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Mechanistic additive socio-genetic cross-covariance matrices
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Figure 5: The action of constraint. Mechanistic socio-genetic cross-covariance matrix between: a-d, brain size (at the
ages on vertical axes) and reproductive tissue (at the ages on horizontal axes) over evolutionary time, e-h, body size
and reproductive tissue, i-1, skill level and reproductive tissue, and m-p, reproductive tissue and itself. All plots are for

the evolutionary process of Fig. 1.

Discussion

We have found that major patterns of human develop-
ment and evolution can be driven by developmental con-
straints rather than direct selection. Human brain ex-
pansion occurs in this model because brain size is socio-
genetically correlated with developmentally late repro-
ductive tissue. Such correlation is created by a moder-
ately challenging ecology and seemingly cumulative cul-
ture, which thus drive human brain expansion in this sce-
nario by modulating constraint. This covariation yields
an admissible evolutionary path on the fitness landscape
(Box 1 Fig. b), a path along which the brain expands, even
though the unconstrained direction of steepest increase
in fitness does not involve brain expansion. Thus, in this
model, human brain expansion is caused by unremark-
able selection but particular developmental constraints
involving a moderately challenging ecology and seem-
ingly cumulative culture. This constraint-driven brain ex-
pansion occurs despite it generating a strongly positive
brain-body allometry of 1.86 and a duplication of EQ.
While cognitive ability in the form of skill level is not di-
rectly under selection in the model, the model can be

modified to incorporate such widely considered scenario.
Yet, we find that direct selection for cognitive ability is not
necessary to recreate a wide range of aspects of human
development and evolution, whereas the action of devel-
opmental constraints with unexceptional direct selection
is sufficient. Change in development without changes
in direct selection can thus yield a rich diversity of evo-
lutionary outcomes rather than only evolutionarily tran-
sient effects.

These results show that developmental constraints can
have major evolutionary roles by driving human brain
expansion. Developmental constraints are traditionally
seen as preventing evolutionary change ™", effectively
without ability to generate evolutionary change that is not
already favoured by selection. Yet, less prevalent views
have highlighted the potential relevance of developmen-
tal constraints for human brain evolution (e.g., p. 87 of
ref.”%). Our findings show that while constraints do pre-
vent evolutionary change in some directions, constraints
can be “creative”’’” in the sense that they can divert evo-
lutionary change in a direction that causes brain expan-
sion, such that without those constraints brain expansion
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is not favoured by selection and does not evolve.

Our results contrast with a previous study finding that
direct selection on brain size drove brain expansion in
hominins 8. Such a study used the short-term restricted
Lande equation37:%* for this long-term inference. We use
analogous equations that describe long-term evolution
and that additionally formally separate the evolutionary
effects of developmental constraints and direct selection
— a separation that has otherwise not been clear-cut”.
By doing so, we have found that human brain expansion
and various features of human development could have
been driven by developmental constraints and that the
directional nature of human brain expansion should not
be interpreted as necessarily being driven by selection.

Although brain expansion is driven by constraint in the
model analysed, such brain expansion is not easily under-
stood as a consequence of body expansion. Brain-body
allometry may suggest that brain expansion could result
from constraint as a result of body expansion’>?. We
find that the recovered brain-body allometry is an emer-
gent property that developmentally depends on complex
gene-gene and gene-phenotype interactions and evolu-
tionarily depends on mechanistic socio-genetic covaria-
tion. In the model, there is no direct selection for body
size, so unconstrained selection on body size does not
drive brain expansion. Brain and body sizes expand in
the model because each is socio-genetically correlated
with reproductive tissue, which is the only trait directly
selected in the model.

The model provides insight into further debated ques-
tions. Variation in the timing of brain development at
molecular, cellular, and histological levels has been pro-
posed to lead to evolution of brain diversity®82. Our
results are consistent with these views. Adaptive expla-
nations for the protracted human childhood have been
advanced (e.g., ref.®3 as discussed on p. 82 of ref.33, and
ref.84). In the model, a protracted human childhood
arises from the trade-off of energy allocation between
brain and somatic growth, so it is a consequence of brain
expansion rather than being selected for. Mosaic evo-
lution, whereby different parts of the brain or the body
evolve separately, is often taken as evidence against evo-
lutionary constraints (e.g., end of section 2b of ref. 75,
This is not supported by the model as we find that con-
straints can be drivers of brain expansion despite mo-
saic evolution as brain and body sizes evolve differently
in the model. Brain metabolic costs are widely seen as
a key factor preventing brain expansion?28%23, We find
that such costs are not fitness costs in the model, but in-
stead affect mechanistic socio-genetic covariation and so
the admissible path on the fitness landscape, thus mod-
ulating path peaks and evolutionary outcomes. The for-
mulas provided by the evo-devo dynamics framework al-
low one to compute how brain metabolic costs are trans-
formed into mechanistic socio-genetic covariation or into
fitness costs.

Our evo-devo dynamics approach offers a powerful
method to advance brain evolution research. A run of
the brain model using dynamic optimisation took ap-
proximately 3 days to complete?’, whereas using our evo-
devo dynamics approach it takes approximately 3 min-
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utes. This computational speed opens the door to imple-
ment powerful methods of simulation-based inference 2
that have been very successful in other fields, such as in
the discovery of the Higgs boson or in establishing that
humans are causing climate change, but remain under-
exploited in human brain evolution research.

Methods

Model overview.

se?® is based on adaptive dynamics assumptions
The framework considers a resident, well-mixed, fi-
nite population with deterministic population dynamics
where individuals can be of different ages and reproduc-
tion is clonal. Population dynamics occur in a fast eco-
logical timescale and evolutionary dynamics occur in a
slow evolutionary timescale. Individuals have genotypic
traits, collectively called the genotype, that are directly
specified by genes (e.g., a continuous representation of
nucleotide sequence, or traits assumed to be under direct
genetic control). Also, individuals have phenotypic traits,
collectively called the phenotype, that are developed, that
is, constructed over life. A function g, called the develop-
mental map, describes how the phenotype is constructed
over life and gives the developmental constraint. The de-
velopmental map can be non-linear, evolve, change over
development, and take any differentiable form with re-
spect to its arguments. Mutant individuals of age a have
fertility f, (rate of offspring production) and survive to
the next age with probability p,. The evo-devo dynamics
framework provides equations describing the evolution-
ary dynamics of genotypic and phenotypic traits in gradi-
ent form, thus describing long-term genotypic and phe-
notypic evolution as the climbing of a fitness landscape
while guaranteeing that the developmental constraint is
met at all times.

The brain model'%2° provides a specific developmen-
tal map gy, fertility f,, and survival p,, which can be fed
into the evo-devo dynamics framework to model the evo-
lutionary dynamics of the developed traits studied. More
specifically, the brain model considers a female popula-
tion, where each individual at each age has three tissue
types — brain, reproductive, and remaining somatic tis-
sues — and a skill level. Reproductive tissue is defined as
referring to pre-ovulatory ovarian follicles, so that repro-
ductive tissue is not involved in offspring maintenance,
which allows for writing fertility as being proportional to
the mass of reproductive tissue, in accordance with ob-
servation®. As a first approximation, the brain model
lets the survival probability at each age be constant. At
each age, each individual has an energy budget per unit
time, her resting metabolic rate Byet, that she uses to grow
and maintain her tissues. The part of this energy budget
used in growing her tissues is her growth metabolic rate
Bsyn. A fraction of the energy consumed by the reproduc-
tive tissue is for producing offspring, whereas a fraction
of the energy consumed by the brain is for gaining (learn-
ing) and maintaining (memory) skills. Each individual’s
skill level emerges from this energy bookkeeping rather
than it being assumed as given by brain size. Somatic tis-

The evo-devo dynamics framework we
87;88
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sue does not have a specific function but it affects body
size, thus affecting the energy budget because of Kleiber’s
law ¥ which relates resting metabolic rate to body size
by a power law. Genes control the individual’s energy al-
location effort into growing brain, reproductive, and so-
matic tissues at each age. The individual obtains energy
by using her skills to overcome energy-extraction chal-
lenges that can be of four types: ecological (e.g., foraging
alone), cooperative (e.g., foraging with a peer), between-
individual competitive (e.g., scrounging from a peer), and
between-group competitive (e.g., scrounging with a peer
from two peers). The probability of facing a challenge of
type j at a given age is P; (Z‘]‘.:1Pj =1, where j€{1,...,4}
indexes the respective challenge types).

We describe the brain model with the notation of the
evo-devo dynamics framework as follows. The model
considers four phenotypic traits (i.e., N, = 4): the mass
of brain, reproductive, and somatic tissues, and the skill
level at each age. For a mutant individual, the brain size
at age a € {1,..., Na} is xp, (in kg), the size of reproduc-
tive tissue at age a is x4 (in kg), the size of the remain-
ing somatic tissue at age a is xg, (in kg), and the skill
level at age a is xi, (in terabytes, TB). The units of phe-
notypic traits (kg and TB) arise from the units of the pa-
rameters measuring the unit-specific metabolic costs of
maintenance and growth of the respective trait. The vec-
tor Xg = (Xpg, Xra, Xsa» Xkq)' is the mutant phenotype at
age a. Additionally, the model considers three genotypic
traits (i.e., Ng = 3): the effort to grow brain, reproductive,
and somatic tissues at each age. For a mutant individ-
ual, the growth effort at age a for brain is y}4, for repro-
ductive tissue is yr4, and for the remaining somatic tis-
sue is ys;. These growth efforts are dimensionless and
can be positive or negative, so they can be seen as mea-
sured as the difference from a baseline growth effort. The
vector Y, = (Vba» Vra» Vsa) T is the mutant growth effort at
age a, which describes the mutant genotypic traits at that
age. The growth efforts generate the fraction g;,(y,) of
the growth metabolic rate Bsy, allocated to growth of tis-
sue i € {b,1,s} at age a (g;, corresponds to the control
variables u in refs.%2%). To describe the evolutionary dy-
namics of the phenotype as the climbing of a fitness land-
scape, the evo-devo dynamics framework defines the mu-
tant geno-phenotype at age a as the vector z; = (X4;¥4)
(the semicolon indicates a linebreak). The mutant phe-
notype across ages isX = (Xi;...; Xy, ), and similarly for the
other variables. The mutant’s i-th phenotype across ages
is Xjo = (x41,...,x;n,)" for i € {b,1,5,k}. The mutant’s i-
th genotypic trait across ages is y;. = (¥;1,...,¥in,)" for
i € {b,1,s}. The resident traits are analogously denoted
with an overbar (e.g., X).

The brain model describes development by providing
equations describing the developmental dynamics of the
phenotype. That is, the mutant phenotype at age a +1 is
given by the developmental constraint

Xa+1 = 8aXa» Yar Xka)- (M1)

The equations for the developmental map g, are given
in the SI and were previously derived from mechanistic
considerations of energy conservation following the rea-
soning of West et al.’s metabolic model of ontogenetic
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growth?! and phenomenological considerations of how
skill relates to energy extraction!%2. The developmen-
tal map of the brain model depends on the skill level of
social partners of the same age (i.e., peers), Xx,, because
of social challenges of energy extraction (where P; < 1) so
we say that development is social. When individuals face
only ecological challenges (i.e., P; = 1), development is
not social.

The evo-devo dynamics are described by the devel-
opmental dynamics of the phenotypic traits given by
Eq. (M1) and by the evolutionary dynamics of the geno-
typic traits. The latter are given by the canonical equation

of adaptive dynamics®’
Ay dw
LA (M2)
At dy

where 7 is evolutionary time, ¢ is a non-negative scalar
measuring mutational input and is proportional to the
mutation rate and carrying capacity, and Hy = covly,y] is
the mutational covariance matrix (H for heredity; deriva-
tives are evaluated at resident trait values throughout and
we use matrix calculus notation as in Eq. S1). Due to

: . N,
age-structure, a mutant’s relative fitnessis w =3 2, wq =

%Zgil (pafa+mapa), where f, and p, are a mutant’s fer-
tility and survival probability at age a, T is generation
time, and ¢, and 7, are the forces 72 of selection on fer-
tility and survival at that age (T, ¢,, and 7, are functions
of the resident but not mutant trait values). After substitu-
tion and simplification, a mutant’s relative fitness reduces
to

1 N

)}

ap® 1z, j=1

w =

oty
where p is the constant probability of surviving from
one age to the next. This fitness function depends di-
rectly on the mutant’s reproductive tissue size, but only
indirectly on metabolic costs via the developmental con-
straint (i.e., after substituting x;; for the corresponding
entry of Eq. (M1)).

Eq. (M2) thus depends on the total selection gradient of
genotypic traits dw/dy, which measures total genotypic
selection. While Lande’s®” selection gradient measures
unconstrained selection by using partial derivatives (0),
total selection gradients measure constrained selection
by using total derivatives (d). Lande’s selection gradient
thus measures the direction in which selection favours
evolution to proceed without considering any constraint,
whereas total selection gradients measure the direction in
which selection favours evolution considering the devel-
opmental constraint (M1). The total selection gradient of
genotypic traits for the brain model is

dw ox"dw dx'ow

dy dy dx dy ox’
Eq. (M4) shows that total genotypic selection can be writ-
ten in terms of either total phenotypic selection (dw/dx)
or direct phenotypic selection (0w/0x). Egs. (M1) and
(M2) together describe the evo-devo dynamics. Eq. (M2)
entails that total genotypic selection vanishes at evolu-
tionary equilibria if there are no absolute mutational con-
straints (i.e., if + > 0 and Hy is non-singular). Moreover,

Ny
P+ Y pFlE], M3
k=j+1

(M4)
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since there are more phenotypic traits than genotypic
traits (N, > Ng), the matrices 0x"/dy and dx'/dy have
fewer rows than columns and so are singular; hence, set-
ting Eq. (M4) to zero implies that evolutionary equilibria
can occur with persistent direct and total phenotypic se-
lection in the brain model.

While we use Egs. (M1) and (M2) to compute the evo-
devo dynamics, those equations do not describe pheno-
typic evolution as the climbing of an adaptive topogra-
phy. To analyse phenotypic evolution as the climbing of
an adaptive topography, we use the following. The evo-
devo dynamics framework?? shows that long-term phe-
notypic evolution can be understood as the climbing of a
fitness landscape by simultaneously following genotypic
and phenotypic evolution, which for the brain model is
given by
dz ~ Jw

E = LLZE’ (M5)
since z = (x;y) includes the phenotype x and genotypic
traits y. The vector dw/0z is the direct selection gra-
dient of the geno-phenotype, measuring unconstrained
selection on the phenotype and genotypic traits (as in
Lande’s3” selection gradient). The matrix L, is the mech-
anistic additive socio-genetic cross-covariance matrix of
the geno-phenotype, for which the evo-devo dynamics
framework provides formulas that guarantee that the de-
velopmental constraint (M1) is met at all times (L for
legacy). The matrix L, is asymmetric due to social devel-
opment; if individuals face only ecological challenges, de-
velopment is not social and L, reduces to Hz, the mech-
anistic additive genetic covariance matrix of the geno-
phenotype, which is symmetric (Hy is a mechanistic ver-
sion of Lande’s3” G matrix: whereas Hy involves total
derivatives describing the total effect of genotype on phe-
notype, G is defined in terms of regression of pheno-
type on genotype; hence, Hy and G have different proper-
ties including that mechanistic heritability can be greater
than one). The matrix L, is always singular because it
considers both the phenotype and genotypic traits, so
selection and development jointly define the evolution-
ary outcomes even with a single fitness peak®'. Eq. (M5)
and the formulas for L, entail that evolution proceeds as
the climbing of the fitness landscape in geno-phenotype
space, where the developmental constraint (M1) provides
the admissible evolutionary path, such that evolution-
ary outcomes occur at path peaks rather than landscape
peaks if there are no absolute mutational constraints3!.

We implement the developmental map of the brain
model into the evo-devo dynamics framework to study
the evolutionary dynamics of the resident phenotype X,
including the resident brain size Xy, .

Six Homo scenarios. It was previously found?’ that, at
evolutionary equilibrium, the brain model recovers the
evolution of the adult brain and body sizes of six Homo
species. These six scenarios are given in Fig. 4. The
scenarios yielding brain and body sizes of H. sapiens,
neardenthalensis, and heidelbergensis scale use a weakly
decelerating EEE: specifically, these scenarios use ex-
ponential competence with parameter values given in

Regime 1 of Table Sland with submultiplicative cooper-
ation (Eq. S5). We call eco-social the scenario yielding
brain and body sizes of H. sapiens scale; we call ecological
the same scenario but setting the proportion of ecological
challenges to one (P; = 1). In turn, the scenarios yield-
ing brain and body sizes of erectus, ergaster, and habilis
scale use a strongly decelerating EEE: specifically, these
scenarios use power competence with parameter values
given in Regime 2 of Table Sland with additive coopera-
tion (Eq. S5). In the main text, we describe the evo-devo
dynamics under the eco-social scenario that was previ-
ously found?’ to yield H. sapiens-sized brains and bod-
ies. For illustration, in the SI we also give the evo-devo
dynamics of the ecological scenario (Fig. S3 ).

Ancestral genotypic traits. To solve the evo-devo dy-
namics, we must specify the ancestral resident genotypic
traits giving the resident growth efforts y at the initial evo-
lutionary time. We find that the outcome depends on
such ancestral conditions: for instance, there is bistabil-
ity in brain size evolution, so there are at least two path
peaks on the fitness landscape as follows. Using some-
what “naive” ancestral growth efforts (SI section S4) in the
eco-social scenario yields an evolutionary outcome with
no brain, where residents have a somewhat semelparous
life-history reproducing for a short period early in life
followed by body shrinkage (Fig. S2). In contrast, using
highly specified ancestral growth efforts in the eco-social
scenario yields adult brain and body sizes of H. sapiens
scale (Fig. 1). This bistability does not arise under the eco-
logical scenario which yields brain expansion under the
same somewhat naive ancestral growth efforts (Fig. S3).
Thus, for the the eco-social scenario to yield brain and
body sizes of H. sapiens scale it requires ancestral condi-
tions that already yield large brains, either with the highly
specified conditions developmentally yielding australop-
ithecine brain and body sizes (Fig. 1) or with the ecolog-
ically optimal growth efforts that developmentally yield
brain and body sizes approaching those of Neanderthals
(Fig. S4). In the main text, we present the results for
the eco-social scenario with the highly specified ances-
tral conditions. This may be biologically interpreted as a
requirement to evolve from ancestors that already had a
genotype yielding some ontogenetic brain growth while
having large brains at birth.
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