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T
he rediscovery of Mendel’s laws in 1900 resulted in new sci-
entific disciplines, including evolutionary and population 
genetics and, after the reconciliation of continuous (‘com-

plex’) traits with Mendelian inheritance1,2, quantitative genet-
ics. Mendelian genetics gave a mechanism for Darwin’s theory of 
natural selection, underlies the risk of rare and common disease in 
families and populations and is the foundation for efficient breeding 
programs in agriculture. Not many scientists have contributed to 
all these fields of research and their applications. One exception is  
W. G. (Bill) Hill, who died 17 December 2021. In this Perspective, 
we highlight key scientific discoveries and contributions made 
by Hill, summarized in Fig. 1, which all ultimately derived from 
Mendel’s laws of assortment and segregation.

LD in finite populations and the metric r2

When Mendel documented cosegregation of pairs of traits in 
hybridization studies of peas, he reported on trait pairs determined 
by unlinked genes, so that their segregation was independent3,4. 
Linkage between loci was soon recognized by geneticists, and theo-
retical studies introduced the concept of LD, denoted Δ by Robbins5 
and now known as D (ref. 6). For a pair of loci, each segregating for 
a pair of alleles, A/a and B/b, respectively, with frequencies pA versus 
1 − pA, and pB versus 1 − pB, D is defined as pAB − pApB, where pAB 
is the frequency of haplotypes carrying A and B and pApB is their 
frequency expected if the alleles at the two loci are combined ran-
domly. It was Hill together with Alan Robertson7 who introduced 
the r2 measure of LD. r2 is the squared correlation between the states 

of the alleles at the two loci, measured as r2 = D
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has advantages over other measures of LD because of its range 
(0 to 1) and known statistical properties. The r2 statistic is a met-
ric that has shaped much of empirical population genetics research 

since the 1970s and human genetics research in the last 20 years, as 
evidenced by citations over time (Fig. 2).

By 1918, it was already recognized that, in a large randomly mat-
ing population, LD is broken down by recombination between the 
two loci (whose frequency is denoted by c), so that after t genera-
tions, Dt = D0(1 − c)t tends to zero as t increases, where D0 is the 
value of D at time t = 0. More than 50 years of theoretical studies 
followed that described LD under different mating and selection 
scenarios, all under the assumption of infinite population size8. It 
was Hill and Robertson in 19669 and 19687 who first investigated 
the impact of random sampling of genotype frequencies in finite 
populations (genetic drift) on LD, concluding that drift can induce 
(substantial) LD even when loci are on different chromosomes, if 
the population size is sufficiently small. Moreover, they demon-
strated that the expected value of r2 was inversely related to 4Nec, 
where Ne is the effective population size7. A few years later, Sved 
derived this relationship as E(r2) ≈ 1/(1 + 4Nec), which became 
a well-known expression8. The r2 measure is fundamental to the 
design and analysis of genome-wide association studies (GWASs), 
because it determines how many markers are needed in the genome 
to detect association between a genotyped marker and an ungeno-
typed causal variant10. Single-nucleotide polymorphisms (SNPs) on 
GWAS arrays are selected to be representative of variation in the 
genome using the estimate of the r2 statistic, and the power of the 
association test is directly proportional to the r2 between a causal 
variant and the genotyped SNP. Methods for estimating genetic (co)
variance from GWAS results also rely on the r2 metric11.

Hill also considered the genetic sampling variation of LD12. In an 
algebraic tour-de-force, he explored the properties of the squared 
correlation by determining the variances and covariances of squared 
disequilibria13. Finding tractable approximations for eighth-order 
moments is a rare skill and was matched only by Hill’s skill in the 
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simulation and numerical evaluation of his theoretical results. In 
a highly cited paper published in 1974 (ref. 14), Hill used ‘chromo-
some counting’ for estimating LD by estimating the numbers of 
coupling and repulsion heterozygotes at two loci and using these 
in maximizing the likelihood for two-locus gamete frequencies, 
which in turn were used to update heterozygote frequencies in an 
iterative process. This preceded the now-common and equivalent 
expectation–maximization (EM) algorithm (which was not named 
and published until 1977), which is widely used for maximum likeli-
hood estimation of LD15.

The term LD can be confusing. In his ‘One hundred years of link-
age disequilibrium’ review coauthored with John Sved8, Hill offers 
some key historical insights: “From a present-day point of view, it is 
difficult to appreciate the background of population genetics theory 
in the premolecular era. It was well known, from Drosophila for 
example, that there are many cases of very closely linked loci. What 
was less clear, however, was whether there are many cases of closely 
linked polymorphic loci in populations. In retrospect, the lack of 
thought given to this possibility seems surprising … One result of 
this history is the usage of the term LD. In modern usage it usually 
applies to closely linked loci, where the idea that linked SNPs within 
linkage blocks are somehow in ‘disequilibrium’ seems counterintui-
tive. The LD term is also used to describe the situation for unlinked 
loci” (e.g., correlation across chromosomes induced by population 
stratification) “where the term is especially inappropriate. In retro-
spect, the term ‘allelic association’ (see, e.g., Morton et al.16) would 
probably have been more suitable.”

the Hill–Robertson effect
For evolutionary biologists, Hill’s most famous contribution is his 
PhD work on the effects of linkage on the effectiveness of selec-
tion. This work showed that linkage between different loci sub-
ject to directional selection impedes the ability of the population 
to respond to selection, because randomly generated LD can cause 
a beneficial variant at one genomic location to become associated 
with a harmful variant nearby in the genome, reducing its chance 
of fixation in the population. This was dubbed the Hill–Robertson 
effect by Joe Felsenstein in his seminal paper on the evolutionary 
significance of genetic recombination17. The effect is also known as 
Hill–Robertson inference. The importance of the Hill–Robertson 
effect in explaining patterns of molecular evolution and variation 
in relation to the rate of genetic recombination has become increas-
ingly apparent with the advent of population genomic studies, with 
increasing evidence that the ability of populations to incorporate 

beneficial mutations and eliminate deleterious mutations is impeded 
when recombination is rare or absent18. The large increase in cita-
tions over the past 20 years shown in Fig. 2 reflects the importance 
of the concept of Hill–Robertson inference for studies of molecular 
evolution and variation.

Population genetics theory
Hill contributed substantially to our understanding of the varia-
tion among evolutionary replicates of population genetic param-
eters, and variation in the estimates of these parameters. The key 
population genetic parameters needed to understand the behavior 
of neutral alleles between and within populations are the probabili-
ties that sets of alleles are identical by descent because they have 
descended from a single ancestral allele. Genetic sampling over 
the generations between that ancestral allele and the current alleles 
means that there is variation in the actual identity state across the 
genome and among individuals with the same pedigree-based iden-
tity probabilities. In an important note19, Hill predicted the extent 
of this variation for genomes with specified numbers of chromo-
somes and map lengths. This followed substantial treatments of 
variation in heterozygosity20 and inbreeding21 in finite populations. 
Variation in actual relatedness identity was covered in multiple 
papers22–24. Figure 3 (which is based on Fig. 5 of Hill and Weir22) 
illustrates Hill’s observation of the difficulty in distinguishing 
among different classes of relatedness on the basis of single-marker 
statistics even when the predicted identity probabilities are dif-
ferent. Although the variances of actual identity decrease with 
the pedigree expectations, the coefficients of variation increase as 
relatedness decreases. Distinguishing among classes becomes more 
difficult for more distant relatives. In work that parallels methods 
currently used by direct-to-consumer testing companies and foren-
sic investigations of cold cases, Hill later23 showed that inference 
on relatedness classes can be made using the number and genomic 
locations of shared identical-by-descent segments.

Genetic architecture of complex traits
Long-standing questions in quantitative genetics concern the 
nature of genetic variation. How many loci contribute to standing 
variation, what are their frequency and effect sizes, how much of 
the genetic variance that they generate is additive versus nonaddi-
tive and why is genetic variation so ubiquitous, including for traits 
that are associated with fitness? Hill contributed to all of these fun-
damental questions in a series of theoretical studies. As we show, 
many of the predictions made in those studies have now been  
validated empirically.

The standard model for a single locus and a quantitative (com-
plex) trait is the Fisher model, derived in detail in Fisher1 and pop-
ularized in Falconer’s well-known textbook25. This model relates 
descriptors of variation (additive and dominance variance com-
ponents) to gene action (additive and dominance coefficients) and 
allele frequencies and reconciles the correlations between relatives 
for complex traits with Mendel’s laws of single-locus inheritance. 
For a recent detailed explanation of this model with an online 
web application, see Hivert et al.26. Multilocus (polygenic) models 
generate additional (epistatic) genetic variance components27. For 
multilocus models, if the dominance effects at individual loci are 
on average in one direction (‘directional dominance’), there will 
be a change of the mean phenotype with inbreeding. In particular, 
‘inbreeding depression’, whereby inbred individuals have reduced 
mean trait values for traits associated with fitness (such as survival 
and fertility), is ubiquitous in nature28.

Knowledge of genetic variance components is important, 
because they are informative about the nature of new mutations, the 
nature and strength of past natural selection, predicted responses 
to artificial and natural selection and the optimum experimental 
designs for mapping trait loci. Dominance variance was considered 
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to be important by Fisher because of Mendel’s experiments and 
because it causes the genetic correlation between full sibs to exceed 
that between parents and offspring. Hill made predictions about the 
role of additive versus nonadditive genetic variation in a number of 
theoretical studies. First, in a throwaway comment in Robertson & 
Hill29, which concerns the effect of linkage on the response to direc-
tional selection in finite populations, the authors state “A rather sur-
prising consequence of these arguments is that it is not possible to 
define an infinitesimal model with directional dominance in which 
there is linkage equilibrium and both the inbreeding depression and 
dominance variance are finite.” In other words, highly polygenic 
traits cannot both show inbreeding depression and dominance vari-
ance. The relationship between inbreeding depression, dominance 
variance and the number of loci was in fact highlighted earlier in 
analyses of Drosophila experiments30. We illustrate the relation-
ships among inbreeding depression, dominance variance and poly-
genicity in Fig. 4. It shows that dominance variance is expected 
to be negligible, unless the number of causal loci is small (<100) 
and inbreeding depression is very large (e.g., 0.5 standard devia-
tions per 6.25% inbreeding). This would correspond in humans to 
a reduction of ~3.5 cm in height and 7.5 IQ points in offspring of 
first cousin matings. The estimated inbreeding depression reported 
for human traits is typically less than 0.25 standard deviations per 
6.25% inbreeding31–33.

Second, Hill presented theoretical results on the expected ratio 
of additive to total genetic variance by modeling the distribution 
of allele frequencies under a range of gene action models. He con-
cluded that additive genetic variance is expected to account for 
most of the genetic variation of complex traits34. Third, Hill then 
expanded this theoretical research to include higher-order epistatic 
interactions and again concluded that most genetic variance will 
be additive35. Fourth, Hill and coworkers investigated highly non-
linear biological models (enzyme flux) that display strong domi-
nance coefficients and again showed that most genetic variance is 
expected to be additive34,36. These results all have in common the 
property that strong interactions of loci within and between genes 
do not tend to result in much nonadditive genetic variation.

How do the data fit these theoretical predictions? We focus 
here on human complex traits, even though the results apply to 
other outbred populations such as Drosophila and were indeed 
obtained there much earlier in the context of viability and other 

fitness components30,37. In human genetics, twin studies have been 
used extensively over many decades to estimate genetic variation 
for quantitative traits and diseases and partition it into additive 
and dominance components of variance. A review of nearly all 
twin studies in the last 50 years concluded that on average (across 
traits), results from twin studies were consistent with mostly addi-
tive genetic variation and an absence of nongenetic sources of twin 
similarity38. Estimation of inbreeding depression can be done eas-
ily by correlating trait values with inbreeding coefficients, either 
with pedigree data or with population data using GWASs. The 
results provide widespread evidence for inbreeding depression31–33. 
Moreover, we also know from GWASs that most complex traits 
are highly polygenic39. It follows, therefore, that there cannot be 
much dominance variance for human complex traits. Consistent 
with this purely theoretical prediction, the absence of dominance 
variance has recently been reported for many human traits40–42. 
Even in model organisms such as yeast, where gene frequencies in 
experimental line crosses are ½, which is the best-case scenario for 
observing nonadditive variance, most variation is additive43,44.

As Darwin recognized, a change in mean trait value under selec-
tion requires the existence of heritable variation, which we now 
understand means additive genetic variance, which is abundantly 
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available for most quantitative traits, as we have just described. Hill 
contributed several important theoretical studies of how additive 
genetic variance can be maintained in populations as the result of 
the interactions among various forms of selection, mutation and 
genetic drift (e.g., ref. 45). But selection of the intensity used in arti-
ficial selection experiments, and by animal and plant breeders, is 
expected to rapidly exhaust additive genetic variance. Hill was the 
first to quantify the role of new mutations in producing the vari-
ability needed for long-term continued responses to selection46,47. 
These responses are a remarkable feature of many artificial selection 
experiments and animal and plant breeding programs, as he was 
fond of pointing out48.

translation and impact of quantitative genetics theory in 
animal breeding
Animal breeding is the area of applied quantitative genetics dealing 
with selection of animals (mainly livestock) to improve their genetic 
potential for productivity. Among other tasks, this involves the 
design of breeding programs, the prediction of genetic (‘breeding’) 
values from available data and estimation of genetic covariances and 
other parameters. The last two are also relevant for evolutionary49 
and human genetic studies; polygenic risk predictors for disease in 
humans are equivalent to estimated breeding values in livestock50. 
Coming from a farming background, Hill took a keen interest in 
these areas and had a profound impact, not only through his own 
contributions but also by using them as training ground for numer-
ous students (including authors K.M., P.M.V. and N.R.W.) and post-
doctoral students and serving as a consultant for various breeding 
companies. We consider selected topics.

Some of Hill’s earlier work addressed the response to selection 
in breeding programs when generations overlap. He advocated the 
use of ‘transition matrices’ to model gene flow in predicting genetic 
gain51. This elegant and versatile method has practical applications 
because it allows the economic optimization of breeding programs 

by predicting genetic gain over time while discounting future 
returns. Furthermore, he demonstrated the effects of sampling varia-
tion on the efficacy of selection indices, that is, linear combinations 
of information from various sources such as different traits or traits 
measured on relatives. Sales and Hill52,53 showed that, due to sam-
pling errors in estimates of genetic parameters the achieved response 
to selection is always less than expected. Subsequently, Hayes and 
Hill54 proposed a method termed ‘bending’ to reduce the sampling 
variation of estimates of genetic covariance matrices by regressing 
eigenvalues to their mean. The original idea was to ‘borrow strength’ 
from the phenotypic covariance matrix by considering the canonical 
eigenvalues of the two matrices. Although their paper is often mis-
quoted (it involved the product of two covariance matrices), bending 
generally has become synonymous with modifying the eigenvalues 
of single matrices and is widely used to ‘fix’ nonpositive definite esti-
mates, not only in animal breeding but also in human genetics55.

Estimation of genetic parameters using pedigree data relies on 
equating covariances between relatives to their expectations. Classic 
estimators, derived from analysis of variance, were restricted to con-
sidering few types of relatives simultaneously. In a pioneering study, 
Hill and Nicholas56 showed that a maximum likelihood framework 
of estimation could overcome such limitations. In the 1980s, this 
was superseded by restricted maximum likelihood (REML)57 esti-
mation, fitting the so-called animal model. Hill championed the 
developments and uptake of this methodology, with many of his 
protégés performing REML analyses of data from livestock58,59 and 
selection experiments60,61, later applying it to evolutionary ecology62 
and human genetics63,64.

An important prerequisite for quantitative genetic applications 
is adequate modeling of covariance structures. Hill was particularly 
interested in heterogeneity of variation, for example between herds 
of dairy cattle58,65,66 and its effects on the response to selection. He 
showed that, if ignored, this could lead to selection favoring indi-
viduals in more variable groups and described pragmatic methods 
to correct for it67. Later, Hill focused on heterogeneity of environ-
mental variation, proposing an extension of the standard additive 
model that allowed for partial genetic control of this component 
and considering the scope for selecting on it68,69. Genomic loci that 
are associated with trait variance have now been mapped in many 
species, including humans70,71.

Longitudinal traits are those that are measured repeatedly along 
a trajectory (e.g., body weight at various ages or daily milk yield) 
and expected to change gradually and continuously with time (or 
its equivalent), both in means and in covariance structure. The lat-
ter can be modeled parsimoniously through so-called covariance 
functions, allowing for potentially infinitely many dimensions. This 
concept was first developed in evolutionary biology. Hill recognized 
its importance and encouraged applications to animal breeding72,73. 
It turned out to be equivalent to fitting individual regression equa-
tions for random effects. As ‘random regression models’, these have 
become a standard part of the quantitative genetics arsenal and 
form the basis of many routine genetic evaluation schemes for dairy 
cattle and research applications in evolution74 and human genetics75.

Concluding remarks
Mendel’s discoveries heralded the discipline of genetics and 
spawned many subdisciplines therein. Evolutionary, population 
and quantitative genetics, and their applications in plant and animal 
breeding and human genetics, are all anchored in the fundamentals 
of Mendel’s laws. In this Perspective we have highlighted the contri-
butions of one scientist, W.G. Hill, across all of these disciplines and 
demonstrated his remarkable contributions to a better understand-
ing of genetics, selection and evolution of complex traits.

Hill’s direct scientific legacy has been highlighted here. His indi-
rect and behind the scenes presence in shaping the entire field of 
quantitative genetics has also been remarkable, not just through 
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research by his students, postdocs and collaborators, but also by 
influencing major graduate textbooks in the field, as evidenced by 
the acknowledgements therein for example27,76.

We end with quote from Hill about the discipline of quantitative 
genetics. It was put on paper in 2010 (ref. 48), but we were privileged 
to hear it verbally many times before that. We cite it because it is 
still true today and, we suspect, for many years to come: “For many 
decades claims have been made that quantitative genetics was dead 
or dying but, condescendingly, perhaps still useful until the contents 
of the black box were revealed, a feat which would be ‘just round 
the corner’ … In view of its complexity, it therefore seems likely 
that the black box will remain cloudy for a while, even though fed 
information on, inter alia, myriads of genetic markers, levels of gene 
expressions and trait phenotypes.”

Data availability
The code used to create Fig. 3 is available at https://github.com/
loic-yengo/Hill-and-Weir-2011—revisited.
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