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Species’ adaptation to their environments occurs via a range of mechanisms of
adaptation. These include genetic adaptations as well as non-traditional inheritance
mechanisms such as learned behaviors, niche construction, epigenetics, horizontal
gene transfer, and alteration of the composition of a host’s associated microbiome.
We propose to supplement these with another modality of eco-evolutionary dynamics:
cases in which adaptation to the environment occurs via what may be called a
“distributed adaptation,” in which the adaptation is not conferred via something carried
by an individual of the adapted species (as with genes, behavior, or associated
microbes), but by some structural or compositional aspect of the population. Put
differently, the adaptively relevant information cannot be reduced to information
possessed by a single individual, whether genetic or otherwise. Rather, the adaptively
relevant information is distributed, and is found strictly at the population level. While
human culture is presumably such a case, as may be cases found in social insects, we
want to suggest that there are other cases that belong to this category and to explore
its evolutionary implications. In particular, we discuss the factors that affect whether
adaptive information is stored in a distributed way, to what degree, and what kinds of
adaptive information are most likely to be found in this modality of adaptation.

Keywords: adaptation, major transitions, cultural evolution, social learning, collective behavior, collective
memory, collective decision making, information theory

1. DISTRIBUTED ADAPTATIONS

Can a species be adapted to its environment in a certain respect, while no single individual
carries the adaptation? Consider the following example: imagine a species in which individuals
need to find suitable habitat to breed or dwell when they reach maturity. Adaptations that are
carried by the individual that could accommodate this need are, for example, innate knowledge
about the environmental cues that characterize a suitable site or learned knowledge about where
such sites are to be found. These solutions consist of individual-level adaptive information.
Alternatively, a distributed adaptation (DA), comprising population-level adaptive information,
might accommodate the need as well: individuals could rely solely on searching for other
individuals of the species, and joining them. Such a strategy is likely to be adaptive, since—by
definition—locations in which multiple individuals are found are highly likely to be habitable
(see, e.g., Bee, 2007; Fouquet et al., 2021). In this case, the information necessary for survival is
encapsulated in the species’ demography as a whole, i.e., in the spatial distribution of the species’
individuals (coupled with their aggregating behavior).
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Our discussion will proceed as follows. In section 2 we define
and develop the concept of distributed adaptations. In section
3 we discuss the concept’s relation to other phenomena and
paradigms, and in section 4 we offer a number of comments
regarding its utility and some theoretical implications. Section 5
summarizes and offers a series of concluding remarks and open
avenues for further exploration.

2. THE EVOLUTION OF DISTRIBUTED
ADAPTATIONS AND THEIR
ECO-EVOLUTIONARY IMPLICATIONS

To discuss modalities of adaptation, the definition of an
adaptation must be clear. As an intuitive and broad definition
which does not pre-determine the level at which an adaptation
is implemented, we will use the term adaptation to refer to any
trait that facilitates survival and persistence in the environment,
including over multi-generational timescales.

To illustrate the notion of a distributed adaptation we discuss
two hypothetical cases. Let us consider first the example from
above in more detail: a species of frogs living in a semi-arid
region. Let us imagine that an individual must find a seasonal
pond in which to survive and reproduce, but these ponds are
scattered across inhospitable terrain (see, e.g., Goldber et al.,
2009; Degani, 2016, 2015). Searching haphazardly for them is
costly. A possible adaptation might involve some level of innate
knowledge of the terrain or navigation skills, such as having
preferences to go in certain directions. But this may not be
possible if the location of ponds is highly irregular or changes
too quickly (e.g., Vaira, 2005). An alternative adaptation involves
learning the location of ponds from the mother, but this may not
be possible in a species in which there is little or no parental care
after hatching. A third possibility would involve some cognitive
and sensory capabilities that improve navigation to water or
to the individual’s specific natal environment. Such adaptations
are possibly difficult to evolve or may be costly to maintain.
A distributed adaptation to the problem of finding ponds may
be simple: the frog listens to croaking sounds coming from
conspecifics and navigates toward them. Since the sounds of
several other individuals coming from the same location typically
indicate hospitable locations, going in the direction of croaking
will often lead in the direction of a pond. The sensory and
behavioral adaptation is simple and may build on existing sensory
abilities and behavioral preferences (Bee, 2007; Fouquet et al.,
2021). Navigating toward sounds of multiple conspecifics thus
constitutes an adaptation to a major challenge posed by the
species’ environment.

This hypothetical case highlights the essence of what we term
distributed adaptations: the information that the frog relies on
to find the ponds is not “stored” in any individual. It is, for
example, impossible for a single frog to learn from another
where to find the ponds, nor does any frog remember the
location of ponds across the terrain. The information about
the location is honestly represented by the actual location
of the frogs in the population, and croaking makes this
distributed information accessible. The adaptive information

can thus be said to be distributed information. A possible
implication of such a scenario, for example, may be that
the distributed adaptation is a potential source of difficulty
in re-introduction programs for species that had gone locally
extinct. Simply reintroducing enough individuals may not be
sufficient, if they are not spread out in a way that realizes
the appropriate distribution of the population in its specific
terrain. It would be critical in such a case to realize that
the adaptation to the environment is a distributed adaptation,
to allow wildlife managers to plan reintroduction programs
accordingly. Considering only the individual-level adaptations
that allow the frogs to persist in their environment misses an
important aspect of the adaptation.

This example illustrates how distributed adaptation differs
from related theoretical notions, in particular division of
labor (Robinson, 1992; Beshers and Fewell, 2001) and niche
construction (Laland et al., 2000, 1999; Odling-Smee et al., 2003,
1996). There is no division of labor in the frog population,
with some frogs better able to navigate than others, leading to
group benefits. Our frog example can be viewed as a form of
a collective memory. We suggest that collective memories that
are important for a population’s persistence are a category of
distributed adaptation (e.g., Kaczensky et al., 2011); however, the
more interesting among them, and those in which the distributed
adaptations’ perspective may be particularly useful, are cases
in which different individuals carry different information and
their sum is greater than its parts: those in which no single
individual has the relevant information (Seeley et al., 2006). In
particular, no individual has the “correct” or best information.
The adaptive information arises from combining signals from
multiple individuals.

This case is also not a case of niche construction. It is
similar in so far that in niche construction multiple individuals
contribute to the changes in the niche. Yet, in this case there
are no persistent changes to the environment, on the one
hand, and individuals make use of the distributed information,
and integrate multiple pieces of information, on the other
hand. These differences between distributed adaptation and
related notions all lead to empirically testable predictions. For
example, it is possible to empirically study whether different
frogs have different phenotypes or behaviors (suggesting division
of labor) and whether there are persistent changes to the
environment that affect selection pressures or development
(suggesting a niche construction explanation). Conversely, to test
a distributed adaptation hypothesis it is possible to manipulate
the information that is potentially aggregated, by experimentally
producing croaking sounds and seeing how they affect the
behavior of the frogs; manipulating the sound levels (e.g.,
by obstructing them); and so on; and seeing how these
manipulations affect frogs’ navigation. It is also possible to
construct mathematical models and simulations to study the
effects of such manipulations theoretically.

It might be tempting to consider only the croaking and
moving in the direction of croaking sounds to be the adaptation.
However, this perspective would miss the fact that these are
adaptive only in relation to properties of the population (i.e.,
the number and distribution of frogs in the terrain), properties
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of the environment (i.e., the difficulty of navigation, terrain
features that block sounds, etc.), and the relation between
these factors. This relation concerns population level properties.
That said, a key set of questions prompted by the notion of
distributed adaptation involves the degree to which individuals
rely on distributed information as opposed to individual traits
and individual learning, and whether and how this is shaped
evolutionarily. Consider a second thought experiment. Imagine
a larva that transforms into a beetle. The imaginary beetles have
the genetic capacity to produce several pigment colors; however,
during transformation an irrevocable choice of one of them must
be made. The color of the beetle affects the success of camouflage
and hence survival. The best camouflage color depends on the
type of predator that is prevalent at a given moment: birds,
spiders, and lizards have different eyesight, and imagine that each
can spot certain colors more easily than others. One possibility
is for the larvae to choose a color randomly, in frequencies that
are optimized evolutionarily. Another possible adaptation is to
sense the colors of beetles in the vicinity and preferentially choose
the color of the majority. If survival depends on having the right
color, the relative prevalence of colors among adults that were not
predated upon is a reliable indication of which color is currently
preferable. As in the previous example, the key point is that the
information about “best” color is not known to any individual
nor genetically determined, but rather is spread in the population.
As in the previous example, the ability to sense the color of
conspecifics and use it to choose which color to adopt may evolve
from an existing ability to detect colors in the environment.

The ability of a population to acquire and utilize information
transcends the ability of a single individual in many well-known
cases (Sosna et al., 2019). Consider vultures’ foraging for carcasses
to feed on: a single individual has a relatively low probability of
finding food. However, by flying at a high altitude while keeping
eye-contact with each other, groups of vultures jointly survey vast
landscapes. When a vulture identifies a carcass it dives down,
attracting others to dive in the same direction (Houston, 1974;
Buckley, 1996; Jackson et al., 2008). This example illustrates that
even over short periods of time distributed information may
be crucial for survival [see also in this context the concept of
emergent synergies discussed in Keenan and McShea (2021)].

One may wonder regarding the role of intentionality in DAs
and about the relation between individual-level adaptation and
DAs. Should a population-level adaptation be considered a DA
only if individuals share their information with others in a way
that seems intentional, as in a case of frogs’ croaking, or vice
versa? Should it be viewed as a DA only if it is also adaptive
to the individual? For example, in the short term it is likely
that a vulture could benefit from making its descent toward a
carcass go unnoticed, if this were possible, thus decreasing the
competition that it will experience while feeding (see also Rendell
et al., 2010). Perhaps a “true” DA is only one in which adaptive
value is gained at the population level and not—in the short
term—by the individual? We suggest that these considerations
are important, with crucial implications for understanding and
predicting evolutionary dynamics of each studied scenario, but
should be viewed as orthogonal to the question of which of these
cases is considered a DA. We suggest that a DA perspective can

yield insights regarding each of these scenarios. Interestingly,
these considerations also influence whether a DA is likely to
evolve in the first place and whether it is likely to persist: if sharing
of information is not in the best interest of individuals, it is
unlikely to emerge, unless avoidance of information-sharing has
an even greater cost. Thus, for example, it may be that the frogs’
calling, which attracts competing individuals, is maladaptive at
the individual level in the short term but cannot be avoided
because calling is also the frogs’ means of attracting mates. Full
treatment of these factors’ roles in the evolution and maintenance
of DAs is beyond the scope of the current study.

What distinguishes distributed adaptations from other forms
of adaptation is that the population functions as a distributed
information store. The information needed to produce the
adaptive trait of an individual cannot be reduced to information
found in a single genome or carried by a single individual’s
microbiome, memory, or morphological phenotype but instead
consists of interactions between multiple individuals in the
population and their ecological interaction with the environment.

This observation paves the path to a generalization of the
concept: it is reasonable to consider the population-environment
complex, and not only the population in itself, as often providing
the necessary information for an individual’s survival (Blanchet
et al., 2010). This information may be embedded in the features
of the population’s spatial distribution, its behavior, or its
interactions with elements in the environment. This dependency
on the environment may be, for example, the availability
of other individuals of the same species (as in our original
example), presence of individuals of other species, or various
other aspects of the biotic or abiotic environment; these can
be structural, nutritional, chemical, etc. We refer to complex
cases of distributed adaptation, in which properties of the
population are significant and especially when the phenotypes
of individuals depend on population-level features and their
relations to the environment are critical for understanding the
system, as conformational adaptations.

Cultural adaptations may be viewed as distributed
adaptations. In simple cases it is possible for an individual
to learn from a single other individual, while the population
may embody additional information, such as the frequencies
of different behaviors and their payoffs, which organisms may
evolve to utilize. In more complex cases, an individual acquires
the information it requires by combining information from
multiple other individuals. Often, the acquisition has to occur in
a specific order. The availability and salience of information may
affect the developmental trajectory of individuals.

Distributed adaptations depend on the population or
ecosystem level; however, the claim is not that they are the
result of group selection or multi-level selection (Smith, 1976;
Wilson, 1983, 1975; Dugatkin and Reeve, 1994; Kerr and
Godfrey-Smith, 2002; Okasha, 2006; Traulsen et al., 2008; Eldakar
and Wilson, 2011). The notion of a distributed adaptation refers
to the location of the adaptive information, and not to how
this distribution of information and reliance on distributed
information came about evolutionarily or its inheritance (cf.
Charbonneau, 2014). Put differently, when we talk about a
distributed adaptation, we are not attributing fitness to the
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population or group, and the cases we discuss in this paper are
primarily concerned with distributed information that affects
the fitness of individuals. Moreover, a population may manifest
a distributed adaptation without being a replicator/reproducer
(Lloyd, 2016). Indeed, information may even be acquired from
different species (Stensland et al., 2003; Sridhar et al., 2009; Farine
et al., 2012; Gil et al., 2018), though in this paper we focus
primarily on cases involving the dynamics of a single population.

3. RELATION TO OTHER PHENOMENA

A wide variety of species rely on social information, including
fish, birds, and mammals (Danchin et al., 2004; Galef and
Laland, 2005; Valone, 2007; Blanchet et al., 2010; Rieucau and
Giraldeau, 2011). The social information is used in foraging, in
avoiding predators, assessing habitats, and so on [for a review see
(Gil et al., 2018)].

Several theoretical notions that have been studied previously
are possibly special cases of distributed adaptation. Among them
division of labor (Robinson, 1992; Beshers and Fewell, 2001),
the skill pool effect (Giraldeau, 1984), strategy choice (Kendal
et al., 2009; Rendell et al., 2010), distributed cognition (Hutchins,
1991; Cole and Engeström, 1993), and collective memory (Couzin
et al., 2002; De Luca et al., 2014). However, the analyses of these
often assume that the information is stored by specific individuals
and that it can be transmitted from one individual to another
individual, whether through social learning or inheritance. The
general case of distributed adaptation considers situations in
which the adaptive information cannot be reduced to anything
that is possessed by any single individual, whether in their
brains or genes. Thus, not all cases of social information involve
distributed information in the sense we highlight. Moreover,
not all cases of distributed information are cases of distributed
adaptation, that is, distributed information is not necessarily
adaptive. Finally, distributed adaptations need not involve
explicit transmission of information between individuals and
may result from their ecological activities, spatial conformation
and so on (see Figure 1).

It is useful to consider a couple of these phenomena from a
perspective of distributed adaptations. In conformist learning,
individuals sample several models and pick what is most frequent
to imitate (Henrich and Boyd, 1998; Aplin et al., 2017, 2015;
Smaldino et al., 2018). Conformism depends on the prevalence
of behaviors and the prevalence is not information possessed
by any individual. Thus, it may be instructive in some cases to
consider conformism as a specific case of distributed adaptation
in which there are two pieces of information that play an
adaptive role: the behavior and its prevalence. The information
about prevalence is distributed and conformist learning is a
sampling mechanism for (approximately) acquiring it. Making
this distinction explicit may for example be productive in cases in
which conformism interacts in interesting ways with population
structure and ecological context.

Collective memory refers to cases in which the population as a
whole remembers and is able to access information that exceeds
the memory of individual members. A typical set of examples

FIGURE 1 | The relations between the theoretical notions of social
information, distributed information, and distributed adaptation. Social
information does not always involve information that is distributed, in the sense
of not being easily partitioned into information stored by specific individuals.
Not all cases of distributed information in a population are cases of distributed
adaptation. Note that the figure represents only distributed adaptations that
involve explicit transmission of information between individuals (see text).

involves memories of older individuals, produced by longer
experience or experience of different environmental conditions
(Morales et al., 2010). It may be possible for the population
to utilize such information, by imitating the older individuals,
when an adverse condition reoccurs (e.g., Kaczensky et al., 2011).
There are two questions that can help distinguish between cases
of collective memory and distributed adaptations. (1) Can the
information be acquired from a single individual (e.g., one older
individual)? (2) Does the information persist in the population
through chains of individuals, or does it involve interactions
between multiple individuals or group level behaviors (e.g.,
flocking, collective grazing)? In practice, many cases of collective
memory are to some extent also cases of a distributed adaptation.
For example, consider a scenario in which the information
about an adaptive destination of migration in a certain rare
event is carried by individuals. However, to reach a decision to
carry out such a migration, the group might need to make a
quorum decision, requiring that several experienced individuals
all support the unusual direction of migration (Conradt and
Roper, 2005; Couzin et al., 2005; Harel et al., 2021).

Other phenomena that partially overlap with distributed
adaptations are cases of local enhancement and conspecific
cuing (Muller et al., 1997; Greene and Stamps, 2001;
Doligez et al., 2003; Donahue, 2006; Rendell et al., 2011;
Galef, 2013; Arbilly and Laland, 2014), that consider dynamics in
which individuals are attracted to localities in which conspecifics
occur or engage in certain behaviors (feeding or mating for
example). These cases often overlap with cases of distributed
adaptation—as in the frog example provided above, which
can be described in these terms. We suggest that the notion
of distributed adaptations is useful even when a phenomenon
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is well-described by the concepts of local enhancement or
conspecific cueing: the latter are typically invoked to explain
behavior, to provide an account of a behavioral mechanism.
One might debate, for example, whether chickadees learn to
open milk bottles via individual trial and error coupled with
local enhancement, or whether true imitation is involved in
the process (Fisher and Hinde, 1949; Sherry and Galef, 1984;
Aplin et al., 2013). Local enhancement and conspecific cueing
are rarely invoked to describe an evolutionary adaptation of a
species to its environment. In other words, the different terms
invoke consideration of implications on different time scales
and in different contexts. Local enhancement is only rarely
invoked when planning reintroduction programs of a species
into the wild, for example, while the concept of distributed
adaptation lends itself naturally to such contexts, providing a
useful framework for the explicit treatment of this important
facet of population success (Reed and Dobson, 1993; Dobson and
Poole, 1998; Ahlering and Faaborg, 2006; Halpern et al., 2007;
James et al., 2015). More speculatively, this discussion suggests
that local enhancement can lead to population-level results that
may be studied using the notion of distributed adaptation.

In a similar vein, distributed adaptations have much in
common, and in some cases overlap, with phenomena that
are described and studied in complex systems’ research:
self-organization, collective behavior, and emergent properties
(Green, 1993; Lansing and Kremer, 1993; Parrish et al., 2002;
Couzin and Krause, 2003; Goldstone and Gureckis, 2009;
Lukeman et al., 2010). Here, too, we suggest that the different
concepts implicitly invoke different perspectives: research in
the field of complexity focuses on the explanation of observed
behaviors of dynamical systems, such as patterns that emerge
from the interaction of multiple individuals without explicit
coordination. They are not readily translatable to discussion
of a species’ robustness to environmental change or to
risk assessments of bottlenecked populations. They are also
not primarily concerned with the evolutionary dynamics of
interchange between individual level and distributed adaptation.
Due to limitations of scope, a full analysis of the relation between
distributed adaptations and these many related notions will await
future research.

Finally, there are many instances in which achievement of
adaptive goals relies on joint action by multiple individuals,
possibly involving distributed information or communication for
successful coordination. These include, for example, coordinated
attack of trees by bark beetles (Chiu et al., 2018; Toffin et al.,
2018), or pack hunting among wolves (Mech, 2007). Phenomena
such as these are often studied under the heading of collective
action. It is debatable whether all these cases should be considered
to be DAs. We put off this discussion for future work but
offer the following preliminary observations. The key feature of
DA is that there is something interesting in the way that the
population and its structure are the substrate for the adaptation
of the species to its environment. Cases in which the number
or density of organisms each doing their own thing explain
the observed behavior are probably best viewed as degenerate
cases of DA. Distributed, heterogeneous, behaviors are better
signs of a DA. Two characteristics in particular may suggest

that the DA perspective would be useful in a certain context.
First, that there is good reason to consider the phenomenon to
be an adaptation to specific life challenges or to have evolved
in such a context. Second, that there are specific, non-trivial,
individual traits or a population structure that are necessary for
the collective result. Whether the DA perspective is useful also
depends on the question of interest. For example, group hunting
of colobus monkeys by chimpanzees (Boesch and Boesch, 1989)
may be analyzed in the context of social roles, in which case the
populational perspective of DA is perhaps less useful. It would be
insightful, however, if the question of interest is the population’s
ability to recover from demographic bottlenecks, for example.

4. IMPLICATIONS OF THE NOTION OF
DISTRIBUTED ADAPTATION

Many categories of adaptation that we propose to view as
distributed adaptations are well-known. What, then, is the added
value of introducing a new concept?

We propose that this view is useful in assessing an adaptation’s
evolutionary stability and in predicting evolutionary dynamics.
As noted earlier, distributed adaptations may readily arise,
founded upon small adjustments of existing sensory and
behavioral abilities of the species. However, due to the utter
reliance on the environment and the population, distributed
adaptations are highly sensitive to changes, and may readily
fail. They can be viewed as a special category of niche
specialization; it has been suggested that high niche specialization
is prone to leading to evolutionary dead-ends (Haldane, 1951;
Kelley and Farrell, 1998; Nosil and Mooers, 2005; Vamosi
et al., 2014). Similarly, distributed adaptations are prone to
collapse due to environmental instability. On the other hand,
in certain cases distributed adaptations may be more robust
than other adaptations, thanks to the redundancy provided by
the population. In addition, when the behavior of organisms in
the population dynamically adjusts to a changing or uncertain
environment, the behavior at the population level may act as a
“sensing device” that individuals can make use of as illustrated by
the examples in section 2.

It is helpful to consider the evolutionary interaction
between distributed and non-distributed adaptations to the same
challenge: distributed adaptations can be viewed as cases in which
crucial aspects of a species’ survival were “outsourced” to the
environment, such as when a species loses innate knowledge
about utilization of a food resource and comes to rely on social
learning of the information. The opposite also occurs, of course:
the Baldwin effect (Baldwin, 1896; Weber and Depew, 2003;
Crispo, 2007; Scheiner, 2014), or other cases of genetic
assimilation, are in some cases distributed adaptations that
are being replaced by individual-level adaptive information
(Simpson, 1953; Sznajder et al., 2012). These evolutionary
dynamics may interact with long-term selection processes
and with species’ demographic history to determine species’
evolutionary trajectories and provide insight, for example, on the
conditions that may foster or inhibit the emergence of cultural
adaptation, or the evolution of learning and teaching abilities.
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FIGURE 2 | An Allee effect produced because of distributed adaptation.
When population size is smaller than A, not enough individuals express T0 and
the fitness is below 1. When the population size is greater than A the
distributed information is expressed by the population and the reproductive
success of individuals increases asymptotically to the maximal reproductive
success, in check by competition for resources.

To illustrate possible implications of distributed adaptations,
we will make use of a simple model. Consider a case in which
the phenotype of individual i, pi, depends on the number of
individuals in the population that have a desired phenotype
T0. The idea is that T0 is the phenotype that other individuals
express allowing the focal individual to acquire the distributed
information. In the example of the frogs navigating toward
croaking conspecifics, T0 is the croaking when in the ponds while
pi is effective navigation to ponds. The phenotype pi is suboptimal
and the population declines unless the population size is larger
than A, in which case enough individuals express the required
phenotype T0. The phenotype becomes increasingly better, up
to a point in which additional individuals are not required to
“carry” the distributed adaptation. In other words, the population
needs at least A individuals with the phenotype T0. We assume
that the average phenotype and fitness depends on the number
of individuals with the required phenotype, so that on average
the number of offspring is below 1 until N ≥ A and increases
asymptotically to the maximal reproductive success when N > A.

Implication 1: Allee Effects and
Distributed Adaptation
The Allee effect is used to describe cases in which the mean
individual fitness increases with population size or density
(Stephens and Sutherland, 1999; Stephens et al., 1999; Deredec
and Courchamp, 2007). Different mechanisms have been
proposed to drive Allee effects, but the causality is often unclear.
Distributed adaption may explain Allee effects in some cases: in
distributed adaptation, the ability of the population to “store” the
adaptive information depends on the size of the population, since
the information is stored in a distributed manner across it.

The toy model above illustrates a strong Allee effect
driven by distributed adaptation. This is the simplest scenario,
used for demonstration, and shows that interesting dynamics

may emerge when adaptive information is distributed. The
resulting population growth curve, under this model of a
simple distributed adaptation, matches that of a typical Allee
Effect (Figure 2).

Implication 2: Population Bottlenecks
The consequences of a population bottleneck depend on whether
the new population size N′ is smaller or larger than the
minimal required number A of individuals needed for the
distributed adaption. Some environmental changes that lead to
a population bottleneck may involve a new, smaller A′ (e.g.,
when the environment becomes less complex), while in general
a population bottleneck does not change the required number of
individuals, A. For illustration, consider two scenarios.

Simple Population Bottleneck
Here the population size is decreased, but the environment is
otherwise unchanged, for example: N′ = N/2, while the carrying
capacity k and A remain fixed.

Population Bottleneck With Less Demanding
Environment
In this scenario, the population bottleneck co-occurs with
moving to an environment that is manageable with less
outsourced information, and hence a smaller A. For example, a
smaller niche, but with more resources per unit area, will have a
denser population, thus increasing the probability of interactions
between individuals, which reduces the number of individuals
with the required phenotype that are needed to make acquisition
from others robust. A second case in which A decreases is one
in which the new environment is simpler in the sense that there
is less information that needs to be stored by the population (e.g.,
more ponds, which are hence easier for the frogs to locate). In this
kind of population bottleneck, for example, N′ = N/2, A′ = A/2,
while k is unchanged.

If N′ > k′ the population will collapse to k′. However, if N′ <
k′ the fate of the population depends on the relation between N′
and A′: if N′ > A′ the population will increase to k′ while if N′ <
A′ the population will decrease to 0. The key to the dynamics is
whether A decreases in line with the decrease in N. The scenarios
above suggest two cases in which this may happen: when the new
environment is simpler or when increased population density
makes the distributed information storage more efficient (thus
requiring less individuals) than in the original environment. Both
cases depend on the specific nature of the information outsourced
and the properties of the organism that affect acquisition.

Implication 3: Population Reintroduction
This analysis shows why a small population (e.g., a species
introduced to nature) may benefit from an artificial environment
that is enriched, or simpler (thus, lower A), until the population
increases enough in size to be introduced to an environment
which requires a larger minimal population. However, that
may not be enough: if the population needs to organize to
capture/represent the adaptive distributed information, it may
be necessary to support the population for an interim period,
until this is achieved. Note that these two things would have to
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follow each other: a population that is too small will not be able to
capture the required information even if supported exogenously.

Implication 4: Invasive Species
Distributed adaptation also suggests a possible explanation of
a gradual adaptation to the environment in invasive species.
Many species are characterized by an invasion time lag: a long
period of limited success between the time point of establishment
and until they become invasive, spreading rapidly and driving
significant changes to the ecosystem (Crooks, 2005; Coutts
et al., 2018). There are different explanations to what causes
this waiting period and what ends it; the notion of distributed
adaptations adds the possibility that it takes time for the
distributed information to emerge or build up, possibly requiring
the invasive population to be large enough. This is not unlike
niche construction.

Implication 5: Evolutionary Dynamics
The model discussed so far illustrated the effects of a DA on
the success of a population in various scenarios. We now turn
to the evolutionary interaction between distributed and non-
distributed adaptations to the same challenge. We can think of
an organism evolving to use external adaptive information from
the population or resulting from the activities of the population,
instead of relying on genetic information, as externalizing the
information. Conversely, moving to rely on genetic information
instead of distributed information may be viewed as internalizing
the adaptive information. Internalizing and externalizing both
have potential costs and benefits. Relying on a DA may lead
to fragility and is sensitive to changes in population size
and bottlenecks, as illustrated above. Its benefits include the
advantages of redundancy and fault-tolerance more broadly,
since the organism does not rely on one copy of the information
(i.e., its own genome) but rather on multiple individuals in
the population, which would typically mean not relying on any
specific individual. Externalizing may in some cases allow the
organism to reduce the size of its genome or to save the cost
of development and maintenance of morphological or neural
substrates that would have otherwise been necessary. Thus, for
example, if the non-DA solution requires complicated behaviors
or trial-and-error learning, the DA may allow reduction of the
size and complexity of the nervous system. In other cases,
the non-DA solution may necessitate a specialized sensing
apparatus and neural substrate that supports its operation,
whose maintenance can be spared if the DA relies on other
substrates that must be maintained anyway (the frog and the
nymph examples illustrate how this could work). Two important
potential benefits of DAs are that they reduce the cost of
exploration for the individual, since exploration costs are divided
across the population, and that DA may change more quickly
in response to environmental changes, in comparison to genetic
changes (i.e., mutation and selection) or individual learning.

The costs and benefits of internalization are the mirror image
of this. Relying on genetically endowed abilities makes the
individual less sensitive to what others are doing, to evolutionary
cheating, to conflicts of interest, and so on. Internalization is
also a way to decrease the time and resources needed to collect

information or cues from the population. This may have an
advantage for the individual as illustrated in the discussion
of reintroduction and of invasive species above. It may also
be advantageous at the population level, increasing in some
cases its chances of responding to changes and recovering
from bottlenecks.

One situation that may lead to externalization is relaxed
selection (Lahti et al., 2009; Hunt et al., 2011; Schrader et al.,
2021). Consider as an example the frog scenario and assume
that there are two genes: gene A contributing to the ability of
the frog to navigate the terrain in search of ponds (think of this
as the non-DA solution) and gene B that allows the frogs to
go in the direction of croaking (this gene may for example be
involved in mating). If the population is large enough such that
croaking is a reliable signal for the location of ponds, differences
in the navigation abilities (i.e., in gene A) would not significantly
affect the individual frogs’ fitness. This relaxed selection on A
may lead the gene to accumulate mutations and potentially cease
being functional. Thus, the frogs would end up relying exclusively
on going in the direction of croaking sounds to find ponds.
The individual level adaptation represented by gene A is thus
replaced by a DA.

The opposite may also happen. For example, if at some point
during the evolutionary scenario just described the population
dwindles, making the croaking sounds less useful for navigation,
selection in favor of better navigation skills (gene A) would
become stronger and an individual-level adaptation may spread
and fix. Assume further that the terrain is stable enough that a
navigation strategy is clearly superior to others and that relying
on sounds may lead to mistakes, perhaps because a related
species makes similar croaking sounds but inhabits drier areas.
In such a case there would be selection against relying on the
external information.

A variety of properties of the population may affect
phenotypes that are influenced by outsourced information. In
the examples above we illustrated the role of population size.
Roughly put, if relevant information is somehow encoded in
the composition, structure, or dynamics of the population, the
size of the population may be too small to carry the amount of
information needed for the adaptation, while a large population
may possibly encode information more robustly than small
ones (e.g., by sheer redundancy). Demographic collapse may
lead distributed information to be lost, which cannot simply be
recreated when population size increases. The following may all
be affected by population size: the stability of the traits over
the lifetime of individuals; the heritability of traits; the quality
of the trait (e.g., larger population produce better distributed
adaptation); whether a population maintains a stable population
level distributed adaptation, and in consequence maintains a
viable population size. We focus here on population size per
se for clarity, however, additional population-level features may
have related and partially overlapping effects. These include
population structure and networks of interaction, on a broad
range of timescales, from day-to-day interactions to rare events
of inter-population migration that occur once in a generation, for
example. Similarly, life history and demographic structure may
influence distributed adaptations, and distributed adaptations
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TABLE 1 | Factors affecting the evolution of distributed adaptations.

Benefits Costs Process

External(izing) Redundancy
Fault tolerance
Sensitive to env. (in
parallel)
Reduce genome/CNS
Lower cost of
exploration
(∼recessivity)
Faster change (e.g.,
culture)

Fragility
Sensitive to
pop. size
e.g., population
bottlenecks

Relaxed
selection
Selection (?)

Internal(izing) Less prone to cheating
“faster” acquisition

Size of
genome/CNS
Developmental
costs and
constraints

Selection
Baldwin Effect
Genetic
Assimilation

Externalizing refers to increased reliance on distributed information; internalization
for decreased reliance on distributed information.
See text for discussion.

may even influence selection on these traits in certain conditions.
Thus, for example, the robustness of a distributed adaptation may
be strongly influenced if individuals at different ages contribute to
the dynamics related to it differently.

Whether an equilibrium between relying on individual level
or distributed adaptation exists and in what contexts natural
selection can fine-tune the distribution of an adaptation are
currently open questions. Table 1 summarizes the factors
discussed in this section.

5. CONCLUDING REMARKS

The notion of distributed adaptations introduced in this
paper complements and generalizes other evolutionary
notions, including social information, niche construction
and developmental niche construction, distributed skills
and the skill pool effect, and work on strategy choice and
conformism. It directs our theoretical focus to the role of
information that is distributed in the population and its
ecological conformation. Finally, we suggest that distributed
adaptations have implications for conservation biology and in
particular for re-introduction efforts.

We illustrated the notion of distributed adaptation with two
simplified but realistic examples: frogs navigating an arid terrain
and nymphs color choice. The first adaptation makes use of
the spatial distribution of the population and the second makes
use of the population as a way to sense the frequency of
predators. Crucially, in both cases no single individual has the
adaptive information, and cannot store it, transmit it to others
etc. Yet in both these cases the evolutionary beneficiary is the
individual and it is adaptive for individuals to make use of the
distributed information.

By taking seriously the consequences of evolutionary relevant
information that transcends an individual brain or genome,
and that is encoded in interaction networks and environmental
conformation, a coevolutionary approach to distributed

adaptations offers explanatory traction regarding the effects
of population size and dynamics, environmental stability, and
properties of information acquisition, in particular its reliability.
This suggests general answers as to why and when information
may be distributed as well as concerning the natural history of
distributed adaptations. Our informal examples suggested an
important role for sensory pre-adaptations that allow individuals
to profit from being sensitive to the conditions of the population.
This perspective may also help identify the factors that explain
the variety of distributed information storage phenomena.

More generally, a formal framework of distributed adaptations
connects population level and individual properties to
derive specific predictions about the cost/benefits that affect
internalization and externalization of information, and the
resulting evolutionary processes (see Table 1). It sheds light on
dynamics that exist in various evolutionary models of social and
cultural evolution, but that so far have not been addressed under
a unified framework.

An important theoretical insight stemming from the notion of
distributed adaptations is that evolutionary relevant information
that is distributed in the population can spontaneously emerge
once individuals can utilize such information. This need not
require selection between groups. We illustrated this by showing
that when information is available as a result of the typical
activities of members of the population it can be evolutionarily
beneficial for individuals to make use of them in favor of more
costly, individual-level adaptations. Distributed adaptations may
lead to coevolutionary dynamics between traits that rely on
outsourced information and traits that improve the ability of
a population to serve as a distributed information store. One
significant example in human evolution may be coevolutionary
dynamics between emotional control, which facilitates social
learning, and individual learning: Better emotional control,
within well-functioning groups, will reduce the selection pressure
on individual problem-solving, thereby in return increasing the
selection pressure for emotional control.

The analysis of distributed adaptation suggests that in addition
to the types of evolutionary relevant individual information
that have been discussed, specifically the genetic, epigenetic,
behavioral and symbol information systems (Jablonka and
Lamb, 2014), we should pay attention to ways population-level
information systems evolve. This study may benefit from ideas
developed by computer scientists studying distributed systems
(Lynch, 1996). The notion of a memory hierarchy has been
developed to classify computer storage systems according to their
characteristics (primarily, response time), with the design goal of
storing data using the lowest-cost components, that still allow the
system to satisfy requirements (Hennessy and Patterson, 2011).
Mutatis mutandis, similar things may happen in evolution: when
considering costs, we should take into account the time and
selection required to achieve an individual adaptation compared
to the alternative distributed adaptation, the robustness or
fragility of the individual versus the distributed adaptation, and
so on. Genome size and genomic architecture may in some
cases be constraints, for example, increasing the likelihood of
the evolution or stability of one type of adaptation or the other,
e.g., by facilitating the acquisition of new functions by existing
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mechanisms or hindering it. Similarly, selection pressures on the
size or complexity of the brain may favor either the individual or
the distributed route (Table 1).

The notion of DA highlights that information can be
distributed in various ways (in individuals, in the entire
population, in different population structures). The costs and
benefits change, and the question is how and whether this
distribution is subject to evolutionary change, in particular tuning
by natural selection. e.g., tradeoffs between genome size or central
nervous system complexity and population size.

Moreover, the notion of DA will hopefully inspire more
biologists to consider theoretical constraints on what distributed
systems with failure can do. For example, a classic result shows
that a system may not reach consensus if more than a third of
the agents give conflicting information to different agents (see
Lynch, 1996). While a biological population should not typically
be considered a “system” in the sense used in computer science,
distribution of information and the need to integrate distributed
information raises similar issues and the notion of DA may bring
these issues to the attention of biologists.

The notion of niche construction was introduced to highlight
that the fit between an organism and the environment stems
not only from information flowing through selection “into” the
genome of the organism but also from information that flows
from the organism to the environment (Odling-Smee et al.,
2003). The notion of developmental niche construction was
meant to capture the fact that the constructed niche affects not
only the fitness of individuals but also their development (Stotz,
2017). The notions suggested here extend these discussions.
Distributed adaptations are cases in which the developmental
trajectory of individuals is affected by the exhibited phenotypes
in the population, which may change over time, by the
distribution of phenotypes, as well by as the conformation
of the population in the environment. However, as noted
earlier, in the cases we highlighted there are no persistent
changes to the environment, as found in niche construction, that
indirectly affect the selection pressure affecting individuals in the
population. In contrast, in the cases we highlighted individuals
make direct use of the distributed information and integrate
multiple pieces of information.

Major Transitions in Evolution were characterized by
Maynard Smith and Szathmáry as transitions creating a new
level of individuality and new kinds of information systems,
that is, new ways of storing, transmitting, and interpreting
information (Jablonka and Lamb, 2006; Robin et al., 2021).
Our paper focuses on the latter. While it was suggested
that these two dimensions should be treated separately, one
assumption in particular remained prevalent in most subsequent
work. Namely, the view that information is at the level of
individuals. In other words, the information that is primarily
tracked in such studies, whether theoretical or empirical,
is information that can be stored and transmitted by and
between individuals. This assumption may explain why it is
tempting in studies of evolutionary transitions in individuality
to wonder if new kinds of individuals are coupled with
new kinds of information. Be that as it may, our discussion
emphasizes and characterizes a supplementary perspective: cases

in which adaptive information strictly transcends the level of
individuals. It may even be thought of as a level of individuality,
though one that is distinct from the biological individuality of
individual organisms.

Two aspects of our characterization of DA may have
implications for thinking about evolutionary transitions. DAs
are cases in which (1) the adaptive information is distributed,
and hence strictly the property of a population and (2) the
information may arise from the ecological conformation of the
population. We discussed the evolutionary implications of DA in
section 4. As regards evolutionary transitions in particular, two
possibilities are worth considering. First, DAs may contribute to
the irreversibility of transitions. We noted that relying on a DA
may affect selection pressures, causing relaxed selection on traits
that allow the individual to be self-sufficient, possibly leading to
the external information becoming increasingly necessary and
the reliance on it mandatory. Change along this continuum may
make the possibility of reverting to prior organization less likely.
Second, since distributed information may arise spontaneously
and may provide ecological information that may be otherwise
hard to acquire, they may be an enabling factor that facilitates
a transition or in some cases a necessary step, that is, they
may be part of what Robin et al. (2021) call a Facilitating
Evolutionary Transition.

An early example of a transition from distributed to non-
distributed information may be what Carl Woese referred
to as the Darwinian Threshold in the evolution of the cell
(Woese, 2002). In this scenario, proto-cells relied heavily on
horizontal gene transfer, but as the complexity of cells increased
this became too unreliable, and vertical transmission became
dominant. Woese referred to this as a phase transition. While
this scenario has many unique features, not found in other cases,
the evolutionary dynamics suggested by Woese are not entirely
dissimilar from what we describe.

Two other transitions are worth mentioning here. The first,
not included in Maynard Smith and Szathmáry’s original list, is
the evolution of a nervous system (Jablonka and Lamb, 2006).
The existence of a nervous system and sensory perception greatly
increased the possibility of relying on distributed information,
whether intentionally shared or not. The second is the emergence
of symbolic language. Language obviously radically increases
the opportunities to learn from others and is fundamental for
cumulative culture in humans, aspects of which are arguably
DAs. While it is beyond our scope to discuss language and its
evolution (but see Lamm, 2014; Kolodny and Edelman, 2018), it
is worth noting that recent work has identified relations between
group size and properties of language, as would be expected from
our discussion of DA (Lupyan and Dale, 2010; Atkinson et al.,
2018; Raviv et al., 2019). An intriguing aspect of language as
an information system is that it transcends a particular group
and several groups may share languages while individuals may
be multi-lingual (Evans, 2017). By acquiring a language one
does not only increase the opportunities to communicate but
also acquires information that is implicit in the structure of the
language itself, such as categories of objects or events. This is
arguably an additional way in which information distribution
occurs in humans.
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Robin et al. (2021) characterize five levels of information
in the context of evolutionary transitions. This characterization
allows to differentiate several kinds of DA. The frog example
which we discussed throughout the paper belongs to what
they call Level III. This level refers to learned information,
collected during the lifetime of individuals. Other cases of
DA would more naturally fall under Level IV, which refers
to inscribed or iconic information. The information at this
level is transmitted using somewhat persistent physical marks,
as in scent marks in wolves or pheromone trails in ants.
This level also includes instructional information, of potentially
boundless capacity, that is primarily found in humans. These
cases are forms of distributed information or can be used to
create distributed information, in the sense developed here.
A key aspect of the Level IV phenomena as DA is that the
objects that carry the information may be themselves studied
as a population of entities, whose dynamics are coupled with
those of the population of organisms that create, use, and
possibly destroy them.

To conclude, distributed adaptations may be a stage in
transitions in individuality, possibly because of the fragility of the
distributed adaptation vis-à-vis the environment (Szathmary and
Smith, 1995; Smith and Szathmary, 1997; Michod, 2000; Jablonka
and Lamb, 2006; Calcott and Sterelny, 2011; Szathmáry, 2015).
A distributed adaptation means that multiple individuals gain
shared benefits from maintaining the distributed information.
Given appropriate conditions, this may lead to the evolution of
stronger ties and mechanisms to decrease the fragility of the
distributed adaption, possibly leading to a transition.
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