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ABSTRACT

Comparative analyses are the backbone of evolutionary analysis. However, their record in producing a consensus
has not always been good. This is especially true of attempts to understand the factors responsible for the evolution
of large brains, which have been embroiled in an increasingly polarised debate over the past three decades.
We argue that most of these disputes arise from a number of conceptual errors and associated logical fallacies that
are the result of a failure to adopt a biological systems-based approach to hypothesis-testing. We identify four
principal classes of error: a failure to heed Tinbergen’s Four Questions when testing biological hypotheses,
misapplying Dobzhansky’s Dictum when testing hypotheses of evolutionary adaptation, poorly chosen behavioural
proxies for underlying hypotheses, and the use of inappropriate statistical methods. In the interests of progress, we
urge a more careful and considered approach to comparative analyses, and the adoption of a broader, rather than
a narrower, taxonomic perspective.
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I. INTRODUCTION

Comparative analyses have been the workhorse of
evolutionary analysis ever since Darwin first made seminal
use of the method as a means of understanding the evolution
of adaptations. Over the decades, ever more sophisticated
statistical methods have been developed to enable more
nuanced analyses to be undertaken, culminating in the
widely used phylogenetic methods of the last quarter century.
Although most applications of comparative analyses have
been relatively uncontroversial, some topics have become
so mired in controversy that even modern statistical methods
seem powerless to resolve them. Attempts to explain why
large brains evolved in primates, in particular, seem to have
been unusually prone to vicariously polarised disputes of
this kind.

Ever since Jerison (1977) first pointed it out, the fact that
primates have much larger brains (absolutely and relative
to body size) than any other group of animals has continued
to attract interest and debate, with the debate spilling out
into other vertebrate (and even invertebrate) orders over
time. The issue can be stated quite simply: given that verte-
brate brains are unusually expensive to evolve, grow and
maintain (the Expensive Tissue Hypothesis; Aiello &
Wheeler, 1995), why would any species want to invest so
heavily in them? Or to put it more prosaically: how big a
brain do you really need to eat a fruit? Since natural selection
would not normally be so profligate as to waste resources on
traits as energetically expensive as brains without good rea-
son, the implication is that large-brained species must be
doing something unusual if the evolutionary costs and bene-
fits are going to balance. Four decades after Jerison (1977),
however, there is still no consensus, with opposing views
dominated by two main camps: those who argue for the
pre-eminence of food-finding as the main driver of fitness
(with a focus on foraging decisions and individual-level selec-
tion) and those who argue for the significance of group-living
and the cognitive demands of sociality (with an emphasis on
multilevel selection). The literature has become so littered with
seemingly contradictory claims (Dunbar & Shultz, 2017) that
somehave evenbeen led to suggest that it is not possible todraw
any meaningful conclusions (Powell, Isler & Barton, 2017;
Logan et al., 2018; Wartel, Lindenfors & Lind, 2019; Hooper,
Brett & Thornton, 2022).

We suggest that this impasse is mainly a consequence of
the fact that many analyses fall foul of a series of conceptual
and statistical traps, some of which are well-known logical fal-
lacies. Most of these sources of error seem to arise because of
a failure to appreciate that biology is a systems-based disci-
pline. This can result in misinterpretations of statistical
results, usually because the hypothesis actually being tested
is often not the one we think we are testing. We identify four
common classes of error: conceptual issues, hypothesis-
testing issues, errors created by the choice of proxies used
to test hypotheses, and problematic statistical analyses.
We argue that all of these errors are easily resolved, and that

the resulting evolutionary picture is richer and, from a
biological perspective, reassuringly more complex (given that
the biological world is complex). Although we focus on mam-
malian (and explicitly primate) brain evolution, we suggest
that these issues are a cautionary tale that applies right across
the broad spectrum of comparative biology.

II. CONCEPTUAL CONFOUNDS

In a seminal paper, Tinbergen (1963) pointed out that
explanations of biological phenomena naturally partition into
a set of four mutually exclusive conceptual categories, or
explanatory levels. These are usually identified as function
(the way a trait maximises fitness), mechanisms (the complex
of anatomical, behavioural, cognitive and physiological
processes that allow the trait to maximise fitness – in other
words, an adaptation), ontogeny (the developmental processes
involving genetic, environmental and learning effects that
give rise to the trait in the adult organism) and phylogeny
(the sequence whereby a trait in a living species evolved from
an ancestor that lacked it). Although Tinbergen originally
referred to them all as Why? questions (four different ways in
which a biologist might answer the question ‘Why is X the
case?’), we might think of them as answering four different
types of question: why, how, what and when, respectively.

This way of viewing biology has a long history. It was first
enunciated by Aristotle nearly two and a half millennia ago,
although, not knowing anything about evolution, he only iden-
tified the first three. [Besides being a philosopher, Aristotle was
an exceptional hands-on biologist who pre-empted many later
findings of modern evolutionary ecology and life-history theory
(Dunbar, 1993b).] His insight was reinforced in the mid-
twentieth century by evolutionary biologists of the stature of
Julian Huxley (1942), one of the founding fathers of the New
Darwinian Synthesis (the synthesis ofDarwin’s theory of natural
selection withMendel’smechanism of inheritance). However, it
wasTinbergen in his classic 1963 paper that established the case
for the four questions that are now recognised.

Tinbergen’s central point (following Aristotle) was that the
four questions are logically independent of each other: the
answer to one does not constrain, and is not constrained by,
the answer to any of the others. Even though a full explanation
will necessarily provide answers to all four questions, the fact
that these questions are logically independent of each other
means that we can ask and answer them piecemeal: we are
not obliged toaddress all of themat the sametime.Nonetheless,
being able to showboth that a trait has a functionand that there
is a convincingmechanism to support that function strengthens
any claimwemightmake –muchasfitting all the pieces of a jig-
saw together creates a coherent, integrated picture.

Unfortunately, some commentators have been confused
by the fact that these questions can sometimes intersect:
a mechanism, for example, can have its own internal func-
tion, as when the provision of energy to the brain
(a mechanism) in order to make some fitness-maximising
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benefit possible (a function) may in turn create its own built-in
functional explanation in terms of how energy flow around the
body is optimised by a venous branching system. This is not a
conceptual inadequacy as has sometimes mistakenly been
claimed, but simply reflects the natural hierarchical structure
of biological explanations (Dunbar, 1983). The distinction is
about types of explanation, not about biological categories.
The four types of explanation apply at each level in the hierar-
chy of biological explanations from genetics up through anat-
omy and physiology to behaviour and ecology.

Although these four questions have long provided a
central framework for biology, far too many analyses conflate
Tinbergen Questions by pitting against each other explana-
tions that, in fact, answer different questions (see also Hooper
et al., 2022). We identify two sources of error under this
heading. The first involves testing between explanations that
properly belong to different Tinbergen Questions, a logical
fallacy that philosophers of science refer to as a category
error. The second is a derivative, but distinct, type of error
that we refer to as the fallacy of the missing middle.

(1) Conflating Tinbergen’s Questions

Many comparative analyses seek to test between alternative
hypotheses for the selection pressures that have acted on
a trait. Unfortunately, a worrying number have done this

by comparing a functional hypothesis with either a cognitive
hypothesis or a constraint (both mechanisms issues). Many
analyses, for example, have sought to test whether sociality
(conventionally indexed by group size) or foraging skills (usu-
ally indexed by some aspect of diet, but occasionally by a cog-
nitive index) have selected for the evolution of large
brain size.
Consider the simple example involving brain size, group

size and diet. Three variables can be causally related to each
other in any of 18 different ways (six permutations with three
different causal relationships in each case: positive, negative
and no correlation). Figure 1 illustrates six of the more obvi-
ous ones, with a narrative explanation for the causal relation-
ships in each case. Diet, for example, might be (i) a selection
pressure for a large brain (larger brains are needed to allow
animals to forage more efficiently, with a direct fitness conse-
quence in terms of fertility), (ii) a cost of (i.e. constraint on)
brain size (a species can evolve a large brain under selection
only if it can solve the nutrient throughput problem so as to
have sufficient spare energy to fuel the additional brain
growth) or (iii) the lucky by-product of having a large brain
for some other reason (otherwise known as an exaptation,
or window of evolutionary opportunity: once you have a
big brain, it can be used for many other purposes such as
smart foraging that may provide additional subsidiary fitness
benefits). Each of these possibilities identifies a very different

Fig. 1. Alternative causal models for three variables of interest. Solid lines indicate direction of a selection pressure; dashed lines
indicate direction of a constraint.
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causal pathway between the variables. In addition, a window
of evolutionary opportunity can sometimes completely take
over a trait, redesigning it for new purposes (as sexual selec-
tion often does).

Failure to keep Tinbergen’s Questions properly segregated
results in a tendency to adopt a psychological (or mechanisms)
mindset rather than a biological (or systems-based) one. This
causes us to ask simple mechanisms questions: given that
A andB are potential causes of C, which one is themore impor-
tant? But if B is a constraint (mechanism), and not an evolution-
ary cause (function) (e.g. energy intake imposes a constraint on
growing a large brain, even when group size selects for a larger
brain), this framing will be verymisleading. In this case, the cor-
rect formulation should have the form: A causes C, which in
turn causes (= requires) B to change so as to make this possible.
The contrast is obvious when we specify the structure of the
explanation in symbolic logic form. In formal notation, the
mechanisms (psychological) version has the form:

A)Cð Þ v B)Cð Þf g ð1Þ

where the operator v indicates disjunction (‘either…or….
but not both’) and the arrow specifies causality: either causal
path (A determines C) is true or causal path (B determines C)
is true, but not both. By contrast, the biological version might
have the form:

A)Bð Þ) B,Cð Þf g ð2Þ

A selects for a change in B, which causes B to select for a
change in C, where C is a cost that has to be adjusted at
the same time in order for A to be able to move B up the
selection gradient (with the doubleheaded arrow signifying
that B can only change if, and only if, C changes with it).
Or, if C is a window of evolutionary opportunity:

A)Bð Þ)Cf g ð3Þ

(once B is in place, it provides an opportunity for C to appear
at a later time). In other words, pitching a social explanation
against an ecological one risks misconstruing the underlying
biological causality.

This confusion seems to arise because many analyses
assume that the social outcome is an evolutionary end in
itself, comparable to food-finding. It then seems obvious to
compare the role of group size and diet directly as determi-
nants of brain size, as a great many recent studies have done
(DeCasien, Williams & Higham, 2017; Powell et al., 2017;
Hardie & Cooney, 2023). The problem should be obvious:
group-living is not an end in itself, but a stepping stone to
an (ecological) end (see Dunbar, 1998b). The actual contrast
here is not between a social versus an ecological explanation,
but between two alternative ecological explanations, namely
individual versus social (i.e. group-based) ways of solving the
same ecological problem (be that food-finding, avoiding pred-
ators or combatting ecological rivals). The first implies that

animals deal with the challenges of survival and reproduction
largely on the basis of individual trial-and-error, while the
second implies that animals solve these problems through a
group-level mechanism (i.e. group-level efficiencies, the
emergent properties of groups, or cultural transmission).
The group-level mechanism implies that there is an interven-
ing behavioural step between the individual’s cognition (brain)
and the fitness outcome – namely, the demands of maintain-
ing the stability and coherence of large social groups, which
in turn selects for the cognitive skills needed to achieve this.
It is important, by the way, to be clear that this is not a case
of group selection, but rather one of group-level, or group
augmentation (Kokko, Johnstone & Clutton-Brock, 2001;
Kingma et al., 2014) or multilevel, selection, a standard form
of Darwinian selection. Analogous conceptual mistakes were
made by van der Bijl & Kolm (2016) who wanted to test
between group size and predation risk as drivers of brain evo-
lution, and by Ashton, Kennedy & Radford (2020) who
wanted to test between food-finding and inter-group conflict
as drivers of cognitive (i.e. brain) evolution.

In fact, the question we should be asking is: which compo-
nent of fitness is the most limiting for the animals? Biologists
tend to assume, largely as a matter of convention, that the
limiting factor is always energy throughput: surplus energy
over and above that needed to sustain life is what determines
fertility. This naturally predisposes us to assume that species
whose brains allow them to forage more efficiently will be
more likely to achieve higher fitness. This probably is broadly
true for small-bodied species. It is not, however, necessarily
the case for large-bodied species. For large-bodied slowly
reproducing species, predation is often amore serious problem
than food-finding: it can prevent species from occupying hab-
itats where they would otherwise be under no nutrient con-
straint (Shultz et al., 2004; Dunbar, Korstens & Lehmann,
2009; Lehmann & Dunbar, 2009; Shultz & Finlayson, 2010;
Bettridge, Lehmann & Dunbar, 2010). There is, for example,
no ecological (i.e. foraging) reason why chimpanzees (genus
Pan) could not live in the forested region south of the Congo
River, but they do not. That they do not seems to be because,
unusually, both lion and leopard occur there; apes can appar-
ently cope with either one of these predators, but not with both
at the same time (Lehmann & Dunbar, 2009).

The point may be clearer if we think of this in terms of the
classic life-history equation:

LRS=Σx=0 lxbxð Þ ð4Þ

where LRS (lifetime reproductive success) is a proxy for fit-
ness, lx is age-specific survivorship (the probability of surviv-
ing from birth to age x) and bx is the age-specific fertility
(same-sex birth rate per annum), with their annual product
summed over a lifetime. Since investment in survival and
growth is necessarily inversely related to fertility, animals
can maximise lifetime output by emphasising either survival
or fertility. This is where the classic r–K selection trade-off
comes from: species that give greater weight to the first term
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(K-selected) emphasise survival at the expense of fertility
(humans and apes with their slow life histories), whereas those
that give greater weight to the second (r-selected) emphasise
fertility at the expense of survival (many rodents with ‘fast’
life histories). Predation often plays the key role in tipping
the balance between the two (Reznick & Endler, 1982;
Charnov, 1993; Charnov & Berrigan, 1993). In effect, those
who champion ecological explanations implicitly prioritise
fertility as the fitness-limiting factor in animals’ lives, while
those who champion social explanations prioritise survival.
Both obviously affect fitness, but it is an empirical, not a
thoretical, question as to which is actually the more limiting
in any given case.

Although the balance between survival and fertility as the
two main components of fitness may well vary among taxo-
nomic groups, evidence collated by Clutton-Brock (1988)
suggests that, at least for larger-bodied species like primates,
individual differences in longevity (i.e. survival) have a consis-
tently bigger effect on fitness than individual differences in
fertility. This conclusion is bolstered by findings from the
empirically derived time budget models that have been built
for a dozen primate and ungulate genera. These models
[which are more accurate than conventional climate enve-
lope models in predicting the biogeograpical distributions
of individual genera (Dunbar et al., 2009, 2019; Willems &
Hill, 2009; Korstjens, Lehmann & Dunbar, 2018)] indicate
that, other than at the edges of their ranges where popula-
tions will always be under significant ecological stress, the
majority of populations could live in much larger groups than
they actually do. More importantly, perhaps, evidence from
population studies of taxa as diverse as humans (Stein &
Susser, 1975; Arends et al., 2012), primates (Gesquiere
et al., 2018), mongoose (Creel et al., 2013) and ungulates
(Clutton-Brock, Guinness & Albon, 1983; Albon,
Mitchell & Staines, 1983) provide clear evidence that food
shortage only starts to impact on fertility once loss of body
mass exceeds �15% – in effect, starvation conditions
(Dunbar & Shultz, 2021b). In fact, one reason for evolving
large body size is precisely to capitalise on the metabolic sav-
ings of scale offered by Kleiber’s Law (Kleiber, 1961). This
buffers large-bodied animals against starvation and allows
them to survive unpredictable periods of food shortage in a
way that small-bodied species cannot. Many small-bodied
mammals and birds, by contrast, starve to death overnight
if they do not eat the equivalent of a significant proportion
of their own body mass in food each day (Peters, 1986;
Hatchwell et al., 2009).

The substantive issue is that large brains do not come for
free: brain tissue is unusually expensive compared to all other
somatic tissue [the Expensive Tissue Hypothesis (Mink,
Blumenschine & Adams, 1981; Tsuboi et al., 2015; Liao
et al., 2016)]. Whatever else may be the case, species that need
to evolve large brains will need to solve the mechanisms
problem of how to make sufficient spare energy available to
fuel a larger brain. Even if it might sometimes act as a selec-
tion factor, diet will always act as a brake, or constraint, on
brain evolution. Indeed, we know this to be the case from

population-level developmental studies (Isaacs et al., 2010;
Staff et al., 2012; Prado & Dewey, 2014). Given this, a species
will always resist increasing its brain size beyond what is
immediately necessary because doing so incurs energetic
costs. Remove the benefit of having a large brain and there
will be selection pressure (commensurate with the energetic
cost of neural tissue) to reduce brain size. This seems to have
happened several times during ungulate and carnivore evolu-
tion, but is extremely rare in primate evolution where social-
ity and brain size seem to be in a very tight co-evolutionary
ratchet (Pérez-Barbería, Shultz & Dunbar, 2007). Montgom-
ery et al. (2010), for example, found that although the callitri-
chids andMicrocebus have both undergone marked reduction
in body mass (dwarfism), brain size has been conserved.
Before we proceed to test between our hypotheses, then,

we first need to be clear about the logical status of the vari-
ables we propose to include because their position in the evo-
lutionary equation will be very different depending on their
biological role.
Cognition is a more worrying case, because not only is it

quite uncontroversially a mechanisms issue (it is about how ani-
malsmake decisions, notwhy theymake them), its inclusion as a
variable in a comparative analysis is in danger of committing
one of the more insidious of all the logical fallacies: a circular
argument. The brain is cognition, so, in effect, the hypothesis
being tested is whether brain size predicts brain size. Not sur-
prisingly, it does so rather well. A second issue is that it implic-
itly assumes that the cognitive mechanisms involved are
dedicated modular or ‘closed-loop’ (i.e. ‘domain-specific’)
processes that function only in a specific context.
Of course, some cognitive processes genuinely are

domain-specific in this sense: the visual system or the subcor-
tical mechanisms that manage physiological homeostasis are
obvious examples. But the kinds of high-level cognition that
underpin decision-making typically involve distributed sys-
tems (mainly, but not entirely, in the neocortex) and are often
‘domain general’ (i.e. are involved in finding solutions for
many different kinds of task). The claim that anthropoid pri-
mates developed a unique cognitive capacity for a general-
ised form of rule-learning that allows rapid one-trial
learning (the capacity to infer a rule from a single observa-
tion, in contrast to the long haul of associative trial-and-error
learning) has been cogently made by Passingham & Wise
(2012) and Passingham (2021). This does not, however, tell
us which kinds of tasks initially selected for this ability,
nor which other tasks are emergent properties. Choosing
between two behavioural outcomes involves comparisons
that are independent of the specific task involved, and neces-
sarily so because no two social or foraging situations are ever
identical. A social decision (choosing between two grooming
partners, or whether or not to threaten someone) involves
exactly the same reasoning processes as choosing which of
two food items to eat, or whether this branch or that one
would make a better base for building a night nest. The mis-
perception that cognition relates mainly to food is largely due
to the fact that most of the indices of cognition developed for
use in experiments use food as a reward purely for practical
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convenience; at the same time, the inevitable constraints
imposed by laboratory environments mean that the tasks
involved are not always especially ecologically relevant.

By pitting a functional explanation against a mechanisms
explanation, we are, in effect, asking whether a mechanisms
explanation is more important than a functional one – a
question that is, as Tinbergen reminded us, meaningless.
Every biological phenomenon needs both a function and a
mechanism to underpin that function: you cannot have one
without the other. The mistake lies in a failure to parse cor-
rectly the causal relationships between the variables being
tested.

(2) The fallacy of the missing middle

In the previous subsection, we pointed out that incorporating
cognition into an analysis can result in a circular argument.
The reason has to do with a derivative problem, the fallacy of
the missing middle. A number of studies (e.g. MacLean
et al., 2014; Stevens, 2014; Benson-Amram et al., 2016) have
asked whether inhibition (or temporal discounting) as a putative
index of foraging skills is a better predictor of brain size than an
index of sociality such as group size. On finding that it is (and
that the influence of group size in a multivariate regression is
not significant), the obvious temptation has been to conclude
that this is evidence that foraging skills have selected for large
brains, and hence that group size is irrelevant.

What these analyses overlook is that, while inhibition may
well play a role in the context of food choice decisions, it is
also essential (and perhaps more so) for the existence of sta-
ble, bonded social groups – for two very good reasons. First,
the stability of these groups depends on individuals being
able to resist acting in ways that might destabilise relation-
ships (e.g. by unnecessarily escalating agonistic encounters
to the point where an opponent decides to leave the group,
thereby causing the aggressor to lose the size-dependent ben-
efits of the group). Second, and perhaps more importantly,
animals need to be able to resist continuing to feed when
others want to rest (or to rest when others want to continue
foraging) – otherwise groups will very quickly break up and
disperse (King & Cowlishaw, 2009), as happens in herding
ungulates that do not have bonded groups (Ruckstuhl &
Kokko, 2002; Ruckstuhl & Neuhaus, 2002; Calhim, Shi &
Dunbar, 2006; Dunbar & Shi, 2008). When animals differ
in the rate of gut-fill, some will inevitably need to go to rest
in order to clear the gut while those that have only half-filled
their stomachs will want to carry on feeding. Since the latter
will drift away as they continue to feed, the group will inevi-
tably fragment. Being able to resist this temptation requires
the capacity to inhibit prepotent actions (self-control). More
importantly, the opportunity costs incurred in these social
contexts (predation) are much higher than that incurred by
deciding not to pick one fruit in order to pick another that
is some distance away.

In the light of Tinbergen’s Questions, the obvious question
we should be asking is whether inhibition (a form of cognition)
is the intervening (mechanisms) variable between the

independent (brain size) and dependent (group size or diet) vari-
ables rather than itself being a selection factor. Mediation anal-
ysis allows us to test for this. To illustrate this, we combined the
data from two widely used inhibition indices [a Go/No-go task
from Stevens (2014) and an A-not-B task from MacLean et al.
(2014); the tasks correlate well (r = 0.681, N = 10, P = 0.03),
and appear to index the same underlying cognitive ability].
To do this, we converted the scores in each data set to standard
deviates from their respective mean values, averaging the stan-
dard deviate scores where a species was sampled on both tasks.
We then ran separate mediation analyses with brain size
(indexed as endocranial volume, ECV) as the predictor vari-
able, inhibition as the mediator and either group size (Fig. 2A)
or diet (indexed as the percentage of fruit in the diet) (Fig. 2B)
as the dependent variable.

If we follow what most analyses have done (a simple multiple
regression with brain size as the outcome variable), we find, like
them, that inhibitory control is a much stronger predictor of
ECV (β = 0.669, P = 0.005) than group size (β = 0.174,
P = 0.341). However, a mediation analysis with the correct

Fig. 2. Mediation analysis of the influence of brain size
(indexed as endocranial volume, ECV) and inhibitory
capacity (averaging two different inhibition/self-control tasks:
Go/No-go and A-not-B) on (A) mean species group size and
(B) diet (indexed as percentage fruit in the diet). All values are
standardised deviates (calculated separately for each inhibition
task before averaging). Values against arrows are standardised
β, and their associated p values. Solid arrows: significant
relationships; dashed arrows: non-significant relationships.
Asterisks indicate values of β (and associated p value) for ECV
and Inhibition as predictors in a multivariate regression. The
marked difference between the bivariate regression and the
multivariate regression indicates that the relationship between
brain size and group size is indirect via the mediator
Inhibition. Data for ECV, inhibitory capacity and diet are
from MacLean et al. (2014) and Stevens (2014), and for group
size are from Dunbar et al. (2018b).
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outcome variable (i.e. group size or diet) yields a significant indi-
rect relationship between brain size and group size via inhibition
(Fig. 2A: Sobel test, z = 2.12, P = 0.034), whereas that for diet
is not in fact significant (Fig. 2B: Sobel test, z = 0.457,
P = 0.648). The log-likelihood ratio favouring the first over
the second is λ = 15.59 (P ≪ 0.0001). In sum, brain size deter-
mines inhibitory capacity, and inhibitory capacity then deter-
mines group size, but neither of them influences diet.

That inhibition is more intimately related to grouping var-
iables than to foraging variables has also been shown using
factor analysis for these same indices, using two variables that
influence group cohesion during foraging (group size and day
journey length: groups are demonstrably more likely to frag-
ment when they are larger and have to travel further) and
two variables associated directly with food-finding (diet and
territory size) (Dunbar & Shultz, 2022). (In this context, terri-
tory size influences both the number of food patches avail-
able to the animals and their capacity to exclude rival
groups, but not which food patches to visit.) Separate factor
analyses for the MacLean et al. (2014) and Stevens (2014)
indices yield identical results: in each case, the inhibition
index clusters with the two social cohesion variables and
not with the foraging variables (Fig. 3).

III. THE MISMEASURES OF FITNESS

Ultimately, evolutionary explanations are about fitness (the suc-
cess with which individual genes are propagated down the gen-
erations) and how this is maximised by the adaptations to which
they give rise (Dunbar, 1982, 2019). Two related issues arise in
this context. One concerns how evolutionary biologists test for
adaptations (Dobzhansky’s Dictum); the other is how we mea-
sure the fitness associated with these processes.

(1) Dobzhansky’s Dictum

Dobzhansky (1973) famously distinguished between two
equally valid methods that biologists use to test hypotheses
about adaptation: by testing for being adapted (fitness of design

as a consequence of selection that acted in the past) and by
testing for becoming adapted (selection observed in action in
the present). When we test a ‘becoming adapted’ hypothesis,
we test a direct causal relationship in the here-and-now
(e.g. males with longer tails or bigger antlers mate with more
females). By contrast, most comparative analyses use species’
mean values on traits, and therefore test a ‘being adapted’
hypothesis: they test the outcome of adaptation (the product
of a selection pressure that acted in the past), not the process
of becoming adapted. These are not the same. In the histor-
ical past, the need for more efficient foraging (perhaps as hab-
itat quality deteriorated) might have selected for a larger
brain that enabled smarter foraging skills, but in the here-
and-now this is expressed as a species’ foraging skills being
constrained by the size of the brain it currently has, not by
the effect that its foraging skills have on the size of its brain
in the here-and-now. In effect, the causal logic, and hence
the hypothesis we test, is reversed in the two cases (Fig. 4).
Consider the relationship between brain size, diet and

group size that we discussed in the previous section. Some
recent studies have regressed brain size on both group size
and diet, taking body mass into account, with a view to deter-
mining which was the more important determinant of brain
size. Finding that diet predicts brain size, whereas group size
does not, they have concluded that it was the cognition
underpinning diet choice (i.e. foraging decisions) that
selected for large brains. But if we re-run the analysis the
other way around with group size as the dependent variable,
we get a very different answer (Table 1). With brain size
(ECV) as the dependent variable, we find that body size, diet
(indexed as percentage fruit in the diet) and group size are all
significant predictors. But, with group size as the dependent
variable, only brain size is a significant predictor; neither body
size nor diet play a role.
The problem is that, when we choose brain size as the out-

come measure – as, for example, was done by DeCasien et al.
(2017), Powell et al. (2017) and Hardie & Cooney (2023) – we
inadvertently interpret a ‘being adapted’ analysis as though
it was a ‘becoming adapted’ one. But it should be obvious
that it is biologically (and psychologically) implausible that
group size could ever constrain brain size, if only because

Fig. 3. Factor analysis of relationships between two different inhibition indices [A: A-not-B task of MacLean et al. (2014);
B: Go/No-go task of Stevens (2014)], two variables known to influence group cohesion during foraging (group size and day
journey length) and two variables that reflect foraging efficiency (percentage fruit in the diet and territory size). N = 18 species
(A) and N = 13 species (B). Arrows link variables that cluster on the same factor.
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an individual’s brain size is determined soon after birth
whereas the size of group it lives in is determined by the envi-
ronment it experiences as an adult. To treat this as a ‘becom-
ing adapted’ process comes perilously close to assuming that
causes can act backwards in time. In fact, the only conclusion
that can legitimately be drawn from these results is the none-
too-surprising one that group size does not, in the here-and-
now, constrain brain size, implying that in the evolutionary
past brain size did not select for group size. But what we
really want to know is whether or not the need for a larger
group size (to solve some ecological problem) imposed a
selection pressure on brain size.

Unfortunately, it is all too easy tomake inferential mistakes
of this kind. To reinforce the point, we illustrate it
with an example from another context that does not
involve brains. Lukas & Huchard’s (2014) wanted to test

whether monogamy evolves in order to minimise the risk of
infanticide. To do this, they asked whether the rate of infan-
ticide correlates with monogamy across species. When they
found that infanticide was lower inmonogamous species than
in polygamous ones, they concluded that infanticide could not
have selected for monogamy. But, in reality, their result pro-
vides strong direct support for the claim that infanticide does
select for monogamy, at least in the special case of primates.
Unfortunately, it seems they assumed they were testing a
‘becoming adapted’ hypothesis (individuals, or species, that
exhibit a trait will gain higher fitness – paradoxically in this
case, more infanticide) when actually they were testing a
‘being adapted’ one (if the trait is successful in its objectives,
species that exhibit it more will incur less of the cost it is meant
to counteract).

This highlights a confusion that seems to be disturbingly
common in comparative analyses – a confusion between risk

and rate. Infanticide rate (the actual observed frequency of
infanticide events) is the level of risk (exposure to infanticide
that a species faces, in the absence of any counterstrategies,
in the environment of selection) that a species’ behavioural
adaptations have failed to control. It is not the level of selec-
tion it is under. Analysis of infanticide risk using van Schaik’s
(2000) risk index indicates that monogamous species typically
experience a high risk of infanticide (because they have long
interbirth intervals) but a low rate of infanticide as a result
of adopting an effective counterstrategy (Opie et al., 2013,
2014). The same problem arises in discussions of whether
animals live in groups to reduce the risk of predation. In this
case, predation risk (the likelihood of encountering a preda-
tor) should be higher in the kinds of habitats occupied by spe-
cies with larger groups [as, indeed, it is (Hill & Lee, 1998;
Hill & Dunbar, 1998; Dunbar, MacCarron & Robertson,
2018a; Dunbar & Shultz, 2021b)]. But, if living in large
groups genuinely does protect individuals from predators,
predation rate should be lower in large groups than in small
ones in these habitats [as indeed it is (Shultz et al., 2004;
Shultz & Finlayson, 2010; Bettridge et al., 2010)].

(2) Fitness top-down and bottom-up

The importance of investigating ‘becoming adapted’
hypotheses at the level of the individual has rightly been
highlighted (Logan et al., 2018; Hooper et al., 2022). That is
how evolution works. Being able to show both that putative
benefits accrue at the level of the individual and how these
are enabled by the appropriately designed behavioural or
cognitive mechanisms provides important evidence that the
traits of interest really are adaptations whose evolution has
been driven by selection.

As it happens, the Social Brain Hypothesis is particularly
well supported in terms of evidence for direct fitness out-
comes. There is considerable evidence, for example from
longitudinal studies of known individuals, that socially well-
embedded females recover faster from injuries, have lower
physiological stress responses to disruptive events, live longer,
have higher fertility and have more offspring that survive to

Fig. 4. When we see selection in action (‘becoming adapted’),
we observe a cascade of direct cause–effect relationships like
that shown in the upper diagram. However, when the selection
occurred in the past, in the here-and-now we only see the
outcome of the selection process (the state of ‘being adapted’).
In this case, what we observe is a reversed causality in which
the effect acts as a constraint on the cause (the counter-
selection effect that the object of selection imposes as the cost
of selection).

Table 1. Statistical analysis of the DeCasien et al. (2017) data on
primate brain size evolution. Note that DeCasien et al. (2017)
claimed that log10 group size is not a significant predictor of
log10 brain size (P = 0.74). In three separate analyses of their
data, with and without phylogenetic controls, we have not been
able to replicate this result: however we run the analysis, group
size is always a very significant (P = 0.001) predictor of brain size,
and is actually slightly more significant than diet.

Predictor variables

Dependent variable

log10 ECV* log10 group size

β† P β† P

log10 ECV 1.081 0.001
log10 body mass 0.869 <0.001 −0.507 0.097
% fruit in diet 0.096 0.001 −0.001 0.992
log10 group size 0.113 0.001

*Endocranial volume (mm3).†Standardised slope.
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adulthood than socially less successful females [chimpanzees
Pan troglodytes (Wittig et al., 2016); baboons (genus Papio)
(Silk, Alberts & Altmann, 2003; Silk et al., 2009, 2010;
Wittig et al., 2008; Archie, Altmann &Alberts, 2012; Cheney,
Silk & Seyfarth, 2016); macaques (genusMacaca) (McFarland &
Majolo, 2013; Young et al., 2014; Lehmann, Majolo &
McFarland, 2016; Brent, Ruiz-Lambides & Platt, 2017);
wild horses Equus caballus (Linklater et al., 1999; Cameron,
Setsaas & Linklater, 2009; Nuñez, Adelman & Rubenstein,
2015); dolphins Tursiops australis (Frère et al., 2010)]. Although
they have seldom been considered in this respect, there is even
some evidence for a similar effect in males: socially well-
embedded male orcas (Orcinus orca) experience significantly
lower mortality than less social males (Ellis et al., 2017).

Comparable effects have been reported for humans. The
last decade or so has witnessed a veritable deluge of very large
scale correlational as well as prospective epidemiological
studies showing that the number and quality of close friend-
ships is the single best predictor of mental health and well-
being, physical health and wellbeing, and even future
longevity (among many other examples, see Holt-Lunstad,
Smith & Layton, 2010; Rosenquist, Fowler & Christakis,
2011; Cruwys et al., 2013; van Harmelen et al., 2016; Yang
et al., 2016; Kim et al., 2016; Cundiff &Matthews, 2018; San-
tini et al., 2021; for biochemical-level reasons why this might
be so, see Dunbar, 2018).

The link between these outcomes and the Social Brain
Hypothesis is direct, with mentalising (the ability to under-
stand others’ perspectives and intentions) as the key interven-
ing variable. Upwards of two dozen neuroimaging studies
(some with very large samples indeed) for both humans
(Bickart et al., 2011, 2012; Lewis et al., 2011; Horv�ath
et al., 2011; Powell et al., 2012; Kanai et al., 2012; Von Der
Heide, Vyas & Olson, 2014; Dziura & Thompson, 2014;
Hampton et al., 2016; Pillemer, Holtzer & Blumen, 2017;
Kwak et al., 2018; Noonan et al., 2018; Spagna et al., 2018;
Kiesow et al., 2020; Peer et al., 2021; Hyon et al., 2022) and
Old World monkeys (Sallet et al., 2011; Meguerditchian
et al., 2020; Testard et al., 2022) provide evidence that indi-
vidual differences in the volume of specific brain regions
[notably those known to be associated with mentalising
skills in both macaques (Roumazeilles et al. 2021) and
humans (Carrington & Bailey, 2009; van Overwalle, 2009;
Andrews-Hanna et al., 2010)] correlate with individual-level
differences in social network (or living-group) size (see also
Bzdok & Dunbar, 2020, 2022). Powell et al. (2012) used
path analysis with individual-level neuroimaging data to
show that the causal sequence is: prefrontal cortex volume
determines mentalising skills which, in turn, determine social
network size.

Mentalising (or mindreading) is not the only cognitive ability
that is important in a social context. There are now several
large-scale prospective studies showing that individual differ-
ences in the capacity for self-control (behavioural inhibition) in
childhood [a trait that is largely dependent on the brain’s frontal
pole (Brodman areas BA9/10); Passingham & Wise, 2012]
strongly predict differences in adult social skills, relationship

stability and (negatively) the likelihood of being in trouble with
the law (Robins & Ratcliff, 1978; Tremblay et al., 1994; Moffitt
et al., 2001; Molero Samuelson et al., 2010). These effects are
specifically associated with structural differences in brain orga-
nisation (Carlisi et al., 2020) as well as differences in specific
genetic alleles (Moffitt et al., 2001). In addition, across primate
species, differences in brain (or brain region) volume correlate
with a range of socially relevant cognitive skills, including the
capacity for self-control (Amici, Aureli & Call, 2008; MacLean
et al., 2014; Stevens, 2014; Dunbar & Shultz, 2021a, 2022),
mentalising (Hermann et al., 2007; Krupenye et al., 2016;
Devaine et al., 2017), tactical deception (Byrne & Corp, 2004),
the ability to exploit coalitions to gain a fitness advantage
(Pawlowski, Lowen & Dunbar, 1998) and the ability to
reason inferentially (Dunbar, McAdam & O’Connell, 2005;
Deaner et al., 2007; Shultz & Dunbar, 2010c). Most of these
cognitive processes are computationally very demanding
(Dàvid-Barrett & Dunbar, 2013; Lewis et al., 2017), offering a
direct causal explanation for why socially sophisticated species
need large brains.
By contrast, the evidence for direct fitness consequences of

foraging skills is, at best, meagre. Many studies certainly pro-
vide evidence that primates engage in sophisticated ecologi-
cal decision-making (Janson, 1990; Berghänel, Schülke &
Ostner, 2015; Rosati, 2017). However, none of these provide
evidence that species differences in foraging ability correlate
with differences in brain size, or that individual differences in
foraging skills have direct fitness consequences in terms of
longevity or lifetime fecundity. We know of only one study
that provides such evidence: Altmann’s (1991, 1998) study
of foraging skills in yearling baboons (Papio cynocephalus) and
their consequences for longevity and lifetime fecundity.
Although the data in this case are truly impressive and the
correlation near-linear, the sample size is very small (just
N = 6 females), there was no control for their social embedd-
edness (a factor whose impact on fitness only became appar-
ent decades later: see Dunbar & Shultz, 2021a) and the
population in question is on the ecological margin of the spe-
cies’ biogeographical distribution, and was undergoing
demographic contraction due to deteriorating environmen-
tal conditions – precisely where one might expect foraging
skills to have most influence. That the primary selection
factors for group-living can switch from predation risk to
food-finding as habitat quality deteriorates should not be a
surprise: it has been shown in other primates (Dunbar,
1989). However, we cannot consider populations on the edge
of a species’ biogeographical range as being representative of
the norm.
There is one final caveat we need to add. The fitness con-

sequences of foraging and sociality arise at different levels in
the system, and this can make them difficult to compare
directly. Foraging skills can be measured directly at the level
of the individual in terms of nutrient intake per unit time.
The fitness consequences of some social skills can also be
measured directly (e.g. how many matings a male with par-
ticular skills achieves), but the skills that influence group
cohesion can only be measured as the sum of the social
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competences of all the animals in the group over their life-
times (in effect, neighbourhood-modulated fitness sensu

Hamilton, 1964). In all obligately social species, the outcome
measure is not whether an individual achieves an outcome,
but whether the group is sufficiently well coordinated to max-
imise a collective benefit. This component of fitness is a func-
tion of the average fitness of the individuals concerned, not that
of any one individual. There is a similar issue with coopera-
tive breeding and pairbonded monogamy: ultimately, the
success of the breeding pair lies not in their individual perfor-
mances (even though those may be additively contributory)
but in how well they cooperate in the complex business of
reproduction.

IV. CRITICAL TESTS AND SLOPPY PROXIES

The physicist Isaac Newton famously defined a critical test as
one whose outcome unequivocally discriminates between
the hypotheses under test. In other words, the behavioural
index we use to test between two hypotheses needs to predict
an outcome in one direction if hypothesis A is true and in the
diametrically opposite direction if the competing hypothesis B is
true. This remains a benchmark of good experimental
design, but it applies equally to statistical testing of hypothe-
ses based on observational data. Far too many analyses fail
on this account. We identify four potential traps under this
heading, all of which result in a different hypothesis being
tested to the one we think we are testing. These concern the
design of critical tests, problems that arise when the variables
used to test hypotheses are poorly defined, the common prac-
tice of relativising traits against body size (or anything else),
and the tendency to over-generalise hypotheses (i.e. test an
hypothesis on taxonomic groups or in contexts to which it
does not, and was not intended to, apply).

(1) Critical tests

In a conceptually important paper, van Schaik (1983) identi-
fied lack of critical tests as a common problem in comparative
analyses. Far too often, we use an outcome variable that does
not discriminate between alternative predictor variables.
In testing between predation risk and defence of food sources
as the explanation for group-living in primates, for example,
it does not make sense to use group size or fecundity (lifetime
reproductive output) as the outcome measure, since both
hypotheses predict that successful groups will be larger with
more fecund females. What differentiates well-formed
hypotheses, van Schaik argued, is the mechanism that makes
the outcome possible in each case. In this example, one
hypothesis (predation risk) identifies survival as the issue,
the other (resource defence) identifies fertility (the more
surplus energy acquired, the higher will be an individual’s
fertility). As a result, they make contrasting predictions about
how within-group competition impacts females’ fertility
(their birth rates per year). The foraging hypothesis predicts

that fertility will increase with group size because a large
group’s ability to monopolise rich food sources offsets the fer-
tility costs of competition (at least up to the point where
within-group competition starts to overwhelm this benefit).
By contrast, the predation risk hypothesis predicts that fertil-
ity will decline linearly with group size because the hypothesis
offers no antidote to the insidious effects of within-group
competition (Fig. 5). The result is two patterns that differ
from each other, and which, at least within the range of the
boxed region on the left side of Fig. 5, form a critical test (they
make diametrically opposite predictions). Alternatively, we
might test whether fertility has a negative or a quadratic
form. van Schaik’s (1983) original analyses, and subsequent
tests by Dunbar (1988) and Dunbar & Shultz (2021b), con-
firm that the driver of group-living in primates is indeed pre-
dation risk, not resource defence. In short, effective tests
between alternative hypotheses need to identify the right
level of analysis.

The Social Brain Hypothesis builds directly on van
Schaik’s (1983) predation risk hypothesis as the principal
driver for group-living (see Dunbar, 1998b; Dunbar &
Shultz, 2007, 2017, 2021b), but identifies social stress created
by living in close spatial proximity as the cause of declining
fertility in larger groups (the ‘infertility trap’: Dunbar &
Shultz, 2021b) rather than food access. van Schaik’s view
assumes that the fertility cost of large groups is simply a cost
animals have to accept. However, the whole point of having

Fig. 5. Relationship between fertility and group size predicted
by the two alternatives for group-living in primates: predation
risk (solid line) and (between-group) resource defence (dashed
line). In both cases, within-group competition for resources
impacts negatively on fertility, but the benefits of between-
group resource defence defer the effect until larger group sizes.
As a result, the two hypotheses predict different relationships
between the two variables. On the left side of the graph (boxed
area), these predictions are in diametrically opposite
directions, forming a classic critical test that unequivocaly
differentiates between the two hypotheses. Redrawn after van
Schaik (1983).
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a large brain according to the Social Brain Hypothesis is to
be able to devise strategies to defuse these costs, thereby buy-
ing demographic space that will make it possible to occupy
high-risk habitats (Dunbar, 1998b; Dunbar &
Shultz, 2021b). In other words, the social brain is necessary
not to create large groups per se but rather to buffer the
females against the stresses of living in large groups by
deploying cognitively expensive social strategies such as coa-
lition formation and relationship management with their
associated skills of diplomacy, understanding third-party
relationships, and self-control (Dunbar, 1998b). The resource
defence hypothesis (originally proposed by
Wrangham, 1980) is, of course, also a social hypothesis, but
it makes no assumptions about the cognitive demands of
group-living. The cognitive demands of food-finding might
provide an answer, but it leaves unanswered the question of
why primates should be willing to incur such significant fertil-
ity costs by living in large groups – or, given that they in fact
clearly do, how they avoid being overwhelmed by these costs.
The merit of the Social Brain Hypothesis is that it provides a
single unified explanation for all these elements.

We might note in conclusion that a comparison between
biologically plausible alternatives lends itself to Bayesian sta-
tistical analysis. A Bayesian approach is always a more pow-
erful form of hypothesis-testing than the conventional
frequentist approach because it allows us not merely to reject
the null hypothesis but also to assert that the evidence uncon-
troversially favours one hypothesis over the other. This is
inherent in the conceptual design of Bayesian statistics: not
only must the posterior probability for one hypothesis evolve
across successive tests towards pposterior[A] > 0.95 (close to
certainty) but those for the alternative hypotheses must corre-
spondingly tend towards pposterior[B] ≈ 0.00. More impor-
tantly, a Bayesian approach allows us to test between
multiple hypotheses simultaneously: animals live in groups
EITHER to manage predation risk OR to defend their terri-
tory against competitors OR to rear offspring cooperatively
OR to forage more efficiently. We do not even need a null
hypothesis, given that this is not likely to be either helpful
or interesting. Most people’s experience of Bayesian statistics
is probably limited to their use as a more sophisticated form
of parameter estimation in statistical packages. In fact, they
are much more useful as a way of testing for goodness-of-fit
to a theoretical prediction in reverse engineering designs
[e.g. Hill & Dunbar (2003); Dunbar & Shultz (2021a)] or test-
ing between alternative hypotheses (e.g. Dunbar, 1989).

(2) Sloppy proxies

When we test hypotheses, we rarely test the hypothesis as it is
framed, unless it is an exceptionally low-level mechanisms
hypothesis. Instead, we test a proxy for it based implicitly on
the mechanism that underlies the proposed hypothesis
(Altmann, 1974; Dunbar, 1976). This is because such hypothe-
ses are usually high-level theoretical claims derived from over-
arching theory, and these cannot usually be tested directly.
For example, evolutionary theory predicts that males who are

more successful in mating contests will have higher fitness. It is
difficult to measure fitness directly, especially for long-lived spe-
cies, because, formally, it requires data from a minimum of
three successive generations to do so reliably (Dunbar, 1982).
This being so, we usually test a derivative proxy that we believe
is a correlate of fitness (e.g. males who win more fights will mate
with more females or sire more progeny). These proxies are,
however, often sloppy in the sense that they incorporate varying
degrees of error variance, not just as measurement error but
also in how uniquely the proxy correlates with the underlying
theoretical concept.
Number of matings is an imperfect proxy for fitness

because many other factors intervene between the two.
As Lack (1954) reminded us, there is an important distinction
between the number of offspring born and the number that
actually survive and, in their turn, breed successfully: natural
selection acts on the second, not on the first (Lack’s Principle).
Normally, we just hope that the error variance is not so great
as to overwhelm what, due to all the intervening steps, can
often become a weak causal relationship [a version of
Grafen’s (1991) phenotypic gambit]. Sometimes, however, the
data are so sloppy that it becomes impossible to get anything
but a non-significant result (a Type II error). Philosophers of
science (Popper, 1962; Lakatos, 1980) remind us that, in such
cases, we should not reject the hypothesis under test out of
hand, but we should first ask whether our test has been a fair
test – have we omitted some key variable? We will meet
another example of this problem in Section V.2.
This problem frequently arises in contexts where one

might least expect it. One of these is group size. Intuitively,
we all think we understand what we mean by group size,
but when we apply that definition to actual populations it
can be subject to considerable slippage as we try to force what
we see on the ground to fit our definition. Patterson et al.
(2014), for example, noted that estimates of mean species
group size in primates vary considerably across compilations,
and questioned whether analyses that use these data had any
real meaning. Others have noted comparable problems with
how we classify species’ social and mating systems, mainly
because we fail to note the variability in what species actually
do (Kappeler & Pozzi, 2019). However, none of these con-
cerns are quite what they seem. To see why, we focus on
Patterson et al.’s (2014) analysis of group size.
The first point to note is that, despite their concerns,

the five largest samples in their data set (those with N > 10
species sampled) actually correlate significantly with each
other (pairwise comparisons: mean r = 0.756, range
0.674 ≤ r ≤ 0.907, P ≤ 0.030), and all five correlate signifi-
cantly with the most recent independent sample provided
by Dunbar, MacCarron & Shultz (2018b) (Fig. 6: mean
r = 0.820, all P ≤ 0.001). There is certainly some variability,
and this will undoubtedly introduce some error variance into
any statistical analysis. But, since the estimates all broadly
agree with each other, the effect will actually be modest:
increased variance can only reduce statistical power and
hence increase the risk of Type II errors (failing to reject
the null hypothesis when it is in fact false).
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More importantly, however, their analysis confuses four
separate issues.

One is that estimates of group sizewill always vary becauseof
small sample bias effects. However, the statistical Law of Large
Numbers guarantees that estimates will converge on the true
mean as sample size increases with time. We could easily deal
with this by setting a minimum research effort criterion for
including a taxon in our sample – although that is bound to
reduce sample size. The real issue here is the trade-off between
thequantity andqualityof data.Dataquality ismore important
when you only have small samples. As more populations are
sampled, however, the problem becomes less and less serious.

Second, they seem to take the view that group size is a
species characteristic in the way that fur colour or the pres-
ence/absence of horns are. But group size is the outcome of
the momentary decisions that animals make about the costs
and benefits of living in groups of different size under partic-
ular environmental conditions, and the average describes
exactly what it says: the time-weighted mean outcome of
these decisions. This is why there is little or no phylogenetic
signal in species group sizes in primates (Kamilar &
Cooper, 2013). Group size is not the outcome of a simple
genetic effect; it is the consequence of the interaction of many
different environmental and psychological factors, as is true
of much mammal (and probably bird) behaviour. We are
not dealing with a simple one-cause/one-effect phenomenon
here, but that does not make statistical analysis invalid.
Error variance in data is precisely what statistics was designed
to deal with.

The third issue is a consequence of the processes that
underpin the demography of all species that, like primates,
have bonded social groups. These groups (‘congregations’)
cannot lose members by individual trickle emigration the
moment their size exceeds some ecologically ideal value in
the way that optimal foraging theory predicts for casual flocks
and herds (‘aggregations’). Bonded groups can only lose sig-
nificant numbers of members by group fission, and fission is
only possible when current group size is at least double
the minimum size required for predator defence in that spe-
cific habitat (Dunbar et al., 2009, 2018a; Dunbar &
MacCarron, 2019). As a result, primate group dynamics
takes the form of a non-linear oscillator: there is a target value
set by the environment, and the group oscillates around this
over a period of years as the group increases naturally in size
(slowly at first, but increasingly fast as it gets larger and accu-
mulates more breeding females), and then undergoes a pre-
cipitous crash when the group is finally able to fission
(Fig. 7). Since fertility declines as groups get larger
(Dunbar & Shultz, 2021b), the process of fission can take
many months, sometimes years, because groups can become
locked in a form of demographic stasis where births only just
offset deaths (see Strier, Lee & Ives, 2014), unable either to
increase in size or to undergo fission. Small-scale human
groups have similar dynamics (Dunbar & Sosis, 2018). Group
fission has been widely documented in primates, but is rare in
the lifetime of any one group (probably occurring at intervals
of 10 years or more). It should be no surprise that mean
group size estimates vary, at least within a range, because
they will depend on where in this cycle groups are sampled,
and whether environmental conditions (especially predator
density) favour the lower or higher end of the oscillator
(see Dunbar et al., 2018a; Dunbar & MacCarron, 2019).

The fourth issue is the most troubling, and this is the fact
that many compilations suffer from definitional slippage,
mixing foraging groups for some species with social groups
for other species – another form of category error
(see Section II.1). In many primate species, these are one
and the same, but in a significant number of cases they are
not. These latter species come in two varieties, those like
chimpanzees, orang utans (Pongo spp.), spider monkeys
(Ateles spp.) and many nocturnal prosimians that have stable
communities but spend most of their time in small dispersed
foraging parties (atomistic fission–fusion societies) and those
like gelada (Theropithecus gelada) and hamadryas (Papio hama-
dryas) baboons or snubnosed (Rhinopithecus spp.) and proboscis
(Nasalis larvatus) monkeys that live small stable harems (one-
male groups) that cluster into larger groupings of variable sta-
bility during foraging (modular fission–fusion societies).

Orang utans, to take one example, are invariably listed in
databases as being solitary because the animals are usually
seen alone in most populations. However, most fieldworkers
have noted that there appear to be distinct communities who
know (and tolerate) each other (MacKinnon, 1974; Single-
ton & van Schaik, 2002). Indeed, where conditions allow,
as in northern Sumatra, orangs may even forage in small
groups (Sugardjito, Te Boekhorst & van Hooff, 1987). The

Fig. 6. Estimates of mean group size for 23 primate species
from five different compilations, as given by Patterson et al.
(2014), plotted against the equivalent values given by Dunbar
et al. (2018b). The thick line is the line of equivalence where
samples should match. Filled circles and thin solid line:
Dunbar (1992); note that the regression line for these data is
almost indistinguishable from the line of equality. Filled
triangles and long dashed line: Clutton-Brock & Harvey
(1977); open triangles and medium dashed line: Patterson et al.
(2014); open circles and short dashed line: Chapman &
Chapman (2000); grey circles and dotted line: Majolo et al.
(2008). Samples with N < 10 species given by Patterson et al.
(2014) are not included.
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average size of these communities is�14 individuals. In fact,
in captivity, orangs are at least as social as gorillas, and most
zoos house them in groups for precisely this reason (Lardeux-
Gilloux, 1997). The species is solitary now only because,
thanks to climate warming, it lives in a marginal habitat at
the limits of its ecological tolerances (Carne, Semple &
Lehmann, 2015). Using a (social) group size of N = 14 places
the species exactly where its neocortex size predicts, but using
a (foraging) group size of N = 1 leaves it far adrift of all other
species. That surely tells us something.

Much the same is true of the aye aye (Daubentonia madagas-
cariensis) of Madagascar which, likewise, usually forages
alone (and so is always listed as being solitary), but seems
to live in local communities (‘neighbourhoods’) of up to
eight individuals that share a home range and may even
on occasion forage and nest together (Iwano, 1991;
Ancrenaz, Lackman-Ancrenaz & Mundy, 1994; Sterling &
McCreless, 2006). Using a group size of N = 1 makes the
species a puzzling outlier on the Social Brain graph; using
a group size of N = 8 places it where it might be expected
to lie given its brain size. In this, aye aye resemble other
‘semi-solitary’ nocturnal lemurines and galagines who are
now considered to live in social groups (‘nest groups’)
(Bearder, 2008; Nekaris & Bearder, 2007).

A comparable problem arises in the case of species that
have modular fission–fusion social systems. The multilevel
social systems of gelada and hamadryas baboons have several
layers that have consistently stable memberships (harems of
5–15 individuals, clans of 30–50, bands of 100–150).
Since these can differ by an order of magnitude in size,
choosing the wrong level will have a dramatic effect on any

hypothesis that is being tested. The problem, once again, lies
not with the theory or the data, but with researchers’ precon-
ceptions about the animals’ natural history.
This raises an important issue concerning the nature of

sociality in primates (and the handful of other mammalian
orders that have bonded relationships). The groups of these
taxa are characterised by relationships that have consider-
able stability over time. The members of the group know
each other well at a cognitive level, have stable long-term
relationships, and are tolerant of each others’ close physical
proximity. These traits are all lacking in the more transient
groupings of herd-forming species, where most relationships
are of-the-moment and lack the personalised depth of
bonded relationships; in effect, every interaction is with a
stranger. Probably the closest we get to bonded relationships
of the primate intensity in other mammals and birds are the
pairbonded societies of canids (Macdonald et al., 2019) and
some miniature antelope (e.g. klipspringer, Oreotragus oreotra-
gus; Dunbar & Dunbar, 1980), and the lifelong pairbonders
among the birds.
In primates, these relationships are created and expressed

through social grooming. This does not mean that everyone
grooms, or has a bonded relationship, with everyone else in
the group, especially in very large groups. In bonded social
groups, individuals devote almost all their grooming to a very
limited number of group members (Kudo & Dunbar, 2001;
Dunbar, 2003, 2023). In humans, for example, 60% of total
social effort (whether measured as time invested, frequency
of contact or emotional closeness) is devoted to just 15 people
(Sutcliffe et al., 2012). What seems to hold the group together
is a ‘friends-of-friends’ effect that links these grooming sub-
groups together into a grooming chain, creating a form of
‘gravitational field’ (Fig. 8). The result is a fractal structure to
social groups, which, when seen from the individual’s view-
point, has a hierarchically inclusive layered structure with
layers of very similar size across a wide variety of mammalian
species including dolphins, elephants, cercopithecinemonkeys,
apes and humans (Hill & Dunbar, 2003; Wittemyer, Douglas-
Hamilton & Getz, 2005; Hamilton et al., 2007; Hill, Bentley &
Dunbar, 2008; Zhou et al., 2005;Waller, 2011;Moss, Croze &
Lee, 2011; Wakefield, 2013; MacCarron & Dunbar, 2016;
Escribano et al., 2022). These size regularities derive from the
mathematical properties of networks and the way animals
choose to allocate their limited social time (Tamarit
et al., 2018; Tamarit, S�anchez & Cuesta, 2022; West
et al., 2020, 2023). All that animals need do is maintain visual
(or even auditory) contact with their one or two closest groom-
ing partners, and the more casual (weak) links between sub-
networks are sufficient to maintain group cohesion (Castles
et al., 2014; Dunbar, 2023) – unless, of course, groups get very
large and/or day journeys very long, in which case groupsmay
fission down the fracture line created by the weak links
between sub-networks (Dunbar & Shultz, 2022).
A final issue to consider is that, although analyses invariably

focus on species mean group sizes, the Social BrainHypothesis
has always been conceptualised in terms of an upper limit on
the size of group that can be maintained as a coherent, stable

Fig. 7. The non-linear oscillator that describes the dynamic size
trajectory of a typical primate group. The oscillator consists of
two phases: (1) a long slow growth phase that follows a sigmoid
trajectory of increasingly rapid early growth followed by a slow
phase as the stresses due to increasing group size reduce
female fertility, and hence growth rates, and (2) a catastrophic
reduction in group size followng group fission. A group will
cycle continuously round the oscillator so long as there are no
changes in environmental conditions.
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entity (Dunbar, 1998b). A species does not have to live in the
largest group size its brain will allow; this simply sets the limit
it can manage. Because of the non-linear oscillator (Fig. 7),
the limiting size is not the maximum group size ever observed
but the size at which groups start to become unstable. This
value, however, is difficult to determine. Fortunately, pri-
mate group sizes are almost always Poisson-distributed
(Dunbar et al., 2018b), and Poisson distributions have the
convenient property that the mean and variance are identi-
cal. This means that it should not matter too much which
statistical moment (mean, variance, limiting size, maximum
size) we use in an analysis, as these are all closely correlated,
if not identical. Whichever index we use to test the Social
Brain Hypothesis we get the same answer, as Sandel et al.
(2016) showed.

The fact that group sizes are Poisson-distributed offers us a
way to estimate where this limit might be. If we plot a species’
group sizes as a cumulative distribution, the limiting group
size is given by the upper inflection point where the cumula-
tive distribution changes slope, since this demarcates the
point of diminishing returns. Figure 9 plots the cumulative
distribution for 376 woodland baboon (genus Papio) groups
as an example. The inflection point can be estimated in either
of two ways. On a sigmoid cumulative distribution, the theo-
retical inflection point is the value on the x-axis that corre-
sponds to the point that is 1/eth down from the asymptote
on the y-axis (Slatkin & Hausfater, 1976). If we take the
asymptote to be defined by the 360th group (since there are
only a very small number of groups larger than this), the
inflection point corresponds to the 360 * (1–e−1) = 227th

ranked group (the horizontal dotted line), and this has a

group size of 39.0 (long-dashed vertical line). Alternatively,
we can determine the inflection point graphically using the
classic broken stick method widely used in ecology
(Magurran, 1988). We partition the x-axis serially into two
parts and set regressions to each half, searching for the parti-
tion that maximises overall fit. The point where the two best-
fit regression lines intersect defines the inflection point. The
relevant regressions are shown as the thin lines fitted to each
half of the distribution in Fig. 9. They cross over at a group
size of 39.9 (thin dashed vertical line). The observed mean
group size for the three species of woodland baboons is
40.7 (solid vertical line). These results suggest that the aver-
age group size, for this genus at least, is identical to its limiting
group size. Once a group’s size exceeds this value, it is stray-
ing into the region of its demographic state space where both
social cohesion and fertility are rapidly declining. This value
will, of course, vary across genera (Dunbar & Shultz, 2021b)
as a consequence of the genus’ ability to evolve behavioural
and cognitive mechanisms for counteracting the stresses
involved (Dunbar & Shultz, 2021a; Dunbar, 2023).

(3) The problem of relativity

Many comparative analyses automatically relativise traits of
interest against body mass, or alternatively include bodymass
as a covariate in their statistical analysis (which, statistically
speaking, comes to the same thing). There are good reasons
for including body mass as a covariate in an analysis, such

Fig. 8. The layered fractal structure characteristic of
anthropoid primate (and human) egocentric social networks.
Seen from the perspective of any given individual (the central
square), grooming relationships with other individuals
(triangles) spread out through a series of increasingly distant
layers. The processes of bonding created by social grooming
and friends-of-friends effects create a form of gravitational
drag (inset) that holds a group together. Human egocentric
social networks have exactly this form (Dunbar, 2020).

Fig. 9. Cumulative plot of group size for 376 groups from
40 populations of woodland baboons (Papio anubis,
P. cyncocephalus and P. ursinus). The observed mean group size
for the three species is 40.7 (solid vertical line). Dashed vertical
lines give estimates of the upper limit on group size defined by
the inflection point in the cumulative distribution. The
theoretical estimate (long-dashed vertical line) is obtained by
finding the value on the x-axis that corresponds to the value on
the y-axis that is 1/eth down from the asymptotic value (taken
to be at the 360th group), identified as the 227th group
(horizontal dotted line). The graphical estimate (dotted vertical
line) is the ‘broken stick’ estimate, defined by the
intersection of the two regressions (thin lines) that yield the best
fit when the x-axis is partitioned into two parts.
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as when we want to know whether a trait increases in size
over evolutionary time merely because it scales with body
size. Here, we ask whether trait size is a non-functional by-
product of whatever is driving the change in body size, or
whether body size causally determines, or is determined by,
the trait in question. Heart size, for example, is highly corre-
lated with body size because a bigger body needs a propor-
tionately larger heart to pump blood around it. However, it
seems that many comparative analyses feel compelled to
include body mass in their analyses simply because Jerison
(1977) did so. Aside from the fact that adding unnecessary
extra variables inevitably reduces statistical power and is
bad statistical practice, there are four separate issues here.

First, there seems to be a widespread misunderstanding
(for an example, see Logan et al., 2018) as to why Jerison
(1977) originally calculated his Encephalisation Quotient
(EQ, the residual of an individual species’ brain from the
overall regression line relating brain to body size across spe-
cies). Jerison (1977) was not seeking to determine whether
species had smaller or larger brains than we would expect
for their body size; rather, as the title of his book indicated,
he was trying to remove that part of the brain which is solely
concerned with managing somatic tissue and other physio-
logical processes (which is therefore likely to be isometrically
scaled with body mass) in order to isolate out that part of the
brain (in effect, the neocortex) that is available for higher cog-
nitive functions (smart foraging, clever behaviour, etc.) when
he only had total brain size (actually, cranial volume) avail-
able (Jerison, 1977; H.J. Jerison, personal communication).
In practice, both EQ and ECV are poor estimates of the
socially functional brain and hence yield only modest correla-
tions with either ‘smart’ cognition (i.e. decision-making com-
petences) (Dunbar et al., 2005; Deaner et al., 2007; Shultz &
Dunbar, 2010c) or social group size (Dunbar, 1992;
Dunbar & Shultz, 2017, 2021a; Shultz & Dunbar, 2022)
compared to indices based on neocortex size itself.

Second, using body mass as a covariate (or as the base for a
residual) unavoidably changes the question we are asking.
When we take residuals for wing area or brain size regressed
against body size (or include body size as a covariate), we are
asking whether a species has a wing, or a brain, that is larger
(or smaller) than we would expect for an animal of its body
size. This is, of course, a perfectly legitimate question to
ask: in the case of wing size, for example, we might be inter-
ested in whether the lift properties of a wing are proportional
to the mass it has to lift, or whether (as in the case of basal
metabolic rate, BMR) there are savings of scale that could
be invested in other organs (Kleiber, 1961). In this case, we
are not asking whether one species has an absolutely larger
wing than other species, or what external (environmental)
factors might have determined why it has a large wing.
Asking whether a species has a brain bigger than expected
for an animal of its size is not a functional (or why?) question,
but a question about developmental constraints (a what?

question). It asks not about what the brain does for you, but
simply how you get a relatively bigger brain if you happen
to want one.

If we are interested in cognitive performance, then absolute
neural volume is the only variable that matters. More impor-
tantly, this relationship is likely to be order-specific because
the brains of different taxonomic orders are organised in dif-
ferent ways and have different neural densities (Collins
et al., 2010; Herculano-Houzel et al., 2007). For example, dol-
phin neocortices have only five cellular layers instead of the
six present in primates, and in addition accommodate a very
substantial specialised neural system for echolocation that
primates, obviously, lack (Hof, Chanis & Marino, 2005;
Marino et al., 2007; Oelschläger, 2008). Similarly, most
mammals have a very large olfactory cortex (and a well-
developed sense of smell), but this is greatly reduced in
anthropoid primates whose sense of smell is relatively poor
by comparison. It is surely significant that the cognitive neu-
roscience community never uses relative volumes and would
be astonished by any suggestion that they should.
It is important to appreciate that while much low-level

cognition is dealt with by specialised (often subcortical) units,
high level (i.e. ‘smart’) cognition is associated mainly with the
neocortex, and is often unspecialised and highly distributed.
Duncan (Duncan, 2001; Duncan et al., 2000; Duncan,
Assem & Sashidhara, 2020) has argued that one reason
why the brain’s prefrontal cortex is relatively undifferentiated
is that it provides a generalised source for neural recruitment
when tasks demandmore processing capacity, a function that
may even extend to recruiting the default mode network
(Crittenden, Mitchell & Duncan, 2015). The neocortex
makes up a variable proportion of total brain size across
mammal species, ranging from 10% in insectivores to 20–40%
in artiodactyls and carnivores, and, within the primates, from
50% in prosimians up to 80% in humans (Finlay &
Darlington, 1995; Finlay, Darlington &Nicastro, 2001).
Within the neocortex, a very substantial neural network,

or connectome, known as the default mode neural network
that connects processing units in different parts of the cortex,
is heavily involved in managing social relationships in both
primates and humans (Mars et al., 2012, 2016; Rushworth,
Mars & Sallet, 2013; Li, Mai & Liu, 2014; Roumazeilles
et al., 2020; Yokoyama et al., 2021). In anthropoid primates,
the default mode network (and its ancillary connections into
the limbic system and the cerebellum) forms a very substan-
tial proportion of the neocortex. This goes some way to
explaining both why the social brain relationship holds (with
varying degrees of precision) irrespective of what measure of
brain size is used, and at the same time why the fit gets
better the closer the index focusses on the socially functional
components of the neocortex (Dunbar, 1992; Joffe &
Dunbar, 1997; Dunbar & Shultz, 2021a) – and perhaps
why the Social Brain Hypothesis does not seem to hold for
most non-primate mammals (see Section IV.4). Indeed, even
within the primates, there are important quantitative differ-
ences in the size and structure of major neural tracts. Despite
being the most social of the prosimians, Lemur catta, for exam-
ple, has a disproportionately small dedicated social cognition
neural tract compared to the anthropoid primates
(Roumazeilles et al., 2022), while semi-solitary nocturnal
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prosimians like Galago lack the diversified temporal lobe con-
nections characteristic of the more intensely social Old
World monkeys and apes (Braunsdorf et al., 2021).

The distinction between total brain size and neocortex
size, and the confusion this can cause, is particularly well
illustrated by the two largest brained primates, the gorilla
(Gorilla spp.) and the orang utan. Both have very large brains
(mainly because they have a large cerebellum, usually
thought necessary to manage coordination of a very large
body in trees), but surprisingly small neocortices. In both
cases, their neocortex size is very close to what we would pre-
dict for their respective social group sizes (not foraging group
size in the case of the orang!), helping to create a tightly linear
relationship within the apes; total and relative brain size, on
the other hand, are way off-line and yield no meaningful cor-
relations with anything in particular (see Dunbar &
Shultz, 2021a). Although it is inevitable that large neocortices
need large brains to house them, the brain can, and does,
evolve in a mosaic fashion (Barton &Harvey, 2000), as is very
conspicuously the case in respect of neocortex size in pri-
mates (Finlay & Darlington, 1995).

Third, using the residuals from a body size equation for
our analyses can have the unfortunate consequence of
obscuring the fact that the causality may actually be the other
way around: some species might have solved the problem of
how to grow a bigger brain simply by growing a bigger body
so as to exploit savings of scale provided by large body
size without needing to change diet (Kleiber, 1961;
Martin, 1990). What constrains brain size is not, of course,
relevant to the question of what brains are used for: it is an
answer to a question about the costs against which natural
selection has to work, not the benefits it seeks to maximise.
More worryingly, Rogell, Dowling & Husby (2020) draw
attention to the fact that controlling for body size in this
way can cause unpredictable sign reversals in multiple regres-
sions, and this seems to be especially problematic in
brain/body size data. This arises when collinearity between
a predictor variable (here, brain size) and a third variable
(body size) is high but functionally irrelevant. For a more gen-
eral discussion of the problems created for multiple regres-
sion by ‘suppressor variables’, see Friedman & Wall (2005)
and Smeele (2023).

Kronmal (1993) also cautioned against the use of ratios in
regression and correlation analyses because we cannot tell
whether any resulting relationship is due to a change in the
numerator or a change in the denominator, or both.
He recommended that regression analyses be runwith both com-
ponents of the ratio as separate predictor variables in the form:

Y =X +Z – 1 ð5Þ
Dunbar & Shultz (2021b) re-analysed the social brain data

with log10(Group size) plotted against log10(Neocortex vol-
ume) and log10(Rest of brain volume) (with the latter as both
the raw value and the reciprocal value) (Table 2). Three
points should be noted. First, the regression equations are
all highly significant: brain size is a good predictor of group

size, irrespective of how we index it. Second, this is mainly
because neocortex volume rather than the volume of the rest
of the brain drives the relationship, reflecting the fact that, in
primates, the neocortex makes up the bulk of the brain.
Third, rest-of-brain is a better predictor than its reciprocal,
but its effect is strongly negative. This no doubt explains
why neocortex ratio produces much stronger results than
absolute brain volume does (Dunbar, 1992; Shultz &
Dunbar, 2022). In effect, it indexes relative investment in
‘smart’ cognition as opposed to somatic management.

The fourth issue concerns the fact that brain size and body
mass often have different evolutionary trajectories. Deacon
(1990) pointed out that the interpretation of most relativised
brain indices is made difficult by the fact that there is no inde-
pendent baseline against which to assess allometric trends.
In particular, the use of residuals from the regression line
against body mass fails to recognise that, if the selection fac-
tors acting on brain size and body size differ, the two compo-
nents can evolve at very different rates, often independently
of each other, as Hager et al. (2012) showed on a sample of
10,000 mice (see also Gonzalez-Voyer, Winberg &
Kolm, 2009; Smaers et al., 2012). Fitzpatrick et al. (2012)
found that, although there appears to be an effect of sexual
selection on relative brain size in pinnipeds, this is entirely
due to a change in male body mass; in fact, male and female
brain sizes remain in close lockstep across species. Montgom-
ery et al. (2010) found that there is a directional trend in brain
mass but not body mass in primates; more importantly, tem-
poral trends in body mass over geological time are not corre-
lated with trends in brain mass (see also Aristide et al., 2016).

Lande (1979) used brain/body size allometry across mam-
mals to examine the evolutionary coupling of these traits.
He argued that the comparatively weak genetic correlation
of primate brain and body size as compared to other mam-
malian orders suggests that evolutionary changes in primate
brain size are only weakly coupled with changes in body size.
Moreover, the variance in the allometric relationship

Table 2. Regression analysis of the components of neocortex
ratio as predictors of log10(group size) in 25 species of anthro-
poid primates.

Variable
Parameter
estimate

t P

Model 1 (F1,23 = 36.78, P ≪ 0.0001)
Intercept 0.02 0.12 0.907
log10(Neocortex ratio) 3.34 6.07 <0.001
Model 2 (F2,22 = 9.72, P = 0.001)
Intercept −15.76 −2.53 0.019
log10(Neocortex volume) 1.99 3.03 0.006
log10(Rest-of-brain volume)−1 32.68 2.41 0.025
Model 3 (F2,22 = 34.73, P ≪ 0.0001)
Intercept 2.22 3.63 0.001
log10(Neocortex volume) 6.37 6.71 <0.001
log10(Rest-of-brain volume) −7.14 −6.27 <0.001

Brain volume data from Stephan et al. (1981); group size data from
Dunbar et al. (2018b).
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increases with body size, suggesting that the two become
increasingly decoupled as bodies get larger (perhaps because
of the energetic savings of scale that large bodies allow:
Martin, 1990). This is further compounded by the fact that
if body mass changes faster than brain size [as, contrary to
the claims of Deaner & Nunn (1999), is in fact the case in pri-
mates: Dunbar, 2015], using body size as the baseline will
result in uninterpretable estimates of predicted size for brain
regions. This may be one reason why brain size rather than
body size acts as the biological constant determining most
life-history variables (Mace, Harvey & Clutton-Brock, 1981;
Clutton-Brock & Harvey, 1980; Harvey & Clutton-
Brock, 1985; Harvey & Pagel, 1988).

(4) The fallacy of ‘secundum quid’
(over-generalisation)

There is a widespread tendency to assume that any biological
principle or ‘law’must be true for all taxa if it is to qualify as a
biological universal (see, e.g. Grueter et al., 2013). If this is not
the case, so the argument runs, it must be a case of special
pleading. Unfortunately, claims of this kind fail to appreciate
the difference between universal laws and how these laws are
instantiated in particular cases (which, in biological systems,
will depend on the influence of many contextual variables).
It is worth exploring this issue in a little more detail because
it has profound implications for how we interpret attempts
to test any hypothesis using comparative data.

The Social Brain Hypothesis was originally proposed to
explain a particular feature of primate biology – the fact that,
as Jerison (1977) originally pointed out, primates have much
larger brains (absolutely and relative to body size) than all
other groups of vertebrates (with the arguable exception of
the cetaceans in respect of absolute brain size). In essence,
the claim was that this reflected the fact that primates live in
more complex societies than other vertebrates, and hence
need a larger computer to manage the relationships involved
(Jolly, 1966; Humphrey, 1976; Byrne & Whiten, 1988).
Subsequent research has revealed that its basis lies in the spe-
cialised cognition required for bonded social groups (Shultz &
Dunbar 2010a; Dunbar & Shultz, 2021a; Dunbar, 2023).

The original finding spawned a very large number of
applications to other taxonomic groups, including various
orders of mammals, birds, fish and, somewhat implausibly,
even insects. The results have, however, been something of
a mixed bag. In some cases, a significant quantitative rela-
tionship between group size and brain size has been identi-
fied [cetaceans (Fox, Muthukrishna & Shultz, 2017); some
carnivores (Dunbar & Bever, 1998; Sakai et al., 2011)], but
in many cases not [insectivores, most other carnivores, artio-
dactyl ungulates, bats, birds, fish, and, perhaps not too sur-
prisingly, insects (Gittleman, 1986; Dunbar & Bever, 1998;
Pérez-Barbería et al., 2007; Pollen et al., 2007; Shultz &
Dunbar, 2007, 2010a; Shumway, 2010; Smith et al., 2010;
O’Donnell, Clifford &Molina, 2011; Farris, 2016; Fedorova,
Evans & Byrne, 2017; Hardie & Cooney, 2023)].

A more nuanced consideration of the data reveals that,
while the Social BrainHypothesis in its quantitive form applies
to only a handful of mammalian orders [anthropoid primates,
delphinids, equids, tylopods and elephantids – all of whom
have large brains, exhibit a steady increase in brain size across
geological time and live in bonded social groups (Shultz &
Dunbar, 2007, 2010a; Fox et al., 2017)], it appears as a quali-
tative difference (or phase shift) between monogamous and
polygynous species (monogamous species have bigger brains)
in insectivores, prosimians, bats, carnivores and ungulates,
and most (but perhaps not all) birds (Dunbar & Bever, 1998;
Beauchamp & Fern�andez-Juricic, 2004; Shultz & Dunbar,
2006, 2007, 2010a,b; Pitnick, Jones & Wilkinson, 2006;
Pérez-Barbería et al., 2007; West, 2014; Fedorova et al.,
2017; Hardie & Cooney, 2023), although some of the more
social rodents (marmots; Matějů et al., 2016) and the mustelids
(Dunbar & Bever, 1998) may be exceptions.
Paradoxically, this monogamy effect has been interpreted

as a negative relationship between brain size and group size,
leading some to conclude that this is evidence against the
Social Brain Hypothesis (e.g. Fedorova et al., 2017;
Hardie & Cooney, 2023). But this is a rather naïve interpre-
tation of both the data and the theory, not to mention the
behaviour of the animals concerned: the Social Brain
Hypothesis is, as we have emphasised, about the formation
of bonded relationships (‘friendships’) as a solution to the
problem of how to create stable social groups in the face of
environmental threats (the alternative being temporary
aggregations). It is not about group size per se. Testing the
social brain relationship by comparing pair-bonded species
with those that live in large, anonymous flocks or herds rather
misses the point (see Sections II.1 and IV.2). Living in anon-
ymous, unstable, casual herds does not require significant
cognitive skills. By contrast, pair bonds in mammals and
birds alike are cognitively demanding in exactly the same
way that ‘friendships’ are in anthropoid primates (and
humans): although the number of relationships that needs
to be managed is different, they involve similar kinds of deci-
sions, trade-offs, coordination problems and investment in
social bonding (grooming, huddling). In birds, species that
have lifelong pair bonds (raptors, corvids, Psittaciformes,
many seabirds) have significantly larger brains than annual
pair-bonders whose pair bonds only last a single breeding
season (many songbirds) and these, in turn, consistently have
larger brains than species that have promiscuous mating sys-
tems associated with anonymous flocks (peacocks, ostriches,
most Anseriformes) (Shultz & Dunbar, 2007, 2010b).
In other words, these findings actually provide support for

the Social Brain Hypothesis properly understood, and do so
in a way that greatly adds to our understanding of the phe-
nomenon. A more nuanced evaluation of the differences
among taxa suggests that bonded social relationships are
one solution to the scalar stresses created by living in very
large groups (Dunbar & Shultz, 2021b; Dunbar, 2023). If a
taxon does not occupy habitats that require it to live in large
groups, it will never exhibit any form of social brain relation-
ship [unless it evolves pair-bonded monogamy for other
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reasons (van Schaik & Dunbar, 1990; van Schaik, 2000;
Opie et al., 2013; Dunbar, 2022a)]. But when it does, a spe-
cies can choose between incurring the cognitive and neurobi-
ological costs of bonded social groups or opting for the less
costly (but less effective) strategy of casual herding
(Dunbar & Shultz, 2021b). Both strategies solve the ecologi-
cal problem of predation risk, albeit in different ways and
at different costs.

Group-living is not, of course, the only way to solve the
predation risk problem. Evolving a large brain might instead
allow individuals to deploy detection and evasion strategies
that directly minimise predation risk without necessarily liv-
ing in groups. Jerison (1977), for example, noted that carni-
vore and ungulate brain sizes exhibit a highly synchronised
ratcheted trajectory through geological time: prey brain sizes
initially outstrip predator brain sizes, who then respond by
increasing brain size, which in turn causes prey brain size to
increase further as though each taxon is adjusting its cogni-
tive competence in response to the other’s evolution of smar-
ter counter-strategies. Most of these ungulates would have
been herd-forming species. More generally, large-brained
mammals experience less predation from the same guild of
predators than smaller-brained species living in the same
habitat, independently of group size (Shultz et al., 2004;
Shultz & Dunbar, 2006; Shultz & Finlayson, 2010). Similar
results have been reported for fish (Kotrschal et al., 2015).
Other taxa avoid the costs of evolving large brains by adopt-
ing some form of crypsis associated with solitary foraging
(e.g. the nocturnal prosimians; Burnham et al., 2012). Each
strategy has its own costs and benefits. Anthropoid primates
seem to have adopted bonded sociality despite the neural
costs involved because this offers a risk-averse solution: an
individual is less likely to be caught on its own by a predator
than is the case for species that form casual herds.

The fact that primates, in particular, might behave in dif-
ferent ways to birds and other mammals has prompted some
authors (e.g. Logan et al., 2018; Hooper et al., 2022) to lament
an overly anthropocentric approach to the Social Brain
Hypothesis and argue for an approach that excludes humans,
if not all primates. Doing so seems ill-advised, for several
good biological reasons. First, since the quantitative version
of the Social Brain Hypothesis applies only to anthropoid pri-
mates and not to prosimians, should we exclude all primates
or only some of them? Second, it risks falling prey to species-
ism: if we exclude primates for being too social, should we
also exclude hoofed mammals and cetaceans because of their
peculiar forms of locomotion? The answer, obviously, is: of
course not. We want to be able to explain the diversity of life
on Earth, not just some of it. If very big brains or particular
kinds of behaviour are rare, we want to know why. Third,
by excluding the best studied of all vertebrate species
(humans) we risk ignoring a major source of knowledge: some
things (notably neuroimaging studies of cognition) can be
studied experimentally in humans much more easily than in
other animals. Rather than narrowing the taxonomic focus,
we need, if anything, to broaden it.

In short, demanding that a hypothesis must be universally
supported across taxonomic groups and environments risks
obscuring the range of solutions animals have evolved to
solve the problems they face. For example, monogamy
appears to have evolved under different environmental pres-
sures in bony fish (Stanbrook et al., 2022) than in primates
(Opie et al., 2013; Dunbar, 2022a), while social grouping
has evolved as an anti-predator strategy in primates and
ungulates, but as a hunting strategy in cooperative hunters
like hyaena (Crocuta spp.), the African wild dog (Lycaon pictus)
and the lion (Panthera leo).

V. STATISTICAL PITFALLS

Perhaps the most egregious problems arise in the statistical
analyses used to test comparative hypotheses. We identify
three issues under this heading: why causality matters in
regression analysis, the presence of grades in the data
(Simpson’s Paradox), and the consequences of choosing the
wrong regression model for the question being asked
(in respect of which we identify two separate contexts: when
testing causal hypotheses and when using these relationships
in reverse engineering and other kinds of predictive analyses).

(1) How to test the wrong hypothesis

We noted, in Section II, that failure to identify the correct
causal structure can lead to misleading results. A related
problem emerges in respect of the statistical models used to
test for correlated effects in comparative data sets. The prob-
lem stems from the fact that, in conventional regression anal-
ysis, it is only possible to have one dependent variable,
although we can have as many independent predictor vari-
ables as we like. This can have the unfortunate consequence
of forcing us to reverse the natural causal structure of our
hypothesis in order to be able to run any analysis at all. As
a result, almost every recent comparative analysis that has
tried to test between alternative hypotheses for the evolution
of large brains has fallen foul of this problem: among recent
examples, see MacLean et al. (2014), Benson-Amram et al.
(2016), DeCasien et al. (2017), Powell et al. (2017), Rosati
(2017), Hardie & Cooney (2023) and Grabowskia et al.
(2023). Although a simple bivariate regression will usually
yield the same result whichever way round it is run, this is
not true for multiple regression: which variable we choose
to use as the dependent variable can yield very different
results.

To see this, let us return to the example we discussed in
Section II. We want to know whether the evolution of large
brains was driven by group size or by diet. It might seem log-
ical to do this by regressing brain size on body size, group size
and diet as independent variables. If we do this, we find that
brain size is significantly determined (in the statistical sense)
by both diet and group size (P < 0.001), with body size as a
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significant covariate (Fig. 10A). However, as Fig. 10A–D
show, depending on which variable we place in pole position
as the dependent variable, we get four completely different
answers. At this point, we might be tempted to conclude, as
Wartel et al. (2019) and others have done, that you can get
any result that suits you from analyses of the social brain data,
and, since there are no consistent patterns, we ought to aban-
don the entire research programme as conceptually flawed.
The problem, however, is not the analyses or the data (you
will get exactly the same results with any data set, whether
or not it has anything to do with brains), but that the different
regression models test completely different hypotheses, all of
which are biologically perfectly sensible. In complex systems,
causality matters.

Path analysis is the only sensible method to use in
such cases because it allows all possible causal models to be
considered, as well as allowing for feedback loops to be incor-
porated where appropriate. Although this can be

computationally daunting when many variables are involved
(although there are methods for reducing this: Watts
et al., 2022), it has the merit of allowing us to search through
the set of possible models to find the one (or ones) that yield
the best fit. For our present example, Fig. 10E gives the con-
sensus model that takes into account all the significant results.
This clearly indicates that the causal structure has a very spe-
cific form: brain size determines (i.e. influences) both group
size and diet, with a tight coevolutionary loop between brain
size and body size. Note, once again, that the causality of
these relationships has the form of a here-and-now constraints

model, not the form of an historical selection model; in selec-
tion terms, it implies that group size and a more frugivorous
diet independently promoted large brain size (rather than the
other way around). This implies that, historically, diet deter-
mined (i.e. constrained) brain size, not that a large brain
enabled a change in diet (the assumption made by all studies
that have favoured an ecological explanation for the evolu-
tion of large brains).
The advantage of path analysis is that it allows us to

include a wider range of variables so as to build a more com-
prehensive model of the biological system. Figure 11 shows
consensus, phylogenetically controlled path models, using
data from two different studies [DeCasien et al. (2017) and
Powell et al. (2017)] that claim to find results contrary to the
Social Brain Hypothesis. In stark contrast to the results
obtained by the original studies (which used simple multiple
regression), both path analyses agree that brain size (and spe-
cifically neocortex size) is closely correlated with group size,
while diet quality (indexed by the percentage of fruit in the
diet) is better correlated with total brain size (but specifically
subcortical brain volume rather than the neocortex, with
which it is negatively correlated) suggesting an energetic
trade-off between neocortex size and body size when species
occupy habitats with high predation risk. Similar findings
were reported by two other phylogenetically controlled path
analyses (Dunbar & Shultz, 2007; Navarrete et al., 2018) that
used different data sets and took into account a much wider
array of life-history, cognitive and ecological variables.
As in Fig. 11, diet was related to brain size (not directly in this
case, but indirectly via life history and body mass), while
group size was directly correlated with brain size.
In other words, a more sophisticated statistical approach

that takes feedback loops and biological causality into
account gives us a very different, but quite consistent, picture.
All four of these pathmodels, using different data sets and dif-
ferent algorithms, agree that, in primates at least, brain size
(and in particular neocortex size) has a tight co-evolutionary
relationship with social group size, while foraging decisions
are mainly a function of the demands imposed by the subcor-
tical brain (essentially acting as a proxy for body mass). These
analyses agree with the consensus view from a meta-analysis
of all 44 analyses of primate comparative brain evolution that
have been published to date (Shultz & Dunbar, 2022).
It is worth noting that both DeCasien et al. (2017) and

Powell et al. (2017) claimed that they obtained different
results to previous analyses because they had analysed data

Fig. 10. Alternative versions of a multiple regression analysis
between four variables testing for causal relationships, using
primate data given by Powell et al. (2017). Diet is the
percentage of diet accounted for by fruits (high-energy foods).
Brain size, body size and group size are all log10-transformed.
In each case, the variable enclosed in the dashed square is the
dependent variable in a multiple regression equation with the
other three variables as predictors. Solid arrows indicate
significant positive effects; dashed arrows indicate significant
negative effects. Width of arrows is proportional to effect size.
Only significant effects (P < 0.05) are shown. Numbers beside
arrows are standardised ßs. Group size correlates negatively,
but not significantly, with diet in both directions. All four
individual multiple regressions (A–D) are highly significant
(P ≤ 0.0001). The consenus diagram in (E) summarises all the
significant positive effects, giving preference to the stronger
effect if ß values are significant in both directions.
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from a larger sample of species and used ‘modern’ phyloge-
netic methods. In fact, this is not actually true: they used the
same data sets and the same species, as well as the same phy-
logenetic methods, as most of the other studies. The reason
they got different results is rather more prosaic: it is simply
that they tested a different hypothesis. Unlike all other studies
which all regressed group size on brain size, they opted to
regress brain size on group size. In other words, they asked
whether group size determines (constrains) brain size
(a ‘becoming adapted’ hypothesis) rather than whether
group size selected for (is constrained by) brain size
(a ‘being adapted’ hypothesis) like everyone else.

The moral of this particular story is that multiple regres-
sion is not to be recommended unless we have thought
through the implications of all the relationships involved
and/or are very certain about the causal relationships we
are testing. It should not be chosen – as, we suspect, it usually
is – simply for statistical convenience. When we are dealing
with complex biological systems with many feedback loops
hidden in the mix, path analysis is always the safest way to

unpack the causal structure. At the very least, we should con-
sider alternative forms of the regression model before draw-
ing any conclusions.

We should, perhaps, conclude this subsection by noting that
there are, of course, ways to test a ‘becoming adapted’ hypoth-
esis directly using phylogenetic methods. One way to do this is
by using Bayesian phylogenetic methods to reconstruct ances-
tral states, since this allows us to test the order inwhich two var-
iables change in an evolutionary tree. There are, however, two
important caveats. One is that, at best, our estimates of ances-
tral states are statistical guesses: they rest on the assumption of
minimum parsimony, assume that traits are under tight
genetic control and that particular models of evolutionary
change hold. This is not always justified, and can lead to con-
clusions that are at odds with other evidence [e.g. the implau-
sible claim that monogamy is the ancestral state for both apes
and primates more generally made by Kappeler & Pozzi
(2019)]. Second, the method only works if our phylogenies
are fine-grained enough to allow a detectable lag between
changes in the two variables to be identified. Pérez-Barbería
et al. (2007) showed that while there was sufficient lag in the
co-evolution of brain size and sociality in both carnivores
and ungulates to establish a meaningful causal sequence
(a switch to sociality was more likely to occur before a change
in brain size in both orders, but a change in brain size did occa-
sionally precede a change in sociality in carnivores), this was
not the case in primates. In primates, the co-evolutionary
ratchet is so tight that it is never possible to say which variable
changed first: they always appear to change together.
Contrasts of this kind between different taxonomic groups
may not be unusual. Smaers et al. (2012) found similar differ-
ences in the co-evolution of brain and body size in different
mammalian orders. This does not mean that there is no causal
relationship involved in the primate case. It may simply mean
that it happens too fast in geological time for a rather crude
phylogenetic timescale to detect.

(2) Simpson’s Paradox

Most comparative analyses assume that they are dealing with
simple unitary cause–effect relationships. However, Simpson
(1951) pointed out that if there are grades in the data that
reflect the influence of a third variable, then treating the
data as a single homogenous distribution can give very mis-
leading results. This is known as Simpson’s Paradox or the
Yule–Simpson Effect, and is a version of the Ecological
Fallacy. Figure 12A illustrates the problem: failure to take
the existence of grades within the data into account yields a
significant negative relationship (r = −0.498, P = 0.05) when
the data quite obviously have a positive form (mean correla-
tion for the two grades, r = 0.984). This problem was dis-
cussed at some length in the context of comparative
analyses during the 1980s (Mace et al., 1981; Harvey &
Clutton-Brock, 1985; Harvey & Pagel, 1988, 1991), although
mostly in respect of taxonomic grades of the kind originally
identified by Jerison (1977).

Fig. 11. Phylogenetically controlled path analyses of the causal
pathways influencing primate brain size evolution for (A) total
brain size [indexed as endocranial volume (ECV) using data
from Powell et al., 2017)] or (B) histologically determined
neocortex and rest of brain volumes (from Stephan
et al., 1981). In both cases, behavioural and demographic data
are from Powell et al. (2017). The analysis was carried out by
multi-model dredging using the dredge function in the MuMin
R package to select the best candidate models based on Akaike
Information Criterion corrected for small sample size (AICc)
and model weight (for details, see Shultz & Dunbar, 2022).
The dredge procedure permutes all possible phylogenetic
generalised least squares models. Solid lines: significant
positive causal relationships (causal direction indicated by
arrows); dashed lines: statistically significant negative
relationships. Redrawn from Shultz & Dunbar (2022).
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Of course, most real-world cases are not as extreme as that
shown in Fig. 12A. A more common pattern is that in
Fig. 12B, which shows the grades that are actually present
in the primate social brain data. Dunbar & Shultz (2021a)
showed, using k-means cluster analysis of five independent

brain data sets, that the social brain data consistently parti-
tion into four distinct clusters that form a set of parallel
grades with very tight distributions (as indicated by the alter-
nating black and white symbols in Fig. 12B). The ordinary
least squares (OLS) regressions for the individual grades
(the dashed lines) differ in intercept, but not in slope. On a
double-log10 plot, their mean slope is b = 0.950 (range
0.924-0.979, 0.851 ≤ r2 ≤ 0.958). The heavy line running
across the grades is the OLS regression set through the whole
data set ignoring the grades. All five regressions are signifi-
cant (P ≪ 0.0001), but the overall regression has a signifi-
cantly shallower slope (b = 0.617; t124 = 5.6, P < 0.0001)
than any of the individual grades, with a much poorer
goodness-of-fit (r2 = 0.501 without grades versus r2 = 0.925
with grades). The reason there are grades in the data is not
hard to see: in effect, the grades represent a series of glass ceil-
ings on group size. When a taxon hits the upper limit on
group size for the grade it is on, it has two choices: to push
group size a little higher at the expense of losing group
coherence, or move sideways onto the next grade by increas-
ing brain size so as to allow new cognitive strategies that
create more deeply bonded groups, thereby allowing
further increases in group size (Dunbar & Shultz, 2021a;
Dunbar, 2023).
If our interest is simply in establishing whether brain vol-

ume is a significant predictor of group size, this may not mat-
ter too much: at worst OLS regression provides a
conservative test (it reduces the risk of Type I errors, albeit
at the cost of increasing the risk of Type II errors). We are
therefore very unlikely to conclude that there is a relationship
present if there actually is not one there. However, the shal-
lower slope on this regression will be much more problematic
in amultiple regression, because the residuals to the OLS line
will be much greater than they should be. As a result, the
effect size for this relationship will be radically underesti-
mated relative to that for any variable that exhibits no grade
effect (e.g. diet, which seems to be grade-free), giving the false
impression that the latter variable makes a disproportion-
ately large contribution. We may be misled into concluding
that there is no functional relationship at all for group size
when, in fact, there is a very strong one. Both DeCasien
et al. (2017) and Powell et al. (2017) unwittingly fell foul of this
trap. The lesson is that it is always wise to inspect the graph-
ical distribution of data before running any statistical
test – and to be sufficiently attuned to both data distributions
and real-life biology to recognise subtle patterns. Far too
many researchers seem to rely on the statistics package print-
outs without bothering to look at their data first. That may be
fine if you really know for certain exactly what form the data
have. But if you only think you know, nature will not spare
your blushes.
Note, by the way, that we have not corrected for phylog-

eny in any of these analyses. This is because it is only neces-
sary to do so when there is a significant phylogenetic signal,
such that the degrees of freedom will be artificially inflated
(leading to an elevated risk of Type I errors – falsely rejecting
the null hypothesis). A strong phylogenetic signal for brains

Fig. 12. (A) Yule–Simpson Effect. When there are distinct
grades in a data set due to the influence of a third variable, a
simple linear regression applied to the whole data set can yield
a relationship that is diametrically opposite to the true
relationship. The thick solid line is the overall ordinary least
squares (OLS) regression; the dashed lines are the slopes for the
separate grades (with the 95% CIs indicated in each case by the
dotted lines). (B) Effects of grades in the primate social brain
data, with species mean group size plotted against endocranial
volume (ECV), both on a log10 scale. The data have the classic
tubular distribution characteristic of a data set with grades. A k-
means cluster analysis reveals four grades (indicated by
alternate unfilled and filled symbols), with least squares
regressions fitted to individual grades. The solid line gives the
overall least squares regression set through the full data set.
The goodness of fit for the overall regression is r2 = 0.447; the
mean fit taking grades into account is r2 = 0.925. Group size
data are from Dunbar et al. (2018b); cranial volume data are
from Isler et al. (2008). [Correction added on 14 April 2023,
after first online publication: Figure 12 has been replaced.]
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and behaviour may well be characteristic of birds and some
mammalian orders (see Logan et al., 2018; Hooper
et al., 2022), but this is not true of all taxa – and especially pri-
mates, where the phylogenetic signals for all behavioural
indices, including the social brain data, are low or non-
existent (Kamilar & Cooper, 2013). No study, at least of pri-
mate data, has produced qualitatively different results by
using phylogenetic methods. Aristide et al. (2016) and Hassler
et al. (2022), for example, analysed the same data set with and
without phylogenetic correction and obtained identical results.
In short, phylogeneticmethods should only be usedwhen there
is a demonstrable phylogenetic signal, and hence a risk that
degrees of freedomwill be inflated. Including phylogeny when
it is not necessary is, at best, a form of virtue signalling whose
effect is simply to reduce statistical power: in effect, it is a statis-
tical version of theZahaviHandicapPrinciple (‘See how strong
my result is – even adding unnecessary variables will not desta-
bilise it’). It is important to remember that phylogenetic
methods, in and of themselves, do not test selection hypotheses;
the best they do is tell us whether a particular mode of neutral
genetic evolution (drift) explains the observed data (essentially
an ontogeny or what? question, not a why? question, once again
raising the spectre of Tinbergen confounds).

(3) When a regression is not the right regression

Although regression analysis forms the backbone of
comparative analysis, it seemsnot to bewidely appreciated that
regression actually constitutes a family ofmethods that differ in
the assumptions made about the data. These assumptions
mainly relate tohow the residuals to the line of bestfit are calcu-
lated,and toa requirement that thedataarebivariatenormal in
form. In respect of the residuals, the main options are to take
them against the y-axis, against the x-axis, perpendicular to
the line of best fit, or from both x and y axes simultaneously
(i.e. the area of the triangle to the line of best fit subtended by
the datapoint). Which of these is best to use depends largely on
the ratio of the error variances on the two axes.

OLS regression (the most commonly used model) assumes
that the values on the x-axis are measured without error. This
method was originally developed for use in experimental
studies of the typical dose–response kind where the experi-
menter determines the values on the x-axis variable (e.g. by
giving experimental subjects different carefully titrated quan-
tities of some drug). When this is the case, and the data are
bivariate normal, the calculation of the parameter values
and statistical moments can be simplified by minimising just
the residuals on the y-axis (the axis with all the error vari-
ance). In the rare cases where y-axis values are measured
without error but there is significant error variance on the
x-axis, major axis regression is the appropriate technique
(it minimises residuals on the x-axis). When both variables
are based on observational data, there is likely to be signifi-
cant error variance on both axes. The presence of grades in
the data will only exacerbate this because the data will likely
be bivariate uniform (in effect, the data have a more tubelike
distribution, as in Fig. 12B; see also Dunbar & Shultz, 2021a)

rather than being bivariate normal, thereby invalidating the
central assumption for OLS regression. In both cases, this
will have the effect of lowering the slope of the OLS regres-
sion equation (Fig. 12B).

Kendall & Stuart (1979) have shown that, if the error var-
iances on the two axes are equal or unknown, then reduced
major axis regression (RMA, or model II regression of
Sokal & Rohlf, 2012) gives the maximum likelihood estimate
of the true functional relationship (Fig. 13, solid line). RMA
minimises the residuals on both axes simultaneously, and is
equivalent to the geometric mean of the conventional OLS
regression of y on x (long-dashed line in Fig. 13) and its con-
verse (x regressed on y: short-dashed line in Fig. 13). Rayner
(1985) recommended RMA regression when the error vari-
ances are unknown or there is error variance on both axes,
because it is the only regression method that is independent
of the error correlation. Its only disadvantage is that it is dif-
ficult to assign significance values to the regression coeffi-
cients, although Rayner (1985) does give a method for
calculating 95% CIs for the slope.

As a matter of simple practice, however, the consensus has
been that OLS regressions should only be used when the
goodness of fit r2 > 0.95, since OLS and RMAmethods con-
verge when the fit is high (seeMartin, 1990). When r2 < 0.95,
RMA regression is recommended (although if r2 < 0.60,
even this will lose power: Jolicoeur, 1990). Note, by the
way, that although Smith (2009) is often cited as grounds
for not using RMA regression in comparative analyses, his
justification for claiming this is mathematically spurious.

(4) The art of prediction

In the previous subsection, we pointed out that if we underes-
timate the proportion of variance explained by a particular

Fig. 13. Group size plotted against Endocranial volume (ECV)
for primates, with both axes on a log scale. The long-dashed line
is the ordinary least squares (OLS) regression; the solid line is the
reduced major axis (RMA) regression for the same data; the
short-dashed line is the equivalent major axis (MA) regression
equation for x regressed on y. Group sizes from Dunbar
et al. (2018b); ECV from Powell et al. (2017).
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predictor variable, then we inevitably overestimate the con-
tribution by any other variable whose slope is estimated more
accurately. There is, in addition, a second reason why we
should worry about this. Comparative analysis is not simply
about testing causal relationships. Increasingly, we want
to use the relationships we find to predict values for particular
taxa. This has been especially common in palaeontology for
more than half a century, where unknown traits are com-
monly estimated from skeletal proxies based on cross-species

samples (e.g. see Pearce, Stringer & Dunbar, 2013;
Dingwall et al., 2013). This approach has also been used to
predict extant species’ responses to climate change
(e.g. Dunbar, 1998a; Korstjens, Lehmann & Dunbar, 2010;
Lehmann, Korstjens & Dunbar, 2010). Another important
use is in reverse engineering exercises, where the residuals
between observed and regression-predicted values are used
both to estimate the selection pressure that a species is under
at a particular point in its evolutionary history (Dunbar,
2009, 2014, 2022b; Bannan, Bamford & Dunbar, 2023)
and to ask whether we might have missed any important fac-
tors when constructing our hypotheses (i.e. how much of the
variance does our model not explain?). The use of reverse
engineering to identify time points where lineages have been
forced to undergo a phase transition by introducing some new
adaptive trait or, conversely, to identify an environmental fac-
tor that might have triggered the emergence of an adaptive
shift is a technique likely to prove of increasing value. Although
we might get away with using OLS regression when we only
want to know whether or not we have a bivariate correlation,
we cannot afford to be so cavalier when using a regression line
tomake a prediction, especially when (i) the data point we want
to predict lies beyond the range of the data on which the esti-
mate of the slope is based and (ii) the axes are log-transformed
(both of which will exaggerate the prediction error).
To illustrate the problem, consider the case where we

might want to predict a value for group size in humans, based
on the primate social brain relationship. When Lindenfors,
Wartel & Lind (2021) did this, they found that the values pre-
dicted by their regression equations were much lower than
both the predicted value given by Dunbar (1993a) and the
actual observed value. In addition, the confidence intervals
around their predictions were so wide that almost any num-
ber would fit, making a reliable prediction impossible.
How, then, is it possible for two analyses of essentially the
same data to come to radically different conclusions? The
answer should, perhaps, be obvious: a combination of Simp-
son’s Paradox and OLS regression. To see why, we plot the
social brain data and the relevant regressions in Fig. 14.
(We use the neocortex ratio data here, but in fact any index

Fig. 14. Mean species group size plotted against neocortex
ratio. Neocortex ratios are from Stephan et al. (1981) and
group sizes are from Dunbar et al. (2018b). Grades (indicated
by alternating black and white symbols) were identified using a
k-means clustering analysis (see Dunbar & Shultz, 2021a). The
ordinary least squares (OLS) regression line (solid line, with
95% CIs as light dashed lines) for the hominoids-only grade is
shown. The overall OLS regression line for the whole data set
(ignoring grades) is indicated by the heavy dashed line. For the
full data set, r2 = 0.978 taking grades into account; for the
hominoids-only grade, r2 = 0.989. For both graphs, the
vertical dotted line demarcates neocortex ratio for modern
humans, and the square symbol indicates the observed mean
social group size for humans (153.7, based on 23 estimates of
personal social network size and the size of small-scale
communities; Dunbar, 2020).

Table 3. Regression equations for the data in Fig. 14 and predicted mean social group size for humans.

Regression model Equation r2
Predicted group size
for humans

Observed mean human group sizes (N = 24 online and offline samples, worldwide)** 153.7 ± 35.9
Lindenfors et al. (2021): neocortex ratio or neocortex plus rest of brain (mean of N = 4) 59.2†

ECV plus body mass (mean of N = 4) 51.6†

All data: OLS log10(Group) = 0.42 + 2.44 × log10(Neocortex ratio) 0.729 82.4
All data: RMA log10(Group) = 0.22 + 3.11 × log10(Neocortex ratio) — 139.0
Hominoids grade only: OLS log10(Group) = −0.95 + 5.11 × log10(Neocortex ratio) 0.989 152.2
Apes only: OLS log10(Group) = −0.90 + 4.97 × log10(Neocortex ratio) 0.958 139.8

ECV, endocranial volume; OLS, ordinary least squares; RMA, reduced major axis.
**Data from Dunbar (2020).†OLS regressions, using brain volumes based on Navarrete et al. (2018 ), and ECV, body mass and group sizes fromDeCasien et al. (2017). For
problems with both these data sets, see Dunbar & Shultz (2021a).
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of brain size will yield the same result; see Dunbar &
Shultz, 2021a). Table 3 provides the regression statistics for
the different regression equations.

The overall OLS regression through the entire data set
(essentially Lindenfors et al.’s analysis) has a slope (b = 2.44)
that is highly significant (dashed line in Fig. 14; P < 0.001).
It is, however, considerably shallower than that for the equiv-
alent overall RMA regression (b = 3.11), and both are con-
siderably shallower than the OLS regressions for the
individual grades (averaged across the four grades: b = 3.88;
for the hominoid-only grade: b = 5.11; for apes only:
b = 4.97). The goodness of fit for the conventional overall
OLS regression is a respectable r2 = 0.729, which would usu-
ally be considered very acceptable. However, the overall
goodness-of-fit for an OLS regression taking the grades into
account is r2 = 0.978, a very significant improvement. The
goodness-of-fit for the hominoid-only grade on its own is
r2 = 0.989, that for the apes alone is r2 = 0.958. In other
words, the slopes steepen and sharpen up as the sample
focusses increasingly on the appropriate grade.

Because the regression slopes vary so widely, the
predictions for human group size are equally variable
(Table 3). The empirically determined mean human group
size, as shown by the filled square, is �154 [range 72–250
for N = 24 samples (Dunbar, 2020); with the largest sample
to date (61 million individual Facebook pages) giving a mean
egocentric network size of exactly 149 (Bond et al., 2012)].
Lindenfors et al. (2021) give predicted values, based on four
different overall regression equations (two conventional
OLS and two Bayesian) each for neocortex volume and for
ECV, whose individual predictions range between 16.4 and
108.6. (Note that, implausibly, the lower prediction gives a
value for mean group size that is smaller than the actual
mean group size of a third of all non-human primate species,
which ought to alert us to the fact that there must be a prob-
lem with the regression analysis.) The overall OLS regression
shown in Fig. 14 predicts a value of 82.4 (well within the
range of estimates given by Lindenfors et al., 2021). By com-
parison, an overall RMA regression does considerably better
with a prediction of 139. The grade-specific equation does
better still, however: the hominoid-only OLS regression
(the regression equation that, incidentally, has been used in
all similar analyses since 1993) predicts a value of 152.2,
which is indistinguishable from the observed value of 153.7.

Lindenfors et al. (2021) offer a second reason for not being
able to predict a value for humans reliably: the confidence
intervals on the predicted value(s) are so wide (2–520 across
their eight regressions) that almost any value would confirm
the prediction. Notice, however, that the confidence intervals
they give are much wider than those generated by the regres-
sion equations for Fig. 14. In fact, what Lindenfors et al.
(2021) report are confidence intervals when they should be
giving prediction intervals. Although, somewhat confusingly,
both are often referred to as confidence intervals, the two are,
in fact, conceptually quite different: one is based on the scat-
ter in the data and estimates the range within which all indi-
vidual values (known and as yet unknown) will lie; the other

is based on the range within which the slope parameter var-
ies, and hence gives the range within which predictions for
a mean value should lie. The second is inevitably much nar-
rower than the first. In effect, these parallel the difference
between standard deviations and standard errors. The 95%
prediction interval on the estimate of the population mean for
the overall OLS regression line in Fig. 14 is {55.0–120.2},
whereas the 95% confidence interval (all possible individual
cases) is {26.0–251.2}. If we are concerned with predicting
the mean value for humans, not the likely range of all possible
individual values, then we are only interested in the first. The
observed mean value clearly falls well outside the prediction
interval for the overall OLS line {55.0–120.2}, but well within
the prediction interval for the hominoid grade OLS regression
{70.8–195.0}. As it happens, the likely range in individual
values is actually a very good fit to the observed 95% range
of 58–238 for human personal social network sizes (Hill &
Dunbar, 2003).

The question we should, perhaps, ask in these contexts is
not how wide the CIs are, but rather the Bayesian question
of how closely the observed value matches the predicted
value. Applying Bayes’ Theorem, with likelihoods estimated
from the prediction intervals, the observed value of 154 is
clearly a very good fit indeed to the value predicted by the
equation for the correct social brain grade (for the
hominids-only regression: pposterior = 0.949; for the ape-only
regression, pposterior = 0.946), whereas it is a very poor fit to
the prediction from the overall OLS regression equation
(pposterior = 0.079) or any of the Lindenfors et al. (2021)
regressions. Note, by the way, that interpolating human neo-
cortex ratio into regressions set to the other three grades in
the social brain relationship predicts rather closely the values
for the layers in the fractal structure of both human egocen-
tric social networks and social groupings (Dunbar, 2020);
indeed, this is also the case for those primates that have frac-
tally structured multilevel social systems (Dunbar &
Shultz, 2021a).

VI. DISCUSSION

A number of recent studies have claimed that analyses of data
for some comparative questions (notably on brain evolution)
are unstable and generate contradictory results. We have
argued, however, that most of these inconsistencies are actu-
ally due to the way the analyses have been carried out, not to
the underlying phenomena themselves or to inadequacies in
the data, as has commonly been claimed. We identified four
broad categories of error: (i) conflating different Tinbergen
Questions (i.e. ignoring the fact that biological processes
are intrinsically systemic); (ii) failure to appreciate the signifi-
cance of Dobzhansky’s Dictum when testing evolutionary
hypotheses; (iii) poorly chosen hypotheses and proxy vari-
ables; and (iv) inadvertently testing a different hypothesis to
the one intended. We suggest that most of these sources of
error could have been avoided if a more biological,

Biological Reviews 98 (2023) 1278–1309 © 2023 The Authors. Biological Reviews published by John Wiley & Sons Ltd on behalf of Cambridge Philosophical
Society.

Pitfalls of comparative brain analyses 1301

 1469185x, 2023, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/brv.12953 by T

est, W
iley O

nline L
ibrary on [07/07/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



systems-based approach had been adopted. Using path anal-
ysis instead of multiple regression would, for example, have
allowed more careful consideration to be given to alternative
relationships between variables than the overly simplistic
single-cause/single-effect causality that characterises so
many analyses.

Perhaps the most serious casualty of this has been our
understanding of anthropoid primate sociality, but we would
argue that it has also impeded our understanding of mammal
and bird sociality more generally. Most of the problems we
have examined arise from failing to appreciate that primate
sociality is actually in a very different league from the kinds
of sociality we find in most (but not all) birds and mammals.
Anthropoid primate social systems are based on bonded rela-
tionships, mediated by social grooming. These relationships
depend on high-order cognitive abilities, many of which are
unique to the anthropoid primates and depend on brain
regions that are found only in this taxon (Passingham &
Wise, 2012). One consequence is that primate groups exhibit
a degree of multilevel organisation based on a distinctive
fractal structure, and a degree of coherence and stability, that
is uniquely characteristic of this taxon. This raises an impor-
tant evolutionary question: why have primates (and those few
other taxa that have similar social systems) gone down this
route? Why did all the other species not do so?

It is important to remember that the Social Brain Hypoth-
esis asks two separate questions: (i) why do some taxonomic
groups (e.g. primates) have larger brains than other taxa of
similar size (say, felids or sciurids) and (ii) within the primates,
why do some species have larger brains than others? Almost
no comparative brain analysis explains why primates need
so much neural computing power to deal with foraging deci-
sions that most other mammalian orders successfully solve
with much smaller brains. Indeed, the decisions that cursorial
carnivores make in stalking and pursuing prey are far more
complex than any decision that a foraging primate makes
(the disorganised chaos of chimpanzee hunts notwithstand-
ing), yet felid brain size has undergone very little increase
over this suborder’s entire evolutionary history (Shultz &
Dunbar, 2010a).

While primate sociality unquestionably has unique features,
it is important to remember that a number of other mamma-
lian orders (notably the equids, tylopods, delphinids, elephan-
tids, and perhaps others) also have stable, bonded social
groups, and this may also be true of some avian taxa. Among
the birds, likely examples include guinea fowl (Acryllium vulturi-

num), babblers (Timaliidae), mousebirds (Coliidae), wood-
peckers (Picidae) and parrots (Psittaciformes), many of which
have stable social groups (Papageorgiou et al., 2019), albeit at
the small end of the primate group size distribution. Note,
however, that some of these are cooperative breeders with a
single breeding pair (e.g. babblers; Nelson-Flower et al.,
2011), and may thus more closely resemble callitrichid pri-
mates who, uniquely among the anthropoid primates, lack
some of the key brain regions that underpin bonded sociality
in the other anthropoid primates (Passingham & Wise, 2012)
and, as a result, have groups with a very different kind of social

style that are sociallymore fluid (Lukas&Clutton-Brock, 2018;
Dunbar & Shultz, 2021a).
There are two issues here. First, we need to be cautious of

assuming that just because small-brained birds have multile-
vel groups they do this in the same way, using the same cog-
nition, as primates. Prosimian primates and some artiodactyl
ungulates also live in small stable groups, but these are not
based on the same cognition that underpins anthropoid
primate social groups (Dunbar & Shultz, 2021a, 2022).
As Tinbergen (1963) reminds us, the same functional outcome
can be achieved by exploiting different mechanisms as a result
of different evolutionary pathways. Second, the issue in all
these cases is not whether the Social BrainHypothesis is wrong
because it does not apply in its quantitative form to all taxa,
but rather what is different about taxa that do not exhibit such
a relationship – and, in evolutionary terms, why?
The quantitative version of the Social Brain Hypothesis

that we find in primates is simply one solution to the problem
created by the scalar stresses of living in large groups
(Dunbar & Shultz, 2021b). Bonded social groups are, how-
ever, cognitively very expensive (Dàvid-Barrett & Dunbar,
2013; Lewis et al., 2017), and modelling suggests that only
in a very small corner of the environmental state space does
the balance between the costs and benefits make it worth a
taxon’s while opting for this strategy rather than less costly
alternatives – with predicted frequencies that are very close
to those actually observed (Sutcliffe, Dunbar &Wang, 2016).
If we are to understand why some lineages have opted for

one solution and others for another, we need to develop a
better understanding of the social dynamics of these species
so as to determine how, when and why lineages are forced
to switch into different strategic pathways in order to cope
with the environmental stressors they encounter (a reverse
engineering issue). Failure to do so risks overlooking aspects
of the biological world that are both in need of explanation
precisely because they stand out as puzzling exceptions and
are, at the same time, potentially the most illuminating for
understanding the grand sweep of adaptation. As the classical
ethologists reminded us, nothing is more important than
immersing ourselves in the daily lives of our study
species – so as to be able to see the world from their point
of view with all its cognitive limitations. It is the animals’
own behaviour that should inform our hypotheses, not our
theoretical preconceptions of how the world ought to
be. Theories are tools for exploring the world, not inviolable
truths (Dunbar, 1995). To this may be added the importance
of not limiting this immersion to a single study species from
one taxonomic group. There is no substitute for firsthand
knowledge. We might add that our views have benefitted
from the fact that both of us have undertaken field work
(and, in some cases, experimental studies) on trees, insects
(notably dragonflies), birds, ungulates, carnivores, primates
and humans. That breadth of taxonomic perspective is what
has allowed us to appreciate and understand the complexity
and richness of what we have to explain.
In short, a much more nuanced approach is required that

views the quantitative form of the Social Brain Hypothesis, as
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we find it in primates, as being just one way that a set of uni-
versal biological principles play themselves out in particular
biological contexts. Species do not arrive at a particular
environmental space as ‘blank slates’. They do so with con-
straints imposed by their evolutionary histories, and these
may predispose them to certain kinds of solutions because
the alternatives are too costly to evolve – the reason, as
Davies (1978) memorably reminded us, why butterflies never
evolved machine guns. As with all behavioural ecological
phenomena, the answer lies in a combination of species’
inherited biological constraints, the phenotypic flexibility
that a species is capable of exhibiting, the nature of the scalar
stresses that it faces from living in groups of different size, and
the evolutionary trade-offs that all individuals are forced to
make in their attempts to maximise fitness.

We need to know how flexible the structural and
behavioural aspects of sociality are in different species (see also
Strier et al., 2014; Socias-Martínez & Peckre, 2023), and the
extent to which adopting a particular social trajectory makes
it difficult for species to back-track to alternatives when circum-
stances change. For example, the adoption of pairbonded
monogamy by a number of primate lineages (mainly the smal-
ler cebids and the gibbons) appears to have necessitated cogni-
tive adaptations to support lifelong relationships that seem to
be difficult to reverse (Opie et al., 2013). This may well also
be true of other mammalian orders and birds. More impor-
tantly, Pérez-Barbería et al. (2007) found that, in contrast to
carnivores and ungulates, reversals in brain size never occur
in primates, suggesting that whatever cognitive changes were
introduced by increases in primate brain size are too difficult
to unpick should there be selection against large group size at
a later time. At the same time, we need to beware of assuming
that an evolutionary approach consists simply of showing that
behaviour is genetically determined. Brain size and structure
might well be genetically determined (although probably
much less so than is often assumed: Maguire et al., 2000), but
the point of having a large brain is to buffer the species against
environmental stressors by being able to adjust behaviour
without needing to undergo immediate genetic evolution (the
classic Baldwin Effect). The cercopithecine monkeys offer a
particularly germane example in this respect. They seem, as
a taxon, to be unusually adaptable – more so even than the
apes – and this may account for their remarkable ability to col-
onise an unusually wide range of habitats. We need to know
muchmore about the extent towhich animals can facultatively
adjust aspects of their behaviour and biology (Strier
et al., 2014).

VII. CONCLUSIONS

(1) Comparative analyses are the mainstay of evolutionary
hypothesis-testing. However, they have sometimes fuelled
surprisingly partisan disputes. This been particularly true in
respect of attempts to understand the evolution of large
brains and smart cognition (the Social Brain Hypothesis).

(2) We argue that these conflicts are largely a consequence
of poorly thought out hypothesis-testing rather than anything
to do with either the theories or the data. In many cases, it
seems to be a consequence of adopting a psychological (or
mechanisms) approach to hypothesis-testing rather than a
biological systems-based one. When we approach the prob-
lem in a more biological way, the results are robust and con-
sistent and make sense of all contradictory findings.

(3) We identify four main sources of error, many of which
are well-known logical fallacies. We particularly identify:
confounding Tinbergen Four Questions, confusing ‘being
adapted’ explanations with ‘becoming adapted’ ones (Dobz-
hansky’s Dictum), poorly chosen proxies for use in hypothe-
ses-testing, and inappropriate statistical designs (notably
falling foul of Simpson’s Paradox).

(4) These errors often seem to reflect a naïve understand-
ing of animal (but especially anthropoid primate) sociality
and the cognition that underpins it, creating a risk that we
lose sight of the wider picture of mammalian (and perhaps
avian) social and cognitive evolution.

(5) There is a pressing need for those who undertake com-
parative analyses to have a better understanding of the natu-
ral history of the species they study.

(6) Far too many analyses of brain evolution ignore the
wealth of neuropsychological evidence on brain anatomy
and function, and we recommend that greater attention is
paid to this literature.

(7) We urge a more careful approach to comparative ana-
lyses that takes proper account of the biological differences
between different taxa and a more systems-based approach
to hypothesis-testing.
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Nuñez, C. M. V., Adelman, J. S. & Rubenstein, D. I. (2015). Sociality increases
juvenile survival after a catastrophic event in the feral horse (Equus caballus).
Behavioral Ecology 26, 138–147.

O’Donnell, S., Clifford, M. & Molina, Y. (2011). Comparative analysis of
constraints and caste differences in brain investment among social paper wasps.
Proceedings of the National Academy of Sciences of the United States of America 108, 7107–7112.
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