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A variety of lines of evidence support the idea that neutral evolutionary
processes (genetic drift, mutation) have been important in generating cranial
differences between Neandertals and modern humans. But how do Neandertals
and modern humans compare with other species? And how do these compari-
sons illuminate the evolutionary processes underlying cranial diversification?
To address these questions, we used 27 standard cranial measurements collected
on 2524 recent modern humans, 20 Neandertals and 237 common chimpan-
zees to estimate split times between Neandertals and modern humans, and
between Pan troglodytes verus and two other subspecies of common chimpanzee.
Consistent with a neutral divergence, the Neandertal versus modern human
split-time estimates based on cranial measurements are similar to those based
on DNA sequences. By contrast, the common chimpanzee cranial estimates
are much lower than DNA-sequence estimates. Apparently, cranial evolution
has been unconstrained in Neandertals and modern humans compared with
common chimpanzees. Based on these and additional analyses, it appears
that cranial differentiation in common chimpanzees has been restricted by stabi-
lizing natural selection. Alternatively, this restriction could be due to genetic
and/or developmental constraints on the amount of within-group variance
(relative to effective population size) available for genetic drift to act on.

1. Introduction

Neandertals are especially important for understanding human evolution,
because, along with ‘Denisovans’, they are the closest relatives of our own,
modern human,! evolutionary lineage [1,2]. “Classic’ Neandertals appear in
the fossil record at approximately 130 ka and persist until approximately
40 ka [3-5]. While on present data the Neandertal geographical range appears
to have been centred in Europe, it extended as far south as Israel and east
as southern Siberia [4,6]. Modern humans were initially present in Africa
[7-11], or just outside, but they began to populate the rest of the world
during 60-45 ka [12,13]. The Neandertal and modern human evolutionary
lineages diverged at approximately 500 ka [2,4,14-19], with subsequent limited
gene flow between them when modern humans encountered Neandertals
during their expansion from Africa [2,14,20].

A variety of lines of evidence support the idea that neutral evolutionary proces-
ses® have been important in generating cranial differences between Neandertals
and modern humans [21,22]. On the one hand, statistical tests based on theore-
tical predictions from quantitative and population genetics fail to detect
deviations from neutrality for cranial differences between Neandertals and
modern humans [23]; and cranial divergence between Neandertals and
modern humans appears to have followed a sort of ‘morphological clock” ana-
logous to the ‘molecular clock’ [17]. These findings build on pioneering work
that showed patterns of cranial differentiation among recent modern human
groups were consistent with neutral divergence [24,25]. On the other hand,
detailed functional analyses fail to support adaptive hypotheses such as
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Figure 1. Cranial measurements. The approximate locations of the 27 cranial measurements used in the analyses (defined in electronic supplementary material,
table S1) superimposed as dark grey lines on lateral, anterior and inferior views of a human cranium. Note that when the endpoints of a measurement are not

visible, the line is projected into a plane situated in front of the cranium.

climatic adaptation [26] and anterior dental loading (‘teeth as
tools’) [27,28] for Neandertal cranial morphology. Finally, the
piecemeal appearance of Neandertal features documented by
the fossil record [4,29,30] seems more consistent with
neutrality than with existing adaptive hypotheses.

But how do Neandertals and modern humans compare with
other species? And how do these comparisons illuminate the
evolutionary processes underlying cranial diversification?
We would like to know if neutral evolutionary processes
played a more important role in the cranial diversification of
Neandertals and modern humans than they did in the cranial
diversification of other taxa.

Common chimpanzees (Pan troglodytes) provide a useful
starting point for placing the Neandertal and modern
human results in a broader comparative context, because,
along with bonobos (P. paniscus), they are the extant species
most closely related to humans. Of particular interest are
comparisons of the western subspecies of common chimpan-
zee (P. t. verus) with the central (P. t. troglodytes) and eastern
(P. t. schweinfurthii) subspecies, because the lineage leading to
the western subspecies split from the lineages leading to the
other two subspecies about the same time that the lineages
leading to Neandertals and modern humans split from each
other [14,15,31-33]. Holding split time constant leads to
more straightforward comparisons, because multiple studies
have documented an inverse relationship between the rate of
morphological divergence and split time [34-39].

Here, we use morphological split-time estimates and analyses
of the amount of mutational variance required to produce
between- and within-group patterns of morphological variation
to assess the relative importance of neutral evolutionary process
and natural selection in shaping patterns of cranial variation in
Neandertals, modern humans and common chimpanzees.

2. Material and methods
(a) Data

We base our analyses on 27 standard cranial measurements
(figure 1; electronic supplementary material, table S1) collected
on 2524 recent modern humans, 20 Neandertals and 237
common chimpanzees. The measurements were collected on the
actual specimens with callipers. The recent modern humans
come from 30 globally distributed groups, and the common chim-
panzees come from three subspecies (electronic supplementary
material, table S2). Owing to the fragmentary nature of fossil speci-
mens, the Neandertal sample contains missing data, but we only

Table 1. Parameter values for split-time calculations.

heritability mutation generation

length (g)

(h) constant (m)

0.37 120 x 10°* 25 years

use this sample to estimate the Neandertal mean for each measure-
ment. Additional details about the Homo sample [23,40-42], Pan
sample [43], measurements [40,43] and the treatment of missing
data [23] can be found elsewhere.

(b) Split-time analyses

If the morphological measurements of two groups have diverged
neutrally (by genetic drift and mutation alone), then PTp, a mor-
phological split-time estimator, is expected to be equal to how
many generations in the past the groups shared a common ancestor
[17] (electronic supplementary material, appendix Al). We calcu-
lated PTp for the split between Neandertals and modern
humans, and between the western subspecies and the central and
eastern subspecies of common chimpanzee, assuming mutation
drift equilibrium (balance between the addition of variation by
mutation and removal of variation by genetic drift; Vo= (V4 +
V,)/2 in equation (1.1) of electronic supplementary material,
appendix A1) or no additive genetic variance in the last common
ancestor (Vo =0 in equation (1.1) of electronic supplementary
material, appendix Al). The former assumption gives a minimum
estimate unless there was a decline in effective population size; the
latter gives a maximum estimate [17,44,45].

For each split, we calculated PTp, along each of the 27 eigenvec-
tors of the human within-group variance—covariance matrix,
taking the mean as a point estimate and resampling with replace-
ment 10000 times from the individual estimates to produce
bootstrap confidence limits [17]. We added 25000 years to each
Neandertal versus modern human split-time estimate to account
for the fact (averaging dates) that Neandertals lived approximately
50000 years ago [17]. For consistency with Weaver et al.’s [17]
analyses, we used the same values for the (narrow-sense) herit-
ability, mutation constant and generation length (table 1) for our
PTp calculations. Heritability allows within-group morphological
variances to be converted into within-group additive genetic var-
iances; the mutation constant and heritability allow within-group
morphological variances to be converted into mutational var-
iances; and generation length allows split times in generations to
be converted into split times in years (see electronic supplementary
material, appendix A3 for a numerical example).

Weaver et al. [17] used patterns of DNA sequence and cranial
variation in recent modern human groups to estimate the heritabil-
ity and mutation constant values. More specifically, this previous
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Table 2. Assumed parameter ranges for mutational variance analyses.

parameter range sources

heritability (h?) (0.3, 0.6) [25,46,47]

generation length (g) (25, 30) [15,48]

human among-region (0.10, 0.15) [49,50]
differentiation (Fs7)

common chimpanzee among (0.20, 0.25) [32,49]
subspecies differentiation (Fsy)

Neandertal versus modern human (270 000, [14,15]
split time (,) 790 000)

western versus other common (420 000, [31-33]
chimpanzee split time (z,) 850 000)

human effective population (4000, [31,51,52]
size () 17.000)

common chimpanzee effective (21 000, [31,53]
population size (V) 62 000)

study used two ‘known’ reference points: the split time between
sub-Saharan African and other recent modern human populations,
and the effective population size for sub-Saharan African popu-
lations, picking values for heritability and the mutation constant
that made the morphological estimates of these reference points
match those from microsatellite (short-tandem repeat) markers.
We explore potential variation in these, and other parameters in
additional, mutational variance analyses. We performed all of
the split-time analyses in MaTLAB (Mathworks).

() Mutational variance analyses
If assumptions are made about the split time between two
groups and generation length (table 2), then it is possible to
calculate the mutational variance required, if the measurements
diverged neutrally, to produce the observed morphological
divergence (equation (2.2) of electronic supplementary material,
appendix A2). Similarly, if assumptions are made about herit-
ability, effective population size of the two groups (considered
together) and among-region differentiation (Fsr) (table 2), then
it is possible to calculate the mutational variance required, if
the measurements evolved neutrally, to produce the observed
within-group morphological variance (equation (2.5) of elec-
tronic supplementary material, appendix A2). Under neutrality,
these two mutational variance estimates should match, because
both between- and within-group patterns of variation are
expected to depend on the same mutation constant [54-56].
For consistency with the PTp, calculations, we conducted the
split-time mutational variance analyses in the space of the eigen-
vectors of the human within-group variance—covariance matrix;
the results are similar if the common chimpanzee within-subspecies
variance—covariance matrix is used instead. The results of the
within-group mutational variance analyses are identical regardless
of whether the calculations are done in the space of the original vari-
ables, the eigenvectors of the human within-group variance—
covariance matrix or the eigenvectors of the common chimpanzee
within-group variance—covariance matrix. We performed all of the
mutational variance analyses in MATLAB.

3. Results

Morphological split-time estimates for Neandertals versus
modern humans based on 27 measurements—281 or

405 ka—are slightly lower than (but similar to) those based [ 3 |

on 37 measurements—311 or 435 ka (table 3) [17]. By contrast,
analogous estimates for western versus central common
chimpanzees—16 or 140 ka—or western versus eastern
common chimpanzees—26 or 151 ka—are much lower
(table 3). Evidence from DNA sequences indicates that all
three of these splits occurred at approximately 500 ka
[2,14,15,31-33] (table 3), so the morphological estimates for
Homo correspond, at least broadly, with DNA sequence esti-
mates, whereas those for Pan are too young (figure 2). Using
a shorter generation length for common chimpanzees would
only increase the contrast between Homo and Pan by lowering
the common chimpanzee split-time estimates.

Under neutrality and mutation drift equilibrium, the rate of
morphological divergence will not depend on effective popu-
lation size. Changes in effective population size will impact the
rate, but PTp can account for some such changes, as long as
the divergence was neutral. Roughly, if the average effective
population size of the daughter groups is larger than the effec-
tive population size of the ancestral group, the actual split time
will be in between the mutation drift equilibrium (lower) and
Vo =0 (higher) estimates; if the effective population sizes at
both time points are roughly the same, the mutation drift equili-
brium estimate will be close to the actual split time; and if the
average effective population size of the daughter groups is
smaller than the effective population size of the ancestral group,
even the mutation drift equilibrium estimate will be too high.

Based on these considerations and estimates of the effective
population sizes of common chimpanzees, Neandertals,
modern humans and their ancestors [2,31], the most appropriate
model for the splits between the western and central subspecies
of common chimpanzee, and between Neandertals and modern
humans, appear to be somewhere in between the mutation drift
equilibrium and V= 0 models. That is, if the divergence was
neutral, the mutation drift equilibrium and Vi, =0 estimates
would be expected to bracket the actual split time. For the split
between the western and eastern subspecies of common chim-
panzee, it appears that a small effective population size in the
western subspecies is not compensated for by a large effective
population size in the eastern subspecies, resulting in a
reduction, on average, in effective population size relative to
the last common ancestor of common chimpanzees [31]. In
this case, even the mutation drift equilibrium estimate would
be expected to be too high under neutrality.

All of these split-time estimates, however, depend on
assumptions about mutation; in this case, how much additive
genetic variance is introduced by mutation per zygote per
generation (mutational variance, which depends on the
values of the mutation constant and heritability). Therefore,
to investigate potential variation in these and other parameters,
we performed analyses of the mutational variance required to
explain between- and within-group patterns of variation, given
a range of possible parameter values (table 2). As expected
based on the young common chimpanzee morphological
split-time estimates, the mutational variance required, if the
measurements diverged neutrally, to produce the observed
morphological divergence is lower for common chimpanzees
than for Neandertals and modern humans (figure 3). In other
words, to be consistent with neutral morphological divergence,
the mutational input in common chimpanzees would need to
be lower than in Neandertals and modern humans, because
less morphological divergence occurred in roughly the same
amount of time.
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Figure 2. Split-time estimate distributions. (a) Neandertal versus modern human. (b) Pan troglodytes verus versus other subspecies. In both panels, the solid curve
summarizes the distribution of the split-time estimates along each of the 27 eigenvectors of the human within-group variance — covariance matrix, and the dashed
curve gives the expected distribution under neutrality, if the split occurred at 500 ka. The y-axis (density) is scaled so that each curve integrates to one.
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Figure 3. Mutational variances consistent with between-group divergence and within-group variation. The black bars give the range of average mutational variance
values consistent with between-group divergence in cranial form and the generation length and split-time ranges given in table 2. The grey bars give the range of
average mutation variance values consistent with within-group variation in cranial form and the heritability, among-region differentiation (Fs;), and effective

population size ranges given in table 2.

Table 3. Split-time estimates.

Neandertal versus western versus central
assumption modern human common chimpanzee
mutation drift equilibrium 281% (181, 400)b 16 (9, 24)
no initial within-group variance (/, = 0) 405 (304, 522) 140 (133, 148)

molecular estimates
®All estimates are in thousands of years before the present (ka).
bParentheses contain bootstrap 95% confidence limits.
‘References [14,15].

dReferences [31-33].

270-790°  40-850"

26 (11, 47)
151 (135, 171)
420-850°

western versus eastern
common chimpanzee
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Figure 4. Combinations of effective population size and split time consistent with patterns of cranial variation, neutral cranial evolution and DNA sequence esti-
mates. (a) Neandertal versus modern human divergence and within-human variation. (b) Pan troglodytes verus versus other subspecies divergence and within
common chimpanzee variation. The shaded area encompasses the space of consistent parameter combinations. The axes span the split time and effective population

size ranges given in table 2.

Table 4. Effective population sizes and split times consistent with
between-group divergence and within-group variation.

effective population split time
taxa analysed size (N,) (t,)
Neandertals and (4000, 13 000)° (270 000,
modern humans® 790 000)
common chimpanzees* (50 000, 62 000) (420 000,
525 000)

*Calculations assume g = 25, Fs; = 0.10 and h? = (03, 0.6).
PEffective population size is for modern humans only.
‘Calculations assume g = 25, Fsy = 0.20 and h? = (03, 0.6).

The ranges of mutational variance values consistent with
neutrality and within-group morphological variation for
common chimpanzees overlap with those for modern
humans, but the lower end of the common chimpanzee
range is lower and the higher end of the human range is
higher (figure 3). For both Homo and Pan, the between-
group and within-group mutational variance ranges overlap
(figure 3), which is consistent with both aspects of variation
being shaped by neutral evolutionary processes.

Assuming a generation length of 25 years and the mini-
mum Fgr given in table 2, the modern human effective
population size would have to be on the lower end of DNA
sequence estimates for patterns of morphological variation
in Neandertals and modern humans to be consistent with
neutrality (table 4 and figure 4a); for common chimpanzees,
effective population sizes on the higher end and split times
on the lower end of DNA sequence estimates would be
needed (table 4 and figure 4b).

4. Discussion and conclusion

Both the split-time (table 3) and mutational variance (figure 3)
analyses demonstrate that cranial divergence was accelerated
in Neandertals and modern humans relative to common

chimpanzees. Furthermore, the correspondence between the
cranial and DNA sequence split-time estimates for Neandertals
versus modern humans is consistent with neutral divergence
along the evolutionary lineages leading to these two groups.
Importantly, directional natural selection may still have shifted
both Neandertal and modern human cranial form relative to
their last common ancestor’s morphology (e.g. parallel
increases in brain size relative to body size), because these
shifts would maintain similarity between the two lineages,
and our analyses focus on differences [17].

Harvati et al’s [57] investigation of cranial variation in
Neandertals, modern humans, African apes and Old World
monkeys is one of the only other studies to compare morpho-
logical divergence in Neandertals and modern humans with
morphological divergence in common chimpanzees. They
found that Mahalanobis squared distances calculated from
three-dimensional coordinate data were greater between
Neandertals and modern humans than between the western
subspecies and either the central or the eastern subspecies
of common chimpanzee, which is consistent with accelerated
cranial divergence in Neandertals and modern humans com-
pared with common chimpanzees. With neutral divergence
at mutation drift equilibrium, Mahalanobis squared distances
are expected to be proportional to split times [38], but they
would need to be calibrated in some way to make quantitat-
ive comparisons, as was done here, with split times from
DNA sequences.

Using a dataset overlapping with this study, Weaver [43]
found that while Fgr estimates from cranial measurements
and DNA sequences were similar for recent modern humans,
the cranial estimates were lower than the DNA sequence
estimates for common chimpanzees and bonobos. Fsr
measures the degree of departure of two or more groups
from a single randomly mating group, with smaller values
indicating less differentiation between the groups. The close
match of the cranial and DNA sequence Fgr estimates in
modern humans is consistent with neutral cranial divergence,
and if morphological divergence in humans was neutral, then
it follows that there have been constraints on cranial divergence
in chimpanzees [43].
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Results of this study and those of Harvati ef al. [57] and
Weaver [43], taken together, support the idea that stabilizing
natural selection has acted more strongly on the common chim-
panzee cranium than on Neandertal and modern human
crania [58]. It may be that stabilizing selection was stronger
in Pan than in Homo because culture (i.e. technology) buffered
Homo, at least to a certain extent, from selection on cranial form
[38,58,59]. Consistent with this idea, morphological divergence
appears to have been constrained by stabilizing selection
in a variety of mammalian taxa (including among great ape
species) [38]. Nevertheless, based solely on the overlap of
the between-group and within-group mutational variance
ranges (figure 3), both the common chimpanzee and the
Neandertal and modern human patterns of variation are
consistent with neutrality. With neutral cranial evolution for
both Homo and Pan, the accelerated cranial divergence in
Neandertals and modern humans would be the result of
more within-group variance (relative to effective population
size) available for genetic drift to act on, perhaps because
of stronger genetic and/or developmental constraints in
common chimpanzees [43,58]. Both the ‘selection-limited’
and ‘variation-limited’ [43] explanations are consistent with
the mutational variance results, in part, because we currently
have fairly imprecise split time and effective population size
estimates. As more DNA sequence data become available,
the split time and effective population size ranges estima-
ted from these data should contract, making it possible to
more definitely distinguish between selection-limited and
variation-limited explanations for the different rates of cranial
divergence in Neandertals and modern humans in comparison
with common chimpanzees.
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