nature human behaviour

Perspective

https://doi.org/10.1038/s41562-024-02035-y

Human cultureisuniquely open-ended
rather than uniquely cumulative
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Theories of how humans came to be so ecologically dominant increasingly
centre on the adaptive abilities of human culture and its capacity for
cumulative change and high-fidelity transmission. Here we revisit this

hypothesis by comparing human culture with animal cultures and cases

of epigeneticinheritance and parental effects. We first conclude that
cumulative change and high transmission fidelity are not unique to human
culture as previously thought, and so they are unlikely to explain its adaptive
qualities. We then evaluate the evidence for seven alternative explanations:
the inheritance of acquired characters, the pathways of inheritance, the
non-random generation of variation, the scope of heritable variation, effects
onorganismal fitness, effects on genetic fithess and effects on evolutionary
dynamics. From these, we identify the open-ended scope of human cultural
variation as akey, but generally neglected, phenomenon. We end by
articulating a hypothesis for the cognitive basis of this open-endedness.

The difference between humans and other species has occupied
human thought for millennia’. Early arguments hinged on whether
other animals (henceforth‘animals’) possessed asoul, consciousness
orrationality. Even after the acceptance of biological evolution, aclear
basis for human uniqueness was not forthcoming. Darwin himself,
writing for an audience sceptical of the continuity between human
and animal minds, emphasized the similarities between human and
animal cognition?, arguing that “the difference in mind between man
and the higher animals, great asitis, certainly isone of degree and not
of’kind”. Since Darwin, various features of human cognition have been
identified as unique to our species, including language, toolmaking,
self-awareness and theory of mind. However, forms of these behav-
iours have been documented in other species, particularly primates,
cetaceans and corvids*™.

Emphasis has recently shifted from specific cognitive abilities to
a phenomenon they enable: culture®. That is, human global success
stems from adaptation through culture™", whereas other dominant
taxa, such as ants, spread by radiating into many thousands of geneti-
cally adapted species”. Genes remain critical to human adaptation,
both by facilitating culture and by interacting with culture to reshape
the genetic basis of human psychology’. However, this emphasis
on culture raises the questions of what is special about human cul-
ture and how human cognition supports this. Two such hypotheses

have received considerable attention (although alternatives have
been proposed”??). One is that human culture is particularly notable
because, similar to genetic inheritance, it is cumulative”**, enabling
it to accumulate adaptive knowledge over time. As a result, human
cultures consist of highly complex and effective behaviours, whereas
animal cultures, unable to accumulate, are much simpler. However,
it remains unclear why human culture can accumulate. To this end,
the second hypothesisidentifies our capacity for stable, high-fidelity
transmission as the enabling cognitive factor behind cumulative cul-
tural change*. For instance, imitation, teaching and language are
all fidelity-enhancing traits present in humans but less so in other
species”, where the lower fidelity of cultural transmission causes inno-
vations and refinements to be lost from the population, preventing
accumulation (though seeref. 26). Cumulative cultural evolution and
high-fidelity transmission thus form a pair, which explain the basis of
humanuniqueness.

Despite the success of these hypotheses, they are challenged by
recent findings (as discussed below), and so alternative explanations
are needed. The past few decades have also seen a growing body of
evidence for forms of non-genetic inheritance, such as epigenetic
inheritance and parental effects” (see Box 1 for an overview). These
have a wide taxonomic distribution and mirror cultural inheritance
in various ways; nonetheless, they have not enabled any species to
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BOX1

Non-genetic inheritance

Darwin and other early evolutionists did not understand the
mechanism of biological inheritance?°?%, Yet within a century,
genetic inheritance had been discovered and came to be regarded
as the sole inheritance system common to all life?”?**?, This
understanding of inheritance was hugely productive: a formal
body of evolutionary theory based on genes emerged'*®**?>% and
the application of this theory across biological fields created the
“Modern Synthesis”**. Later, inclusive fitness and kin selection
were invoked to explain animal social behaviour, and this drove the
development of the gene's-eye view of evolution"**"?*°, The success
of gene-based evolutionary theory has supported the centrality of
genetic inheritance, and it remains at the heart of the contemporary
understanding of evolution???"?°?*!, Despite this success, non-genetic
inheritance—inheritance defined as the transmission of a trait from one
organism to another—has been known to science for decades?**?*°,
Here we focus on three broad categories: cultural inheritance,
epigenetic inheritance and parental effects (for a broader discussion
of the role of development in phenotypic evolution, see ref. 241).
Cultural inheritance is the transmission of behaviours and beliefs
through interaction between individuals®®**. Cultural inheritance
has long been known to be ubiquitous in humans and was a key part
of Darwin’s thinking in the Descent of Man®, but only in the past few
decades has its presence in other species become appreciated.
Although human-like culture is rare, cultural transmission is now
known to be common across both vertebrates and invertebrates, with
transmitted information including dietary and mating preferences,
hunting and foraging techniques, and knowledge about resource
locations and richness®106108:243-250
Epigenetic inheritance is the transmission of gene regulatory
information across generations separately from the DNA

achieve the same ecological dominance as humans. Thus, they offer
another means to identify the basis of human uniqueness: whatever
arethefeatures of human culture that enabled our global dominance,
they must be diminished not only in animal cultures but also in other
forms of non-geneticinheritance.

Here we provide an analysis of the unique features of human cul-
ture through comparison with animal cultures and other forms of
non-genetic inheritance. Our goal is to refine our knowledge of what
makes human culture, and hence humans, so unusual. We first evaluate
the importance of cumulative change and stable, high-fidelity trans-
mission, and we conclude that the importance of both is challenged
byrecentresultsand other forms of inheritance. We then consider the
inheritance of acquired characters, the pathways of inheritance, the
non-random generation of variation and the scope of heritable vari-
ation. We separately consider effects on organismal fitness, genetic
fitness and evolutionary dynamics (Boxes 2-4). Our analysis concludes
that the most distinctive feature of humancultureisits enormous scope
for transmitting evolutionarily novel variation, whereas animal cul-
tures, epigenetics and parental effects all have circumscribed domains
in terms of the information they can carry (see Fig. 1 for a visual sum-
mary). Human culture is thus distinguished by its open-endedness. We
argue that thisis key toits adaptive quality and articulate a hypothesis
for the neural and cognitive basis of this open-endedness.

Cumulative change
As with genetic change, or geological erosion and orogeny, human
culture changes cumulatively. Indeed, the accumulation of human

sequence®”? [t involves multiple different biochemical
mechanisms, including DNA methylation, cytoplasmic RNA and
histone modification®. It has been documented in vertebrates,
invertebrates, fungi, plants and unicellular organisms'%?>42>°,
Although many epigenetic marks are reset every generation
(particularly in mammals®), the extent to which resetting occurs
varies along the genome as well as among species”***°, For instance,
in mammals, paternal epigenetic marks are not passed on to the
zygote, but maternal epigenetic marks often are®', whereas the
reverse is true in zebrafish?®?%*, More broadly, epigenetic inheritance
is relatively common in plants, fungi, nematodes and, particularly,
unicellular organisms®%2>%°,

Parental effects include cases of non-genetic inheritance that do
not have a basis in epigenetic or cultural mechanisms and typically
occur between parents and their offspring'®*. Examples include
the inheritance of some food preferences via amniotic fluid or
breast milk consumption or exposure to maternal faeces'**?**, and
the inheritance of gut microbiome composition via the offspring’s
passage through the vagina™®, all of which occur routinely across
mammalian taxa.

The increasing recognition of these non-genetic modes of
inheritance has generated debate over whether genetic inheritance
is the primary mechanism of inheritance or one mechanism among
many®"%??¢ |t has also been suggested that non-genetic inheritance
challenges the gene-based modern synthesis, and instead an
“extended evolutionary synthesis”#*196:226254.265-269 js heeded. Such
claims are controversial, and it is debated whether the success
of gene-based evolutionary theory negates the need for such an
extension196,241,2707275.

cultureis observable withina single lifetime and far outstrips the rate
of genetic change”®, producing technologies beyond the means of any
singleindividual, be they powerful computers® or systems of musical
notation®. Such accumulationis also manifested in language change,
generating mutually unintelligible dialects in just a few centuries® .
Until relatively recently, cumulative cultural change was thought to
be absent in animals®?*. Although there was evidence of direction-
less vocal turnover, similar to human language, in both birds*~*” and
whales®*™*, there were no known examples of an animal behaviour
cumulatively increasing in its complexity or efficacy.

This has recently changed. The collection of additional data on
animal vocalizations has made clear that they change cumulatively. For
instance, long-term data collection shows that humpback whale songs
oscillate in complexity*, and those of savannah sparrows have cumu-
latively increased in their salience®. Indirect evidence for cumulative
technological evolution is also known. For instance, regional designs of
varying complexity were documented in the Pandanusleaf tools of the
New Caledonian crow** and were hypothesized to represent a history of
unobserved cumulative change**. Similar observations have been made
regarding termite fishing techniques across chimpanzee communities,
including complex combinations of multiple elements within some
groups®. Human attempts at termite fishing and other chimpanzee
behaviours have shown that they are challenging to re-invent, again
consistent with the accumulation of innovations*®, although such
evidenceis highly indirect and potentially misleading.

Other studies have directly documented cumulative improve-
mentsin efficiency. Experimental work with homing pigeons found that
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Fig.1| The scope of variation is human culture’s most distinctive feature.
Avisual summary of the conclusion of this review. Considered features are placed
according to their presence in animal cultures (x axis; left indicates low, right
indicates high) and non-genetic forms of inheritance (y axis; bottom indicates
low, top indicates high). Features placed in the lower-left, green region are the
most distinctive of human culture and are potential causes of its unique adaptive
qualities. Features placed in the upper-right, red region are common to human
culture, animal cultures and non-genetic modes of inheritance and so are unlikely
to explain human uniqueness. Note that the placement of features is a subjective
summary of our argument and is not explicitly quantified; rather, the purpose of
this figure is to summarize our conclusions visually.

groupsinwhichindividualswerereplaced over time converged onmore
efficient routes than those taken by lone or paired pigeons* (Fig. 2a).
Similarly, translocated herds of ungulates cumulatively adjusted their
migratory patterns to take advantage of the timing of plant growth*®.
The relatively recent discoveries of these cases suggests that the his-
torical focus on complexity over efficiency may have hindered the
identification of cumulative cultural change in other species* 2.
Epigenetic inheritance is also known to result in cumulative
change. For example, the water nymph Daphnia cucullata can plasti-
cally develop an armoured helmet in response to cues of predation
risk®, making them harder to swallow (Fig. 2b). The helmet is both
heritable and cumulative; offspring of mothers exposed to the cues
develop larger helmets than those whose mothers were not exposed,
and offspring whose mothers and grandmothers were exposed to the
cues develop larger helmets still*>. The result is that, in the presence of
predators, helmet size grows cumulatively over multiple generations.
Cumulative epigenetic inheritance enables the desert locust,
Schistocerca gregaria, to switch between its green, solitary and
yellow-and-black, gregarious morphs. The triggers are visual, olfactory
andtactileindications of high population density thatlead to changesin
epigenetic gene regulation®*. Althoughsingle individuals canbegin the
transition from solitary to gregarious in just a few hours, the full suite
of changes to morphology, neurochemistry and physiology develop
cumulatively across multiple generations of high population density™.
Parental effects can also accumulate, because they allow a parent’s
genestoinfluence their offspring. As offspring are likely to have similar
genetic variants to their parents, this generates ‘momentum’ whereby
the phenotypiceffect of anovel mutation can grow cumulatively over
generations®. That parental effects can transmit the effects of genes
across multiple generations has been documented in the herb Cam-
panulastrum americanum, where seed size and life history traits, such
as the number of days to germination, are affected by the maternal
genotype in addition to the offspring plant’s own genotype”.

Transmission fidelity and stability
Human cultureis commonly thought to involve uniquely high-fidelity
transmission'®?**3* which facilitates the accumulation of complex

BOX2

Non-genetic inheritance and
organismal fitness

Human cultural traits can be associated with variation in fitness.
Consider, for example, the belief that children can have multiple
fathers (partible paternity), which is common in several South
American societies. Children with multiple ‘fathers’ receive
more food provisioning and have higher chances of survival to
reproductive age than children with only one recognized father
Proponents of the ‘cultural niche’ theory have argued that culture

is so strongly associated with fitness that humans cannot survive
without it""*"%°_ A recent case illustrates this vividly: a group of

four children (one of whom was an infant) survived for 40 days in
the Colombian Amazon by relying on traditional knowledge after a
plane crash. As members of the Indigenous Huitoto group, they had
been taught how to find food, construct shelter and avoid danger

in the Amazon. Without this knowledge they would almost certainly
have perished.

Human culture is not unique in its fitness effects, however®”'.

For example, resistance to herbivory in the wild radish (Raphanus
raphanistrum) is epigenetically inherited®*'®"?’%, Plants attacked

by caterpillars increase the quantities of chemical repellents in
newly formed leaves, deterring herbivores, which enables them to
produce a greater number of seeds, thus increasing their fitness.
Moreover, the offspring of attacked plants also show elevated
defences (in terms of repulsive chemicals as well as the number of
trichomes per leaf), and caterpillars that feed on them grow more
slowly®*'¥"?78, Thus, the fitness of wild radish seedlings is affected by
epigenetically inherited factors and not just by their genome and
environment.

An example of parental effects affecting organismal fitness
involves telomere length?®. Telomeres are highly conserved
repetitive sequences of DNA at the ends of chromosomes. They
protect chromosomes, are involved organismal ageing and so are
likely to have strong fitness consequences. Variation in telomere
length is known to be highly heritable, with non-genetic factors
passed on via the mother explaining ~45% of the variation®”°.
Another example, in mice, involves differences in microbiota that
were observed to have effects on the levels of immunoglobin A—an
antibody critical to mucosal immunity—indicating important effects
on fitness'*.

Culturally transmitted traits also have fitness effects in
non-human taxa. Many such behaviours in animals involve food,
such as seed extraction in capuchins'®. Given the importance of
foraging to survival, these behaviours are likely to have fitness
consequences. Elsewhere, the failure of male regent honeyeaters
to culturally inherit their species-typical song was associated
with lower fitness because song is used to attract a mate”*°. More
generally, increasing evidence suggests that socially inherited
information has major effects on species viability, with implications
for how species adapt to anthropogenic environments and
conservation®"?¢,

276,277

bodies of knowledge. One hypothesis posits that humans are uniquely
capable ofimitation, the ability to copy actions, whereas other animals
are limited to simpler forms oflearning®****. Another hypothesisis that
humans are uniquely capable of transmitting know-how, the knowledge
of how to do something, whereas other animals only transmit know-
ledge of where to be and what objects to interact with®®~*?, Despite many
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Fig.2|Examples of cumulative change beyond human culture. a, The
cumulative improvement of route efficiency by groups of homing pigeons. The
routes, frominitial and inefficient to eventual and efficient, are orange, red,
green, blue and black. b, Scanning electron micrographs of Daphnia cucullata
withand without an armoured helmet. The epigenetic development of the
helmet occurs over multiple generations. Images reproduced with permission
from: a, ref. 47, Springer Nature Limited, map image: OS data © Crown copyright
and database right (2017); b, ref. 53, Springer Nature Limited.

experiments, the limits of animal transmission remain unclear, and
these hypotheses are contested*. Indeed, recent studies suggest that
animals canin factsocially transmit know-how; both chimpanzees®***
and bees® are capable of learning from conspecifics how to operate
puzzle boxes that they are unable to solve themselves®® (though see
refs. 67,68).

Another approach is to measure transmission stability*®. The
stability of genes, which have been characterized as “replicators” and
“immortal™®’, is argued to be central to their evolutionary impor-
tance”. Moreover, studying stability can identify the fidelity of cultural
transmission, even if its psychological basis remains unclear. Such
studies can also use data on cultural traditions in wild animal popula-
tions and permit comparisons across modes of inheritance despite the
mechanistic differences.

Many human cultural practices endure (with various degrees of
change) for thousands of years. For instance, a phylogenetic analysis of
Indo-European folktales found that some originated over 5,000 years
agointheBronze Age’>”. Similarly, astudy of 172 Native American soci-
eties found that many practices, such as political or kinship systems,
are better predicted by cultural history than by local ecological con-
ditions’™. The stability of human culture may be due to psychological
biases such as conformist transmission”. However, although evidence
for conformist transmission has been documented’”, recent theory
suggests that it cannot reliably stabilize traditions’ ™,

Animal cultures can also be highly persistent. For instance, song
syllables in the swamp sparrow are stable enough to last for many
centuries®. Among chimpanzees, ananalysis of long-term data showed
that group-specific differences in grooming postures are stable for
at least 12 years, even in the face of changes in group composition®.
Similarly, a study of meerkats found that troops maintained differ-
ent wake-up times for at least a decade, despite group turnover and
overlapping ranges®’. Removal and replacement experiments in the
bluehead wrasse, Thalassoma bifasciatum, have demonstrated that
mating sites persist as traditions even as the environment changes to
favour other sites®®, Finally, some animal traditions, particularly pri-
mate tool use, leave anarchaeological record®, and evidence extends
chimpanzee nut cracking to at least 4,300 years ago®s.
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Fig. 3| Two cases of interactions between genetic evolution and other forms of
inheritance. The arrows represent causal influence. Left, the evolution of malaria
resistance in humans. The cultural practice of yam farming caused the appearance
of standing water and mosquitoes, which generated selection that drove the
spread of malarial resistance, but also an increased risk of sickle-cell anaemia®.
Right, cuckoo-host coevolution. Cuckoos inherit their host template by
imprinting on their natal environment. Hosts respond to parasitism by mobbing
cuckoos, and the hosts’ cuckoo template is culturally inherited. This generates
selection that drives the evolution of different cuckoo morphs. The genetic
cuckoo morphs and cultural host mobbing templates continue to coevolve
(asindicated by the dashed arrow). See Box 3 for further discussion.

These cases may appear to fall short of the stability of human
culture. However, animal studies tend to use more conservative defi-
nitions of stability. For instance, the ancient folktales have changed
so dramatically as to be unrecognizable to a regular reader, and only
through sophisticated phylogenetic methods can such stability be
identified’>”>. Meanwhile, animal studies focus on cases where behav-
iours are transmitted with minimal change.

The stability of epigeneticinheritance varies greatly across cases.
One mechanism of epigenetic inheritance is the addition of methyl
groups to DNA, which alters gene expression and can be transmitted to
offspring®. It has been found that half of methylable DNA sites in plants
lost their methylation within five generations’*", Similarly, in mam-
mals, most epigenetic marks are reset every generation’>. However,
such epigenetic resetting may be an evolved policy given the involve-
ment of epigenetics in organismal development, and instability may
notbeinevitable. For instance, epigenetic marks affecting eye colour
in Drosophila were found to be stable across 50 generations—the full
duration ofthe study®. Similarly, astudy of the epigenetic inheritance
of preference for an odorant by Caenorhabditis elegans found that
transmission continued for 40 generations—again, the full duration
of the study®*. Notably, multiple epigenetic mechanisms exist®, and
stability arose only if five successive generations were consistently
exposed to the odorant’. A study of the parasitic flatworm Schistosoma
mansonialsofound differential stability of epigenetic marks depending
on how they were induced. This variability has led to the distinction
between short-lived “intergenerational epigenetic inheritance” and
longer-lasting “transgenerational epigenetic inheritance”.

Parental effects can also be long lasting. An extreme case is the
inheritance of domesticated fungus among leafcutter ants. Newly
hatched queens take asmallamount of fungus from their maternal nest
and carry it in their infrabuccal pocket as they found a new colony”.
Genetic analyses of the fungus suggest that some fungal lineages have
beengeneticallyisolated fromwild populations, and therefore continu-
ally transmitted by ants, for millions of years®®.

Alternative hypotheses for the uniqueness of
human culture

The above evidence suggests that multigenerational accumulation
and stability, often argued to be unique to human culture and respon-
sible for our ecological success, are in fact common to human culture,
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BOX3

Non-genetic inheritance and genotype fitness

In addition to changing fitness at the level of an organism (Box 2),
human culture can affect the fitness of specific genotypes. This can
result in genetic change driven by cultural factors, referred to as
gene-culture coevolution''6?23243283284 ' One example is the genetic
evolution of risk factors for sickle-cell anaemia in humans following
the cultural evolution of forest clearing and yam cultivation (Fig. 3).
In this case, the culturally transmitted practice of yam farming, which
involves clearing areas of forest, led to standing bodies of water
following rainfall, which became breeding grounds for mosquitoes
that transmit malaria. This increased the prevalence of malaria and,
in turn, increased the fitness of heterozygote individuals with the
HbS allele, who have resistance to the malarial pathogen, while HbS
homozygote individuals suffer from anaemia®**.

Interactions between genetic and cultural evolution are not
limited to humans'. For instance, culturally inherited mate-
choice preferences can change the relationship between male
quality and mating success®® which alters sexual selection and
produces new dynamics influenced by culturally transmitted
preferences®®?®’. The cultural inheritance of birdsong alters
the dynamics of genotypes that influence song acquisition
and preference?®®?®, |t can also lead to the evolution of brood
parasitism and facilitate speciation?°?°, Finally, theory suggests
that the social transmission of prey recognition among predators
greatly facilitates the evolution of aposematism by accelerating
the rate at which predators learn to avoid unpalatable prey?**.

This conclusion is supported by data from blue tits and great tits;
in these birds, the cultural inheritance of prey recognition
increased the fitness of bright warning colorations in unpalatable
prey species’®,

Similar effects are seen for other modes of inheritance as well.
The interactions between cuckoos—parasitic birds that lay their eggs
in nests of other species—and their hosts is a particularly elaborate
example of how parental effects can change the fitness of genotypes
(Fig. 3). Cuckoo host preference is heritable because young cuckoos

animal culture, epigeneticinheritance and parental effects. Although
cumulative changesinanimal cultures may often emphasize efficiency
rather than complexity, thisis not true for epigenetic inheritance and
parental effects. In addition, human culture may not be more stable
than animal cultures, and the stability of epigenetic inheritance is
probably an evolvable property. Collectively, this evidence suggests
that the key to human uniqueness lies elsewhere, and we now review
four alternative explanations: theinheritance of acquired characters,
the pathways of inheritance, the non-random generation of variation
andthe scope of heritable variation. We consider three additional phe-
nomenain Boxes 2-4: effects on organismal fitness, genetic fitness and
evolutionary dynamics.

Theinheritance of acquired characters

Theimmutability of the germline was akey discoveryin modern evolu-
tionary theory, creating a distinction between the heritable genotype
and the plastic phenotype® . Human culture breaks this dichotomy,
being both heritable and plastic; nonetheless, this does not distin-
guish human culture from other forms of non-genetic inheritance.
For instance, the epigenetic inheritance of olfactory preference in C.
elegans, mentioned above, starts with the first generation of individuals
acquiring the preference during their lifetime®*. Parental effects also
allow theinheritance of acquired characters—for example, in rabbits’

imprint on their natal environment and, as adults, use this to guide
their search for host nests?**. As a result, although the territories of
female cuckoos include different possible hosts, matrilines maintain
distinct preferences for a specific habitat®*® and host species™®.

Host parents will mob (that is, attack) adult cuckoos to deter
parasitism®”’, and to avoid mobbing, cuckoo species have evolved
different morphs: a rufous morph and a grey morph that resembles

a sparrowhawk?®®®, To effectively target mobbing, hosts culturally
inherit their cuckoo template by watching the mobbing behaviour of
conspecifics, allowing them to strategically defend against the more
prevalent local cuckoo morph?”. In turn, this creates strong balancing
selection on the genotypes that contribute to the cuckoo morph?”.
The fitness of different cuckoo genotypes thus depends on their
parentally transmitted host preference and the culturally inherited
cuckoo template of the hosts.

Another example concerns maternally inherited cytoplasmic
genes, which reside outside of the cell nucleus and distort sex ratios
in many species of plants and invertebrates®”. In some cases, the
sources of the cytoplasmic genes are bacteria that enter cells and
are then passed on to offspring in the cytoplasm. As they cannot
be passed on by males (who do not contribute cytoplasm to the
offspring), the bacterial DNA has evolved to kill male offspring®®°°.
The cytoplasmic genes increase the evolutionary fitness of female
offspring (and surviving male offspring) by increasing access to
resources’® and reducing crowding, or indirectly by reducing
inbreeding®®%.

Non-genetic forms of inheritance can also render fitness-relevant
genetic variation fitness-neutral. For instance, Furrow and Feldman®®®
considered a population evolving in a fluctuating environment, into
which heritable epigenetic regulation of the genome was allowed to
invade. They showed that epigenetic regulation can evolve and even
replace genetic transmission as the means of evolution. Having been
made redundant, genetic variants that once followed environmental
states instead reached fixation.

inheritance of food preferences via exposure to maternal faeces'*”. The
food preferences of the mother reflect both inherited influences and
responsesto food sources she encountered in her lifetime. Also, some
female birds place antibodies in their egg yolks, thereby transmitting
pathogen resistance to their offspring'®. These antibodies originate
inthe mother’sacquired phenotype following pathogen exposure, but
they are nonetheless heritable'®*'®,

Theinheritance of acquired characters is also common in animal
cultures. For example, female Drosophila melanogaster copy the mate
choices of other females'*®, and demonstrator flies can even induce a
preference for low-quality males'®, a phenomenon also observed in
the lekking sage grouse Centrocercus urophasianus'”’. Mate-choice
copying has also been shown in fish'**™°, birds''"** and rats"*. The
inheritance of acquired food preferences has been experimentally
documented in vervet monkeys, where whole groups learned to eat
food of a particular colour and this preference was continued by their
offspring, even though alternative coloured foods were available™.

The pathways ofinheritance

Genetic materialis typically passed vertically, from parents to offspring,
although horizontal transmission between individuals of the same
generation may occur®'”, However, human cultural transmission
is routinely horizontal, oblique (from older individuals other than
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BOX4

Non-genetic inheritance and evolutionary dynamics

Human cultural transmission leads to much faster phenotypic
evolution than would be possible under purely genetic evolution
One way it can do this is by allowing heritable phenotypic change

to occur without genetic change or even reproduction: cultural
practices can be altered through experience and subsequently
propagated via horizontal/oblique transmission (see ‘The inheritance
of acquired characters’ and ‘The pathways of inheritance’). Indeed,
one of the leading explanations for the evolution of human culture is
its ability to produce more rapid adaptation than genetic evolution®®.
There are extensive data showing rapid behavioural, linguistic,
coghnitive and technological change in humans resulting from
culturally transmitted information, with no compelling evidence for
causally relevant genetic change, via either the DNA sequence or its
expression'*°°, However, the rapid spread of behaviours via cultural
transmission is not restricted to humans, and the diffusion of novel
behaviour patterns, related to foraging, predator identity and evasion,
mate choice, and a variety of other functions, is widespread in
animals®®**, For instance, lobtail fishing in whales was first observed
in 1980, but just 20 years later it was being performed by a third of the
humpback population'*.

Even when evolution involves genetic change, its rate can be
increased by cultural inheritance, both in humans and in other
species”. To illustrate, consider the case where selection on a
gene is a co-evolutionary response to a culturally inherited trait.
Because cultural traits can spread quickly, they can become
widespread while a genetic response has barely begun. As a result,
selection on genetic variation can be extremely strong and accelerate
the spread of a genetic change. This supports the argument that
culture has ‘ramped up’ human evolution®®, with a large number of
human genes related to cultural practices (such as dietary choices,
cooking, farming, large-scale group living and migration) showing

28,243

parents) or reversed (from offspring to parents). For example, knowl-
edge of how to use local plants for food or medicine among the Tsimané
of Boliviais primarily obliquely transmitted"®, and singing and dancing
skillsinthe Aka of the Central African Republic and Republic of Congo
exhibit horizontal transmission™’, as do textile-making techniques and
designs among Iranian tribal groups'.

By virtue of their relationship with genetic transmission, epigenetic
inheritance and parental effects are constrained to be mostly vertical.
However, there are exceptions. For instance, body size in the fly Telo-
stylinus angusticollisis influenced by non-genetic factors in semen that
persist within the bodies of females and affect offspring sired by subse-
quent (thatis, different) males, aphenomenon known as telegony™?. In
mice, the gut microbiome s typically transmitted via vertical parental
effects, but horizontal transmission can occur via co-housing'*.

As with human culture, non-vertical transmission is a feature of
animal cultures. For instance, by observing conspecifics, archer fish
socially acquire the ability to shoot down fast-moving, flying insects
with jets of water propelled from their mouth'?. The cumulative cul-
tural evolution of effective ungulate migration routes (see ‘Cumulative
change’) involves mass horizontal transmission across entire herds*.
Wild humpback whales socially learn the lobtail feeding technique'*,
but maternal behaviour does not enhance transmission, suggesting
transmission is horizontal. Indeed, humpback whales do not begin
lobtail feeding until after weaning, when they nolonger preferentially
associate with their mothers. Finally, ecological modifications can
facilitate broad-ranging culturalinheritance. Forinstance, many male

evidence of having been under strong selection over the past
100,000 years™.

The inclusion of parental effects in evolutionary models also
produces more rapid phenotypic change than would be predicted
by purely genetic models®®. This occurs for two reasons: (1) parental
effects allow the transmission of some acquired characters, which
both increases the heritable variation available for selection to act
on and, where this variation is non-random, drives populations in a
particular direction; and (2) parental effects allow genetic change
to have a cumulative effect over time, so phenotypic change can
continue for multiple generations following a single genetic change.
Supporting the predictions of these models, a study comparing the
fit of the purely genetic breeder’s equation with models including
parental effects to the evolution of Campanulastrum americanum
under artificial selection found that the models including parental
effects enabled much better predictions of the rate of phenotypic
evolution than the standard breeder’s equation®”’.

Similar results hold true for epigenetic inheritance. For instance,
theory suggests that epigenetic adaptation can displace genetic
adaptation, precisely because the biased variation it produces
allows more rapid adaptation than does genetic change®®**. Such
rapid epigenetic change can be observed in transitions between the
solitary and gregarious morphs of the desert locust, Schistocerca
gregaria. Single individuals can initiate the transition via plasticity,
and behavioural changes appear in just a few hours. However, the full
suite of changes, including changes in morphology, neurochemistry
and physiology, requires multiple generations®® and relies on
changes to heritable epigenetic factors®. In this case, the epigenetic
inheritance of biased variation allows complex morph transitions
to occur much faster than under genetic evolution, and beyond the
scope of individual plasticity.

fishes build nests, and females’ choice of nest in which to lay their eggs
isinfluenced by the eggs of other females already in the nest, with
popular nests becoming increasingly successful'> ',

Despite these similarities, human culture may make unusual use of
transmission pathways at larger scales. For instance, in many species,
mother-offspring vertical transmission will be promoted by limited
positive interactions with other individuals. Thishasbeen documented
in primates'®, including the transmission along wild chimpanzee mat-
rilines of moss-sponging'?’. Human societies, by contrast, have dif-
ferent structures, including positive between-group interactions,
that facilitate intergroup cultural transmission*°"*, These extended
networks appear to be critical to cultural adaptation'®, with larger
populations supporting more complex culture®* and partially con-
nected networks often outperforming fully connected networks™®'",
Nonetheless, animal groups vary in size, yet similar patterns have not
been reported. Some evidence suggests that group size correlates
with cultural repertoire size in chimpanzees™®. However, this study
only counted females, who migrate between groups, thereby shuffling
regional practices and inflating cultural repertoire sizes. Moreover, it
did not consider Ngogo, the largest known chimpanzee group, which
nonetheless hasasmall cultural repertoire™. It is thus unclear whether
intra-andintergroup transmission networks constrain animal cultures.

The non-random generation of variation
Whether heritable variation was random was an important question
in Darwin’s time”. In particular, theories of orthogenesis argued that
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internal factors drove species in particular directions, leading ulti-
mately to their extinction'*’. Although it is now understood that genetic
mutationislargely random (though seerefs.141,142), thisis not the case
for human culture, where variants are generated through invention,
with organisms drawing on their prior experience to develop effective
ways to deal with their environments'*™*, For instance, King Sejong
the Great of Korea, having observed the difficulties of writing Korean
inthe logographic Hanja derived from Chinese characters, designed
anew writing system, Hangul, in1443"¢, Hangul, which is much easier
to learn than Hanja and has been argued to be the most logical of all
writing systems, became the official script of the Korean language in
the late nineteenth century.

Despite such cases, the cultural niche theory argues that much
of human cultural variationis generated randomly'’, with individuals
typically only partially understanding the cultural traits they rely on.
Asaconsequence, cultural adaptation arises from selective processes,
suchasthe selective copying of successful individuals™'**"*! or cultural
group selection"2, Insupport of this, interviews with Hadzabowyers
suggest they have only partial knowledge of the mechanics governing
bow function and design™’. Similarly, in an experiment where partici-
pants were asked to place weights on a wheel to maximize its speed
downaramp, causal understanding did not aid the evolution of effec-
tive designs™*. Nonetheless, in both cases individuals did have some
knowledge of the task at hand and used this to guide decisions, albeit
inimperfect ways. Moreover, other experiments, some using the same
tasks, suggest that causalunderstanding isinvolved in the cumulative
evolution of effective solutions'®'*'>, Human culture thus probably
reflectsacombination of randomguesses, exploratory trial-and-error
and theory-driven design.

Non-random cultural variation has also been found in other
species. For instance, long-term observations of wild chimpanzees
have revealed many instances of adaptive innovation®°. For example,
the use of leaf sponges to collect mineral-rich water is common in
chimpanzees'”’, but in Budongo Forest, Uganda, the discovery of a
new watering hole led to two individuals inventing moss-sponging™®,
amoreeffective technique'. Thisinnovation later spread through the
group viasocial learning and has since persisted'**"**, Random cultural
variation has also been documented in animals—forinstance, in corvid
speciesinthe Aesop’s Fable paradigm in which rocks must be dropped
into water to raise the water level and retrieve a floating worm'. Thus,
animal cultural variation, similar to human cultural variation, can
reflect amix of insight and trial-and-error.

Epigenetic inheritance and parental effects are also associated
with non-random variation. For example, the water nymph Daphnia
cucullata develops armoured helmets (see ‘Cumulative change’) as a
non-random response to chemical cues released by conspecifics that
indicate the presence of predators™'®, Parental effects can also gener-
atenon-random variation, such as when maternal antibodies are trans-
mitted via the egg yolk'®*; the antibodies are not acquired at random
butare present because the parent encountered arelevant pathogen.
Indeed, the adaptive value of these non-genetic inheritance systemsis
duetotheir ability to transmit information corresponding to specific
environmental features, a necessarily non-random phenomenon.

The scope of heritable variation

Thereseemsto be little limit on what can be acquired and transmitted
inhuman culture. From complex technologies and epic poems to geo-
graphicalknowledge and codes of etiquette, human culture containsit
all. This open-endedness greatly facilitated the geographic expansion
of our species. Forinstance, humans relied on novel cultural practices
to spread from Africainto the Arctic Circle in just a few tens of thou-
sands of years, and with little genetic change'®*'**, Cultural adaptations
among historical Netsilik Inuit populations included making harpoons
and leisters frombone, horn and antler; making warm and waterproof
clothing from caribou and seal skin; and detailed knowledge of snow

andice'*. We continue to see open-endedness in the modern era, with

the dramatic effects of industrialization, electricity and computers.
These changes have sometimes confronted biological constraints,
such aswhenthe cultural evolution of sea voyaging exposed the human
inability to synthesize ascorbic acid (vitamin C), leading to increased
scurvy'®>'® Nonetheless, such obstacles have rarely been insurmount-
able, and in the case of scurvy, citrus juice was discovered to be an
effective remedy. Currently, bionic prosthetic limbs are being used
torestore missing limbs and augment individuals with additional fin-
gersorarms'®. Although humans have not evolved a third arm, we are
nonetheless sufficiently flexible to learn to use one.

Despite this flexibility, there are detectable constraints that shape
human culture. For example, languages become increasingly regular
over time'**'%°, Such phenomena have been documented across tasks
inlaboratory experiments”°"'”?>, where they are described as inductive
biases”*"”°. However, although these biases are detectable, they are not
strong enough to prevent humans from engaging in highly unintui-
tive behaviours. For instance, in an experimental study of the cultural
evolution of sorting algorithms, payoff-biased copying overwhelmed
inductive biases and facilitated the spread of unintuitive solutions such
as“gnomesorting”"”®,inwhich atwo-item sub-listis first sorted, and the
remainingitems are then sequentially sorted intoit. Thus, although the
scope of human culture may not be truly limitless, the range of variation
that can be transmitted is exceptionally broad.

Compared with human cultural variation, the scope of epige-
netically heritable variation and parental effects is greatly circum-
scribed”. Forinstance, epigenetic changes can allow Daphnia cucullata
to develop an armoured helmet®, but other defences are not pos-
sible through epigenetic change alone. This is because the effects of
epigenetic marks depend on available genetic variation, with epige-
netic factors regulating the expression of existing genes. Instances of
novel phenotypes resulting from environmentally induced epigenetic
changes are known and are commonly referred to as cryptic genetic
variation (that is, genetic variation that was already present but not
expressedin the phenotype’). Examples include Waddington’s experi-
mental study of Drosophila melanogaster, in which embryonic heat
shocks led to the development of crossveinless wings'’%. Other studies
have found cryptic genetic variation in scutellar bristle number and
photoreceptor patterning”’. Thus, although epigenetic plasticity can
produce novelties, and this is of evolutionary importance’"®, such
novelties are typically rather modest adjustments of existing pheno-
typesand not the radically unprecedented behaviours that characterize
human culture. Indeed, relative to epigenetically mediated phenotypic
plasticity, learned behaviour is sometimes referred to as hyperplastic’.

Similar constraints to those of epigenetic inheritance exist in
parental effects. For instance, although the immune system and
microbiome can flexibly respond to environmental conditions and
these responses are heritable'®'®, this kind of inheritance is limited to
phenotypic effects that can result from the information stored in the
immune system and microbiome. These systems are thus open-ended
only withinarelatively circumscribed domain. Other cases of parental
effects, similar to epigenetic inheritance, are limited by their close
relationships with available genetic material, such as where parental
effects amplify the effect of amutation'**.

Evenas amore detailed appreciation of animal cultures has devel-
oped, itis clear that they do not have the same scope as human culture.
Forinstance, animal cultures are dominated by behaviours related to
food and its extraction, such as the transmission of food preferences
in rats'*, seed extraction in capuchins'®, lobtail feeding in hump-
back whales'* and termite fishing in chimpanzees*®. By contrast, the
contents of human cultures are more diverse, including moralized
normes, rules and rituals that regulate behaviour, often in arbitrary
ways, along with punishments for rule breakers'°. Animal cultures
do have some arbitrary traditions, including hand-clasp grooming
in chimpanzees®® and eye-poking in capuchins'®. Communication
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systems are another example; the specific sounds or gestures do not
matter provided their meaningis shared. Although evidence for vocal
orgestural learningin primatesis limited'*®'*, it has been documented
insome mammals and birds'*®"”, suggesting that their communication
systems are group-wide cultural traits. Moreover, the fact that bird and
whale vocalizations can cumulatively evolve*>** indicates asomewhat
open-ended system. However, similar to theimmune system yet unlike
human culture, this is constrained to a specific domain. This domain
specificity may reflect that these behaviours (communication and
grooming) involve the direct coordination of individuals and can be
acquired through repeated interactions'®®, without the need for moral-
ized norms or punishment of deviants.

Another test of the scope of animal culture involves raising an
animal among humans and observing how much of human culture
they can acquire. Many such studies were conducted in the latter half
of the twentieth century, including attempts to teach chimpanzees a
human language'®> "4, Although it was found that many species can
learn to use a few tens of symbols to communicate basic goals and to
respond to simplerequests, the results fall far short of atypical human
language, lacking syntax and grammar among many other features.
Thus, although animal cultures, along with epigenetic inheritance and
parental effects, allow the inheritance of phenotypic variation, they are
constrained in away that human cultures are not.

Discussion

We have reviewed awide range of factors to identify how human culture
differs from animal cultures and from other modes of non-genetic
inheritance. Specifically, we first argued that cumulative change and
transmission stability are not as characteristic of human culture as
previously suggested"?'*1¢23725341% and so are unlikely to explain the
adaptive propensity of human culture. We then considered a range
of other hypotheses (see also Boxes 2-4). In most cases, human cul-
ture exhibits similar properties to animal cultures and other forms of
non-geneticinheritance (see Fig.1forasummary). However, the most
distinctive feature of human culture, which has hitherto beenrelatively
unexplored, is its comparatively open-ended capacity for generating
heritable variation. Thatis, many modes of inheritance involve the sta-
ble transmission of non-random, acquired variation that accumulates
over time and flows along non-vertical pathways. However, these modes
are typically limited to particular kinds of variation, such as songs or
antibodies, or those that are supported by the regulation of existing
genetic variation. Indeed, the scopes of epigenetic inheritance and
parental effects are sufficiently dependent on available genetic varia-
tion that novel heritable traits usually depend on genetic change (but
see Laland et al. inref. 196). For instance, epigenetic factors typically
switchbetween previously evolved alternatives, be they desert locust
morphs**, Daphnia helmets® or wild radish trichome density'”. By
contrast, human culture is much less constrained and can be charac-
terized as open-ended.

Although we suggest that the broad scope of human culture has
been underexplored, some studies have identified open-endedness
as animportant factor’®"° For instance, it has been suggested that
although animal cultures can cumulatively increase the efficiency
with which they exploit natural phenomena, only human cumulative
cultureis able to expand to exploit new phenomena®*’. Other work has
explored how human culture is enhanced by recombination”**' and the
ability toavoid getting stuck at local optima?. Although suchwork does
not evaluate alternative hypotheses or draw on literature concerning
epigeneticinheritance or parental effects, itis nonetheless consistent
with our positionthat open-endedness, as opposed to cumulativity or
stability, isthe key distinction between human and animal cultures, as
well as other modes of non-genetic inheritance.

Thislimited scope of epigenetic, parental and animal-cultural vari-
ation masks the capacity of these systems for cumulative change and
has contributed to the perception that,amongnon-genetic biological

processes, cumulative change is unique to our species’ culture. The
distinction between open-ended cumulative change being rare, and
any capacity for cumulative change being rare, is important because
broad acceptance of the latter hypothesis led to theories focusing on
specific features of human cultural transmission that enable cumula-
tive change'®***>**. However, as discussed above, such theories remain
contested******>2% Indeed, we suggest that such theories will probably
never fully succeed because human culture is not unique in its mere
capacity for cumulative change. Instead, we suggest that it may be more
fruitful to explore why human culture can accumulate in a uniquely
open-ended fashion.

How best to assess cultural open-endedness across species? One
approach is to map out the scope of inheritance systems through
long-term observations and by testing what can or cannot be transmit-
ted (for example, refs. 204,205). However, such a top-down approach
is likely to be extremely time consuming given the variety of cultural
traits and the potentially slow pace of cultural change. Instead, we
suggest abottom-up approachinwhich howinheritance systems store
information is used to understand and predict the kinds of variation
they can support. That is, we suggest drawing on cognitive science
to inform our understanding of the limits cultural inheritance. For
instance, differences between the scope of human culture and that
of animal cultures and other modes of non-genetic inheritance may
result fromhow individuals mentally represent actions and their goals.
Itis well established that complex action sequences are represented
hierarchically; that is, an overarching goal is broken (or ‘chunked’)
into aseries of sub-goals, each of which can consist of its own series of
steps, sub-steps and so on*”"%'°, Such a system uses working memory
resources more efficiently than non-hierarchical representations®’.
This approach has been used to describe dust bathing in birds*?, net-
tle folding in gorilla foraging®®, human memory of short stories”* and
how humans sortitems"®. In particular, the songs of humpback whales,
which evolve cumulatively in their complexity*?, are hierarchically
composed of themes and smaller phrases?”. Such cumulatively evolv-
ing animal vocalizations may prove a useful model system for the role
of hierarchical representationin cultural change.

Neurological evidence supporting this hypothesis has identifieda
rostro-caudal axis of the frontal lobe involved in the representation of
actions. Critically, the patterning of activity along this axis matches the
hierarchical arrangement of sub-goals®**, with caudal activity asso-
ciated with concrete steps and action execution, while rostral activity
corresponds to abstract, higher-level goals. Further support comes
from the observation that damage to points along this axis leads to
impairments at the correspondinglevel of abstraction®’. Of particular
importanceto theories of cultural evolution, the same system appears
to represent the individual’s own actions and goals as well as those of
others that they observe”° %, It turns goals into a hierarchy of steps
andactions that canbe executed, as well asinferring the hierarchy and
goals behind another individual’s actions. It is thus well positioned to
explain the differing scopes of human and animal cultures.

Asystem for the hierarchical representation of actions can differ
across species in a multitude of different ways that can be identified
both behaviourally and neurologically. For instance, given that they
support working memory?", effective representations canbe detected
byimproved performance when hierarchical representations are pos-
sible. Cross-species work could also assess the number of nested lev-
els that can be represented, the maximum number of steps at any
level, the ability to adjust plans when a particular step fails, how long
representations can be held in working memory and the accuracy of
representations constructed through observation. In particular, the
open-ended, cumulative evolution of hierarchical songs, but not other
behaviours, in whales and songbirds may prove a useful entry. All this
work would contribute to a cognitive basis for the causes of culture
in humans and other species, as well as why our species is uniquely
culturaland our culture so adaptive. Nonetheless, such considerations
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have been hindered by strong emphases on cumulative change and
transmission stability as the distinctive features of human culture.
Whether our particular hypothesis is correct or not, we suggest that
such emphases may no longer be warranted and that greater insight
may be gained by considering alternative explanations for the unique
adaptiveness of human culture.
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