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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-l, skill level and reproductive tissue, and m-p, reproductive tissue and itself. All plots are for
the evolutionary process of Fig. 1.
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Discussion600

We have found that major patterns of human develop-601

ment and evolution can be driven by developmental con-602

straints rather than direct selection. Human brain ex-603

pansion occurs in this model because brain size is socio-604

genetically correlated with developmentally late repro-605

ductive tissue. Such correlation is created by a moder-606

ately challenging ecology and seemingly cumulative cul-607

ture, which thus drive human brain expansion in this sce-608

nario by modulating constraint. This covariation yields609

an admissible evolutionary path on the fitness landscape610

(Box 1 Fig. b), a path along which the brain expands, even611

though the unconstrained direction of steepest increase612

in fitness does not involve brain expansion. Thus, in this613

model, human brain expansion is caused by unremark-614

able selection but particular developmental constraints615

involving a moderately challenging ecology and seem-616

ingly cumulative culture. This constraint-driven brain ex-617

pansion occurs despite it generating a strongly positive618

brain-body allometry of 1.86 and a duplication of EQ.619

While cognitive ability in the form of skill level is not di-620

rectly under selection in the model, the model can be621

modified to incorporate such widely considered scenario. 622

Yet, we find that direct selection for cognitive ability is not 623

necessary to recreate a wide range of aspects of human 624

development and evolution, whereas the action of devel- 625

opmental constraints with unexceptional direct selection 626

is sufficient. Change in development without changes 627

in direct selection can thus yield a rich diversity of evo- 628

lutionary outcomes rather than only evolutionarily tran- 629

sient effects. 630

These results show that developmental constraints can 631

have major evolutionary roles by driving human brain 632

expansion. Developmental constraints are traditionally 633

seen as preventing evolutionary change 73–75, effectively 634

without ability to generate evolutionary change that is not 635

already favoured by selection. Yet, less prevalent views 636

have highlighted the potential relevance of developmen- 637

tal constraints for human brain evolution (e.g., p. 87 of 638

ref. 76). Our findings show that while constraints do pre- 639

vent evolutionary change in some directions, constraints 640

can be “creative” 77 in the sense that they can divert evo- 641

lutionary change in a direction that causes brain expan- 642

sion, such that without those constraints brain expansion 643
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is not favoured by selection and does not evolve.644

Our results contrast with a previous study finding that645

direct selection on brain size drove brain expansion in646

hominins 78. Such a study used the short-term restricted647

Lande equation 37;64 for this long-term inference. We use648

analogous equations that describe long-term evolution649

and that additionally formally separate the evolutionary650

effects of developmental constraints and direct selection651

— a separation that has otherwise not been clear-cut 79.652

By doing so, we have found that human brain expansion653

and various features of human development could have654

been driven by developmental constraints and that the655

directional nature of human brain expansion should not656

be interpreted as necessarily being driven by selection.657

Although brain expansion is driven by constraint in the658

model analysed, such brain expansion is not easily under-659

stood as a consequence of body expansion. Brain-body660

allometry may suggest that brain expansion could result661

from constraint as a result of body expansion 75;12. We662

find that the recovered brain-body allometry is an emer-663

gent property that developmentally depends on complex664

gene-gene and gene-phenotype interactions and evolu-665

tionarily depends on mechanistic socio-genetic covaria-666

tion. In the model, there is no direct selection for body667

size, so unconstrained selection on body size does not668

drive brain expansion. Brain and body sizes expand in669

the model because each is socio-genetically correlated670

with reproductive tissue, which is the only trait directly671

selected in the model.672

The model provides insight into further debated ques-673

tions. Variation in the timing of brain development at674

molecular, cellular, and histological levels has been pro-675

posed to lead to evolution of brain diversity 80–82. Our676

results are consistent with these views. Adaptive expla-677

nations for the protracted human childhood have been678

advanced (e.g., ref. 83 as discussed on p. 82 of ref. 33, and679

ref. 84). In the model, a protracted human childhood680

arises from the trade-off of energy allocation between681

brain and somatic growth, so it is a consequence of brain682

expansion rather than being selected for. Mosaic evo-683

lution, whereby different parts of the brain or the body684

evolve separately, is often taken as evidence against evo-685

lutionary constraints (e.g., end of section 2b of ref. 75).686

This is not supported by the model as we find that con-687

straints can be drivers of brain expansion despite mo-688

saic evolution as brain and body sizes evolve differently689

in the model. Brain metabolic costs are widely seen as690

a key factor preventing brain expansion 22;85;23. We find691

that such costs are not fitness costs in the model, but in-692

stead affect mechanistic socio-genetic covariation and so693

the admissible path on the fitness landscape, thus mod-694

ulating path peaks and evolutionary outcomes. The for-695

mulas provided by the evo-devo dynamics framework al-696

low one to compute how brain metabolic costs are trans-697

formed into mechanistic socio-genetic covariation or into698

fitness costs.699

Our evo-devo dynamics approach offers a powerful700

method to advance brain evolution research. A run of701

the brain model using dynamic optimisation took ap-702

proximately 3 days to complete 20, whereas using our evo-703

devo dynamics approach it takes approximately 3 min-704

utes. This computational speed opens the door to imple- 705

ment powerful methods of simulation-based inference 86
706

that have been very successful in other fields, such as in 707

the discovery of the Higgs boson or in establishing that 708

humans are causing climate change, but remain under- 709

exploited in human brain evolution research. 710

Methods 711

Model overview. The evo-devo dynamics framework we 712

use 29 is based on adaptive dynamics assumptions 87;88. 713

The framework considers a resident, well-mixed, fi- 714

nite population with deterministic population dynamics 715

where individuals can be of different ages and reproduc- 716

tion is clonal. Population dynamics occur in a fast eco- 717

logical timescale and evolutionary dynamics occur in a 718

slow evolutionary timescale. Individuals have genotypic 719

traits, collectively called the genotype, that are directly 720

specified by genes (e.g., a continuous representation of 721

nucleotide sequence, or traits assumed to be under direct 722

genetic control). Also, individuals have phenotypic traits, 723

collectively called the phenotype, that are developed, that 724

is, constructed over life. A function ga , called the develop- 725

mental map, describes how the phenotype is constructed 726

over life and gives the developmental constraint. The de- 727

velopmental map can be non-linear, evolve, change over 728

development, and take any differentiable form with re- 729

spect to its arguments. Mutant individuals of age a have 730

fertility fa (rate of offspring production) and survive to 731

the next age with probability pa . The evo-devo dynamics 732

framework provides equations describing the evolution- 733

ary dynamics of genotypic and phenotypic traits in gradi- 734

ent form, thus describing long-term genotypic and phe- 735

notypic evolution as the climbing of a fitness landscape 736

while guaranteeing that the developmental constraint is 737

met at all times. 738

The brain model 19;20 provides a specific developmen- 739

tal map ga , fertility fa , and survival pa , which can be fed 740

into the evo-devo dynamics framework to model the evo- 741

lutionary dynamics of the developed traits studied. More 742

specifically, the brain model considers a female popula- 743

tion, where each individual at each age has three tissue 744

types — brain, reproductive, and remaining somatic tis- 745

sues — and a skill level. Reproductive tissue is defined as 746

referring to pre-ovulatory ovarian follicles, so that repro- 747

ductive tissue is not involved in offspring maintenance, 748

which allows for writing fertility as being proportional to 749

the mass of reproductive tissue, in accordance with ob- 750

servation 89. As a first approximation, the brain model 751

lets the survival probability at each age be constant. At 752

each age, each individual has an energy budget per unit 753

time, her resting metabolic rate Brest, that she uses to grow 754

and maintain her tissues. The part of this energy budget 755

used in growing her tissues is her growth metabolic rate 756

Bsyn. A fraction of the energy consumed by the reproduc- 757

tive tissue is for producing offspring, whereas a fraction 758

of the energy consumed by the brain is for gaining (learn- 759

ing) and maintaining (memory) skills. Each individual’s 760

skill level emerges from this energy bookkeeping rather 761

than it being assumed as given by brain size. Somatic tis- 762
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sue does not have a specific function but it affects body763

size, thus affecting the energy budget because of Kleiber’s764

law 90 which relates resting metabolic rate to body size765

by a power law. Genes control the individual’s energy al-766

location effort into growing brain, reproductive, and so-767

matic tissues at each age. The individual obtains energy768

by using her skills to overcome energy-extraction chal-769

lenges that can be of four types: ecological (e.g., foraging770

alone), cooperative (e.g., foraging with a peer), between-771

individual competitive (e.g., scrounging from a peer), and772

between-group competitive (e.g., scrounging with a peer773

from two peers). The probability of facing a challenge of774

type j at a given age is P j (
∑4

j=1 P j = 1, where j ∈ {1, . . . ,4}775

indexes the respective challenge types).776

We describe the brain model with the notation of the777

evo-devo dynamics framework as follows. The model778

considers four phenotypic traits (i.e., Np = 4): the mass779

of brain, reproductive, and somatic tissues, and the skill780

level at each age. For a mutant individual, the brain size781

at age a ∈ {1, . . . , Na} is xba (in kg), the size of reproduc-782

tive tissue at age a is xra (in kg), the size of the remain-783

ing somatic tissue at age a is xsa (in kg), and the skill784

level at age a is xka (in terabytes, TB). The units of phe-785

notypic traits (kg and TB) arise from the units of the pa-786

rameters measuring the unit-specific metabolic costs of787

maintenance and growth of the respective trait. The vec-788

tor xa = (xba , xra , xsa , xka)ᵀ is the mutant phenotype at789

age a. Additionally, the model considers three genotypic790

traits (i.e., Ng = 3): the effort to grow brain, reproductive,791

and somatic tissues at each age. For a mutant individ-792

ual, the growth effort at age a for brain is yba , for repro-793

ductive tissue is yra , and for the remaining somatic tis-794

sue is ysa . These growth efforts are dimensionless and795

can be positive or negative, so they can be seen as mea-796

sured as the difference from a baseline growth effort. The797

vector ya = (yba , yra , ysa)ᵀ is the mutant growth effort at798

age a, which describes the mutant genotypic traits at that799

age. The growth efforts generate the fraction qi a(ya) of800

the growth metabolic rate Bsyn allocated to growth of tis-801

sue i ∈ {b,r,s} at age a (qi a corresponds to the control802

variables u in refs. 19;20). To describe the evolutionary dy-803

namics of the phenotype as the climbing of a fitness land-804

scape, the evo-devo dynamics framework defines the mu-805

tant geno-phenotype at age a as the vector za = (xa ;ya)806

(the semicolon indicates a linebreak). The mutant phe-807

notype across ages is x = (x1; . . . ;xNa ), and similarly for the808

other variables. The mutant’s i -th phenotype across ages809

is xi• = (xi 1, . . . , xi Na )ᵀ for i ∈ {b,r,s,k}. The mutant’s i -810

th genotypic trait across ages is yi• = (yi 1, . . . , yi Na )ᵀ for811

i ∈ {b,r,s}. The resident traits are analogously denoted812

with an overbar (e.g., x̄).813

The brain model describes development by providing814

equations describing the developmental dynamics of the815

phenotype. That is, the mutant phenotype at age a +1 is816

given by the developmental constraint817

xa+1 = ga(xa ,ya , x̄ka). (M1)

The equations for the developmental map ga are given818

in the SI and were previously derived from mechanistic819

considerations of energy conservation following the rea-820

soning of West et al.’s metabolic model of ontogenetic821

growth 21 and phenomenological considerations of how 822

skill relates to energy extraction 19;20. The developmen- 823

tal map of the brain model depends on the skill level of 824

social partners of the same age (i.e., peers), x̄ka , because 825

of social challenges of energy extraction (where P1 < 1) so 826

we say that development is social. When individuals face 827

only ecological challenges (i.e., P1 = 1), development is 828

not social. 829

The evo-devo dynamics are described by the devel- 830

opmental dynamics of the phenotypic traits given by 831

Eq. (M1) and by the evolutionary dynamics of the geno- 832

typic traits. The latter are given by the canonical equation 833

of adaptive dynamics 87
834

∆ȳ

∆τ
= ιHy

dw

dy
, (M2)

where τ is evolutionary time, ι is a non-negative scalar 835

measuring mutational input and is proportional to the 836

mutation rate and carrying capacity, and Hy = cov[y,y] is 837

the mutational covariance matrix (H for heredity; deriva- 838

tives are evaluated at resident trait values throughout and 839

we use matrix calculus notation as in Eq. S1). Due to 840

age-structure, a mutant’s relative fitness is w =∑Na
a=1 wa = 841

1
T

∑Na
a=1(φa fa +πa pa), where fa and pa are a mutant’s fer- 842

tility and survival probability at age a, T is generation 843

time, and φa and πa are the forces 72 of selection on fer- 844

tility and survival at that age (T , φa , and πa are functions 845

of the resident but not mutant trait values). After substitu- 846

tion and simplification, a mutant’s relative fitness reduces 847

to 848

w = 1∑Na
a=1 apa−1x̄ra

Na∑
j=1

(
p j−1xr j +

Na∑
k= j+1

pk−1x̄rk

)
, (M3)

where p is the constant probability of surviving from 849

one age to the next. This fitness function depends di- 850

rectly on the mutant’s reproductive tissue size, but only 851

indirectly on metabolic costs via the developmental con- 852

straint (i.e., after substituting xr j for the corresponding 853

entry of Eq. (M1)). 854

Eq. (M2) thus depends on the total selection gradient of 855

genotypic traits dw/dy, which measures total genotypic 856

selection. While Lande’s 37 selection gradient measures 857

unconstrained selection by using partial derivatives (∂), 858

total selection gradients measure constrained selection 859

by using total derivatives (d). Lande’s selection gradient 860

thus measures the direction in which selection favours 861

evolution to proceed without considering any constraint, 862

whereas total selection gradients measure the direction in 863

which selection favours evolution considering the devel- 864

opmental constraint (M1). The total selection gradient of 865

genotypic traits for the brain model is 866

dw

dy
= ∂xᵀ

∂y

dw

dx
= dxᵀ

dy

∂w

∂x
. (M4)

Eq. (M4) shows that total genotypic selection can be writ- 867

ten in terms of either total phenotypic selection (dw/dx) 868

or direct phenotypic selection (∂w/∂x). Eqs. (M1) and 869

(M2) together describe the evo-devo dynamics. Eq. (M2) 870

entails that total genotypic selection vanishes at evolu- 871

tionary equilibria if there are no absolute mutational con- 872

straints (i.e., if ι > 0 and Hy is non-singular). Moreover, 873
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since there are more phenotypic traits than genotypic874

traits (Np > Ng), the matrices ∂xᵀ/∂y and dxᵀ/dy have875

fewer rows than columns and so are singular; hence, set-876

ting Eq. (M4) to zero implies that evolutionary equilibria877

can occur with persistent direct and total phenotypic se-878

lection in the brain model.879

While we use Eqs. (M1) and (M2) to compute the evo-880

devo dynamics, those equations do not describe pheno-881

typic evolution as the climbing of an adaptive topogra-882

phy. To analyse phenotypic evolution as the climbing of883

an adaptive topography, we use the following. The evo-884

devo dynamics framework 29 shows that long-term phe-885

notypic evolution can be understood as the climbing of a886

fitness landscape by simultaneously following genotypic887

and phenotypic evolution, which for the brain model is888

given by889

dz̄

dτ
= ιLz

∂w

∂z
, (M5)

since z = (x;y) includes the phenotype x and genotypic890

traits y. The vector ∂w/∂z is the direct selection gra-891

dient of the geno-phenotype, measuring unconstrained892

selection on the phenotype and genotypic traits (as in893

Lande’s 37 selection gradient). The matrix Lz is the mech-894

anistic additive socio-genetic cross-covariance matrix of895

the geno-phenotype, for which the evo-devo dynamics896

framework provides formulas that guarantee that the de-897

velopmental constraint (M1) is met at all times (L for898

legacy). The matrix Lz is asymmetric due to social devel-899

opment; if individuals face only ecological challenges, de-900

velopment is not social and Lz reduces to Hz, the mech-901

anistic additive genetic covariance matrix of the geno-902

phenotype, which is symmetric (Hx is a mechanistic ver-903

sion of Lande’s 37 G matrix: whereas Hx involves total904

derivatives describing the total effect of genotype on phe-905

notype, G is defined in terms of regression of pheno-906

type on genotype; hence, Hx and G have different proper-907

ties including that mechanistic heritability can be greater908

than one). The matrix Lz is always singular because it909

considers both the phenotype and genotypic traits, so910

selection and development jointly define the evolution-911

ary outcomes even with a single fitness peak 31. Eq. (M5)912

and the formulas for Lz entail that evolution proceeds as913

the climbing of the fitness landscape in geno-phenotype914

space, where the developmental constraint (M1) provides915

the admissible evolutionary path, such that evolution-916

ary outcomes occur at path peaks rather than landscape917

peaks if there are no absolute mutational constraints 31.918

We implement the developmental map of the brain919

model into the evo-devo dynamics framework to study920

the evolutionary dynamics of the resident phenotype x̄,921

including the resident brain size x̄b•.922

Six Homo scenarios. It was previously found 20 that, at923

evolutionary equilibrium, the brain model recovers the924

evolution of the adult brain and body sizes of six Homo925

species. These six scenarios are given in Fig. 4. The926

scenarios yielding brain and body sizes of H. sapiens,927

neardenthalensis, and heidelbergensis scale use a weakly928

decelerating EEE: specifically, these scenarios use ex-929

ponential competence with parameter values given in930

Regime 1 of Table S1and with submultiplicative cooper- 931

ation (Eq. S5). We call eco-social the scenario yielding 932

brain and body sizes of H. sapiens scale; we call ecological 933

the same scenario but setting the proportion of ecological 934

challenges to one (P1 = 1). In turn, the scenarios yield- 935

ing brain and body sizes of erectus, ergaster, and habilis 936

scale use a strongly decelerating EEE: specifically, these 937

scenarios use power competence with parameter values 938

given in Regime 2 of Table S1and with additive coopera- 939

tion (Eq. S5). In the main text, we describe the evo-devo 940

dynamics under the eco-social scenario that was previ- 941

ously found 20 to yield H. sapiens-sized brains and bod- 942

ies. For illustration, in the SI we also give the evo-devo 943

dynamics of the ecological scenario (Fig. S3 ). 944

Ancestral genotypic traits. To solve the evo-devo dy- 945

namics, we must specify the ancestral resident genotypic 946

traits giving the resident growth efforts ȳ at the initial evo- 947

lutionary time. We find that the outcome depends on 948

such ancestral conditions: for instance, there is bistabil- 949

ity in brain size evolution, so there are at least two path 950

peaks on the fitness landscape as follows. Using some- 951

what “naive” ancestral growth efforts (SI section S4) in the 952

eco-social scenario yields an evolutionary outcome with 953

no brain, where residents have a somewhat semelparous 954

life-history reproducing for a short period early in life 955

followed by body shrinkage (Fig. S2). In contrast, using 956

highly specified ancestral growth efforts in the eco-social 957

scenario yields adult brain and body sizes of H. sapiens 958

scale (Fig. 1). This bistability does not arise under the eco- 959

logical scenario which yields brain expansion under the 960

same somewhat naive ancestral growth efforts (Fig. S3). 961

Thus, for the the eco-social scenario to yield brain and 962

body sizes of H. sapiens scale it requires ancestral condi- 963

tions that already yield large brains, either with the highly 964

specified conditions developmentally yielding australop- 965

ithecine brain and body sizes (Fig. 1) or with the ecolog- 966

ically optimal growth efforts that developmentally yield 967

brain and body sizes approaching those of Neanderthals 968

(Fig. S4). In the main text, we present the results for 969

the eco-social scenario with the highly specified ances- 970

tral conditions. This may be biologically interpreted as a 971

requirement to evolve from ancestors that already had a 972

genotype yielding some ontogenetic brain growth while 973

having large brains at birth. 974
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