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Niche construction, by which organisms modify the environment in which they live, has been proposed to affect the evolution of
many phenotypic traits. But what about the evolution of a niche constructing trait itself, whose expression changes the pattern
of natural selection to which the trait is exposed in subsequent generations? This article provides an inclusive fitness analysis of
selection on niche constructing phenotypes, which can affect their environment from local to global scales in arbitrarily spatially
subdivided populations. The model shows that phenotypic effects of genes extending far beyond the life span of the actor can
be affected by natural selection, provided they modify the fitness of those individuals living in the future that are likely to have
inherited the niche construction lineage of the actor. Present benefits of behaviors are thus traded off against future indirect costs.
The future costs will generally result from a complicated interplay of phenotypic effects, population demography and environmental
dynamics. To illustrate these points, | derive the adaptive dynamics of a trait involved in the consumption of an abiotic resource,
where resource abundance in future generations feeds back to the evolutionary dynamics of the trait.
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Adaptations, by which organisms appear to fit their particular en-
vironment in form and function, have captured the imagination
of humans for millennia (Orzack and Sober 2001; Vincent and
Brown 2005). But organisms not only adapt to the demands of
their environment, but they also modify it and construct it from
the elements of the world in which they reside (Lewontin 2000).
Although adaptations are often regarded as the phenotypic vari-
ants reaching the highest fitness among a set of alternatives in a
given environment (Reeve and Sherman 1993), it has also been
stressed that adaptations, by modifying the environment, partici-
pate in a feedback between the selective pressures and the adap-
tations themselves (Odling-Smee et al. 1996, 2003). The view
that organisms construct their niches leads to a picture in which
organisms and their environment are tightly intertwined, both de-

pending on the histories of the organism and the environment
(Lewontin 2000). A classical example of this process is the case
of the earthworms described by Darwin (1883), which through
their burrowing change the structure and chemistry of the soil,
with the consequence that some earthworm adaptations, such as
epidermis structure or the amount of mucus secreted are likely to
have coevolved with earthworm niche construction.

The example of the earthworms illustrates the central princi-
ple of niche construction theory. Namely, that a niche-constructing
gene, whose phenotypic effect modifies the environment, may
generate a selective pressure on other genes (loci) in later gener-
ations (Odling-Smee et al. 1996, 2003; Laland et al. 2001). But
what about the selective pressure on the niche constructing gene
itself? To what extent can the phenotypic effects changing the
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fitness of individuals living in future generations be subject to
natural selection when the actor reproduces now? This question
has received little attention so far. However, organisms, merely
by existing, use resources and produce wastes that change the
structure of their local environments, which may directly modify
the reproductive rate of individuals living in later generations. A
simple example is given by prey—predator dynamics (Begon et al.
1996; Murdoch et al. 2003), where the amount of preys consumed
in one generation directly feeds back on the growth rate of preda-
tors in the next generation. Hence, the phenotypic effects of genes
underpinning prey consumption directly influence the fitness of
these genes in adjacent and/or later generations.

The situation in which the expression of a phenotype af-
fects future generation through carry-over effects across gener-
ations has been termed “ecological inheritance” (Odling-Smee
et al. 2003). Ecological inheritance occurs whenever individuals
encounter features of their environment that have been altered
and/or modified by other individuals living in previous genera-
tions. Examples of such alterations may be found in the extensive
variety of organisms that construct nests, burrow systems, paths,
dams, nurseries, mounds, biofilms, and return detritus to their
habitat. For instance, monogynous and polygynous social insects
exhibit temporal succession of reproductive individuals within the
same colony (Gadagkar et al. 1993; Peeters 1993; Gotwald 1995;
Evans 1996; André et al. 2001), thus reproducing in nests and
mounds assembled by previous generations. But structures per-
sisting beyond the life span of the organism inhabiting them are
also numerous in birds (Hansell 1984; Skutch 1987), and are well
exemplified by the complex burrow systems of black-tailed prairie
dogs extending over several kilometers (Hoogland 1995) or beaver
dams inherited for up to hundreds of years (Odling-Smee et al.
2003).

Lasting environmental modifications can be considered as
part of an individual’s extended phenotype (Dawkins 1982), be-
cause they affect the fitness, not only of the individual producing
them, but also of individuals living in future generations. The
answer to the question of whether such intertemporal phenotypic
effects are subject to natural selection is clear for the case in which
evolution takes place in a panmictic population. Here, any genetic
variant causing its bearer to leave more offspring in the next gen-
eration than an alternative variant will be selected to increase in
frequency. This is true whatever the phenotypic effects of the vari-
ant on the demographic and the natural environment of subsequent
generations (Rousset and Ronce 2004), and a beneficial variant
can go to fixation even if it ultimately causes the population to
go extinct (i.e., “evolutionary suicide,” see Matsuda and Abrams
1994; Gyllenberg and Parvinen 2001; Parvinen 2005). Accord-
ingly, a gene coding for the construction of an artifact (e.g., nest,
burrow), will be selected for only if it increases the fitness of its
bearer. However, spatial population subdivision changes the pat-
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terns of selection on traits modifying the demographic and the
natural environment (Rousset and Ronce 2004). Indeed, limited
dispersal results in gene lineages associated in space so that in-
dividuals bearing identical genes tend to interact together, which
results in a kin selection pressure on evolving traits. But limited
dispersal results in gene lineages associated not only in space but
also in time (Epperson 1999, 2003). Hence, an individual express-
ing a niche construction trait will presumably change the fitness
of whole sets of relatives living in future generations. This will
lead to a kin selection pressure affecting the evolution of such
traits. It has indeed been observed that spatial population sub-
division may increase selection on traits resulting in ecological
inheritance, such as the construction of a nest or the provision of a
public good, whenever they are not completely erased or depleted
from one generation to the next (Lehmann 2006; Silver and Di
Paolo 2006; Wakano 2007).

The aim of this article is to analyze the selective pressure on a
niche construction phenotype in an arbitrary spatially subdivided
population. By building on previous results from inclusive fit-
ness theory (Rousset and Billiard 2000; Rousset 2003; Lehmann
2006), I present a game theoretic model for selection on niche
construction phenotypes. This model allows to compute both can-
didate (potential) evolutionary stable niche construction strategies
and their associated stable ecological states (e.g., Vincent and
Brown 2005). In this game theoretic framework, the phenotype
expressed by an individual can have any positive (or negative)
effect on the fitness of all other individuals, living in present and
future generations, of the population. Hence, the niche construc-
tion traits can affect the environment to which the phenotype is
exposed in subsequent generations, which generates a feedback
on its own dynamics. This defining characteristic of the model
allows it to capture, in particular, the selective pressure on traits
resulting in inceptive perturbations, defined as those processes in
which an organism initiate a change in their selective environ-
ment by physically modifying its surroundings (e.g., construction
of a nest or a burrow, consumption of a resource, emission of
a detritus, Odling-Smee et al. 2003, table 2.1). By allowing for
ecological inheritance, the model relaxes the assumption that in-
dividuals can only affect the fitness of their contemporaries, which
underlies most evolutionary modeling in subdivided populations,
the so-called “spatial,” “group selection” or “evolutionary graph
theory” models (e.g., Eshel 1972; Hamilton 1975; Aoki 1982;
Taylor 1992b; van Baalen and Rand 1998; Irwin and Taylor 2001;
Perrin and Lehmann 2001; Le Galliard et al. 2003; Ohtsuki et al.
2006).

The results of the model show that a niche construction trait
can evolve when the fitness cost to the actor is offset by the fitness
benefit of the trait to all individuals living in future generations,
each weighted by the probability that it has inherited the niche
construction gene of the actor. Hence, present direct costs are
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traded off against future indirect benefits (or vice versa). The long-
term fitness costs and/or benefits are determined by the sometimes
complicated interplay of phenotypic effects, population demogra-
phy, and environmental dynamics. To illustrate this point, I analyze
below the adaptive dynamics of a trait involved in the consump-
tion of an abiotic resource, whose abundance in future generations
feeds back on the evolutionary dynamics of the trait.

Model

LIFE CYCLE

Suppose the population occupies a homogeneous finite discrete
space: a circular lattice in one dimension and a torus in two di-
mensions (e.g., Maruyama 1970; Malécot 1975; Nagylaki 1983;
Taylor 1992b; Epperson 1999; Gandon and Rousset 1999; Rous-
set and Billiard 2000). Each of the n, nodes of the lattice consists
of both a deme with N haploid individuals of a focal species and
an environment (symbols are summarized in Table 1). The en-
vironment could for instance be a biotic or an abiotic resource,
an artifact (e.g., nest, burrow), or a waste product. Individuals
reproduce by using and/or affecting their local environment and

Table 1. List of symbols

the environments at different locations in the habitat. The envi-
ronment at each lattice point is thus modified by the behavior of
the individuals of the population. Consequently, the state of the
environment at a given point in time and position in space is likely
to depend on the phenotypes of the individuals in the population
over a number of generations. For simplicity, the environment is
assumed to take continuous values and to be of the same type
(same variable) at each lattice point. For tractability, the dynam-
ics of the environment is assumed to send it into a stable fixed
point.

The sequence of life cycle events of the focal species occurs
in the following order. (1) Each adult individual of a focal genera-
tion produces a very large number of juveniles, the exact number
depending on its own genotype, on the genotypes of its neighbors,
and eventually on the genotype of all individuals living in previ-
ous generation through their effect on the environmental state of
the focal generation. After reproduction, all adults die. (2) Each
juvenile disperses independently of each other with probability
my to deme k(3 mx = 1), where k = (x, y) is the coordinate
(single or pair) of a deme relative to the natal deme of a disperser,
so that k = 0 = (0, 0) stands for the natal deme. The dispersal

Symbol  Definition

N Deme size

ngq Number of demes

my Probability that a juvenile disperses to deme k relative to its natal deme

a? Variance of the axial distance of dispersal of an individual. For an isotropic dispersal model it is obtained by measuring
dispersal along one dimension only (02 = P k*my., see Rousset 1997)

Zq Phenotype of a focal individual living in a focal deme in a focal generation

Zk s Average phenotype of an individual living in deme k relative to the focal deme at ¢ generations prior to the focal
generation

V/ Vector collecting the phenotypes of all actors in the population in present and past generations. It is given by z =
(zo, - .., %, . ..), where the elements are indexed over time and given by z, = (zg, ..., Zk.>- - -)

7K Vector with elements z , indexed over time and obtained by circular permutation of the elements of z, with first element
zx, [e.g., for a one dimensional lattice z1 ; = (214, 224 . - - » Z0.1)]

Okt Probability that a gene sampled in a focal individual is identical with a homologous gene sampled in an individual living
in deme k relative to the focal deme at ¢ generations prior to the focal generation

w Fitness of a focal individual defined as its expected number of offspring reaching adulthood

b(z,, Z) Fecundity of a focal individual defined as its expected number of offspring produced before density-dependent
competition

b(zx,0, Zx) Average fecundity of an individual living in the focal generation at distance k from the focal deme

s Effect of a focal individual on its fecundity

Skt Effect of a focal individual on the fecundity of the whole set of individuals living in deme k relative to the focal deme at

t generations posterior to the focal generation

Py, Probability that an individual, residing in deme k relative to the focal deme at ¢ generations posterior to the focal
generation, has inherited a gene from an individual breeding in the focal deme

. Home range of the focal species
a Attack rate of the focal species on the resource
r Natural rate of replenishment of the resource
n Natural rate of depletion of the resource
o Effect (positive or negative) of resource consumption on the replenishment rate r
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distribution is assumed to be symmetric and identical for all demes
(i.e., isotropic dispersal so that the dispersal probabilities are the
same to (X,y), (-X,y), (X,-y), and (-x,-y)). (3) Density-dependent
competition occurs and exactly N juveniles reach adulthood in
each deme.

SPATIAL AND TEMPORAL HOMOGENEITY

To investigate the effect of natural selection on niche construc-
tion under the life cycle just described, I introduce a one locus
niche constructing trait z. The evolution of this trait is assumed
to follow a gradual, step-by-step transformation caused by the
successive invasion of mutant alleles having different phenotypic
effects than resident alleles fixed in the population. Under this
evolutionary scheme, the phenotype of individuals bearing a mu-
tant allele (say A) can be written as z4 = z, + 9, where z, is
the phenotype of individuals bearing a resident allele («) and &
is the phenotypic deviation caused by the mutation. By succes-
sive allele replacement, the population may eventually converge
to some candidate evolutionary stable state z, = z* (i.e., singular
point), which is either immune to any deviation 8 of the phenotype
of the resident or results in a branching point (e.g., Eshel 1996;
Geritz et al. 1997, 1998; Ajar 2003; Rousset 2004; Vincent and
Brown 2005).

To evaluate the adaptive dynamic of the trait z, we need a
fitness function that allows us to establish the strength of selec-
tion on a mutant allele. The direct fitness w of an adult individual
is defined here as its expected number of offspring that reach
adulthood (expected number of recruited offspring, e.g., Hamil-
ton 1964; Rousset and Billiard 2000; Rousset 2004). Phenotypic
effects on fitness are assumed to be spatially and temporally ho-
mogeneous. Spatial homogeneity means that the fitness of each
individual in the population can be expressed as a function of its
own phenotype, of the phenotype of the other individuals in its
deme, of the phenotypes of individuals one step further on the
lattice, of the phenotypes of individuals two step further on the
lattice and so on. Temporal homogeneity means that the fitness of
each individual can be expressed as a function of the phenotypes
of the individuals of its generation, of the phenotype of individuals
one time step further in the past, of the phenotype of individuals
two time steps further in the past and so on.

With the assumptions of spatial and temporal homogeneity,
the absolute position of individuals in both space and time has no
specific effect on fitness, and the direct fitness of a focal individual
bearing a mutant allele can be expressed as

w = w(z,, E(2)), (1)

where z, = z, is the phenotype of the focal individual, and z =

(zo, 21, . ..
over time z, = (24, Z1, - -

,Zy, . ..) 1s a vector consisting itself of vectors indexed
-+ Zkss - - -), Where zg, is the average
phenotype of individuals living in deme k (relative to the focal
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deme) at ¢ generations prior to the focal generation. Hence, ¢ =
0 stands for the focal generation and the vector z collects the
phenotypes of all individuals living in the focal and in previous
generations. All these individuals might affect the fitness of the
focal individual through their impact on the environment at each
lattice point. The environmental states at each lattice point relative
to the focal deme are collected in the vector

Ez)=E@,.... @), ...), 2)

where the function £ determines the environment in a deme as
a function of the phenotypes of all individuals living in the pop-
ulation in present and past generations. Different values of the
arguments of the function will give the environment in the differ-
ent demes such that £(z) stands for the environment in the focal
deme, whereas £(z) is the environment in deme Kk, where zy, =
(Zx.0, Zk.1 - - -» 2Kk - - -) and Zg, is a vector obtained by circular
permutation of the elements of z, with first element zy , [e.g., for
a one dimensional lattice z;, = (z1, Z2.4s - - -»20.4), Z20 = (224,
234y .-+ 20.5 Z1.1), S€€ €xample below]. This notation emphasizes
that the environments in different demes as “viewed” from the
focal deme differ only to the extent that the phenotypic values
of the individuals affecting them may differ, and this difference
is only accounted for by the spatial separation between demes,
a direct consequence of the assumptions of spatial and tempo-
ral homogeneity. The model described here can be interpreted
as the extension with extended phenotypic effects in time of the
seminal inclusive fitness models for geographically subdivided
populations (Taylor 1992b; Gandon and Rousset 1999; Rousset
and Billiard 2000; Rousset 2006).

INCLUSIVE FITNESS EFFECT

A convergence measure of stability of the trait z can be obtained
by evaluating the change in the probability of fixation of a single
mutant allele introduced in a population fixed for the resident
allele (Rousset and Billiard 2000; Rousset 2004; Lessard 2005).
The effect on its probability of fixation of a single mutant allele
expressing a small phenotypic deviation & (weak selection) can be
written as

. S

b= lim T 3)
where  is the mutation rate from one allele to a new allele (i.e,
infinite allele model), Qg is the stationary probability of identity
between a pair of homologous genes sampled from two individuals
chosen at random without replacement from the same deme, and
S is Hamilton’s inclusive fitness effect measuring the direction of
selection on the mutant allele (e.g., Rousset and Billiard 2000;
Rousset 2004, 2006). The inclusive fitness effect of the niche
construction trait z will be evaluated by the direct fitness method
(Taylor and Frank 1996; Frank 1998; Rousset and Billiard 2000),
as
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S =

R R— ow
ot ; ; am, Qe @)
which is derived in Lehmann (2006, eq. A.11). In this equation,
Qk.r denotes the stationary probability that a gene sampled at the
niche construction locus in a focal individual is identical with a
homologous gene sampled in an individual chosen at random from
deme k at ¢ generations prior to the focal generation. Because S
is computed only from first-order phenotypic effects on fitness
(weak selection), the probabilities of identity (the Qy ,’s) are eval-
uated under a neutral model only (8 = 0). This is carried out in the
Appendix (eqs. A27-A32) by following the approach to space-
time probabilities of identity by descent pioneered by Epperson
(1999, 2003).

There are two equally valid ways to interpret the partial
derivatives of the fitness function in equation (4), which are
all evaluated at the phenotypic value of the resident allele (i.e.,
monomorphic population: z, =...= zx; =...= z). First, un-
der the “neighbor-modulated” interpretation (Frank 1998; Rous-
set 2004; Grafen 2006), dw/dzy , measures the effect of the whole
set of individuals living in deme k at 7 generations prior to the
focal generation on the fitness of the focal individual bearing
the mutant niche construction allele. Hence, the focal individ-
ual is envisioned as the recipient of the mutant allele expressed
by other individuals in the population with a probability given
by the extent to which they also carry the mutant niche construc-
tion allele (the Qk,’s). This “neighbor-modulated” interpretation
follows directly and naturally from the definition of the fitness
function w. Second, under the “inclusive fitness” interpretation
(Frank 1998; Rousset 2004; Grafen 2006), dw/dzk ; measures the
effect of the focal individual on the fitness of the whole set of
individuals living in deme k at 7 generations posterior to the focal
generation. The focal individual is now seen as the actor express-
ing the mutant niche construction allele and affecting the fitness
of other individuals in the population, who carry the same allele
as the focal individual according to the probabilities of identity
(the Qk ,’s). The two interpretations of the partial derivatives of-
fer here two different perspectives of the intertemporal fitness ef-
fects resulting from the expression of niche construction (dw/dz
for t > 0). The “neighbor-modulated” approach emphasizes past
history whereas the “inclusive fitness” approach emphasizes the
future. Under neither of these approaches need the probabilities
of identity be known to the individuals performing the actions
because the niche construction trait is assumed to be expressed
unconditionally with respect to the genotype of the recipients
(i.e. no discrimination or nepotism), and the probabilities of iden-
tity are ultimately determined by the demographic regime of the
population.

Even if the niche construction behavior seem at first glance
to result in changes of gene frequencies occurring at different time

epochs when seen from the “point of view” of a focal individual
under the “neighbor-modulated” and the “inclusive fitness” ap-
proaches (past and present vs. present and future), the change of
gene frequencies under these two perspectives is in fact strictly the
same. Under both approaches, it is always the actor who expresses
in terms of decreased reproduction the direct fitness costs of the
niche construction behavior. This action results in a decrease in
the frequency of the mutant allele in the generation of the actor, if
everything else is held constant. Similarly, it is always the recipi-
ent who expresses in terms of increased reproduction the indirect
benefits of the niche construction behavior, which is then likely
to increase the frequency of the mutant allele in the generation
of the recipient, if everything else is held constant. It is the total
change in gene frequency that is taken into account by the gradient
of selection S, which is obtained by integrating all the increments
and decrements of gene frequencies resulting from the correlated
expression of the mutant allele by individuals in the population in
each generation, since its first appearance until its eventual fixa-
tion or loss from the population (Rousset 2003, 2004). Hence, a
positive effect of the mutant allele on aggregate gene frequency
change results in an increase of the probability of fixation of the
mutant allele, that is, a positive inclusive fitness effect (S > 0).
This means that, on average, an individual bearing the mutant al-
lele has a higher individual fitness than an individual bearing the
resident allele.

It follows that a candidate evolutionary stable strategy z*
(ESS) and its associated candidate ecological stable state £(z*) can
be found by solving § = 0 for z. Further, evaluation of dS/dz|._..
allows us to determine whether the trait is convergence stable (e.g.,
Eshel 1996; Geritz et al. 1998; Rousset 2004), that is, whether a
population near to a candidate ESS will converge to it by selection.
However, the present framework does not allow us to establish
whether a niche construction trait is continuously stable, that is,
whether it is an ESS or a branching point. Evaluating continu-
ous stability in a spatial setting requires ascertaining the effect of
selection on the probabilities of identity Qy ; (Ajar 2003).

FITNESS FUNCTION

The direct fitness w of a focal individual is obtained as the sum
of its expected number of recruited offspring in the focal deme
and on those reaching adulthood in other demes by dispersing.
Call b(z,, z) the average fecundity of the focal individual, which
may depend in a complicated way on the vector of environment
states E(z). A fraction m; b(z,, z) of the focal individual’s offspring
enter in competition in deme i with a fraction iji, ib(zj0, Z;) of
the total number of offspring produced in the population, where
b(zj 0, z;) is the average fecundity of individuals in deme j. Taking
into account all demes to which the focal individual’s offspring
eventually disperse, the direct fitness of the focal individual is
given by
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b(z.,2)

Z Z mi_jb(zj0, 73)

w(z,, E(z)) = )

Under weak selection and additive gene action, effects of ac-
tors on fitness bear an additive structure (Rousset 2004; Grafen
2006), and so do effects of actors on the fertility b of the individ-
uals in the population. With these assumptions, it is shown in the
Appendix (see eqs. A1-A7), that without loss of generality, the
direct fitness of the focal individual can be written as

1 + SYe + oi S , ,
w(ye, E(y)) = Zmi y th_o Ek K.t Ykt . ’
i iji—j (1 + $¥i,0 + Z,zo Zk Sk,,yj_k,,)
(6)

where

1 0b(z,,2)

= b(z,z) 0z, @)

Ze=uyZyrye =2

is the effect of the focal individual on its fecundity relative to the
average fecundity b(z, z) of an individual carrying the resident
allele in a population monomorphic for the resident, and y, = &
is the phenotypic deviation of the focal individual relative to an
individual carrying the resident allele. Furthermore,

1 9b(z,2)
b(z,z) 0zy,

®)

Sk’, =

Zh,tye=2

is the effect of the whole set of individuals living in deme k at ¢
generations prior to the focal generation on the relative fecundity
of the focal individual, y* , is the average phenotype of an indi-
vidual residing in that deme, relative to an individual carrying the
resident allele, and

N -1

1
R R
Y.+ = Ykt €Xcept that Yoo = Ny- + (T) Yoo, (9)

where yy , is the average phenotype of an individual but excluding
the focal individual himself from the average.

Equation 6 expresses the fitness of the focal individual in
terms of the effects (positive or negative) of the various categories
of actors (labeled by k and ¢) on its own relative fecundity, and
on the number of offspring produced by all its competitors. This
functional form is convenient for investigating the generic reper-
cussions of the spatial structure of the population on an arbitrary
niche construction trait’s selective pressure. The effects on rela-
tive fecundity appearing in equation (6) are specific to each niche
construction trait and can also be interpreted in the “inclusive-
fitness” way. Under this interpretation, sy , represents the effect
of the focal individual on the relative fecundity of the whole set
of individuals living in deme k at ¢ generations posterior to the
focal generation. This future-oriented interpretation appears to be
more intuitive for understanding the forthcoming results, and I
now endorse it for the rest of this article. Finally, I will refer to
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the set of effects si o as “contemporary” effects and to the set of
effects s, for t > 0 as “intertemporal” or long-lasting effects.

Results

SELECTION ON NICHE CONSTRUCTING TRAITS
Substituting the fitness function (eq. 6) into the inclusive fit-
ness effect (eq. 4), evaluating the partial derivatives at y, =...=

Ykt = .-
identity and simplifying (see eqs. A8—A21 in the Appendix) re-

0, using the stationary values for the probabilities of

veal that a mutant niche constructing allele is selected to increase
in frequency in a population with a large number of demes (say
ng — 00) when ¢ > 0, where

l o0
d=s5+D D swrPur (10)
t=1 k

The relative fecundity effect sy, in equation (10) is weighted by
the factor Py /N, where Py, is the probability that an individual
residing in deme k at ¢ generations posterior to the focal genera-
tion has inherited a gene from an individual breeding in the focal
deme, and 1/N is the probability that this ancestor is the focal
individual himself. Hence, current fecundity costs to the actor are
traded off against the effects of its behavior on the fecundity of all
individuals living in the future of the population, each weighted
by the probability (P ,/N) that the recipient is a descendant of the
actor. The measure of genetic similarity Py ,/N reflects only the
chance of direct descent of the genes of the recipient from those of
the actor. All genetic similarity between actor and recipient caused
by nondirect descent has cancelled out; a consequence of the in-
crease of kin competition faced by recipients, and resulting from
the niche construction trait affecting the fitness of all individuals
within demes (see second term in eq. A12).

Equation (10) makes contact with a number of previous re-
sults from population genetics. In the absence of any spatial struc-
ture (Pg , — 0), selection favors the mutant only when it increases
the fecundity of the actor (and/or the viability of its offspring), that
is, its expected number of offspring produced before the regula-
tion stage (s > 0), where s is sometimes referred to as the adap-
tive or survival value of a gene (Wright 1969; Gillespie 2004).
If spatial structure is added to the system but there are no in-
tertemporal fitness effects, selection favors again the mutant only
when it increases the fecundity of the actor and/or the viability of
its offspring (Maruyama 1972, 1974; Slatkin 1981). This result
is true regardless of the type of contemporary phenotypic effects
(positive or negative) actors exert on the fecundity of recipients
living in the same or in different demes (Taylor 1992a, b; Rous-
set 2004). Finally, in the presence of an infinite island model of
dispersal and intertemporal fitness effects, selection favors the
mutant allele when the cost to the actor is lower than the sum of
the fertility effects on individuals living in the focal deme in future
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Temporal distance t

from ancestor Spatial distance k

20700 from ancestor

Figure 1. Normally distributed probability density Py ~ (ec_rilz(zt)/
(V2wo?t) that in a one-dimensional habitat a line of genes de-
scending from an individual living in a focal deme will reside at
distance k from the focal deme (spatial distance) at t generations
posterior to the focal generation (temporal distance). The variance
of the distance of dispersal is 62 = 1. When t is small, the line of
genes descending from a focal individual is likely to be located
near the focal deme, whereas for large t, the line of genes tend to
be uniformly distributed on the lattice. The ancestor is located at
the origin on the graph.

generation, weighted by the probability that they have inherited
the niche constructing gene from the focal actor (Lehmann 2006).
Equation (10) can be applied in the presence of both, extended
phenotypic effects in space and time, and the corresponding se-
lective pressure for finite populations is given by equation (A21)
of the Appendix.

Because the movement of a random line of genes (i.e., a line
of descent) can be interpreted as the movement of an immortal in-
dividual in space, it is conveniently described by a random-walk
with step distribution given by the dispersal distribution (Skellam
1951; Sawyer 1975). The probability Py, can therefore be ap-
proximated by the bivariate normal distribution with mean zero
and variances o3¢ (Skellam 1951), where the parameter o2 is the
variance of the axial distance of dispersal; a measure of the speed
at which a line of genes moves away from the geographic position
of its ancestor (Rousset 2004). The approach of Py ; to normality
is very rapid if the dispersal distribution is roughly normal to begin
with. Because the variance o’ increases as the number of gen-
erations goes by, the bell shape fades away, resulting ultimately
in a uniform distribution of the focal individual’s gene lineage in
space (Fig. 1). Hence, pairs of individuals sampled at sufficiently
large distances in time will all be unrelated, whatever the structure
of the population.

EXPLICIT EXAMPLES

Selection with and without intertemporal fitness effects
To get an intuition for the intensity of selection on niche construc-
tion, the coefficients of selection sy , will now be given an explicit
functional form. Because the purpose here is only to compare the
selective pressure on a trait with and without niche construction,
I do not consider the environment explicitly and use a heuristic

>

Intensity of niche
construction in time

2 4 6 8 10 12 14

Temporal distance from the focal deme

0.2 0.2

09 0.5
-2 -1 0 1 2 3

construction in space

Intensity of niche

Spatial distance from the focal deme

Figure 2. Niche construction effects in both space and time. (A)
Extended phenotypic effect in time B(1 — A7)t of equation (12)
with B = 1 graphed as a function of time for increasing values of
the temporal decay rate, namely A+ = 0.2, A+ = 0.5, and A7+ = 0.9.

(B) Extended phenotypic effect in space Be& of equation (12)
with B = 1 graphed as a function of the distance from the focal
deme for increasing values of the spatial decay rate, namely As =
0.2, A5 = 0.5, and As = 0.9.

function for the s ;’s (a case with explicit environmental dynam-
ics is considered in the next section). Suppose that the habitat is
one dimensional and that the extended phenotype z results in a
reduction of the relative fecundity of the actor by C, whereby

s=—C (11

and suppose that the phenotype increases the relative fecundity of
individuals living in a deme at distance k from the focal deme at
t generations posterior to the focal generation by

2
sts = B(1 — \p) e (12)

This function describes a situation in which an increment in fe-
cundity of magnitude B dies out in space and time according to
a spatial decay rate Ay and a temporal decay rate Ay (see Fig. 2),
where the latter rate is a measure of the ecological inheritance of
the niche construction trait.

Substituting the fecundity effects (s and s4,) into equation
(10), assuming that Py, follows a normal distribution and that
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Niche construction
=1 benefits

Spatial
decay rate
decay rate

Figure 3. Benefits resulting from intertemporal fitness effects
(right-hand side of eq. 13) graphed as a function of the tempo-
ral and spatial decay rates (\r and As) forB=1, N=1,and ¢2 =
0.25. The benefits decrease with increasing temporal and spatial
decay rates. In the absence of intertemporal fitness effects (i.e., no
ecological inheritance or long-lasting fitness effects), the benefits
are equal to zero. Consequently, if the niche construction trait is
costly to the actor (C > 0in eq. 13), it cannot evolve in the absence
of ecological inheritance (\ 7 = 1).

space is continuous, the condition for the invasion of the niche
construction trait is approximated for large \g (fast spatial decay)
by

C  JT—hs [& (=N
5 < (Z o ) (13)

N+/2c?

This equation shows that when all phenotypic effects on the en-

1
=1 12

vironment are erased from one generation to the next (\y = 1),
the trait cannot evolve if it results in a fecundity cost to the ac-
tor. This is a classical result (Maruyama 1974; Taylor 1992b;
Rousset 2004). However, in the presence of ecological inheritance
(A7 < 1), the equality can be satisfied so that indirect future bene-
fits drive the evolution of a costly trait (see Fig. 3). Future benefits
can become substantial but decrease as the variance in dispersal
o increases. We now turn to a more complicated example where
the extended phenotypic effects s;, are determined by the dy-
namics of the environment, itself a function of the evolving niche

construction trait.

Selection for resource conservation

In this section, I derive the candidate evolutionary stable state of
a trait involved in the consumption of an abiotic resource (e.g.,
nitrogen, phosphorous, water) and the associated environmental
stable state of the resource. The consumption of the resource is
assumed to result in a linear monotonic increase of the fitness of
individuals using it (introducing diminishing return does not qual-
itatively change the following results but leads to a more compli-
cated analysis). For simplicity,  again consider a one-dimensional
habitat with no migration of the resource between locations. The
organism is assumed to have a functional response of Type I for
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the resource (Holling 1959; Murdoch et al. 2003; Rueffler et al.
2006).

With the assumptions just spelt out, the fecundity of a focal
individual can be written as

bem) =1+ E@)Bja(l - z), (14)

=0

where £(z;) is the amount of the resource in a deme at distance j
relative from the focal deme and 3, is the proportion of time spent
by the focal individual searching for the resource in that deme
(Zj B; = 1). Search time is assumed to follow a normal distri-
bution with mean zero and variance »?, which can be interpreted
as a measure of the home range of the organism. The parameter
a is the consumer search efficiency weighted by the attack rate
(area or volume cleared of resource per individual, Murdoch et al.
2003), which is weighted by (1 — z,) in equation (14). Hence,
the mutant can be seen as decreasing the parameter a by magni-
tude 8, and one can now ask whether such a mutant allele will be
selected for when restraint in resource use will increase resource
abundance in later generations. The dynamics of the resources (the
&(z;)’s) are detailed in the Appendix (eq. A46) and are affected
by the number and phenotypes of individuals consuming them, a
natural rate r of replenishment and a natural rate p of depletion.
I further assume that resource consumption by the focal species
decreases the replenishment rate of the resource by a factor a,
which can be thought as an interference between consumption
and replenishment.

In this consumer—resource setting, the effect of the focal indi-

vidual on its relative fecundity evaluated atz, =. .. =z, =...=
0 is given by
a€
=, 15
g 1+a€ (15)
(eq. A37 of the Appendix) where
(1 —aaN
g U —aaN) (16)
w+aN

is the resource level determined by the resident allele (eq. A56 in
the Appendix). The numerator of the last equation represents the
net replenishment rate of the resource, which is affected by the
consumption of the focal species through the interference param-
eter a. The denominator represents the net depletion rate of the
resource (natural depletion plus depletion due to the focal species).
The coefficient of selection s is a net fitness cost because, by re-
fraining from consuming resources, the focal individual looses
fecundity shares, which decreases its fitness.

The effect of the focal individual on the relative fecundity
of the N individuals living in a deme at distance k from the focal
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deme and at generation ¢ posterior to the focal generation is given
by
X o0
St = “(l'i—z:) ; BiBj—taN(l —p —aN)Y~™"  (17)

(eq. A38 of the Appendix). This is a net benefit because by refrain-
ing from consuming a marginal amount of a¢& units of resources
in a deme at distance j from the focal deme in the focal genera-
tion (e.g., eq. 15), the focal individual increases the availability
of the resource by a marginal amount of a(a + &) units in that
deme. The fraction of the additional resources that are actually
available for individuals living ¢ generation in the future is given
by (1 — u — Na)'~!, where . + Na represents the total depletion
rate (or discount of the resource) due to both natural depletion and
consumption of the resource by the individuals in the population
in intervening times. The greater the depletion rate, the lower the
impact of resource restraint on future generations.

Substituting the fecundity effects into the selective pressure
(eq. 10), assuming that dispersal follows a normal distribution, that
the home range of individuals is larger than the dispersal range
(0? > ¢2) and that the habitat can be considered as continuous
(see derivation eq. A45 in the Appendix), we find that the mutant
allele spreads when

£ a <1— o’ > (18)
ro+& = 2J/7(n +aN)w 4w +aN)w? /)’

The left-hand side can be interpreted as the ratio of the marginal
cost to the marginal benefit of the act decreasing the attack rate.
When a = 0, marginal cost and benefit of the act are equal and
we do not expect restraint in resource consumption to evolve. Re-
straining resource consumption is only worthwhile when the act
creates a surplus. A necessary condition for that trait to evolve is
thus that & > O and it can indeed be checked that inequality 18
cannot be satisfied when o« = 0. For o > 0, the condition of inva-
sion (eq. 18) can be satisfied but it becomes more stringent when
the variance in dispersal o2 increases, so that individuals living
in the local environment of an actor in later generations are less
likely to be its descendants, and when the home range w? of indi-
viduals increases, so that the actor is less likely to consume local
resources that could be used by its relatives living in future gen-
erations. Finally, the condition of invasion of restraint in resource
use becomes more stringent when the natural rate p of deple-
tion increases so that the niche construction effects of previous
generation have a lower impact on subsequent generations.

By successive allele replacement the population may even-
tually reach the point where both the left- and the right-hand side
of inequality 18 are the same. For a given set of parameter values,
the value of the attack rate a* that equates both sides of inequality
18 is the candidate evolutionary stable attack rate, which, once
substituted into equation (16) yields the corresponding evolution-
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Effect of consumption on replenishment

Figure 4. Candidate evolutionary stable attack rate a* and asso-
ciated stable environmental state £(a*). (A) Evolutionary stable
attack rate a* obtained by equating both sides of equation (18)
and solving for a, and then graphed as a function of the parame-
ter « (interference between consumption and replenishment) for
different combination of parameter values. The lower line (labeled
a) corresponds to N = 1, p = 0.01, r = 0.1, 2 = 0.01, and w2 =
1. The second line (labeled b) corresponds to the same parameters
values as the first line, except that the variance in dispersal is in-
creased to 0.5. The third line (labeled c) corresponds to the same
parameter values as the first line except that the home range is
increased to 5. The attack rate decreases with increasing values
of a because the marginal benefit of refraining from consuming
the resource increases relative to the marginal cost. By contrast,
an increase in the variance in dispersal or the home range results
in an increase of the attack rate. (B) Environmental stable state
£(a*) (see eq. 16) resulting from the attack rates graphed in panel
A. The labels of the lines correspond to the ones given in panel A.
The equilibrium level of the resource decreases with an increase
in both the variance in dispersal and the home range. Note that
in the absence of resource consumption (a = 0) the equilibrium
value of the resource is given by £ =10 (i.e.,, E =r/p). If « =0,
selection drives the resource to extinction.

ary stable environmental state. These two quantities are plotted in
Figure 4 as a function of « and for different values of the dispersal
distribution ¢’ and the home range »?.

Discussion

Niche construction, by which organisms modify the environment
in which they live is likely to feed back on the selective pressure
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of a variety of traits (e.g., Odling-Smee et al. 1996, 2003; Laland
etal. 2001; Ihara and Feldman 2004; Borenstein et al. 2006). How-
ever, the selective pressure on niche constructing traits themselves
has received little attention so far. Niche constructing traits or ex-
tended phenotypes in time (Dawkins 1982) can potentially affect
the environment from local to global scales, and thus change the
pattern of natural selection to which the phenotypes are exposed
in subsequent generations. This article presents an inclusive fit-
ness analysis of selection on such traits when evolution occurs in
subdivided populations of finite and constant size.

SELECTION ON NICHE CONSTRUCTING PHENOTYPES
The main result of this article (see eq. 10) is that the selective
pressure on a niche construction behavior in spatially subdivided
populations depends on at least two classes of fitness effects. First,
it depends on the effect of the behavior on the actor’s own fecun-
dity (where fecundity is defined as the total number of offspring
produced that reach the regulation stage). Second, it depends on
the effect of the behavior of the actor on the fecundity of all in-
dividuals living in subsequent generations, each weighted by the
probability that it has inherited the genes underlying the niche
construction behavior from the actor (P /N in eq. 10). In other
words, present direct benefits are traded off by future indirect costs
(or vice versa). Equation 10 illustrates that phenotypic effects of
genes extending far beyond the life span of an actor may be shaped
by natural selection, whenever they impact the fitness of individu-
als that are likely to have inherited its genes. This suggests that the
evolution of niche construction traits can be interpreted in terms of
kin selection, but with individuals affecting the fitness of relatives
posthumously.

The strength of selection on the trait that arise from intertem-
poral fitness costs and/or benefits depends on the variance in dis-
persal distance (02), which characterizes entirely the population
genetic structure in both space and time when the dispersal distri-
bution is approximately normal and the number of demes is very
large. Assuming that the fitness effects (the si ,’s) will eventually
completely decay with increasing spatial and temporal distances,
the intensity of selection on a niche construction trait decreases
with an increase of the variance of dispersal (see eq. 13). This is
so because the variance in dispersal measures the speed at which
a line of genes moves away from the geographic position of its
ancestor. In other words, it determines the extent to which individ-
uals living in the local environment of an actor in later generations
are likely to be its descendants. With a high variance in dispersal,
the relatedness between individuals living in different generations
at the same spatial location decreases markedly. Consequently, the
likelihood that an individual living in later generations than the
actor will benefit (or suffer) from the locally modified environ-
ment by its ancestor decreases, and ecological inheritance can no
longer translate into inclusive fitness benefits.
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SELECTION WITH AND WITHOUT INTERTEMPORAL
FITNESS EFFECTS

Figure 3 compares the benefits (or costs) of a niche construction
allele with and without intertemporal fitness effects for a given
value of the dispersal distribution. When all phenotypic effects on
the environment are erased from one generation to the next (i.e,
no ecological inheritance, Ay = 1 in eq. 12), a behavior costly to
the actor cannot be selected under the assumptions of the present
model because the contemporary benefits cancel out through the
increase in kin competition (Taylor 1992b; Rousset 2004). By con-
trast, when effects on the environment are not completely erased
from one generation to the next, which is likely to occur for incep-
tive perturbations (e.g., nests, burrow, Odling-Smee et al. 2003,
table 2.1), a behavior costly to the actor can evolve if present costs
are offset by future benefits. Ecological inheritance may thus be a
potent factor accounting for the evolution and/or maintenance of
altruistic traits in species constructing long-lasting artifacts such
as the social insects. Undeniably, social and eusocial insects, not
only provide direct care to kin, but also construct, maintain, and
regulate hives and mounds (Wilson 1975). These are all costly,
altruistic acts, but from which distant descendants may reap the
benefits.

The selective gradient (eq. 10) is a surprisingly intuitive and
simple result given the complexity of the model we began with
(eq. 6). One might thus wonder whether its predictions are likely
to hold in the presence of other reproductive schemes and/or de-
mographic processes. Indeed, the life cycle assumes that all adult
individuals die per unit of time (semelparous organism) and is thus
specific. But importantly, this assumption is well documented to
provide the most difficult situation for the evolution of social be-
haviors through inclusive fitness benefits in spatially subdivided
populations (Taylor 1992a; Taylor and Irwin 2000; Rousset 2004;
Lehmann et al. 2007). By contrast, assuming overlapping gener-
ations, increases the kin selection pressure on traits affecting in-
teractions between individuals in subdivided populations. Indeed,
in the presence of overlapping generations the contemporary fit-
ness effects (sk o) no longer cancel out from the inclusive fitness
equation (Taylor and Irwin 2000; Irwin and Taylor 2001). This
occurs because a parent is now likely to interact directly with one
of its offspring, thereby markedly increasing the intrageneration
relatedness coefficients between local neighbors (the Ok o’s). The
increase in the selective pressure is the strongest under the assump-
tions of “evolutionary graph theory” where exactly one individual
dies per unit of time (e.g., Ohtsuki et al. 2006; Ohtsuki and Nowak
2006; Lehmann et al. 2007). Because overlapping-generations in-
crease the kin selective pressure on any trait even in the absence of
niche construction, we expect that overlapping generations will in-
crease selection on a niche construction trait in general, because all
space-time relatedness coefficients between local neighbors will
be increased. An increase of the intensity of selection on niche
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construction is further expected if any demographic assumption
increasing the probabilities of identity is introduced (e.g., specific
mating schemes, dispersal modes, life-history strategies). These
comments suggest that different life cycle assumptions will quan-
titatively affect the present results, but in general, one expects
stronger selection on intertemporal fitness effects than the present
analysis suggests.

When the population is of finite size, the selective pressure
on niche construction becomes more complicated and involves an
additional term (compare eq. 10 and eq. A21 of the Appendix).
The intertemporal fitness effects are then weighted by (Px, —
1/n4)/N instead of being weighted by Py /N, where 1/nqg repre-
sents the probability that, under panmixia, any recipient living at
any generation posterior to a focal actor has inherited the genes
from an individual living in the focal deme in the focal genera-
tion. Hence, 1/n4 is a reference point for evaluating the genetic
similarity between actor and recipient. In a panmictic population
(i.e., Py = 1/ny) all intertemporal fitness effects vanish, because
arecipient is then not more (or less) likely to bear genes identical
by descent with the actor than is any individual taken at random
from the population at any generation (i.e., relatedness vanishes).
If recipients residing in a particular location of the habitat (say
deme k at generation ¢ in the future) have a probability of inher-
iting the genes of the actor that is greater than the one resulting
from random dispersal (i.e., Px; > 1/nq), those recipients are
then likely to be positively related to him. Equation (A21) sug-
gests that as long this is true, any positive intertemporal fitness
effect (si; > 0) on these recipients can only augment the inclu-
sive fitness of the actor. By contrast, if a particular class of recip-
ients have a probability of inheriting the genes of the actor that is
lower than the one resulting from random dispersal (i.e., P, <
1/nq4), these recipients are likely to be negatively related to him.
Equation (A21) then suggests that any negative intertemporal fit-
ness effect (sk, < 0) on these recipients may augment the inclu-
sive fitness of the actor. Hence, natural selection can favor the
expression of behaviors that are costly to the actor and spiteful
posthumously.

Posthumous spiteful behaviors may occur in bacterial lin-
eages. Indeed, by producing extracellular polymers, bacteria shape
biofilms that are likely to extend over the life span of a single indi-
vidual. Such polymer production is costly for the actor, beneficial
for individuals bearing its gene lineage and deleterious for neigh-
boring gene lineages (Xavier and Foster 2007). More generally,
bacteria release into their environment intraspecific antagonist
compounds such as bacteriocins and bacteriophages, a weaponry
allowing them to suppress the growth of competing strains (Ri-
ley and Gordon 1999; Gardner et al. 2004). If the half-life of
these compounds exceeds the half-life of the bacteria, ecologi-
cal inheritance will be operating, which might eventually lead to
posthumous harming being selected for. Similarly, intraspecific

allelopathy occur in plants (Groner 1974), where allelochemi-
cals are released into the environment by a focal plant, which
subsequently inhibits the growth and development of neighbor-
ing plants of the same and different generations. This suggests
that long-lasting phenotypic effects on fitness can not only pro-
mote selection on a focal gene lineage by augmenting its repro-
duction (i.e., helping) but also by decreasing competition (i.e.,
harming).

SELECTION FOR CONSERVING RESOURCES

The adaptive dynamics of the attack rate of a resource was de-
rived here as an explicit example where the intertemporal fitness
effects of niche construction can affect the evolution of a trait.
The ecological context for the evolution of this attack rate can be
thought of as a simple consumer—resource system (e.g., Roughgar-
den 1976; Abrams 1999; Murdoch et al. 2003; Vincent and Brown
2005; Abrams 2006), with the population of predators being of
constant size but subdivided in space, and with an adaptive change
occurring in the amount of prey consumed. In the absence of pop-
ulation structure, the attack rate of the resource would evolve
toward the point where selection-driven extinction of the resource
would occur. Here, I asked under what condition can restraint
in resource consumption evolve, when the act is costly in the
present but results in an increase of the abundance of the resource
posthumously.

The primary condition for natural selection decreasing re-
source consumptions in a population in which all individuals face
the same needs is that restraining resource consumption today cre-
ates a surplus of resources tomorrow. In other words, the benefit
created by the act must exceed the cost. This is possible if resource
consumption interferes with resource replenishment (a > 0).
When restraint in resource consumption can be selected for, the
selective pressure of the trait decreases when: the variance (6% in
dispersal increases, the home range (w?) of individuals increases
and the natural rate () of depletion increases (see Fig. 4). The rate
of depletion can be interpreted here as a measure of the “ecologi-
cal inheritance” in the system. When . = 1, resources produced
in past generations are naturally erased so that the level of the
resource in any generation depends only on current production. In
this case, restraint in resource consumption can never evolve. This
absence of ecological inheritance may correspond to situations in
which the generation time of the resource is much shorter that the
generation time of the focal species so that the value of the envi-
ronment reaches its steady state during a single generation of the
focal species (e.g., Rueffler et al. 2006). By contrast, when . < 1,
the resource level in a focal generation is likely to depend on the
phenotypes of individuals living in adjacent generations and re-
straint in resource use can evolve, provided the indirect benefits
resulting from the posthumous increase in resource abundance
offset the current costs to the actor.
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Even though the present model lacks any explicit population
dynamics in the focal species, it sheds light on the selective pres-
sure on behaviors affecting consumer—resource systems, which
are the basic units of ecological communities (e.g., Roughgar-
den 1976; Abrams 1999, 2006; Murdoch et al. 2003; Vincent and
Brown 2005). The model illustrates that the way organisms have
been selected to consume their resources depends on intertwined
life-history, ecological and demographic factors; where the values
of the dispersal distribution, the home range of the focal species
(here the predator), and the natural depletion rate dictate whether
conservation or selection-driven extinction of the resource will oc-
cur. For instance, pastoralism, which has been described as caus-
ing environmental degradation (Fratkin 1997), includes low group
density and high mobility, a situation not favorable for selection on
resource conservation. The migration distribution and the home
range are important for the evolution of resource consumption
because they determines the structure of the populations, which
itself determines how resource consumption will feed back on the
inclusive fitness of the actor expressing the trait. The present for-
malization could also be used to investigate issues of optimal for-
aging such as specialist—generalist trades off (e.g., Abrams 2006;
Rueffler et al. 2006), in the absence of explicit predator dynamics
but with an explicit spatial structure of the population of preda-
tors. But more generally, both prey and predators may fluctuate
in size, and evolution under this intertwined demographic pro-
cesses can be analyzed with the framework of Rousset and Ronce
(2004), which incorporates selection on niche construction traits
as a special case by taking long-lasting fitness effects into account
through the use of the concept of reproductive value.

The present analysis is based on the simplifying assumptions
that selection is weak and that the absolute positions of individ-
uals in both space and time have no specific effect on fitness
(spatiotemporal homogeneity). But it suggests that the selective
pressure on traits resulting in a physical modification of the envi-
ronment can in general markedly feedback on the evolution of the
trait through indirect kin selection pressure. In our own species,
the transition from hunting and gathering to agriculture resulted in
the permanent or semipermanent settlements that are associated
with the domestication of plant and animals (Bellwood 2004).
This ecological transition led to many inceptive perturbations such
as the constructions of houses, fortifications, agricultural fields,
and technological innovations, which potentially last far beyond
the life span of the constructor. Permanent settlements reduce
the movement of individuals in their habitat and thus decrease
the variance in the distance of dispersal, creating more favorable
conditions for selection on niche construction. This raises the in-
triguing question of the extent to which humans have been shaped
by natural selection to behave in accordance to their impact on
future generations, be it at a local or at a more global scale.
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APPENDIX

EFFECTS OF ACTORS ON RELATIVE FECUNDITY

Here, I show how the direct fitness function w (eq. 5) can be
expressed in terms of effects of actors on the relative fecundity of
recipients. Equation (5) can equivalently be written as

f(ze,2)

By N A UL Al
w(z,, E(z)) Zm >_imi-if(zj0, ) "
where
_ b(z,,2)
f(ze,2) = b(z,z) "

is the average fecundity of the focal individual relative to the aver-
age fecundity b(z, z) of an individual in a population monomorphic
for the resident allele and

b(zj0, 2;)

b(z, z)

is the relative fecundity of individuals living in a deme at distance

f (o z7) = (A3)

j from the focal deme.
Taylor expanding equation (A2) around the phenotypic value

of the resident allele (z, =...,z,,...= z), one has
1 0b(z,,7)
L E) = 1 - L °
flan) * b(z,z) ( 0z, (G2

00
n Z Z 3[9(2., Z) o — Z)) + 0(82), (A4)
=0 k k.

where O(3?) is a remainder of order 8. This remainder can be
neglected under the assumption of weak selection, under which
one considers only effects of first order (i.e., effects of intensity
). Similarly, by Taylor expanding equation (A3) around the phe-
notypic value of the resident allele, one has

o 1 ab(zj 0, 2) L
fGo.z) =1+ b(z, z)( 9zj,0 Cio =2
Z 5 8ba(zj 0B Z)) +0@). (A3)
=0 k Zikt

I will now define several variables: y, = (z, — z) = & and
Yk = (zx; — z), where yy, represents the average phenotypic
deviation (but excluding the focal individual from the average) of
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an individual living in deme k at ¢ generations prior to the focal
generation, relative to an individual carrying the mutant allele;

1 0b(ze,2)

= A6
b(z,z)  0ze |, . ,.= (A6)
and
1 9b(z,,2) (A7)
Skt = T
o b(z,z) Ozk: |, =

which are effects of actors on the relative fecundity of the focal
individual. With theses variables in hand and noting that db(z,, z)/
0z, = 0b(zj,0, 2j)/0zj,0 and 0b(z,, 2)/0zx,; = 0b(zj 0, Zj)/0zj_k,, at
Ze = ...Zks...= z, shows that equations (A4) and (AS5) corre-
spond, respectively, to the numerator and denominator of equa-

tion (6).

INCLUSIVE FITNESS EFFECT
In this appendix, I evaluate the inclusive fitness effect (eq. 4)
explicitly when the fitness function w is given by equation (6). To
this aim, I use classical results on Fourier analysis. All the results
used in this appendix are spelt out in Rousset (2004, chapter 3) or
in Grimmet and Stirzaker (2001).

Substituting equation (6) into equation (4), evaluating the
derivatives at y, =... =y, , =...= 0) and rearranging reveals S
can be written as

=) (1 — Z Zmimi,j Qf0>
i
ST (Qk,r =) mimiy Qf_k,,> , (A8)
=0 k i

where

] . 1 (N—1
Ok, = Ok exceptthat Qg = = + ( —— | Qoo- (A9)

Because dispersal and fitness effects are assumed to be spatially
homogeneous, we have my = m_x, Sk, =S_x, and Ok, = 0 k.
Decomposing S into contemporary and intertemporal fitness

effects yields
S =S80+ S7, (A10)

where

So=s <1 — szimi—j Qfo)
i

+ Zsk,O (Qk,o — Z Zmimi—j QjR—k,O) (A11)
k 5
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gathers all contemporary fitness effects and is similar to equation
(7.19) of Rousset (2004), and

= Z Zskﬁ, (Qk,, =0 mimi Qj_k,,> (A12)
=1 i

which gathers all intertemporal fitness effects.

Substituting the equilibrium values of the spatial probabili-
ties of identity (eq. A24) into equation (A11), the contemporary
inclusive fitness effect simplifies to

So=s(1 = Qo0/¥)+ Y_ sko(Qko— Qx0/Y¥),  (Al3)
k

where y = (1 — p)? denotes the probability that two genes have
not mutated during reproduction. This equation can equivalently
be written as

So=(1-0 )|:s<l_1_7'y)
Y v =000

Y S
<v(1 - Qo,o)) ;Sk’“Q"’O} '

Substituting the equilibrium values of the space-time proba-

(Al14)

bilities of identity (eq. A32) into equation (A12), the intertemporal
inclusive fitness effect can be expressed as
f by

= (11— t
St = ( QO 0) Z Z Z Sk, 'Y\IJ )
x <e—’k'9<h) _ Z Z mimi—je_l(k_j)‘e(h)> » (A15)
i

where §, = >°; m;e®® is the characteristic function of the dis-
persal distribution with 1 = V=1 and 0(h) = 2w(h,/n,, hylny).
The vector representations of 6(h) and of the spatial coordinates
i were introduced to carry out the analysis in a 2D model. But all
the following calculations apply directly to a 1D model as well,
in which case the characteristic function of the dispersal distribu-
tion becomes s, = Y, m;e'®" with 6(h) = 2wh/ng, and all the
sums in equation (A15) are then taken over the lattice points of a
one-dimensional lattice.

The second term in the parentheses of equation (A15) can be
expressed as

D) DL
= e o~ Lk—i—i+i)-0(h)
Zi: Z miniy JE

_ q,ﬁe—zk-e(h). (A16)

—1(k—}))-0(h)

0 ,—Li=)-6(h) ,—1k-O(h)

With this equality, equation (A15) becomes

St = (1— Qo) (ZZZ flbh( —y0? ))e_lkﬁ(h))'

(A17)

Adding up equations (A14) and (A17), substituting the result
into equation (3), using equation (A26) and recalling that when
— Oone hasy — 1 and Q_x o — 1, the effect of the mutant on
its probability of fixation is then given by

1
(b:S_N—nd(S—i_Xk:Sk’O)

Z lim, («/— "’h(l — lbh)) o 1KOM)

+ZZ na(l —yiy)
(A18)

t=1 k

The limit in the last sum can be taken by noting first that {5y =
> imie® =", mij = 1. Thereby

YUR=00) o
Zi»o(nd(l—ylb))e "

h
L Z“l’r —1k-0(h)

h;éO
=_Z¢r 7lk9(h)+¢0 _i =Pkt_ia
h;ﬁO ng nq ' nq
(A19)
where
Pk,r — Zlbt —1k-6(h) (Azo)

is the inverse Fourier transform of the #’s fold convolution of the
characteristic function iy, of the dispersal distribution. This is
the probability that a random line of genes descending from an
individual residing in the focal individual will be in deme k at ¢
generations posterior to the focal generation (3", P, = 1). With
this result, the effect of the mutant on its probability of fixation
finally becomes

e B () (T

d
(A21)

This equation shows that if the population is panmictic, that is, if
the dispersal distribution is uniform (myx = 1/nq4) so that Py, =
1/nq4 for all deme k and time ¢, all intertemporal effects on fitness
vanish. Consequently, in this case, equation (A21) boils down to

1
b=5s—— s+ Sk0 | >
s\ 2

which is equivalent to equation (7.21) of Rousset (2004).

(A22)
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Alternatively, if we assume that the number of demes be-
comes very large (say nq — 00), the last term in equation (A21)
will vanish. In that case, classical results show that the normal dis-
tribution function is a good approximation to equation (A20) for
large ¢ and for any dispersal distribution (Grimmet and Stirzaker
2001). In one dimension, this is

42
e 202t

V2molt

where o2 = E [£2 ] is the variance of the axial distance of dispersal,

P~ (A23)

ameasure of the speed at which a line of descent moves away from
its ancestor. The closer the dispersal distribution is to a normal
distribution, the better the approximation.

PROBABILITIES OF IDENTITY

In this appendix, I describe how to evaluate probabilities of iden-
tity by descent between pairs of homologous genes sampled in
individuals residing at different spatial and temporal locations. In
so doing, I follow the lead of Epperson (1999, 2003).

Spatial probabilities of identity

The probability of identity between pairs of homologous genes
sampled in two different adult individuals living at k steps apart
on the lattice in the same generation satisfies at steady state the
recursion

(A24)

R
Oko =" E E mimi—j Qy_; o,
T

where OF | = Ok_j o except that O, = (1 + (N — 1)Q0,0)/N
(e.g., eq. A9). Each term of the sum is obtained as the probabil-
ity that two individuals residing at k — j steps from each other
before dispersal will be residing at k steps from each other af-
ter dispersal (e.g., Malécot 1975, eq. 2; Epperson 2003, eq. 5.5;
Rousset 2004, eq. 3.47). Standard formulae (e.g., Malécot 1975;
Rousset 2004) show that the characteristic function of the proba-
bilities of identity Q(h) = >, Qiyoe“‘e(h), where 0(h) =21 (h,/n,,
hy/ny), can be expressed as a function of the characteristic function
Yp=); m;et M of the dispersal distribution, as

(1= 000) Y
Vo)

Finally, I mention that from the recursions for the probabili-

Q(h) =

(A25)

ties of identity (eq. A24) one can establish a useful formula, which

will be helpful in several calculations, and that relates the diversity

in a deme (1 — Qg o) to total population size Nny by the equality
1—7 1

lim — = —

(A26)
n—0 1 — Q0,0 ndN

(Rousset, 2004, eq. 3.68).
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Space-time probabilities of identity

The probability Qy, that a gene sampled in a focal individual
residing in a focal deme in a focal generation is identical by descent
with a homologous gene sampled from an individual chosen at
random in deme Kk at ¢ generations prior to the focal generation
satisfies for r > 2 the recursion

Ox: = ﬁZmiQk—i,t—l- (A27)
i

This equation is obtained by noting that with probability m; the
focal individual has migrated i steps from its natal deme, in which
case a gene sampled in its parent (probability of identity of 1) has a
probability of identity Qk_;,—; with a homologous gene sampled
in an individual chosen at random from position k — i relative
to the parental deme at + — 1 generations prior to the parental
generation. The boundary condition of the system of equations
(A27) is obtained be evaluating the probability of identity QO ;
between a gene sampled in a focal individual and a homologous
gene sampled from an individual of the parental generation chosen
at random from deme k. This is

Ox1 = ﬂZmiQEq,o

1 —
=Y (Z m;Qx_io0 + mk(Nﬂ) ) (A28)

because with probability my the focal individual originates from
the same deme as the individual sampled from the parental gen-
eration, in which case the individual of the parental generation is
the parent of the focal individual with probability 1/N.

Call Q(h), =Y, Ok ,e™*® the characteristic function of
the probabilities of identity between pairs of genes sampled at ¢
generation of interval (for # > 0). Then, by Fourier transforming
equation (A27), one has

Qh), =) A Y miQx i 1e™™™
k i
— ﬁ Z Z mieli~(-](h)Qk_i![_lel(kfi){-)(h)
i k

= /YPnQh),_,

which gives a recursion on Q(h),. The solution is Q(h), =
Nal [llll[]Q(h)], where the boundary condition Q(h); is obtained
by Fourier transforming equation (A28), which gives

(A29)

1 _
Q)1 = /7 (Q(h) + (Nﬂ> L (A3
Hence, fort > 1
1 —
Qh), = V70, (Q(h) + (Nﬂ) L3

from which the stationary probability of identity QO , for # > 1 can
be obtained as
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Qk,zﬁLééﬁﬁﬁufx (A32)
where
1
Li(F) = — ) F(h)e oM A33
K(F) dz; (h)e (A33)

is the inverse Fourier transform at distance k of the function

Y

Fh) = . A34
U (A34)

APPLICATION: RESOURCE CONSERVATION

In this appendix, I derive the explicit selective pressure on a niche
constructing trait involved in the consumption of an abiotic re-
source.

Inclusive fitness effect of the attack rate
From equation (14) in the main text, the fecundity of a focal indi-
vidual engaged in the consumer—resource system is given by

b(ze.2) =1+ Y E)Bja(l —z,)

=0

(A35)

where the resource values are obtained from equations (A50) and
(A54), namely

00 1 00
5(Zj) = Z r <1 — L — Z ijk(l(l — Zk’,)N> . (A36)
x=1 k=0

=1 =1

X—

From these two expressions, and using equations (A55) and (A56),

yields
1 0b(z,,2) ak
= —_—_— = — . A
b(Z, Z) 32' Ze=...=z} ;=...=0 1 + aS ( 37)
and
o = 1 09b(z,,2)
T b zes e
B 9E(z;))
N 1+a$Z T 2k,
a(roc—i—E) _
= e Z(l— —aNnN)' 1BJ-BJ-_kaN. (A38)

Substituting the fecundity effects into equation (10), one has
S = P, =—| -€ &
S+ — ZZW\{I{[ T 5( +a@a+&)

X Z(l— —aN)"~ IZZBJB, APkr>
=1

=0 j=0
I will now approximate S by passing on to continuous space,

(A39)

and use equation (A23) for the spatiotemporal gene lineage dis-

tribution and

—i2
€ 202

V2mw?

as interaction kernel. With these two functions, the inclusive fit-

B = (A40)

ness can be approximated as

00
S ~ ] fag<—€+a(ra+8);(1 —p—anN)y!
(2
./ / 21022102t djdk) (Ad1)
Evaluating the double integral in the parentheses of

equation (A41) with Mathematica (Wolfram 2003) gives
1/(w/21/2 + 02t /?), and the remaining sum in the inclusive

fitness can be written as

a (l—u—aN)’_l_ a A(l—p—aNnN)
w2 /2+t<ur)_§ oV2m /1_‘_[_'_23_2
(A42)

Taylor expanding the summand of the right-hand side around x =
/o, when x becomes large, that is when the home range (w?) is
larger than the speed at which genes move away from the focal
deme (0?) yields

(I-p—aN)y (I—p—aNy
Vitr+2:2 V2 x
I+ (1 —p—aN) (1)
— o|l—).
4253 * x4

(A43)

With these approximations, the inclusive fitness becomes

a(ra+¢&) ( B o? )]
2/m(n +aN)o 4(n + aN)w?

a
S 1+a5[_
+0 ().
(A44)

Setting S > 0 to find the condition under which the mutant
invades and neglecting the residue O(1/x*), the mutant spreads
when

£ a 1 ot (A45)
< — .
ra+€& 2w +aN)w 4(w + aN)w?

Resource dynamics

To obtain the explicit values of £(z;), going into equations (14)
and (A35), I derive in this section the recurrence equations for
the dynamics of the environment. The functional form for the
dynamics of the resource is very similar to those presented by
Laland et al. (1999) and Odling-Smee et al. (2003).
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The amount of an abiotic resource &, in a focal deme at
time 7 + 1 is expressed as a function of the resources present in
that deme at time / according to the equation

ng—1
S =& — Enp — & (Z Bkg(Zk,h)>

k=0

(A46)

ng—1
+r (Z ka(Zk,h)> .
=0

The righthand side consists of four terms: the number of resources
available at time /1, the amount of resources depleted naturally at
rate |, the amount of resources depleted due to all individuals
consuming it, where g(z; ) represents the rate at which individuals
with phenotype z 5, living in a deme at distance k from the focal
deme consume the resource, and, finally, the replenishment of the
resource occurring at a rate r, which is affected by the phenotype
of the individuals in the population through the function f.
Solving the recurrence equation (A46) by standard methods

gives
h—1 ng—1
&=1] (1 —p-y Bkg(zk,.g) &
x=0 k=0
h—1 ng—1 h—1 ng—1
+yor (Z ka(zk,x)> [1 (1 —n-> Bkg(zk,t)> :
x= k=0 1=x+1 k=0

(A47)

where z; ; is the average phenotype of an individual living at 7 —
i generations prior to A: if i = 0, the individual lives in the period
0, whereas if i = h — 1, the individual lives one generation before
h. To evaluate the inclusive fitness effect, we need an expression
for &, where the phenotype z;; can be interpreted as being the
average phenotype of an individual living at i generations prior to
h, namely if i = 1, the individual lives one generation before /4,
whereas if i = h, the individual lives in the period 0. To that aim,
equation (A47) will be expressed, by a change of variable, as

h ng—1
&=[] (1 —n- ; Bkg(zk,.o) &

x=1

h ng—1 x—1 ng—1
+)or (Z ka<zk,x>) I1 (1 —p-y Bkgm,,)) :
x=1 k=0 t=1 k=0
(A48)

where z; ; now reads as the average phenotype of individuals liv-
ing at i generations prior to /4. Asymptotically (& — ©0), the
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first line of this equation vanishes, and the whole expression
becomes

o) ng—1 x—1 ng—1
E(z) = ;r (; kauk,x)) ]1 <1 —p— ; Bkgm,[)) ,

) (A49)

which is the amount of resources in the focal deme expressed in
terms of the average phenotypes of all those individuals living in
the population in previous generations [z = (zg, Z1,...,Z,. . .)
where z, = (o4, Z1 45 - -

-+ Zkys - - -)]. From this equation we finally

obtain the environment in a deme at distance j from the focal deme

as
00 ng—1 x—1 ng—1

E@p=) r (Z ka<zj_k,x>>1_[<1 —p-y Bkg(zj_k,»).
x=1 k=0 t=1 k=0

(A50)
Using the chain rule and the product rule for finding the
derivative of a function, the derivative of £(z;) with respect to z; ,
and evaluated at zog =...=z;, =...=z is found to be
8Zk’,

=Bl —p—g@)!

Tkt =2

5 (8f<zk,,>_ fe) ag(u,»)
0zjy W+ g(z) dzx,

(A51)

Zk =2
and the amount of the resource in a monomorphic population is
given by
r
£y = @
b+ 8(2)

With a functional response of Type I for the resource and

(AS52)

from the assumptions of the main text, we have
8(zx) = a(l — zx )N, (A53)

and
fGr) =1—aa(l —z; )N, (A54)

which, once substituted into equations (A51) and (A52), gives

aE(z;) =B+ (1 —p—aN)"aNGa+E) (AS55)
82/(,; 24,=0
where
g " —aaN) (AS56)

w+aN



