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ANTHROPOLOGY

Indirect genetic effects among neighbors promote
cooperation and accelerate adaptation in a small-scale

human society

Jordan S. Martin"?*, Bret Beheim?, Michael Gurven®, Hillard Kaplan®, Jonathan Stieglitz®,
Benjamin C. Trumble’, Paul Hooper®, Dan Cummings®, Daniel Eid Rodriguez®, Adrian V. Jaeggi’

Explaining the rapid evolution of human cooperation and its role in our species’biodemographic success remains
a major evolutionary puzzle. To address this challenge, we tested a social drive hypothesis, which predicts that
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social plasticity and social selection in human groups cause indirect genetic effects that accelerate the adaptation
of fitness, promoting population growth via feedback between the environmental causes and evolutionary con-
sequences of cooperation. Using Bayesian multilevel models to analyze fertility data from a small-scale society, we
demonstrate that density- and frequency-dependent indirect genetic effects on fitness promote the evolution of
cooperation among neighboring women, increasing the rate of contemporary adaptation by ~5x. Our results
show how interactions between the genetic and socioecological processes shaping cooperation in reproduction

can drive rapid growth and social evolution in human populations.

INTRODUCTION
Humans tend to live in groups with relatively low average genetic
relatedness (I), reproductive skew (2), and genetic diversity (3),
conditions which are expected to inhibit the pace of and potential
for social evolution (4). Nevertheless, our species has evolved eco-
logically dominant social systems characterized by extensive coop-
eration and collective action (5) over the rapid scale of tens to
hundreds of thousands of years (6), along with an exceptional ca-
pacity for population growth (7-9) and accelerated reproductive
tempo in comparison to other primates (10, 11). Human societies
also differ markedly in their childcare practices (12), food sharing
norms (13, 14), modes of wealth transmission (15, 16), and various
other forms of fitness interdependence (17), demonstrating consid-
erable plasticity in response to the relative risks and affordances pro-
vided by the local environment (18). While mutually beneficial
cooperation clearly predominates in human interactions outside of
the family (19, 20), the origins of humans” uniquely flexible and fast
evolving social behavior remain difficult to explain using standard
models from evolutionary biology and behavioral ecology (21, 22).
This has led to a disconnect between evolutionary research on coop-
eration in humans and other animals (23, 24). Developing general-
izable models of humans’ rapid social evolution thus remains an
essential challenge for further expanding and integrating evolution-
ary theory across the biological and behavioral sciences.
Understanding interactions between social, ecological, and evo-
lutionary dynamics is also a fundamental issue for 21st century
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biology more generally (25), both for predicting how populations
will respond to climate warming and other environmental changes
(26-28), as well as for explaining unexpected patterns of contempo-
rary adaptation (29, 30). The potential for a population to evolve via
natural selection is fundamentally determined by the amount of
heritable genetic variation shaping individuals’ fitness within a giv-
en environment (31). Therefore, quantifying heritable variation in
fitness is essential for predicting the pace of adaptive evolution (30).
However, genes and environments often interact in complex ways
that defy simple predictions about population change. For humans
and many other species, social interactions generate feedback be-
tween developmental and ecological processes, affecting both the
selection pressures on organisms’ phenotypes and the expression of
heritable variation in fitness. This means that social interactions can
also play a central role in determining the potential for a population
to undergo adaptive microevolutionary change (32, 33), also known
as evolvability (34).

Social interactions influence evolvability by generating heritable
associations between direct genetic effects (DGEs) on the pheno-
types that determine an individual’s fitness W and indirect genetic
effects (IGEs) on the phenotypes that help or hinder the fitness of
others W’ in the social environment (Fig. 1A). For example, in flour
beetles (Tribolium castaneum) and laying hens (Gallus gallus), al-
leles that promote cannibalistic behavior tend to increase individual
productivity (a positive DGE on fitness) at the expense of decreased
conspecific survival [a negative IGE on fitness; (35, 36)]. Conversely,
in female baboons (Papio cynocephalus and Papio anubis), alleles
that promote giving grooming to others also promote receiving
grooming from others, which is associated with increased survival
[a positive IGE on fitness; (37)]. When such DGEs and IGEs on fit-
ness components are heritable in a population, the magnitude of
their covariance, denoted cov(Wp,, Wy), is expected to magnify or
diminish the evolvability of fitness, e};;, modulated by the average
relatedness 7 among social partners (Fig. 1A and Eq. 17). This oc-
curs because alleles influencing individual fitness will, on average,
also be associated with positive or negative effects on fitness from
interactions with others. As shown in Fig. 1B, IGEs can thus accelerate
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Fig. 1. IGEs and the adaptation of fitness in social environments. (A) The total DGE on an individual’s fitness W is determined by and proportional to « the total mag-
nitude of nonsocial selection By acting on heritable variation A in all their fitness-relevant phenotypes n; the total IGE on their fitness is in turn proportional to the total
magnitude of social selection Bg acting on heritable variation A’ in all fitness-relevant phenotypes 1’ expressed by cooperators or competitors in their environment. These
heritable effects are shaped both by social plasticity ¥ and average assortment/relatedness R across phenotypes. See Table 1 for an overview of key notation and terminol-
ogy. Evolvability (potential for adaptation) of fitness in social environments e,z is in turn determined by the total variances of IGEs and DGEs among individuals in the
population (which are always positive), the sign and magnitude of covariance between individuals’' DGEs and IGEs scaled by the expected number of social partners n, and
the average relatedness r between individuals and their social partners [expanding Fisher’s fundamental theorem; (37, 40)]. Note that 100 * e,z can be interpreted as the
expected % change in fitness attributable to natural selection, which reflects adaptive change in the instantaneous growth rate of the population. See Egs. 3 to 18 for
mathematical details. (B) Given a fixed level of DGEs, here var(WD) =03withW = 1andn = 1, the covariance of DGEs and IGEs cov(WD,W,) can accelerate or inhibit the
expected rate of change in the heritable component of average population fitness [i.e., adaptation; (47)]. (C) Conceptual overview of the social drive hypothesis of rapid

human adaptation that is tested empirically in this paper.

or constrain adaptation (the genetic evolution of individual fitness)
in social environments, even in the absence of assortment and relat-
edness (33, 38-41).

The magnitude of IGEs on fitness is influenced both by selection
due to others’ phenotypes (social selection fg) and plasticity toward
others’ phenotypes (social plasticity W) [Fig. 1A and (33, 38);
see Table 1 for an overview of key notation and terminology]. This is
because social plasticity changes the amount of heritable variation
expressed in the fitness-relevant phenotypes of individuals and
their social partners, while social selection causes this heritable
variation among social partners to become associated with varia-
tion in individual fitness (Fig. 1A and Egs. 2 to 8). As a conse-
quence, cov(WD, WI) not only determines the evolvability of fitness
but also provides a direct, operational measure of whether selec-
tion from the social environment is acting to promote cooperation
cov(WD, WI) > 0 (i.e., positive-sum payoffs among social partners)
or conflict cov(Wp, W) < 0 (i.e., zero-sum payoffs) across fitness-
relevant phenotypes (Fig. 1B and Egs. 11 to 12). By accounting for
gene-by-social environment interactions, due to both social plastic-
ity and fluctuating social selection on fitness, cov(WD, WI) can also
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vary across contexts that differentially shape the expression of social
strategies. The quantitative genetic covariance cov(WD, WI) is thus
an extremely useful evolutionary parameter, which can directly test
predictions about the adaptive evolution of plastic traits in hetero-
geneous social environments. However, despite extensive experi-
mental work [e.g., (42-44)], few empirical studies have investigated
IGEs and their covarying effects on fitness components outside of
laboratory or agricultural settings [(45); see e.g., (46-50) for nota-
ble exceptions], limiting our understanding of how ecological pro-
cesses may feedback with adaptive social evolution in humans and
other animals.

Here, we synthesize these evolutionary genetic and anthropo-
logical perspectives to test the hypothesis that socio-eco-evolutionary
feedback is central to explaining rapid adaptation in human societ-
ies. Given the extensive plasticity of human social systems and re-
productive traits (51, 52), it is not unexpected that heritable effects
on fitness components such as fertility are often caused by ubiqui-
tous but poorly understood gene-by-environment interactions (53).
Human societies occupying heterogeneous environments thus pro-
vide a powerful but underappreciated opportunity to investigate the
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Table 1. Formal notation and terminology. Symbols are used throughout the manuscript to refer to focal individuals as well as individuals in their social
environment (“social partners”), the latter being denoted by a prime symbol. See Figs. 1 and 3 for visualizations of the mathematical relationships among

these quantities.

Term Symbol Verbal definition Key equations

Individual fitness w The expected number of offspring Egs. TAand 3
produced by an individual over a
time period (96)

DGE Wp The additive effect of an individual’s Egs.2and 7
alleles on their own fitness

IGE w, The additive effect of an individu- Egs.2and 7 to 9
al’s alleles on the fitness of social
partners

DGE-IGE covariance cov(wD,wl) The population-level covariance Egs.2,12,and 13
between individuals' fitness DGEs
and IGEs

Evolvability ewr The potential for adaptive evolution Egs. 18 to 21
of individual fitness, which is contin-
gent on average relatedness among
social partners

Fitness-relevant phenotypes n Complex traits causing variation in Egs.3to 15
individual fitness

Social plasticity ¥ Changes in phenotypes caused by Eq.5

Nonsocial and social selection on B Bs
fitness-relevant phenotypes

Social selection on heritable fitness Bsw
variation (social fitness slope)

Density dependence Bo
Frequency dependence Bi B

consequences of IGEs for the evolvability of social behavior and
fitness (54). We propose a general explanatory model of human
adaptation emphasizing feedback between fluctuating social se-
lection, which maintains adaptive social plasticity in cooperation
(55), and the developmental effects of social plasticity and coop-
eration on the evolvability of fitness ey,; via IGEs (Fig. 1C).
Building on recent work investigating the role of IGEs in rapid
evolution (56), we refer to this as the social drive hypothesis of
human adaptation.

On the basis of formal theory of IGEs (33, 41), we expect that
positive social selection on (g > 0) and social plasticity in (¥ > 0)
fitness-relevant phenotypes will generate cov(Wp, Wy) > 0 on fit-
ness components such as fertility, enhancing e,z and thus accelerat-
ing adaptation of a population (Fig. 1B). If selection for cooperation
or conflict in reproduction had remained relatively constant through-
out humans’ evolutionary history, plasticity in reproductive behav-
ior may not have evolved (57). However, selection pressures on
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the expression of phenotypes in

e respective contribution of
individual and social partner pheno-
types to differential fitness among
individuals

Egs.3,4,and 6to 14

Change in individual fitness as a
function of the fitness DGE of social
partners, quantifying the total
heritable effects of social selection
on and plasticity in fitness-relevant

Egs.2,12,and 13

phenotypes

Change in the social fitness slope Eqg. 1E
due to the number of social partners

Change in the social fitness slope Eq. 1E

due to the interaction between

the fitness DGE of individuals and
their social partners, as well as their
relatedness

social interactions are likely to fluctuate due to environmental
variation as well as density and frequency dependence in human
societies (54), sustaining selection for adaptive plasticity in coop-
eration and in turn maintaining the amplifying effects of IGEs on
evolutionary change across generations (55). These eco-to-evo and
evo-to-eco effects (25) create the joint conditions for sustained
feedback between plastic social interactions, social environmental
change, and evolvability across time, which we refer to as social
drive (Fig. 1C).

To test our social drive hypothesis, we developed a Bayesian IGE
model (58) for investigating the evolutionary quantitative genetics
of cooperation in reproduction across heterogeneous social envi-
ronments (Materials and Methods). We applied this model to a rare,
multidecade database of natural fertility variation among the Indig-
enous Tsimane people of lowland Bolivia (Fig. 2), who have partici-
pated for over two decades in generating extensive genealogical,
socioecological, and demographic data about their society as part of
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Fig. 2. The Tsimane people of Bolivia. The Tsimane are an Indigenous people that occupy a broad territory within and surrounding the lowland Amazonian forests of
Bolivia, who largely rely on foraging, hunting, and horticulture for their subsistence (59). Multiple Tsimane families tend to live in close spatial proximity together, forming
clusters or “neighborhoods,” and cooperate in daily resource production, childcare, manual labor, and other fitness-relevant activities. These neighborhoods are nested
within broader communities. (A) Neighboring kin socializing together, with a grandmother sitting in contact with her daughters and grooming her granddaughter.
(B) Children from two neighboring households play together while their mothers prepare a shared meal. (C) Many families gather for a community-wide educational
event. (D) Local ecological conditions can vary appreciably across the Tsimane territory, from forests to open grasslands and riverine habitats. (E) For the 93 communities
included in our fertility dataset (see Materials and Methods), those lacking information on reproductively active neighbors are filled orange, while those with neighbor
information are filled yellow. The radiuses of yellow circles are scaled by the total number of reproductively active neighbors meeting our selection criteria that contrib-
uted to the dataset, ranging from 2 to 83 women per community (median = 8, mean = 14). Photo credit: Jordan Scott Martin. All photographs were taken and used for

scientific publication with community and family consent.

the ongoing Tsimane Health and Life History Project (THLHP) [see
(59) for a detailed overview]. To our knowledge, this is the largest
demographic dataset available on any contemporary subsistence-
oriented society. The Tsimane primarily rely on foraging and horticulture,
with families tending to live in spatially clustered “neighborhoods”
composed of interdependent households who engage in extensive
trade and collective action in resource production (60). We expect
that individuals’ interdependence with their neighbors is likely to
vary in response to factors such as their kinship and the density
and productivity of local households, providing scope for fluctuat-
ing selection on reproductive behavior and social interactions
across space and time. Moreover, as a consequence of exogamy and
migration among communities, average pairwise relatedness among
reproductive women in neighboring households (sample ¥ = 0.16)
and communities (sample 7 = 0.04) tends to be relatively modest,
and overlap between matrices of genetic relatedness and commu-
nity and neighborhood of residence was low across our sample
(adjusted RV coefficients = 0.03 to 0.10), allowing us to differen-
tiate genetic, social, and environmental effects on fitness across
the population.

We analyzed data on 6218 recorded births from 1669 women
across 93 Tsimane communities. We used fertility data to proxy
variation in women’s fitness because mortality risk among both re-
productive adults and their offspring has been persistently declining
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across the Tsimane population in recent decades and was relatively
low throughout the study period (expected annual probability <
0.04 for children 0 to 4 years of age and adults < 70 years of age;
fig. S1). Rather than using lifetime fertility measures, we only ana-
lyzed data on births that could be localized to the year and commu-
nity in which they took place, covering an average of 3.5 births over
9.2 years of a woman’s reproductive career (see Supplementary Text
for comparison to other demographic approaches). For a subset of
individuals (N = 501/57 communities), information was also avail-
able on the identity of neighboring, reproductively active women
living within 50 m of their household during the recorded births
(mean neighbors n = 2.4), which we used to estimate IGEs on fertil-
ity. Adjusted for environmental variation in fertility due to age, birth
year, residual correlations among neighbors, spatial variation among
communities, spousal/father identity, and maternal effects (as a
proxy of common childhood environments), our Bayesian multi-
level model estimated the magnitude of variation in DGEs var(Wp,),
IGEs var (W ), and their covariance cov(Wp, Wy ) on fertility among
neighboring women. This was accomplished by treating fertility as a
social reaction norm (54, 58), with the covariance among women’s
DGEs and IGEs on fertility estimated using a slope parameter Bgy,
describing how a focal womans fertility rate was expected to change
in response to the mean fertility DGE of her neighbors (Fig. 3A;
see Materials and Methods). To account for potential sources of
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Fig. 3. Social selection, IGEs, and the evolvability of Tsimane fertility. (A) Conceptual overview of our Bayesian multilevel IGE model [Egs. 1A to 1C; based on (58)].
IGEs were estimated using the slope f,, of a focal woman’s fertility on the mean DGE of her neighbors WD scaled by the total number of neighbors n, such that
var(Wy;) = var(Wp)p3,n* and cov(Wp, W,) = var(Wp)Bgy (Eq. 2), where the slope on W, is fixed to 1 by construction (see Materials and Methods for mathematical de-
tails). (B) Posterior distributions for average quantitative genetic effects on fertility, shown both for the variance in marginal IGEs due to the average effect on a single
neighbor (n = 1) and the total IGEs due to the average number of neighbors in the sample (n = 2.4). (C) Posterior distribution of the average f¢,, among Tsimane women,
where Bgy > 0= cov(Wp, W,) > 0 indicates net selection on heritable fertility variation for cooperation among neighbors (positive-sum payoffs), while
Bow <0 = cov(WD,W,) < Oindicates net selection for conflict (zero-sum payoffs). (D) Posterior distributions for the expected evolvability of fertility due to selection on
heritable fertility variation among Tsimane women. The nonsocial evolvability e, ignores the evolutionary consequences of IGEs, the inclusive fitness evolvability ey, 7

only accounts for IGEs among kin (F = 0.16), while the social evolvability e,; accounts for IGEs among all neighbors.

fluctuating social selection and gene-by-social environment interac-
tions, the slope of a focal womanss fertility on the average DGE of
her neighbors was also allowed to vary as a function of stochastic
socioecological variation across communities, her neighborhood
size P, to account for density-dependent effects, and the interaction
among her and her neighbors’ DGEs p; contingent on their average
degree of relatedness py,, providing a measure of positive (synergis-
tic) or negative (antagonistic) frequency dependence (54) among
kin and nonkin. On the basis of the social drive hypothesis, we test-
ed three a priori predictions:

(i) On average in the population, a positive genetic covariance
cov(Wp, Wy) > 0 will be observed between DGEs and IGEs on Tsi-
mane women’s fertility, due to social selection for and plasticity in
cooperation among neighbors.

(ii) The evolvability of fitness ey, as proxied by heritable
variation in women’s fertility, will be substantially magnified by
IGEs among both kin and non-kin, in comparison to the effects
of DGEs alone.

Martin et al., Sci. Adv. 11, eads3129 (2025) 30 July 2025

(iii) Differences will occur in cov(Wyp,, Wy) across communities
and neighborhoods, due to fluctuating social selection for and plas-
ticity in cooperation.

RESULTS

Heritable fertility variation among neighbors

We quantitatively summarized estimates from our Bayesian model
using posterior medians, 90% Bayesian credible intervals (CIs),
and posterior probabilities of directional effects (positive/negative:
P4 /p_), which provide a continuous, quantitative measure of sup-
port for our predictions. On average, after adjusting for environ-
mental effects (fig. S2) and IGEs from neighbors, we found that
DGE:s on fertility were very small, var(Wp, ) = 0.03 (90% CI = [0.01,
0.08]) and h% = 0.04 (90% CI = [0.01, 0.08]). The heritability unad-
justed for neighbor and spousal effects was approximately twice as
large, h? =0.08 (90% CI = [0.03, 0.14]), indicating that social effects
make a sizeable contribution to the estimated genetic variance of
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fertility. Overall, greater variance in fertility was due to total IGEs
from neighbors, total Var(WIm) =0.22 (90% CI = [0.06, 0.56]) with
marginal IGEs being of similar magnitude to DGEs, var(W;) = 0.04
(90% CI = [0.01, 0.10]) (Fig. 3B). This indicates that heritable varia-
tion in women’s fertility tended to be explained more by indirect
effects from genetic variation among their neighbors than direct ef-
fects from their own genetic inheritance, Var(WIlﬁ) — var(Wp) =
0.19 (90% CI = [0.01, 0.52], p, = 0.96). Moreover, we also found
a positive genetic covariance between women’s DGEs and their
marginal IGE on the fertility of an average neighbor (Fig. 3B),
cov(WD,WI) =0.03 (90% CI = [0.02, 0.06], p;+ = 1.00), providing
support for prediction (i). This indicates that women who had a
heritable tendency toward relatively higher fertility tended to also
increase the fertility of neighboring women. During the observa-
tional period, the net effect of social plasticity and social selection
on heritable fertility variation was thus acting to promote coopera-
tion among neighbors, B,y = 1.10 (90% CI = [0.43, 2.15], p+ = 1.00)
(Fig. 3C).

Social interactions enhance evolvability

From a quantitative genetic perspective, DGEs on fitness compo-
nents such as fertility summarize the total magnitude of nonsocial
selection acting on heritable variation in individual phenotypes
(Egs. 10 to 15). The small magnitude of DGEs thus indicates
that there was very weak individual selection acting on heritable
fertility variation among the Tsimane, as reflected by the small
nonsocial evolvability (i.e., assuming no IGEs; Eq. 21), ey, = 0.003
(90% CI = [0.001, 0.007]). However, interactions among neigh-
boring women appreciably enhanced the evolvability of fertility
(ewr = 0.015,90% CI = [0.007, 0.030]; Fig. 3D), given the average
number of (1 = 2.4) and relatedness (¥ = 0.16) among neighboring,

reproductively active women. In support of prediction (ii), plasticity
in and selection for cooperation among neighbors thus acted to ac-

celerate the adaptation of Tsimane fertility by a factor of Zﬂ =518
wo

(90% CI = [2.38, 11.26], p+ = 0.99). Only considering inclusive fit-
ness effects among related women (Egs. 19 to 20), IGEs are still ex-
pected to accelerate the evolvability of fertility by a factor of 2L =

2.97 (90% CI = [1.51, 6.93]). This indicates that, over the avevzvf)age
observation time of only 9 years per woman (approximately one-
third of a woman’s typical reproductive career), IGEs on fertility
were expected to increase the quantitative genetic component of
population fitness by ~1.5%, with direct effects only contributing
~0.3% of this change, comparable to median evolvabilities based on
lifetime reproductive success in other animal and plant taxa (61).

Social and ecological variation generates

fluctuating selection

In addition to these population average effects, the magnitude of
plasticity in and social selection for cooperation in fertility varied
considerably among communities and neighborhoods (Fig. 4), pro-
viding support for prediction (iii). Given that Tsimane women may
move multiple times during their reproductive career, individuals
are thus likely to experience fluctuating selection on their fertil-
ity and social interactions with neighbors across their life span.
Community-level variation in the covariance of DGEs and IGEs was
relatively large, var|[cov(Wp, Wy)]| = 0.17 (90% CI = [0.08, 029])
and cov(Wp, Wy ) range = —0.08 to 0.22 (Fig. 4A). This indicates
that local socioecological factors played an important role in struc-
turing the magnitude of social plasticity and social selection for
cooperation among neighbors. Neighborhood size tended to de-
crease women’s marginal IGEs on the fertility of their neighbors

cov(W,,W))

-0.05

-0.10

cov(W,, W)

-01 00 01 02 03
cov(W,, W,)

# Neighbors

Focal * neighbor DGE

Fig. 4. Fluctuating social selection across Tsimane neighborhoods and communities. Posterior estimates for patterns of fluctuating social selection on heritable fertil-
ity variation Bgy, and resulting community- and neighborhood-level variation in the quantitative genetic covariance cov(WD, W,) (Egs. 1D and 1E). (A) Posterior medians
(points) and 10 to 90% Cls (shaded lines) for community-specific (y axis) genetic covariances (x axis), with values at 0 indicating no net selection on heritable fertility
variation and values below/above 0 indicating net selection for conflict/cooperation among neighbors within the community. Note that because of partial pooling of
random effects, communities with fewer observed neighbors tend to cluster more around the average across communities (0.03, solid line). Therefore, the plotted predic-
tions are likely to underestimate the true magnitude of variation among communities. (B) Posterior distributions (top) for density-dependent selection f and its resulting
effect (bottom) on the magnitude ofcov(WD, W,) across neighborhoods of varying size, with median predictions shown by the dark line and 10 to 90% Bayesian Cls indi-
cated by the shaded bands. (C) The same is shown for frequency-dependent selection f; (blue) and its moderation by neighbor relatedness f,, (purple), with predictions
plotted as function of the interaction between women’s fertility DGEs and the average fertility DGE of their neighbors. The increased slope in higher relatedness neighbor-
hoods (shown for coresiding sisters, r = 0.5) indicates synergy (positive frequency dependence) among kin.
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(Pp =—0.10,90% CI = [-0.18, —0.01], p_ = 0.96), providing evidence
for negative density dependence that reduces the evolvability-enhancing
effects of social interactions in denser neighborhoods (Fig. 4B). In-
dependent of neighborhood size, we also found that the mean DGE
of a woman’s neighbors tended to have a synergistic interaction with
her own fertility DGE but only in neighborhoods of closely related
women (f; = 0.65, 90% CI = [-1.18, 2.33], p, = 0.62; median p;, =
1.50, 90% CI = [0.00, 2.95], p+ = 0.95), providing support for posi-
tive frequency dependence among kin, acting to further accelerate
or inhibit evolvability contingent on the expected composition of
neighborhoods (Fig. 4C). This indicates that women with a heritable
tendency toward higher fertility DGEs tended to have even greater
realized fertility in neighborhoods of other related women with rela-
tively high fertility DGEs. As women with higher DGEs were, on
average, also found to have more positive IGEs on their neighbors,
this result suggests that cooperation in fertility-promoting pheno-
types is synergistic among related women living in close proximity,
consistent with prior work demonstrating that kin-based coopera-
tion is central to Tsimane sociality (18, 59) and that division of labor,
trade, and economies of scale enhance reciprocal returns among the
most productive Tsimane households (60).

DISCUSSION

Overall, our results (Figs. 3 and 4) provide clear support for social
drive as a critical eco-evolutionary process shaping the adaptation
of human populations via IGEs. In both historic and contemporary
human populations, fluctuating selection caused by density and
frequency dependence, as well as rapid environmental change, has
likely acted to promote and maintain adaptive social plasticity in
fitness interdependence and cooperation among both related and
unrelated group members, against the backdrop of sustained pater-
nal and grandparental care that has also been crucial for human life
history evolution (7, 8, 13, 18). Thus, as humans have moved
throughout the world and continuously transformed their environ-
ments, individuals have been able to flexibly shift their interactions
with kin and nonkin group members, buffering themselves against
ecological risk and social exploitation while also taking advantage
of synergies arising from reciprocity, division of labor, economies
of scale, and other mechanisms of mutually beneficial cooperation
(5-9, 12-18, 60, 62-64). As we observed among Tsimane women
(Fig. 2), selection for cooperation in reproduction is expected to
vary appreciably across neighborhoods in response to their size and
composition, as well as across communities due to ecological dif-
ferences (Fig. 4). This extensive variation in and sensitivity toward
the social environment has in turn promoted cooperative or con-
flictual IGEs on fitness components such as fertility, acting to cur-
tail or accelerate phenotypic adaptation and further change the
composition of the social environment (Fig. 1, A and B). As a con-
sequence, while other species lacking high relatedness and repro-
ductive skew tend to exhibit small IGEs on fitness components
(45), human populations such as the Tsimane often maintain a high
degree of interdependence, with IGEs from group members having
a much larger impact on the evolvability of individual fitness
(Fig. 3). This dynamic feedback between socioecological and quan-
titative genetic processes within and across generations can sustain
alignment between the direction of selection on and adaptive plas-
ticity in the phenotype (Fig. 1C). Our social drive hypothesis thus
provides an integrative explanation for the rapid pace of human
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social evolution as a consequence of IGEs generating socio-eco-
evolutionary feedback.

Persistent developmental and contextual variation in inclusive
fitness effects is expected to cause the adaptation of highly contin-
gent social strategies, which allow individuals to plastically respond
to the shifting costs and benefits of cooperation or conflict across
social environments (55, 62). An exciting avenue for future research
will, therefore, be to uncover the specific behavioral and physiologi-
cal mechanisms mediating IGEs on fertility, as well as other fitness
components shaping the timing and tempo of human life history
[e.g., age of first reproduction; (47)], further promoting the synthe-
sis of evolutionary anthropological and quantitative genetic per-
spectives on human sociality (54). In this sense, the social drive
hypothesis provides a general functional explanation for rapid adap-
tation that is complementary with a broad class of proximate models
emphasizing the importance of cognitive and developmental mech-
anisms facilitating intra- and intergenerational plasticity in human
phenotypes, such as language and sociocultural learning (7), as well
as specific cultural evolutionary models, such as the institutional
paths hypothesis (64), that emphasize self-interested individuals’
ongoing negotiation of normative interactions via plasticity and se-
lection within cultural groups.

Regardless of the specific mechanisms involved, it is clear that
our species is unique in its reliance on complex forms of cognitively
and culturally mediated social interaction (5, 7, 21, 22) and that un-
derstanding the dynamics of these interactions is crucial for ex-
plaining otherwise puzzling patterns of growth, as well as decline, in
human populations. As we demonstrate here, quantitative genetic
theory provides a flexible framework for understanding how human
social interactions influence phenotypic adaptation via sustained
covariance between DGEs and IGEs on fitness (39-41). The causal
networks sustaining social drive within human societies can thus be
seen as one of a variety of potential mechanistic pathways through
which accelerated quantitative genetic change can occur in socially
plastic traits (54-56). Our findings demonstrate that this radical po-
tential for socio-eco-evolutionary feedback is crucial for explaining
our species’ capacity, documented throughout our evolutionary his-
tory and across the world today, for exceptional population growth
and rapid adaptation via intra- and interfamilial cooperation (6-9).

MATERIALS AND METHODS

Materials

Ethics statement

Informed consent was collected at three levels: by the individual, by
the community, and by the Tsimane Gran Consejo (Tsimane gov-
erning body). All study protocols were approved by the Institutional
Review Boards of the University of New Mexico (#07-157), the Uni-
versity of California Santa Barbara (#3-21-0652), and the Universi-
ad San Simon, Cochabamba, Bolivia.

Fertility database

We compiled our fertility database from an extensive birth registry
capturing 9774 births from 2540 women recorded by the THLHP,
spanning a 20-year period from the beginning of the THLHP in
2002 to 2022. See (59) for an extensive overview of the Tsimane
population and the THLHP. Our analyses required that we were able
to localize a woman’s measured fertility to the community in which
these births took place, with at least two or more births recorded
in a community to effectively offset analyses for the window of
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sampling (year of first birth to year of last birth) and thus estimate
social effects on fertility relative to the time elapsed. Moreover, we
excluded data on women who lacked age information, for whom
their position in the population pedigree could not be resolved (e.g.,
due to missing information on parents), as well as from four com-
munities lacking data for analyzing spatial effects. We compiled our
fertility database from this subset of the total population registry,
resulting in 6218 recorded births from 1669 women. On average, the
remaining births were recorded from an average of 9.16 years of a
woman’s reproductive career within a given community, with a
mean fertility of 3.51 births during this period. As shown in Fig. 2,
our total dataset contained information on womenss fertility across
93 Tsimane communities, of which 57 communities also contribut-
ed information about neighboring reproductively active women.
We further coordinated this subset of the birth registry with
community information in the THLHP database to include various
environmental measures of interest in the fertility database, which
we adjusted for to reduce bias in estimates of additive genetic varia-
tion among women. GPS coordinates from each community center
were used to capture spatial effects on fertility due to ecological
variation across communities. A woman’s age was calculated by the
difference in years from her recorded birth in the registry to the
onset of her community-specific reproductive window as recorded
in the fertility database. The identity of a focal woman’s mother was
recorded to estimate maternal effects on her fertility (65), effectively
proxying common environmental effects among sisters that may
arise from sharing a birth mother and childhood home. Many older
women (N = 169) did not have mothers listed in the birth registry
and so were grouped together in an “unknown” category to offset for
any bias due to mean differences among women with and without
known mothers (e.g., due to temporal effects). The identity of the
father for each of a woman’s recorded births in a community was
also recorded to adjust for the influence of spouses on their repro-
ductive output (see below for discussion of potential bias due to
extra-pair paternity). Tsimane fathers play an important role in
shaping the productivity of their wives and households (66, 67), and
prior IGE research in other human populations has shown the im-
portance of fathers in generating indirect effects on their spouse’s
reproduction (47, 48). Some women had multiple birth fathers re-
corded during their period (e.g., due to separation, death, or other
factors), and so we accounted for the additive effect of all fathers
recorded during their reproductive period in a given community.
Only five women in the dataset were missing information on the
birth father.
Pedigree for estimating genetic effects
We developed a pedigree for our quantitative genetic analysis using
data on parentage from the THLHP population census, which is
based on genealogical data dating back over a century that has been
developed through extensive family interviews within and across
communities. Whenever using such a “social” pedigree (i.e., one not
based on molecular markers), there is a risk that recorded and ac-
tual parentage will differ, introducing noise in the analysis. While
this is an intrinsic limitation of our analysis, extensive prior work on
comparable small-scale, nonindustrialized human societies with
high rates of monogamy has indicated that rates of extra-pair pater-
nity are in general quite low [~1% in both contemporary and historic
human populations; (68)], suggesting that misassigned paternity is
unlikely to have meaningfully biased population-level estimates
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from our models (69). We used the R package MCMCglmm (70) to
convert our pedigree into an A matrix capturing the expected,
standardized relatedness coefficients among all women in our fer-
tility database.

While observed similarity among relatives can also reflect path-
ways of cultural transmission, our analyses account for the full A
matrix during estimation (see below), rather than relying on parent-
offspring regression or other methods for which quantitative genetic
estimates are more easily biased by shared environments among kin
and nongenetic pathways of vertical transmission (65). Thus, we
would only expect confounding of genetic effects if pathways of cul-
tural inheritance during the study period were Mendelian and fol-
lowed the same exponential decay across kin as expected for genetic
inheritance, irrespective of spatiotemporal proximity among family
members. This is very unlikely given the lack of evidence for tempo-
rally stable cultural differences in social and reproductive behavior
across Tsimane communities (71). Furthermore, Tsimane engage in
ambilocal marriage practices, with both patrilocality and matrilo-
cality observed across families (72). As a result of regular migration
of women away from their natal community, matrices of genetic re-
latedness, community identity, and neighborhood identity are only
very weakly correlated among the women in our fertility database.
In particular, as reported above, using the adjusted RV coefficient
(73), which is a matrix correlation ranging from 0 to 1 with values
closer to 1 indicating redundant matrices, we find that spatial, so-
cial, and genetic effects are largely independent in our sample (RV:
0.03 to 0.10). Moreover, our statistical analyses directly adjusted for
spatial variation among communities and correlated environmental
effects within neighborhoods, further suggesting against putative
bias in quantitative genetic estimates caused by unmeasured cul-
tural or socioecological effects.

Neighborhood structure for IGEs

To estimate IGEs from outside the family on womens fertility, we
needed a spatially and temporally localized measure of neighbor-
hood structure, as previous ethnographic and quantitative work has
demonstrated the centrality of local kin and nonkin neighbors for
cooperative food production, childcare, resource trading, and divi-
sion of labor among the Tsimane [see (59, 60, 67) and references
therein]. Broader social clusters such as the community level are
likely to confound IGEs caused by direct social interactions and fit-
ness interdependence with various sources of spatiotemporal varia-
tion in the nonsocial environment, which may correlate among
women within the same local habitat and cause spurious signals of
covariance in fitness effects. We, therefore, developed a neighbor
matrix for women who had GPS data available on the location of
their home during their reproductive career within a given commu-
nity. On the basis of local knowledge of the typical size of coopera-
tive household clusters, we considered any reproductively active
woman coresiding within 50 m of a focal woman during her record-
ed childbirth to be a potential source of IGEs on the focal woman’s
fertility via their social interactions. To directly estimate IGEs, it was
also essential that neighbors were present in the pedigree as well as
the fertility database. Such data on reproductively active neighbors
were only available for a subset of women. Thus, we structured our
statistical model (see below) to take full advantage of the pedigree
and fertility information across all women in the sample while also
estimating potential IGEs among those women who had spatially
and temporally localized data on neighborhood structure.
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Methods

Statistical analyses

We developed Bayesian multilevel IGE models to estimate quantita-
tive genetic effects on Tsimane women’s fertility and directly test the
primary predictions (i) to (iii) of our social drive hypothesis. Our
Bayesian models were based on the recently proposed social animal
model (58), which extends the so-called animal model used for
quantitative genetic inference in natural populations to measure
continuous reaction norms and IGEs expressed in social environ-
ments. This model has been shown to have desirable statistical pow-
er for detecting modest effects at our sample size (58). We forgo
explicit use of the term “social animal model” to avoid any undesir-
able connotations arising from application of this method to data on
a marginalized human population. This modeling approach allowed
for estimating multiple sources of variation in IGEs within a popula-
tion, e.g., due to individual, neighborhood, or community differ-
ences, while also avoiding causes of measurement error such as
endogeneity bias that have previously been shown to limit reaction
norm-based approaches to IGE models [see (58, 74) for detailed dis-
cussion]. Briefly, endogeneity bias arises from environmental effects
that generate a spurious signal of repeatable, heritable effects on a
phenotype from social interactions. The social animal model han-
dles this issue by specifying the key slope of interest fg,, directly on
latent genetic parameters in the model, which are partitioned from
various sources of correlated environmental effects among neigh-
bors, thus avoid endogeneity bias during estimation that would oth-
erwise arise from use of phenotypic correlations.

We estimated all models in a fully Bayesian framework using
Markov Chain Monte Carlo (MCMC) in the Stan probabilistic pro-
gramming language (75), implemented in the R statistical environ-
ment (76) using the RStan (v2.35.0.9000) and CmdStanR packages
[v0.8.1; (77)]. The basic structure of our IGE model predicted the
absolute fertility W of woman j observed in neighborhood k of com-
munity ¢ as a social reaction norm

_, _
Wike=Wo+ej+ Wp +Bsw W, 1+ + e,

€jxc =P years. observed; + f,age; + [33agej2 + B, missing. neighbors, +
maternal. id; + Z father. id; + Z birth. years; + community. id,

if missing. neighbors, =1, then fg,y = =0

(1A)

Note that fixed slopes are denoted with p, while random effects
lack regression coefficients. Here, W} is the population intercept and
ejc is the sum of individual j, neighborhood k, and community ¢
environmental effects on the fertility measure. p, is an offset that
adjusts the model to account for the fact that women differed in the
total amount of time their fertility was recorded in the dataset. The
variable years. observed; was mean-centered and standardized so
that genetic effects were estimated as deviations from W,, with re-
spect to the average reproductive window (9 years) across the
sample. Age was also mean-centered and standardized to remove
collinearity between the main and quadratic effects (78) and to con-
dition predictions on the average age (26 years old). Random effects
were included for the focal womans mother maternal.id;, for the
sum of father/spousal effects }’ father. id; across all of the recorded
fathers for her births (mean = 1.07, range: 0 to 4), for the sum of
birth years 3’ birth. years; for all years that a woman was recorded as
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being reproductively active in a given community, and for the spa-
tial effect of her community community.id. during the record-
ed births.

Adjusted for these environmental effects, the model estimated
the focal womans DGE on her observed fertility W), For women
who had information available on reproductively active neighbors,
the slope Pgyy was also estimated for the focal woman’s fertility on
the mean DGE of her neighbors W;)k, multiplied by her total num-
ber of neighbors n;, which scaled Bgy,, to the marginal effect of a
single average neighbor. To account for additional unmeasured
environmental correlations between neighbors (e.g., microhabitat
effects), which could generate a spurious relationships between
neighbors’” additive genetic values, the model also estimated coeffi-
cient ¢ capturing any nongenetic association between the fertility of
the focal woman and the mean of her neighbors’ fertility deviations
8, which were defined as the difference between their observed fer-
tility measure and all other predicted effects on their fertility (i.e., a
correlated residual environment effect). The residual €, captured
any remaining unexplained variance in fertility independent of
these combined effects. The term f,missing. neighbors, is an offset
that accounted for any bias due to mean differences in fertility
among women with and without information on neighbors, while
the if else statement within the model likelihood accounted for the
fact that variation due to fgy and ¢ could only be estimated when
neighbors were known.

All random effects in the model were assumed to be sampled
from Gaussian distributions

Wy, ~N(0,Ac)
birth.year ~N (0,0, )
maternal.id ~ N (0,6,/)
father.id ~ N (0, ;)
community.id ~N (0,0
€~N(0,0,)

(1B)

with a Gaussian Process function used to model spatial variation
among communities such that

community.id ~ MVN [0, KD|a, p)]

1
KD|a, p):oﬁexp<—2—:)2D2>+1cs6 (1c

where D is a distance matrix among communities based on lati-
tude and longitude, K() is a double-exponential covariance kernel
with marginal SD a and length scale p, and I is a diagonal identity
matrix multiplied by a very small nonzero offset 65 =1x 107 to
ensure positive definiteness of the matrix (79, 80). Generalized,
weakly regularizing priors, f ~ N(0,1) and o,a ~ exponential(2),
and p ~ inverse gamma(5, 5) were placed on all model parameters to
enhance convergence and reduce the risk of false positives (79, 81).
Following (58), we estimated the additive genetic and residual SDs

as transformed parameters 6; = 4/03h? and o, = 4/c5(1—h?)

from the total adjusted phenotypic SD 6,, where h? ~ beta(1.2,1.2),
to reduce posterior correlations among the scales of genetic and en-
vironmental effects that would otherwise result from our relatively
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sparse relatedness matrix. Posterior distributions sampled from this
model are summarized by median estimates, 90% Bayesian Cls,
and posterior probabilities of directional effects (positive/negative:
P4/ P_). Wereport 90% Bayesian Cls because they facilitate straight-
forward and intuitive interpretation, with a 90% CI excluding zero
corresponding to a posterior probability > 0.95 in support of the
predicted directional effect (i.e., probability < 0.05 against the pre-
diction). More broadly, it should be noted that Bayesian inference is
principally concerned with the entire posterior distribution, as the
specific choice of CI is always semiarbitrary (79). This allows for
focusing attention on continuous, quantitative measures of support
for hypotheses, here expressed by p, /p_, rather than on the binary
designation of significant versus nonsignificant findings, thus re-
ducing the risk of problems such as p-hacking (82).

As is typical for fertility, there was a strong right skew in the dis-
tribution of our raw data. To ensure that the observed neighbor ef-
fects were not simply a biased result of inappropriately applying a
linear model, we also estimated a log-normal model that more ef-
fectively described the skewed distribution of fertility. With this
model, we also found similarly strong evidence for the positive IGEs
arising from neighbors as observed in the Gaussian model (median
log scale gy = 0.53, 90% CI = [0.17, 1.20]). Therefore, we opted to
use the simpler linear model without log transformation for all re-
ported analyses, given the robustness of our central finding to the
choice of distribution, the general robustness of quantitative genetic
predictions to violations of normality (83), and the fact that our
theoretical models and predictions (Fig. 1; see Egs. 15 to 21 below)
were much more easily and directly tested by assuming a Gaussian
distribution, as additive versus multiplicative effects on the original
data scale could be straightforwardly distinguished.

To quantify fluctuating social selection and changes in the cova-
riance of direct and IGEs across neighborhoods and communities,
we also expanded the basic model to allow for Py to vary as a func-
tion of other model parameters. In particular, we first estimated a
multilevel model accounting for random differences in Pgy, across
communities, independent of mean differences in fertility across
communities due to spatial effects

Bsw ~ N(ﬁswn’%c)

Here, figyy, is the fixed, average neighbor slope across communi-
ties. We then estimated a neighborhood-level model to more direct-
ly test for density- and frequency-dependent fluctuations in IGEs,
which are expected to play a key role in maintaining social drive
across generations (Fig. 1C). For a focal woman j in neighborhood
k, the social reaction norm slope Bswjk of her fertility on the additive

(1D)

genetic value of her neighbors W;)k was given by

ﬁSij=ﬁSW(,+BD(nk_1)+(BI+ﬁIrr) Wp; (1E)

Density-dependent effects in response to the focal woman’s
number of neighbors 1, were estimated by f,, where n, — 1 was used
to adjust the fixed slope i, to the expected value for a single neigh-
bor (n; = 1). These density-dependent effects may include dilution
due to a reduced marginal impact of each neighbor on the fitness of
the focal individual in larger groups (74), as well as shifting selection
pressures for cooperation or conflict. We find that the sign of
cov(Wp, Wy )is predicted to change in the largest observed social
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groups (Fig. 4B), suggesting that both factors are likely contributing
to the estimated magnitude and sign of f,. The interactive effect f§;
between the focal woman’s DGE wy and the DGE of neighbors pro-
vided an estimate of frequency dependence appropriate for continu-
ous traits (54, 58, 84), indicating whether there is an additional
multiplicative effect for synergy (B, > 0) or antagonism (f; < 0)
among neighboring women. The coefficient p;, quantified how this
frequency-dependent effect changed as a function of the average re-
latedness among neighbors 7, where ¥ was mean-centered and stan-
dardized such that ; could be interpreted as the expected level of
frequency dependence in an average neighborhood (r=0.16). To
reduce posterior correlations during sampling and aid model con-
vergence, we centered the prior distributions for fg, and h? on their
corresponding posterior distributions estimated from the average
effect model (Eqgs. 1A to 1C).

Quantitative genetic parameters

By further processing MCMC estimates of the posterior distribu-
tions from Egs. 1A to 1E, we were able to directly calculate popula-
tion average (co)variances in DGEs and IGEs, as well as social and
nonsocial evolvabilities (Figs. 1 and 3) while effectively carrying for-
ward statistical uncertainty across stages of analysis (85, 86). Follow-
ing prior work by McGlothlin and Fisher (41), we calculated DGEs
and IGEs for fertility such that

var(WD) =var(WD)BIZ\]W =Var(WD)
Var(WI) =Var(WD)ﬁ§W
Var(Wllﬁ) =var(Wp) éwﬁz
cov(Wp, Wy) = var(WD) PrwPBsw = Var(WD )Bsw

)

where By the total magnitude of nonsocial selection on fertility, is
implicitly fixed to 1 because DGEs on fitness and its constitutive
components are by definition maximally selected upon (87). Bold
font is used here to distinguish population vectors from scalars.
Note that g,y < 0and fg,y > 0 necessarily imply cor(Wp, W) = —1
and cor (W, Wy) = 1, respectively, due to symmetric effects among
social partners (74). See also Eqs. 10 and 11 below.

These relationships demonstrate that the slope g, of focal fit-
ness on partner fitness DGEs is proportional to the total magni-
tude of social selection acting across all fitness-relevant phenotypes.
To see this, note that “fitness” is simply a composite trait reflecting
the total effects on survival and reproduction caused by an organ-
ism’s phenotypes within a given environment (88). In this sense,
the heritable variation of a fitness component such as fertility is
just the heritable variation across all phenotypes causing repeat-
able individual differences in fertility, i.e., experiencing selection
via fertility. Therefore, following (41), fitness proxy W can be ex-
pressed as the product of nonsocial By and social selection gradi-
ents fg on all individual n and social partner phenotypes 1/
affecting this fitness component

Wy =Wo+ W (Byn;+ By my ) +€5

3)

Selection gradients are unit mean-scaled relative to the average
fitness W and T indicates transposition. The vectors n;and 1, con-
tain trait values of focal individual j and the mean of their social
partners in group k, respectively, for all phenotypes affecting an

100f 15

G20z ‘TE AINC uo A1B100S Youe|d Xe N Te BI0°80Us 15 MMM,/:SANY WO | PaPE0 JUMOQ



SCIENCE ADVANCES | RESEARCH ARTICLE

L3
individual’s relative fitness. Note that T M = T = Zﬂ: is the
sum of indirect effects from each partner i in neighborhobd k of size
n. The stochastic residual effects € are expressed as zero-centered
deviations with respect to the global intercept W,,. An individuals
total additive genetic value for fitness is then

Wy =W (Byna;+Bsnaym) (4)
where 1; is a vector of total additive genetic values for all fitness-
relevant phenotypes 1. The total additive genetic value for fitness
represents an individual’s heritable contribution to mean population
fitness, incorporating the effects of social plasticity and relatedness
across all fitness-relevant phenotypes (41). The exact quantitative rela-
tionship between social plasticity and the magnitude of the total addi-
tive genetic value will be contingent on the causal structure of
interactions assumed for a given phenotype (58). Under the simple case
of an instantaneous interaction with feedback (38), we expect that

My =1V (3 + Vay) (5)

where a; is a vector of individual j's additive genetic values for all
phenotypes before social interaction, I is an identity matrix, and ¥
is a matrix of interaction coeflicients quantifying the magnitude of
social plasticity among all fitness-relevant phenotypes 1. In general,
we expect for social plasticity in humans’ cooperative interactions,
such as through reciprocal resource sharing and childcare (y > 0),
to magnify standing additive genetic variance in the phenotype (32, 54).

With this fitness model, the Robertson-Price identity (89, 90) can
be used to predict adaptation caused by selection on heritable fitness
variation, ignoring changes generated by nonadaptive processes. In
particular, the expected change in mean fitness, conditional on the
current distribution of environmental states and marginal allelic ef-
fects in the population, is given by

cov[W (Byns +Benan), W] _ cov(W,, W)

w w

AW = (6)

This model is useful for describing the causal effects of and inter-
actions between heritable variation in specific phenotypes n, using
selection gradients By and Pg. However, it is challenging to accu-
rately estimate such high-dimensional, multivariate models in em-
pirical research, due to bias caused by missing traits and poorly
specified functional interactions (91).

Fortunately, an equivalent but lower dimensional model can be spec-
ified using a variance-partitioning approach. Rather than focusing on
estimating all the specific genetic, social, and ecological interactions that
shape every phenotype affecting an individual’ fitness, a (co)variance-
based model can be estimated to capture the total DGE Wy, and IGE W,
on individual fitness. These variance components summarize the net
effects of directional selection acting on all heritable variation across
phenotypes, partitioned from environmental effects € on fitness

7 [ /T T—
‘/ij =Wy+ W(ﬁNﬂA,- + ﬁs “Aknk> +E€j
=Wo+Wp + D W]+
_ ’
= Wo+ Wy, + W], ¢

%
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where W/ i 18 the total fitness effect of n social partners in neigh-
k

borhood k of individual j. This shows, as noted in Fig. 1A, that the
magnitude of social selection acting on heritable variation in all
fitness-relevant phenotypes is proportional to the total IGE from
social partners on focal fitness
WIlklncxﬁgni\k (8)

These results also show that the contribution of ﬁgn aj to the total
additive genetic value of fitness W ,; will necessarily be 0 if there is
no social selection fg =0 acting across phenotypes. Therefore,
var(W}) # 0 in turn implies that there is a nonzero, net force of so-
cial selection acting across fitness-relevant phenotypes.

We can also see from applying Eq. 5 to Eqs. 7 and 8 that the ab-
sence of social plasticity in fitness-relevant phenotypes ¥ = 0 will
tend to reduce the magnitude of IGEs on fitness. In the strict sense,
this means that observing Var(WI) # 0 does not necessarily imply
the existence of social plasticity in fitness relevant phenotypes, as the
fitness IGE could be entirely driven by social selection in the ab-
sence of social plasticity. However, given the vast amount of evi-
dence for socioecological plasticity in human reproduction and
fitness-relevant behavior [e.g., (12, 13, 21, 51, 52, 60, 62, 63, 92—
94)], we assume as an empirical fact that many elements of ¥ will
always be nonzero in any human population and will thus be con-
tributing to the total additive genetic values of fitness-relevant traits
determining the fertility of individuals n, and their social partners
n,. We, therefore, interpret var(WI) # 0 as indicating that a net
force of social selection is occurring across heritable variation in
fitness-relevant phenotypes and that, as a consequence, social plas-
ticity in these phenotypes is also affecting the additive genetic vari-
ance of fitness via IGEs.

Using Eq. 7, the marginal IGE of an individual on a single social
partner is defined by

I

W= = 9

As explained above in Egs. 1A to 1E, these individual-level DGEs
and IGEs can be efficiently estimated using a social animal model
(58) where the fitness component itself is the trait being selected
on (41). Using latent variable W, to capture correlated genetic effects
on focal and partner fitness

Wix=Wo+Wp + Wi, tew= Wo+Brw We, +Bsw Wemi+€i (10)

J Iiln
we fix By = 1to identify the latent variable, such that1 = Wa] = Wp;
and

Wy =W, +W(ﬂ;'hj + ﬁ:mﬂ’%) +€

=Wo+Wp + W, +eg (11)

=W+ Wy +Bsw W, mi+e€i

where Pgy Wzl)k”k quantifies the fitness IGE of social partners, as
shown in Fig. 3A. Genetic (co)variances of total IGEs on fitness
across the population can then be calculated as

var (Wﬁgn ATl) = Var(WIm) =var(Wp) ﬁéwﬁz

COV(Wﬁ;ﬂA,WﬁgnA) = cov(WD,WI) =Var(WD)ﬁsw (12)
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As shown in Fig. 1 (A and B), this indicates that social selection
estimated by the regression of focal fitness on partner fitness Pgy is
proportional to the net effect of social selection to either increase
cooperationcov(WD, WI) > Qorincrease conﬂictcov(WD, WI) <0
in fitness across fitness-relevant phenotypes.

Bsw o< cov(Wp, W) excov(Byms, Bgna) (13)

The total additive genetic value for j in the variance partitioning
model (Eq. 7) is

Wy =W(B;HA,' +ﬁ§ 'lAjﬁ) =Wp;+Wyn (14)

which again is the heritable effect of the phenotypes of individual j

on mean population fitness, holding average allele effects and envi-

ronmental distributions constant. Using Eq. 6, the adaptive response
to heritable variation in fitness can then be estimated by

Ao cov[W (BEny +BIn,m), W] ~ cov<wD+WIﬁ, WD"'W;m)
w w

(15)

From this perspective, it is easier to see that the adaptive re-
sponse to heritable fitness variation (i.e., the net effects of selec-
tion across all heritable phenotypes) will be contingent on the
genetic integration of fitness DGEs and IGEs within individuals
cov(Wp, Wy), as well as the expected relatedness 7 between indi-
viduals and the indirect effects of their social partners W;IE' For

symmetric social interactions

cov(WD, Wiﬁ) =7cov(Wp, W7
(16)
cov(WI,W ) =rvar(W,)n’ =7var(WI|ﬁ)

4
17
Following prior work by Bijma (40), the change in population

fitness can then be predicted from the (co)variation of estimated
fitness DGEs and IGEs such that

AW cov(W,, W) var(Wp,) +7cov(Wp, Wy) +7[var(WI|;) +7cov(Wp, Wl)]
= = = W

(17)

where change due to 7icov(Wp,, Wy) is a consequence of corre-
lated evolution in mean fitness caused by change in the mean DGE
W p, and 7 [var(Wy;) +7icov(Wp, Wy )| are inclusive fitness effects
caused by relatedness among social partners. The evolvability of
fitness—i.e., the potential for an adaptive genetic response to selec-
tion (34)—can thus be estimated by

var(Wp,) +7cov(Wp, Wy) +7 [var (Wy; ) +7cov(Wp, W) |

WZ

Cwr =
(18)

contingent on the average relatedness 7 and number of social part-
ners n. Scaling the evolvability by the squared mean fitness W al-
lows for straightforward interpretation of 100*e;,; as the expected
% change in the heritable component of fitness in one generation
(95). Note that this expression can also be generalized to other heri-
table sources of direct W, and indirect W, effects on fitness, such as

Martin et al., Sci. Adv. 11, eads3129 (2025) 30 July 2025

mechanisms of cultural or ecological inheritance, by substituting in
an appropriate scaling matrix for A in Eq. 1B along with a pheno-
typic assortment coefficient p, for the genetic relatedness coefhicient
r in Egs. 16 to 18, capturing any repeatable causes of phenotypic
similarity among partners in the evolving trait value (54).

Some of this genetic response in average fitness is due to indirect
effects on the fitness of unrelated social partners, which from an in-
clusive fitness and gene’s eye perspective can be considered a by-
product of environmental change induced by selection rather than a
direct component of adaptation and fitness maximization (41). Fol-
lowing (40), we can, therefore, also define an inclusive fitness (IF)
evolvability quotient ey, |- that only accounts for average genetic ef-
fects on the fitness of related group members

var(WD) +7 [var(WIm) + Zﬁcov(WD, WI)]

52

w

(19)

Wl =
This shows that quantitative genetic effects of magnitude

ﬁ[cov(WD,WI) —rcov(Wp, WI)]

WZ

Ewlr ~ Cwylr = (20)
will shape intergenerational change in mean fitness as a genetically
correlated response to directional selection on average fitness DGEs
and IGEs among related social partners. To more directly test
whether social interactions are accelerating or inhibiting the rate
of adaptation in fertility, a null hypothesis nonsocial evolvabili-
ty quotient

Var(WD)

ewo=——5 (21)
w

can be used to predict the rate of adaptation in the absence (0) of
IGEs caused by social plasticity and social selection among wom-
en. The increase in the inclusive fitness of the population via plastic
and interdependent social interactions ey,  — ey, will thus be
proportional to 7[Var(WIm) +2ﬁc0V(WD,WI)], with indirect se-
lection effects ﬁ[cov(WD, W) —rcov(Wp, WI)] potentially further
accelerating or reducing the expected change in the instantaneous
rate of intrinsic population growth (i.e., the genetic adaptation of
mean fitness).
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