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ABSTRACT 

 

The evolution of major psychopathologies remains a point of intense debate within the 

scientific community. Counter to classical Darwinian perspectives, these disorders persist 

in human populations despite their high fitness costs (shorter lifespan and fewer surviving 

offspring reaching sexual maturity). Schizophrenia, an umbrella term referring to a 

cluster of positive (delusions, hallucinations, disorganized behaviors) and negative signs 

(flattened affect, limited motility, anhedonia, asociality, among others), is no exception. 

Over the past three decades, researchers have developed various theories to address this 

evolutionary conundrum. Comparative researchers have addressed this subject by 

investigating numerous empirically based animal models. These investigations have 

detected potential mechanisms involved in the development of schizophrenia and 

explored the effectiveness of various interventions aimed towards reducing the 

pathology’s severity. Even though this approach offers a unique approach to this subject, 

the current literature could benefit from a comparative phylogenetic perspective.  For 

example, the molecular genetic literature has identified a positive association between life 

history indicators, such as maximum longevity, with the persistence of ancestral variants 

of genes (orthologues) across non-human species. Given that slow-life history species are 

generally subject to weaker selective pressures, this pattern is expected. Hence, 

deleterious or near deleterious mutations are harder to eliminate. The present dissertation 

aims to complement the molecular genetic literature by considering the roles of life 

history, neuroanatomy, and socioecology in this pathology's evolution. The current 

manuscript describes three comparative phylogenetic studies that outline the evolution of 

schizophrenia. Study 1 explored the connection between life history and the 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  
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values (a metric of orthologue persistence) of this pathology. Building on the previous 

result, Study 2 proposed a comparative phylogenetic examination of schizophrenia, 

autism, and bipolar disorder orthologues, as a potential complementary avenue for 

understanding the evolutionary dynamics of comorbidity among these disorders. As 

predicted, the analyses detected an underlying common genetic factor loading into the 

orthologue estimates for each disorder. Moreover, a Higher-Order Life History factor 

exhibited significant positive associations with the 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  values of autism and bipolar 

disorder. Similarly, this latent variable positively and significantly predicted the Genetic 

Psychopathology factor. Study 3 explored the connections among substrate use, diet, 

sociality, life history, neuroanatomy, and their respective relations with the persistence of 

schizophrenia orthologues in eutherian mammals. The model hypothesized that a Higher-

Order Life History factor should positively associate with neuroanatomical indicators 

such as the species’ total number of neurons. Lastly, the number of neurons predicted the 

persistence of schizophrenia orthologues. Life history mediated the association between 

sociality and neuroanatomy. Moreover, the total number of neurons mediated the 

connection between life history and the estimates for schizophrenia orthologues. The 

phylogenetic model demonstrated that sociality, a Higher-Order Life History, and the 

total number of neurons had significant positive associations with schizophrenia ancestral 

alleles' persistence.  
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GENERAL INTRODUCTION 

 

Schizophrenia and Animal Models  

Schizophrenia, a diagnostic classification consisting of a constellation of signs 

and symptoms associated with a chronic psychotic condition, afflicts over 20 million 

people around the globe, with an average prevalence of five per 1000 individuals (range 

between 2.7 to 8.3 per 1000; Eaton, Chuan-Yu, & Bromet, 2011; Word Health Report, 

2011). Even though the disorder is found worldwide, epidemiological reports have 

identified prevalence variation between groups. Current estimates suggest a 1.2:1 ratio of 

schizophrenia diagnoses in males to females (Brüne, 2015) with the highest incidence 

rate for males and females between the ages of 15 and 24 (Eaton et al., 2011). Generally, 

risk factors, such as experiencing physical abuse and neglect, also positively predict the 

likelihood of developing the pathology (Larsson et al., 2013). Several publications have 

found that this pathology's heritability values range from 48 to over 80 percent (Brüne, 

2015 Sullivan, Kendler, & Neale, 2003), indicating a significant genetic contribution. 

Epidemiological studies have also documented that, relative to healthy controls, 

schizophrenic individuals lose, on average, 14.5 years of life (Hjorthøj, Stürup, McGrath, 

& Nordentoft, 2017). Additional studies show that schizophrenic patients have shorter 

lifespans (Brown, Inskip, & Barraclough, 2000). Moreover, individuals suffering from 

this disorder also have limited reproductive success. Haukka, Suvisaari, and Lönnqvist 

(2007), for instance, examined the number of offspring produced by people with 

schizophrenia from 1950 to 1959 and found that the proportion of individuals with at 

least one offspring was lower those with schizophrenia than those in the general 

population.  
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Geyer and Moghadan (2002) provide a classification of behavioral phenotypes 

that are often used as proxies for schizophrenia-like symptomatology such as alterations 

in 1) locomotor activity and stereotypies; 2) deficits in habituation to startle responses; 3) 

pre-pulse inhibition (another indicator of reduced startle reaction); 4) P50 gating (a 

measure of reduced stimuli reaction); 5) latent inhibition (low rate of stimulus-response 

associations); and 6) alterations in social behavior. According to Geyer and Moghadam, 

psychostimulants generally generate pervasive behaviors, stereotypes, and increased 

locomotor activity in non-human samples. Given that past publications have identified 

severe cognitive deficits in humans with schizophrenia, such as the inability to ignore or 

filter irrelevant information, some animal models have examined these 

cognitive/behavioral phenotypes to determine how to induce similar phenomena in non-

human subjects experimentally.  

Contemporary studies often rely on animal models to determine potential 

evolutionary commonalities between abnormal non-human behavior and the signs of 

major psychopathologies observed in human clinical samples. Tordjman and 

collaborators’ review of the literature (2007) provided an in-depth classification of the 

various paradigms used to examine psychotic-like signs in non-human animals and their 

implications for understanding humans' disorder. This taxonomy considers the production 

of positive (delusions, hallucinations, disorganized behaviors) and negative (flattened 

affect, limited motility, anhedonia, asociality) signs and symptoms. In terms of the 

former, the administration of psychostimulants, such as amphetamines is known to 

modify the activation of the dopaminergic system, generate behavioral stereotypies, 

increase locomotion, change social interactions, and, based of the animal’s behavior, 
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seem to induce hallucinations (Tordjman et al., 2007). Researchers have also used 

hallucinogens (LSD) to induce behaviors that seem to indicate the presence of 

hallucinations or changes in perceptual encoding in non-human species (Tordjman et al., 

2007). According to Torjdman and colleagues (2007), although the hallucinogen model at 

first glance seems intuitive, the main limitation of this perspective is that it ignores the 

fact that in schizophrenic patients, most hallucinations occur as auditory, rather than as 

visual, experiences.  

Gil-da-Costa and collaborators (2013) developed an animal model to explore the 

glutaminergic theory of schizophrenia (GTS; Gil-da-Costa et al., 2013). According to this 

perspective, the deregulation of the glutamate neurotransmitter system is one factor 

involved in the crystallization of this disorder in humans. Experimental research using 

doses of ketamine, a chemical compound known to block the NMDA receptors, generate 

schizophrenia-like signs such as a decrease in the amplitude of P3 event-related potential 

and a drop in the mismatch negativity (MMN; Gil-da-Costa et al., 2013). The authors 

explored the GTS hypothesis in a sample of rhesus macaques (Macaca mulatta). The 

researchers presented a series of low and high tones and explored the variation in ERPs 

after the administration of ketamine. Akin to human individuals diagnosed with 

schizophrenia, ketamine-injected macaques exhibited a reduction in ERPs' amplitude, 

suggesting a neurophysiological homology.  

Similarly, Blackman and colleagues (2013) studied the association between 

context-processing deficits and the administration of ketamine as a potential animal 

model for schizophrenia. Given that individuals featuring signs and symptoms of 

schizophrenia have a limited ability to apply information coded as working memory in 
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new circumstances, the authors hypothesized Rhesus macaques injected with ketamine 

would produce greater than baseline  errors in a match-to-sample-task1. As predicted, 

relative to control conditions, the error rate significantly increased in individuals injected 

with ketamine, with the proportion of mistakes increasing based on the dose used. 

Studies examining neuroimaging data (blood oxygenation level-dependent signal 

in fMRI; BOLD) have reached similar conclusions. Yu’s team (2012) injected twelve 

adolescent males Macaca fascicularis with ketamine on functional neural integrity. The 

study assessed alterations to the prefrontal dopaminergic and cholinergic systems. 

Although the study detected an increase in the striatum's and the entorhinal cortex’s 

neural activity, the analyses indicated a decline in the activation of the visual cortex, the 

posterior cingulate cortex, the ventral tegmental area, and the substantia nigra. The paper 

also identified a lower TH positive cells per mm2 in the ketamine group relative to the 

control group. Even though individuals in the ketamine group did not decrease walking 

frequency, they reduced climbing and jumping frequency. The analyses also revealed a 

significant decrease in the total behavior scores after the administration of ketamine. This 

study provided further evidence of alteration of NMDA receptors and the production of 

phenotypic traits akin to the reported negative signs in individuals with schizophrenia.  

Other projects analyzing changes in functional connectivity in Macaca mulatta. 

Gopinath and collaborators (2016) found that ketamine-injected subjects experienced an 

increase in the functional connectivity of the dorsolateral prefrontal cortex (dlPFC) with 

                                                           
1 The researchers presented the macaques with a series of images with various configurations of white dots 

in black canvas. The subject viewed a dot pattern (cue) for 1.0 seconds, followed by a 1.1-second interval. 

Immediately after, the monkey observed another dot pattern (probe) for .5 seconds. After the probe 

presentation, the subject manipulated a joystick to indicate whether or not the probe matched the cue.  
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regions such as the ventral anterior cingulate, the amygdala, the caudate, the putamen, the 

insula, and the anterior superior temporal gyrus, areas associated with the mood 

regulation. The study also explored the effect of risperidone (an atypical antipsychotic 

drug) in downregulating the effects of ketamine. The administration of risperidone (one 

hour before the researchers administered the animals with ketamine) decreased the 

functional connectivity of the dlPFC with regions correlated with mood proceeding. 

These results further demonstrated the neurophysiological overlap between different 

psychopathologies, as evidenced by the alteration in the functional connectivity of 

cortical and limbic areas. In addition to ketamine-based experiments, some researchers 

claim amphetamine consumption generates psychotic-like behavior in non-human 

primates, which provides clues into the underlying correlates of the disorder in humans. 

Rhesus macaques experiencing amphetamine sensitization exhibited impaired 

performance in various cognitive tasks, including visual discrimination, delayed 

response, and delayed-non-match to sample (Castner, Vosler, & Goldman-Rakic, 2005).  

Amphetamine consumption is also associated with the degree of dendritic 

morphological variation in prefrontal pyramidal neurons (Selemon et al., 2007). Rhesus 

macaques that received  increasing doses of amphetamines displayed limited neural 

branching and a decline in the spine density of pyramidal cells, a pattern that, according 

to the authors, is similar to the dendritic atrophy observed in human schizophrenic 

patients (Selemon et al. 2007).  

Most of the publications on the effects of hallucinogens in non-human subjects 

have been limited to mice and rats (Winter, 2009). An extensive review of the literature 

identified only two publications where researchers examined cognitive functioning 
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changes after the administration of lysergic acid diethylamide (LSD) and 2,5-dimethoxy-

4-methylamphetamine (DOM). As mentioned above, a main limitation concerning animal 

models of schizophrenia is the difficulty of inferring the degree of altered states of 

consciousness. Some researchers recommend drug discrimination protocols to emulate 

human self-report experiences after exposure to various chemical compounds. These 

procedures often reinforce the subject’s behavior (increasing the probability the animal 

will press a lever or key after pairing the behavior and drug). It is worth noting other 

processes, such as food or sleep deprivation, also generate the reported patterns.  

Nielsen (1985) tested the degree to which four Vervet monkeys (Chlorocebus 

pygerythrus) accurately discriminated an LSD injection from a saline injection. The 

researcher presented the primates with a panel featuring two keys: a left button displaying 

a green light and a red button displaying a red light. After training, Nielsen proceeded to 

illuminate both keys following the administration of either LSD or a saline solution. The 

percentage of increased accurate responses depended on the injected dose of the 

hallucinogen. A repeated measures GLM identified the main effect of LSD 

administration on the correct response rate. Hence, individuals accurately reported they 

had been injected with LSD. The study also detected a significant interaction between 

LSD and the animal’s identity, indicating individual differences play a role in the degree 

of drug discrimination.  

It is not uncommon for the literature on the psychopharmacological treatment of 

primate behavioral abnormalities to refer to the regulation of the dopaminergic, opiate, 

and serotoninergic systems (Kummrow & Brüne, 2018). Several publications have also 

reported significant effects of antipsychotic drugs in decreasing abnormal behaviors in 
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non-human primates. McKinney et al. (1973) administered chlorpromazine to four rhesus 

macaques exhibiting abnormal behaviors (self-bite, self-clasp, huddle, rocking, and 

stereotypy). According to the authors, the ingestion of 7.5 mg/day of chlorpromazine 

reduced the frequency of abnormal behaviors in 75% of the primates examined. Although 

the effect of other antipsychotics remains to be tested, case studies provide some 

preliminary evidence. Pond and Rush (1983) reported Haloperidol (.2 mg/kg/day) 

decreased the severity of self-aggressive behaviors (self-biting declined from 28% to 8% 

per 15 sec.) in a rhesus macaque. 

 

Estimating the Level of Differential Selection in Schizophrenia Orthologues 

In addition to animal models, researchers have explored the persistence of 

schizophrenia genes across-non-human species. Ogawa and Vallender (2014), for 

example, collected Genetic information on 45 non-human species, including one 

monotreme, two marsupials, thirty-one non-primate eutherian mammals, and eleven non-

human primates. The authors compared the human genome with that of the latter non-

human species. After several procedures curating and aligning the data, the researchers 

identified similar genetic sequences between humans and non-human genomes. The 

study considered the ratio between non-synonymous and synonymous mutations located 

in regions involved in protein-coding functions (represented by the values dN and dS, 

respectively) of genes known to be associated with various neuropsychiatric disorders, 

including schizophrenia. Ogawa and Vallender not only based their exploration on the 

genetic taxonomy compiled by the Schizophrenia Gene Resource, containing information 

on over 7000 genes, including not only genes directly involved in schizophrenia but also 
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concerning alleles evidencing variation in their expression due to changes in adjacent 

Genetic networks. To determine the degree to which schizophrenia orthologues have 

been subject to differential selection, the authors calculated the average dN (non-

synonymous changes) and the average dS (synonymous changes) values for 

schizophrenia genes per species. This step allowed the researcher to compute the ratio 

between the latter means.  

Comparing these estimates, Ogawa and Vallender (2014) concluded that the 

average dN/dS for schizophrenia genes was considerably higher in non-human primates, 

cetaceans, and proboscideans than other eutherian mammals. Furthermore, more detailed 

examinations discovered that, although bottlenose dolphins (Tursiops truncatus), 

common chimpanzees (Pan troglodytes), bonobos (Pan paniscus), and rhesus monkeys 

(Macaca mulatta) featured the highest values, other species including prairie voles 

(Microtus ochrogaster), Norwegian rats (Rattus norvegicus), and house mice (Mus 

musculus), exhibited lower scores.  

Although it is common for some authors to view high dN/dS values as indicative 

of positive selection, a similar pattern could emerge due to the relaxation of evolutionary 

constraints (Ogawa & Vallender, 2014). Hence, the latter study’s results should not be 

interpreted as evidence of positive selection, but instead of differential selection operating 

on schizophrenia orthologue genes. Despite these caveats, this study offered a crucial 

approximation of the underlying general patterns of schizophrenia genes, such as the 

presence of high estimates in cetaceans and catarrhine primates. Ogawa and Vallender 

proposed these commonalities could be in part due to a relaxation of evolutionary 

constraints on various neuroanatomical volume indicators (e.g., overall encephalic 
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volume and relative brain mass accounting for the species’ body mass) attributable to 

living in complex social organizations. Without understating the significant contribution 

of Ogawa and Vallender’s examination, the authors did not determine if the species’ life 

history, neuroanatomy, or socioecology, predicted the observed average dN/dN values (or 

𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄ ). Hence, to understand the connection between life history and the persistence of 

schizophrenia orthologues, it is necessary to describe the central tenets of Life History 

Theory before the empirical examination in Study 1.   
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STUDY 1-LIFE HISTORY AND SCHIZOPHRENIA ORTHOLOGUES  
 

Introduction 

Life History Theory 

Life history Theory describes the variation in individuals' development, given the 

finite nature of resources, an organism allocates to various ontogenic dimensions 

(Brumbach, Figueredo, & Ellis, 2009; Herlter et al., 2018). The literature often classified 

these dimensions into two main types of efforts: Somatic and reproductive (the latter 

divided into mating and parental efforts).  Somatic effort corresponds to the distribution 

of resources necessary for the maintenance, repair, and growth of tissues (van Schaik & 

Isler, 2012). The reproductive effort is generally manifested as two subdimensions, 

mating effort and parental effort. Mating effort is measured by the time and energy an 

individual dedicates searching, obtaining, and guarding a mate, as well as the resources 

destined for intrasexual competition (Hertler et al., 2018). Alternatively, parental effort is 

associated with the bioenergetic investment for successfully rearing offspring (Brumbach 

et al., 2009). Due to the limited nature of resources, individuals face multiple life history 

trade-offs during their development. For instance, organisms could invest their 

bioenergetic budgets in somatic instead of reproductive effort or parental instead of 

mating effort (Hertler et al., 2018). These choices, and their relation to the various trade-

offs, have been interpreted as evidence of a life history continuum ranging from fast to 

slow. Species featuring a fast life history exhibit short lifespans, large litter sizes, a short 

gestation period, wean at an early age, have a brief inter-birth interval, reach sexual 

maturity early in their lifetimes, and exhibit a small body mass (van Schaik & Isler, 

2012). In contrast, slow life history species have prolonged lifespans, sire few offspring, 
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feature a long gestation period, wean at an older age, display a lengthy inter-birth 

interval, become sexually mature late in their development, and have a large body mass 

(van Schaik & Isler, 2012). 

 

Comparative Examinations of Life History Indicators across Non-Human Species 

Although the subject of life history’s factorial structure seems to be 

noncontroversial at first glance, heated debates regarding the underlying dimensions of 

this phenomenon occur in the modern literature. During the last two decades, some have 

called into question the current evidence supporting the presence of either a General Life 

History or a Fast-Slow continuum. For example, Jeschke and Kokko (2009) collected life 

history data (including age at first reproduction, inter-birth interval length, maximum 

lifespan, offspring mass, and fecundity) on multiple mammalian species, excluding 

chiropterans and marsupials. The study explored the presence of an underlying Fast-Slow 

factor after accounting for allometric effects and the phylogenetic proximity between the 

species in the dataset using a series of Principal Component Analyses. According to the 

authors, the computations using the raw data, without factoring-out allometric and 

phylogenetic influences, detected a single component explaining 78% of the variance. 

The authors also reported that once the analyses residualized the indicators against the 

species’ body mass, the model detected multiple dimensions, with the strongest 

component explaining 37% of the variance. 

Similarly, the PCA conducted with phylogenetically controlled indicators (the 

paper computed phylogenetic independent contrasts based on the log10-transformed data) 

detected more than one latent variable, with the largest one, once again explaining 37% 
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of the variance. Lastly, eliminating allometric and phylogenetic confounds further 

decreased the model’s fit, dropping to 32%. According to the authors, their results did not 

match a Fast-Slow continuum, with some of the latter indicators exhibiting a considerable 

level of orthogonality.  

 Bielby and colleagues (2007) also computed a series of factor analyses with 267 

mammalian species including, marsupials and placental taxa. The authors conducted their 

estimates with and without allometric and phylogenic controls. According to their 

calculations, the analyses identified multiple dimensions. These results, however, have 

not remained unchallenged. For example, Del Giudice (2014) reexamined the data 

collected by Bielby et al. (2007). The author identified two major methodological 

problems. First, Bielby and colleagues (2007) used a varimax rotation, overstating the 

degree of independence among the various dimensions. Second, Del Giudice also 

claimed that controlling for body mass removed variance associated with allometric 

effects and life history trade-offs. In his analyses, Del Giudice (2014) used Tucker’s 

coefficient of congruence, or CC, to determine the degree of statistical consistency 

between his re-analyses and the results published by Bielby and colleagues (2007). The 

high CC value (larger than .999) indicated that both analyses were nearly identical. Based 

on the life history indicators uncorrected for the species’ adult body mass, the unrotated 

solution for the PCA identified a fast-slow life history dimension explaining over 70% of 

the variance. Except for litter size, all life history indicators exhibited positive factor 

loadings. In contrast, the unrotated PCA solution estimated from body-mass corrected 

indicators identified more than one component. The first dimension explained over 35% 

of the total variance containing the species’ inter-birth interval, weaning age, and the age 
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at sexual maturity. The second component included the neonatal body mass and gestation 

length—the analysis performed with the mass-corrected data and varimax rotation, 

obtaining similar results. Exploring further, the author reported significant and positive 

correlations between the components (r = .35 for the body-mass corrected dataset; r = .65 

for the uncorrected sample). These results suggest the potential presence of higher-order 

factor loading into these lower-order dimensions.  

Other authors have used similar procedures but reached different conclusions. For 

example, van Schaik and Isler (2012) used an exploratory principal component analysis 

(PCA) with a sample of 86 non-human primate species. The analyses detected two main 

components. PC1 had an eigenvalue of 4.9, which explained 80% of the variance, while 

PC2 had an eigenvalue of .51, which accounted for 8% of the variation. The PCA 

determined that the first component positively loaded onto the species’ lactation, age at 

first reproduction, and negatively on the taxa’s fertility. For the authors, PC1 captured a 

fast-slow continuum. Alternatively, PC2 loaded negatively on maximum lifespan and 

positively on the species’ gestation period. For van Schaik and Isler, this second 

component corresponded to a precocial-altricial continuum. As an additional step in the 

analyses, the authors residualized all life history indicators against the species’ adult body 

mass and estimated multiple correlations among the residualized variables. All 

correlations but two were statistically significant (maximum lifespan-gestation length; 

and age at sexual maturity-gestation length). The PCA, with the residualized indicators, 

once again identified a fast-slow component. It is worth noting that although these results 

may lead some researchers to claim that primate life history data fits a multidimensional 

structure, future studies are required before reaching a definitive conclusion.  
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Life History and Neuroanatomical Indicators 

The literature describes several hypotheses concerning the coevolution of 

neuroanatomy and life history. The expensive brain perspective claims that large-brained 

species face an energetic trade-off between investing in the development and 

maintenance of neural substrates or allocating resources to the life history dimensions 

such as reproductive or non-neural somatic effort (Isler & van Schaik, 2008). The 

perspective predicts that large-brained species could increase the energy input by raising 

the energy turnover (increasing their basal metabolic rate) or adopting secondary sources 

such as through alloparental care (Isler & van Schaik, 2008). Changes in allocation could 

also address the rising costs associated with evolving a large brain. For example, other 

tissues’ consumption could be decreased by evolving physiological processes requiring 

less energy or reducing the total size of some organs (van Schaik, 2016). Similarly, 

organisms could delay the development of non-neural organs or postpone reproduction 

(van Schaik, 2016).  

Although some empirical evidence supports the predicted positive association 

between brain mass and energy costs, the magnitude of the effect ranges from small to 

moderate. Isler and van Schaik (2006), for example, collected basal metabolic rate 

(BMR) and brain size for 313 mammalian species. The paper reported a positive and 

significant association between these variables after accounting for body mass (R2= .053). 

Once the analyses controlled for the species’ phylogenetic proximity, the effect explained 

close to 3% of the variance. The analyses detected more substantial relations once the 

authors disaggregated the data by taxonomic Order. For instance, in non-human primates, 
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BMR explained around 20 % of the brain size variation, indicating the magnitude of the 

effect increases in large-brained organisms.  

In a subsequent publication, Navarrete and colleagues (2011) explored the 

expensive-tissue hypothesis with a sample of 1000 mammals. Contrary to prediction, the 

analyses extracted a positive association between residualized (controlled for fat-free 

body mass) brain size and digestive tract mass. This relation was especially notable in 

non-human primates where brain size correlated positively with the mass of multiple 

organs, including the heart, lungs, kidneys, and digestive tract. Although the authors 

discovered a negative association between residualized brain sizes with the residualized 

adipose depots in the complete mammalian sample, in non-human primates, this 

association was not statistically significant.   

Multiple comparative studies have also examined associations among life history 

traits and neuroanatomical volume indicators. In a 2009 study, Isler and van Schaik 

(2009) predicted a negative correlation between species exhibiting high rmax values (a 

metric of maximum population rate increase) and Log brain mass, evidencing a trade-off 

due to the energetic constraints associated with the evolution of large brain volumes. The 

authors collected information on brain volume and life history traits on 536 eutherian 

mammals and close to 400 avian species. The paper’s supplementary material describes 

the rmax formula as 1 = 𝑒−𝑟 + 𝑏(𝑒−𝑟∗𝛼 − 𝑒−𝑟(𝜔+1)), where α represents the minimum age 

at first reproduction, b equals the species’ annual fecundity, and ω is the maximum age at 

last reproduction. Due to the data quality, the authors used the maximum longevity as a 

proxy for ω, and replaced fecundity with fertility, assuming this latter term was equal to 

2* b. As expected, the correlation matrix among life history traits evidenced sizeable 
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relations. In a later publication, van Schaik and Isler (2012) explored the link between 

residualized overall brain mass and residualized life history indicators (gestation, 

weaning age, age at first reproduction, maximum lifespan, fertility, and neonatal body 

mass) in a sample of 87 non-human primates. The authors reported that all correlations 

remained statistically significant even after controlling for phylogenetic effects, 

supporting the predicted association. More recently, Herculano-Houzel (2019) also tested 

the predicted link between longevity, age at sexual maturity, and the number of cortical 

neurons. The dataset included 700 mammalian and avian species. As expected, the total 

number of neurons had a positive association with these variables.  

 

Life History and the Differential Selection of Orthologues  

Despite the current disagreement regarding the number of life history dimensions 

and their neuroanatomical role, this theoretical perspective could address the scientific 

enigma that is the evolution of schizophrenia.  With that goal in mind, it is necessary to 

mention some evolutionary assumptions regarding the study of ancestral genes and their 

corresponding persistence. At the core of this perspective lies the notion of near-

deleterious mutations. The nearly neutral theory of molecular evolution, developed by 

Ohta (1973, 1992)2, argued that although mutations featuring slightly deleterious effects 

could persist in small populations by behaving as “neutral” variations, in large 

populations, these mutations are frequently eliminated. Ohta (1992) viewed the long-term 

effective population size as the main factor in altering substitution rates.  

                                                           
2 Although the neutral theory of molecular evolution, remains a controversial subject, 

more nuanced perspectives have gathered greater acceptance in recent years. 
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The empirical evidence supports these claims. In a more recent exploration, 

Romiguier and colleagues (2012) analyzed 36 fully sequenced mammalian genomes and 

extracted an overall dN/dS value and GC3 divergence metric, the latter indicator 

reflecting the percentage of G and C associated with the third position of codons. 

Romiguier and collaborators also collected data on maximum lifespan and adult body 

mass from the AnAge database. The authors predicted an association between life history 

traits with the GC3 divergence and dN/dS ratio in a sample of 33 placental mammals: The 

analyses revealed a significant and positive association between the dN/dS ratio and the 

species’ longevity (𝑅2= .86, p < .0001). The study also identified a significant association 

between the GC3 divergence score with the taxas’ longevity.  

Nabholz and colleagues (2013) performed a similar test with a sample of 273 

placental mammals and 92 birds. The analyses explored the link between longevity, body 

mass, and age at sexual maturity with mitochondrial dN/dS values. The examination 

identified significant and positive correlations among all life history traits and the dN/dS 

ratio of mammals. In contrast to these results, neither the avian body mass nor the age at 

sexual maturity correlated with the dN/dS values. Moreover, avian longevity had a 

significant and negative correlation with the mitochondrial dN/dS ratio. Even though the 

authors suspected the inconsistencies between mammalian and avian results were the 

product of sparse estimation associated with dN/dS datasets, the persistent replication of 

positive correlations between mammalian life history traits and dN/dS estimates across 

publications suggest that future studies should also consider additional factors that could 

generate these anomalies. Other studies have detected similar patterns. Rolland and 

Romiguier (2019) predicted that the rate of deleterious mutations the species’ average life 
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history traits generalize beyond terrestrial species. The authors used a large genetic 

database and calculated the dN/dS ratio from 76 fish species. The model evidenced that 

long-lived and large-bodied species experienced a higher dN/dS ratio, a pattern consistent 

with the evidence described in mammalian and avian samples.  

 

Methods 

Sample 

The pertinent Genetic data was collected from the Ensembl genome browser 

(Cunningham et al., 2019). This online database contains information on the complete 

genomes of over 150 non-human species. This resource permits users to explore specific 

Genetic sequences based on a particular phenotype. The site also allows the estimation of 

dN and dS values per gene per species. Although Ensembl provides a vast amount of 

Genetic information on invertebrates, fishes, amphibians, reptiles, and avian species, the 

life history of these clades differs considerably from human life history indicators. Hence, 

to avoid confounding the results from these studies, the current study was limited to 82 

species of eutherian mammals, including the cetaceans, perissodactyls, artiodactyls, 

insectivores, carnivores, proboscideans, rodents, lagomorphs, chiropters, and primates. A 

similar procedure was used to collect the Genetic data on various life history indicators 

such as longevity, gestation, and lactation. This study obtained data on genes associated 

with the development and functioning of neuroanatomical indicators such as the nucleus 

accumbens, the hippocampus, and the cerebellum. 
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Traditional Statistical Analyses 

Regarding data curation, diagnostic statistics examined the normality of the 

residuals. The qqplots revealed that the data violated this assumption. Variables featuring 

skewed residuals were log-transformed. All indicators were subsequently standardized. 

This procedure facilitated the identification of outliers. Values outside the range of -3.0 

and 3.0 were winsorized (the procedure assigns the outlier with the next extreme value). 

Due to the current disagreement concerning the factorial structure of life history, a series 

of confirmatory factor analyses tested the various phenotypic life history dimensions 

reported in the literature. Four sets of analyses were conducted with a sample of 506 non-

human mammals collected from the AnAge database (2009). These examinations' 

pertinence guided the eventual estimation of unit-weighted factor scores with a subset of 

82 eutherian mammals.  

It is relevant to mention that Isler and van Schaik’s analyses (2012) used age at 

first reproduction, rather than age at sexual maturity as a life history indicator, the metric 

found in the AnAge dataset. It could be argued that, since the present analyses used the 

latter variable, these results did not examine the factorial structure reported by Isler and 

van Schaik (IVS; 2012). Although this study initially considered merging the AnAge 

dataset with the IVS compendium, both datasets shared 200 mammalian species. Hence, 

all the analyses were conducted with the AnAge sample to preserve a large sample size 

(over 500 taxa). The age at sexual maturity gathered from the AnAge online data 

repository and the species age at first reproduction collected from Isler and van Schaik’s 

life history data collection (2012), however, featured a statistically significant and robust 
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correlation (r = .931, p < .0001). Hence, the present analyses computed the various CFAs 

using age at sexual maturity instead of age at first reproduction.  

The first set of analyses computed the factorial structure without allometric of 

phylogenetic controls.  The second set accounted for the species’ body mass but did not 

eliminate the underlying phylogeny's influence. The third set used the phylogenetic 

independent contrasts of the various life history indicators. These analyses, however, did 

not control for body mass. The last set accounted for both allometric and phylogenetic 

influences. Within each set, five models were estimated. The first model explored the 

presence of a single General Life History factor. The second model followed Isler and 

van Schaik’s description of two dimensions: the first latent variable loading into age at 

sexual maturity, litter size, weaning age (Fast-Slow), and the second one containing 

gestation and longevity (Neoteny). Although the authors extracted this factorial structure 

from a sample of primate species, the current study examined whether their conclusions 

were extrapolated to other mammalian clades. The third model assumed the presence of a 

two-factor solution with zero covariance between Fast-Slow and Neoteny. The fourth 

model predicted the presence of higher-order factor comprised of Isler and van Schaik’s 

dimensions as lower-order strata. The fifth model explored a bifactorial structure.  

This study examined the models’ adequacy using two fit indices, the comparative 

fit index (CFI) and the normed fit index (NFI). Some authors have advised against the use 

of root mean square error of approximation (RMSEA) in models with low degrees of 

freedom (Kenny, Kaniskan, & McCoach, 2015); instead, methodological publications 

recommend re-running the analyses as saturated models. Hence, this alternative was used 

for every model featuring low degrees of freedom and high RMSEA values. In addition 
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to the Akaike information criterion (AIC) and the Bayesian information criterion (BIC), 

the present paper computed Δi AICs = (AICi - AICmin) and Δi BICs= (BICi - BICmin) to 

determine model parsimony. As a rule of thumb Δi < 2, the model is supported. Similarly, 

the present examination computed the models’ weights following the formula:  

𝑤𝑖   𝐴𝐼𝐶 =
exp(−∆𝑖𝐴𝐼𝐶/2)

∑ exp(−∆𝑖𝐴𝐼𝐶/2)𝐾
𝑘=1

 

The AICs’ or BICs’ weight indicates the probability that a particular model 

outperforms alternative predictions. The closer the weight gets to 1.0, the higher the 

support for the predicted model. Given the lack of statistical agreement concerning the 

methodological superiority of either BIC or AIC, the current chapter presents both 

estimates with their corresponding weights.  

After determining the underlying life history factorial structure, this project 

calculated a unit-weighted factor by standardizing all indicators and computing the 

average score across standardized items. Factor loadings were estimated by correlating 

each standardized indicator with the corresponding standardized latent factor. An 

ordinary least-squares linear model estimated the association between the phenotypic and 

the Genetic Life History factor. A series of extension analyses were conducted to 

estimate the association between the Pheno-Genetic Life History factor, the Genetic 

Neural factor, and the level of differential selection observed on schizophrenia 

orthologues.  
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Phylogenetic Comparative Methods  

A phylogenetic tree was downloaded from the online resource timetree.org. This 

repository contains Genetic information on 97,085 species facilitating the reconstruction 

of branch lengths based on molecular time estimates. A list featuring the 83 eutherian 

mammals was uploaded to this repository to generate the phylogenetic tree. The tree was 

examined with the programs Fig Tree v. 1.4 and Mesquite v. 2.75 (to address any 

topological inconsistencies). Following these examinations, the tree and the Genetic and 

phenotypic information were imported into R v. 3.5.3. The present study used 

phylogenetic generalized least square regressions (PGSL) to account for underlying 

phylogenetic confounds. Hence, all “traditional” bivariate correlations were immediately 

followed by its corresponding PGLS analyses.  

Comparative examinations face the challenge of accounting for the species’ 

shared evolutionary history when analyzing the rise, persistence, and covariation of 

phenotypes across taxa. This problem originates from the fact that species sharing a 

recent common ancestor are expected to be more similar to each other relative to more 

distant taxa. Consequently, the clades' phylogenetic history violates the statistical 

assumption of data independence, wherein the data’s residuals are correlated, increasing 

the likelihood of Type I errors (Nunn, 2011). In addition to erroneously detecting a 

significant effect, mathematical simulations have also concluded that ignoring the 

underlying phylogenetic structure of the data is also associated with the production of 

type II errors (MacLean & Nunn, 2017). In response to these limitations, statisticians and 

behavioral ecologists have developed an array of comparative phylogenetic methods 

controlling for the species’ evolutionary trajectory. 
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The estimation of phylogenetic independent contrasts (PIC), for example, 

provides researchers with a flexible procedure wherein the contrast values can be used in 

subsequent analyses. Consider three species a, b, and c, with a and b share a common 

ancestor d, which in turn has a common ancestor, e, with c. For the present purposes, 

suppose a has a body mass of 80 kg, and b has a body mass of 60 kg. The first 

unstandardized contrast C1 is equal to 80 - 60 = 20. The ancestral value for d must be 

estimated beforehand to compute the contrast between a-b with c. According to Nunn 

(2011), this value can be obtained from the following formula: 

𝑋𝑑 =  
(1 𝑡𝑎) 𝑋𝑎 + (1 𝑡𝑏)𝑋𝑏⁄⁄

1 𝑡𝑎 + 1 𝑡𝑏⁄⁄
 

Where a and b correspond to the two descendant species, X is equal to the trait 

values associated with each species, and t corresponds to the branch length on the 

phylogenetic tree connecting the common ancestor with each descendant. Continuing 

with the previous example, assume a branch length of 9.5 for a and b. Replacing these 

values into the formula, the ancestral estimate for d is: 

𝑋𝑑 =  
(1 9.5) 80 + (1 9.5)60⁄⁄

1 9.5 + 1 9.5⁄⁄
= 70 

 It is worth noting that this procedure is flexible enough to account for the uncertainty in 

the calculation of 𝑡𝑑. Once again, Nunn (2011) provides the following formula: 

𝑡𝑑
′ = 𝑡𝑑 +

𝑡𝑎 𝑡𝑏

(𝑡𝑎 + 𝑡𝑏)
 

Assuming 𝑡𝑑 is equal to 9.7 the value of 𝑡𝑑
′  is equal to 14.45. The PIC operates as 

a descending recursive process (beginning with the tree's tips and moving downwards 

until the analyses reach the phylogeny’s root) wherein the species, traits, and branch 
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values used for the computation of each contrast are excluded from subsequent 

calculations. The previous formulas concern unstandardized contrasts. The process of 

standardization in PIC differs from regular standardization procedures frequently used in 

traditional statistics. Assuming a Brownian motion model, whereby a trait variation 

increases in proportion to the length of the branches (Nunn, 2011), the formula for a 

standardized contrast is equal to:  

𝑍𝑐1 =  
𝑐1

√𝑡𝑎 + 𝑡𝑏

 

Similar to other statistical procedures, PIC rests on a series of statistical 

assumptions. First, the absolute value of standardized contrasts is not correlated with the 

sum of the branches' square root associated with each contrast. Second, no correlation 

exists between the absolute value of the standardized contrast with the node of each 

contrast's age. Third, the contrast residuals exhibit low heteroscedasticity. Fourth, if 

outliers are present, they should be removed or transformed accordingly (Nunn, 2011). In 

case any of these conditions are not met, transforming the data, or phylogenetic tree 

should solve any methodological short-coming. Like any other statistical procedure, PIC 

also exhibits some limitations. As mentioned above, this method assumes that traits 

evolve under Brownian motion fixing the trait’s phylogenetic signal to a value of Pagel’s 

λ =1.00. It is not uncommon, however, that some traits may exhibit lower levels of 

phylogenetic preservation. Hence, univariate and multivariate phylogenetic diagnostics 

are essential to determine the intensity of the phylogenetic signal. For this study, in 

addition to describing the results estimated from both the traditional and the 
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phylogenetically controlled statistics, each chapter will also provide information on the 

various diagnostic values.   

In response to these limitations, some authors have recommended the use of linear 

mixed models (LMM) in studies interested in calculating the association between life 

history indicators and values of differential selection on orthologues. According to 

Popadin et al. (2007), metrics such as the Ka/Ks ratio (an alternative to the dN/dS ratio) 

are already contrasts computed based on the variation in genetic sequences between two 

taxa sharing a common lineage. Hence, calculating PIC on these variables could lead to 

methodological redundancy. The authors claimed that studies examining the association 

between phenotypic independent contrasts and the Ka/Ks ratio face the challenge of 

dealing with temporal incongruence. Hence, although calculating independent contrasts 

from raw phenotypic data correspond to the variation observed in extant species, the 

Ka/Ks ratio captures the differences between current and past Genetic sequences.  

Other researchers have also used alternative procedures to test the predicted 

association between the dN/dS ratio and various life history indicators (for example, with 

PGLS; Rolland & Romiguier, 2019). Consequently, in addition to presenting PIC 

analyses, the following chapter includes various LMM wherein each model included 

Family as a random effect nested within Order. Although it would be appropriate to have 

additional levels in the model, such as SubFamilies, SubOrders, and Infra-Orders, the 

current sample size limits the implementation of more complex models. 
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The Mathematical Rationale for using Linear Mixed Models 

Frequentist statistical procedures rest on three major mathematical assumptions. 

First, a linear function best represents the association between variables. Second, the 

variables' residuals must follow a normal distribution. Third, data residuals should remain 

independent (Tabachnick & Fidell, 2019). It is common for researchers to encounter 

methodological conditions where either one or all of the latter assumptions are violated. 

Linear Mixed Models (i.e., LMM; also referred to as Multilevel Models) emerged in 

response to non-independent data (Tabachnick & Fidell, 2019). LMM comprises two 

main statistical components, fixed effects and random effects (Tabachnick & Fidell, 

2019). The crucial difference between the two rests on the researcher's goal of 

generalizing the study's estimates to the groups not included in the analyses. This 

distinction is especially evident when considering nested or hierarchical structures, such 

as species nested within the genus, genus contained within families, and families within 

orders. As indicated in other sections of this manuscript, phylogenetic proximity is one of 

the main challenges of conducting comparative analyses. Although in the past 30 years 

behavioral ecologists and evolutionary researchers have developed several statistical 

perspectives controlling for the underlying phylogenetic signal, LMM provides a flexible 

alternative, wherein a lower-order cladistics classification (e.g., Family) is considered as 

a random effect in the model.  

 

The Mathematical Rationale for Controlling for Body Mass 

As previously mentioned, the phenotypic life history indicators and the species' 

average adult body mass are generally correlated, wherein species featuring larger adult 
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body mass also have: heavier infants, fewer offspring per litter, reproduce later in life, 

and have an extended lifespan (Van Shaik & Isler, 2012). The question of allometric 

confounds also extends to studies exploring the evolution of neuroanatomical volume 

indicators such as the brain's total size or its various subregions (e.g., telencephalon, 

diencephalon, among others). According to comparative neuroanatomists, species 

exhibiting larger body mass also feature larger brains solely due to scaling rules (Jerison, 

1982). Consequently, controlling for body mass is an essential step before exploring any 

hypotheses regarding the various positive selective pressures leading to larger brains.  

It is also possible to make a case for not controlling for body mass.  For example, 

conducting analyses accounting for body mass assumes that organisms are not confronted 

with the challenge of allocating resources to either somatic, parental, or reproductive 

effort. On the contrary, both theory and evidence suggest that larger species generally 

have fewer offspring in part due to the energetic costs associated with gestating, lactating, 

and provisioning large-bodied offspring. Given the debate regarding the merits or 

limitations of allometric controls remains unabated, the present dissertation conducted the 

current analyses both with and without accounting for the species' adult body mass. 

Hypotheses 

Given the positive association between various life history indicators and 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄   

estimates described above, the present manuscript explores the following predictions: 

1. The species’ average 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄   for gestation, lactation, and longevity 

orthologues associate positively with the  𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  schizophrenia genes. 

2. The species’ 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  values for Genetic Life History factor scores associate 

positively with the 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄   scores for schizophrenia genes. 
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3. The species’ 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄   estimates for nucleus accumbens, hippocampus, 

cerebellum, associate positively with the 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄   schizophrenia genes. 

4. The species’ 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄    for the Genetic Neural factor scores associate positively 

with the 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄    schizophrenia genes 

 

Results 

 

CFA Results without Allometric and Phylogenetic Controls  

The first model, hypothesizing the presence of a General Life History factor 

loading directly into the indicators, exhibited poor fit (CFI = .937, NFI =.935). The 

standardized solution identified that all indicators displayed adequate factor loadings, 

with longevity featuring the strongest loading (.933) and litter size the weakest (-.767) 

(see Table 1.1). The second model, estimating the presence of two factors, also exhibited 

a poor fit (CFI = .942, NFI =.940). The standardized estimates showed that the first 

dimension (Fast-Slow) loaded adequately onto the various indicators (see Table 1.1). The 

second dimension (Neoteny) loaded positively into the species’ gestation length (.840) 

and longevity (.949). The model also detected a significant and strong covariance 

between the factors (standardized solution =.966). Although the latter model did not 

reach an adequate fit, fixing the covariance term to 0 made the fit indices to drop even 

further (CFI = .621, NFI =.620). Given the strong inter-factor association observed in the 

two-factor model with free covariance estimation, a fourth model explored the presence 

of a higher-order dimension loading into these lower-order strata. The model had a poor 
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fit (CFI = .941, NFI =.940). The higher-order factor featured positive and significant 

loadings into the Fast-Slow (.983) and the Neoteny dimension (.983).  

The present study examined three saturated models, one for the two-factor 

solution with free covariance, a second for the higher-order factor, and the last one for the 

bifactor model. The two-factor saturated model with free covariance estimation exhibited 

a good model fit (CFI = .985, NFI =.985), with one of the two factors loading 

considerably into all life history indicators (see Table 1.1). Alternatively, the higher-order 

factor saturated model had a poor fit (CFI = .940, NFI =.940). Lastly, a bifactor model 

analyzed the co-existence of a General Life History factor loading into all indicators, 

along with the Neoteny and Fast-Slow dimensions. The model displayed a good fit (CFI 

= .984, NFI =.984). The standardized solution revealed that the General Life History 

factor explained most of the variance (see Table 1.1), with gestation length and litter size 

accounting for the remaining portion of the variance.  

Model comparison based on the model’s AIC and BIC estimates concluded that 

the bifactor model was the most parsimonious (AIC=64.892; BIC=128.496), followed by 

the two-factor model with free covariance estimation (AIC=155.889; BIC= 202.532), the 

higher-order factor (AIC=157.889; BIC=208.773), the single-factor model 

(AIC=164.329; BIC=206.732), and the two-factor model with 0 fixed covariance.  

 

CFA with Allometric Controls and without Phylogenetic Controls 

The General Life History factor model displayed poor fit (CFI = .836, NFI =.832), 

with factor loadings ranging between .784 to -.532 (see Table 1.2). The two-factor model 

also exhibited a poor fit (CFI = .846, NFI =.843). In the first factor, age at sexual 
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maturity featured the most robust factor loading (.809), whereas litter size the weakest (-

.503). The second factor displayed loadings above .50 (see Table 1.2). The analyses also 

detected a sizeable standardized covariance between the two factors (.877). With an inter-

factor covariance fixed to 0, the two-factor model evidenced a further decline in model fit 

(CFI = .538, NFI =.537). The presence of an interfactorial correlation between Fast-Slow 

and the Neoteny factor encouraged examining a potential higher-order factor. This model 

had a poor fit (CFI = .846, NFI =.843). The estimates also identified that the higher-order 

factor loaded into the lower-order factor (Fast-Slow=.937; Neoteny=.937). Due to the 

high RMSEA and the low degrees of freedom associated with the two-factor and the 

higher-order factor models, it was appropriate to follow these examinations with their 

homologous saturated alternatives. The two-factor saturated model with free inter-factor-

covariance estimates had a good fit (CFI = .969, NFI =.970). The standardized results for 

linear equations indicated that although one of the factors loaded on most of the 

indicators, a portion of the unique variance remained explained by the body-mass 

corrected log10 litter size (see Table 1.2). The higher-order factor saturated model had a 

poor fit (CFI = .841, NFI =.843). Finally, the bifactor model presented a good fit (CFI = 

.958, NFI =.956).  
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Table 1.1 Confirmatory Factor Analyses with standardized log10 life-history indicators. The analyses did not control for allometric or 

phylogenetic effects. 

Note. FRCE: Free covariance estimation; FXCE: Fixed covariance estimation (0); GLH: General life-history factor; HLH: Higher-

order life-history factor. The Fast-Slow factor is modeled after Isler and van Shaik’s (2012) estimation.  

 

 

 

 

  

General Life History 

Factor Model 

Two-Factor Model 

(FRCE) 

Two-Factor Model 

(FXCE) 

Higher-Order Factor 

Model 

Bifactor Model 

Parameter Loading Factor(s) Loading Factor(s) Loading Factor(s) Loading Factor(s) Loading Factor(s) Loading Factor(s) 

Z log10 

Age at 

Sexual 

Maturity 

.896 GLH .908 FS .847 FS .908 FS .309 FS .943 GLH 

Z log 10 

Weaning 

Age 

.837 GLH .853 FS .947 FS .853 FS .019 FS .844 GLH 

Z log10 

Litter size 

-.767 GLH -.758 FS -.728 FS -.758 FS .536 FS -.829 GLH 

Z log 10 

Maximum 

Longevity 

.933 GLH .949 Neoteny .893 Neoteny .840 Neoteny .196 Neoteny .884 GLH 

Z log 10 

Gestation 

Length 

.839 GLH .840 Neoteny .893 Neoteny .949 Neoteny .467 Neoteny .798 GLH 

Z Fast-

Slow (FS) 

      
.983 HLH     

Z Neoteny 
      

.983 HLH     

AIC 164.329   155.889   867.678   155.889   64.892       

Δi AIC  101.519 
 

93.079 
 

806.868 
 

95.079 
 

2.082    

wi (AIC) .000 
 

.000 
 

.000 
 

.000 
 

.261    

BIC 206.732 
 

202.532 
 

905.840 
 

202.532 
 

128.496    

Δi BIC 8.318 
 

76.118 
 

785.667 
 

82.359 
 

2.082    

wi (BIC) .000   .000   .000   .000   .261       
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Table 1.2.  Confirmatory Factor Analyses, with standardized log10 life-history indicators, examining the predicted factorial structure 

under various theoretical frameworks. The analyses only accounted for allometric effects. 

  
General Life Factor 

History Model 

Two-Factor Model 

(FRCE) 

Two-Factor Model 

(FXCE) 

Higher-Order Factor 

Model 

Parameter Loading Factor(s) Loading Factor(s) Loading Factor(s) Loading Factor(s) 

Z res log10 Age at Sexual 

Maturity 

.780 GLH .809 FS .618 FS .809 FS 

Z res log10 Litter size -.532 GLH -.503 FS -.458 FS -.503 FS 

Z res log 10 Weaning Age .666 GLH .694 FS .966 FS .694 FS 

Z res log 10 Gestation Length .533 GLH .541 Neoteny .680 Neoteny .541 Neoteny 

Z res log 10 Maximum Longevity .784 GLH .857 Neoteny .680 Neoteny .857 Neoteny 

Fast-Slow (FS) 
      

.937 HLH 

Neoteny 
      

.937 HLH 

AIC 164.254 
 

157.271 
 

416.715 
 

157.271 
 

Δi AIC  6.983 
 

.000 
 

259.444 
 

.000 
 

wi (AIC) .015 
 

.493 
 

.000 
 

.493 
 

BIC 206.657 
 

203.914 
 

454.877 
 

203.914 
 

Δi BIC 2.743 
 

.000 
 

25.963 
 

.000 
 

wi (BIC) .113   .444   .000   .444 
 

Note. FRCE: Free covariance estimation; FXCE: Fixed covariance estimation (0); GLH: General life-history factor; HLH: Higher-

order life-history factor. The Fast-Slow factor is modeled after Isler and van Shaik’s (2012) estimation.  
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Controlling for allometry evidenced that the General Life History factor left a 

portion of the variance explained by res log10 litter size and res log 10 maximum 

longevity (see Table 1.2).  Consistent with the raw estimates, the standardized 

coefficients indicated that the General Life History factor accounted for most of the data 

variation (see Table 1.2).  Concerning model parsimony, the bifactor model excelled 

(AIC= 53.04; BIC=116.99) over the general factor model (AIC= 111.66; BIC=159.30), 

the two factor model (AIC= 111.92; BIC=158.82), and the higher-order factor model 

(AIC= 113.93; BIC=165.09).  

Due to the strong association between multiple life history indicators and adult 

body mass, the present study residualized the phylogenetic independent contrasts of the 

various life history traits against the independent contrasts of the species’ adult body 

mass. These residuals were later exported to SAS to be standardized and used in a series 

of CFAs.  

 

Comparative Phylogenetic Diagnostics of Life History Indicators 

The diagnostic analyses revealed that all life history traits were phylogenetically 

preserved to a varying degree. The age at sexual maturity, for example, had a Pagel’s λ of 

.975 and was significantly different from .0 (p <.0001) and 1.0 (p <.0001). Age of 

weaning (Pagel’s λ=.936), and litter size (Pagel’s λ=.962), were statistically different 

from .0 (p <.0001) and 1.0 (p <.0001). Alternatively, gestation length (Pagel’s λ=1.0), 

and maximum longevity (Pagel’s λ=.995), were significantly different from .0 (p <.0001), 

but not from 1.0 (p =1.0). These results indicate that although some life history indicators 

evolve under Brownian motion, other traits change under different evolutionary regimes.  
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CFA with PIC and without Allometric Controls  

The General Life History factor loaded significantly into the five life history 

indicators (see Table 1.3). Removing phylogenetic autocorrelations' influence decreased 

the magnitude of the loadings, with values ranging between -.59 to .77. The model 

exhibited a good fit (CFI = .983, NFI =.977). In a similar vein, the two-factor model also 

displayed a drop in the magnitude of the factor loadings (see Table 1.3), with the 

independent contrasts for log10 longevity presenting the strongest loading (.80), and the 

contrasts for log10 litter size the weakest (-.590). The analyses detected a strong 

standardized covariance between the Fast-Slow and the Neoteny factor (.923). This 

model also had a good fit (CFI = .989, NFI =.985). The third model explored the 

presence of a two-factor structure fixing the covariance to 0 to determine the statistical 

pertinence of maintaining the covariance in the model. Removing this term impacted the 

model’s fit (CFI = .612, NFI =.610). Moreover, this result falsified the hypothesis of 

orthogonality between Fast-Slow and the Neoteny factors. In terms of the higher-order 

factor model, the supraordinate factor significantly loaded into the Fast-Slow (.961) and 

the Neoteny (.961) lower-order dimensions. This model featured a good fit (CFI = .989, 

NFI =.985). The two-factor saturated model also exhibited a good fit (CFI = .969, NFI 

=.970), with one of the factors explaining most of the variance, with the contrasts for 

log10 age at sexual maturity accounting for a remaining portion. Alternatively, the 

saturated higher-order factor model had a poor fit (CFI = .841, NFI =.843). The bifactor 

model with the phylogenetic independent contrasts detected that the General Life History 

factor explained most of the variance. Nevertheless, the PIC for indicators such as log10 
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gestation length (.653) and log10 litter size (.655) accounted for a sizeable portion of the 

remaining variance. The model had an excellent fit (CFI = .992, NFI =.991).  

With regards to the models’ parsimony, the two-factor model with factor 

covariance was identified as superior (AIC= 35.029; BIC=81.78) to the general factor 

model (AIC= 39.619; BIC=82.119), the higher-order factor model (AIC= 37.029; 

BIC=88.029), the bifactor model (AIC= 37.575; BIC=101.324), and the two-factor model 

assuming an interactor covariance of 0 (AIC= 352.04; BIC=394.54). The models’ Δi AIC 

and Δi BIC confirmed this conclusion with the two-factor model with an inter-factor 

covariance fixed to 0, remaining unfavored (Δi AIC=317.014; Δi BIC=312.764). 

Alternatively, the Δi BIC for the General Life History factor remained below the cutoff 

point of 2 (.340) and exhibited an adequate weight (wi= .844), indicating support for this 

model (see Table 1.3).  

 

CFA with PIC and Allometric Controls  

The last set of CFAs explored the latter results' persistence after removing the 

variance accounted by the species’ body mass and the trait’s phylogenetic 

autocorrelations. The General Life History factor presented a good fit (CFI = .961, NFI 

=.944). As expected, controlling for allometric and phylogenetic effects decreased the 

factor loadings' magnitude, with age at sexual maturity exhibiting the strongest loading 

(see Table 1.5). The two-factor model with free inter-factorial covariance displayed a 

good fit (CFI = .972, NFI =.958). 
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Table 1.3. Confirmatory Factor Analyses, with standardized log10 life-history indicators, examining the predicted factorial structure 

under various theoretical frameworks. The analyses only accounted for phylogenetic effects. 

Note. FRCE: Free covariance estimation; FXCE: Fixed covariance estimation (0); GLH: General life-history factor; HLH: Higher-

order life-history factor. The Fast-Slow factor is modeled after Isler and van Shaik’s (2012) estimation.  

 

 

 

  

General Life History 

Factor Model 

Two-Factor Model 

(FRCE) 

Two-Factor Model 

(FXCE) 

Higher-Order Factor 

Model 

Bifactor Model 

Parameter Loading Factor(s) Loading Factor(s) Loading Factor(s) Loading Factor(s) Loading Factor(s) Loading Factor(s) 

Z Cn log10 

Age at Sexual 

Maturity 

.702 GLH .718 FS .698 FS .718 FS .143 FS .736 GLH 

Z Cn log 10 

Litter size   
-.587 GLH -.590 FS -.553 FS -.590 FS .581 FS -.638 GLH 

Z Cn log10 

Weaning Age 
.725 GLH .744 FS .794 FS .744 FS .060 FS .743     GLH 

Z Cn log 10 

Gestation 

Length 

.690 GLH .707 Neoteny .752 Neoteny .707 Neoteny .326 Neoteny .635 GLH 

Z Cn log 10 

Maximum 

Longevity   

.771 GLH .800 Neoteny .752 Neoteny .800 Neoteny .326 Neoteny .723 GLH 

Fast-Slow 

(FS) 

      
.961 HLH     

Neoteny 
      

.961 HLH     

AIC 39.619 
 

35.029 
 

35.043 
 

35.023 
 

35.575       

Δi AIC  4.596 
 

.006 
 

315.020 
 

.000 
 

.552    

wi (AIC) .035 
 

.349 
 

.000 
 

.350 
 

.266    

BIC 82.119 
 

81.779 
 

388.293 
 

81.779 
 

95.074    

Δi BIC .340 
 

.000 
 

306.514 
 

.000 
 

13.295    

wi (BIC) .297   .351   .000   .351   .000      
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Table 1.4.  Confirmatory Factor Analyses with standardized log10 life-history indicators, examining the predicted factorial structure 

under various theoretical frameworks. The analyses accounted for phylogenetic and allometric effects. 

 

Note. FRCE: Free covariance estimation; FXCE: Fixed covariance estimation (0); GLH: General life-history factor; HLH: Higher-order life-

history factor. The Fast-Slow factor is modeled after Isler and van Shaik’s (2012) estimation.  

 

 

 

  

General Life History 

Factor Model 

Two-Factor Model 

(FRCE) 

Two-Factor Model 

(FXCE) 

Higher-Order Factor 

Model 

Bifactor Model 

Parameter Loading Factor(s) Loading Factor(s) Loading Factor(s) Loading Factor(s) Loading Factor(s) Loading Factor(s) 

Z Cn res log10 

Age at Sexual 

Maturity 

.526 GLH .540 FS .528 FS .540 FS .654 FS .515 GLH 

Z Cn res log 

10 Litter size 
-.473 GLH -.473 FS -.421 FS -.473 FS .073 FS -.524 GLH 

Z Cn res log10 

Weaning age 
.583 GLH .603 FS .664 FS .603 FS .105 FS .548 GLH 

Z Cn res log 

10 Gestation 

Length 

.440 GLH .483 Neoteny .522 Neoteny .483 Neoteny .268 Neoteny .412 GLH 

Z Cn res log 

10 Maximum 

Longevity 

.506 GLH .565 Neoteny .522 Neoteny .565 Neoteny .268 Neoteny .488 GLH 

Fast-Slow (FS) 
      

.913 HLH     

Neoteny  
      

.913 HLH     

AIC 34.812   33.215   123.556   33.215   35.64       

Δi AIC  1.597 
 

.000 
 

9.341 
 

.000 
 

2.425    

wi (AIC) .164 
 

.364 
 

.000 
 

.364 
 

.108    

BIC 77.311 
 

79.965 
 

161.806 
 

79.965 
 

95.132    
Δi BIC .000 

 
2.654 

 
84.495 

 
2.654 

 
17.821    

wi (BIC) .653   .173   .000   .173   .000      



49 

 
 

The covariance between the Fast-Slow and the Neoteny factors remained strong 

(.833). In contrast to these results, fixing the factors’ association to 0 produced a 

considerable decline in the model’s fit indices (CFI = .610, NFI =.602). Due to evidence 

supporting the association between the Fast-Slow and the Neoteny dimension, subsequent 

analyses examined the presence of a higher-order factor. As predicted, the Higher-Order 

model detected a supraordinate latent variable loading into the Fast-Slow and the 

Neoteny factors. The model had a good fit (CFI = .972, NFI =.958). The two-factor 

saturated model had a great fit (CFI = .988, NFI =.988). Except for the log10 age at 

sexual maturity, exhibiting adequate loadings in both dimensions, most of the indicators 

exhibited sizeable loadings corresponding to a single factor.  

The Higher-Order saturated model also displayed a good fit (CFI = .956, NFI 

=.958), with the Higher-Order factor loading into the Fast-Slow (.920) and the Neoteny 

(.905) dimensions. Concerning the bifactor model, the standardized coefficients revealed 

that the General Life History factor explained most of the observed variance, with the 

residualized contrasts for log10longevity and age at sexual maturity accounting for the 

remaining portion. Overall, the model exhibited a good fit (CFI = .970, NFI =.971). 

Model comparison following parsimony indices indicated that the Higher-Order Life 

History factor model is preferred over the general factor model, the bifactor model, and 

the two-factor model with inter-factor covariance fixed to 0 model (AIC= 125.56; 

BIC=168.06). 
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CFA with Phylogenetic Generalized Least Square Regression Residuals 

The phylogenetic diagnostics identified that most life history traits displayed a 

phylogenetic signal (Pagel’s λ) below 1.0. A series of phylogenetic least squares 

regressions (PGLS) were conducted to extract the phylogenetic residuals between log10 

adult body mass and the various life history indicators. Overall, the CFAs indicated that 

the General Life History factor (CFI = .830, NFI =.830, SRMR=.08), the two-factor 

model (CFI = .836, NFI =.830, SRMR=.078), and the Higher-Order factor model (CFI = 

.832, NFI =.831, SRMR=.08) had poor fits. However, the bifactor model had a good fit 

(CFI = .95, NFI =.95, SRMR=.05). The General Life History factor accounted for most 

of the variance in the model, with the remaining portion explained by residuals log10 age 

at sexual maturity, residuals log10 litter size, and residuals log10 maximum longevity 

(see Table 1.4) 

In a subsequent series of tests, independent phylogenetic contrasts computed in R 

were imported into SAS for conducting multiple CFAs. Consistent with Del Giudice’s 

conclusion, the model’s adequacy level exhibits a considerable drop once the models are 

controlled for allometry. Moreover, accounting for phylogenic effects decreased the fit of 

all models. The results obtained from these analyses also countered the claim of 

orthogonality among life history factors. Although further research is required to 

determine the adequacy of alternative factor structures, the General Life History factor 

was superior, even after accounting for allometric and phylogenetic effects.  
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Unit-Weighted Factor Scores  

This study computed the factor scores for the subset of 82 eutherian mammals 

(corresponding to the Ensembl Genetic database). The unit-weighted computation of the 

standardized slow phenotypic life history factor, calculated from the raw species 

indicators, revealed the factor loaded positively and significantly into the various 

phenotypic life history indicators. The factor loadings ranged from .624 to .894. Several 

species exhibited factor scores above 1.5 standard deviations, including non-human 

primates, cetaceans, and proboscideans such as Western lowland gorillas (Gorilla 

gorilla), bonobos (Pan paniscus), chimpanzees (Pan troglodytes), Sumatran orangutans 

(Pongo abelli), African elephants (Loxodonta africana), domestic horses (Equus 

caballus), asinus (Equus asinus), bison (Bison bison), European cattle (Bos taurus), and 

bottlenose dolphins (Tursiops truncatus). The subsequent analysis identified a positive 

and significant correlation between the standardized phenotypic life history factor and the 

standardized 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  schizophrenia orthologues (r= .516, p < .0001). Additional 

explorations revealed that except for adult body weight, neonatal body weight, and body 

weight at the time of weaning, most of the standardized phenotypic life history indicators 

significantly mediated the standardized phenotypic life history effect. The analyses 

accounting for the various phylogenetic effects identified a single life history factor. All 

life history indicators exhibited sizeable estimates and were statistically significant (Table 

1.1). The factor loadings ranged between .782, for the independent contrasts of age at 

sexual maturity, to -.548, corresponding to litter size.  

The standardized Genetic Slow Life History factor, estimated from the raw 

species data, loaded positively and significantly into the standardized 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄   scores for 
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orthologues associated with longevity, lactation, and gestation in humans. The factor 

loadings ranged from .814 to .910. In terms of factor scores, some species featured values 

above 1.5 standard deviations, including in Western lowland gorillas (Gorilla gorilla), 

Sumatran orangutans (Pongo abelli), bonobos (Pan paniscus), chimpanzees (Pan 

troglodytes), and in Northern white cheek gibbons (Nomascus leucogenys). A principal 

axis factor analysis (PAF) was conducted to confirm the unit-weighted factor 

computations' results. The PAF detected a sizeable factor (see Table 1.2) exhibiting 

adequate reliability (Cronbach’s α = .84; CI 95%= .78 to .89). Horn’s parallel (Horn, 

1965), a procedure often used to determine the number of latent dimensions, supported 

the presence of a single factor. Subsequent analysis determined that the standardized 

phenotypic slow life history factor positively and significantly predicted the standardized 

𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  for schizophrenia orthologues (r= .836, p < .0001). Similarly, the standardized 

Genetic Life History indicators positively predicted the standardized 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  for 

schizophrenia orthologues (see Table 1.2).  

A standardized Genetic Neural factor, calculated from the raw species data, 

loaded positively and significantly into the three standardized 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  values associated 

with the cerebellum, the hippocampus, and the nucleus accumbens. The factor loadings 

ranged between .877 and .926. Non-human primates such as Western lowland gorillas 

(Gorilla gorilla), bonobos (Pan paniscus), chimpanzees (Pan troglodytes), Southern pig-

tailed macaques (Macaca nemestrina), crab-eating macaques (Macaca fascicularis), 

rhesus macaques (Macaca mulatta), drills (Mandrillus leucophaeus), olive baboons 

(Papio anubis), black snub-nosed monkeys (Rhinopithecus bieti), golden snub-nosed 

monkeys (Rhinopithecus roxellana), Angola colobus (Colobus angolensis), green 
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monkeys (Chlorocebus sabaeus), and Nacy Ma’s night monkeys (Aotus nancymaae) 

displayed scores above 1.5 standard deviations. The examination identified a positive and 

significant correlation between the standardized Genetic Neural factor and the 

standardized 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  for schizophrenia orthologues (r= .806, p < .0001). In addition to 

this association, differential selection values operating on schizophrenia orthologues also 

correlated with the standardized Genetic Neural factor indicators (see Table 1.3).   

The phylogenetic signal of 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  schizophrenia orthologues indicated that the 

values were highly preserved across the phylogenetic tree (Pagel’s λ = .953). The 

likelihood ratio significance tests revealed that Pagel’s λ was equivalent to 1.0 (p = .07) 

and different from .0 (p <.0001). Consequently, comparative phylogenetic methods are 

warranted, given the prominence of the latter phylogenetic effects.  Alternatively, the 

diagnostic analyses concluded that the  𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  scores for neural orthologues featured 

Pagel’s λ estimates above .0 but below 1.0 (nucleus accumbens = .893; hippocampus = 

.473; and cerebellum = .608). This pattern indicates that differential selection is not 

acting more prominently on specific clades.  

 

Linear Mixed Models  

This study compared the output of two linear mixed models (Table 1.9). Each 

exploration included Family, nested within Order, as a random factor, and did not control 

allometric confounds. The first one (M1) examined the association between a Higher-

Order Life History factor and the 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄   estimates for schizophrenia orthologues. The 

second model (M2) explored the relation between the Higher-Order Life History factor 

after accounting for allometric effects.  In both cases, the analyses identified a positive 
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and significant relation between life history and the persistence of schizophrenia 

orthologues. Model comparison determined M2 had the best fit (Table 1.9).   

LMMs with Phenotypic and Genetic Predictors 

In a subsequent exploratory stage, the present study analyzed the association of 

a Genetic Life History factor (ZGENK) and a Genetic Neural factor (ZGENNEURO) in 

conjunction with the phenotypic life history factors (Table 1.10). The first model (PM1) 

included the Higher-Order Life History factor, followed by the ZGENK and the 

ZGENNEURO. The second model (PM2) explored a similar model; however, it 

controlled for the phenotypic allometric effects. In PM1, all three predictors exhibited 

positive and significant associations with the persistence of schizophrenia orthologues. 

Alternatively, in PM2, only the genetic predictors had positive and sizeable associations 

with the schizophrenia orthologues values. Model comparison determined that the model 

without allometric controls had a better fit (Table 1.10).  

 

Study 1 Discussion 

Although several animal models have identified phenotypic equivalencies 

between human and non-human psychopathologies, little is known in terms of the role of 

life history in the evolution of schizophrenia. Without discounting the discoveries 

reached by these studies, the previous publications were limitated. For example, positive 

signs associated with schizophrenia, such as hallucinations, are relatively difficult to 

induce and detect in lab trials with non-human species. The administration of 

amphetamines and hallucinogens seem to alter perceptual states briefly. Studies exploring 

the effects of ketamine on non-human species claim that the injection of this compound 
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in non-human primates generates an array of signs akin to those observed in 

schizophrenia, including locomotion disturbances and cognitive processing alterations. It 

is worth noting these perturbations are not exclusive to schizophrenia, as they have also 

been reported in other psychopathologies such as mood disorders (Toomey, Faraone, 

Simpson, & Tsuang, 1998). Another limitation of schizophrenia animal models is that 

this pathology refers to an amalgam of several signs and symptoms, suggesting a 

multidimensional disorder.  

Given that one of the main goals of this chapter included estimating the 

association between life history and orthologue persistence, an exploration of the 

statistical fit of various models describing non-human life history's factorial structure was 

required. Over the years, critics have questioned the validity of a General Life History 

factor, claiming life history’s organization is multifactorial. The current analyses suggest 

that model selection differs based on whether phylogenetic and allometric effects are 

included or excluded from the analyses. For example, if the analyses are conducted 

without residualizing the indicators against body mass, and not controlling for phylogeny, 

then a bifactor model should be preferred. A similar pattern emerged with the body-mass 

residualized indicators, wherein the model’s fit and parsimony supported a bifactor 

structure. Although these results support the hypothesized co-existence of a General Life 

History factor along with a Fast-Slow, and Neoteny factors, the former standardized 

coefficients explained a sizeable portion of the variance. 
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Table 1.5. Bivariate correlations among schizophrenia orthologues, the hippocampus, the cerebellum, the nucleus accumbens, 

longevity, gestation, lactation, and various phenotypic life-history indicators. 

Note. Schizo; 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  estimates for schizophrenia orthologues; Acu: 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  estimates for nucleus accumbens orthologues; Hipp: 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  

estimates for hippocampus orthologues; Cer: 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  estimates for cerebellum orthologues; Lon: 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  estimates for longevity orthologues; 

Ges: 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  estimates for gestation orthologues; Lact: 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  estimates for lactation orthologues;  Logplon: phenotypic Log10 maximum 

longevity ;  Logpfm: phenotypic log10age at sexual maturity; Logpg: phenotypic log10 gestation length; Logpw: phenotypic  log10 age at 

weaning; Logpl: phenotypic  log10 litter size; Logpaw:  phenotypic log 10 adult body mass. 

 Schizo Acu Hipp Cer Lon Ges Lact Logplon Logpfm Logpg Logpw Logpl Logpaw 

Schizo 
1.000 

            

- 
            

Acu 
.705 1.000 

           

<.0001 - 
           

Hipp 
.672 .621 1.000 

          

<.0001 <.0001 - 
          

Cer 
.787 .752 .733 1.000 

         

<.0001 <.0001 <.0001 - 
         

Lon 
.829 .647 .632 .736 1.000 

        

<.0001 <.0001 <.0001 <.0001 - 
        

Ges 
.743 .739 .723 .757 .787 1.000 

       

<.0001 <.0001 <.0001 <.0001 <.0001 - 
       

Lact 
.613 .475 .488 .474 .592 .534 1.000 

      

<.0001 <.0001 <.0001 <.0001 <.0001 <.0001 - 
      

Logplon 
.586 .526 .436 .599 .497 .533 .471 1.000 

     

<.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 - 
     

Logpfm 
.570 .569 .448 .566 .498 .573 .400 .817 1.000 

    

<.0001 <.0001 <.0001 <.0001 <.0001 <.0001 .000 <.0001 - 
    

Logpg 
.556 .484 .351 .515 .415 .402 .415 .813 .717 1.000 

   

<.0001 <.0001 .001 <.0001 .000 .000 .000 <.0001 <.0001 - 
   

Logpw 
.628 .591 .539 .637 .491 .609 .515 .801 .871 .762 1.000 

  

<.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 - 
  

Logpl 
-.558 -.588 -.388 -.628 -.478 -.453 -.379 -.738 -.638 -.766 -.705 1.000 

 

<.0001 <.0001 .000 <.0001 <.0001 <.0001 .000 <.0001 <.0001 <.0001 <.0001 - 
 

Logpaw 
.263 .162 .196 .230 .152 .234 .188 .673 .719 .675 .683 -.385 1.000 

.017 .147 .078 .037 .172 .034 .091 <.0001 <.0001 <.0001 <.0001 .000 - 
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Table 1.6. General linear model examining the effect of Family on the persistence values for 

schizophrenia orthologues. The computation used Hominidae as a reference category. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Source R2 SS F-value p-value 

Family .904 77.224 8.740 <.0001 

Parameter Estimate Standard Error t-value p-value 

Intercept 2.854 .223 12.780 <.0001 

Aotidae -2.004 .499 -4.010 .000 

Bathyergidae -3.310 .499 -6.630 <.0001 

Bovidae -3.605 .300 -12.030 <.0001 

Callitrichidae -2.361 .499 -4.730 <.0001 

Camelidae -1.542 .499 -3.090 .004 

Canidae -2.958 .341 -8.670 <.0001 

Castoridae -3.392 .499 -6.800 <.0001 

Caviidae -3.593 .387 -9.290 <.0001 

Cebidae -2.294 .387 -5.930 <.0001 

Cercopithecidae -1.980 .258 -7.680 <.0001 

Cheirogaleidae -2.851 .499 -5.710 <.0001 

Chinchillidae -3.882 .499 -7.780 <.0001 

Choloepodidae -1.814 .499 -3.630 .001 

Cricetidae -3.442 .341 -1.090 <.0001 

Dasypodidae -3.800 .499 -7.610 <.0001 

Delphinidae -2.569 .499 -5.150 <.0001 

Dipodidae -3.675 .499 -7.360 <.0001 

Elephantidae -3.313 .499 -6.640 <.0001 

Equidae -2.797 .387 -7.230 <.0001 

Erinaceidae -3.838 .387 -9.930 <.0001 

Felidae -3.175 .341 -9.310 <.0001 

Galagidae -2.920 .499 -5.850 <.0001 

Heteromyidae -3.724 .499 -7.460 <.0001 

Hylobatidae -1.035 .499 -2.070 .045 

Indriidae -2.842 .499 -5.690 <.0001 

Lemuridae -2.834 .499 -5.680 <.0001 

Leporidae -4.085 .499 -8.180 <.0001 

Muridae -3.483 .288 -12.080 <.0001 

Mustelidae -3.122 .387 -8.070 <.0001 

Ochotonidae -3.177 .499 -6.360 <.0001 

Octodontidae -3.954 .499 -7.920 <.0001 

Procaviidae -2.806 .499 -5.620 <.0001 

Pteropodidae -2.650 .499 -5.310 <.0001 

Sciuridae -3.177 .316 -1.060 <.0001 

Soricidae -4.663 .499 -9.340 <.0001 

Spalacidae -3.553 .499 -7.120 <.0001 

Suidae -3.092 .499 -6.190 <.0001 

Tarsiidae -2.980 .499 -5.970 <.0001 
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Continued Table 1.6. 

 

 

 

 

Table 1.7. General linear model examining the effect of Order on the persistence values for 

schizophrenia orthologues. The computation used Primates as a reference category

Tenrecidae -3.901 .499 -7.810 <.0001 

Tupaiidae -2.241 .499 -4.490 <.0001 

Ursidae -3.368 .341 -9.880 <.0001 

Vespertilionidae -3.535 .499 -7.080 <.0001 

Hominidae  .000 . . . 

Source R2 SS F-value p-value 

Order .571 46.211 6.95 <.0001 

Parameter Estimate Standard Error t-value p-value 

Intercept 1.001 .140 7.130 <.0001 

Afrosoricida -2.048 .729 -2.810 .007 

Artiodactyla -1.300 .289 -4.500 <.0001 

Carnivora -1.306 .257 -5.080 <.0001 

Chiroptera -1.239 .525 -2.360 .021 

Cingulata -1.947 .729 -2.670 .010 

Eulipotyphla -2.260 .436 -5.180 <.0001 

Hyracoidea -.953 .729 -1.310 .196 

Lagomorpha -1.778 .525 -3.390 .001 

Perissodactyla -.944 .525 -1.800 .076 

Pilosa .039 .729 .050 .958 

Proboscidea -1.460 .729 -2.000 .049 

Rodentia -1.629 .207 -7.860 <.0001 

Scandentia -.388 .729 -.530 .597 

Primates .000 . . 
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Table 1.8. Unit-Weighted factor loadings associated with a Genetic Neural factor, a Genetic Life-history factor, and various 

phenotypic life-history factor structures with and without controlling for allometric effects.  

Note. ZAcu: Standardized  𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  estimates for nucleus accumbens orthologues; ZHipp: Standardized  𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  estimates for hippocampus 

orthologues; ZCer: Standardized  𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  estimates for cerebellum orthologues; ZLon: Standardized   𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  estimates for longevity orthologues; 

ZGes: Standardized   𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  estimates for gestation orthologues; ZLact: Standardized  𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  estimates for lactation orthologues; ZLogplon: 

Standardized phenotypic Log10 maximum longevity;  ZLogpfm: Standardized phenotypic log10age at sexual maturity; ZLogpg: Standardized 

phenotypic log10 gestation length; ZLogpw: Standardized phenotypic  log10 age at weaning; ZLogpl: Standardized phenotypic  log10 litter size; 

ZLogpaw:  Standardized phenotypic log 10 adult body mass. ZK:  Standardized general life-history factor; ZFS: Standardized Fast-Slow factor; ZNT: 

Standardized Neoteny factor; ZSK: Standardized higher-order life-history factor. ZK (res):  Standardized general life-history factor computed from 

body-mass residualized indicators; ZFS (res): Standardized Fast-Slow factor computed from body-mass residualized indicators; ZRNT(res): 

Standardized Neoteny factor computed from body-mass residualized indicators; ZSK(res): Standardized higher-order life-history factor computed 

from body-mass residualized indicators. 

Indicators 
ZGENK 

Loading(s) 

ZGENNEURO 

Loading(s) 

ZK 

Loading(s) 

ZNeoteny 

Loading(s) 

ZFS 

Loading(s) 

ZSK 

Loading(s) 

ZK (res) 

Loading(s) 

ZNT (res) 

Loading(s) 

ZFS (res) 

Loading(s) 

ZSK (res) 

Loading(s) 

ZCer  .925         
ZHipp  .877         
ZAcu   .884         
ZLon .910          
ZLact .814          
ZGes .888          
Zlogplon   .926 .952   .865 .910   
ZLogpg   .901 .952   .811 .910   

ZLogpfm   .898  .920  .810  .878  
ZLogpw   .920  .945  .854  .913  
ZLogpl   -.855  -.860  -.87  -.843  
ZFS      .971     

ZNT      .971     

ZFS (res)          .943 

ZNT (res)          .943 
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Table 1.9. Linear Mixed Models with Family and Order as random effects. Each model explored 

the fit of two life-history models predicting the  𝒅𝑵̅̅ ̅̅ 𝒅𝑺̅̅ ̅̅⁄  values for schizophrenia orthologues 

Note. ZK:  Standardized general life-history factor; ZFS: Standardized Fast-Slow factor; ZNT: 

Standardized Neoteny factor; ZSK: Standardized higher-order life-history factor; Est: Estimates; 

Std. Err: Standard Error.  

 

Table 1.10. Linear Mixed Models with Family and Order as random effects. Each model 

explored the fit of two life-history models, along with a Genetic Neural factor (comprised of the 

𝒅𝑵̅̅ ̅̅ 𝒅𝑺̅̅ ̅̅⁄  values associated with the cerebellum, hippocampus, and nucleus accumbens), and a 

Genetic Life-History factor (loading into the 𝒅𝑵̅̅ ̅̅ 𝒅𝑺̅̅ ̅̅⁄  values corresponding to longevity, 

lactation, and gestation) predicting the  𝒅𝑵̅̅ ̅̅ 𝒅𝑺̅̅ ̅̅⁄  values for schizophrenia orthologues. 

Note. ZSK: Standardized higher-order life-history factor; ZGENK: Standardized Genetic Life 

History Factor (based on the 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  metrics for life history indicators such as longevity, 

lactation, and gestation); ZGENNEURO: Standardized Genetic Neural Factor (computed from 

𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  levels for the cerebellum, the hippocampus, and the nucleus accumbens); Est: Estimates; 

Std. Err: Standard Error.  

Higher-Order Factor Model  

(Based on unresidualized indicators) 

Higher-Order Factor Model  

(Based on residualized indicators) 

Effect Est. Std. Err. DF F-value p-value Est. Std. Err. DF F-value p-value 

ZSK .344 .107 38 3.050 .002 .333 .108 38 9.62 .004 

2 Res Log-

Likelihood 

155.900 
    

155.7     

AIC 166.700 
    

165.7     

Δi AIC  1.000     .000     

wi (AIC) .378     .622     

BIC 169.100 
    

168.9     

Δi BIC .200     .000     

wi (BIC) .475     .525     

Higher-Order Factor Model  

(Based on unresidualized indicators) 

Higher-Order Factor Model  

(Based on residualized indicators) 

Effect Est. Std. Err. DF F-value p-value Est. Std. Err. DF F-value p-value 

ZSK .175 .078 36 97.22 <.0001 .088 .091 36 .940 .353 

ZGENK .436 .106 36 73.01 <.0001 .473 .099 36 4.680 <.0001 

ZGENNEURO .329 .113 36 8.52 .006 .319 .110 36 2.930 .006 

2 Res Log-

Likelihood 

114.3     113.4 

 

   
  

AIC 126.3     127.4 
   

  

Δi AIC  .000     1.100 
    

wi (AIC) .634     .366 
    

BIC 130.2     131.9 
  

  
 

Δi BIC .000      1.700 
    

wi (BIC) .701      .299         
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In contrast, CFA models with body-mass residualized indicators and controlling 

for phylogenetic proximity indicated that, depending on the model’s fit indicator (AIC or 

BIC), a two-factor model with inter-factor covariance or a Higher-Order Life History 

factor is supported. Although authors such as Isler and van Shaik did not claim these 

dimensions to be orthogonal, other publications have questioned the predicted existence 

of a Fast-Slow continuum or a General Life History factor. The results from this study 

falsify those predictions. Consequently, based on the results obtained from the present 

study, the Higher-Order Factor was used in the remaining analyses exploring the 

association among life history and the 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  schizophrenia values. Moreover, Higher-

Order Factor was used to assess the various hypotheses and predictions developed 

throughout this dissertation.  

Previous publications reported that long-lived species inhabiting small groups are 

more likely to feature high 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄ . The rationale originates from the predicted relaxed 

selective pressures operating on slow life history species, and wherein deleterious 

mutations are less likely to be eliminated. Although past studies have examined an 

overall association between differential selection and life history traits, to our knowledge, 

no publication explored the predicted positive connection among life history and the 

𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  values in schizophrenia orthologues.  

Th𝑒 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  for schizophrenia orthologues estimated in this chapter echoes the 

results published by Ogawa and Vallender (2014), with several primate species featuring 

𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄   values above 1.5 standard deviations. The results obtained from the present 

study are also consistent with the predicted association between the species’ life history 

and the degree of differential selection operating on schizophrenia orthologues, wherein 
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species featuring higher scores in the Higher-Order Life History factor also exhibited a 

greater persistence of schizophrenia orthologues. The current analyses agree with 

previous publications identifying greater 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄   in slow life history species, large and 

long-lived species inhabit smaller populations and are subject to weaker selective 

pressures (Nikolaev, Montoya-Burgos, Popadin, Parand, & Margulies, 2007; Romiguier 

et al., 2013).  

As predicted, the Genetic Life History factor (comprised of lactation, gestation, 

and longevity) positively correlated with the phenotypic life history, encouraging the 

estimation of a higher-order Pheno-Genetic Life History factor. The current chapter 

found support for the predicted association among the differential selection of 

schizophrenia orthologues and the Pheno-Genetic Life History factor, even after 

accounting for phylogenetic effects.  The present study also showed that this pattern 

extends to neural indicators, with a single Genetic neural factor loading into the 

differential selection operating on the cerebellum, hippocampus, and nucleus accumbens.   
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STUDY 2-EVOLUTIONARY INTEGRATION OF SCHIZOPHRENIA, AUTISM, 

AND BIPOLAR ORTHOLOGUES 

Introduction  

The field of differential diagnostics is a cornerstone of clinical psychology and 

psychotherapeutic interventions. Clinicians and mental health practitioners often rely on 

various instruments to distinguish among psychopathologies and their underlying 

etiological factors accurately (e.g., DSM-5). Diagnostic tools and criteria have changed 

over the decades based on hundreds of papers exploring the various causes leading to the 

crystallization of major disorders. It is not uncommon, however, for clinicians and 

researchers to report considerable overlap between the signs and symptoms of different 

psychopathologies, wherein an individual often experiences more than one mental 

disorder at any given time (i.e., comorbidity; Jacobi et al., 2014; Kendler, Gallagher, 

Abelson, & Kessler, 1996; McMillan, Enns, Cox, & Sareen, 2009; Teesson, Slade, & 

Mills, 2009). This phenomenon encouraged researchers to explore the degree to which 

two or more mental pathologies originate due to the deregulation of similar primary 

neurophysiological substrates. 

Moreover, although the current clinical and psychiatric literature concentrates on 

exploring neural, hormonal, and physiological commonalities among psychotic, bipolar, 

and autism disorders, there is little to no mention of why the degree of genetic persistence 

of deleterious or near deleterious mutations associated with these pathologies due to the 

presence of an ancestral genetic cluster found in other eutherian mammals. This paper 

proposes that examining the covariation among the degree of differential selection 

operation on schizophrenia, autism, and bipolar disorder’s orthologues offers a 

complementary perspective for understanding comorbidity's evolution among these 
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conditions. Hence, before exploring these evolutionary hypotheses, we describe the 

clinical characteristics of bipolar disorder and autism, along with the current evidence 

suggesting its comorbidity with schizophrenia, in some detail. With this goal in mind, we 

begin with a brief description of the diagnostic criteria associated with autism and bipolar 

disorder, as well as its comorbidity with schizophrenia. 

  

Comorbidity between Schizophrenia, Bipolar Disorder, and Autism 

Bipolar disorder, a psychiatric umbrella term, is characterized by the succession 

of mood alterations, wherein individuals experience depressive stages followed by manic 

or hypomanic phases (Belmaker, 2004; Müller-Oerlinghausen, Berghöfer, & Bauer, 

2002). The lifetime prevalence ranges from 1.3 to 1.6 % (Müller-Oerlinghausen et al. 

2002). This psychopathology is often sub-classified based on the severity of the 

symptoms. In Type I bipolar disorder, patients exhibit severe episodes of depression, 

followed by episodes of mania (mood exaltation), that could, in turn, be accompanied by 

psychotic symptoms such as delusions and hallucinations (Savitz, van der Merwe, Stein, 

Solms, & Ramesar, 2009). Type II bipolar disorder features milder depressive and manic 

symptoms (refer to some literature as hypomanic) lacking delusions and hallucinations 

(Benazzi, 2007). Akin to the reported pattern observed between fitness indicators and 

other psychopathologies (e.g., schizophrenia), individuals experiencing bipolar disorder 

have fewer offspring and shorter lifespans relative to healthy controls. For example, 

power and colleagues (2013) examined the reproductive patterns of 2.3 million Swedish 

individuals. Their study demonstrated that, although the sisters of bipolar patients had 



65 

 
 

more offspring than healthy controls, it was not enough to compensate for the patients’ 

loss of individual fitness.   

Individuals diagnosed with Bipolar disorder (no distinction between Type I or 

Type II) are also more likely to have shorter life expectancies than healthy controls. A 

longitudinal study examining Danish bipolar patients (1970-2012) suggested that 

individuals diagnosed with the disorder lost between 11 to 20 years relative to healthy 

individuals. This loss remains consistent across all age groups. Moreover, while control 

males at 15 years old had a life expectancy of 62, bipolar males had a life expectancy of 

51 years. Females displayed a similar pattern. At age 15, the control females had a life 

expectancy of 66 years; bipolar females had a life expectancy of 55 years.  

Bipolar patients are also at higher risk of premature death than healthy controls. 

Laursen and collaborators (2013) compared the standardized mortality rates of 

individuals diagnosed with bipolar disorder in Denmark, Finland, and Sweden. The 

standard mortality rate for all causes of death ranged between 2 to 2.8 for men and 2 to 

2.5 for women. Disaggregating the data evidenced a considerable increase due to all 

external causes of death (this category included suicides, homicides, and accidents), with 

estimates ranging between 7.8 to 8.5 for men and 7 to 1.3 for women. The analyses also 

detected a significant difference in life expectancy between individuals with bipolar 

disorder and the general population. Men diagnosed with the disorder lost between 13 to 

20 years relative to the latter. Similarly, women's life expectancy from this pathology 

ranged from 51 to 55 years, losing between 11 to 16 years of life.  

Although recent publications have identified significant differences in causes of 

mortality between healthy controls and patients with bipolar disorder, the latter 
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experiencing earlier deaths, little agreement exists concerning the role of telomeric length 

(TL). Colpo and colleagues (2015) performed a systematic review and a subsequent 

meta-analysis exploring the reported variation in TL in individuals diagnosed with 

Bipolar disorder. The study did not detect significant differences among the groups. 

However, it is worth noting that behavioral genetic studies report that bipolar disorder is 

quite heritable beyond these results. A twin study with Danish participants computed a 

heritability of over 60% for this disorder (Wray & Gottersman, 2012). Although Type 

and Type II differ in their symptomatology, both subclasses display similar heritability 

estimates, with some studies reporting h 2 =.73 for the former and h 2 =.77 for the latter 

(Edvardsen et al., 2008).  

It is not uncommon for schizophrenia to occur with bipolar disorder. Behavioral 

genetic studies offer a complementary image of this association. Lichtenstein and 

colleagues (2009) sampled from the Swedish National Registries in a population-based 

study to examine associations among bipolar and schizophrenia disorders. The authors 

gathered information from the Multigenerational Register and the Hospital Discharge 

Register. The combined datasets allowed the researchers to gather information on over 1 

million Swedish nuclear families, close to 200,000 paternal half-sibling families, and 

over 150,000 maternal half-sibling families. The Generalized Linear Mixed Model with 

Probit link detected that the additive genetic effects explained most of the variance for 

schizophrenia (64%) and bipolar (55%), with the rest being accounted for by the shared 

and non-shared environment. Interestingly, the additive genetic effects operating on 

comorbidity also accounted for a sizeable portion of the variance (92%). The study also 

found that individuals experiencing bipolar disorder had a higher risk of having first-



67 

 
 

degree misdiagnosed with schizophrenia. Similarly, probands diagnosed with the 

psychotic condition had a higher risk of having first-degree relatives diagnosed with 

bipolar disorder. Molecular genetic studies complement the latter conclusions.  For 

instance, Shao and Vawter (2011) examined RNA samples collected from the 

dorsolateral prefrontal cortex of individuals with bipolar disorder, schizophrenia, and 

control individuals. The authors identified that at least 78 genes exhibited alterations of 

shared genetic expression, evidencing that multiple genes are involved in the 

crystallization of schizophrenia and bipolar disorder.  

Similarly, researchers have demonstrated that mood, psychotic, and autism-

spectrum disorders exhibit an overlap in their symptomatology (Carroll & Owen, 2009). 

For instance, Raja and Azzoni (2010) showed that in a clinical sample of 26 individuals 

diagnosed with an autism spectrum disorder, over 80% exhibited delusions, over 70% 

reported suffering from hallucination, and over 84% of the patients met the criteria for 

schizophrenia. The presence of psychotic symptoms extended to some patients’ relatives 

(in 19% of the cases, a relative of the patient exhibited positive psychotic symptoms, and 

4% had a schizophrenia diagnosis). It is worth noting that comorbidity studies face 

additional challenges in addition to small sample sizes, such as depending on the 

accuracy of the differential diagnosis. Misdiagnosis could lead to the conclusion of 

higher comorbidity between psychotic and autistic disorders.  
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Purpose of the Present Study 

This study examined the predicted associations among the persistence of 

schizophrenia orthologues and that of psychopathologies such as autism and bipolar 

disorder. Furthermore, the present project also predicted the presence of sizeable and 

statistically significant correlations among the 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  values of these disorders indicate 

the existence of a latent genetic psychopathology factor. Given the reported influence of a 

species life-history strategy on the persistence of deleterious or near-deleterious alleles, 

this chapter also claims that the Higher-Order phenotypic Life History factor positively 

predicts the estimates for schizophrenia orthologues, autism, and bipolar disorder. The 

current project also explored whether or not the phenotypic life history factor had a 

positive and significant association with integrating the various genetic psychopathology 

indicators to its corresponding common factor.  

Methods 

Sample 

The current study calculated 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  estimates for schizophrenia, autism, and 

bipolar disorder, based on the Ensembl online platform (Cunningham et al., 2019). The 

information on the life history indicators (maximum longevity, gestation length, weaning 

age, age at female sexual maturity, adult body mass, litter size) were collected from the 

AnAge online data repository (De Magalhaes & Costa, 2009). This project gathered 

genetic and phenotypic life history information on 81 eutherian mammals.   
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Traditional Statistical Analyses 

A set of General Linear Models (GLMs) estimated the degree to which 

Hominidae differed in their 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  metrics for autism and bipolar disorder. A similar 

procedure was conducted to determine statistically significant differences between 

Primates and other Orders of eutherian mammals. After conducting these computations, 

Two F-ratio tests, one for bipolar disorder and another for autism, compared the models' 

fit based on their level of analyses (Family-level vs. Order-level). This study predicted 

that akin to the persistence of schizophrenia orthologues, the 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  values for autism 

and bipolar disorder feature a positive and significant association with phenotypic slow 

life history indicators. Due to the association between slow life history and the 

persistence of schizophrenia orthologues in non-human species, it was appropriate to 

explore whether or not this pattern extended to the ancestral genes of other conditions 

such as autism and bipolar disorder known to be comorbid with psychosis and 

schizophrenia. Hence, a series of GLMS were conducted to test these hypotheses.  

Following the current literature indicating autism, schizophrenia, and bipolar 

disorder share several genetic, neuroanatomical, and neurophysiological underpinnings, 

this study hypothesized a positive association between these conditions' orthologues. This 

association is also expected given that slow-life history species are more likely to 

preserve deleterious mutations due to relaxed selective pressures, perhaps generating a 

genetic cluster or genetic swarm associated with various fitness-reducing phenotypes in 

contemporary humans. This project computed unit-weighted factor scores, assuming the 

presence of a general underlying Genetic Psychopathology factor loading into 

orthologues for schizophrenia, autism, and bipolar disorders, Continuous Parameter 
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Estimation Model (CPEM; Gorsuch, 2005; for examples of papers using this method see 

Figueredo et al., 2013; Figueredo et al., 2015; Woodley et al., 2013) was used to 

determine the degree of integration and differentiation between this Genetic 

Psychopathology factor (GPSY). This procedure is calculated as the cross-product of two 

standardized variables generating an individual coefficient for each case, which for the 

current purpose corresponds to the list of species in the dataset. In classical statistical 

theory, the sample’s Pearson’s Product-moment correlation is equal to the mean of cross-

products of standardized, as evidenced by the following equation: 

𝑟𝑥𝑦 = ∑(𝑍𝑥 ∗ 𝑍𝑦) /(𝑛 − 1) 

CPEM allows the calculation of the correlation coefficient as the cross-product of 

two standardized variables. Consequently, it is feasible to estimate the correlation 

coefficients as the cross-product between the unit-weighted factor scores (Zf) and each 

standardized indicator (Zs) captured by the formula Zf* Zs, values referred to by the 

literature as CPEs. It follows then that CPEs evidence the degree of integration or 

differentiation of each individual/case in the sample and used in subsequent analyses. The 

present paper computed the following CPEs: CPESCHIZO, CPEBIP, and CPEAUT, 

which in turn were re-standardized to and used to compute the standardized unit-

weighted factor scores for an integration-differentiation factor (GPSYIDE). Due to the 

observed association between life-history and the persistence of schizophrenia 

orthologues, it was relevant to explore the connection between a Higher-Order unit-

weighted Life History factor (ZSK) with the 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  autism and bipolar disorders. 

Furthermore, a series of linear models explored the correlation between ZSK with 

CPESCHIZO, CPEBIP, and CPEAUT. It followed that species featuring higher scores in 



71 

 
 

the life history factor will also exhibit higher factor loadings in GPSY (as evidenced by 

the CPEs). Similarly, this paper predicted a positive association between the ZSK and the 

GPSYIDE. 

Relative to other statistical approaches, CPEM exhibits considerable flexibility. 

Consequently, in addition to estimating correlations as CPEs, it is also feasible to 

estimate other basic descriptive statistics, including kurtosis, skewness, and variance. It is 

possible that in addition to the CPE part-whole correlations between ZGPSY and its 

various components (the 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  estimates for schizophrenia, bipolar, and autism 

orthologues), ZSK predicts the CPE variance of each Genetic Psychopathology indicator. 

Traditionally, a variable’s variance is estimated with the following equation:  

𝑆𝑥
2 = ∑(𝑥𝑖 − �̅�)2/(𝑛 − 1) 

The CPE variance is equivalent to the equation below: 

CPEvar (𝑆𝑥
2 =  (𝑥𝑖 − �̅�)2 

Hence, this study computed CPEvar for all Genetic Psychopathology indicators. 

In addition to computing the CPEs between the various indicators with the factor scores 

(CPESCHIZOvar, CPEBIPvar, and CPEAUTvar), this study estimated standardized 

cross-products between the standardized variance for each indicator with the factor 

scores. In turn, these CPEsvar were used to calculate a common factor (GPSYDIEvar).  

 

Phylogenetic Comparative Methods 

To be adequately implemented, traditional statistical procedures (e.g., parametric 

models) require that the data be linear, the residuals are normally distributed, and the data 
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points are independent. In its early years, comparative researchers exploring evolutionary 

hypotheses among various taxa often ignored the underlying phylogenetic structure. In so 

doing, the data they gathered violated the assumptions required by parametric statistics 

(e.g., two or more closely related species are more likely to share similar traits due to 

common ancestry, violating the independence assumption). This feature generated 

pseudo-replication issues and increased the probability of Type I and II errors (MacLean 

& Nunn, 2017; Nunn, 2011).  

In response to this problem, over the last four decades, evolutionary researchers 

and methodologists developed several statistical procedures destined to account for the 

data's phylogenetic history. Pagel’s λ, an estimate that ranges between zero and one, is 

used to calculate the degree to which the closely related species are likely to share a trait 

relative to any other randomly chosen species (Nunn, 2011). After computing the 

phylogenetic signal for each trait, likelihood ratio tests were computed to determine if the 

trait evolved independently in multiple occasions independently of the underlying 

phylogeny (i.e., if λ is significantly different from zero) or if the trait evolved under 

Brownian Motion, wherein traits are more likely to evolve in longer branches in the 

phylogeny (i.e., if λ is significantly different from one).  

Phylogenetic independent contrasts (PICs) were computed, considering the 

phylogenetic structure. Relative to other phylogenetic comparative methods, such as 

phylogenetic generalized least-squares regression (PGLS), the PICs' method assumes the 

trait featured a strong phylogenetic signal and evolved following Brownian motion. 

Consequently, PIC is a methodologically conservative approach.  
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Subsequently, the PICs were used in an Exploratory Factor Analysis to test the 

hypothesis that a general Genetic Psychopathology factor (ZcGPSY) significantly loaded 

into the 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  values for schizophrenia (ZcSCHISO), autism (ZcAUT), and bipolar 

(ZcBIP) disorder orthologues. Cronbach’s alpha was used to calculate the reliability of 

the measure. We used a unit-weighted procedure to compute the factor scores. After 

storing these values, we performed an ancestral character reconstruction (based on 

maximum likelihood estimation) to the evolutionary points at which the ZcGPSY scores 

increased over time.  

We used Continuous Parameter Estimation (CPEM) to determine the degree of 

integration-differentiation between the psychopathology orthologues' indicators. 

Similarly, CPEs for all three  𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  psychopathology indicators were computed from 

the corresponding PICs (identified with a “c” as a subscript), wherein: 

 

CPEcSCHIZO = ZcSCHIZO * ZcGPSY 

                                              CPEcAUT = ZcAUT * ZcGPSY 

                                              CPEcBIP = ZcBIP * ZcPSY 

 

An EFA was computed with the phylogenetic CPEs to determine the presence of 

an underlying integration-differentiation factor (ZcGPSYIDE). Factor scores were 

calculated through a unit-weighted procedure. Ancestral character reconstruction with 

maximum likelihood estimation was used to estimate the times at which the phylogenetic 

integration-differentiation scores increased throughout the evolutionary history of 

eutherian mammals. The present study elaborated on a series of mirror-tree diagrams to 
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visually inspect the predicted evolutionary correlation between a standardized Higher-

Order Life History factor (ZSK), ZGPSY, ZGPSYIDE.  

A series of bivariate correlations explored the predicted positive association 

between the CPEs and the Higher-Order Life History factor (with and without allometric 

controls) after accounting for the underlying phylogeny. Similarly, a GLMs estimated the 

association among ZcSK, ZcGPSY, and their interaction on ZcGPSYIDE. A similar 

procedure explored these associations after removing the allometric effects from the 

Higher-Order Life History factor. A similar approach was conducted with the PIC CPE 

variances.  

In addition to the information obtained from the univariate phylogenetic 

diagnostics, we computed the intensity of the phylogenetic signal between the variables 

of interest (e.g., the Higher-Order Life History factor with the genetic psychopathology 

indicators and its underlying common factor). In cases where the multivariate 

phylogenetic signal (Pagel’s λ) differed statistically from both zero and one, a series of 

phylogenetic generalized least squares models were used instead of PIC. One of the 

advantages of this statistical approach is that it does not assume an association between 

the model's variables evolved under Brownian motion.  

Hypotheses  

Consequently, the present study examined the following hypotheses: 

1) The 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  values for schizophrenia positively correlate with the 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  values 

for bipolar disorder. 

2) The 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  values for schizophrenia positively correlate with the 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  values 

for autism. 
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3) The 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  values for bipolar disorder positively correlate with the 

𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  values for autism. 

4) A Genetic Psychopathology factor loads positively and significantly into the 

𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  estimates for schizophrenia, autism, and bipolar disorder.  

5) Relative to other families of eutherian mammals, Hominidae features higher 

𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  estimates for both autism and bipolar disorder. 

6) In contrast to other orders of eutherian mammals, Primates exhibit greater 

𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  estimates for both autism and bipolar disorder.  

7) Most of the evolutionary increases in the Genetic Psychopathology factor should 

occur within Hominoidea.  

8) The Higher-Order Life History factor positively predicts the 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  estimates for 

schizophrenia, autism, and bipolar disorders and persists after accounting for the 

underlying phylogeny and any allometric effects.  

9) The Higher-Order Life History factor positively predicts the Genetic 

Psychopathology factor and persists after accounting for the underlying 

phylogeny and any allometric effects.  

10) The Higher-Order Life History factor positively and significantly predicts the 

CPE computed between the Genetic Psychopathology factor with 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  

estimates for schizophrenia, autism, and bipolar disorder) and remain statistically 

significant after controlling for phylogenetic and allometric effects.  

11) All three CPEs positively and significantly correlate among themselves. A 

Genetic Psychopathology Integration-Differentiation factor loads positively into 

all three CPEs.  
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12) The Higher-Order Life History factor positively predicts the Genetic 

Psychopathology differentiation-integration factor and persists after accounting 

for phylogenetic and allometric effects.  

13) All three CPE variances positively and significantly correlate among themselves. 

The Genetic Psychopathology Integration-Differentiation factor (version II) 

positively and significantly load into the CPE variances.  

14) The Higher-Order Life History factor negatively predicts the Genetic 

Psychopathology Integration-Differentiation factor based on the CPE variances. 

This association persists after accounting for phylogenetic and allometric effects.  

Results 

General Linear Models  

The GLM with Family as the level of analysis provided additional information. 

The calculations detected a statistically significant difference between most clades and 

Hominidae, wherein the latter Family featured a higher mean. The computation, however, 

did not detect a significant difference between Hominidae and Hylobatidae. These results 

suggest that bipolar orthologues are preserved in both greater and lesser apes. Overall, the 

model explained 89% of the variance and was statistically significant (Table 2.1).The 

GLM exploring the predicted variation on bipolar disorder’s  𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  values among 

taxonomic orders accounted for 53% of the variance and were statistically significant 

(Table 2.2). Relative to the Order Primates, Afrosoricida (tenrecs), Chiroptera (bats), 

Hyracoidea (hyraxes), Perissodactyla (odd-toe ungulates), Pilosa (sloths), Proboscidea 

(elephants), and Scandentia (tree-shrews) did not differ in their mean 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  values for 
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bipolar disorder. It is worth noting that after conducting an F-ratio test between the 

Order-level and the Family-level models, the latter was favored.  

Concerning the predicted variation in autism’s 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  values at the level of 

Family, the GLM estimated that relative to Hominidae, most families displayed lower 

𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  metrics. Hylobatids and Hominids, however, did not differ statistically (Table 

2.3). The model explained a sizeable portion of the variance and was statistically 

significant (R2= .94, p <.001). The model highlights the fact that autism orthologues are 

considerably preserved in the greater and lesser apes. The model using Order as the 

analysis level explained a lower proportion of variance (R2= .58, p <.001). The mean 

𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  for autism for Hyracoidea (hyraxes) and Afrosoricida (tenrecs) was not 

equivalent to that of Primates (Table 2.4). The F-ratio test favored the Family-level 

model relative to the Order-level model.  

Bivariate analyses detected sizeable and statistically significant correlations 

between bipolar disorder and the phenotypic manifestations of life history. The bipolar 

orthologues are positively associated with the species’ maximum longevity, females’ age 

at sexual maturity, duration of gestation, and weaning age, with relations ranging 

between .463 to .544 (Table 2.5). As expected, litter size and the 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  for bipolar 

disorder were negatively and significantly correlated. Body mass, however, featured a 

small but nonsignificant association with the bipolar orthologue metrics. The latter 

phenotypic life history traits were residualized to remove potential underlying allometric 

confounds. Although the magnitude of the between bipolar remained statistically 

significant, these correlations' magnitude decreases slightly (Table 2.6). Consistent with 
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the previous analyses, litter size featured a negative link with the persistence of bipolar 

orthologues.  

Most phenotypic life history (species’ maximum longevity, females’ age at sexual 

maturity, duration of gestation, and weaning age) traits also exhibited a sizeable positive 

correlation, ranging from .487 to .665 with the autism orthologue values (Table 2.5). In 

contrast, litter size correlated negatively with the persistence of autism ancestral genes. 

The species’ average body mass did have a positive and statistically significant 

association with autism 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  values. The analyses with the body-mass residualized 

phenotypic life history indicators detected similar patterns. The persistence of autism’s 

orthologues positively correlated with the species’ maximum longevity, females’ age at 

sexual maturity, duration of gestation, and weaning age. The body-mass residualized 

litter size negatively correlated with the disorder orthologues values (Table 2.5). As 

expected, the orthologues for lactation, gestation, and weaning presented positive and 

significant correlations with the 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  metrics for autism and bipolar disorder (Table 

2.6).  

 

Unit-Weighted Factor Scores   

After estimating the unit-weighted scores for the psychopathology factor, the 

partial correlations between the standardized indicators and the standardized factor scores 

indicated that the factor featured high factor loadings (see Table 2.7).  In conjunction 

with these analyses, three CPEs were computed between each psychopathology indicator 

and the factor (GPSY). The mean across the three CPEs generated the Genetic 

Psychopathology Integration-Differentiation factor (GPSYDIE) scores based on a unit-
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weighted estimation (Table 2.7). The partial correlation once again indicated the 

integration-differentiation factor loaded adequately into all three CPEs (see Table 2.7). 

Moreover, the bivariate correlation between the psychopathology factor and the 

GPSYDIE demonstrated that species displaying higher values on GPSY also exhibited 

greater integration among the various Genetic Psychopathology indicators (r= .794, 

p=.0001).  

 

Linear Mixed Models with Autism and Bipolar Disorder Orthologues  

The LMM computations with REML Family as a random factor nested within 

Order determined that the ZSK and the 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  values were significantly and positively 

related to bipolar disorder (Table 2.8). The Higher-Order Life History factor comprised 

the life history phenotypic indicators residualized against body mass and positively and 

significantly predicted the persistence of mutations associated with bipolar disorder 

(Table 2.8). In both models, Family nested within Order had a non-zero variance 

supporting their inclusion in the analyses. After comparing the two models' fit indices 

and estimating their respective AIC and BIC weights, the analyses indicated that the 

model without allometric controls was more parsimonious and better matched the data. 

Similarly, the LMM identified a significant and positive relation between the Higher-

Order Life History factor and the autism orthologues (Table 2.9). This association 

persisted even after residualizing the indicators for the effect of adult body mass. (Table 

2.9). Model comparison determined that the model without allometric controls had a 

better fit. Lastly, the LMMs detected a significant relation between the Higher-Order Life 

History factor and the Genetic Psychopathology factor. This association remained after 
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controlling for the species’ adult body mass. The model with the unresidualized Higher-

Order Life History factor featured a better fit (Table 2.10).  

 

Univariate Phylogenetic Diagnostics  

It was necessary to estimate the magnitude of the phylogenetic signal before 

conducting the phylogenetic tests. The orthologues for autism exhibited a strong signal 

(measured as Pagel’s λ, see Table 2.13). This value differed from zero significantly (the 

trait is not phylogenetically independent), but not from 1 (the trait evolved under 

Brownian motion, wherein traits are more likely to change on longer branches). The 

orthologues for bipolar disorder also featured an elevated phylogenetic signal. This 

metric differed significantly from zero and one, suggesting that while the trait is not 

phylogenetically independent, it has a slight degree of lability that cannot be attributed to 

shared ancestry. Similarly, the genetic psychopathology factor presented a strong 

phylogenetic signal. The factor’s scores were phylogenetically preserved, as Pagel’s λ, 

was significantly different from zero but not from one (Table 2.13).  

The degree of phylogenetic preservation extended to the cross-products between 

the standardized genetic psychopathology factor and its indicators (Table 2.13). 

CPESCHIZO, a measure of the integration between the schizophrenia orthologues and 

the general factor, exhibited a robust phylogenetic signal. The Pagel’s λ was significantly 

different from zero but not from one, indicating that, although highly preserved, the 

values displayed some lability unaccounted for by the phylogenetic structure. 

Alternatively, the CPEs for autism and bipolar disorder presented sizable signals, 

significantly different from zero but not from one. These results indicate that the part-
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whole correlations between the factor with the autism and bipolar orthologues are 

considerably preserved in the phylogeny in both cases. Lastly, Pagel’s λ for the 

integration-differentiation factor (comprised of the schizophrenia, autism, and bipolar 

disorder CPEs) exemplified that the level of integration was preserved in the phylogeny 

(Table 2.13). Subsequent tests indicated that the signal was significantly different from 

zero and one. 

 

Ancestral Character Reconstruction 

Figure 2.1 represents a mirrored phylogenetic tree that evidencing the Genetic 

Psychopathology factor's ancestral character reconstruction and the Higher-Order Life 

History factor. Concerning primates, the common ancestor of strepsirrhines and 

haplorrhines scored relatively low in the ZGPSY factor. Although this pattern persisted 

within strepsirrhines, the basal node for haplorrhine species slightly increased in the 

factor score with time. The figure also indicates that the common ancestors of 

Platyrrhines (New World monkeys) and Catarrhines (Old World monkeys and apes) did 

not differ in their ZGPSY factor scores. Approximately 25 million years ago, with the 

Hominoidea-Cercopithecoidea divergence, ZGPSY increased considerably in the last 

common ancestor of greater and lesser apes.  Close to 15 million years ago, the factor 

score once again rose after the Ponginae-Homininae split. The last increment occurred 

approximately 8 million years ago (MYA) following the divergence between the tribes 

Hominini and Gorillini. It appears that relatively high ZGPSY factor scores evolved 

independently from primates on more than one occasion, including Vicugna pacos, 

Procavia capensis, and Choloepus hoffmanni, and Tupaia belangeri.  
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Table 2.1. General linear model examining the effect of Family on the 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  values for 

bipolar disorder orthologues. The computation used Hominidae as a reference category.  

Source R2  SS F-value p-value 

Family .888 .2200 7.37 <.0001 

Parameter Estimate Standard Error t-value p-value 

Intercept .296 .013 22.240 <.0001 

Aotidae -.089 .030 -2.980 .005 

Bathyergidae -.178 .030 -5.970 <.0001 

Bovidae -.209 .018 -11.700 <.0001 

Callitrichidae -.119 .030 -4.010 .000 

Camelidae -.102 .030 -3.410 .002 

Canidae -.152 .020 -7.450 <.0001 

Castoridae -.166 .030 -5.580 <.0001 

Caviidae -.168 .023 -7.280 <.0001 

Cebidae -.123 .023 -5.340 <.0001 

Cercopithecidae -.090 .015 -5.870 <.0001 

Cheirogaleidae -.155 .030 -5.200 <.0001 

Chinchillidae -.171 .030 -5.720 <.0001 

Choloepodidae -.084 .030 -2.830 .007 

Cricetidae -.177 .020 -8.690 <.0001 

Dasypodidae -.214 .030 -7.170 <.0001 

Delphinidae -.140 .030 -4.680 <.0001 

Dipodidae -.186 .030 -6.230 <.0001 

Elephantidae -.158 .030 -5.310 <.0001 

Equidae -.146 .023 -6.330 <.0001 

Erinaceidae -.150 .023 -6.490 <.0001 

Felidae -.171 .020 -8.390 <.0001 

Galagidae -.143 .030 -4.780 <.0001 

Heteromyidae -.193 .030 -6.480 <.0001 

Hylobatidae -.029 .030 -.970 .338 

Indriidae -.155 .030 -5.190 <.0001 

Lemuridae -.145 .030 -4.860 <.0001 

Leporidae -.217 .030 -7.280 <.0001 

Muridae -.178 .017 -1.370 <.0001 

Mustelidae -.203 .023 -8.800 <.0001 

Ochotonidae -.177 .030 -5.920 <.0001 

Octodontidae -.180 .030 -6.020 <.0001 

Procaviidae -.156 .030 -5.230 <.0001 

Pteropodidae -.145 .030 -4.850 <.0001 

Sciuridae -.167 .019 -8.860 <.0001 

Soricidae -.178 .030 -5.990 <.0001 

Spalacidae -.179 .030 -5.990 <.0001 

Suidae -.161 .030 -5.390 <.0001 

Tarsiidae -.224 .030 -7.520 <.0001 
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Continued Table 2.1. 

 

 

Table 2.2. General linear model examining the effect of Order on the 𝒅𝑵̅̅ ̅̅ 𝒅𝑺̅̅ ̅̅⁄  values for 

bipolar disorder orthologues. The computation used Primates as a reference category. 

 

 

Tenrecidae -.122 .030 -4.090 .000 

Tupaiidae -.088 .030 -2.950 .005 

Ursidae -.173 .020 -8.480 <.0001 

Vespertilionidae -.160 .030 -5.370 <.0001 

Hominidae  .000 . .  

Source R2 SS F-value p-value 

Order .527 .131 5.83 <.0001 

Parameter Estimate Standard 

Error 

t-value p-value 

Intercept .205 .008 25.130 <.0001 

Afrosoricida -.030 .042 -.710 .482 

Artiodactyla -.089 .017 -5.310 <.0001 

Carnivora -.080 .015 -5.370 <.0001 

Chiroptera -.060 .030 -1.980 .052 

Cingulata -.122 .042 -2.880 .005 

Eulipotyphla -.067 .025 -2.670 .010 

Hyracoidea -.064 .042 -1.510 .135 

Lagomorpha -.105 .030 -3.440 .001 

Perissodactyla -.054 .030 -1.780 .079 

Pilosa .008 .042 .180 .858 

Proboscidea -.066 .042 -1.570 .122 

Rodentia -.083 .012 -6.940 <.0001 

Scandentia .004 .042 .090 .926 

Primates .000 . . . 
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Table 2.3. General linear model examining the effect of Family on the 𝒅𝑵̅̅ ̅̅ 𝒅𝑺̅̅ ̅̅⁄  values for 

autism orthologues. The computation used Hominidae as a reference category 

 

Source R2 SS F-value p-value 

Family .939 .4805 14.35 <.0001 

Parameter Estimate Standard Error t-value p-value 

Intercept .421 .014 29.830 <.0001 

Aotidae -.177 .032 -5.590 <.0001 

Bathyergidae -.290 .032 -9.180 <.0001 

Bovidae -.250 .019 -13.210 <.0001 

Callitrichidae -.229 .032 -7.250 <.0001 

Camelidae -.259 .032 -8.200 <.0001 

Canidae -.226 .022 -1.480 <.0001 

Castoridae -.239 .032 -7.560 <.0001 

Caviidae -.279 .024 -11.400 <.0001 

Cebidae -.199 .024 -8.140 <.0001 

Cercopithecidae -.146 .016 -8.950 <.0001 

Cheirogaleidae -.242 .032 -7.650 <.0001 

Chinchillidae -.280 .032 -8.870 <.0001 

Choloepodidae -.309 .032 -9.800 <.0001 

Cricetidae -.283 .022 -13.100 <.0001 

Dasypodidae -.290 .032 -9.200 <.0001 

Delphinidae -.277 .032 -8.790 <.0001 

Dipodidae -.309 .032 -9.790 <.0001 

Elephantidae -.266 .032 -8.410 <.0001 

Equidae -.244 .024 -9.990 <.0001 

Erinaceidae -.287 .024 -11.750 <.0001 

Felidae -.234 .022 -1.850 <.0001 

Galagidae -.241 .032 -7.630 <.0001 

Heteromyidae -.315 .032 -9.980 <.0001 

Hylobatidae -.041 .032 -1.310 .199 

Indriidae -.248 .032 -7.870 <.0001 

Lemuridae -.210 .032 -6.640 <.0001 

Leporidae -.258 .032 -8.160 <.0001 

Muridae -.296 .018 -16.270 <.0001 

Mustelidae -.289 .024 -11.820 <.0001 

Ochotonidae -.289 .032 -9.160 <.0001 

Octodontidae -.291 .032 -9.220 <.0001 

Procaviidae -.147 .032 -4.670 <.0001 

Pteropodidae -.307 .032 -9.710 <.0001 

Sciuridae -.247 .020 -12.350 <.0001 

Soricidae -.311 .032 -9.860 <.0001 

Spalacidae -.258 .032 -8.170 <.0001 

Suidae -.259 .032 -8.210 <.0001 
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Continued Table 2.3. 

 

 

Table 2.4. General linear model examining the effect of Order on the 𝒅𝑵̅̅ ̅̅ 𝒅𝑺̅̅ ̅̅⁄  values for 

autism orthologues. The computation used Primates as a reference category. 

 

 

 

 

 

 

Tarsiidae -.284 .032 -8.990 <.0001 

Tenrecidae -.091 .032 -2.880 .007 

Tupaiidae -.273 .032 -8.650 <.0001 

Ursidae -.230 .022 -1.660 <.0001 

Vespertilionidae -.199 .032 -6.290 <.0001 

Hominidae  .000 . .  

Source R2  SS F-value p-value 

Order .577 .295 7.15 <.0001 

Parameter Estimate Standard 

Error 

t-value p-value 

Intercept .274 .011 24.790 <.0001 

Afrosoricida .056 .057 .980 .332 

Artiodactyla -.109 .023 -4.770 <.0001 

Carnivora -.094 .020 -4.620 <.0001 

Chiroptera -.106 .041 -2.550 .013 

Cingulata -.143 .057 -2.500 .015 

Eulipotyphla -.148 .034 -4.320 <.0001 

Hyracoidea -.001 .057 -.010 .993 

Lagomorpha -.126 .041 -3.060 .003 

Perissodactyla -.097 .041 -2.350 .022 

Pilosa -.162 .057 -2.830 .006 

Proboscidea -.119 .057 -2.060 .043 

Rodentia -.133 .016 -8.120 <.0001 

Scandentia -.126 .057 -2.190 .032 

Primates .000 . . . 
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Table 2.5. Bivariate correlation matrix among the 𝒅𝑵̅̅ ̅̅ 𝒅𝑺̅̅ ̅̅⁄  values for autism and bipolar disorder and several life history indicators 

(log10 transformation).  

Note.  BIP: 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  estimates for bipolar orthologues; AUT: 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  estimates for autism orthologues; LON: 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  estimates for 

longevity orthologues; GES: 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  estimates for gestation orthologues; LACT: 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  estimates for lactation orthologues;  

LOGPLON: phenotypic Log10 maximum longevity;  LOGPFM: phenotypic log10age at sexual maturity; LOGPG: phenotypic log10 

gestation length; LOGPW: phenotypic  log10 age at weaning; LOGPL: phenotypic  log10 litter size; LOGPAW:  phenotypic log 10 

adult body mass. 

  BIP AUT LON GES LACT LOGPLON LOGPFM LOGPG LOGPW LOGPL LOGPAW 

BIP 1 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 .070 

AUT .775 1 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 .003 

LON .860 .746 1 <.0001 <.0001 <.0001 <.0001 .000 <.0001 <.0001 .172 

GES .789 .768 .787 1 <.0001 <.0001 <.0001 .000 <.0001 <.0001 .034 

LACT .594 .596 .592 .534 1 <.0001 .000 .000 <.0001 .000 .091 

LOGPLON .524 .611 .497 .533 .471 1 <.0001 <.0001 <.0001 <.0001 <.0001 

LOGPFM .511 .664 .498 .573 .400 .817 1 <.0001 <.0001 <.0001 <.0001 

LOGPG .463 .487 .415 .402 .415 .813 .717 1 <.0001 <.0001 <.0001 

LOGPW .544 .665 .491 .609 .515 .801 .871 .762 1 <.0001 <.0001 

LOGPL -.503 -.473 -.478 -.453 -.379 -.738 -.638 -.766 -.705 1 .000 

LOGPAW .201 .329 .152 .234 .188 .673 .719 .675 .683 -.385 1 
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Table 2.6. Bivariate correlation matrix among the 𝒅𝑵̅̅ ̅̅ 𝒅𝑺̅̅ ̅̅⁄  values for autism and bipolar disorder and several life history indicators 

(log10 transformation) after controlling for the species’ adult body mass.  

  ZBIP ZAUT ZRLOGPLON ZRLOGPFM ZRLOGPG ZRLOGPW ZRLOGPL 

ZBIP 1 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 

ZAUT .775 1 <.0001 <.0001 .001 <.0001 .001 

ZRLOGPLON .526 .527 1 <.0001 <.0001 <.0001 <.0001 

ZRLOGPFM .528 .615 .647 1 <.0001 <.0001 <.0001 

ZRLOGPG .444 .360 .658 .452 1 <.0001 <.0001 

ZRLOGPW .557 .602 .633 .748 .559 1 -.656 

ZRLOGPL -.461 -.375 -.702 -.563 -.743 -.656 1 

Note.  ZBIP: 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  estimates for bipolar orthologues; ZAUT: 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  estimates for autism orthologues; ZRLOGPLON: phenotypic Log10 

maximum longevity residuals; ZRLOGPFM: phenotypic log10age at sexual maturity residuals; ZRLOGPG: phenotypic log10 gestation length 

residuals; ZRLOGPW: phenotypic  log10 age at weaning residuals; ZRLOGPL: phenotypic  log10 litter size residuals. 

 

Table 2.7. Part-whole correlations (factor loadings) between the standardized Genetic Psychopathology factor (ZGPSY) and the  

standardized autism 𝒅𝑵̅̅ ̅̅ 𝒅𝑺̅̅ ̅̅⁄  values.: standardized Genetic Integration-Differentiation Psychopathology factor (ZGPSYIDE) with their 

corresponding indicators.  

 

 

 

 

 

 

 

 Note.  ZCPESCHIZO: standardized Genetic Psychopathology factor (ZGPSY) * standardized schizophrenia 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  values; ZCPEBIP: 

standardized Genetic Psychopathology factor (ZGPSY) * standardized bipolar 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  values; and ZCPEAUT: standardized Genetic 

Psychopathology factor (ZGPSY) * standardized autism 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  values.  

 

Indicator 
ZGENPSY 

(loadings) 

ZGPSYIDE 

(loadings) 

ZSCHIZO 0.961 
 

ZBIP 0.965 
 

ZAUT 0.931 
 

CPESCHIZO 
 

0.995 

CPEBIP 
 

0.994 

CPEAUT 
 

0.991 
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Table 2.8. Bipolar orthologues. Linear mixed models with Family as a random effect nested within Order, exploring the association 

between phenotypic life history and the  𝒅𝑵̅̅ ̅̅ 𝒅𝑺̅̅ ̅̅⁄  values of bipolar orthologues.  The table also features a comparison between a 

Higher-Order Life History model, computed from raw phenotypic data, and a homologous model estimated from the phenotypic life 

history indicators residualized for adult body mass.  

Note.  ZSK:  Standardized Higher-Order Life History unit-weighted factor based on raw indicators. ZRKS: Standardized Higher-Order 

Life History unit-weighted factor computed from phenotypic life history indicators after controlling for allometric effects. Est: 

Estimates; Std. Err: Standard Error.  

Higher-Order Life History Factor Model 

(based on unresidualized indicators) 
Higher-Order Life History Factor Model 

(based on residualized indicators) 

Random Effects Random Effects 

Cov Parm Subject Estimate 

   

Cov Parm Subject Estimate 

   
Intercept Family 

(Order) 

.401 

   

Intercept Family 

(Order) 

.412 

   

Residual  
.236 

   Residual  
.250 

   
Fixed Effects  Fixed Effects  

Effect Est. Std. Err. DF F-value p-value Effect Est. Std. Err. DF F-value p-value 

ZSK .361 .107 38 11.34 .0017 ZRSK .289 .106 38 7.40 .0098 

Fit  

Statistics 

Δ min weight 
  

Fit Statistics 
 

Δ min Weight 
  

AIC 176.700 .000 .870     AIC 18.500 3.800 .130   
 

BIC 18.200 .000 .870     BIC 184.000 3.800 .130   
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Table 2.9. Autism orthologues. Linear mixed models with Family as a random effect nested within Order, exploring the association 

between phenotypic life history and the  𝒅𝑵̅̅ ̅̅ 𝒅𝑺̅̅ ̅̅⁄  values of autism orthologues.  The table also features a comparison between a 

Higher-Order Life History model, computed from raw phenotypic data, and a homologous model estimated from the phenotypic life 

history indicators residualized for adult body mass.  

Higher-Order Life History Factor Model 

(based on unresidualized indicators) 
Higher-Order Life History Factor Model  

(based on residualized indicators) 

Random Effects Random Effects 

Cov Parm Subject Estimate 
 

  

Cov Parm Subject Estimate 

   
Intercept Family .521 

 

  

Intercept Family .586 

   (Order) (Order) 

Residual   .116 
 

    Residual   .135       

Fixed Effects Fixed Effects 

Effect Est. Std. Err. DF F-value p-value Effect Est. Std. Err. DF F-value p-value 

ZSK .370 .09550 38 14.98 .0004 ZRSK .176 .097 38 3.280 .078 

Fit  

Statistics  

Δ min Weight     Fit 

Statistics 

  Δ min weight     

AIC 151.500 .000 .995 
 

 
AIC 162.200 1.700 .005 

  

BIC 155.000 .000 .995     BIC  165.700 1.700 .005     

Note.  ZSK:  Standardized Higher-Order Life History unit-weighted factor based on raw indicators. ZRKS: Standardized Higher-Order 

Life History unit-weighted factor computed from phenotypic life history indicators after controlling for allometric effects. Est: 

Estimates; Std. Err: Standard Error.  
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Table 2.10. Genetic psychopathology factor. Linear mixed models with Family as a random effect nested within Order, exploring 

the connection between phenotypic life history and a Genetic Psychopathology factor comprised of the  𝒅𝑵̅̅ ̅̅ 𝒅𝑺̅̅ ̅̅⁄  values for 

schizophrenia, autism, and bipolar disorder.  The table also features a comparison between a Higher-Order Life History model, 

computed from raw phenotypic data, and a homologous model estimated from the phenotypic life history indicators residualized for 

adult body mass.  

Higher-Order Life History Factor Model 

(based on unresidualized indicators) 
Higher-Order Life History Factor Model  

(based on residualized indicators) 

Random Effects Random Effects 

Cov Parm Subject Estimate 

   

Cov Parm Subject Estimate 

   
Intercept Family .418 

 

  

Intercept Family .477 

   (Order) (Order) 

Residual   .110 
 

    Residual   .113       

Fixed Effects Fixed Effects 

Effect Est. Std. Err. DF F-value p-value Effect Est. Std. Err. DF F-value p-value 

ZSK .3614 .08942 38 16.33 .0002 ZRSK .26 .08849 38 8.80 .0052 

Fit  

Statistics  

Δ min weight     Fit Statistics   Δ min weight     

AIC 141.200 .000 .948 
  

AIC 147.000 5.800 .052 
  

BIC 144.800 .000 .948     BIC  15.600 5.800 .052     

Note.  ZSK:  Standardized Higher-Order Life History unit-weighted factor based on raw indicators. ZRKS: Standardized Higher-Order 

Life History unit-weighted factor computed from phenotypic life history indicators after controlling for allometric effects. Est: 

Estimates; Std. Err: Standard Error.  
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Figure 2.1. Mirrored phylogenetic tree featuring the ancestral character reconstruction of the Genetic Psychopathology factor and the 

Higher-Order Life History factor.  
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Figure 2.2. Mirrored phylogenetic tree featuring the ancestral character reconstruction of the Genetic Psychopathology factor and the 

Genetic Psychopathology Integration-Differentiation factor.
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Table 2.11. Bivariate correlations between a Higher-Order Life History factor and the 

standardized cross-products between the Genetic Psychopathology factor (based on the 

𝒅𝑵̅̅ ̅̅ 𝒅𝑺̅̅ ̅̅⁄  values for schizophrenia, autism, and bipolar disorder), and its corresponding 

indicators.  

 ZSK ZCPESCHIZO ZCPEBIP ZCPEAUT 

ZSK 1.000 .002 .001 .005 

ZCPESCHIZO .333 1.000 <.0001 <.0001 

ZCPEBIP .349 .980 1.000 <.0001 

ZCPEAUT .306 .968 .962 1.000 

Note. ZSK: Standardized Higher-Order Life History factor; ZCPESCHIZO: standardized 

Genetic Psychopathology factor (ZGPSY) * standardized schizophrenia 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  values; 

ZCPEBIP: standardized Genetic Psychopathology factor (ZGPSY) * standardized bipolar 

𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  values; and ZCPEAUT: standardized Genetic Psychopathology factor (ZGPSY) * 

standardized autism 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  values.  

 

 

Table 2.12. Bivariate correlations between a Higher-Order Life History factor, computed 

after residualizing the phenotypic life history indicators against adult body mass,  and the 

standardized cross-products between the Genetic Psychopathology factor (based on the 

𝒅𝑵̅̅ ̅̅ 𝒅𝑺̅̅ ̅̅⁄  values for schizophrenia, autism, and bipolar disorder), and its corresponding 

indicators.  

  ZRSK ZCPESCHIZO ZCPEBIP ZCPEAUT 

ZRSK 1.000 .002 .001 .001 

ZCPESCHIZO .342 1.000 <.0001 <.0001 

ZCPEBIP .346 .980 1.000 <.0001 

ZCPEAUT .358 .968 .962 1.000 

Note.  ZRSK: Standardized Higher-Order Life History factor estimated from body mass 

residualized phenotypic life history indicators; ZCPESCHIZO: standardized Genetic 

Psychopathology factor (ZGPSY) * standardized schizophrenia 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  values; 

ZCPEBIP: standardized Genetic Psychopathology factor (ZGPSY) * standardized bipolar 

𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  values; and ZCPEAUT: standardized Genetic Psychopathology factor (ZGPSY) * 

standardized autism 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  values.  
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Table 2.13. Phylogenetic signal, at the univariate level, for the various psychopathology 

orthologues, the underlying genetic psychopathology factor, its corresponding CPES, as 

well as a latent Genetic Psychopathology Integration-Differentiation factor. The table 

also presents various significance tests exploring any difference between the intensity of 

the signal and the values of zero and one. 

Note. ZSCHIZO : 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  estimates for bipolar orthologues;  ZBIP: 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  estimates for 

bipolar orthologues; ZAUT: 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  estimates for autism orthologues; ZGPSY: 

standardized genetic psychopathology factor; ZCPESCHIZO: standardized Genetic 

Psychopathology factor (ZGPSY) * standardized schizophrenia 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  values; 

ZCPEBIP: standardized Genetic Psychopathology factor (ZGPSY) * standardized bipolar 

𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  values; and ZCPEAUT: standardized Genetic Psychopathology factor (ZGPSY) * 

standardized autism 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  values. ZGPSYIDE: standardized Genetic Integration-

Differentiation Psychopathology factor.  

 

The mirror diagram (Figure 2.1), placing the ancestral character reconstruction of 

ZSK and the ZGPSY factor side-by-side, exemplifies the apparent overlap between these 

dimensions. Most of the matches are noticeable within the primate Order providing 

further evidence for the necessity of controlling for the phylogenetic structure. 

The ancestral character reconstruction for the standardized Genetic 

Psychopathology Integration-Differentiation factor (Figure 2.2) revealed that the factor 

scores increased on at least five occasions in non-human primates. The first occurred in 

the last common ancestor of Platyrrhines and Catarrhines (35 MYA). Interestingly, while 

the integration factor scores continue to increase in Old World monkeys, great apes, and 

Trait Pagel’s λ Pagel’s 

λ ≠ 0 

(p-value) 

Pagel’s 

λ ≠ 1 

(p-value) 

ZSCHIZO .953 <.0001 .075 

ZAUT .989 <.0001 .572 

ZBIP .854 <.0001 .002 

ZGPSY .986 <.0001 .403 

CPESCHIZO .935 <.0001 .017 

CPEBIP .967 <.0001 .158 

CPEAUT 1.000 <.0001 1.000 

ZGPSYIDE .935 <.0001 .002 
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lesser apes during their evolution, the integration scores declined through time in New 

World monkeys. The second increase followed the Hominoidea-Cercopithecoidea 

divergence (25 MYA), with Old World monkeys exhibiting lower values than apes. The 

third one took place in the last common ancestor of all great apes, approximately 15 

MYA. Relative to gibbons, ZGPSYIDE scores continue to rise in gorillas, orangutans, 

bonobos, and chimpanzees.  The fourth change took place around 8 MYA, with Hominini 

exhibiting a slight elevation in ZGPSYIDE scores. The last change occurred between 

bonobos and chimpanzees. Although future tests are required to determine any 

statistically significant difference, bonobos displayed higher ZGPSYIDE values.  

 

Phylogenetic Generalized Least Squares Regressions  

The Higher-Order Life History factor did not significantly predict the persistence 

of orthologue genes associated with bipolar disorder (Table 2.14). Pagel’s λ statistically 

differed both from zero and one. The omnibus test indicated that the model was not 

statistically significant. Alternatively, ZSK significantly predicted the 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  values for 

autism orthologues. The models’ phylogenetic signal was significantly different from 

zero but not from one. Lastly, ZSK significantly predicted ZGPSY (Table 2.14). The 

model featured a strong phylogenetic signal that differed from zero but not from one. 

After concluding this initial analytical stage, the study estimated the link between the 

ZGPSY, ZSK, and their interaction on the ZCPESHIZO, ZCPEBIP, ZCPEAUT, and 

ZGPSYIDE. The first model, examining ZCPESCHIZO, displayed a moderate 

phylogenetic signal (significantly different from zero and from one). The model rejected 

the null hypothesis and explained 33 percent of the variance (Table 2.15). Both the main 
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effects and their interaction were statistically significant. Although ZSK and ZGPSY, 

respectively, had a positive and a negative effect, the interaction suggested that species 

scoring higher on both ZSK and ZGPSY also had higher ZCPESCHIZO scores (Table 

2.15).  

A similar pattern emerged, examining ZCPEBIP. The model accounted for 29 

percent of the variance and had a moderate phylogenetic signal (significantly different 

from zero and from one; Table 2.15). The main effects for ZSK (positive estimate), 

ZGPSY (negative estimate), and their interaction (positive estimate) significantly 

predicted ZCPEBIP.  The model analyzing the effects of ZSK, ZGPSY, and their 

corresponding interaction on ZCPEAUT was also statistically significant and explained 

42 percent of the variance (Table 2.15). The analyses indicated that only ZGPSY 

(negative direction) made a significant contribution to the model. The interaction between 

ZSK and the ZGPSY also reached significance, suggesting that species with higher scores 

in the Higher-Order Life History and the Genetic Psychopathology factors also featured a 

greater part-whole correlation between ZAUT and ZGSPSY.  It was also relevant to 

determine the association between ZSK, ZGPSY, and the interaction between the 

predictors, with a ZGPSYIDE. The PGLS model was statistically significant and 

accounted for 46 percent of the variation (Table 2.15). The model exhibited a moderate 

phylogenetic signal (Pagel’s λ), significantly greater than zero, but smaller than one. ZSK 

had a sizeable a positive effect on the integration-differentiation levels of the Genetic 

Psychopathology factor. In contrast, ZGPSY has a strong and negative effect on the 

criterion variable. The interaction between the main predictors positively and 

significantly predicted ZGPSYIDE (Table 2.15).  
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Overall, the models exploring the predictive nature of ZSK, ZGPSY and the 

interaction between the two on CPE variances provide additional insight (Table 2.16).  

The analysis with ZCPEVARSCHIZO calculated a strong phylogenetic signal, 

significantly different from zero and one. The model explained 15 percent of the variance 

(Table 2.16). Although neither ZSK nor ZGPSY had a significant effect, their interaction 

positively and significantly predicted the CPE variance for schizophrenia orthologues. In 

terms of ZCPEVARBIP, the model estimated a moderate phylogenetic signal (greater than 

zero and smaller than one) and accounted for 14 percent of the variance (Table 2.16). In 

contrast to the previous model, these analyses determined that in addition to the negative 

main effect of ZGPSY, the interaction between ZSK and ZGPSY (positive estimate) was 

significant. The ZCEPVARAUT model was also statistically significant and explained 30 

percent of the variance (Table 2.16).  The analyses detected a moderate phylogenetic 

signal (different from zero and from one). Neither ZSK nor ZGPSY predicted the CPE 

variance; however, the interaction between the two predictors positively and significantly 

predicted ZCEPVARAUT. 

Study 2 Discussion 

Even though classical clinical taxonomies place considerable emphasis on the 

distinct nature of the various disorders, current perspectives acknowledged that the 

comorbidity of two or more disorders occurs with considerable frequency across human 

societies. Researchers have examined the underlying neural, hormonal, and physiological 

commonalities between psychopathologies in the past three decades, determining that 

alterations to a specific substrate lead to the crystallization of more than one condition. 

The psychiatric and clinical literature, for example, recognizes that the co-prevalence of 
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some pathologies is higher than it was usually reported in the past. Comorbidity in cases 

of psychosis is no exception, wherein it is not uncommon for individuals diagnosed with 

schizophrenia to also experience signs and symptoms of autism or bipolar disorder. 

Molecular genetic studies have reached similar conclusions. Some researchers have 

moved beyond identifying candidate genes associated with one psychopathology and 

instead are now considering the negative pleiotropic effects of a particular allele or set of 

alleles in the developmental history of more than one psychopathology. The rise and 

spread of GWAS have likewise expanded our current knowledge in terms of additive and 

multiplicative effects of gene assemblages in predicting these phenotypes.   

Although these explorations have expanded our current knowledge of factors 

involved in the emergence of schizophrenia in tandem with autism and bipolar disorder, 

little attention has been given to the correlated differential selection operating on these 

disorders' orthologues. Phylogenetic comparative methods offer a unique opportunity to 

explore the degree to which the comorbidity between schizophrenia, autism, and bipolar 

disorder in contemporary humans can be traced back to the correlated levels of 

differential selection operating on their respective orthologues in non-human eutherian 

mammals. Furthermore, before the present exploration, no attempt has been made to 

determine the association between life history and its influence on the persistence of 

psychopathology genes. The current paper explored the association between the 

persistence of orthologues associated with schizophrenia relative to other pathologies like 

autism and bipolar disorder.  

As predicted, the model identified that relative to other families, Hominidae 

featured higher bipolar 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  values. Consequently, ancestral genes associated with this 
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pathology in humans are preserved in great apes. It is worth noting that these results 

should not be interpreted as evidence of these taxa suffering from this disorder. Further 

studies are required (e.g., comparative neuroanatomy, cross-species psychometric 

examinations) to determine whether non-primate species exhibit this disorder. The 

ancestral character reconstruction identified that considerable evolutionary increases of 

the Genetic Psychopathology factor occurred within the Primate Order, with the most 

significant changes occurring within Hominidae. A similar pattern emerged for the 

ZGPSYIDE factor, wherein non-human primates, such as hominids, exhibited a 

noticeable rise in the degree of integration among the Genetic Psychopathology 

indicators. The ancestral character reconstruction for the ZSK revealed that the factor 

scores have independently increased more than once in eutherian mammals.  

Even though the univariate phylogenetic diagnostics indicated that most traits 

featured a strong phylogenetic signal (significantly different from zero but not from one), 

the multivariate diagnostics offered a slightly different image, wherein in most instances 

exploring the association between psychopathology orthologues and ZSK, Pagel’s joint λ 

was statistically different from one. These estimates justify using other phylogenetic 

methods, considering the traits’ actual preservation level, and considering these 

associations occurred under non-Brownian conditions. The PGLS analyses found 

consistent support regarding the link better the Higher-Order Life History factor and the 

persistence of autism, bipolar, and schizophrenia orthologues after accounting for the 

underlying phylogeny. As mentioned above, slow life history species are subject to 

weaker selective pressures (due to lower extrinsic morbidity and mortality), reducing the 

probability of eliminating deleterious or near-deleterious mutations. Although the present 
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study concentrated on schizophrenia, autism, and bipolar disorder, this pattern may 

extend to orthologues associated with other neurological and psychiatric disorders. Future 

studies should explore the presence of this hypothetical general neuro-psychopathology 

common factor loading into the  𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  values of multiple ancestral genes known to be 

associated with major neural, cognitive, affective, and behavioral disorders in 

contemporary humans.  

As described previously, computing a common psychopathology factor provided 

only a partial answer to whether or not the reported comorbidity among schizophrenia, 

autism, and bipolar disorder could be traced-down to the eutherian phylogenetic tree.  

Consistent with this study’s predictions, eutherian mammals exhibiting a stronger part-

whole correlation between the standardized ZGPSY factor and the schizophrenia 

orthologue estimates also display higher scores in the Higher-Order Life History factor. 

Hence, this pattern suggests that life history strategies predict the persistence of these 

genes and their association with the underlying ZGPSY. Contrary to this paper’s 

hypotheses, the phylogenetic analysis detected a negative relation between ZGPSY and 

the ZCPESCHIZO, indicating that species scoring higher on the ZGPSY factor tend to 

have lower part-whole correlations between schizophrenia indicator and this latent 

variable. Beyond these main effects, species scoring higher on both ZSK and the ZGPSY 

also displayed higher CPESCHIZO supporting these study’s predictions.  

Similarly, placental mammals exhibiting higher ZSK scores also displayed a 

stronger part-whole correlation between ZGPSY and CPEBIP. In contrast to this paper’s 

original hypothesis, ZGPSY was related to the CPE for bipolar disorder. The interaction 

between ZGPSY and ZSK, however, positively predicted CPEBIP, suggesting the strength 
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of the part-whole correlation is, in part, attributable to the multiplicative effect of scoring 

high on both the ZSK and the ZGPSY above and beyond the main effects of these 

variables. The PGLS model for CPEAUT did not support the hypothesized positive 

association between ZSK and the correlation between the autism orthologues and the 

Genetic Psychopathology factor. Once again, this model also detected a negative link 

between ZGPSY and the CPE for autism, contrary to this study’s predictions. Despite 

these results, the model found support for the predicted interaction between ZSK and 

ZGPSY and its corresponding positive association with CPEAUT.  

In addition to identifying an underlying Genetic Psychopathology factor, the 

present results support the existence of a Genetic Psychopathology Integration-

Differentiation factor loading into the schizophrenia, autism, and bipolar disorder CPES. 

The analyses also determined that ZSK positively and significantly predicted the degree 

of integration between the indicators, providing preliminary evidence of genetic cohesion 

operating on the orthologues associated with these psychopathologies in extant humans. 

Overall, these findings suggest that the persistence of autism, schizophrenia, and bipolar 

disorder orthologues do not occur independently but instead as part of an underlying 

latent common differential selection factor. In general, the results presented in this study 

support the inference that, after accounting for any underlying phylogenetic effects and 

potential allometric confounds, life history is a lead contributor in the persistence of 

ancestral genes associated with major psychopathologies in humans.  
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Table 2.14. Phylogenetic Generalized Least Squares Regressions (PGLS), examining the association between the Higher-Order Life 

History factor and persistence of schizophrenia, autism, and bipolar disorder orthologues. The table also contains the relation between 

life history and a Genetic Psychopathology factor. 

ZSCHIZO  ZBIP  

Pagel’s λ  .908 
   

 Pagel’s λ  .819 
   

lower bound .000 p =.000  
 

 lower bound .000 p =.000   

upper bound 1.000 p =.019  
 

 upper bound 1.000 p =.000   

Predictors Estimate Std. Error t-value p-value  
 

Estimate Std. 

Error 

t-value p-value 

Intercept -.275 .296 -.929 .356  Intercept -.147 .276 -.533 .595 

ZSK .215 .107 2.005 .048  ZSK .223 .113 1.978 .051 

  
R2 F-value p-value  

  
R2 F-value p-value   

.048 4.021 .048  
  

.047 3.912 .051 

ZAUT  ZGPSY 

Pagel’s λ  .992  
  

 Pagel’s λ  .979 
   

lower bound .000 p =.000  
 

 lower bound .000 p =.000  
 

upper bound 1.000 p =.707  
 

 upper bound 1.000 p =.287  
 

 
Estimate Std. 

Error 

t-value p-value  
 

Estimate Std. 

Error 

t-value p-value 

Intercept -.220 .303 -.725 .471  Intercept -.234 .270 -.865 .390 

ZSK .269 .083 3.232 .002  ZSK .202 .082 2.463 .016 
  

R2 F-value p-value  
  

R2 F-value p-value   
.117 1.44 .002  

  
.071 6.064 .016 
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Table 2.15. Phylogenetic Generalized Least Squares Regressions (PGLS), examining the association between the Higher-Order Life 

History factor and the cross-products between the Genetic Psychopathology factor and its corresponding indicators. The table also 

contains the relation between life history and a Genetic Psychopathology Integration-Differentiation factor.  

ZCPESCHIO  ZCPEBIP 

Pagel’s λ .536 
    

Pagel’s λ .436 
   

lower bound  .000 p =.000  
  

lower bound  .000 p =.000  
 

upper bound  1.000 p =.000  
  

upper bound  1.000 p =.000  
 

 
Estimate Std. 

Error 

t-value p-value 
  

Estimate Std. 

Error 

t-value p-value 

Intercept -.623 .229 -2.724 .008 
 

Intercept -.618 .233 -2.654 .010 

ZSK .394 .145 2.723 .008 
 

ZSK .417 .160 2.612 .011 

ZGPSY -.617 .195 -3.162 .002 
 

ZGPSY -.769 .215 -3.583 .001 

ZSK*ZGPSY .761 .127 6.007 .000 
 

ZSK*ZGPSY .776 .139 5.588 .000 
  

R2 F-value p-value 
   

R2 F-value p-value 
  

.333 12.830 .000 
   

.291 1.550 .000 

ZCPEAUT  ZGPSYDIE 

Pagel’s λ .690 
    

Pagel’s λ .530 
   

lower bound  .000 p =.000  
  

lower bound  .000 p =.000  
 

upper bound  1.000 p =.000  
  

upper bound  1.000 p =.000  
 

 
Estimate Std. 

Error 

t-value p-value 
  

Estimate Std. 

Error 

t-value p-value 

Intercept -.585 .229 -2.560 .012 
 

Intercept -.698 .207 -3.378 .001 

ZSK .118 .128 .924 .358 
 

ZSK .366 .131 2.785 .007 

ZGPSY -.519 .174 -2.988 .004 
 

ZGPSY -.795 .177 -4.488 .000 

ZSK*ZGPSY .768 .114 6.757 .000 
 

ZSK*ZGPSY .897 .115 7.804 .000 
  

R2 F-value p-value 
   

R2 F-value p-value 
  

.424 18.920 .000 
   

.455 21.400 .000 
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Table 2.16. Phylogenetic Generalized Least Squares Regressions (PGLS), examining the association between the Higher-Order Life 

History factor and the variance estimated as the cross-products between the Genetic Psychopathology factor and its corresponding 

indicators. The table also contains the relation between life history and the Genetic Psychopathology Integration-Differentiation 

factor. 

ZCPEVARSCHIZO 
 

ZCPEVARBIP 

Pagel’s λ .785 
    

Pagel’s λ .517 
   

lower bound .000 p =.000  
  

lower bound .000 p =.005  
 

upper bound 1.000 p =.000  
  

upper bound 1.000 p =.000  
 

 
Estimate Std. Error t-value p-value 

  
Estimate Std. 

Error 

t-value p-value 

Intercept -.229 .300 -.766 .446 
 

Intercept -.377 .273 -1.382 .171 

ZSK .299 .154 1.944 .056 
 

ZSK .293 .176 1.671 .099 

ZGPSY -.317 .210 -1.511 .135 
 

ZGPSY -.513 .237 -2.168 .033 

ZSK*ZGPSY .478 .139 3.449 .001 
 

ZSK*ZGPSY .536 .153 3.498 .001   
R2 F-value p-value 

   
R2 F-value p-value   

.149 4.499 .006 
   

.139 4.147 .009 

ZCPEVARAUT 
 

ZGPSYDIEVAR 

Pagel’s λ .566 
    

Pagel’s λ .796 
   

lower bound .000 p =.000  
  

lower bound .000 p =.000  
 

upper bound 1.000 p =.000  
  

upper bound 1.000 p =.000  
 

 
Estimate Std. Error t-value p-value 

  
Estimate Std. 

Error 

t-value p-value 

Intercept -.071 .244 -.290 .773 
 

Intercept -.244 .262 -.934 .353 

ZSK -.093 .151 -.619 .538 
 

ZSK .202 .133 1.520 .133 

ZGPSY .039 .203 .193 .848 
 

ZGPSY -.366 .181 -2.018 .047 

ZSK*ZGPSY .498 .132 3.772 .000 
 

ZSK*ZGPSY .608 .120 5.065 .000   
R2 F-value p-value 

   
R2 F-value p-value   

.300 1.990 .000 
   

.280 9.982 .000 
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STUDY 3- SOCIECOLOGY, NEUROANATOMY, AND SCHIZOPHRENIA 

ORTHOLOGUES 

 

Introduction 

The evidence presented in the previous chapters convey an evolutionary image 

wherein the life history of a species predicts not only the persistence of schizophrenia 

orthologues but also its corresponding correlations with the 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  values of autism and 

bipolar genes. This view, however, is only partially complete. Although estimates such as 

the 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  indicate the intensity of differential selection operating on a phenotype's 

orthologues; this measure does not provide direct insight into the potential evolutionary 

factors directly or indirectly involved in these genes' persistence. Hence, it is necessary to 

follow these analyses with models considering the physical, community, and social 

ecology of the species.  Even though Chapter 1 described an association between 

neuroanatomy and life history, the present chapter describes their connection to physical 

and social ecology. This review is essential for understanding various current 

evolutionary hypotheses of schizophrenia and their accounts regarding the role of group-

living and social cognition in the phylogenetic history of this disorder.  

 

Life History Theory and Neuroanatomical Evolution  

Across non-human species, neuroanatomical measures are often correlated with 

life history indicators. Given that both life history and neuroanatomical variables are 

associated with body mass, critics have claimed that the link between brain evolution and 

life history is a statistical artifact generating spurious correlations due to allometric 

effects. Consequently, it is common for modern researchers to compute body mass-free 
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residuals to determine if neuroanatomy and life history indicators coevolved. The 

encephalization coefficient originated as a measure to determine inter-species variation in 

brain mass after scaling the estimate by the species' body mass (Jerson, 1985).  

Over the years, however, comparative neuroanatomists and behavioral ecologists 

have adopted other neuroanatomical metrics. For instance, Isler and van Shaik (2012) 

who examined the coevolution of neuroanatomy and life history in a sample of non-

human primates, computed unstandardized residuals for multiple life history indicators 

and total brain mass using a series of ordinary least squares regressions. The residual 

extracted from the log-transformed total brain mass correlated positively with the 

residuals for ln gestation, ln weaning age, ln age at first reproduction, ln maximum 

lifespan, and ln neonatal body mass. In contrast, residual ln brain mass is negatively 

associated with residual ln fertility.  

According to the grey-ceiling hypothesis (Isler & van Schaik, 2009), species 

featuring reduced reproductive rates and extended longevity display larger 

neuroanatomical volume indicators, such as brain mass. Isler and Van Schaik (2009) 

compiled data on maximum lifespan, age at first reproduction, fertility rates, and body 

mass of over 500 eutherian mammals. As predicted, the authors estimated a negative 

correlation between the species' average maximum rate of population increase (rmax) and 

body mass. A subsequent estimate detected a negative correlation between rmax and brain 

volume. This correlation is a product of an organism allocating resources to brain 

development instead of other phenotypic dimensions directly involved in increasing its 

reproductive output. At the core of the authors’ claims lies the notion that individual-level 

dynamics have considerable influence on demographic patterns. The fact that population 
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growth is generally slow in species with small litter sizes is of particular interest here. 

The positive association between neuroanatomical indicators with slow life history 

indicates that larger brained taxa populations also exhibit limited growth. Such an 

association suggests that the risk of a population collapse constrains a species' average 

brain size. The authors followed these analyses with a series of linear models using 

phylogenetic independent contrasts. The estimates remained statistically significant even 

after controlling for shared ancestry. The grey-ceiling hypothesis also considers whether 

the species follows a neotenous or precocious developmental pattern (van Shaik, 2016). 

The model restricted to precocial species explained a larger portion of observed variance 

(raw R2 = .618; PIC = .162) relative to the model for altricial taxa (raw R2 =.597; 

PIC=.116).  

 

Social Complexity and Neuroanatomical Indicators 

Given the evident connection between psychopathology and neuroanatomy, the 

present paper strives to provide the necessary theoretical context for understanding the 

association between physical and social ecology and brain evolution. Although multiple 

and often competing evolutionary hypotheses describe brain evolution, most perspectives 

have emphasized to varying degrees the influence of either diet and substrate use or 

sociality.  

Franz De Waal was among the first to reconsider the behavioral and evolutionary 

influence of social cognition. His ethological studies with captive chimpanzees led him to 

conclude that the formation of coalitions and alliances among chimpanzees was not only 

an integral component of their daily social lives but suggested the necessity of a 
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sophisticated cognitive process associated with tracking political and social interactions. 

The author labeled this inclination as Machiavellian Intelligence (1988), which serves as 

an umbrella term referring to an organism's cognitive capacities in navigating dynamic 

political and social environments (the concept had more in common with general social 

cognition than with behaviors frequently labeled as Machiavellian). Other authors, 

however, described this phenomenon as the ability to influence and deceive conspecifics 

in the group. For instance, Byrne and Whiten's (1988,1997) view of Machiavellian 

Intelligence has more in common with Machiavelli's The Prince (2008) than with De 

Waal's emphasis on general social cognition.  

Beyond these minor theoretical disagreements, the latter authors agreed in terms 

of sociality's influence on cognition. Moreover, current empirical data support the 

predicted association between Machiavellian cognition indicators, such as deception and 

neuroanatomy. For example, Byrne and Corp (2004) conducted a series of multiple 

regressions with the phylogenetic independent contrasts for tactical deception (the 

authors used the residuals of this variable controlling for the number of publications per 

species, i.e., research effort), neocortex ratio, the volume of the rest of the brain, and 

group size in a sample of 18 non-human primates. The analyses determined that although 

the neocortex ratio positively and significantly predicted the tactical deception residuals, 

neither the volume for the rest of the brain nor group size contributed significantly to the 

model3.  

                                                           
3 Even though these results provide preliminary support for the predicted association 

between underlying neuroanatomy and deception, phylogenetic analyses with small 

samples (fewer than 30 taxa) are often susceptible to erroneous estimations (Freckleton et 
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During the early 1990s, Robin Dunbar called into question the use of measures 

such as Jerison's Encephalization Quotient (EQ) as potential proxies of cognitive 

complexity among non-human species. Dunbar predicted that species inhabiting social 

groups should also exhibit noticeable differences in the Neocortex volume (the author 

recommended using the Neocortex ratio, a measure accounting for allometric effects; 

Dunbar, 1992). Since its original publication detecting a significant relation between 

group size and Neocortex ratio, subsequent papers have provided additional support for 

Dunbar's hypothesis. Other studies have explored links among sociality and 

neuroanatomy across mammalian taxa. Pérez-Barbería, Shultz, and Dunbar (2007), for 

example, collected neuroanatomical and sociality data on 206 mammalian species 

(ungulates, carnivorans, and primates). For this study, the authors computed three 

residualized brain mass estimates, one per each Order, to circumvent allometric 

confounds. According to Pérez-Barbería and colleagues, these residuals were 

subsequently recoded as either large-brained (above 0) or small-brained (below 0) due to 

the categorical nature of the data) taxa4. The authors used Pagel's phylogenetic method 

for discrete character correlation. This procedure computes a log-likelihood ratio test 

based on the –log-likelihood value for a model assuming the traits evolved independently 

and the –log-likelihood estimate for an alternative prediction wherein the traits of interest 

coevolved. The calculations detected a positive association between the species sociality 

(non-social vs. social) and brain size in ungulates and carnivorans. Although in non-

                                                           

al., 2002). Hence, further studies are required to determine the connection between 

deception, neuroanatomy, and group size in non-human primates.  

4 It is worth noting, however, that while variance politomization is not an ideal statistical 

procedure, phylogenetic comparative methods in the early 2000s did not feature the 

degree of flexibility exhibited by more contemporary procedures. 
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human primates, brain size and sociality (operationalized as a dichotomous variable) did 

not reach statistical significance, re-computing these analyses using the geometric mean 

group size proved to have a positive association with brain mass. Consequently, the 

correlation detected between neuroanatomical volume indicators and sociality generalizes 

to non-primate clades.  

Shultz and Dunbar (2007) found additional support for this predicted positive 

association. For this study, the authors expanded their dataset beyond ungulates, 

carnivorans, and non-primates—the study controlled for allometric effects by 

residualizing the total brain mass against body mass. The authors conducted multiple 

PGLS, one per cladistics order. The bivariate PGLS exploring the link between group 

size and the brain size residuals varied among clades. In primates, the analyses indicated 

a positive and significant correlation; in carnivorans, this species' group size and relative 

brain size did not reach statistical significance. This study followed these explorations by 

considering the role of physical, community, and social ecology indicators in predicting 

the observed neuroanatomical variation in volume. In the primate model, the social 

system (classified as solitary, pair, harem, or multimale), the substrate used by the species 

(arboreal or terrestrial), and the activity pattern (diurnal or nocturnal) had a significant 

relation on the phylogenetic brain mass residuals. 

In contrast, neither the species' diet (folivore, folivore-frugivore, frugivore, or 

omnivore) nor the type of habitat (open, closed, or mixed) made a significant contribution 

to the model. In carnivorans, the social system, the diet (vegetarian, invertebrates, small 

vertebrates, large vertebrates), and the substrate use significantly predicted the 

residualized brain mass. In carnivores, neither the activity pattern nor the habitat had a 
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significant association with the estimated neuroanatomical residuals. Lastly, the ungulate 

model identified a significant contribution of the species' social system and the diet 

(grazer, grazer and browser, browser, browser, and frugivore, or omnivore) to the 

residuals brain size. The habitat of the species, however, did not have a significant 

contribution to the model. Overall, these results indicate that, in addition to sociality, 

indicators such as diet and habitat also predict brain size evolution depending on the 

mammalian clade.  

Recent analyses claimed to have found support for the influence of diet, instead of 

sociality, in predicting neuroanatomical volume indicators in a sample of non-human 

primates. DeCasien and collaborators (2017) reviewed the literature and obtained 

information on the diet, group size, mating system, and total brain mass from a sample of 

over 140 primate species. A hierarchical PGLS included log-body mass, diet, and log-

group size in explaining log-brain mass. The model's joint λ, an indicator of phylogenetic 

signal, was considerably high (.97), confirming the necessity of controlling for 

phylogeny. Although log-body mass and diet significantly predicted log-brain mass, log 

group size did not. The authors compared three models, one with only log-body mass, a 

second with log-body mass and diet, and a third, including the latter two variables, and 

log-group size. The authors extracted BIC values and estimating their corresponding Δ as 

well as their weights. The first model, containing only log-body mass, received strong 

support (weight= .92) relative to the remaining two models (weights < .10). The model, 

containing log-body mass, diet, and social system, also features a high phylogenetic 

signal (λ=.96). The hierarchical PGLS once again determined that only log-body mass 

and diet had a significant prediction over log-brain mass. The social system did not make 
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a significant contribution. Model comparison based on the BIC estimates identified, 

however, concluded that the model limited to log-body mass had the best fit (weight= 

.91).  

In response to the previous publications, Shultz and Dunbar (2017) wrote an 

insightful review of current evolutionary hypotheses developed to address the evolution 

of neuroanatomical measures in non-human primates. According to Shultz and Dunbar 

(2017), social hypotheses are subdivided into 1) the Machiavellian Intelligence 

Hypothesis; 2) the Cultural Intelligence Hypothesis; 3) the Vigotskian Hypothesis; 4) the 

Scherezade Hypothesis, and 5) the Social Brain Hypothesis. Table 1 summarizes the 

major points of each perspective and indicates whether or not they have been linked to 

the evolution of schizophrenia.  

 

Machiavellian Intelligence and the Evolution of Schizophrenia  

It did not take long for clinicians and evolutionary psychiatrist to re-interpret the 

evolution of schizophrenia based on the predictions made by the Machiavellian 

Intelligence Hypothesis. For example, Crow (1993) acknowledged that the merit of this 

perspective extends beyond our understanding of the evolution of primate cognition, 

given its implications for addressing the origins of schizophrenia. The author viewed 

psychosis as a part of a phenotypic continuum, wherein these conditions were the 

maladaptive manifestation of extreme traits (Crow. 1997).  This disorder's universality 

led Crow (1997) to postulate that psychosis emerged as part of a speciation event. For 

Crow (1993), early humans experienced increasing social pressures leading to the relative 

independent function of the two cerebral hemispheres, a neural necessity for the 
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emergence of language. The genetic changes associated with this neural reorganization, 

and the subsequent rise of linguistic faculties, also created the genetic foundations for the 

evolution of psychoses (Crow, 1997).  

The author viewed the neural asymmetry observed in schizophrenic patients as 

evidence of the degree to which the genetic variance associated with the disorder was 

consistent with human brain evolution. The reported sexual differences observed in 

schizophrenic patients (age of onset, severity, and type of signs and symptoms) inspired 

Crow to reappraised the connection between neural lateralization, sexual dimorphism, 

and the origins of psychosis. The author claimed that the observed differences in neural 

asymmetries between males and females could indicate sexual selective forces that 

molded human neuroanatomy (1993).  In later years, Crow placed considerable emphasis 

on the role of sexual selection in favoring the evolution of Machiavellian Intelligence, 

which in turn, along with the emergence of language, lead to the rise of schizophrenia 

and other psychotic disorders in humans.  
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Table 3.1. List of main hypotheses developed for understanding the evolution of brain mass across mammalian taxa. The table 

contains the central claims, along with Shultz and Dunbar's criticisms of these perspectives. The last column on the table indicates 

whether or not each hypothesis has been adopted as a potential explanation for the evolution of schizophrenia. 

Hypothesis  Proponents Main claims 

(based on Shultz and 

Dunbar, 2017) 

Limitations  

(based on Shultz and 

Dunbar, 2017) 

As an explanation for 

the evolution of 

schizophrenia  

Machiavellian 

Intelligence 

Hypothesis 

Jolly (1966), 

Humphrey (1976),  

Byrne and Whiten 

(1989) 

Non-human primates 

inhabit highly 

competitive societies 

featuring frequent 

agonistic interactions 

for food and mates. 

 

Individual outwit their 

competitors via tactical 

deception.  

 

 

Regardless of their size 

or composition, any 

group provides a 

context for individuals 

to exploit each other.  

Under such competitive 

conditions, this view 

ignores potential social 

mechanisms sustaining 

social cohesion.  

 

 

This view ignores the 

reasons why primate 

groups evolved in the 

first place.  

 

Although the literature 

reports various tactical 

deception instances in 

primates' societies, this 

pattern does not 

generalize to other 

social mammals such as 

Artiodactyla. 

  

Crow (1996), 

Burns (2007) 

Cultural Intelligence 

Hypothesis  

Lefebvre, Reader, and 

Sol (2004), Van Shaik, 

Isler, and Burkart 

(2012). 

Larger brains facilitate 

the social transmission 

and persistence of 

information (via 

mimicry, emulation, or 

The literature places 

considerable emphasis 

on behavioral indicators 

such as tool use and 

extractive foraging, 

To this date, no attempt 

has been made to 

examine the Cultural 

Intelligence Hypothesis 



115 

 

imitation, among other 

social learning 

mechanisms). 

 

Cooperative breeding 

deals with issues 

associated with 

coordination and 

investment. These 

evolutionary problems 

favor brain evolution. 

Similarly, a prolonged 

period of development 

favors the social 

transmission of 

information. 

 

Social learning is 

correlated with group 

size.  

ignoring other 

manifestations of social 

learning 

 

Although pair-bonded 

species exhibit larger 

brain volumes, male 

parental investment is 

considerably limited. 

Moreover, pair-bonding 

or social monogamy is 

limited to a small 

number of primate 

species. 

 

 

 

Social groups facilitate 

the spread of social 

information; however, 

this view excludes 

factors relevant to 

understanding primate 

groups' evolution. 

 

and the evolution of 

schizophrenia 

Vygotskian 

Intelligence 

Hypothesis  

Moll and Tomasello 

(2007), Tomasello 

(2009).  

Even though non-human 

primate societies are 

highly competitive 

human groups feature 

considerable levels of 

cooperation. 

 

 

An overemphasis on the 

competitive nature of 

primate societies. 

According to Dunbar 

and Shultz, the 

evolution of primate 

groups rests on 

cooperation.  

To this date, no attempt 

has been made to 

explore the Vygotskian 

Intelligence Hypothesis 

and the evolutionary 

origins of 

schizophrenia.  
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Vygotsky viewed 

cognitive development 

as the interplay of 

teaching, cooperation, 

and communication. 

Relative to non-human 

primates, humans excel 

in these social and 

cognitive dimensions.  

 

Human cognition 

responds to the intense 

demands associated 

with developing and 

inhabiting a complex 

social environment.  

 

This hypothesis is 

restricted to addressing 

cognition evolution in a 

single species, humans, 

ignoring the patterns 

observed in hundreds of 

non-human primates. 

 

 

 

This perspective's 

overemphasis on human 

sociality and cognition 

fails to explain the 

coevolution of group 

size and 

neuroanatomical 

indicators in non-human 

primates.  

 

Scheherazade 

Hypothesis  

 

Miller(1999) 

 

Sexual selection, in 

particular in contexts of 

sexual fidelity, favored 

the evolution of larger 

human brains.  

 

This view ignores the 

reasons why primate 

groups evolved in the 

first place.  

 

 

Although the 

Scheherazade 

hypothesis is not 

directly mentioned, 

Shane, Miller, and 

Mintz (2004) ties the 

evolution of 

Schizophrenia to sexual 

selective pressures.  
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Social Brain 

Hypothesis (sensu 

stricto) 

Shultz and Dunbar 

(2017); 

According to Shultz and 

Dunbar, the previous 

perspectives have been 

erroneously categorized 

as Social Brain 

hypotheses. The term 

Social Brain Hypothesis 

sensu strictly refers to 

the creation of strong 

and functional bonds. 

Group formation is a 

means to resolve an 

ecological problem 

rather than an end in 

itself.  

 

This perspective 

described a two-step 

evolutionary process. In 

the first step, individuals 

establish social groups 

solving an ecological 

challenge. The second 

step considers how a 

larger brain is a 

requirement to reach the 

minimum level of 

sociality.  

 

 To this date, no attempt 

has been made to 

examine the Social 

Brain Hypothesis (sensu 

stricto) and the 

evolution of 

schizophrenia 
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Crow's hypothesis received both praise and criticism. Jonathan Burns (2007) 

accurately identified two inherent assumptions to Crow's claims. First, this perspective 

views psychosis, and therefore schizophrenia as an exclusively human phenomenon. 

Second, this discontinuity is attributable to the evolution of language. Concerning the 

first assumption, Burns countered Crow's position by comparing human psychotic signs 

with abnormal manifestations in non-human primates (i.e., psychotic behavioral 

syndrome). Following standard psychiatric classifications, Burns summarized human 

signs of psychosis as 1) Disorganized appearance and behaviors; 2) Visual and Auditory 

hallucinations; 3) Paranoid delusions; 4) Grandiose delusions; 5) Flattened affect; 6) 

Limited capacity of social cognition; 7) Apathy, social withdrawal; 8) Ambivalence; and 

9) Catatonia, mannerism, stereotypies, or posturing. For Burns, some ape equivalent signs 

include: 1) Disorganized behaviors; 2) Hallucinatory behaviors; 3) Hypervigilance or 

paranoid behavior; 4) Hypersexual behavior, increased dominance, increase in rank, and 

increased risk-taking behaviors; 5) Reduced facial expressions or attenuated non-verbal 

communication; 6) limited capacity to accurately interpreting facial expressions; 7) 

Apathy, social withdrawal, lack of interest in activities, loss in dominance rank; 8) 

Ambivalence response to other conspecifics; 9)  Catatonia, posturing, mannerisms,  

stereotyped or ritualistic behaviors.  

In terms of the second assumption, Burns (2007) cites several papers on the 

evolution of language from a gradualist perspective wherein human language presents 

commonalities with non-human communication. For Burns, the latter observations falsify 

Crow's views on the evolutionary origins of psychosis and schizophrenia.  Although the 

present author agrees with Burn's micro-evolutionary perspective on schizophrenia, in 
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contrast to Crow's saltationist approach, additional ethological and psychometric research 

is required to determine if psychosis or psychotic-like signs are generalized to other non-

human species. Consequently, it is appropriate to mention that the analyses offered by the 

current paper do not claim the presence or absence of schizophrenia in non-human 

species but rather consider the role of socioecology in addressing the persistence of genes 

known to be associated with this disorder in humans.  

Similarly, it is worth noting that more recent molecular genetic studies support 

some of Crow's predictions regarding the evolution of psychoses in anatomically and 

behaviorally modern human populations. Srinivassan et al. (2015) computed 

schizophrenia polygenic scores as part of a genome-wide association study (GWAS). The 

authors developed an evolutionary index for estimating selective sweeps (Neanderthal 

Selective Sweep Score; NSS). According to the authors, genes loci associated with 

schizophrenia in modern humans had a higher prevalence in regions that experienced 

considerable positive selection. Consequently, Srinivassan and colleagues concluded that 

the prevalence of schizophrenia in humans originated as part of a cluster of traits subject 

to intense positive section. Other studies offer similar conclusions. Crespi and 

collaborators (2007) examined the molecular evolution of over 70 schizophrenia genes. 

The authors used two approaches: First, they estimated any traces of selective sweeps 

facilitating the persistence of genes involved with this pathology. Second, the authors 

used maximum likelihood estimation procedures to detect the degree of positive selection 

by calculating the ratio of non-synonymous to synonymous changes in a sample of 

human and non-human primate species. The analysis identified positive selective sweeps 

operating over human traits.   
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Studies exploring the evolution of methylated regions also support the hypothesis 

of schizophrenia as a byproduct of strong positive selection operating on adaptive traits. 

Benerjee and collaborators (2018) analyzed the degree of enrichment of association in 11 

traits examined through GWAS. The study focused on regions that experienced 

methylation in human samples relative to other hominin species, including Denisovans 

and Neanderthals. The study found that genetic regions subject to recent methylation 

during human evolution exhibited association enrichment with phenotypes, as in 

schizophrenia. This pattern, however, did not generalize to other hominin species. Due to 

the relevance of methylation, the authors also acknowledged that gene-environment 

interactions could explain this pathology's evolutionary origins.  

Although these studies' results indicate recent selective positive selective 

pressures operating on human traits, these alleles do have genetic ancestors found in non-

human species (Ogawa and Vallender, 2014). Hence, rather than taking a saltationist 

approach assuming only anatomically modern humans present schizophrenia-related 

genes, the current chapter emphasizes the relevance of studying orthologues in addition 

to considering recent selective sweeps favoring the emergence of psychoses in human 

populations.  

Given the reported associations among diet, substrate use, life history, and 

neuroanatomy, the current paper addresses how to contextualize best the persistence of 

psychopathology orthologues, such as those associated with schizophrenia, as part of a 

socioecological sequence. This paper also examines the mediating role of 

neuroanatomical measures, such as total brain volume and its corresponding total number 

of neurons, between life history and the persistence of schizophrenia orthologues. Given 
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the association between diet and substrate use with sociality and brain evolution, it was 

essential to include these variables into the model.  

Method 

Sample 

Individual dN and dS estimates were collected for each schizophrenia gene across 

all eutherian mammal from Ensembl (Cunningham et al., 2019), an online genetic 

platform. These measures were used to calculate average dN and average dS values, and 

subsequently, compute a single 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  variable per species. Information on the species' 

phenotypic life history indicators, including female age at sexual maturity, maximum, 

longevity, weaning age, adult body mass, gestation length, were gathered from the 

AnAge online data repository. Additional data on neuroanatomical indicators were 

gathered from the Herculano-Houzel database (2019). This resource not only contains an 

impressive amount of life history information on non-human species (586 avian and 1167 

mammalian species), but it also features data on overall brain mass and the absolute 

number of cortical neurons per species. Data on Diet, Substrate use were collected from 

the Pantheria and IUCN databases (Jones et al., 2009; IUCN, 2020). Data on 

Domestication was also gathered to account for observed heterogeneity of domesticated 

and wild species in the dataset (Albarella et al., 2017).   

 

Traditional Statistical Tests  

A series of bivariate correlations explored associations among log-transformed 

total brain mass, residualized log-transformed brain mass, the total number of neurons, 

with the five phenotypic life history traits (maximum longevity, females' age at sexual 
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maturity, gestation length, weaning age, and litter size), and the 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  values for 

schizophrenia orthologues. After this initial exploration, a Linear Mixed Model with 

REML estimation and the UN variance-covariance structure examined the association 

between the log-transformed total brain mass and a Higher-Order Life History factor. The 

model included Order as a random effect, with the significance test for fixed effects 

following a hierarchical portioning of variance (Type I).  

After calculating these estimates, multiple Cascade models were computed using 

SAS 9.4.  The logic behind classic Cascade analyses rests on the computation of a series 

of steps, wherein a criterion variable on one stage becomes a predictor variable in a 

subsequent step. Although specialized statistical software, such as UniMult v 2.0, is 

available, this procedure is easy to implement on any platform featuring the minimum 

functions required to estimate hierarchical General Linear Models. Due to this study's 

exploratory nature, conducting multiple significance tests increases the probability of 

encountering Type I errors. Therefore, it is recommendable to use a conservative 

statistical method design to hierarchically portioning the model's variance to circumvent 

any risk of capitalizing on chance. This feature, however, is not currently available for 

either SEM or Path analysis. Moreover, although researchers frequently use confirmatory 

methods in exploratory designs, this practice often leads to incorrect and generally un-

replicable estimates in subsequent studies. Alternatively, the hierarchical estimation of 

Cascade analyses decreases the probability of computing Type I errors.  

The following sequence captures the main model.  

Substrate Use: (Terrestrial (1) or Non-Terrestrial (0), the data set did not contain enough 

species for exploring other habitats such as aquatic)  
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Diet: (Dummy coded as Protein or Folivore-Granivore with Fruit as a reference category) 

Group-living: (coded as Gregarious (1) or Solitary (0)) 

Domestication: (Domesticated (1) or Wild (0)) 

Hierarchal life history factor 

Total number of neurons 

Persistence of schizophrenia orthologues  

Phylogenetic Comparative Methods 

Univariate phylogenetic diagnostics, such as Pagel's λ, indicated the importance 

of controlling for confounding effects due to common ancestry. For this study, we 

conducted a series of phylogenetic Cascade analyses. This procedure combines 

traditional Cascade analyses and phylogenetic generalized least squares regressions 

(PGLS). By performing a series of PGLS wherein a criterion variable becomes a 

predictor in a subsequent step of the cascade (Figueredo, Fernandes, Peñaherrera-

Aguirre, 2019). The hierarchical portioning of variance limits the likelihood of 

committing Type I errors due to performing multiple significance tests. Consistent with 

traditional Cascade Analyses, Phylogenetic Cascade Analyses considers the number of 

non-significant paths as an indicator of parsimony. Given that all three models are 

expected to account for the same portion of variance, the model with the lowest number 

of non-significant paths is considered most parsimonious. 

Predicted paths for the Phylogenetic Cascade Analyses: 

1. Terrestriality positively predicts a folivore-granivore diet  

2. Relative to frugivore species, folivores and Group-living is positively 

associated 
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3. A diet comprised mostly of fruits positively predicts a higher number of 

neurons 

Due to a lack of scientific consensus regarding the associations between group 

size, life history, and the number of neurons, the Phylogenetic Cascade Analysis models 

will consider the following alternative sequences: 

16a. Group-living            Higher-Order Life History             Total number of neurons 

16b. Group-living           Total number of neurons            Higher-Order Life History       

  

Results 

 

Bivariate Correlations, GLMs, and LMMs  

In addition to the expected positive associations among the various phenotypic 

life history indicators and the various neuroanatomical measures (As indicated by Table 

3.2), the univariate analyses detected positive and significant correlations between 

neuroanatomy and the ancestral genes associated with major psychopathologies in 

humans. For instance, the species log-transformed total brain mass had a positive and 

significant association with the 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  estimate for schizophrenia orthologues. This 

pattern persisted after controlling for adult body mass (resLog Brain Mass). The bivariate 

analyses also detected a positive and significant relation between the total number of 

neurons and the persistence of schizophrenia orthologues.  

Linear Mixed Models, with Family nested within Order as a random effect, found 

a positive and significant relation between the hierarchal life history factor and the 

species' log-transformed brain mass. A similar analysis also identified that the Higher-

Order Life History factor predicted the total number of neurons in eutherian mammals, 
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even after considering Family nested within Order as a random effect (Table 3.3). The 

Hierarchical General Linear Model analyzing whether or not total brain mass and the 

schizophrenia orthologues are significantly related concluded that, although the model 

accounted for over 70% of the variance and was statistically significant, total brain mass 

did not predict the persistence of schizophrenia orthologues above and beyond the 

Higher-Order Life History factor (Table 3.4).  Alternatively, the model including the total 

number of neurons determined that this variable positively and significantly predicted the 

𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  values for schizophrenia after controlling for the effects of Order and species' life 

history factor scores (Table 3.5).  

 

Traditional Cascade Analyses    

The Cascade Analysis without phylogenetic controls indicated that, relative to 

frugivorous species, taxa relying on protein-based diet were mostly terrestrial. Similarly, 

a folivorous-granivorous diet positively predicted a terrestrial substrate use. In the 

subsequent stage of the cascade, occupying a terrestrial substrate did not predict Group-

living.  
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Table 3.2. Bivariate correlations among the persistence of orthologues genes associated with schizophrenia, autism, and bipolar 

disorder, along with various neuroanatomical and phenotypic life history measures.  

  LogBrainMass ResLogBrainMass Ncx SCHIZO BIP AUT LogPLON LogPFM LogPG LogPW LogPL 

LogBrainMass 1.000 .019 <.0001 .006 .059 .008 <.0001 <.0001 <.0001 <.0001 <.0001 

resLogBrainMass .361 1.000 .004 .003 .020 .318 .125 .030 .198 .018 .108 

Ncx .574 .437 1.000 <.0001 <.0001 <.0001 <.0001 <.0001 .000 <.0001 .000 

SCHIZO .421 .446 .785 1.000 <.0001 <.0001 <.0001 .000 .000 <.0001 .000 

BIP .294 .359 .760 .920 1.000 <.0001 .001 .001 .002 .000 .004 

AUT .404 .158 .689 .823 .835 1.000 <.0001 <.0001 <.0001 <.0001 .000 

LogPLON .822 .240 .595 .590 .510 .647 1.000 <.0001 <.0001 <.0001 <.0001 

LogPFM .839 .335 .625 .548 .482 .647 .877 1.000 <.0001 <.0001 <.0001 

LogPG .766 .203 .530 .537 .457 .574 .841 .751 1.000 <.0001 <.0001 

LogPW .813 .365 .716 .661 .563 .648 .891 .888 .829 1.000 <.0001 

LogPL -.623 -.252 -.520 -.552 -.439 -.534 -.776 -.708 -.813 -.843 1.000 

Note. Pearson's correlations are displayed below the diagonal, and their corresponding significance values are exhibited above the 

diagonal.  
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Table 3.3. Linear Mixed Models with REML and UN covariance exploring the association between the Higher-Order life history 

factor on the log-transformed total brain mass and the total number of neurons. The models included Family nested within Order as a 

random effect. 

Note. ZSK:  Standardized Higher-Order Life History unit-weighted factor based on raw indicators; Est: Estimates; Std. Err: Standard 

Error 

.  

 

 

 

 

 

Log10 Brain Mass Total Number of Neurons  

 

Random Effects Random Effects 

Cov Parm Subject Estimate 

   

Cov Parm Subject Estimate 

   
Intercept Family 

(Order) 

.323 

   

Intercept Family 

(Order) 

.406 

   

Residual 

 
.061 

   Residual 

 
.102 

   
Fixed Effects  Fixed Effects  

Effect Est. Std. Err DF F-value p-value Effect Est. Std. Err DF F-value p-value 

ZSK .876 .123 17 11.34 .000 ZSK .606 .142 17 18.28 .000 

AIC 61.3 
    

AIC 76.4   
  

BIC 63.7 
    

BIC 78.7   
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Figure 3.1. Phylogenetic mirror tree representing the ancestral character reconstruction of a Higher-Order Life History factor with the 

total number of neurons.  
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Figure 3.2. Phylogenetic mirror tree representing the ancestral character reconstruction of the total number of neurons and the 

persistence of schizophrenia orthologues. 



130 

 

Table 3.4. General Linear Model examining the association between Z log-transformed 

total Brain Mass on the persistence of schizophrenia orthologues in 42 Eutherian 

mammals. The model also considered the effect of Order as a taxonomic classification.  

Source DF F-value p-value R2 

Model 10 8.69 <.0001 .737 

Error 31 
   

Corrected Total 41 
   

Source DF Type I SS F-value p-value 

Order 8 27.198 9.780 <.0001 

ZSK 1 1.890 5.440 .026 

ZLog Brain Mass 1 1.135 3.260 .081 

Parameter Estimate Std. Err t-value p-value 

Intercept 1.089 .286 3.810 .001 

Afrosoricida -1.219 .693 -1.760 .088 

Artiodactyla -1.927 .379 -5.090 <.0001 

Carnivora -1.626 .424 -3.840 .001 

Eulipotyphla -1.723 .782 -2.200 .035 

Hyracoidea -.932 .633 -1.470 .151 

Lagomorpha -1.425 .605 -2.350 .025 

Proboscidea -2.431 .679 -3.580 .001 

Rodentia -1.202 .526 -2.280 .029 

Primates .000 . . . 

ZSK -.012 .331 -.040 .971 

ZLog Brain Mass .488 .270 1.810 .081 

Note ZSK:  Standardized Higher-Order Life History unit-weighted factor based on raw 

indicators; Std. Err: Standard Error 
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Table 3.5. General Linear Model examining associations between the total numbers of 

neurons and the persistence of schizophrenia orthologues in 42 Eutherian mammals. The 

model also controlled for the taxonomic Order.  

Note ZSK:  Standardized Higher-Order Life History unit-weighted factor based on raw 

indicators; Std. Err: Standard Error 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Source DF F-value p-value R2 

Model 10 27.090 <.0001 .897 

Error 31 
   

Corrected Total 41 
   

Source DF Type I SS F-value p-value 

Order 8 27.198 25.030 <.0001 

ZSK 1 1.890 13.910 .001 

ZNcx 1 7.702 56.710 <.0001 

Parameter Estimate Std. Err t-value p-value 

Intercept .826 .152 5.450 <.0001 

Afrosoricida -1.430 .425 -3.370 .002 

Artiodactyla -1.064 .197 -5.400 <.0001 

Carnivora -.955 .199 -4.790 <.0001 

Eulipotyphla -2.203 .493 -4.470 <.0001 

Hyracoidea -.427 .398 -1.070 .292 

Lagomorpha -1.241 .359 -3.450 .002 

Proboscidea -2.239 .397 -5.640 <.0001 

Rodentia -1.191 .305 -3.910 .001 

Primates .000 . . . 

ZSK -.108 .146 -.740 .467 

ZNcx .640 .085 7.530 <.0001 
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Alternatively, protein, relative to frugivory, and Group-living were negatively 

associated. This pattern remained consistent for folivores-granivores. The omnibus test 

corresponding to the various socioecological predictors of Domestication did not reach 

statistical significance. 

Domesticated species scored lower in the standardized Higher-Order Life history 

factor. Taxa, classified as Group-living, had higher life history scores. Neither 

Terrestriality nor the dummy variable comparing protein to frugivory contributed 

significantly to the model. Compared to frugivores, folivores-granivores had lower life 

history scores. Species scoring higher in the Higher-Order Life history factor also had a 

greater number of neurons. Domestication did predict the criterion variable. 

Interestingly, terrestrial species had a lower number of neurons. Neither diet 

dummy variables had a significant contribution. In the last step of the cascade, the total 

number of neurons had a robust positive relation to schizophrenia orthologues' 

persistence. Contrary to previous results, the Higher-Order Life history factor had a weak 

and negative relation. Group living positively and significantly predicted the persistence 

of ancestral schizophrenia genes. Neither Terrestriality nor protein had a significant 

relation. Compared to frugivores, folivores-granivores exhibited a lower persistence of 

schizophrenia orthologues.  

In the alternative model, Domestication had a negative and barely significant 

relation with the number of neurons. Group-living had a positive and significant 

contribution to the model. Alternatively, neither Terrestriality nor the diet dummy 

variables predicted the number of neurons. In the following step of the cascade, the total 

number of neurons positively and significantly predicted the h Higher-Order Life history 
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factor. Similarly, domesticated species had lower life history factor scores. Both living in 

groups and using a terrestrial substrate had a positive association with the Higher-Order 

latent variable. Although the dummy variable comparing a protein-based relative to a 

fruit-based diet did not reach statistical significance, species classified as folivore-

granivores had lower scores in the Higher-Order Life history factor.  In the last step of 

the cascade, the life history factor negatively predicted the persistence of schizophrenia 

orthologues. The total number of neurons and Group-living had positive and significant 

associations with the ancestral schizophrenia estimates. Neither Terrestriality nor the 

comparison between a diet based on proteins or fruits contributed to the model. 

Alternatively, folivores-granivores exhibited lower orthologue estimates relative to 

frugivores. Model comparison determined that the model with life history before the total 

number of neurons had 13 non-significant paths. The competing model, containing the 

total number of neurons as a predictor of life history, had 11 non-significant paths. 

Consequently, the first model exhibits greater parsimony.  

The Cascade Analysis with log10 brain mass instead of the total number of 

neurons determined that the Higher-Order Life history factor had a positive and 

significant association with the species' total brain size. After removing the influence of 

life history, Domestication had a positive association with the criterion variable, though 

this connection was marginally significant. Terrestrial species had small brain sizes. In 

terms of diet, the dummy variable comparing protein to fruit did not reach statistical 

significance. In a similar vein, the dummy code for folivores-granivores featured a 

positive relation but was not statistically significant. In the last step, the species brain 

mass and the Higher-Order Life history factor had a positive and significant relation to 
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the prescience estimates of schizophrenia orthologues. Neither Domestication nor Group-

living had a significant relation. Terrestriality positively predicted the criterion variable. 

Although a protein-based diet did not make a significant contribution to the model, 

folivores-granivores had lower 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  estimates for genes associated with schizophrenia.  

Table 3.6. Cascade Analysis examining the socioecological predictors of schizophrenia 

orthologues.  

Predictor Df Estimate Sum Sq F-value p-value 

Y variables: Terrestriality  
     

X-variables: 
     

Protein 1 .307 .967 4.962 .032 

Folivore-Granivore 1 .409 1.719 8.820 .005 

 

  
R2 F-value p-value 

 

  
.261 6.891 .003 

Y variables: Group-Living 
     

Prior Y variables: 
     

Terrestriality 1 .028 .008 .040 .843 

X-variables: 
     

Protein 1 -.362 1.328 6.675 .014 

Folivore-Granivore 1 -.348 1.223 6.146 .018 

 

  
R2 F-value p-value 

 

  
.253 4.287 .011 

Y variables: Domesticated 
     

Prior Y variables: 
     

Group-Living 1 .005 .000 .001 .971 

Terrestriality 1 -.081 .050 .296 .590 

X-variables: 
     

Protein 1 .231 .406 2.431 .127 

Folivore-Granivore 1 .358 .976 5.838 .021 

 

  
R2 F-value p-value 

 

  
.188 2.142 .095 

Y variables: ZSK 
   

  

Prior Y variables: 
     

Domesticated 1 -.366 5.493 11.545 .002 

Group Living 1 .582 13.877 29.169 .000 

Terrestriality 1 .123 .623 1.310 .260 

X-variables: 
     

Protein 1 -.040 .066 .139 .711 

Folivore-Granivore 1 -.305 3.814 8.017 .008 

 

  
R2 F-value p-value 

 

  
.582 1.040 .000 

Y variables: ZNcx 
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Prior Y variables: 
     

ZSK 1 .638 16.691 28.695 .000 

Domesticated 1 .048 .095 .163 .689 

Group Living 1 -.035 .051 .088 .768 

Terrestriality 1 -.301 3.715 6.386 .016 

X-variables: 
     

Protein 1 -.042 .073 .126 .725 

Folivore-Granivore 1 -.020 .017 .028 .867 

 

  
R2 F-value p-value 

 

  
.504 5.914 .000 

Y variables: ZSCHIZO 
     

Prior Y variables: 
     

ZNcx 1 .785 25.239 107.895 .000 

ZSK 1 -.156 .992 4.240 .047 

Domesticated 1 -.062 .160 .682 .415 

Group Living 1 .165 1.118 4.780 .036 

Terrestriality 1 .071 .205 .877 .356 

X-variables: 
     

Protein 1 -.062 .156 .667 .420 

Folivore-Granivore 1 -.355 5.177 22.133 .000 

 

  
R2 F-value p-value 

 

  
.806 2.180 .000 

Note. ZNcx: Standardized number of neurons; ZSK: Standardized Higher-Order Life 

history factor. The dummy variables Protein and Folivore-Granivore used frugivore as a 

reference category.  
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Table 3.7. Alternative Cascade Analysis examining the socioecological predictors of 

schizophrenia orthologues. This rival model places the total number of neurons as a 

predictor of the Higher-Order Life history factor. 

 Note. ZNcx: Standardized number of neurons; ZSK: Standardized Higher-Order Life 

history factor. The dummy variables Protein and Folivore-Granivore used frugivore as a 

reference category.  

 

Predictor Df Estimate Sum Sq F-value p-value 

Y variables: ZNcx      
Prior Y variables:     
Domesticated 1 -.278 3.174 3.938 .055 

Group-Living 1 .333 4.535 5.626 .023 

Terrestriality 1 -.217 1.922 2.385 .131 

X-variables:     
Protein 1 -.013 .007 .009 .925 

Folivore-Granivore 1 -.239 2.343 2.907 .097 

   R2 F-value p-value 

   .292 2.973 .024 

Y variables: ZSK      
Prior Y variables:     
ZNcx 1 .638 16.691 48.619 .000 

Domesticated 1 -.196 1.579 4.599 .039 

Group-Living 1 .414 7.031 2.480 .000 

Terrestriality 1 .221 2.006 5.843 .021 

X-variables:     
Protein 1 -.047 .089 .259 .614 

Folivore-Granivore 1 -.197 1.589 4.629 .038 

   R2 F-value p-value 

   .7069 14.07 .000 

Y variables: 
ZSCHIZO      
Prior Y variables:     
ZSK 1 -.620 15.779 67.452 .000 

ZNcx 1 .505 1.452 44.682 .000 

Domesticated 1 -.062 .160 .682 .415 

Group-Living 1 .165 1.118 4.780 .036 

X-variables:     
Terrestriality 1 .071 .205 .877 .356 

Protein 1 -.062 .156 .667 .420 

Folivore-Granivore 1 -.355 5.177 22.133 .000 

   R2 F-value p-value 

   .806 2.18 .000 
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Table 3.8. Last steps of a Cascade Analysis examining the socioecological predictors of 

schizophrenia orthologues. This rival model places log brain mass as a predictor in the 

model.  

Predictor Df Estimate Sum Sq F-value p-value 

Y variables:  
Zlog Brain Mass      
Prior Y variables:      
ZSK 1 .837 28.698 122.773 .000 

Domesticated 1 .149 .915 3.915 .056 

Group Living 1 .078 .252 1.080 .306 

Terrestriality 1 -.213 1.853 7.929 .008 

X-variables:      
Protein 1 .065 .172 .736 .397 

Folivore-Granivore 1 .150 .929 3.972 .054 

   R2 F-value p-value 

   .801 23.400 .000 

Y variables: ZSCHIZO      
Prior Y variables:      

Zlog Brain Mass 1 .421 7.269 16.565 .000 

ZSK 1 .489 9.820 22.377 .000 

Domesticated 1 .047 .090 .205 .654 

Group Living 1 -.120 .586 1.335 .256 

Terrestriality 1 .227 2.106 4.799 .035 

X-variables:      
Protein 1 -.084 .288 .657 .423 

Folivore-Granivore 1 -.380 5.921 13.492 .001 

   R2 F-value p-value 

   .636 8.490 .000 

Note. ZSK: Standardized Higher-Order Life history factor. The dummy variables Protein 

and Folivore-Granivore used frugivore as a reference category.  
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Table 3.9. Phylogenetic Cascade Analysis examining the socioecological predictors of 

schizophrenia orthologues.  

Predictor  Df Estimate Sum Sq F-value p-value 

Y variables: Terrestriality 
 

  

X-variables:   
  

Protein 1 .083 .001 .420 .521 

Folivore-Granivore 1 .595 .039 21.607 .000 

 

  
R2 F-value p-value 

 

  
.361 11.010 .000 

Hierarchical SS for pgls: λ = .84; δ = 1.00; κ = 1.00 

Y variables: Group-Living    
Prior Y variables:     
Terrestriality 1 .100 .001 .393 .534 

X-variables:     
Protein 1 -.138 .002 .754 .391 

Folivore-Granivore 1 -.072 .000 .206 .653 

 

  
R2 F-value p-value 

 

  
.034 .451 .718 

Hierarchical SS for pgls: λ = 1.00; δ = 1.00; κ = 1.00 

Y variables: Domesticated    
Prior Y variables:     
Group-Living 1 .005 .000 .001 .971 

Terrestriality 1 -.081 .000 .296 .590 

X-variables:     
Protein 1 .231 .004 2.431 .127 

Folivore-Granivore 1 .358 .009 5.838 .021 

 

  
R2 F-value p-value 

 

  
.188 2.142 .095 

Hierarchical SS for pgls: λ = .00; δ = 1.00; κ = 1.00 

Y variables: ZSK     
Prior Y variables:     
Domesticated 1 -.268 .018 3.473 .071 

Group-Living 1 .382 .036 7.061 .012 

Terrestriality 1 -.172 .007 1.433 .239 

X-variables:     
Protein 1 -.082 .002 .324 .573 

Folivore-Granivore 1 .060 .001 .172 .681 

 

  
R2 F-value p-value 

 

  
.257 2.492 .048 
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Hierarchical SS for pgls: λ = 1.00; δ = 1.00; κ = 1.00 

Y variables: ZNcx     
Prior Y variables:     
ZSK 1 .519 .119 13.581 .001 

Domesticated 1 .056 .001 .158 .694 

Group-Living 1 -.110 .005 .609 .440 

Terrestriality 1 -.143 .009 1.037 .316 

X-variables:     
Protein 1 -.013 .000 .009 .927 

Folivore-Granivore 1 -.038 .001 .073 .789 

 

  
R2 F-value p-value 

 

  
.307 2.578 .036 

Hierarchical SS for pgls: λ = .88; δ = 1.00; κ = 1.00 

Y variables: ZSCHIZO     
Prior Y variables:     
ZNcx 1 .689 .109 42.666 .000 

ZSK 1 -.123 .003 1.353 .253 

Domesticated 1 -.006 .000 .003 .960 

Group-Living 1 .148 .005 1.967 .170 

Terrestriality 1 .015 .000 .020 .887 

X-variables:     

Protein 1 -.006 .000 .003 .956 

Folivore-Granivore 1 -.332 .025 9.904 .003 

 

  
R2 F-value p-value 

 

  
.622 7.988 .000 

Hierarchical SS for pgls: λ = .46; δ = 1.00; κ = 1.00 

Note. ZNcx: Standardized number of neurons; ZSK: Standardized Higher-Order Life 

history factor. The dummy variables Protein and Folivore-Granivore used frugivore as a 

reference category.  
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Table 3.10.  Alternative Phylogenetic Cascade Analysis examining the socioecological 

predictors of schizophrenia orthologues. This rival model places the total number of 

neurons as a predictor of the Higher-Order Life history factor. 

Predictor Df Estimate Sum Sq F-value p-value 

Y variables: ZNcx      

Prior Y variables:      

Domesticated 1 .085 .003 .276 .603 

Group-Living 1 .117 .007 .525 .473 

Terrestriality 1 .187 .017 1.337 .255 

X-variables:      

Protein 1 .029 .000 .033 .857 

Folivore-Granivore 1 .056 .001 .120 .732 

   R2 F-value p-value 

   .060 .458 .805 

Hierarchical SS for pgls: λ = .92; δ = 1.00; κ = 1.00 

Y variables: ZSK 
    

Prior Y variables: 
    

ZNcx 1 .472 .055 13.457 .001 

Domesticated 1 -.240 .014 3.491 .070 

Group-Living 1 .340 .029 6.994 .012 

Terrestriality 1 -.108 .003 .702 .408 

X-variables:     
Protein 1 .074 .001 .332 .568 

Folivore-Granivore 1 .081 .002 .401 .531 

 

  
R2 F-value p-value 

 

  
.420 4.229 .003 

Hierarchical SS for pgls: λ = 1.00; δ = 1.00; κ = 1.00 

Y variables: ZSCHIZO     
Prior Y variables:     
ZSK 1 -.489 .055 21.529 .000 

ZNcx 1 .500 .057 22.491 .000 

Domesticated 1 -.006 .000 .003 .960 

Group-Living 1 .148 .005 1.967 .170 

Terrestriality 1 .015 .000 .020 .887 

X-variables:     
Protein 1 -.006 .000 .003 .956 

Folivore-Granivore 1 -.332 .025 9.904 .003 

 

  
R2 F-value p-value 

 

  
.622 7.988 .000 

Hierarchical SS for pgls: λ = .46; δ = 1.00; κ = 1.00 

Note. ZNcx: Standardized number of neurons; ZSK: Standardized Higher-Order Life 

history factor. The dummy variables Protein and Folivore-Granivore used frugivore as a 

reference category.  
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Table 3.11. Alternative Phylogenetic Cascade Analysis with a residualized Higher-Order 

Life history factor and other socioecological predictors of schizophrenia orthologues.  

Predictor  Df Estimate Sum Sq F-value p-value 

Y variables: ZRSK 
    

Prior Y variables: 
    

Domesticated 1 -.448 .054 1.991 .002 

Group-Living 1 .097 .003 .510 .480 

Terrestriality 1 -.364 .036 7.240 .011 

X-variables: 
    

Protein 1 .005 .000 .001 .972 

Folivore-Granivore 1 .010 .000 .006 .941 

 

  
R2 F-value p-value 

 

  
.342 3.749 .008 

Hierarchical SS for pgls: λ = 1.00; δ = 1.00; κ = 1.00 

Y variables: ZRNcx     
Prior Y variables:     
ZRSK 1 .157 .010 .954 .335 

Domesticated 1 -.036 .001 .049 .826 

Group-Living 1 .034 .000 .045 .833 

Terrestriality 1 -.243 .025 2.271 .141 

X-variables:     
Protein 1 -.008 .000 .003 .961 

Folivore-Granivore 1 -.071 .002 .193 .663 

 

  
R2 F-value p-value 

 

  
.091 .586 .739 

Hierarchical SS for pgls: λ = .89; δ = 1.00; κ = 1.00 

Y variables: ZSCHIZO     
Prior Y variables:     
ZRNcx 1 .738 .212 101.390 .000 

ZRSK 1 .312 .038 18.168 .000 

Domesticated 1 .041 .001 .310 .581 

Group-Living 1 .231 .021 9.931 .003 

Terrestriality 1 .221 .019 9.075 .005 

X-variables:     
Protein 1 -.030 .000 .173 .680 

Folivore-Granivore 1 -.267 .028 13.269 .001 

 

  
R2 F-value p-value 

 

  
.818 21.760 .000 

Hierarchical SS for pgls: λ = .00; δ = 1.00; κ = 1.00 

Note. ZRNcx: Standardized number of neurons controlling for allometric effects; ZRSK: 

Standardized Higher-Order Life history factor controlling for allometric effects. The 

dummy variables Protein and Folivore-Granivore used frugivore as a reference category.  
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Table 3.12. Alternative Phylogenetic Cascade Analysis examining the socioecological 

predictors of schizophrenia orthologues. This model places the residualized total number 

of neurons as a predictor of the residualized life history factor. 

Note. ZRNcx: Standardized number of neurons controlling for allometric effects; ZRSK: 

Standardized Higher-Order Life history factor controlling for allometric effects. The 

dummy variables Protein and Folivore-Granivore used frugivore as a reference category.  

Predictor Df Estimate Sum Sq F-value p-value 

Y variables: 
ZRNcx      
Prior Y variables:     
Domesticated 1 -.078 .004 .230 .634 

Group-Living 1 -.020 .000 .014 .905 

Terrestriality 1 -.192 .024 1.403 .244 

X-variables:     
Protein 1 -.007 .000 .002 .965 

Folivore-Granivore 1 -.084 .005 .267 .609 

 

  
R2 F-value p-value 

 

  
.051 .383 .857 

Hierarchical SS for pgls: λ = 1.00; δ = 1.00; κ = 1.00 

Y variables: ZRSK      
Prior Y variables:     
ZRNcx 1 .108 .003 .626 .434 

Domesticated 1 -.441 .053 1.350 .003 

Group-Living 1 .098 .003 .511 .479 

Terrestriality 1 -.356 .034 6.736 .014 

X-variables:     
Protein 1 .005 .000 .001 .972 

Folivore-Granivore 1 .011 .000 .006 .939 

 

  
R2 F-value p-value 

 

  
.343 3.038 .017 

Hierarchical SS for pgls: λ = 1.00; δ = 1.00; κ = 1.00 

Y variables: 
ZSCHIZO      
Prior Y variables:     
ZRSK 1 .652 .165 79.087 .000 

ZRNcx 1 .466 .084 4.470 .000 

Domesticated 1 .041 .001 .310 .581 

Group-Living 1 .231 .021 9.931 .003 

Terrestriality 1 .221 .019 9.075 .005 

X-variables:     
Protein 1 -.030 .000 .173 .680 

Folivore-Granivore 1 -.267 .028 13.269 .001 

 

  
R2 F-value p-value 

 

  
.818 21.760 .000 

Hierarchical SS for pgls: λ = .00; δ = 1.00; κ = 1.00 
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Table 3.13. Last steps of a Phylogenetic Cascade Analysis examining the socioecological 

predictors of schizophrenia orthologues. This rival model places log brain mass as a 

predictor in the model. 

Predictor Df Estimate Sum Sq F-value p-value 

Y variables: Zlog Brain Mass    
Prior Y variables:     
ZSK 1 .766 .226 54.144 .000 

Domesticated 1 .123 .006 1.406 .244 

Group-Living 1 -.026 .000 .061 .806 

Terrestriality 1 .130 .007 1.569 .219 

X-variables:     
Protein 1 -.015 .000 .020 .889 

Folivore-Granivore 1 -.024 .000 .054 .818 

 

  
R2 F-value p-value 

 

  
.621 9.542 .000 

Hierarchical SS for pgls: λ = 1.00; δ = 1.00; κ = 1.00 

Y variables: ZSCHIZO     
Prior Y variables:     
Zlog Brain Mass 1 .322 .027 4.724 .037 

ZSK 1 .099 .003 .443 .510 

Domesticated 1 .003 .000 .001 .981 

Group-Living 1 .090 .002 .366 .549 

Terrestriality 1 .004 .000 .001 .979 

X-variables:     
Protein 1 -.066 .001 .201 .657 

Folivore-Granivore 1 -.358 .033 5.824 .021 

   
R2 F-value p-value 

   .254 1.651 .155 

Hierarchical SS for pgls: λ = .93; δ = 1.00; κ = 1.00 

Note. ZSK: Standardized Higher-Order Life history factor. The dummy variables Protein 

and Folivore-Granivore used frugivore as a reference category.  
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Ancestral Character Reconstruction  

Figure 1 displays a phylogenetic mirror diagram presenting two ancestral 

character reconstruction (based on maximum likelihood estimation). The tree on the left 

side of the diagram features the evolutionary change of the standardized Higher-Order 

Life history factor. In this sample, most of the life history factor increases concentrate on 

primates, cetaceans, and proboscideans. Regarding non-human primates, the three great 

ape species' shared ancestor exhibited a considerable increase in life history factor scores. 

The opposite side of the diagram displays the standardized number of neurons. Some 

nodes exhibit noticeable increases in their respective trait values. For instance, the 

common ancestor of Hominoidea displayed a considerable rise in its life history factor 

scores as well as a rise in the total number of neurons. 

Similarly, the forerunners of proboscideans and cetaceans independently 

experienced an increase in the number of neurons. The next diagram (Figure 2) presents a 

phylogenetic mirror comparing the ancestral character reconstruction of the standardized 

total number of neurons and the persistence of schizophrenia orthologues. Most 

evolutionary increments gravitate around non-human primates. Once again, chimpanzees, 

bonobos, and gorillas featured a conspicuous rise in schizophrenia 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  estimates.  

 

Phylogenetic Cascade Analyses 

As predicted, a diet comprised mostly of foliage and seeds predicted the species' 

use of a terrestrial substrate (Table 3.9). The step featured an intense phylogenetic signal. 

The omnibus test exploring the relation between Diet, Terrestriality, and Group-living 

was not statistically significant. Similarly, the step exploring the association among 
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Group-living, Terrestriality, and folivorous-granivorous diet did not reach statistical 

significance.  Although Domesticated species scored lower on the Higher-Order Life 

history factor, this result was not significant. Overall, Group-living species featured 

higher scores in the standardized Higher-Order Life history factor. Neither Terrestriality 

nor folivorous-granivorous contributed significantly to the model. The standardized Life 

History factor had a significant positive relation with the standardized number of 

neurons. Domestication, group living, Terrestriality, and a folivorous-granivorous diet 

did not significantly contribute to the model. Lastly, the number of neurons had a 

significant and positive relation on the standardized 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  estimates for schizophrenia 

orthologues (Table 3.9). The Higher-Order Life history factor, Domestication, group 

living, Terrestriality, and a folivorous-granivorous had no significant contribution to the 

model.  

The competing Phylogenetic Cascade Analysis changed the Order between the 

standardized Higher-Order Life history factor and the standardized number of neurons 

(Table 3.10). None of the socioecological factors significantly predicted the total number 

of neurons. In contrast, the total number of neurons and Group-Living positively and 

significantly predicted the life history factor. In the last step of the cascade, the life 

history factor negatively predicted the persistence of schizophrenia orthologues. The 

number of neurons positively predicted the criterion variable. Lastly, relative to 

frugivores, folivores-granivores had lower estimates. The first model placing life history 

as a predictor of the number of neurons, had 21 non-significant paths. Alternatively, the 

model with the number of neurons as a predictor of life history had 20 non-significant 
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paths. Due to this difference, the model containing life history as a predictor of the 

number of neurons is more parsimonious. 

Due to the strong and positive associations among body mass, life history, and 

neuroanatomical indicators, it was essential to determine the previous results' robustness 

after controlling for allometric effects. Hence, a series of GLMs with log10 adult body 

mass as a predictor of each life history indicator was used to extract the unstandardized 

residuals required for calculating the Higher-Order Life history factor (ZRSK). The total 

number of neurons was also residualized (ZRNcx). The Phylogenetic Cascade Analysis 

estimated that domesticated species had lower scores in the ZRSK (Table 3.11). Although 

Group-living made no significant contribution, Terrestriality negatively predicted the 

residualized life history factor.  Neither of the diet dummy variables reached statistical 

significance. The computations detected an intense phylogenetic signal for this step in the 

Phylogenetic Cascade Analysis  (λ = 1.00). The omnibus test of the next step predicting 

ZRNcx was non-significant. In the final step of the model, both ZRNcx and ZRSK had a 

positive and significant relation with the persistence of schizophrenia orthologues. 

Domestication did not make a significant contribution to the model. Alternatively, both 

Group-living and Terrestriality did reach statistical significance and had positive effects 

on the criterion variable. Regarding the diet dummy variables, although protein, relative 

to fruit, was not statistically significant, the model detected that folivores-granivores 

featured lower 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  estimates for schizophrenia orthologues. The analyses concluded 

that the phylogenetic signal associated with this last step was negligible (λ = .00).  

Given the current disagreement in the literature regarding whether life history 

predicts neuroanatomy or the opposite, it was pertinent to compare the latter model with 
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an alternative version wherein the ZRNcx predicted the ZRSK (Table 3.12). The omnibus 

test for the first step of the cascade was non-significant; therefore, no estimates will be 

described. In the following step of the Phylogenetic Cascade Analysis, the ZRNcx did not 

predict the residualized Higher-Order Life history factor. Domestication, however, had a 

negative and significant association with ZRSK. Group-living did not predict the 

residualized life history factor. Alternatively, Terrestriality had a moderate, positive, and 

significant association with ZRSK. None of the diet dummy codes reaches statistical 

significance. In the last step of the cascade, both the ZRSK and the ZRNcx had sizeable, 

positive, and significant associations with the schizophrenia orthologues' estimates. 

Domestication did not reach statistical significance. Group-living and Terrestriality 

featured a positive association with the persistence of schizophrenia ancestral genes. The 

dummy variable comparing protein and fruit-based diets was non-significant. 

Alternatively, relative to frugivory, species consuming foliage or grains had lower 

𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  schizophrenia estimates. The model comparison determined that both models, the 

one containing ZRSK as a predictor of ZRNcx or ZRNcx predicting ZRSK, contained the 

same number of non-significant paths  (11), hence accounting for phylogenetic and 

allometric effects generates model equivalency.  

This study also conducted a PSQCA with log10 brain mass replacing the total 

number of neurons. The Higher-Order Life history factor exhibited a strong and positive 

association with the total brain mass. Neither Domestication, Group-living, nor 

Terrestriality significantly predicted the criterion variable. Both dummy variables 

comparing each diet to frugivory did not reach statistical significance. This step detected 

an intense phylogenetic signal (λ = 1.00). The omnibus test exploring the association 



148 

 

between the latter predictors with the schizophrenia 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  estimates did not achieve 

statistical significance and, therefore, will not be described in any more detail.  

Study 3 Discussion 

The primatological and behavioral ecological literature examining the association 

between socioecology and brain evolution played a significant role in developing theories 

and hypotheses regarding the evolutionary origins of schizophrenia. For example, for 

Crow, increases in group size, and social complexity lead to the emergence of language, 

alleviating group fission tension due to the temporal and cognitive restraints. Brain 

lateralization, however, indirectly paved the way for the evolution of schizophrenia in 

anatomically modern humans. Crow viewed psychoses as unique human disorders that 

originated from cerebral lateralization and the evolution of language in humans. GWAS 

provides some support to Crow's predictions. Various papers have reported positive 

selective sweeps operating on adaptive traits and indirectly on schizophrenia-related 

genes. 

Moreover, these patterns extend beyond sequences involved in protein synthesis, 

but also include areas that have experienced recent evolutionary changes in methylation. 

Researchers contrasting human, Neanderthal, and Denisovan alleles confirmed the 

reported intensity of positive selection experienced by anatomically and behaviorally 

modern humans. Studies using schizophrenia orthologues have also detected signals of 

positive selection operating on primate orthologues involved in schizophrenia. Despite 

the latter support, Crow's perspective has been criticized for its saltationist undertone, 

wherein language and psychoses are exclusive human phenomena. For example (2007), 

Jonathan Burns recommended an alternative view following microevolutionary 
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principles, whereby schizophrenia originated as a byproduct of the coevolution of primate 

sociality and neuroanatomy.  

Though the present project did not test either of Crow's or Burns' hypotheses 

directly, it provides insight into some of the claims laid out by the authors. The current 

study placed the persistence of schizophrenia-related genes in a broader evolutionary 

context, wherein indicators of physical ecology (substrate use) predicted community and 

social-ecological factors (dietary breadth, life history strategies), which in turn were 

associated with measures of cognitive ecology (total brain mass or number of neurons), 

leading to the reported variation in the 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  estimates for schizophrenia orthologues in 

eutherian mammals.  

In addition to the positive bivariate correlations among different neuroanatomical 

indicators and the 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  estimates, the present paper found a sizeable and positive 

association between the total number of neurons and the persistence of schizophrenia 

orthologues above and beyond the relation of the Higher-Order Life history factor. This 

pattern remained statistically significant after accounting for shared ancestry by adding 

Order as a random effect. Hence, a species’ neuroanatomical features must be considered 

when examining the evolution of schizophrenia alleles from a comparative perspective.  

The Phylogenetic Cascade Analysis with the standardized number of neurons 

supported the results of the LMMs wherein this neuroanatomical predictor fully mediated 

the association between life history and the persistence of schizophrenia orthologues (see 

Chapters 1 and 2 in this dissertation). Hence, the current study offers additional evidence 

concerning neuroanatomy's role for a better understanding of the evolution of 

schizophrenia. This project found some support for Burns' hypothesis – whereby 
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schizophrenia originated as a byproduct of the coevolution of primate sociality and 

neuroanatomy. However, it is worth noting that, although both Burns' perspective and the 

current examination view evolution as a gradual rather than saltational process, 

noticeable differences exist between his prediction and data presented in the present 

paper. In his review, Burns mentions both the Machiavellian Intelligence hypothesis and 

the Social Brain hypothesis as potential evolutionary explanations for the origins of 

psychosis and schizophrenia. Given that information on tactical deception in eutherian 

mammals is limited to observations in non-human primates (Byrne & Whitten, 1988), 

this study did not explore the association between Machiavellian Intelligence and 

schizophrenia orthologues in mammals.  

However, this project did take into consideration the species' classification as 

either solitary or living in groups.  Although Burns claimed a connection between primate 

sociality, brain evolution, and schizophrenia, this study extended these predictions by 

including, in addition to primate species, non-primate mammalian taxa in the analyses as 

well. Moreover, in his review, Burns argued that the ethological descriptions of abnormal 

behaviors in some primates support the presence of a psychotic behavioral syndrome. 

However, the data collected for this project did not assess the presence or absence of 

schizophrenia or other psychotic disorders in non-human primates. Alternatively, 

𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  estimates describe the degree of differential selection operating on orthologues, 

in this case, ancestral genetic variants associated with schizophrenia in humans. Also, this 

study did not test the evolutionary correlates of psychotic behavioral syndrome. Further 

research is required to determine whether non-human species exhibit similar clinical 

signs to those of human individuals diagnosed with schizophrenia. In contrast to the 
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present analyses, Burns did not consider the role of non-human life history in the 

evolution of schizophrenia.  

The results of the Phylogenetic Cascade Analysis strongly suggest the link 

between the total number of neurons and living in groups is fully mediated by the species' 

score in the Higher-Order Life history factor. Furthermore, the association between 

Group-living and the Higher-Order Life history factor persisted after accounting for the 

species' domestication status. Moreover, the total number of neurons fully mediated the 

link between life history and the persistence of schizophrenia orthologues in eutherian 

mammals. Hence, the significant statistical sequence connecting group-living, life 

history, number of neurons, and schizophrenia 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  estimates are partially consistent 

with Burns' hypothesis. In addition to testing the latter predictions, this study also found 

significant associations among the remaining predictors and the values for the 

schizophrenia orthologues. For instance, the negative association between having a 

folivorous-granivorous diet instead of frugivory and the schizophrenia 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  estimates 

encourage future explorations in the evolutionary trade-offs between neurophysiological 

and gastrointestinal systems. Although the Phylogenetic Cascade Analysis did not detect 

a significant relation between the number of neurons and the dummy variables for diet, 

alternative neuroanatomical measures should be considered in subsequent studies. 

Controlling for both phylogenetically and allometric effects, to some degree, supports 

Burns' predictions. Although neither the Higher-Order Life history factor nor group 

living predicted the total number of neurons, in the model, the residualized total number 

of neurons, the residualized Higher-Order Life history factor, and group-living positively 

predicted the 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  schizophrenia estimates. The crucial difference between the Burns 
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hypothesis and the present model concerns that the residualized total number of neurons 

did not mediate the association between group living and the schizophrenia orthologues.   
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GENERAL DISCUSSION 

The origins of major psychopathologies have fascinated philosophers, historians, 

anthropologists, sociologists, psychiatrists, and psychologists for centuries. The scientific 

advances in neurophysiology, comparative anatomy, behavioral and molecular genetics 

laid the foundations for a deeper understanding of an array of mechanisms associated 

with the crystallization of these disorders. The scientific enigma surrounding the 

evolution of schizophrenia and other major psychopathologies emanate from the fact that 

individuals experiencing these disorders generally experience lower survival rates and 

attain a lower fitness (Brown, Inskip, & Barraclough, 2000; Haukka, Suvisaari, & 

Lönnqvist, 2007). During the past 30 years, Darwinian psychiatrists and evolutionary 

psychologists have developed several theories and hypotheses concerning the origins of 

disorders such as schizophrenia. Though fascinating, some of these approaches initially 

made unintended saltationist claims regarding this pathology's coevolution in conjunction 

with unique human attributes such as symbolic language or a sophisticated theory of 

mind.  

Other authors have questioned some of these perspectives. Randolph Nesse 

(2004), for example, proposed the cliff-edge fitness model for schizophrenia. According 

to the author, some traits exhibit a negatively skewed distribution function; hence, 

individuals with more extreme values tend to obtain higher fitness. However, values 

above a particular boundary or threshold in the distribution function generally lead to an 

abrupt loss in fitness.  For Nesse, it is not essential to ponder whether schizophrenia 

evolved as the byproduct of a particular trait. Instead, as long as the fitness function of 

any of these characteristics exhibits a skewed distribution, phenotypes will persist in a 
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population, as in the case of major psychopathologies. This model also implies that 

individuals exhibiting subclinical psychotic traits will experience higher fitness. Shanner, 

Miller, and Mitnz (2004), sexual selection model of schizophrenia, also shares some 

features with the latter perspectives. First, the authors argued that this disorder emerges 

as the low-end of an attractive distribution, whereby the same loci involved in the 

emergence of sexually desirable traits are also associated with the crystallization of this 

pathology. For the authors, lineages comprised of highly attractive individuals (known to 

attain high relative fitness) also contain low-fitness members prone to develop psychotic 

disorders such as schizophrenia. Hence, the collection of studies gathered by the current 

project offer a novel approximation for understanding the evolution of human 

pathologies, such as schizophrenia, by considering connections among the persistence of 

orthologues (ancestral variants of alleles known to be associated with the phenotype of an 

extant species, in this case, schizophrenia in humans), with not only the species' life 

history but also with various socioecological factors.  

In a similar vein, Dodgson and Gordon (2009) also developed a Darwinian theory 

of hallucinations wherein these perceptual experiences evolved as a byproduct of 

cognitive abilities selected for detecting threats. For the authors, hallucinations persist in 

a population given that the costs associated with committing a false negative, in this case 

failing to detect an actual threat when one is present; are higher relative to incurring in a 

false positive, incorrectly perceiving a threat in the absence of any real danger. Kelleher, 

Jenner, and Cannon (2010) considered that hypervigilance could persist in a population 

of gregarious organisms if some individuals scoring high on this trait benefit the group by 

spending time and energy surveying the landscape for potential threats. Consequently, for 
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the authors, the probability of individuals suffering from hallucinations will increase as 

long as hypervigilance benefits the group. This claim requires further inspection. First, 

this view implies that hallucinations should not be an exclusive human-phenomenon, but 

instead, other non-human social species should exhibit this phenotype. As mentioned in 

other sections of this manuscript, the scientific study of hallucinations in non-human taxa 

faces the challenge of properly measuring this phenomenon. Adequate ethograms are 

required to address this scientific conundrum. For now, this author prefers to support an 

agnostic stance, neither supporting nor rejecting the presence of hallucinations in non-

human species. Second, if supportive evidence of hallucinations in other species is found, 

futures studies should examine the connection between gregariousness, group benefits, 

hypervigilance, and the prevalence of hallucinations.  

The evidence collected in Study 1 supported the predicted association between 

phenotypic life history and the persistence of schizophrenia orthologues in eutherian 

mammals. Given the ongoing debate regarding the factorial structure of life history, it 

was pertinent to estimate various factor solutions and their respective fit indices. These 

analyses support the hypothesis that even under solutions where more than one dimension 

is extracted, as in the case of the Neoteny and Fast-Slow dimensions, these latent 

variables feature noticeable covariation. It could be argued that these results are a product 

of either allometric or phylogenetic confounds; however, further examination, after 

controlling for adult body mass and the underlying shared ancestry, reached similar 

conclusions.  

The extracted factor structures guided the subsequent analyses to test the 

predicted positive association between phenotypic life history and the persistence of 
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schizophrenia orthologues empirically. Previous publications have indicated that species 

exhibiting slow life history indicators (e.g., prolonged maximum longevity) experience 

weaker selective pressures relative to fast life history strategists. Consequently, near-

deleterious or deleterious mutations tend to persist in long-lived species (Nabholz et al., 

2013). Furthermore, accounting for the species' phylogenetic history and the confounding 

influence of body mass did not falsify the predicted connection between the life history 

factor scores and the persistence of schizophrenia-related alleles. Study 1 further tested 

whether or not differential selection levels operating on life history and neural-related 

orthologues predicted the persistence of schizophrenia orthologues, beyond the effects of 

phenotypic life history. The results from this examination showed that the genomic 

neural factor had a significant contribution to the present models in addition to the 

species' phenotypic life history.  

Differential diagnosis remains an essential tool for clinical psychologists and 

psychiatrists.  During the past two centuries, clinicians have developed various criteria 

and diagnostic manuals to distinguish between various mental disorders. Though it was 

initially thought each disorder occurred independently from other psychopathologies, this 

position is no longer tenable. Current research indicates that it is not uncommon for 

patients to feature the signs of one or more disorders concurrently. For example, 

contemporary research has found that similar genetic, neural, and physiological 

mechanisms associated with autism and bipolar disorder are also involved in the 

crystallization of schizophrenia and other psychotic disorders. Although the clinical and 

neurological literature provides an essentialist image regarding the common etiological 

factors leading to the rise of these pathologies, to this day, little attention has been given 
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to the correlated persistence of orthologues, known to be associated with these 

pathologies, in non-human species.  

The conclusions of Study 2 offer a novel approach for understanding the 

correlated levels of differential selection operating on two or more orthologues involved 

in the rise of psychopathologies in humans. Hence, the persistence of ancestral genes 

involved with the crystallization of schizophrenia, autism, and bipolar disorder are not 

independent. A word of caution is in order: Neither the predictions nor the results of 

Study 2 claimed that non-human eutherian mammals lacked or exhibited major 

psychopathologies; on the contrary, this project remains agonistic about the topic. 

Alternatively, the evidence reported in Study 2 reflects the fact that a species' score in the 

Higher-Order Life history factor not only predicts the schizophrenia 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  estimates, 

but these values extended to other phenotypes, including autism and bipolar disorder. 

Furthermore, the strong and positive associations between the 𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  values of all three 

disorders offer additional support regarding the presence of an underlying latent factor 

evidencing the persistence of psychopathology-related ancestral genes. It is relevant to 

mention that the term genetic psychopathology factor should not be interpreted as 

evidence of genotypes directly related to significant disorders in non-human species. This 

study did not gather any phenotypic information regarding whether these taxa experience 

these pathologies. Alternatively, this latent variable demonstrates that differential 

selection operating on these alleles could be described as a variance-covariance matrix 

among all three genetic indicators. Moreover, life history also predicts this latent 

variable. The results of Study 2 by no means invalidate our understanding of comorbidity 

among schizophrenia, autism, and bipolar disorder. Alternatively, the current project 
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considers that the ancestral genes known to be correlated with mental disorders in 

contemporary humans persisted due to the species' life history, as part of a genetic 

cluster. 

To this date, the evolution of schizophrenia has been interpreted through three 

different lenses. First, Crow viewed the origins of language and its corresponding 

lateralization as a potential factor associated with this pathology's genesis. Crow's 

perspective described schizophrenia as a human-exclusive disorder. Relative to Crow's 

claim, the present dissertation remains agonistic regarding whether or not schizophrenia 

and other psychotic disorders are absent in non-human species.  Even though the animal 

models of schizophrenia reviewed in Chapter 1 did not directly claim the presence of this 

pathology in non-human species, their descriptions offer some insight regarding the 

parallelisms between schizophrenia and the observed morphological, physiological, and 

behavioral correlates in non-human species.  

The 1980s saw an epistemological and theoretical shift from understanding the 

evolution of cognition and neuroanatomy as a correlate of group living rather than forces 

such as the type of diet or the substrate usually occupied by each species. De Waal’s 

(1988) Machiavellian Intelligence Hypothesis, not initially limited to deception and 

social exploitation, provided a novel approach for understanding primate sociality and 

cognition. Dunbar's group (1991, 1992) found strong evidence regarding connections 

among sociality indicators, such as group size or group living across mammalian taxa. 

Researchers have recently made distinctions between the various Social Brain 

Hypotheses because some contemporary evolutionary perspectives of schizophrenia 

claimed this disorder originated as a byproduct of the coevolution of sociality and 
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neuroanatomy. In hindsight, it is fair to excuse these perspectives for initially endorsing a 

Social Brain Hypothesis of schizophrenia (SBHS). Only in the last couple of years 

researchers have recommended further sub-classify these perspectives. Hence, 

publications originally thought to endorse the SBHS, under this new classification, 

actually predicted a connection between Machiavellian Intelligence and the evolution of 

schizophrenia (MIHS). Moreover, evolutionary researchers interested in the connection 

between the Theory of Mind, collective coordination and cooperation, and schizophrenia 

could benefit from the theoretical and empirical work conducted by researchers currently 

involved in testing both the Cultural Intelligence Hypothesis and the Vygotskian 

Intelligence Hypothesis.  

Study 3 found some support for the Social Brain Hypothesis of Schizophrenia. It 

is relevant to acknowledge that different from Burns' perspective (claiming that social 

selection favored the evolution of larger brains, which allowed schizophrenia to evolve as 

a byproduct), the current project determined that additional elements make significant 

contributions to the persistence of schizophrenia orthologues. For instance, Burns claims 

a direct association between sociality and brain evolution. Alternatively, the present study 

found support for the predicted mediation of phenotypic life history between group living 

and the total number of neurons. Interestingly, controlling for both phylogeny and body 

mass indicated that group living had a significant relation to schizophrenia orthologues' 

persistence in addition to the total number of neurons. Furthermore, the current results 

not only support Burns' predictions to some extent, but they are also consistent with 

Ogawa and Vallender's (2013) hypothesis regarding the connection between the species 
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neuroanatomy and the persistence of various orthologues associated with major mental 

disorders in humans.   

 

Limitations 

Like any other scientific inquiry, the current studies present some limitations. 

First, all three chapters explored associations among life history, neuroanatomical 

indicators, and orthologues' persistence in a sample of eutherian mammals. Future studies 

are required to determine if the described patterns generalize to other clades. For 

example, the life history trade-offs of mammalian species are, in part, influenced by the 

evolution of internal gestation.  

Moreover, birds' and reptiles' life histories stand in noticeable contrast relative to 

clades, such as placental mammals, experiencing fewer constraints regarding the number 

of eggs laid outside the body. Even though this author initially intended to gather genetic 

information on avian and reptilian species from the Ensembl database (Cunningham et 

al., 2019), the platform did not report the dN or the dS values for schizophrenia, autism, 

or bipolar disorder. Consequently, additional studies are required to determine if these 

clades lack these ancestral genes.  

Second, as indicated by the literature reviewed throughout this document, slow 

life history species tend to feature higher generally  𝑑𝑁̅̅ ̅̅ 𝑑𝑆̅̅̅̅⁄  values across a variety of 

traits. Hence, the results obtained from the present studies should not be viewed as a 

single relation between life history and the persistence of orthologues, but rather, this 

association should be considered a part of a broader phenomenon wherein slow life 
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history species in general experience differential selective pressures that permits these 

genes to continue across generations.  

 

Future Directions 

Although current GWAS evidence offers some support to the claim regarding the 

unique evolutionary history of schizophrenia in humans, further studies are required to 

explore the connection between linguistic and metacognitive abilities and the origins of 

this disorder. Archaeogenetics studies offer a possible avenue to explore these 

hypotheses, wherein researchers could correlate two or more polygenic scores (based on 

SNPs data known to be associated with a particular phenotype, such as symbolic 

language and schizophrenia).  Due to pragmatic reasons, most of the current literature on 

animal models schizophrenia is limited to either rodent, more specifically lab rats or 

mice, or a small set of primate species, in particular cercopithecines. Additional research 

is needed in other eutherian mammals to determine the degree to which some reported 

neurophysiological mechanisms generalize across placental mammals.  

Even though animal models and comparative phylogenetic studies provide some 

insight into the evolutionary origins of mental disorders, the field of comparative 

psychopathology requires the development of new methodologies for exploring in greater 

detail whether or not non-human species exhibit similar phenotypic traits generally 

associated with schizophrenia and other psychotic disorders in humans. Psychometric 

approaches could occupy such a methodological niche. Subsequent studies, for example, 

could adapt psychometric instruments used for the identification of psychotic-like 

behaviors. Moreover, the development and validation of these instruments will provide 
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animal researchers and animal caretakers with crucial information regarding the well- 

being (operationalized as non-disruptive behaviors) of animals in captivity.  
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GLOSSARY 

 

Allometric rules: These principles apply to differential growth rates associated with an 

organism's body parts. While isometry refers to the proportional change in body size, 

allometric estimates concern non-proportional values and generally considers an 

exponential scaling component.  

Autism: A developmental disorder characterized by the presence of repetitive behaviors 

(including compulsive, ritualistic, self-abusive, and stereotypical patterns), limited 

communications abilities, learning disabilities, avoidance of eye contact, underdeveloped 

theory of mind and empathy tendencies, inadequate behavioral and emotional regulation. 

Clinical reports suggest that it is not uncommon for individuals suffering from this 

disorder to exhibit psychotic-like signs, such as hallucinations and delusions.  

Bipolar disorders: A group of mood disorders characterized for featuring cyclic changes 

in affect wherein individuals suffering from depressive and manic or hypomanic phases. 

Bipolar disorders are generally classified as Type I and II afflictions. Type I Bipolar 

Disorder is characterized for featuring at least one major depressive episode and one 

manic episode (mood elevation, irritability, aggressiveness, and psychotic-like episodes 

including hallucinations and delusion). Alternatively, Type II Bipolar Disorder exhibits 

one depressive episode and one hypomanic episode (mood elevation, irritability, poor 

behavioral control, and the absence of psychotic-like signs).  

dN/dS ratio: This metric is computed by dividing the frequency of non-synonymous 

mutations relative to synonymous mutations. In terms of non-synonymous refer to 

alterations in nucleotides leading to the synthesis of different proteins. Alternatively, 
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synonymous mutations entail nucleotides modifications leading to the synthesis of the 

same type of proteins.  

Eutherian mammals:  One of the two major mammalian clades, the other one being 

Metatheria, evolved during the Early Cretaceous period. In contrast to marsupials and 

monotremes, eutherians have the morphological capacity to expand their abdomen during 

gestation. While extant eutherian is classified as placental mammals, an array of extinct 

eutherians are not considered placental.   

Fast-slow continuum: Traditionally Fast Life History strategists feature the following 

phenotypes: 1) have a shorter lifespan; 2) reach an early sexual maturity; 3) exhibit a 

short interbirth interval; 4) sire numerous offspring; and 5) attain an early weaning age. 

Populations experiencing a high prevalence of extrinsic morbidity and mortality are 

predicted to favor Fast Life Histories. Alternatively, Slow Life History Strategists 

display: 1) a longer lifespan; 2) attain their sexual maturity later in their development; 3) 

exhibit a long interbirth interval; 4) sire few offspring; and 5) lactate for a more extended 

time (at least in mammals).  

Life history: Concerns age-specific developmental patterns evidenced trough an array of 

observable indicators including 1) length of the gestation/incubation period; 2) weaning 

age (in the case of mammals); 3) length of the interbirth interval; 4) litter/clutch size; 5) 

neonatal body mass; 6) metabolic rate; 7) growth rate; 8) age at first reproduction, 9) 

maximum longevity, among others.  

Linear mixed models: Consist of a set of statistical computations wherein the observed 

variance is explained by both fixed (it considers all the possible levels of a factor) and 

random effects (assumes the factor's levels are but only a small subset of categories 
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sampled from a larger population of categories). Linear Mixed Models are frequently 

used with datasets that do not fulfill statistical assumptions such as data independence.  

Nearly neutral evolution: The nearly neutral theory of molecular evolution argued that 

although mutations featuring slightly deleterious effects could persist in small 

populations by behaving as "neutral" variations, in large populations, these mutations are 

frequently eliminated. Some researchers argue that long-term effective population size is 

the main factor involved in altering substitution rates.  

Neoteny-Precocial continuum: Van Shaik and Isler identified this latent dimension in 

non-human primates. The authors found that this component significantly loaded onto the 

species' average gestation and maximum longevity. In Behavioral Ecology and 

Evolutionary Development, Neoteny encompasses various features associated with 

developmental immaturities, such as limited mobility and sensorial capacity at birth. 

Neotenous species are generally described as paedomorphic (exhibiting juvenile 

characteristics). Alternatively, the offspring of precocial species do not differ from adults 

on their sensorial and motor capacities.  

Orthologue: Homologous genetic sequences observed in two or more species sharing a 

common ancestor. Orthologues are generally classified as either one-to-one (orthologues 

found as discrete packages) or one-to-many (the genetic material shared between two or 

more species is found interspaced across the genome). 

Phylogenetic independent contrasts: A phylogenetic comparative method calculated as 

a series of pairwise subtractions between trait values among species sharing a common 

ancestor. This procedure assumes that the evolution of traits follows a Brownian Motion 
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wherein the probability of evolutionary changes increases with the phylogenetic 

branches' dimensions leading to the various nodes in the phylogenetic tree.  

Phylogenetic methods: An array of statistical procedures frequently used for empirically 

testing of evolutionary hypotheses. In contrast to traditional statistical approaches, these 

methods consider the underlying phylogenetic proximity among interest species. These 

statistical tools reduce the probability of incurring Type I errors (due to pseudo-

replication issues) and Type II errors (increasing the model's statistical power).  

Phylogenetic signal: A statistical diagnostic frequently used to determine the degree to 

which a trait is evolutionary preserved is the probability of two species exhibiting a 

similar phenotypic value increases due to sharing common ancestry. Pagel's λ is a 

standard tool used to estimate the phylogenetic signal of continuous traits.  

Schizophrenia: An umbrella term referring to a set of major psychotic disorders 

characterized for exhibiting disorganized behaviors, agitation, self-harm, repetitive motor 

patterns, speech irregularities (ungrammatical or a preponderance of neologisms), 

flattened affect, delusion, memory impartments, or hallucinations.  

Sign: The observable alternations generally associated with a particular pathology.   

Symptom: An individual's verbal description of their current affliction.  
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