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A central tenet of niche construction (NC) theory is that organisms can alter
their environments in heritable and evolutionarily important ways, often
altering selection pressures. We suggest that the physical changes niche con-
structors make to their environments may also alter trait heritability and the
response of phenotypes to selection. This effect might change evolution, over
and above the effect of NC acting via selection alone. We develop models of
trait evolution that allow us to partition the effects of NC on trait heritability
from those on selection to better investigate their distinct effects. We show
that the response of a phenotype to selection and so the pace of phenotypic
change can be considerably altered in the presence of NC and that this effect
is compounded when trans-generational interactions are included. We argue
that novel mathematical approaches are needed to describe the simultaneous
effects of NC on trait evolution via selection and heritability. Just as indirect
genetic effects have been shown to significantly increase trait heritability,
the effects of NC on heritability in our model suggest a need for further
theoretical development of the concept of heritability.
1. Introduction
A central tenet of niche construction (NC) theory is that organisms, through
their own actions, can alter their environments in heritable and evolutionarily
important ways. These changes can modify the selective pressures to which
organisms are subject, sometimes substantially [1]. However, the physical
changes niche constructors make to the environment might also change other
important aspects of an organism’s evolution. For example, NC might change
the heritability of a trait expressed in an environment—that is, the ratio of the
variance in heritable contributions to a phenotype to the phenotypic variance.
Such changes to heritability have the potential to change the rates and perhaps
trajectories of a species’ evolution over and above the effects of NC acting via
selection alone.

NC theory has a tradition of population genetic modelling. Heritability
and related concepts, though, are typically modelled in a quantitative genetic
framework [2]. Thus, the aim of this paper is twofold: first to allowdirect compari-
sons between existing models of interacting traits and heritable environments
and situate NC among those models. And second, to develop a framework
which allows us to investigate aspects of NC that we currently lack the theory
to understand, namely the effect of NC on breeding values, trait heritability
and phenotypic change.

We suggest that NC has the potential to change selection on a trait, the
structure of the fitness landscape, and the heritability of niche-constructed
traits but that the contribution of each of these distinct alterations to the evol-
ution process, in combination, are poorly understood. Although our focus
emphasizes the effect of NC on breeding values and trait heritability, we
point to other recent work on its effect on fitness (e.g. [3–5]) and note that
our results strongly suggest that the effects of NC on heritability and selection
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interact (see Discussion), and that this interaction should be
explored in future studies.

The model we present is related to other treatments of
heritable environments or ‘extended phenotypes’ [6,7] such
as those associated with maternal effects (e.g. [8,9]) sib effects
and indirect genetic effects (IGEs), which have typically used
quantitative genetic frameworks (e.g. [10–12]). Our model,
too, draws on previous models of quantitative genetic evol-
ution, particularly the work of Lande [13]. Consequently, it
suffers from many of the same issues (see e.g. [14]) some of
which may be compounded in the case of NC (see below).
For example, these models typically assume that trait var-
iances and covariances remain constant. This assumption is
valid under some restrictive assumptions, the relaxation of
which has been investigated elsewhere in detail (e.g. [15]).
In our model, we also assume constant variances and covari-
ances because using this framework allows us to compare
models of correlated evolution (e.g. [13]), evolution in the
presence of phenotypic interactions (e.g. [10]) and NC
models directly.

Models of NC, including ours, are necessarily complex.
They minimally include (i) a trait that alters or constructs
an important resource in the environment, (ii) the ecological
dynamics of this environmental resource, (iii) interactions
between many, possibly unrelated, individuals and (iv) a
phenotypic or selective response to environmental altera-
tions. In NC systems, interactions between phenotypes need
not be direct (i.e. focal individual with social partner) but
rather can be indirect through modifications of a shared
environmental resource, which is also modified simul-
taneously by abiotic forces. Moreover, NC effects can be
trans-generational, and interactants need not coexist. Such
temporally distant interactions can, in real systems, span a
potentially large number of generations [16]. We note that
some, but not all, of these elements are included in other
theoretical frameworks, but not together. For example, in
models of genotype-by-environment interaction, changing
the environment can change the expression of a phenotype
and thereby alter its heritability. As shown theoretically in
[17] and empirically in [18] with IGEs, changing the intra-
generational social environment can have similar effects. By
contrast, models of parental and grandparental effects on off-
spring phenotypes are explicitly trans-generational. This class
of models tends to emphasize how evolutionary rates change
as the relationships between descendants and ancestors are dis-
counted by genetic relatedness (e.g. [19]). The changes in
selection caused by NC can be independent of relatedness,
with all individuals in a single generation affected by the
niche-constructing activities of individuals of prior generations
regardless of relatedness. NC models typically include the
ecological dynamics of resource renewal and degradation
alongside the effects of the evolving niche-constructed traits.
Thus, the models we derive below represent extensions of
existing IGE theory that include elements unique to NC.

One of the most commonly cited and most studied forms
of NC involves the creation and inheritance of an environ-
mental resource to which all or many individuals in a
population contribute and to which all or many individuals
are sensitive. In this category we include, for example, modi-
fication of soils, stabilization of bedrock, alteration of nutrient
cycling and socially constructed phenotypes such as the plat-
form nests of some birds or the dams of beavers (see [16,20]
for further examples and elaborations). This kind of NC
forms the basis of many theoretical treatments of niche inheri-
tance [16,20–23]. We note that it seems likely that different
types of NC (as laid out by Odling-Smee et al. [16, p. 47])
affect selection and, perhaps, heritability in different ways.
No one model addresses them all.

Finally, we draw on work motivated by the empirical
observation that IGEs in laying hens had a much larger
effect on desirable economic phenotypes than direct genetic
effects (e.g. [24]). This work has shown, using the concept
of ‘total breeding value’, how heritability in the presence of
IGEs can be larger than heritability calculated in the absence
of such interactions [25,26]. We investigate how the concept
of total breeding value applies to NC models, where effects
can extend to multiple past generations and between many
interacting individuals. This allows us to identify differences
between the IGE and NC theoretical approaches. In the sec-
tions that follow, we develop and compare the results of a
general two-trait IGE model with our two-trait NC model
and do so using a common quantitative genetic framework.
2. The models
There are a number of approaches to modelling social effects
[17] that have demonstrated an equivalence between two
common approaches: one founded on trait-based studies
where a phenotype expressed by an individual is affected by
its social partners, and another which is an extension of variance
component analyses for heritability. Inwhat follows,wedescribe
the trait-based model of Moore et al. [10] and proceed to extend
this model to include the effect of a niche-constructed resource.
However, we note that other formulations are possible.

Following standard quantitative genetic models, we begin
by partitioning individual phenotypic trait values, z, into two
components: a heritable genetic component, a, and a non-
heritable component, usually referred to as the ‘environmental
deviation’, e [2]. Moore et al. [10] and others (e.g. [27]) intro-
duce IGEs by further partitioning the environmental
component, e, into a random, non-heritable component, eg,
and a component, ez, that is affected by the trait value of
another individual:

z ¼ aþ eg þ ez: ð2:1Þ

Here, ez is determined by the trait value of another indi-
vidual interacting with the individual with trait value z.
Following Moore et al. [10], we label this other individual
using a prime and substitute the trait value, z0 ¼ a0 þ e0, in
the other individual for ez. We also introduce the coefficient
of z0, Ψ, which measures the magnitude of the influence of
z0 on z. After this substitution, we have

z ¼ aþ eg þCz0: ð2:2Þ

Moore et al. consider a number of cases including the sim-
plest case of an interaction between two phenotypes (z1, z2) in
two individuals (the focal individual and a social partner
denoted by a prime) where just one of the phenotypes (z1)
is affected by the social interaction and the other trait (z2)
remains unchanged.

Moore et al. reconstruct equations (2.1) and (2.2) for two
traits, 1 and 2, in a focal individual, with trait 2 modifying
trait 1, and obtain

z1 ¼ a1 þ e1 þCa02 þCe02 ð2:3Þ
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and

z2 ¼ a2 þ e2: ð2:4Þ

Note that trait 2 is not affected by the social interaction. Ψ
is the strength of the effect of trait 2 on the value of trait 1.

As Moore et al. point out, when individuals express inter-
acting phenotypes, the breeding value, A, of an individual
involves both the direct and indirect additive genetic values
of the focal individual. Following Bijma [25], we define the
total breeding value of an individual as the ‘direct and indir-
ect average effects of its own genes’. ‘Average effect’ is
defined by Fisher [28, p. 31] as ‘the amount of difference pro-
duced, on the average, in the total [trait value] of the
population for each… gene substitution’. In the case of
IGEs, this ‘average effect’ is a combination of the direct
effect of a gene on the average phenotype and the indirect
effect that an individual has on the trait value of their
social partner or partners. For more details on the concept
of total breeding value (see [25, p. 1351]) for a carefully
worked-through example.

The response of the mean phenotype to selection (D�z) on a
trait can be calculated by modelling selection acting on the
covariance between the trait value and the breeding value,
so D�z ¼ cov(A, z)b for a single trait, where b is the selection
differential defined in more detail below [2,10]. Applying
this approach to two correlated traits and, labelling the gen-
etic covariances between traits as Gij, where the indices i
and j represent the traits, Moore et al. [10] get

Dz1 ¼ (G11 þCG12)b1 þ (G12 þCG22)b2: ð2:5Þ

Working similarly with z2, they get

Dz2 ¼ G22b2 þ G12b1: ð2:6Þ

Here, bi values are defined as the selection differential, s,
divided by the phenotypic variance-co-variance matrix, P.
Note that this implies that the strength of selection is a func-
tion of the phenotypic variance, which in turn is a function of
the phenotype. Throughout our analyses, to focus on
response to selection and changes to heritability, we consider
bi values which are constants, but we note that this implies
different values of s for different phenotypic variances. Focus-
ing on IGEs, Wolf et al. [29] partitioned selection into
selection differentials due to natural and social selection.
This approach could be useful in developing models of NC
in this framework that combine the effects of NC on selection
and phenotype. We discuss in further detail the phenotypic
variance for interacting phenotypes in the heritability section
below. However, here, phenotypic and genetic variances are
assumed to be constant over time as is typical of quantitative
genetic models of trait evolution. This assumption has been
criticized (see e.g. [14]) but holds up in the case of short-
term evolution where selection is weak and a large number
of loci contribute to the phenotypic trait, a property called
the constancy of the G matrix [30]. For more complete detail
on the construction of the IGE model above see [10] section
entitled ‘interactions with non-reciprocal effects’. For the pur-
poses of careful comparison, we derive a more general IGE
model based on the Moore et al. model above which allows
for an arbitrary number of interactants (N− 1 interactants,
excluding the focal individual) of arbitrary relatedness (r) in
electronic supplementary material, appendix A.
3. Ecological inheritance: the effect of previous
generations

To be consistent with the bulk of existing theoretical literature
describing NC, it is helpful to separate a niche-constructing
trait from its effects on the environment. For this reason, we
assume that a single trait is responsible for creating a resource
and, subsequently, that resource has an effect on the
expression of a second, different, trait. Population genetic
NC models do this by considering the evolution of a niche-
constructing locus alongside a resource-sensitive ‘recipient’
locus. Therefore, in developing a quantitative genetic model
of NC, we describe the interaction between two co-evolving
traits z1 and z2 as in the IGE model above, and in a manner
consistent with previous work on NC. These two traits inter-
act with one another through the niche-constructed resource
instead of directly as in IGE models (e.g. [10]). This means
that the relationship between the phenotype and the social
partners can take different functional forms. This is similar
to the type I–III ‘functional responses’ of organisms to eco-
logical resources, where the rate of intake of a resource
(and in this case the phenotypic response to that resource)
increases in different ways with resource availability [31].
In this paper, we model a linear relationship (i.e. a type I
resource) but other formulations are possible.

Following Bijma’s [25,26] treatment of groups of interacting
individuals, we assume that the social structure remains
unchanged from generation to generation, such that the
number of individuals, related or not, with whom a focal indi-
vidual interacts remains constant over time. We assume that
the full population consists of a number of non-overlapping
groups (interacting groups) of N interacting individuals,
including the focal individual, with N � 2 for the NC model.

Finally, we incorporate another aspect of NC: ecological
inheritance. NC theory models resources or artefacts manufac-
tured by organisms that persist longer than the lifetime of the
constructor and modify the selection experienced by descen-
dants. These resources are experienced by descendants as an
‘ecological inheritance’ [16]. For instance, in the often-cited
example of NC in earthworms, it is now well-established that
earthworm soil processing generates ecological legacies
that shape soil quality, productivity and community structure
that persist for multiple generations (e.g. [32]). Ecological inheri-
tance is both common and well documented [16]. This niche-
constructed ‘heritable environment’ differs from the ei of most
quantitative genetic models, which is assumed to be uncorre-
lated with genotype and to have a mean of 0. It is also
different from the ‘common environment’ of families discussed,
for example, by Falconer & Mackay [2]. There ‘common
environment’ includes aspects of the rearing environment that
contribute to phenotypic covariance (i.e. resemblance) between
family members. Unlike organism-constructed environments,
the ‘common environment’ is assumed to be reformed every
generation, not inherited, and it is assumed not to be affected
by trait expression in previous generations.

The niche-constructed ‘heritable environment’ also differs
from the ‘heritable social environment’ discussed by Moore
et al. [10]. Specifically, in IGE models, only the current
social environment, i.e. the trait values of coexisting social
partners, affects the evolution of trait z1. Trans-generational
IGEs occur when mothers or grandparents are social partners
[33–35]. In these models, heritable social environments must
coexist with the focal individuals to permit the social partner to
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Figure 1. A schematic of the niche construction model including phenotypes z1 and z2, which have a persistent effect on a patchy resource landscape. This land-
scape in turn affects the expression of the phenotypes in the current generation. The patchy landscape implies that individuals can vary in the niche-constructed part
of their phenotype, and that we do not model a mean group effect. The effect of the resource on the phenotype is modulated by the parameter Ψ. Time is denoted
by value t and the time for which the effect of any single generation can persist is given by t. We note that although we model a simple degradation of resource
over time (modulated by m), other formulations are possible (e.g. [16, pp. 387–389]). Similarly, more complex forms of Ψ would imply different functional
relationships between resource and phenotype (e.g. [30]). (Online version in colour.)
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manifest the social behaviour; parental and grandparental
effects involve direct relatives; they must vary among geno-
types within populations to cause selection (e.g. different
genotypes experience different maternal or sibling environ-
ments see, for example, equations (6) and (7) in [17]), and,
their inter-generational scope is limited to one or two gener-
ations. Although, in principle, any number of generations
could be included in some IGEmodels, the constraint of ‘coex-
istence’ limits the number of possible ancestral social partners
and genetic relatedness discounts distant ancestral partners
more strongly than more recent ones.

The ‘heritable environment’ relevant to NC theory is
affected by the expression of a trait in one generation that per-
sists over a number of later generations. The ‘social partners’ (of
past generations) need not coexist with the current population
members to exert an effect on present trait value or selection in
the present generation. Here, we will assume that ecological
ancestors are conspecifics but this could be extended to explore
the role of NC in coevolution in the same way that IGE theory
has been expanded to heterospecifics [27].

We consider both genetic and ecological inheritance, so
that an individual’s offspring inherit its genes and its niche-
constructed environment. This is modelled by allowing the
expression of niche-constructing traits in previous gener-
ations to affect the value of a trait in a focal individual in
the current generation, through the production of an other-
wise decaying resource (figure 1). Thus, one possible form
of the equation for the value of a quantitative resource-sensi-
tive trait in a focal individual is

z1(t) ¼ a1(t) þ e1(t) þC
X
i¼1

N X
t¼0

n

mtz2i(t�t), ð3:1Þ

where m reflects the time-dependent effect of an historically
niche-constructed resource on the expression of the trait, Ψ
describes the effect of the resource produced by trait 2 on
trait 1 in.general, t is the current generation and t indexes
the previous n generations such that values with a subscript
t ¼ 2 reference values from two generations ago. In this case,
m discounts the effect of the expression of the trait in previous
generations (meaning that abiotic forces erode the niche-con-
structed resource over time). Note that the form mt here
means that we have assumed a ‘recency effect’ of the resource
on the population. Different formulations might include a
‘primacy effect’ or an ‘equal weighting’ of each previous gen-
eration’s NC on the current generation [16, pp. 387–388] or
some more complex spatial or temporal form of resource
degradation balanced with independent resource renewal
(see [36]). The specific form of the discounting (represented
here bymt) is determined by the ecologyof specific traits or sys-
tems. Whatever the process of discounting, change in resource
level is inherently an ecological process, whose rate of change
could well depend upon abiotic as well as biotic factors in
the ecological community. Note also that we index the genetic
and environmental contributions to the phenotype by gener-
ation. Again, this differs from standard quantitative genetic
models, where the mean environmental contribution to a phe-
notype is assumed to be 0 at each generation and uncorrelated
with genotypic contribution to a phenotype at each generation.
Below, following the assumption of constancy of the G matrix
discussed above, the variances contained in the G matrix are
not indexed by time and are constant. It is clear from the formu-
lation of the last term in equation (3.1) that ‘heritability of the
environment’ in NC models is non-Mendelian, further dis-
tinguishing it from the heritable social environments
discussed in IGE models.

For the niche-constructing trait (trait 2) that is not affected
by the products of NC, we get

z2(t) ¼ a2(t) þ e2(t): ð3:2Þ
As before, we are interested in describing the per-

generation evolutionary change in each trait. This involves
calculating the heritable component of each trait or the total
breeding values [25,26]. In this case, the breeding value is
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the same as it is in the IGE model above but includes the
effect of the individual on N interactants, which can include
the focal individual ðA ¼ a1(t) þNCa2(t)Þ. Differently put, we
assume that each individual has an effect on N individuals
in a population by producing an amount of resource with
effect Ψ which is used or experienced by those individuals.

We follow the method of [10] in describing the direct and
correlated responses to selection in both traits as above.
Therefore, for the change in z1 we obtain

Dz1 ¼ cov(a1(t) þNCa2(t),z1(t))b1 þ cov(a1(t) þNCa2(t),z2(t))b2:

ð3:3Þ

The covariances in equation (3.3) require some unpacking.
Expanding, we get

Dz1 ¼ cov a1(t) þNCa2(t),a1(t) þ e1(t) þC
X
t¼0

n

mt
X
i¼1

N

z2,i,(t�t)

 !
b1

þ cov(a1(t) þNCa2(t),a2(t) þ e2(t))b2: ð3:4Þ

Taking just the covariances associated with the first term
and using the assumption that environmental deviations are
random, gives us

cov(a1(t),a1(t))þ cov a1(t),C
X
t¼0

n

mt
X
i¼1

N

a2,i,(t�t)

 !

þ cov NCa2(t),C
X
t¼0

n

mt
X
i¼1

N

a2,i,(t�t)

 !
: ð3:5Þ

As above, we label cov(a1(t),a1(t)) ¼ G11 and
cov(a1(t),a2(t)) ¼ G12. Where Moore et al. [10] assume that pair-
wise social interactions occur between unrelated individuals,
we have assumed that the interacting group can include
direct relatives and non-relatives so we must make assump-
tions about the extent of the relatedness between members of
the interacting group as well as the change in relatedness
over time. Relatedness is defined as r ¼ cov(a,a0)=var(a) [37].
In other words, relatedness between two interacting individ-
uals is the correlation between their direct breeding values.
Here we label the average relatedness between two randomly
chosen members of the interacting group to be r (or equiva-
lently assume that all members of the interacting group are
equally related [38]. This can often be achieved experimentally,
(e.g. [18]). We assume that r does not change over a short time
(equivalent to the timescale on which the G matrix remains
constant) and is created and maintained by some population
genetic structure or other non-random assortment of breeding
values [39]. However, the stability of r is a simplifying assump-
tion and themore likely case of change in local relatedness over
time could be modelled explicitly as it is, for example, in [40].

Because the current generation, t, includes the focal
individual, we must consider the case where t ¼ 0 (i.e. this
generation) separately from cases where t . 0 (previous gen-
erations). Note that this means we are considering the focal
individual separately from the N− 1 other interactants in
the current generation. Taking the second term from equation
(3.5) and considering the case where t ¼ 0, such that mt ¼ 1,
we find that

cov a1(t),C
X
i¼1

N

a2,i,(t)

 !
¼ CG12 þ (N � 1)CrG12, ð3:6Þ
and for t . 0 we get

cov a1(t),C
X
t¼1

n

mt
X
i¼1

N

a2,i,(t)

 !
¼ NCrG12

X
t¼1

n

mt:

Treating the other terms in equation (3.5) similarly, we can
now write an expression for Dz1 in terms of covariances:

Dz1 ¼ ðG11

þC(NG12 þ G12 þ (N � 1)rG12 þM1NG12r)

þC2(NG22 þ (N � 1)NrG22 þM1N2rG22)b1

þ (G12 þCG22)b2: ð3:7Þ
where M1 ¼

Pn
t¼1 m

t. Note that the response to selection now
depends, not just on the interaction effect Ψ, but also on the
number of interacting individuals,N, and the number of gener-
ations over which the effect of the niche-constructed resource
persists, n, as well as on the average relatedness in the interact-
ing group, r. Importantly, this NCmodel does not reduce to the
IGE model above when N = 2 (i.e. when interactions are pair-
wise) because one’s own niche-constructed products have an
effect on the trait value, too.
4. Results
In figure 2, we compare the response to selection in our NC
model with that of the IGE model from Moore et al. [10], as
well as with the simpler quantitative genetic model of corre-
lated evolution without interactions from [13]. Note first that,
when C ¼ 0, all models give the same value for the response
to selection, which is the value expected for correlated charac-
ters in the absence on an interaction. Figure 2 shows the effect
ofΨ on the response to selection for the same parameters across
all three models (note that the model of correlated characters
from [13] does not include a phenotypic interaction between
traits and so the response to selection is invariant with respect
to Ψ). In the other models, in general, when Ψ is negative,
organisms produce a resource or interaction effect that
decreases the value of trait 1, leading to a reduced response
to selection. Conversely, whenΨ is positive, an increased avail-
ability of the resource increases the value of trait 1, leading to
an acceleration in the response to selection. The longer lasting
the effects of NC (i.e. the greater the amount of ecological
inheritance), the stronger the phenotypic response to selection.

Similar to the IGE model, the rate of phenotypic change
can be considerably accelerated or decelerated by the effect
of trait 2 on trait 1 in the NC model. However, the interaction
effects in the NC model have a more profound effect on the
response to selection than they do in the IGE model because
in the former, they involve reciprocal interactions between a
larger number of individuals who may interact without meet-
ing directly and because the effects can be cumulative over
generations. This causes the relationship between Dz1 and
Ψ to be quadratic in the NC models, instead of linear as in
the IGE model. Reciprocal interaction IGE models (fig. 3 in
[10]) also generates a quadratic Ψ2 term, when the effect of
z1 on z2 is equal in strength to the effect of z2 on z1. Note
also that response to selection in the NC model relative to
the IGE model can be substantially different depending on
the form of m and r (see electronic supplementary material,
appendix D) and the values of n, N.
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Figure 2. Response of phenotype to selection (Dz1) in the presence (red) and absence (black and grey) of niche construction. The solid grey line shows the
correlated characters model [13]. This model shows the effect of correlated evolution in the absence of phenotypic interaction between traits. The dashed grey
line shows the Moore et al.’s [10] model of a pairwise IGE. The black line shows the effect of group interactions in IGEs—here the focal individual interacts
with N− 1 other individuals. This model is described in detail in the electronic supplementary material, appendix A. Finally, the niche construction model
(thick red lines) for n = 2 (thick dashed red line) and n = 20 (thick solid red line) is plotted. This model includes a group interaction, the focal interacts with
itself and N− 1 others, and ecological inheritance. Parameters are m ¼ 0:85, G11 ¼ 4, G12 ¼ 2, G22 ¼ 1, b1 ¼ b2 ¼ 0:5, N = 5 and r = 0.1. Note that
all models give the same result when C ¼ 0 (i.e. when the interaction or resource has no effect on phenotype). (Online version in colour.)
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5. Heritability with indirect genetic effects
and niche construction

Unlike IGE theory, NC theory includes explicit ecological
models by accounting for multiple generations (t≥ 2) and
by accounting for non-genetic but heritable features of
past environments (e.g. beaver dams and nesting sites).
These environments do not themselves contain genes like
the environments of social partners in IGE models. Rather,
they are ecological products of past generations that remain
associated with the descendants of a population (i.e. not
just close relatives). Defining and understanding heritability
in this case is a very hard problem because many things
about traditional heritability break down in systems like
this and, often, we cannot use the classic definition
of heritability.

Typically, heritability is defined as the proportion of the
total phenotypic variance that is attributable to variance in
additive genetic effects [2]. Mathematically, narrow-sense
heritability is classically written as

h2 ¼ VA

VP
, ð5:1Þ

where VA is additive genetic variance (i.e. the covariance
of the breeding value with itself ) and VP is phenotypic var-
iance (or, in other words, the covariance of the phenotypic
value with itself ). In the case of IGEs and NC, however, in
addition to the additive genetic variance, the breeding
value also contains a term that includes the individual’s
contribution to the IGE or niche-constructed environment.
This has a number of important implications that change
the nature of heritability and the kinds of questions that we
can ask and answer about relationship between genetic vari-
ation and phenotypic variation.

Definitions of heritability that are equivalent in the
absence of interactions change and are no longer equivalent
in the presence of interactions. For example, absent inter-
actions, the variance in breeding values is the same as the
additive genetic variance, permitting heritability to be
defined as either (i) the fractional contribution of additive
genetic variance to the total variance, or, equivalently, (ii)
the ratio of the variance in breeding values to the total var-
iance, or, again equivalently, (iii) the ratio of the additive
genetic component of phenotypic variance to the full pheno-
typic variance. With interactions defined by either IGEs
or NC, the variance in the breeding values is not equal to
the additive genetic variance. As a result, the definitions of
heritability are no longer equivalent, nor are the genetic com-
ponents of phenotypic variance equivalent to either of these
previous values. To demonstrate this point, we contrast two
definitions in the case of a simple IGE and then in the case
of NC.

Consider the simple IGE described by equation (2.3) for
interactions between unrelated individuals. First, we calculate
the three relevant quantities: the additive genetic variance
(G11), the phenotypic variance (VP) and the variance in
breeding values (VA).

VA ¼ cov(A,A) ¼ cov(a1 þCa2,a1 þCa2) ð5:2Þ
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Figure 3. Comparison of two definitions of heritability given by (a) equation (5.5) and (b) equation (5.7). These are coincident in the absence of interactions (C ¼ 0).
Lines show heritability for the correlated characters model ([13], solid grey line), the IGEs model [10] and the niche construction model (thick red lines) for n = 2 (thick
solid red line) and n = 20 (thick dashed red line) Parameters are m ¼ 0:85, G11 ¼ 2, G12 ¼ 0:9, G22 ¼ 0:9, E11 ¼ 1, E22 ¼ 1, N ¼ 5, n ¼ {2, 20}. (Online
version in colour.)
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Taking the covariances, we get that

VA ¼ G11 þ 2CG12 þC2G22: ð5:3Þ

Similarly,

Vp ¼ cov(z,z) ¼ G11 þ E11 þC2G22 þC2E22: ð5:4Þ

The three definitions of heritability are

h21 ¼
G11

G11 þ E11 þC2G22 þC2E22
, ð5:5Þ

h22 ¼
G11 þ 2CG12 þC2G22

G11 þ E11 þC2G22 þC2E22
, ð5:6Þ

and h23 ¼
G11 þC2G22

G11 þ E11 þC2G22 þC2E22
, ð5:7Þ

for the IGE with unrelated interactants (see electronic sup-
plementary material, appendix C for h23 with non-zero
relatedness for an IGE). It is clear that the value of h22 can
be greater than 1 when the environmental variance is low
and the genetic covariance between traits 1 and 2 is high,
and where C . 0. Specifically, this happens when
2CG12 . E11 þC2E22. A value of heritability greater than
one is not compatible with the classic concept of heritability
as the fraction of total variance attributable to genetic
variance or indeed as the regression of breeding value on
phenotypic value. This phenomenon has also been demon-
strated for IGE models by Bijma & Wade [41], who
pointed out that, when using the breeder’s equation to
describe the response to selection in a trait subject to IGEs,
a value of h2 > 1 means that the response to selection can be
extremely rapid. Their definition of heritability includes
terms that represent the heritable variation present in the
social environment as well as genetic variation within an
individual [38].

For NC, we can calculate the values of the heritability
measures h21, h

2
2 and h23 similarly (electronic supplementary

material, appendices A and B) by first calculating the pheno-
typic variance in the NC model (Pnc; equation B.8, electronic
supplementary material, appendix B), additive genetic var-
iance (G11) and the variance in the breeding values
(G11 þ 2NCG12 þC2N2G22). This gives:

h21,nc ¼
G11

Pnc
, ð5:8Þ

h22,nc ¼
G11 þ 2NCG12 þC2N2G22

Pnc
ð5:9Þ
and h23,nc ¼
G11 þ 2C(G12 þ (N � 1)rG12 þM1rNG12)þC2M2

1(NG22 þN(N � 1)rG22)
Pnc

: ð5:10Þ
Figure 3, we compare the IGE values with the NC values
for two measures of heritability. Figure 3a shows h21 and
figure 3b shows h23 for both models, allowing for non-zero
relatedness. The challenge is how to properly define heritabil-
ity for a trait where much of the potential heritable trait
variation is not embodied in phenotypic variance of the
individuals being measured and is not seen by selection
every generation in the same way as additive genetic vari-
ation, for example, might be.

There is another important definitional difference to note
between classical theory without interactions and that with
IGEs or NC. One definition of breeding value given by
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Falconer & Mackay [2] is this: the deviation of the phenotypic
mean of the progeny from the current phenotypic mean is the
breeding value of the parents. This is not true in the case of
multi-generational NC legacies (ecological inheritance)
because the effect of the social environment on the mean phe-
notype of the progeny changes over time (because of the m

parameter). The deviation of the offspring from the current
mean involves the breeding value of the parents and the con-
tribution of the changing inherited environment. Ultimately,
this implies that to fully understand the heritability and evol-
ution of niche-constructed traits or indeed the amenability
of such traits to change by artificial selection, we must under-
stand the role of genetics alongside the complex and dynamic
changes in the inherited environment caused by the niche-
constructing activities of individuals. This involves both
direct and indirect selection on the niche-constructing and
niche-constructed traits and the way in which important
aspects of the environment are constructed, accumulate and
decay over time.
 9:20220401
6. Discussion
The significance of the models presented above is twofold.
(i) The models show that the pace of phenotypic change
can be significantly different in the presence of niche-
constructing interactions between genotypes and that this
effect is compounded where interactions with previous
generations are considered. This change in evolutionary
dynamics is present independent of the effect of NC on fit-
ness landscapes. (ii) The models show that the concept of
heritability for traits defined by niche-constructing inter-
actions and by IGEs contains terms that are not part of
classic quantitative genetic theory.

The first point goes some way toward addressing the cri-
ticisms of NC as neither a novel nor a useful concept in
evolutionary biology. Critics have argued that proponents
of NC theory conflate processes that generate variation on
which selection can act with processes that do not (e.g. [42–
44]). However, our model illustrates that NC’s influence on
evolution works in three ways. First, NC can plastically
change the value of an expressed trait, changing the fitness
of an individual without changing the fitness landscape or
the breeding values associated with that trait (e.g. increased
body size resulting from constructing a higher quality environ-
ment). Second, NC can alter the fitness landscape, in other
words, it can change the selection pressures to which an indi-
vidual is subject without changing the breeding values
associated with the trait (e.g. large body size may be favoured
in resource-rich constructed environments but small body size
in the absence of NC). This is the way NC is most often charac-
terized but, as our model hopefully shows, this may rarely be
its only effect. And finally, NC can change breeding values,
thereby changing the nature of trait heritability (e.g. the herit-
ability of body size depends not only on transmission of
genes across generations but also on the ecological legacy of
modified environmental conditions).

We argue that these distinctions are important. Dawkins
[42], following Sterelney [45], suggested that there should be
a division between what they dubbed ‘niche changing’ and
‘NC’ proper. In this line of argument, niche changing includes
changes to the environment that are passive by-products of an
organism’s way of life while ‘NC’ includes any environmental
changes that are ‘actively engineered’. Dawkins asserted that
‘niche changing’ does not generate covariances between
niche-constructing and niche-constructed genotypes and
phenotypes and thus cannot be considered evolutionarily
important to the same degree (see also [43,44]).

Using the models above and incorporating insights from
other models of NC, we can directly address this point. The
breeder’s equation describes the evolutionary change in a
trait over a single generation. As pointed out by Brodie [43],
the engine that drives this evolutionary change is covariance
between phenotypes and genotypes, and phenotypes and fit-
ness. More concretely, as per Brodie [43], the evolutionary
response can be written as

Dz1 ¼ h2s ¼ cov(A, A)cov
W(z)
�W

, z
� �

P�1: ð5:11Þ

Choosing one definition of h2 (see above) and expanding
the breeder’s equation we can see that the evolutionary
response of a trait can be altered through changes in pheno-
types (z-values), fitness landscapes (W(z)) and/or breeding
values (A). Note that our models here have dealt, mainly,
with changes to phenotypes, breeding values and phenotypic
variance. Other models (e.g. [5]) have explored the relation-
ship between NC and fitness landscapes. Here, we suggest
that these different effects of NC separately or in combination
produce a continuum from ‘weak’ to ‘strong’ NC, rather than
a qualitative difference between ‘niche changing’ and ‘NC’.
By this, we mean that types of NC range from those that
only change phenotype, to those that change phenotypes, fit-
ness landscapes and breeding values, simultaneously. All
points on the spectrum from weak to strong NC have sys-
tematic and potentially important effects on trait evolution.

Of course, it remains to be understood how often the pro-
cesses described here are important in real populations.
However, most critics of NC theory have not disputed that
it occurs, nor that it generates complex interactions between
traits, both within and between species. Instead, they have
challenged the interpretation of such interactions. We believe
that the results of our NC model and current evidence favour
arguments supporting an important role for NC in evolution.
We have shown that, in theory, such interactions can have a
strong impact on heritability, not just selection. Evidence
from IGEs and their effects on heritability is growing, while
the possibly great effects owing to NC have rarely been
measured. In regard to IGEs and heritability, research on
domestic chickens suggests that IGEs could account for up
to 87% of heritable variation in survival found in crossbred
chickens [24]. For NC, recent experimental studies of
maternal and larval NC in dung beetles, show robust
influences on offspring traits, fitness and heritability [46–48].

There may be some potentially serious consequences of
failing to extend the concept of heritability to include the
effects of ecological inheritance and NC. Where calculations
of the response to selection are economically or ecologically
important such as in agricultural breeding programmes or
conservation contexts, it is important to note that the accu-
racy of estimates will depend on the strength of NC or
IGEs in the system. For example, it may not be possible to
estimate heritability from parent–offspring regressions nor
are such regressions useful guides to the response to selection
as they are in the absence of interactions. This does not
suggest that parent–offspring and other family resemblances
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cannot be calculated; we argue, instead that in theory they do
not predict the response to selection as they do in systems
without such interactions.

One application of more comprehensive models may be
in efforts to conserve endangered species. In this context,
maintaining genetic diversity has been identified as a key
aim which would help to maintain the resilience of species
to rapid environmental change. As we have seen from the
models above, in niche-constructing species, much of the
potential diversity in a trait is not contained in the genomes
of individuals but in the altered, inherited environment.
This may mean that efforts to preserve genetic diversity iso-
lated from efforts to conserve the environment in which a
species has evolved and engineered its niche, risks missing
huge wells of potential adaptability and response to
change. This has consequences for our understanding of,
for example, zoo breeding programmes as well as reintroduc-
tions and other conservation efforts that do not include the
inherited environment. For example, it is already well-
known (e.g. [49]) that reconstruction of the pre-agricultural
microbial community is essential for tallgrass prairie restor-
ation. This underlines the importance of conserving species
in habitats as the potential reservoirs of resilience to change
for many species and NC theory illustrates why such
co-evolved habitats are crucial. The measurement of the
contribution of IGEs to variance within populations may pro-
vide a framework with which to test the same in the context
of NC. In the IGE sphere, cross-fostering is essential to measur-
ing IGEs. Other methods like transplanting a population to a
new environment (without cross-fostering) might allow
researchers to measure the size of the effect of niche-
constructed ancestry. However, transplanting would not give
a complete picture of how that effect comes to be inherited.

The analyses presented in this paper draw out differences,
some substantial, between models reliant solely on processes
deemed core to the ‘modern synthesis’ and those that
additionally incorporate a process emphasized by the
extended evolutionary synthesis, namely the evolutionary
feedbacks central to NC. Minimally, they suffice to establish
that the phenomena represented by the concept of NC are
not already fully understood through conventional quantitat-
ive genetics models. Rather, it is clear that there are gaps in
our understanding of how evolution proceeds in systems
where complex indirect interactions, or multi-generational
effects mediated by ecological legacies and evolutionary feed-
backs, are dominant. How important these differences are
expected to be in any given system is, of course, an empirical
question—but it is one that will not, and cannot, be answered
in the absence of a complete evolutionary theory.
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