SEE CORRECTION FOR THIS ARTICLE

Martin Garwicz®', Maria Christensson?, and Elia Psouni®-<

Lo L

P

2N

The onset of walking is a fundamental milestone in motor devel-
opment of humans and other mammals, yet little is known about
what factors determine its timing. Hoofed animals start walking
within hours after birth, rodents and small carnivores require days
or weeks, and nonhuman primates take months and humans
approximately a year to achieve this locomotor skill. Here we show
that a key to the explanation for these differences is that time to
the onset of walking counts from conception and not from birth,
indicating that mechanisms underlying motor development con-
stitute a functional continuum from pre- to postnatal life. In a
multiple-regression model encompassing 24 species representative
of 11 extant orders of placental mammals that habitually walk on
the ground, including humans, adult brain mass accounted for 94%
of variance in time to walking onset postconception. A dichoto-
mous variable reflecting species differences in functional limb
anatomy accounted for another 3.8% of variance. The model
predicted the timing of walking onset in humans with high accu-
racy, showing that this milestone in human motor development
occurs no later than expected given the mass of the adult human
brain, which in turn reflects the duration of its ontogenetic devel-
opment. The timing of motor development appears to be highly
conserved in mammalian evolution as the ancestors of some of the
species in the sample presented here diverged in phylogenesis as
long as 100 million years ago. Fundamental patterns of early
human life history may therefore have evolved before the evolu-
tion of primates.

brain | development | locomotion | evolution | life history

Translating developmental timescales between mammals is a
complex issue of wide biological interest, with implications
for the interpretation of research data from animal models of
human development (1, 2) and, potentially, for the understand-
ing of the evolution of human life history (3-5). The complexity
lies partly in the vast interspecies differences in the timing of
fundamental developmental milestones, such as walking onset,
and in that the mechanisms determining the timing of such
milestones are poorly understood (6-9). Humans appear to
differ from other walking mammals, including other primates,
with respect to a number of factors of potential relevance for
locomotor development. The most important, perhaps, are that
humans have a bipedal gait (10), a large brain relative to body
mass (11, 12), a high rate of postnatal brain growth (13), and a
protracted postnatal period during which adaptive neuronal
mechanisms may operate (8). It is often argued that, taken
together, these factors render the time course of human loco-
motor development qualitatively different from that of other
mammals (14). Here we challenge this notion and test the
hypothesis that, with regard to walking onset, differences be-
tween humans and other mammals are in fact quantitative and
hence in essence predictable.

In ontogenetic terms, the most straightforward explanation for
interspecies differences in timing of walking onset would be that
they reflect different time courses of brain development in
general and of maturation of motor systems in particular. In
support of this notion, recent studies indicate that the relative
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time courses of motor development in two mammalian species
may be very closely related to the relative time courses of their
cerebellar development (15, 16). Because the brains of different
mammals appear to develop at similar rates (17), it may be
assumed that the time during which the brain develops in a given
species will be reflected in its adult brain mass. Indeed, adult
brain mass and also body mass have been proposed as important
determinants of mammalian life history (18, 19), although this
hypothesis is not uncontroversial (19). These variables are
therefore “prime candidates” as predictors for the timing of
walking onset.

To test our hypothesis we have evaluated and present here a
multiple-regression model that encompasses data from 24 spe-
cies representative of a wide taxonomic range of placental
mammals (20, 21), including humans (Fig. 1; Table S1). Contrary
to convention, but in accordance with indications that prenatal
and postnatal motor developmental processes represent a func-
tional continuum (22, 23), we measured time to walking onset
from the point of conception and not from birth. In view of their
potential relevance for motor development, but also for life
history, we considered neonatal brain mass, gestation time, brain
advancement at birth, and relative adult brain mass as contin-
uous independent variables in addition to adult brain mass and
body mass (5, 6, 18, 19, 24, 25). Two dichotomous independent
variables were also included. One reflects maturity at birth,
categorizing species as precocial or altricial, and has been proven
useful in previous theories for variation in the timing of general
development in mammals (23, 24). The other reflects limb
biomechanics and is therefore of potential importance for motor
development in particular. It categorizes species on the basis of
whether they can or cannot assume a plantigrade standing
position of the hindlimb (lower extremity in humans), i.e., stand
on the full length of their hind foot including tarsal and
metatarsal bones (26). All data were obtained from the literature
(see Table S2).

Results

In a first round of analysis, we examined the individual relation-
ships between each of the continuous variables and time to
walking onset. Fig. 2 shows linear regressions of walking onset on
each of the individual continuous variables alone. Fig. 3 shows
the extent to which residuals deviated from the mean for the first
three variables in Fig. 2. Absolute brain mass accounted for 94%
of variance in time to walking onset and residuals of all individual
species were distributed within 1.5 SD from the mean. Neonatal
brain mass and gestation time accounted for as much variance as
adult brain mass for the sample as a whole, but the residuals of
humans for these two variables were conspicuous by their
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Fig. 1. The phylogenetic relatedness of species in the present sample
illustrated by a chronogram based on divergence time estimates from phy-
logenomic analysis (48) complemented with mitogenomic analysis (49).

deviation from the mean, by >2.5 SD and >3.0 SD, respectively
(Fig. 3). Body mass, brain advancement at birth, and relative
brain mass produced progressively lower R?-values, again with
humans as an outlier (Fig. 2). Following humans, the three
nonhuman primates in our sample had the highest positive
residuals with regard to body mass and relative brain mass. One
reason could be that humans, and other primates to a varying
degree, display a retardation in early postnatal body growth in
comparison to other mammals (27), resulting in a lower than
expected adult body mass. In support of this explanation, the
relative size of positive residuals for humans, chimpanzee,
macaque, and gorilla (from high to low values) replicated exactly
the relative order from lowest to highest values of body growth
constants for these four species (28), despite the overall simi-
larity in body growth rates among the great apes (29).

In view of the debate concerning the roles of adult brain mass
and body mass as potential determinants of mammalian life
history (19), it should be noted that the partial correlation
between adult brain mass and timing of walking onset was still
highly significant when we controlled for body mass in the
present sample (original 74y = 0.97, P < 0.0001, rpariar = 0.83,
P < 0.0001). On the contrary, when controlling for adult brain
mass, the correlation between body mass and timing of walking
onset was reduced to nonsignificance (original 724y = 0.91, P <
0.0001, rpartar = —0.33, P = 0.13).

Colinearity analysis carried out as a first step toward a
multiple-regression model for the prediction of timing of walking
onset eliminated neonatal brain mass and body mass from the set
of independent variables (tolerance set at a lenient 0.01 limit was
exceeded). The remaining six variables (adult brain mass, ges-
tation time, brain advancement at birth, relative brain mass,
maturity at birth, and hindlimb standing position) were entered
by using the stepwise method in a multiple regression with time
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Fig.2. Continuousindependentvariables considered as predictors of time to
walking onset. Time to walking onset, log(WO), is shown as a function of
absolute adult brain mass, log(AbsBrM), neonatal brain mass, log(NeoBrM),
gestation time, log(Gest), adult body mass, log(BoM), brain advancement at
birth (neonatal brain mass/adult brain mass), log(BrAdv), and adult relative
brain mass (adult brain mass/body mass), log(RelBrM). PC, postconception; g,
grams; d, days. Sample is shown as in Tables S1 and S2. Double circle, humans;
dotted circles (in BoM and RelBrM), nonhuman primates; solid lines, model I
linear regression (reduced major axis) on all species. R? and P values for linear
regressions are given in diagrams.

to walking onset as an independent variable. Three variables
individually accounted each for >1% of variance in time to
walking onset postconception: adult brain mass (94%), hindlimb
standing position (3.9%), and gestation time (1.2%). In a model
selection procedure (30), in effect weighing the contribution to
the variance in time to walking onset accounted for by the
individual variables against the principle of parsimony, the
three-variable model was discarded in favor of a two-variable
model that excluded gestation time. (Note also that it is difficult
to interpret the biological significance of gestation time as a
model variable given that a key to the translatability of motor
developmental time courses between mammals was to actually
disregard the timing of birth and hence gestation time; see Fig.
S1.) The two-variable model, illustrated in Fig. 4, was highly
significant (adj R*> = 0.978, F223) = 504.3, P < 0.0001). The
model equation was

log(WO) = 0.407 X log(AbsBrM) + 0.206 x HSP + 1.350,

where WO is time to walking onset in days postconception,
AbsBrM is absolute adult brain mass in grams, and HSP is an
indicator with the value 1 or 0 for species that can or cannot,
respectively, assume a plantigrade hindlimb standing position
(Table S2).
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Fig. 3. Residuals from regression analyses in Fig. 2. (Upper) Absolute values

of residuals as a function of, from left to right, absolute adult brain mass,
log(AbsBrM), neonatal brain mass, log(NeoBrM), and gestation time, log-
(Gest). (Lower) Based on the same data as Upper, but with means and 1.0 SD
indicated by horizontal longer dashed lines and shorter solid lines, respec-
tively. Data points from humans are indicated by arrows in all diagrams.

The predictive accuracy of the model above was evaluated by
using an iterative leave-one-out procedure, i.e., for each given
species calculating walking onset from adult brain mass and
hindlimb standing position on the basis of data from all other
species. The prediction error was calculated for each species as

predicted — actual

Prediction error = 100 X
actual

On the basis of the other 23 species, our model predicted walking
onset in humans with an error of ~10%, which was just below the
mean error in predictions made for all individual species in the
sample. In absolute terms, the age predicted by the model was ~2
months more than the actual mean age, a modest error compared
to the normal range of 9-17 postnatal months for walking onset
in humans (Table S2).

Discussion

Our findings demonstrate that in a sample representative of a
wide range of mammals, adult brain mass accounts for a
remarkably large amount of variance in time to walking onset.
Because brains of different mammals develop at similar rates
(17), adult brain mass may be assumed to reflect the time during
which the brain has developed. Therefore, although we have not
measured time courses of brain development, our model in
essence tests and supports the hypothesis that brain development
determines the timing of walking onset.

The identification of this proximate cause, pertaining to the
ontogenetic level of analysis, does not challenge the possibility of an
ultimate cause for the pace of motor development, pertaining to the
evolutionary level of analysis. These levels of explanation are in fact
complementary, capturing the different perspectives of different
research fields (31, 32). Whereas a functional biologist would regard
the pace of brain development as a causal factor for the pace of
motor development, an evolutionary biologist might instead regard
it as a product of selection on the age at motor maturity, reflecting
an evolutionary adaptation to juvenile mortality rates (33, 34).
Because slow development implies an extended period of noninde-
pendence and vulnerability to predators and intraspecific compe-
tition, selection will always favor rapid development, particularly
during stages associated with high mortality. A longer time to motor
maturity must therefore be considered the price paid for some other
evolutionarily more advantageous feature, such as a large complex
brain (33, 34). Ontogenetically, the long time necessary for the
development of a large brain requires parental care and would
therefore not have been possible in species such as lizards, turtles,
and most invertebrates.

The notion that adult brain mass and, by association, brain
development are a major determinant of walking onset in a
wide range of mammals is not unexpected, because adult brain
mass has been proposed to be a key determinant of mammalian
life history (18, 19). It has also been suggested that the slow
postnatal human development is due to “secondary altricial-
ity,” a consequence of the evolution of the large human brain
(35). What is surprising in view of the literature on human life
history (3-5, 13) and motor development (7, 8), however, is the
degree to which walking onset in humans is quantitatively
predictable from the corresponding milestone in other mam-
mals. In more general terms, our findings indicate that time-
scales of behavioral development are translatable across mam-
malian species independently of previous classifications
associated with differences in developmental timing. Indepen-
dently of whether species are born precocial or altricial (23,
24), whether they have slow or fast life histories (19, 36), or
how they lie along the r—K continuum (describing the extent to
which species are subject to density-independent vs. density-
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Gorilla ~® o standing position as predictors of time to walking

Chimpanzee\;o 0 — Camel onset. (Left) Time to walking onset, log(WO), as a

%\.) 2.5+ B Aar'c\i/lvaa?:qji\ COW\Sg ~ Horse function of absolute adult brain mass, log(AbsBriv),
o Armadillo ® O \\Hippopotamus and hindlimb standing position. Solid symbols and
T Guineapig @ o Q ~ “Elk solid regression line represent species that can assume
B 2.0 b Tree shrew _ | o \ S>1eeChlta| a plantigrade hindlimb standing position; open sym-
g Elephant shrew 0.0 C\at Dog P bols and dashed regression line represent species that
= Mouse\ L4 e \ Ferret cannot assume a plantigrade hindlimb standing posi-
8 1.5 b ® o ~ Hedgehog tion (Table S2). Analysis of variance with covariance
y Ha>nster (ANCOVA) confirmed the overall robust main effect of

adult brain mass as a covariate (F(1,29) = 820.51, P <

1.0 T T T T 1 T T T T T T T T T 1 0.0001, n2 = 0.97) and revealed a main effect of hind-

-1 01 2 3 4-10 -05 00 05 10 15 20 25 30 35 40 |imp standing position as a grouping variable (F(1,24) =
log(AbsBrM) g log(AbsBrM) g 40.39, P < 0.0001, n? = 0.66). For the full model equa-

tion derived from multiple-regression analysis, R values, and P values, see main text. The 95% confidence interval for R2 was 0.95-0.99. (Right) The same as the
Left panel, but with species indicated next to each data point for clarity. The Pearson correlation coefficient was 0.97 (two-tailed P < 0.0001; cf. Fig. S3). Axis
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dependent mortality; cf. refs. 19 and 35), they can be fitted into
a relatively simple model accounting for a large proportion of
the variance in the time to walking onset.

The ontogenetic regularity in behavioral development across
species (37) strongly emphasized by our findings indicates that
walking onset has a specific neural basis that is similar across
mammals (6, 38) and functional at a similar relative time point
in their development. This would certainly be in line with the
striking regularities across mammalian species with respect to
brain morphogenesis (39) and neurogenesis (1, 2, 40) and
ultimately with the substantial homologies between mammalian
genomes (41). Indeed, the developmental similarities between
different mammalian brains (17, 18) suggest that the key change
underlying their variation may have a relatively restricted genetic
basis (41), such as regulating the number of rounds of symmet-
rical mitotic divisions during early brain growth (42-44).

Conspicuously, brain development does not appear to be the
only factor that determines the ontogenetic timing of walking
onset. Species that cannot assume a plantigrade hindlimb stand-
ing position appear to systematically start walking at a relatively
earlier stage compared to species that can assume this position.
There are general biomechanical differences between planti-
grade and nonplantigrade hindlimbs (45), regardless of whether
or not a given species that can assume a plantigrade hindlimb
standing position actually walks or runs in a plantigrade fashion.
These differences pertain to the relative length of the hind foot
(26), but also to the mobility of the limb and, therefore, to its
biomechanical degrees of freedom (45). It is possible that for
adequate motor control, the smaller range of possible move-
ments in hindlimbs that cannot assume a plantigrade standing
position requires learning or adaptation of fewer muscle syner-
gies in the course of ontogenetic development. If that is the case,
a given level of motor performance should hypothetically take
relatively less time to achieve in species with such hindlimbs.
Note also that the plantigrade standing position of the hindlimb
is closer to the primitive mammalian pattern (26), as indicated
also by the pentadactyly (five digits) of the hind foot displayed
by all species in this group (21). Their relative position on the
evolutionary timescale suggests that in cursorial species (46),
characterized by hindlimbs that cannot assume a plantigrade
standing position, adaptations of motor control for fast running
are associated with a systematic shift toward an ontogenetically
earlier walking onset.

The multiple-regression model presented here concerns specif-
ically the timing of walking onset, which—although a fundamental
milestone in ontogenetic development—has not been commonly
used in analyses of life history variation in mammals. Any impli-
cations of our findings for life history variation among mammals in
general and for human life history in particular should therefore be
stated with caution. Our findings do suggest, nevertheless, that a
strong link between the timing of brain development and the timing
of motor development may constitute the basis for a fundamental
ontogenetic pattern of early life history shared by a wide range of
placental mammals, some of which diverged in phylogenesis as long
as 100 million years ago. This pattern, which therefore may be
traced back before the evolution of primates, appears to be recog-
nizable also in humans despite the fact that humans differ from
other mammals in so many respects.
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Materials and Methods

To ensure a wide taxonomic range and taxonomic independence between the
individual species (20), the sample was drawn from 19 families in 11 orders (15
suborders) of mammals and encompassed no more than 1 species from any given
genus; the 24 species in the sample represented 24 genera (21). These 11 orders
constitute a high proportion of a total of 14 extant orders of placental mammals
that habitually walk on the ground and that were therefore relevant to the
present study. Several other orders were not of immediate relevance because
they are (mainly or entirely) aquatic (Cetacea, Sirenia), arboreal (Dermoptera,
many species of the Pilosa), or flying (Chiroptera) or have a half-bound gait
(Lagomorpha), whereas only Pholidota, Soricomorha, and Afrosoricida were not
represented as we could not find the necessary data. The cape/rock hyrax,
Procavia capensis, a representative of the Hyracoidea, has been previously
pointed out as an extreme outlier with respect to brain growth in relation to
gestation time (18) and was therefore not suitable for our model.

The model was approximately balanced among the four orders representing
large numbers (>200) of species: Rodentia, Carnivora, Primates, and Artiodactyla, in
addition to a series of single representatives of orders with relatively few (<20)
species (Table S1). Primates were approximately matched for brain mass by ungu-
lates; camel and elephant, having the largest and second largest brains among
unguligrade mammals, together were the closest possible approximation of size
match to the human brain. For Rodentia, Carnivora, and Primates, the selection of
species was in essence random, but limited by the availability of reliable published
data on walking onset. Species representing these three orders were those com-
monly used in fundamental biological and applied biomedical research, toxicology,
and primatology (Table S2) (2, 47). Notably, adding more species that start walking
briefly after birth, from orders already represented in the sample, would disturb the
balance of the sample with regard to phylogenetic relatedness between species (20),
but have otherwise very minor effects on the model. For instance, increasing sample
size from n = 24 to n = 40 by adding Artiodactyla for which data were available (18)
resulted in a change from 94% to 89% in variance of walking onset accounted for by
adultbrain mass, with virtually no change inslope or Y-intercept of the regression line
(Fig. S2).

Phylogenetic relatedness between the species in the sample was determined
on the basis of divergence time estimates from phylogenomic analysis (48)
complemented with mitogenomic analysis (49). The 12 H-strand-encoded pro-
tein-coding genes from mitochondrial genomes of 23 mammalian species were
aligned manually (the chital was not included, as the mitochondrial genome was
not available; for another 4 species genomes of closely related species were used).
The opossum Didelphis virginiana was included to root the tree. After removing
gaps and third codon positions, 7,120-nt sites remained for phylogenetic analysis.
For calculating branch lengths, the tree topology was constrained to the topology
of the placental mammal tree that has been calculated in a phylogenomic study
from 3 Mnt of protein-coding data (48). Branch lengths were estimated by
maximum-likelihood analysisin Treefinder (TF) (50), using the GTR + 4G + Imodel
of sequence evolution. Tree topology and branch lengths were subsequently
used in analyses evaluating the influence of phylogenetic relatedness on the
statistical significance of the findings illustrated in Fig. 4. For independent con-
trasts (20), the Mesquite software (51) and the PDAP:PDTREE package were used
(52). The analysis revealed modest influence of phylogenetic relatedness on the
correlation between time to walking onset and absolute adult brain mass (r =
0.959; P < 0.0001; Fig. S3). The separation between the plantigrade and the
nonplantigrade group was assessed by the PDSIMUL/PDANOVA method, a type
of parametric bootstrap (53), and was found to be highly significant also when
taking phylogenetic relatedness into consideration.
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