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Abstract
Better characterization of the sources of phenotypic variation in human behavioural traits—stemming from genetic and 
environmental influences—will allow for more informed decisions about how to approach a range of challenges arising 
from variation, ranging from societal issues to the treatment of diseases. In particular, understanding how the environment 
moderates genetic influence on phenotypes (i.e., genotype–environment interactions, or G × E) is a central component of the 
behavioral sciences. Yet, understanding of this phenomenon is lagging somewhat, due in part to the difficulties of detect-
ing G × E. We discuss the logic behind one of the primary ways to detect G × E: comparing heritability estimates across 
environments. Then, we highlight some pitfalls, with an emphasis on how very strong G × E can sometimes be undetectable 
using this method when high heritability is present in multiple environments. We conclude by forwarding some initial, yet 
tentative, suggestions for how best to address to the problem.
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Introduction

For decades now, scientists have consistently uncovered 
evidence suggesting that variation across a wide range of 
human behavioral traits is partly accounted for by genetic 
variation (Plomin et al. 2013; Polderman et al. 2015; Tur-
kheimer 2000). Equally well-documented is evidence that 
environmental factors also explain significant amounts 
of variance in complex phenotypes (Polderman et  al. 
2015). Thus, studying the constituent components of trait 

variance—genetic and environmental—is key for under-
standing individual differences. Yet, researchers have also 
long recognized the need to examine how one component 
might moderate the effects of the other (i.e., a gene–environ-
ment interaction or G × E). Gene–environment interactions 
occur when the effect of genetics on a phenotype become 
more (or less) pronounced, depending on environmental 
variation, or vice versa. Given the impact that studying G × E 
has had on understanding phenotypic diversity in a host of 
organisms across biology (Bradshaw 1965; West-Eberhard 
1989, 2003; Via et al. 1995; Schlichting and Pigliucci 1998; 
Ghalambor et al. 2007; Karlsson et al. 2010), increased clar-
ity about this particular form of gene–environment interplay 
in human beings will undoubtedly lead to a better under-
standing of human diversity.

Difficulties in measuring variation in human traits arise in 
part from the quantitative nature of these traits. As with most 
phenotypic traits in most organisms, many key human traits 
vary continuously owing to the action of multiple genetic 
loci and numerous environmental effects, as well as the 
interactions of genes at different loci, both with one another 
and with the environment (Falconer and MacKay 1996). 
Thus, the study of G × E in humans is fraught with a variety 
of methodological and practical difficulties that can be more 
easily sidestepped in other corners of biology (via the use of 
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experimental manipulation). Primarily, a multitude of ethical 
and practical constraints limit, and often preclude, the use of 
experimental designs and require the use of indirect meth-
ods for detecting G × E for human behavioral traits (Barnes 
et al. 2014). One primary approach for detecting G × E is to 
compare heritabilities of a trait across the environments of 
interest. To preview an example we utilize below, research-
ers in the psychological sciences have long suspected that 
socioeconomically deprived environments might moderate 
genetic influences on general cognitive abilities in human 
beings (Tucker-Drob and Bates 2016). Known as the Scarr-
Rowe hypothesis, this topic has elicited much attention from 
researchers, and has been tested largely by comparing herit-
ability estimates of cognitive ability across varying levels of 
socioeconomic success.

Despite the fairly common use of comparing heritabili-
ties across environments to detect gene–environment inter-
actions, there is an important concern embedded within this 
approach. From our vantage point, this concern remains 
under-appreciated by experimentalists in biology, and is 
underemphasized by researchers utilizing classical twin 
based designs to test for G × E. The primary issue is that, 
while this approach can certainly be used to suggest the pres-
ence of a G × E, a lack of variation in heritabilities across 
environments cannot be used to reject the possibility that an 
interaction exists. Yet, it is not uncommon to reach just such 
a conclusion when testing for interactions. Moreover, the 
reliance on comparing heritabilities to detect G × E without 
concurrently using other methods to confirm results is an 
approach that, while useful, may need to be revisited. The 
goal of this paper is to outline the logic behind the use of 
comparing heritabilities to detect gene–environment inter-
actions, and draw attention to why it should not be used 
exclusively to conclude a lack of G × E.

Environmental variation and G × E

Environmental variation is an important source of pheno-
typic variation in human traits (Polderman et al. 2015). 
However, how much a phenotype for an individual differs 
across environments, and the nature of how the environment 
influences that individual’s phenotype, can depend on the 
genetic background of the individual (Roff 1997). In other 
words, not all genotypes respond to environmental change in 
the same way, and this difference in how genotypes respond 
to environmental variation is referred to as G × E. Thus, 
when G × E is present, there is no one single function that 
can predict how a specific change in the environment gener-
ates a corresponding change in phenotype for all genotypes 
in a population (Roff 1997) because genotypes differ in 
either the degree or polarity of change across environments.

Let’s consider an example where the environment of 
focus is pathogen presence/absence. If we expect that G × E 
is present, not all genotypes exposed to the pathogen will 
respond in the same way (Box 1). Instead, we expect the 
change in the level of health is minimal for some individuals 
because specific allelic variants confer resistance to infec-
tion, and the change in health is more dramatic for individu-
als without those allelic variants who fall gravely ill upon 
pathogen exposure. Yet more individuals may experience 
intermediate declines in health because of partial resistance 
conferred by allelic variants (Box 1). This model of G × E 
can be expressed using graphs, illustrated in the figure in 
Box 11 Graphs of this nature indicate the phenotype that 
corresponds to each genotype measured in the environments 
of focus; the resulting lines that connect the phenotypes of 
each genotype across environments are referred to as norms 
of reactions, or reaction norms. The presence of non-parallel 
reaction norms (i.e., reaction norms that differ in slope)—
most dramatically seen between G1 and the other two geno-
types—is the primary indication of G × E.1

1 It is worth pointing out that debates about the nature, prevalence, 
and importance of G × E are not new in behavior genetics, and some 
of the very points we touch on here have been discussed previously. 
See for instance, Sesardic (1993), and the exchanges sparked from 
around the topic of non-additive genetic effects and reaction norms. 
Moreover, behavioral geneticists have, for decades, acknowledged pit-
falls when testing for G × E and have been suggesting supplementary 
methods, so neither is this component of our paper particularly novel 
(see, for instance, Plomin et al. 1977). Our intention, then, is to revive 
interest in the topic across fields where the discussion has either 
faded, or has yet to take hold in general (e.g., criminology, sociology, 
etc.).

Box 1: Key definitions, and a visual 
and verbal explanation of G × E

Environmental variation The proportion of phenotypic 
variance resulting from differences in the environment 
to which individuals are exposed.

Plasticity The expression of more than one phenotype 
by a single genotype, with expression dependent on envi-
ronmental conditions. Plasticity is the mechanism that 
generates environmental variation.

Heritability The proportion of phenotypic variance 
that results from additive genetic variation among indi-
viduals. Because heritability is a proportion, it is unitless. 
It also is inversely related to the amount of environmen-
tal variation, such that total variance = 1.0. Heritability 
is environmentally specific such that it can be close to 
1.0 measured in one environment and 0.0 in another. For 
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example, if the environment is ‘pathogen present,’ not all 
individuals will necessarily get exposed to the pathogen, 
and so this variation in exposure will generate variation 
not captured by genetic differences among individuals.

Norms of reaction Descriptions of phenotypic expres-
sion, typically individual genotypes sampled, across a 
range of environments. Also referred to as a ‘reaction 
norms.’

Explanation of box figure
The accompanying figure depicts the phenotypes of 

three genotypes across two different environments. In the 
pathogen example from the introduction, the phenotype 
is the level of health, and the environments are pathogens 
absent and pathogens present. Therefore each genotype 
has its own reaction norm that shows how healthy it is 
when pathogens are present versus absent. The line cor-
responding to G1 (genotype 1) indicates that this geno-
type is fairly healthy in both pathogen free and pathogen 
present environments. The lines corresponding to G2 
and G3 show lower overall health when pathogens are 
present, likely because of allelic variants that confer less 
resistance to infection.

Environ 1 
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(pathogen 
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This figure can be analyzed for environmental varia-
tion. If we compare mean health between the two envi-
ronments, we see greater mean health when pathogens 
are absent, indicating an effect of the environment on 
phenotype.

We can also determine if genetic variation is present 
within a single environment—indicated by variation 
among genotypes in their phenotype. In the pathogen 
absent environment, there is very little variation among 
genotypes, indicating very low genetic variation. In the 
pathogen present environment, there is significant varia-
tion among genotypes in health; assuming good estimates 

of phenotype and little variance within a genotypes, this 
indicates high genetic variation in health. Finally, if we 
consider heritability across all environments, we look at 
differences in the overall height of the reaction norms 
(i.e., differences in the mean phenotype of each of the 
genotypes) and see intermediate heritability. When 
genetic variation is present, the trait is said to be herit-
able, meaning that some of the variation among indi-
viduals in that environment is due to underlying genetic 
differences.

Finally, this figure demonstrates significant G × E in 
health. The slopes of the reaction norms differ among 
genotypes, which means that each genotype responds in 
a different way to a change in the pathogen environment. 
Note that, from a mathematical standpoint, genetic cor-
relations of a trait expressed in different environments 
would be less than 1, with 1 indicating a retained rank-
order of phenotype values across genotypes in different 
environments.

The logic of using variation in heritabilities 
to detect G × E

The data required to produce the graphs in Box 1 are often 
not readily available to behavioral geneticists  studying 
human subjects, as one needs knowledge of exact genotypes 
and precise measurements of the environment to generate 
them. However, the Classic Twin Design—a variant of a 
classic quantitative genetics breeding design—does not 
require specific knowledge about genotypes or environments 
and can be readily applied to test for the presence of G × E as 
a source of phenotypic variation by comparing heritabilities 
across environments (Barnes et al. 2014; Plomin et al. 2013; 
Tucker-Drob and Bates 2016). Thus, a reliance on compar-
ing heritabilities across environments as an indication of the 
presence/absence of G × E has become common practice. 
The key to understanding why this approach is viable for 
detecting G × E, and also why this approach is not viable for 
rejecting G × E, is the environment-specificity of heritability 
estimates.

Heritability is the proportion the total variance in a trait 
that is accounted for by genetic differences among individu-
als, i.e., the additive genetic variance that contributes to the 
overall phenotypic variance in a sample (Roff 1997; Plomin 
et al. 2013). Therefore, the measure of heritability always 
varies between 0.0 (when none of the phenotypic variation 
in a sample is due to genetic differences among individuals) 
and 1.0 (when all of the variation is due to genetic difference 
among individuals). Heritability can vary across samples 
for two primary reasons: the amount of genetic variation in 
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each sample differs, or the amount of environmental vari-
ability experienced by individuals within each sample dif-
fers. Low heritability—when most of the variation in a trait 
is explained by environmental factors—can occur when very 
little overall genetic variation is present among individuals 
in a sample. As a result, there are few genetic differences 
among individuals that can generate phenotypic differences. 
Heritability is also typically low when the environment is 
highly variable, in which case environmental factors account 
for most of the phenotypic differences among individuals 
(Roff 1997). Conversely, heritability has the most poten-
tial to be high when: the sample is genetically diverse (and 
genetic differences strongly impact phenotypic differences), 
and the environment is highly uniform across individuals 
(in which case, any phenotypic differences that arise among 
individuals can be attributed to genetic differences rather 
than the environment).

If we assume that individuals across two environments 
from which we sample comprise genetically-similar back-
grounds, any difference in heritability across environments 
will be due to a difference in the magnitude of the influence 
of the environment on phenotype across those environments. 
In other words, the environment alone generates more phe-
notypic diversity across individuals in one environment than 
in the other. If this is the case, then the average differences 
among different genotypes will be greater in one environ-
ment than in the other. As a simple mathematical inevitabil-
ity, this necessarily means that genotypes will differ from 
one another in the magnitude and/or slope of change in phe-
notype from one environment to the other.

Graphically, the pattern generated is one of non-par-
allel reaction norms, a key diagnostic of the presence of 
G × E. Figure 1 illustrates some of the different patterns in 
which heritability estimates vary across environments. In 
each graph, we assume similar total phenotypic variance 
across environments, but a difference in the mean phenotype 
among genotypes (each represented by a reaction norm). 
The greater the spread in the mean values of a genotype 

(or family, which is often the case for classic quantitative 
genetics breeding designs), the higher the heritability. In 
Fig. 1a, b, the heritability is greater in environment 1 versus 
2, and vice versa for Fig. 1c, with each Fig. 1a–c illustrating 
a variant of the classic ‘fan-shaped’ interactions indicative 
of G × E (Dick 2011).

Human behavioral scholars have relied heavily on the 
use of variation in the heritability of traits across environ-
ments derived from Classic Twin Designs as evidence of 
G × E (Tucker-Drob and Bates 2016). The usual drawbacks 
apply to estimating heritability from these types of data—
high estimation errors (Roff 1997), and inflated estimates 
when parents and offspring share a similar environment 
(Roff 1997)—which is not uncommon in humans, for which 
transmission of the environment can be quite high (i.e., pas-
sive gene–environment correlations; see Plomin et al. 2013; 
Purcell 2002; Davey-Smith and Hemani 2014). However, 
of greater concern is a lack of diagnosing G × E when herit-
abilities do not vary across environments.

In Fig. 2—again, assuming overall phenotypic variance 
remains constant across environments, genetic variance 
accounts for a similar amount of the variation present in 
both environments—we observe no difference in heritability 
across environments (Fig. 2). Without knowing the exact 
phenotypic values for each genotype, and instead relying 
solely on comparing heritabilities, we would conclude G × E 
is absent. However, G × E is clearly present, as indicated by 
non-parallel reaction norms (Fig. 2c being the most extreme 
example). Consider a perfect illustration of this type of sce-
nario from outside the human literature. Using isolines, 
Ingleby et al. (2013) demonstrated G × E in cuticular hydro-
carbon expression across two environmental gradients: diet 
and temperature. They also found very similar heritabilities 
for the same traits within each of the low and high diet and 
temperature environments (Ingleby et al. 2013). Without 
information about the phenotypes of individual isolines, 
a simple comparison of heritabilities could have led to an 
improper conclusion that G × E was absent. There are very 

Fig. 1  Three graphs illustrat-
ing non-parallel reaction norms 
generated by unequal heritabil-
ity across two environments (E1 
and E2). Phenotypic variance of 
the overall sample within each 
environment is equal for all 
scenarios, and indicated by the 
gray mean ± SE bars for each 
environment

A B C
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few examples in which this type of data has been gener-
ated (potentially related to publication bias against nega-
tive results and/or experimental constraints, particularly in 
humans), so it is impossible to determine how common it is 
for this pattern to emerge. For this reason, we believe it is 
worth employing at least some extra caution when interpret-
ing patterns of variation in heritabilities until we gain a bet-
ter understanding of the frequency of these types of results.

Reconsidering a lack of G × E: a brief example

The implementation of the heritability comparison approach 
as evidence for G × E in Humans is well-illustrated using 
the closely scrutinized Scarr-Rowe hypothesis, which con-
cerns the moderating effects of socio-economic status on 
the heritability of general intelligence (g) (Scarr-Salapatek 
1971; Tucker-Drob and Bates 2016). Variation in measures 
of intelligence is partly heritable—moderately so early in 
life, and highly so later in adulthood (Plomin and Deary 
2015). Intelligence also shows an important environmental 
component of variation; for instance, caloric and nutritional 
deficits can have an adverse impact on intellectual develop-
ment (Ritchie 2015). Recognizing the deleterious effect of 
such nutritional and caloric deprivations, several decades 
back Scarr-Salapatek (1971) described the possibility that 
variation for intellectual ability among low socio-economic 
status individuals might be predominately accounted for 
by environmental factors. Among higher socio-economic 
groups—within which there are presumably more uniform 
environmental conditions across individuals—genetic dif-
ferences should account for a larger portion of the variance. 
Recent studies using larger and more representative datasets 

than the original tests of the hypothesis have produced some 
supportive evidence that the environment does indeed mod-
erate the heritability of intelligence (Tucker-Drob and Bates 
2016).

The Scarr-Rowe hypothesis provides a good example for 
the current discussion, in particular because the body of evi-
dence pertaining to it was recently systematically reviewed. 
Tucker-Drob and Bates (2016) uncovered an interesting pat-
tern in the findings: G × E has been replicated in samples 
based in the United States, but G × E was generally absent 
in non-American samples. As the authors note, one plausible 
explanation (among others) for this pattern is that the socio-
economic environment of Europe and elsewhere varies less 
(i.e., is more egalitarian) than in the United States, and thus 
is incapable of explaining as much of the variance in intel-
ligence. Additionally, the possibility remains that the effects 
emerging in U.S. samples are statistical artifacts, and addi-
tional studies may reveal them as such (the sensitivity analy-
ses of Tucker-Drob and Bates (2016), however, suggest the 
effects in the U.S. are indeed robust). Importantly, it is also 
possible that G × E might in fact exist in some non-American 
samples where heritbaility estimates across SES do not vary. 
However, because the main test utilized is to compare her-
itabilities across socio-economic environments, and owing 
to the reasons discussed above, this approach may not reveal 
some patterns of G × E. Given that testing for variation in 
heritability across environments cannot be used as a defini-
tive rejection of G × E, we discuss approaches to supplement 
this primary means of testing for G × E below. Note that our 
intention in discussing Tucker-Drob and Bates (2016) above 
is not to critique their conclusions, but rather to reference 

A B C D

Fig. 2  Four scenarios in which heritability estimates are similar 
within each environment, but significant G × E is present. For each 
scenario, we consider a situation in which genotypes are represented 
in equal frequencies within and among environments, and variance 
within each genotype is low (with each genotype depicted by a reac-
tion norm that illustrates the average phenotype for that genotype in 
each environment). a High heritability overall, similarly high herit-

ability estimates within each environment, moderate G × E. b High 
heritability overall, similarly high heritability estimates within each 
environment, high G × E. c Low overall heritability, similarly high 
heritability estimates within each environment, very high G × E. d 
low-moderate heritability overall, similarly low-moderate heritability 
within each environment, low-moderate G × E
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a closely scrutinized and widely known G × E from human 
behavioral genetics.

Further considerations

To reiterate: accepting the presence of G × E using a com-
parison of heritabilities across environments is not, gener-
ally speaking, problematic. Moreover, thoughtful approaches 
have been suggested to effectively parse some of the key 
factors than can bias toward finding an interaction (such 
as gene–environment correlation; see Purcell 2002).2 The 
emphasis of our discussion revolves around what considera-
tions should emerge when heritabilities do not vary across 
environments. Unfortunately, a solution to this concern 
is not readily at hand. The advent of modern genotyping 
techniques in humans has extended approaches to measur-
ing G × E to molecular genetic studies examining specific 
candidate polymorphisms in combination with measured 
environments (Caspi et al. 2002). Following this, an explo-
sion of candidate G × E work proliferated across academic 
journals (Chabris et al. 2015; Davey-Smith and Hemani 
2014; Duncan and Keller 2011). However, the constraints of 
small (non-representative) samples, limited statistical power, 
as well as common false positive results have resulted in a 
large-scale shift toward more powerful and robust molec-
ular approaches such as genome wide association studies 
(GWAS; see Chabris et al. 2015). The best approach moving 
forward may be, when possible, to perform a follow-up test 
for a lack of G × E with additional methods including poly-
genic scores (derived from robust GWAS analyses) (Con-
ley 2016), coupled (perhaps concurrently) with the use of 
classical twin approaches. Assuming that some amount of 
agreement emerges across methods, one might reasonably 
assume the true absence of G × E when heritability estimates 
fail to differ across environmental exposures.

Concluding thoughts

Studying whether certain environments moderate the effects 
of genes (and vice versa) on various phenotypes is a central 
component of the behavioral sciences. As modern geno-
typing procedures become more efficient, it has become 
considerably easier for research to take advantage of large 
genome-wide analyses (GWAS) when testing for G × E via 

the use polygenic scores (for an overview, see Conley 2016). 
While GWAS based analyses will doubtless be critical for 
G × E research, these studies too have limitations (see Carl-
son et al. 2013)—such as limited coverage across diverse 
ancestral populations and phenotypic data that may not yet 
include traits that are available in extant twin data. As a 
result, researchers will likely continue using classical twin 
methods to test hypotheses about G × E in human subjects 
where experimental designs are often difficult or impossible 
to implement. What we suggest in the current research note 
is that researchers should be cautious about inferring that 
a G × E is absent when heritability estimates do not differ 
significantly across environments, and add additional tests 
when feasible.
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