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A B S T R A C T

Despite being widely used in both biology and psychology as if it were a single notion, heritability is not a unified
concept. This is also true in evolutionary theory, in which the word ‘heritability’ has at least two technical def-
initions that only partly overlap. These yield two approaches to heritability: the ‘variance approach’ and the
‘regression approach.’ In this paper, I aim to unify these two approaches. After presenting them, I argue that a
general notion of heritability ought to satisfy two desiderata—‘general applicability’ and ‘separability of the
causes of resemblance.’ I argue that neither the variance nor the regression approach satisfies these two desiderata
concomitantly. From there, I develop a general definition of heritability that relies on the distinction between
intrinsic and extrinsic properties. I show that this general definition satisfies the two desiderata. I then illustrate
the potential usefulness of this general definition in the context of microbiome research.
1. Introduction

The term ‘heritability’ and its cognates are widely used both in
everyday language and in diverse fields in the life sciences, including
evolutionary biology, genetics, and psychology. When asking whether a
trait is heritable in everyday language, one typically wants to know
whether this trait is transmitted across generations so that offspring
resemble their parents (Fox Keller, 2010, chap. 3). Following a more
genetic-centred usage of the term, heritability is often associated with
the process of genetic transmission. That it recurs over generations does
not entail that a trait is heritable—sharing genes with one’s parents
must be the reason the phenotype is transmitted. (Lynch&Walsh, 1998,
pp. 170–175).

Following the development of biometry and evolutionary theory (in
particular of population and quantitative genetics), the technical
notion of heritability acquired several formal definitions (see Jac-
quard, 1983, for a detailed analysis of these alternative definitions). In
quantitative genetics, the heritability of a phenotype P in a population
that depends on two independent variables G—the genotype—and
E—an environmental deviation—so that P ¼ G þ E, is defined as the
ratio of genotypic variance to phenotypic variance (Falconer &
Mackay, 1996). From this definition, a further distinction between
‘broad-sense’ and ‘narrow-sense’ heritability is classically made.
Broad-sense heritability, h2G, corresponds to the ratio of total genetic
(or genotype) variance, Var(G), to phenotypic variance, Var(P).
Formally, we have:
5 October 2021
h2G ¼ Var ðGÞ
Var ðPÞ: (1)

Narrow-sense heritability, h2A, corresponds to the ratio of additive
genetic variance, Var(A), to phenotypic variance. It follows a model in
which the genotype can be separated into two factors A—additive—and
I—non-additive (due to gene-gene interactions)—so that G ¼ A þ I.
Formally, we have:

h2A ¼ Var ðAÞ
Var ðPÞ: (2)

Hereafter, I refer to broad-sense (Equation (1)) and narrow-sense
(Equation (2)) heritability as falling under the ‘variance approach’ to
heritability.

Both broad-sense and narrow-sense heritability can be used to assess
the extent to which some parent-offspring resemblance should be
attributed to genes as opposed to the environment. Broad-sense heri-
tability is relevant when reproduction is asexual (Lynch &Walsh, 1998,
pp. 592–595). Because asexual organisms transmit their whole genome
across generations rather than some shuffled part of it (following
meiosis in sexual organisms), gene-gene interactions are expected to be
the same in parents and offspring (assuming no mutations). Thus, the
effects they produce on a phenotype should be included in a measure of
heritability if it is used as a measure of parent-offspring resemblance
due to genes. Some have connected broad-sense heritability to genetic
causation (see, for instance, Sesardic, 1993, 2005; Oftedal, 2005;
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1 Note that environmental deviations are measured as phenotypic deviations
that remain once deviations that can be explained by individuals sharing a
portion of their genotype with their kin have been taken into consideration. An
immediate implication is that if parents not only pass on their genetic material
(DNA) to their offspring but also other factors, these factors might be counted as
‘genetic’ (for developments of this idea see Bourrat & Lu, 2017; Lu & Bourrat,
2018).
2 Fisher was very well aware of this when writing his seminal paper on the

analysis of variance: ‘loose phrases about the “percentage of causation” which
obscure the essential distinction between the individual and population should
be avoided’ (Fisher, 1918, pp. 399–400).
3 Assuming a range of possible changes (those observed in real populations).
4 Note in passing that deviations from the mean as a way to approach

causation is not at all restricted to genetic causation since it is at the basis of
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Tabery, 2014; Lynch & Bourrat, 2017; Tal, 2009; Bourrat, 2021).
Others, following Lewontin (1974), have denied that such an inter-
pretation is warranted (for analyses of the debate, see Oftedal, 2005;
Tabery, 2014).

Narrow-sense heritability is relevant when genes are shuffled at every
generation so that, in the long run, one can consider that a given allele at
locus L1 has no more chance to interact with an allele at locus L2 than it
has with any another allele at the same locus. Such a situation is a good
approximation of what happens in sexual organisms (Falconer&Mackay,
1996, chap. 10), although that involves many caveats I will not discuss
here.

In the biometric tradition, heritability, h2b , is defined as the regression
slope of average offspring phenotype on average parental phenotype
without reference to genes (Jacquard, 1983). Following the least-squares
method (Lynch & Walsh, 1998, pp. 39–42), the regression slope of a
variable X on another variable Y, βXY, is equal to the covariance between

the two variables, divided by the variance of Y, so that βXY ¼ Cov ðX;YÞ
Var ðYÞ . In

the case of heritability, assuming asexual reproduction, we have:

h2b ¼
Cov ðP0

;PÞ
Var ðPÞ ; (3)

where P0 is the average offspring phenotype coming from a parent.
Hereafter, I refer to Equation (3) as the ‘regression approach’ to
heritability.

Facing these different technical definitions of heritability, novices
and sometimes more expert readers might feel uncertain about the dif-
ferences and similarities between these definitions. Do they play the
same explanatory role? Are they genuinely different? Do they rest on the
same conceptual foundations? How do they relate to genetic causation
and genetic transmission? In this paper, I propose a new definition of
heritability that is motivated by the aim to address an unresolved tension
existing between the variance and regression approaches. In some set-
tings, the two approaches yield different answers about the heritability of
a trait. If one assumes, as I do, that heritability is a single concept or ought
to refer to a single value in a particular setting, this is problematic. In
developing my new definition, I will provide novel answers to the
aforementioned questions.

To meet my goal, I start by discussing the vexed topic of heritability
and genetic causation. I argue that, following the variance approach,
heritability can be connected to genetic causation following the inter-
ventionist or difference-making account of causation. I then link this
conception of heritability to genetic transmission. Next, I present a
setting in which the variance and the regression approach arrive at
different conclusions about the heritability of a trait. I argue that having
two different heritability values for the same setting undermines our
capacity to assess the extent to which natural selection operates in this
setting. From there, I set two desiderata that an adequate heritability
concept ought to satisfy. I call these ‘general applicability’ and ‘separa-
bility of the causes of resemblance.’ I show that these desiderata are
concomitantly satisfied by neither of the two approaches. This leads me
to reject the two approaches as the preferred one in the context of
evolutionary theory. I present an alternative definition of heritability that
meets these two desiderata. This definition relies on the distinction be-
tween extrinsic and intrinsic properties. I elaborate on this definition for
situations in which different causes of phenotype are not independent.
Finally, I show the potential relevance of this general definition in the
context of microbiome research.

2. The variance approach and its relations with genetic
causation and transmission

In this section, I start by analysing in what sense broad-sense herita-
bility is associated with genetic causation and extend my reasoning to
narrow-sense heritability. I then show how genetic causation and
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transmission are connected. Before delving into the analysis, it should be
noted that, when referring to the variance approach of heritability, one can
focus exclusively on the notion of genetic causation rather than trans-
mission. This is particularly the case with the use of broad-sense herita-
bility in behavioral genetics (Bourrat, 2021; Downes & Matthews, 2020;
Griffiths & Stotz, 2013; Lewontin, 1974; Lynch & Bourrat, 2017; Oftedal,
2005; Sesardic, 1993, 2005; Tabery, 2014). In this discipline, heritability is
used to estimate the extent to which phenotypic variation, at the popula-
tion level, is statistically associated with genetic variation when all
gene-gene interactions are considered. Whether such a statistical associa-
tion should be interpreted causally has been a topic of controversy.

The reasoning behind this use of heritability is the following. At birth,
individuals are endowed with genes that come from their parents, and
they develop in a particular environment. Within a causal interpretation
of the concept, a heritability measure is supposed to tell us how much a
phenotype causally depends on the genotype rather than the environ-
ment in which the individual develops. In a population, the more de-
viations from the mean population phenotype are due to genotypic
deviations, the higher those phenotypic deviations are ‘caused’ by
genotypic deviations. This translates into a high broad-sense heritability
value. In contrast, when phenotypic deviations are small in comparison
to phenotypic deviations due to the environment or there are none,
broad-sense heritability is low or nil.1

One potential objection to the definition of ‘genetic causation’ as
‘deviation from the mean phenotype’ is that it does not correspond to the
typical notion of genetic causation. When asking whether genes or the
environment cause a phenotype, one might intuitively think that it means
a phenotype could develop in the absence of one or the other. It should be
clear, however, that it cannot be so when referring to genetic causation in
the context of heritability. It does not make sense to ask what a pheno-
type with no genotype or developing in no environment would be. An
organism, by definition, is constituted by a genotype and it develops in an
environment. Thus, both genes and the environment are contributors to
an organism's phenotype. This point has been widely acknowledged in
the literature. It is referred to as the ‘interactionist consensus’ by Sterelny
and Griffiths (1999, pp. 97–100).2

What do ‘genetic’ and ‘environmental’ causes of phenotype mean in
the context of heritability, if not the presence or absence of the envi-
ronment/genes for an individual? One possible answer is that a genetic
cause can be characterised as changes in the values of the genotype
producing changes3 in the value of the phenotype in a population.Mutatis
mutandis, an environmental cause can be characterised as a change in the
value of the environment. A deviation from the mean is one way to
operationalise those changes in value. Elsewhere, I provide a systematic
defense of this interpretation (see Bourrat, 2021).

Such a conceptualisation of genetic causation can be framed within
the difference-making account of causation (Woodward, 2003, 2010;
Bourrat, 2020, 2021; Pearl, 2000; Lynch& Bourrat, 2017; Lynch, 2021).4

Following this account, causation in a minimal sense between two vari-
ables is established when the change in the value of one variable (say X)
ANOVA and regressions that are widely used in many sciences.
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produces a change in the value of another at a later time (say Y), provided
the change in X—known as an ‘ideal intervention’ in this literature—did
not lead to any other change at the time it was made. Sometimes the
change is from ‘presence’ to ‘absence,’ but this need not be. It can be
between different values of X. This account of causation has received
both verbal (e.g., Waters, 2007; Woodward, 2003, 2010) and more
formal treatments (e.g., Bourrat, 2019b; Griffiths et al., 2015; Pearl,
2009; Pocheville et al., 2017; Spirtes et al., 2000).

When one applies the interventionist account to the genotype-
phenotype relationship in a population, an ideal intervention on geno-
type leading, on average, to a given change in phenotype, establishes the
extent to which a variation in genes cause a variation in a phenotype in
this population. The ratio of the two changes can then be used as a
measure of the relative influence of genes on the phenotypic differences
as opposed to environmental ones. While the connections between her-
itability and the interventionist account of causation are more subtle, this
is, in essence, is what broad-sense heritability captures. In Bourrat
(2021), I provide a detailed analysis that establishes the links between
the interventionist account and heritability formally. Due to lack of
space, I will not reiterate it here. However, I will respond to some po-
tential objections to this way of conceptualising heritability.

First, one might think that there is an important impediment to
applying the interventionist reasoning to any real situation. They might
reason that performing an ideal intervention on the genotype (or any
other variable for that matter) of an individual would require the ability
to physically alter its genotype, observe the change in phenotype, and
compare it to the phenotype, had the genotype of this individual not been
changed. However, since this procedure is physically impossible, does it
not then prevent one from establishing causation, not only genetic
causation but causation tout court, using the interventionist account?

To respond to this potential objection, let me first note that there are
at least two projects one might pursue with respect to genetic causation
and heritability. One of these projects is purely conceptual. It aims to
answer the following question: ‘can broad-sense heritability be con-
nected to causation (especially the interventionist account), and if yes,
under which conditions?’ This is the project I am concerned with here.

The second project is more epistemic and aims to answer the
following question: ‘assuming a phenotype under genetic influence, does
an estimate of broad-sense heritability obtained from a set of data
characterise this causal relationship adequately?’ The two projects are
connected because whether an estimate is judged adequate will depend
on whether it satisfies the conditions for heritability to be linked to
causation. However, one might be purely interested in the first question
without needing to refer to any data or epistemic considerations.

Coming back to the concern that an ideal intervention is not physi-
cally possible, one can respond as follows: while it is true that ideal in-
terventions are physically impossible, one can nevertheless conceptualise
that they are possible, and that enough to have a causal explanation.
Thus, one can ask what would be the effect of altering the genotype of an
individual without having to worry about whether this can be done in the
physical world. This fits squarely with the first of the two projects. That it
is physically impossible to alter a genotype and yet yield causal expla-
nation should not be viewed as surprising. The interventionist account is,
indeed, part of a broader family of accounts of causation, namely,
counterfactual accounts. The term ‘counterfactual’ literally means
against the fact (i.e., what is observed). To estimate the extent to which
genes are a cause of phenotype, one can develop methods to emulate an
ideal intervention in the physical world, either by designing experiments
or from observed data. Using these methods, one can know with some
degree of confidence what the outcome of such an intervention would be
without it taking place. With both experiments and observational studies,
a number of methodological precautions must be taken to be able to infer
causation from data. When the data is purely observational, as is typically
the case with human traits, this inference is especially perilous. This
point applies for any observational data, not solely with respect to heri-
tability. I will not be concerned here with those precautions because
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estimating heritability belongs to the second of the two projects
mentioned above.

A second type of objection within the project of linking heritability to
causality conceptually concerns the existence of such a link in conditions
of gene-environment interaction. It has been noted numerous times that
heritability can be connected to genetic causation only when there is no
gene-environment statistical interaction (i.e., gene and environment are
additive causes of phenotype) (Griffiths & Stotz, 2013; Lewontin, 1974;
Sesardic, 2005; Tal, 2012). One consequence of the existence of statistical
gene-environment interactions (as well as different genotypes and envi-
ronments in different populations) is that the causal interpretation of
heritability can only be a local one—that is, one that does not extend to
populations with different genotypes and environmental conditions. This
means that interpreting heritability causally in situations of substantial
gene-environment interaction is not warranted. This point is independent
of any epistemic considerations (see Taylor, 2006, 2010, for some related
problems).

There are two things to note in regard to this objection. First, this
objection is not specific to heritability. The same difficulties of charac-
terising a causal relationship with a single number will be encountered in
any situation of interacting causes (Bourrat, 2021; Sesardic, 2005; Tal,
2009).

Second, the interventionist account has some resources permitting us
to partly address this problem. It allows characterising and comparing
causal relationships over different ‘dimensions,’ such as ‘invariance,’
‘stability,’ and ‘specificity’ (see Woodward, 2010, 2003; Pocheville et al.,
2017, for verbal and formal attempts). To give an example, a causal
relationship might be very unstable. That is, it might not hold in most
backgrounds. However, following Woodward’s analysis, this lack of
stability does not imply the relationship is noncausal. It just scores lower
on that dimension than a more stable one. The same applies to other
dimensions. In my recent analysis, I show that statistical interaction and
locality can be viewed from the perspective of Woodward’s notions of
stability and invariance (see Bourrat, 2021). Thus, despite the difficulties
of characterising relationships in which there is substantial
gene-environment interaction, this is possible provided that more infor-
mation about the relationship is given. In other words, there is scope to
develop more complex metrics based on heritability for situations of
gene-environment interactions. Doing so, however, would go beyond the
scope of this paper. For simplicity, my analysis will assume no
gene-environment statistical interaction. This is a classical assumption
made the basic ‘ACE’ model of behavioral genetics (see Knopik et al.,
2016, appendix). In Section 5, I will take up the problem of
gene-environment covariance, which is another way in which genes and
environments might not be ‘independent.’

Admittedly, the point that local relationships are nonetheless causal
following a nuanced view of causation means that extrapolating the
heritability measure from one population to another is generally un-
warranted. A further response to this objection might be that it is unclear
that within-population or local measures, in and of themselves, have no
value, as, for instance, the successful use of heritability estimates in
breeding programs attests (see Lynch & Walsh, 1998, p. 5, for a brief
overview).

Having drawn a link between broad-sense heritability and genetic
causation, can this be extended to narrow-sense heritability? The only
difference between narrow- and broad-sense heritability is that the
former does not account for the influence of gene-gene interactions (i.e.,
dominance and statistical epistasis) on phenotype. This means that
narrow-sense heritability can be interpreted causally using the same
reasoning as for broad-sense heritability but with a slightly different
meaning of ‘genetic causation.’ In the context of narrow-sense herita-
bility, ‘genetic causation’ refers to ‘genetic causation once gene-gene
interactions have been discounted.’ It should be noted that there are
specific epistemic problems with the attempts to eliminate all the effects
of gene-gene interactions that causally influence a phenotype. For a
discussion in the context of the missing heritability problem, see Zuk
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et al. (2012). As with broad-sense heritability, I will not tackle these is-
sues here.

Thus far, I have argued that the variance approach to heritability can
be connected to genetic causation when measured over the lifetime of an
organism—that is, how genotypes that organisms are endowed with at
conception can causally influence their phenotypes. I now ask how this is
related to transmission and parent-offspring similarity. Following the
variance approach (whether broad-sense or narrow-sense heritability),
genes happen to be transmitted from parent to offspring.5 Assuming that,
everything else being equal, the same genotype or allele has a similar
effect on a phenotype in both parents and offspring (or later generations),
one can deduce the extent to which a parent-offspring resemblance
(assuming they live on average in the same environmental conditions) is
genetic, provided we know the portion of the genotype transmitted from
parents to offspring. When the resemblance is high, assuming parents
transmit their whole genotype to offspring, we can conclude that this
resemblance is almost entirely due to genes. This translates into a high
heritability. In contrast, when the same offspring do not resemble their
parent, we can deduce that genes play no role in the determination of the
phenotype. In such cases, heritability is low or nil. Thus, heritability can
be used both as a measure of genetic causation and also phenotypic
resemblance due to genetic transmission, where the latter is inferred by
the reoccurrence of genotypic effects on phenotypes at each generation.

To sum up, heritability, following the variance approach, can be
regarded as an adequate measure, in some conditions, of genotypic
causation qua context-dependent (i.e., local) difference-making causa-
tion. Further, genetic causation can serve as the basis of measuring the
extent to which the similarity between parents and offspring is genetic.
However, as we will soon appreciate, this conception of heritability is in
tension with the regression approach. To calculate the heritability of a
trait using the regression approach, one does not need to assume that any
gene is causally related to a phenotype or transmitted from parent to
offspring. To unveil this tension and what it implies, I next present a
setting in which, depending on whether one uses the regression or the
variance approach to heritability, a different value for heritability is ob-
tained. In Section 4, I alleviate the tension between these two conceptions
by proposing a more general definition that satisfies two desiderata one
can reasonably demand for a sound concept of heritability.

3. Conflicting heritabilities

3.1. A problem

To show what separates the variance from the regression approach,
let us examine the following biological setting.

Let us suppose a species of plant with individuals living in two
possible environments: ‘rich’ and ‘poor.’ Assume that individuals in the
rich environment are ceteris paribus taller than those living in the poor
environment. Assume now a population of genetically identical in-
dividuals of these plants with offspring plants living in the same envi-
ronment as their parents. Finally, assume that reproduction is asexual
and that parents transmit their genetic material (DNA sequences) faith-
fully to their offspring.

What is the heritability of height in this population following the
regression approach? Recall that it is a measure of similarity between
parents and offspring in the following sense. A trait is heritable if parents
which deviate by x units from the mean value of the trait in the popu-
lation are more likely than other individuals with a different phenotype
to produce offspring which deviate by x units from the mean value of the
trait in the offspring population.

This response is in sharp contrast with the answer one would obtain
using the variance approach. Whether using the broad-sense or narrow-
5 Depending on whether organisms are asexual or sexual, not all genes are
transmitted from parent to offspring.
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sense definition of heritability, this answer would be that heritability is
nil in the above example. Why? Simply because we assumed that the
population is composed of genetic clones. Thus, the genotypic variance
and consequently the additive genotypic variance in this population are
both zero. It follows that the ratios of these variances to phenotypic
variance, which constitute the definitions of heritability (broad-sense
and narrow-sense, respectively) following the variance approach, are nil.

Thus, we have two answers for the heritability value of the same trait
in the same population. These conflicting answers can have significant
implications beyond the concept of heritability. To see that, assume now
that tall individuals produce more offspring than short individuals. The
two approaches would lead to different answers about whether height
evolves by natural selection in the population since heritability is a
necessary ingredient for evolution by natural selection (Bourrat, 2014,
2015b; Brandon, 1990; Godfrey-Smith, 2007; Lewontin, 1970; Mameli,
2004; Okasha, 2006). This is an unsatisfactory situation since whether
evolution by natural selection occurs is a matter of fact rather than
definition. If this reasoning is correct, there are two possible conclusions:
either one of the two definitions should be favoured over the other, or
neither of the two definitions is adequate, at least in the context of
evolutionary theory. As we shall see, many authors have argued for one
of the two definitions being the correct one. I will argue that this is not so,
and a third definition of heritability is preferable.

3.2. Uncovering the tension

One way to uncover the origin of the tension between the regression
and variance approaches to heritability is to notice that they are formally
equivalent when some assumptions (in particular about the environ-
ment) are made (Okasha, 2010).

Recall the definition of heritability following the regression approach:

h2b ¼
Cov ðP0

;PÞ
Var ðPÞ : (3)

Following the assumptions of the height example presented above,
individuals breed true. Following the model used with the variance
approach, we have P ¼ G þ E and P0 ¼ G0 þ E0, where G0 and E0 are the
offspring genotype and environmental deviation, respectively, and, since
individuals reproduce asexually, we have G0 ¼ G. Consequently, making
those assumptions, we can develop Equation (3) as:

h2b ¼
Cov ðGþ E

0
;Gþ EÞ

VarðPÞ : (4)

Since the covariance of a variable with itself is its variance, using the
distributive property of variance and covariance, Equation (4) can be
rewritten as:6

h2b ¼
Var ðGÞ þ Cov ðG;EÞ þ Cov ðE0

;GÞ þ Cov ðE0
;EÞ

Var ðPÞ : (5)

It can be deduced from this equation that the variance heritability and
the regression heritability are equal when we have Cov(G, E) ¼ Cov(E0,
G) ¼ Cov(E0, E) ¼ 0. In words, the two definitions of heritability are
equivalent in a genetic context when there are no gene-environment
correlations (both between the genotype of the parent and its environ-
ment, and the environment of its offspring) and no correlation between
the parental and offspring environments (see also Okasha, 2010,
Appendix).

It can also be deduced that variance heritability is a component of
regression heritability in biological systems, since we have:
6 (Okasha, 2010, Appendix, arrives at the same form, except he uses the
narrow-sense rather broad-sense heritability).
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h2b ¼ h2G þ
Cov ðG;EÞ þ Cov ðE0

;GÞ þ Cov ðE0
;EÞ

Var ðPÞ : (6)
In the height example above (Fig. 1), G and G0 are constant because
individuals are clones. This means that Var(G), Cov(G, E), and Cov(E0, G)
are all nil. However, since the environment of the parents is the same as
that of their offspring, we have Cov(E0, E) > 0. Thus, heritability of
height, when measured with the regression approach, is positive in our
example solely due to the parent-offspring environmental covariance
being positive.

We now have a clear picture of the relationship between the two
approaches to heritability. However, this does not tell us whether one
ought to be chosen over the other. In the next section, I argue that neither
of the two approaches is satisfactory in general. They both fall short of
one of two desiderata one can reasonably demand for a general concept
of heritability tailored to evolutionary theory. From there, I propose a
general account of heritability that satisfies the two desiderata.

4. The best of both worlds?

4.1. Neither the variance nor the regression definition

My analysis thus far has revealed that a single trait can have a
different heritability depending on which approach is used. Facing this
tension, one might be tempted to argue that one is better than the other.
Some authors in the heritability literature have indeed argued that one
approach is more fundamental than the other. For instance, some
quantitative geneticists, such as Lynch and Walsh (1998, pp. 170–171),
consider that regression heritability is only an estimate of variance heri-
tability.7 Their rationale is that if heritability is a measure of genetic
Fig. 1. Setting leading to conflicting heritability measures. Individual plants are
genetic clones, but they live in different environmental patches (‘rich’ or ‘poor’).
If there is a correlation between the parental and offspring environment and the
phenotype (here height) depends on the variation in the environment, applying
the regression definition yields a positive answer while applying the variance
(broad-sense) definition leads to a nil heritability.

7 They argue that it is an estimate of narrow-sense heritability because they
frame their discussion considering diploid sexual organisms. In the context of
my discussion, regression heritability would be an estimate of broad-sense
heritability.
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parent-offspring resemblance and the regression definition can include
other terms, it cannot be regarded as defining the genetic component of
the resemblance. From a purely genetic perspective, this sounds right.

However, the requirement that heritability refers to genetic variance
prevents one from using the notion of heritability in a nongenetic
context, as pointed out by Okasha (2010), Rice (2004, pp. 203–205), and
Mameli (2004). For instance, using the variance approach, the herita-
bility of a cultural trait would be nil because cultural entities are
nongenetic. Yet, one might believe that cultural traits, and other epige-
netic traits considered broadly, are heritable and can be selected.
Restricting the definition of heritability to genetic variance arbitrarily
limits the legitimate usage of this concept in different domains. Further,
the regression definition of heritability is the one recovered from the
most abstract equations of evolutionary change, such as the Price equa-
tion (Price, 1970), and thus the one truly relevant in the context of
evolutionary theory. These considerations lead Rice (2004, p. 204) to
consider that ‘it is more appropriate to think of all measures of additive
genetic variance as estimators of parent-offspring covariance.’8

It should also be pointed out that considering a definition of herita-
bility in terms of genetic variance requires that everyone agree about
what ‘genetic’ refers to when talking about genetic variance. Unfortu-
nately, as discussed in Griffiths and Neumann-Held (1999), Griffiths and
Stotz (2006, 2013), Moss (2003), and Lu and Bourrat (2018), such is not
the case. One area in which not making this distinction clear has created
some confusion is the literature on the missing heritability problem and
heritability estimates derived from genome-wide association studies (see
Bourrat & Lu, 2017; Bourrat et al., 2017; Bourrat, 2020; Turkheimer,
2011; Matthews & Turkheimer, 2021; Yang et al., 2010; Maher, 2008).

Because the variance approach only refers to genes, some have
deemed the regression approach to be more general (see Godfrey-Smith,
2007; Okasha, 2010; Rice, 2004). Although these authors have a point, it
is important to note that a sound definition of heritability cannot purely
be a matter of parent-offspring similarity if heritability is used to separate
environmental from nonenvironmental causes of phenotypic variation.
Arguing the contrary would amount to claiming that the distinction be-
tween environmental and nonenvironmental causes of phenotypic vari-
ation is irrelevant to heritability (and consequently natural selection),
which is unsound. Yet, using the regression approach to heritability does
not allow for such a distinction.

With all things considered, I argue that neither the variance nor the
regression approach can be regarded as the true definition of heritability.
The regression approach is general so that it can be applied to any situ-
ation in which there are a parent and an offspring population. Still, it is
partly unsatisfactory because it only relies on parent-offspring similarity
without an explicit model of the causes of similarity. The variance
approach relies on an explicit model, but it excludes any nongenetic
factors.

Before moving further, I should note that I have assumed thus far that
heritability ought to refer to a single concept or definition when the word
is used within evolutionary theory. One reason for this assumption is
because, as argued above, I consider that whether natural selection oc-
curs should not depend on the definition one uses. However, some might
argue that the variance and regression approach to heritability are not
definitions of heritability but merely statistical tools that permit one to
infer the true heritability of a trait. The idea here, roughly, is that heri-
tability is a single concept (as I have assumed thus far), but there are
different methods to infer it. This question leads us back to the distinction
between epistemic and conceptual considerations made earlier. While I
argue that there are currently different concepts of heritability, someone
might disagree and claim that what I call ‘concepts’ with precise defi-
nitions are only tools that capture imperfectly, and with different
8 Note here again that Rice uses additive genetic variance because he has in
mind sexual organisms. This term would be replaced by total genetic variance in
our example of asexual organisms.
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imperfections, a single concept. However, I disagree with this ‘pragmatic’
position. As mentioned above, the regression approach does not refer to
genes or any factor in particular, while the variance approach does so
explicitly. Both approaches have thus different referents. I assume that a
single referent corresponds to a single concept.

Another position, seemingly compatible with what I have argued so
far, might be to claim that, because the two definitions of ‘heritability’
have different referents, there cannot be a unified concept of heritability.
In principle, I have no dispute with this pluralist approach. One might
want to use the word ‘heritability’ in different contexts for different
purposes. However, I consider that within a single field or area of
research, and particularly in evolutionary theory, the word ‘heritability’
ought to correspond to a single concept. As I illustrated above with the
plant example and quotes from prominent evolutionary theorists, this is
not so, and this lack of unity can be the source of tension about whether
natural selection operates in a population. Some might be comfortable
with this idea. I am not, and as I show below, a general definition of
heritability that yields a unique answer as to whether natural selection
operates in a population exists.
10 In that sense, I depart from some accounts of intrinsic properties in meta-
4.2. Two desiderata for heritability

Faced with the inadequacies of both the variance and the regression
approach to capture a general definition of heritability within evolu-
tionary theory, we can delineate two desiderata for such a definition:

1. General applicability—that is, applicability beyond genetics (satis-
fied by the regression but not the variance approach).

2. Separability of the causes of resemblance—that is, an explicit
model for separating environmental from other causes of phenotype:
namely, causes that can be attributed to the entities studied rather
than their environment (satisfied by the variance but the not the
regression approach).

In this section, I develop a framework that allows for a definition
satisfying both desiderata. To do so, let us start by defining the pheno-
type, P, of an entity, as the outcome of two additive and independent
types of factor, namely intrinsic factors, I , and extrinsic factors, E . These
two assumptions guarantee that, at the population, there is no statistical
interaction between I and E and the two variables are not correlated.
Formally, we have:

P ¼ I þ E : (7)

Mutatis mutandis, we define the average offspring phenotype, P0, as:

P
0 ¼ I

0 þ E
0
: (8)

What do I mean by ‘intrinsic’ and ‘extrinsic’ factors? The distinction
between intrinsic and extrinsic properties is seemingly intuitive, yet
difficult to define precisely in metaphysics (Marshall, 2016; Weatherson
& Marshall, 2017). Following and updating the work of Godfrey-Smith
(2009) and Bourrat (2015a, 2017, 2019a) on a different but related topic,
I will use the distinction pragmatically. This should not be taken, how-
ever, as meaning that this pragmatic version of the distinction is easy to
pin down. We will see in the next section that some difficulties sur-
rounding a generalised and causal concept of heritability are due pre-
cisely to the difficulties with capturing this distinction.9

By ‘intrinsic factor,’ I mean any property of an entity that does not
depend on the existence and arrangement of other things (including
9 Note that Taylor (2012) provides a ‘gene-free’ definition of heritability using
the classical tools of quantitative genetics. In doing so, Taylor demonstrates
some abuse of language when the terms ‘genetic’ and ‘environmental’ variance
are used in these disciplines, while no genes need to be postulated to derive the
equations.
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other entities). Thus, an extrinsic factor, by deduction, is a property that
depends on the existence or arrangement of other things. By ‘depen-
dence,’ I mean here both supervenience and causal dependence.10

Intrinsic and extrinsic factors permit us to distinguish properties that
should be attributed to the entities studied from those that should be
regarded as part of their environment.

That said, I use the distinction in a relative sense. This is so because, in
a strict or absolute sense, there are no intrinsic properties of entities that
are part of evolving populations, as I defined them. Why? Notice that for
any member of a lineage to have any phenotype, they depend on the
existence of at least one parent. Further, at any point in time, any bio-
logical individual requires some resources to survive and exhibit a
phenotype. Thus, any biological phenotype depends on the existence of
some resources. Therefore, an absolute notion of intrinsically is a
nonstarter: any property of a biological entity is an extrinsic property.
This last remark is related to the point made in Section 2 about the
interactionist consensus—namely, that when a trait is said to be entirely
‘genetic’ or ‘environmental,’ it does not mean that an individual bearing
this trait could have no genes or live in no environment.

Although we cannot define an intrinsic property in an absolute sense,
we can define it in a relative sense as follows. An intrinsic property is one
that does not depend on the arrangement and existence of other things
differently than it does for any other entity of the population considered,
which is equivalent to a ceteris paribus clause. This notion is relative
because the same property might be considered as intrinsic or extrinsic
depending on the parameters of a population.Mutatis mutandis, a relative
extrinsic property is an entity’s property that depends on the arrange-
ment and existence of other things differently than it does for any other
entity of the population considered.11

To illustrate the difference between intrinsic and extrinsic relative
properties, let us assume a population in which every individual is
composed of a certain percentage of water. Although the availability of
water might vary in different environments, suppose that the value
observed in all members of this population in normal conditions does not
vary within this range of conditions. In this population, the property
‘water composition’ is a (relative) intrinsic property following my defi-
nition. Although each individual depends on the presence of water in the
environment to survive, the water composition of an individual is not
sensitive to the amount of water in a normal environment. It is not an
absolute intrinsic property because, in conditions in which there is little
water or no water, a plant’s water composition would be impacted by the
lack of water in the environment. In a population in which there are
dramatic variations in water availability, water composition would be
considered as an extrinsic property.

The distinction between (relative) intrinsic and extrinsic properties
permits us to define in general terms (i.e., not gene-centred) a model in
which intrinsic properties influencing a phenotype are those properties
that should be associated with heritability. In contrast, extrinsic prop-
erties should be excluded from the definition of heritability. Of course,
the genotype of an individual is one of its intrinsic properties.

From the explicit model presented in Equations (7) and (8), we can
input these expressions in the regression definition of heritability
(Equation (3)). Assuming I and E are independent, we have:

h2b ¼
Cov ðI 0 þ E

0
; I þ EÞ

Var ðPÞ : (9)
physics, in which intrinsicality is independent of supervenience and causal
dependence (see Marshall, 2016).
11 Northcott and Piccinini (2018), in the context of the debate over acquired
versus innate characteristics, use the notion of intrinsic factor at the time of origin
to characterize an innate factor. By ‘intrinsic’, they mean ‘inside the organism.’
Although the framework they derive from it partially overlaps with the notion of
relative intrinsic property proposed here, it bears some differences.



Fig. 2. Causal graph representing three pathways involving a dependence be-
tween intrinsic and extrinsic factors between two generations. Each of these
dependencies potentially leads to a non-nil inter-generational parent-offspring
covariance. Full arrows represent causal relationships (including transmission
of factors, such as genetic transmission). The green dashed arrow represents the
correlation between extrinsic factors at the parental generation influenced by
intrinsic parental factors and extrinsic properties at the offspring generation
influenced by intrinsic offspring factors. See main text for explanation.

12 The causal influence from I
0
to E is also nil since causes always precede their

effects.
13 This causal graph is inspired by the causal graphs presented by Otsuka
(2016), who also proposes an introduction to path analysis.
14 Strictly speaking, this arrow would not be part of a causal graph; it is simply
in the figure to illustrate the correlation.
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Once developed, we have:

h2b ¼
Cov ðI 0 ; IÞ þ Cov ðI 0 ;EÞ þ Cov ðE 0

; IÞ þ Cov ðE 0
;EÞ

Var ðPÞ : (10)

Following the reasoning above on the intrinsic/extrinsic distinction,
only intrinsic properties can be associated with heritability so that we can
safely eliminate the fourth term of the numerator since it concerns only
extrinsic properties. Further, since intrinsic and extrinsic properties are
assumed to be independent, this means that the two covariance terms
Cov ðI 0

;EÞ, and Cov ðE 0
; I Þ are nil. Finally, the covariance between the

average intrinsic character of the offspring and the intrinsic character of
the parent can be rewritten, following the least square theory (see Lynch
& Walsh, 1998), as the regression coefficient of average offspring
intrinsic character on parental intrinsic character times the variance in
parental intrinsic character, so that Cov ðI 0

; I Þ ¼ βI 0 IVar ðI Þ.
From there, we can define the heritability of a trait as:

h2 ¼ βI 0 I
Var ðI Þ
Var ðPÞ: (11)

The term βI 0 I measures the extent to which the intrinsic properties of
the entities of a population are passed on to the next generation. Note
that this term can be further decomposed in a number of factors such as
DNA, epigenetic marks, and so forth. If all factors are passed on perfectly,
as is the case (or nearly so) with genetic material in the case of asexual
organisms, then βI 0 I ¼ 1. What is true of genes in modern organisms
might, however, not have been true in the deep past or for other inher-
itable intrinsic factors, such as epigenetic factors. Thus, one can expect
that, generally, βI 0 I 6¼ 1

Equation (11) satisfies the two desiderata of general applicability and
separability of the causes of resemblance outlined at the beginning of this
section. It is not overly restrictive like the classical variance approach
that precludes cultural traits and traits that depend on nongenetic
intrinsic factors from having a non-nil heritability. Yet, it relies on an
explicit model for separating environmental from nonenvironmental
causes of phenotype based on the intrinsic/extrinsic property distinction.
Recall that the lack of an explicit model is the main lacuna of the
regression approach.

Returning to the example presented in Fig. 1, what is the heritability
of height in this example following the definition of heritability pre-
sented in Equation (11)? Recall that, following the variance approach,
heritability is nil in this example because there is no genetic variation,
but that it is positive following the regression approach because a cor-
relation between parental and offspring environmental richness exists.
This covariance (because it refers to extrinsic properties of individuals at
both generations) is not part of the definition in Equation (11); thus,
heritability should be considered nil in this example.

Despite Equation (11) representing a general way to approach the
concept of heritability, it relies on a strong assumption—namely, that
intrinsic and extrinsic factors are independent. In other words, it relies on
the assumption that there is no causal influence between intrinsic and
extrinsic properties of the objects studied. What if this assumption is
relaxed? In the next section, I show that this creates some difficulties for
computing heritability and propose a solution to it.

5. Dependence between intrinsic and extrinsic properties

The definition of heritability proposed in Equation (11) assumes a
model in which I and E are independent. When we relax this assumption
(i.e., when we allow for them to covary), a potential problem emerges for
this equation to represent an adequate definition of heritability. The
problem is that we cannot assume anymore that the terms Cov ðI ;E 0 Þ
and Cov ðE ;E 0 Þ are nil in Equation (11). Should we include or exclude
these covariance terms in our general definition of heritability?

Before answering this question, let us first talk about the term Cov ðE ;
I

0 Þ, which we will consider nil even when I and E are not independent.
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Recall that, following the intrinsic/extrinsic distinction proposed in the
previous section, properties that vary as the result of environmental
change are never considered intrinsic. They are, by definition, extrinsic.
Thus, any causal influence from E to I

0
is, by definition, nil,12 assuming

that intrinsic properties are defined such that they do not vary under
changes in the extrinsic properties of the parental entities. This means
that any non-nil Cov ðE ; I 0 Þ term would have to be spurious (i.e., purely
coincidental or due to other factors in the background). However, the
intrinsic properties of the parent can have a causal influence on extrinsic
properties of their offspring. This influence could manifest in both
Cov ðI ;E 0 Þ and Cov ðE ; E 0 Þ. To assess whether these terms should be
included in the heritability definition, we should know the causal origin
of the covariance. Following our distinction between intrinsic and
extrinsic properties, any covariance between variables at the two gen-
erations involving an extrinsic property with a causal origin in I should
be included in the heritability definition. In contrast, any covariance with
a causal origin in E should be excluded. There are at least three ways by
which intrinsic properties can lead to a non-nil inter-generational
covariance involving extrinsic properties (see the causal graph in Fig. 2
inspired by path analysis13 first proposed by Wright, 1921): 1) some
parental intrinsic properties influence some offspring extrinsic properties
that, in turn, influence the offspring phenotype (red pathway in Fig. 2); 2)
some parental extrinsic properties influenced by some parental intrinsic
properties influence some offspring extrinsic properties, which, in turn,
influence the offspring phenotype (blue pathway in Fig. 2); and 3) some
offspring extrinsic properties influenced by offspring intrinsic properties
influence the offspring phenotype in the same way as the parental
phenotype is influenced by extrinsic properties with a parental intrinsic
influence (green dashed double-headed arrow in Fig. 2).14

Based on these considerations, we can now define a parental
phenotype P as the outcome of three causes:

P ¼ I þ E i þ E e; (12)
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where E i and E e are extrinsic properties that have an intrinsic and
extrinsic causal origin, respectively.15

Mutatis mutandis, we define the average offspring phenotype as:

P
0 ¼ I

0 þ E
0
i þ E

0
e þ E

0
i0 þ E

0
e0 ; (13)

where E 0
i0 and E 0

e0 are the offspring extrinsic properties that have a
parental intrinsic and extrinsic causal origin, respectively.

Implementing these terms in (10), we have:

h2b ¼
Cov

�
I

0 þ E
0
i þ E

0
e þ E

0
i0 þ E

0
e0 ; I þ E i þ E e

�

VarðPÞ : (14)

From there, we assume that I and its direct influence E i are inde-
pendent of E 0

e and E 0
e0 since, by definition, the latter terms are influenced

by extrinsic properties. We also assume that I is independent of E 0
i0 , since

the latter is, by definition, only influenced by offspring intrinsic prop-
erties. Further, following the definition of an intrinsic property, we as-
sume that E i is independent of I

0 and of its direct influence E 0
i0 because, as

noted above, the environment (extrinsic to the organism) cannot influ-
ence an intrinsic property (and, consequently, its effects). Finally, we
discount any covariance term involving an extrinsic causal origin (i.e.,
E e, E 0

e, and E 0
e0 ). This is so to satisfy the desideratum of separability of

causes of resemblance, which is not satisfied by the regression approach.
With these assumptions, once Equation (14) is developed, we obtain a
general definition of heritability as:

h2 ¼CovðI 0
; I Þ þ Cov

�
E

0
i ; I

�þ Cov
�
E

0
i ;E i

�þ Cov
�
E

0
i0 ;E i

�

VarðPÞ : (15)

Transforming covariances into regressions, we get:

h2 ¼
βI 0 IVarðI Þ þ βE 0

i I
VarðI Þ þ βE 0

i E
VarðE iÞ þ βE 0

i
0 E i

VarðE iÞ
VarðPÞ : (16)

The first term on the right-hand side of this equation represents the
part of the parent-offspring regression for the phenotype due to the
parental intrinsic properties being transmitted to offspring such as
genes. It captures the black arrow from I to I

0 in Fig. 2. The second term
on the right-hand side represents the part of the parent-offspring
regression due to the direct influence of parental intrinsic properties
on offspring extrinsic properties. It captures the red path in Fig. 2. The
third term on the right-hand side represents the part of the parent-
offspring regression due to the indirect effect of parental extrinsic
properties under the influence of intrinsic properties on offspring
extrinsic properties. It captures the blue path in Fig. 2. Finally, the
fourth term on the right-hand side represents the part of the parent-
offspring regression due to the extrinsic properties under intrinsic in-
fluence reoccurring between the two generations due to the trans-
mission of intrinsic properties. It captures the green double-headed
dashed arrow in Fig. 2.

To illustrate a causal influence I → E
0
i (red pathway in Fig. 2) that

would manifest as Cov ðI ;E 0 Þ 6¼ 0, let us take the example presented in
Fig. 1 and modify it slightly. We could imagine now that, when a plant
develops, it changes the soil composition, for instance, because its
leaves fall and are then degraded. In turn, this changes the richness of
the environment, but only after one generation since it takes time to
degrade the leaves.16 We could further imagine that there is variation
between different plants in the way they modify the offspring envi-
ronment due to some intrinsic factors (including genetic ones). For
15 Note that this decomposition neglects the possible extrinsic influence orig-
inating from intrinsic factors of generations anterior to the parental generation. I
will consider that they are negligible here.
16 Of course, the delay could be longer or shorter, as we shall see.
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instance, some leaves could be richer in the amount of an essential
nutrient for plant growth, or contain a toxin that eliminates competi-
tion. In this case, a parent-offspring resemblance due to this difference
should be considered as heritable. Why? Because the causal origin of the
covariance is intrinsic.17

To illustrate the covariance due to the causal influence of intrinsic
properties on the environment at both the parental and the offspring
generation, I → E and I

0
→ E

0
, respectively (green dashed double-

headed arrows representing the covariance in Fig. 2), that would mani-
fest as CovðE ;E 0 Þ 6¼ 0, we can take again the example presented in Fig. 1.
However, now imagine that the leaves degrade at a much faster rate so
that a plant can benefit from some of the nutrients before reproducing
and, thus, have a different phenotype from the one it would have had,
had the nutrients coming from leaf degradation not been taken into
consideration. Assuming that the offspring of the plant are endowed with
the same intrinsic material, they would also produce the same change in
soil composition and phenotypic effects. Had only the differences in
phenotype made by the intrinsic properties directly on phenotype been
taken into consideration at both the parental and offspring generation,
the heritability value obtained would have been lower.

Finally, to illustrate a causal influence I → E i → E 0
i (blue pathway in

Fig. 2) that would also manifest as CovðE ;E 0 Þ 6¼ 0, we could imagine (as
previously) that the leaves degrade at a much faster rate and lead to a
change in the plant’s height. However, another effect would also be that
the leaves attract earthworms, which further change the properties of the
soil only after one generation, leading to a positive parent-offspring
environment covariance.

These thought experiments are consistent with recent findings. Some
plant ecologists have indeed found that the litterfall of some species of
trees can modify the soil composition in a way that leads to favourable
conditions for the trees of that species (Bigelow & Canham, 2015; Olson,
2019). It has also been argued that this type of interaction could be under
selection pressure (Schweitzer et al., 2018).

These examples connect with the literature on niche construction
(Odling-Smee et al., 2003), developmental systems theory (Oyama et al.,
2003), and the extended evolutionary synthesis (Laland et al., 2014, see
also; Mameli, 2004). Two aims of these approaches are i) to move away
from a purely gene-centred approach to evolutionary theory, and ii) to
take into account the multigenerational interactions between an organ-
ism and its environment. My definition of heritability in terms of intrinsic
and extrinsic properties is consistent with i. The multigenerational
covariance effects on phenotype of intrinsic properties by environmental
mediation is consistent with ii.

I should also mention that my definition is consistent with the
framework on indirect genetic effects (IGEs) in quantitative genetics.
This framework permits us to account for heritability components by
considering that some of the causes leading to phenotypic variation can
be indirect: that is, due to the interactions of individuals with their
environment (potentially across multiple generations).18 These com-
ponents of heritability are classically not accounted for when tradi-
tional estimates of heritability are used (See Walsh and Lynch 2018,
chap. 22. for a review of the literature on IGEs, see also Bijma 2011)
Using the intrinsic/extrinsic distinction, some intrinsic effects are in-
direct. In situations of covariance between intrinsic and extrinsic fac-
tors, the indirect effects of intrinsic factors should be accounted for as, I
have argued.

In the next section, I show that, surprisingly, my approach can also be
relevant to another area: namely, microbiome research.
17 Similar considerations are developed in Lynch and Bourrat (2017) in the
context of the variance approach to heritability and gene-environment
correlations.
18 That the individuals of a population interact does not imply that this would
translate as a statistical interaction. For more details on the distinction between
these two notions of interaction, see Tabery (2014).
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6. Heritability & the microbiome

In recent years, whether the gut microbiome (including of humans)
should be regarded as part of the environment of a multicellular organ-
ism or as constituting, together with a multicellular organism, an indi-
vidual that can be regarded as a unit of selection (a holobiont) has been
debated in both the biological and philosophical literature (see, for
instance Skillings, 2016; Bordenstein & Theis, 2015; Rosenberg &
Zilber-Rosenberg, 2016; Moran & Sloan, 2015; Douglas &Werren, 2016;
Gilbert et al., 2012; Roughgarden et al., 2017; Lloyd & Wade, 2019). I
will not participate here in the debate, although my views on this matter
can be found in Bourrat and Griffiths (2018). Rather, what interests me
here is whether the potential effects of the microbiome on complex traits
of the host should be regarded as heritable (for a review on the potential
influence of microbiome composition on numerous human-health traits,
see Gilbert et al., 2016).

Before proceeding, it should be noted that microbiome research is a
young discipline. This means that many of its findings will likely be
challenged one way or another in the coming years as new and more
robust data is collected.

The question of the heritability of microbial composition effects and
related questions have been asked by several authors. Some consider that
the effects of the microbiome on the host’s traits should be included in
heritability measures (e.g., Sandoval-Motta et al., 2017; van Opstal &
Bordenstein, 2015). Others disagree (e.g., Douglas et al., 2020), arguing
that a substantial part of microbiome composition is driven by environ-
mental factors (for a recent study, see Rothschild et al., 2018). Yet, others
consider that microbiome composition is itself a complex human trait
(e.g., Goodrich et al., 2017) partly under the influence of the host ge-
notype. Faced with these conflicting views about the role of microbiome
composition on host traits, how should we conceive of microbiome
composition associated with phenotypic variation in light of the fore-
going analysis?

First, when asking whether microbiome composition is heritable, one
needs to know whether the microbiome is considered as intrinsic or
extrinsic to the host. To this question, there is, in general, no right or
wrong answer for, recall, this distinction is ultimately a relative one
within the context of biology. This choice must be made by the re-
searchers involved in this field on an individual basis grounded in some
independent considerations. For some species, we have good reasons to
lump together a multicellular organism and its microbiome into a single
entity or individual—namely, when the two entities represent a func-
tional unit and the association is obligatory and specific. With other
species, it is much less clear what the benefits would be in doing so (see
Bourrat & Griffiths, 2018).

In any case, a lack of agreement between researchers on whether the
microbiome should be considered as an intrinsic part of the entities
forming a population in a particular case will render impossible a com-
parison of the heritability of different traits obtained from these re-
searchers. This is so because the measure obtained would not abide by
the same conventions for what is considered as intrinsic and extrinsic.
This point, I believe, has previously been underappreciated. Equation
(15) and the relevance of the distinction between intrinsic and extrinsic
factors in a general definition of heritability permits us to acknowledge
this point better.

If the microbiome is considered intrinsic (and is passed on across the
generations of the multicellular organism), host phenotypic differences
made by the microbiome ought to be included in the heritability value. If,
on the contrary, the microbiome is considered extrinsic to the host, there
are two sets of possible situations to consider. In the first set, microbiome
composition is correlated with and caused by some intrinsic properties of
the host. In such cases, even though the microbiome is extrinsic to the
individuals of the population, the difference it makes to the phenotype
should be included in the heritability value via the terms βE 0

iE i
VarðE iÞ and

βE 0
i0
E i
VarðE iÞ of Equation (16). In the second type of situation, the
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covariance between extrinsic properties across generations does not have
an intrinsic origin. In such situations, the differences made should not be
considered as heritable.

The analysis provided here highlights the point that, without a clear
causal model, a heritability value for a trait in which microbiome
composition is involved will generally be meaningless. The model based
on the extrinsic/intrinsic distinction proposed here could represent a
general framework that permits different researchers to use a common
set of conventions and clearly assess where any of their disagreement(s)
lies.

Further, having a clear causal model could be beneficial for in-
terventions, including in humans. If microbiome composition is mostly
driven by environmental factors (e.g., diet) that are independent of any
intrinsic factors, it will likely be more effective to intervene on these
factors in the long term than if microbial composition depends on the
host’s intrinsic properties (e.g., its genome).

7. Conclusion

The main goal of this paper was to propose a definition of heritability
that satisfies two desiderata for it to be consistent within the field of
evolutionary theory. The first desideratum is that the notion of herita-
bility should be applicable beyond classical biological situations. The
second is that it should rely on a distinction between environmental
causes and causes that are attributed to the entities bearer of the
phenotype. After having presented the two classical approaches (vari-
ance and regression) to heritability used in evolutionary theory, I showed
that each can only meet one of the two desiderata. I then proposed a
general model based on a pragmatic distinction between intrinsic and
extrinsic properties that satisfies both desiderata. From there, I discussed
the difficulties associated with cases involving a correlation between
intrinsic and extrinsic properties and proposed a way to deal with these
cases. Finally, I showed the relevance of my analysis and definition in a
concrete biological context, namely, the heritability of complex traits
influenced by the microbiome composition.
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