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Variation in relative brain size is commonly interpreted as the result
of selection on neuronal capacity. However, this approach ignores
that relative brain size is also linked to another highly adaptive
variable: body size. Considering that one-way tradeoff mechanisms
are unlikely to provide satisfactory evolutionary explanations, we
introduce an analytical framework that describes and quantifies all
possible evolutionary scenarios between two traits. To investigate
the effects of body mass changes on the interpretation of relative
brain size evolution, we analyze three mammalian orders that are
expected to be subject to different selective pressures on body size
due to differences in locomotor adaptation: bats (powered flight),
primates (primarily arboreal), and carnivorans (primarily terrestrial).
We quantify rates of brain and body mass changes along individual
branches of phylogenetic trees using an adaptive peak model of
evolution. We find that the magnitude and variance of the level of
integration of brain and body mass rates, and the subsequent rela-
tive influence of either brain or body size evolution on the brain–
body relationship, differ significantly betweenorders and subgroups
within orders. Importantly,wefind that variation in brain–body rela-
tionships was driven primarily by variability in body mass. Our
approach allows a more detailed interpretation of correlated trait
evolution and variation in the underlying evolutionary pathways.
Results demonstrate that a principal focus on interpreting relative
brain size evolution as selection on neuronal capacity confounds
the effects of bodymass changes, thereby hiding important aspects
that may contribute to explaining animal diversity.
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Large brains and advanced cognitive abilities distinguishmodern
humans from other species, including our closest primate rel-

atives. Consequently, brain size evolution has attracted the at-
tention of generations of scientists (1). However, the human brain
is not the largest in absolute mass or volume, but only under
consideration of our rather moderate body mass (2–4). Increased
“intelligence” is generally attributed to a deviation from a taxon-
specific allometric relationship between brain and body (1, 5–7)
(Fig. 1). The main interest of studies in the past has thus been to
understand which selective forces led to an increase in brain size
relative to body size (8–14).
Although the relationship between encephalization and in-

telligence is intuitive, it is not void of contention (5, 6, 15). Recent
research onmeasures of “general intelligence” in primates has, for
example, found more robust correlations with total brain mass
than with encephalization (15). The complex relationship between
brain mass, body mass, and intelligence has thus been the subject
of considerable debate (5, 6, 16), partly because allometric slopes
are taxon-specific (17–19). Regardless of these issues, deviations
from the general allometric brain–body relationship continue to be
commonly interpreted as a result of ecological, behavioral, or so-
cial selection pressures directly acting on neuronal capacity (18, 20,
21). Moreover, brain and body size have been suggested to be

subject to different (but not mutually exclusive) selective forces
(22). Whereas brain size is subject to behavioral pressures that
stabilize energy input and/or meet the computational demands to
survive in novel environments, body size is subject to lifestyle
pressures that increase birth rate (e.g., by exploiting abundant and
reliable food resources) and decrease death rate (e.g., by reducing
predation risk) (23, 24). How strong selective forces act on brain
size relative to body size is central to the interpretation of relative
brain size; thus, when interpreting deviations from the brain–body
allometry, it should be natural to consider the evolutionary pat-
terns of change for both brain and body mass equally.
We consider that, as with any combination of two traits, the

relative change of one (e.g., brain mass) compared with the other
(e.g., bodymass) along a single evolutionary branch (from ancestor
to descendant) can be attained by several processes related to their
combined increase and/or decrease (Fig. 2). For example, brain
mass can increase relative to bodymass (Fig. 2, green) if brainmass
increases relatively more than body mass [accelerated increase
(AI)], brain mass decreases relatively less than body mass [de-
celerated decrease (DD)], or brainmass increases while body mass
decreases (separation). Vice versa, brain mass can decrease rela-
tive to body mass (Fig. 2, red) when brain mass increases relatively
less than body mass [decelerated increase (DI)], brain mass
decreases relatively more than body mass [accelerated decrease
(AD)], or brain mass decreases while body mass increases (sepa-
ration). Only a minority of these evolutionary pathways involve
pure brain size changes. Allometric relationships reveal taxon-
specific patterns of coevolution but fail to reveal which of these
processes underlie species’ residual deviation from the general
allometric trend. The traditional principal focus on allometry to
study trait coevolution may thus hide potentially important
adaptive information on the nature of the coevolutionary process.
To determine the processes that underlie changes in relative

brain size, we quantify evolutionary rates of both brain and body
mass, considering all possible evolutionary scenarios (Fig. 2). We
model the evolution of brain and body mass independently and
investigate the relative changes of each trait on individual branches
of a phylogenetic tree using an adaptive peak (AP) model (25),
including fossil values, to increase the accuracy of model pre-
dictions (SI Text, Fig. S1, and Table S1). An important attribute of
our approach is that the isometric line in the brain-rate against
body-rate plot (Fig. 2) represents the allometric relationship be-
tween the traits under investigation, irrespective of the value of the
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allometric coefficient (Fig. 3). Deviations from isometry in Fig. 2
therefore represent deviations from allometry between the traits
under investigation (Fig. 3).
Against the background that deviations from the general brain–

body allometry are commonly interpreted as selection on neuronal
capacity, we investigate threemammalian orders that are expected
to be the subject of different selective pressures on body mass due
to differences in their locomotor adaptations: bats, which engage
in powered flight; primates, which are primarily arboreal but with
some terrestrial taxa; and carnivorans, which are primarily ter-
restrial but with some semifossorial, arboreal, and aquatic taxa.
We also contrast echolocating and nonecholocating (fruit) bats;
(part-)terrestrial and arboreal primates; and terrestrial, arboreal,
and aquatic carnivorans separately due to the differences in se-
lective pressures on body mass evolution expected between those
groups. These comparisons will allow us to draw conclusions on the
generality, or lack thereof, of the evolutionary processes and
adaptive responses involved in changes of relative brain size in
mammals. Generally, we expect to see differences between taxa in
the relationship between brain and body size evolution, reflecting
the varying constraints and demands that different lifestyles, in-
cluding differences in locomotion, exert on both brain and body
size. We further expect some phyletic variation in relative brain
size to be driven by variation in body mass rather than brain mass.

Results and Discussion
Results show that in all three mammalian orders, brain mass pri-
marily indicates concerted increase or decrease with body mass in
themajority of lineages (bats: 536 of 644, primates: 282 of 390, and
carnivorans: 296 of 432). The majority of branches indicate a de-
celerated rate of brain mass change compared with body mass,
suggesting that body mass significantly outpaced brain mass
changes in most lineages (in line with the allometric relation-
ships indicating significant hyposcaling of brain to body size;
Fig. 1). Our analysis, however, also suggests that the relationship
between brain and body mass changes is far from being a simple
and general principle. First, we find differences between the
relationship of brain and body mass changes depending on
whether the brain and body mass are increasing or decreasing,
resulting in different patterns of symmetry in some taxa (Fig. 4;
Fig. S2 presents a high-resolution image of Fig. 4, including species

names, and Fig. S3 is based on extant species only). Second, when
quantifying differences in the relationship between the rates of
brain and body mass changes within and between orders, we find
differences in the relative magnitude and variance by which either
brain or body mass changes deviate from allometry (Fig. 5 and
Tables S2 and S3). These results suggest that the brain–body mass
relationship is driven by different mechanisms in different lineages.
Of the three investigated orders, bats are characterized by the

strongest deviation from underlying allometric scaling when both
brain and body mass decrease and by the weakest deviation when
both brain and body mass increase (Fig. 4 and Figs. S2 and S3).
Body mass reduction in bats clearly outpaces brain mass reduction,
leading to an increased relative brain size (DD). When both traits
increase, however, both tend to contribute equally to the brain–body
relationship. Overall, this leads to a higher constraint on a decrease
in relative brain size compared with primates or carnivorans, which
is supported by the fact that bats show significantly lower negative
residuals relative to isometry in both size increase and decrease
scenarios compared with primates or carnivorans (Fig. 5; detailed
results are presented in Table S3). In consequence, compared with0 2 4 6 8 10 12
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Fig. 1. Phylogenetic generalized least-squares models of (log) brain to (log)
body mass for bats, carnivorans, and primates.

 

Fig. 2. Schematic diagram of the relationship of possible evolutionary
changes in two traits (body and brain mass). Body and brain mass are mea-
sured as rates of change between all ancestor-descendant pairs. Possible
scenarios are plotted with respect to the y axis (rate of change in brain mass).
The green area indicates increasing relative brain mass, and the orange area
indicates relative brain mass reduction. ALC, allometric change. Within each
quadrant, a distinction can be made as to which trait (X or Y) increases or
decreases more or less than the other, reflecting all possible evolutionary
scenarios of change between traits. An important attribute of this approach is
that the isometric line represents the allometric relationship between the
traits under investigation, independent of the value of the allometric co-
efficient. Allometric change (ALC), indicates the line along which the quotient
of the rates of change remains equal. Deviations from isometry in this figure
therefore represent deviations from the allometric relationship between the
traits under investigation (Fig. 3). Possible patterns of relative brain size
change include that brain and body mass change in: (i) opposing directions
(separation); (ii) the same direction but with brain changing faster than body
mass (AI and AD); (iii) as (ii) but with body changing faster than brain mass (DI
and DD). For closely related traits (e.g., brain and body mass), increased vs.
decreased separation mostly occurs on sister branches: When a trait indicates
a burst of change in one branch, the sister branch often indicates a smaller
opposite trend.
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primates and carnivorans, when both traits increase, the rate in body
mass change is much less pronounced in bats, although marginally
more variable than in brain mass (Fig. 4 and Table S2). The in-
dependent evolvability (i.e., deviations of brain or body mass
changes from allometry) of body mass relative to brain mass in bats
is thus higher when both are decreasing, leading to an overall pat-
tern of reductions in body mass driving variability in relative brain
size during phyletic dwarfing. For bats, a decrease in bodymass, with
everything else being equal, can lead to a decrease in physiological
costs of powered flight and results in increased maneuverability,
allowing bats to forage in cluttered space (26, 27). At the same time,
navigation and orientation in cluttered environments are sensori-
ally, and thus neurologically, relatively more demanding, preventing
bats fromequally high rates of brainmass reduction during dwarfing
(14, 28). Overall, bats thus indicate higher evolvability of increased
relative brain size (Fig. 4 indicates amore pronounced trend toward
DD vs. AD and toward AI vs. DI; detailed results are presented in
Table S2) compared with primates and carnivorans, a trend that is
reflected in their elevated allometric exponent (Fig. 1). It is in-
teresting to note in this context that in the larger nonecholocating
fruit bats, bodymass rates do tend to outpace brainmass rates when
both increase (Fig. S4), confirming the logical expectation that the
energetic constraints imposed by increasing body mass in aerial
species will be strongest in larger taxa (29).
Primates stand out compared with bats and carnivorans in that

they show the lowest degree of independent evolvability of body
mass relative to brain mass when both decrease (Fig. 5, DD sce-
nario). In fact, rates of change in brain mass marginally outpace
rates of change in body mass when both decrease (a more pro-
nounced trend toward AD vs. DD; Figs. 4 and 5; detailed results
are provided in Tables S2 and S4). In contrast, and as in carni-
vorans, body mass changes outpace brain mass when both increase
(Fig. 4 and Table S2). Variation in relative brain size is thus
inferred to be driven primarily by variation in brain mass during
phyletic dwarfing, but primarily by variation in body mass in line-
ages where overall size is increasing. It is important to note that
both a separate analysis of species with a terrestrial element of
locomotion (Fig. S5) and the exclusion of fossil taxa from the
original dataset (Fig. S5) result in a symmetrical pattern, where
changes in body mass outpace changes in brain mass when line-
ages increase in size (DI > AI) as well as when they decrease in
size (DD > AD). The relative constraint on the evolvability of
body mass in arboreal primates during phyletic dwarfing may
be the result of competitive exclusion (e.g., from birds) and of

fundamental biological adaptations to fill an arboreal niche at
a medium body size (30, 31), resulting in a lower barrier to body
mass reduction. There is some support for this suggestion from
a plot of lineage-specific rates against ancestral node values,
which suggests that lineages derived from ancestral taxa with
higher body mass values evolved with a higher variability of neg-
ative rates than lineages derived from ancestral taxa with lower
body mass values, for which negative rates were largely restricted
to lower values (Fig. S6). It should be noted, however, that an
earlier analysis of patterns of body mass change restricted to the
primate fossil record failed to detect any such trend (32). Alter-
natively, if phyletic dwarfing is a response to resource limitations,
it may be that the generally larger brain mass of primates leads to
a faster reduction in brain mass compared with other mammalian
orders because of the primate brains’ larger relative contribution
to species-specific metabolic rates. This constraint may be less
important in species with a terrestrial element of locomotion due
to the lower metabolic cost of horizontal compared with vertical
locomotion and the reduced need for climbing (33, 34).
As a group, carnivorans display high levels of independent

evolvability of bodymass relative to brain mass compared with bats
and primates (Fig. 4; comparison of homogeneity of variance:
carnivorans vs. bats, P < 0.0001; carnivorans vs. primates, P <
0.0001; and bats vs. primates, P= 0.212), corresponding to previous
studies demonstrating diverse encephalization allometries across
carnivorans (18). When both brain and body mass increase, car-
nivorans demonstrate significantly higher negative than positive
residuals relative to isometry (Fig. 5; detailed results are provided
in Table S4), and also demonstrate significantly higher negative
residuals than both primates and bats (Fig. 5, DI scenario), which
suggests a pronounced influence of body mass rates on the brain–
body relationship. In the case of phyletic dwarfing, rates of change
in brain and body mass are relatively balanced (although more
variable than in primates and bats). Phyletic changes in encephal-
ization thus appear to have evolved mainly through selection for
body size in cases of overall size increase. These general carnivoran
trends are also expressed in separate analyses of terrestrial and
arboreal carnivorans (Fig. S7 A, B, D, and E). In aquatic species
(Fig. S7 C and F), the influence of body mass change on the brain–
body relationship is more pronounced than in arboreal and ter-
restrial lineages, with sevenfold more lineages showing body size
selection than those demonstrating selection for brain size, and the
branch leading to elephant seals displaying a particularly strong
trend in this direction.However, brain evolution drives the signal in
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a few unusual aquatic carnivorans, specifically the walrus and the
river otter. These analyses are based on species averages for pin-
nipeds, but results were similar when males and females of this
sexually dimorphic group were analyzed. Pinnipeds are rarely in-
cluded in analyses of carnivoran brain evolution. This extensive
analysis suggests that the brain–body relationship in pinnipeds is
driven much more by body size evolution than in their terrestrial
and arboreal relatives, which may also reflect the extreme sexual
dimorphism in body size observed in some species (35). Our results
suggest that for most carnivorans, changes in relative brain size
reflect, in large part, body size evolution rather than selection for
neuronal capacity. It has been similarly suggested that changes in
body size may drive life history evolution in carnivorans (35, 36),
and the framework presented here will allow for rigorous testing of
this and other hypotheses concerning the mechanisms underlying
macroevolutionary trends.
Whether the inclusion of fossils adds valuable information to

macroevolutionary studies of brain and body size evolution or not
remains a moot point. Fossil specimens can add valuable in-
formation to reconstructions of phylogenetic relationships and
macroevolutionary patterns by providing primary data on the
tempo of evolution (37) and introducing chronological depth into
a sample, as well as an element of control of their accuracy; how-
ever, including fossils of uncertain phylogenetic affinity and age can
also be problematic. In addition, bodymass is difficult to infer from
fossils (38, 39). For example, three of the fossil specimens included
in our primate sample are clear outliers and exert a particularly
strong influence on the regression model for decreasing rates
(Parapithecus grangeri, brain rate:−3.10;Catopithecus browni, brain
rate: −3.05; and Chilecebus caracoensis, brain rate: −2.84). This

may reflect a systematic overestimation of body mass in extinct
species. Alternatively, there may be a fundamental difference in
the relationship between brain and body mass evolution in extinct
(or perhaps long extinct) species compared with extant species
(Fig. S6), particularly because relative brain size is reported to have
increased independently in different primate lineages through time
(40). If so, exclusion of fossil taxa may yield misleading recon-
structions of the evolutionary patterns and mechanisms leading to
the diversity observed in the modern biota. Exploration of these
potential issues is critical and deserves further analysis, and par-
ticularly more (and more accurate) fossil data.
In conclusion, we find that the magnitude and variance by which

either brain or body mass changes deviate from allometry differ
between orders and subgroups within orders, suggesting that the
relationship between brain and body mass is driven by different
mechanisms in different lineages. It is clear that comparative
correlations involving relative brain size cannot be interpreted as
selection on neuronal capacity alone. Relative brain size is the
compromise of two traits taking potentially different evolutionary
pathways involving different combinations of brain–body adapta-
tions. Hypotheses based on simple one-way tradeoff mechanisms
are unlikely to explain fully the evolution of relative brain size, and
the predominant use of relative brain size as a proxy for in-
telligence thus inherently masks the different possible evolutionary
pathways underlying adaptations in body mass. Traditional allo-
metric approaches, however, cannot provide information on the
mechanisms underlying species’ deviations from general allome-
tric trends. By comparing rates of evolution along individual
branches of a phylogenetic tree, our approach allows a more de-
tailed interpretation of all possible pathways underlying phenotype
coevolution, supplementing traditional allometric approaches.

Materials and Methods
Data. Brain andbodymass datawere collected for 293 extant bats, 4 fossil bats,
146 extant primates, 23 fossil primates, 162 extant carnivorans, and 25 fossil
carnivorans (Table S5). All data are species-level (mixed-sex). The bat phylog-
eny comes fromBininda-Emonds et al. (41); the primate phylogeny comes from
the 10k Trees Project (version 3) (42); and the carnivoran phylogeny is taken
from the study by Nyakatura and Bininda-Emonds (43), with fossil carnivorans
placed according to references in the study by Finarelli and Flynn (18). Polyt-
omies (the bat phylogeny was 79.7% resolved, the primate phylogeny was
98.6% resolved, and the carnivoran phylogeny was 98.0% resolved) were re-
solved randomly [using theAnalyses of Phylogenetics and Evolution R-package
(44)], and a branch length of 0.01 was assigned to the new branches. Primate
summary data on arboreality and terrestriality come from Rowe (45).

Inferring Branch-Specific Rates of Evolution. We used an APmodel to estimate
ratesofevolutionofbrainandbodymass foreachbranch inaphylogenetic tree.
AP models are preferable when modeling traits that are subject to multiple
selective pressures because they allow independent rate estimation for in-
dividual branches. This overcomes the problem of “inherited maladaptation”
(due to the averaging of inferred changes between sister branches) inherent to
more traditionally used Brownian motion-based methods (46). Moreover, the
AP model collapses into Brownian motion and Ornstein–Uhlenbeck models
under relevant conditions (47), and can therefore be considered more flexible
with less stringent data assumptions (25). We use the AP-based method of
independent evolution (IE) (25), which has been shown to estimate body sizes
of extinct primates more accurately than other methods. Because the IE al-
gorithm already includes a proportional distance metric between data points
(with equivalent properties to the log-scale), data are not logged before
analysis. The IEmethod infers positive rates for trait increase andnegative rates
for trait decrease, allowingmodeling of trait covariation as suggested in Fig. 2.
Rates can be interpreted as proportional changes over time and refer to the
(proportional) amount of change that has occurred along the entire length of
a branch. More information on AP vs. Brownian motion and Ornstein–Uhlen-
beckmodels of evolution and the use of the IEmethod can be found in SI Text,
Fig. S1, and Table S1.

Analysis. With rates of evolution of brain mass and body mass for individual
branches of a phylogenetic tree as our primary data, we calculated the slope
of two reduced major axis (RMA) regressions forced through the origin, once
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for all the branches falling in the upper right quadrant containing the AI and
DI processes and once for the branches falling in the lower left quadrant (DD
and AD; Fig. 2). The RMA slopes and 95% confidence intervals indicated
whether rates were biased toward acceleration (∞ > slope > 1) or de-
celeration (0 < slope < 1) of changes in brain mass relative to those in body
mass. Because the phylogenies used are not fully resolved for our samples,
we investigated whether resolving polytomies randomly affected our results
by repeating the RMA analyses 1,000 times, each time resolving polytomies
randomly (results are presented in Table S2). This analysis reveals that our
procedure to resolve polytomies randomly does not significantly alter our
results, due, in part, to the fact that our approach quantifies rates of evo-
lution along an entire branch rather than per unit of time for each branch
(the latter would necessarily lead to rate inflation for branches <1).

To quantify the level of independent evolutionary change between brain
and body mass rates further, we computed t tests (using Tukey’s honestly
significant difference to adjust P values for multiple comparisons) and
ANOVA on the major axis residuals relative to the isometric line in Fig. 2. This
procedure captures significant differences in the magnitude (t test) and vari-
ance (F-ratio test) of the deviation from allometry for each evolutionary sce-

nario. High magnitude and variance in residual values are interpreted as high
independent evolvability (high deviations from allometry), and lowmagnitude
and variance in residual values are interpreted as low independent evolvability
(low deviations from allometry). Tests were performed within and between
orders to provide a complete picture on putative phylogenetic specializations.

Model Accuracy and Incorporation of Fossil Values. To increase accuracy of
model predictions, we incorporated estimates for body and brain mass from
fossils (Table S5). Analyses were performed with and without the inclusion of
fossils to test the reliability of model predictions. Overall results did not
differ significantly between the fossil and extant models, with a few
exceptions described in the main text, because the extant model provided an
accurate range for fossil values, further demonstrating the accuracy of the
AP-based method and the robustness of the results.
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