walleye 15 F 3.42 69 0.793 4.25 0.011 0.011 

walleye 16 F 3.01 67 0.748 4.354 0.376 0.376 

walleye 17 M 2.17 60 0.769 4.127 0.397 0.397 

walleye 18 F 3 64.5 0.706 4.042 0.359 0.359 

walleye 19 F 2.55 61 0.631 4.328 0.068 0.068 

cisco 1 M 0.18 28.5 0.382 4.388 0 0 

cisco 2 F 0.179 29 0.414 4.218 0.046 0.046 

cisco 3 M 0.114 25 0.305 4.435 0 0 

cisco 4 F 0.0515 19.5 0.191 3.665 0.15 0.15 

cisco 5 M 0.051 19.5 0.214 4.071 0 0 

cisco 6 F 0.039 17.5 0.148 3.705 0.025 0.025 

cisco 7 F 0.16 30 0.407 4.063 0.069 0.069 

cisco 8 F 0.24 31 0.465 4.289 0.144 0.144 

cisco 9 F 0.21 29 0.401 4.363 0 0 

cisco 10 F 0.2 29.5 0.377 4.364 0 0 

cisco 11 F 0.25 31 0.442 4.341 0.074 0.074 

cisco 12 F 0.19 28 0.393 4.301 0 0 

cisco 13 M 0.18 29 0.361 4.306 0 0 

cisco 14 F 0.36 34 0.539 4.29 0.109 0.109 

cisco 15 F 0.21 29.5 0.382 4.245 0 0 

cisco 16 F 0.33 34.5 0.44 4.59 5E-05 5E-05 

cisco 17 M 0.19 28.5 0.393 4.422 0 0 

cisco 18 F 0.15 27 0.347 4.364 0 0 

cisco 19 F 0.14 24.5 0.292 3.923 0 0 

cisco 20 U 0.08 21 0.218 4.118 0 0 

cisco 21 F 0.16 25.5 0.303 4.061 0 0 

cisco 22 M 0.13 24.5 0.285 3.996 0 0 

cisco 23 M 0.38 35 N/A 4.423 0.439 0.439 

cisco 24 U 0.04 17.5 0.16 4.554 0.043 0.043 

cisco 25 F 0.166 27 0.343 3.919 0.214 0.214 

cisco 26 M 0.124 25 0.305 4.152 0.078 0.078 

cisco 27 M 0.127 25.5 0.345 3.981 0.107 0.107 

cisco 28 F 0.096 23 N/A 3.911 0 0 

cisco 29 F 0.101 24.5 0.281 4.288 0 0 

cisco 30 U 0.0667 21 0.253 3.942 0 0 

cisco 31 M 0.097 23.5 0.235 3.982 0.069 0.069 

cisco 32 U 0.07079 24 0.259 3.939 0.015 0.015 

cisco 33 M 0.08566 22.5 0.242 3.874 0 0 

cisco 34 U 0.0558 20 0.214 3.889 0 0 

cisco 35 F 0.07326 21 0.241 3.529 0 0 

cisco 36 M 0.12 23 0.243 3.795 0 0 

rainbow smelt 8 U 0.01028 13 0.042 4.401 0 0 

rainbow smelt 9 U 0.01175 13 0.045 4.054 0.006 0.006 

rainbow smelt 10 U 0.012 14 0.055 4.518 0 0 
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rainbow smelt 11 U 0.003 8.5 0.021 3.978 0 0 

rainbow smelt 12 U 0.0032 9 0.022 4.015 0 0 

rainbow smelt 13 U 0.0033 9 0.021 3.972 0 0 

rainbow smelt 14 U 0.0034 9 0.027 3.278 0 0 

rainbow smelt 15 U 0.0046 9.5 0.027 4.104 0 0 

rainbow smelt 16 U 0.0041 9.5 0.024 4.154 0 0 

rainbow smelt 17 U 0.0034 9 0.026 4.026 0 0 

rainbow smelt 18 U 0.0026 8 0.024 4 0 0 

rainbow smelt 19 U 0.0031 8.5 0.024 3.967 0 0 

rainbow smelt 20 U 0.0032 8.5 0.024 3.879 0 0 

rainbow smelt 21 U 0.0026 8 0.022 4.117 0 0 

rainbow smelt 22 U 0.00467 10 0.031 3.882 0 0 

yellow perch 1 U 0.01656 12 0.112 3.349 0.62 0.38 

yellow perch 2 U 0.01518 11.5 0.104 3.55 0.679 0.321 

yellow perch 3 U 0.0039 7.5 0.04 2.907 0.535 0.465 

yellow perch 4 U 0.00321 6.5 0.033 2.931 0.429 0.429 

yellow perch 5 U 0.00325 6.5 0.034 2.791 0.494 0.494 

yellow perch 6 U 0.0029 6 0.034 2.764 0.519 0.481 

yellow perch 7 U 0.003 7 0.034 3.169 0.36 0.36 

yellow perch 8 U 0.00298 6.5 0.034 2.806 0.544 0.456 

yellow perch 9 U 0.00278 6.5 0.034 2.745 0.57 0.43 

yellow perch 10 U 0.00226 6 0.03 3.12 0.388 0.388 

yellow perch 11 U 0.00205 5.5 0.027 2.844 0.62 0.38 

yellow perch 12 M 0.1015 20.5 0.206 3.633 1 0 

yellow perch 13 M 0.2 21 0.228 4.204 1 0 

yellow perch 14 M 0.06445 18.5 0.176 3.666 1 0 

yellow perch 15 M 0.0642 18 0.174 3.688 1 0 

yellow perch 16 M 0.07131 18.5 0.192 3.512 1 0 

yellow perch 17 M 0.03735 16 0.141 3.641 1 0 

yellow perch 18 M 0.01626 11.5 0.102 3.558 1 0 

yellow perch 19 U 0.01498 11.5 0.089 3.533 1 0 

yellow perch 20 U 0.02148 13 0.11 3.402 1 0 

yellow perch 21 U 0.01917 12 0.101 3.436 1 0 

yellow perch 22 U 0.01681 12 0.094 3.396 1 0 

yellow perch 23 U 0.01626 12 N/A 3.467 1 0 

yellow perch 24 U 0.01617 11.5 0.1 3.474 1 0 

yellow perch 25 U 0.01562 12 0.09 3.44 1 0 

yellow perch 26 U 0.01455 11 0.09 3.459 1 0 

yellow perch 27 U 0.00885 10 N/A 3.485 1 0 

yellow perch 28 U 0.0129 13 0.109 3.548 1 0 

yellow perch 29 U 0.01895 12.5 0.1 3.401 1 0 

yellow perch 30 U 0.01485 11 0.097 3.521 1 0 

yellow perch 31 U 0.01416 11 0.097 3.538 1 0 

northern pike 1 M 3.7 85.5 0.781 4.358 0.691 0.309 

northern pike 2 M 2.21 69 0.732 4.01 1 0 



 

75 
 

northern pike 3 M 5.75 96 0.855 4.646 0.619 0.381 

northern pike 4 F 1.05 56 0.409 3.868 0.712 0.288 

burbot 2 M 1.75 57.5 0.458 4.861 0.808 0.192 

burbot 3 M 0.73 47 0.432 5.063 0.995 0.005 

burbot 4 M 1.12 54.5 0.46 4.945 0.791 0.209 

burbot 5 M 0.71 49 0.407 4.788 0.578 0.422 

burbot 6 M 0.81 47.5 0.349 4.957 0.792 0.208 

trout perch 3 F 0.012 11 0.063 4.17 0.146 0.146 

trout perch 4 F 0.0054 8.5 0.038 3.975 0.392 0.392 

trout perch 5 F 0.0045 8.5 N/A 4.142 0.154 0.154 

trout perch 6 F 0.01 11 0.059 4.021 0.263 0.263 

trout perch 7 F 0.00955 10.5 0.052 4.222 0.528 0.472 

trout perch 8 F 0.00852 10 0.051 4.226 0.512 0.488 

trout perch 9 F 0.00175 6.5 0.02 3.868 0.518 0.482 

trout perch 10 U 0.00114 5.5 0.019 3.733 0.603 0.397 

trout perch 11 M 0.00164 6 0.019 3.822 0.336 0.336 

spottail shiner 1 U 0.00439 8 0.051 3.378 0.331 0.331 

spottail shiner 2 U 0.00912 10 0.08 3.458 0.204 0.204 

spottail shiner 3 U 0.00408 8 0.048 3.599 0.715 0.285 

spottail shiner 4 U 0.00546 9 0.065 3.549 0.574 0.426 

spottail shiner 5 U 0.00336 7.5 0.047 3.485 0.461 0.461 

spottail shiner 6 U 0.00464 8.5 0.055 3.371 0.389 0.389 

spottail shiner 7 U 0.0044 8 0.057 3.393 0.444 0.444 

spottail shiner 8 U 0.00383 8 0.045 3.515 0.496 0.496 

spottail shiner 9 U 0.00894 10.5 0.08 3.754 0.57 0.43 

spottail shiner 10 U 0.00813 9.5 0.079 3.868 0.596 0.404 

spottail shiner 11 U 0.0023 7 0.042 3.549 0.388 0.388 

bluntnose minnow 1 U 0.00525 8 0.038 3.64 1 0 

bluntnose minnow 2 U 0.00578 8.5 0.037 3.188 1 0 

bluntnose minnow 3 U 0.0055 8.5 0.043 3.412 1 0 

bluntnose minnow 4 U 0.00394 7.5 0.033 3.503 1 0 

bluntnose minnow 5 U 0.00496 8 0.039 3.457 1 0 

bluntnose minnow 6 U 0.00507 8 0.035 3.533 1 0 

pumpkinseed 1 U 0.01251 9 0.064 3.228 1 0 

pumpkinseed 2 U 0.01195 8.5 0.064 3.286 0.972 0.028 

pumpkinseed 3 U 0.00933 8 0.061 3.306 1 0 

pumpkinseed 4 U 0.00857 8 0.056 3.241 1 0 

pumpkinseed 5 U 0.00676 7.5 0.051 2.882 0.006 0.006 

pumpkinseed 6 U 0.004 6.5 0.042 3.236 0.64 0.36 

pumpkinseed 7 U 0.00272 5.5 0.036 3.193 0.512 0.488 

pumpkinseed 8 U 0.00666 7.5 0.054 3.288 1 0 

pumpkinseed 9 U 0.00502 6.5 0.047 3.487 1 0 

alewife 1 F 0.0513 19.5 0.205 3.692 0.16 0.16 

alewife 2 M 0.0365 16 0.165 3.856 0.131 0.131 

alewife 3 F 0.031 16 0.124 3.536 0.026 0.026 
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alewife 4 M 0.0336 16 0.168 3.608 0.104 0.104 

alewife 5 M 0.0274 14.5 0.122 3.522 0 0 

alewife 6 M 0.0283 15 0.136 3.628 0 0 

alewife 7 U 0.01863 12.5 0.086 3.287 0 0 

alewife 8 U 0.0194 13 0.085 3.243 0 0 

alewife 9 U 0.02183 14 0.118 3.481 0 0 

alewife 10 F 0.04255 17.5 0.184 3.731 0.028 0.028 

alewife 11 M 0.0336 17 0.142 3.127 0.091 0.091 

alewife 12 M 0.03225 16 0.154 3.176 0.162 0.162 

alewife 13 F 0.02732 15.5 0.131 3.601 0.044 0.044 

alewife 14 F 0.04517 14.5 0.133 3.441 0.049 0.049 

alewife 15 F 0.02093 14 0.118 3.529 0.049 0.049 

alewife 16 F 0.0258 15 0.124 3.404 0.021 0.021 

alewife 17 M 0.02721 15.5 0.133 3.241 0.101 0.101 

alewife 18 F 0.02645 14.5 0.111 3.548 0 0 

alewife 19 F 0.02562 15 0.123 3.655 0 0 

alewife 20 F 0.02355 14 0.106 3.734 0 0 

alewife 21 F 0.02296 14.5 0.12 3.646 0.04 0.04 

alewife 22 M 0.02113 13.5 0.111 3.53 0 0 

alewife 23 M 0.02264 14 0.123 3.608 0 0 

alewife 24 F 0.02704 15 0.135 3.576 0 0 

alewife 25 U 0.00457 8.5 0.035 2.859 0 0 

alewife 26 U 0.00466 8.5 0.037 2.827 0 0 

alewife 27 U 0.005 8.5 0.036 2.957 0 0 

alewife 28 U 0.0044 8 0.034 2.532 0 0 

alewife 29 U 0.00454 8 0.03 3.012 0 0 

alewife 30 U 0.00462 8 0.032 2.589 0 0 

alewife 31 U 0.0038 7.5 0.031 2.69 0 0 

alewife 32 U 0.00346 7.5 0.031 2.705 0 0 

alewife 33 U 0.00338 7.5 0.03 2.854 0 0 

alewife 34 U 0.00352 7.25 0.033 2.581 0 0 

alewife 35 U 0.00356 7.25 0.031 2.763 0 0 

round goby 1 U 0.00133 5 0.019 3.188 1 0 

round goby 2 U 0.00149 5 0.027 3.054 1 0 

round goby 3 U 0.00605 8 0.049 3.139 1 0 

round goby 4 U 0.01244 10 0.075 2.988 1 0 

round goby 5 U 0.00415 7 0.039 3.254 1 0 

round goby 6 U 0.002 6 0.026 3.144 1 0 

round goby 7 U 0.00168 5.5 0.025 3.147 1 0 

round goby 8 U 0.00815 8.5 0.05 3.339 1 0 

round goby 9 U 0.00767 8.5 0.05 3.327 1 0 

round goby 10 U 0.00459 7 0.037 2.995 1 0 

round goby 11 U 0.00437 7 0.036 3.11 1 0 

round goby 12 U 0.00325 6.5 0.035 3.153 1 0 

round goby 13 U 0.00235 6 0.031 3.098 1 0 
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round goby 14 U 0.00162 5 0.023 3.122 1 0 

round goby 15 U 0.00124 4.5 0.02 3.034 1 0 

round goby 16 U 0.00281 6 0.028 2.994 1 0 

round goby 17 U 0.00152 5 0.018 3.069 1 0 

round goby 18 U 0.00097 4.5 0.018 3.185 1 0 

round goby 19 U 0.00075 4 0.017 3.289 1 0 

round goby 20 U 0.011 10.5 0.063 3.453 1 0 

round goby 21 U 0.0078 8.5 0.052 3.303 1 0 

whitefish 1 M 1.32 52.5 0.631 4.456 0.904 0.096 

whitefish 2 M 1.44 54 0.665 3.943 1 0 

rock bass 10 U 0.01977 10 0.12 3.73 1 0 

rock bass 11 U 0.00736 7.5 0.074 3.681 1 0 

rock bass 5 U 0.05854 14.5 0.164 3.922 1 0 

rock bass 26 U 0.05174 14 0.186 3.822 1 0 

rock bass 4 U 0.08955 16.5 0.197 3.955 1 0 

rock bass 27 U 0.05112 13.5 0.209 3.725 1 0 

rock bass 23 U 0.06333 15 0.21 3.912 1 0 

rock bass 17 U 0.11 17 0.237 3.968 1 0 

rock bass 16 U 0.13 18 0.242 4.347 1 0 

rock bass 18 U 0.11 16 0.247 3.931 1 0 

rock bass 12 U 0.18 19.5 0.272 4.116 1 0 
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APPENDIX B:  

Raw brain region volume data used in the chapter 2 analysis. Brain weight is in grams (g) and all 

brain regions are in cubic millimetres (mm
3
). F: female, M: male, U: unidentified, OB: olfactory 

bulbs, OT: optic tectum, TE: telencephalon, CE: cerebellum, HY: hypothalamus, TP: trophic position, 

%LC: percent littoral carbon, HC: habitat coupling. N/A is only present for regions that were 

damaged.  

Species # Sex OB OT TE CE HY Brain 
Weight 

TP %LC HC 

alewife 1 F 2.585 95.372 9.159 49.733 N/A 0.205 3.692 0.16 0.16 

alewife 3 F 1.852 60.403 5.013 25.454 2.802 0.124 3.536 0.026 0.026 

alewife 4 M 2.195 87.855 7.241 38.569 2.921 0.168 3.608 0.104 0.104 

alewife 13 F 1.612 65.12 4.263 30.556 3.538 0.131 3.601 0.044 0.044 

alewife 16 F 1.566 54.789 4.464 24.588 N/A 0.124 3.404 0.021 0.021 

alewife 17 M 1.928 64.826 4.579 33.937 2.625 0.133 3.241 0.101 0.101 

alewife 21 F 1.191 54.489 3.753 27.516 2.735 0.12 3.646 0.04 0.04 

alewife 23 M 1.386 55.647 4.362 29.617 2.1 0.123 3.608 0 0 

burbot 2 M 13.6 66.482 60.22 65.201 23.8 0.458 4.861 0.808 0.192 

burbot 3 M 18.79 57.565 58.02 59.745 20.65 0.432 5.063 0.995 0.005 

burbot 4 M 19.32 66.091 63.42 64.737 25.06 0.46 4.945 0.791 0.209 

burbot 5 M 16.05 52.488 63.27 68.515 24.66 0.407 4.788 0.578 0.422 

burbot 6 M 14.09 47.311 56.5 62.331 18.44 0.349 4.957 0.792 0.208 

cisco 1 M 11.48 149.36 26.16 74.756 12.4 0.382 4.388 0 0 

cisco 3 M 10.17 127.85 15.95 53.74 7.909 0.305 4.435 0 0 

cisco 4 F 4.719 74.435 7.092 30.54 6.454 0.191 3.665 0.15 0.15 

cisco 6 F 3.103 60.997 4.962 25.467 4.816 0.148 3.705 0.025 0.025 

cisco 7 F 14.49 173.89 26.17 64.298 12.83 0.407 4.063 0.069 0.069 

cisco 10 F 12.52 158.96 20.8 60.385 8.115 0.377 4.364 0 0 

cisco 12 F 6.306 165 22.37 74.196 10.99 0.393 4.301 0 0 

cisco 14 F 14.19 194.27 30.01 82.533 13.17 0.539 4.29 0.109 0.109 

cisco 16 F 10.82 203.88 32.91 79.377 14.33 0.44 4.59 0 0 

cisco 25 F 9.586 124.96 22.74 72.435 8.859 0.343 3.919 0.214 0.214 

cisco 26 M 12.64 109.66 18.3 59.97 8.703 0.305 4.152 0.078 0.078 

cisco 27 M 11.45 140.84 24.68 60.501 N/A 0.345 3.981 0.107 0.107 

round goby 3 U 0.232 15.491 5.944 2.2382 4.942 0.049 3.139 1 0 

round goby 4 U 0.498 25.802 10.23 2.9941 6.358 0.075 2.988 1 0 

round goby 20 U 0.256 22.722 8.35 3.7921 8.107 0.063 3.453 1 0 

round goby 21 U N/A 21.072 7.236 2.1571 5.501 0.052 3.303 1 0 

lake trout 6 M 47.16 500.71 135.3 275.93 50.81 1.454 4.839 0.225 0.225 

lake trout 14 U 11.46 206.89 32.62 100.66 22.21 0.536 4.659 0.417 0.417 

lake trout 15 F 15.8 245.16 N/A 120.87 22.5 1.001 4.958 0.368 0.368 

lake trout 17 F 16.03 243.31 39.61 127.77 25.8 0.728 4.688 0.3 0.3 
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lake trout 18 M 19.54 313.58 54.46 160.38 29.88 0.851 4.72 0.371 0.371 

lake trout 21 M 18.16 302.82 42.67 145.55 28.51 0.789 4.9 0.231 0.231 

lake trout 23 M 16.85 253.61 46.78 129.45 25.8 0.659 5.053 0.333 0.333 

lake trout 25 F 28.33 288.19 60.2 162.47 27.22 0.819 4.776 0.229 0.229 

lake trout 27 F 26.26 369.86 62.34 199.02 40.68 0.972 4.776 0.511 0.489 

lake trout 33 F 31.64 368.89 56.61 185.15 37.16 0.851 4.976 0.26 0.26 

lake trout 48 M 27.92 382.32 75.28 235.39 41.4 0.967 4.706 0.167 0.167 

northern pike 1 M 20.75 281.42 53.51 114.58 36.2 0.781 4.358 0.691 0.309 

northern pike 2 M 14.53 287.11 35.89 89.356 31.49 0.732 4.01 1 0 

northern pike 3 M 23.64 350.88 61.57 143.85 43.11 0.855 4.646 0.619 0.381 

northern pike 4 F 7.924 160.26 20.54 76.425 17.61 0.409 3.868 0.712 0.288 

pumpkinseed 1 U 0.454 25.442 5.474 5.8403 5.58 0.064 3.228 1 0 

pumpkinseed 2 U 0.417 27.844 5.759 5.5936 6.218 0.064 3.286 0.972 0.028 

pumpkinseed 3 U 0.406 25.535 5.895 5.2825 5.607 0.061 3.306 1 0 

pumpkinseed 4 U 0.358 22.221 4.862 5.0735 5.382 0.056 3.241 1 0 

pumpkinseed 5 U 0.251 19.4 3.731 4.5902 4.45 0.051 2.882 0.006 0.006 

pumpkinseed 6 U 0.32 16.129 3.024 3.1995 3.61 0.042 3.236 0.64 0.36 

rock bass 12 U 3.44 78.256 35.11 27.802 24.88 0.272 4.116 1 0 

rock bass 16 U 2.264 79.352 29.78 24.461 25.61 0.242 4.347 1 0 

rock bass 17 U 2.928 78.264 28.17 24.952 21.04 0.237 3.968 1 0 

rainbow smelt 8 U 0.745 12.852 1.796 4.8844 1.766 0.042 4.401 0 0 

rainbow smelt 9 U 0.784 16.776 2.22 5.7833 1.249 0.045 4.054 0.006 0.006 

rainbow smelt 10 U 1.261 19.937 3.183 8.4806 1.502 0.055 4.518 0 0 

rainbow smelt 12 U 0.393 7.9199 0.758 3.0469 0.393 0.022 4.015 0 0 

rainbow smelt 14 U 0.42 10.256 0.865 4.2381 0.574 0.027 3.278 0 0 

rainbow smelt 16 U 0.499 9.3834 0.936 4.1664 0.526 0.024 4.154 0 0 

smallmouth bass 1 M 5.581 250.78 93.06 77.61 39.87 0.681 4.181 0.523 0.477 

smallmouth bass 2 M 3.854 153.22 56.76 50.355 26.85 0.417 4.068 1 0 

smallmouth bass 24 M 1.93 98.743 24.63 26.189 14.04 0.239 3.961 1 0 

smallmouth bass 25 M 1.526 103.27 32.58 33.62 17.4 0.248 3.926 1 0 

smallmouth bass 27 F 4.902 302.24 139.5 99.122 54.59 0.782 4.219 0.383 0.383 

smallmouth bass 28 F N/A 294.98 104.6 74.45 44.4 0.694 4.225 0.765 0.235 

smallmouth bass 40 M 3.455 223.72 75.26 60.647 39.2 0.534 4.363 0.72 0.28 

smallmouth bass 59 F 3.521 224.19 78.39 57.327 42.51 0.548 4.5 0.772 0.228 

bluntnose minnow 1 U 0.781 11.294 2.948 3.6482 1.439 0.038 3.64 1 0 

bluntnose minnow 2 U 0.486 10.789 2.342 4.1691 1.372 0.037 3.188 1 0 

bluntnose minnow 4 U 0.449 10.419 2.481 3.9037 1.101 0.033 3.503 1 0 

bluntnose minnow 5 U 0.481 10.803 2.939 4.3769 1.63 0.039 3.457 1 0 

bluntnose minnow 6 U 0.883 11.233 3.162 3.9072 1.528 0.035 3.533 1 0 

spottail shiner 1 U 1.281 17.273 4.607 7.14 1.891 0.051 3.378 0.331 0.331 

spottail shiner 2 U 1.972 23.658 7.494 9.8168 3.305 0.08 3.458 0.204 0.204 

spottail shiner 3 U 1.193 14.923 5.097 6.1716 2.117 0.048 3.599 0.715 0.285 

spottail shiner 4 U 1.399 20.583 5.833 8.8087 2.705 0.065 3.549 0.574 0.426 

spottail shiner 9 U 1.497 25.826 6.564 11.179 2.685 0.08 3.754 0.57 0.43 

spottail shiner 10 U 1.332 25.475 7.062 9.0516 2.832 0.079 3.868 0.596 0.404 
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trout perch 3 F 1.477 19.166 5.004 9.0093 1.908 0.063 4.149 1 0 

trout perch 4 F 0.975 9.9674 1.916 5.3579 1.739 0.038 4.102 0.643 0.357 

trout perch 6 M 1.122 16.102 4.684 7.7575 2.292 0.059 4.367 0.249 0.249 

trout perch 7 M 0.605 13.272 3.324 6.3042 1.96 0.052 3.938 0.606 0.394 

trout perch 8 F 1.544 15.213 3.649 7.429 1.58 0.051 4.25 0.011 0.011 

walleye 1 F 12.86 230.76 65.45 143.31 41.18 0.647 4.354 0.376 0.376 

walleye 2 F 19.11 235.97 63.58 130.4 35.74 0.663 4.042 0.359 0.359 

walleye 3 M 25.09 251.12 73.52 142.53 40.45 0.718 4.204 1 0 

walleye 4 F 18.42 223.8 57.16 145.61 41.44 0.656 4.059 0.816 0.184 

walleye 8 M 16.65 204.88 52.84 116.39 41.35 0.623 3.666 1 0 

walleye 11 F 13.4 175.99 49 107.81 34.76 0.528 4.621 0.112 0.112 

walleye 15 M 21.32 245.99 110.5 163.92 50.22 0.793 4.456 0.904 0.096 

walleye 16 M 23.42 247.78 83.7 135.06 43.4 0.748 3.943 1 0 

walleye 18 M 12.49 217.21 55.43 109.93 44.24 0.706 3.633 1 0 

whitefish 1 M 22.16 245.86 47.21 113.23 20.36 0.631 3.688 1 0 

whitefish 2 M 26.49 229.29 44.02 119.06 34.8 0.665 3.512 1 0 

yellow perch 12 M 2.679 79.43 14.78 21.443 14.93 0.206 3.641 1 0 

yellow perch 13 F 2.187 85.336 16.99 21.256 20.54 0.228 4.17 0.146 0.146 

yellow perch 14 F 1.432 72.068 15.26 15.389 14.95 0.176 3.975 0.392 0.392 

yellow perch 15 F 1.473 65.547 11.36 13.441 15.04 0.174 4.021 0.263 0.263 

yellow perch 16 F 1.874 75.226 15.15 19.017 16.64 0.192 4.222 0.528 0.472 

yellow perch 17 F 1.346 61.013 11.17 13.251 13.55 0.141 4.226 0.512 0.488 

 


