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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 resid-

ual 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 predic-

tors. 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 predic-

tors is altered. By using both the most commonly tested brain data set and the inclusion of

new data we show that the choice of included variables fundamentally changes the conclu-

sions 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.

Introduction

The field of primate brain evolution can be characterized as an array of contradicting results

[1, 2]. Probably the most frequently phylogenetic comparative method used is 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, 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.
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Most previous studies have relied on one of only two available datasets on brain size. These

datasets have been obtained using different methods—(i) by the estimation of weight for dif-

ferent brain parts of fresh brains [3] and (ii) the estimation of endocranial volume as a proxy

for brain size [4]. Due to this difference, the two datasets are not appropriate to pool in statisti-

cal analyses. Here, we include new data [5], added to one of the old datasets [3], to broaden the

reanalysis.

Though initially eager to reach interesting biological conclusions from the new data, this

paper is foremost focused on evaluating the validity of previous analyses on brain size evolu-

tion in nonhuman primates. Our choices of both method and data are therefore based on what

is praxis in the field of primate brain evolution. This study is not driven by any particular bio-

logical hypothesis and seeks only to reach conclusions on the reliability of previous 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 alternately supported and rejected in various studies.

Allometric relationships

Brains are similar to other organs in that they scale allometrically with body size. Similarly,

brain parts in turn scale allometrically with brain size. Simply put, larger brains are required to

run larger bodies. Most differences in brain size and brain architecture between species can

thus be predicted by body size [6, 7]. Due to such known allometric relationships, one usually

controls for body size / brain size in evolutionary studies of primate brains. Whatever residual

variation is left is the target for tests of adaptive hypotheses. The rationale here is that “intelli-

gence” corresponds to the amount of excess brain mass after controlling for brain mass dedi-

cated to bodily functions [8–11]. However, body size alone accounts for more than 90% of the

variation in brain size differences between primates [8, 12](see also Results in this study), 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, 13–18].

The social brain hypothesis

Some primates evolved large brains and/or larger brain components (neocortex) as social com-

plexity is hypothesized to be more cognitively demanding [19–25].

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 selec-

tion is high compared to species where it is relaxed [10, 26–30].

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” [31–35]([31] p. 312). 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 [36, 37].

Inconsistent results are the rule, not the exception, in the study of primate brain evolution
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Life history

Variation in juvenile period and life span is hypothesized to affect brain size evolution [38,

39]. An extended juvenile learning is necessary to evolve a bigger brain [40, 41]. Also, a longer

life span is a consequence of slow growth in order to cope with the high energy costs of devel-

oping a large brain [42–44] and/or to facilitate more opportunities to harness the products of

enhanced brain size [38, 45].

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” [46],

p. 2, [27, 47, 48]. Here, all hypotheses can come into play simultaneously [21].

The list of competing hypotheses can go on [1, 2, 38] and as we have focused on the most

common, there are some that we have left out. 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, or alternatively, the number of factors in play when it comes to

brain evolution is huge. Many studies have sought to identify the main 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 high-

light any particular hypothesis from the smorgasbord of published significant results.

Because results have proven both ambiguous and contradictory, we use new data [5] in

combination with a classic brain data set [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 pre-

dictors in this study reflect our notion of what hypotheses are common. We do not attempt

an exhaustive combination of all predictors that have been proposed in the literature as this

would just add to the point we can already make from the variables included. Others have used

combinations of other predictors than those we use here [39, 49].

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 pre-

viously published analyses in the same way.

Our aim here is not to reach a final verdict on the biological relevance of different hypothe-

ses, but to investigate if data and methods currently at hand are productive enough for such

considerations at all. As our results indicate, the number of hypothetical causes of primate

brain evolution is currently too large in relation to the number of data points for any clarifying

analyses to be possible.

Method

All data used in this study were collected from published literature and are presented in sup-

porting information (S1 Table). Most studies on primate brain evolution have relied on Ste-

phan et al.‘s classic data set on primate brains [3], for example [14, 19, 20, 25–27, 33, 34, 37, 38,

40, 41, 43, 46, 49–66]. We pool this dataset with new data [5] by calculating weighted averages.

Life history and body size data were obtained by a similar pooling procedure of two datasets

[35, 67]. Length of juvenile period is approximated by age of sexual maturity. Life span is cal-

culated as the period between sexual maturity and maximum recorded age at death. Percent-

age fruit in diet were obtained by pooling data from several sources [35, 51, 67, 68]. Rates of

innovation were gathered from [14].

Inconsistent results are the rule, not the exception, in the study of primate brain evolution
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We used female weight as a proxy for species weight as it is less variable than male weight

among species, as variation in male weight in sexually selected species to a large degree is a

consequence of selection on physical strength [69].

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 com-

plexity (e.g. [26, 27, 32, 40, 41, 53, 56, 70]). 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 thus included

in all analyses are N = 40.

Statistical analysis

All analyses were executed in R [71] using the packages NLME [72], APE [73], MASS [74] and

BRMS [75]. 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 residu-

als, thereby controlling for relatedness [76, 77]. A consensus phylogeny for each dataset were

obtained from [78]. 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 [78].

All combinations of the following variables were used as predictors: 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. Female weight was also included

as independent variable in all analysis because it is standard procedure to control for body

and thereby consider the analyses as predicting relative brain size (but see for example [13]).

We did not use residuals from regressions in the analyses since it has been shown that when

the independent variables are correlated this methods leads to biased estimates [79]. The

mosaic brain hypothesis (see introduction) is explicitly tested when using neocortex as the

outcome variable. This sums to 63 models per dependent variable (total brain and neocor-

tex).

26 � 1 ¼ 63

It therefore follows that each predictor is included in 32 � 2 models (except female weight

which was included in all).

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 PGLS assumes a correlated residual

structure the VIF diagnostic does not carry over easily [76]. Our approach was instead to

calculate posterior distributions in a Bayesian framework and visually inspect whether

they correlate as an indication of collinearity (See Discussion and supporting information S1

Fig). However, for interested readers we report conventionally calculated VIF scores along

with a correlation matrix and partial R2 for all variables (Supporting information S2–S5

Tables).

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.
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Results

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 crite-

ria (AIC), both when using total brain size as the dependent variable and when using neocor-

tex 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.

To get an overview of all models, i.e. the 32 models that each predictor were included in,

Tables 3 and 4 illustrate the number of models in which each predictor was non-significant.

Table 3 shows models that used total brain as the dependent variable, whereas Table 4 shows

the same models using neocortex size as the dependent variable. As can be seen, whether a var-

iable is a significant predictor of total brain or neocortex size depends to a worryingly high

degree upon what concomitant variables that were also included in the model. Tables 5 and 6

shows the minimum and maximum p-values for each predictor depending on concomitant

predictors. Most predictors range from below or close to p = 0.05 to high values well beyond

p> 0.2. The only predictors that exhibit a narrow range are fruit when using total brain as the

outcome, that never ranges above 0.061, and female group size when using neocortex as the

outcome that never ranges above 0.015.

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

https://doi.org/10.1371/journal.pone.0218655.t001

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

https://doi.org/10.1371/journal.pone.0218655.t002
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Table 3. Number of models in which each predictor was estimated non-significant (p> 0.05) with total brain size

as the dependent variable. N = 40.

Predictor Number of models in which 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

https://doi.org/10.1371/journal.pone.0218655.t003

Table 4. Number of models in which each predictor were estimated non-significant (p> 0.05) with Neocortex size

as the dependent variable. N = 40.

Predictor Number of models in which 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

https://doi.org/10.1371/journal.pone.0218655.t004

Table 5. Changes 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 in) 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 Female group size, Lifespan, Female sexual maturity, Innovation, Fruit 0.968 Lifespan

Female group size 0.017 Male group size, Lifespan, Female sexual maturity, Innovation, Fruit 0.540 Female sexual maturity, Innovation

Life span 0.004 Male group size, Female group size, Life span, Innovation 0.263 Female group size, Innovation, Fruit

Female sexual maturity 0.043 Male group size, Female group size, Life span, Innovation 0.263 Female group size, Innovation, Fruit

Innovation 0.240 Fruit 0.865 Male group size, Life span

Fruit 0.007 Male group size, Female group size, Lifespan 0.061 Male group size, Female sexual maturity

https://doi.org/10.1371/journal.pone.0218655.t005

Table 6. The change in p-value for each predictor when altering concomitant predictors using neocortex size as dependent variable. Read as follows: the focal predic-

tor in the first column was estimated to a lowest p-value (out of all the 32 models the focal predictor where included in) shown in the second column when using the con-

comitant 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, Lifespan, Female sexual maturity, Innovation 0.780 Lifespan, Female sexual maturity, Innovation,

Fruit

Female group size 0.0003 Male group size, Lifespan, Female sexual maturity 0.015 Female group size, Female sexual maturity,

Innovation, Fruit

Life span 0.017 Male group size, Female group size, Female sexual maturity,

Innovation, Fruit

0.403 Male group size, Innovation

Female sexual

maturity

0.016 Male group size, Female group size, Life span, Innovation, Fruit 0.153 Male group size, Innovation

Innovation 0.074 No concomitant predictors 0.970 Male group size, Female group size, Life span

Fruit 0.138 Lifespan, Female sexual maturity, Innovation 0.699 Male group size, Female group size, Lifespan,

Innovation

https://doi.org/10.1371/journal.pone.0218655.t006
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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 rean-

alyzed 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 relation-

ship reported between fruit in diet as the predictor and brain size as the dependent variable

[35], becomes non-significant when utilizing the new, extended dataset. Row two shows the

opposite change, where the reported non-significant relationship between group size and

brain size [35] became significant when using other brain data (i.e. changing data from [4]

to [3] & [5]). Row three shows that the reported relationship between juvenile period and

brain size [40] reverses from significant to non-significant when adding more data to predic-

tors by pooling. Row four shows that the relationship reported by Lindenfors et al. [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, the

significant relationship between group size and neocortex [19] had its slope significantly

changed when adding more data by pooling and controlling for phylogeny. Further, ‘Dun-

bar’s number’, claimed to describe the cognitive threshold for group size in humans,

changed from 150 to 22. But note that the 95% prediction interval for this number ranges

from 0.000001 to 309, 856, 548, rendering the threshold number 150 meaningless (the asym-

metry of the confidence interval stems from exponentiating the fitted logY). Note that when

predicting with PGLS here, 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.

As is custom in phylogenetic comparative analysis, phylogenetic information is used to

estimate the covariance of the residuals [80]. 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[totalbrainsize])2 = 0.94, where predicted(totalbrain) = intercept(5.167) +

b(0.667) � log(femaleweight).

Table 7. Overview of changes in the relation between brain size and predictors as different data is used. N is identical to the original studies in all re-analyses.

Source Reported relationship Reanalysis changes Result

DeCasien et al. 2017

[35]

Brain size * Fruit in diet Significant Updated predictors1 Non-significant

DeCasien et al. 2017

[35]

Brain size * Group size Non-significant Other brain data2 Significant

Joffe 1997 [40] Juvenile period * non visual neocortex Significant Updated variables3 Non-significant

Lindenfors et al. 2007

[27]

Specific brain parts * Dimorphism, Female/male

group size

Non-significant/

Significant

Updated variables4 Significant/Non-

significant

Dunbar 1992 [19] ‘Dunbar’s number’ = 150 Updated variables and control for

phylogeny5
‘Dunbar’s number’ =

22

1Using [35] brain data but pooling predictors from several sources (see supporting information S6 & S7 Tables).
2Using predictors from [35] but changing their brain data [4] to this study’s data (i.e. pooling [3, 5], see supporting information S6 & S7 Tables).
3All variables used were pooled with data from [35, 40, 67](Supporting information S8 and S9 Tables).
4All variables used were pooled with data from [35, 67](Supporting information S10 and S11 Tables).
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 [35, 67]. 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 numbers’ from our more complete and phylogenetically controlled model has a huge 95% prediction interval, ranging from 0.000001 to 309, 856, 548

(Supporting information S12 and S13 Tables)

https://doi.org/10.1371/journal.pone.0218655.t007
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Collinearity is member of a family of problems with model fitting referred to as weakly-

identifiable parameters (or sometimes non-identifiable) [81]. 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 both a correlation plot for all variables and the

VIF scores from both OLS and PGLS models. Looking at the correlation plot it can be shown

that some variables correlate substantially. However, the calculated VIF scores is not worry-

ingly high (<10). We still believe that multicollinearity cannot be ruled out because when 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 supporting information S1 Fig) it is obvious that some parameters correlate sub-

stantially which would explain the varying results exposed in this study [81–83]. However, the

Markov chains sampled poorly and the analyses should not be fully trusted.

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 one reason why this is so. Within the

PGLS framework, choice of what variables to include, and what observations for those vari-

ables to include, fundamentally changes the conclusions as to what drives primate brain

evolution.

In this study we conducted analyses on new data [5] combined with Stephan et al.’s classic

dataset on primate brain size [3] but the addition of more data did not alter the volatility in the

results. If so inclined, we could have presented support for any hypothesis of our choice, but

also refuted pretty much any study we would have liked. Combined with the ‘publish-or-per-

ish’-situation in academia, this is hardly an ideal situation.

In Tables 1 and 2 we present the models that were selected with AIC. The AIC tests 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 in brain evolution, and used established 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 our favorite AIC models and special attention would have been given

to 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 the presented 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. As has happened throughout

research on primate brain evolution, some researchers have concluded that one factor has

been the main determinant, whereas other researchers have made different models and con-

cluded something contradictory. Tables 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 pri-

mate 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—a method for selecting among models

and not concerned with p-values—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 Tables 3–6, i.e. depending on what initial predictors happened to be

Inconsistent results are the rule, not the exception, in the study of primate brain evolution
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included in the analyses, these predictors can either be judged important (p< 0.05) or non-

important (p> 0.05). The combinatory mosaic brain hypothesis did not escape this problem

of inconsistent results, as can be shown in Tables 4 and 6.

An interesting exception is female group size predicting neocortex which is always

p< 0.05. However, it is our opinion that this result also should be judged with due caution, for

several reasons. (i) In the field of primate brain evolution there are many variables that have

been used to test for significant correlations. Against that background and the inherent expec-

tation of the frequentist method to obtain error type 1 equal to α, it is not clear that female

group size would come out significant after correcting for alpha inflation due to multiple com-

parisons. (ii) Many predictors in our analysis come close to the significance level at 0.05 and

we see no justification to interpret those predictors as irrelevant, especially in the context of

AIC where non-significant predictors is part of the best predicting model. (iii) If merely pre-

dicting neocortex size is what matters, then the best model were chosen with AIC and it makes

no sense to pick one predictor, like female group size, out of that model and give it special

attention.

When we included new brain data and updated variables on previously reported results, we

found the same patterns. As shown in Table 7, previous results [35] indicated that brain size

was best predicted by diet and not by sociality (measured as group size). When we added more

observations to the explanatory variables, both diet and sociality turned out to be non-signifi-

cant. When we kept their original predictors, but used pooled brain data [3, 5], sociality

became significant but not diet (see supporting information S6 Table).

Further, Lindenfors et al. [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 a larger male group size. They found male

group size 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.

The results presented here confirm a previous report where the researchers re-analyzed

endocranial data [4] and concluded that “[o]ur results indicate that, even holding constant sta-

tistical methods, phylogeny, set of predictor variables, response variable data, and species sam-

ple, 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 several variables that have non-significant p-values. In the

context of AIC, it is easy to illustrate that the most predictive models sometimes do not reveal

the true relationship between individual predictors and the outcome, as for example in the

case of concomitant variable bias [84] or collinearity. Yet inference about individual predictors

is mostly what concerns scientists of primate brain evolution, not mere prediction.

Our suggestion for future studies is to run Bayesian analysis for all regression parameters.

As we have demonstrated in this study, the probability for many of the slopes given a null

hypotheses lie in the region of 0.05, and as a method for decision-making—i.e. believing in a

slope or not—seems unrealistically rigid and binary. Even if a Bayesian result will not give us

the decisive answer we seek it will definitely provide the distributions of likelihood for each

slope and, as we have initiated here, expose multicollinearity by calculating posterior distribu-

tion correlations.

Further caveats on the current practices in comparative studies of primate brain evolution

have been raised by other researchers, such as problems with measuring and comparing intelli-

gence [15, 85], the idea of adaptive specializations of cognitive mechanisms [18, 86], validity of
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observational data versus experiment [18], choice of brain measure [6, 52], measuring and

defining sociality [70, 87, 88] and p-hacking: given that the same sample on brain volume [3]

has been modeled against many variables, it is to be expected that Type 1-errors will emerge

[89]. Also, there is some evidence that different data samples are qualitatively different from

each other [70, 90, 91]. It has for example been shown that data on body size often are aver-

aged, inaccurate and from unspecified sources [90, 92].

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.

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 stud-

ies, 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 [93,

94]. A primate with very large eyes will have brain areas that correspond to sensory and per-

ceptual needs. In addition, animals that are motor flexible, have many different kinds of mus-

cles, and large behavior repertoires need brain areas that control muscles. Therefore, larger

brains are needed to drive more motor flexible bodies [95]. To put this in Tinbergian terminol-

ogy: 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 non-controversial precision.

We conclude that, given the instability of results and the PGLS approach, there is no empir-

ical justification to highlight any particular hypothesis of those adaptive hypotheses we have

examined here, as the main determinant of primate brain evolution.

Supporting information

S1 Fig. Correlation matrix of posterior distributions for all predictors used in this study

calculated using a bayesian multilevel model.

(DOCX)

S1 Table. Main data set.

(DOCX)

S2 Table. VIF scores using Ordinary Least Squares (OLS) and Phylogenetic Generalized

Least Squares (PGLS).

(DOCX)

S3 Table. Correlation matrix all variable.

(DOCX)

S4 Table. Partial R2.

(DOCX)

S5 Table. Partial R2.

(DOCX)

S6 Table. Reevaluating DeCasien [35] et al.’s reported relationship between brain weight,

percent frugivory and group size, with three alternative statistical models.

(DOCX)

Inconsistent results are the rule, not the exception, in the study of primate brain evolution

PLOS ONE | https://doi.org/10.1371/journal.pone.0218655 July 22, 2019 10 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0218655.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0218655.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0218655.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0218655.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0218655.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0218655.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0218655.s007
https://doi.org/10.1371/journal.pone.0218655


S7 Table. Data used to reevaluate DeCasien et al. [35].

(DOCX)

S8 Table. Reevaluating Joffe [40] results of a significant relationships between juvenile

period and the ratio of non-visual cortex to the rest of the brain.

(DOCX)

S9 Table. Data used to reevaluate Joffe [40].

(DOCX)

S10 Table. Reevaluating Lindenfors [27].

(DOCX)

S11 Table. Data used to reevaluate Lindenfors [27].

(DOCX)

S12 Table. Dunbar’s number [19].

(DOCX)

S13 Table. Data used to reevaluate Dunbar [19].

(DOCX)

Acknowledgments

We are grateful for input from six anonymous reviewers that greatly improved the

manuscript.

Author Contributions

Conceptualization: Andreas Wartel, Patrik Lindenfors, Johan Lind.

Formal analysis: Andreas Wartel, Patrik Lindenfors, Johan Lind.

Methodology: Andreas Wartel, Patrik Lindenfors, Johan Lind.

Writing – original draft: Andreas Wartel, Patrik Lindenfors, Johan Lind.

References

1. Powell LE, Isler K, Barton RA. Re-evaluating the link between brain size and behavioural ecology in pri-

mates. Proceedings of the Royal Society B: Biological Sciences. 2017; 284(1865):20171765. https://

doi.org/10.1098/rspb.2017.1765 PMID: 29046380

2. Healy SD, Rowe C. A critique of comparative studies of brain size. Proceedings of the Royal Society B:

Biological Sciences. 2006; 274(1609):453–464. https://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. 1981; 35(1):1–29. https://doi.org/10.1159/000155963

4. Isler K, Kirk EC, Miller JM, Albrecht GA, Gelvin BR, Martin RD. Endocranial volumes of primate species:

scaling analyses using a comprehensive and reliable data set. Journal of Human Evolution. 2008; 55

(6):967–978. https://doi.org/10.1016/j.jhevol.2008.08.004 PMID: 18817943

5. Navarrete AF, Blezer EL, Pagnotta M, de Viet ES, Todorov OS, Lindenfors P, et al. Primate brain anat-

omy: New volumetric MRI measurements for neuroanatomical studies. Brain, behavior and evolution.

2018; 91(2):1–9. https://doi.org/10.1159/000488136

6. Finlay BL, Darlington RB. Linked regularities in the development and evolution of mammalian brains.

Science. 1995; 268(5217):1578–1584.

7. Finlay BL, Darlington RB, Nicastro N. Developmental structure in brain evolution. Behavioral and Brain

Sciences. 2001; 24(2):263–278. https://doi.org/10.1017/S0140525X01003958 PMID: 11530543

8. Jerison HJ. Evolution of the brain and intelligence. Current Anthropology. 1975; 16(3):403–426. https://

doi.org/10.1086/201571

Inconsistent results are the rule, not the exception, in the study of primate brain evolution

PLOS ONE | https://doi.org/10.1371/journal.pone.0218655 July 22, 2019 11 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0218655.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0218655.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0218655.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0218655.s011
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0218655.s012
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0218655.s013
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0218655.s014
https://doi.org/10.1098/rspb.2017.1765
https://doi.org/10.1098/rspb.2017.1765
http://www.ncbi.nlm.nih.gov/pubmed/29046380
https://doi.org/10.1098/rspb.2006.3748
https://doi.org/10.1159/000155963
https://doi.org/10.1016/j.jhevol.2008.08.004
http://www.ncbi.nlm.nih.gov/pubmed/18817943
https://doi.org/10.1159/000488136
https://doi.org/10.1017/S0140525X01003958
http://www.ncbi.nlm.nih.gov/pubmed/11530543
https://doi.org/10.1086/201571
https://doi.org/10.1086/201571
https://doi.org/10.1371/journal.pone.0218655


9. Willemet R. Reconsidering the evolution of brain, cognition, and behavior in birds and mammals. Fron-

tiers in psychology. 2013; 4:396. https://doi.org/10.3389/fpsyg.2013.00396 PMID: 23847570

10. Smaers JB, Dechmann DK, 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. 2012; 109(44):18006–18011. https://doi.org/10.1073/pnas.

1212181109

11. Herculano-Houzel S. Brains matter, bodies maybe not: the case for examining neuron numbers irre-

spective of body size. Annals of the New York Academy of Sciences. 2011; 1225(1):191–199. https://

doi.org/10.1111/j.1749-6632.2011.05976.x PMID: 21535005

12. Rilling JK. Human and nonhuman primate brains: are they allometrically scaled versions of the same

design? Evolutionary Anthropology: Issues, News, and Reviews: Issues, News, and Reviews. 2006;

15(2):65–77. https://doi.org/10.1002/evan.20095

13. 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. 2007; 70(2):115–

124. https://doi.org/10.1159/000102973 PMID: 17510549

14. Reader SM, Laland KN. Social intelligence, innovation, and enhanced brain size in primates. Proceed-

ings of the National Academy of Sciences. 2002; 99(7):4436–4441. https://doi.org/10.1073/pnas.

062041299

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. 2006;

4(1):147470490600400114. https://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. 2002; 97(457):8–17. https://

doi.org/10.1198/016214502753479185

17. Riddell WI, Corl KG. Comparative investigation of the relationship between cerebral indices and learn-

ing abilities. Brain, Behavior and Evolution. 1977; 14(6):385–398. https://doi.org/10.1159/000125804

PMID: 412561

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. 2014; 111(20):E2140–E2148. https://doi.org/10.

1073/pnas.1323533111

19. Dunbar RI. Neocortex size as a constraint on group size in primates. Journal of human evolution. 1992;

22(6):469–493. https://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 verte-

brates. Proceedings of the Royal Society B: Biological Sciences. 2007; 274(1624):2429–2436. https://

doi.org/10.1098/rspb.2007.0693 PMID: 17652066

21. Dunbar R, Shultz S. Why are there so many explanations for primate brain evolution? Philosophical

Transactions of the Royal Society B: Biological Sciences. 2017; 372(1727):20160244.

22. Whiten A, Byrne RW. Tactical deception in primates. Behavioral and brain sciences. 1988; 11(2):233–

244. https://doi.org/10.1017/S0140525X00049682

23. Humphrey NK. The social function of intellect. 1976;p. 303–317.

24. Barton RA, Dunbar RI. Evolution of the social brain. Machiavellian intelligence II: Extensions and evalu-

ations. 1997; 2:240. https://doi.org/10.1017/CBO9780511525636.010

25. Byrne RW, Corp N. Neocortex size predicts deception rate in primates. Proceedings of the Royal Soci-

ety of London Series B: Biological Sciences. 2004; 271(1549):1693–1699. https://doi.org/10.1098/rspb.

2004.2780 PMID: 15306289

26. Lindenfors P. Neocortex evolution in primates: the’social brain’ is for females. Biology Letters. 2005;

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 biol-

ogy. 2007; 5(1):20. https://doi.org/10.1186/1741-7007-5-20 PMID: 17493264

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. 2012; 79(3):205–212. https://doi.org/10.

1159/000336115 PMID: 22327843

29. Schillaci MA. Sexual selection and the evolution of brain size in primates. PLoS One. 2006; 1(1):e62.

https://doi.org/10.1371/journal.pone.0000062 PMID: 17183693

30. Schillaci MA. Primate mating systems and the evolution of neocortex size. Journal of Mammalogy.

2008; 89(1):58–63. https://doi.org/10.1644/06-MAMM-A-417.1

31. Harvey P, CLUTTONBROCK T. The survival of the theory. New Scientist. 1983; 98(1356):312–315.

Inconsistent results are the rule, not the exception, in the study of primate brain evolution

PLOS ONE | https://doi.org/10.1371/journal.pone.0218655 July 22, 2019 12 / 15

https://doi.org/10.3389/fpsyg.2013.00396
http://www.ncbi.nlm.nih.gov/pubmed/23847570
https://doi.org/10.1073/pnas.1212181109
https://doi.org/10.1073/pnas.1212181109
https://doi.org/10.1111/j.1749-6632.2011.05976.x
https://doi.org/10.1111/j.1749-6632.2011.05976.x
http://www.ncbi.nlm.nih.gov/pubmed/21535005
https://doi.org/10.1002/evan.20095
https://doi.org/10.1159/000102973
http://www.ncbi.nlm.nih.gov/pubmed/17510549
https://doi.org/10.1073/pnas.062041299
https://doi.org/10.1073/pnas.062041299
https://doi.org/10.1177/147470490600400114
https://doi.org/10.1198/016214502753479185
https://doi.org/10.1198/016214502753479185
https://doi.org/10.1159/000125804
http://www.ncbi.nlm.nih.gov/pubmed/412561
https://doi.org/10.1073/pnas.1323533111
https://doi.org/10.1073/pnas.1323533111
https://doi.org/10.1016/0047-2484(92)90081-J
https://doi.org/10.1098/rspb.2007.0693
https://doi.org/10.1098/rspb.2007.0693
http://www.ncbi.nlm.nih.gov/pubmed/17652066
https://doi.org/10.1017/S0140525X00049682
https://doi.org/10.1017/CBO9780511525636.010
https://doi.org/10.1098/rspb.2004.2780
https://doi.org/10.1098/rspb.2004.2780
http://www.ncbi.nlm.nih.gov/pubmed/15306289
https://doi.org/10.1098/rsbl.2005.0362
https://doi.org/10.1186/1741-7007-5-20
http://www.ncbi.nlm.nih.gov/pubmed/17493264
https://doi.org/10.1159/000336115
https://doi.org/10.1159/000336115
http://www.ncbi.nlm.nih.gov/pubmed/22327843
https://doi.org/10.1371/journal.pone.0000062
http://www.ncbi.nlm.nih.gov/pubmed/17183693
https://doi.org/10.1644/06-MAMM-A-417.1
https://doi.org/10.1371/journal.pone.0218655


32. Barton RA. Neocortex size and behavioural ecology in primates. Proceedings of the Royal Society of

London Series B: Biological Sciences. 1996; 263(1367):173–177. https://doi.org/10.1098/rspb.1996.

0028 PMID: 8728982

33. Barton RA. Visual specialization and brain evolution in primates. Proceedings of the Royal Society of

London Series B: Biological Sciences. 1998; 265(1409):1933–1937. https://doi.org/10.1098/rspb.1998.

0523 PMID: 9821360

34. Barton RA. Binocularity and brain evolution in primates. Proceedings of the National Academy of Sci-

ences. 2004; 101(27):10113–10115. https://doi.org/10.1073/pnas.0401955101

35. DeCasien AR, Williams SA, Higham JP. Primate brain size is predicted by diet but not sociality. Nature

ecology & evolution. 2017; 1(5):0112. https://doi.org/10.1038/s41559-017-0112

36. Isler K, Van Schaik CP. Metabolic costs of brain size evolution. Biology Letters. 2006; 2(4):557–560.

https://doi.org/10.1098/rsbl.2006.0538 PMID: 17148287

37. Fish JL, Lockwood CA. Dietary constraints on encephalization in primates. American Journal of Physi-

cal Anthropology: The Official Publication of the American Association of Physical Anthropologists.

2003; 120(2):171–181. https://doi.org/10.1002/ajpa.10136

38. Barrickman BMLIKvSCP N L. 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. 2008; 54(5):568–

590. https://doi.org/10.1016/j.jhevol.2007.08.012

39. 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. 2017;

114(30):7908–7914. https://doi.org/10.1073/pnas.1620734114

40. Joffe TH. Social pressures have selected for an extended juvenile period in primates. Journal of human

evolution. 1997; 32(6):593–605. https://doi.org/10.1006/jhev.1997.0140 PMID: 9210020

41. Walker R, Burger O, Wagner J, Von Rueden CR. Evolution of brain size and juvenile periods in pri-

mates. Journal of Human Evolution. 2006; 51(5):480–489. https://doi.org/10.1016/j.jhevol.2006.06.002

PMID: 16890272

42. 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. 1993; 1(6):191–194. https://

doi.org/10.1002/evan.1360010604

43. Barton RA, Capellini I. Maternal investment, life histories, and the costs of brain growth in mammals.

Proceedings of the National Academy of Sciences. 2011; 108(15):6169–6174. https://doi.org/10.1073/

pnas.1019140108

44. Sol D. The cognitive-buffer hypothesis for the evolution of large brains’. Cognitive ecology II. 2009;p.

111–136. https://doi.org/10.7208/chicago/9780226169378.003.0007
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