
Ecology and Evolution 2016; 6: 7783–7786 www.ecolevol.org   |  7783© 2016 The Authors. Ecology and Evolution 
 published by John Wiley & Sons Ltd.

Received: 11 August 2016  |  Revised: 31 August 2016  |  Accepted: 1 September 2016

DOI: 10.1002/ece3.2522

Abstract
Comparisons of QST to FST can provide insights into the evolutionary processes that 
lead to differentiation, or lack thereof, among the phenotypes of different groups (e.g., 
populations, species), and these comparisons have been performed on a variety of 
taxa, including humans. Here, I show that for neutrally evolving (i.e., by genetic drift, 
mutation, and gene flow alone) quantitative characters, the two commonly used QST 
estimators have somewhat different interpretations in terms of coalescence times, 
particularly when the number of groups that have been sampled is small. A similar situ-
ation occurs for FST estimators. Consequently, when observations come from only a 
small number of groups, which is not an unusual situation, it is important to match 
estimators appropriately when comparing QST to FST.
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1  | INTRODUCTION

An important goal of evolutionary studies is to understand the 
 processes that lead to differentiation, or lack thereof, among the phe-
notypes of different groups (e.g., populations, species). We would like 
to know: did genetic drift or diversifying natural selection produce 
the between-group differences? Or, in the case of limited differenti-
ation, did stabilizing selection keep the phenotypes similar? One way 
to approach these questions is to compare the degree of genetic dif-
ferentiation for phenotypes of interest, QST, with the degree of ge-
netic differentiation for presumably neutral DNA markers, FST (Prout 
& Barker, 1993; Relethford, 1994; Rogers & Harpending, 1983; Spitze, 
1993). These kinds of comparisons have been performed for numer-
ous taxa (reviewed by Whitlock, 2008), including humans (reviewed by 
Roseman & Weaver, 2007).

2  | DIFFERENT QST  ESTIMATORS

Two QST estimators for quantitative characters are commonly used. 
Prout and Barker (1993) and Spitze (1993) defined QST as

where VA,B is the between-group additive genetic variance and VA,W is 
the within-group additive genetic variance of the character of interest 
(see also Lande, 1992). This definition implies the QST estimator

where the hats on the variances denote unbiased estimators (see 
Prout & Barker, 1993; Spitze, 1993; Whitlock, 2008).

Relethford and Blangero (1990) and Relethford (1994) introduced 
a different QST estimator. For a single character with equal weighting 
of groups, this estimator reduces to

where d is the number of groups that have been sampled, z̄i is the 
character mean for the ith group, z̄ is the character grand mean (mean 
of the group means), h2 is the narrow-sense heritability of the charac-
ter, and VP,W is the within-group phenotypic variance of the character 
(see also Rogers & Harpending, 1983). By multiplying Equation 2 by 
h2VP,W∕h2VP,W, it is straightforward to show that ̂QRB
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where ̃VA,B is the biased estimator (i.e., division by d instead of d−1) 
for the between-group additive genetic variance, VA,B. The limit 
of ̂QRB

ST
 as the number of sampled groups goes to infinity is ̂QPBS

ST
, 

but with a small number of sampled groups, these quantities can 
have quite different values. For example, when only two groups are 
sampled,

Prout and Barker (1993) and Spitze (1993) does not cite Relethford 
and Blangero (1990), and Relethford (1994) does not cite Prout and 
Barker (1993) or Spitze (1993), so these two estimators were devel-
oped independently, and apparently, not many researchers are aware 
of both, with biologists citing Prout and Barker (1993) and Spitze 
(1993) and anthropologists citing Relethford and Blangero (1990) 
and Relethford (1994). Here, I show that for neutrally evolving (i.e., 
by genetic drift, mutation, and gene flow alone) characters, ̂QPBS

ST
 and 

̂QRB

ST
 have somewhat different interpretations in terms of coalescence 

times.

3  | EXPRESSING QST  ESTIMATORS IN 
TERMS OF COALESCENCE TIMES

Imagine sampling d groups, each for n individuals, and measur-
ing a particular character on each individual. To proceed, we will 
start by expressing the problem in terms of breeding values for 
haplotypes and then relate these quantities to additive genetic 
variances. Let SH,W be the mean sum of squares of the differences 
in breeding values among the haplotypes of individuals from the 
same group, and SH,B be the mean sum of squares of the differ-
ences in breeding values among haplotypes of individuals from 
different groups. Then,

where each x is a breeding value, i and i′ index haplotypes, and j and j′ 
index groups. Note that SH,W and SH,B quantify squared pairwise differ-
ences rather than squared deviations from a mean. If the character is 
evolving neutrally and its genetic basis is a large number of loci that 
contribute equally and additively to the value of the measurement 
(i.e., no interactions among the contributions), SH,W and SH,B can be 
expressed in terms of coalescence times as

where E is the mathematical expectation (mean of the distribution of 
possible evolutionary outcomes), τW is the mean coalescence time of 
pairs of alleles from the same group, τB is the mean coalescence time 
of pairs of alleles from different groups, and σ2

m
 is the additive genetic 

variance introduced by mutation per zygote per generation into all of 
the groups (Slatkin, 1995; Whitlock, 1999). Additionally,

where ̂VH,W is the unbiased estimator for the variance in breeding val-
ues among the haplotypes of individuals from the same group (Slatkin, 
1995). Furthermore, at Hardy–Weinberg equilibrium,

because the variance in breeding values for the haplotypes of an in-
dividual is equal the within-group additive genetic variance (Kremer, 
Zanetto, & Ducousso, 1997).

Let xi,j= x̄j+Δi,j where x̄j is the mean breeding value for group j and 
Δi,j is the deviation of the breeding value of haplotype i of group j from 
the group mean. Then, substituting into Equation 4 gives
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and at Hardy–Weinberg equilibrium,

where ̂VH,B is the unbiased estimator of the variance in breeding values 
among the haplotypes of individuals from different groups, and ̃VH,W 
and ̃VA,W are biased estimators (i.e., division by 2nd or nd instead of 
2nd−d or nd−d), respectively, of the within-group variances VH,W and 
VA,W (for a similar derivation see Goldstein, Linares, Cavalli-Sforza, & 
Feldman, 1995). Combining Equations 5 and 7 gives

Combining Equations 6 and 8 and assuming n is large gives

Additionally, because the mean coalescence time of pairs of alleles 
from the collection of groups sampled, τ, can be defined as a weighted 
sum of the within-group and between-group coalescence times for the 
sample (Slatkin, 1995),

if, as above, n is large

We can now express ̂QPBS

ST
 and ̂QRB

ST
 in terms of coalescence times. 

For ̂QPBS

ST
, combining Equation 1 with Equations 9 and 10 gives

For ̂QRB

ST
, combining Equation 3 with Equations 9 and 12 gives

Therefore, the two QST estimators have somewhat different inter-
pretations in terms of coalescence times. In summary, ̂QPBS

ST
 implies

̂QRB

ST
 implies

4  | RELATIONSHIPS BETWEEN QST  AND 
FST  ESTIMATORS

As discussed by Slatkin (1993, 1995), a similar situation occurs 
for FST in that the different estimators have somewhat differ-
ent interpretations in terms of coalescence times. For example, 
Weir and Cockerham (1984)'s θ̂ and Lynch and Crease (1990)'s 
NST imply

and Nei (1973)'s GST and Slatkin (1995)'s RST imply

Therefore, θ̂ and NST correspond to ̂QPBS

ST
, and GST and RST correspond 

to ̂QRB

ST
.

5  | RELATING THE RESULTS TO PREVIOUS 
WORK

Whitlock (2008) noted that, if the character and DNA marker are 
evolving neutrally, ̂QPBS

ST
 and θ̂ are expected to match, which is consist-

ent with the results presented here, and he used simulations to dem-
onstrate this correspondence in a 10 deme island model. However, 
according to Whitlock (1999), ̂QPBS

ST
 implies QST= (τ−τW)∕τ, which is 

only accurate when d is large (many groups have been sampled). As 
shown here, the more general result (i.e., applicable to an arbitrary 
number of sampled groups) is that ̂QPBS

ST
 implies QST= (τB−τW)∕τB. 

Whitlock (1999)'s result holds when d is large, because the limit 
of τ as the number of sampled groups goes to infinity is τB (see 
Equation 11).

It is also instructive to relate the coalescent-based results pre-
sented here and in Whitlock (1999) to classic results of evolutionary 
quantitative genetics. Imagine a simple split (i.e., without gene flow) 
t generations in the past of an ancestral group into two descendant 
groups, both of which have the same effective population size as the 
ancestral group. Under this scenario, if n is large, τ≈τW+ t∕2 (Slatkin, 
1995), and according to formulas in Whitlock (1999), ̂VA,B is expected 
to be 2σ2

m
(τ−τW). Combining these results for τ and ̂VA,B leads to the 

expectation that ̂VA,B will be σ2
m
t for a simple split into two groups, 

which differs by a factor of two from classic results (Lande, 1979; 
Lynch & Hill, 1986; Turelli, Gillespie, & Lande, 1988). This contradic-
tion can be resolved by recognizing that the more general result, from 
Equations 10 and 12, is

which leads to the expectation, consistent with classic results, that 
̂VA,B will be 2σ2

m
t for a simple split into two, or more, groups.

(8)SH,B=2 ̂VA,B+4 ̃VA,W

(9)E{ ̂VA,W}=τWσ2
m
.

(10)
1

2
E{ ̂VA,B}+E{ ̂VA,W}≈τBσ

2
m
.

(11)τ=
2n(d−1)

2nd−1
τB+

2n−1

2nd−1
τW,

(12)
d−1

2d
E{ ̂VA,B}+E{ ̂VA,W}≈τσ2

m
.

E{ ̂VA,B}

E{ ̂VA,B}+2E{ ̂VA,W}

=

1

2
E{ ̂VA,B}+E{ ̂VA,W}−E{ ̂VA,W}

1

2
E{ ̂VA,B}+E{ ̂VA,W}

=
τB−τW

τB
.

E{ ̃VA,B}

E{ ̃VA,B}+2E{ ̂VA,W}

=

d−1

d
E{ ̂VA,B}

d−1

d
E{ ̂VA,B}+2E{ ̂VA,W}

=

d−1

2d
E{ ̂VA,B}+E{ ̂VA,W}−E{ ̂VA,W}

d−1

2d
E{ ̂VA,B}+E{ ̂VA,W}

=
τ−τW

τ
.

QST=
τB−τW

τB
and

QST=
τ−τW

τ
.

FST=
τB−τW

τB
,

FST=
τ−τW

τ
.

E{ ̂VA,B}=2σ2
m
(τB−τW)

=
d

d−1
2σ2

m
(τ−τW),



7786  |     WEAVER

6  | CONCLUSIONS

A variety of estimators have been developed for QST and FST, and they 
are not equivalent, having somewhat different interpretations in terms 
of coalescence times for neutrally evolving characters. Particular esti-
mators are not inherently “better" than the others, but when the num-
ber of groups that have been sampled is small, it is important to match 
estimators appropriately when comparing QST to FST (see also Whitlock, 
2008). When observations come from a large number of groups, all of 
the estimators converge, so proper matching is less critical.
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