
Heritability	
  and	
  the	
  response	
  to	
  
selec2on	
  	
  



Resemblance	
  between	
  rela2ves	
  in	
  
Quan2ta2ve	
  traits	
  

•  A trait with L loci  
•  Each segregating an allele A1 at freq. pl 

•  Each copy of the A1 allele at a locus increasing 
our phenotype by al, i.e. additively, around 
mean. 

•  An individual i’s genotype at locus l is Gil=0,1,2  
•  w.p. pl

2,2pl(1-pl), (1-pl)2 

•  An individual’s phenotype, Xp, is made up of  
•  XP = XA+ XE 



Genetic effect on height, cm
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effect	
  on	
  height	
  at	
  a	
  locus:	
  0.24cm	
  
	
  
Mean	
  allele	
  frequency:	
  	
  
52%	
  in	
  French	
  popula2on	
  

Number	
  of	
  height	
  increasing	
  alleles	
   Gene2c	
  effect	
  on	
  height,	
  cm	
  



N(µA	
  +	
  µE,VP)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  VP=VE+VA	
  

An	
  individual’s	
  phenotype,	
  Xp,	
  is	
  made	
  up	
  of	
  	
  
XP	
  =	
  XA+	
  XE	
  
	
  
	
  

	
  
XA	
  Gene2c	
  contribu2on	
  to	
  phenotype	
  has	
  a	
  	
  
normal	
  distribu2on	
  N(0,VA)	
  	
  
-­‐-­‐Follows	
  from	
  the	
  Central	
  Limit	
  Theory	
  
	
  	
  
Assume	
  that	
  XE	
  has	
  a	
  normal	
  distribu2on	
  	
  N(µE,VE)	
  	
  
	
  

Thus	
  XP	
  has	
  a	
  normal	
  distribu2on	
  

*Heritability	
  =	
  h2	
  =	
  VA/VP	
  

*NARROW	
  SENSE	
  



Resemblance	
  between	
  rela2ves	
  in	
  
Quan2ta2ve	
  traits	
  

•  Individual	
  1’s	
  phenotype	
  =	
  X1	
  
•  Individual	
  2’s	
  phenotype	
  =X2	
  
•  Want	
  to	
  know	
  the	
  cov(X1,X2)	
  	
  
•  =	
  Cov((X1M+X1P+X1E),	
  (X2M+X2P+X2E))	
  



Heritability*	
  is	
  es2mated	
  from	
  mid-­‐parent-­‐offspring	
  analysis	
  as	
  the	
  slope	
  
of	
  the	
  regression	
  line	
  

h2=0.5	
  

When	
  mid-­‐parental	
  values	
  
does	
  not	
  influence	
  	
  offspring	
  
phenotype.	
  

Offspring’s	
  phenotype	
  
predicted	
  by	
  parental	
  
mean	
  

Slope=Cov(X,Y)/Var(X)	
  =(VA/2)	
  /(VP/2)	
  =	
  h2	
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Slope	
  =	
  0.9	
  



the	
  effect	
  of	
  shared	
  environment	
  
•  Need	
  to	
  eliminate	
  the	
  covariance	
  
	
  of	
  rela2ves	
  due	
  to	
  shared	
  environment.	
  	
  

•  This	
  is	
  hard	
  but	
  doable	
  	
  
through	
  careful	
  experiments.	
  

•  E.g.	
  cross	
  fostering,	
  	
  
or	
  common	
  garden	
  experiments	
  
	
  
Or	
  by	
  use	
  of	
  other	
  pairings	
  of	
  rela2ves.	
  
	
  



Most	
  traits	
  show	
  h2	
  between	
  0.1	
  -­‐-­‐	
  0.9	
  

Applications
The parameter of heritability is so enduring and useful 
because it allows the meaningful comparison of traits 
within and across populations, it enables predictions 
about the response to both artificial and natural selec-
tion, it determines the efficiency of gene-mapping stud-
ies and it is a key parameter in determining the efficiency 
of prediction of the genetic risk of disease. Heritability 
is a simple dimensionless measure of the importance of 
genetic factors in explaining the differences between 
individuals, and it allows an immediate comparison of 
the same trait across populations and of different traits 
within a population. Such comparisons can lead to 
insights into the biology of the phenotype, or can have 
practical consequences for plant and animal breeding 
programmes. For example, the heritability of body size 
(or stature) is generally high across a wide range of spe-
cies (FIG. 1), signifying developmental processes that 
seem to be robust to environmental insults.

In medicine and human genetics, estimates of her-
itability can be compared across diseases to gauge the 
relative influence of genetic and environmental factors. 
Because disease is usually measured on an all-or-none 
scale, allowance has to be made for the incidence of 
disease when making comparisons. Heritability for 
such categorical traits can be defined on the observed 
discontinuous scale or on an unobserved continuous 
‘liability’ scale16. The continuous scale is more general 
because it is independent of the incidence of each cat-
egory (see BOX 5). For example, consider the psychiatric 
disorders schizophrenia and major depression, which 

differ considerably in the relative risks to first-degree 
relatives of affected individuals: 9 for schizophrenia17 
but only 3 for major depression18. However, the lower 
incidence of schizophrenia of 1%17 compared with 
3%18 for major depression results in similar estimates 
of heritability on the observed scale of 0.16 and 0.12, 
respectively. Conversely, heritabilities that are estimated 
on the underlying liability scale19 are quite different at 
0.81 and 0.37, respectively. For risk prediction that is 
based on family history or measured genotypes, it is the 
heritability on the observed 0–1 risk scale, however, that 
is most important20.

In artificial-selection programmes, heritability has 
a crucial role because it determines the precision with 
which the genetic value can be predicted from pheno-
typic information, and therefore determines the design 
of breeding schemes. The correlation between the 
observed phenotype and unobserved breeding value is 
h, the square root of the heritability3. Therefore, for a 
trait with a high heritability, the phenotype of an indi-
vidual is highly informative for its breeding value. So 
for traits that are easy to measure and have a high herit-
ability (for example, growth or weight traits (FIG. 1)) an 
easy and effective breeding scheme is to choose the best 
individuals for further breeding on the basis of their phe-
notypes. For traits with a low heritability (for example, 
litter size) information from many relatives is needed to 
predict breeding values accurately, but the accuracy of 
prediction of breeding values remains a function of the 
heritability. Hence, heritability is central in predicting 
the response to selection.

Nature Reviews | Genetics

Heritability

Drosophila — morphological traits (REF. 107)

Daphnia — body size (REF. 108)

Atlantic salmon — freshwater-stage weight (REF. 109)

Birds — tarsus length (REF. 110)

Birds — tarsus length (REF. 110)

Animal species in the wild — morphological (REF. 111)

Cattle — yearling weight (REF. 112)

Human — height Finland born 1947–57 (REF. 113)

Human — height Finland born <1929 (REF. 113)

Drosophila — life-history traits (REF. 107)

Daphnia — clutch size (REF. 108)

Rainbow Trout — alevin survival (REF. 114)

Cattle — calving success (REF. 112)

Cattle — bull fertility (REF. 112)

Pigs — number of piglets born alive (REF. 115)

Animal species in the wild — life-history traits (REF. 111)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Only one environment reported

Better environment

Poorer environmentAltantic salmon — marine-stage weight (REF. 109)

Morphological traits

Fitness traits

Figure 1 | Examples of estimates of heritabilities of morphological and fitness traits. Where possible, the 
estimates of heritability were taken from Reviews, and are the mean across a number of studies. The examples show 
that, on average, heritability estimates are larger for morphological traits than for fitness-related traits, and that 
heritability tends to be larger in better environments when compared with poorer environments.
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•  Easy	
  to	
  confuse	
  gene2c	
  inheritance	
  with	
  
shared	
  environment	
  

•  Heritability	
  measures	
  are	
  environment	
  specific	
  

•  Differences	
  between	
  popula2ons	
  in	
  a	
  highly	
  
heritable	
  phenotype,	
  do	
  not	
  mean	
  that	
  the	
  
differences	
  between	
  popula2ons	
  are	
  gene2c.	
  

•  South	
  Korean	
  men	
  	
  	
  1.738	
  m	
  (5	
  i	
  8.5	
  in)	
  
•  North	
  Korean	
  men	
  	
  	
  1.65m	
  (5	
  i	
  5	
  in)	
  

•  English	
  men	
  mid-­‐19th	
  C.	
  1.66	
  m	
  (5	
  i	
  5.5	
  in)	
  
•  English	
  men	
  today.	
  1.772	
  m	
  	
  (5	
  i	
  10	
  in)	
  

Confusion	
  over	
  popula2on	
  differences	
  in	
  IQ	
  are	
  the	
  worst	
  cases	
  of	
  this	
  



"…Owing to this struggle for life, any variation, however slight and from whatever cause 
proceeding, if it be in any degree profitable to an individual of any species, in its infinitely 
complex relations to other organic beings and to external nature, will tend to the 
preservation of that individual, and will generally be inherited by its offspring.   The 
offspring, also, will thus have a better chance of surviving, for, of the many individuals of 
any species which are periodically born, but a small number can survive.   I have called this 
principle, by which each slight variation, if useful, is preserved, by the term of Natural 
Selection…”	


	



Charles Darwin, “The Origin of Species”	



Conditions for evolution by natural selection	



1.  Variation must be present	


	


2.  This variation must affect the probability of survival and reproduction (fitness)	



3.  This variation must be heritable, i.e. genetic	





Grant	
  and	
  Grant	
  2002	
  

Drought	
  in	
  1977	
  lei	
  only	
  large	
  seeds	
  	
  
Available.	
  Birds	
  with	
  deeper	
  beaks	
  were	
  
Beker	
  able	
  to	
  survive.	
  
	
  

Beak	
  Depth	
  in	
  G.	
  for's	
  on	
  Daphne	
  Major	
  

Geospiza	
  for's	
  	
  

A	
  change	
  in	
  mean	
  phenotype	
  within	
  a	
  genera2on	
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•  Evolu2on	
  by	
  natural	
  selec2on	
  will	
  only	
  occur	
  if	
  the	
  
change	
  in	
  mean	
  phenotype	
  caused	
  by	
  selec2on	
  can	
  
be	
  transmiked	
  to	
  next	
  genera2on	
  (i.e.	
  it	
  is	
  
heritable).	
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  selec2on	
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even	
  in	
  absence	
  of	
  gene2c	
  varia2on	
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that	
  trait.	
  	
  

• However,	
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  natural	
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  will	
  occur	
  without	
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The	
  breeder’s	
  equa2on.	
  

Mean	
  flowering	
  2me	
  before	
  selec2on:	
  60	
  days	
  	
  
Selec2on	
  due	
  to	
  drought	
  in	
  one	
  genera2on	
  
moved	
  the	
  mean	
  flowering	
  2me	
  to	
  53	
  days	
  	
  
S	
  =	
  -­‐7	
  days	
  
h2	
  =	
  0.46	
  
R	
  =	
  0.46	
  x	
  (-­‐7)=-­‐3.22	
  days.	
  	
  
Predicted	
  change	
  in	
  next	
  genera2on.	
  

R	
  =	
  h2	
  S	
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Ongoing climate change has affected the ecological dynamics of
many species and is expected to impose natural selection on
ecologically important traits. Droughts and other anticipated
changes in precipitation may be particularly potent selective fac-
tors, especially in arid regions. Here we demonstrate the evolu-
tionary response of an annual plant, Brassica rapa, to a recent
climate fluctuation resulting in a multiyear drought. Ancestral
(predrought) genotypes were recovered from stored seed and
raised under a set of common environments with descendant
(postdrought) genotypes and with ancestor!descendant hybrids.
As predicted, the abbreviated growing seasons caused by drought
led to the evolution of earlier onset of flowering. Descendants
bloomed earlier than ancestors, advancing first flowering by 1.9
days in one study population and 8.6 days in another. The inter-
mediate flowering time of ancestor!descendant hybrids supports
an additive genetic basis for divergence. Experiments confirmed
that summer drought selected for early flowering, that flowering
time was heritable, and that selection intensities in the field were
more than sufficient to account for the observed evolutionary
change. Natural selection for drought escape thus appears to have
caused adaptive evolution in just a few generations. A systematic
effort to collect and store propagules from suitable species would
provide biologists with materials to detect and elucidate the
genetic basis of further evolutionary shifts driven by climate
change.

contemporary evolution ! global climate change ! life history theory !
local adaptation ! plant phenology

Many species have shifted phenology (the seasonal timing of
reproduction and other life history events) in response to

ongoing climate change (1–3). For example, a recent study
reviewing flowering times (FT) in 461 plant species showed a
trend of earlier f lowering with climate warming (1), and another
study showed shifts in plant flowering and bird and butterfly
arrival dates in Mediterranean habitats (4). These shifts are
largely attributed to rising temperatures, but anticipated changes
in precipitation (5) may also affect phenology, especially in arid
regions. Observed shifts in phenology are due in part to direct
effects of climate on physiological and developmental rates
(phenotypic plasticity). However, climate change can impose
natural selection on phenology and thereby cause genetically
based evolutionary shifts. These shifts may occur rapidly, pro-
viding important opportunities for the study of adaptive evolu-
tion in natural populations.

Abundant evidence has accumulated over the past several
decades showing that natural selection can cause evolutionary
change in just a few generations (6, 7). Several cases of contem-
porary evolution implicate climate change as a selective agent,
using two general protocols. The first compares contemporary
and previous data on natural populations. This approach has
shown shifts over the past few decades in the frequencies of
climate-associated isozyme alleles and chromosome inversions
across latitudinal gradients in Drosophila (8–10). Similarly,
pitcher plant mosquitoes from northern latitudes, where growing
seasons have lengthened, now enter winter diapause at shorter
photoperiods than they did in the 1970s, while more southern

populations remain unchanged (11). The second protocol in-
volves monitoring individuals in natural populations and infer-
ring genetically based changes from the phenotypic resemblance
between descendants and ancestors. This method has demon-
strated a genetic shift toward earlier parturition dates in red
squirrels over the 1990s after increased artic spring temperatures
(12) and showed shifts in beak morphology of Darwin’s finches
after drought changed food availability (13). These two general
approaches provide convincing evidence for evolution by show-
ing temporal changes in gene frequencies or phenotypes. How-
ever, by necessity, these methods evaluate ancestral and descen-
dant generations at different times and under potentially
nonidentical conditions, and so some important questions on the
adaptive nature and genetic basis of these changes cannot be fully
addressed.

We used a third experimental approach applicable to any
species that can be stored in a dormant state. This approach
compares phenotypic and fitness values of ancestral, descendant,
and ancestral!descendant hybrid genotypes grown simulta-
neously under conditions that mimic the pre- and postchange
environments. This method has several advantages. Ancestors
and descendants are reared together under the same controlled
conditions so that phenotypic differences between ancestors and
descendants can be partitioned into components due to genetic
change and due to phenotypic plasticity. By simulating pre- and
postchange conditions and measuring fitness in both environ-
ments, it is possible to determine whether the descendant
genotypes are better adapted to novel conditions, or, conversely,
that they have lost adaptation to past conditions. The construc-
tion of hybrid lines provides information on the genetic basis and
architecture of trait changes, allowing phenotypic shifts to be
partitioned into additive versus dominant gene effects (14). This
approach thus combines the logic of the reciprocal transplant
(15) and the line cross (14) experimental protocols, which have
explored evolutionary divergence between populations, to in-
vestigate evolutionary changes within populations. Previous
studies have compared ancestors and descendants (without
hybrids) to demonstrate the evolutionary response of Escherichia
coli to elevated temperature in the laboratory (16) and in natural
populations of Daphnia to study adaptation to water pollution
(17). We used this general protocol to examine changes in
phenology after drought.

We examined the evolutionary response of FT in field mus-
tard, Brassica rapa L. (Brassicaceae), during a regional climate
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high breeding value were also shot at an early age, and thus did
not achieve high reproductive success5. Declines in mean breed-
ing values for weight and horn size therefore occurred in
response to unrestricted trophy hunting, resulting in the pro-
duction of smaller-horned, lighter rams, and fewer trophies.
Sport harvesting is one of the most pervasive and potentially

intrusive human activities that affect game mammal populations
globally6. Hunters are willing to pay large sums to hunt trophy
mountain ungulates in various parts of the world, and many
mountain sheep (Ovis canadensis and O. dalli) populations in
North America are managed primarily to produce large-horned
trophy rams for sport hunters. A world-class trophy ram is an
extremely valuable commodity, and hunting permits have been
auctioned for hundreds of thousands of dollars7. One sport hunter
paid over Can$1 million in 1998 and 1999 for special permits to
hunt trophy rams in Alberta, Canada7. In many parts of North
America, sport harvest of mountain sheep is often restricted only
by the availability of rams whose horns reach a minimum size
prescribed by regulations. Although the use of income generated
from sport hunting towards enhancing and conserving mountain

ungulate habitat can be seen in a positive light7, so far little attention
has been paid to the potential evolutionary consequences, and
hence the sustainability, of harvest regimes2,3.

Wildlife management has traditionally focused on demographic
and ecological factors that affect numbers and growth rates in
harvested populations8–11. However, the life-history changes experi-
enced by species subject to commercial fisheries strongly suggest
that intensive harvesting practices can elicit an evolutionary
response in wild stocks12–15. Experimental size-selective harvesting
treatments on an exploited fish demonstrated evolutionary effects
on somatic growth and population productivity in the opposite
direction of the size bias of the harvest13. Recent reviews have called
attention to the potential selective effects of sport hunting on wild
ungulates, in which large-horned or large-antlered males are selec-
tively targeted2,3. The increased frequency of tuskless elephants in
many African populations has also been suggested to have occurred
in response to selective ivory poaching16. Here we use data from the
long-term study of a harvested bighorn sheep population at Ram
Mountain, Alberta, Canada, to investigate the evolutionary con-
sequences of more than 30 years of selective hunting of trophy rams.

Fifty-seven rams have been shot at RamMountain since 1975, or
about 40% of the rams legally available for harvest in each year (see
Methods), for a yearly harvest of between zero and six rams17. Most
trophy-harvested rams were shot before reaching 8 years of age (45
of 57 rams), and nine were shot as early as the age of 4 years. In
bighorn sheep, much of the total horn length is added from the ages
of 2 to 4 years, and at RamMountain the probability of a ram being
shot before the age of 6 years is positively correlated with cumulative
horn growth over this interval4. ‘Animal model’18 quantitative
genetic analysis of 395 horn-length and 447 weight measurements
taken from 192 rams at ages 2, 3 and 4 years from 1971 to 2002
revealed narrow-sense heritabilities of 0.69 ^ 0.10 and 0.41 ^ 0.11

Figure 1 Selection against high-breeding-value rams imposed by trophy hunting.
a, Breeding values (means ^ s.e.m.) for horn length and weight of trophy-harvested

rams (filled bars) and non-trophy-harvested rams (open bars). b, Relationship between
the age at harvest for trophy-harvested rams and their breeding value. c, Relationship
between the number of paternities assigned to trophy-harvested rams in their lifetime and

their breeding value.

Figure 2 Observed changes in mean weight and horn length and in the population size
from 1972 to 2002. a, Relationship between weight (mean ^ s.e.m.) of 4-year-old rams

and year (N ¼ 133 rams). b, Relationship between horn length (mean ^ s.e.m.) of

4-year-old rams and year (N ¼ 119 rams). c, Changes in population size (taken as the
number of ewes aged at least 2 years plus yearlings17) over time.
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direction of the size bias of the harvest13. Recent reviews have called
attention to the potential selective effects of sport hunting on wild
ungulates, in which large-horned or large-antlered males are selec-
tively targeted2,3. The increased frequency of tuskless elephants in
many African populations has also been suggested to have occurred
in response to selective ivory poaching16. Here we use data from the
long-term study of a harvested bighorn sheep population at Ram
Mountain, Alberta, Canada, to investigate the evolutionary con-
sequences of more than 30 years of selective hunting of trophy rams.

Fifty-seven rams have been shot at RamMountain since 1975, or
about 40% of the rams legally available for harvest in each year (see
Methods), for a yearly harvest of between zero and six rams17. Most
trophy-harvested rams were shot before reaching 8 years of age (45
of 57 rams), and nine were shot as early as the age of 4 years. In
bighorn sheep, much of the total horn length is added from the ages
of 2 to 4 years, and at RamMountain the probability of a ram being
shot before the age of 6 years is positively correlated with cumulative
horn growth over this interval4. ‘Animal model’18 quantitative
genetic analysis of 395 horn-length and 447 weight measurements
taken from 192 rams at ages 2, 3 and 4 years from 1971 to 2002
revealed narrow-sense heritabilities of 0.69 ^ 0.10 and 0.41 ^ 0.11
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the age at harvest for trophy-harvested rams and their breeding value. c, Relationship
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their breeding value.

Figure 2 Observed changes in mean weight and horn length and in the population size
from 1972 to 2002. a, Relationship between weight (mean ^ s.e.m.) of 4-year-old rams

and year (N ¼ 133 rams). b, Relationship between horn length (mean ^ s.e.m.) of
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R=Change	
  between	
  successive	
  	
  
genera2ons	
  =	
  -­‐6cm	
  
	
  
S=	
  Change	
  within	
  a	
  genera2on	
  =	
  -­‐8cm	
  
	
  

What’s	
  h2?	
  	
  



•  We	
  can	
  apply	
  the	
  breeder’s	
  equa2on	
  over	
  
many	
  genera2ons:	
  

•  	
  Change	
  in	
  mean	
  over	
  n	
  discrete	
  genera2ons	
  
•  Rn	
  	
  =	
  n	
  h2	
  S	
  

•  If	
  S	
  is	
  a	
  constant	
  each	
  genera2on	
  
•  And	
  h2	
  remains	
  constant.	
  *	
  

•  *This	
  may	
  be	
  a	
  big	
  if.	
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