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Abstract
Primate brains differ in size and architecture. Hypotheses to explain this variation are numerous
and many tests have been carried out. However, after body size has been accounted for there is
little left to explain. The proposed explanatory variables for the residual variation are many and
covary, both with each other and with body size. Further, the data sets used in analyses have been
small, especially in light of the many proposed predictors. Here we report the complete list of
models that results from exhaustively combining six commonly used predictors of brain and
neocortex size. This provides an overview of how the output from standard statistical analyses
changes when the inclusion of different predictors is altered. By using both the most commonly
tested brain data set and a new, larger data set, we show that the choice of included variables
fundamentally changes the conclusions as to what drives primate brain evolution. Our analyses
thus reveal why studies have had troubles replicating earlier results and instead have come to such
different conclusions. Although our results are somewhat disheartening, they highlight the
importance of scientific rigor when trying to answer difficult questions. It is our position that
there is currently no empirical justification to highlight any particular hypotheses, of those
adaptive hypotheses we have examined here, as the main determinant of primate brain evolution.
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Introduction
The field of primate brain evolution can be characterized as an array of contradicting results (1,
2). Most studies have utilized phylogenetic comparative methods, in the guise of phylogenetic
generalized least squares regression (PGLS). Brain or neocortex size have often been the
dependent variables, in combination with a varying number of predictor variables, depending on
the hypothesis at hand. As conflicting results abound we think an evaluation of this approach has
its merits. Therefore, we here systematically vary choice of data set and inclusion/exclusion of
predictor variables in the PGLS framework, to investigate if, why, and when contradictory results
emerge.
Most previous studies have relied on one of only two available datasets on brain size (3, 4). We
here include new data (5) added to one of the old datasets (3) to broaden the reanalysis. Though
eager to reach interesting biological conclusions from the new data, we are foremost concerned
with evaluating the validity of previous analyses. We believe that if the data is underdetermined in
the sense that predictor A is significant and predictor B non-significant in one context, while the
reverse is true in another context, then we have currently no method to determine which variable
is most important, if any. As will be explained, our choices of both method and data are based
on what is praxis in the field of primate brain evolution – this study is not driven by any
particular biological hypothesis and seeks only to reach biological conclusions about reliability of
results.
There exist many suggested non-mutually exclusive hypotheses for causes of variation in size and
architecture of primate brains. Here, we summarize seven such particularly popular hypotheses
that have been both supported and rejected in various studies.
Allometric relationships. Brains are similar to other organs and thus scale allometrically with body
size. Similarly, brain parts scale allometrically with brain size. Simply put, larger brains are
required to run larger bodies. Most differences in brain size and brain architecture can thus be
predicted by body size (6, 7)). Due to such known allometric relationships, one usually controls
for body size / brain size in studies of primate brains. Whatever residual variation is left is the
target for the adaptive hypotheses. The rationale here is that “intelligence” corresponds to the
amount of excess brain mass after controlling for brain mass dedicated to bodily functions (8, 10,
11, 12, but see 9). However, body size alone accounts for more than 90% of the variation in
brain size differences between primates (13, 8), so only little is left to explain.
General cognitive abilities. Larger relative brain size or brain component size has evolved to meet
higher cognitive demands (8, 14, 15, 12, 16, 17, 18).
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The social brain hypothesis. Some primates evolved large brains and/or larger brain components for
reasons having to do with social complexity (e.g. 19, 20, 21, 22, 23, 24, 25).
Sexual selection. Demands of sociality are different between males and females. This should
produce detectable differences in relative brain size or brain component size between species
where sexual selection is high compared to species where it is relaxed (26, 27, 10, 28).
Diet. Fruits are harder to find than leaves, so some primates have evolved larger brains and/or
large specific brain parts to cope with “a challenging diet of fruit” (29 p. 312, 30, 31, 32, 33).
Alternatively, the causal relationship is hypothesized to go in the other direction, that larger
brains (that evolved for another reason) demands a more high-calorie diet (34, 35).
Life history. Variation in juvenile period and life span is hypothesized to affect brain size evolution
(36, 37). An extended juvenile learning is necessary to evolve a bigger brain (38, 39). Also, a
longer life span is a consequence of slow growth in order to cope with the high energy costs of
developing a large brain (40, 41, 42) and/or to facilitate more opportunities to harness the
products of enhanced brain size (36, 43).
The mosaic brain hypothesis. This is a composite hypothesis where it is hypothesized that “variation
in the size of individual brain components reflects adaptive divergence in brain function
mediated by selection” (44, p. 2, 45, 46, 27). Here, all hypotheses can come into play
simultaneously (21).
The list of competing hypotheses can go on (1, 36, 2), but the message from the literature is
clear: there is no real consensus about the adaptive explanations for neither primate brain size
nor primate brain architecture. All these studies have sought to find evolutionary drivers of
primate brain evolution, where residual brain size or different aspects of brain architecture have
been used as approximations of intelligence, making it difficult and unjustified to highlight any
particular hypothesis from the smorgasbord of significant results.
Because results have proven both ambiguous and contradictory, we use new data (5) in
combination with the classic brain data set provided by (3) and report the complete list of
models that results from exhaustively combining six commonly used predictors (female group
size, male group size, female sexual maturity, life span, innovation, and percent fruit in diet). Our
choice of predictors in this studie reflect our notion of what hypotheses is common and is not
an exhaustive combination of tested predictors. Others have used combinations of other
predictors (e.g. 37, 47).
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We start out by calculating the ‘best’ model according to the Akaike information criteria (AIC)
both when using total brain size as the dependent variable and when using neocortex size as the
dependent variable. Then we use this output and examine the stability of results when the
inclusion of different predictors is altered. We end by examining the stability of previously
published analyses in the same way.
Our aim here is not to reach a final verdict on the biological relevance of different hypotheses,
but rather to investigate if data and methods currently at hand are productive enough for such
considerations in the first place.

Material & Methods
Data
All data used in this study were collected from published literature and are presented in the
Appendix. Most studies on primate brain evolution have relied on a classic data set on primate
brains provided (3), for example (31, 32, 48, 49, 41, 36, 25, 50, 19, 35, 47, 38, 51, 52, 53, 54, 55,
26, 27, 56, 44, 57, 58, 59, 14, 60, 20, 61, 62, 63, 39, 64). Data on brain and neocortex size used in
this study were obtained by pooling (3) and new data from (5). By pooling we refer to the
weighted average of two or more sets of data.
Life history and body size data were obtained by pooling data from (65) and (33). Length of
juvenile period is approximated by age of sexual maturity. Life span is calculated as the period
between sexual maturity and maximum recorded age at death. Percentage fruit in diet were
obtained by pooling data from (33, 66, 65, 67). Rates of innovation were taken from (14).
We used female weight as a proxy for species weight as it is less variable than male weight among
species. Variation in male weight is in sexually selected species to a large degree a consequence of
selection on physical strength (68).
Though there are several ways to quantify social complexity, e.g. pair-bonding (20), tactical
deception (25), we use group size as it is the most common used approximation of social
complexity (e.g. 69, 51, 26, 27, 54, 38, 30, 39). In this study both male and female group sizes are
used because it has previously been shown that female rather than male group size correlate
positively with neocortex volume in primates (26; 27), suggesting that it is social demands on
females that mainly drives primate brain evolution.
Number of species with full data on all variables (including phylogeny) and included in analyses
are N = 40.
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Statistical analysis
All analyses were executed in R (70) using the packages NLME (71), APE (72), MASS (73) and
BRMS (74). All variables were log-transformed prior to analysis except percentage fruit in diet,
which instead were arcsine-square root transformed.
We used phylogenetic generalized least squares (PGLS) regressions throughout. This method
allows for the estimation of the impact of phylogeny on the covariance among residuals, thereby
controlling for relatedness (75, 76). A consensus phylogeny for each dataset were obtained from
(77). Lambda (λ) was estimated but in some cases when lambda is very close to 1, processing in R
sometimes crash due to an optimization error. When this happened lambda was fixed to 1 (77).
All combinations of the following variables were used as predictors: female weight, female group
size, male group size, female sexual maturity, life span, innovation, and percent fruit in diet, both
when using total brain size and neocortex as the outcome. The mosaic brain hypothesis (see
introduction) is explicitly tested when using neocortex as the outcome variable. Female weight
was included as independent variable in all analysis (i.e. in 63 models) because it is standard
procedure to control for body and thereby consider the analyses as predicting relative brain size
(but see for example 12). This sums to 63 models per dependent variable (total brain and
neocortex).
26 – 1 = 63
It therefore follows that each predictor is included in 32 * 2 models.
Model selection was carried out utilizing the Akaike information criteria (AIC).
One way to assess the severity of collinearity in a least squares regression is to calculate the
variance inflation factor (VIF). However, because the PGLS regression used here assumes a
correlated residual structure the VIF diagnostic does not carry over easily (75). Our approach was
instead to calculate posterior distributions in a Bayesian framework and visually inspect weather
they correlate (Appendix).

Results
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We analyzed the effect of six predictor variables on two outcome variables: total brain size and
neocortex size. First, we calculated the ‘best’ model according to the Akaike information criteria
(AIC), both when using total brain size as the dependent variable and when using neocortex size
as the dependent variable. As can be seen in table 1, AIC resulted in a model that includes female
weight, male group size, female group size, lifespan, female sexual maturity and fruit, omitting
only innovation, as the best model predicting total brain size. Likewise, in table 2 for neocortex
size as the dependent variable, AIC resulted in a model that includes female weight, male group
size, female group size and female sexual maturity.

Table 1. The following model was selected with AIC for total brain size as the dependent variable.
Predictor

B

se

t

p

Female weight

0.590

0.039

15.177

<0.000

Male group size

-0.090

0.058

-1.551

0.131

Female group size

0.108

0.049

2.220

0.033

Life span

0.240

0.086

2.800

0.009

Female sexual maturity

0.158

0.090

1.756

0.088

Fruit

0.238

0.088

2.720

0.010

Model summary
R2

0.975

λ

1

N

40
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Table 2. The following model was selected with AIC for neocortex size as the dependent variable.
Predictor

b

se

t

p

Female weight

0.564

0.049

11.437

<0.000

Male group size

-0.146

0.073

-2.002

0.053

Female group size

0.233

0.059

3.958

<0.000

Life span

0.266

0.108

2.465

0.019

Female sexual maturity

0.267

0.113

2.358

0.024

Model summary
R2

0.977

λ

1

N

40
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AIC is not a method that involves p-values per se. Instead it estimates the out-of-sample deviance
and is therefore concerned with prediction. However, in the literature of primate brain evolution,
p-values are often used to select among AIC-selected predictors with the aim to reinforce or
undermine hypotheses. Therefore, we calculated p-values for the six predictors for all models
possible, that is the exhaustive combinations of the six predictors. This resulted in 63 models in
total where each predictor was included 32 times. Many predictors were estimated both above
and below p = 0.05, the conventional boundary for the rejection of hypotheses. Whether a
predictor was above or below p=0.05 depended on what other variables were included in a
particular model (i.e. which concomitant predictors). Table 3 and 4 illustrate this by first showing
the model in which each predictor was estimated to the lowest p-value, and subsequently the
model that gave the highest p-value. As can be seen in table 3, where total brain was used as the
dependent variable, female group size, life span, female sexual maturity and fruit each moved
from significant to non-significant when changing concomitant predictors. Likewise, as shown in
table 4 where neocortex was used as the dependent variable, male group size, life span and female
sexual maturity each moved from significant to non-significant when changing concomitant
predictors.
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Table 3. Shows the change in p-value for each predictor when altering concomitant predictors using total brain as
dependent variable. Read as follows: the focal predictor in the first column was estimated to a lowest p-value (out of
all the 32 models the focal predictor where included) shown in the second column when using concomitant predictors
shown in column three. Likewise, the maximum p-value shown in column four, were estimated using concomitant
predictors in column five. N = 40.
Focal predictor

Min p-value

Concomitant predictors

Max p-value

Concomitant
predictors

Male group size

0.082

Fe m a l e g r o u p s i z e , 0.968

Lifespan

Lifespan, Female sexual
maturity, Innovation, Fruit
Female group size

0.017

Male group size, Lifespan, 0.540

Fe m a l e s e x u a l

Female sexual maturity,

maturity, Innovation

Innovation, Fruit
Life span

0.004

Male group size, Female 0.083

Male group size,

group size, Female sexual

Innovation

maturity, Innovation, Fruit
Female sexual maturity 0.043

Male group size, Female 0.263

Female group size,

group size, Life span,

Innovation, Fruit

Innovation
Innovation

0.240

Fruit

0.865

Male group size, Life
span

Fruit

0.007

Male group size, Female 0.061

Male group size,

group size, Lifespan

Fe m a l e s e x u a l
maturity, Fruit
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Table 4. Shows the change in p-value for each predictor when altering concomitant predictors using neocortex size as
dependent variable. Read as follows: the focal predictor in the first column was estimated to a lowest p-value (out of
all the 32 models the focal predictor where included) shown in the second column when using the concomitant
predictors shown in column three. Likewise, the maximum p-value shown in column four, were estimated using
concomitant predictors in column five. N = 40
Focal predictor

Min p-value

Concomitant predictors

Max p-value

Concomitant
predictors

Male group size

0.039

Female group size, 0.780

Lifespan, Female

L i f e s p a n , Fe m a l e

sexual maturity,

s e x u a l m a t u r i t y,

Innovation, Fruit

Innovation
Female group size

0.0003

M a l e g r o u p s i z e, 0.015

Female group size,

L i f e s p a n , Fe m a l e

Fe m a l e s e x u a l

sexual maturity

m a t u r i t y ,
Innovation, Fruit

Life span

0.017

M a l e g r o u p s i z e, 0.403

Male group size,

Female group size,

Innovation

Fe m a l e s e x u a l
maturity, Innovation,
Fruit
F e m a l e s e x u a l 0.016

M a l e g r o u p s i z e, 0.153

Male group size,

maturity

Female group size, Life

Innovation

span, Innovation, Fruit
Innovation

0.074

N o c o n c o m i t a n t 0.970

Male group size,

predictors

Female group size,
Life span

Fruit

0.138

L i f e s p a n , Fe m a l e 0.699

Male group size,

s e x u a l m a t u r i t y,

Female group size,

Innovation

Lifespan, Innovation
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To get an overview of all models, i.e. the 32 models that each predictor were included in, table 5
and 6 illustrate the number of models in which each predictor was non-significant. Table 5 shows
models that used total brain as the dependent variable, whereas Table 6 shows the same models
using neocortex size as the dependent variable. As can be seen, whether a variable is a significant
predictor of brain or neocortex size depends to a worryingly high degree upon what concomitant
variables that were also included in the model.

Table 5. Number of models in which each predictor was estimated nonsignificant (p > 0.05) with total brain size as the dependent variable. N
= 40
Number of models in which
Predictor

predictor is non-significant

Female weight

0/32

Male group size

30/32

Female group size

28/32

Life span

6/32

Female sexual maturity

30/32

Innovation

32/32

Fruit

6/32

13

bioRxiv preprint first posted online Oct. 26, 2018; doi: http://dx.doi.org/10.1101/454132. The copyright holder for this preprint
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license.

Table 6. Number of models in which each predictor were
estimated non-significant (p > 0.05) with Neocortex size as the
dependent variable. N = 40.
Number of models in which
Predictor

predictor is non-significant

Female weight

0/32

Male group size

32/32

Female group size

0/32

Life span

26/32

Female sexual maturity

21/32

Innovation

32/32

Fruit

32/32
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To further illustrate how predictors jump above and below the significance level p = 0.05, table 7
shows results that extend beyond the analyses hitherto reported. Here we have reanalyzed
previously reported results by systematically altering one factor at a time and observe changes in
calculated p-values. The first row in table 7 shows that the significant relationship reported by
(33), between fruit in diet as the predictor and brain size as the dependent variable, becomes nonsignificant when updating all predictors, that is adding data by pooling. Row two shows the
opposite change. (33) reported a non-significant relationship between group size and brain size.
However, with other brain data (i.e. changing data from [4] to [13] & [5]) the relationship is
significant. Row three shows that (38) reported relationship between juvenile period and brain
size reverse from significant to non-significant when adding more data to predictors by pooling.
Row four shows that the relationship reported by (27) between various brain parts and sexual
dimorphism, female group size and male group size reverse or disappear when, again, adding
more data by pooling. Lastly on row five, (19) reported a significant relationship between group
size and neocortex with a slope that significantly changed when adding more data by pooling and
controlling for phylogeny. Further, ‘Dunbar’s number’, claimed to describe the cognitive
threshold for group size in humans, changed from 150 to 22. Note also that the 95% confidence
interval for this number ranges from 0.000002 to 251,549,413, rendering the threshold number
useless (the asymmetry of the confidence interval stems from exponentiating the fitted log[Y]).
Note that when predicting with PGLS the model does not account for the phylogenetic position
of the observation to be predicted. All reanalyzes reported here use phylogeny to correct for
non-independence.
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Table 7. Overview of changes in the relation between brain size and predictors as different data is
used.
Source

Reported relationship

(33)

Brain size ~ Fruit in

Significant

diet
(33)

(38)

Brain size ~ Group

Non-

size

significant

Juvenile period ~

Significant

Reanalysis changes

Result

Updated

Non-

predictors1

significant

Other brain data2

Significant

Updated variables3

Non-

non visual neocortex
(27)

significant

Specific brain parts

Non-

Updated variables4

Significant/

~ Dimorphism,

significant/

Non-

Female/male group

Significant

significant

size
(19)

‘Dunbar’s number’ =

Updated variables

‘Dunbar’s

150

and control for

number’ = 22

phylogeny5
1Using

(33) brain data but pooling predictors from several sources (see Appendix). 2Using

predictors from (33) but changing their brain data (4) to this study’s data (i.e. pooling [3, 5]). 3All
variables used were pooled with data from (38, 65, 33). 4All variables used were pooled with data
from (65, 33). 5For brain size data, we added the new data from (5) to that of (3). Further, data on
group size and body weight was pooled from (65, 33). Dunbar’s original model was used to predict
Homo sapiens group size (‘Dunbar’s number’), without control for phylogeny. Note that in addition
to being very different from the original estimate, the new ‘Dunbar number’ from our more
complete and phylogenetically controlled model has a huge 95% confidence interval, ranging from
0.000002 to 251,549,413. For all results see the Appendix.
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As is custom in phylogenetic comparative analysis, phylogenetic information is used to estimate
the covariance of the residuals (78). This process can lead to an R2 value different from model fit
with non-phylogenetic least squares. With this in mind it can still give a crude picture of the
amount of brain size variation that is explained by body size: R2 = cor(predicted, log of total
brain size)2 = 0.94, where predicted(total brain) = intercept(5.167) + b(0.667)*log of female
weight.

Discussion
Our analyses indicate that the field of primate brain evolution is best characterized as an array of
contradicting results (1, 2) and our results reveal why this is so. Within the PGLS framework,
choice of what variables to include, and what observations for those variables to include,
fundamentally changes the conclusions as to what drives primate brain evolution. In this study we
included new data (5) with the classic dataset on primate brain size (3) but this did not change the
volatility in the results. If so inclined, we could have presented support for any pet-hypothesis of
our choice, and refuted any study we would have liked. Combined with the ‘publish-or-perish’situation in academia, this is not an ideal situation.
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In table 1 and 2 we present the models that were selected with AIC. The AIC test in turn had six
explanatory variables to combine. The predictors and the AIC test itself were chosen according
to our best effort to follow the established method within the field of primate brain evolution. In
other words, we chose variables that according to the literature are plausible determinants of
brain size, and we used state-of-the-art methods to choose among combinations of predictors. If
this had been a standard study, we would have moved on to discuss the biological rationale for
these AIC chosen models and special attention would have been given to the significant
predictors (at p < 0.05). However, we argue that because of the breadths of hypotheses or
hierarchies of hypotheses, compatible with the results, the more important aspect of this study is
the instability of results (tables 3-7).
Tables 3-6 show that most of the explanatory variables have been assigned parameter values with
probability on both sides of the significance level at p = .05. Table 3 and 4 show the most
extreme cases in the exhaustive list of models. Thus, using p-values to evaluate the importance of
hypotheses that affect primate brain size leaves us ambivalent. AIC was developed to select
among models and thus to save us from such ambivalence, but AIC can only evaluate the models
given to it, which is why the results still are dependent on pre-test variable choice.
Even though AIC has been established as praxis, many papers on primate brain evolution gives
special status to predictors associated with p < .05. Following this habit, we think there is no way
avoiding the problem illustrated in table 3 - 6; depending on what initial predictors happened to
be included in the analyses, they can either be judged important (p < 0.05) or non-important (p >
0.05) by the order of magnitude shown in table 5 and 6 (for the predictors included in this study).
The mosaic brain hypothesis - explicitly tested when using neocortex as the outcome variable did not escape the problem of inconsistent result as can be shown in table 4 and 6.
When we included new brain data and updated variables on previously reported results, we found
the same patterns. As shown in table 7, the results reported by (33) indicated that brain size was
best predicted by diet, but not by sociality (measured as group size). When we added more
observations (see Appendix) to their explanatory variables, both diet and sociality turned out to
be non-significant. When we kept their original predictors, but used pooled brain data (3, 5),
sociality became significant but not diet (see Appendix).
Further, (27) predicted that the relative size of brain structures involved in motor skills and
coordination, such as the mesencephalon, diencephalon, cerebellum and medulla oblongata,
would increase in species with greater rates of sexual size dimorphism. They found dimorphism
to be a significant predictor for all these structures except cerebellum. However, when we did a
reanalysis with updated variables we found no significant relationships for any of these
predictors.
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These results confirm a previous report: (1) re-analyzed endocranial data provided in (4) and
concluded that “[o]ur results indicate that, even holding constant statistical methods, phylogeny,
set of predictor variables, response variable data, and species sample, the behavioral and
ecological correlates of brain size are sensitive to the use of different predictor datasets” (1, p. 4).
AIC is a method for choosing the model with the lowest out-of-sample deviance and as such a
method concerned with prediction, not p-values. Clearly, as shown in this paper, the best
predicting model may include variables that have non-significant p-values. In the context of AIC,
it is easy to illustrate that the best predicting models sometimes do not reveal the true
relationship between individual predictors and the outcome, as for example in the case of
concomitant variable bias (79) or collinearity. Yet inference about individual predictors is mostly
what concerns scientists of primate brain evolution, not mere prediction.
Collinearity is member of a family of problems with model fitting referred to as weaklyidentifiable parameters (or sometimes non-identifiable) (80). If the predictors co-vary a lot, i.e.
share information, their posterior parameter distributions will correlate (when β1 increase β2 must
decrease and vice versa) making it hard to identify a true estimate. To investigate if our analyses
suffer from collinearity we calculated posterior distributions for all parameters in a Bayesian
framework, for the full model (containing all six predictors) and plotted the correlation matrix
(excluding varying intercepts, see Appendix). We conclude from visual inspection that for some
parameters there exist substantial correlation that could explain the varying results exposed in
this study (80, 81, 82).
Further caveats have been raised by other researchers, such as problems with measuring and
comparing intelligence (15; 83), the idea of adaptive specializations of cognitive mechanisms (84,
85), validity of observational data versus experiment (18), choice of brain measure (50, 6),
measuring and defining sociality (86, 87, 69) and p-hacking: given that the same sample on brain
volume (3) has been modelled against many variables, it is to be expected that Type 1-errors will
emerge (88). Also, there is some evidence that different data samples are qualitatively different
from each other (89, 90, 69). It has for example been shown that data on body size often are
averaged, inaccurate and from unspecified sources (91, 89).
In our analyses, variation in body size explain 94% of the variation in brain size. This does not
leave much to be explained by the competing adaptive hypotheses. The fact that these adaptive
hypotheses explain very little variation, taken together with the unstable nature of results, suggest
that it is easy to overstate the importance of sociality, diet, problem solving, or life-history for
understanding brain evolution.
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Further, other measures not included here may be more important for our understanding of
brain evolution. Indeed, other combinations of predictors have been used in previous studies,
however, we believe that adding more predictors would reveal similar inconsistencies in the
results and that the six predictors used in this study suffice to illustrate this. That variation in
sensory and perceptual systems give rise to variation in brain size is not controversial (92, 93). A
primate with very large eyes will have brain areas that correspond to sensory and perceptual
needs. In addition, animals that are motor flexible, have many different kinds of muscles, and
large behavior repertoires need brain areas that control muscles. Therefore, larger brains are
needed to drive more motor flexible bodies (94). To put this in Tinbergian terminology: a
mechanistic link between brain size and body functions is straight forward and non-controversial,
while a functional link between brain size and mental capacities is harder to define to noncontroversial precision.
It is our position that, given the data at hand and the PGLS approach, there is currently no
empirical justification to highlight any particular hypotheses, of those adaptive hypotheses we
have examined here, as the main determinant of primate brain evolution.

Acknowledgements
This research project was supported by Knut and Alice Wallenberg Foundation Grant 2015.0005
(JL) and Marianne and Marcus Wallenberg Foundation Grant 2017.0049 (PL). We are grateful for
input from two anonymous reviewers that greatly improved the manuscript.

Data Availability
All data is available in the Appendix.

Competing Interests
We have no competing interests.

Author Contribution
AW, PL, JL contributed equally, although AW performed the statistical analyses.

Funding
This work was supported by Knut and Alice Wallenberg Foundation, KAW
2015.005. (JL), and Marianne and Marcus Wallenberg Foundation 2017.0049 (PL).

20

bioRxiv preprint first posted online Oct. 26, 2018; doi: http://dx.doi.org/10.1101/454132. The copyright holder for this preprint
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license.

Research Ethics
No ethical assessment were needed because the study used published data.

Animal Ethics
This study was performed without any animal subjects and no approval from
ethics committees was needed.

References
1. Powell LE, Isler K, Barton RA. Re-evaluating the link between brain size and behavioural
ecology in primates. Proceedings of the Royal Society B: Biological Sciences [Internet]. The
Royal Society; 2017 Oct 18;284(1865):20171765. Available from: http://dx.doi.org/
10.1098/rspb.2017.1765
2. Healy SD, Rowe C. A critique of comparative studies of brain size. Proceedings of the Royal
Society B: Biological Sciences [Internet]. The Royal Society; 2007 Feb 22;274(1609):453–64.
Available from: http://dx.doi.org/10.1098/rspb.2006.3748
3. Stephan H, Frahm H, Baron G. New and Revised Data on Volumes of Brain Structures in
Insectivores and Primates. Folia Primatologica [Internet]. S. Karger AG; 1981;35(1):1–29.
Available from: http://dx.doi.org/10.1159/000155963.
4. Isler, K., Kirk, E. C., Miller, J. M., Albrecht, G. A., Gelvin, B. R., & Martin, R. D. (2008).
Endocranial volumes of primate species: scaling analyses using a comprehensive and
reliable data set. Journal of Human Evolution, 55(6), 967-978.
5. Navarrete, A., Blezer, E., Pagnotta, M., de Viet, E., Todorov, O., Lindenfors, P., Laland, K. and
Reader, S. (2018). Primate Brain Anatomy: New Volumetric MRI Measurements for
Neuroanatomical Studies. Brain, Behavior and Evolution, 91(2), pp.109-117. DOI:
10.1159/000488136

21

bioRxiv preprint first posted online Oct. 26, 2018; doi: http://dx.doi.org/10.1101/454132. The copyright holder for this preprint
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license.

6. Finlay B, Darlington R. Linked regularities in the development and evolution of mammalian
brains. Science [Internet]. American Association for the Advancement of Science (AAAS);
1995 Jun 16;268(5217):1578–84. Available from: http://dx.doi.org/10.1126/science.
7777856
7. Finlay BL, Darlington RB, Nicastro N. Developmental structure in brain evolution. Behavioral
and Brain Sciences [Internet]. Cambridge University Press (CUP); 2001 Apr;24(02):263–78.
Available from: http://dx.doi.org/10.1017/s0140525x01003958
8. Jerison HJ. Evolution of the Brain in Birds. Evolution of the Brain and Intelligence [Internet].
E l s e v i e r ; 1 9 7 3 ; 1 7 7 – 9 9 . Av a i l a b l e f r o m : h t t p : / / d x . d o i . o r g / 1 0 . 1 0 1 6 /
b978-0-12-385250-2.50018-3
9. Willemet R. Reconsidering the evolution of brain, cognition, and behavior in birds and
mammals. Frontiers in Psychology [Internet]. Frontiers Media SA; 2013;4. Available from:
http://dx.doi.org/10.3389/fpsyg.2013.00396
10. Smaers JB, Dechmann DKN, Goswami A, Soligo C, Safi K. Comparative analyses of
evolutionary rates reveal different pathways to encephalization in bats, carnivorans, and
primates. Proceedings of the National Academy of Sciences [Internet]. Proceedings of the
National Academy of Sciences; 2012 Oct 15;109(44):18006–11. Available from: http://
dx.doi.org/10.1073/pnas.1212181109
11. Herculano-Houzel S. Brains matter, bodies maybe not: the case for examining neuron
numbers irrespective of body size. Annals of the New York Academy of Sciences
[Internet]. Wiley; 2011 Apr;1225(1):191–9. Available from: http://dx.doi.org/10.1111/j.
1749-6632.2011.05976.x
12. Deaner RO, Isler K, Burkart J, van Schaik C. Overall Brain Size, and Not Encephalization
Quotient, Best Predicts Cognitive Ability across Non-Human Primates. Brain, Behavior and
Evolution [Internet]. S. Karger AG; 2007;70(2):115–24. Available from: http://dx.doi.org/
10.1159/000102973
13. Rilling JK. Human and nonhuman primate brains: Are they allometrically scaled versions of
the same design? Evolutionary Anthropology: Issues, News, and Reviews [Internet]. Wiley;
2006 Apr 20;15(2):65–77. Available from: http://dx.doi.org/10.1002/evan.20095
14. Reader SM, Laland KN. Social intelligence, innovation, and enhanced brain size in primates.
Proceedings of the National Academy of Sciences [Internet]. Proceedings of the National
Academy of Sciences; 2002 Mar 12;99(7):4436–41. Available from: http://dx.doi.org/
10.1073/pnas.062041299

22

bioRxiv preprint first posted online Oct. 26, 2018; doi: http://dx.doi.org/10.1101/454132. The copyright holder for this preprint
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license.

15. Deaner RO, van Schaik CP, Johnson V. Do Some Taxa Have Better Domain-General
Cognition than others? A Meta-Analysis of Nonhuman Primate Studies. Evolutionary
Psychology [Internet]. SAGE Publications; 2006 Jan;4(1):147470490600400. Available from:
http://dx.doi.org/10.1177/147470490600400114
16. Johnson VE, Deaner RO, van Schaik CP. Bayesian Analysis of Rank Data With Application
to Primate Intelligence Experiments. Journal of the American Statistical Association
[Internet]. Informa UK Limited; 2002 Mar;97(457):8–17. Available from: http://
dx.doi.org/10.1198/016214502753479185
17. Riddell WI, Corl KG. Comparative Investigation of the Relationship between Cerebral
Indices and Learning Abilities. Brain, Behavior and Evolution [Internet]. S. Karger AG;
1977;14(6):385–98. Available from: http://dx.doi.org/10.1159/000125804
18. MacLean EL, Hare B, Nunn CL, Addessi E, Amici F, Anderson RC, et al. The evolution of
self-control. Proceedings of the National Academy of Sciences [Internet]. Proceedings of
the National Academy of Sciences; 2014 Apr 21;111(20):E2140–E2148. Available from:
http://dx.doi.org/10.1073/pnas.1323533111
19. Dunbar RIM. Neocortex size as a constraint on group size in primates. Journal of Human
Evolution [Internet]. Elsevier BV; 1992 Jun;22(6):469–93. Available from: http://
dx.doi.org/10.1016/0047-2484(92)90081-j
20. Shultz S, Dunbar RI. The evolution of the social brain: anthropoid primates contrast with
other vertebrates. Proceedings of the Royal Society B: Biological Sciences [Internet]. The
Royal Society; 2007 Oct 7;274(1624):2429–36. Available from: http://dx.doi.org/10.1098/
rspb.2007.0693
21. Dunbar RIM, Shultz S. Why are there so many explanations for primate brain evolution?
Philosophical Transactions of the Royal Society B: Biological Sciences [Internet]. The Royal
Society; 2017 Jul 3;372(1727):20160244. Available from: http://dx.doi.org/10.1098/rstb.
2016.0244
22. Whiten A, Byrne RW. Tactical deception in primates. Behavioral and Brain Sciences
[Internet]. Cambridge University Press (CUP); 1988 Jun;11(02):233. Available from: http://
dx.doi.org/10.1017/s0140525x00049682
23. Humphrey NK. 1976 The social function of intellect. In Growing points in ethology (eds
PPG Bateson, RA Hindle), pp. 303 – 317. Cambridge, UK: Cambridge University Press.

23

bioRxiv preprint first posted online Oct. 26, 2018; doi: http://dx.doi.org/10.1101/454132. The copyright holder for this preprint
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license.

24. Barton RA, Dunbar RIM. Evolution of the social brain. Whiten A, Byrne RW, editors.
Machiavellian Intelligence II [Internet]. Cambridge University Press; 240–63. Available
from: http://dx.doi.org/10.1017/cbo9780511525636.010
25. Byrne RW, Corp N. Neocortex size predicts deception rate in primates. Proceedings of the
Royal Society B: Biological Sciences [Internet]. The Royal Society; 2004 Aug 22;271(1549):
1693–9. Available from: http://dx.doi.org/10.1098/rspb.2004.2780
26. Lindenfors, P. (2005). Neocortex evolution in primates: the ‘social brain’ is for females.
Biology Letters, 1(4), 407-410. https://doi.org/10.1098/rsbl.2005.0362
27. Lindenfors P, Nunn CL, Barton RA. Primate brain architecture and selection in relation to
sex. BMC Biology [Internet]. Springer Nature; 2007;5(1):20. Available from: http://
dx.doi.org/10.1186/1741-7007-5-20
28. Smaers JB, Mulvaney PI, Soligo C, Zilles K, Amunts K. Sexual Dimorphism and Laterality in
the Evolution of the Primate Prefrontal Cortex. Brain, Behavior and Evolution [Internet].
S. Karger AG; 2012;79(3):205–12. Available from: http://dx.doi.org/10.1159/000336115
29. Harvey P.H. & Clutton-Brock T. (1983) The survival of the theory. New Scientist 98:
312-315.
30. Barton RA. Neocortex size and behavioural ecology in primates. Proceedings of the Royal
Society of London Series B: Biological Sciences [Internet]. The Royal Society; 1996 Feb
22;263(1367):173–7. Available from: http://dx.doi.org/10.1098/rspb.1996.0028
31. Barton RA. Visual specialization and brain evolution in primates. Proceedings of the Royal
Society B: Biological Sciences [Internet]. The Royal Society; 1998 Oct 22;265(1409):1933–7.
Available from: http://dx.doi.org/10.1098/rspb.1998.0523
32. Barton RA. From The Cover: Binocularity and brain evolution in primates. Proceedings of
the National Academy of Sciences [Internet]. Proceedings of the National Academy of
Sciences; 2004 Jun 15;101(27):10113–5. Available from: http://dx.doi.org/10.1073/pnas.
0401955101
33. DeCasien AR, Williams SA, Higham JP. Primate brain size is predicted by diet but not
sociality. Nature Ecology & Evolution [Internet]. Springer Nature; 2017 Mar 27;1(5).
Available from: http://dx.doi.org/10.1038/s41559-017-0112
34. Isler K, van Schaik CP. Metabolic costs of brain size evolution. Biology Letters [Internet].
The Royal Society; 2006 Dec 22;2(4):557–60. Available from: http://dx.doi.org/10.1098/
rsbl.2006.0538

24

bioRxiv preprint first posted online Oct. 26, 2018; doi: http://dx.doi.org/10.1101/454132. The copyright holder for this preprint
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license.

35. Fish JL, Lockwood CA. Dietary constraints on encephalization in primates. American Journal
of Physical Anthropology [Internet]. Wiley; 2003 Jan 22;120(2):171–81. Available from:
http://dx.doi.org/10.1002/ajpa.10136
36. Barrickman NL, Bastian ML, Isler K, van Schaik CP. Life history costs and benefits of
encephalization: a comparative test using data from long-term studies of primates in the
wild. Journal of Human Evolution [Internet]. Elsevier BV; 2008 May;54(5):568–90.
Available from: http://dx.doi.org/10.1016/j.jhevol.2007.08.012
37. Street SE, Navarrete AF, Reader SM, Laland KN. Coevolution of cultural intelligence,
extended life history, sociality, and brain size in primates. Proceedings of the National
Academy of Sciences [Internet]. Proceedings of the National Academy of Sciences; 2017
Jul 25;114(30):7908–14. Available from: http://dx.doi.org/10.1073/pnas.1620734114
38. Joffe TH. Social pressures have selected for an extended juvenile period in primates. Journal
of Human Evolution [Internet]. Elsevier BV; 1997 Jun;32(6):593–605. Available from:
http://dx.doi.org/10.1006/jhev.1997.0140
39. Walker R, Burger O, Wagner J, Von Rueden CR. Evolution of brain size and juvenile periods
in primates. Journal of Human Evolution [Internet]. Elsevier BV; 2006 Nov;51(5):480–9.
Available from: http://dx.doi.org/10.1016/j.jhevol.2006.06.002
40. Charnov EL, Berrigan D. Why do female primates have such long lifespans and so few
babies? or Life in the slow lane. Evolutionary Anthropology: Issues, News, and Reviews
[Internet]. Wiley; 2005 Jun 2;1(6):191–4. Available from: http://dx.doi.org/10.1002/evan.
1360010604
41. Barton RA, Capellini I. Maternal investment, life histories, and the costs of brain growth in
mammals. Proceedings of the National Academy of Sciences [Internet]. Proceedings of the
National Academy of Sciences; 2011 Mar 28;108(15):6169–74. Available from: http://
dx.doi.org/10.1073/pnas.1019140108
42. Sol D. Revisiting the cognitive buffer hypothesis for the evolution of large brains. Biology
Letters [Internet]. The Royal Society; 2009 Feb 23;5(1):130–3. Available from: http://
dx.doi.org/10.1098/rsbl.2008.0621
43. González-lagos C, Sol D, Reader SM. Large-brained mammals live longer. Journal of
Evolutionary Biology [Internet]. Wiley; 2010 May;23(5):1064–74. Available from: http://
dx.doi.org/10.1111/j.1420-9101.2010.01976.x

25

bioRxiv preprint first posted online Oct. 26, 2018; doi: http://dx.doi.org/10.1101/454132. The copyright holder for this preprint
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license.

44. Montgomery SH, Mundy NI, Barton RA. Brain evolution and development: adaptation,
allometry and constraint. Proceedings of the Royal Society B: Biological Sciences [Internet].
The Royal Society; 2016 Sep 14;283(1838):20160433. Available from: http://dx.doi.org/
10.1098/rspb.2016.0433
45. Smaers, J. B., & Soligo, C. (2013). Brain reorganization, not relative brain size, primarily
characterizes anthropoid brain evolution. Proceedings of the Royal Society of London B:
Biological Sciences, 280(1759), 20130269.
46. Barton RA. Mosaic Evolution of Brain Structure in Mammals. Evolution of Nervous
Systems [Internet]. Elsevier; 2007;97–102. Available from: http://dx.doi.org/10.1016/
b0-12-370878-8/00052-5
47. Van Woerden JT, Willems EP, van Schaik CP, Isler K. LARGE BRAINS BUFFER
ENERGETIC EFFECTS OF SEASONAL HABITATS IN CATARRHINE PRIMATES.
Evolution [Internet]. Wiley; 2011 Sep 13;66(1):191–9. Available from: http://dx.doi.org/
10.1111/j.1558-5646.2011.01434.x
48. Barton RA. Olfactory evolution and behavioral ecology in primates. American Journal of
Primatology [Internet]. Wiley; 2006;68(6):545–58. Available from: http://dx.doi.org/
10.1002/ajp.20251
49. Barton RA, Purvis A, Harvey PH. Evolutionary radiation of visual and olfactory brain
systems in primates, bats and insectivores. Philosophical Transactions of the Royal Society
of London Series B: Biological Sciences [Internet]. The Royal Society; 1995 Jun
29;348(1326):381–92. Available from: http://dx.doi.org/10.1098/rstb.1995.0076
50. Deaner RO, Nunn CL, van Schaik CP. Comparative Tests of Primate Cognition: Different
Scaling Methods Produce Different Results. Brain, Behavior and Evolution [Internet]. S.
Karger AG; 2000;55(1):44–52. Available from: http://dx.doi.org/10.1159/000006641
51. Joffe TH, Dunbar RIM. Visual and socio-cognitive information processing in primate brain
evolution. Proceedings of the Royal Society B: Biological Sciences [Internet]. The Royal
Society; 1997 Sep 22;264(1386):1303–7. Available from: http://dx.doi.org/10.1098/rspb.
1997.0180
52. Kudo H, Dunbar RIM. Neocortex size and social network size in primates. Animal Behaviour
[Internet]. Elsevier BV; 2001 Oct;62(4):711–22. Available from: http://dx.doi.org/10.1006/
anbe.2001.1808

26

bioRxiv preprint first posted online Oct. 26, 2018; doi: http://dx.doi.org/10.1101/454132. The copyright holder for this preprint
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license.

53. Lefebvre L, Reader SM, Sol D. Brains, Innovations and Evolution in Birds and Primates.
Brain, Behavior and Evolution [Internet]. S. Karger AG; 2004;63(4):233–46. Available from:
http://dx.doi.org/10.1159/000076784
54. Lehmann J, Korstjens AH, Dunbar RIM. Group size, grooming and social cohesion in
primates. Animal Behaviour [Internet]. Elsevier BV; 2007 Dec;74(6):1617–29. Available
from: http://dx.doi.org/10.1016/j.anbehav.2006.10.025
55. Lehmann J, Dunbar RIM. Network cohesion, group size and neocortex size in femalebonded Old World primates. Proceedings of the Royal Society B: Biological Sciences
[Internet]. The Royal Society; 2009 Sep 30;276(1677):4417–22. Available from: http://
dx.doi.org/10.1098/rspb.2009.1409
56. Marino L. A Comparison of Encephalization between Odontocete Cetaceans and
Anthropoid Primates. Brain, Behavior and Evolution [Internet]. S. Karger AG; 1998;51(4):
230–8. Available from: http://dx.doi.org/10.1159/000006540
57. Pasquaretta C, Levé M, Claidière N, van de Waal E, Whiten A, MacIntosh AJJ, et al. Social
networks in primates: smart and tolerant species have more efficient networks. Scientific
Reports [Internet]. Springer Nature; 2014 Dec 23;4(1). Available from: http://dx.doi.org/
10.1038/srep07600
58. Pawłowskil B, Dunbar, Lowen. Neocortex Size, Social Skills and Mating Success in Primates.
Behaviour [Internet]. Brill Academic Publishers; 1998 May 1;135(3):357–68. Available from:
http://dx.doi.org/10.1163/156853998793066285
59. Pellis SM, Iwaniuk AN. Brain system size and adult–adult play in primates: a comparative
analysis of the roles of the non-visual neocortex and the amygdala. Behavioural Brain
Research [Internet]. Elsevier BV; 2002 Aug;134(1-2):31–9. Available from: http://
dx.doi.org/10.1016/s0166-4328(01)00455-7
60. Sawaguchi T, Kudo H. Neocortical development and social structure in primates. Primates
[Internet]. Springer Nature; 1990 Apr;31(2):283–9. Available from: http://dx.doi.org/
10.1007/bf02380949
61. Shultz S, Dunbar RIM. Species differences in executive function correlate with hippocampus
volume and neocortex ratio across nonhuman primates. Journal of Comparative
Psychology [Internet]. American Psychological Association (APA); 2010;124(3):252–60.
Available from: http://dx.doi.org/10.1037/a0018894

27

bioRxiv preprint first posted online Oct. 26, 2018; doi: http://dx.doi.org/10.1101/454132. The copyright holder for this preprint
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license.

62. Williams MF. Primate encephalization and intelligence. Medical Hypotheses [Internet].
Elsevier BV; 2002 Apr;58(4):284–90. Available from: http://dx.doi.org/10.1054/mehy.
2001.1516
63. Whiting B., Barton R. The evolution of the cortico-cerebellar complex in primates:
anatomical connections predict patterns of correlated evolution. Journal of Human
Evolution [Internet]. Elsevier BV; 2003 Jan;44(1):3–10. Available from: http://dx.doi.org/
10.1016/s0047-2484(02)00162-8
64. Zilles K, Armstrong E, Moser KH, Schleicher A, Stephan H. Gyrification in the Cerebral
Cortex of Primates. Brain, Behavior and Evolution [Internet]. S. Karger AG; 1989;34(3):
143–50. Available from: http://dx.doi.org/10.1159/000116500
65. Lindenfors P. Sexually antagonistic selection on primate size. Journal of Evolutionary Biology
[Internet]. Wiley; 2002 Jun 25;15(4):595–607. Available from: http://dx.doi.org/10.1046/j.
1420-9101.2002.00422.x
66. Hjalmarsson A (2009). Faunivory and encephalization in primates, Master thesis, Department
of Zoology, Stockholm University.
67. Barton R. The evolutionary ecology of the primate brain. Lee PC, editor. Comparative
Primate Socioecology [Internet]. Cambridge University Press; 167–203. Available from:
http://dx.doi.org/10.1017/cbo9780511542466.010
68. Lindenfors P, Tullberg BS. Phylogenetic analyses of primate size evolution: the consequences
of sexual selection. Biological Journal of the Linnean Society [Internet]. Oxford University
Press (OUP); 1998 Aug;64(4):413–47. Available from: http://dx.doi.org/10.1111/j.
1095-8312.1998.tb00342.x
69. Sandel AA, Miller JA, Mitani JC, Nunn CL, Patterson SK, Garamszegi LZ. Assessing sources
of error in comparative analyses of primate behavior: Intraspecific variation in group size
and the social brain hypothesis. Journal of Human Evolution [Internet]. Elsevier BV; 2016
May;94:126–33. Available from: http://dx.doi.org/10.1016/j.jhevol.2016.03.007
70. R Core Team (2013). R: A language and environment for statistical computing. R Foundation
for Statistical Computing, Vien-na, Austria. ISBN 3-900051-07-0, URL http://www.Rproject.org/.
71. Pinheiro, J., Bates, D., DebRoy, S., & Sarkar, D. (2014). R Core Team (2014) nlme: linear and
nonlinear mixed effects models. R package version 3.1-117. See http://CRAN. R-project.
org/package= nlme.

28

bioRxiv preprint first posted online Oct. 26, 2018; doi: http://dx.doi.org/10.1101/454132. The copyright holder for this preprint
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license.

72. Paradis E, Claude J, Strimmer K. APE: Analyses of Phylogenetics and Evolution in R
language. Bioinformatics [Internet]. Oxford University Press (OUP); 2004 Jan 20;20(2):
289–90. Available from: http://dx.doi.org/10.1093/bioinformatics/btg412
73. Venables WN, Ripley BD. Modern Regression. Modern Applied Statistics with S-PLUS
[Internet]. Springer New York; 1997;323–41. Available from: http://dx.doi.org/
10.1007/978-1-4757-2719-7_11
74. Bürkner P-C. brms: An R Package for Bayesian Multilevel Models Using Stan. Journal of
Statistical Software [Internet]. Foundation for Open Access Statistic; 2017;80(1). Available
from: http://dx.doi.org/10.18637/jss.v080.i01
75. Garamszegi LZ, editor. Modern Phylogenetic Comparative Methods and Their Application in
Evolutionary Biology. Springer Berlin Heidelberg; 2014; Available from: http://dx.doi.org/
10.1007/978-3-662-43550-2
76. Felsenstein J. Phylogenies and the Comparative Method. The American Naturalist [Internet].
University of Chicago Press; 1985 Jan;125(1):1–15. Available from: http://dx.doi.org/
10.1086/284325
77. Arnold C, Matthews LJ, Nunn CL. The 10kTrees website: A new online resource for primate
phylogeny. Evolutionary Anthropology: Issues, News, and Reviews [Internet]. Wiley; 2010
Jun 23;19(3):114–8. Available from: http://dx.doi.org/10.1002/evan.20251
78. Symonds MRE, Blomberg SP. A Primer on Phylogenetic Generalised Least Squares. Modern
Phylogenetic Comparative Methods and Their Application in Evolutionary Biology
[Internet]. Springer Berlin Heidelberg; 2014;105–30. Available from: http://dx.doi.org/
10.1007/978-3-662-43550-2_5
79. Rosenbaum PR. The Consquences of Adjustment for a Concomitant Variable That Has Been
Affected by the Treatment. Journal of the Royal Statistical Society Series A (General)
[Internet]. JSTOR; 1984;147(5):656. Available from: http://dx.doi.org/10.2307/2981697
80. McElreath R. Statistical Rethinking. Chapman and Hall/CRC; 2015 Dec 16; Available from:
http://dx.doi.org/10.1201/9781315372495
81. Mundry R. Statistical Issues and Assumptions of Phylogenetic Generalized Least Squares.
Modern Phylogenetic Comparative Methods and Their Application in Evolutionary
Biology [Internet]. Springer Berlin Heidelberg; 2014;131–53. Available from: http://
dx.doi.org/10.1007/978-3-662-43550-2_6

29

bioRxiv preprint first posted online Oct. 26, 2018; doi: http://dx.doi.org/10.1101/454132. The copyright holder for this preprint
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license.

82. Mitchell-Olds T, Shaw RG. Regression Analysis of Natural Selection: Statistical Inference and
Biological Interpretation. Evolution [Internet]. JSTOR; 1987 Nov;41(6):1149. Available
from: http://dx.doi.org/10.2307/2409084
83. Macphail EM, Barlow HB. Vertebrate Intelligence: The Null Hypothesis [and Discussion].
Philosophical Transactions of the Royal Society B: Biological Sciences [Internet]. The Royal
Society; 1985 Feb 13;308(1135):37–51. Available from: http://dx.doi.org/10.1098/rstb.
1985.0008
84. Bolhuis JJ, Macphail EM. A critique of the neuroecology of learning and memory. Trends in
Cognitive Sciences [Internet]. Elsevier BV; 2001 Oct;5(10):426–33. Available from: http://
dx.doi.org/10.1016/s1364-6613(00)01753-8
85. M. MACPHAIL E, J. BOLHUIS J. The evolution of intelligence: adaptive specializations
versus general process. Biological Reviews of the Cambridge Philosophical Society
[Internet]. Wiley; 2001 Aug;76(3):341–64. Available from: http://dx.doi.org/10.1017/
s146479310100570x
86. Heyes, C. (2012). What's social about social learning?. Journal of Comparative Psychology,
126(2), 193. https://doi.org/10.1037/a0025180
87. Holekamp KE. Questioning the social intelligence hypothesis. Trends in Cognitive Sciences
[Internet]. Elsevier BV; 2007 Feb;11(2):65–9. Available from: http://dx.doi.org/10.1016/
j.tics.2006.11.003
88. Ingre, M. (2017). P-hacking in academic research : a critical review of the job strain model and
of the association between night work and breast cancer in women (PhD dissertation).
Department of Psychology, Stockholm University, Stockholm.
89. Patterson SK, Sandel AA, Miller JA, Mitani JC. Data Quality and the Comparative Method:
The Case of Primate Group Size. International Journal of Primatology [Internet]. Springer
Nature; 2014 May 17;35(5):990–1003. Available from: http://dx.doi.org/10.1007/
s10764-014-9777-1
90. Borries C, Gordon AD, Koenig A. Beware of Primate Life History Data: A Plea for Data
Standards and a Repository. Gursky-Doyen S, editor. PLoS ONE [Internet]. Public Library
of Science (PLoS); 2013 Jun 24;8(6):e67200. Available from: http://dx.doi.org/10.1371/
journal.pone.0067200
91. Smith RJ, Jungers WL. Body mass in comparative primatology. Journal of Human Evolution
[Internet]. Elsevier BV; 1997 Jun;32(6):523–59. Available from: http://dx.doi.org/10.1006/
jhev.1996.0122
30

bioRxiv preprint first posted online Oct. 26, 2018; doi: http://dx.doi.org/10.1101/454132. The copyright holder for this preprint
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license.

92. Allman, J. (1990). The origin of the neocortex. In Seminars in the Neuroscicnccs.
93. Glenn Northcutt R, Kaas JH. The emergence and evolution of mammalian neocortex.
Trends in Neurosciences [Internet]. Elsevier BV; 1995 Sep;18(9):373–9. Available from:
http://dx.doi.org/10.1016/0166-2236(95)93932-n
94. CHANGIZI MA. Relationship between Number of Muscles, Behavioral Repertoire Size, and
Encephalization in Mammals. Journal of Theoretical Biology [Internet]. Elsevier BV; 2003
Jan;220(2):157–68. Available from: http://dx.doi.org/10.1006/jtbi.2003.3125

31

