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Abstract

Previous research on a transition in human evolution has been befuddled by the complexity of
adaptive culture and made little effort toward empirical tests. We resolve these problems with a
novel and testable theoretical mechanism. First, we explain how a differential in adaptive
capacity between genetic and cultural inheritance could drive an special evolutionary event, an
evolutionary transition in inheritance and individuality (ETII). We elaborate the ETII hypothesis,
and show it can resolve the prior debates, such as why genetic group selection is not a necessary
precondition to transition. Next, we develop quantitative metrics of evolutionary transition in
both phenotype and fitness to measure movement along this transition. We evaluate available
evidence and find that patterns in gene-culture coevolution lend credence to the possibility of an
ongoing transition. Finally, we derive a set of testable predictions and outline an agenda for
future research.
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|. Confusion over long-term human
evolution

The possibility that human evolution might be
shifting to a higher level of biological organization
has fascinated scholars for decades (Maynard Smith
and Szathmary 1995, Stearns 2007, Gowdy and
Krall 2014, Powers et al. 2016, Andersson and
Tornberg 2018, Waring and Wood 2021, Carmel
2023). The emergence of a higher level of biological
organization, such as the evolution of
multicellularity, is termed an evolutionary transition
in individuality (ETI) (Michod 2000, Queller and
Strassmann 2009, McShea et al. 2011, Szathmary
2015, West et al. 2015). ETIs are thought to proceed
through a series of contingent stages, as follows: (i)
initially free-living individuals organize into
cooperative groups, then (ii) groups come to
determine individual outcomes, leading to greater
group-level selection pressures, and finally, (iii)
sustained group selection drives the emergence of a
highly integrated superorganism (Michod 2000,
Okasha 2005). Such transitions include the
emergence of new divisions of labor, the loss of
individual reproduction, and the rise of new routes
of information transmission (McShea et al. 2011,
Szathmary 2015, West et al. 2015). ETIs have been
proposed to explain the evolution of prokaryotes
(Szathmary and Demeter 1987), eukaryotic cells
(Margulis 1970), multicellular organisms (Michod
2007), and eusocial species (Anderson 1984).

Many suspect that an evolutionary transition in
humans may be linked to the emergence of language,
culture, and institutions (Szathmary 2015, Powers et
al. 2016, Andersson and Tornberg 2018). Homo
sapiens exhibits many features characteristic of
other superorganisms (e.g. cooperation with non-
kin, complex division of labor, non-genetic
information  transmission). One  common
observation is that human psychological and social
interactions share features with  other
superorganisms. For example, our species exhibits
characteristics which appear to have facilitated the
emergence of large, complex, cooperative societies,
from well-developed mechanisms to achieve unity
of action and resolve internal conflict (Kesebir,
2012) to the development of institutions that
facilitate the division of labor (Powers et al., 2016).

However, there is significant disagreement about the
possibility, nature and status of a human

evolutionary transition. Scholars disagree on status
of a human ETI. Powers et al. (2016) suggests that
large complex societies constitute a completed
evolutionary transition. Andersson and Tornberg
(2018) argue that humans completed an ETI when
human encephalization quotients began to rise ~2
million years ago. Alternatively, our species may
have begun, but not completed, an ETI. Importantly,
unlike in other lineages with and ETI, our species
has not lost reproductive autonomy or developed
physiological integration. Thus, Gowdy and Krall
(2014) suggest humans are in a state of incomplete
transition, with the emergence of agriculture
representing a partial transition to ‘ultrasociality’
short of a fully eusocial state. Stearns (2007) argues
that a human evolutionary transition is stalled since
factors such as migration, which reduces genetic
group differentiation, and trade, which increase
interdependence  between groups, undermine
conditions for genetic group selection.

Others have suggested that the ETI theory does not
apply to humans (e.g. McShea 2023). Szathmary
(2015) concludes that human evolution is not an ETI
in the same sense that the emergence of
multicellularity or eusocial insect societies were,
because human “group structure is too transitory to
allow for a major transition in evolution in a purely
biological sense.” Similarly, Kesebir (2012) argues
that superorganism metaphor fails to describe the
human case when our groups are fluid and
individuals have multiple group identities. One
important loose end concerns the evolving role of
culture and society.

This biological debate echoes an older debate among
anthropologists and sociologists on whether human
society represents a source of group-level causation,
or constitutes a new level of individual (i.e. a
“superorganic” entity). As early as 1898, Spencer
(Spencer 1896, Simon 1960) saw society as a
superorganic, emergent property of interacting
individuals. So did Kroeber (1917), who drew on
Darwinian principles to explain a superorganic
society. Others argued that the concept of
superorganic culture is a misplaced biological
analogy (Simon 1960), or a reification (Duncan
1980). More recently, Richerson and Boyd have
argued that culture is rooted in human biology
(Richerson and Boyd 2001), and propose that human
society does constitute a ‘crude superorganism’ with
group-level causation, structure and function



(Richerson and Boyd 1999). Anthropologists
increasingly agree that human society and culture
exhibit an group functionality and may even
expresses agency above the level of the individual
(Hanson 2004).

In summary, the theory on this topic is befuddled.
Basic definitions are unsettled. Does the ETI
framework apply properly to humans? What new
level of individuality is implicated? What is the role
of culture? More importantly, very little research has
sought to develop novel empirical tests of the
possibility of an evolutionary transition in humans.

In this paper, we develop a parsimonious description
of human evolution that resolves the prior debates.
Building on dual-inheritance theory (Campbell
1965, Richerson and Boyd 2005, Henrich and
McElreath 2007), we argue that culture constitutes a
second system of adaptive inheritance which could
drive a special type of evolutionary transition. We
develop empirical metrics to measure the
progression of this transition and review the
available evidence. Finally, we derive a series of
testable predictions and outline a research agenda.

The human evolutionary transition,
revisited

A dual-inheritance account of human evolution
starts with two observations. First, groups such as
societies or organizations provide humans countless
evolutionary benefits (e.g. shelter, food provision,
defense, health care, education) for humans. Second,
in contrast to other animal societies the organization
and operation of human groups is facilitated by
cultural inherited information such as narratives,
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language, symbols, traditions and institutions
(Moffett 2024). Human societies and organizations
vary according to cultural differences (e.g. language,
habits, norms, traditions, institutions of power,
infrastructure), which are modified through cultural
processes (e.g. creativity, tradition, legislative
change), and inherited culturally (i.e. from ancestor
groups, other groups). Variations in the structure and
function of human groups can have dramatic impacts
on human learning, survival and reproduction. Thus,
human cultural inheritance can be said to
“superintend” the structure of most human groups.
But the implication that cultural inheritance may
have guided human evolution through the design of
society has been largely overlooked. Here, we
develop the theory that the cultural evolution of
human groups, from organizations to societies, can
clarify outstanding questions on human evolution,
explain a long-term transition in human evolution,
and even yield testable predictions. Hereafter, we
refer to human groups generally. The nature and
features of groups that may become most important
is a quantity we would care to derive from theory
and data, precisely because we seek to develop a
theory that concerns the emergence of a new level of
evolutionary individual.

We have proposed that human evolution is uniquely
and parsimoniously described by an evolutionary
transition in inheritance and individuality (ETII),
which would help explain long-term patterns in
human evolution (Waring and Wood 2021, Waring
et al. 2022). Here we develop this hypothesis for
empirical use. An ETII would unfold via positive
feedback (i.e. Crespi 2004) between the adaptive
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Figure 1. The evolutionary transition in inheritance and individuality (ETII) hypothesis proposes that long-term human evolution
is driven by positive feedback between the fitness advantages of organized groups and the adaptive capacity of culture relative to

genetic inheritance.



value of cultural inheritance and the fitness effects
of culturally organized groups (Figure 1). This
hypothesis helps to resolve many of the outstanding
problems encountered when considering an
evolutionary transition in humans. It reveals how the
ETI framework may be applied to humans
specifically, it clarifies the role of culture in human
evolution, it elucidates the status of the transition,
and it explains why a lack of genetic group selection
need not be an impediment to a certain special type
of evolutionary transition.

Each evolutionary transition has certain logical
preconditions. 4 transition in individuality requires
that adaptive information must accumulate at the
higher level, and selection at that level must
overwhelm countervailing selection at the lower
level. Jablonka (1994) argued that epigenetic
inheritance systems, including culture, play an
important role in the evolution of new levels of
individuality. The transition from RNA to DNA
provides the best and most closely studied example
of an inheritance transition. One theory suggests that
the transition from RNA to DNA (Forterre 2005,
Sterelny 2011) might have occurred because DNA is
a more stable medium of information storage than
RNA, with higher fidelity (Lazcano et al. 1988).
Thus, the relative capability of inheritance systems
should influence the likelihood of an inheritance

Generation 1

—

transition. Therefore, an inheritance transition
requires that a novel system of inheritance provides
a more effective means of accumulating adaptive
traits  than the original system, thereby
circumventing adaptive evolution in the original. A
human ETII would therefore require that cultural
evolution both (a) becomes more adaptive than
genetic evolution, and (b) generate and accumulate
group-level adaptations. We focus on the central
causal role of cultural inheritance.

ll. Interacting inheritance systems

The evolutionary interaction between genes and
culture results from their differences as mechanisms

of inheritance. The transmission of culture,
commonly defined as socially transmitted
information such as language, beliefs, norms,

institutions, and technology, provides an alternative
inheritance system for humans distinct from genetic
inheritance (Boyd 2017). The two inheritance
systems are neither parallel in the routes of
transmission (Creanza et al. 2017) nor similar in
mechanism (Figure 2). Genetic inheritance involves
the physical replication of the storage medium (or
genotype) and transfer from parent to offspring. By
contrast, cultural inheritance involves the ability to
copy the knowledge, behavior, skills, and norms of
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Figure 2. Cultural inheritance is neither parallel nor equivalent to genetic inheritance. While genetic material is physically
replicated and directly transmitted, cultural memory is neither replicated nor passively received. Instead, cultural traits are
transmitted via their influence on the observable phenotype (e.g. behavior), and active processes of inference and imitation on the
part of the learner. Moreover, genetic traits are passively inherited by offspring, while cultural learners are active and often

strategic agents in the selection and adoption of cultural traits.



others and to store the result in synaptic patterns in
the brain. While our primate relatives are capable of
innovation and cultural transmission (e.g. Whiten et
al., 1999), they appear to lack the robust capacity to
accumulate open-ended cultural variation that
defines human culture (Tennie et al. 2009,
Tomasello 2019, Townsend et al. 2023). For cultural
transmission, underlying storage medium need not
be physically transmitted between individuals.
Instead, cultural learners actively reconstruct the
cultural phenotypes of model individuals they select.

Consequently, cultural evolution is mechanistically
distinct from genetic evolution in multiple ways
(Cavalli-Sforza and Feldman 1981, Boyd and

Human genetic evolution

Richerson 1985, Mesoudi 2011). For example, while
genetic inheritance is primarily vertical and passive
for the recipient, cultural inheritance often occurs
through strategic social learning, includes many
cultural models, and can occur in vertical,
horizontal, or oblique directions relative to genetic
lineages (Cavalli-Sforza and Feldman 1981,
Mesoudi 2011). While genetic variation is largely
random, cultural variation can be ‘guided’ by
intentional innovation (Boyd and Richerson 1985).
Overall, the differences between genetic and cultural
evolution (Table 1) appear to explain why cultural
evolution can solve adaptive problems more rapidly
(Perreault 2012, Lambert et al. 2020).

Human cultural evolution

e Primarily random mutation

Variation e Mutation rates low

o vertical (parent — offspring)
Inheritance e non-strategic for recipient

e Natural selection
Selection e Sexual selection

Structure
groups

u=0.5x10"bp 'year! (Scally 2016) .

e 2-to-1 (sexual) or 1-to-1 (asexual) .

o Little evidence for genetic evolution of e

e Includes guided, intentional innovation
(Boyd and Richerson 1985)

Mutation rates high, u=11% (Adamic et al.
2016)

e vertical, horizontal, oblique, etc.

many-to-one (frequency dependence)

e strategic and selective adoption of cultural
traits (Mesoudi 2011)

e Natural selection
e Sexual selection
o Cultural selection (Henrich 2015)

Cultural variation is more group structured
than genetic variation (Bell et al. 2009)

Table 1. Human cultural evolution is distinguished from genetic evolution in mechanisms and sources of variation, the routes of
inheritance, the mechanisms of selection, and consequently the speed of change, and resulting population structure.

There are, therefore, fundamental differences
between genetic and cultural inheritance systems.
However, Darwinian change, and adaptive evolution
do not require the replication of discrete particles of
inheritance (Henrich et al. 2008). These differences
suggest three facts: human culture holds greater
adaptive potential than genes, human culture acts as
a type of heritable behavioral plasticity, and cultural
adaptations accumulate for human groups as well as
for individuals. Below we explore these
possibilities.

Comparing the adaptive potential of

culture and genes

The adaptive potential of genetic and cultural
inheritance systems can be compared using

breeder’s equation (Kempthorne 1957). Our goal is
only to compare adaptive capacity in a heuristic and
evenhanded manner, not to calculate rates of change.
The ability of an inheritance system to facilitate
adaptation depends on the speed with which it can
generate, store, and spread phenotypic variation with
fidelity. The breeder’s equation was developed to
guide artificial selection programs, describing
evolutionary change as the result of both selection
and heritability. Our concern is to understand how
change in a quantitative phenotype might differ if it
were driven by cultural versus genetic evolution.
Consider a phenotype, such as realized visual acuity,
integrating both biological vision (e.g. eyes) and
cultural vision supports (e.g. glasses). Change in
phenotype, AZ, is given by the product of trait




heritability (/%) and the selection differential (S). To
allow comparisons between genes and culture, we
scale phenotypic change by the generation time (G),
following Hendry and Kinnison (1999):
h2?s

AZ = = (D)
Equation (1) shows us that cultural evolution will
cause more phenotypic change than genetic
evolution if, relative to genetic change, the section
differential is greater, heritability is higher, the
generation time is shorter, or some combination
thereof. Evidence and theory suggest that culture
often fulfills all three of these conditions:

Generation time (G)

Generation time, G, is influenced by different
constraints in genetic and cultural transmission. In
the genetic case, the 'generation time' G is the
average time between the birth of parents and the
birth of their offspring, a number constrained by the
slow processes of human reproduction and
maturation (1-2 decades). In the cultural case, G
reflects the average time between learning a piece of
information and transmitting it. Cultural generation
time is therefore constrained only by the rate of
social learning, and the frequency of social
interaction, which can be very rapid in many social
environments (seconds). Thus, both the lower
bounds and averages of cultural G can be orders of
magnitude shorter than those of genetic G (Lambert
et al. 2020). Indeed, humans reproduce culturally
well before reaching sexual maturity.

Heritability (W)

Heritability, K, is a measure of the amenability of a
trait to multi-generational change by selection and is
defined as the proportion of total phenotypic
variation that can be attributed to additive genetic
variation. In the case of cultural traits, this can be
generalized to ‘the amount of phenotypic variation
that is attributable to inherited variation’ (Wagner
and Danchin 2010). Typically, an increased genetic
mutation rate decreases trait heritability (Falconer
1960). While genetic fidelity is very high. For
example, rate of nucleotide polymerization errors is
estimated between 1:10° - 1:10'° (Bgbenek and
Ziuzia-Graczyk 2018). However, genetic heritability
in animals is typically low, with large environmental
influences. Meanwhile, cultural transmission
fidelity may have been initially very low in early
human evolution. The rate of mutation in cultural

traits is likely higher than in genetic traits (Baer et
al. 2007, Adamic et al. 2016, Scally 2016).
However, phenotypic differences between cultural
learners and models are often corrected through
instruction, teaching, and error checking (Kline
2015, Kempe et al. 2018) allowing the phenotypic
behavior of the learner to be iteratively refined to
better match the model. Error checking, multiple
model learning, linguistic communication may also
reduce the environmental influence on phenotype,
allowing culture to reach even higher levels of
heritability. Theoretical models suggest the fidelity
of cultural transmission has likely increased during
human evolution (Lewis and Laland 2012),
providing ever greater scope for adaptation. Thus,
generalized cultural heritability may vary
considerably and depend on domain and social
learning mechanisms, but digital communication
suggests that cultural heritability may be quite high
in many circumstances.

Selection differential (S)

The selection differential (S) is the intergenerational
change in the distribution of a trait. In a cultural
system, a learner may have many cultural parents,
which would tend to decrease S from the 2-parent
genetic case. However, cultural learners also
actively select models to imitate, which might
increase S by restricting the pool of cultural parents
to high performing individuals. In addition,
intentional instruction and formal education systems
may further refine the pool of cultural models,
making it both smaller and more specialized. The
result is that in many domains, cultural S will be
much higher than is possible in natural genetic
systems.

Empirical comparisons of genetic and cultural
variation and change remain a major methodological
challenge (Perreault 2012, Lambert et al. 2020,
Ramsey and DeBlock 2017). And, although the
breeder’s equation is useful in conceptualizing
evolution at a theoretical level it since it assumes that
correlated traits have essentially no fitness effects.
For empirical research outside of laboratory
conditions, the Robertson—Price identity provides a
better starting point (Morrissey et al., 2010).

Nonetheless, even small average differences in S, W
and G could make cultural evolution more rapid than
genetic evolution when compounded geometrically



over the long term (Perreault 2012, Mathew and
Perreault 2015, Boyd 2017, Lambert et al. 2020).

Human culture generates group-level
adaptations

Although group selection is thought to be involved
in ETIs, it remains rare in animal societies.
However, evidence suggests that group selection on
culture is common in our species (Richerson and
Henrich 2012, Richerson et al. 2016, Francois et al.
2018, Handley and Mathew 2020). Quantitative
estimates show that human culture is exhibits greater
between-group variation than human genes (Bell
2010). Theory and experiments show that group
selection on cultural variation is facilitated by
mechanisms that have no genetic parallel, such as
conformity (Coultas 2004, Whiten et al. 2005,
Claidiére and Whiten 2012, Morgan and Laland
2012) and social marking (Boyd and Richerson
1987, Nettle and Dunbar 1997, McElreath et al.
2003) as well as emergent processes within groups
such as selection on institutions (Bowles et al. 2003).
The accumulation of group-level adaptations may
occur via two types of multilevel selection (MLS).
MLSI1 concerns group selection on characteristics of
the individuals that make up the group, while MLS2
selects on the characteristics of the groups
themselves (Okasha 2005). For example, MLS1
might have operated on the human capacity for
cooperation and linguistic coordination, while
MLS2 may operate on human institutional structure.
Four factors enhance the importance of culturally
organized groups for evolution of both genes and
culture.

First, culturally organized groups are more powerful
than individuals. 1f humans compete, organized
groups of humans will tend to win in direct
competition with unorganized populations and
proliferate at their expense. For example, the advent
of agriculture is known to have accelerated the
development of complex, organized and hierarchical
societies, enabling their subsequent proliferation and
the displacement hunter-gatherer populations
despite evidence shows that sedentary agriculture
reduced human health and nutrition relative to a
hunter-gatherer lifestyle (Larsen 2006, Fields et al.
2009, Latham 2013). Thus, the agricultural
transition likely required a difficult life history
tradeoff in which the increased disease and
childhood mortality caused by sedentary agriculture

was compensated for by women having more
children (Page et al. 2016).

Second, group competition facilitates cooperation
and organization within groups. The operation of
group-level selection is mathematical fact that holds
for any system or species (Traulsen and Nowak
2006). In humans, group competition appears to
suppress non-cooperative individual behaviors, and
facilitate the expansion of cooperation and prosocial
tendencies (Chudek and Henrich 2011). Theoretical
models of cultural evolution show that group
competition can drive the evolution group-level
competitive traits, such as within-group altruism and
out-group hostility, via both warfare (Choi and
Bowles 2007) and resource use (Waring et al. 2017).
This pattern is supported by cross-cultural evidence
through human history (Richerson et al. 2016) and
in economic competition across geographic regions
(Francois et al. 2018), and by quantitative evidence
from violent group conflict in pastoral societies
(Zefferman and Mathew 2015, Handley and Mathew
2020).

Third, culturally organized groups solve adaptive
problems more readily than individuals. When
humans form groups we learn from each other more
rapidly, accelerating the accumulation of adaptive
cultural traits relative to isolation. The accelerated
accumulation of advantageous traits may allow our
species to exploit resources and bolster the survival
and reproduction more efficiently than in insolation
(Muthukrishna and Henrich 2016). Theory suggests
that cultural adaptation should increase with greater
interconnectedness,  cultural  diversity, and
transmission fidelity (Schimmelpfennig et al. 2020).
This is supported by behavioral experiments
showing that people learn skills more accurately
when they can observe more cultural models
(Muthukrishna et al. 2014). Simulations show that
rapid group-based cultural adaptation could have
driven the correlated evolution of human sociality,
brain size and life history traits as human groups
themselves grew (Muthukrishna et al. 2018).
Accelerated group-level cultural adaptation also
functions in modern economies (Brahm and Poblete
2021). And economists have repeatedly shown that
larger and more interconnected groups are robustly
more creative and innovative. For example, cities
with greater population density generate patents
more rapidly per capita (Carlino et al. 2007).



Fourth, larger groups may make cultural adaptation
more efficient. Larger groups with shared culture
may further achieve group-level cultural adaptations
more even rapidly than smaller groups. For example,
in Oceania population size predicts technological
complexity in the absence of environmental
variability (Kline and Boyd 2010). Languages with
more speakers are more efficient from an
information theoretic perspective (Muthukrishna
and Henrich 2016), likely because the rate of
language evolution increases with population size
(Bromham et al. 2015).

Long-term gene-culture coevolution

Stearns (2007) argued that an evolutionary transition
in individuality because humans lack strong genetic
group structure. But this argument misses the
adaptive importance and group structure of cultural
variation. The mechanisms outlined above create
culturally organized human groups that can
influence genetic outcomes (Henrich and Boyd
1998, Henrich 2004, Boyd and Richerson 2010,
Richerson et al. 2016, Boyd 2017). So, while human
groups reliably interbreed, group-level cultural
differences can be maintained by conformity and
social pressure to adopt group behavior. Genetic
evidence has shown that distinct genetic groups may
dissolve through population mixing even while
members continue to belong to distinct cultural
groups (Dorp et al. 2018). The implication is that
cultural group selection may have driven genetic
selection for human sociality and cultural capacity
(i.e. the ability to work effectively in groups),
without causing strong group-selection on genes. In
this way, the accumulation of adaptive group-level
cultural variation could drive a human ETII despite
increasing genetic mixture. The long-term
interactions between cultural and genetic evolution
can be organized into the effects on selection and
reproduction of both individuals and groups. In the
long term, cumulative cultural evolution tends to
strengthen group reproduction and group selection
while weakening individual selection and
reproduction (see Table Al).

In summary, evidence suggests that cultural
inheritance exhibits three pertinent characteristics in
relation to genetic inheritance. Culture (a) holds
greater adaptive potential than genes, (b) exhibits a
strong plastic effect, and (c) generates more
heritable group-level structures and adaptations than

genes. We propose that these characteristics are
sufficient to enable an evolutionary transition in both
inheritance and individuality. Below, we develop a
simple conceptual model of the transition.

lll. An evolutionary transition in
inheritance and individuality

Consider an evolutionary transition that begins with
a species evolving primarily via genetic inheritance
and competition among individuals and concludes
with a very different species evolving primarily via
cultural inheritance and competition among
culturally integrated groups (Figure 3). The
transition is driven by the long-term accumulation of
adaptive group-level cultural variation, such as via
cultural group selection. Cultural group selection
causes changes in both inheritance and group
organization (Henrich 2004, Smith 2020), and is
considered a primary explanation for the emergence
of human collective culture (e.g. Richerson et al.
2016). However, while formal models demonstrate
the possible role of selection on group culture in
social evolution (Turchin and Gavrilets 2009,
Waring et al. 2017), it remains difficult to measure

As the inheritance transition proceeds, culture
replaces genes as the primary determinant of
phenotype. Note that cultural inheritance need not
make genetic systems disappear or render them
irrelevant. Instead, culture would only supplant their
role as primary driver of human phenotypes, starting
with behavior, and extending to physical capacities
(e.g. flying, extended underwater swimming), and
eventually including biological traits (e.g. enhanced
immunity to pathogens). Phenotypic traits which are
currently partly genetic and partly cultural in origin
help us reason about this transition. Take human
cooperative tendencies for example. It seems likely
that we have evolved a genetic capacity for
cooperation but that the forms that cooperation or
moral norms take vary significantly between human
cultural groups (e.g. Boyd and Richerson 2009).
How much cooperation is genetically determined
and how much is cultural is, of course, difficult to
determine but serves as a helpful thought
experiment. For example, early in human evolution
genetic traits for cooperation may have been selected
via MLS1 on genes through their influence on



collective success at big game hunting. Since that
time, social structures such as paying jobs,
incentives, and jail have evolved via MLS2 on
culture. These further align individual self-interest
with that of the group, even without the need for
cooperative inclinations. If the relative contributions
of genes and culture to cooperative behavior were to
change, so would the importance of genetic and
cultural selection in determining the evolutionary
trajectory of the trait.

In parallel, as the individuality transition continues,
group outcomes become a primary determinant of
individual fitness. The unit of selection shifts from
individual humans to groups of humans and their
cultural systems, infrastructure and technology,
which we may loosely call ‘societies.” In the
beginning the health and reproduction of individual
humans drives evolutionary change (in both genes
and culture). At the end, the health and reproduction

individuals, but not in any simple way) becomes
most important (for changes in both genes and
culture). For example, city drinking water systems
provide easy access to drinking water for large
populations of people. The water is typically
purified and of a high and uniform quality, and the
system allows for better drinking water in a dense
city than is possible when individuals handle their
own water collection and sanitation. Naturally, city
dwellers become dependent on city water. If the
water stopped flowing or were contaminated, the all
city residents would suffer. Thus, differences
between cities come to determine how water quality
influences individual health and fitness, and city-
level efficacy. Here, the city is the unit of cultural
selection. But cities do not evolve biologically, and
rarely undergo natural selection by extinction. This
is where purely biological accounts of a human
transition often run aground. Instead, cities, like
human groups in general, evolve culturally via
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Inheritance transition
Stage | Stage Il Stage Il
Pr_e-_ Gene-limited GCC, Symmetric GCC Cultural preemption of P°§t_'
transition rise of cultural capacity genetic adaptation transition

G

C

I

I

Pe

G C
N\
P

Pe

e

I

H |

E

E E

Individuality transition

Stage 1

group fitness defined as
mean individual fitness

Stage 2

group fitness not defined as,
but proportional to mean
individual fitness

Stage 3

group fitness neither defined
as, nor proportional to mean
individual fitness

Figure 3. An evolutionary transition in inheritance and individuality unfolds through a series of contingent stages. The inheritance
transition passes through three stages, (1) the initial selection for cultural capacity (e.g. via MLS1 on genes), (2) a period in which

the adaptive capacities of two systems are roughly equivalent,

and finally (3) the preemption of genetics by culture as primary

inheritance mechanism (e.g. via MLS2 on culture). Arrows represent long-term evolutionary influences between genotypes (G),
extended phenotypes (P.), culture (C), and the environment (E). Simultaneously, the transition in individuality proceeds by
multilevel selection as Okasha described. Note that RNA is not depicted in this figure.



Group-level cultural adaptation occurs when the
differences between cities (e.g. the prevalence of
water borne diseases) drives the transmission of
cultural traits to design, build, operate and maintain
city water systems. As the process of group-level
cultural adaptation continues, we expect an increase
in the proportion of individual fitness variation due
to the group (Okasha 2005).

In summary, the human ETII begins with a change
in the dominant mode of phenotypically relevant
information transmission. One crucial effect of such
a transition is a change in the dominant mode of
selection.

Stages of transition

Okasha (2005) argues that ETIs can be understood
through the changing relationship between
collective and individual fitness and broken into
three stages. In stage 1, collective fitness is defined
as average individual fitness. In stage 2, collective
fitness is not defined as average individual fitness
but is proportional to it. And in stage 3, collective
fitness is neither defined as average individual
fitness nor proportional to it. An inheritance
transition could be understood through the
relationship between the original and novel
inheritance systems. We propose that the gene-
culture inheritance transition is likely to proceed
through stages which roughly parallel the level of
selection stages described by Okasha. These stages
are: (1) the genetic evolution of cultural capacity, (2)
symmetric gene-culture coevolution, and (3) cultural
preemption of genetic adaptation. Figure 3 shows
the interaction between the transitions in inheritance
and individuality.

Prior to the transition, human evolution is dominated
by natural selection and genetic niche construction,
in  which genotypes, phenotypes, and the
environment interact in the absence of culture
(Odling-Smee et al. 2013, Hendry 2016).

Stage I: Emergence of culture

A gene-culture inheritance transition begins with an
initial cultural breakout phase, in which cultural
capacity is limited but selected for. Over time,
human ancestors would have transitioned from ape-
like culture to human-like culture (Tennie et al.
2009) and become capable of extensive open-ended
cultural refinement. In this phase, adaptive cultural
evolution is dependent directly on genetic capacity

for cultural storage and transmission. At first,
individual-level genetic variation in cultural
capacity should be much greater than variation in
cultural traits themselves, and any fitness gains from
cultural evolution will mostly be realized at the
individual level. This is the only stage in which
Lumsden and Wilson’s (1981) statement that “genes
hold culture on a leash” is accurate.

Stage I1: Symmetric gene-culture coevolution

Once genetic capacity for social learning can support
the inheritance and accumulation of adaptive culture
(Henrich et al. 2016), cultural adaptation accelerates.
Culture contributes to the extended phenotype
(Dawkins 1982). For example, culturally adapted
technologies (e.g. the plough), can increase absolute
or relative fitness. Michod and Herron (2006)
describe ‘fitness export’ the evolutionary process by
which cooperation and specialization among
individuals causes fitness to accumulate at the group
level. Humans export fitness to our societies when
we cooperate and specialize to create group level
benefits with culturally defined roles such as armies
for collective defense, farmers to feed cities, and
doctors keep the population healthy. Thus, in human
evolution, fitness is exported from the individual to
the group through a greater reliance on adaptive
information accumulated and stored in the cultural
inheritance system. As culture plays a larger role in
increasing fitness, there is strong selection for
genetic traits that increase cultural capacity further.
This feedback, or ratchet, allows culture to rapidly
increase its phenotypic footprint in a process known
as runaway cultural niche construction (Rendell et
al. 2011). Specialization further allows for adaptive
cultural information stored to multiply with the
number of roles in a society.

Stage IIl: Cultural preemption of genetic
adaptation

As the size and capability of human groups increases
the pace of group-level cultural adaptation
accelerates further. More minds working together
can solve larger and more complex problems,
accelerating  collective  learning and  the
accumulation of adaptive cultural traits for group-
level benefits. In this stage, cultural evolution
outpaces genetic evolution on a rapidly growing set
of fronts from food and shelter to health and
medicine. Culture, acting as an extreme form of
behavioral plasticity, reduces the efficacy of natural
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selection on genes. And, through the emergence of
group-level technological adaptations, culture
supports even more concrete phenotypic plasticity.
For example, culturally adapted vision technologies
(e.g. eyeglasses, binoculars, telescopes,
microscopes) may increase relative and absolute
fitness but require a complex society with a
specialized economy to invent, refine and maintain.
However, eyeglasses and other cultural phenotypic
enhancements will tend to idle selection on genes.
Rapid cultural evolution can also cause conflicts
between new adaptive cultural traits and existing
genetic adaptations. And as cultural adaptation is
more rapid, such conflicts tend to be resolved by
further cultural adaptation, rather than genetic
adaptation, leading to a runaway process in the
inheritance transition (See Table 4).

The speed of a level of selection transition in stage
I would depend on the fraction of cultural
adaptations that are group-level. While that
proportion is unknown, a positive feedback may
dominate the transition whereby greater reliance on
cultural adaptations favors greater group-level
competitiveness, and greater competition between
cultural groups drives faster group-level cultural
adaptation. For example, we might ask how much of
human fitness is determined by one’s belonging to a
nation with a robust health care system (group-level
cultural adaptation) versus the adoption of effective
personal health practices (individual-level cultural
adaptation).

A completed transition

Following a complete ETII, human phenotypes
would be culturally determined by the societal

processes of cultural evolution. In this post-
transition stage, individual phenotypes are
dominated by group-derived culture and there is
extremely low or zero genetic heredity of many
phenotypes, resulting in little-to-no genetic selection
on the individual. In the hypothetical RNA-to-DNA
transition, RNA transitioned from the primary
medium of inheritance to a functional and
intermediary system for expressing adaptive
information stored in DNA. Similarly, the genetic
components of human biology, might come to serve
as a helper system for culturally encoded biological
traits. For example, if humans take to genetic
engineering and selecting biological traits of our
offspring.

Finally, in a process akin to the multicellular ETI in
which soma and germline cells become
distinguished, individual reproduction becomes
controlled by group-level cultural structures (for
example reliance on medical facilities, fertility
technology, regulation and family size or birth
spacing norms) and gives rise to group-level
reproduction, completing the transition. From the
perspective of natural selection, the genetically
determined individual has been replaced by the
culturally determined group.

Metrics of transition

To understand the transition in detail it is useful to
follow changes in phenotype and fitness. We
propose two indices to measure the transition. The
fraction of a phenotype determined by culture rather
than genes: 7p, and the fraction of fitness determined
by groups rather than individuals: 7,,. The transition
indices detailed in Table 2 help to define the stages

environment, which evolves via group-level of transition.
Index measure Metric Description
The proportion of individual phenotype explained by culture
CUItura_I , 77% (n2) relative to that explained by both genotype (2) and culture
determination of Tr =3 2 (n2) together. If interaction between culture and genes in
phenotype ¢ + MG fc) together. 1L o get
phenotypic expression matter, see formulation in Appendix 2.
The proportion of individual fitness variation due to the group
Group determination al Group (o2 Group) Telative to the total variation in fitness (08r0a) Twr 18
. T, =—— . L
of fitness @ (f) rotal equivalent to Fsr calculated on variation in fitness, w, rather
ota
than trait variance.

Table 2. Two indices measure shifts in inheritance and individuality during a long-term evolutionary transition.
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gene-culture

ETII genetics culture coevolution mode
gene-limited
The emergence of species-typical
genetic ) cu lt_u ral cultural capacities (e.g. linguistic,
Stage | trait inheritance social, cooperative abilities) was
rai system likely limited by genetic variation.
symmetric
Robust and widespread cultural
lactase eating capacities allow cultural and
Stage 1l allele da iry genetig evolutign to be roughly
equal in adaptive strength.
cultural preemption
: Organized groups accelerate
. ger?etlc cultural cultural adaptation (e.g. via
Stage Ill inheritance trait science, medicine, infrastructure,
1 trade) and reduce natural selection
system on genetic variation.

Figure 4. The dominant mode of gene-culture coevolution is expected to change as the ETII unfolds and cultural evolution outpaces
genetic evolution as a driver of adaptive change in humans. In Stage I, MLS1 on genetic variation gives rise to our capacity for
culture, while in Stage III, MLS2 on cultural variation integrates individuals within a functional society or group, preempting

genetic adaptation.

Stage I: Emergence of culture

As genetic capacity for culture is inherited from
parents, most heritable phenotypic variation (even
that in cultural traits) will be explained by genotype
(nc remains high) though the proportion of
phenotypic variation explained by culture (#c) will
start to increase. Therefore, Tr and 7T, will be close
to zero. In addition, the correlation between genes
and culture—which other authors have used as a
metric for an ETI in humans (Stearns 2007) —will
be close to zero due to limited cultural variation.

Stage 11: Symmetric gene-culture coevolution

Strong correlations emerge between genotype,
phenotype, and culture. As phenotypes begin to
reflect a combination of correlated cultural and
genetic influences, the proportion of phenotypic
variation explained by genotype (#c) will decrease,
the proportion of phenotypic variation explained by
culture (nc) will increase for many traits.
Furthermore, once the genetic basis for culture
becomes widespread, cultural groups should begin
to play a stronger role in individual fitness. Thus, we
expect a sharp increase in both 7» and T,,. At this
stage, since most cultural traits still have some
genetic basis, gene-culture correlation will peak, and
start to decline.

Stage IIl: Cultural preemption of genetic
adaptation

Both indices approach 1, nearly all heritable
phenotypic variation is explained by culture, nearly
all individual fitness is determined by its cultural
groups, and the genotype-culture correlation
declines toward 0. The gene-culture correlation
should decrease in stage three due to the weakening
of the genotype-phenotype link, rather than
increasing as others have implied.

V. Evidence

Our hypothesis can be compared against evidence of
the influence of culture on human evolution. The
evidence that culture is a major adaptive force in the
evolution of many animal species is strong, and the
strongest evidence for the greatest impacts of gene-
culture coevolution appear in humans (Whitehead et
al. 2019). Human culture is the by far most complex
and extensive form of culture, and its impact on
human genetics is profound (Laland et al. 2010,
Stearns et al. 2010). Extensive evidence exists for
gene-culture coevolution throughout human history
(Richerson and Boyd 2020). Humans are thought to
have acquired significant genetic changes as a result
of long-term gene-culture coevolution, including
dramatic digestive changes, the emergence of
docility and reduced aggression (Gibbons 2014),
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modified vocal tracts (Hunley 2015), the cognitive
apparatus for social learning (Boyd and Richerson
1985, Henrich and McElreath 2003), and altruism
and norm internalization (Gintis 2003). A review of
theory and evidence on patterns in human gene-
culture coevolution shows general support of the
ETII hypothesis (Waring and Wood 2021). Here, we
categorize potential cases of human gene-culture
coevolution into stages according to the ETII
hypothesis: Stage 1 (gene-limited), Stage II
(symmetric), and Stage III (preemptive cultural
adaptation) (Figure 4).

Gene-limited gene-culture coevolution —
Stage |

Early in human evolution the capacity for culture
was limited by genetic variation, and change was
slow. The emergence of the core set of cognitive,
social, and linguistic competencies which became
species-typical traits appear to have entailed
dramatic evolutionary changes to brain size (i.e. to
facilitate the production, storage and sharing of
cultural traits) and life history (i.e. to provide time to
learn complex skills as a juvenile). Table 3 provides
examples of the species-typical genetic traits which
likely emerged from early gene-limited gene-culture
coevolution. These traits may have emerged via
MLS1 on genetic alleles that supported effective
group coordination and integration.

Genetic traits Cultural traits

Symmetric gene-culture coevolution —
Stage I

With species-typical cognitive abilities in place to
support cumulative cultural evolution, the
importance of culture as a mechanism of inheritance
grew rapidly. We reason that for a time cultural and
genetic adaptation must have been roughly equal in
strength. This would allow symmetric coevolution
between genes and culture, in which a cultural trait
might spread about as fast as its genetic counterpart.
However, despite classic theory suggesting that
cultural and genetic traits might evolve at the same
rate in gene-culture coevolution (Feldman et al.
1985), we few examples in the literature, the best
case being the coevolution of lactase persistence and
dairying (Gerbault et al., 2011a; Ingram et al., 2009;
Itan et al., 2009; Liebert et al., 2017; Tishkoff et al.,
2007). We surmise that this period of equivalence
did not last long.

Preemptive cultural adaptation — Stage |l

In the third stage of the hypothetical human ETII,
gene-culture coevolution shifts into a different mode
in which cultural adaptation preempts genetic
adaptation and natural selection on genes. In this
stage rapid cultural evolution facilitated by groups
of millions work to solve collective problems. Here,
MLS2, operating on cultural variation generates an

References

Ability to innovate, infer and

Brain size remember complex skills and
language
Longevity and life Extra learning opportunities to
history acquire complex skills
rtunities to teach
Menopause Opportuni ies to teac
complex skills
Docility and reduced  Collective and cooperative
agression social structures

Expressive human

Linguistic ability languages

Shortened foregut,

vestigial appendix Cooking, food processing

Muthukrishna et al., 2018; Navarrete et al., 2011; Rendell et al.,
2011

Caspari and Lee, 2004; Finch, 2010a; Gurven and Kaplan, 2007a;
Kaplan and Robson, 2002a; Richerson and Boyd, 2020

Hawkes, 2003; Lahdenperi et al., 2004; Peccei, 1995

Gibbons, 2014; Leach, 2003; Theofanopoulou et al., 2017;
Wilson, 1991; Wrangham, 2019

Blasi et al., 2019; DeMille et al., 2018; Hunley, 2015

Carmody and Wrangham, 2009; Wrangham and Conklin-
Brittain, 2003; Wrangham et al., 1999

Table 3. Examples of gene-limited gene-culture coevolution, which predominate in Stage I of the ETII, and generate species-

typical traits.
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expansion of sophisticated group-level systems,
infrastructure and services to support for the needs
of individual humans. This process entrains
individuals within the group, and utterly redefined
the environment in which genetic evolution unfolds.
In this mode, new cultural adaptations often arise to
resolve adaptive challenges before genetic selection
can respond, forestalling both genetic evolution by
natural selection (Odling-Smee et al. 2003). In this
way, group-level cultural change preempts genetic
adaptation. As cultural preemption proceeds, it
works to reduce the fraction of adaptive information
stored in and tied to genes and to increase that
fraction in culture, Tp.

Many of the most salient examples of cultural
preemption are medical and reproductive. Scientific
medical practice is a preemptive cultural adaptation
because it obviates natural selection and weakens the
genetic determination of phenotype and fitness. It is
intended to do so. One example is the development

of cesarean section, a cultural adaptation to treat
dangerous and deadly birth complications. The
success and spread of the cesarean procedure have
changed (and relaxed) genetic selection in humans,
increasing the likelihood that a daughter borne by
cesarean will herself require one (Mitteroecker et al.
2017a). A second example is that of gestational
surrogacy, in which couples who cannot conceive
elect to have another woman gestate and birth their
child through the implantation of an egg fertilized in
vitro (Brinsden 2003). Gestational surrogacy
constitutes a preemptive cultural adaptation for
reproduction where it would otherwise be
impossible. Both solutions require major group-
level support in the form of organizations
(hospitals), investment, and technology. Indeed,
most preemptive cultural adaptations are group-level
cultural traits (Table 4). As Mitteroecker (2019)
points out, gene-culture coevolution operates
differently now that human bodies are evolving
exclusively within modern societies.

References

Adaptive challenge

Cultural adaptation

Individual inability to reproduce (G).

Modern agriculture creates surplus
calories (C), leading to unbalanced diets,
nutrient deficiencies, obesity.

Medicine, technology, and improved
nutrition (C) extend human lifespan,
causing emergence of age-related
diseases.

Large societies (C) conflict with instincts
for tribal size social groups (G),
hampering social efficacy.

Dental hygiene (C) lengthens tooth life,
causing impaction of third molar.

Industrial dairy production and increased
consumption (C) outstrips lactase
persistence (G), causes indigestion.

Industrial wheat production and
consumption (C) outpaces gluten
digestion (G), causing indigestion.

Cesarean section, gestational
surrogacy, reproductive
medicine

Nutrient supplements,
dieticians, food regulations

Further medical technology,
assisted living

The “work-arounds”
hypothesis: small and
segmented social groupings
within complex society.

Wisdom tooth removal

Non-dairy foods, lactase pills

Gluten-free foods

Brinsden, 2003; Kéllén et al., 2010; Kumar and
Singh, 2015; Mitteroecker et al., 2017b; Walker
et al., 2004; Walsh, 2008

Bellisari, 2008; Breslin, 2013; Cordain et al.,
2005; Pinhasi and Stock, 2011

Finch, 2010; Gurven and Kaplan, 2007; Kaplan
and Robson, 2002a; Robson and Kaplan, 2003

Richerson and Boyd, 1999

Carter, 2016; Dean et al., 2001; Dodson and
Susarla, 2014; Friedman, 2007; Hillson, 2014;
Mann et al., 1990

Gerbault et al., 2011a; Vesa et al., 2000; Zeder,
2016

Hall et al., 2009; Pasquali et al., 2017; Zeder,
2016
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Adaptive challenge

Cultural adaptation

References

Time-saving devices and communication
technology (C) reduced need for
collective work (G) leading to isolation,
depression.

Artificial light and longer workdays (C)
conflict with sleep requirements (G),

disrupting sleep schedules. sleeping masks

Work saving devices reduce labor (C)
conflicting with need for exercise (G),

decreasing general health. RIp ) G

Therapy, antidepressants

Sleeping drugs, shades,

Exercise culture, equipment,

Ambrose, 2010; Berland, 2009; Carter, 2014,
Hidaka, 2012; Richerson and Christiansen, 2013;
Stout et al., 2011

Nunn et al., 2016; Samson and Nunn, 2015;
Wright et al., 2012

Abarca-Gomez et al., 2017; Baldwin and
Haddad, 2002; Egan and Zierath, 2013; Fliick
and Hoppeler, 2003; Janssen et al., 2002;
Stenholm et al., 2008

Table 4. Examples of the cultural preemption. Cultural preemption is a mode of gene-culture coevolution in which rapid group-
level cultural adaptation preempts natural selection on genetic variation. This occurs commonly in domains in which prior genetic

(G) and cultural (C) traits are in conflict.

V. Status

Taking the preceding evidence into account, our
species appears to be in a period of preemptive
cultural adaptation. While prior human evolution is
replete with evidence for the gene-limited gene-
culture coevolution (e.g. food preparation and
digestion, culture and brain size, language and vocal
morphology, human development, and social
organization), there is increasing evidence of the
cultural preemption that defines Stage III (e.g.
altering phenotypes after birth via surgery,
education, medicine, social structure, and
technology). We use the empirical transition metrics
to help evaluate our status.

1) Cultural determination of phenotype, Tr

Human phenotypes are increasingly determined by
culture. Cultural adaptations in food supply,
nutrition, shelter, clothing, education, coordinating
organizations of complex society, technology
determine the human extended phenotype in ways
that make individual humans in modern society
healthier and more capable than humans without
those cultural traits (Henrich 2015). Furthermore,
rapid group-level cultural adaptation is increasingly
disrupting the genotype-phenotype link, as the
examples of cesarian section and gestational
surrogacy demonstrate. We note that to measure 75
new methods are needed to compare cultural and
genetic contributions to phenotype in an unbiased
manner.

However, the transition is far from complete. The
genetic component of phenotypic variation is still

strong relative to the cultural component. Genotype
still plays an overwhelmingly large role in shaping
human traits (Guo et al. 2018), while humans
currently only employ small a set of cultural
mechanisms to select the genotype of their offspring,
including amniocentesis or sex-selective abortion
(Sahni et al. 2008). More invasive genetic germline
intervention techniques such as pre-implantation
genetic diagnosis (Greely 2016) and human gene
editing (Joseph 2019) are rare. Despite significant
ethical concerns with these techniques, their
increasing technical sophistication and decreasing
costs make them likely to become more common.

2) Group determination of fitness, T,

Human evolutionary history is replete with group-
level events which had substantial effects on genes
and culture. For example, the genetic study of the
descendants of the Kuba kingdom in southern Africa
showed that the onset of statechood increased genetic
mixture among pre-existing groups (Dorp et al.
2018). The same pattern can be observed in other
“melting pot” societies which generally break down

genetically  distinct groups through genetic
admixture, dissolve old cultures through
acculturation, conformity, and coercion, and

facilitate the growth of new group cultures.
Importantly, this type of cultural group selection can
occur without conquest or the loss of human lives.

Today, the majority of improvements in human
health, reproduction and survival comes from highly
centralized and specialized group-level cultural
systems and infrastructure for food production,
defense, education and health care. Thus, while there
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1s still variation in human fitness within societies,
societal factors play an important role in determining
individual health and fitness (UN 2019). Overall, we
estimate the human species to have recently entered
Stage III with the onset of the industrial era.

VI. Predictions

Unlike prior descriptions of a human evolutionary
transition, the ETII is amenable to empirical tests.
Without a formal model, we derive qualitative
predictions concerning long-term average trends in
human evolution. Some relate to the evolutionary
past, some concern patterns observable in human
evolution and society today, others only pertain to
various alternative possible futures for our species.

Inheritance predictions

Various predictions emerge from the proposition
that culture will continue to replace genes as the
primary inheritance system.

1. Relaxed selection and accumulation of
culturally dependent genetic traits. By relaxing
selection on genetic variation, cultural
adaptations in medicine will allow genetic traits
that would previously have been maladaptive to
accumulate. This would have a ratcheting effect
of driving increased dependency on cultural
systems. Evidence of this pattern exists today in
human fertilization and birth (Brinsden 2003,
Walker et al. 2004, Walsh 2008, Kéllén et al.
2010, Kumar and Singh 2015, Mitteroecker et
al. 2017b).

2. Reduced selection for individual genetic
reproduction. Despite clear evidence of positive
selection for fertility in some populations
(Stearns et al. 2010), we expect a long-term
average relaxation of selection against non-
biologically reproducing individuals, as the
evolutionary advantage to groups of culturally
inherited skills overtakes that of more
individuals at the margin.

3. Increased group control of and support for
reproduction, child-rearing, and education.
Cultural groups play currently determine
individual reproduction via a variety of cultural
mechanisms including norms and laws that
support and prescribe reproduction, childcare
and education, reproductive technology, and
investment of non-relatives in raising children

(Booth and Crouter 2001, Hesketh et al. 2005,
Hotz and Xiao 2011, Wells et al. 2014). This
trend is expected to continue.

4. Increased importance of cultural groups and
group identity. Human social identities are a
culturally inherited trait, influencing how people
behave in the context of a defined group. As
cultural inheritance grows in importance relative
to genetic inheritance, human identities are
likely to become less linked to genetic family
and more linked to cultural group identity, as
happens when people move away from kin.

Individuality predictions

A second set of predictions emerges from
proposition that group capacities, traits and
successes tend over time to become more influential
than those of individuals. We not that because an
individuality transition involves emergent changes
in the levels of social organization over time, the
type of cultural group which comes to matter most
cannot be easily predicted.

1. Individuals outsource increasing degrees of
their extended phenotypes (and fitness) to their
cultural groups. When people invest resources
in and accept support from communities or
organizations, they couple their future success to
group-level  features. Examples include
connecting a home to municipal utilities for
water, gas or electricity or investing money in a
business venture. This trend is expected to grow.

2. Increasingly integrated, efficient, and effective
cultural groups. We expect continued evolution
in factors known to enhance group efficacy such
as strengthened group boundaries for both
information and resources, mechanisms to
reduce within-group conflict (e.g. punishment,
policing), individual functional specialization,
and more robust communication and integration
within groups (Richerson and Boyd 2005, Fay
and Ellison 2013, Norenzayan et al. 2016).

3. Increasing group differentiation. Group-level
variation in cultural marking should increase
generally. Group identities may become self-
reinforcing, in a manner roughly parallel to
ecological speciation (Nosil 2012). Group
differentiation can also exacerbate group
polarization (Gorard 2000, Musick and Mare
2004, Baldassarri and Gelman 2008),
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competition, and conflict (e.g. wars, identity
politics, economic competition, social strife)
(Roscoe 2013) when resources are limited.

These qualitative predictions may be difficult to test.
Our purpose here is to demonstrate that the ETII
hypothesis is testable in principle. More precise and
unique predictions derived from formal models and
tested against large and reliable datasets will help to
draw these mechanisms into better light. There is
even some possibility that a well calibrated theory of
a human evolutionary transition could be of use for
future societies in avoiding undesirable paths in
social evolution.

VII. Causation in human evolution

Social scientists often explain behavior and society
as the consequence of factors such as costs,
institutions, power or wealth distributions, or
cultural diversity. Evolutionary studies seek to
explain those phenomena as a consequence of
uniquely human traits, such as our cooperative
ability and capacity for cumulative culture. But
explaining human uniqueness itself has remained
out of reach. These proximal explanations of societal
phenomena can themselves be ordered and
explained, at least in part, by the motion of the
human species along the evolutionary transition we
describe above. For example, why have educational
institutions spread and grown in scale and
complexity so dramatically in the last half
millennium? From the perspective of the ETII,
institutionalized education is a group-structured
cultural inheritance system which can improve the
adaptive capacity of a society by increasing the
likelihood that human innovation and creativity is
deployed on the frontier of cultural knowledge rather
than being wasted on reinvention. The amount of
knowledge and length of schooling must increase for
societies to master more complex technology. Thus,
as societies grow in complexity, educational
institutions must also grow.

The ETII hypothesis may also help explain the
ongoing decline in the human fertility across
societies. The demographic transition is well
studied, but an ultimate explanation has proven
vexing for social scientists and evolutionists alike
(Borgerhoff Mulder 1998). Why would human
fertility decline when individuals are on average
more comfortable and healthier than ever? The

correlates and proximate causes are broadly
understood: the total fertility rate declines across
societies with increasing education and economic
development (Gotmark and Andersson 2020).

One evolutionary theory suggests that the
demographic transition is a result of the increasing
transfer of wealth (extra-somatic capital) from one
generation to the next (Kaplan and Robson 2002b,
Kaplan et al. 2003). The ability to transfer and
inherit material wealth, in combination with a
negative correlation between wealth and genetic
reproduction could have selected for strategies to
acquire status and wealth even at a short-term cost to
biological reproductive success (Harpending and
Rogers 1990, Boone and Kessler 1999, Aarssen
2005, Mulder et al. 2009, Wodarz et al. 2020).
Another evolutionary theory suggests the
demographic transition occurs when social networks
expand to include more non-kin (Newson et al.
2005), causing a decline in social pressure for
reproduction (Newson and Richerson 2009). But
both evolutionary explanations rest on unexplained
aspects of human uniqueness; they explain how a
change is unfolding but not why.

The possibility of a social or cultural factors causing
reduced reproduction has vexed scientists for
decades (Wispe and Thompson 1976, Vining 1986).
But from the perspective of an ETII, a decline in
human fertility is not so perplexing. If human
adaptation is shifting from genetic to cultural
systems of inheritance, then cultural reproduction
will tend to be favored over genetic reproduction.
Although humans are necessary for society, their
production, development, education and distribution
may be evolutionarily optimized to meet the needs
of society in various ways. For example, human
reproduction may become a specialized task carried
out by a subset of the population, as has been
observed in the transitions that gave rise to eusocial
insects and multicellular life. Evaluate such
possibilities logically is important if we care to avoid
them.

Nonetheless, the historical decline in the fertility
across societies is perhaps the strongest evidence of
the cultural preemption of genetic inheritance. The
same logic would present the ETII as the ultimate
cause of the human demographic transition.
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VIII. Conclusion

Building on dual-inheritance theory (Boyd and
Richerson 1985), we have suggested that cumulative
group-level cultural evolution is more adaptive and
more rapid than human genetic evolution. This
difference has caused an increasing fraction of
human life to be mediated by culturally evolved
group-level practices and technology, and a
decreasing fraction by genetic traits. Available
evidence suggests that this trend is ongoing and
accelerating. Both cultural and environmental
change are far from equilibrium, which we suspect
is the result of changes in the human niche due to the
ETII (Waring et al. 2023). We speculate that, in the
long term, culture will continue to grow in influence
over human evolution, until genes become
secondary structures that encode human biological
design blueprints but are ultimately governed by
culture.

Contrary to suggestions that a human evolutionary
transition has stalled because the correlation
between genes and culture is decreasing (Stearns
2007, Kesebir 2012), the decoupling of genes and
culture is a primary indicator that the transition is
going strong because humans are undergoing a
transition in inheritance alongside a transition in
individuality. Gazing further afield, the ETII
hypothesis also highlights the incompleteness of
popular conceptions of a ‘technological singularity’
(Kurzweil 2005) in which all of humanity might
become subsumed into a single digital society and
may further contribute to more dispassionate
research on human ‘post-biological’ evolution (Dick
2003).

The ETII hypothesis opens new doors in research on
human evolution and suggests a set of research
priorities. First, theoretical models of long-term
gene-culture coevolution are needed to explore the
features of a coupled inheritance-and-individuality
transition. These should be compared with other
models of human evolutionary transition (e.g.
Andersson and Czaran 2023). Second, an empirical
system for estimating transition metrics, whereby
systematic measures can be taken with some
frequency would help to estimate the rate of fitness
export from genes to culture. For example, Carmel
(2023) compiled the first empirical measures of the
human ETI. Third, better historical and modern
estimates of the strength of culture-driven group

selection on human genes are needed. For example,
Andersson and Tennie (2023) propose that human
culture evolved to be group-oriented and group-
selected before it became significantly cumulative.
They call this ‘Trajectory B,” in comparison to the
standard explanation in which cumulative culture
emerges first, and group structure second
(Trajectory A). What are the implications of this
difference for the ETII?

Finally, studying the future of human evolution
raises deep ethical challenges. We do not ascribe any
moral valence to the evolutionary mechanisms and
conceptual model we have delineated. We mean
only to describe a novel type of evolutionary process
and provide means to measure it. For example, we
do not suggest that nation states are “more evolved”
than other forms of society, or that a hypothetical
cultural superorganism would be superior in any
moral sense to our current form of society or any
other form. So, we also propose that ethics research
and development to accompany these scientific
endeavors.

When will the human evolutionary transition in
individuality be complete, if ever? Addressing such
questions is far beyond current scientific ability.
Nothing about human evolution is inevitable.
Evolutionary processes are always contingent on
their environment, and so too must be the human
evolutionary transition we describe. Nevertheless,
the coupled evolutionary transition provides a
uniquely parsimonious explanation for both social
and biological aspects of human change, past,
present, and future. Given the available evidence, we
estimate that a coupled transition in human evolution
is underway and accelerating.

Author contribution statement

TW and ZW developed the theory, researched, wrote
and revised the article. TW submitted and revised
the article for publication.

Funding

This work was supported by the US National
Science Foundation (EPSCoR award EPS-2019470)
and by the USDA National Institute of Food and
Agriculture, Hatch project no. ME022008 through
the Maine Agricultural and Forest Experiment
Station (MAFES), and the HERA Fund at the
University of Maine.

18



Acknowledgements

Many colleagues provided feedback on the
manuscript, including Laurel Fogarty, Monique
Borgerhoff Mulder, Paul Smaldino, Peter Richerson,
and the HBEC and EEHBC lab groups. We also
thank Eors Szathmary, Richard McElreath, Mike
Kinnison, and Brian J. Olsen for inspiration.

Author biographical

Timothy M. Waring is an associate professor of
applied cultural evolution in the Mitchell Center for
Sustainability Solutions and the School of
Economics at the University of Maine, in Orono,
Maine, in the United States, where he leads the
applied cultural evolution laboratory. Zachary T.
Wood is an independent researcher living in
Winslow, Maine, in the United States.

References

Aarssen LW. 2005. Why is fertility lower in wealthier
countries? The role of relaxed fertility-selection.
Population and Development Review 31: 113-126.

Abarca-Gomez L, et al. 2017. Worldwide trends in
body-mass index, underweight, overweight, and
obesity from 1975 to 2016: a pooled analysis of
2416 population-based measurement studies in
1289 million children, adolescents, and adults. The
Lancet 390: 2627-2642.

Adamic LA, Lento TM, Adar E, Ng PC. 2016.
Information Evolution in Social Networks.
Proceedings of the Ninth ACM International
Conference on Web Search and Data Mining -
WSDM 16 473-482.

Aisch G, Gebeloff R. 2014. Mapping migration in the
United States. The New York Times 15.

Ambrose SH. 2010. Coevolution of composite-tool
technology, constructive memory, and language:
implications for the evolution of modern human
behavior. Current Anthropology 51: S135-S147.

Anderson M. 1984. The evolution of eusociality. Annual
Review of Ecology and Systematics 15: 165—189.

Andersson C, Czaran T. 2023. The transition from
animal to human culture—simulating the social
protocell hypothesis. Philosophical Transactions of
the Royal Society B: Biological Sciences 378:
20210416.

Andersson C, Tennie C. 2023. Zooming out the
microscope on cumulative cultural evolution:
‘Trajectory B’ from animal to human culture.
Humanities and Social Sciences Communications
10: 1-20.

Andersson C, Tornberg P. 2018. Toward a
Macroevolutionary Theory of Human Evolution:
The Social Protocell. Biological Theory.

Baer CF, Miyamoto MM, Denver DR. 2007. Mutation
rate variation in multicellular eukaryotes: causes and
consequences. Nature Reviews. Genetics 8: 619—
631.

Baldassarri D, Gelman A. 2008. Partisans without
constraint: Political polarization and trends in
American public opinion. American Journal of
Sociology 114: 408—446.

Baldwin KM, Haddad F. 2002. Skeletal muscle
plasticity: cellular and molecular responses to
altered physical activity paradigms. American
Journal of Physical Medicine & Rehabilitation 81:
S40.

Barth F. 1970. Ethnic Groups and Boundaries. The
Social Organization of Culture Difference. Little,
Brown.

Bebenek A, Ziuzia-Graczyk 1. 2018. Fidelity of DNA
replication—a matter of proofreading. Current
Genetics 64: 985-996.

Bell AV, Richerson PJ, McElreath R. 2009. Culture
rather than genes provides greater scope for the
evolution of large-scale human prosociality.
Proceedings of the National Academy of Sciences
106: 17671.

Bell AV. 2010. Why cultural and genetic group selection
are unequal partners in the evolution of human
behavior. Communicative & Integrative Biology 3:
159-161.

Bellisari A. 2008. Evolutionary origins of obesity.
Obesity Reviews 9: 165-180.

Berland J. 2009. Cultural technologies and the
“evolution” of technological cultures. Pages 273—
299 in. North of Empire. Duke University Press.

Blasi DE, Moran S, Moisik SR, Widmer P, Dediu D,
Bickel B. 2019. Human sound systems are shaped
by post-Neolithic changes in bite configuration.
Science 363: eaav3218.

Boone JL, Kessler KL.. 1999. More status or more
children? Social status, fertility reduction, and long-
term fitness. Evolution and Human Behavior 20:
257-2717.

Booth A, Crouter AC. 2001. Does It Take A Village?:
Community Effects on Children, Adolescents, and
Families. Psychology Press.

Borgerhoff Mulder M. 1998. The demographic
transition: are we any closer to an evolutionary
explanation? Trends in Ecology & Evolution 13:
266-270.

Bowles S, Choi J-K, Hopfensitz A. 2003. The co-
evolution of individual behaviors and social
institutions. Journal of Theoretical Biology 223:
135-147.

19



Boyd R, Richerson PJ. 1985. Culture and the
Evolutionary Process. University of Chicago Press.

Boyd R, Richerson PJ. 1987. The Evolution of Ethnic
Markers. Cultural Anthropology 2: 65-79.

Boyd R, Richerson PJ. 2009. Culture and the evolution
of human cooperation. Philosophical Transactions
of the Royal Society B: Biological Sciences 364:
3281-3288.

Boyd R, Richerson PJ. 2010. Transmission coupling
mechanisms: cultural group selection. Philosophical
Transactions of the Royal Society B: Biological
Sciences 365: 3787-3795.

Boyd R. 2017. A different kind of animal: how culture
transformed our species. Princeton University Press.

Brahm F, Poblete J. 2019. The Evolution of Productive
Organizations. Paper presented at 23rd Annual
Conference of the Society for Institutional &
Organizational Economics. 27 June 2019,
Stockholm School of Economics, Sweden.

Brahm F, Poblete J. 2021. The evolution of productive
organizations. Nature Human Behaviour 5: 39—48.

Breslin PAS. 2013. An evolutionary perspective on food
and human taste. Current Biology 23: R409—R418.

Brinsden PR. 2003. Gestational surrogacy. Human
Reproduction Update 9: 483—491.

Bromham L, Hua X, Fitzpatrick TG, Greenhill SJ. 2015.
Rate of language evolution is affected by population
size. Proceedings of the National Academy of
Sciences 112: 2097-2102.

Campbell DT. 1965. Variation and selective retention in
socio-cultural evolution. Pages 19-49 in Barringer
HR, Blanksten GI, and Mack RW, eds. Social
Change in Developing Areas. Schenkman.

Carlino GA, Chatterjee S, Hunt RM. 2007. Urban
density and the rate of invention. Journal of Urban
Economics 61: 389-419.

Carmel Y. 2023. Human societal development: is it an
evolutionary transition in individuality?
Philosophical Transactions of The Royal Society B
Biological Sciences.

Carmody RN, Wrangham RW. 2009. The energetic
significance of cooking. Journal of Human
Evolution 57: 379-391.

Carter CS. 2014. Oxytocin pathways and the evolution
of human behavior. Annual Review of Psychology
65: 17-39.

Carter K. 2016. The evolution of third molar agenesis
and impaction.

Caspari R, Lee S-H. 2004. Older age becomes common
late in human evolution. Proceedings of the
National Academy of Sciences of the United States
of America 101: 10895.

Cavalli-Sforza LL, Feldman MW. 1981. Cultural
Transmission and Evolution: A Quantitative
Approach. Princeton University Press.

Choi J-K, Bowles S. 2007. The Coevolution of Parochial
Altruism and War. Science 318: 636—640.

Chudek M, Henrich J. 2011. Culture—gene coevolution,
norm-psychology and the emergence of human
prosociality. Trends in Cognitive Sciences 15: 218—
226.

Claidiére N, Whiten A. 2012. Integrating the study of
conformity and culture in humans and nonhuman
animals. Psychological bulletin 138: 126.

Cordain L, Eaton SB, Sebastian A, Mann N, Lindeberg
S, Watkins BA, O’Keefe JH, Brand-Miller J. 2005.
Origins and evolution of the Western diet: health
implications for the 21st century. The American
Journal of Clinical Nutrition 81: 341-354.

Coultas JC. 2004. When in Rome... An Evolutionary
Perspective on Conformity. Group Processes &
Intergroup Relations 7: 317-331.

Creanza N, Kolodny O, Feldman MW. 2017. Cultural
evolutionary theory: How culture evolves and why
it matters. Proceedings of the National Academy of
Sciences 114: 7782-7789.

Crespi BJ. 2004. Vicious circles: positive feedback in
major evolutionary and ecological transitions.
Trends in Ecology & Evolution 19: 627-633.

Dawkins R. 1982. The extended phenotype. Oxford
University Press Oxford.

Dean C, Leakey MG, Reid D, Schrenk F, Schwartz GT,
Stringer C, Walker A. 2001. Growth processes in
teeth distinguish modern humans from Homo
erectus and earlier hominins. Nature 414: 628—631.

DeMille MMC, Tang K, Mehta CM, Geissler C, Malins
JG, Powers NR, Bowen BM, Adams AK, Truong
DT, Frijters JC, Gruen JR. 2018. Worldwide
distribution of the DCDC2 READ1 regulatory
element and its relationship with phoneme variation
across languages. Proceedings of the National
Academy of Sciences 115: 4951-4956.

Dick SJ. 2003. Cultural evolution, the postbiological
universe and SETI. International Journal of
Astrobiology 2: 65-74.

Dodson TB, Susarla SM. 2014. Impacted wisdom teeth.
BMIJ Clinical Evidence 2014.

Dorp L van, Lowes S, Weigel JL, Ansari-Pour N, Lopez
S, Mendoza-Revilla J, Robinson JA, Henrich J,
Thomas MG, Nunn N, Hellenthal G. 2018. Genetic
legacy of state centralization in the Kuba Kingdom
of the Democratic Republic of the Congo.
Proceedings of the National Academy of Sciences
201811211.

Duncan JS. 1980. The Superorganic in American
Cultural Geography. Annals of the Association of
American Geographers 70: 181-198.

Egan B, Zierath JR. 2013. Exercise metabolism and the
molecular regulation of skeletal muscle adaptation.
Cell Metabolism 17: 162—-184.

20



Falconer DS. 1960. Introduction to quantitative genetics.
Introduction to quantitative genetics.

Fay N, Ellison TM. 2013. The cultural evolution of
human communication systems in different sized
populations: usability trumps learnability. PloS one
8:e71781.

Feldman MW, Cavalli-Sforza LL, Peck JR. 1985. Gene-
culture coevolution: models for the evolution of
altruism with cultural transmission. Proceedings of
the National Academy of Sciences 82: 5814-5818.

Fields M, Herschaft EE, Martin DL, Watson JT. 2009.
Sex and the agricultural transition: dental health of
early farming females. Journal of dentistry and oral
hygiene 1: 42-51.

Finch CE. 2010a. The biology of human longevity:
Inflammation, nutrition, and aging in the evolution
of lifespans. Elsevier.

Finch CE. 2010b. Evolution of the human lifespan and
diseases of aging: Roles of infection, inflammation,
and nutrition. Proceedings of the National Academy
of Sciences 107: 1718-1724.

Fliick M, Hoppeler H. 2003. Molecular basis of skeletal
muscle plasticity-from gene to form and function.
Pages 159-216 in. Reviews of Physiology,
Biochemistry and Pharmacology. Springer Berlin
Heidelberg.

Forterre P. 2005. The two ages of the RNA world, and
the transition to the DNA world: a story of viruses
and cells. Biochimie 87: 793—-803.

Francois P, Fujiwara T, Ypersele T van. 2018. The
origins of human prosociality: Cultural group
selection in the workplace and the laboratory.
Science Advances 4: eaat2201.

Friedman JW. 2007. The prophylactic extraction of third
molars: a public health hazard. American Journal of
Public Health 97: 1554-1559.

Gerbault P, Liebert A, Itan Y, Powell A, Currat M,
Burger J, Swallow DM, Thomas MG. 201 1a.
Evolution of lactase persistence: an example of
human niche construction. Philosophical
Transactions of the Royal Society B: Biological
Sciences 366: 863-877.

Gerbault P, Liebert A, Itan Y, Powell A, Currat M,
Burger J, Swallow DM, Thomas MG. 2011b.
Evolution of lactase persistence: an example of
human niche construction. Philosophical
Transactions of the Royal Society B: Biological
Sciences 366: 863-877.

Gibbons A. 2014. How we tamed ourselves—and
became modern. Science 346: 405-406.

Gintis H. 2003. The Hitchhiker’s Guide to Altruism:
Gene-culture Coevolution, and the Internalization of
Norms. Journal of Theoretical Biology 220: 407—
418.

Gorard S. 2000. Questioning the crisis account: A
review of evidence for increasing polarization in
schools. Educational Research 42: 309-321.

Gotmark F, Andersson M. 2020. Human fertility in
relation to education, economy, religion,
contraception, and family planning programs. BMC
Public Health 20: 265.

Gowdy J, Krall L. 2014. Agriculture as a major
evolutionary transition to human ultrasociality.
Journal of Bioeconomics 16: 179-202.

Greely HT. 2016. The End of Sex and the Future of
Human Reproduction. Harvard University Press.

Guo J, Yang J, Visscher PM. 2018. Leveraging GWAS
for complex traits to detect signatures of natural
selection in humans. Current Opinion in Genetics &
Development 53: 9—14.

Gurven M, Kaplan H. 2007a. Longevity among hunter-
gatherers: a cross-cultural examination. Population
and Development review 33: 321-365.

Gurven M, Kaplan H. 2007b. Longevity among hunter-
gatherers: a cross-cultural examination. Population
and Development Review 33: 321-365.

Hall NJ, Rubin G, Charnock A. 2009. Systematic
review: adherence to a gluten-free diet in adult
patients with coeliac disease. Alimentary
Pharmacology & Therapeutics 30: 315-330.

Handley C, Mathew S. 2020. Human large-scale
cooperation as a product of competition between
cultural groups. Nature Communications 11: 1-9.

Hanson FA. 2004. The New Superorganic. Current
Anthropology 45: 467—-482.

Harpending H, Rogers A. 1990. Fitness in stratified
societies. Ethology and sociobiology 11: 497-509.

Hawkes K. 2003. Grandmothers and the evolution of
human longevity. American Journal of Human
Biology 15: 380—400.

Hendry AP, Kinnison MT. 1999. Perspective: The Pace
of Modern Life: Measuring Rates of Contemporary
Microevolution. Evolution 53: 1637-1653.

Hendry AP. 2016. Eco-evolutionary Dynamics.
Princeton University Press.

Henrich J, Boyd R, Derex M, Kline MA, Mesoudi A,
Muthukrishna M, Powell AT, Shennan SJ, Thomas
MG. 2016. Understanding cumulative cultural
evolution. Proceedings of the National Academy of
Sciences 113: E6724-E6725.

Henrich J, Boyd R, Richerson PJ. 2008. Five
misunderstandings about cultural evolution. Human
Nature 19: 119-137.

Henrich J, Boyd R. 1998. The evolution of conformist
transmission and the emergence of between-group
differences. Evolution and Human Behavior 19:
215-241.

Henrich J, McElreath R. 2003. The evolution of cultural
evolution. Evolutionary Anthropology: Issues,
News, and Reviews 12: 123-135.

21



Henrich J, McElreath R. 2007. Dual-inheritance theory:
the evolution of human cultural capacities and
cultural evolution. Pages 555570 in Dunbar RIM
and Barrett L, eds. Oxford Handbook of
Evolutionary Psychology. Oxford University Press.

Henrich J. 2004. Cultural group selection,
coevolutionary processes and large-scale
cooperation. Journal of Economic Behavior and
Organization 53: 3-35.

Henrich J. 2004. Cultural group selection,
coevolutionary processes and large-scale
cooperation. Journal of Economic Behavior and
Organization 53: 3-35.

Henrich J. 2015. The Secret of Our Success: How
Culture Is Driving Human Evolution, Domesticating
Our Species, and Making Us Smarter. Princeton
University Press.

Hesketh T, Lu L, Xing ZW. 2005. The effect of China’s
one-child family policy after 25 years. New Engl J
Med 353: 1171-1176.

Hidaka BH. 2012. Depression as a disease of modernity:
Explanations for increasing prevalence. Journal of
Affective Disorders 140: 205-214.

Hillson S. 2014. Tooth development in human evolution
and bioarchaeology. Cambridge Core. (21
September 2019; /core/books/tooth-development-in-
human-evolution-and-
bioarchaeology/8806E75A2B06CE1B5C202F47C9
SFF4BS).

Hodder I. 2020. The paradox of the long term: human
evolution and entanglement. Journal of the Royal
Anthropological Institute 26: 389-411.

Hotz VJ, Xiao M. 2011. The Impact of Regulations on
the Supply and Quality of Care in Child Care
Markets. American Economic Review 101: 1775—
1805.

Hunley K. 2015. Reassessment of global gene—language
coevolution. Proceedings of the National Academy
of Sciences 112: 1919-1920.

Ingram CJE, Mulcare CA, Itan Y, Thomas MG, Swallow
DM. 2009. Lactose digestion and the evolutionary
genetics of lactase persistence. Human Genetics
124: 579-591.

Itan Y, Powell A, Beaumont MA, Burger J, Thomas
MG. 2009. The Origins of Lactase Persistence in
Europe. PLoS Computational Biology 5.

Jablonka E. 1994. Inheritance Systems and the Evolution
of New Levels of Individuality. Journal of
Theoretical Biology 170: 301-309.

Janssen I, Heymsfield SB, Ross R. 2002. Low relative
skeletal muscle mass (sarcopenia) in older persons
Is associated with functional impairment and
physical disability. Journal of the American
Geriatrics Society 50: 889—896.

Joseph A. 2019. CRISPR Babies Scientist Sentenced to
3 Years in Prison. Scientific American. (31

December 2019;
https://www.scientificamerican.com/article/crispr-
babies-scientist-sentenced-to-3-years-in-prison/).

Kaillén B, Finnstrom O, Lindam A, Nilsson E, Nygren
K-G, Otterblad Olausson P. 2010. Trends in
delivery and neonatal outcome after in vitro
fertilization in Sweden: data for 25 years. Human
Reproduction 25: 1026—1034.

Kaplan H, Lancaster J, Robson A. 2003. Embodied
capital and the evolutionary economics of the
human life span. Population and Development
Review 29: 152-182.

Kaplan HS, Robson AJ. 2002a. The emergence of
humans: The coevolution of intelligence and
longevity with intergenerational transfers.
Proceedings of the National Academy of Sciences
99: 10221-10226.

Kaplan HS, Robson AJ. 2002b. The emergence of
humans: The coevolution of intelligence and
longevity with intergenerational transfers.
Proceedings of the National Academy of Sciences
of the United States of America 99: 10221-10226.

Kempe V, Cichon K, Tamariz M, Gauvrit N. 2018. The
role of teaching in iterated language transmission.
Paper presented at 12th International Conference on
the Evolution of Language 2018. April 2018.

Kempthorne O. 1957. An introduction to genetic
statistics. Wiley.

Kesebir S. 2012. The Superorganism Account of Human
Sociality: How and When Human Groups Are Like
Beehives. Personality and Social Psychology
Review 16: 233-261.

Kline MA, Boyd R. 2010. Population size predicts
technological complexity in Oceania. Proceedings
of the Royal Society of London B: Biological
Sciences 277: 2559-2564.

Kline MA. 2015. How to learn about teaching: An
evolutionary framework for the study of teaching
behavior in humans and other animals. Behavioral
and Brain Sciences 38.

Kroeber AL. 1917. The Superorganic. American
Anthropologist 19: 163-213.

Kumar N, Singh AK. 2015. Trends of male factor
infertility, an important cause of infertility: A
review of literature. Journal of Human Reproductive
Sciences 8: 191-196.

Kurzweil R. 2005. The Singularity Is Near: When
Humans Transcend Biology. Penguin.

Lahdenperd M, Lummaa V, Helle S, Tremblay M,
Russell AF. 2004. Fitness benefits of prolonged
post-reproductive lifespan in women. Nature 428:
178.

Laland KN, O’Brien MJ. 2011. Cultural Niche
Construction: An Introduction. Biological Theory 6:
191-202.

22



Laland KN, Odling-Smee J, Myles S. 2010. How culture
shaped the human genome: bringing genetics and
the human sciences together. Nature Reviews
Genetics 11: 137-148.

Lambert B, Kontonatsios G, Mauch M, Kokkoris T,
Jockers M, Ananiadou S, Leroi AM. 2020. The pace
of modern culture. Nature Human Behaviour 1-9.

Larsen CS. 2006. The agricultural revolution as
environmental catastrophe: Implications for health
and lifestyle in the Holocene. Quaternary
International 150: 12-20.

Latham K. 2013. Human Health and the Neolithic
Revolution: an Overview of Impacts of the
Agricultural Transition on Oral Health,
Epidemiology, and the Human Body. Nebraska
Anthropologist.

Lazcano A, Guerrero R, Margulis L, Or6 J. 1988. The
evolutionary transition from RNA to DNA in early
cells. Journal of Molecular Evolution 27: 283-290.

Leach HM. 2003. Human Domestication Reconsidered.
Current Anthropology 44: 349-368.

Lewis HM, Laland KN. 2012. Transmission fidelity is
the key to the build-up of cumulative culture.
Philosophical Transactions of the Royal Society B:
Biological Sciences 367: 2171-2180.

Liebert A, Lopez S, Jones BL, Montalva N, Gerbault P,
Lau W, Thomas MG, Bradman N, Maniatis N,
Swallow DM. 2017. World-wide distributions of
lactase persistence alleles and the complex effects of
recombination and selection. Human Genetics 136:
1445-1453.

Lumsden CJ, Wilson EO. 1981. Genes, Mind, and
Culture: The Coevolutionary Process. Harvard
University Press.

Mann A, Lampl M, Monge J. 1990. Patterns of ontogeny
in human evolution: Evidence from dental
development. American Journal of Physical
Anthropology 33: 111-150.

Margulis L. 1970. Origin of eukaryotic cells: evidence
and research implications for a theory of the origin
and evolution of microbial, plant, and animal cells
on the Precambrian earth. Yale University Press
New Haven.

Mathew S, Perreault C. 2015. Behavioural variation in
172 small-scale societies indicates that social
learning is the main mode of human adaptation.
Proc. R. Soc. B 282: 20150061.

Maynard Smith J, Szathmary E. 1995. The Major
Transitions in Evolution. W.H. Freeman Spektrum.

McElreath R, Boyd R, Richerson PJ. 2003. Shared
norms and the evolution of ethnic markers. Current
Anthropology 44: 122—129.

McShea DW, Simpson C, Okasha S, Godfrey-Smith P,
Lyon P, Kerr B, Nahum J, Rainey P, Michod RE,
Clarke E, Knoll AH, Hewitt D, Bromham L,
Szathmary E, Fernando C. 2011. The Major

Transitions in Evolution Revisited. 1st edition ed.
The MIT Press.

McShea DW. 2023. Four reasons for scepticism about a
human major transition in social individuality.
Philosophical Transactions of the Royal Society B:
Biological Sciences 378: 20210403.

Mesoudi A. 2011. Cultural evolution: how Darwinian
theory can explain human culture and synthesize the
social sciences. University of Chicago Press.

Michod RE, Herron MD. 2006. Cooperation and conflict
during evolutionary transitions in individuality.
Journal of Evolutionary Biology 19: 1406—1409.

Michod RE. 2000. Darwinian dynamics: evolutionary
transitions in fitness and individuality. Princeton
University Press.

Michod RE. 2007. Evolution of individuality during the
transition from unicellular to multicellular life.
Proceedings of the National Academy of Sciences
104: 8613-8618.

Mitteroecker P, Windhager S, Pavlicev M. 2017a. Cliftf-
edge model predicts intergenerational predisposition
to dystocia and Caesarean delivery. Proceedings of
the National Academy of Sciences 114: 11669—
11672.

Mitteroecker P, Windhager S, Pavlicev M. 2017b. Cliff-
edge model predicts intergenerational predisposition
to dystocia and Caesarean delivery. Proceedings of
the National Academy of Sciences 114: 11669—
11672.

Mitteroecker P. 2019. How human bodies are evolving
in modern societies. Nature Ecology & Evolution 3:
324.

Moffett MW. 2024. What Is a Society? Building an
Interdisciplinary Perspective and Why That’s
Important. Behavioral and Brain Sciences 1-72.

Morgan TJH, Laland KN. 2012. The Biological Bases of
Conformity. Frontiers in Neuroscience 6.

Borgerhoff Mulder M, Bowles S, Hertz T, Bell A, Beise
J, Clark G, Fazzio I, Gurven M, Hill K, Hooper PL,
Irons W, Kaplan H, Leonetti D, Low B, Marlowe F,
McElreath R, Naidu S, Nolin D, Piraino P, Quinlan
R, Schniter E, Sear R, Shenk M, Smith EA, Rueden
C von, Wiessner P. 2009. Intergenerational Wealth
Transmission and the Dynamics of Inequality in
Small-Scale Societies. Science 326: 682—688.

Musick K, Mare RD. 2004. Family structure,
intergenerational mobility, and the reproduction of
poverty: Evidence for increasing polarization?
Demography 41: 629-648.

Muthukrishna M, Doebeli M, Chudek M, Henrich J.
2018. The Cultural Brain Hypothesis: How culture
drives brain expansion, sociality, and life history.
PLOS Computational Biology 14: e1006504.

Muthukrishna M, Henrich J. 2016. Innovation in the
collective brain. Philosophical Transactions of the

23



Royal Society B: Biological Sciences 371:
20150192.

Muthukrishna M, Shulman BW, Vasilescu V, Henrich J.
2014. Sociality influences cultural complexity.
Proceedings of the Royal Society B: Biological
Sciences 281: 20132511.

Navarrete A, Schaik CP van, Isler K. 2011. Energetics
and the evolution of human brain size. Nature 480:
91-93.

Nettle D, Dunbar RIM. 1997. Social Markers and the
Evolution of Reciprocal Exchange. Current
Anthropology 38: 93-99.

Newson L, Postmes T, Lea SG, Webley P. 2005. Why
are modern families small? Toward an evolutionary
and cultural explanation for the demographic
transition. Personality and social psychology review
9:360-375.

Newson L, Richerson PJ. 2009. Why Do People Become
Modern? A Darwinian Explanation. Population and
Development Review 35: 117-158.

Norenzayan A, Shariff AF, Gervais WM, Willard AK,
McNamara RA, Slingerland E, Henrich J. 2016. The
cultural evolution of prosocial religions. Behavioral
and brain sciences 39.

Nosil P. 2012. Ecological speciation. Oxford University
Press.

Nunn CL, Samson DR, Krystal AD. 2016. Shining
evolutionary light on human sleep and sleep
disorders. Evolution, Medicine, and Public Health
2016: 227-243.

Odling-Smee FJ, Laland KN, Feldman MW. 2003.
Niche Construction: The Neglected Process in
Evolution. Princeton University Press.

Odling-Smee J, Erwin DH, Palkovacs EP, Feldman
MW, Laland KN. 2013. Niche Construction Theory:
A Practical Guide for Ecologists. The Quarterly
Review of Biology 88: 3-28.

Okasha S. 2005. Multilevel Selection and the Major
Transitions in Evolution. Philosophy of Science 72:
1013-1025.

Okasha S. 2005. Multilevel Selection and the Major
Transitions in Evolution. Philosophy of Science 72:
1013-1025.

Page AE, Viguier S, Dyble M, Smith D, Chaudhary N,
Salali GD, Thompson J, Vinicius L, Mace R,
Migliano AB. 2016. Reproductive trade-offs in
extant hunter-gatherers suggest adaptive mechanism
for the Neolithic expansion. Proceedings of the
National Academy of Sciences 113: 4694-4699.

Pasquali CC, Islam Z, Adamoski D, Ferreira IM,
Righeto RD, Bettini J, Portugal RV, Yue WW-Y,
Gonzalez A, Dias SMG, Ambrosio ALB. 2017. The
origin and evolution of human glutaminases and
their atypical C-terminal ankyrin repeats. The
Journal of Biological Chemistry 292: 11572—11585.

Peccei JS. 1995. A hypothesis for the origin and
evolution of menopause. Maturitas 21: 83—89.

Perreault C. 2012. The Pace of Cultural Evolution. PLoS
ONE 7: e45150.

Pichkar Y, Creanza N. 2023. Fine-scale cultural
variation reinforces genetic structure in England.
American Journal of Biological Anthropology 181:
626-636.

Pinhasi R, Stock J. 2011. Human bioarchaeology of the
transition to agriculture.

Powers ST, van Schaik CP, Lehmann L. 2016. How
institutions shaped the last major evolutionary
transition to large-scale human societies.
Philosophical Transactions of the Royal Society B:
Biological Sciences 371: 20150098.

Queller DC, Strassmann JE. 2009. Beyond society: the
evolution of organismality. Philosophical
Transactions of the Royal Society B: Biological
Sciences 364: 3143-3155.

Rendell L, Fogarty L, Laland KN. 2011. Runaway
cultural niche construction. Philosophical
Transactions of the Royal Society B: Biological
Sciences 366: 823-835.

Richerson P, Baldini R, Bell AV, Demps K, Frost K,
Hillis V, Mathew S, Newton EK, Naar N, Newson
L, Ross C, Smaldino PE, Waring TM, Zefferman M.
2016. Cultural group selection plays an essential
role in explaining human cooperation: A sketch of
the evidence. Behavioral and Brain Sciences 39: €30
(19 pages).

Richerson P, Baldini R, Bell AV, Demps K, Frost K,
Hillis V, Mathew S, Newton EK, Naar N, Newson
L, Ross C, Smaldino PE, Waring TM, Zefferman M.
2016. Cultural group selection plays an essential
role in explaining human cooperation: A sketch of
the evidence. Behavioral and Brain Sciences 39: €30
(19 pages).

Richerson P, Henrich J. 2012. Tribal Social Instincts and
the Cultural Evolution of Institutions to Solve
Collective Action Problems. Cliodynamics: The
Journal of Theoretical and Mathematical History 3.

Richerson PJ, Boyd R. 1999. Complex societies: The
evolutionary origins of a crude superorganism.
Human Nature 10: 253-289.

Richerson PJ, Boyd R. 2001. Culture is part of human
biology: Why the superorganic concept serves the
human sciences badly. Science studies: Probing the
dynamics of scientific knowledge 145-178.

Richerson PJ, Boyd R. 2005. Not by Genes Alone: How
Culture Transformed Human Evolution. University
of Chicago Press.

Richerson PJ, Boyd R. 2005. Not by Genes Alone: How
Culture Transformed Human Evolution. University
of Chicago Press.

Richerson PJ, Boyd R. 2020. The human life history is
adapted to exploit the adaptive advantages of

24



culture. Philosophical Transactions of the Royal
Society B: Biological Sciences 375: 20190498.

Richerson PJ, Christiansen MH. 2013. Cultural
evolution: society, technology, language, and
religion. MIT Press.

Robson AJ, Kaplan HS. 2003. The evolution of human
life expectancy and intelligence in hunter-gatherer
economies. American Economic Review 93: 150—
169.

Rogers AR. 1988. Does biology constrain culture?
American Anthropologist 90: 819-831.

Roscoe P. 2013. War, collective action, and the
“evolution” of human polities. Cooperation and
collective action: archaeological perspectives 57—
82.

Sahni M, Verma N, Narula D, Varghese RM, Sreenivas
V, Puliyel JM. 2008. Missing Girls in India:
Infanticide, Feticide and Made-to-Order
Pregnancies? Insights from Hospital-Based Sex-
Ratio-at-Birth over the Last Century. PLoS ONE 3.

Samson DR, Nunn CL. 2015. Sleep intensity and the
evolution of human cognition. Evolutionary
Anthropology: Issues, News, and Reviews 24: 225—
237.

Scally A. 2016. The mutation rate in human evolution
and demographic inference. Current Opinion in
Genetics & Development 41: 36—43.

Schimmelpfennig R, Razek L, Schnell E, Muthukrishna
M. 2020. Paradox of diversity in the collective
brain. Philosophical Transactions of the Royal
Society B: Biological Sciences 377.

Simon WM. 1960. Herbert Spencer and the ‘Social
Organism’. Journal of the History of Ideas 21: 294—
299.

Smaldino PE, Richerson PJ. 2013. Human Cumulative
Cultural Evolution as a Form of Distributed
Computation. Pages 979-992 in Michelucci P, ed.
Handbook of Human Computation. Springer New
York.

Smith D. 2020. Cultural group selection and human
cooperation: a conceptual and empirical review.
Evolutionary Human Sciences 2: e2.

Spencer H. 1896. The Principles of Sociology. D.
Appleton and Company.

Stearns SC, Byars SG, Govindaraju DR, Ewbank D.
2010. Measuring selection in contemporary human
populations. Nat Rev Genet 11: 611-622.

Stearns SC. 2007. Are We Stalled Part Way through a
Major Evolutionary Transition from Individual to
Group? Evolution 61: 2275-2280.

Stenholm S, Harris TB, Rantanen T, Visser M,
Kritchevsky SB, Ferrucci L. 2008. Sarcopenic
obesity - definition, etiology and consequences.
Current opinion in clinical nutrition and metabolic
care 11: 693-700.

Sterelny K. 2011. Evolvability Reconsidered. in Calcott
B and Sterelny K, eds. The Major Transitions in
Evolution Revisited, 1st edition ed. The MIT Press.

Stout D, Passingham R, Frith C, Apel J, Chaminade T.
2011. Technology, expertise and social cognition in
human evolution. European Journal of Neuroscience
33: 1328-1338.

Szathmary E, Demeter L. 1987. Group selection of early
replicators and the origin of life. Journal of
Theoretical Biology 128: 463—486.

Szathmary E. 2015. Toward major evolutionary
transitions theory 2.0. Proceedings of the National
Academy of Sciences 112: 10104-10111.

Tennie C, Call J, Tomasello M. 2009. Ratcheting up the
ratchet: on the evolution of cumulative culture.
Philosophical Transactions of the Royal Society B:
Biological Sciences 364: 2405-2415.

Theofanopoulou C, Gastaldon S, O’Rourke T, Samuels
BD, Messner A, Martins PT, Delogu F, Alamri S,
Boeckx C. 2017. Self-domestication in Homo
sapiens: Insights from comparative genomics. PLOS
ONE 12: e0185306.

Tishkoff SA, Reed FA, Ranciaro A, Voight BF, Babbitt
CC, Silverman JS, Powell K, Mortensen HM, Hirbo
JB, Osman M, Ibrahim M, Omar SA, Lema G,
Nyambo TB, Ghori J, Bumpstead S, Pritchard JK,
Wray GA, Deloukas P. 2007. Convergent adaptation
of human lactase persistence in Africa and Europe.
Nature genetics 39: 31-40.

Tomasello M. 2019. Becoming Human: A Theory of
Ontogeny. Harvard University Press.

Townsend C, Ferraro JV, Habecker H, Flinn MV. 2023.
Human cooperation and evolutionary transitions in
individuality. Philosophical Transactions of the
Royal Society B: Biological Sciences 378:
20210414.

Traulsen A, Nowak MA. 2006. Evolution of cooperation
by multilevel selection. Proceedings of the National
Academy of Sciences 103: 10952—10955.

Turchin P, Currie TE. 2016. Cultural group selection is
plausible, but the predictions of its hypotheses
should be tested with real-world data. Behavioral
and Brain Sciences 39: e55.

Turchin P, Gavrilets S. 2009. Evolution of complex
hierarchical societies. Social History and Evolution
8:167-198.

UN. 2019. Human Development Index Ranking.

Vesa TH, Marteau P, Korpela R. 2000. Lactose
intolerance. Journal of the American College of
Nutrition 19: 165S-175S.

Vining DR. 1986. Social versus reproductive success:
The central theoretical problem of human
sociobiology. Behavioral and Brain Sciences 9:
167-187.

Wagner RH, Danchin E. 2010. A taxonomy of biological
information. Oikos 119: 203-2009.

25



Walker R, Turnbull D, Wilkinson C. 2004. Increasing
Cesarean section rates: exploring the role of culture
in an Australian community. Birth 31: 117-124.

Walsh JA. 2008. Evolution & the Cesarean section rate.
The American Biology Teacher 70: 401-404.

Waring T, Acheson J. 2018. Evidence of cultural group
selection in territorial lobstering in Maine.
Sustainability Science 13: 21-34.

Waring T, Lange T, Chakraborty S. 2021. Institutional
adaptation in the evolution of the ‘co-operative
principles’. Journal of Evolutionary Economics.

Waring T, Wood ZT, Szathmary E. 2023. Characteristic
processes of human evolution caused the
Anthropocene and may obstruct its global solutions.
Philosophical Transactions of the Royal Society B:
Biological Sciences 378: 1-13.

Waring TM, Goff SH, Smaldino PE. 2017. The
coevolution of economic institutions and sustainable
consumption via cultural group selection.
Ecological Economics 131: 524-532.

Waring TM, Wood ZT, Xue MJ. 2022. Culture is
reducing genetic heritability and superseding
genetic adaptation. Behavioral and Brain Sciences
45:el79.

Waring TM, Wood ZT. 2021. Long-term gene—culture
coevolution and the human evolutionary transition.
Proceedings of the Royal Society B: Biological
Sciences 288: 20210538.

Wells R, Jolles MP, Chuang E, McBeath B, Collins-
Camargo C. 2014. Trends in local public child
welfare agencies 1999-2009. Children and youth
services review 38: 93—100.

West SA, Fisher RM, Gardner A, Kiers ET. 2015. Major
evolutionary transitions in individuality.
Proceedings of the National Academy of Sciences
of the United States of America 112: 10112-10119.

Whitehead H, Laland KN, Rendell L, Thorogood R,
Whiten A. 2019. The reach of gene—culture
coevolution in animals. Nature Communications 10:
2405.

Whiten A, Horner V, Waal FBM de. 2005. Conformity
to cultural norms of tool use in chimpanzees. Nature
437: 737-740.

Wilson PJ. 1991. The Domestication of the Human
Species. Yale University Press.

Wispe LG, Thompson JN. 1976. The war between the
words: Biological versus social evolution and some
related issues. American Psychologist 31: 341-384.

Wodarz D, Stipp S, Hirshleifer D, Komarova NL. 2020.
Evolutionary dynamics of culturally transmitted,
fertility-reducing traits. Proceedings of the Royal
Society B: Biological Sciences 287: 20192468.

Wrangham R, Conklin-Brittain N. 2003. ‘Cooking as a
biological trait’. Comparative Biochemistry and
Physiology Part A: Molecular & Integrative
Physiology 136: 35-46.

Wrangham R. 2019. The Goodness Paradox: The
Strange Relationship Between Virtue and Violence
in Human Evolution. Knopf Doubleday Publishing
Group.

Wrangham RW, Jones JH, Laden G, Pilbeam D,
Conklin-Brittain N, Brace CL, Bunn HT, Roura EC,
Hawkes K, O’Connell JF. 1999. The raw and the
stolen: cooking and the ecology of human origins.
Current anthropology 40: 567-594.

Wright KPJ, Lowry CA, LeBourgeois MK. 2012.
Circadian and wakefulness-sleep modulation of
cognition in humans. Frontiers in Molecular
Neuroscience 5.

Zeder MA. 2016. Domestication as a model system for
niche construction theory. Evolutionary Ecology 30:
325-348.

Zefferman MR, Mathew S. 2015. An evolutionary
theory of large-scale human warfare: Group-
structured cultural selection. Evolutionary
Anthropology: Issues, News, and Reviews 24: 50—
61.

26



Appendix

Culture weakens: Culture strengthens:

...individual selection because: ...group selection because:
e culture weakens genotype-phenotype link. e culture generates and maintains group level variation.
e culture causes reduction of genetic heritability. e group-structured cultural inheritance is sometimes faster
e culture “fixes” maladaptive phenotypes. than individual genetic inheritance.

e group-structured cultural inheritance can be more
flexible (institutions tailored to context).

. individual reproduction because: ... group reproduction because:
e culture supports individual reproduction. e cultural groups support and equalize reproductive
e culture relaxes selection against non- opportunities.
reproducing individuals. e variation between cultural groups increasingly impacts
individual reproductive success relative to genetic
inheritance.

e culture facilitates group growth.
e culture facilitates group differentiation via social
identity, and cultural group markers.

Table Al. Long term interactions between cultural and genetic evolution. Long term gene-culture coevolution
as influenced by group-structured cultural selection will generate predictable effects on individual and group level
characteristics in both genes and culture.

The metric of phenotypic determination

We can divide phenotypic variation into several sources:

(1) of = o} + 0f + of

Where o%p = phenotypic variation; 6°¢ = genetic variation (additive + dominance + epigenetic);
and ¢’¢ = environmental variation (plasticity). Converting Equation 1 into a regression model
and calculating partial R? (%) gives us:

) L=ng +nc +¢

Where #7°¢ is the proportion of phenotypic variation explained by genes, 7°c is the proportion of
phenotypic variation explained by culture, and & is the residual (which we can assume to be

environmental variation).
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1n*c and n?c are the heritable drivers of phenotype (i.e. genetically and culturally heritable). So,
we could construct a transition metric that is the proportion of heritable phenotypic variation that

is driven by culture:

2
3) Tp = 5

" ong+ng
If there is a meaningful interaction between culture and genes in expressing an individual’s
phenotype, we can expand this metric:

2 2
. Tlc+1/271c><c
NE+HNEH kG

4 Tp
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