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FIGURE 4 | (A) Average LD decay with increased physical distance
between SNPs for chromosomes 1–28. VD, Venda conservation flocks;
NN, Naked Neck conservation flocks; OV, Ovambo conservation flocks;
PK, Potchefstroom Koekoek conservation flock; SAField, village
chickens from South Africa; Zimbabwe, village chickens from
Zimbabwe; Malawi, village chickens from Malawi. (B) Average LD

decay with increased physical distance between SNPs for
macro-chromosomes 1–5. VD, Venda conservation flocks; NN, Naked
Neck conservation flocks; OV, Ovambo conservation flocks; PK,
Potchefstroom Koekoek conservation flock; SAField, village chickens
from South Africa; Zimbabwe, village chickens from Zimbabwe;
Malawi, village chickens from Malawi.

FIGURE 5 | (A) Trends in effective population size of village chicken flocks. (B) Trends in effective population size of conservation flocks. VD, Venda
conservation flocks; NN, Naked Neck conservation flocks; OV, Ovambo conservation flocks; PK, Potchefstroom Koekoek conservation flock.

DISCUSSION
Village chicken populations in sub-Saharan Africa have not been
well studied to estimate genetic and demographic parameters
that are shaping their genetic structure. Previous studies have
suggested that village chickens are a valuable genetic reservoir,
particularly for smallholder resource-limited farmers, due to their
ability to thrive in diverse geographical environments character-
ized by extreme climatic conditions (Hall and Bradley, 1995).
Random mating and absence of pedigree data make it difficult
to estimate the effective population size and other key pop-
ulation genetic parameters in these populations. In addition,
absence of record keeping and organization hinder prospects of
conducting genetic improvement programs required to improve
phenotypes. Previous genetic diversity studies of village chickens
utilized microsatellite markers (Muchadeyi et al., 2007; Mtileni
et al., 2011b) as well as mitochondrial DNA (mtDNA) (Mobegi
et al., 2006; Adebambo and Consortium, 2009; Mwacharo et al.,

2011; Wani et al., 2014). Microsatellite markers are very informa-
tive but too sparse over the genome to provide accurate estimates
of population genetic parameters. MtDNA sequences are infor-
mative for investigating species domestication and migration but
they lack genome-wide coverage (Godinho et al., 2008). High
density SNP chips have been successfully used in recent studies
to characterize LD (Megens et al., 2009; Qanbari et al., 2010) and
Mendelian traits and screen for other genetic variants in com-
mercial layers (Qanbari et al., 2010) and in traditional chicken
populations raised under production systems similar to those of
our village chickens (Wragg et al., 2012). However, there is no
information on the utility of this panel of markers for village
chickens from the Southern African region. This study therefore
used genome-wide SNP data to estimate population structure and
diversity, linkage disequilibrium and population demographic
history of extensively raised chicken populations of Southern
Africa.
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Only 51% of the SNPs on the iselect chicken SNP60K panel
were used for the estimation of population structure and diversity.
The remaining SNPs were excluded because they had MAF below
the set threshold (MAF ≤0.02) or were in linkage disequilibrium.
Conversely, over 80% of the SNPs of the panel were used for
LD analysis. The number of monomorphic markers observed in
this study was about 5 fold lower than those reported in Qanbari
et al. (2010) in commercial layers, and 2–3 fold higher than that
reported by Wragg et al. (2012) in traditional village chickens
from Ethiopia, Kenya, and Chile. Even if variations in the num-
ber of monomorphic markers can be partially explained by the
different number of animals sampled, it seems clear that village
chickens hold a higher diversity than commercial populations and
that the 60K SNP chip has some utility in genomics studies of
non-descript chicken populations in spite of the ascertainment
bias embedded in its design.

Population structure analysis grouped the conservation flocks
into four distinct clusters that were different from the village
chickens sampled from the communal farming areas of South
Africa, Zimbabwe, and Malawi (Figures 2, 3). This study and that
of Mtileni et al. (2011b), which was based on microsatellite mark-
ers, showed that the conservation flocks have diverged from their
founder village chicken populations. The levels of population
divergence showed the Venda and Naked Neck were more dis-
tant to the South African village chickens than the Potchefstroom
Koekoek and Ovambo chickens. Variations in levels of population
divergence could have originated from different founder effects
and reduced population sizes in these conservation flocks. The
clustering of populations from both the PCA and ADMIXTURE
indicated low levels of within population diversity of the Venda
and Naked Neck conservation flocks and higher divergences of
these populations from the Ovambo, Potchefstroom Koekoek and
village flocks. This observation was also supported by the rela-
tively higher heterozygosity deficiency and inbreeding coefficients
of the Venda and Naked Neck conservation flocks (Table 1).

Conservation chickens were sampled from closed populations,
kept at the Agricultural Research Council in South Africa, rang-
ing from 100 to 150 chickens/flock (van Marle-Köster et al., 2008;
Mtileni et al., 2011a) that have a narrow genetic base. The flocks
were established from chickens sampled from villages in South
Africa. The Venda chicken flocks were established from a few
individuals based on rare plumage color variants amongst other
diverse phenotypes in the Limpopo province of South Africa (van
Marle-Köster et al., 2008). The Naked Neck, as their name implies,
were similarly sub-sampled from a heterogenous pool of village
chickens in the Eastern Cape provinces of South Africa for this
phenotype caused by a single gene that is dominantly expressed,
and is considered to be one of only a few distinct phenotypes
observed in most village chickens in South Africa and other devel-
oping countries. On the other hand, the Ovambo chickens were
established from a representative sample of village chickens found
in the Ovambo regions bordering South Africa and Namibia
(van Marle-Köster et al., 2008). The actual numbers of individual
chickens used to establish the Naked-Neck, Venda, and Ovambo
populations are not known. The Potchefstroom Koekoek was
established by crossing a number of lines of White Leghorn
females and Black Australorp males. The Barred Plymouth Rock

was later introduced to the breeding program (Viljoen, 1986) giv-
ing this flock a relatively a broader founder population compared
to the other flocks.

Whilst it is evident that the conservation flocks diverged
from the village chicken populations they were founded from,
results from ADMIXTURE indicated that the Potchefstroom
Koekoek and Naked Neck have retained single and unique ances-
tral genomic components from the founder flocks (Figure 3) and
could be used to conserve part of the genetic diversity found in
the village chickens. In contrast, the Venda conservation flock has
evolved into a population with a completely different genomic
composition to that of the village chickens. Of the four flocks, the
Ovambo chickens appear to have maintained much of the village
chicken genetic diversity and could therefore be a good and more
representative conservation flock.

The village chicken samples were obtained from multiple agro-
ecological zones within a country except for the chickens of
Malawi that were obtained from a single agro-ecological zone.
The clustering of the village chickens followed a geographical gra-
dient in which the South African chickens were least related to
the Malawian chickens. Higher levels of divergence between vil-
lage chickens from Malawi and South Africa could be explained by
geographical distance from each other, lack of gene flow between
the two countries and isolated evolution occurring in these popu-
lations. Village chickens of South Africa and Zimbabwe had more
within population diversity, as indicated by their wide spread
clusters, than the conservation flocks. This could be due to a com-
bination of founder effects in the conservation flocks as well as
gene flow between the two countries.

Linkage disequilibrium was calculated using 28 of the 38
chicken autosomal chromosomes that were represented on the
Illumina iSelect SNP60K bead chip. The 10 autosomes not used
for this analysis are micro chromosomes that were not included
in the design of the 60K bead chip as they were not yet covered
by the genome build Gallus gallus v2.1 (Groenen et al., 2011).
SNPs on linkage groups and sex chromosomes as well as those
of unknown marker positions were excluded from the analysis.
Most SNPs were pruned due to monomorphism and minor allele
frequency. A threshold of MAF ≤0.05 was used prior to LD anal-
ysis in this and other studies (Qanbari et al., 2010; Wragg et al.,
2012) which, according to Corbin et al. (2010), can increase accu-
racy on LD measures when sample size is large. It was observed by
Corbin et al. (2010) and Corbin et al. (2012) that pruning MAF of
more than 0.1 can lead to ascertainment bias on the measures of
effective population size particularly in small to moderate sample
sizes.

The overall LD values between populations showed signifi-
cant differences between populations with higher LD observed in
the conservation flocks and low LD in the village chicken pop-
ulations kept by smallholder farmers. Variation in LD between
the conservation flocks and village chicken populations could
be an indication of different population histories and the influ-
ences of different evolutionary mechanisms in terms of bottleneck
effect, genetic drift, selection and mutations in different popula-
tion categories. The least diverse (Table 1) and highly divergent
(Figures 2, 3) Venda flock was also observed to have high LD
compared to the other populations which implies low effective
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population size and diversity of this population as suggested by
the population structure based methods. LD was consistently high
on chromosome 16 and was low on chromosome 25 for both vil-
lage and conservation flocks. The chromosomal difference in LD
supports observations by Andreescu et al. (2007), Megens et al.
(2009), and Qanbari et al. (2010). However, studies by Andreescu
et al. (2007) and Megens et al. (2009) focused on selected genomic
regions and selected chromosomes. Findings from the current
study and studies by Megens et al. (2009) indicate that evolution-
ary forces affecting LD act differently on different chromosomes
within populations. Natural selection could be a major factor in
village chicken populations that are raised under extensive sys-
tems characterized by low production levels and minimal human
selection pressures (Mtileni et al., 2010).

The current study also indicated a significant LD decay with
increased marker intervals, which generally is a function of
increased recombination events with increased genetic distance
(Megens et al., 2009). The high GC content and high density of
genes on micro-chromosomes compared to macro-chromosomes
is also associated with high recombination events, which results in
lower LD (Megens et al., 2009) and the current results agreed with
the expected trends.

Over and above the expected trends in LD decay with
increased marker distances, LD was moderately high and
remained well above 0.2 at marker distances of up to 500 kb
when using genomewide SNP data and upto 1000 kb for macro-
chromosomes 1–5 in the conservation flocks (Figures 4A,B). On
the other hand, LD decayed to relatively lower values below 0.1
in the village chicken populations. The relatively high average LD
that starts at very short marker distance of 10 kb and is persistent
over long distances could be a reflection of low effective pop-
ulation size in the conservation vs. village chicken populations
which will be in agreement with results on population structure
(Figures 2, 3) and other population diversity analysis (Table 1).

Analysis of trends in effective population size from LD val-
ues suggested low effective population sizes particularly in the
conservation flocks. Results showed a decrease in genetic vari-
ation over time in both conservation and village chicken flocks
which could be due to poor management, inbreeding as a result of
population sub-structuring within villages or population bottle-
necks that could have been experienced during the development
of these populations (Figures 5A,B). The overlapping generations
in smallholder farming systems promote mating of closely related
chickens thereby increasing inbreeding levels (which were high
in conservation flocks, Table 1). On the other hand, although
village farmers are known to keep small flocks ranging from
1 to 20 chicken per household significant levels of cock shar-
ing is expected within villages which could actually result in
higher effective population sizes. Results from microsatellite anal-
yses (Muchadeyi et al., 2007; Mtileni et al., 2011b) have sug-
gested a high level of population diversity within village chicken
populations.

Overall, the study demonstrated the utility of the Illumina
chicken iselect SNP 60K panel in extensively raised and conserva-
tion flocks with limitations due to high proportion of monomor-
phic and less polymorphic SNPs. Only a subset of independent
SNPs could be used for population structure analysis. The study

observed population divergence resulting in clear population
boundaries between the conservation and the village flocks. High
levels of population diversity were observed in the village chick-
ens as well as the Ovambo conservation flock. A relatively high LD
that persisted over longer SNP intervals was observed in the South
African conservation flocks and not the village chicken popula-
tions. This LD pattern seems to be consistent with low effective
population sizes and loss of diversity in conservation populations
which could be an effect of small size of the founder populations
and them being raised as closed populations prone to the effects
of inbreeding and genetic drift.
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Information about genetic diversity and population structure among cattle breeds is
essential for genetic improvement, understanding of environmental adaptation as well as
utilization and conservation of cattle breeds. This study investigated genetic diversity and
the population structure among six cattle breeds in South African (SA) including Afrikaner
(n = 44), Nguni (n = 54), Drakensberger (n = 47), Bonsmara (n = 44), Angus (n = 31),
and Holstein (n = 29). Genetic diversity within cattle breeds was analyzed using three
measures of genetic diversity namely allelic richness (AR), expected heterozygosity (He)
and inbreeding coefficient (f ). Genetic distances between breed pairs were evaluated
using Nei’s genetic distance. Population structure was assessed using model-based
clustering (ADMIXTURE). Results of this study revealed that the allelic richness ranged
from 1.88 (Afrikaner) to 1.73 (Nguni). Afrikaner cattle had the lowest level of genetic
diversity (He = 0.24) and the Drakensberger cattle (He = 0.30) had the highest level of
genetic variation among indigenous and locally-developed cattle breeds. The level of
inbreeding was lower across the studied cattle breeds. As expected the average genetic
distance was the greatest between indigenous cattle breeds and Bos taurus cattle breeds
but the lowest among indigenous and locally-developed breeds. Model-based clustering
revealed some level of admixture among indigenous and locally-developed breeds and
supported the clustering of the breeds according to their history of origin. The results of
this study provided useful insight regarding genetic structure of SA cattle breeds.

Keywords: South Africa, cattle breeds, genetic resources, genetic diversity, population structure

BACKGROUND
African cattle breeds can be divided into two major categories,
namely Taurine cattle (Bos taurus) and Indicine cattle (Bos
indicus). Bos indicus is subdivided into zebu proper and zebu
crossbred-types and is phenotypically identifiable by the presence
of a substantial cerciothoracic hump (Rege, 1999). The position
of the hump on the animal’s back is used to classify the zebu
proper and zebu crossbred types into cervico thoracic-humped
and thoracic-humped stocks (Epstein, 1971). Cervico-thoracic-
humped cattle occur in or are derived from, contact areas of
thoracic-humped Zebu and humpless cattle. In crossbreds of
humped and thoracic-humped Zebu cattle, the hump is usu-
ally cervico-thoracic and these cattle are referred to as Sanga.
However, the Sanga is nowadays considered a separate group of
cattle. Thus, African cattle can be classified into four different
groups distinguished namely B. taurus, B. indicus, Sanga, and
Sanga’ zebu types (Rege, 1999). Afrikaner and Nguni cattle are
classified under the Sanga group and indigenous to South Africa.
Drakensberger and Bonsmara cattle are also classified under
Sanga types, however, the origin of the Drakensberger cattle is
unclear with a history dating back to the early settlers in the late

1700’s (Scholtz et al., 2010). The Bonsmara cattle was developed
at Mara and Messina Research Station from 1937 to 1963 using
Milk Short Horn, Hereford, and Afrikaner cattle with the aim
to produce a locally adapted beef breed (Bonsma, 1980). Angus
and Holstein belong to Bos taurus group and these originate from
British and Europe, respectively.

The Afrikaner is one of the oldest breeds with a medium–
frame, yellow to red colored with lateral horns with a typical
twist. It has exceptional good quality meat and is the ideal min-
imum care and maximum profit breed (Strydom et al., 2000).
Nguni cattle are characterized by their multi-colored coats, which
can present many different patterns (white, brown, golden yellow,
black, dappled, or spotty), but their noses are always black-tipped
and they present a variety of horn shapes. This small framed
breed has been kept in rural areas for centuries and often used
as dam lines in crossbreeding systems (Scholtz et al., 2011).
Drakensberger is a medium to large frame breed and has a black
smooth coat. A study by Strydom (2008) has shown that the
Drakensberger compare well to British and Europe breeds with
regard to meat quality. Bonsmara is medium to large framed,
smooth coated with heat and tick tolerance and current the breed
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with the largest number of registered females in South Africa
(Muchenje et al., 2008).

Bos indicus are known to be adapted to the sub-tropical areas in
Africa and have a higher tolerance to various diseases (Muchenje
et al., 2008; Marufu et al., 2011). These breeds are also suited
to low input systems with lower maintenance and management
requirements. In a changing South African environment breeds
such as the Afrikaner, Nguni, Drakensberger, and Bonsmara
holds potential. Despite their large numbers and not endangered,
breeds genetic diversity information is essential for control of
inbreeding and effective utilization of breed specific characteris-
tics. The adaptive traits are of importance and there is worldwide
a drive for effective management of indigenous genetic resources
as they could be most valuable in selection and breeding programs
in times of biological stress such as famine, drought, or disease
epidemics (FAO, 2010). In order to effectively manage these cat-
tle breeds comprehensive knowledge of their characteristics is
required. These include population size and structure as well as
knowledge of within and between breeds’ divergence (Boettcher
et al., 2010; Groeneveld et al., 2010). In South Africa a number of
studies have focused on the characterization of small stock such
as goats: Visser et al. (2004); sheep: Soma et al. (2012), Qwabe
et al. (2012). Limited studies have focused on the genetic charac-
terization of South African cattle breeds and this thus emphasized
the need for a genetic characterization of these breeds as genetic
resources.

Worldwide genetic markers have been used to assess the
genetic variation among many cattle breeds relative to their area
of origin (Blott et al., 1998; Hanotte et al., 2002; Gautier et al.,
2007; Edea et al., 2013). Results have shown that genetic diver-
sity of breeds is directly linked to their areas of origin, indicating
that breeds which have diverged more recently were generally
closer together geographically. These studies have also demon-
strated larger differences between taurine and indicine breeds due
to a greater time since their divergence (McKay et al., 2008; Edea
et al., 2013). In addition, significant differences were reported
between beef and dairy cattle compared to within beef or dairy;
this was attributed to different selection pressure across these
contemporary groups (Hayes et al., 2003).

This study therefore investigated genetic diversity and popu-
lation structure within and between six cattle breeds in South
African including Afrikaner, Nguni, Drakensberger, Bonsmara,
Angus, and Holstein using genome wide single nucleotide
polymorphism (SNP) generated from the Illumina Bovine
SNP50BeadChip.

MATERIALS AND METHODS
ANIMAL RESOURCES
A total of 249 animals including three indigenous breeds
(Afrikaner = 44), (Nguni = 54), (Drakensberger = 47), one
composite (locally-developed) (Bonsmara = 44), and two Bos
taurus (Angus = 31) and (Holstein = 29) cattle breeds were
included in this study. Breeders and Research Stations which
keep pure breeds of the populations included in this study were
identified and requested to provide animals for blood sampling.
All animal handling and sample collection were done accord-
ing to the regulations of the Animal Ethics Committee of the

University of Pretoria (E087-12). To maximize the genetic diver-
sity within each sampled population, pedigree data were used to
select against full and half sib animals. Figure 1 show the map of
South Africa indicating the location of farms and research sta-
tion where populations under study were sampled. The sampling
of these animals included collection of 10 ml whole blood using
EDTA VACUETTE® tubes. Holstein (48) semen samples were
obtained with permission from an artificial insemination com-
pany (Taurus, South Africa). However, to maximize the genetic
diversity within Holstein samples, identity by descent analysis
was performed using data generated from the Bovine SNP50
BeadChip to select the least related bulls. In which a total of 29
least related bulls were selected for the purpose of this study.

GENOTYPING AND QUALITY CONTROL
Genomic DNA was extracted at the ARC-Biotechnology Platform
from whole blood and semen samples using the Qiagen DNeasy
extraction kit (Qiagen, South Africa) according to the manufac-
turer’s protocol. The protocol was adapted for the semen samples
where Dithiothreitol (DTT) was added with proteinase K in the
first step. Genomic DNA for all samples was quantified using a
Qubit® 2.0 Fluorometer and the Nanodrop Spectrophotometer
(Nanodrop ND-1000). In addition, gel electrophoresis was per-
formed to quantify the DNA.

Genotyping was conducted at the ARC-Biotechnology
Platform with the Illumina BovineSNP50 BeadChip v2 which
features 54,609 SNP probes distributed across the whole bovine
genome with an average spacing of 49.9 kb (Matukumalli et al.,
2009). Approximately 12 µL of DNA loaded in each well of a
BeadChip of genomic DNA was used to genotype each sample.
Samples were processed according to the Illumina Infinium–II
assay protocol (Illumina, Inc. San Diego, CA, 92122, USA).
Quality control criteria were performed across six cattle breeds
to remove from further analysis any SNPs with less than 95%
call rate, SNPs with less than 0.02 MAF and samples with more
than 10% missing genotypes (Purcell et al., 2007). This left about
46,236 SNPs across the breeds. Furthermore, SNPs that were in
high LD were pruned using the following parameter; –indep 50
5 2 in plink (Purcell et al., 2007); this left about 21,290 SNPs
for further analysis. Pruning of SNPs that are in high LD have
been shown to counter the effect of ascertainments bias and to
generate meaningful comparison between breeds (Kijas et al.,
2009).

ESTIMATES OF WITHIN BREED GENETIC DIVERSITY
Three measures of genetic variability were used to compare the
levels of heterogeneity within the cattle breeds (allelic richness,
expected heterozygosity, and inbreeding coefficient). Allelic rich-
ness (AR) was determine within each population using ADZE v
1.07 (Szpiech et al., 2008), while expected heterozygosity (He)
and Inbreeding coefficient (f ) was calculated using Plink v1.07
(Purcell et al., 2007) under the default setting.

ANALYSES OF MOLECULAR VARIANCE (AMOVA) AND POPULATION
DIFFERENTIATION
Analyses of molecular variance to determine the partition of
genetic diversity was first performed among indigenous and
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FIGURE 1 | Geographic origin of five cattle breeds in South Africa sampled in the current study. Afrikaner (yellow) (44), Nguni (light green) (56),
Drakensbureger (red) (47), Bonsmara (dark green), and Angus (black) (31).

locally-developed cattle breeds and then amongst all six cattle
breeds with the program ARLEQUIN 3.1 version (Excoffier et al.,
2005).

Populations differentiation was evaluated using pairwise FST

estimates according to Weir and Cockerham (1984) using Golden
Helix SNP Variation Suite (SVS) Version 8.1(Golden Helix Inc.,
Bozeman, MT, 2012).

ALLELE SHARING AND GENETIC DISTANCE
Genetic distance between all pairwise combination of individu-
als (D) was estimated as one minus the average proportion of
allele shared (Purcell et al., 2007) where the average proportion
of allele shared was calculated as Dst using Plink v1.07 (Purcell
et al., 2007) as:

Dst = IBS2 + 0.5∗IBS1

N

Where IBS1 and IBS2 are the number of loci which are shared
either 1 or 2 alleles identical by state (IBS), respectively, and N is
the number of loci tested.

Pairwise genetic distance among cattle breeds was esti-
mated based on Nei’s (1987) unbiased genetic distance using
Phylip v 3.695 genetic software (Felsenstein, 1989), in which
a Neighbor-joining (NJ) relationship tree was then constructed
using DrawTree application within Phylip v 3.695 software
(Felsenstein, 1989).

STRUCTURE ANALYSIS
To investigate the population structure of the studied cattle
breeds, ADMIXTURE 1.2.3 Software (Alexander et al., 2009)
was used. In order to infer the true number of genetic pop-
ulations (clusters or K) between the six cattle breeds. Prior
population information was ignored before testing and identi-
fying distinct genetic populations, and assigning individuals to
populations. ADMIXTURE uses cross validation (CV) procedure
to estimate most preferable K. Most preferable K exhibit a low
cross-validation error compared to other K-values. In the current
study CV error estimates were plotted (Figure 2) for compari-
son of K and K = 6 exhibited low cross validation error values
thus K = 6 was taken as the most probable number of inferred
populations.

RESULTS
SNP POLYMORPHISM AND WITHIN BREED GENETIC DIVERSITY
Parameter for SNP validation that included the level of polymor-
phism, minor allele frequency (MAF) and deviation from Hardy
Weinberg equilibrium (HWE) for all six cattle breeds in this study
were previously reported (Makina et al., submitted). In summary,
examination across breeds revealed that about 56% of SNPs were
polymorphic in all breeds and the distribution of MAF showed
that nearly half of the SNPs (41%) showed a higher degree of
polymorphism (MAF ≥ 0.05) across the breeds. With regard to
deviation from HWE only between 5 and 6% of SNP were shown
to deviate from HWE (P ≤ 0.05) across the six breeds.
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Table 1 presents three measures of within breed diversity
across the breeds: Afrikaner cattle had the highest number alle-
les per locus (AR = 1.88) while the Nguni cattle had the lowest
number of alleles per locus (AR = 1.73). However, the Afrikaner
cattle was observed to have the lowest level of expected het-
erozygosity (He = 0.24) in this study. Among indigenous and
locally-developed breeds the Drakensberg cattle (He = 0.30) had
the highest level of genetic diversity. Looking across all six breeds
Angus and Holstein cattle had the highest level of gene diver-
sity (He = 0.31). The level of inbreeding was low across the
breeds in this study ranging from 0.004 (Afrikaner) to −0.002
(Drakensberger).

ANALYSES OF MOLECULAR VARIANCE AND POPULATION
DIFFERENTIATION
Analysis of Molecular Variance illustrated that within breed
genetic variation accounted for 90% among indigenous and
locally-developed breeds. On the other hand when indigenous
and locally-developed breeds were grouped together with Bos tau-
rus cattle 92% of genetic diversity occurred within breeds while
only 8% occurred between the breeds (Table 2).

Populations differentiation estimates showed that FST

varied from 0.043 (Nguni-Drakensberger) to 0.081 (Afrikaner-
Drakensberger) among indigenous and locally-developed
breeds and from 0.078 (Drakensberger-Angus) to 0.159
(Afrikaner-Holstein) across all six breeds (Table 3).

FIGURE 2 | Cross validation plot for six cattle breeds in South Africa.

Based on cross validation error the plot indicated that k = 6 is optimal for
data set.

Table 1 | Sample size and genetic diversity within six cattle breeds in

South Africa.

Breed Code n AR (SD) He (SD) Fis

Afrikaner AFR 42 1.88 (0.12) 0.24 (0.18) 0.004
Nguni NGU 54 1.73 (0.11) 0.28 (0.17) 0.005
Drakensberger DRA 47 1.85 (0.12) 0.30 (0.17) −0.002
Bonsmara BON 44 1.84 (0.11) 0.29 (016) −0.017
Angus ANG 31 1.80 (0.13) 0.31 (0.16) −0.012
Holstein HOL 29 1.81 (0.13) 0.31 (0.18) −0.026

GENETIC DISTANCE WITHIN AND BETWEEN CATTLE BREEDS
The average genetic distance between individuals drawn from the
same breeds was 0.20 ± 0.01 within the Afrikaner cattle, 0.23 ±
0.01 within the Nguni, 0.25 ± 0.01 with the Drakensberger,
0.24 ± 0.01 within the Bonsmara, 0.25 ± 0.02 within the
Angus and Holstein 0.25 ± 0.01. The average genetic distance
between individuals drawn from different breeds ranged from
0.23 ± 0.005 (Afrikaner-Nguni) to 0.29 ± 0.004 (Angus and
Holstein).

Topological relationships between breeds, from Neighbor-
Joining tree clearly separated Bos taurus breeds (Angus and
Holstein) from indigenous and locally-developed cattle breeds
(Afrikaner, Nguni, Drakensberger, and Bonsmara) (Figure 3).
Three main groups were separated: the group formed by Nguni,
Drakensberger, and Bonsmara, the group formed by Afrikaner
cattle and the group formed by the Bos taurus breeds (Angus and
Holstein).

Table 2 | Analysis of Molecular Variance among six cattle breeds in

South Africa.

Data set Variance component (%)

Among Among populations Within

groups within group populations

All six cattle breeds 7.80 0.70 91.45

Indigenous and local
developed breeds

7.80 1.40 90.80

Table 3 | Wright fixation index (FST ) pair-wise among six cattle breeds

in South African.

Afrikaner Nguni Drakensberger Bonsmara Angus Holstein

Afrikaner

Nguni 0.064

Drakensberger 0.080 0.044

Bonsmara 0.071 0.044 0.043

Angus 0.151 0.108 0.078 0.083

Holstein 0.159 0.114 0.084 0.099 0.098

FIGURE 3 | Genetic distances between six cattle breeds in South

Africa: Neighbor-joining relationship tree of tested cattle breeds.
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POPULATION STRUCTURE ANALYSIS BETWEEN SIX CATTLE BREEDS
IN SOUTH AFRICA
The proportions of individuals in each of the breeds in the six
most likely clusters inferred by the ADMIXTURE are presented in
Table 4 and this corresponded to the six different breeds included
in the study. This revealed that 94% of Afrikaner breed were
assigned to cluster one, 84% of Nguni were assigned to clus-
ter two with 8% of its genome assigned to cluster one, 81%
of Drakensberger were assigned to cluster three with 5% of its
genome assigned to clusters two, four, and five, 89% of Bonsmara
were assigned to cluster four with 3% of its genome assigned to
cluster two, 93% of Angus were assigned to cluster five and 97%
of Holstein were assigned to cluster six. The results presented in
Figure 4 (k = 6) demonstrated that among the SA indigenous
and locally-developed breeds (Afrikaner, Nguni, Drakensberger,
and Bonsmara), the Afrikaner population had the least level of
admixture while the Drakensberger had the most level of admix-
ture. The Nguni cattle showed some signals of admixture with
Afrikaner breed while the Drakensberger cattle revealed some sig-
nals of admixture with Nguni, Bonsmara, and Angus. Bonsmara
cattle shared more genetic links with the Nguni cattle than
with other indigenous breeds. When comparing all six breeds
Afrikaner, Angus, and Holstein populations showed the lowest
level of admixture in the current study.

DISCUSSION
Information about genetic diversity and population structure
among cattle breeds is essential for genetic improvement, under-
standing of environmental adaptation as well as utilization and
conservation of cattle breeds (Groeneveld et al., 2010). This
study investigated the genetic diversity and population structure
among six cattle breeds in South Africa. Among indigenous and

Table 4 | Proportion of membership of the analyzed South African

cattle breeds in each of the six clusters inferred in the ADMIXTURE

program.

Predefined Inferred clusters

populations
1 2 3 4 5 6 n

Afrikaner 0.938 0.036 0.011 0.006 0.005 0.011 42

Nguni 0.083 0.838 0.032 0.032 0.007 0.009 54

Drakensberger 0.032 0.048 0.806 0.040 0.045 0.028 47

Bonsmara 0.005 0.030 0.013 0.887 0.017 0.006 44

Angus 0.003 0.012 0.005 0.034 0.932 0.015 31

Holstein 0.000 0.000 0.008 0.005 0.018 0.969 29

Bold indicate inferred cluster.

FIGURE 4 | ADMIXTURE clustering of six cattle breeds in South Africa.

locally-developed breeds; Drakensberger cattle demonstrated the
highest level of genetic variability (He = 0.30) while the Afrikaner
demonstrated the lowest level of genetic diversity. The lower level
of genetic variability observed within the Afrikaner cattle could be
due to the present of strong selection and use of elite sires which
is common among stud and commercial herds and small effec-
tive population size. This lower level should be noted in Afrikaner
and step toward increasing diversity should be prioritized. This
could include exchange of bulls from the different genetic pools.
The negative correlation observed between allelic richness and
expected heterozygosity in the Afrikaner cattle could be attributed
to the processes that differential affect these two measures of
diversity, such as bottleneck, selection and increased gene flow
between populations within the Afrikaner (Comps et al., 2001).

Angus and Holstein cattle (He = 0.31) demonstrated the high-
est level of genetic variability compare to all other breeds. The
highest genetic diversity observed in Bos taurus breeds were in
agreement with the results of Lin et al. (2010) who reported high-
est genetic variability within Bos taurus compared to Bos indicus
and also to Edea et al. (2013) who reported more genetic diver-
sity in Hanwoo (He = 0.41) breed than in Ethiopia cattle breeds
(between He = 0.37–0.38) based on SNP data. Heterozygosity
values observed in this study were comparable to the previ-
ously reported heterozygosity among African (He = 0.25) and
European (He = 0.30) cattle breeds using SNPs (Gautier et al.,
2007). The levels of inbreeding observed in this study were lower
across the breeds. However, it should be noted that this may not
indicate the real status of inbreeding within these cattle breeds as
allele frequencies may be poor estimate of inbreeding. Assessment
of the inbreeding level should be done every 5 years to determine
any unfavorable change in inbreeding levels, so that appropriate
steps could be taken to prevent increases in inbreeding.

Analysis of molecular variance among indigenous and locally-
developed breed revealed that about 90% of the genetic variation
occurred within the populations. This was lower than the within-
population genetic variation (99%) observed among Ethiopia
populations by Edea et al. (2013). Combining all six breeds
showed that 92% of total variation was within populations. This
was higher than 81% observed among Ethiopia and Hanwoo
cattle populations.

As expected genetic differentiation (FST) among the indige-
nous and locally-developed breeds was lower than African-Bos
taurus pairs, ranging from 4 to 8%. This was lower than 12%
observed among West African cattle breeds by Gautier et al.
(2007), but higher than 1% reported among Ethiopian cat-
tle breeds (Edea et al., 2013). Among indigenous and locally-
developed and Bos taurus cattle breeds genetic differentiation
ranged between 8 and 15%; this was comparable to 15% reported
between African and European breeds by Gautier et al. (2007) and
17% reported by Edea et al. (2013) among Ethiopia and Hanwoo
cattle populations.

The average genetic distance between pairs of animals drawn
from the same breeds ranged from 0.20 (Afrikaner) to 0.25
(Angus and Holstein). Average genetic distance between pairs of
animal (0.21) was previously reported within 19 cattle breeds
(Bovine HapMap Consortium, 2009). As expected average genetic
distance between individuals drawn from different breed was
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higher than those drawn from within breeds, ranging from 0.23
(Nguni-Afrikaner) to 0.29 (Angus-Holstein).

Phylogenic analyses confirmed the closer relationship among
indigenous and locally-developed breeds and clearly separated
indigenous and locally-developed breeds from Bos taurus breeds;
this was in agreement with the great divergence between African
and European/British breeds observed by Gautier et al. (2007).
It will be interesting to expand this breed level analysis in sub-
sequent studies through the inclusion of all SA cattle breeds
to better understand genetic relationship among SA cattle
breeds.

Population structure analysis revealed some signals of admix-
ture and genetic relationship between Afrikaner, Nguni and
Drakensberger and Bonsmara. Nguni cattle shared some genetic
links with the Afrikaner cattle, with about 8% of its genome
derived from the Afrikaner cattle. This may reflect co-ancestry
regarding the origin of these breeds as both these came from
the same migration route into the Southern Africa (Scholtz
et al., 2011). On the other hand, the Bonsmara cattle shared
some genetic links with the Nguni cattle (3%) but only limited
genetic links with Afrikaner cattle (0.5%); which was unexpected
since the Bonsmara cattle was developed through crossbreed-
ing of Afrikaner cattle with exotic breeds such as Hereford
and Milk Shorthorn during the early sixties (Bonsma, 1980).
However, it should be noted that when Afrikaner and Nguni
cattle were brought to the Southern Africa by the Khoi-Khoi peo-
ple, Afrikaner cattle migrated along the western side of Southern
Africa whilst the Nguni cattle migrated along the eastern side of
Southern African (Scholtz et al., 2011), and the Bonsmara cattle
was developed in the eastern part of South Africa which predom-
inantly consisted of the Nguni cattle. The observed low relation-
ship between Bonsmara and Afrikaner may also be attributed
to genetic drift or small sample size. The Drakensberger cattle
was the most admixtured breed in this study with about 5% of
its genome derived from the Nguni, Bonsmara and Angus and
3% from Afrikaner and Holstein; this was in agreement with the
history of this breed which is believed to have unclear origin
(Scholtz, 2010). Afrikaner cattle was the least admixed breed in
this study, this was in agreement with the history of this breed
as it was the first indigenous South African breed to form a
breed society in 1912, thus this breeds may have been closed
within the breeding society where only registered animals are
allowed within the society. Limited genetic component was shared
between indigenous Bos taurus breeds, this indicated distinct
genetic resources in South African which should be utilization
and conservation separately.

In general phylogenetic and population structure analysis
revealed distinctiveness among South African (indigenous and
locally-developed cattle breeds) and Bos taurus cattle breeds
which is in agreement with their separate domestication and
great time divergence (McKay et al., 2008). The presence of some
admixture among South African cattle breeds was in accordance
with previous results of genetic diversity studies among cattle
breeds that are generally closer together geographically (McKay
et al., 2008; Edea et al., 2013). This indicated that the genetic
diversity of breeds is directly linked to the areas of origin, sug-
gesting that breeds which have diverged more recently have a

generally closer relationship than breeds which diverged long time
ago (Maudet et al., 2002).

CONCLUSION
This study revealed low to moderate genetic diversity within
six cattle breeds in South Africa and showed a closer rela-
tionship among indigenous and locally-developed cattle breeds.
Clear genetic divergence between South African (indigenous and
locally-developed cattle breeds) and Bos taurus cattle breeds was
observed which suggested distinct genetic resource in South
Africa cattle breeds that should be proper utilization and conser-
vation in order to cope with unpredictable future environments.
Information generated from this study forms the basis for future
management of these cattle breeds.
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Sustainable intensification (SI) is a multifaceted concept incorporating the ambition to
increase or maintain the current level of agricultural yields while reduce negative ecological
and environmental impacts. Decision-support systems (DSS) that use integrated analytical
methods are often used to support decision making processes in agriculture. However,
DSS often consist of set of values, objectives, and assumptions that may be inconsistent
or in conflict with merits and objectives of SI. These potential conflicts will have
consequences for adoption and up-take of agricultural research, technologies and related
policies and regulations such as genetic technology in pursuit of SI. This perspective paper
aimed at comparing a number of frequently used socio-economic DSS with respect to
their capacity in incorporating various dimensions of SI, and discussing their application
to analyzing farm animal genetic resources (FAnGR) policies. The case of FAnGR policies
was chosen because of its great potential in delivering merits of SI. It was concluded that
flexible DSS, with great integration capacity with various natural and social sciences, are
needed to provide guidance on feasibility, practicality, and policy implementation for SI.

Keywords: decision-support systems (DSS), sustainable intensification, farm animal genetic resources, models,
social science

INTRODUCTION
The growing human population, and growing global demand
for food, are major challenges that will need to be addressed in
a world with a potentially dramatically changing climate, and
with diminishing natural resources such as farm animal genetic
resources (FAnGR; Tilman et al., 2011; Tscharntke et al., 2012).
These challenges may require a re-appraisal of the capacity to
increase food production, especially livestock products without
damaging the important environment and ecosystem services
they provide. This is referred to as sustainable intensification
(SI) approach by some researchers and politicians (Pretty et al.,
2011; Tilman et al., 2011; Garnett et al., 2013) but contested
by others (Reed, 2012; Kuyper and Struik, 2014; Loos et al.,
2014). SI is a multifaceted concept incorporating the ambition
to increase or maintain the current level of agricultural yields
while reducing negative ecological and environmental impacts
by using a broad range of production methods and technologies
and by altering consumption patterns. Four key criteria of SI
listed by Godfray and Garnett (2014) include: (i) increase or
maintain yield, (ii) reduce or maintain land use, (iii) reduce
negative environmental and ecological externalities, and (iv) con-
sider/use all forms of agriculture without prejudice. To achieve
the objectives of SI by implementing these four main criteria,
agricultural, ecological and environmental policies and regu-
lations need to be adjusted accordingly. Policy decisions are
often supported and informed by the results of scientific and
socio-economic research. Decision-support systems (DSS) are

considered as set of scientific and analytical tools and approaches
that are used in interpreting research results into policy relevant
outcomes.

Decision-support systems can be used to assist agricultural
systems’ players and policy makers to achieve objectives of SI by
incorporating these four criteria and their subsets in such analyt-
ical frameworks. DSS are often used at farm level in informing
farmers to improve plans and decisions. They are also used to
assist policy makers to evaluate and ex ante assessment of future
policies. Results of DSS provide an optimum plan of action that
can be applied to enterprise, farm, regional, national, or global
levels (Geels and Schot, 2007). At farm level, in addition to bio-
physical variations of farms (i.e., technical characteristics), goals,
and perception of farmers about their farming and agri-ecological
systems, as well as their risk attitudes (i.e., social characteristics)
vary considerably. Traditionally bio-physical and technical char-
acteristics including technical coefficients, representing specific
production functions, are included in certain DSS in form of
constraints and activity requirements. However, inclusions of
social characteristics and agri-ecological/environmental external-
ities of farming practices, farmers’ perceptions, behaviors and
attitudes in these frameworks are proved to be challenging and
less comprehensive (Vanwindekens et al., 2013).

Another challenge in developing and using DSS relevant to
policy analysis is inclusion of public and private goods char-
acteristics. Agriculture is inherently multifunctional and often
includes both private and public good such as producing food,
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fiber, etc., with having a profound impact on economies, ecosys-
tems, and environment (Pretty et al., 2001). Farming practices
are considered as business activities that generate products and
income for farmers (private good) but at the same time could
generate positive (e.g., ecosystem services) and negative exter-
nalities affecting environmental and ecological systems (public
good). Estimating financial performance of farming practices
is relatively easy and is routinely done at farm or sector lev-
els using budgeting techniques. However, incorporating agri-
ecological/environmental costs and benefits of farming practices
(i.e., public good element) is challenging and require getting
support from other methodologies. For example the total eco-
nomic value (TEV) approach is often used to capture these
costs and benefits. Direct use value, indirect use value, option
value, bequest value, and existence value are components of
TEV (Pearce and Moran, 1994). Some of these components also
provide a mixture of private and public goods. Other approaches
that could support and inform DSS in assessing agri-ecological
costs and benefits are: empirical approaches, willingness to pay,
contingent valuation, hedonic pricing, and use of experimental
data (Randall, 2002). The capability and capacity of DSS to
adopt these approaches and capture public/private values vary
substantially and therefore both developer and end-user of the
results of DSS need to be aware of these differences. In addi-
tion, reducing negative ecological and environmental externalities
is an important criterion of SI. To go beyond this, “positive”
externalities such as ecosystem services could be integrated
in DSS.

To incorporate SI’s criteria including social, ecological, and
environmental externalities in DSS that ultimately enhance agri-
cultural policies, greater integration of social and technical aspects
of farming practices is needed. A wide range of DSS have
been developed and applied to different production and agri-
cultural system (Janssen and van Ittersum, 2007). The objec-
tives of this paper are to revisit and compare the capacity
of six widely used DSS in adopting the four key SI criteria,
agro-ecological/environmental externalities and socio-technical
aspects of farming practices, and to discuss the application of DSS
to analyzing policies related to conservation of FAnGR.

REVIEW OF DSS
Agricultural systems and practices are studied using both
sociological (anthropological) science methods and techni-
cal/engineering sciences. DSS applied to agricultural systems
often use statistical and mathematical modeling techniques and
are classified based on their purpose, methodology, and assump-
tions. On this basis, DSS are classified under four main cate-
gories: empirical, mechanistic, positive, and normative (Hazel and
Norton, 1986). Empirical models are built using observed data
and aiming to discover relationships that were not expected ex
ante. Mechanistic models are built on existing scientific theory
and knowledge and are mainly used for ex ante scenario analysis
(Janssen and van Ittersum, 2007). DSS could be developed using
either positive or normative approach. Positive approach tries to
mimic the actual behavior of the farmers or managers whereas
normative approach tries to find optimum solution for a given
system.

COMPARISONS
Six DSS approaches namely: structural equation modeling (SEM),
linear- and non-linear programming (LP and NLP), positive
mathematical programming (PMP), multiple criteria decision
making (MCDM), cognitive mapping (CM), and dynamic pro-
gramming (DP) were selected for comparison in this study.
Table 1 summarizes the characteristics of the mentioned DSS
approaches. Among the selected DSS approaches, SEM and CM
are considered as empirical methods that are mainly used in
ex post analysis aiming at revealing relationships in observed
data that will be used to predict outcomes in future. Technical
aspects of farming practices could be included to some extend
in these methods but less than mechanistic models. Both SEM
and CM are strong in looking at social aspects of socio-ecological
farming systems including farmers, behavior, perceptions, and
goals. These social attributes could be related to ecological and
environmental issues and therefore could provide useful insight.
Considering mentioned characteristics the potential of these
methods in assisting with SI merits are judged to be moderate to
high.

LP/NLP, PMP, MCDM, and DP are considered as mechanical
approaches that are built based on theory and knowledge to find
solutions for management problems in relation to farming sys-
tems by running the models under different scenarios and policy
assumptions. LP/NLP and PMP have good capacity in incor-
porating technical aspects of the systems (including economics,
production, environment, and ecology/biodiversity; Cypris, 2000;
Vosough Ahmadi et al., 2011, 2015; Stott et al., 2012). However,
they have fairly limited capacity in covering social and behavioral
characteristics of the farmers. MCDM approaches are less sophis-
ticated in terms of the level of technical details of the systems but
could potentially include different goals of various stakeholders
or certain view points (i.e., goals). Social and technical aspects
of environmental and ecological issues could be covered to some
extend by these approaches. DP is an example of DSS approaches
that could assist farm managers with decisions within a short
time (Kennedy, 1986). They are capable to incorporate risk and
stochastic events but relatively low complexity of the system could
be built in these models (Stott, 1994). They are not usually capable
of inclusion of social aspects and not very strong in incorporating
environmental and biodiversity elements. In terms of capability
of inclusion of SI goals and merits, in our judgment LP/NLP
and CM are considered as approaches with a very high capacity.
After these methods, MCDM are considered as highly capable
in incorporating and helping with SI concept. SEM and DP are
considered as moderate in terms of their capability of adopting SI
criteria.

INTEGRATING SI CRITERIA IN DSS
In the following lines the application and usefulness of the men-
tioned DSS approaches in relation to SI’s four criteria definition
by Godfray and Garnett (2014), is discussed.

(S1) Increasing/maintaining yield (intensification aspect): This
criterion is related to utilizing technologies and also to some
extent to improving management of crops and livestock (e.g., con-
trolling diseases) that leads to higher yield. DSS could help with
informing decision makers with control of diseases, and short
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and long term optimum management for example in relation to
keeping/replacement of animals or crop rotation etc.

(S2) Using less land or maintaining current land usage (intensi-
fication aspect): DSS and in particular mechanistic models could
provide insight on the impact of reducing available land on
production and could suggest alternative solutions if technology
allows.

(S3) Less environmental and ecological damage, more biodiver-
sity and ecosystem services (sustainability aspect): This condition
could potentially be included at both technical and social levels in
DSS models. However, in majority of the available models envi-
ronmental and ecological aspects have been added as constraints
to the systems whereas it could be considered as objective of the
farming in these models.

(S4) Utilizing all types of technology without prejudice (both
intensification and sustainability elements): There is an on-going
debate about this criterion of SI (Loos et al., 2014). In DSS
approaches such as CM and MCDM, the perceptions and goals
of farmers with respect to using particular technologies to
improve/increase yield or to protect environment and biodiversity
could be analyzed and included in the models. In this case indi-
vidual and social believes/perceptions of farmers that are added to
model will assist policy makers to come up with effective policies.

All the four mentioned SI criteria could be considered as objec-
tives and opportunity or could be as constraints of the agricultural
systems in DSS models. Similarly they are influenced by short and
long term goals, and perceptions and behavior of farmers. These
criteria are also directly related to technological advances that help
with increase/maintain yield but lowering negative externalities
and also by increasing efficiency.

APPLICATION TO FAnGR POLICIES
In the context of FAnGR conservation and biodiversity poli-
cies, the issue of allocation of limited preserving genetic diver-
sity budget in determining actual conservation priorities among
endangered species has been included in a number of theoretical
and operational DSS by a number of authors (Weitzman, 1998;
Naidoo and Iwamura, 2007). In most of these DSS, objective
was to preserve maximum diversity given the limited financial,
technological, and perhaps logistical resources. Probability of
extinction has been a core element of conservation DSS modeling.
In addition, discounting future benefits and costs as a basis for
economic justification of conservation policies has been taken
into account. More recent applications of DSS to FAnGR con-
text showed that supply chain management, cooperation, man-
agement of common goods in relation to biological resources
and data management are important elements that need to be
considered in developing and using DSS (Labatut et al., 2010,
2012). A number of other areas for consideration are: the goals
of conservation, intrinsic value of breeds, public and private good
elements of FAnGR, the impact of genetic technologies on society
and power in the breeding systems. Also the impact of demand of
agricultural product and services on commodity market prices at
farm level that are not usually explicitly included in DSS models
must be incorporated in the models subject to data availability.

Means to SI in livestock production or in other words means
to improve sustainability and productivity of farm animals need

to be sought through breeding, genetic engineering, nutrition,
health, and welfare. For example new phenotypes linked to sus-
tainable animal productivity could be developed and integrated
into breeding schemes. SI’s merits could also be achieved through
economically justified conservation of FAnGR that depends on
the increased adaptive capacity in response to change that such
preservation in a genome resource bank offers beyond that of
alternatives. The technological preservation of FAnGR does not
only require economic and scientific input, to direct optimal deci-
sion making, but social science methods to reflect the historical,
cultural, and social aspects of genetic resources at farm level and
beyond. DSS therefore play a crucial role in integrating both
technical and social aspects of farming practices and provide an
improved policy and practical guidance to tackle major global
challenges ahead.
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Evaluation of conservation policies for agricultural genetic resources (AgGR) requires
information on the use and non-use values of plant varieties and animal breeds, as
well as on the preferences for in situ and ex situ conservation. We conducted a
choice experiment to estimate citizens’ willingness to pay (WTP) for AgGR conservation
programmes in Finland, and used a latent class model to identify heterogeneity in
preferences among respondent groups. The findings indicate that citizens have a high
interest in the conservation of native breeds and varieties, but also reveal the presence
of preference heterogeneity. Five respondent groups could be identified based on latent
class modeling: one implying lexicographic preferences, two with reasoned choices,
one indicating uncertain support and one with a preference for the current status of
conservation. The results emphasize the importance of in situ conservation of native cattle
breeds and plant varieties in developing conservation policies.

Keywords: native breeds, native varieties, genetic resources, choice experiment, preference heterogeneity,

valuation

INTRODUCTION
The intensification of agriculture has led to marked changes in
the utilization of agricultural genetic resources (AgGR), and many
previously common cultivated plant varieties as well as native ani-
mal breeds that are of interest in terms of food and agricultural
production have become rare or even endangered (Drucker et al.,
2001; FAO, 2007, 2010). In Finland, several native breeds, such as
the Eastern and Northern Finncattle, the Kainuu Gray Sheep and
the Åland Sheep, are endangered according to the FAO classifica-
tion (FAO, 2007), and the majority of old Finnish crop varieties
as well as the Finnish landrace pig are already extinct.

Decisions on the focus and extent of genetic resource conserva-
tion should consider both the costs and benefits of conservation.
The full benefits of conserving AgGR are not revealed by markets,
as the resources are either not traded in the markets or the price
of agricultural products does not completely capture their value
(Oldfield, 1989; Brown, 1990; Drucker et al., 2001). These market
failures result in an inefficient allocation of resources, i.e., the level
of conservation is too low as the full benefits are not considered.
Although the importance of economic analyses has been recog-
nized, the literature on the monetary value of genetic resources
in agriculture is still relatively limited (e.g., Evenson et al., 1998;
Rege and Gibson, 2003; Ahtiainen and Pouta, 2011).

Conservation policies for AgGR in Finland, as in many other
European countries, are currently based on international agree-
ments such as the Convention on Biological Diversity (1992)
and the Global Plan of Action for Animal Genetic Resources
(FAO, 2007). National genetic resource programmes were ini-
tiated for plants in the year 2003 and for farm animals in
2005 to strengthen the conservation of genetic resources in
Finland. Although there has been some progress in putting the
programmes into action, they have not been fully implemented.

This may reflect, for example, the lack of political interest in the
conservation.

To evaluate conservation policies, there is a need for monetary
benefit estimates that encompass both use and non-use values
associated with genetic resources. Use values refer to the ben-
efits obtained from current and future use of genetic resources
in production and breeding, while non-use values are generated
from the knowledge that genetic resources, e.g., certain breeds,
exist and are saved for future generations. Stated preference meth-
ods, such as the discrete choice experiment (CE) method, are
capable of estimating both use and non-use values in monetary
terms. A choice experiment is a survey-based method whereby
respondents are asked to choose between two or more discrete
alternatives that are described with attributes. By varying attribute
levels and including a price variable as one of the attributes,
respondents’ willingness to pay (WTP) for a policy alternative
or attribute level is indirectly revealed based on the choices they
make (e.g., Hanley et al., 2001). The CE method has been found
suitable for valuing genetic resources due to its flexibility and
ability to value the different traits that breeds or varieties may
have. The CE method can also be used to evaluate the means
of conservation in situ (live animals and plants) and ex situ (as
seeds, cryopreserved embryos and other genetic material), and
both plant genetic resources (PGR) and animal genetic resources
(AnGR).

Previous choice experiments have focused on valuing breeds
or varieties and their attributes, especially related to their use
in agriculture (Birol et al., 2006; Ouma et al., 2007), and appli-
cations focusing on consumer or citizen values for AgGR are
rare. Valuation studies on biodiversity have found heterogeneity
in consumer preferences, and even identified lexicographic pref-
erences toward conservation (Hanley et al., 1995; Sælensminde,
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2006). Lexicographic preferences imply that people are unwilling
to accept any trade-offs for changes in environmental goods, such
as biodiversity, and may arise when an individual believes that the
environment should be protected without regard to the costs. In
the context of AgGR, preference heterogeneity has mainly been
studied among farmers (e.g., Ouma et al., 2007; Omondi et al.,
2008; Roessler et al., 2008), and there have been only few empir-
ical studies of heterogeneity of citizen preferences (Zander et al.,
2013) or lexicographic preferences.

In this paper, we present the results of a choice experiment
conducted to estimate the benefits of genetic resource conserva-
tion programmes in Finland. We tested the effect of in situ and
ex situ conservation on citizens’ choices between programmes.
We also analyzed whether plant varieties and animal breeds are
perceived as equally valuable by citizens. As heterogeneity in the
preferences for the conservation of AgGR is likely, we tested for
the existence of citizen segments that place different values on the
conservation of genetic resources.

We expected that AgGR would be rather unfamiliar to some
of the respondents of the valuation survey. However, in val-
uation surveys, respondents are assumed to make “informed”
choices when responding to value elicitation questions (e.g.,
Blomquist and Whitehead, 1998). To obtain informed choices
that produce valid estimates of WTP, surveys need to provide
a sufficient amount of neutral information on the environ-
mental good while avoiding information overload. Providing
more information on the quality (characteristics and services)
of an environmental good can increase the stated WTP, have no
effect, or in some cases reduce WTP (Blomquist and Whitehead,
1998).

There is a substantial body of literature on the effects of
information and respondent effort in contingent valuation stud-
ies (e.g., Cameron and Englin, 1997; Blomquist and Whitehead,
1998; Berrens et al., 2004), and some choice experiment stud-
ies have also examined the issue, mainly focusing on respondent
effort (Hu et al., 2009; Vista et al., 2009). Hu et al. (2009) used
data from a choice experiment concerning genetically modi-
fied food to simultaneously model voluntary information access
and product choices. They found that information was accessed
rather infrequently, and that those who held critical views on GM
food accessed information more often. There were interlinkages
between information access and choices, but they were complex
and varied between individuals. Vista et al. (2009) examined the
effect of time spent on attribute information, choice questions or
completing the survey, finding no significant effects on parameter
estimates.

Here, we were particularly interested in examining how the
use of information differs between respondent segments. In the
survey, respondents had the opportunity to obtain additional
information on genetic resources by accessing a hyperlink to a
web page. The Internet survey allowed us to measure whether the
respondents accessed the additional information and how much
time they used to read it. Offering the opportunity for voluntary
access to information instead of using different information treat-
ments for split samples has the advantage of not assuming that
respondents read all the information that is provided (Hu et al.,
2009). Furthermore, we tested the effects of response certainty

and self-perceived carefulness in filling the survey as sources of
preference heterogeneity.

The rest of the paper is organized as follows. Section Materials
and Methods introduces the data and statistical models used
in the analysis. Results are presented in section Results, and
section Discussion and Conclusions provides discussion and
conclusions.

MATERIALS AND METHODS
DATA COLLECTION
The survey data were collected using an Internet survey during the
summer of 2011. The sample was drawn from the Internet panel
of a private survey company, Taloustutkimus, which comprises
30,000 respondents who have been recruited to the panel using
random sampling to represent the population (Taloustutkimus,
2013). After a pilot survey of 138 people, a random sample of
6200 respondents was selected, of which 2426 completed parts of
the survey and 1495 completed the survey entirely. These num-
bers correspond to response rates of 39 and 24%, respectively.
Based on the socio-demographic variables, the data represented
the population rather well (Table 1).

SURVEY DESIGN
In the first section, the survey introduced the most common
Finnish native animal breeds and plant varieties by explaining
what landraces are and giving examples. After asking the respon-
dents about their familiarity with PGR and AnGR, all respondents
were offered a short piece of information on the conservation
of these breeds and varieties. Next, the respondents were given
the opportunity to obtain further information by clicking on
two hyperlinks, one for PGR and the other for AnGR. Providing
voluntary access to additional information made it possible to
identify those respondents who accessed the information, and
the time spent on the information page was also recorded (Hu
et al., 2009). The additional information provided in our sur-
vey included motives for conservation, descriptions of the in situ
and ex situ conservation methods and facts about the sustainable
use of genetic resources. After several questions concerning per-
ceptions of genetic resources, the survey proceeded to the choice
experiment.

Table 1 | Descriptive statistics (n = 1608).

In the In the

data populationa

Proportion of females, % 48 51

Mean age, years 52 47

Proportion of people with a higher educational
level, %

24 23

Proportion of people living in households with a
gross income under €40,000, %

43 53

Proportion of people with children (<18 years) in
the family, %

35 40

Proportion of people living in South Finland, % 40 41

aStatistics Finland 2010, www .stat.fi.
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The choice experiment was framed by telling respondents that
the conservation of native plant varieties and animal breeds is not
yet comprehensive in Finland. The survey presented a programme
that would conserve the majority of the varieties and breeds on
farms and in gene banks. The operation of gene banks would
be extended to missing plants and varieties, and conservation on
farms would be enhanced by developing the support provided
to farmers for conservation activities. Furthermore, those who
are using native varieties in gardens were stated to be supported
monetarily and by providing guidance.

The survey explained that the conservation programme would
be financed with an increase in income tax between the years 2012
and 2021, and that depending on the extent of the programme,
the cost to taxpayers would vary, but all taxpayers would par-
ticipate in financing the programme. The conservation measures
(attributes) of the alternative programmes were illustrated to the
respondents using a table.

Table 2 presents the attributes together with their descriptions
and levels. The first attribute level is always the level specified in
the status quo alternative (current state). The attributes included
conservation measures of both plant varieties and animal breeds
in gene banks and farms. Instead of having a separate attribute for
each native breed, only one attribute for breeds in gene banks and
one on farms was included to have the same number of attributes
for varieties and breeds, and to ease the cognitive burden of the
respondents. The native breeds in gene banks attribute had eight

levels and native breeds on farms nine levels, including the status
quo attribute level.

After introducing the attributes, the respondents were pre-
sented with six choice tasks. Each choice task included three
alternatives: the status quo alternative, described as maintaining
the current situation, and two policy alternatives describing an
improved level of conservation compared to the current level.
Each alternative was described with five conservation attributes,
their levels and the cost attribute. The status quo alternative was
uniform across choice tasks. An example of a choice task is shown
in Table 3.

We employed an efficient experimental design to allocate the
attribute levels to the choice tasks in the choice experiment sur-
vey. Efficient designs aim to generate parameter estimates with
standard errors that are as low as possible, and thus produce
the maximum information from each choice situation (e.g., Rose
and Bliemer, 2009). The generation of efficient designs requires
the specification of priors for the parameter estimates. In the
pilot survey, we employed zero priors in the design, and used
the parameter estimates obtained in the pilot study to construct
the final experimental design. In the final study, we employed
a Bayesian D-efficient design using Ngene (v. 1.0.2), taking 500
Halton draws for the prior parameter distributions. Bayesian
designs take into account the uncertainty related to the parameter
priors. Instead of fixed priors, they make use of random priors by
specifying a mean and standard deviation for the prior.

Table 2 | Attributes of conservation programmes and their levels.

Attribute Description Current state Levels (unit)

Native food plant varieties in
gene banks

Native food plants are stored in a gene
bank, either as seeds or plant parts.

The gene bank contains seeds from about 300
landrace varieties. Plants that are added
vegetatively (e.g., berry and apple varieties)
are missing.

300, 400, 500
(number of plants)

Farms growing native food
plants

Farmers and hobby gardeners
cultivate native food plants on farms
or in gardens.

Seven farms grow seeds of native food plants
with agri-environmental support. Other
activities than growing seeds are not
supported.

7, 500, 1000
(number of farms)

Native ornamental plant
varieties mapped and in gene
banks

Scientists identify and register native
ornamental plants. Varieties are
preserved in a gene bank, either as
seeds or plant parts.

Only a small proportion of the native
ornamental plants are known. Storage in the
official gene bank is not provided.

small proportion, about half,
majority
(proportion of plants)

Native breeds in gene banks Landrace breeds are kept in a gene
bank as gametes and embryos.

The gene bank contains Western, Eastern and
Northern Finncattle, as well as Finn-, Åland and
Kainuu sheep. Native chicken, goat and horse
breeds are missing from the gene bank.

3 cattle breeds and 3 sheep
breeds (status quo level), +
all combinations of goat,
horse and chicken breeds

Native breeds on farms Native breeds are kept on farms in
their natural environment. A breed is
considered to be endangered if the
number of females is less than 1000.

Farms secure goat, horse and chicken breeds,
Finnish sheep and Western Finncattle. Eastern
and Northern Finncattle, as well as Åland and
Kainuu sheep, are endangered.

1 cattle breed, 1 sheep
breed, goat, horse and
chicken (status quo level), +
all combinations of
additional 1-2 cattle and
sheep breeds

Cost Cost for taxpayers,
€/year during 2012–2021.

No additional costs. 0, 5, 20, 40, 80, 100, 150,
300 (€)
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Table 3 | Example of a choice set.

Current state Conservation

programme A

Conservation

programme B

Native food plant varieties in gene
banks

Approximately 300 400 400

Farms growing native food plants 7 farms 2000 farms 1000 farms

Native ornamental plant varieties
mapped and in gene banks

Some Majority About half

Native breeds in gene banks 3 cattle breeds, 3 sheep
breeds

3 cattle breeds, 3 sheep
breeds, chicken, goat, horse

3 cattle breeds, 3 sheep
breeds, goat

Native breeds on farms Goat, horse, chicken, 1 cattle
breed, 1 sheep breed

Goat, horse, chicken, 3 cattle
breeds, 1 sheep breed

Goat, horse, chicken,
2 cattle breeds, 3 sheep
breeds

Cost for taxpayers, €/year during
2012–2021

€ €0/year €80/year €200/year

I support the alternative ( ) ( ) ( )

In the design phase, animal breeds in gene banks and on farms
were treated as separate attributes, but were later combined to
the “Native breeds in gene banks” and the “Native breeds on
farms” attributes in the choice tasks presented to the respondents.
Bayesian priors were employed for the chicken attribute and the
number of cattle breeds on the farm attribute, and fixed priors for
all other attributes. We generated 180 choice tasks, blocking them
into 30 subsets, which resulted in six choice situations presented
for each respondent. The final design had a D-error of 0.002.

STATISTICAL MODELS
The choices between environmental programmes were originally
modeled with a conditional logit model (also called a multinomial
logit model) (McFadden, 1974). The conditional logit, however,
assumes a similar preference structure for all respondents, which
implies that they have similar tastes for the attributes of conser-
vation. In this study, we were particularly interested in defining
heterogeneous citizen segments, which have a similar preference
structure within each segment. One approach that allows this
heterogeneity is the latent class model (Boxall and Adamowicz,
2002), which has frequently also been applied in choice experi-
ment models of environmental conservation programmes (e.g.,
Garrod et al., 2012; Grammatikopoulou et al., 2012). In the latent
class model, preferences are assumed to be homogeneous in each
segment, but to vary between the segments.

In the modeling, price was treated as a continuous variable
and the other attributes were effects-coded, implying that the
parameters will sum to zero over the categories of the nomi-
nal variable concerned. The status quo attribute levels were thus
included in the model, and could obtain either negative or posi-
tive coefficients depending on their effect on respondent’s utility.
Alternative-specific constants (ASC) were included for all alterna-
tives in order to allow systematic choice tendencies not explained
with the parameters describing the attributes.

Heterogeneity was statistically included in the latent class
model by simultaneously dividing individuals into behavioral
groups or latent segments, and estimating a choice model for each
of these classes. The estimation was carried out by assuming first
one class, then two classes, three classes and so forth. In each step,
the explanatory power of the model was assessed to decide on the
optimal number of classes. For this purpose, we used the Bayesian
information criterion (BIC) and Akaike information criterion
(AIC), which are log-likelihood scores with correction factors for
the number of observations and the number of parameters. The
latent class model also enables the calculation of the WTP for the
attributes for each citizen segment.

The relationship between the individual characteristics and the
latent classes was examined a posteriori of the actual estimation
of the latent class model in order to describe the heterogeneous
citizen segments. Thus, the segments were formed solely based
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on the conservation program choices. The membership in the
most probable segment was regressed using a logistic regression
to characterize each class compared to the rest of the respondents.
The explanatory variables for the class memberships included
respondents’ socioeconomic characteristics, perceived values and
responsibilities, use of provided information, response certainty
and self-reported perception of the carefulness of completing
the survey. The independent variables in the logistic regression
models and their descriptive statistics are presented in Table 4.

RESULTS
In 24% of the choice sets, the respondents chose the status quo
option, i.e., the current state without any additional program to
conserve AgGR. The probability of choosing one of the two alter-
native conservation programs varied between 46% for the lowest
cost level of C5 and 28% for the highest cost level of C300.

Table 5 presents the conditional logit model results for the
choice of the conservation programme. As expected, an increase
in the programme cost negatively affected the probability of

choosing it. Turning to consider the genetic resource attributes,
the number of food plants in the gene bank was not statistically
significant. All other attributes were significant in determining
respondents’ choices. A higher number of farms growing native
plant varieties increased the choice probability. The larger the
number of ornamental plants to be mapped and conserved in
gene banks, the more probable it was that the respondent would
choose the programme. Conserving native breeds of Finnish
goats, horses and chickens in the gene bank all increased the
support for the programme. The effect was highest for horse, fol-
lowed by chicken and goat. The guaranteed existence of cattle
breeds on farms had a positive and significant effect on choice. As
expected, the effect was greater if the number of conserved cat-
tle breeds was three instead of two. This was also the case with
sheep breeds, although the conservation of two breeds did not
have a positive effect on choice compared with the status quo of
one conserved breed.

The alternative specific constants (ASC) capture the tendency
to choose one of the alternatives which is not explained by

Table 4 | Variables in the logistic regression models.

Characteristic Description Mean Standard Min Max

deviation

Female 1 if the respondent is female, if male 0.49 0.50 0 1

Year of birth Respondents year of birth, continuous 1960 15 1931 1992
High income 1 if household income is over €50,000 per year, 0 otherwise 0.45 0.49 0 1
High education 1 if respondents education level is university education, 0 otherwise 0.24 0.46 0 1
Eastern Finnish 1 if respondents lives in Eastern Finland, 0 otherwise 0.11 0.32 0 1
Childhood in city 1 if respondent spent his/her childhood in a city, 0 otherwise 0.41 0.49 0 1
Certainty Mean of respondent’s certainty in the conservation programme choices,

on a scale of 10 completely certain—1 not at all certain.
6.85 2.23 1 10

Agri-environmental attitude Importance of environmental issues in agriculture, mean of nine
measures on scales from 1 to 4

3.26 0.44 1 4

Relative importance of
preserving AgGR

The importance of preserving native breeds and varieties relative to other
environmental protection measures,
1 if both equally important,
>1 if preserving native breeds and varieties more important,
<1 if other environmental protection measures more important

0.94 0.16 0.36 1.66

Existence value Factor score based on 8 measures of the importance of existence values,
continuous*

0.00 1.00 −4.38 2.39

Use values Factor score based on 8 measures of the importance of use values,
continuous*

0.00 1.00 −3.78 2.62

Citizen responsibility Factor score based on 9 measures of stakeholder responsibilities in
conservation*

0.00 1.00 −3.38 2.30

Consumer responsibility Factor score based on 9 measures of stakeholder responsibilities in
conservation*

0.00 1.00 −5.27 2.01

Farmer responsibility Factor score based on 9 measures of stakeholder responsibilities in
conservation*

0.00 1.00 −3.12 2.88

Familiarity of products Familiarity of AgGR products, mean of 10 measures on scales from 1 to 3 2.03 0.42 1 3

Info use (animals) > 0.5 min 1 if respondent used more than 30 s for additional information about
breeds, 0 otherwise

0.33 0.47 0 1

Info use (plants) > 0.5 min 1 if respondent used more than 30 s for additional information about
varieties, 0 otherwise

0.35 0.48 0 1

Hasty response 1 if respondent evaluated his/her response as hasty, 0 if careful 0.05 0.22 0 1

*Detailed description of these variables can be found in Tienhaara et al. (2014).
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Table 5 | Conditional logit (CL) model results.

Variable Coefficient Wald p-value

ASC1 (SQ) −0.263*** 0.000

ASC2 0.291***

ASC3 −0.028

Cost −0.005*** 0.000

300 plants in bank (SQ) 0.002 1.000

400 plants in bank −0.002

500 plants in bank 0.000

7 plants on farms (SQ) −0.199*** 0.000

500 plants on farms 0.075***

1000 plants on farms 0.124***

Ornamental plants in bank (SQ) −0.057** 0.008

Ornamental plants in bank L2 −0.004

Ornamental plants in bank L3 0.061***

Goats (SQ) −0.039*** 0.005

Goats in bank 0.039***

Horses (SQ) −0.075*** 0.000

Horses in bank 0.075***

Chickens (SQ) −0.047*** 0.001

Chickens in bank 0.047***

1 cattle breed on farms (SQ) −0.114*** 0.000

2 cattle breeds on farms 0.025

3 cattle breeds on farms 0.089***

1 sheep breed on farms (SQ) 0.020 0.027

2 sheep breeds on farms −0.052***

3 sheep breeds on farms 0.032

No. of respondents 1608

No. of observations 9484

Correct predictions % 48

R2 0.04

z-test: *** 99% significance level; ** 95% significance level.

SQ, attribute level in the status quo alternative.

the attributes. The negative ASC1 (SQ) coefficient showed the
reluctance to choose the status quo alternative regardless of the
attribute levels in the policy alternatives. Furthermore, the ASC2
and ASC3 coefficients differed unexpectedly in sign and signifi-
cance. The positive coefficient for ASC2 and negative for ASC3
indicated that the conservation programme that was presented
first received more support. This was surprising, as the pro-
grammes were not presented in a specific order in the survey.
The model predicted 48% of the choices right, clearly exceeding
the probability of correct random choices of 33%, leading to a
relatively weak goodness of fit.

The homogeneity of preferences was tested in the estimation of
the latent class models. Based on the AIC and BIC, the estimation
process showed that a model of five citizen clusters provided the
best fit of the data. Table 6 presents the latent class model results
with the cluster names, and the logit model for the membership
of each cluster is presented in Table 7.

The latent class model showed that although preferences for
some attributes, such as conserving goat and chicken breeds in
gene banks and cattle breeds on farms, did not differ significantly

between clusters, there was significant heterogeneity in prefer-
ences for most of the attributes. The first class, named as “conser-
vationists,” comprised 27% of the respondents. They did not take
the personal cost of the conservation programme into account
in their decision process, as the coefficient of the cost variable
was not significant. Instead, almost all the conservation attributes
had significant and positive signs. Contrary to other clusters,
most plant-related attributes were significant for conservationists.
They also valued the conservation of ornamental plants. Table 5
also shows that this cluster perceived higher use and existence
values from genetic resource conservation than respondents in
other segments, and also higher than average certainty in their
responses to the choice tasks. This class contained more men than
women and considered the conservation not to be a responsibility
of farmers. For this cluster we also tested the effect gardening as
a hobby, but it did not turn out to be significant. Thus, it seems
that these respondents did not support the program because of
the possible private good aspect of measures to support native
varieties in gardens.

The second cluster, covering 26% of the respondents, was
named as “bid-sensitive animal conservers.” This group had a
higher tendency to choose the improvement programmes com-
pared to the status quo. The coefficient of the bid was significant
and the second smallest of all clusters. In this cluster, the empha-
sis of preferences was on the conservation of animal breeds. The
conservation of plant varieties in gene banks was even valued
negatively. These respondents perceived more often than aver-
age that citizens and consumers should be responsible for the
conservation of genetic resources. They also had positive agri-
environmental attitudes. Furthermore, the respondents in this
cluster used more than the average time to familiarize themselves
with the information available in the survey concerning PGR, and
they were slightly younger than the average respondent.

A confusing aspect in the third cluster was the large differ-
ence between the ASC for the two conservation programmes. This
group, comprising 17% of the respondents, had a considerably
greater tendency to choose conservation programme A rather
than B or the status quo, although this could not be explained
by the experimental design and attribute levels. The bid variable
followed expectations, but for the other attributes, only plants
on farms and the class-independent variables were significant.
The logistic regression revealed that members of this cluster were
older and had a lower income, and they emphasized the respon-
sibility of citizens in conservation. Geographically, this cluster
had more members who lived in Eastern Finland. The respon-
dents in this group were relatively uncertain of their preferences,
used the additional information less, and responded, according
to their self-evaluation, less carefully than other respondents. As
there were random tendencies in their support for a programme
(ASC), but they still preferred an increase in several conservation
attributes, they were named as “uncertain supporters.”

The fourth class, with 17% of respondents, clearly preferred
the status quo option, as the ASC for the programme options were
negative. The coefficient of the bid variable was not significant.
Among these “status quo preferers,” the choice was consistent
with their negative attitudes, as the relative importance of AgGR
was low, as well as the perceived existence and use values. Citizens
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Table 6 | Latent class models for conservation programme choice.

Class 1 Class 2 Class 3 Class 4 Class 5 Overall

Pseudo R² 0.131 0.288 0.019 0.015 0.472 0.559

Class size 0.27 0.26 0.17 0.17 0.13

Class names Conserva-tionists Bid-sensitive

animal

conservers

Uncertain

supporters

Status quo

preferers

Bid

sensitives

Wald

p-value

Wald (=)

p-value

Attributes Coefficients and significance levels

ASC 1 (SQ) −0.990*** −2.937*** −0.841*** 1.668*** −0.554** 0.000 0.000
ASC 2 0.332*** 1.499*** 1.757*** −0.414** 0.478***

ASC 3 0.658*** 1.438*** −0.916*** −1.254*** 0.076
Cost 0.000 −0.018*** −0.003* −0.001 −0.041*** 0.000 0.000
300 plants in bank (SQ) −0.162*** 0.138** 0.018 0.412** −0.322*** 0.003 0.001
400 plants in bank 0.025 −0.007 0.078 −0.166 0.225*

500 plants in bank 0.137** −0.131* −0.096 −0.245 0.097
7 plants on farms (SQ) −0.621*** −0.120* −0.261** −0.006 −0.169 0.000 0.000
500 plants on farms 0.125** 0.208*** 0.237* 0.003 0.104
1000 plants on farms 0.496*** −0.088 0.024 0.003 0.065
Ornamental plants in bank (SQ) −0.462*** 0.015 0.116 −0.004 −0.332** 0.000 0.000
Ornamental plants in bank L2 0.158*** 0.002 0.023 −0.053 0.16
Ornamental plants in bank L3 0.304*** −0.017 −0.139 0.057 0.172
Goats (SQ) −0.063*** −0.063*** −0.063*** −0.063*** −0.063*** 0.001 C.i.
Goats in bank 0.063*** 0.063*** 0.063*** 0.063*** 0.063***

Horses (SQ) −0.152*** −0.128*** −0.075 0.447*** −0.256*** 0.000 0.000
Horses in bank 0.152*** 0.128*** 0.075 −0.447*** 0.256***

Chickens (SQ) −0.062*** −0.062*** −0.062*** −0.062*** −0.062*** 0.001 C.i.
Chickens in bank 0.062*** 0.062*** 0.062*** 0.062*** 0.062***

1 cattle breed on farms (SQ) −0.144*** −0.144*** −0.144*** −0.144*** −0.144*** 0.000 C.i.
2 cattle breeds on farms 0.034 0.034 0.034 0.034 0.034
3 cattle breeds on farms 0.110*** 0.110*** 0.110*** 0.110*** 0.110***

1 Sheep breed on farms (SQ) −0.213*** 0.046 −0.036 0.581*** −0.245** 0.000 0.001
2 Sheep breeds on farms 0.056 −0.04 −0.156 −0.282 0.116
3 Sheep breeds on farms 0.157*** −0.007 0.192 −0.300 0.128

No. of respondents 1608
No. of observations 9484
Correct predictions % 85

z-test: *** 99% significance level; ** 95% significance level; * 90% significance level.

SQ, attribute level in the status quo alternative.

C.i., class independent.

and consumers were less frequently seen as those responsible
for conservation; instead, it was perceived as a responsibility of
the farmers. This class was characterized by an older age, lower
educational level and growing up on a farm.

The fifth class of respondents (13%), named as “bid sensi-
tives,” were the most sensitive to the cost of the programme of all
groups. Nevertheless, the ASC revealed that they were interested
in conservation, and almost all conservation attributes had sig-
nificant coefficients. Among these respondents, particularly the
ex situ conservation of Finnhorse positively affected their choices.
In this class, the conservation of genetic resources was not seen
as a responsibility of citizens or consumers. The logit model
for this group showed that they evaluated themselves as careful
respondents but felt somewhat uncertain of their choices. They

were younger than average and less familiar with products from
traditional breeds and varieties.

WTP for different attributes was calculated based on the con-
ditional logit model and the latent class model for those classes for
which the cost coefficient was significant (Table 8). WTPs based
on the conditional logit model indicated that plants on farms,
cattle breeds and horses were most highly valued. In general,
there was substantial variation in WTPs between the classes. In
class 3, WTPs were higher due to the low importance of the cost
attribute.

DISCUSSION AND CONCLUSIONS
The results of a choice experiment concerning agricultural
genetic resource policies showed that citizens are interested in
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Table 7 | Logistic regression models profiling consumer classes.

Class Class 1 Class 2 Class 3 Class 4 Class 5

Variable Coefficients and significance levels

Constant −2.76*** −43.31*** 48.77*** 39.90** −29.46**

Female −0.46***

Year of birth 0.02*** −0.02*** −0.02** 0.02*

High income −0.39**

High education −0.72***

Eastern Finnish 0.40*

Childhood in city −0.68**

Certainty 0.12*** −0.09** −0.08**

Agri-
environmental
attitude

0.37* 0.43**

Relative
importance of
AgGR

−1.482*** 1.412** −1.82**

Existence values 0.32*** −0.50***

Use values 0.38*** −0.39***

Citizen
responsibility

0.29*** 0.21** −1.06*** −0.43***

Consumer
responsibility

0.17** −0.31** −0.38***

Farmer
responsibility

−0.16** 0.27**

Familiarity of
products

−0.48**

Info use
(animals) >

0.5 min

−0.39*

Info use (plants)
> 0.5 min

0.54*** −0.47***

Hasty response 0.70* −1.08**

N 1088 1201 1098 1077 1199

Nagelkerke R2 0.103 0.083 0.071 0.397 0.104

Chi-squared 81.99 71.44 46.48 252.37 68.25

p-Value 0.000 0.000 0.000 0.000 0.000

Correctly
classified (cut
0.5)

69.6 71.6 83.9 90.4 86.8

Variables are significant at the *** 99% level, ** 95% level, * 90% level.

the conservation of native breeds and varieties in agriculture.
However, there was considerable variation in preferences between
citizen segments. Of the five identified groups, two groups cov-
ering over half of the respondents had a high interest in the
conservation of native breeds and varieties. Respondents in one
of the segments clearly preferred the current state of conservation
to additional conservation efforts, while one group had a favor-
able attitude toward conservation if the expenses were on a low
level, and respondents in one segment were supportive but waver-
ing in their preferences. The respondent groups were identified
based on their preferences for conservation, and they also differed
with respect to the use of additional information, their response
carefulness and the certainty of the stated WTP.

Table 8 | Annual willingness to pay (in 2009 €) for attributes.

Conditional

logit

model

Latent

class

model,

Class 2

Latent

class

model,

Class 3

Latent

class

model,

Class 5

Plants in bank (400) – – – 13

Plants in bank (500) – -15 – –

Plants on farms (500) 60 19 7 –

Plants on farms
(1000)

70 – – –

Ornamental plants
(majority) inventoried
and in bank

14 – – –

Goats in bank 17 7 105 3

Horses in bank 33 15 – 12

Chickens in bank 20 7 104 3

3 cattle breeds on
farms

44 14 211 6

2 sheep breeds on
farms

−15 – – –

–, Indicates that the estimate is missing due to the non-significance of the cost

coefficient.

Similar to previous studies of consumer preferences on bio-
diversity (e.g., Hanley et al., 1995), we also found lexicographic
preferences for conserving AgGR. Those were expressed by the
largest group of respondents (27%), as their interest in conser-
vation was high regardless of the costs. Lexicographic choices
can occur as a result of simplification if the respondent finds
the choice task too difficult to handle or as a result of actual
lexicographic preferences (Sælensminde, 2006). In our case, it
is difficult to determine whether respondents exhibited lexico-
graphic preferences because they wanted to simplify the choice
tasks or because the differences in the attribute levels were large.
Respondents in the group which exhibited lexicographic prefer-
ences were more certain about their preferences, which supports
the phenomenon of actual lexicographic preferences as the reason
for their choices. In addition, their positive perceptions concern-
ing the existence and use values of genetic resources support the
observation of actual lexicographic preferences.

Due to the preference structures, WTP estimates were only
obtained for three respondent groups and some of the attributes.
In those groups where the cost variable was significant and mean-
ingful WTP estimates could thus be estimated, the marginal
WTPs were considerably lower than the WTPs of the whole sam-
ple based on the conditional logit model. This implies that in the
whole sample, the results were influenced by the groups that were
insensitive to the costs of conservation.

Our results can be compared with those obtained by Zander
et al. (2013), who assessed the economic value of conservation
programs for two Italian cattle breeds using a choice experiment
directed to citizens. Zander et al. (2013) also found preference
heterogeneity for most of the attributes of the conservation
programs, as well as differences in the sensitivity to the cost
attribute. According to their findings, 85% of the respondents
supported increased conservation, and the mean WTP was 90C
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for conserving each breed. The present results can also be linked
to previous results of heterogeneity among farmers using native
breeds and varieties. Soini et al. (2012) identified a segment
of production-oriented farmers among European cattle breeders
that would benefit from increased subsidies for keeping native
breeds on farms. If the subsidies were increased to correspond to
citizens’ WTP, it would help particularly this subsidy-dependent
group of farmers.

As the survey was Internet-based, we were able to obtain infor-
mation on the time used for obtaining additional information
about plant and AnGR. These variables, combined with cer-
tainty, could partly explain the membership in the latent classes.
However, similarly to Hu et al. (2009) and Vista et al. (2009),
there were no clear tendencies for the use of information to
be associated with a lower or higher WTP. Further research is,
however, needed to clarify the associations between preferences,
uncertainty and information acquisition in the case of genetic
resources.

The results provide implications concerning how to direct the
conservation policies for AgGR in Finland. The WTP estimates
for the attributes of the conservation programmes indicated that
the participants valued particularly in situ conservation in the
case of PGR, which would also imply the existence of native
plant varieties in the landscape. However, a moderate level of
this in situ conservation would be sufficient, as the highest level
increased the WTP only slightly. For the conservation of animal
breeds, the results emphasize the importance of in situ conser-
vation of cattle breeds. The weak support for the conservation
of sheep breeds compared to cattle breeds was understandable,
as Finnsheep breeds are less familiar to the public. However, the
low, even negative, WTP for the conservation of sheep breeds is in
contradiction with the importance of Finnsheep in breeding (e.g.,
Thomas, 2010). Ex situ conservation of those animal breeds that
are at present insufficiently protected in gene banks was perceived
as important, particularly the conservation of the genetic material
of the Finnhorse.

Although the cost-effectiveness of AgGR conservation is case-
dependent, some previous studies have recommended ex situ
conservation in gene banks as a less expensive, less vulnerable and
less policy-sensitive method of conservation (Dulloo et al., 2010;
Silversides et al., 2012). These cost-effectiveness considerations do
not, however, take into account the additional benefits that may
be associated with in situ conservation, such as the visibility of
local breeds and varieties in the landscape or the opportunity to
use local breed products. Thus, taking into account citizens’ pref-
erences for in situ and ex situ conservation and using cost-benefit
analysis in policy evaluation may shift the priorities of agricultural
genetic resource conservation policies.

In this study, the conservation policies were based on equal
participation of all citizens, as the policy was financed with
taxes. An alternative approach would be to apply market-based
incentives, e.g., payments for environmental services (PES) for the
conservation of genetic resources (McNeely, 2006; Wunder, 2007;
Narloch et al., 2011). PES would imply that actors who are major
users of the resources are involved in making and adapting rules
for conservation markets. For future experiments of PES, our
results of the citizen groups that are most interested provide

information for identifying the interested parties for the markets
of AgGR.
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Agroecology, as a scientific approach, relies on a better knowledge of biodiversity at all levels
of organization and function, in order to better manage agricultural production systems, from
farm scale to landscape. Ecological concepts such as functional redundancy, complementary use
of resources, can be applied to farming systems, with the purpose of improving their resilience.
Transposing the concepts of agroecology to livestock production has been recently proposed by
Dumont et al. (2013). One of the principles proposed for the design of sustainable animal produc-
tion systems is to enhance diversity within animal production systems in order to strengthen their
resilience. Why is it so? An increased biodiversity allows benefiting from complementary aptitudes.
For example, in the case of disease resistance, the diversity of hosts will limit the risk of the special-
ization of a highly pathogenic agent with devastating consequences. It does not mean that diseases
will not occur but the spread of infections and the overall impact on animal health should be limited
(Springbett et al., 2003).

How the agroecology concepts can be applied to farm animal genetic resources and how the
genomics approach may be used to facilitate it?

Biodiversity in livestock production systems may be considered at all scales, from individuals
and breeds to species and ecosystems. Several levels may be considered to increase biodiversity in
livestock production systems, such as intermixing species within production systems. This paper
will focus on within-species biodiversity that goes from local breeds to highly selected popula-
tions. At the population scale, one possibility is to increase the number of breeds in use, or to
produce new composite populations, as done for the Creole cattle in the French West Indies (Gau-
tier and Naves, 2011). At the local scale (i.e., the farm), the increase of biodiversity may be obtained
by intermixing breeds, by using crossbreeding but also by monitoring individual genetic diver-
sity within a group. What could be the drivers for such a trend toward increased biodiversity?
Stratified crossbreeding between local breeds is likely to increase the level of diversity at the indi-
vidual level, because of a higher heterozygosity of F1, but may not increase the diversity within
a group since F1 animals are likely to inherit the most frequent alleles present in their parental
breeds. The main issue is still to maintain genetic diversity within each parental breed. Breed-
ing for an increased production level has led to a decrease of within-breed variability (Danchin-
Burge et al., 2012) although measures have been taken to limit this decrease. Actually, another
incentive than selection response is needed to trigger an increased use of biodiversity in livestock
systems.

We propose to use the conceptual framework of ecosystem services for this purpose. Ecosys-
tem services are benefits that human populations get from natural or managed ecosystems. This
framework includes not only the provision of food but also environmental and socio-cultural
services. Although the concept of ecosystem services is still evolving and open to debate (Lele
et al., 2013), it is applied to value ecosystem services in complex ecosystems incorporating
livestock, as shown by Silvestri et al. (2013) in Kenya. The need to quantify various services
and their interactions is opening a new research field, which is relevant to characterize genetic
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resources in various production systems. Moreover, the frame of
ecosystem services is strongly connected with sustainability, as
shown by Broom et al. (2013) for sylvo-pastoral systems. How-
ever, it should not be restrained to the extensive systems but
should involve all production systems with the genetic resources
embedded in them.

The framework of ecosystem services requires the develop-
ment of a multi-criteria assessment of the added value of an
individual or a breed, beyond its contribution to food produc-
tion, which is generally valued by a market price. Regarding local
breeds, the production of high quality food for niche markets has
often been considered as a very good opportunity for their preser-
vation, besides the development of commercial breeds (Lambert-
Derkimba et al., 2013). In addition to distinctive products, local
breeds may also provide environmental services, which are still
difficult to assess and value. Generally, such nichemarkets remain
fragile, and the cultural services they provide are difficult to
quantify. Environmental services may be positive or negative,
local or distant. For example, positive services may involve fire
prevention through extensive grazing, maintenance of open land-
scapes or habitats for wild species, manure production as a fer-
tilizer for crops. On the opposite, negative services may be the
increased pollution due to excess of manure, at a local scale,
or the increased deforestation for production of soy-bean or
maize, at a distant scale. Socio-cultural services may involve rural
development, landscape management, ecotourism, which valua-
tion is a real challenge. Raising livestock is an activity embedded
into an agroecosystem, combining livestock and plant production
benefits from complementarity in the use of resources.

Research is needed to develop methods and indicators to
quantify different types of services in order to integrate them into
breeding goals. There will be trade-offs between services, as well
as between productive and adaptive traits in livestock. Quanti-
tative genetics has tools to combine different traits in a breed-
ing goal, whatever the correlation between traits, and could do
the same to combine different services provided that appropri-
ate weighting parameters are defined. Stratified crossbreeding is
another approach to combine different aptitudes in F1 animals
in order to optimize trade-offs between traits. The possibility to
apply this approach to other services than production remains to
be investigated.

The identification of traits or functions which are the basis
for these services is an important research issue where genomics
can play a major role. The genome is an archive of the popula-
tion past and recent history but, until recently, few markers were
available to read this archive. In the last 10 years, whole genome
sequencing tools have developed allowing to understand popu-
lation history and to unravel the genetic determinism of com-
plex traits. Thus, genome sequencing has provided a universal
frame for all geneticists working on a species, to share tools and
data. At the same time conservation genetics is moving toward
conservation genomics (Ouborg et al., 2010). High density SNP
chips are powerful tools to monitor genetic diversity at differ-
ent scales: animals within a herd, herds within a landscape and
breeds within a species. In terms of functional diversity, sequenc-
ing can be used to reveal the footprints of natural or artificial
selection, provided that relevant statistical methods are used to

distinguish these footprints from drift effects. For example, land-
scape genomics may help to identify the genetic basis for some
environmental services, such as climatic adaptation (e.g., Flori
et al., 2012), tolerance to rough diets, or resistance to pathogens,
provided that data are available to document these services. At
present, genomic selection has revolutionized the organization of
cattle selection and it is likely to be applied in other species, pro-
vided that a sufficiently large reference population is established
to ensure reliable associations between genotype and phenotype.
Such data sets already exist, as shown by Hayes et al. (2009)
who studied adaptation to tropical climate of Holstein Friesian
in Australia.

Genomics can support an agroecological management of ani-
mal genetic resources at three levels.

The first one is the monitoring of genetic diversity at any
scale, and more particularly at the herd level: genotyping animals
within a herd will allow to calculate the mean genetic distance
of any external animal, sire, or dam, to the herd, and to inte-
grate the benefit associated with the introduction of an external
animal to the herd diversity. This procedure is similar to those
used to minimize inbreeding in a mating plan at a breed level,
but it takes place at the herd level, to maximize its diversity. This
will require the reduction of costs for genotyping. As an example,
the low density (LD) cattle chip is the most used and the cheap-
est SNP array. Other requirements are that breeders have easy
access to the genotyping results, through their breeding organiza-
tion or technical services, and to guidelines explaining how to use
these results to monitor the diversity within herds. The benefit is
to maximize genome diversity and the overall genetic resource
within the herd. Research is needed to prove that maximizing
genetic diversity will indeed improve the tolerance of the herd
to climate change and extreme events which are likely to become
more frequent, and guarantee a stable performance of the group,
which is an important objective for the farmer. Genomic selection
and individual dairy cow genotyping are producing large datasets
suitable to test such a relationship between genetic diversity and
herd resilience to extreme events. This would represent a change
in breeding methods, since the best herd will not be an ensemble
of the best animals but the best set of diverse animals.

The second one is the association of genomic regions with
a range of phenotypes or performance levels. Monitoring these
regions may provide a tool to tailor the genetic make-up of a
herd with regards to specific traits that need to be combined
at the herd level. This approach targets specific aptitudes to be
combined, going beyond the first approach which aimed at ver-
ifying that the herd harbors a sufficiently high diversity, leaving
options for future choices. Themain challenge is to define the rel-
evant phenotype to be predicted with molecular markers. Which
phenotypes correspond to environmental or socio-cultural ser-
vices? Research is needed on these issues, in close connection
with the farmers, who are willing to better characterize their
breed and raise awareness about its value, and with other actors
who are benefiting from the service. Genomic regions associated
to a desired trait or service should be validated at a large scale
so that their effect is likely to be observed in any herd or any
herd x environment combination. However, environmental ser-
vices may depend on the herd location and be difficult to assess
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on a large scale because of genotype by environment interac-
tions (GxE). In this case the farmer may choose a specific genetic
profile for its herd.

The third one is targeting local breeds, where genomic selec-
tion and large scale reference populations are not available. There
are two main issues for these breeds: managing their genetic
variability and characterizing their specific features. Such breeds
harbor original characteristics, either for product quality, or
adaptation to specific environments, but the genetic basis for
these characteristics is seldom known. If farmers had access to
this information, howwould they use it?What if adaptive features
involved epigenetic changes that cannot be tested by standard
SNP genotyping? Research is obviously needed in this regard. The
use of such informationmay require a change of scale in the breed
management, to record more traits and share more data between
herds. This is more an organizational challenge and a social issue
than a genetic issue. Furthermore, the identification of original
features in local breeds may trigger the onset of crossbreeding
programs to introduce such features in commercial populations,
which raises strong issue for benefit sharing and for preserv-
ing breed specificities. Implementing genomics for the manage-
ment of genetic variability appears relatively easy, provided that
the genotyping cost is affordable, which is not so obvious for

small populations. To share costs, a multi-breed genotyping tools
could be an option to explore. With this approach, farmers will
get accurate information about drift, population fragmentation
or introgression events affecting a breed. Population fragmenta-
tion is typically expected when small size herds do not exchange
animals, to a point that the genetic difference can be very high
among them. Such a situation with a low within-herd variabil-
ity but a high between herds variability could be favorable at
the breed level from the viewpoint of agroecology (diversity and
complementarity between herds) but it might question the breed
definition and the breed identity. The same issue could appear if
introgression events are detected: the breed would not anymore
be the “pure” local breed as often described, even though this
introgression could contribute to the breed evolution and facil-
itate its adaptation to future conditions. It is not to be excluded
that the genomic characterization will enhance social issues,
revealing how farmers are managing their breed.

In conclusion, setting the management of animal genetic
resources in an agroecological perspective raises two major issues
where research is needed: the possible transposition of ecosys-
tem services to animal breeding and the impact of genomic tools
on the breed concept and the management of genetic diversity at
different scales.
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Livestock production is the most important component of northern European agriculture
and contributes to and will be affected by climate change. Nevertheless, the role
of farm animal genetic resources in the adaptation to new agro-ecological conditions
and mitigation of animal production’s effects on climate change has been inadequately
discussed despite there being several important associations between animal genetic
resources and climate change issues. The sustainability of animal production systems and
future food security require access to a wide diversity of animal genetic resources. There
are several genetic questions that should be considered in strategies promoting adaptation
to climate change and mitigation of environmental effects of livestock production. For
example, it may become important to choose among breeds and even among farm
animal species according to their suitability to a future with altered production systems.
Some animals with useful phenotypes and genotypes may be more useful than others
in the changing environment. Robust animal breeds with the potential to adapt to new
agro-ecological conditions and tolerate new diseases will be needed. The key issue in
mitigation of harmful greenhouse gas effects induced by livestock production is the
reduction of methane (CH4) emissions from ruminants. There are differences in CH4

emissions among breeds and among individual animals within breeds that suggest a
potential for improvement in the trait through genetic selection. Characterization of breeds
and individuals with modern genomic tools should be applied to identify breeds that have
genetically adapted to marginal conditions and to get critical information for breeding and
conservation programs for farm animal genetic resources. We conclude that phenotyping
and genomic technologies and adoption of new breeding approaches, such as genomic
selection introgression, will promote breeding for useful characters in livestock species.

Keywords: adaptation, animal genetic resources, climate change, genomics, genomic selection, livestock,
methane, mitigation

INTRODUCTION
Studies on impacts of climate change on primary industries in the
Nordic countries (Denmark, Finland, Iceland, Norway, and Swe-
den) have focused mainly on agricultural productivity, land use,
political issues, and water resource availability (e.g., Olesen and
Bindi, 2002; Ciscar et al., 2011; Hakala et al., 2011; Olesen et al.,
2011; Höglind et al., 2013). Different climate change scenarios
and adaptation strategies for northern European conditions have
also been discussed (e.g., Benestad, 2005; Olesen et al., 2011). In
studies and reports, climate change and livestock issues have been
only modestly considered even though livestock production is the
most important sector in northern European agriculture as mea-
sured by the total value of production (e.g., Niemi and Ahlstedt,

2014) and has effects on and is influenced by climate change.
Domestic animal genetic resources for food and agriculture in
particular have not yet been adequately considered in strategies
for adaptation to and mitigation of current global climate changes
(McMichael et al., 2007; Hoffman, 2010) and issues on genetic
resources are typically focussed on future plant breeding scenarios
(e.g., Ceccarelli et al., 2010; Olesen et al., 2011). However, The
Global Plan of Action for Animal Genetic Resources (GPA),
published by the Commission on Genetic Resources for Food
and Agriculture, lists several associations between animal genetic
resources and climate change (FAO, 2007). As pointed out by
Hoffman (2010) and Pilling and Hoffman (2011), sustainability
and robustness of animal production systems and future food
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security require accessibility to a wide diversity of animal genetic
resources. Animal genetic resources are defined as genetic diver-
sity in domesticated animal species having economic or other
socio-cultural values and found among species, among animal
breeds within the species and in cryoconserved material (embryos
and semen). Genetic diversity refers to differences in allele fre-
quencies and allele combinations among breeds of farm animal
species and the spectrum of genetic variation within the breeds.

In GPA, climate change was widely recognized as a major
challenge for agriculture and food security (FAO, 2007). GPA is
based on achievements and common agreements reached at the
International Technical Conference on Animal Genetic Resources
held in Interlaken, Switzerland in 2007. It includes four priority
areas, providing suggestions and guidelines for characterization,
sustainable use and conservation of animal genetic resources and
institutional capacity building related to these issues.

Howden et al. (2007) suggested several practical approaches
that could advance the potential of livestock production systems
to adapt to climate change and reduce greenhouse gas (GHG)
emissions. These included altered rotation of pasture, modifica-
tions of times of grazing and timing of reproduction, alteration
of forage crops, adequate water supplies, use of supplementary
feeds and concentrates, and reduced need for winter housing
in cold climates. Various political options are also available to
regulate livestock production and consumption of products of
animal origin, which can lead to a reduction in GHG emissions
(Gerber et al., 2010; Garnett, 2011). Political regulation can
diminish GHG emissions through taxation and subsidies and by
promoting new energy-saving technologies and use of cleaner and
renewable fuels, by creating a portfolio of products for particular
markets, and by influencing consumer behavior. One useful way
to diminish GHG is to reduce meat consumption, particularly in
rich countries (Garnett, 2011).

However, there are several genetic and animal breeding ques-
tions that should be considered in climate change strategies
(Hoffman, 2010; Wall et al., 2010; Bruce, 2013), such as choos-
ing among breeds and even among species suited to changing
circumstances (Seo et al., 2010). There may be an increased
demand for robust animal breeds with the potential to adapt to
changes in environmental conditions and tolerate new livestock
diseases (Hoffman, 2010). Characterization of breeds with mod-
ern genomic tools can be applied to identify breeds that have
genetically adapted to marginal circumstances. The genomic data
also provide critical information for conservation programs for
farm animal genetic resources. All these genetic issues were exam-
ined and discussed in the Nordic Research Network on Animal
Genetic Resources in the Adaptation to Climate Change (AnGR-
NordicNET1). AnGR-NordicNET’s aims were to provide material,
results and conclusions for a Nordic strategy for the conservation,
utilization and investigation of animal genetic resources within
adaptation and mitigation issues. AnGR-NordicNET was part of
the program “Climate Change Impacts, Adaptation and Mitiga-
tion in Nordic Primary Industries,” which is a thematic research
network program developed by the Nordic Council of Ministers
(Barua et al., 2014). In this paper, we review some conclusions of

1https://sites.google.com/a/nordgen.org/angr/home

AnGR-NordicNET and the current knowledge of climate change
effects on the Nordic agro-ecosystems and livestock production
and give recommendations for animal breeding that consider
adaptation and mitigation issues. Moreover, we discuss the values
of animal genetic resources for future breeding work.

CHANGES IN AGROCLIMATIC CONDITIONS IN NORTHERN
EUROPE
Current climate change, detected as alterations in atmospheric
composition, is mainly caused by human activities, e.g., the
burning of fossil fuels, urbanization, shifts in land use, agricul-
tural practices, and livestock production (Meehl et al., 2007). N-
fertilizer production and application, on-farm use of fossil fuels,
clearing forests and other land to grow feed for animals and graze
livestock, manure management, manure emissions and process-
ing, and transporting the end products are examples of activities
in livestock production that produce GHG (Gill et al., 2010). The
changes in atmospheric composition arise from anthropogenic
emissions of, e.g., carbon dioxide (CO2), methane (CH4) and
nitrous oxide (N2O) (Karl and Trenberth, 2003). According to
FAO’s report (Steinfeld et al., 2006), globally 18 per cent of
anthropogenic GHG emissions are attributable to cattle, sheep,
goats and other domestic ruminant species, camels, horses, pigs
and poultry. However, the proportion of GHG coming from
livestock production can vary nationally and even regionally
depending on the density of livestock populations and severity of
impacts of livestock production on the environment (Mitloehner,
2010). A review on GHG emissions from livestock production in
the Nordic countries is given elsewhere (Åby et al., 2014), show-
ing national emissions from agriculture generally being lower
than the global average. Animal production based on ruminants
produces CH4 and N2O in the main while that of monogastric
species produces N2O (Wall et al., 2010). There is a risk that
livestock-related GHG emissions will increase in the future: the
human population will continue to grow and demand for animal
products will increase both globally and in the Nordic countries
(Delgado, 2003; Åby et al., 2014; Gerland et al., 2014). This
will lead to an increase in domestic animal populations and the
mitigation and adaptation issues related to livestock production
will become increasingly important.

The rise of average annual surface temperature, variation in
precipitation events, and the increased occurrence of extreme
weather events, such as warm periods, heat waves and heavy
rainfall, are examples of climate change (Bernstein et al., 2007),
all of which have impacts on agriculture and livestock production.
The International Panel on Climate Change (IPCC) presented
scenarios on trends in climate variables occurring during the
21st Century if no successful actions are taken to diminish GHG
emissions. Different biogeographic zones, which are separated
according to climatological, biogeographic and geological factors,
are assumed to experience different climatic changes (Benestad,
2005; Bernstein et al., 2007; Peel et al., 2007) and climate is chang-
ing in slightly different ways also across the Nordic countries. For
example, in Denmark, which belongs mostly to the North Atlantic
biogeographic zone, characterized by a mild and humid climate,
the annual mean temperature is estimated to increase by +2°C
during the 21st Century, leading to drier and hotter summers.
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Also precipitation in winter is expected to increase (estimation
of 0.5 mm/month per decade). In Norway, Sweden and Finland,
which mostly belong to the Boreal or North Alpine biogeographic
zones, the annual mean temperature is expected to increase by
> 3°C over the course of the 21st Century. These regions are
characterized by a marked increase in annual precipitation (close
to+1 mm/month per decade), wetter winters and risks for floods.
The number of days with snow cover and/or frost will be fewer
in the future and the snow conditions will not be as reliable as
now (Jylhä et al., 2008). In Iceland, a country in the Arctic bio-
geographic zone with low temperatures, extreme annual variation
in sunlight and short intensive growing seasons, climate change
is already documented as affecting the distribution of moisture,
resulting in shifts in distribution of plants and wildlife animals.
The annual surface temperature is expected to increase by 2–4°C,
mainly in winter, and precipitation will be as much as 20% higher
in many areas (Bernstein et al., 2007).

These general outcomes of climate change will vary even
within the northern European biogeographic regions as revealed
by so-termed downscaled regional climate models with a spa-
tial resolution of 50 km or less (Benestad, 2005 and references
therein; Bernstein et al., 2007). In regions with complex landscape
structures, e.g., typical in Norway, a pronounced local pattern in
temperature and rainfall can be detected. In the Nordic region,
the strongest warming is estimated for the high mountains in
southern Norway, and the interior regions of Finland, Sweden
and Norway, which all are important dairy production areas. The
strongest trends in precipitation are assumed in the regions of
Norway that are characterized by abundant sloping geography.

EFFECTS OF CLIMATE CHANGE ON LIVESTOCK PRODUCTION
In the long run, and currently to varying extents, the climate
changes described will have various direct and indirect effects
on livestock production (Nardone et al., 2010). Air temperature,
humidity, air movement, and precipitation are environmental fac-
tors that affect daily weather conditions and directly affect animal
welfare with the potential to create heat stress (Robinson, 2001;
Nardone et al., 2006). In the Nordic countries, the ruminant farm
animal species (mainly small ruminants) graze from spring to late
autumn (reindeer remain outside all the time, as do honeybees)
and are more subject to the direct effects of climate change than
the monogastric species, for which farming is more industrial-
ized. Animals can suffer from occasional heat stress during the
summer season even in northern Europe. Ravagnolo et al. (2000)
estimated, for example, that when the temperature is +25°C and
relative humidity 50%, lactating cows are outside of their optimal
ambient temperature zone. When relative humidity increases, the
threshold temperature decreases. Several energy-requiring phys-
iological and metabolic functions, such as increased respiration,
increased water intake and reduced feed intake, are needed to
maintain optimal body temperature. These adaptations, however,
lead to lower productivity and fertility (Ravagnolo et al., 2000;
De Rensis and Scaramuzzi, 2003; West, 2003; Nardone et al.,
2006). There are differences among species, among breeds within
species, and among individuals within breeds regarding heat stress
tolerance. The ruminants’ ability to thermoregulate is typically
better than that of the monogastrics (Nardone et al., 2006). In

addition, modern highly productive farm animal breeds, which
typically show increased metabolic heat production may tolerate
extreme climatic conditions less well than moderate and low-
output breeds (Nardone et al., 2006; Hoffman, 2010 and refer-
ences therein). Ravagnolo and Misztal (2002) showed that there
is genetic variation among individual (Holstein) cows in their
heat stress sensitivity, both with respect to milk yield and fertility,
and that high-yielding cows were more prone to decrease their
production when heat stressed. The heat stress sensitivity for
milk yield was, however, not genetically correlated to that for
fertility, and the authors hypothesize that different metabolic and
physiological processes are responsible for heat tolerance for these
two traits.

An already existing problem associated with climate change
that has increasingly unfavorable effects on animal welfare and
livestock production is the occurrence and frequency of animal
diseases (Gale et al., 2009). For example, the spread of Bluetongue
disease virus and Schmallenberg virus is evidently associated with
climate change (Guis et al., 2012). Bluetongue disease, which is
a viral disease in ruminants transmitted by bloodsucking midges
(Culicoides spp.), has been found in Denmark, Norway and Swe-
den, but no cases to date have been detected in Finland and
Iceland. Schmallenberg virus has spread in all Nordic countries
except Iceland2. The trend is that future agroenvironments will
be more favorable for several diseases than the present-day envi-
ronments. Global warming and incidence of extreme meteorolog-
ical events (droughts and increased rainfall) will create, or may
already have created, favorable microenvironments for various
viruses, their vector species and fungal and bacterial pathogens.
The density of insect vectors may also increase as a result of
changes in annual behavioral cycles of migratory birds (Gale
et al., 2009 and references therein). Global warming may shift
timing when insectivorous birds migrate and nest, leading to the
loss of synchrony between nesting and peak food abundance for
migratory birds (Both et al., 2004).

One additional challenge is that pathogens typically have spe-
cific characters that allow rapid spread. For example, RNA-viruses
have a high mutation rate and can adapt to new circumstances
quickly (Duffy et al., 2008; Gale et al., 2009 and references
therein). New viral vector-borne diseases may not necessarily
originate from close geographic regions but may come from
distant regions, as the history of Bluetongue disease demonstrates
(Guis et al., 2012). In general, Culicoides spp. are a major threat
to animal welfare by spreading viruses that cause serious diseases
(Gale et al., 2009). Midges can transmit pathogens and diseases
to livestock species from wild species, as exemplified by Epizootic
Hemorrhagic Disease that has spread from wild deer to livestock
(Savini et al., 2011). Midges are not the only invertebrates that
vector many livestock diseases. Ticks, mosquitoes and lymnaeid
snails also transmit extremely harmful diseases to livestock (Scott
and Smith, 1994; Randolph, 2009; Caron et al., 2014). Moreover,
it is expected that the increased annual temperature, milder
winters and higher rainfall will improve developmental success of
helminth parasites, such as gastrointestinal nematodes and flukes,
which will have more pronounced negative effects on the welfare

2http://www.nordrisk.dk/
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of grazing cattle and sheep, and livestock production in general
(van Dijk et al., 2010).

As a result of climate change, animal feeding strategies in the
Nordic countries may need modifying. Climate change will have
positive impacts on the “domestic” production of fodder plants
in the Nordic countries. Plant growth, yield and the produc-
tion of crop and pasture species will benefit from increases in
atmospheric CO2 concentration, a warmer climate and a longer
growing season. However, these agroclimatic changes will also
bring new challenges with the expansion of new weeds, insect
pests and plant diseases to the northern European regions and
problems with overwintering of perennial fodder plants (Tubiello
et al., 2007; Hakala et al., 2011; Olesen et al., 2011; Höglind
et al., 2013). More chemical control in plant protection, resistant
cultivars and plant rotations will be needed to overcome the
negative effects of climate change in plant production (Ceccarelli
et al., 2010; Hakala et al., 2011). New varieties that tolerate
increased precipitation and annual fodder plants, such as maize
(Zea mays L.), might be commonly cultivated by the end of 21st
Century also in Scandinavia and Finland (Olesen et al., 2011).
However, the Nordic cultivation traditions for perennial forage
grasses are likely to continue (at least in the northernmost and
eastern regions), such as perennial ryegrass (Lolium perenne L.)
and timothy (Phleum pratense L.) because perennial plants that
are relatively tolerant of less optimal overwintering conditions
will be favored even under the changing agroclimatic conditions
(Höglind et al., 2013).

In the Nordic countries, imported fodder, mainly proteins
and cereal concentrates, is important, particularly in production
based on monogastric species (Åby et al., 2014). Feed trading
exists both among EU-countries and non-European countries,
e.g., Brazil. It is suggested that global warming and extreme
meteorological events will decrease crop yields and agricultural
productivity in the southern countries, leading to reduced avail-
ability and increased prices of grains for animal feeds in the future
(Wheeler and Reynolds, 2013). This calls for improvement of
self-sufficiency in fodder production in the Nordic countries for
future food-security. Such self-sufficiency can be improved by
using more fertilizers, pest control chemicals and other inputs in
fodder production, and through plant breeding and changes in
land-use. However, deforestation of new land for cultivation of
fodder plants may face various restrictions owing to international
political agreements and for environmental reasons. This may
lead to the utilization of less productive marginal land for fodder
production and pastures and could provide possibilities to utilize
low-input breeds and support their conservation (Sæther et al.,
2006). In recent years the trend has been in the opposite direction
and fewer pastures than previously have been used to feed cattle
(Åby et al., 2014). The socio-economic approaches and subsidy
policies should be developed in order to make the use of low-input
breeds in animal production a realistic option for farmers.

It appears that higher yields of fodder and pasture plants will
lead to increased profitability of animal production in the Nordic
countries (Ciscar et al., 2011). The Nordic livestock production
systems, however, have to cope with various challenging circum-
stances in the future, e.g., to improve self-sufficiency in fodder
production, as well as to mitigate harmful environmental effects

caused by their production. Livestock production is a substantial
source of GHG and there is an urgent need to modify the pro-
duction systems. Diversity in production systems may increase,
which calls for matching the genotypes to each system. The use
of farm animal genetic resources and animal breeding play a role
in this context in finding solutions to new challenges and making
livestock production more environmentally friendly.

CHARACTERIZATION OF ANIMALS’ CH4 PRODUCTION
The key issue associated with negative environmental impacts
induced by livestock production and mitigation of GHG effects is
the reduction of CH4 emissions from ruminants, especially from
beef and dairy cattle (Martin et al., 2010; Wall et al., 2010). There
have been several methods used to measure CH4 concentrations,
such as gas chromatography, mass spectroscopy, and a tunable
laser diode technique (Johnson and Johnson, 1995). Currently
it is common to use automatic advanced technology based on
infrared detectors, either in respiration chambers or with more
recently developed methods in feeding stations with automatic
milking robots (e.g., Garnsworthy et al., 2012; Lassen et al., 2012,
2014). The use of respiration chambers gives highly accurate
measurements, but the capacity is limited to a few animals per
week. The feeding station methods are less accurate but have
higher capacity, up to 60 cows per week per unit, making them
suitable for genetic studies at a pilot scale (Lassen et al., 2014).

Microbial fermentation of feed in the rumen produces short-
chain fatty acids, such as acetate, propionate and butyrate, which
are used as the animal’s energy source. This fermentation results
in high levels of enteric CH4 (Martin et al., 2010). It should
be pointed out that manipulation of feeding affecting rumen
microbial populations is one of the main approaches to decreasing
the levels of CH4 emissions (Boadi et al., 2004; Hook et al., 2010;
Martin et al., 2010). For example, increasing the energy density of
the diet decreases CH4 production per unit of digestible energy
consumed (Yates et al., 2000). However, this would mean an
increase in cereals and other high energy components in cattle
feed rations. This can be considered as unwanted in terms of
resource utilization in food production for a growing human
population and would also mean that the Nordic countries
become more dependent on imported feedstuff. In addition to
the manipulation of the animals’ diets, selective breeding work is
the other principal means used to mitigate GHG emissions (Wall
et al., 2010; Bruce, 2013).

Feeding experiments in cattle and sheep indicated that there
are variations among individual animals in the production of
CH4 when they are fed the same diets. In addition, as reviewed
by Wall et al. (2010), there exists variation in CH4 emissions
among individual cattle and among breeds, suggesting potential
for improvement of the trait through genetic selection. However,
Martin et al. (2010) were less optimistic; they concluded that
repeatability of the successive measurements has been low in
experiments and is heavily dependent on diet and physiological
stage of the animals.

Characterization of individual animal CH4 emissions for
genetic selection is an urgent matter. The COST-action project
METHAGENE focuses on the harmonization of CH4 measure-
ment techniques and develops approaches for incorporating CH4
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emissions into national breeding strategies. Taking into account
that methane is a product of rumen microbial fermentation
processes that are directly affected by diet, better understanding of
animal genome interaction with own rumen microbiome under
various feeding conditions needs to be taken into account in
drawing mitigation strategies. These subjects are addressed in
a number of national and international research projects (e.g.,
EU-FP7-project RUMINOMICS; REMRUM in Denmark; Rumen
Microbial Genomics Network). Results are expected from these
projects in the near future.

CHARACTERIZATION OF ANIMALS’ ENVIRONMENTAL
ADAPTATION
If an animal population survives, is productive and reproduces
in a given environment, we can say that this population com-
prises suitable, adapted phenotypes for that environment. The
adaptations, such as disease and heat resistance, water scarcity
tolerance and ability to cope with poor quality feed, are valuable
characteristics of a breed and have importance when mitigating
and adapting to environmental changes (Hoffman, 2010; Mirkena
et al., 2010). Breeds can become adapted to specific environments
through natural and artificial selection. “Adaptation traits” are
complex and often polygenically controlled (Pritchard et al.,
2011).

The interactions between genotypes and environments are
typically examined in livestock species using quantitative genetics
approaches (Falconer and MacKay, 1996). Dense SNP-markers
and next-generation-sequencing (NGS) technology can also be
used to search for adaptation patterns and selection footprints in
animal genomes that result from long-term natural and artificial
selection (Harrison et al., 2012; Guo et al., 2014; Lv et al., 2014).

Genotype by environment interaction (G × E) means that
genotypes react differently to environmental changes (Falconer
and MacKay, 1996). For example, genotype A can perform better
and display superior fitness in high altitude regions than genotype
B, while at sea level genotype B is the superior phenotype. Or
genotype A performs better in both environments but the dif-
ference between the two genotypes is larger in one environment
than in another. G × E has been an active research field in
animal breeding and quantitative genetics. If there is informa-
tion available on performance of animals over a wide range of
environments, it is possible to use a reaction norm approach for
estimating breeding values. The reaction norm can predict the
performance of an individual in an environment the animal has
not been in (Calus et al., 2002; Kolmodin et al., 2002). Reaction
norms have up till now mainly been estimated using traditional
quantitative genetics, but there is no theoretical reason why they
could not also be estimated using molecular genetic information,
which would probably lead to greater accuracy in estimating
breeding values of young animals (Silva et al., 2014).

From a genomics point of view, adaptations of animal breeds
to environments or diets are typically associated with structural
and functional genomic variations (Axelsson et al., 2013; Li et al.,
2013; Guo et al., 2014; Lv et al., 2014). Dense whole-genome
SNP-chips and NGS applications, such as whole genome and
mRNA sequencing, analysis of regulatory (miRNAs) elements,
and DNA methylation profiles for epigenetic analysis, can be

used to investigate genetic background of adaptations in livestock
breeds and species (Bartel, 2004; Pritchard et al., 2011; Feil and
Fraga, 2012; Harrison et al., 2012; Jiang et al., 2014; Lee et al.,
2014). Pairwise comparisons between closely related taxa (for
example breeds originating from different environments) provide
a powerful approach to identifying loci that show divergence
between populations and which may have been under positive
selection (Harrison et al., 2012; Li et al., 2013; Jiang et al., 2014;
Lv et al., 2014). There is a body of different robust statistical and
bioinformatics methods for detecting selection signatures (e.g.,
Beaumont and Balding, 2004; Joost et al., 2007; Frichot et al.,
2013; Wolf, 2013 and many others) that have been successfully
used in genome-wide SNP and genomic sequence studies (e.g.,
Guo et al., 2014; Lv et al., 2014).

Measures of CH4 concentrations from ruminants and
the characterization of individuals and breeds using modern
genomic, biometrical and bioinformatic tools play a pivotal role
in the implementation of the strategic priority areas of GPA (FAO,
2007), though there is still a need to document the marginal effect
of including CH4 emissions in breeding schemes selecting for
efficiency and productivity. With this new information we will
understand better characteristics of farm animal genetic resources
and can develop animal breeding and sustainable utilization of
genetic resources that will make livestock production more envi-
ronmental friendly.

BREEDING GOALS CONSIDERING CLIMATE CHANGE
Mitigation through selection refers to breeding animals that have
high productivity and efficiency, fertility, good health, robustness
and that produce less GHG (Boadi et al., 2004; Wall et al., 2010;
Bruce, 2013; Hietala et al., 2014). The breeding goals for adap-
tation are very similar to those for mitigation: in adaptation to
new environmental circumstances and production environments,
we consider that fertility, feed conversation rate and particularly
health traits, are very important. As pointed out in several pre-
vious papers, the improvement in productivity (higher average
milk and meat yields etc.) means fewer emissions per product.
In addition, fewer animals are needed to meet the demand for
animal products (e.g., Boadi et al., 2004; Wall et al., 2010; Bruce,
2013). Improving fertility, on the other hand, means shorter
unproductive periods, and improving calving and maternal traits,
diminishing emissions by improving survival of offspring. Major
production traits such as feed conversion rate, fertility, health and
other fitness traits have been shown to have a genetic component,
demonstrating that there are possibilities to improve them via
selection.

The Nordic breeding programs have typically broad breeding
goals and both production and health characters are considered
(e.g., Miglior et al., 2005; Åby et al., 2013; Hietala et al., 2014).
Traits important for mitigation and adaptation are typically either
directly or indirectly considered in the Nordic multitrait breeding
schemes, which makes it easier to breed animals that are needed
for future livestock production (Åby et al., 2013). Currently, fer-
tility, health and other fitness and functional traits have received
more attention in breeding goals than previously (e.g., Hietala
et al., 2014). This trend can be considered highly recommendable
because, for example, both fertility and health traits of dairy cattle
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(and several other farm animal species) have deteriorated, espe-
cially in populations where the traits have not been considered in
the total breeding values (Lucy, 2001; Miglior et al., 2005). Good
fertility, e.g., in dairy cows, is known to correlate negatively with
genetic merit for milk production (Rauw et al., 1998; van der
Waaij, 2004).

One option for including CH4 production in a future breeding
program is to carry out direct selection on the trait. However, to
do this, there is a need for phenotypic recording of direct mea-
surements of the trait in many ruminants in several herds in order
to create a reference population to estimate genomic breeding
values (Hansen Axelsson et al., 2013, 2015). For this to happen
there is a need to develop better and cheaper measurement
techniques (Hansen Axelsson et al., 2013). More research is in
progress in this field and some of it is supported by the EU-COST
project METHAGENE. In the meantime, we can improve the trait
indirectly through selection of proxy traits that are correlated with
CH4 emissions per unit of product (e.g., milk yield, fertility, feed
efficiency, and longevity of the animals; Capper et al., 2009; Bruce,
2013; Hietala et al., 2014).

Moreover, with the advent of relatively cheap SNP-chips with
tens or hundreds of thousands of markers, it is also possible
to estimate genomic breeding values for animals that have not
themselves, nor their close relatives, lived and produced in the
environment where they or their offspring are expected to live.
Stated differently, it would be possible to find markers that are
associated with performance in conditions that we believe we
will have in the Nordic countries in the coming decades if we
can genetically evaluate animals that currently live under such
conditions elsewhere.

AVAILABLE ANIMAL GENETIC RESOURCES
Currently there are three types of livestock breed available in the
Nordic countries for future selection programs: (1) the major
commercial breeds, (2) the minor breeds, which are typically
native breeds and that are also used in commercial herds but more
typically in special production situations, and (3) endangered
breeds, which are also native breeds and kept for recreational
purposes and rarely for production purposes.

The major breeds dominate production systems and they may
possess important within-breed genetic variation to select for
adaptation to new agro-ecological conditions and mitigation of
harmful effects of animal production on climate change (e.g.,
Gomes da Silva, 1973). It is very important that these breeds do
not run into inbreeding problems, otherwise inferior alternative
breeds, if they still exist at that time, will have to be introduced
into the production system. Inbreeding problems have to be
avoided also for the minor and endangered breeds in order
to maintain viability over many future generations. Long-term
selection experiments have shown that managed populations
can be sustained without significant loss of genetic variation
for more than 100 generations when the effective population
size is maintained at 100 or more (Hill, 2000). However, the
effective population size of major commercial breeds is typically
much less than 100 (Kantanen et al., 1999; Taberlet et al., 2008).
Optimal contribution theory provides a framework for maximiz-
ing response to selection while controlling the effective popula-

tion size (Meuwissen, 1997). Software for optimum contribution
selection exists, but improvements are needed in order to address
the different situations that occur in practical breeding schemes.

The native breeds have the longest adaptation history to
Nordic environmental and production conditions. These breeds
are based on ancient animal populations that spread to north-
ern Europe thousands of years ago when the transition from
hunting-fishing-gathering livelihoods to animal farming and cul-
tivation began (Kantanen et al., 2000; Bläuer and Kantanen,
2013; Niemi et al., 2013). Therefore, we argue that the Nordic
native breeds, which typically are minor and endangered breeds,
may possess structural and functional genomic variations for
specific traits, such as disease resistances. For example, the
native Finncattle display a high level of polymorphism in the
Major-Histocompatibility-Complex system (more specifically at
the BoLA-DRB3 locus) that controls a major part of the immune
system (Kostia, 2000). The Nordic native cattle breeds exhibit
allelic combinations in the casein loci that have a positive impact
on processing properties of milk (Lien et al., 1999). In addi-
tion, there are several anecdotes about adaptive characters of
native breeds that should be scientifically studied and critically
evaluated.

Due to climatic changes, the commercial and widespread
breeds may show shortcomings in some traits, such as insufficient
resistance to a new disease or tolerance to other environmental
stress (Nardone et al., 2006; Hoffman, 2010). The minor and
endangered breeds may possess genes that code for specific traits,
such as disease resistances, which may become desired by the
major breed owners, but for which the major breed does not
possess the necessary genetic variation. However, the major breeds
can be selected for any desired trait, just as the minor or endan-
gered breeds were once selected for this trait, but it may take
many generations to establish the desired trait in the major breed.
The major breed could benefit from alleles available in minor
and endangered breeds using crossing and genomic introgression,
and genomic marker information to introgress favorable alleles,
while keeping favorable alleles for production traits in the major
breed (Ødegård et al., 2009). If the trait is due to a single or a
few genes, such genes can be mapped and be introgressed into
the commercial breed (Ødegård et al., 2009). Although often
successful in plant breeding, this approach is often not feasible
for livestock because most livestock traits are complex, i.e., highly
polygenic, and introgression takes ∼5 generations, which in live-
stock might easily be 10 years or more. Crossbreeding systems can
be devised that at least partly convey the desired trait from the rare
into the commercial breed. Alternatively, a Genomic Selection
Introgression approach can be employed (Ødegård et al., 2009),
where genomic selection is applied for a rapid introduction of a
new trait in the commercial breed.

In this process, minor breeds that possess the trait represent a
much more useful resource than the endangered breeds because
when crossed with the major breed, their offspring combine the
desired trait with commercial viability (since both parental breeds
are commercially viable). Examples of this situation are the use of
Nordic red bulls on US-Holstein cows to improve their fertility
(considering Nordic Reds as a minor breed at the global cattle
breeding scale), the use of Chinese Meishan pigs to improve
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fertility in some European pig breeding programs and crossing
less fertile sheep breeds with the highly prolific Finnsheep.

In general, minor and endangered breeds represent a valuable
resource for commercial breeding schemes to increase the rate at
which desirable traits can be established in major breeds. Thus, to
address future unforeseen production challenges such as climatic
changes, which require new, desired traits in major breeds, it
is important to maintain a large number of minor breeds that
are improved for specialized production environments, and, to
a lesser extent, in endangered breeds. In all Nordic countries
there are national strategies to conserve both in vivo and in
vitro native breeds and their genetic resources. However, these
strategies should be revised, e.g., by considering the geographic
distribution of rare breeds within the countries and strengthening
cryopreservation of genetic materials. Several native breeds exist
in relatively restricted local areas and in the outbreaks of serious
animal diseases the whole breed or most of it can be lost. Nordic
breeds have been previously analyzed for neutral genetic markers
(e.g., Tapio et al., 2006, 2010; Li et al., 2007; Kantanen et al., 2009),
but more characterization of conservation values and adaptations
is needed in order to promote efficient use of genetic resources
in the future. In the AnGr-NordicNET project, a new measure
of valuing breeds for conservation, termed “adaptivity coverage”
has been developed (Wellman et al., 2014). This quantifies how
well a set of breeds could be adapted to wide range of environ-
ments within a limited timespan. In this quantification, adap-
tivity coverage considers both neutral and non-neutral genetic
variation.

CONCLUSION
The Nordic multitrait breeding programs for several animal
breeds consider directly or indirectly traits that are important
for mitigation of environmental effects of livestock production
or advance animals’ adaptation to new agroecological conditions.
The important traits in this context are, for example, productivity
in general, fertility, feed conversation rate and health. How-
ever, fertility, health and other fitness traits should receive more
weight and value in animal breeding to strengthen adaptation
potential. Moreover, the breeding programs should maintain high
effective population sizes in order to keep high genetic varia-
tion in major and minor breeds. Including CH4 production of
ruminants as a trait in breeding programs needs more research
and the development of better and cheaper CH4 measurement
techniques. In the future genomic selection and genomic selection
introgression approaches may play pivotal roles, particularly in
“adaptation breeding.” Valuable alleles in terms of adaptation
to climate change can be introduced into major breeds from
conserved native breeds through genomic selection introgression
breeding. Therefore, in vivo and in vitro conservation of minor
and endangered breeds, which are typically native breeds, should
be strengthened and their adaptation traits investigated using
modern genomic and bioinformatics tools.
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The bovine species have witnessed and played a major role in the drastic socio-economical
changes that shaped our culture over the last 10,000 years. During this journey, cattle
“hitchhiked” on human development and colonized the world, facing strong selective
pressures such as dramatic environmental changes and disease challenge. Consequently,
hundreds of specialized cattle breeds emerged and spread around the globe, making up
a rich spectrum of genomic resources. Their DNA still carry the scars left from adapting
to this wide range of conditions, and we are now empowered with data and analytical
tools to track the milestones of past selection in their genomes. In this review paper, we
provide a summary of the reconstructed demographic events that shaped cattle diversity,
offer a critical synthesis of popular methodologies applied to the search for signatures of
selection (SS) in genomic data, and give examples of recent SS studies in cattle. Then, we
outline the potential and challenges of the application of SS analysis in cattle, and discuss
the future directions in this field.

Keywords: positive selection, Bos taurus, Bos indicus, adaptation, single nucleotide polymorphism

INTRODUCTION
The ability of domestic cattle to convert low-quality forage into
meat, milk, and draft power is of direct importance to the liveli-
hood of the human species. This ability is tightly linked to
the adaptation of indigenous and exotic cattle to the diverse
environments found around the world, which may result from
complex—mostly untold—stories of migration, expansion, expo-
sure to diseases, admixture, climate changes, and selective pres-
sures (Ajmone-Marsan, 2010). These past events have shaped
the genetic diversity of domestic cattle throughout history, and
their present genomes may shelter tractable signatures of these
phenomena.

Footprints of selection, such as specific patterns of change
in allele frequencies, diversity loss, and haplotype structure,
are currently detectable from single nucleotide polymorphism
(SNP) data by well-established methodologies (Sabeti et al., 2006;
Oleksyk et al., 2010), and can unravel past responses of the cat-
tle genome to natural and human-driven selection, as well as
evidences of loci and variants underlying adaptive and econom-
ically important traits. Detecting these selection signatures (SS)
may not only help to shed some light on the key adaptive events
that have generated the enormous phenotypic variation observed

between cattle breeds today, but can also be of biotechnological
relevance.

In recent years, SS studies are becoming increasingly popu-
lar because they offer a complementary strategy to genome-wide
association (GWA) studies on mapping variants impacting traits
of interest, helping to link phenotypes to gene function. In a
typical GWA analysis, one starts from a phenotype and scan geno-
types to identify underlying large and moderate effect variants
(Bush and Moore, 2012). Generally, SS studies take the opposite
direction: one starts with an evidence of selection in samples shar-
ing geographical proximity, environmental factors or a common
phenotype, and attempts to find selected mutations (Sabeti et al.,
2006).

The major motivation for SS studies is that this type of
approach can pinpoint chromosomal segments sheltering large
effect mutations even if they no longer segregate in a population.
In such cases, these variants cannot be detected by classical quan-
titative genetics methods unless linkage experiments are designed
using crosses (Ramey et al., 2013). Another appealing feature of
SS studies is that they typically require over 10 fold smaller sam-
ple sizes in comparison to GWA studies. Moreover, SS can reveal
signals on genes controlling traits that are difficult, expensive or
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even impossible to measure on a large population (i.e., disease
resistance).

Although identifying SS is of paramount importance to
uncover variants responsible for adaptive traits, its application
to cattle data must be carefully interpreted as important demo-
graphic events such as severe population bottlenecks, genetic
drift, and admixture, as well as confounding effects derived from
the development of SNP panels, may give rise to false signals.
Furthermore, SS have serious limitations in targeting specific
traits, so assigning signals to phenotypes is a non-trivial problem.

Here, we provide a brief review of the demographic history of
cattle as it is known, present a critical review of some of the main
methodologies available for the detection of putative loci under
selection, and provide examples of recently published results in
cattle. Then, we outline the potential and the challenges of the
application of these methods to cattle data, and discuss the future
directions in this field.

CATTLE DEMOGRAPHIC HISTORY
DIFFERENTIATION AND DOMESTICATION
The humpless taurine (Bos taurus) and the humped indicine or
zebu cattle (Bos indicus) descend from the wild ox or auroch
(Bos primigenius), which has been extinct since 1627 (Mona
et al., 2010). The two populations of wild aurochsen that formed
the ancestral pool for these interfertile cattle species may have
diverged some 280,000 years ago (Murray et al., 2010), and were
subjected to many demographic events before being domesti-
cated by our species, including severe bottlenecks, admixture and
natural selection.

Although the domestication of taurine and zebu cattle is still
an open question and an active field of investigation, evidences
collected over 20 years of research on molecular genetic diver-
sity of cattle (see Groeneveld et al., 2010, for further review),
combined with historic and archaeological data, support that
these species were independently domesticated in at least two
episodes (Loftus et al., 1994; Bruford et al., 2003): some 10,000
years ago, taurine animals were captured from the wild in
the Fertile Crescent (modern-day countries of Israel, Jordan,
Lebanon, Cyprus and Syria, and parts from Egypt, Turkey, Iraq,
Iran, and Kuwait); 1500 years later, zebu cattle were domesticated
in the Indus valley (present Northeastern Afghanistan, Pakistan,
and Northwestern India).

EXPANSION
Taurine cattle have an almost cosmopolitan distribution today.
From the domestication centre in Southwestern Asia, they fol-
lowed human migrations and slowly expanded over Asia and
Europe. An independent domestication episode of taurine cat-
tle in Northeastern Africa is disputed, but as molecular data are
not conclusive, the divergence of African and Eurasian taurine
populations from a common ancestor domesticated in the Fertile
Crescent is well supported (Hanotte et al., 2002; Ajmone-Marsan,
2010; Decker et al., 2014). Other isolated micro-events of domes-
tication are also not discarded, not even interbreeding of domestic
animals with wild aurochsen (Bonfiglio et al., 2010). Taurine
cattle reached the New World by European importations after
the discovery of America in the late fifteenth century, and their
descendants living today are broadly referred as Creole cattle.

Zebu cattle also spread around the world accompany-
ing human migrations, but became more endemic in tropi-
cal and subtropical regions due to their adaptability to these
environments. Zebu cattle were probably introduced in the
African continent in the seventh century by imports of B. indicus
sires during Arabian invasions (Bradley et al., 1996). Indian zebu
cattle were only introduced in Central and South America in the
early twentieth century, and started to be massively imported to
the American continent after 1950.

FORMATION OF SPECIALIZED BREEDS AND FURTHER CATTLE
ADAPTATION
After domestication, farmers started to control cattle mating
according to their interest in traits such as size, behavior, and
milk production. This “breed the best to the best and hope for the
best” strategy exerted a high artificial selective pressure, triggering
a severe decline in cattle effective population size. Estimates from
a genome-wide linkage disequilibrium analysis using a medium
density SNP panel suggested that domestication was responsi-
ble for a 50 to 70-fold decline in the effective population size in
comparison to the wild ancestors of taurine and zebu cattle (The
Bovine HapMap Consortium, 2009).

About 200 years ago, farmers invented the concept of breed
and started to limit germplasm exchange in order to standard-
ize cattle populations based on morphology and performance,
giving rise to over 1200 cataloged cattle breeds today (Taberlet
et al., 2008; see also: http://www.ansi.okstate.edu/breeds/cattle/).
In spite of this apparent rich source of genetic resources, over 200
additional breeds are already extinct, and many others are at risk
(FAO, 2007).

Due to their high productive performance for milk and meat
traits, some cattle breeds were adopted worldwide, such as the
Holstein-Friesian, which is present in 128 countries (FAO, 2007).
However, most of these specialized groups of genetically dis-
tinct animals are local, and even though they are not under
the spotlights, they exhibit high adaption to their environments.
Therefore, small local breeds should be considered as primary tar-
gets of SS studies, as several of them are endangered and their
genomes shelter footprints of adaptation.

IMPLICATIONS TO POSITIVE SELECTION MAPPING
In theory, neutrally evolving alleles form the majority of the
genome variation within and between species, and events such
as population contraction, expansion, migration, isolation and
admixture are responsible for random drift of such alleles. While
the demographic history of a population determines its neutral
allele frequency spectrum, alleles that impact fitness, survival,
reproduction, or traits of human interest are subjected to natu-
ral or artificial selection, such that their frequencies deviate from
the distribution of neutral alleles. Therefore, mapping loci under
selection implicates searching for outlier alleles that substantially
differ from the genome background.

The idea of outlier loci is dependent upon knowledge about
the frequency distribution of neutrally evolving alleles. As differ-
ent populations have distinct demographic histories, their allele
frequency spectrum also differ. Consequently, statistical meth-
ods designed to map loci under selection must be calibrated to
either a demographic model for the population under study or
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to the empirical distribution of scores across the genome, assum-
ing most of the genome is evolving under neutrality. As most of
the events that shaped cattle diversity at the species and breed
level are still obscure, methods that are robust across differ-
ent demographic scenarios that take advantage of genome-wide
scores to detect outlier loci are more appropriate to analyze cattle
data. Nevertheless, one can use the demographic model for cat-
tle differentiation, domestication and expansion provided in this
section and combine with specific models for specialized cattle
breeds to simulate the distribution under neutrality and compare
with empirical data.

METHODS FOR DETECTING POSITIVE SELECTION IN THE
CATTLE GENOME
As proposed by Darwin and Wallace (1858), positive selection is
the phenomenon where phenotypes that increase the likelihood
of survival and reproduction (i.e., that increase an individual’s
fitness) become more prevalent in populations over time. In the
context of the genome sequence, if a specific allele confers advan-
tage, its carrier is more likely to thrive and leave more offspring
than non-carriers, causing the haplotype containing that bene-
ficial allele to spread quickly and increase in frequency in the
population (Sabeti et al., 2002, 2006).

The majority of the genetic variation found within and
between populations is deemed to have little or no effect on
fitness, so that haplotype frequencies follow Hardy-Weinberg
expectations (Kimura, 1968; Hellmann et al., 2003). Therefore,
positive selection leaves distinctive tractable patterns of genetic
variation that differ from the neutrally evolving background DNA
sequence. These patterns are broadly referred as “signatures” or
“footprints” of selection (Oleksyk et al., 2010).

In this section, we describe classes of signatures in terms
of different signals. In each class, whenever convenient, we
describe the basis of some popularly adopted methods to high-
light their strengths and weaknesses for cattle studies. For a
broader overview, we suggest the reader to consult other previ-
ously published reviews on the topic (Sabeti et al., 2006; Oleksyk
et al., 2010; Vitti et al., 2013; Qanbari and Simianer, 2014).
Additionally, we provide examples of studies reporting putative
loci under selection in different cattle breeds.

LOCAL GENETIC DIVERSITY DEPRESSION
At each generation, recombination shuffles and breaks haplotypes
down, producing linkage equilibrium. When selection increases
the frequency of an advantageous allele, neighbor variants “hitch-
hike” and rise in frequency together so quickly that recombina-
tion does not prevent linkage disequilibrium, causing an entire
chromosome segment to lose diversity. Therefore, positive selec-
tion can be probed by searching for chromosome regions where
heterozygosity is much lower than expected under neutrality
(Oleksyk et al., 2008).

Ramey et al. (2013) scanned Illumina® BovineSNP50 (50 k)
genotypes of over 6000 animals from 13 taurine and one zebu
breed using an ad-hoc method to identify selective sweeps reach-
ing fixation. Briefly, they considered a candidate locus under
selection if at least five contiguous SNPs presenting a minor
allele frequency (MAF) > 0.01 spanned a chromosome segment

of 200 kb or more. Although the strategy was successful to find
validated selective sweeps, such as the POLL locus that controls
horn development (Georges et al., 1993), they showed that the
SNP ascertainment bias of the 50 k assay incurred in false posi-
tives in breeds that are genetically distant from the SNP discovery
breeds. This is not unexpected, as the influence of the 50 k bias on
population genetics parameters, such as heterozygosity, genetic
structure and differentiation, is well documented (Decker et al.,
2009). Therefore, methods relying on heterozygosity are largely
prone to type I errors generated from the SNP discovery process.
Ideally, genotype data should be generated from less biased com-
mercial arrays, such as the Illumina® BovineHD (HD), or from
re-sequencing efforts.

Another approach to search for deficit of heterozygosity is
the identification of islands of runs of homozygosity (ROH).
As long stretches of consecutive homozygous genotypes indicate
identical-by-descent haplotypes (Gibson et al., 2006; Lencz et al.,
2007), ROH have been recently used to characterize genome-
wide inbreeding in cattle (Purfield et al., 2012; Ferenčaković et al.,
2013; Kim et al., 2013). However, as recombination is random,
the distribution of ROH across samples is expected to be highly
heterogeneous under neutrality, so genomic hotspots of ROH can
be a signal of selective sweep (Curik et al., 2014). Interestingly,
the length of the run is negatively correlated with the number
of generations back to the selective pressure or inbreeding event
(Howrigan et al., 2011), so ROH size can be used to date the age
of the selective sweep.

Focusing on the identification of ROH islands produced by
recent artificial selection in U.S. Holstein cattle, Kim et al.
(2013) proposed a new statistic, namely FRL, that compares local
homozygosity between a population under artificial selection and
a control population. Briefly, for each SNP, animals are scored as
1 if the locus is encompassed by a ROH or 0 otherwise. Then, FL

is computed as the proportion of animals with scores equal to 1.
Finally, FRL is obtained as:

FRL = ln

(
FL(selected)

FL(control)

)

All scores are standardized (i.e., subtracting each value by the
average score and dividing by the standard deviation) to produce
a distribution with mean zero and variance one. Extreme positive
values of FRL represent changes in allele frequency in the arti-
ficially selected population in comparison to the control group,
and therefore reflect homozygosity attributable to recent inbreed-
ing, drift or selection at the analyzed locus. As for the approach
adopted by Ramey et al. (2013), SNP density and ascertainment
bias are important confounders that can produce false positive
ROH (Ferenčaković et al., 2013), so commercial SNP assays must
be used with caution here.

Methods that search for local absence of heterozygosity are
most powerful to detect haplotypes that hitchhiked to fixation.
However, allowing for some heterozygosity can be of help to
detect partial sweeps, i.e., haplotypes under ongoing selection
that have not reached fixation yet. For a given bi-allelic site, let
nREF be the number of observed reference alleles, nALT the num-
ber of observed alternative alleles, and p and q their respective
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frequencies. The expected frequency of heterozygote genotypes
under Hardy-Weinberg Equilibrium is given by:

H = 2pq = 2nREFnALT

(nREF+nALT)2

This expectation can be easily extended for a chromosomal seg-
ment containing multiple bi-allelic sites as:

H = 2�nREF�nALT

(�nREF + �nALT)2

Rubin et al. (2010) proposed running sliding windows across the
genome, calculating H for these windows and then standardizing
the obtained values. The method named as ZHp produces stan-
dard deviation scores, and extremely negative values represent
chromosome windows where the regional diversity is substan-
tially lower than the average genome diversity. Although the
method has been successfully used to map candidate variants
under selection in chickens (Rubin et al., 2010), dogs (Axelsson
et al., 2013) and pigs (Rubin et al., 2012), no studies applying ZHp

to cattle data have been published to date.

CHANGE IN THE ALLELE FREQUENCY SPECTRUM
After a complete selective sweep (i.e., the haplotype contain-
ing the selected variant reaches fixation), new mutations slowly
restore local diversity in the course of many generations. As
mutations are generally rare and may take a large number of gen-
erations to drift to high frequency under neutral evolution, the
local heterozygosity depression signal is deemed to remain robust
for several generations after the selective pressure has occurred.

Newly acquired mutations or derived alleles (i.e., variants that
differ from the original or ancestral allele) occur in lower fre-
quency in comparison to ancestral alleles under neutrality, but
when they arise within a selective sweep they will hitchhike to high
frequency quickly in the selected population. Therefore, another
class of signals that emerge after the depression in local diversity
is the enrichment for moderate to high frequency derived alleles.
Several methods have been proposed in this category, includ-
ing Tajima’s (1983), Fay and Wu’s (2000), and �DAF (Grossman
et al., 2010).

The limitation of the use of these methods in cattle data
is that inference of ancestral alleles should be preferably per-
formed by comparison of domesticated cattle genomes with wild
type genomes. As these are not available, ancestral allele infor-
mation for cattle SNP assays were derived from genotypes of
outgroup species, such as Gaur (Bos gaurus), Buffalo (Bubalus
bubalis) and Yak (Bos grunniens), which are assumed to descend
from a common founder Bovinae species (Matukumalli et al.,
2009; Utsunomiya et al., 2013). However, as not all SNP probes
hybridize against the genomes of these outgroup species, ancestral
allele information for cattle is incomplete. Future availability of
genome assemblies for these outgroup species may help to better
infer ancestral status for common SNPs.

One way to bypass the limitation of ancestral allele infor-
mation is by using samples from several genetically distinct
populations to estimate average allele frequencies that could
represent the spectrum in the common ancestral population. In

this approach, instead of searching for enrichment of high fre-
quency derived or rare alleles, one may look for a shift in the
allele frequency spectrum in one population in comparison to
the average across populations. Stella et al. (2010) successfully
applied the negative composite log-likelihood (CLL) approach, an
extension of the composite likelihood ratio (CLR) test (Kim and
Stephan, 2002; Nielsen et al., 2005) to 13 taurine, 4 zebu and 2
synthetic breeds, and reported several candidate loci under selec-
tion. These included KIT (mast/stem cell growth factor receptor
gene), responsible for the piebald and color sidedness phenotype
(Durkin et al., 2012), and MC1R (melanocortin 1 receptor gene),
incriminated in the black/red coat color in Holstein and Angus
(Klungland et al., 1995). These loci were further confirmed using
whole genome sequence data of German Fleckvieh (Qanbari et al.,
2014).

Briefly, CLL is computed for each SNP window as:

CLL = −
k∑

i = 1

ln
[
1 − Pr

(
d < |pi − pi| | μi

)]

Where, relative to SNP i, d is any random value from the the-
oretical distribution of allele frequencies with mean μi = pi, pi
is the reference allele frequency averaged across populations, and
pi is the allele frequency in the population being investigated.
The theoretical distribution of allele frequencies can be mod-
eled as a binomial or a normal approximation to the binomial
distribution. As calculations are very straightforward and only
require a dataset with multiple breeds instead of ancestral allele
information, it is general enough for cattle SNP data.

Another extension of the CLR statistic was proposed by Chen
et al. (2010), namely XPCLR (cross-population composite like-
lihood ratio test), which attempts to detect a shift in allele
frequency in a target population in respect to a reference popu-
lation. Lee et al. (2014) applied XPCLR to Holstein and Hanwoo
whole genome sequence data and reported that the chromosome
segment encompassing the kappa-casein gene (CSN3) exhibited
high XPCLR scores in Holstein cattle.

LONG-RANGE HAPLOTYPES
The concept of Extended Haplotype Homozygosity (EHH), first
introduced by Sabeti et al. (2002), attempts to identify haplotypes
that increased so rapidly in frequency that recombination could
not substantially break them down, so linkage disequilibrium
presents a long-range persistency. Briefly, consider N chromo-
somes in a sample, and G unique haplotypes extending from a
core SNP site to an upstream or downstream position x, with each
group g having ng observations. The EHH score for the entire
sample is calculated as:

EHH =
∑G

g = 1

(
ng

2

)
(N

2

)

This score serves as a proxy for the probability of identity-by-
descent of haplotypes within the chromosome segment being
investigated. Generally, EHH is calculated at varying distances
from the core SNP position, so that the decay of EHH as a
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function of physical distance can be assessed to determine the
extension of the haplotype homozygosity. From this seminal
concept, a family of statistical methods was developed in order
to scan entire genomes in the search for evidence of selection.

Voight et al. (2006) proposed to measure how rapidly EHH
decays from a core SNP site by calculating the area under the EHH
curve,

iHH =
∫ b

a
EHH(x)dx

where iHH represents the definite integral of EHH evaluated over
the domain of the chromosome segment delimited by upstream
position a and downstream position b where EHH decays to some
arbitrary small value (originally 0.05). As the area under the curve
is not tractable analytically, a trapezoid quadrature with non-
uniform grid can be adopted as a deterministic approximation:

iHH ∼
K∑

k = 1

(xk + 1 − xk)
(EHHk + 1 + EHHk)

2

A within population score, namely Integrated Haplotype Score
(iHS), for a given site i, was introduced by Voight et al. (2006)
as the log-ratio between the integrated EHH for the haplotypes
containing the ancestral allele (iHHA) and the derived allele
(iHHD):

iHSi = ln

(
iHHA,i

iHHD,i

)

These scores are then standardized to have mean zero and vari-
ance one.

Extremely negative standardized iHS values have been of par-
ticular interest in human genetics, as they represent a recently
acquired mutation that increased very rapidly in frequency (i.e.,
there is a partial sweep due to ongoing selection) or a haplo-
type that hitchhiked to fixation and then became enriched for
derived alleles (Voight et al., 2006). However, a sweep can also
produce large positive iHS values at nearby SNPs if ancestral alle-
les hitchhike with the selected site, so the chromosome region
surrounding the selected variant typically exhibits a cluster of
extreme positive and negative iHS values. Furthermore, in the
context of cattle data, artificial selection and domestication prob-
ably favored “beneficial” alleles in the sense of human interest,
regardless if it is ancestral or derived. Therefore, both positive and
negative values should be investigated in cattle data. This impli-
cates that the absolute value of standardized iHS scores should be
preferred over the signed values, or, equivalently, that a two tailed
hypothesis test should be assumed. As only partial ancestral allele
information is available for cattle SNP assays, and the search for
footprints of selection by iHS in cattle should disregard the direc-
tion of the sweep, a more appropriate generalized version of iHS
can be postulated as the log-ratio between the integrated EHH for
an arbitrary reference allele (iHHREF) and for the alternative allele
(iHHALT).

One of the limitations of this method is that if a given marker
presents a nearly or completely fixed allele in the population

being analyzed, this allele will have no integral to be calculated
or an integral close to zero, so the log-ratio will result in a pos-
itive or negative infinite value. In this scenario, the calculation
of iHS must be conditioned by iHHREF > 0 and iHHALT > 0,
which indirectly leads to a minor allele frequency (MAF) con-
straint. This limitation renders iHS underpowered to detect very
recent nearly fixed selective sweeps, which are of primary interest
in the cattle community. However, as discussed earlier, a crucial
point to be considered is that contiguous chromosomal segments
containing SNPs with MAF = 0 can also result from SNP chip
ascertainment bias, which may produce false positive signals.

Tang et al. (2007) and Sabeti et al. (2007) have independently
developed equivalent methods, Rsb and XPEHH, respectively,
which attempt to compare long-range haplotypes between popu-
lations in order to increase the power of selective sweep detection.
The most crucial improvement is that, for each population being
analyzed iHH is calculated for the entire sample, instead of being
partitioned between derived and ancestral alleles. This eliminates
the MAF constraint and recovers the power to detect sweeps
reaching fixation. The comparison with a population where the
selective sweep may not have occurred adds extra power to the
method. Calculations are performed as follows:

XPEHHi = Rsbi = ln

(
iHHpop1,i

iHHpop2,i

)

Where, relative to SNP i, iHHpop1,i is the integrated EHH in the
first population and iHHpop2,i is the integrated EHH in the second
population. Scores are also standardized to produce a distribution
of standard deviates. Positive values indicate selective sweeps in
the population used in the numerator, while negative values indi-
cate selection in the population used in the denominator. Here, it
is easy to keep track of the signals by using one-tailed hypothesis
tests.

Studies applying EHH-based methods to cattle data are
numerous (for instance, Hayes et al., 2008; Gautier and Naves,
2011; Qanbari et al., 2011, 2014; Flori et al., 2012; Utsunomiya
et al., 2013; Huson et al., 2014). The reported loci are deemed
to be genome responses to a variety of different selective pres-
sures, such as milk and meat production, coat color, heat stress,
and reproductive performance. Among these, one particularly
interesting selective sweep, most likely related to adaptation to
heat stress, has been reported in Creole cattle, including Senepol,
Carora, Romosinuano, and cross-bred lineages (Flori et al., 2012;
Huson et al., 2014). These cattle breeds present the slick hair
coat phenotype, a dominant trait associated to heat tolerance in
tropically adapted cattle that descend from Spanish cattle intro-
duced to the New World. The chromosome segment containing
the selective sweep ranges from 37.5 to 39.6 Mb on chromosome
20, with a variable peaking position (39.5 or 37.7 Mb) depend-
ing on the SNP panel (BovineSNP50 or BovineHD) and dataset
analyzed (Flori et al., 2012; Huson et al., 2014). The disputed posi-
tional candidate genes are the retinoic acid induced 14 (RAI14
or NORPEG), prolactin receptor (PRLR), and S-phase kinase-
associated protein 2 (SKP2). A strong candidate mutation has
been recently proposed for PRLR, a single base deletion in exon
10 (ss1067289408) predicted to cause a frameshift that introduces
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a premature stop codon (p.Leu462∗) and consequent loss of 120
C-terminal amino acids from the long isoform of the prolactin
receptor (Littlejohn et al., 2014).

POPULATION DIFFERENTIATION
Following the same principle as in Rsb/XPEHH, XPCLR and
FRL, although positive selection may act across populations shar-
ing geographical proximity, environmental factors or a common
phenotype, outgroup populations may not share the same selec-
tive pressure. Therefore, changes in allele frequency promoted by
selection in one group will not be detectable in the other, and
large differences in allele frequencies between populations will be
observed.

The fixation index FST (Wright, 1950; Weir and Cockerham,
1984) and its abundant estimators is the gold standard method
for detecting highly differentiated loci between populations. In
essence, given the average allele frequency p across subpopula-
tions, FST is simply the ratio between the variance in the allele

frequency in different subpopulations σ 2
S = ∑k

j = 1

(
pj − p

)2
and

the variance in the total population σ 2
T = p(1 − p). In pair-wise

comparisons, calculations simplify to:

FST = (p1 − p2)2

(
p1 + p2

)
(2 − p1 − p2)

Scores can be averaged across SNP windows or smoothed against
genomic positions using a local variable bandwidth kernel esti-
mator (Porto-Neto et al., 2013).

Flori et al. (2009) applied FST to three French dairy cattle
breeds (Holstein, Normande, and Montbéliarde), and found that
some of the putative loci under selection in that study over-
lapped genes that strongly affect milk production traits, such as
the growth hormone receptor (GHR), and coat color, for instance
MC1R. Porto-Neto et al. (2013) generated a comprehensive map
of divergent loci between taurine and zebu cattle using over
777,000 SNPs and 13 cattle breeds, and reported that the highest
scoring locus in the FST analysis maps to chromosome 7:47.2–
53.7 Mb, which shelters a cluster of immune-related genes and
SPOCK1, a gene previously implicated in puberty (Fortes et al.,
2010).

Extensions of FST led to the development of the FLK test
(Lewontin and Krakauer, 1973; Bonhomme et al., 2010; Fariello
et al., 2013), which not only account for effective population
size and hierarchical structure among populations, but also have
known distributional properties under neutrality. Briefly, let qi

be the vector of reference allele frequencies at marker i for the
populations being compared, and q0 the ancestral allele fre-
quency for the same allele. The FLK method relies on the linear
model:

qi = 1nq0 + e

where the residual term e is assumed N (0, Vi), and Vi is the
expected variance-covariance matrix for vector qi. This matrix is
modeled as:

Vi = Fq0(1 − q0)

where F is a kinship matrix. The diagonal elements of F rep-
resent the expected inbreeding coefficients in each respective
population, and off-diagonal elements represent the amount of
drift accumulated on the different branches of the population
tree. A weighted least squares estimate of q0 is then obtained as:

q̂0 = (1′
nF−11n)

−1
1′

nF−1qi

The FLK score is a measure of goodness-of-fit of this model, and
is calculated as the deviance (i.e., residual sum of squares):

FLKi = (
qi − q̂01n

)′
Vi

−1(qi − q̂01n)

Under the assumption of a star-like tree-pure drift model (i.e.,
the populations being compared evolved in parallel from a single
ancestral population, with no mutations or admixture), matrix
F can be simplified to F = InFST , where In is an identity matrix
and FST is the average FST over all SNP loci. In this case, the aver-
age allele frequency across populations is an unbiased estimator of
q0, and the deviance is simplified to FST(n − 1)/FST , which gives
a test statistic that is linearly correlated with FST . As discussed
later, while FST has no known theoretical distribution under the
neutral model, FLK can be modeled as a chi-squared distribution.
Moreover, FLK outperformed FST in simulations, especially when
scores were computed based on haplotypes (hapFLK) instead of
single markers (Fariello et al., 2013). This method is a suitable
alternative to FST for cattle data.

DISTRIBUTIONS UNDER THE NULL HYPOSTHESIS AND p-VALUES
Although different in formulation and assumptions, all methods
presented so far attempt to address the same null and alterna-
tive hypothesis: H0 = locus is neutral; H1 = locus is not neutral.
Under the hypothesis of neutrality, EHH-based methods are stan-
dard normal deviates (Voight et al., 2006; Sabeti et al., 2007; Tang
et al., 2007). Hence, the probability that SNP i with Rsb or XPEHH
score xi is neutral in the population used as numerator can be
approximated by an upper tail p-value derived from the normal
cumulative density function (CDF) �:

Pr (Rsb, XPEHH > xi | neutral) = 1 − � (xi)

Likewise, the probability that SNP i with iHS score xi is neutral,
given that both reference and alternative alleles are of interest, can
be approximated by a two-tailed p-value:

Pr
(|iHS| > |xi|

∣∣ neutral) = 1 − |� (xi) − � (−xi) |
= 1 − 2 |� (xi) − 0.5|

Recently, concerns have emerged on the interpretation of p-values
in signatures of selection analyses (Simianer et al., 2014). It is
argued that, at least for the cases of EHH-based methods, scores
standardized using genome-wide data are not test statistics in
the classical sense but only deviates from an average (Voight
et al., 2006), so p-values would only represent quantiles from
an empirical distribution, rather than formal significance values.
This implies that the probability of obtaining an arbitrary score
given the locus is neutral cannot be exactly computed once the
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underlying true probability distribution may vary according to
different demographic scenarios. The major caveat here is, for any
given test discussed, the proposed asymptotic distribution under
the hypothesis of neutrality is still largely based on coalescent sim-
ulations with demographic models calibrated for human data.
However, if the majority of the genome is under neutrality and
the null distribution is robust to a wide range of demographic
models, one may expect that genome-wide distribution of scores
in cattle data should mimic the simulations performed for the
human model, serving as a control (Gianola et al., 2010). This
has been observed in SS studies in cattle (Gautier and Naves,
2011; Flori et al., 2012; Utsunomiya et al., 2013), and therefore
these theoretical distributions under neutrality are suitable for
cattle data.

In the case of FST , although approximate distributions are
available (e.g., exponential or beta), such approximations are
sub-optimal. One advantage of FLK over FST is that scores
are asymptotically distributed as χ2

ν under the null hypothesis,
where degrees of freedom ν can be equivalently calculated as
number of subpopulations − 1 or as the average FLK across all
loci. Upper tail p-values can be computed as:

Pr (FLK > xi | neutral) = 1 − Fν(xi)

where Fν is the χ2 CDF with ν degrees of freedom.
Although FST and CLL scores have unknown distributions

under neutrality, both rely on population comparisons. The use
of datasets consisting of multiple populations allows for permuta-
tion tests via random sampling of individuals or random sorting
of population labels in order to compute an empirical null dis-
tribution. Nevertheless, permutation tests are computationally
intensive and may be impracticable in re-sequencing data.

The ZHp method suffers from the same problem, with the
additional limitation of not allowing data permutations when a
single population is surveyed. Although a truncated normal dis-
tribution could be suggested to approximate its null distribution,
this has not been properly assessed in practice. Another challenge
is deriving significance values when scores are averaged across
SNP windows. Following the assumption that the majority of the
loci (single markers or SNP windows for that matter) are under
neutrality, an empirical CDF derived from genome-wide scores
should converge to the underlying true CDF, so probability values
could be empirically obtained from a step function:

Pr (Test > xi | neutral) = 1 − ECDF (xi)

= 1 −
(
number of scores ≤ xi

)

number of observed scores

The probability that SNP i with score xi in a given test is selected
is not as trivial to approximate. While the distributions under the
hypothesis of neutrality seems to be robust across a wide range
of demographic models, the distribution under the hypothesis of
selection may vary widely depending upon the demographic his-
tory that shaped the allele frequency spectrum. Therefore, there is
no unique theoretical distribution to represent selected variants,
and coalescent simulations using well calibrated demographic
models are required in order to generate empirical distributions.

This has been successfully done for human data (Grossman et al.,
2010), but is highly challenging in cattle as most of the demo-
graphic history of the bovine species is yet to be uncovered.
Nevertheless, promising methods to infer demographic scenarios
from the data, including estimates of population sizes and pop-
ulation separations over time, are now emerging (Schiffels and
Durbin, 2014), which could be useful to elucidate cattle history
and customize coalescent simulations based on empirical data.

AVAILABLE SOFTWARE AND ANALYSIS BEST PRACTICES
Table 1 summarizes all the software mentioned below. The first
step to be considered before starting a SS analysis is filtering
out poor quality data and markers and samples that are not
informative or that may confound the analysis. Discussing the
particularities of measures of quality control is beyond the scope
of the present article, but some of the best practices in SS studies
can emerge from common sense. First, metrics such as Hardy-
Weinberg Equilibrium (HWE) and MAF, highly used in GWA
studies, should be applied with caution. Elimination of markers
with extreme deviations from HWE expectations may counter-
act the whole SS enterprise, as in this type of study outlier loci
are being sought. Likewise, MAF controls may cause signals that
are reaching fixation to be completely lost. A situation where
HWE and MAF thresholds can be benign is when only markers
with extreme excess of heterozygotes are eliminated, and MAF
constraints are applied to the pooled allele frequencies across all
populations in the study. We suggest PLINK v1.07 (Purcell et al.,
2007) or PLINK v1.90 for this first data screening. Other usual
filters such as GenCall and GenTrain scores and call rates should
follow the same guidelines as in GWA studies.

Another important issue is cryptic relatedness. Eliminating
samples of closely related animals is of paramount importance
to reduce false positive signals. We have previously reported
an algorithm to find the maximum independent set based on
identity-by-descent, i.e., maximize the number of samples while
eliminating first and second degree relationships using SNP data
(Utsunomiya et al., 2013). Other software such as PLINK v1.90
and GCTA v1.24.2 (Yang et al., 2011) also provide means to find
the optimal set of independent individuals.

The next key step is producing high quality phased data.
There are several methods and implementations for phasing, such
as fastPHASE v1.2 (Scheet and Stephens, 2006), Beagle v3.3 or
later (Browning and Browning, 2008), and SHAPEIT2 (O’Connell
et al., 2014). Although fastPHASE exhibits high phasing accuracy,
it is orders of magnitude more computationally intensive than
Beagle or SHAPEIT2. It is important to notice that phasing is
not a straightforward procedure, and is highly prone to errors.
Consequently, results from haplotype-based methods should be
assessed with caution. The effect of haplotype errors on SS results
remains underexplored and at some extent neglected.

Regarding the SS analysis per se, EHH-based methods can be
computed using Sweep, selscan (Szpiech and Hernandez, 2014) or
the R package rehh (Gautier and Vitalis, 2012). FRL has a ded-
icated software, as well as CLR (available at: and XPCLR. For
ROH-based tests, runs can be computed using either PLINK or
SNP & Variation Suite v7.6.8 or later, and FRLcan be easily com-
puted with home grown scripts. In the cases of FST , CLL, ZHp and
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Table 1 | Available software for signatures of selection analysis.

Software Analysis Availability References

PLINK v1.07 and
v1.90beta

Quality control, data management, cryptic
relatedness check, and computation of
runs of homozygosity and FST

http://pngu.mgh.harvard.edu/∼purcell/plink/
https://www.cog-genomics.org/plink2

Purcell et al., 2007

SNP & Variation
Suite v7.6.8

Quality control, data management, cryptic
relatedness check, and computation of
runs of homozygosity and FST

http://www.goldenhelix.com Golden Helix, Bozeman, MT,
USA

GCTA v1.24.2 Quality control, data management, and
cryptic relatedness check

http://www.complextraitgenomics.com/
software/gcta/

Yang et al., 2011

fastPHASE v1.2 Phasing and imputation of missing
genotypes

http://stephenslab.uchicago.edu/software.

html#fastphase)
Scheet and Stephens, 2006

Beagle v3.3 and
v4.0

Phasing and imputation of missing
genotypes

http://faculty.washington.edu/browning/
beagle/beagle.html

Browning and Browning, 2008

SHAPEIT2 Phasing and imputation of missing
genotypes

https://mathgen.stats.ox.ac.uk/genetics_
software/shapeit/shapeit.html

O’Connell et al., 2014

Sweep EHH-based methods http://www.broadinstitute.org/mpg/sweep/ Sabeti et al., 2002

selscan EHH-based methods https://github.com/szpiech/selscan Szpiech and Hernandez, 2014

rehh EHH-based methods http://cran.r-project.org/web/packages/rehh/
index.html

Gautier and Vitalis, 2012

FLK Computation of the FLK statistics https://qgsp.jouy.inra.fr/index.php?option=com_
content&view=article&id=50&Itemid=55

Bonhomme et al., 2010;
Fariello et al., 2013

SweepFinder Computation of the CLR statistics http://people.binf.ku.dk/rasmus/webpage/sf.
html

Nielsen et al., 2005

XP-CLR v1.0 Computation of the XPCLR statistics http://genetics.med.harvard.edu/reich/Reich_
Lab/Software.html

Chen et al., 2010

cosi and cosi2 Coalescent simulations http://www.broadinstitute.org/∼sfs/cosi/
http://www.broadinstitute.org/∼ilya/cosi2/

Schaffner et al., 2005;
Shlyakhter et al., 2014

MSMS Coalescent simulations http://www.mabs.at/ewing/msms/index.

shtml
Ewing and Hermisson, 2010

the method reported by Ramey et al. (2013), allele frequencies
and genotype counts can be obtained from either PLINK or SNP
& Variation Suite, and calculation of scores can be easily imple-
mented in R (available at: http://www.r-project.org/) or other
languages. Simulations of population genetics datasets under spe-
cific demographic models, including neutral and selected loci,
can be performed using coalescent simulators such cosi (Schaffner
et al., 2005), cosi2 (Shlyakhter et al., 2014), or MSMS (Ewing and
Hermisson, 2010).

COMBINING SELECTION SIGNALS
The available methodologies to detect positive selection differ
substantially from each other in terms of the pattern of genetic
variation encrypting a “signal.” However, all of them have a shared
objective: to identify loci that have undergone positive selection.
Indeed, at least for recent selective pressures (up to a few thou-
sand generations back), a selected variant is expected to be in
a chromosome segment where there has been loss of diversity,
enrichment for derived or rare alleles, population differentiation,
and highly frequent long-range haplotypes. Therefore, collecting
evidence across different methodologies targeting distinct classes
of signals may help in identifying loci under positive selection.
This section explores the statistical properties and limitations
of some of the available methods designed to combine different
methods for signatures of selection.

COMPOSITE OF MULTIPLE SIGNALS (CMS)
In the original implementation of the method (Grossman et al.,
2010), CMS is a local test designed to narrow down signals
detected from s distinct genome-wide scans, and is defined as
the approximate joint posterior probability that a given variant
is selected:

CMSlocal = Pr
(
selected

∣∣ xij
)

=
s∏

j = 1

Pr (xij|selected) Pr (selected)

Pr
(
xij

∣∣ selected
)

Pr (selected)

+ Pr(xij|neutral)Pr(neutral)

The genome-wide extension (Grossman et al., 2013) focuses on
the product of the Bayes Factors for each one of the tests to be
combined. For each test, BF is computed as the ratio between the
posterior and prior odds:

CMSGW =
s∏

j = 1

BFij =
s∏

j = 1

Pr(xij|selected)Pr(selected)

Pr(xij|neutral)Pr(neutral)

In the absence of prior information on the number of loci under
selection across the genome, CMS scores simplify to:
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CMSGW =
s∏

j = 1

Pr(xij|selected)

Pr(xij|neutral)

A challenging aspect of the implementation of these methods
is computing Pr(xij|selected), which requires simulations under
clear demographic assumptions. In contrast, as discussed ear-
lier, many methods designed to detect markers under positive
selection allow for approximating Pr(xij|neutral) from asymp-
totic theoretical or empirical distributions. Therefore, composite
tests considering only the distributions under neutrality are more
appropriate for cattle data.

The original CMS score can be modified to take advan-
tage of the assumed distributions under neutrality in order to
relax demographic assumptions and avoid expensive simula-
tions. The most essential modification involves reformulating the
problem of detecting markers departing from neutrality. Instead
of considering the assessment of whether a marker has been
selected or not, one can look for support from the data against
the null model, i.e., that the marker does not fit well to the
neutral model. First, let the new CMS score be the approxi-
mate joint posterior probability of a given variant not being
neutral:

CMSnew = Pr
(
not neutral

∣∣xij
)

=
s∏

j = 1

Pr(xij|not neutral)Pr(not neutral)

Pr
(
xij

∣∣neutral
)
Pr(neutral)

+ Pr
(
xij

∣∣not neutral
)
Pr(not neutral)

Here, Pr(xij|neutral) is computed directly from its theoret-
ical distribution, and Pr

(
xij

∣∣ not neutral
)

is computed as
1 − Pr(xij|neutral). Also, it can be assumed that the prior
Pr(not neutral) = 1 − Pr(neutral). Therefore, the new CMS score
can be re-written as:

CMSnew =
s∏

j = 1

[
1 − Pr

(
xij

∣∣neutral
)]

[1 − Pr(neutral)]

Pr
(
xij

∣∣neutral
)

Pr(neutral)
+ [

1 − Pr
(
xij

∣∣neutral
)]

[1 − Pr (neutral)]

Likewise, the genome-wide modified CMS scores can be reformu-
lated as:

CMSGW − new =
s∏

j = 1

Pr(xij|not neutral)

Pr(xij|neutral)
=

s∏
j = 1

1 − Pr(xij|neutral)

Pr(xij|neutral)

It is important to note that this modification does not allow for
the same interpretation as the original CMS method: the compos-
ite likelihood does not indicate selection, but rather, that a marker
does not fit well the neutral model.

META ANALYSIS OF SELECTION SIGNALS (META-SS)
Following the ideas expanded from the landmark publication of
Grossman et al. (2010), given the probabilities under the null
hypothesis for each test, our interest is to identify loci present-
ing consistent rejection of the neutral model across the different

tests. For any given statistic, p-values are uniformly distributed in
the interval between 0 and 1 under the null hypothesis. This prop-
erty makes possible to use an inverse CDF, such as the Gaussian
density, to produce scores for each test derived from a single the-
oretical distribution. Therefore, for each SNP i and test j, a new
score can be computed as Zij = �−1(1 − Pij), where Pij is the
p-value. These Z-transformed p-values can be then averaged and
standardized to produce a composite score.

We have previously described meta − SS (Utsunomiya et al.,
2013), an abstraction of the Stouffer Z-transformation for com-
bining different selection signals using the aforementioned frame-
work. As the Stouffer method assumes the tests are uncorrelated
under the shared null hypothesis and the use of pair-wise compar-
isons produce correlated scores, a weighted average was originally
proposed to penalize dependent tests:

meta − SS =
∑s

j = 1 ωjZj√∑k
j = 1 ω2

j

where ωj is the weight for test j. In this setting, a uniform penal-
ization can be applied to control for the inflation of correlated
tests. As this penalization does not incorporate the strength of
correlations among tests, the meta − SS test can be modified
to explicitly account for the magnitude of correlations between
scores. Considering all scores are equally weighted, the corrected
composite score can be computed as:

meta − SS =
∑s

j = 1 Zj√
k + 2R

where R is the sum of all pairwise Pearson’s product-moment
correlations. Under the hypothesis of neutrality, these com-
posite scores are distributed as N(0, 1), so the higher is the
Z-transformed value, the worse the marker fits the neutral model.
Upper tail p-values can then be obtained from the standard
normal CDF.

Obvious limitations from meta − SS and CMS is the inabil-
ity to incorporate statistics for which p-values cannot be derived.
Randhawa et al. (2014) proposed Composite Selection Signals
(CSS), a nonparametric interpretation of meta − SS, where frac-
tional ranking is used instead of p-values to combine different
tests. Briefly, the vector of test statistics for method j is first
sorted and then ranked, taking values 1, . . . , k. Next, the vec-
tor of ranks is re-scaled by dividing all elements by k + 1, thus
producing a variable ranging from 0 to 1. These re-scaled ranks
are treated as they were p-values for the test statistics, and then
combined as in the meta − SS approach. This strategy is equiv-
alent to computing probabilities from an empirical CDF using a
step function, as discussed earlier, which has an appealing fea-
ture: as fractional ranking can be generated for any particular
test, signature blending is made feasible even if the theoreti-
cal distributions are unknown or if scores have been averaged
in chromosome windows. However, a caveat is that the magni-
tude of the actual test statistics may be lost, so one may expect
loss of power compared to the use of theoretical or simulated
distributions.
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PRINCIPAL COMPONENTS ANALYSIS
Simianer et al. (2014) proposed combining different tests by
applying an eigendecomposition of the correlation matrix of the
scores. The attractive feature of this method is the possibility
of using standardized scores instead of approximate probabili-
ties. However, as each principal component has heterogeneous
loadings from each test, deriving a single synthetic score that
summarizes all different tests remains a challenge in this
framework.

CHALLENGES AND FUTURE DIRECTIONS
In theory, genome-wide genotypes are a vast source of informa-
tion that can be explored in the search for large effect mutations
that underwent selection. However, the existing data and meth-
ods still suffer from power issues and confounding effects that can
give rise to false positive and false negative signals.

Although simulations suggest that only marginal gains in
power are obtained when the sample size is increased from
tens to hundreds of unrelated samples, marker density and
allele frequency spectrum seems to impact power dramatically
(Lappalainen et al., 2010; Simianer et al., 2014). Genotypes
derived from commercial SNP arrays have two important limita-
tions in this context: (1) incomplete genome coverage by markers;
and (2) ascertainment bias. The search for SS must be pref-
erentially performed using high density SNP panels, although
optimal average intermarker distances to detect a sweep may vary
depending on the effective population size, extent of linkage dise-
quilibrium and the nature of the signal. Regarding ascertainment
bias, commercial SNP arrays are suitable for cattle populations
that are closely related to the breeds used in the SNP discov-
ery process, but there is no guarantee they will be informative in
genetically distant populations. Indeed, with a few exceptions, lit-
tle congruence has been reported between candidate selected loci
identified using whole genome sequence and different commer-
cial genotyping platforms in African humans not included in the
HapMap data (Lachance and Tishkoff, 2013). Altogether, these
arguments suggest that re-sequencing data is the optimal choice
in SS studies in cattle. At some extent, the HD assay is appropriate,
as it has a high-density coverage of the genome with SNPs that are
less biased than competing panels.

Another important source of confounding comes from the
methods available to detect SS. First, all methods assume that
individuals have no recent relationships in their pedigrees, a con-
dition that is hardly true and generally ignored. It is essential to
filter the data for cryptic relationships and assure to include only
samples that are unrelated for at least two generations. Second,
most of the methods rely on haplotypes and SNP coordinates, so
further improvement of phasing strategies and of the bovine ref-
erence genome assembly is crucial to assure high quality results.
Third, variants can depart from neutrality not only due to pos-
itive selection, but also as consequence of demographic events
such as bottlenecks, genetic drift and admixture. Distinguishing
loci under selection from neutrally evolving loci remains a major
challenge in the field, and will require refinement of existing
methods and development of new tests. Nevertheless, combin-
ing signals across different methods seems to be a promising
approach to mitigate the individual methodological limitations.

Also, when available, the concomitant analysis of environmental
data (e.g., temperature, humidity, precipitation, disease preva-
lence, etc.) may be of great help in distinguishing true positives
and accelerating the link between signal and phenotype (Lv et al.,
2014).

Well-planned study designs will be crucial to exploit the full
potential of SS in the detection of large effect mutations favored
by selection. The identification of common adaptive phenotypes,
together with geographical information data, should be an impor-
tant player in sampling and decisions of population comparisons.
Cattle breeds that are not highly productive but that exhibit
genetic local adaptation should be considered as priority targets,
as their environmental fitness was probably forged by hundreds
of years of natural and artificial selection. In the context of arti-
ficial selection for complex traits, as large cattle pedigree cohorts
for genomic selection become available, it will be soon possible to
actually assess rapid changes in allele frequency using historical
data, rather than present date data only. First demonstrations of
such ideas were presented by Decker et al. (2012), and are likely to
be incorporated as routine monitoring tools of genomic resources
in breeding programs in the future.

Recently, comparing candidate loci across GWA studies has
been facilitated in cattle with the advent of the Animal QTLdb
(Hu and Reecy, 2007). Similarly, results from a SS scan on the
human 1000 Genomes data reported by Grossman et al. (2013)
were made available through the CMS viewer tool (available
at: http://www.broadinstitute.org/mpg/cmsviewer/). Pybus et al.
(2014) have also launched a comprehensive database of SS in
the 1000 Genomes data (available at: http://hsb.upf.edu/). The
research community would highly benefit from the development
of a SS database for livestock species, which would not only
facilitate cross-referencing, but would also help researchers will-
ing to dig deep into the functional meaning of the signals to
select promising candidates emerging from multiple preexisting
studies.

Finally, similarly to the recent developments in human SS
(Kamberov et al., 2013), unraveling the functional relevance
of the putative selected variants will demand interdisciplinary
reasoning, compilation of a wide range of data types (e.g., tran-
scriptomic, proteomic), and assemblage of an arsenal of post-hoc
assays, such as genomic editing, culture, phenotyping and chal-
lenge of specific cell lines, production of knock-out models,
and generation of cross-bred lines for confirmatory segregation
analyses.
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The domestication of the aurochs took place approximately 10,000 years ago giving rise

to the two main types of domestic cattle known today, taurine (Bos taurus) domesticated

somewhere on or near the Fertile Crescent, and indicine (Bos indicus) domesticated in

the Indus Valley. However, although cattle have historically played a prominent role in

human society the exact origin of many extant breeds is not well known. Here we used

a combination of medium and high-density Illumina Bovine SNP arrays (i.e., ∼54,000

and ∼770,000 SNPs, respectively), genotyped for over 1300 animals representing 56

cattle breeds, to describe the relationships among major European cattle breeds and

detect patterns of admixture among them. Our results suggest modern cross-breeding

and ancient hybridisation events have both played an important role, including with

animals of indicine origin. We use these data to identify signatures of selection reflecting

both domestication (hypothesized to produce a common signature across breeds) and

local adaptation (predicted to exhibit a signature of selection unique to a single breed

or group of related breeds with a common history) to uncover additional demographic

complexity of modern European cattle.

Keywords: cattle, Bos taurus, Bos indicus, phylogeography, adaptation, SNP array

Introduction

Modern cattle comprise two species, Bos taurus and Bos indicus, both derived from the extinct
aurochs (B. primigenius). The divergence between the two species has been dated ∼250,000 years
ago on the basis of mitochondrial DNA haplotypes (Bradley et al., 1996). The two species are
interfertile and a number of hybrid breeds have been established (e.g., the American Beefmaster
that was established from a Shorthorn × Hereford × Brahman cross). The details of cattle
domestication have been a contentious, and arguments in favor of two or three domestication
events have been put forward. The hypothesis arguing for two domestication sites suggests that
taurine cattle were domesticated in the Fertile Crescent, likely from B. primigenius, while indicine
cattle were domesticated in the Indus valley, likely from B. primigenius namadicus (Loftus et al.,
1994; Troy et al., 2001; Lewis et al., 2011). The hypothesis arguing for three domestication sites
adds a Northeast African center, that gave rise to the African taurine breeds deriving form B.
primigenius opisthonomous (Wendorf and Schild, 1994; Payne and Hodges, 1997). Mitochondrial
DNA evidence suggests that two main lineages were domesticated, one now typical of taurine
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breeds, and the other now typical of indicines (Loftus et al.,
1994; Bradley et al., 1996). The domestication process is thought
to have originated sometime between 8000 and 10,000 years
ago (Ajmone-Marsan et al., 2010; Gautier et al., 2010; Lewis
et al., 2011). Several potential routes have been hypothesized to
explain the dispersal of taurine cattle from the Fertile crescent,
mediated by Neolithic farmers, including alternative routes into
Europe, occurring on at least two occasions (a Danubian route
and a Mediterranean route Payne and Hodges, 1997; Pellecchia
et al., 2007; Ajmone-Marsan et al., 2010; Taberlet et al., 2011). As
aurochs only became extinct recently (Machugh et al., 1998; Beja-
Pereira et al., 2006), it is possible that both taurine and indicine
cattle crossed with their wild ancestor during their expansion out
of the domestication centers, although the evidence supporting it
is much debated (Troy et al., 2001; Gotherstrom et al., 2005; Beja-
Pereira et al., 2006; Bollongino et al., 2008; Perez-Pardal et al.,
2010; Edwards et al., 2011).

Several studies have addressed the population structure and
phylogenetic relationships between taurine and indicine cattle
breeds. Initially, studies were based on allozymes, mitochondrial
DNA sequences, and microsatellites (Loftus et al., 1994;
Medjugorac et al., 1994; Bradley et al., 1996; Machugh et al., 1998;
Kantanen et al., 2000; Hanotte et al., 2002; Gautier et al., 2007)
describing patterns of genetic variation in cattle, e.g., the two
main lineages and differentiation between taurine and indicine
breeds, albeit largely focusing on taurines. Nevertheless, such
studies identified a clear differentiation between breeds from the
two species, and between African and European taurines (Gautier
et al., 2007). Interestingly, this handful of markers separated
the African taurine breeds (e.g., Lagune, N’Dama and Somba)
living in tsetse fly endemic regions from those that did not
co-occur with these flies (e.g., Kuri and Borgou), suggesting
that demographic signals among these breeds are strong and
possibly related to properties of the environment they occupy.
Recently, surveys of genome-wide genetic variation in many
breeds have been carried out using SNP arrays (Bovine Hapmap
et al., 2009; Mctavish et al., 2013; Decker et al., 2014). These
more comprehensive analyses included tens of thousands of SNPs
distributed across all chromosomes genotyped in several breeds
from around the world. With these data, the differentiation
between taurine and indicine breeds has been measured at
approximately 10%, with approximately 5% for the divergence
between African and non-African taurines (Gautier et al., 2010;
Mctavish et al., 2013; Decker et al., 2014). Analyses using this
type of large-scale data further identified a split between African
longhorn taurines (N’Dama) and shorthorn taurines (e.g., Somba
and Lagune—Gautier et al., 2010). Such analyses have also proved
powerful enough to identify the mixed indicine/taurine genetic
component of recently established hybrid breeds such as Santa
Gertrudis and Beefmaster (Gautier et al., 2010; Mctavish et al.,
2013).

Cattle are the most common large livestock species in the
world; the global population size of which is approximately 1400
million animals (Felius et al., 2011; Taberlet et al., 2011). Among
these, 1311 breeds have been recognized, 209 of which are now
extinct (Rischkowsky and Pilling, 2007). Since domestication,
cattle have spread around the world, with farmers selecting

animals with desirable characteristics and establishing many
breeds. This process, while not passive, was until recently slow
and resulted in animals becoming adapted to the local conditions,
e.g., feed types, local weather, and diseases (Wood, 1973; Cobb,
2006; Russell, 2007). The last two centuries saw a dramatic
acceleration in the process of artificial/directional selection,
largely as a consequence of the development of the breed concept,
artificial insemination, and the development of statistical
approaches used to estimate breeding values used to choose sires
and dams for breeding purpose. This has limited the intercrossing
between animals of divergent genetic background in order to
increase or maintain breed purity, especially in dairy cattle [in
beef cattle, conversely, cross-breeding is often used to exploit also
non-additive genetic variation i.e., heterosis (Simm, 1998); still,
pure lines for cross-breeding need to be selected andmaintained].
Additionally, as a consequence of artificial insemination and
marketing policies, few “champion” males with characteristics of
interest have been used extensively to fertilize large proportions
of females. The above developments have led to: (i) intense
within-breed (or line) selection; (ii) importation/exportation
of elite breeding stock to different environments/countries
(migration); (iii) strong founder effect of “champion/top ranked”
males both in breed formation or in already established breeds
whose effective population size has thus been shrunken; (iv)
larger genetic drift as a consequence of breed isolation. Generally,
by trying to keep breeds pure, gene-flow among them has been
reduced or even halted (unless done to improve breeds by
upgrading Felius et al., 2011), and by using relatively few males
to fertilize many females, inbreeding is increased (Taberlet et al.,
2011). These approaches are used to manipulate the properties of
a breed at the expense of the decrease in the genetic variability
(Bulmer, 1971) which may be accompanied by a decrease in
genetic health of the breed (e.g., reduction in fertility in Holstein
cattle via the increase in frequency of deleterious variants through
the process of inbreeding) (Pryce et al., 1997, 2004; Biffani et al.,
2005). Overall, this change in farming practices resulted in a
change from limited selection throughout much of the domestic
history of cattle (∼9800 years) to relatively stronger selection in
the last∼200 years.

The relatively rapid distribution of cattle around the world
over the last ∼10,000 years suggests that populations have
been potentially exposed to selective pressures deriving from
the environmental variables that they had not been exposed
previously, e.g., diseases occurring outside of the domestication
centers (Hanotte et al., 2002; Felius et al., 2014; Xu et al.,
2014). Consequently, while some cattle breeds represent recent
introductions to new geographical areas such as the New World
or Oceania, other breeds represent long established populations
outside of the domestication center. The genetic makeup of such
populations is a valuable source to understand the processes
driving local adaptation, as the former represent genetic pools
currently being shaped by local selective pressures (i.e., may serve
as examples of selection in action) (Flori et al., 2012), while
the latter represent established populations where the extant
genetic variation reflects the outcome of local adaptation (Felius
et al., 2014). In particular, long established local breeds are
likely to represent the reservoirs of important genetic variation
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with adaptive potential that needs to be characterized (Taberlet
et al., 2011; Felius et al., 2014) before it possibly disappears as
a consequence of the widespread use of a handful of industrial
breeds among others (Fao, 2007; Thornton, 2010; Herrero and
Thornton, 2013; Perry et al., 2013).

Here, we collated a large-scale genome-wide dataset of
SNP polymorphism in cattle breeds from around the world
representing published taurine and indicine breeds, and new
data for four European taurine breeds, all genotyped for a
common set of ∼35,000 SNPs in over 1300 animals. We used
these data to characterize the distribution of genetic variation
among cattle breeds around the world, and the genealogical
relationships between these breeds. The dataset described here
represents multiple breeds from various continents (e.g., multiple
European and African taurines, as well as Asian and African
indicines) providing a unique experimental set up that allows
searching for signatures of selection that are consistent across
multiple breeds from different continents. This approach enables
to separate signatures of selection that may be breed specific
from selection signals common for several breeds occurring in
the same geographic region. We extend the published dataset
with new SNP data to a case study where we compare white
cattle breeds of conservation concern in the UK (White Park and
Chillingham) with a candidate Roman ancestor, the Chianina, to
help resolve the commonly held belief of a Roman origin of the
Welsh White Park cattle (Felius et al., 2011).

Materials and Methods

SNP Array Data
SNP array data was obtained for a total of 1346 animals
representing 46 cattle breeds, and four species related to
cattle (B. gaurus—Gaur, B. javanicus—Banteng, B. gruniensis—
Yak, and Bison bison—Bison) used as outgroups (Table 1).
The data comprises a combination of previously published
datasets and new data collected for this study. The published
data represents breeds published by Gautier et al. (2009);
Gautier et al. (2010) and the Bovine HapMap project (Bovine
Hapmap et al., 2009) genotyped with Illumina’s BovineSNP50
v.1 and v.2 chip assay, respectively (Bovine Hapmap et al.,
2009) (Table 1). Four new breeds were genotyped with the
BovineHD Beach Chip for this project, namely, Welsh While
Park (Dinefwr), Chianina, Romagnola and Chillingham. All SNP
coordinates were converted to UMD3.1 bovine assembly (RefSeq:
GCF_000003055.5). The datasets were merged using PLINK v1.7
(Purcell et al., 2007). The merged dataset was filtered to keep only
individuals with 95% of their SNPs called and SNPs with 95% call
rate across all samples. The SNPs and individuals that did not
pass these filters were discarded. The total SNPs left in the dataset
was 36,503 (data is available upon request from the authors). The
data for each breed was phased with fastPHASE v1.4 (Scheet and
Stephens, 2006).

Population Divergence
An analysis of population structure was carried out using the
software Admixture v1.22 (Alexander et al., 2009), which uses
a model-based estimation of indivdual ancestry for a range

of prior values of K defined by the user. A cross-validation
approach is used to determine the most likely number of
populations (K) in the data. For each tested value of K, Admixture
estimates the proportion of each individual’s genotype deriving
from each cluster. The values of K tested were in the range
between 1 and 60 to accommodate potential population structure
within breeds. For this analysis we excluded outgroup samples,
breeds represented by fewer than 10 individuals, and SNPs
with a minimum allele frequency lower than 0.01, linkage
disequilibrium higher than 0.1 using a sliding window approach
of 50 SNPs and a step size of 10 SNPs (Alexander et al.,
2009). A principal components analysis was carried out using
flashpca v1.2 (Abraham and Inouye, 2014) with default settings
in order to investigate the ordinal relationships among breeds
and individuals. Lastly, a NeighbourNet network was constructed
using Reynold’s distance among breeds using Splitstree v4.13.1
(Huson and Bryant, 2006), and a dendrogram using the same
genetic distance and 100 bootstrap replicates to assess the
statistical support of breed; clustering was performed using
Phylip v3.69 (Felsenstein, 1993).

Within this framework, the Welsh White Park cattle breed
was analyzed along the other cattle breeds to identify their
relative position within the dendrogram and PCA explaining
the similarities between cattle breeds. In particular, the common
belief of a Roman origin of the Welsh White Park was addressed
by comparing the position of this breed in relation to the
Italian breeds, in particular the large Chianina breed, one of the
oldest cattle breeds originating from the region of Valdichiana
in central Italy, and Romagnola. Additionally, we estimated the
relationships between Welsh White Park and other 17 breeds in
the dataset using Treemix v1.12 (Pickrell and Pritchard, 2012)
in order to determine the historical relationships between these
breeds in terms of splits and migration (mixtures) between
breeds. The breeds used for this analysis were Welsh White
Park, the Italian Chianina, Romagnola (ROM), and Piedmontese,
the British breeds Chillingham, Hereford, Angus, Jersey (JER),
as well as five other non-African taurines (Holstein (HOL),
Brown Swiss, Charolais, Normande, Vosgienne), the four African
taurines Baoule, Lagune, Somba and N’Dama (NDA), and the
indicine breed Brahman as outgroup. Treemix was run iteratively
for values of the migration parameter between 0 and 12. The
f index representing the fraction of the variance in the sample
covariance matrix (Ŵ) accounted for by the model covariance
matrix (W) was used to identify the number of modeled
migration events that best fitted the data (Pickrell and Pritchard,
2012).

Demographic Estimation
Recent demographic history was measured by the trend in
effective population size (Ne) change over the last 8000 years
using the software SNeP v1.0 and default settings (Barbato
et al., 2015). Loci with missing data were excluded from this
analysis, as well as SNPs with a minimum allele frequency
(MAF) smaller than 5% (Sved et al., 2008; Corbin et al.,
2012). Linkage disequilibrium (LD) was calculated between each
pair of SNPs separated by a minimum distance of 5 kbp and
maximum distance of 1 Mbp using Hill and Robertson’s r2
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TABLE 1 | Breed abbreviations and species identification.

Abb BN Tax D N Ho F

ABO Abondance Bos taurus 2 22 0.308 0.089

ANG Angus Bos taurus 1 61 0.305 0.098

AUB Aubrac Bos taurus 2 22 0.301 0.112

BPN Bretonne black pied Bos taurus 2 18 0.317 0.064

BRU French brown swiss Bos taurus 2 18 0.288 0.150

BSW Brown swiss Bos taurus 1 24 0.280 0.171

CHA Charolais Bos taurus 1 20 0.314 0.071

CHL Charolais Bos taurus 2 26 0.320 0.054

GAS Gascon Bos taurus 2 22 0.305 0.100

GNS Guernsey Bos taurus 1 21 0.275 0.188

HFD Hereford Bos taurus 1 31 0.304 0.101

HO2 Holstein Bos taurus 2 31 0.316 0.066

HOf Holstein Bos taurus 1 30 0.313 0.077

HOL Holstein Bos taurus 2 64 0.319 0.057

JE2 Jersey Bos taurus 2 28 0.263 0.223

JEf Jersey Bos taurus 1 21 0.277 0.180

JER Jersey Bos taurus 2 28 0.263 0.223

LMS Limousin Bos taurus 1 44 0.309 0.086

MAN Maine-Anjou (Rouge des Près) Bos taurus 2 16 0.303 0.105

MAR Maraichine (Parthenaise) Bos taurus 2 19 0.318 0.059

MON Montbeliarde Bos taurus 2 30 0.299 0.116

NOR Normande Bos taurus 2 30 0.307 0.094

NRC Norwegian red cattle Bos taurus 1 21 0.317 0.063

OUL Oulmès Zaer Bos taurus 2 27 0.288 0.149

PMT Piedmontese Bos taurus 1 24 0.321 0.053

PRP French red pied lowland Bos taurus 2 22 0.325 0.039

RGU Red Angus Bos taurus 1 15 0.305 0.100

RMG Romagnola Bos taurus 1 24 0.291 0.141

ROM Romagnola Bos taurus 3 13 0.293 0.134

CHI Chianina Bos taurus 3 14 0.285 0.158

CIL Chillingham Bos taurus 3 16 0.026 0.924

W_P White park Bos taurus 3 15 0.245 0.276

SAL Salers Bos taurus 2 22 0.285 0.157

TAR Tarine Bos taurus 2 18 0.300 0.113

VOS Vosgienne Bos taurus 2 20 0.312 0.078

BAO Baoule Bos taurus 2 29 0.216 0.362

LAG Lagune Bos taurus 2 30 0.183 0.460

NDA N’Dama Bos taurus 1 25 0.209 0.381

ND1 N’Dama Bos taurus 2 14 0.235 0.307

ND2 N’Dama Bos taurus 2 17 0.237 0.299

ND3 N’Dama Bos taurus 2 25 0.210 0.381

SOM Somba Bos taurus 2 30 0.217 0.359

BRM Brahman Bos indicus 1 25 0.190 0.440

GIR Gir Bos indicus 1 24 0.160 0.528

NEL Nelore Bos indicus 1 21 0.161 0.524

ZBO Zebu Bororo Bos indicus 2 23 0.240 0.292

ZFU Zebu Fulani Bos indicus 2 30 0.241 0.289

ZMA Zebu from Madagascar Bos indicus 2 30 0.194 0.427

BMA Beefmaster hybrid 1 24 0.328 0.031

SGT Santa Gertrudis hybrid 1 24 0.313 0.075

(Continued)
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TABLE 1 | Continued

Abb BN Tax D N Ho F

BOR Borgou hybrid 2 30 0.263 0.222

KUR Kuri hybrid 2 30 0.261 0.229

SHK Sheko hybrid 1 20 0.250 0.260

SIM Simmental Bos taurus 1 3 NA NA

GBV Gelbvieh Bos taurus 1 3 NA NA

OBB North American Bison Bos Bison 2 4 NA NA

OBJ Banteng Bos javanicus 1 2 NA NA

OGR Gaur Bos gaurus 1 4 NA NA

OYK Yak Bos grunniens 1 2 NA NA

The three letter code used to identify the breed throughout the manuscript is shown (Abb), along with the breed name (BN) and the taxonomic status indicating the species name or
whether the breed is a B. taurus x B. indicus hybrid (Tax), the data set’s origin (D), namely Bovine Hapmap Consortium (1), Gautier et al., 2010 (2), this study (3), the breed’s sample
size (N), the observed heterozygosity (Ho), and the inbreeding coefficient (F).

(Hill and Robertson, 1968). LD values were grouped in 30
distances bins, such that each bin represented approximately
the same number of pairwise LD estimates used to estimate Ne
(Barbato et al., 2015). Within each bin the mean r2 was calculated
and used to estimate Nt = 1/(4f (c)) (1/r2 − 1), where f (c) = c
[(1−c/2)/(1−2)2] (Sved, 1971); c is the linkage distance inferred
from the physical distance between SNPs assuming 1 Mb ∼ 1
cM and Nt represents the effective population size estimate at
t = 1/2c generations ago.

Signatures of Selection
As the dataset analyzed here comprised B. taurus breeds from
Europe and Africa, as well as B. indicus breeds from Asia and
Africa, we sought to identify signatures of selection in a replicated
manner (Figure 1). Initially we compared four taurine breeds
(two European—Gascon andChianina; and twoAfrican—Baoule
and N’Dama) with four indicine breeds (two African – Zebu
Fulani and Zebu Bororo; and the Asian Gir and Brasilian Nelore;
Nelore was recently derived from Indian Ongole cattle, therefore,
we broadly refer to these breeds as Asian indicine) to identify
signatures of selection between B. taurus and B. indicus. Within
B. taurus, we randomly chose three European breeds to compare
against three African breeds in order to identify selection
signatures specific to breeds in these continents. In the same
way, for B. indicus we compared three Asian breeds against three
African breeds (Figure 1). In contrast to previous studies, this
experimental design enabled us identifying potential signatures
of selection reflecting adaption to the local environment, instead
of breed specific signatures that potentially reflect the breed’s
particular history.

The test of selection used was the cross population extended
haplotype homozygosity test (XP-EHH) calculated for each SNP
in the dataset as implemented in Selscan v1.0 (Szpiech and
Hernandez, 2014). Selscan was used with default settings except
for the maximum gap in bp allowed between SNPs, which
was set to 400,000 to address the BovineSNP50 SNP density.
For the comparisons between taurine and indicine breeds the
following pairwise combinations were used: N’Dama (African
taurine)/Gir (Asiatic indice), Gascone (European taurine)/Zebu
Bororo (African indicine), Baoule (African taurine)/Zebu Fulani

FIGURE 1 | Pairwise comparisons for analysis of selection. Each box

corresponds to one of the three types of pairwise comparisons carried out to

detect signatures of selection. The blue box (comparison 1) indicates the

comparison between four taurine and four indicine breeds used to detect

signatures of selection between these breeds. The red box (comparison 2)

shows the taurine breeds used in the comparison between African and not

African breeds. The green box (comparison 3) shows the indicine breeds used

in the comparison between African and not African breeds.

(African indicine) and Chianina (European taurine)/Nelore
(Asian indicine). For the within-taurine comparison three
pairwise tests were done between a European breed and an
African breed, and for the within-indicine comparison three
pairwise comparisons were carried out between an Asiatic breed
and an African breed (Figure 1). For each pairwise comparison,
the XP-EHH results where standardized for each chromosome
separately, and the 5 and 95% quantiles of the standardized XP-
EHH distribution for all markers where used as threshold to
identify outlier SNPs, i.e., SNPs with XP-EHH values equal or
smaller (more negative) or equal or larger (more positive) than
the chosen thresholds. As multiple XP-EHH were carried out for
each comparison (e.g., four comparisons between taurine and
indicine breeds) this analysis was the equivalent of a replicated
test. We took advantage of this design to identify SNPs under
selection as those that showed for several pairwise comparisons
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an extreme XP-EHH with the same sign (e.g., all pairwise
comparisons should an extreme positive XP-EHH).

For the between species comparison we defined the consistent
SNPs under selection as those showing the same XP-EHH trend
in at least three of the four pairwise comparisons. We did
not restrict ourselves to only those SNPs where the four tests
showed the same result to avoid excluding SNPs that failed to
pass the 5% MAF threshold within a particular breed but which
showed a consistent signature of selection across the remaining
three comparisons. For the within species comparison of breeds
occurring on different continents we identified consistent SNPs
under selection as those showing an extreme XP-EHH with
the same sign in each of the three comparisons made. The
SNPs showing consistent signatures of selection across multiple
pairwise comparisons where linked to neighboring genes using
a window approach of 50K base pairs, and a Gene Ontology
analysis was carried out on these SNPs using Gorilla (www.
cblgorilla.cs.technion.ac.il; Eden et al., 2009).

Results

Of the 36,503 SNPs analyzed in 1345 animals representing
taurine and indicine breeds, the observed heterozygosity varied
between a minimum of 0.026 (Chillingham) and a maximum
of 0.33 (the hybrid breed Beefmaster; Table 1). The comparison
of expected heterozygosity (unbiased to sample size) between
the taurine and indicine breeds was not significant, as well
as the comparison between breeds in and out of Africa (all
Welch t-test p-values > 0. 2). However, the average observed
heterozygosity in taurine breeds was slightly larger than that in
indicine breeds [0.28 standard deviation (sd) 0.05 and 0.20 sd
0.04, respectively]. The average expected heterozygosity across
breeds in both datasets was similar, i.e., 0.34 sd 0.0001. The
inbreeding coefficient (FIS) was significantly lower for taurine
breeds (FIS: 0.18 sd 0.16) than for indicine breeds (FIS: 0.42 sd
0.11; Welch t-test p-value: 0.0011). Within B. taurus, the African
breeds presented a significantly higher inbreeding coefficient
than the non-African taurines (Welch t-test p-value: 1.54×10−7).
Similarly, the non-African taurines also presented significantly
lower FIS values than either of the groups of indicine breeds
(Welch t-test p-value: 1.84 × 10−5 and 0.026, respectively).
Among the non-African taurines, the Chillingham presented by
far the highest inbreeding coefficient of the entire dataset (FIS:
0.92), on average five-fold larger than other taurines, and two-
fold larger than the indicine breeds. The Welsh White Park is
thought to be related to the Chillingham breed, but presented
an observed heterozygosity (0.245) only slightly smaller than the
average value observed in the other non-African taurines. The FIS
value for Welsh White Park (0.27) was less than a third of that of
Chillingham but still almost twice the average across the other
non-African taurine breeds (0.14 sd 0.14). With the exception of
Chillingham, the four breeds genotyped here presented typical
observed heterozygosity and FIS values for European taurine
breeds (Table 1). Removing from the analysis the breeds with
samples sizes smaller than 20 did not change the results (results
not shown).

Admixture and Genetic Relationships
Admixture analysis between taurine and indicine breeds was
initially run for values of the number of clusters (K) between 1
and 60. The cross validation (CV) statistic used to choose the
most suitable number of clusters had its lowest value at K =

60. However, the shape of the CV curve suggested that higher
K values may present lower CV. Consequently, we carried out
runs of Admixture for larger values of K (e.g., 80). However,
the CV values continued to reduce the larger the K numbers
tested (SM Figure 1). While it may be possible that some family
structure within breeds explains this trend, the substantially
longer run time needed by the algorithm for such K values
combined with the small decrease in CV suggests that clustering
solutions larger than K∼60 potentially represent spurious results
(a similar observation was made by Mctavish et al. (2013) who
only achieved marginal increases on the likelihood scores using
structure in their cattle dataset for values of K beyond 3).

The hierarchical clustering analysis with Admixture showed
that the largest difference for K = 2 was between taurine and
indicine breeds. Conditioning the data to K = 3 separated the
taurine breeds with an African origin from the non-African,
suggesting a large differentiation between taurine breeds in these
two groups of samples (Figure 2). Contrastingly, for values
up to K = 10, the African indicine breeds presented a
remarkably similar distribution of genetic variation to that of
the Asian indicine breeds, which did not form a separate cluster.
Nonetheless, the African indicine breeds consistently presented
a distinctive proportion of their genotype representing taurine
ancestry throughout the analysis (a pattern almost entirely
absent in the breeds of Asian origin). The B. taurus/B. indicus
hybrids show a genetic make-up consisting of non-African
taurine and B. indicus genetic components (Beefmaster and Santa
Gertrudis), or African taurine and B. indicus (Borgou, Kuri,
and Sheko).

The Admixture analysis was complemented with a principal
component analysis (Figure 3). The first principal component
(PC1) explained ∼10% of the total variation in the data and
separated taurine form indicine breeds. Besides of PC1, the
only other component explaining a substantial part of the
variance was PC2 (∼5%), which separates the African taurine
from the remaining taurine, as well as the African indicine
from the Asian indicine breeds. PC3 to PC7 explained between
less than 2 and 1.4% of the variance, while the remaining
components explained less than 1% of the total variance, thus
were not taken into consideration. PC3 separated Holstein
from the remaining taurine breeds. PC4 identified a group of
British breeds formed by Angus, Red Angus and Hereford, and
PC5 identified a component of variation specific to Hereford
separating it from the other taurines. PC6 identified the
Chillingham cattle as well as the Jersey breed, and PC7 identified
a specific component of variation to Chillingham separating it
from the remaining taurine breeds. The combination of PC1
and PC2 identify the major groups of individuals described
here in terms of species and geographic component (Figure 3A)
with the hybrid breeds occurring between these. As expected
from the Admixture analysis, the breeds Kuri, Borgou, and

Frontiers in Genetics | www.frontiersin.org June 2015 | Volume 6 | Article 191 | 146

www.cblgorilla.cs.technion.ac.il
www.cblgorilla.cs.technion.ac.il
http://www.frontiersin.org/Genetics
http://www.frontiersin.org
http://www.frontiersin.org/Genetics/archive


Orozco-terWengel et al. Cattle demography

FIGURE 2 | Analysis of Population Structure. Results of the analysis

of population structure conditioning the dataset to 3 clusters (top row)

and to 51 clusters (bottom row). Each animal is represented by a

straight bar that is colored. The amount of a color reflects the

individual’s proportion of genetic variation originating in the cluster of

that color. Each breed is labeled in the center of its box on the bottom

of each plot. In the top row the non-African taurine breeds are labeled

in blue, the African taurine in red and the indicine (both African and not

African in green). The new datasets produced for this project are

highlighted in green.

FIGURE 3 | Principal Component Analyses. (A) This plots shows PC1

and PC2, which together explain ∼15% of the variance in the dataset. The

ellipses represent: Red=non-African taurine, Purple=African taurine, Dark

Blue=Asian indicine, Light Blue=African indicine. Three letter codes refer to

the breed abbreviations (Table 1). (B) Plot showing PC1 and PC2 of the

analysis of the non-African taurine breeds, which together explain ∼6.5% of

the variance in that dataset. The new datasets produced for this project are

highlighted in green in both (A,B).

Sheko are placed with these principal components between
the group of African taurine and indicine. Similarly, Beef
Master and Santa Gertrudis are placed between the group
of non-African taurine and indicine breeds, although from
this analysis it is not clear whether their indicine genetic
component is more similar to African indicine or Asian
indicine.

The methods described above identified differences between
breeds but did not allow us to determine how these relate to
each other.We therefore estimated aNeighbourNet networkwith
these breeds using Reynold’s distance. The torso of the network
showsmultiple pathways of connection between breeds reflecting
the relatively recent divergence between many populations
(Figure 4). However, the topology of the network resulted in
the pattern expected from the previous analyses (Admixture and
PCA), where a clear separation between taurine and indicine
occurs, as well as the distinct separation between the African
taurine breeds from the non-African taurines. Similarly to the
PCA and in contrast to the Bayesian approach of Admixture,
the network also resolved the African indicine breeds separately
from their Asian counterparts. The dendrogram depicting the
clustering of breeds using Reynold’s distance recovered the
grouping of breeds identified in the PCA with most branches

(83%) supported with high statistical support (bootstrap values
higher than 70%; SM Figure 2). The clustering of the outgroups
was not well resolved, except for the grouping between bison
and yak. The indicine breeds clustered together with the Asian
indicine showing a greater similarity to each other, and then
to the Madagascan zebu. The two African indicine clustered
together and then clustered with the remaining indicines. The
taurine breeds separated into two clusters, one representing the
African taurines and the other the non-African taurines. The
hybrids Beefmaster and Santa Gertrudis clustered together within
the non-African taurine group reflecting their larger taurine
genetic component. Contrastingly, the African hybrids (Sheko,
Borgou, and Kuri) clustered with the indicine breeds suggesting
a higher indicine genetic component in their genotype.

A comparison between the Welsh White Park cattle and the
other British breeds (Chillingham, Hereford, and Jersey) and
Italian breeds (Chianina, Romagnola, Piedmontese) was carried
out to establish whether the UK white cattle have a genetic link
with Roman white cattle, as is popularly believed. The Principal
Components Analysis of this datasets identified the White Park
breed clustering near the other British breeds (i.e., HFD, ANG,
RGU), instead of closer to the Italian breeds (Figure 3B), as
would be expected ifWhite Park cattle had a strong Italian genetic
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FIGURE 4 | NeighbourNet depicting the relationships between cattle breeds. Three letter codes refer to the breed abbreviations (Table 1). The groups marked

with ellipses in Figure 3A were marked with the same colors here as well. The new datasets produced for this project are highlighted in green.

component due to its speculated Roman origin. Similarly, in the
dendrogram, the Italian breeds clustered together and separately
from the Welsh White Park and Chillingham breeds, the latter
two not clustering with any of the other taurine breeds suggesting
their genetic distinctiveness. The Treemix analysis revealed a
similar topology with the Welsh White Park and Chillingham
clustering together and then clustering to Hereford and Angus,
rather than clustering with the Italian breeds (Figure 5, SM
Figures 3, 4). Adding up to seven or eight migration edges to the
tree topology improved the amount of the variance explained by
the phylogenetic model, albeit marginally (f statistic ∼ 0.99965;
Figure 5; Pickrell and Pritchard, 2012). The model without
migration edges already presents an f statistic of 0.9981 (Figure 5
inset), a value above the threshold described previously, and
above which the phylogram was not better explained by adding
additional migration events (Pickrell and Pritchard, 2012; Decker
et al., 2014). However, more migration edges did not seem
to further increase this variance as the f statistic reached an
asymptote between 7 and 8 migration edges (Figure 5 inset). The
largest increase in variance occurred by adding the first migration
edge to the graph from Brahman to the ancestor of Chianina
and Romagnola, consistently with the Admixture results that
suggest these Italian breeds have aminor (∼10%) indicine genetic
component. With the exception of two edges linking Brahman,
Angus and Somba, the remaining migration edges were between
taurine breeds. All migration edges had a weight less than ∼0.2,
with the exception of those from Jersey into Hereford, and from
the ancestor of Hereford, White Park and Chillinghan, into
Charolais, both of which have a weight above 0.4, suggesting the
source population made a substantial genetic contribution to the
recipient breeds.

Demographic History
The trend in historic effective population sizes for each breed was
estimated using the distribution of linkage disequilibrium across
the genome. All breeds showed a declining effective population
size over the last ∼2000 generations (i.e., approximately
8000 years assuming an average generation length of 4 years
throughout these species history; Figure 6). Interestingly the
African breeds showed an average higher effective population size
for each species than the non-African breeds. Consistent with
their hybrid nature, the five hybrid breeds presented a larger
effective population size, probably reflecting the artificial increase
in heterozygosity deriving from the admixture event (Figure 6).

Signals of Selection
A replicated approach using XP-EHH was used to identify
consistent SNPs showing signatures of selection in the dataset
(Figure 1). Four pairwise comparisons between taurine and
indicine breeds were carried out resulting in 10,150 SNPs that
passed the MAF threshold within population and which were
tested in at least three out of the four pairwise comparisons.
Among these SNPs, 3029 (∼30%) showed consistent signatures
of selection in the taurine breeds and 2385 (∼24%) in the
indicine breeds. The comparison between African and non-
African indicine breeds resulted in 9388 SNPs tested, out of which
1768 (∼19%) showed signatures of selection specific to the Asian
breeds and 2049 (∼22%) showed signatures of selection specific
to the African breeds. For the comparison between taurine
breeds, a similar number of SNPs was tested, 9938 SNPs. Of these
1872 (∼19%) showed signatures of selection in European cattle
breeds and 1739 (∼17%) in African breeds. The SNPs showing
consistent signatures of selection were linked to neighboring
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FIGURE 5 | Phylogenetic network of the inferred relationships between

18 cattle breeds. The phylogenetic network inferred by Treemix of the

relationships between Welsh White Park cattle breed and 17 other breeds is

shown with Brahman (BRM) as outgroup. Migration edges between breeds

are shown with arrows pointing in the direction toward the recipient breed of

the migrants, and colored according to the ancestry percent received from the

donor breed. The new datasets produced for this project are highlighted in

green. The inset shows the f index representing the fraction of the variance in

the sample covariance matrix (Ŵ) accounted for by the model covariance

matrix (W), as a function of the number of modeled migration events; the gray

dashed line marks the number of migrant edges beyond which the f statistic

asymptots.

genes that occurred up to 50,000 bp downstream or upstream
of the SNP position. No significantly enriched GO categories
were found for any of the sets of breeds analyzed here. However,
some patterns were observed, e.g., for the candidate SNPs under
selection in Asian indicine several genes related to immunity
were identified, e.g., LIPH (involved in platelet aggregation),
Tespa1 (involve in thymocyte development), CCL14 (activates
monocytes) (SM Table 1). However, interestingly, several RNA
types were identified for several of the groups of breeds
tested (Table 2). For the comparison between taurine and
indicine breeds 6 snoRNA and 10 snRNA were identified
among the taurine breeds, and two miRNA and 1 snoRNA in
the indicine breeds. For the comparison between Asian and
African indicine, a total of three miRNA, 1 snoRNA and 2
snRNA were identified for the Asian breeds and none for the
African, while for the taurine comparison, the opposite was true,
i.e., 1 snoRNA and 1 snRNA were identified for the African
breeds and none for the European breeds. Overall this suggests
that a substantial amount of selection signature occurred near
non-coding RNAs that modify transcription of genes or of other
RNAs.

Discussion

This dataset represents one of the most comprehensive analyses
of B. taurus and B. indicus cattle breed genetic data. Overall
a higher observed genetic variation was observed in taurine
breeds that originated or derived from European cattle breeds
(∼0.29), than in the other cattle breeds. Both African taurine
and indicine breeds presented an intermediate level of observed
heterozygosity (∼0.22 in both sets) and the Asian indicine
breeds presented the lowest observed heterozygosity (∼0.17).
While the observed difference could have a generic demographic
explanation, e.g., a larger effective population size in the taurine
breeds of European descent, such pattern is not consistent
with what has been described with other types of molecular
markers such as microsatellites (Rothammer et al., 2013). The
most likely explanation for this pattern is ascertainment bias
(Gautier et al., 2009; Matukumalli et al., 2009). In particular,
for those breeds not included in the panel of breeds used to
identify SNPs in the BovineSNP50 chip assay, minimum allele
frequencies are expected to be substantially lower and the genetic
variation captured with the chosen SNPs may not be reflective
of the true underlying genetic variation in those breeds. In
this case, SNP discovery was based on the genome sequence
reads of five taurine breeds (Holstein, Angus, Limousin, Jersey,
Norwegian Red) and one indicine (Brahman) breed compared
to the reference genome of a Hereford cow (Bovine Hapmap
et al., 2009). Ascertainment bias deriving from the design of
this SNP array was previously described for a subset of the
dataset analyzed here, where up to 30% of the SNPs had a
MAF > 0.3 in taurine breeds, while only 19% of the SNPs
had an equivalent MAF in indicine breeds (Nelore, Brahman,
and Gir) (Bovine Hapmap et al., 2009). Similarly, the analysis
of Holstein, Angus and Brahman samples carried out with a
subset of the SNPs in the BovineSNP50 chip assay ascertained
in each of the breeds separately, showed how Brahman animals
presented a lower heterozygosity using the taurine SNPs (p-
value < 0.05 and p-value = 0.07, respectively) than using the
indicine SNPs (Neto and Barendse, 2010). Contrastingly, in the
same analysis, for the Holstein and Angus derived SNPs, the
taurine samples presented an observed heterozygosity typical
to that of any other taurine breed. Furthermore, as no African
taurine breeds and most indicine breeds were not included in the
SNP ascertainment, the observed levels of genetic variation are
likely to be an underestimate of the true genetic variation in these
breeds (Matukumalli et al., 2009), and the associated inbreeding
coefficient may consequently be an overestimate of the real ones.
Thus, comparisons of genetic diversity discussed here are only
likely to be meaningful within major genetic groups.

Among all cattle, the British Chillingham breed possessed
unusually low observed heterozygosity (0.026) and an extremely
high inbreeding coefficient (0.92). The Chillingham occurs in
Northumberland, UK, and for the last ∼300 years has lived
in a feral state with almost no human intervention and no
immigration (Visscher et al., 2001). Additionally, this breed
passed through a bottleneck in 1947 where the herd reduced
to five males and eight females. Previous analysis of genetic
variation using 25 microsatellites identified only one marker with
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FIGURE 6 | Demographic history reconstruction. Each plot shows

the trend in effective population size for a set of cattle breeds

between ∼50 and ∼2300 generations ago. The bottom right graph

shows boxplots for the harmonic-mean of the effective population

sizes trends estimated with SNeP for the various groups of cattle

breeds analyzed.

polymorphism (Visscher et al., 2001). Additionally, sequences of
the full mitochondria of eight animals (sequencing depth∼2935x
using next generation sequencing) revealed a single haplotype
in the herd that differentiated them from other taurine breeds
by three mutations, and one mutation (likely to be a recurrent
mutation) that related them to indicine breeds and yak (Hudson
et al., 2012). These studies suggest that Chillingham probably
survives because the population has purged most deleterious
mutations. The results shown here represent the largest study
of genetic variation in this breed so far and did find similarly
low levels of genetic variation in the breed (∼900 polymorphic
SNPs out of ∼35,000). An extended analysis including more
individuals and geneticmarkers in this breedmay identify genetic
variation of evolutionary importance not captured in this study,
as well as shedding light on the distribution of homozygous and
heterozygous tracts in the breed that could be used to monitor its
genetic health.

Population Structure
The analyses of population structure easily identified the taurine
and indicine genetic components in the dataset (Figure 2).

However, when conditioning the number of clusters in the
data to K = 2, the African taurine cattle presented a genetic
composition similar to that of the American hybrid breeds
Beef Master and Santa Gertrudis, the latter two are breeds of
recent origin (less than 100 years old). Increasing the number
of clusters to K = 3 clearly separates the African taurines
in their own cluster, suggesting that despite the strong non-
African taurine and indicine genetic component (as seen for
K = 2), African taurines (both longhorn and shorthorn) have a
substantial third genetic component specific to Africa which may
derive from cross breeding with local aurochs (Mctavish et al.,
2013). Consistent with previous observations, the African taurine
N’Dama (ND1 and ND2) and Somba (SOM) breeds presented
a minor indicine genetic component (Gautier et al., 2010).
Among the hybrids, Beefmaster (BMA) and Santa Gertrudis
(STG) presented a major genetic component of non-African
taurine origin and the remaining of indicine origin, in accordance
with their breed formation. Beefmaster and Santa Gertrudis are
both hybrid breeds of North American origin resulting from
the cross between European taurine cattle of British origin
(Hereford and Shorthorn) and Brahman cattle (Mctavish et al.,
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