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Summary

As extinction of local domestic breeds and of isolated subpopulations of wild species continues, and the
resources available for conservation programs are limited, prioritizing subpopulations for conservation is of
high importance to halt the erosion of genetic diversity observed in endangered species. Current approaches
usually only take neutral genetic diversity into account. However, adaptation of subpopulations to different
environments also contributes to the diversity found in the species. This paper introduces two notions of
adaptive variation. The adaptive diversity in a trait is the excess of variance found in genotypic values relative
to the variance that would have been expected in the absence of selection. The adaptivity coverage of a set of
subpopulations quantifies how well the subpopulations could adapt to a large range of environments within a
limited time span. Additionally, genome-based notions of neutral diversities were obtained that correspond to
well known pedigree-based definitions. The values of subpopulations for conservation of adaptivity coverage
were compared with their conservation values for adaptive diversity and neutral diversities using simulated
data. Conservation values for adaptive diversity and neutral diversities were only slightly correlated, but the
values for conservation of adaptivity coverage showed a reasonable correlation with both kinds if the time
span was chosen appropriately. Hence, maintaining adaptivity coverage is a promising approach to prioritize
subpopulations for conservation decisions.

1. Introduction

Geneticists are increasingly aware of the erosion of
genetic diversity in livestock populations and wild spe-
cies, and the need for genetic conservation to halt this
erosion (Oldenbroek, 2007). Most populations are
subdivided, either into subspecies living in different
fragments of habitats and zoos in the case of wild ani-
mals, or into breeds in the case of domestic species
(Toro & Caballero, 2005). Conservation of the genetic
diversity found in subdivided populations not only
facilitates adaptation of the species to changing envir-
onments, but it also enables identification of useful
alleles segregating in endangered livestock popula-
tions and subsequent introgression into commercial
breeds. If resources available for conservation are lim-
ited, an important issue is to prioritize subpopulations
(hereinafter also refered to as ‘breeds’) for conser-
vation plans. Given a total budget for conservation,
the allocation of resources to a variety of conservation

options affects the probabilities of breeds going ex-
tinct. The entire set of different possibilities to allocate
resources is called the decision space (Simianer, 2005).
If CV(K) is a function measuring the conservation
value (CV) of a set K of breeds, then the decision A,
which is of interest, minimizes the expected conser-
vation value EA(CV) of the breeds going extinct.
Thus, besides estimating extinction probabilities
(Reist-Marti et al., 2003; Bennewitz & Meuwissen,
2005a) and computational challenges, the problem
of decision making in livestock conservation is to
find an appropriate function CV measuring the CV
of a set of breeds. The CV of a set of breeds can be
defined with respect to a given measure Div of diver-
sity via the core set approach. Each breed b is assumed
to have a particular genetic contribution cb to a hypo-
thetical subdivided population C with diversity Div(C).
Population C is called the core set (Eding et al.,
2002). The diversity Div(S) of a set S of breeds is the
maximum diversity that could be achieved within a
core set by optimum contributions of the breeds if
only breeds from S are allowed to have nonzero* Corresponding author: r.wellmann@uni-hohenheim.de
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contributions. It can be used to define the CV of
breeds K as the relative decrease of the diversity that
would occur if the breeds K become extinct. Note
that minimizing the expected CV of the breeds going
extinct is equivalent to maximizing expected diversity
of the breeds that survive, which was studied by
Simianer et al. (2003).

In the classical approach the objective is maxi-
mizing neutral diversity of the core set, i.e. genetic di-
versity arising from random genetic drift and new
neutral mutations. Various measures for neutral gen-
etic diversity are known. The most commonly used
measure is the gene diversity (NGD) of Nei (1973),
defined as the probability that two alleles randomly
chosen from the population are different. It is also
called expected heterozygosity. Maximization of
gene diversity is equivalent to minimizing the average
kinships and to maximizing the expected additive vari-
ance of a neutral trait in a hypothetical synthetic
population that could be obtained by random mating
within the core set. However, random crossing of con-
served populations is not advisable because this syn-
thetic population could have lost the adaptations of
the ancestral populations. Therefore, Bennewitz &
Meuwissen (2005b) proposed maximizing the expected
sampling variance of the genotypic values of a neutral
trait in the core set itself, i.e. without mating indivi-
duals across the breeds included in the core set.

The choice of breeds for conservation should not
only be based on neutral diversity, but the diversity
in traits that arose from adaptations to different envir-
onments should also be maintained. The variation
found between the genomes of individuals that is a re-
sult of selection is termed adaptive genetic variation
(Schoville et al., 2012). Various statistical methods
have been proposed to detect alleles contributing to
the adaptive genetic variation, e.g. by detecting corre-
lations between particular alleles and environmental
factors (Manel et al., 2010). Outlier-detection methods
are used to identify genomic regions under divergent
or convergent selection without requiring measure-
ment of environmental factors, e.g. by identifying out-
lier loci with extreme FST values (Antao et al., 2008;
Toro et al., 2009). Bonin et al. (2006) defined a set
of adaptive loci of a subdivided population as the
set of all loci whose FST values were significantly
higher than expected under a chosen model of evol-
ution for at least one pair of subpopulations. They
defined the adaptive index of a subpopulation as the
percentage of adaptive loci with allele frequencies
significantly different from those in all other popula-
tions. However, the genetic architecture of complex
traits may not allow for classifying loci as adaptive
or neutral based on their FST values because it is
well known that a substantial proportion of the gen-
etic variance is often explained by many quantitative
trait loci (QTLs) with small effect (e.g. Hill, 2010;

Wellmann & Bennewitz, 2011). These QTLs with
small effect are not likely to have significant FST

values (Kemper et al., 2014). Although methods
have been proposed for detecting the presence of
adaptive diversity (AD), to our knowledge a clear
definition of the AD itself is still missing in the litera-
ture. Neutral and non-neutral diversity of subdivided
populations are expected to be correlated owing to
linkage disequilibrium or hitch-hiking effects (Toro
et al., 2006), but this correlation may be small, so con-
servation of neutral diversity may not automatically
conserve AD and vice versa. Thus, objective functions
are needed that conserve both kinds of diversities sim-
ultaneously. A requirement for this is a clear definition
of AD.

The aim of this paper is to introduce neutral and
adaptive diversity measures based on the same quan-
titative genetic framework. The neutral diversity mea-
sures are extensions of the concepts of Bennewitz &
Meuwissen (2005b), Caballero & Toro (2002) and
Eding et al. (2002). The AD measure is derived by ap-
plying these concepts to specific traits. The AD in a
trait measures how much the variance of the trait
values exceeds the variance that would have been
expected in the absence of selection. In order to con-
sider multiple traits simultaneously, the concept of
adaptivity coverage (AC) was introduced. A high
AC of a set of breeds indicates that breeds from the
set can be well adapted to a large range of environ-
ments within a limited time span. The behaviour of
the different measures with respect to the CVs of dif-
ferent breeds was evaluated by a computer simulation
study.

2. Methods

In this section we define the adaptive and neutral
diversities and provide formulas for computing them
for core sets. A core set C is defined here as a large hy-
pothetical population that is obtained by random mat-
ing within breeds but without crossing the breeds.
Every subpopulation b has a specific contribution to
the core set. Let c [ RB be the vector with genetic
contributions of all B subpopulations to the core set.
Let CN denote a random subset of the core set consist-
ing of N individuals. A precise definition of the core
set is given in the supplementary material (available
online). The CV of a set of breeds can be defined
with respect to a given measure Div of diversity as
follows. Take Div(C) to be the diversity of core set
C. For a set S of breeds let Div(S) denote the maxi-
mum diversity that could be achieved within a core
set by optimum contributions of the breeds if only
breeds from S are allowed to have nonzero contribu-
tions. This definition ensures that Div(K)4Div(S) if
K , S # B, where B = {1, . . . ,B} is the set of breeds.
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The diversity of a set of breeds can be used to
define the conservation value CVDiv(K) of the breeds
K as the relative decrease of the diversity that would
occur if the breeds become extinct. That is,

CVDiv(K) = Div(B) −Div(B\K)
Div(B) This approach is ela-

borated for different diversity measures. In the follow-
ing, S # B denotes an arbitrary subset of breeds, and
K , B is a set of breeds for which the CV is to be de-
termined. By contrast, CN is not a set of breeds but a
set of individuals from different breeds.

(i) Total trait diversity

For trait t we define the total trait diversity (TTD) in
CN as the sampling variance of the genotypic values.
That is,

TTDt CN( ) = 1
N

∑
j[CN

gtj − μgt

( )2
,

where gtj is the genotypic value of individual j for
trait t, and μgt is the average genotypic value of all
individuals from CN. For a purely additive trait t we
have

TTDt C( ) = cTVAt

+ cT
1
2

�g2t 1
T − 2�gt�g

T
t + 1�g2Tt

( )( )
c, (1)

where the left summand accounts for within popu-
lation diversity and the right summand accounts for
between population diversity. The vector �gt [ RB con-
tains the average genotypic values of the subpopula-
tions, �g2t = �g2t1, · · · , �g2tB

( )T
contains the squared

average genotypic values and VAt [ RB is the vector
with the additive variances of the subpopulations. A
proof of eqn (1) can be found in the supplementary
material.

Additive variances and average genotypic values
can be computed from QTLs effects. The average
genotypic value in subpopulation b is

�gtb = 2pb − 2p0
( )Tat,

where at [ RM is the vector with true SNP effects
(atm = 0 if SNP m is not a QTL), pb [ RM contains
the frequencies of the 1-alleles of the SNP in subpopu-
lation b, and M is the number of biallelic SNPs in the
subdivided population. The SNPs are assumed to in-
clude the true QTL. The vector p0 [ RM may be cho-
sen arbitrarily since the definition of TTD shows that
adding a constant to all genotypic values does not
change the value of the function. If linkage disequili-
brium between QTLs is neglegted, then the additive
variance of breed b is

VAtb =
∑M
m=1

2pbm 1− pbm
( )

a2tm.

(ii) Neutral trait diversity

For a given trait t we define the neutral trait
diversity (NTD) in CN as the expected total trait diver-
sity of a hypothetical randomly chosen neutral trait
that has the same distribution of QTLs effects (for
new mutations) as the trait under consideration.
That is,

NTDt CN( ) = E
1
N

∑
j[CN

gtj − μgt

( )2
CN|

( )
,

where the SNP effects are random. Every SNP is a
QTL with equal probability pQTL and the QTL effects
are independent and identically distributed with vari-
ance σ2at and mean 0. Since the absence of selection
is assumed, σ2at is equal to the variance of the additive
effects of new mutant QTL alleles.

NTD can be computed from a marker-based kin-
ship matrix f with components fbl that fulfil the follow-
ing two conditions:

A) (1− fbb)Vt = E(VAtb),

B)
fbb + fll

2
− fbl = α

E �gtb − �gtl
( )2( )

Vt
for all breeds b,l, and some constants Vt and α. That
is, the average kinship within a breed determines the
expected additive variance of the trait in the breed,

and Δbl =
��������������
fbb + fll

2
− fbl

√
is proportional to the

expected difference of the population means of breeds
b and l for a neutral trait. In particular, the marker-
based kinship between two breeds is always smaller
than the average kinship within the breeds. In this
case we have

NTDt C( ) = VtcT 1− F( )

+ Vt

4α
cT F1T − 2f + 1FT( )

c, (2)

where the vector F = diag(f) contains for every breed
the average kinships of individuals from this breed.
The left summand accounts for within population di-
versity and the right summand accounts for between
population diversity. The formula is derived in the
supplementary material. Note that eqn (2) corre-
sponds to the formula of Bennewitz & Meuwissen

(2005b) if α = 1
4
is used, so in the remaining part of

the paper we choose α = 1
4
. But unlike their formula,

this formula is not based on pedigree kinships but
on actual genotypes, so it accounts for actual muta-
tions. Explicit formulas for computing the marker-
based kinship between breeds b and l and the scaling
parameter Vt are

fbl = 2− κ

2
+ κ

2M
2pb − 1
( )T

2pl − 1
( )

, and
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Vt =
σ2atpQTLM

κ
,

where κ . 0 can be choosen arbitrarily. For κ = 1 the
kinships are defined in the interval [0, 1] and fbl is
equal to Nei’s gene identity between populations b
and l. Thus, 1 – fbl is Nei’s distance between breeds.
For κ = 2 the kinships are defined in the interval
[−1,1], but within breed kinships fbb are positive. In
this case, Vt can be interpreted as the maximum
additive variance that could be obtained in a synthetic
random mating population by bringing all SNP segre-
gating in the core set to frequency 0·5. In the following
κ = 2 is used. In this case the kinship matrix is

f = 1
M

∑M
m=1

2p m( ) − 1
( )

2p m( ) − 1
( )T

,

where the vector p(m) [ RB contains the frequencies of
SNP m in all populations, and M is the total number
of SNPs in the breeds. Note that f= cov((2p − 1)a) for

a random vector a � NM 0,
1
M

I
( )

, so f is a covari-

ance matrix.
For NTD, the CV of a set K , B of breeds is

defined as the relative decrease of the achievable
NTD that would occur if the breeds become extinct.
That is,

CVNTD K( ) = NTDt B( ) −NTDt B\K
( )

NTDt B( ) , (3)

where NTDt(S) is the maximum NTD that can be
achieved under the side constraint that only breeds
from S could have positive contributions to the core
set. With eqn (2) it can be seen that CVNTD(K) does
not depend on the trait t under consideration and
Vt = 1 can be assumed for computing it.

(iii) Neutral gene diversity

Conserved breeds should not only show a high diver-
sity in trait values, but the gene diversity should also
be large. The neutral gene diversity (NGD) is the
gene diversity of Nei (1973), i.e. the probability that
two alleles at the same locus randomly chosen from
the core set are different. In the supplementary ma-
terial it is shown that NGD can be computed as

NGD C( ) = 1
M

∑M
m=1

2cTp(m) 1− cTp(m)
( )

= 1− cT fc
2

, (4)

where cTp(m) is the frequency of SNP m in the core set
C. Note that NGD(C) is proportional to the expected
additive variance of a neutral trait in the admixed
population that would be obtained from the core set
by random mating, so this equation corresponds to

the formula of Eding et al. (2002). But unlike their for-
mula, this formula does not refer to a historic base
population as allele frequencies are fixed parameters.

For NGD the CV of a set K of breeds is defined as
the relative decrease of the maximum achievable gene
diversity if the breeds become extinct. That is,

CVNGD K( ) = NGD B( ) −NGD B\K( )
NGD B( ) . (5)

The CV of breeds K for neutral diversity is defined as

CVNDλ(K) = λCVNTD(K) + 1− λ( )CVNGD(K), (6)
where λ [ 0, 1[ ] is the weight given to the NTD. Note
that λ > 0 ensures that the CV of a breed for neutral
diversity is positive if it would be required for achiev-
ing the maximum NTD in the core set. Accordingly,
λ < 1 ensures that the CV of a breed for neutral diver-
sity is positive if it would be required for achieving the
maximum NGD in the core set.

(iv) Adaptive diversity

The AD of trait t measures how much the total diver-
sity of the genotypic values of the trait exceeds the
neutral diversity. That is,

ADt(C) = TTDt(C) −NTDt(C)
= cT VAt − Vt 1− F( )( )

+ cT
1
2

�g2t 1
T−2�gt�g

T
t +1ḡ2Tt

( )
−Vt F1T−2f+1FT( )( )

c.

If all breeds are adapted to the same environment,
then the total diversity of the trait may be smaller
than the total diversity of a neutral trait, so AD
may be negative.

The importance of the breeds K for conservation of
the AD in trait t is defined as the relative decrease of
the maximum AD in trait t if the breeds K become ex-
tinct. That is,

CVADt(K) = ADt(B) − ADt(B\K)
TTDt(B) , (7)

Note that TTD was used as the denominator and not
AD because AD can be negative.

Usually more than one trait is recorded and a
measure for the overall importance of a set K , B
of breeds for conservation of AD is of interest. For
overall AD the CV of a set K of breeds is defined as

CVADω(K) =
∑T
t=1

ωtCVADt(K), (8)

where ωt5 0 and
∑

t ωt = 1 is assumed, and the traits
are assumed to be uncorrelated in order to avoide
double counting of traits.

The CV of the breeds with respect to overall diver-
sity (OD) is defined as

CVOD(K) = γCVADω(K) + 1− γ
( )

CVNDλ (K), (9)

R. Wellmann et al. 4

https://doi.org/10.1017/S0016672314000196 Published online by Cambridge University Press

https://doi.org/10.1017/S0016672314000196


where γ [ 0, 1[ ] is the weight given to adaptive
diversities.

(v) Adaptivity coverage

For motivating the definition of AC, we assume
that for every new environment that may provide a
niche for a breed in the future there is a total merit
index, such that selecting for the total merit index
adapts the breed to this environment. If we randomly
choose an environment that might become relevant in
the future, we would like that at least one breed could
achieve a high index value after adapting it for a lim-
ited time span to the new environment. A high AC of
a set of breeds should indicate that breeds from the set
can be well adapted to a large range of environments
within a limited time span.

More precisely, we would like that for any putative
selection index e there exists a conserved breed b that
could be adapted to this new breeding goal within
only a few generations. Today, the average total
merit of breed b with respect to index e is eT�g(b),
where �g(b) [ RT contains the average genotypic values
of breed b for all traits. The breeder’s equation states
that the response to selection after n generations is

ni
�������������
h2b(e)VAb(e)

√
, where hb

2(e) is the heritability in the

index for breed b, VAb(e) is the additive variance in
the index for breed b, and i is the selection intensity
(Falconer & Mackay, 1996). Thus, after improving
the breed n generations, the average total merit

index of the breed would be eT�g(b) + ni
�������������
h2b(e)VAb(e)

√
.

Given that the breed with the highest achievable
total merit index would be chosen, the total merit of
the breed after improving it n generations is

TMB(e) = max
b[B

eT�g(b) + ni
�������������
h2b(e)VAb(e)

√( )
,

Note that the additive variance in the index for breed b is

VAb(e) =
∑M
m=1

2pbm(1− pbm)(eTa(m))2,

where a(m) [ RT contains the additive effects of SNP
m for all traits. The heritability in the index is

h2b(e) =
VAb(e)

VAb(e) + eT
∑

Ee
,

where
∑

E [ RT×T is the covariance matrix of the
errors.

The AC realized by a set B of breeds is the weighted
average of these total merits TMB(e), weighted by the
importances f(e) placed to the respective breeding
goals e. That is,

ACni(B) = Ee TMB(e)( ) =
∫
RT

f (e)TMB(e)de,

where f is a density such that f(e) is the importance
being placed to the putative breeding goal e. Note
that the present adaptivity coverage AC0 does not de-
pend on the additive variances preserved in the breeds,
whereas the long-term AC (ni>> 10) heavily depends
on within breed genetic variances.

Of particular importance to quantify CV of a set K
of breeds is the loss of AC that would occur if the
breeds would become extinct. It is defined as

CVACni (K) = ACni(B) − ACni(B\K)
ACni(B) . (10)

Table 1 gives an overview on the different possibili-
ties considered for measuring CV of a set of breeds.

3. Materials

The methods were applied to a simulated data set in
order to compare the CV of breeds with respect to dif-
ferent objective functions and to explore correlations
between CV for different criteria. We simulated five
populations with different effective size Ne and differ-
ent selection intensities (see Fig. 1). The ancestral
population was split into population 1 and population
3 in generation 1000. Both populations had Ne = 100.
The ancestral population had Ne = 200 until gener-
ation 1000 because domesticated species typically
had larger Ne in former times. Population 2 with
Ne = 50 was derived from population 1 in generation
1050. In the same generation, population 4 with
Ne = 50 was obtained from population 3. Population
5 with Ne = 50 was obtained from population 4 in gen-
eration 1085. All populations were evaluated in gener-
ation 1100.

Only populations 2, 3 and 4 were selected by trunc-
ation selection within males in the last 25 generations.
We simulated five traits. Population 2 was selected for
trait 1, population 3 for traits 2 and 3, and population
4 was selected for traits 4 and 5 (see Fig. 2). The selec-
tion index e of a population was et = 0 for neutral
traits, and et∼N(0,1) for the selected traits.

The total population size N was larger than Ne for
the selected populations. For these populations the
total population size was obtained by solving

Ne = 4NmNf

Nm +Nf
= N

2p
p+ 1

, where Nf = 0·5N is the

number of females, Nm= p0·5N is the number of
males, and p is the portion of males used for breeding.
Note that the formula ignores selection and that fer-
tility is inherited, so the true effective sizes were
slightly smaller than estimated here. The portion of
males suitable for breeding was 0·8 for population 2,
0·7 for population 3 and 0·6 for population 4. Thus,
100, 56, 121, 67 and 50 individuals from the respective
breed were included in the analysis.

The individuals had 30 chromosomes with a length
of 1 Morgan. The expected number of new mutations
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per individual was nMut = 10. Only polymorphisms
were included in the simulation, not monomorphic
alleles. New mutations were inserted at a random po-
sition in the genome. Mutant alleles were coded as 1,
the remaining alleles were coded as 0. About 22 000
polymorphisms were present in the last generation,
but some of them were divergently fixed within popu-
lations. Each new mutation created a biallelic allele
(SNP), which was a QTL with probability
pQTL = 1/nMut = 0·1. The additive QTLs effects of
new mutant QTL were normally distributed and inde-
pendent with mean 0 and variance 1. The traits were
purely additive. Normally distributed errors with vari-
ance 75 were added to the genotypic values, resulting
in traits with heritabilities between 0·75 and 0·80 in the
final generation. Heritabilities were large, so trait
records should be interpreted as estimated breeding
values rather than phenotypic records. That is, live-
stock populations were simulated in which selection
is based on breeding values.

Computing adaptive and neutral diversities of
sets of breeds are quadratic programming problems.
For solving quadratic programming problems
under the side constraints cT1 = 1, and cb50, we
used the method ipop in the R-package kernlab, fol-
lowed by a hill climbing step in order to ensure con-
vergence. For computing CV with respect to neutral
diversity we used λ= 0·5, so both neutral diversity
measures had equal weight. For computing CV
for overall AD, the weight given to trait t was

ωt /max �gt
( )−min �gt

( )
���
Vt

√ , so traits that were under di-

vergent selection in the past had a large weight. For
computing CV with respect to OD we used γ= 0·2,
so a small weight was given to the AD. This was

done because CV for neutral diversity is affected
only a little by removing single breeds, so for larger
values of γ, CV for ODwould be affected only very little
by the neutral diversity. Adaptive coverage (AC) was
computed from a sequence of simulated i.i.d. random
numbers TMB(e), where e∼NT(0,diag(ω)) was
assumed, i.e. e has a multivariate normal distribution.

4. Results

Table 2 shows CV of all breeds with respect to the dif-
ferent criteria. Each cell contains for one breed b and
one criterion D the conservation value CVD({b}) of
the breed, i.e. the relative decrease of objective func-
tion D that would occur if only breed b is going ex-
tinct. The standard deviations of the CV are given in
parentheses (estimated from ten replicates). A high
standard deviation indicates that the current CV of a
breed is strongly affected by historic random processes
(genetic drift and random index weights). If for a par-
ticular criterion all values in the row are small, then
the objective function cannot be diminished consider-
ably by removing only one breed.

For conservation of AD in a trait, particular breeds
can be of high importance. For example, breed 3 has
high CV for AD in traits 2 and 3, which are the traits
that were under selection in this breed. In most cases
only two breeds were important for conservation of
AD of a particular trait. This is not visible in the
table as the table contains the averages over the repli-
cates. These two breeds were the breed with lowest
yield and the breed with highest yield. One of the

Table 1. Possibilities for measuring conservation values

Symbol CV with respect to Equation

CVNTD Neutral trait diversity (NTD) (3)
CVNGD Neutral gene diversity (NGD) (5)
CVNDλ Neutral diversity (ND) (6)
CVADt Adaptive diversity of trait t (AD of

t)
(7)

CVADω Overall adaptive diversity (AD) (8)
CVOD Overall diversity (OD) (9)
CVACni Adaptivity coverage (AC) (10)
λ Weight given to neutral

trait diversity
γ Weight given to adaptive

diversities
ωt Relative weight of adaptive

diversity for trait t
n Number of generations
i Selection intensity

Symbols used for conservation values (top) and subscripts
(bottom).
CV, conservation value.

Fig. 1. History and effective size Ne of the simulated
populations. Populations 2, 3 and 4 were selected for
different traits (indicated by the bold lines). Population 5
was selected for a short time for the same traits as
population 4. Selection intensity for population 4 was
larger than for populations 2 and 3.
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two breeds can be of much higher importance for con-
servation than the other, which occurs if the yield of
this breed deviates more from the yields of the other
breeds. If the range of genotypic values is small rela-
tive to the additive variance, then more than two
breeds may have nonzero but small CV for AD in

the trait. Removing single breeds can also consider-
ably decrease overall AD. This is the case for breed
3 that has been under relatively strong selection on
traits that were not selected in other breeds.

Recall that the AC is the expected total merit the
best breed would have after improving it n generations
towards a new randomly chosen breeding goal. As it is
not known which total merit indexes will be important
in the future, a normal distribution was assumed for
the distribution of the index values. The table shows
that the CV for AC depends on the time horizon con-
sidered. If the breeds are expected to be adapted im-
mediately (ni = 0), AC is simply the expected
genotypic value of the best breed with respect to the
randomly chosen index. In this case, the CVs for AC
are very similar to the CVs for AD. However, if bree-
ders are willing to select their breeds for a long time in
order to adapt them to new environments (ni5 50),
then all breeds are similarly suited and removing sin-
gle breeds from the core set could not decrease the
AC considerably. In this case, the breed with the lar-
gest additive variance has the largest CV for AC.

For conservation of neutral diversities, no single
breed is of high importance as neutral diversities
could not be decreased considerably by removing
only one breed.

For every replicate and every pair of criteria,
the correlation between the CV of the five breeds
was calculated. Table 3 shows the average correla-
tions, averaged over ten replicates. The CV of all cri-
teria are positively correlated because Pop5 has very
low CV with respect to all critera. The CV for OD
has a high correlation with the CV for AC (r> 0·86)
when 04ni410 was used, even though AC is not
part of the formula that was used for computing CV
for OD.

CV for AC was highly correlated with CV for AD
(r5 0·95) when 04ni42 was used, but it was only
slightly correlated with the CV for neutral diversities
(r4 0·28). This shows that AD and AC are similar
properties of the population if the ni chosen is small.
With increasing ni, the correlation between CV for
AC and CV for AD decreases and the correlation be-
tween CV for AC and CV for NGD increases. For in-
termediate values (ni≈ 10), CV for AC showed a
reasonable correlation with CV for AD (r= 0·82)
and CV for NGD (r= 0·55). The CV for OD also
showed a reasonable correlation with CV for AD (r=
0·90) and CV for NGD (r= 0·53).
Table 4 shows, above the diagonal, the expected

differences Δbl of the trait means for a neutral standar-
dized trait. The diagonal contains the average marker-
based kinships fbb within breeds, and below the
diagonal the marker-based kinships fbl between the
different breeds are shown. The largest expected dif-
ference in the trait means was found between Pop2
and Pop4. This was expected because these
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Fig. 2. Development of the trait means for all traits and
breeds in the last 100 generations for one replicate. Behind
the population number, the legend shows the index weight
of the breed for the respective trait in the last generation.
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populations were split early and both populations had
low effective sizes, resulting in high genetic drift. The
smallest expected difference of the trait means was
found betweenPop4 andPop5 as theirmost recent com-
mon ancestors lived only 15 generations ago.
Populations split 100 generations ago had a kinship
of approximately 0·595 regardless of their effective
sizes. Populations split 50 generations ago had a
kinship of 0·671 and the two populations split 15 gen-
erations ago had a kinship of 0·766. The kinship
between individuals from the same breed depended on
the historic effective size of the breed. For populations
with an effective size of 100 it was 0·744, whereas for
populations with an effective size of 50 it was around
0·800.

5. Discussion

Measures for adaptive and neutral diversity in sub-
divided populations were introduced. They were
used to evaluate the potential of AC as a novel
approach to quantify the CVs of breeds. A linear
combination of CVs for ADs and neutral diversities
(CV for OD) was considered an alternative. The be-
haviour of these methods for the assessment of the
CVs of breeds were evaluated using simulated data.
CV for AC and CV for OD both turned out to be
suitable parameters for quantifying CV of breeds,
but the CV for AC has the advantage of being a
meaningful parameter that could be estimated from
real data, whereas the CV for OD is a linear combi-
nation of several parameters that need to be weighted
somewhat arbitrarily.

Table 2. Conservation value of each breed with respect to different criteria

Criterion Pop1 Pop2 Pop3 Pop4 Pop5

OD 0·040 (0·011) 0·062 (0·016) 0·100 (0·019) 0·052 (0·013) 0·008 (0·007)
ADω 0·036 (0·044) 0·181 (0·077) 0·350 (0·095) 0·242 (0·063) 0·029 (0·037)
NDλ 0·041 (0·004) 0·032 (0·003) 0·037 (0·002) 0·005 (0·001) 0·003 (0·001)
NTD 0·038 (0·004) 0·048 (0·004) 0·034 (0·003) 0·007 (0·002) 0·004 (0·001)
NGD 0·043 (0·004) 0·017 (0·002) 0·040 (0·002) 0·003 (0·001) 0·001 (0·001)
AC0 0·029 (0·027) 0·124 (0·064) 0·271 (0·081) 0·179 (0·054) 0·016 (0·014)
AC2 0·023 (0·018) 0·067 (0·038) 0·178 (0·047) 0·105 (0·033) 0·008 (0·009)
AC10 0·020 (0·010) 0·016 (0·011) 0·087 (0·019) 0·029 (0·012) 0·002 (0·003)
AC50 0·026 (0·013) 0·000 (0·000) 0·032 (0·011) 0·000 (0·000) 0·000 (0·000)
AD1 0·089 (0·130) 0·538 (0·233) 0·035 (0·111) 0·007 (0·014) 0·058 (0·113)
AD2 0·006 (0·035) 0·080 (0·154) 0·644 (0·273) 0·053 (0·074) 0·012 (0·050)
AD3 0·049 (0·107) 0·104 (0·181) 0·524 (0·376) 0·071 (0·106) 0·034 (0·098)
AD4 0·011 (0·027) 0·115 (0·184) 0·169 (0·233) 0·519 (0·219) 0·025 (0·078)
AD5 0·088 (0·142) 0·106 (0·185) 0·088 (0·115) 0·387 (0·349) 0·033 (0·104)

The average conservation value of each breed and its standard deviation (estimated from ten replicates) for all criteria. If all
breeds have a small conservation value for a particular criterion, then the objective function cannot be decreased considerably
by removing only one breed. The meaning of the criteria is summarized in Table 1. AC, adaptivity coverage; AD, adaptive
diversity; ND, neutral diversity; NGD, neutral gene diversity; NTD, neutral trait diversity; OD, overall diversity.

Table 3. Average correlations between conservation
values with respect to the different criteria

OD ADω NTD NGD AC0 AC2 AC10 AC50

OD 1·00 0·90 0·52 0·53 0·88 0·89 0·86 0·47
ADω 0·90 1·00 0·15 0·15 0·96 0·95 0·82 0·21
NTD 0·52 0·15 1·00 0·72 0·14 0·16 0·24 0·42
NGD 0·53 0·15 0·72 1·00 0·19 0·28 0·55 0·86
AC0 0·88 0·96 0·14 0·19 1·00 0·99 0·86 0·25
AC2 0·89 0·95 0·16 0·28 0·99 1·00 0·91 0·34
AC10 0·86 0·82 0·24 0·55 0·86 0·91 1·00 0·63
AC50 0·47 0·21 0·42 0·86 0·25 0·34 0·63 1·00

For every replicate and every pair of criteria, the correlation
between the conservation values of the five breeds was
calculated. The average correlations, estimated from ten
replicates, are shown in the table.
AC, adaptivity coverage; AD, adaptive diversity; NGD,
neutral gene diversity; NTD, neutral trait diversity; OD,
overall diversity.

Table 4. Marker-based kinships and expected trait
mean differences

Pop1 Pop2 Pop3 Pop4 Pop5

Pop1 0·744 0·314 0·386 0·423 0·420
Pop2 0·672 0·798 0·419 0·455 0·452
Pop3 0·594 0·595 0·744 0·321 0·318
Pop4 0·594 0·593 0·670 0·803 0·189
Pop5 0·596 0·595 0·671 0·766 0·801

The table shows above the diagonal the expected differences
Δbl of the population means for a neutral standardized trait.
The diagonal contains the average marker-based kinships fbb
within breeds, and below the diagonal the marker-based kin-
ships fbl between different breeds are shown. Only SNPs with
minor allele frequency >0·01 were included. The standard
deviation of kinships for different replicates was 0·005 at
most.
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The neutral diversities defined in eqns (2) and (4)
correspond to the formulas of Bennewitz &
Meuwissen (2005b) and Eding et al. (2002), respect-
ively. Whereas their definitions are based on pedigree-
based kinships and require definition of a reference
population, these formulas are based on actual geno-
types. Since genotypes are known, no random
Mendelian segregation is included in the model (ex-
cept for creating the core set), so the formulas account
for recent mutations and do not require historic base
population definition. Although eqns (2) and (4)
look identical with the corresponding formulas of
Bennewitz & Meuwissen (2005b) and Eding et al.
(2002), the kinship matrix and the scale parameter
Vt have different definitions in this paper. Defining
neutral diversity as NTD provides a natural way for
weighting within population diversity vs. between
population diversity. The weight given to within popu-
lation diversity can crucially affect conservation deci-
sions (Toro & Caballero, 2005).

In the remaining part of this section, characteristics of
breeds with extreme CVs are discussed, possibilities for
improving the diversity measures are surveyed and pos-
sibilities for increasing the CV of a breed are discussed.

(i) Breeds with extreme conservation values

(a) Adaptivity coverage and adaptive diversity

Economically important breeds are usually strongly
selected for particular traits. However, since these
traits are of economic importance, there usually exist
related breeds that are also selected for these traits.
This situation is reflected in Populations 4 and 5,
whereby Population 4 represents an economically im-
portant breed and Population 5 represents a closely re-
lated breed that has been selected for the same traits
but has had a smaller selection response. The results
for Population 5 suggest that breeds that have been
selected for the same traits as economically important
breeds are of little importance for maintenance of AC
or AD because their trait values are intermediate be-
tween extensive breeds (reflected by Population 1)
and economically important breeds. Economically im-
portant breeds (Pop 4) are needed for maintenance of
AD in the traits for which they have been selected
(traits 4 and 5). However, a hypothetical extinction
of these breeds would decrease AD only a little as
long as other breeds survive that have also been selec-
ted for these traits. By contrast, breeds that have been
selected for exotic traits (reflected by Pop 3) are of lar-
ger importance for conservation of AD, given that
there are no other breeds that have also been selected
for these traits. Although very extensive breeds (Pop
1) also have extreme trait values, they are of minor im-
portance for maintenance of AD as long as for every
trait there exists a nonendangered breed that has not

been selected for the trait, although Pop1 combines
all these traits into one breed.

(b) Neutral gene diversity

The breeds with highest importance for the mainten-
ance of NGD were the breeds with largest historic ef-
fective size (Pop1 and Pop3). Breeds with lowest
importance were the breeds with a small historic effec-
tive size that are closely related with other breeds from
the core set. They are of little importance for conser-
vation of NGD because if they are going extinct, the
closely related breeds would ensure that their alleles
would not get lost.

(c) Neutral trait diversity

Of high importance for conservation of NTD are
populations with low effective size that have been
separated from other populations a long time ago
(Pop 2). This is because these populations have under-
gone the strongest genetic drift, which might have
resulted in unique phenotypes. However, it is ques-
tionable whether unique phenotypes resulting from
random genetic drift facilitate adaptations to environ-
ments that could become important in the future.

Thus, the results suggest that breeds with small his-
toric effective size that are closely related with in-
tensely selected breeds and are selected for the same
traits (Pop 5) have the smallest CV. The highest CV
have breeds with a large historic effective size that
have been selected for exotic traits and are not closely
related with other breeds from the core set (Pop 3).
Both, the CV for AC and the CV for OD were able
to identify these breeds (Table 2).

(ii) Possible modifications and extensions

(a) Overall diversity

A crucial issue are the weights given to the different
components contributing to CV for OD. The opti-
mum weights are unknown. The weight λ for NTD
in the formula for CVOD may be chosen smaller be-
cause eqn (2) shows that NTD is maximized if the
total population is split into many breeds with low
kinships between breeds, but with high kinships be-
tween individuals of the same breed. Thus, maximiza-
tion of NTD diminishes the within population
diversity. But diminishing within population diversity
may be undesirable because a low within population
diversity causes large inbreeding coefficients and this
could cause inbreeding depression. On the other
hand, however, incorporation of NTD gives extra
weight to populations with small effective size,
which may have unique phenotypes due to random
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genetic drift. Therefore, the formula for CVOD needs
to account for NTD.

(b) Adaptivity coverage

The current definition of AC accounts only for a lim-
ited number T of traits that have been observed, and
these traits are typically observed because they were
expected to be under selection. Consequently, CV
for AC is only slightly correlated with CV for NTD.
However, there also exists a large number of neutral
unobserved traits that were neutral in the past but
might be important in the future. The definition
could be extended to account for these traits by letting
a(m) be a vector with additional components, where
the first T components contain the additive effects of
the observed traits and one or more additional compo-
nents contain random additive effects of unobserved
neutral traits. Consequently, �g(b) would be a vector
of the same length, where the first T components con-
tain the known average genotypic values of the
observed traits for breed b and the additional compo-
nents would contain random average genotypic values
of one or more unobserved traits. This modification
could cause the CV for AC to be more strongly corre-
lated with the CV for NTD.

(iii) Increasing conservation values

It may be noted that the CV of a breed can vary over
time. The CV of one breed may change if another
breed is going extinct. Moreover, the CV of a breed
for AD may be increased with selection programs
that increase adaptation of the breed to particular
niches, and the CV of a breed for neutral genetic di-
versity may be increased by accumulation of haplo-
types that are not observed in other breeds. A
pedigree-based method for the latter was proposed
by Wellmann et al. (2012). Accumulation of these
haplotypes would also cause genetic drift that may re-
sult in unique phenotypes, which would also increase
the CV of the breed for NTD.

(iv) Application to real data sets

The conservation criteria were analyzed using simu-
lated data, which reflected a typical phylogeny of sub-
divided livestock populations. Important attributes
and correlations of the criteria could be worked out
this way. An interesting application is the allocation
of resources to a variety of conservation options in
order to minimize the CV of the breeds going extinct.
For allocation decision A let pA(K) be the probability
that the set K contains exactly the breeds going extinct
within a given time horizon. The expected CV of the
breeds going extinct EA(CV ) = ∑

K,B pA(K)CV (K)
should be minimized. This requires estimatimation

of the extinction probabilities of the breeds and esti-
matimation of the function CV(K) measuring the
CV of a set of breeds. To estimate the function CV
(K), trait records would be required for traits that
might be relevant in the future. Factor analysis can
then be applied to define underlying uncorrelated
traits to which this methodology can be applied. The
most promising approach is to define CV(K) as the
CV for AC. In this case, additive variances, heritabil-
ities and average genotypic values of the subpopula-
tions would be needed. Alternatively CV(K) could
be defined as the CV for OD, which requires appropri-
ate choice of weighting parameters. One approach is
to choose γ, λ and ω such that the correlation between
CV for OD and CV for AC (with 24ni410) is max-
imized. CV for NTD and CV for NGD enter the
equation, which can be estimated from SNP data of
the individuals. Computing CV for AD from real
data would require an estimate of Vt, which is difficult
to obtain in practice and only by making a lot of
assumptions. This could be avoided by substituting
CV for AD with CV for TTD in the equation for com-
putation of CV for OD and by reducing the weight
given to CV for NTD. We expect that this would re-
sult in similar CVs, especially if the selection intensi-
ties of the traits were reasonably high in the past.
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