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Abstract

Kariuki, C.M. (2017). Breeding strategies for sustainable intensification of
developing smallholder dairy cattle production systems. PhD thesis, Wageningen
University, the Netherlands

Smallholder dairy cattle production systems in Africa are intensifying production
through importation of germplasm from breeding programs conducted in
temperate regions to improve commercial cow populations. Presence of genotype
by environment interaction results in unfavorable correlated responses. The aim
this thesis was to develop strategies for breeding programs in developing countries
that can support sustainable intensification of these systems. Specific objectives
were (a) to determine desired gains for breeding objective traits, (b) compare
progeny testing (PT) and genomic selection (GS) selection strategies, (c) evaluate
the economic performance of PT and GS selection strategies and (d) compare
genetic gains for economic and non-economic breeding objectives; the Kenya dairy
cattle sector was used as a working example. To account for the limited pedigree
and performance recording, a five-trait breeding objective and small-sized breeding
program were studied. Breeding objective traits, determined based on producer
preferences, were milk yield (MY), production lifetime (PLT), calving interval (Cl),
fat yield (FY) and mature body weight (MBW). Producers were categorized into
high intensive group, who placed highest preference on PLT and MY, and low
intensity group that placed highest preferences on Cl and PLT. MY and FY were the
most important traits for processors. Consensus desired gains, based on weighted
goal programming, were 2.51, 2.42, 0.22, 0.87 and 0.15% for PLT, MY, CI, FY and
MBW, respectively. Comparison of breeding schemes shows that GS schemes had
lower accuracies but gave higher responses per year due to shorter generation
intervals. Besides genetic gains, economic performance underpins the adoption of
selection strategies. GS schemes had between 3.2 and 5.2-fold higher cumulated
genetic gain in the commercial cow population and higher gross margins compared
to PT schemes. Semen storage made PT schemes more profitable but less so than
GS schemes. Functional traits can increase the sustainability of resource poor
smallholder systems under harsh environments. Economic breeding objectives
yielded undesirable responses in functional traits. Breeding objectives based on
desired gains or non-market objectives improved response in functional traits but
at a monetary cost. It is concluded that sustainable productivity of smallholder
systems can be improved by implementation of local breeding program based on
GS, but this requires more emphasis on functional traits, which can be achieved by
use of non-economic objectives.
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General introduction



1 General introduction

1.1 Significance of dairy cattle farming in Eastern Africa

The largest proportion of the world population is in developing countries. At 1.2
billion people, Africa is home to 16% of the world population, with a 67.3%
projected growth by 2050 (UN, 2015). With 22.9% malnourished people in Africa,
there is an urgent need to intensify food production (FAO, 2012). The dairy cattle
sector is one of the major sectors contributing to food and nutrition security,
incomes, employment and insurance (Behnke and Muthami, 2011). However, dairy
cattle productivity has roughly stagnated over the last 10 years in Africa (Figure 1).
Eastern Africa is the main dairy cattle producing region in Africa, accounting for
38% of the total milk produced between 2003 and 2013 (FAOSTAT, 2016). In this
region dairy cattle are reared within large scale and smallholder production
systems. Differences between these systems relate to the scale of investment and
production. Large scale systems have from 20 to above 100 milking cows reared on
an average of 160 acres whereas smallholder systems, even under intensification,
are characterized by less than 5 milking cows reared on approximately 1 acre of
land (Bebe et al., 2003a; Karanja, 2003). However, production is largely dominated
by smallholder farmers who produce approximately 80% of total milk (Omore et al.,
1999; FAO, 2011). Consequently, intensification of the smallholder system can have
tremendous impact on the health, incomes at the household level and the
economy of the society.

Challenges to intensification of smallholder systems fall into four broad categories
i.e., economic, environmental, human resource and animal. Economic challenges
include accessibility and stability of market outlets, availability of credit and the
resilience of the systems to national and global economic turbulence (Muriuki and
Thorpe, 2001). Environmental challenges include the harsh climatic conditions, high
disease and parasite prevalence and insufficient and poor quality feeds. Human
resource challenges include inadequate veterinary services and a low level of
education of producers. Animal challenges are lack of well-defined breeding
objectives and breeding programs resulting in low productivity and high mortality
(Bebe et al., 2003; Wilson, 2009). Therefore, to be successful and sustainable,
intensification interventions should have a holistic view of the smallholder system
(Kosgey et al., 2006; van Arendonk, 2011).
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1 General introduction

Figure 1.1 Mean annual milk yield in selected African countries between 2003 and 2013
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1.2 Current status of dairy cattle genetic improvement in
Kenya

Genetic improvement has played a key role in the intensification process for all
livestock species in the world. In Kenya, dairy cattle farmers rely on semen
importation from well-developed breeding programs in temperate regions to
improve their herd performance (Ojango et al., 2012). Generally, there is paucity of
successfully running local breeding programs in developing countries (Kosgey et al.,
2006). The main reason for the absence of dairy cattle breeding programs are small
herd sizes coupled with the absence of extensive pedigree and performance
recording systems (Syrstad et al., 1998; Wasike et al., 2011). However, continuous
importation of semen has resulted in a shift towards higher-yielding temperate
genotypes. Increased percentage of genes from high-yield breeds in local crossbred
cows has contributed to the evident increase in production within the large scale
production system, as this system has the resource and knowledge capacity to rear
such breeds. However, for the resource constrained smallholder system, high-yield
breeds which require high inputs, are not an option. In these systems, cows
perform below the their genetic potential, mortalities are high and there is an
increased strain on resources in a system that is already resource deficient (Bebe et
al., 2003; Menjo et al., 2009). Therefore, to achieve sustainable intensification in
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1 General introduction

smallholder systems it is imperative to breed genotypes that fit into the local
production and marketing systems.

There are two key reasons for the establishment of local breeding programs for
sustainable intensification of dairy cattle productivity in Kenya. First, there is a
difference in breeding objectives for developed and developing dairy cattle
industries due to differences in production systems and markets (Marshall et al.,
2011; Rege et al., 2011). Dairy farming in developed industries is practiced under
highly intensive and mechanized large scale systems. The systems also are
adequately supported by service sectors such as veterinary services, banks and
transport systems. In addition, markets are well developed with a strong and well
empowered consumer base. The opposite is generally the case for developing
industries. This implies that the relative importance of the diverse breeding
objective traits in terms of genetic and monetary performances differ between
dairy systems in temperate and tropical systems (Madalena, 2008).

The second reason is the existence of unfavorable genotype by environment (GxE)
interaction between temperate and tropical regions. When genetic correlation
between two environments is less than 0.8, there is need for environment specific
breeding programs to optimize productivity in both environments (Smith and
Banos, 1991; Mulder et al., 2006). Genetic correlations between tropical and
temperate dairy cattle industries are generally expected to be low. As an example,
the genetic correlation for milk yield between Holstein-Friesian populations in
Kenya and the United Kingdom is 0.49 (Ojango and Pollott, 2002). More recently,
(Okeno et al., 2010) showed that importation of germplasm from USA to Kenya can
only be justified if the genetic correlation is higher than 0.70. Due to low
correlations, continuous semen importation will result in economic losses for the
smallholder producers (Okeno et al., 2010).

1.3 Dairy cattle breeding in Kenya — Future approach

Given these reasons, local genetic improvement interventions, with a holistic view
on production and market realities of smallholder farmers is a more promising
approach. However, the best strategy to sustainably create genetic superiorities
remains a matter of debate (Marshall et al., 2011; Rege et al., 2011). Any strategy
adopted must be sustainable to ensure stable long-term benefits (Madalena, 2008).
Definition of a breeding objective, genetic evaluation, selection and mating of
selected candidates are the major components of a breeding program. The
breeding objective is a weighted linear function of traits to be improved (Hazel,
1943). For the smallholder dairy cattle sector, definition of breeding objectives for
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1 General introduction

intensification must account for (a) adaptability of genotypes to the production
environment and (b) diversity in the production and marketing systems. Given the
tropical production environments and resource poor producers, the possibilities to
modify the environment to suit the animals are limited. For this reason,
adaptability and health of cows to the current production environment is crucial to
their lifetime productivity and the long-term resilience of farms. Conventionally,
derivation of trait weights is based on calculating marginal economic returns from
trait improvement. The resulting economic values reflects the monetary value for
unit change in the phenotype for each trait in the objective, holding change in
other traits constant. Economic values tend to over-emphasize selection on
production traits resulting in reduced adaptability and health problems (Groen et
al., 1997; Rauw et al., 1998). This has contributed to poor performance of high
performing breeds under the smallholder system.

Alternative approaches for deriving trait weights include restricted index, desired
gains and non-market value approaches. The restricted index approach aims at
constraining the genetic change for one or more traits in the objective at zero
(Kempthorne and Nordskog, 1959; Cunningham et al.,, 1970; Lin, 2005). Desired
gains approach on the other hand aims at achieving a pre-specified genetic
response (Yamada et al., 1975; Brascamp, 1984). Lastly, the non-market value
approach aims at placing heavier weights on non-marketable functional and health
traits by specifying their non-market values (Olesen et al., 2000; Nielsen et al.,
2005). These approaches offer criteria to incorporate sustainability in the breeding
objectives for the resource constrained smallholder production system.

A second problem is the heterogeneity of dairy cattle production systems. The
smallholder system, which is not able to produce sufficient heifers for replacement,
relies on large scale system for supply (Bebe et al., 2003). This implies genes flow to
smallholder systems from large scale system. Besides, heterogeneous genetic and
environmental variances exist between farms with different production capacities
(Muasya et al., 2007). Existence of significant differences in management and
husbandry between large scale and smallholder systems may result in genotype by
environment interactions that require attention when defining a breeding
objective. Finally, milk is marketed through formal markets (milk processing
factories) and informal channels (directly to consumers); each marketing fetching
different prices per kg of milk sold (FAO, 2011). Therefore, definition of breeding
objectives needs to account for diversity in production and marketing systems.

The next step in implementing a breeding program deals with estimation of
breeding values, upon which selection and mating is based. Traditionally, breeding
programs have relied on progeny testing (PT) to evaluate candidate sires with very
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1 General introduction

high accuracies. To be successful, PT requires an extensive participation of
commercial producers in pedigree and performance recording of test daughters
(van Arendonk, 2011). However, there is limited scope for reliable pedigree and
performance recording in the Kenya dairy industry. An alternative is genomic
selection (GS) strategy, which has recently become the new standard in the dairy
cattle sector. The comparative impact of these two selection strategies on genetic
and monetary gains for situations with limited pedigree and performance recording
is of interest for smallholder system.

GS relies on naturally occurring dense single nucleotide polymorphisms (SNP) as
markers or haplotypes spanning the entire genome to estimate the variation for
traits of interest explained by quantitative trait loci (QTL). QTL effects are estimated
based on best linear unbiased prediction (GBLUP) procedures or Bayesian methods,
using phenotypic and genotypic data from a section of the population (reference
population) (Meuwissen et al., 2001). In later generations, selection candidates
only need to be genotyped to determine the SNP or haplotypes they carry, and
their genomic estimated breeding values (GEBV) are determined as the sum of the
SNP or haplotype effects. Consequently, with GS GEBVs for juvenile animals can be
computed, with accuracies as high as 0.8, which allows selection at early age,
greatly reducing generation intervals in dairy cattle (Goddard and Hayes, 2007;
Calus et al., 2008). Because of this, GS generate huge economic benefits due to
increase in genetic gains and reduction in operation costs (Schaeffer, 2006; Konig et
al., 2009). This has been the main drive behind the fast adoption of GS selection by
dairy cattle breeders (Hayes et al., 2009).

The amount of phenotypic information available (size of reference population) is
one of the determinants of GEBV accuracies (Meuwissen et al., 2001; Goddard and
Hayes, 2007). Consequently, for developing dairy cattle industries with limited
recording, the benefits and practicability of GS remain contentious. GS has been
described as a risky and expensive selection strategy for smallholder dairy systems
(Marshall et al., 2011). To the contrary, it has been shown that GS schemes are
cheaper than PT schemes for large scale developed dairy cattle industries,
(Schaeffer, 2006; Konig et al., 2009). In addition, genotyping costs have been
reducing in the recent past and are expected to become even cheaper as
genotyping procedures are becoming more efficient (Guichoux et al., 2011;
Shendure and Aiden, 2012). Therefore, evaluation of genetic and economic
benefits of GS and PT schemes for developing dairy cattle system is needed if one
would advise on the choice of a selection strategy.
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1 General introduction

1.4 Aims of this thesis

The aim of this thesis was to optimize the design of a breeding program for
smallholder dairy systems in developing countries where (a) the size of the
population with pedigree and performance records is small and (b) adaptation and
health traits play a crucial role to the productivity and resilience of farms. In the
entire thesis, | use the Kenya dairy cattle system as a working example. The
approach taken can be divided into three steps (1) the definition of a breeding
objective, (2) the comparison of small-scale PT and GS schemes in terms of genetic
gains and economic benefits and (3) the optimization of the breeding program. In
the first step, the aim was to determine breeding objective traits, accounting for
diversity in production and marketing systems (Chapter 2). To account for limited
recording | define a breeding objective with 5 most important traits only. The
relative importance of each trait across production and marketing systems is
determined using the Analytical Hierarchical Process (AHP) {Saaty, 1977 #37}.
Different preferences among the production systems are aggregated into a single
breeding objective using the Weighted Goal Programming (WGP) procedure
{Gonzalez-Pichon, 1999 #73}{Sae-Lim, 2012 #87}.

In the second step | optimize the utility of the available limited phenotypic records
(Chapter 3). In this Chapter, genetic superiorities achievable form PT and GS
selection strategies for a small-sized nucleus breeding program are compared. The
aim was to determine the selection strategy that maximizes genetic gains with
limited number of phenotypic records. Beside genetic gains, adoption of a selection
strategy is further determined by the economic outcome. Therefore, | further did
an economic benefits analysis for PT and GS selection strategies for a breeding
program under developing circumstances (Chapter 4). The aims of this Chapter
were (a) to determine whether a dairy cattle breeding program in a developing
country would break-even and (b) to determine which selection strategy would
give highest gross margins.

In Chapter 5 | derive selection indexes for a 5-trait breeding objective. In this
Chapter | determine the effect of economic and non-economic breeding objective
weights on genetic gains for individual traits. The aim of the Chapter was to define
weights for the traits in the breeding goal that best balance responses for
production and adaptability traits. Non-market weights were based on desired
gains and non-market values. The general discussion (Chapter 6) focusses on the
technical challenges with respect to the implementation of a sustainable GS
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1 General introduction

breeding program in Kenya. In particular, | discuss inbreeding, establishment of a
reference population and sustainability of the breeding program.
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Abstract

The dairy cattle industry in Kenya contributes to food and nutrition security and is a
source of income for numerous households. Selective breeding can enhance
efficiency in this industry. The current approach that rely on semen importation
and crossbreeding is sub-optimal and a local breeding program is needed. The dairy
industry is characterized by diverse production and marketing systems. In order to
define a breeding goal, a desired genetic gains approach is needed that can be used
to optimize production in all systems. We used Analytic Hierarchy Process (AHP) to
determine individual preference values for milk yield (MY), calving interval (Cl),
production life time (PLT), mature body weight (MBW), and fat yield (FY),
respectively. Results show that classical classification of production systems into
largescale and smallholder systems does not capture all differences in trait
preferences. These differences became apparent when classification was based on
productivity at the individual animal level, with high (HIP) and low intensity (LIP)
producers and processors as the main important groups. High intensity producers
had highest preferences for PLT and MY, while LIP had highest preference for Cl
and PLT; processors preferred MY and FY the most. Highest disagreements
between the groups were observed for FY, PLT, and MY. Individual and group
preferences were aggregated into consensus preferences using Weighted Goal
Programming. Desired gains were obtained as a product of consensus preferences
and percentage genetic gains (G%). These were 2.42, 0.22, 2.51, 0.15 and 0.87 for
MY, Cl, PLT, MBW and FY, respectively. Consensus breeding goal can play a major
role in the establishment and acceptability of a local breeding scheme for the
highly diverse production and marketing circumstances in Kenya.

Key words: desired genetic gain, multi-criteria decision making process, breeding
goal, multiple production systems.



2 Consensus desired genetic gains

2.1 Introduction

The dairy cattle industry in Kenya relies heavily on importation of semen for
genetic improvement. Significant genotype by environment interaction (GXE) have
been reported between temperate countries, which are the main exporters, and
the recipient tropical countries (Ojango and Pollot, 2002). Okeno et al. (2010)
showed that with unfavorable GxE, continuous semen importation does not
economically optimize the Kenya dairy sector. An alternative approach would be
the establishment of local breeding schemes (Vargas and van-Arendonk, 2004).

The definition of a breeding objective forms the basis for the establishment of a
breeding program. The breeding objective is a weighted linear function that
specifies the desired rate and direction of change in traits identified for
improvement. Conventionally, breeding objectives aim at economic optimization,
which is achieved through the use of economic weights for breeding objective
traits. Economic weights for breeding objective traits can be derived using profit
functions or bio-economic modeling (Amer, 2006). In these approaches weights are
derived as partial derivatives for a unit change of each trait in the breeding
objective holding other traits constant (Ponzoni and Newton, 1989). This procedure
requires clear specification of production (costs/inputs) and marketing
(incomes/revenues) systems e.g., van Arendonk, (1991) and Kahi et al. (2004).
Implicitly, with economic weights, homogeneity of costs and revenues is presumed
among commercial producers i.e., economic weights relate to a specific production
system.

Developing dairy cattle industries are characterized by multiple production
systems, reflecting differences in costs and revenues (FAO, 2011). In Kenya, for
instance, two distinct production systems have been identified corresponding with
large scale and smallholder producers. Differences in costs between these systems
emanate from scale of production and investment. Smallholder systems, even
under intensification, are characterized by less than 5 milking cows reared on
approximately 1 acre of land on average whereas large scale systems have an
average of 33 milking cows reared on an average of 160 acres (Bebe et al., 20033;
Karanja, 2003). Large scale systems generally have a higher scale of mechanization
and labor input, and have less tendency to be risk averse. However, due to low
production levels, it is estimated that smallholder production systems have the
highest relative production costs (Karanja, 2003).

On the other hand, differences in revenues emanate from the existence of multiple
milk outlets. Markets determine not only the prices per kg of milk but also the level
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of production. Marketing systems in Kenya have been classified into informal and
formal markets. Informal markets, that comprise of direct sales to individuals,
hotels, and institutions such as schools and hospitals, account for 80% of the total
milk sold (Omore et al., 1999). Formal markets include sales to cooperative and/or
privately owner milk processing factories. Large scale producers rely mainly on the
formal markets as the main outlets while the informal market is the major outlet
for smallholder producers (Omore et al., 1999). Payment for milk by both formal
and informal markets is currently based on volume. Differences in milk prices have
been reported among these outlets (Thorpe et al.,, 2000; Karanja, 2003).
Furthermore, fluctuations in milk prices are common in the Kenya dairy sector.
Such fluctuations are due to instability in levels of production resulting from
seasonality in feed quality and quantity. These factors complicate the derivation of
economic values.

The implementation of separate breeding programs for each production system is
unfeasible in the near future for two reasons. First, intricate dependence at the
genetic level exist between the two production systems. Smallholder farmers are
not self-reliant in production of replacement heifers but largely rely on large scale
farms (Bebe et al., 2003a). Moreover, the large-scale system is a source of genetic
material for smallholder farmers through provision of semen. Second, smallholder
farmers hardly practice any pedigree and performance recording, making it
impossible to rely on them when implementing a selective program. To account for
these factors, Kahi et al. (2004) defined a breeding objective for the dairy sector in
Kenya based entirely on the smallholder production system. However, an approach
that compels large scale producers to adopt a smallholder breeding objective is not
likely to optimize production for the former system. Therefore, use of profit
functions to define genetic changes in the population may not optimize production
in the Kenya dairy cattle industry.

A feasible alternative to define breeding objective for situations with diverse
production systems benefitting from a single breeding scheme would be use of
desired genetic gain approach (Amer, 2006). Of particular interest is an approach
that allows for the estimation of consensus weights to account for differences
between production systems. One such approach is the multiple decision making
procedure Analytic Hierarchy Process (AHP) (Sae-Lim et al., 2012; Omasaki et al.,
2016). The AHP computes individual weights for activities (traits) in a multiple
decision making criteria (Saaty, 1977). These weights indicate the preferences given
by an individual to each trait and are defined by scaling ratios using the principal
eigenvector of a positive pair-wise comparison matrix. Individual preferences can
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then be aggregated into group and consensus preferences using Weighted Goal
Programming (WGP) (Linares and Romero, 2002).

The Holstein-Friesian breed and its crosses form the predominant genotype
accounting for more than 50% of the dairy cattle in Kenya (Bebe et al., 2003b;
Ojango et al., 2012). The popularity of this breed is driven by semen importation by
large scale producers and the flow of genes (through sale of heifers and artificial
insemination) from large scale farmers to small scale farmers (Bebe et al., 2003b).
Reliance of smallholder producers on large scale producers for semen and heifers
can only increase the proportion of the breed and its crosses in the future. A
breeding objective that would optimize the performance of the breed for the large
scale and smallholder production systems would highly impact the Kenyan dairy
value chain. Therefore, our objective was to define a consensus breeding objective
for the Holstein-Friesian breed in Kenya that accommodates large and small scale
producers, and processors.

2.2 Materials and methods

Data collection

The AHP was used to determine individual preferences based on importance
(strengths) given to the different traits in dairy cattle production. Data was
obtained using a field survey. The survey was conducted in Nakuru, Nyeri, Embu
and Tharaka Nithi counties in Kenya. As a preliminary, we conducted an initial
survey in which respondents were asked to rank 19 traits according to their
perceived order of importance. Table 2.1 lists the 19 traits and their definitions.
Out of sixty four respondents visited we obtained forty-seven responses from 18
large scale producers, 24 small scale producers and 5 processors. Ranking was on a
scale of 1 to 19, where the most important trait was given rank 1 and the least
important rank 19. For situations where respondents had difficulties ranking all the
19 traits, they were asked to rank the first five most important traits. To ensure
uniformity in trait descriptions, definitions were provided in the questionnaire.
Efforts were also made during the survey to ensure proper understanding of each
trait description. In addition, general information on the farm economy was also
collected.

The second survey involved a total of 78 respondents who were classified into
smallholder farmers (40), large scale farmers (24) and milk processors (14). This
survey focused on the 5 highest valued traits for inclusion in the pair-wise
comparison. Saaty’s scale of intensity of importance (Saaty, 1977); Figure 2.1) was
used to compare pairs of traits. In total 10 i.e., [5 x (5-1)/2] pairs of comparisons
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Table 2.1 Traits in the preliminary survey and their descriptions

Trait Description

Milk yield Amount of milk a cow produces per lactation

Protein yield Amount of milk protein a cow produces per lactation
Fat yield Amount of milk fat a cow produces per lactation

Production persistence

Production life time

Lactation length
Calving interval
Calving ease
Survival to 3 months
Mastitis

Backbone strength

Legs strength
Udder attachment

Teat length
Docility

Intake of low quality
roughages
Resistance to heat
Resistance to ECF
Mature body weight

Ability to maintain the level of milk production through the
lactation

The number of lactations a cow will have before voluntary or
involuntary culling

The number of days a cow continues producing milk after calving
The period between two consecutive calvings

A measure of difficulty in dropping a calf

The ability of a calf to survive the first 3 months of life

A measure of a cows inherent resistance to mastitis

A measure of the strength of a cows backbone. Measured as a
“straight”, “curved” or “arched”

A measure of how strong the legs of a cow are

A measure of how firmly the udder is attached. Affects walking
related problems, ease of milking and susceptibility to mastitis
A measure of the length of teats. Affects ease of milking

A measure of non-aggressiveness to other cows and handlers
(during milking and when not been milked)

Ability to ingest and convert low quality roughages

Ability to perform well under high temperature conditions
A measure of inherent resistance to ECF

A measure of feed requirements for maintenance. Large animals
have a high maintenance requirements

were done. The scale of intensity of importance was in a range of 1 —9. The value 1

indicated equal importance (i.e., meaning equal rate of genetic improvement for a

pair of traits) while the value 9 indicated that the chosen trait is absolutely

important over the other (i.e., only the important trait in a pair should be subjected

to selection pressure). The intermediate values were as described in Figure 2.1.

To avoid unrealistic expectations and, by extension, unrealistic choices between

traits we approximated possible genetic gains (as a percentage of the trait mean)

after one generation of phenotypic selection for each trait. Response to selection

was calculated using the formula

G =ih’CVu,

24

[2.1]



2 Consensus desired genetic gains

where G = genetic gain, i = intensity of selection, h? = heritability, CV = coefficient
of variation (calculated as CV = g /up), op = phenotypic standard deviation and up
= phenotypic mean. CV was used rather than o, to account for scale differences of
means and variances of traits reported in the literature (Falconer and Mackay,
1996). In addition, we put effort to use parameter estimates from studies
conducted in the tropics. Percentage genetic gains were computed as

G% =ih’CV -100% [2.2]
Estimates for the above parameters and the resulting possible genetic gains (as a
%) for the 5 traits are presented in Table 2.2.

Table 2.2 Heritability, phenotypic standard deviations, phenotypic means and
expected genetic gains for 5 highest ranked traits

Trait h? op Up G% Reference

MY (kg) 0.29 1,110.00 4,557.0 10.6% (Ojango and Pollot, 2001)

Cl (days) 0.047 75.34 406.0 1.3% (Ojango and Pollot, 2002)

PLT (months) 0.18  1781.25 475 10.1% (Abou-Bakr, 2009)

MBW (kg) 0.17 73.48 606.0 3.1% (Abdallah and McDaniel,
2000)

FY (kg) 0.24 49.35 276.9 6.4% (Campos et al., 2015)

Intensity of selection (i) was fixed at 1.501 for all traits

IMY = lactation milk yield, ClI = calving interval, PLT = production life time, MBW = mature
body weight, and FY = lactation fat yield; h? = heritability, op = phenotypic standard
deviation; pp = phenotypic mean; G% = genetic gain expressed as a percentage of the
phenotypic mean

Determination of traits for inclusion in pair-wise comparisons
The five traits for inclusion in the pair-wise comparisons were determined using
percentages. To determine the percentage for each trait we tabulated all traits
ranked between 1 and 5 in the preliminary survey. We then calculated the
percentage of times a trait was ranked within a given rank category. In addition, we
calculated the percentage of times each trait was ranked among the 5 most
important traits. Table 2.3 presents a summary of the percentages. Decision on the
traits to include in the pair-wise comparisons was based on the two percentages.
The traits with highest %’s at individual trait and combined levels were chosen as
the most preferred. As an example, fat yield did not have the highest % in any of
the 5 trait levels but was the 5™ highest at the combined level, and was included in
the most preferred traits. The 5 highest ranked traits were milk yield (MY),
production life time (PLT), calving interval (Cl), fat yield (FY) and mature body
weight (MBW).
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Table 2.3 Importance of traits expressed as a % at individual rank level and for the 5 highest
ranks combined

Ranking (% of respondents placing traits in respective

ranks)
lIndividual ranks 2Combined

3Trait 1 2 3 4 5

Backbone strength 2 3 2 2 11 4
Calving ease 2 6 2 4 2 3
Calving interval 6 9 19 9 14 11
Docility 2 9 0 0 2 2
Fat yield 0 6 14 4 9 7
Intake of low quality 0 0 0 0 0 1
roughages

Lactation length 0 0 2 7 2 2
Leg strength 0 0 2 9 0 2
Mastitis 0 6 0 11 11 6
Mature body weight 3 6 17 18 5 10
Milk yield 66 0 7 4 7 19
Production lifetime 3 38 14 18 7 15
Protein yield 0 13 5 2 0 3
Resistance to ECF 0 0 7 0 5 2
Survival to 3 months 1 0 2 0 6 2
Teat length 0 0 2 4 5 2
Udder attachment 3 3 2 7 9 6

INumber of times (as a %) each trait was ranked within each rank. Ranks are from 1 (highest
level of importance) to 5 (lowest level);

Zlmportance (as a %) considering the 5 highest ranked traits together;

3Bolded traits had the highest rankings.

Calculation of individual preferences

The AHP is a ratio scaling method for weights in hierarchical structures using the
principal eigenvector of a positive pairwise comparison matrix. For a
comprehensive description of the method the reader is referred to (Saaty, 1977).
Briefly, for each respondent, we wish to recover the vector w of weights forn = 5
traits in the breeding objective from a matrix A. The matrix A4 is constructed using
intensities indicated in the pair-wise comparisons in the Saaty’s scale. A was

constructed such that it fulfilled the reciprocal property a; = 1/al.j. The solution

for vector w of weights was obtained by solving the system (A — n)w = 0 (Saaty,
1977). Individual preferences were attained by normalizing the eigenvector.

Large inconsistencies in responses from the respondents indicate randomness
rather than logic; thus results cannot be expected to yield a reliable solution (Saaty,
1977). All responses were checked for consistency to ensure they had a consistency
ratio (CR) less than 0.1. In a few cases where the CR was greater the interview was
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re-done. All calculations were done using the Super Decisions software (Saaty,
2003).

1.3% decrease in calving interval

Figure 2.1 The Saaty scale for pair-wise comparison. Percentage possible genetic
improvement is expressed within the upper row and intensity of importance is on the lower
row. Scale of intensity is from 1 to 9. 1 = equal, 3 = weak, 5 = strong, 7 = demonstrate and 9 =
absolute importance of one trait over the other. 2, 4, 6 and 8 are intermediate values
between two adjacent judgements.

Calculating consensus preferences and desired gains

Group preferences. A two-step WGP procedure described by (Linares and
Romero, 2002) was used to define the consensus weights. In the 1% step, group
preferences were obtained by minimizing the sum of disagreements between the
individual preferences. This was achieved by solving the following WGP model
Achievement function:

g N
MinZZ(nik + Dy )”

=l k=l
subject to [2.3]

Goals:

J — k
W' +n, —p; =q
where, i = 1,2, ..., q = number of traits in the breeding objective (q = 5 traits), j =
1,2, ...,m social groups, NJ = number of respondents in the jth group, afj =
preference weight attached to the i*" trait by the k' member of the j** group, W’
= preference weight attached to the it" trait by the jt" social group, and, n;;, and

Dir are the negative and positive deviations of afj from Wl.j, respectively. 7 acts as
a metric attached to the sum of deviation variables indicating the weight given the
outlier group. Our objective was to minimize the sum of individual disagreements;
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we therefore set 1 = 1 (Gonzalez-Pichon and Romero, 1999; Linares and Romero,
2002). How social groups were defined is explained in a later section.

Consensus preferences. The 2" step was to derive consensus preferences
from group preferences obtained earlier by solving the following extended WGP
model (Linares and Romero, 2002)

Achievement function:

Min(1- 2D+ 3 7, + 5,)

i=l j=I
subject to

Goals :

q
Z nz1+17;1 -D<O0,
i=1

q

i=1

WS 47, = p, =W/

where g = number of traits, m = number of social groups, Wl.j= the jt" group
preference value for the i*" trait, W;° = consensus weight attached to the i" trait
and 7;; + P;; = the sum of the negative and positive deviations of the jt" social
group preference value from the consensus preference value. D represents the
disagreement in each social group with respect to the consensus obtained and 1
represents the emphasis put on the minority group. We varied the values of 1
between 0 and 1 to obtain compromises between a model that defines the
consensus by minimizing the disagreement of the most displaced social group and
a model which defines the consensus by maximizing the average agreement; thus
avoiding the ensuing associated biases (Linares and Romero, 2002).

Desired genetic gains. Desired genetic gains were obtained by multiplying
the genetic gain with the consensus preferences for each trait.
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Definition of social groupings

In the present study, we investigated four criteria for definition of intensification.
First, groups were defined based on the land size, number of cows and level of
investment in machinery (Grouping A). Under this criteria farms with <10 cows, <4
hectares of land and did not own a tractor were classified as smallholder and the
rest as large scale. Other social groupings were based on source of semen
(imported vs local; Grouping B), average milk yield per cow per day (< 10 kg vs 10 -
15 kg vs > 15 kg; Grouping C), and amount of concentrate provided per cow per day
(£ 5 kg vs > 5 kg; Grouping D). Processors were included in each grouping as a
separate unique group.

2.3 Results

Breeding goal traits

Table 2.3 presents the traits included in the breeding goal. A wide range in choice
of importance was observed with 17 of the 19 traits presented in the first
questionnaire appearing among the 5 highest ranked. Traits with the highest
proportions were MY, PLT, Cl, MBW and FY. These were chosen as the breeding
objective traits.

Individual preferences

Figure 2.2 presents the median and interquartile ranges for individual preferences
(ignoring social groupings) for the breeding objective traits. Medians were 0.219,
0.350, 0.214, 0.093 and 0.048 for MY, PLT, CI, MBW and FY, respectively. The large
interquartile ranges observed indicate differences in preferences for these traits
among respondents.

Social preferences

Second, we investigated the presence of social groupings by calculating social
(group) preferences. The traditional classification of production systems into small
scale and large scale producers (Grouping A) and grouping based on semen source
(Grouping B) did not capture substantial differences in preference values (Figure
2.3). However, differences were observed for the other grouping criteria. Producers
with lower milk production and lower use of concentrates (low intensity producers,
LIP) had systematic lower preference values for MBW, MY and PLT compared to
producers with high production and more concentrate use (high intensity
producers, HIP). On the other hand, LIP had higher preference values for Cl and FY.
Large differences were observed between producers in general and Processors. The
largest disparities were observed for MY and FY which had highest preferences
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among Processors. For the other traits, the order of importance for processors was
PLT, Cl and MBW, in a descending order.

0.5

0.4

0.3

0.2

0.1

T T
Cl Y MBW MY PLT

Figure 2.2 Box plots showing the median and quartiles for the five traits irrespective of
respondents social group. Cl = calving interval; FY = fat yield; MBW = mature body weight;
MY = milk yield; PLT = production life time.

Consensus preferences

Third, we calculated consensus preferences for the social groupings with the largest
disparities (Group C and D). Table 2.4 presents the consensus preferences. How to
deal with outlier groups when determining consensus is defined by the metric A.
When A = 0, the consensus is defined by minimizing the disagreement of the most
displaced social group while for A = 1 the consensus is defined by maximizing the
average agreements among social groups. A values above 0.26 and 0.50 had the
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Figure 2.3 Social preference values. Social groups were defined based on the traditional
criteria, milk yield per cow per day, amount of concentrate fed per cow per day, or, the
source of semen (E)

Group A: based on traditional criteria; Group B: based on source of semen; imported =
imported semen, local = locally produced semen; Group C: based on average milk yield per
cow per day; <10kgMY = less than 10 kg, 10-15kgMY = between 10 and 15 kg, >15 = above
15 kg milk yield per cow per day; Group D: based on amount of concentrate fed per cow per
day; <5kg = 5 kg and below and >5kg = more than 5 kg of concentrates per cow per day.
Processors were only 1 group. MY = milk yield, Cl = calving interval, PLT = production life
time, MBW = mature body weight, FY = fat yield
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highest average agreement consensus for groups C and D, respectively. However,
these solutions were highly biased against the “processors” group which had a
maximum disagreement equal to 0.465 and 0.570 units which are equivalent to 45
and 73% of the total disagreements, respectively. The most balanced solution was
when the parameter A was < 0.25 and > 0 for group C and < 0.50 and > 0 for Group
D. The corresponding consensus values were 0.238, 0.179, 0.215, 0.056, and 0.134
for group C, and, 0.219, 0.153, 0.228, 0.040, and 0.173, for group D, for MY, Cl, PLT,
MBW and FY, respectively. Compared to average individual preferences (presented
earlier) MY, MBW and FY had higher while Cl and PLT had lower consensus
preference values.

Desired gains

Last, desired gains were computed as the product of G% and the average of the
best consensus values for groups C and D (Table 2.5). Derived desired gains were
2.42,-0.22,2.51,0.15 and 0.87% for MY, Cl, PLT, MBW and FY, respectively.

Table 2.5 Most optimal consensus preferences and the corresponding desired genetic gains

Mrait MY Cl PLT MBW FY
2Pref 0.229 0.166 0.249 0.048 0.136
3G% 10.6% -1.3% 10.1% 3.1% 6.4%
‘desiredG% 2.42% -0.22% 2.51% 0.15% 0.87%

IMY = milk yield, ClI = calving interval, PLT = production life time, MBW = mature body
weight, FY = fat yield;

2pref = consensus preferences;

3G% = genetic gains expressed as a percentage;

4desiredG% = desired genetic gains

2.4 Discussion

Definition of a breeding objective is paramount when designing a breeding scheme.
Breeding goal weights define the direction and level of genetic change required for
specific traits. Inappropriate weights will result in genotype — production system
mismatch and associated inefficiencies. The dairy industry in Kenya is characterized
by diverse production and marketing systems, reflecting differences in costs and
revenues. In this study we employed a multi-criteria decision making process to
define consensus desired gains for breeding goal traits.
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Choice of criteria for determination of trait preferences

Various participatory approaches have been proposed for derivation of trait
preferences for breeding and conservation of livestock species. Such approaches
are alternative to the formal economic weighting approach for situations with
under-developed market channels and/or animals have non-monetary values, and
for situations with multiple production and marketing systems. Some participatory
approaches used in deriving trait preferences in livestock systems in the literature
are conjoint analysis (Tano et al., 2003), choice experiments (Scarpa et al., 2003;
Byrne et al.,, 2012), weighted indices (Bett et al., 2009; Mbuthia et al., 2015),
Wilcoxon Signed Rank ranking (Gizaw et al., 2010) and AHP (Sae-Lim et al., 2012;
Omasaki et al., 2016).

With index ranking, preferences are expressed as weighted averages of all the
rankings for a particular trait (Bett et al.,, 2009) while with Wilcoxon Ranks,
preferences are based on computed ranks (Gizaw et al., 2010). With conjoint
analysis and choice experiments, preferences are defined as marginal changes in
prices resulting from variation in the trait of interest (Scarpa et al., 2003). Conjoint
analysis and choice experiments have been shown to identify differences in
preferences among producers (social groups) when ranking traits (Tano et al., 2003;
Byrne et al., 2012). However, the above approaches are not amenable to
aggregation to consensus preferences.

Multiple criteria decision making (MCDM) procedures are preferred for aggregation
of preferences as they allow participation of the decision makers, are flexible and
transparent (Mirasgedis and Diakoulaki, 1997). One such MCDM procedure is WGP
(Linares and Romero, 2002). The initial step in constructing consensus preferences
is derivation of individual preference values for objective traits in the context of
compromise programming i.e., pair-wise comparison of alternatives (Linares and
Romero, 2002). AHP is a compromise programming approach, where individual
preferences are expressed as normalized weights (Saaty, 1977). AHP therefore
offers a suitable approach for a situation where the core objective is derivation of
consensus preferences.

Use of AHP in derivation of consensus weights is limited by the number of traits
that can be included in the objective. With more than seven traits, the AHP
computations become unworkable. However, in our case, where the objective is to
investigate the possibility of establishment of a breeding scheme for a developing
industry, a breeding objective with few traits is probably more suitable as a starting
point.
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Breeding goal traits

A main challenge to the implementation of a genetic improvement initiative in
Kenya is the limited and erratic participation of producers in routine pedigree and
performance recording (Wasike et al., 2011). A breeding goal with a few key traits
can offer a realistic starting point. Therefore, we fixed the number of traits in the
breeding goal to five. The key traits were determined to be MY, Cl, PLT, MBW and
FY. Previous studies have shown that sale of milk and culls are the main income
sources for dairy producers in Kenya (Bebe et al., 2003b). Consequently, MY and
MBW were highly ranked traits. Further, reproductive traits and fat content of the
milk have been reported to be highly valued among smallholder producers (Bebe et
al., 2003a). However, (Bebe et al., 2003a) did not include longevity in their study. In
the present study PLT was highly ranked, which may indicate the desire to keep
cows in production for longer and/or to reduce replacement costs. Disease
resistance is an important trait in the tropical countries (Bebe et al., 2003b; Tano et
al., 2003). However, in the present study most of the respondents in the survey
viewed resistance to East Coast Fever (used as a measure of disease resistance) as
not being very important as they could easily prevent the disease through regular
dipping. In addition, selection for disease resistance would be hampered by lack of
genetic parameters within a developing industry scenario.

Definition of social groups and derivation of social preference
values

The first step in the definition of a breeding objective is specification of the
production and marketing systems as this plays an important role in the
identification of costs and revenues (Ponzoni and Newton, 1989). While desired
gain breeding goals are not based on formal economic weighting, level of
intensification (input and output levels) are to a large extent a major indicator of
desired genetic change by dairy producers. Dairy cattle production systems in
Kenya are generally classified into smallholder and large scale systems based on
multiple criteria including land size, level of mechanization, labor input and output,
level of feeding and household income (Okwenye, 1994; Bebe et al., 2003a; Kasirye,
2003). In developing countries scenario where the level of specialization is low,
definition of intensification should be directly related to the product in
consideration among the multiple products produced at the farm. As an example,
the number of cows owned is likely to be highly confounded with the amount of
land owned and may not indicate the desired level of productivity per cow. In this
study we adopt a more targeted classification criteria based on the animal level
(i.e., MY and feeding per cow per day). Such approach is more indicative of
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intensification at the product level rather than at farm level, and more likely to
explain the producers desired gains. This is supported by the study of (Mubiru et
al.,, 2007) who showed that MY is positively correlated to level of feeding and
amount of expenses in terms of veterinary costs, and, negatively correlated to
number of cows owned, labor input and land size.

Our results show that when intensification is described from an animal level
substantial differences exist between high intensive producers (> 10 kg MY and > 5
kg concentrate per cow per day) and low intensive producers (< 10 kg MY and < 5
kg concentrate per cow per day). High intensity producers had higher preferences
for MY, MBW and PLT (Group C and D). Increase in MY and MBW directly indicate
an increase in feed requirement. Increased provision of high quality feeds can
therefore be interpreted as direct consequence of the need for intensive
production. Maximization of milk production to generate more cash through sale of
milk and for family consumption are key driving factors for producers (Bebe et al.,
2003a). In addition, MBW determine the market value of culls as they are mainly
slaughtered for meat. On the other hand, increase in MY and MBW will require
better feed of high quality. Larger cows will have a higher nutritional requirement
for maintenance. High costs for concentrate feeds coupled with seasonal
fluctuations in quality and quantity of fodder pose one the greatest challenge to
dairy production in Kenya (Omore et al, 1999). The comparatively lower
preference values for MY and MBW by low intensity produces may be indicative of
a conscious knowledge between what they desire and what is practically profitable.
However, the differences between LIP and HIP in their preference for MY were
minimal.

Market outlets form an important group and need to be considered in the
derivation of weights as they determine the demand for products and prices. Two
market outlets exist in Kenya i.e., formal markets where milk is sold to Processors
and informal markets where milk is sold directly to consumers. Processors had MY
and FY as the highest preferred traits. Apparently, these are the traits that are likely
to have the most direct impact on their profitability. Approximately 20% of the milk
produced in Kenya is sold through the formal market (Omore et al., 1999). Future
demand for pasteurized milk in Kenya will depend on household incomes (SDP,
2004; FAO et al.,, 2012). Recent increases in demand for animal products in
developing countries have been attributed to increasing incomes and population
sizes (FAO et al., 2012). High preference for MY by processors may indicate high
market demand for milk while FY indicates a conscious need to maintain milk
quality. In Kenya, milk is priced in terms of quantity. However, milk quality is
important (SDP, 2004).
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In the present study, we did not directly consider the informal market. However, it
is assumed that producers target the needs of the market and therefore, some
aspects of the informal market needs are reflected in the LIP choices since this
forms their main outlet (Omore et al.,, 1999). LIP had higher preferences for FY
(Group C and D). This fully agrees with the fact that the informal market has a
consumer preference for low priced, high butter-fat content raw milk (Omore et al.,
1999; SDP, 2004). Therefore, the higher preference values for FY by LIP can be
construed to indicate the need to maintain the quality of the milk consumed at the
household level while at the same time satisfying the requirement of the informal
market.

In conclusion, classification of farming systems need careful consideration as such
classifications act as guide when making scientific or policy interventions. Our
results indicate that measure of intensification should be based on the animal level
rather than farm level. Based on this classification, it seems that the preference
values computed from this study clearly tally with the reality of the production
circumstances for the different groups. Each group evidently makes selection
choices that will maximize the utility of their systems within the constraints they
face.

Consensus preferences and desired genetic gains

While the differences in preference values for different groups observed in the
present study may not be termed as extreme, it is evident that these preferences
reflect the constraints faced by each group. Complexity in design and
implementation of breeding programs, especially for dairy cattle that largely rely
on producer participation, may explain the absence of such programs in developing
countries. However, implementation of local breeding programs for dairy cattle
provides a means to optimize developing dairy cattle industries (Vargas and van
Arendonk, 2004; Okeno et al.,, 2010). A viable starting point may be the
establishment of a single small-sized breeding program (Kariuki et al., 2014). The
acceptance of such a breeding program by producers is likely to be determined by
the breeding goal. Consensus in the definition of the breeding goal is therefore
prudent.

Economic values based breeding objectives tend to over-emphasize selection for
marketable production traits, mostly to the detriment of non-marketable
functional and health traits (Groen et al., 1997; Rauw et al., 1998). For the Kenya
dairy cattle industry challenges in the practical implementation of economic values
based breeding objectives is apparent from the studies by Kahi and Nitter (2004)
and Kahi et al. (2004). The first problem relates to the structure of marketing
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system where the value of milk is not broken down to constituent parts.
Consequently, market value for milk components such as fat and protein is lacking.
However, this does not imply that these components have no market value, but it
could be argued that their value is inclusive in the volume price. This has led to
economic values calculated based on this marketing system resulting in a negative
value for FY (Kahi and Nitter, 2004). Other studies have shown consumers prefer
milk with high fat content (Omore et al., 1999; SDP, 2004). This presents a special
situation where consumer preferences are not reflected in commodity prices. The
processors seems to have adjusted for this anomaly by setting a minimal fat
percentage level when purchasing milk from producers, though these levels are not
adequately communicated to producers (personal observation). A breeding
objective with negative selection for FY is likely to be detrimental in the long term.
Sale of culls is one of the main revenue sources for dairy producers (Bebe et al.,
2003b). Kahi and Nitter (2004) estimated an economic value of Kenya shillings 7.95
for MBW, indicating a strong positive selection for heavier animals. Heavier animals
require more in terms of food quality and quantity for maintenance and
production. The positive selection for heavier animals, particularly among
smallholder producers, contradicts the expectations. A major challenge for dairy
production is poor quality and insufficient quantities of feed and, high prices for
concentrates (Rege et al., 2011). While body weight of culls is an important trait
contributing directly to revenues, our results show a conscious judgement among
producers between expectations and the realities of production. LIP had the lowest
preference for MBW, which may be indicative of the challenges this group of
producers face in cost of feeding. Overall, in our results MBW had the least
preference of 0.048.

Beside economic value estimation, definition of a national breeding objective for
the dairy industry in Kenya is complicated by the diversity among the key players in
the industry. To overcome this challenge, (Kahi et al., 2004) derived a breeding
objective based on the smallholder system for the “current” (volume based) and
“future” (volume and fat based) marketing systems. Since response to selection will
always be expressed in the future, a breeding goal that considers a future
marketing situation is desirable. However, failure to account for differences within
the production systems is not likely to optimize production in these systems, and
consequently, may be rejected. In addition, the assumption that the market will
adjust the pricing criteria in the future to account for milk components and the
probable values that consumers will be willing to pay for these components is
difficult to predict. On the other hand, desired gains reflect the stakeholders
expectations with respect to production and market circumstances. Desired gains,
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therefore, can be used to incorporate stakeholders views and wishes in the
derivation of breeding objectives (Martin-Collado et al., 2015).

A single breeding objective for both high and low producers can provide a means
for genetic improvement of dairy cattle in Kenya in the short term. By using
consensus preferences pedigree and performance records from large scale
producers can be optimally used to improve the entire value-chain. Initiation of a
fully functional locally run breeding scheme can provide impetus for more
participation of producers in recording of pedigrees and performances. We have
used WGP to define consensus weights by minimizing disparities between different
groups. The premise of our thinking is that the preference values for individual
respondents are a measure of the utility they derive from the traits. Our results
also suggest that such utility has a monetary basis as social preferences indicate
conscious efforts within groups to maximize profitability within the constraints they
face. In a descending order, desired genetic gains were 2.51, 2.42, -0.22, 0.87 and
0.15% for PLT, MY, Cl, FY and MBW, respectively. These desired gains can form a
basis for the design of an optimal multi-trait breeding program that accounts for
the diversity in the Kenya dairy cattle industry (Brascamp, 1978; Gizaw et al., 2010).
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Abstract

Dairy cattle breeding programs in developing countries are constrained by minimal
and erratic pedigree and performance recording on cows on commercial farms.
Small-sized nucleus breeding programs offer a viable alternative. Deterministic
simulations using selection index theory were performed to determine the
optimum design for small-sized nucleus schemes for dairy cattle. The nucleus was
made up of 197 bulls and 243 cows distributed in 8 non-overlapping age-classes.
Each year 10 sires and 100 dams were selected to produce the next generation of
male and female selection candidates. Conception rates and sex ratio were fixed at
0.90 and 0.50, respectively, translating to 45 male and 45 female candidates joining
the nucleus per year. Commercial recorded dams provided information for genetic
evaluation of selection candidates (bulls) in the nucleus. Five strategies were
defined i.e., only nucleus records (DP), progeny records in addition to nucleus
records (PT), only genomic information (GS), dam performance records in addition
to genomic information (GS+DP), and progeny records in addition to genomic
information (GS+PT). Alternative PT, GS, GS+DP and GS+PT schemes differed in the
number of progeny per sire and size of reference population. The maximum
number of progeny records per sire was 30, and the maximum size of the reference
population was 5000. Results show that GS schemes had higher responses and
lower accuracies compared to other strategies; the higher response being due to
shorter generation intervals. Compared to similar sized progeny testing schemes,
genomic selection schemes would have lower accuracies but these are offset by
higher responses per year, which might provide additional incentive for farmers to
participate in recording.

Key words: Minimal recording, breeding program, genomic selection, genetic gain



3 Optimizing small sized nucleus dairy cattle breeding programs

3.1 Introduction

Genetic improvement of livestock populations relies on the ability to create a
selection differential and to disseminate superior germplasm to the commercial
population. Breeding programs require a well-defined recording, selection and
dissemination structure. There has been an impasse in the implementation of well-
organized and effective breeding programs in Kenya and other developing
countries due to technical and infrastructural constraints (Kosgey et al., 2006;
Marshall et al., 2011; Rege et al., 2011). As a consequence, dairy farmers in Kenya
need to rely on importation of semen to achieve improvement on their farms. The
imported semen is produced by sires resulting from breeding programs in
temperate countries. However, the response in Kenya might be disappointing due
to genotype by environment interaction (GXE). For example, Ojango and Pollot
(2002) reported a genetic correlation of 0.49 between sires performing in both the
United Kingdom and Kenya, indicating a substantial GxE. Importation of semen
from temperate regions, therefore, might not be the economically optimal strategy
for improving dairy cattle production in Kenya (Okeno et al., 2010). An alternative
strategy is the establishment of a local breeding program (Vargas and van
Arendonk, 2004; Mulder et al., 2006). However, this requires an investment in
infrastructure and performance recording.

The effectiveness of a local breeding program can be measured by its ability to
generate genetic progress through identification of superior individuals to be used
as parents of the next generation. Artificial insemination has greatly increased the
reproductive capacities of sires. In dairy cattle breeding, the largest proportion of
response to selection is generated through the selection of sires because they have
a high reproductive capacity. The high reproductive capacity of sires offers
opportunities for high selection intensities and high accuracies of selection. On the
other hand, the accuracy of selection is dependent on the amount of performance
and pedigree information available for genetic evaluation of selection candidates.
Very high accuracies in the sire pathway have been achieved with progeny testing
(PT) based breeding programs. Attainment of these high accuracies requires each
candidate sire to have 100 — 250 daughters of which performances are recorded;
which translates to 10,000 - 25,000 daughters annually for a program involving 100
candidates (van Arendonk, 2011). However, participation of commercial producers
in recording in Kenya is minimal and/or erratic (Wasike et al., 2011). Consequently,
efforts to establish a local national dairy cattle improvement scheme based on
progeny testing has been unsuccessful. A number of studies looked into the
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opportunities of nucleus breeding schemes which are less dependent on large scale
recording of pedigree and performance than progeny testing schemes. Genomic
selection (Meuwissen et al., 2001) has currently caused a major change in livestock
improvement programs in developed countries. Genomic selection (GS) can greatly
increase the response to selection particularly in species with long generation
intervals (Schaeffer, 2006). From a genetic point of view, GS also enables the
establishment of more effective nucleus breeding programs in developing livestock
industries (van Arendonk, 2011). However, the suitability of GS in a genetic
improvement strategy for livestock sectors in developing countries is disputed and
requires further research.

Adoption of innovations in technology require careful consideration, comparing all
possibilities to minimise risks while preventing loss of opportunity for
improvement. Marshall et al. (2011) describe GS as a high-risk approach compared
to PT for developing livestock sectors. Research on the technical and institutional
factors influencing the successful establishment of GS breeding program for
developing livestock sectors is therefore crucial. The first step in the
implementation of a sound breeding program is to optimise the genetic evaluation
process given the current limitations in performance and pedigree recording. The
objective of the current study was therefore to compare GS and PT evaluation
strategies on response to selection and accuracy when reliable pedigree and
performance recording is minimal.

3.2 Materials and methods

The population structure

The nucleus. The general structure of the population consisted of 1) a nucleus
with selection candidates, elite dams and elite sires which are used as parents for
the next generation of selection candidates, 2) a group of commercial recorded
cows (CRC) to provide information for genetic evaluation and 3) commercial non-
recorded cows, which benefitted from the selection efforts in the nucleus. The
nucleus had cow and bull populations of 243 and 197 individuals, respectively,
distributed into 8 non-overlapping age classes. The annual culling rate in the
nucleus was fixed at 15%. Each year 100 cows and 10 bulls within the nucleus were
selected as elite dams and active sires, respectively. The sex ratio at birth, and
conception rate within the nucleus were fixed at 0.50, and 0.90. Therefore, there
were 45 male and 45 female new candidates born each year.

Selection was done annually. All new born males and females in the nucleus
automatically become selection candidates. For all strategies considered
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candidates were eligible for selection only when all information required for the
specified selection strategy became available. Therefore, the number of candidates
attaining selection age was affected by annual culling. For instance, when all
information for selection of sires was available before 1 year of age the number of
new males candidates was 43 (after accounting for culling) but when this
information became available when bulls were 6 years old the number of new
candidates was 22. All simulated schemes considered the same nucleus population.
Within the nucleus both males and females were simulated to have a maximal
lifespan of eight years, and selection candidates attained sexual maturity when one
year old. The period between mating and calving was approximately one year.
Therefore, cows were modelled to drop their first calf towards the end of their
second year or early the third year, and had their first phenotypic record before
they were 4 years old.

Interaction between the nucleus and the commercial cow
population. Figure 3.1 presents the interaction between the nucleus and the
commercial cow population. All selection was done in the nucleus. Selected sires
were used on both nucleus and commercial dams. Selected dams were used only
for production of new selection candidates in the nucleus. Commercial recorded
dams provided information for the evaluation of young bulls; either as cows to
produce test daughters under PT schemes or as the reference population in GS
schemes. We wanted to look at situation where the number of records on
performance and pedigree recorded cows is limited. The current number of unique
dam performance records submitted to the national data archive in Kenya, “The
Livestock Recording Centre”, ranges between 200 and 1,000 per annum (personal
communication with the officer-in-charge). We therefore investigated a range of
500 — 5,000 commercial recorded dams per year.

Alternative breeding schemes

Most economically important traits in dairy cattle are related to productivity of
cows and in most cases initial records are available after the first lactation.
Therefore, in this study simulations considered a single trait recorded in dams only
and records were available after the first lactation. Three levels of heritability of
this single trait were used (0.15, 0.30 and 0.50) to determine the effect of
heritability on response to selection and the optimum scheme.

Selection strategies were defined by the type of information used for genetic
evaluation of male and female selection candidates. In all cases, we simulated an
animal model genetic evaluation of the animals in the nucleus population
considering all genetic relationships. Table 3.1 details the sources of evaluation
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information for alternative selection strategies. Five strategies were defined. In the
first strategy (DP) evaluation was based on phenotypes recorded within the
nucleus only i.e., phenotype records for dams within the nucleus. The second
strategy (PT) was similar to DP, but with additional information for evaluation of
bull candidates coming from daughter phenotypes in the commercial population. In
the third strategy (GS) evaluation was exclusively on genomic information i.e.,
phenotypic information was used solely for estimation of allelic effects. Strategy
four (GS+DP) was similar to GS, but nucleus cows/females had phenotypic records
as additional information. The fifth strategy (GS+PT) was similar to GS+DP, but bulls
had daughter phenotypes in the commercial population as additional information.
The logic here is that the commercial dams that provide the progeny information
can also be genotyped and then used as reference population. In this case the
commercial dam information is used twice.

The Nucleus Commercial cow population
100 elite 10 active Commercial recorded
K dams sires <7 cows (provide extra
- information for PT and
LRl R Dl GS, GS+DP and GS+PT
\I/ schemes
45 daughters 45 sons born
born annually annually "“‘
2,‘ Commercial non-
recorded cows
L Dams selected Sires selected |—

Figure 3.1 The interaction between the nucleus and the commercial cow population. All
selection was in the nucleus and selected sires were used in the nucleus and the commercial
cow population (thick dotted lines). The nucleus was closed (continuous lines). Information
from the commercial recorded cows provided extra information for evaluation of selection
candidates in progeny testing (PT), genomic selection (GS), genomic selection and dam
performance in the nucleus (GS+DP) and genomic selection and progeny testing (GS+PT)
schemes.
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3 Optimizing small sized nucleus dairy cattle breeding programs

Within nucleus (DP) schemes. The base schemes (DP) considered a
situation where there was no performance recording within the commercial cow
population. Each year 100 elite dams were mated to 10 active sires to produce 45
male and 45 female selection candidates. Therefore, each candidate bull had five
half-sib sisters and each candidate dam had four half-sib sisters at birth. Under DP
schemes, sires were selected only on pedigree information and performance
records of half-sib sisters were ignored. This allowed selection of bulls when 1 year
old. Dams were selected after own performance records were available.

Progeny testing (PT) schemes. Under PT schemes, phenotypic records

were collected on progeny in the commercial population as an extra source of
information for male candidates. PT schemes therefore considered a situation
where semen was collected from 45 one year old bulls and used to inseminate
cows in commercial recorded group to produce test daughters. The number of
cows in the commercial recorded group determined the number of test daughters
that a candidate bull could produce. Two PT scenarios were simulated. In the first
scenario (PT-15), schemes with 2,500 cows available annually in the commercial
recorded group were simulated. Under the PT-15 schemes young bulls were
evaluated on performance records of 15 daughters in addition to the performance
of relatives within the nucleus. The second scenario (PT-30) simulated schemes
with 5,000 cows available annually in the commercial recorded group. This resulted
to each candidate bull within PT-30 schemes having 30 daughters with first
lactation records. The number of daughters per test bull was computed by fixing
the conception rate and survival rates at 80% for the commercial recorded dam
population. Bulls could be selected as parent for next generation of nucleus
animals from an age of 6 years onwards.

Genomic selection (GS) schemes. For GS, GS+DP and GS+PT schemes four
sizes of reference populations (i.e., 500, 1,000, 2,500 and 5,000) were simulated.
For comparison purposes, the number of selected sires and dams within the
nucleus for genomic schemes were equal to those in DP and PT schemes. For
GS+PT-500, GS+PT-1000, GS+PT-2500, and GS+PT-5000 schemes the number of
progeny records per candidate bull were 3, 6, 15, and 30, respectively. In GS
schemes bulls and dams were selected when one year of age, while in GS+DP
schemes bulls were selected when 1 year old and dams when four years old. In
GS+PT bulls were selected when six years old and dams when four years old.
Following the procedure of Dekkers (2007) genomic information was mimicked in
the selection index calculations by including a correlated trait with heritability
equal to unity. The reliability of genomic information was included as genetic
correlation between this additional trait and primary trait. In all schemes where
genomic information was a source of information, reference populations were
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3 Optimizing small sized nucleus dairy cattle breeding programs

constructed by genotyping and phenotyping the available commercial dams. Using
a reference population consisting of animals which are genotyped and phenotyped
will yield higher accuracies than a population with genotypes of sires with
phenotyped daughters (van Grevenhof et al., 2012).

The phenotypic and genetic correlations were calculated as hry; and 1y4,
respectively, where h is the square root of the heritability of the trait and 7,4 is the
accuracy of the genomic EBV. 1,5 is determined by the size of the reference
population (np), the effective number of loci in the base population (ng), and the
correlation of the true breeding value of the genotyped individuals and their
phenotypes (1), and was computed as (Dekkers, 2007; Daetwyler et al., 2008),

Ar?
T9g = \/—Mzﬂ (3.1]

where 1 = nP/nG. n; depends on the historic effective size of the base population
(Ng) and the size of the genome, L, in Morgan and was computed as n; = 2NgL.
N was taken to be 156 (Muasya et al., 2013) and L was equal to 30. Reference
populations were constructed by genotyping and phenotyping the same animals.
Therefore, r? = hZ2.

Generation intervals. In dairy cattle breeding, selected sires and dams remain
in the breeding population as active sires and dams for several years before culling.
Thus, selected parents are in different age-class classes. For such situations, it is
important to account for differences in the mean performance between the age-
class cohorts due to selection (Ducrocq and Quaas, 1988). This study therefore
simulated selection by truncation with overlapping generations. The classical
formula for determining the response to selection is modified to account for
overlapping generations as (Ducrocq and Quaas, 1988),

#ageclasses ,
Yoy UTIHjOAj 1

AG = - “total [3.2]

where i; is the selection intensity in age class j, 17y ; is the accuracy of selection for

age class j, g, ; is the additive genetic standard deviation for age class j, n; is the
number of selected parents from age class j, n;,tq; is the total number of selected
parents and L the generation interval. The above equation is implemented in
SelAction (Rutten et al., 2002), the software which we used for our calculations.
Age classes were defined by the year of birth so that animals of the same age
belonged to the same class.
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3 Optimizing small sized nucleus dairy cattle breeding programs

Investigations on the effect of the size of the nucleus on
response to selection

The effect of the size of the nucleus on the response to selection was investigated
by simulating the response for a trait with heritability equal to 0.30. Nucleus sizes
considered in the alternative schemes were 100, 200, 400, 600, 800 and 1,000 elite
dams selected annually. For all schemes 10 sires were selected each year. For
simplicity, only the maximal size of the CRC group was considered. Therefore, the
number of progeny records per sire for alternative PT and GS+PT schemes was
fixed at 30 while the size of the reference population for GS, GS+DP and GS+PT
schemes was fixed at 5,000 dams. However, the number of selection candidates
were proportionately adjusted taking into account the size of the nucleus,
conception and culling rates, and sex ratio in the nucleus as explained earlier.

3.3 Results

Response to selection

Response to selection was influenced by the selection strategy, amount of
information available and heritability. Figure 3.2 compares the responses for
alternative strategies for a situation with 2,500 CRC and heritability equal to 0.15,
0.30 and 0.50, expressed in genetic standard deviation (og). With the heritability =
0.15, responses were approximately equal for all strategies ranging between 0.020
and 0.0250,. Higher responses were observed for larger heritabilities. Increasing
the heritability to 0.30 while maintaining the size of CRC at 2,500 increased the
response in GS and GS+DP schemes by 7- and 9.5% compared to a PT scheme,
respectively. GS schemes had the highest sensitivity to increase in heritability. For
instance, GS schemes had an 100% increase in response when heritability was
doubled from 0.15 to 0.30 compared to 92-, 75- and 72% increases for GS+DP, PT
and GS+PT schemes, respectively, for a situation with 2,500 CRC. Increasing the
heritability to 0.50 from 0.30 and the number of CRC 2,500 to 5,000 resulted in 59%
increase in response for the GS scheme compared to 55-, 42-, and 43% increases
for a similar for GS+DP, GS+PT and PT schemes.

Figure 3.3 compares the effect of increasing the size of the CRC population from
2,500 to 5,000 for heritability equal to 0.30 and 0.50. Generally, increasing the size
of CRC from 2,500 to 5,000 increased the response observed for all strategies. The
highest increases were observed in the GS-only strategy. The GS+DP and GS+PT
schemes had higher responses than comparable (in size) DP and PT schemes. The
highest response was obtained with genomic selection with a CRC population of
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3 Optimizing small sized nucleus dairy cattle breeding programs

5,000. However, GS schemes with a reference population of 500 and 1,000 cows
had much lower responses that the base scheme (Table 3.2).

To standardize the comparison, the selection strategies under investigation were
benchmarked against the basic scheme i.e. DP. This was to determine the extra
response per year in genetic standard deviation expressed as a percentage, that
could be achieved by adopting any of the alternative strategies and increasing the
level of investment in recording, either of phenotypes or genotypes, from 2,500 to
5,000 CRC. A GS selection strategy had 15.0-, 24.3- and 29.3% increase in response
compared to 20.0-, 13.4- and 5.2% increase for PT selection strategy for a situation
with 2,500 CRC and heritability equal to 0.15, 0.30 and 0.50, respectively (Table
3.2). When the CRC group had a population 5,000 cows, increases in response for
GS schemes were 60.0-, 70.3- and 72.4% for heritability equal to 0.15, 0.30 and
0.50, respectively. When CRC was 500 or 1,000, GS+DP schemes had highest
responses followed by GS+PT schemes and GS schemes, for all heritabilities.
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Figure 3.2 Effects of heritability on response to selection, in genetic standard deviation (og),
for within nucleus dam performance (DP), progeny testing (PT), genomic selection (GS),
genomic selection and dam performance within the nucleus (GS+DP) and genomic selection
and progeny testing (GS+PT) schemes for a situation with 2,500 commercial recorded dams
and heritabilities (h2) equal to 0.15, 0.30 and 0.50.
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3 Optimizing small sized nucleus dairy cattle breeding programs

Accuracy of index

Index accuracies for sires in DP, GS, GS+DP and GS+PT schemes are presented in
Table 3.2. PT yielded the highest accuracies. Accuracies for PT and combined GS+PT
selection were comparable, implying that the contribution of additional genomic
information to a progeny testing scheme on accuracy was negligible. GS+DP
selection had slightly higher accuracies than GS. Accuracy was sensitive to the
amount of information available for evaluation for all strategies considered. This
sensitivity was highest for GS and lowest for PT strategies, implying that GS could
outperform PT testing when the reference population was sufficiently large.

Table 3.2 Accuracies and extra response (AR) in genetic standard deviations, expressed as a
percentage when comparing alternative schemes to the basic DP scheme, for equal CRC and
hZ

Parameters?
h?=0.15 h?=0.30 h? =0.50
Schemes? AR (%) r AR (%) r AR (%) r
PT-15 20.0 0.497 13.5 0.623 5.2 0.719
PT-30 40.0 0.604 27.0 0.727 15.5 0.811
GS-500 -45.0 0.069 -43.2 0.098 -39.7 0.126
GS-1000 -25.0 0.098 -18.9 0.137 -15.5 0.176
GS-2500 15.0 0.137 24.3 0.214 29.3 0.272
GS-5000 60.0 0.214 70.3 0.297 72.4 0.372
GS+DP-500 5.0 0.195 5.4 0.265 5.2 0.331
GS+DP-1000 10.0 0.207 10.8 0.282 12.1 0.353
GS+DP-2500 20.0 0.239 24.3 0.327 24.1 0.409
GS+DP-5000 40.0 0.283 43.2 0.386 41.4 0.479
GS+PT-500 -15.0 0.329 -13.5 0.435 -15.5 0.526
GS+PT-1000 0.0 0.392 -2.7 0.510 -6.9 0.608
GS+PT-2500 25.0 0.511 16.2 0.640 6.9 0.735
GS+PT-5000 45.0 0.622 29.7 0.744 17.2 0.825

1Selection strategies: DP = within nucleus dam performance; PT = progeny testing; GS =
genomic selection; GS+PT = genomic selection and within nucleus dam performance; GS+PT
= genomic selection and progeny testing.

ZParameters: h2 = heritability; AR = extra response; r, = accuracy

Effect of selection strategy on age distribution of selected sires

For the different schemes, selection of parents for production of nucleus selection
candidate was possible only after information from all sources was available.
Inclusion of progeny phenotypes as sources of information (PT and GS+PT) resulted
in a minimum age of selected sires of 6 years. The age distribution of active sires is
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3 Optimizing small sized nucleus dairy cattle breeding programs

given in Figure 3.4. For GS schemes, more than 60% of the active bulls were 2 years
old and only 14% of the active bulls were more than 3 years old. Generally, DP, GS
and GS+DP schemes had more intensive use of young bulls. The differences in
mean generation interval are reflected in the differences in response between
schemes (Figure 3.2 and 3.3).
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Figure 3.3 Effects of increasing the number of commercial recorded cows on response to
selection, in genetic standard deviation (o), for alternative progeny testing (PT), genomic
selection (GS), genomic selection and dam performance within the nucleus (GS+DP) and
genomic selection and progeny testing (GS+PT) schemes for situations where the number of
commercial recorded dams were 2 500 and 5 000 and heritabilities (h2) equal to 0.30 and
0.50.

Effect of the nucleus size on response

Figure 3.5 presents the effects on response due to increasing the nucleus size from
100 to 1,000 elite dams while maintaining the number of active sires at 10, for a
trait with heritability equal to 0.30. Response in all schemes increased with larger
nucleus sizes. However, results show a diminishing increase as the nucleus size gets
much larger. However, increasing the nucleus is likely to have a big effect on the
rate of inbreeding as it increases the selection intensity in the sires. Inbreeding was
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not considered in the current study as SelAction cannot calculate rates of
inbreeding in overlapping generations.

70 - —8—DP
—%—PT-30
—%— GS-5000
—a— GS+DP-5000
—o6— GS+PT-5000

Proportion of bulls selected per age-class (%)

Age-classes (years)

Figure 3.4 Effect of the selection criteria on proportions of active sires in different age-
classes for within nucleus dam performance (DP), progeny testing (PT), genomic selection
(GS), genomic selection and dam performance within the nucleus (GS+DP) and genomic
selection and progeny testing (GS+PT) schemes for a trait with heritability equal to 0.50 and
5,000 commercial recorded dams.

3.4 Discussion

Response to selection

The aim of the current study was to optimise the design of small-sized nucleus
genetic improvement dairy cattle schemes for situations where phenotype records
are limited. Such schemes are important when producers’ participation in pedigree
and performance recording is minimal or for unique small-sized populations kept
for specific products. Before adoption it is important to predict the possible
benefits of alternative selection strategies so as to determine the best alternative.
We compared alternative selection strategies by benchmarking possible responses
to schemes were recording was only within the nucleus and evaluation was on
phenotypic information only (DP schemes). Our results show that GS schemes had
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3 Optimizing small sized nucleus dairy cattle breeding programs

higher annual responses for traits with moderate to high heritability and a
moderately small population size i.e.,, 2,500 to 5,000 CRC. In actual breeding
schemes selection is not for a single trait but an aggregate of a group of traits i.e., a
total merit index. Heritability as expressed in this study can therefore be
considered as the index heritability. A lower index heritability could reflect a more
unfavorable genetic correlation between traits in the index.

Higher responses in GS were particularly due to the ability to greatly reduce the
generation intervals for schemes utilizing this selection strategy (Pryce et al., 2010).
Shortening of generation intervals will result in more rounds of selection per unit
time, hence increasing the achievable gains per period time. GS based selection
schemes are therefore highly attractive for situations where it is possible to reduce
generation intervals (van Grevenhof et al., 2012). All schemes would benefit from
larger nucleuses (Figure 3.5). A larger nucleus size would increase the number of
selected parents and hence reduce accumulation of inbreeding.
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Figure 3.5 Effect of the nucleus size on response to selection for within nucleus dam
performance (DP), progeny testing (PT), genomic selection (GS), genomic selection and
dam performance within the nucleus (GS+DP) and genomic selection and progeny
testing (GS+PT) schemes for a trait with a heritability of 0.30 and 5,000 commercial
recorded dam available. Nucleus sizes considered were 100, 200, 400, 600, 800 and
1,000 dams.

59



3 Optimizing small sized nucleus dairy cattle breeding programs

Risks associated with adoption of alternative strategies

Risk is an important factor when deciding the selection strategy for adoption. GS
has been described as a high risk approach for creating genetic improvement in
developing countries (Marshall et al.,, 2011). Components of risk for a breeding
program are variance of the response and inbreeding.

Population size in our study referred to the number of animals on which
phenotypic records were collected. The mortality rates of calves in developing
countries can be high due to infectious diseases or the harsh environment. The
number of calves that need to be produced to reach the simulated population sizes
is consequently a lot higher. The higher mortality will also increase the risk
associated with the small-sized nucleus scheme.

Variance of response. Deviation of the realized response from the predicted
response is an attribute of the prediction error. The prediction error variance is
determined by the accuracy of EBVs and inbreeding (Meuwissen, 1991). Low
accuracy implies larger variability of the estimated genetic value from the true
value. Consequently, realized responses from breeding programs with lower
selection accuracy are likely to deviate highly from the expectation. In addition,
producers may be unwilling to buy semen from bulls with low reliabilities.
Therefore, small-sized artificial insemination schemes will find it difficult to survive
competition with larger schemes in a global dairy breeding market. However, for
schemes aimed at breeding for “unique” products or qualities e.g. breeding for
disease and heat tolerance in the tropics, such competition is not likely to have
significant effects to the ability of these schemes to succeed as they target different
market niches.

Therefore, the most important risk for low accuracy breeding programs is high
variances in realized responses. In the present study, GS attained very low
accuracies compared to PT. The use of genome wide dense single nucleotide
polymorphs i.e., genomic selection, has increased the number of markers available
for estimation of associations between markers and QTLs (Meuwissen et al., 2001).
However, sampling errors are determined by the sample size and heritability of the
trait under consideration. Smaller sample sizes result in larger sampling errors with
the situation aggravated when concerned traits have low heritability (Lande and
Thompson, 1990; Meuwissen et al., 2001). Consequently, a large proportion of the
additive genetic variance may not be explained by markers when the reference
population is small. Hence, the realized response is likely to be lower than
predicted (Moghaddar and van der Werf, 2009). Variance in realized response due

60



3 Optimizing small sized nucleus dairy cattle breeding programs

to low accuracies poses a major challenge for the GS strategy as it is characterized
by low accuracies ( Pryce et al., 2010; Lillehammer et al., 2011; van Grevenhof et
al.,, 2012). Such accuracies are generally much lower for smaller reference
populations (Figure 3.4). Previous study show that a population of approximately
100 000 dams with genotypes and phenotypes are required to attain an accuracy
above 0.90 (van Grevenhof et al., 2012).

Previous studies that have considered the potential of GS have assumed that such
schemes will attain high accuracies (Schaeffer, 2006; Konig et al., 2009). Such
accuracies are not achievable for small-sized schemes. Alternatives that involve
combination of information sources have been studied. Such alternatives have
been pre-selection of sires and combined use of phenotypic and genotypic
information for selection (Schrooten et al., 2005; Pryce et al., 2010). For small-sized
nucleus schemes pre-selection of sires will not be viable as the available number of
candidates is generally small hence all new-borns need to be included as
candidates. Results from this study show that the combined use of progeny
phenotypes with genomic information (GS+PT schemes) will have negligible impact
on response compared to use of progeny phenotypes only (PT schemes) (Figure 3.2
and 3.3). This is because all the benefits of reduced generation intervals are lost
with such schemes. A compromise would be to combine female phenotypic
information from nucleus dam (i.e. excluding progeny phenotypes) with genomic
information. In this study, GS+DP-5000 schemes, had relatively higher responses
compared to PT and higher accuracies compared to GS only when heritability of the
trait was 0.3 or higher.

Another option to maximize achievable accuracy within the constraint of a small-
sized reference population is to adopt an improved genome-wide prediction
method. Genome-wide prediction methods can be categorized based on how they
model the variance of markers across the genome. Linear methods assume
homogeneity of variance for all markers and include variants of genomic best linear
unbiased prediction. Non-linear Bayesian methods allow for heterogeneity of
variance between markers. For small reference populations, previous simulation
studies have shown that Bayesian predictions will yield higher accuracies compared
to linear predictions (Meuwissen et al., 2001; Daetwyler et al., 2010).

Comparing schemes only on accuracies while ignoring responses may not give a
balanced conclusion. In the present study adoption of a GS scheme would result in
70.3% increase in response compared to the basic scheme. Adoption of the GS+DP
scheme would result in 43.2% extra response. (Table 3.2). Therefore, despite the
expected larger fluctuations in response for GS schemes, they will have higher
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mean performance at the population level, which compensates for the
fluctuations.

Inbreeding. Inbreeding leads to increased homozygosity within the population
resulting in reduced genetic variance, inbreeding depression and increase in
problems associated with lethal genes. Future inbreeding is determined by the co-
ancestry of parents. With small-sized nucleus schemes, where the number of
parents is small, the rate of inbreeding is expected to be higher. This will have the
effect of reduced response to selection in the long term. Accumulation of
inbreeding in future generations can be minimised by minimising co-ancestry in the
parents (Wray and Goddard, 1994; Brisbane and Gibson, 1995; Meuwissen, 1997).
Methodologies have been developed to minimize inbreeding for small populations
with overlapping generations (Meuwissen and Sonesson, 1998; Sonesson and
Meuwissen, 2001).

The procedures of Meuwissen and Sonesson (1998) and Sonesson and Meuwissen
(2001) where derived with best linear unbiased prediction (BLUP) EBV selection in
mind. The BLUP EBVs of relatives are highly correlated which can lead to more co-
selection of relatives. The expected level of inbreeding accumulation in GS schemes
should be equal to that in PT schemes as inbreeding is determined mainly by the
co-ancestry of selected parents. However, with GS it is possible to make a
distinction between EBVs of full-sibs as this strategy can explain some of the
variance due Mendelian sampling and hence reduce co-selection of siblings
(Daetwyler et al., 2007).

General discussion

Unfavourable GxE between sires performing in temperate and tropical countries
necessitates the establishment of breeding programs within tropical production
systems so as to economically optimise tropical dairy cattle industries. However, in
developing countries (such as the case in Kenya) commercial herd pedigree and
performance recording is minimal and inconsistent. Failure of the recording system
to meet farmer expectations and to offer tangible returns are the main weaknesses
in the pedigree and performance recording system in the Kenya dairy cattle
(Wasike et al.,, 2011). This limits the opportunities to implement a genetic
improvement program that relies on progeny testing. An alternative approach for
creating genetic improvement of diary sector is therefore imperative. In addition,
attractive and viable genetic improvement strategies are required for cases with
small “unique” populations with well-developed recording systems.

Alternative selection strategies i.e., DP, PT, GS, GS+DP and GS+PT, within the
limitation of minimal recording were studied and the risks involved discussed.
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Adoption of a selection strategy that maximizes response to selection per period
time would be the most beneficial. Our results show that this is achieved through
use of GS. Risks associated with alternative strategies is an important factor to
consider (Marshall et al., 2011). While GS schemes are expected to have higher
risks compared to PT schemes due to the lower accuracies, such schemes will
generally have a higher mean performance. Therefore, we expect higher overall
population mean performance if GS is adopted. In addition, GS are expected to
have lower inbreeding accumulation over time compared to PT schemes due to
minimized co-selection of siblings as discussed earlier.

Other indirect effects of the selection strategy on the industry are worth
consideration. Lack of tangible returns to producers for their recording efforts is a
major deterrent from future participation (Wasike et al., 2011). Adoption of a
strategy that would maximize the achievable response in the shortest possible time
would be helpful in such a situation. Furthermore, with a system where recording
structures are not well established the accuracy of information coming from
participating producers is likely to be low. As a consequence, reliabilities of
estimates of population parameters and expected response will be low. Accuracy of
such information can be verified by use of genomic information, in particular the
accuracy of the pedigree information. Therefore, the overall risk associated with GS
schemes may indeed be lower than that expected from PT strategy.

Reduction in the amount of recording required will have a monetary advantage. In
the current study, we constructed the reference population by use of genotypes
and phenotypes from the same animal. Genotyping need not be done annually but
periodically. With well stipulated genotyping intervals, phenotypic performances
can be reduced to only the year previous to the genotyping period. This minimizes
the amount of recording compared to PT strategy that require continuous
recording. Another factor to consider is that small-sized PT dairy cattle selection
schemes are constrained in flexibility in the number of selection candidates. The
limited number of cows to produce test daughters implies that it is practically
impossible to increase the information available per candidate sire or to increase
the number of male candidates without lowering the number of evaluation
records. On the other hand, potential exists of evaluating more candidates (also
from outside the nucleus) with GS as the number of candidates evaluated is
independent of the number of CRC.

The implementation of a breeding scheme is complicated and requires more details
and considerations than could be addressed in the present study. However, the aim
of this study was to investigate the potential for small-sized nucleus dairy genetic
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improvement program. Our results show that the greatest potential for such
programs lie in genomic selection.

3.5 Conclusion

Feasibility exists for creating genetic gain through use of genomic selection in
small-sized nucleus dairy cattle breeding programs. An optimal breeding scheme
would rely on annual genotyping of 5,000 commercially recorded cows in the
genetic evaluation. Compared to similar sized progeny testing schemes, genomic
selection schemes would have lower accuracies but these are offset by higher
responses per year, which might provide additional incentive for farmers to
participate in recording.
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Abstract

In developing countries, minimal and erratic performance and pedigree recording
impede implementation of large-sized breeding programs. Small-sized nucleus
programs offer an alternative but rely on their economic performance for their
viability. We investigated the economic performance of two alternative small-sized
dairy nucleus programs i.e., progeny testing (PT) and genomic selection (GS), over a
20 years investment period. The nucleus was made up of 453 male and 360 female
animals distributed in 8 non-overlapping age classes. Each year 10 active sires and
100 elite dams were selected. A population of commercial recorded cows (CRC), of
sizes 12,592 and 25,184, was used to produce test daughters in PT or to create a
reference population in GS. Economic performance was defined as gross margins,
calculated as discounted revenues minus discounted costs following a single
generation of selection. Revenues were calculated as cumulative discounted
expressions (CDE, kg) x 0.32 (Euro per kg of milk) x 100,000 (size commercial
population). Genetic superiorities, deterministically simulated using pseudo-BLUP
index and CDE determined using gene flow. Costs were for one generation of
selection. Results show that GS schemes had higher cumulated genetic gain in the
commercial cow population and higher gross margins compared to PT schemes.
Gross margins were between 3.2 and 5.2-fold higher for GS, depending on size of
the CRC. The increase in gross margin was mostly due to a decreased generation
interval and lower running costs in GS schemes. In PT schemes many bulls are
culled before selection. We therefore also compared two schemes where semen
was stored instead of keeping live bulls. As expected, semen storage resulted in an
increase in gross margins in PT schemes but gross margins remained lower than
those of GS schemes. We conclude that implementation of small-sized genomic
selection breeding schemes can be economically viable for developing countries.

Key words: Economic evaluation, small-sized breeding programs, progeny testing,
genomic selection



4 Economic evaluation of small sized breeding programs

4.1 Introduction

Dairy production makes an important contribution to poverty reduction and food
security in developing countries. Different dairy production systems are present in
developing countries reflecting the wide range in production and marketing
conditions (Mburu et al., 2007; Mubiru et al., 2007). Genetic improvement offers
an opportunity to improve the efficiency of dairy value chains. Genetic
improvement can be realized by importation of exotic germplasm or by local
breeding programs. Local breeding programs for developing dairy cattle industries
provide a means to address unfavorable genotype by environment (GXE)
interaction resulting from importation of exotic germplasm (Ojango and Pollot,
2002; Vargas and Arendonk, 2004; Okeno et al., 2010a). However, minimal routine
pedigree and performance recording impede the implementation of large-sized
breeding programs in many developing countries (Wasike et al., 2011). Small-sized
programs may provide the means for improving local genetic resources in countries
where infrastructure for large-size pedigree registration and milk recording are
lacking (Kariuki et al., 2014). From literature, it is well known that small-sized
breeding programs can create significant genetic gains (Okeno et al., 2010b; Gizaw
et al., 2014; Kariuki et al., 2014). However, successful implementation of such
programs will ultimately be determined by their economic results.

Recent studies have shown genomic selection (GS) in large-size dairy cattle
breeding programs to have genetic and monetary advantages over traditional
progeny testing (PT) (Schaeffer, 2006; Konig et al., 2009). Genetic advantages
mainly relate to the reduction of generation intervals with GS (Goddard and Hayes,
2007). Decrease in generation intervals and elimination of the need for test
daughters can result in significant reduction in operational costs for dairy cattle
breeding programs (Schaeffer, 2006). Besides reduced costs, GS schemes will
benefit monetarily from higher annual genetic gains and earlier expression of
genetic superiorities. Early expression of genetic superiorities reduces the effect of
discounting on revenues (Brascamp, 1978). However, these studies considered
large, well developed breeding programs. Results can, therefore, not be directly
translated to developing countries.

Successful implementation of small-sized nucleus dairy cattle schemes for
developing countries is faced by two challenges. First, expected annual genetic
gains will be lower due to the smaller size of the breeding population and the
smaller number of animals participating in pedigree and performance recording.
The second challenge relates to net revenues. Developing dairy cattle sectors are
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4 Economic evaluation of small sized breeding programs

largely dominated by low input - low output smallholder systems. It is, therefore,
challenging for systems to generate the revenues required for an economic sound
breeding program. This is particularly important for GS that require extra
investment in genotyping of selection candidates and the phenotyping and
genotyping of the reference population. The first condition for a breeding program
is that it generates sufficient revenues to cover operation costs. Economic appraisal
of breeding programs is therefore imperative, particularly for high-risk situations in
developing countries (Marshall et al., 2011).

A dairy cattle genetic improvement program will result in (a) improved
performance at the production level due to use of superior bulls and, (b) increased
demand of superior semen. Revenues from genetic improvement are hence
realized at two separate levels i.e. breeding firms selling semen and at the
commercial producers where genetic superiority is expressed. Two criteria exist for
economic appraisal of breeding programs (Brascamp, 1978). The first criterion
focuses on breeding firms and aims at maximization of profits by increasing the
semen market share. For such situations, economic appraisal determines the
economic impact of changes in market share due to adoption of alternative
schemes e.g. (Dekkers and Shook, 1990; Brascamp et al.,, 1993). The second
criterion focuses on producers and aims to increase productivity and/or reduce
production costs at the commercial producers’ level. Such an approach considers a
national breeding program where revenue is generated from sale of end products
such as milk or meat (Brascamp et al., 1993; Konig et al., 2009). For small-sized
nucleus schemes in developing countries economic appraisal from a national
perspective seems more suitable as the aim of such schemes is to address
challenges posed by importation of germplasm (Ojango and Pollot, 2002; Vargas
and Arendonk, 2004; Okeno et al.,, 2010a). We, Kariuki et al. (2014), recently
illustrated the feasibility of small-sized GS or PT programs. However, the adoption
of such schemes is dependent on their economic performance. The aim of the
current study was therefore to economically appraise GS and PT selection
strategies for small-sized dairy cattle breeding programs in developing countries
from a national perspective.

4.2 Materials and methods

Breeding program

Economic evaluation was for a single breeding program under two selection
strategies i.e., progeny testing (PT) and genomic selection (GS). With PT,
commercial recorded cows (CRC) were used to provide test daughters while with
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GS they were used to create a reference population. In the PT schemes, male
candidates were evaluated on the performance of their 1% crop of daughters and
parental breeding values and, female candidates were evaluated on their 1%
lactation record and parental breeding values. As a result, under PT, female and
male candidates were available for selection from the 4™ and 6% year of age
onwards, respectively. Selection in the GS strategy in both sexes was solely on
genomic breeding values and candidates were available for selection from the 1%
year of age onwards. The effect of the selection strategy on the distribution of
selection candidates in the nucleus is shown in Table 4.1. The breeding objective
was to improve milk yield. We used two heritabilities i.e., 0.15 and 0.30. Phenotypic
standard deviation for milk yield for the Holstein-Friesian population in Kenya was
set equal to 1,110 kg (Ojango and Pollot, 2002; Kahi and Nitter, 2004).

In the face of limited by participation of producers in pedigree and performance
recording we evaluated a small-sized nucleus; ignoring inbreeding. The basic
structure of the breeding program is illustrated in Figure 3.1 and comprised of (a) a
closed nucleus where all genetic improvement was generated and (b) a commercial
population of 100,000 cows benefiting from genetic improvement in the nucleus.
The nucleus was made up of 360 female and 485 male selection candidates
(including calves) distributed in 8 one year long age-classes (Table 4.1). 100 male
and 100 female selection candidates been born annually. Males and females were
modeled to attain sexual maturity at the age of 1 year, and were mated
immediately after. Consequently, cows dropped their first calf when 2 years old
and had their first performance record by the end of their 3™ year. Each year 100
elite dams and 10 active sires were selected. Survival rate was fixed at 0.85 and
0.75 for males and females, respectively.

Size of commercial recorded population. Two sizes of CRC population
were considered, where CRC-cows are recorded cows in herds which for most part
are not recorded. In determining the required number of CRC we worked from the
hypothesis that PT was the most feasible selection strategy for developing
countries(Marshall et al.,, 2011). Due to the low participation of producers in
recording, we considered relatively small numbers of test daughters per candidate
bull. We modeled two situations (a) where each candidate bull had 15 complete
daughter records (DR) and (b) each candidate had 30 DR. Therefore, the size of the
CRC for each situation was determined by the conception rate in CRC cows, sex
ratio at birth and survival of test daughters, fixed at 0.80, 0.50 and 0.75,
respectively. Candidate bulls were mated to CRC at the start of their 2" year
(accounting for culling only of 85 candidate bulls were evaluated; Table 4.1). In
addition, daughter records were available at the start of their 4™ year of life i.e.,
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records were only available form daughters surviving to 3 years of age. Therefore,
to obtain 15 and 30 DR per candidate bull we required a total of 12,593 and 25,184
CRC, respectively. We denoted the PT scheme with 15 DR per candidate bull as
PT15 and that with 30 DR as PT30. Under GS schemes, the same sizes of CRC were
considered, but they were used to create a reference population. Equivalent GS
schemes were denoted as GS15 and GS30.

Use of bulls. Bull maintenance costs can be reduced by early culling combined
with semen storage. In addition, early storage of semen overcomes the decline in
the number of selection candidates over time resulting from involuntary culling
when using fresh semen (Skjervold and Langholz, 1964). We therefore compared
the economic significance of a situation where semen was frozen and stored and
bulls culled (STOR) against the conventional system where only fresh semen is used
and bulls are maintained as live animals in the bull-station (CONV) for both GS and
PT strategies. For STOR, we assumed that the entire amount of semen required for
production of test daughters and insemination of commercial cows was collected
and stored from 2-year-old bulls, after which they were culled, irrespective of the
selection strategy. The amount of semen collected was determined by number of
cows to be inseminated and number of straws required per conception (fixed at
1.7). For CONV semen for production of test-daughters was collected from 2-year-
old bulls while semen for use on the commercial herd was collected from selected
sires in both PT and GS schemes.

Deterministic simulations of genetic superiorities. Genetic superiorities were
determined through deterministic simulation based on pseudo-BLUP selection
index theory with 8 non-overlapping age-classes as (Hazel, 1943; Ducrocq and
Quaas, 1988; Villanueva et al., 1993).

n

no.ofage—classes . j
ZFI Lm0,

AG = Piota (4.1]
L

n.
and —— were intensity of selection, accuracy, additive

where Liv Ny j» o, .

oJ
total

genetic standard deviation and the proportion of parents in the j* age-class and,
L the generation interval. All simulations were implemented in SelAction (Rutten
et al.,, 2002). The program accounts for reduction in variance due to selection
(Bulmer, 1971). In addition, it also corrects selection intensities for finite

population sizes (Meuwissen, 1991).
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Genetic superiorities for GS breeding programs were simulated by including an
“extra” correlated trait with heritability equal to unity in the model as suggested by
(Dekkers, 2007). Genetic and phenotypic correlations between the true and “extra”
trait were calculated as 5 and hrgg, respectively, where h is the square root of
the heritability and r 5 the accuracy of genomic EBV which was calculated based on
(Dekkers, 2007):
v, = ﬂhz 4.2
¢\ an? +1 2
where 4 = np/ng; n; depends on the size of historic effective base population
size (Ng) and the size of the genome (L) in Morgan and was computed as n; =
2NgL. Ng was equal to 156 (Muasya et al., 2013) and L was equal to 30.np was
the size of the reference population i.e., 12,593 and 25,184 and, h? was equal to
the heritability.

Economic evaluation

Comparison of the economic performance of the selection strategies was based on
gross margins, which we defined as the difference between discounted revenues
and discounted costs. Revenues were defined as expressed genetic gains in the
commercial cow population following one generation of selection. Revenues were
computed as cumulative discounted expressions (CDE) (Brascamp, 1978),
expressed in kg and for a time horizon of 20 years. Revenues and costs were
discounted to the year of birth of selection candidates.

Gene flow method was used to model the passage of genetic superiorities from
selected parents to offspring in subsequent age by sex classes through
reproduction and ageing. An age-class was 1 year period. Gene frequencies per sex
in an age-class at a particular year t was expressed by a vector m;. m; was
calculated as (Brascamp, 1978)

m, =Rn_, +Pm, [4.3]

where R is a matrix defining gene transmission through reproduction, P is a matrix
defining gene transmission through reproduction and ageing, and

n, =Qn,_ [4.4]

where n is a vector with gene frequencies in the first age class and Q is a matrix
defining ageing. CDE were calculated as (Brascamp, 1978),

20 4
CDE:Zm'(z){ ! j [4.5]
t=1

1-r
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where, m is a vector with gene frequencies in defined age-classes in all tiers by sex
subclasses originating from the selected parents, h is an incidence vector describing
the relative frequency of expression of the trait, r is the discount rate; which was
fixed at 4 and 7%. Vector h was determined based on expected proportions of
lactating cows in different age-classes and effects of age on milk production. All
calculations were done using the program GFLOW (Brascamp, 1978). Revenues
were calculated as:

Revenue = CDE x0.32x100000 [4.6]
where 0.32 is the value in euros of 1 kg of raw milk in Kenya and 100,000
represents the size of the commercial population.

Gene flow pathways. Proportions of selected sires and dams from different
age-classes were determined through truncation on estimated breeding values
(Ducrocq and Quaas, 1988). Gene flow pathways were categorized as (a) flow of
genes within the nucleus and (b) flow of genes from the nucleus to the commercial
population. Within the nucleus, we accounted for flow of genes from sires and
dams to male and female offspring. Flow of genetic superiority from the nucleus to
commercial cows was through use of selected (“elite”) nucleus sires to breed
commercial cows. For simplicity, the effect of use of young sires on the CRC was
ignored. There was no selection in the commercial herd.

R and P matrices for the alternative strategies were determined by the age at
which selection was done. With PT schemes sires were evaluated and selected
based on daughter performances. Dams in the nucleus were evaluated and
available as selection candidate after they completed their 1% lactation. As a result,
for PT strategy sires were available for selection from 6 years of age and dams from
4 years. For GS strategy, sires and dams were selected based on genomic
information early in life and were available for selection from the 1% year of age.

Calculation of costs

Data on costs were collected through a group discussion with stakeholders in
Kenya. The stakeholders included dairy farmers and representatives from
government agencies involved in livestock genetic improvement, such as the
Livestock Recording Centre (involved with performance recording and genetic
evaluations), Kenya Animal Genetic Resources Centre (maintains the bull station),
Kenya Agricultural Research Institute and the Ministry of Agriculture.

We assumed that the nucleus comprised of individually owned commercial farms
with consistent recording history where female candidates and elite dams were
housed, and a government owned bull station where male candidates and active
sires were maintained. Only costs for running the bull station for a single
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generation i.e., 8 years were considered. Total costs were discounted to the 1%
year. Maintenance costs for female candidates and selected dams was borne by
the producers and were assumed equal in both schemes (except for genotyping
costs).

Labor costs. Labor costs were defined as costs for hire of personnel involved in
the daily management of bulls in the station. The average labor requirement under
the Kenya situation was estimated to be 1 person for every 10 bulls. Distinction was
not made for the age of bulls. The average monthly labor cost per individual laborer
was €136.

Health costs. Health costs were due to routine parasite and disease control.
Costs were for purchase of dip compounds and oral anthelmintics. De-worming and
dipping was done four times per year. Dipping costs and deworming costs were
fixed at €9.5 and €3.5 per animal, respectively.

Feed costs. The main feed sources were hay, concentrates and mineral licks. The
cost of a 15 kg hay bale, 70 kg sack of concentrates and 2 kg sack of mineral salts
were €2.3, €22.7 and €3.6, respectively. Feeding costs per bull per year was fixed at
€509.

Housing costs. In the present study, we included a fixed value of €3 per month
per animal as the housing costs.

Bull-dam contracting and insemination costs. This included costs for
contracting elite dams and insemination. Insemination of CRC with young bulls was
accounted as a bull station cost. Cost were €455 for contracting a bull-dam and €45
per insemination.

Genotyping costs. Genotyping costs comprised of costs for sample collection,
DNA extraction and genotyping. Total genotyping cost per animal was set at €50.
Genotyped animals were bulls and cows in the nucleus and cows in the reference
population. Genotyping of bulls and cows was done annually for each new batch of
calves born in the nucleus. For the reference population, we assumed the CRC to
reflect the initiation of genomic selection. The CRC were therefore modelled to
have been genotyped at the same time. However, future generations will benefit
from genomic information obtained from this initial group. To account for future
gains attributable to genomic information from the initial group we modelled a
situation where funds for genotyping were borrowed from a commercial entity and
repaid within 10 years. The principal amount borrowed was equal to the actual
genotyping costs. An interest rate of 11%, based on the average interest rate for
Kenya Central Bank (CBK, 2016) for the period between January and June, 2016,
was charged. Total amount repayable after 10 years was calculated as T = P(l + rt)
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where, T is the total repayable amount, P is the borrowed amount r is the
interest rate charged and ¢ is equal to 10 years. For simplicity, we assumed a fixed
rate interest paid annually. Amount repaid annually was calculated as7/10 . CRC

genotyping cost was fixed as the repayment amount for the initial year.

Semen collection costs. Cost of semen collection was fixed at €2.5 per straw.
Costs for storage of semen and purchase of storage containers and liquid nitrogen
were ignored.

4.3 Results

Genetic superiorities for alternative CONV PT and GS schemes
Table 4.2 presents genetic superiorities per generation, accuracy of selection for
sires at the latest age of selection (ru) and average generation intervals (L) for
alternative PT and GS schemes. Overall, na was higher for equivalent PT schemes.
As expected, iy were higher with higher h? and larger size of CRC population
(number of offspring). In addition, PT schemes also had higher genetic superiorities
than equivalent GS schemes. For instance, genetic superiorities in the sire pathway
were less by 24 and 18% for GS15 scheme compared to PT15 scheme for h? equal
to 0.15 and 0.30, respectively. Further, the sire pathway in the GS30 scheme had 19
and 12% lower genetic superiorities than the same pathway in the PT30 scheme for
h? equal to 0.15 and 0.30, respectively. On the other hand, for PT schemes L were
on average 2.36 times longer than for GS schemes. Annual genetic gain (AG) was 35
and 61 kg for PT15 scheme and 73 and 135 kg for GS15 scheme for h? equal to 0.15
and 0.30, respectively. AG was 41 and 77 kg for PT30 scheme and 95 and 168 kg for
GS30 scheme for h? equal to 0.15 and 0.30, respectively.

Impact of semen storage (STOR) on genetic superiorities

Semen storage (STOR) had higher impact on genetic superiorities in PT schemes
compared to GS schemes (Table 4.2). For PT15 schemes STOR increased genetic
superiorities by 15% irrespective of the heritability while for GS15 schemes the
increase was 2%. Higher genetic superiorities in STOR resulted from an increase in
number of selection candidates across age-classes (Table 4.1). For CONV the
number of selection candidates in later age-classes was lower due to culling.
However, the number of selection candidates with STOR was constant across age-
classes and was determined by the number of bulls in age-class 2. Consequently,
STOR schemes had higher intensities across male-age classes than CONV.
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Table 4.2 Genetic superiorities per generation for milk yield (kg), accuracy of selection for
sires only (i ) and average generation intervals (L).

PT15 PT30 GS15 GS30
AG h? Sires Dams Sires Dams Sires Dams Sires Dams
CONV
0.15 1747 31.9 211.8 30.1 132.7 49.5 173.4 64.7
0.30 301.7 57.3 348.7 56.7 245.3 91.5 305.7 114.0
STOR
0.15 206.6 31.9 250.5 29.3 136.1 49.3 177.9 64.5
0.30 356.7 56.4 412.1 53.1 251.7 91.2 313.6 113.6
MNH
CONV
0.15 042 0.60 0.32 0.43
0.30 0.56 0.72 0.43 0.56
STOR
0.15 0.48 0.63 0.32 0.43
0.30 0.61 0.76 0.43 0.56
L 5.9 2.5

CONV = no semen storage, STOR = semen storage, h? = heritability, PT15 and PT30 are
progeny testing schemes with 12,592 and 25,184 cows in the commercial population,
respectively. GS15 and GS30 are equivalent genomic selection schemes with commercial
cows used as the reference population.

Cumulative genetic gains for alternative PT and GS schemes
Table 4.3 presents the cumulative genetic gain in the commercial cow population
for alternative PT and GS schemes in the 20" year. The cumulative genetic gain was
derived as the CDE over the investment period at 0% discounting. It reflects the
genetic level that results from running the same program over time. Overall, GS
had higher cumulative genetic gains compared to PT for both CONV and STOR
schemes. For CONV schemes with h? equal to 0.15, GS15 and GS30 schemes had
115 and 134% higher cumulated genetic gains than PT15 and PT30 schemes,
respectively. Similarly, for h? equal to 0.30, cumulated genetic gains were 129 and
150% higher for GS15 and GS30 contrasted to equivalent PT15 and PT30 schemes,
respectively. In addition, differences in cumulated genetic gains were influenced by
selection pathways; selection in sires had a larger impact than selection in dams.
Moreover, STOR resulted in increased cumulated genetic gains for both PT and GS
schemes. However, the increase was larger for PT schemes than for GS schemes.
With h? equal to 0.15, increase in cumulated genetic gains for PT15 and PT30
schemes was 33.1 and 40.1 kg while for GS15 and GS30 was 8.5 and 11.1 kg,
respectively.
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Table 4.3 Cumulative genetic superiority (CDE with 0% discounting) for milk yield (kg) in the
commercial cow population after 20 years.

CONV STOR
Scheme h? 0.15 0.30 0.15 0.30
PT15 193.0 333.9 226.1 391.1
PT30 231.2 381.8 271.3 447.9
GS15 414.3 765.9 422.8 781.6
GS30 541.6 954.6 552.7 974.2

CONV = no semen storage, STOR = semen storage, h? = heritability, PT15 and PT30 are
progeny testing schemes with 12,592 and 25,184 cows in the commercial populations,
respectvely. GS15 and GS30 are equivalent genomic selection schemes with cows used as
the reference populations.

Costs for alternative CONV and STOR PT and GS schemes

Table 4.4 presents a breakdown of costs for CONV and STOR schemes at 4%
discounting and h? equal to 0.30. Costs related to production of test daughters i.e.,
semen collection and insemination of CRC, were higher than cost for genotyping.
Consequently, CONV PT schemes had higher overall costs than equivalent CONV GS
schemes. On the other hand, STOR resulted in lower bull maintenance costs but
higher semen collection costs. However, the decrease in bull maintenance costs
was larger than the increase in semen collection costs resulting in a decrease in the
overall costs for STOR compared CONV schemes. As expected, schemes with larger
CRC population size had higher costs. Similar observations were made for h? =0.15
and for a 7% discount rate (results not shown).

Gross margins for alternative CONV GS and PT schemes

Figure 4.2 presents gross margins for alternative CONV PT and GS schemes at 4 and
7% discounting and h? equal to 0.15. Generally, gross margins were positive for all
schemes and GS schemes had higher gross margins than equivalent PT schemes.
With h? equal to 0.15 and 4% discount rate, using GS instead of PT for a situation
with 12,592 CRC (GS15), increased gross margins 4.2-fold while for a situation with
25,184 CRC (GS30) the increase was 5.2-fold. For h? equal to 0.30, these ratios were
3.2 (GS15) and 3.7 (GS30). Increase in h? resulted in an increase in gross margins for
all schemes. With h? equal to 0.30 and 4% discount rate, gross margins were (in
‘000 euros) 4,070, 12,984, 4,406 and 16,505 for PT15, GS15, PT30, and GS30,
respectively.

Economic impact of semen storage (STOR)
Figure 4.3 presents the increase in gross margins resulting from semen storage for
PT and GS schemes. PT schemes benefitted the most from STOR with between 26
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and 54% increases in gross margins compared to between 0.3 and 3.4% increases in
GS schemes. However, despite these increases GS schemes had higher overall gross
margins.

Table 4.4 Discounted costs (‘000 Euros at 4% discount rate and h2 = 0.30) for CONV and
STOR PT and GS schemes.

Item
2Contracting
1Bull and Semen
Bulluse Scheme  maintenance insemination collection  Genotyping  Total
CONV PT15 376 551 1,060 0 1,986
PT30 376 1,042 1,111 0 2,521
GS15 376 61 1,008 152 1,528
GS30 376 61 1,008 222 1,666
STOR PT15 110 551 1,277 0 1,939
PT30 110 1,042 1,329 0 2,481
GS15 110 61 1,226 152 1,549
GS30 110 61 1,226 222 1,619

PT15 and PT30 are progeny testing schemes with 12,592 and 25,184 cows in the commercial
populations. GS15 and GS30 are equivalent genomic schemes with commercial cows
populations being used as the reference populations.

1Bull maintenance costs includes costs for feeding, housing, health and labor.

2Contracting and insemination costs includes costs for contracting bull dams and
insemination of bull dams and commercial recorded cows.

4.4 Discussion

Genetic Performance

Small-sized nucleus dairy cattle breeding scheme in developing countries can
increase efficiency of production for smallholder producers (Hinks, 1974; Rege et
al,, 2011). Strategies to maximize the utility of such programs would be
advantageous for the entire value chain (Nicholas and Smith, 1983). In the present
study, we investigated the economic feasibility of such programs and opportunities
to maximize their utility in terms of genetic gains and profitability. Genetic and
economic performance for PT and GS under a developing dairy industry situation
were investigated. Genetic performance of the alternative strategies was based on
CDE (Brascamp, 1978). Our results show that small-sized nucleus breeding
programs can create significant genetic gains in the commercial cow population. In
addition, GS resulted in higher genetic gains in the commercial population than PT.
For instance, the genetic gain in the commercial population was 150% higher for
the GS30 scheme compared to the PT30 scheme.
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Differences in the genetic performance between GS and PT relate to their effects
on accuracy and generation intervals (Goddard and Hayes, 2002; Kariuki et al.,
2014). PT schemes had much higher accuracies compared to GS schemes. This is in
agreement with the literature which indicates that GS schemes require very large
number of cows in the reference population to achieve high accuracies (Meuwissen
et al., 2001; Goddard and Hayes, 2007). However, for small-sized programs it is
difficult to increase the reference population (at least in the short-term) due to
minimal recording among producers. On the other hand, GS reduced the
generation intervals with more than 50%, which resulted in the genetic gain of the
commercial cow population being more than 87% higher. This study confirms
earlier findings that despite lower accuracy, even small-sized GS schemes can
outperform PT schemes in annual genetic gains (Schaeffer, 2006; Konig et al.,
2009).
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Figure 4.2 Gross margins for alternative CONV PT and GS schemes with h? = 0.15 and
discount rates equal to 4% and 7% for T = 20 years following one generation of selection.
PT15 and PT30 are progeny testing schemes with 12,592 and 25,184 commercial recorded
cows. GS15 and GS30 are equivalent GS schemes with commercial recorded cows used as
the reference population.
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Figure 4.3 Increase in gross margins due to adoption of STOR for PT and GS schemes with h?
= 0.30 and discount rates = 4 and 7%. PT15(30) = progeny testing schemes with
12,592(25,184) commercial recorded cows, GS15(30) = equivalent genomic selection
schemes with commercial recorded cows used as the reference populations. With h2 = 0.30
and 4% discount rate, gross margins were (in ‘000 euros) 4,070, 12,984, 4,406 and 16,505 for
PT15, GS15, PT30, and GS30, respectively.

Costs

Costs are an important factor in deciding on any business investment. The common
notion is that GS schemes are costlier to run as they require genotyping of many
individuals (Marshall et al.,, 2011). To the contrary, our results show that PT
breeding programs are more expensive to run. Costs involved in production of test
daughters for evaluation of young bulls were higher than genotyping costs. This is
in agreement with the literature (Schaeffer, 2006; Konig et al., 2009). In our study,
we fixed the genotyping cost to €50 per individual, which reflects the current costs
for DNA collected and genotyping with a 64k SNP (personal communication, Erwin
Koenen, CRV, The Netherlands). In addition, advances in genotyping technologies
will lead to further decline in genotyping costs (Guichoux et al., 2011; Shendure
and Aiden, 2012). We charged the full costs of milk recording to the breeding
program where some of these costs might be charged to the farmer as it also
provides information for herd management. The reductions in costs of phenotyping
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are expected to be smaller. GS rather than PT is therefore more likely to get
cheaper in the future.

Semen storage

Semen freezing coupled with voluntary culling of bulls early in life can be an
effective cost cutting measure for both GS and PT schemes (Skjervold and Langholz,
1964). This measure reduced bull maintenance costs by 71% for both strategies. In
addition, STOR schemes had slightly higher CDE due to an increase in the numbers
of selection candidates and thereby higher selection intensities, due to the
elimination of effect of culling. As expected, the increase in CDE was more for PT
schemes where selection occurs late in life. Small-sized breeding programs can
therefore utilize semen freezing to improve their economic performance, especially
for PT schemes.

Economic Performance

The primary purpose for the present study was to determine whether small-sized
nucleus dairy breeding programs in developing countries can generate sufficient
gross margins to be self-sustaining. Our results show both breeding programs had
substantial positive gross margins irrespective of the selection criteria. However, to
maximize the profitability of the program, we further compared the economic
impact of PT and GS selection criteria. Our results indicate that GS schemes will
out-perform equivalent PT schemes in gross margins. This follows from the
advantages accrued from GS selection criterion discussed earlier i.e., shorter
generation intervals and lower operational costs. The overall effect of these
advantages was higher genetic gain in the commercial population that translated to
higher gross margins for GS schemes (Schaeffer, 2006; Konig et al., 2009).

Besides the effect on genetic gains, generation intervals also influence the extent of
discounting. Prolonged L in PT schemes does not only delay expressions but also
lead to a higher reduction of the monetary value of the expressed superiorities due
to the effect of time on the value of money (Brascamp, 1978). Therefore, in
addition to higher cumulative genetic gain in the commercial population, breeding
programs selecting parents on genomic estimated breeding values stands to
benefit from less impact of discounting on the monetary value of revenues.

We fixed the discount rate at two levels i.e., 4 and 7%. Animal breeding investment
appraisals should be considered as public ventures and as such should take a social
discount rate (Smith, 1978). Social discount rates range between 2 — 5% (Bird and
Mitchell, 1980). However, it may be argued that breeding programs for developing
dairy industries targeted for smallholder production systems face a higher risk of
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not obtaining any returns compared to those for developed industries (Marshall et
al.,, 2011). To account for such risk, we used an upper discount rate of 7%
(Brascamp, 1978). Discount rates used in studies focused on tropical dairy systems
in the literature ranged between 3 and 10% (Mpofu et al., 1993; Kahi et al., 2004;
Okeno et al.,, 2010a). Our result showed that even with higher discount rates,
small-sized nucleus dairy cattle schemes in developing countries are profitable.

Practical considerations

To optimize efficiency of the developing dairy cattle industries in tropical
environments it is imperative to match genotypes to the production circumstances
(Kosgey et al., 2006; Rege et al., 2011). This can be achieved by implementation of
locally run breeding programs selecting for breeding objectives that reflect the
production realities of tropical production systems.

For breeding programs in developing countries, it is important to have a holistic
view of all factors that may influence their success (Kosgey et al., 2006). For such
programs to be successful there is need for careful planning (Marshall et al., 2011).
Conventionally, dairy cattle breeding has been based on progeny testing programs.
However, the biggest hindrances to the implementation of conventional dairy
cattle breeding programs in the tropics are poor infrastructure for PT with
unreliable commitment of participating farmers, and inconsistent pedigree and
performance recording by producers (Wasike et al., 2011). For developing
industries, the few farms participating in recording are usually the best performing
farms with best cows. To implement a PT based breeding program would therefore
require such farms to be willing to use young untested bulls. Such willingness may
be lacking. Moreover, high rates in drop-out and entrance of new producers
increases volatility in the breeding program. For PT schemes, this poses a challenge
since there is need for specific family relationship to be maintained between the
CRC and bull selection candidates.

On the other hand, a GS scheme can be established by using the available recorded
cows to form a reference population. Cows with phenotypes can be genotyped and
this information can be used to estimate SNP effects, which in turn can be used for
evaluation. This presents two major advantages for the success of a GS for
developing dairy industries. First, direct relationship between the selection
candidate and the recorded cows is eliminated. Accuracies of genomic breeding
values are higher when the reference population is closely related to the selection
candidates (Bastiaansen et al., 2012), which is the case with our present study. In
addition, for the high drop-out rates DNA can be used to reconstruct the pedigree.
This minimizes the adverse effects of high volatility of producer participation in
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recording on success of evaluation of bulls, which in turn increases the chances for
success of GS schemes. Second, with GS, evaluation of bull selection candidates is
not dependent on test daughter performances. Therefore, pedigree and
performance information from top farms can be used to evaluate young bulls
without requiring these farms to use untested bulls on their cows.

In this study our goal was to investigate the economic performance of PT and GS
for small-sized breeding program. Therefore, we intentionally considered a small
nucleus size as a bench-mark, the reasoning being that profitability is bound to be
higher with larger breeding programs (Schaeffer, 2006; Konig et al., 2009). Our
results show that GS is superior to PT for developing dairy cattle industries.
However, besides economic performance, the minimal size of a breeding program
will further depend on the rate of inbreeding. While for simplicity inbreeding was
not considered, it is important to pay attention to the effect of the alternative
selection strategies on the rate of inbreeding. Irrespective of the size of a breeding
program, GS will have less build-up of inbreeding over time as the strategy can
explain some of the variation due to Mendelian sampling hence minimize co-
selection of siblings (Daetwyler et al.,, 2007). In addition, accumulation of
inbreeding can be minimized by increasing the nucleus size and minimizing co-
ancestry in the parents (Meuwissen, 1997; Sonesson and Meuwissen, 2001). It is
relatively easier to increase the nucleus size with GS compared to PT as increase in
nucleus size for PT must be accompanied by an increase in size of CRC.

4.5 Conclusion

Small-sized nucleus dairy breeding programs in developing countries can generate
sufficient revenues to secure their sustainability. In addition, GS schemes will out-
perform PT schemes on genetic gains and economic performance. Higher
performance of GS is explained by the short generation intervals, lower operation
costs and less discounting of revenues. Besides, breeding programs could benefit
from cost cutting measures such as semen storage and early culling of bulls.
Ultimately, implementation of a breeding program and choice of selection strategy
will be determined by the ability to generate profit. GS schemes will not only yield
higher gross margins compared to PT schemes but are also less demanding in terms
of infrastructure and performance recording. We therefore conclude that small
sized GS nucleus dairy cattle schemes are economically feasible for developing
dairy cattle industries.
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Abstract

Dairy cattle farming in developing countries is mainly by resource poor smallholder
farmers. Intensification of production in developing smallholder production
systems is being driven by increasing demand for animal products. Intensification
can benefit from genetic improvement. An important step in genetic improvement
is definition of a breeding objective. Definition of breeding objectives for resource
constrained smallholder systems under harsh environmental conditions should be
as holistic as possible to ensure sustainability. Sustainability of production systems
can be defined as long-term resilience and productivity. We compare the effect of
three criteria to define breeding objectives i.e., economic, desired gains and non-
market value, on annual genetic and monetary gains in production and functional
traits for a small-sized nucleus genomic selection breeding program under a
developing country conditions. Production traits considered were milk yield (MY),
mature body weight (MBW) and fat yield (FY). Functional traits were calving
interval (Cl) and production lifetime (PLT). With the economic objective, traits
weights were based on economic values. Weights for desired gains and non-market
(NM) values breeding objectives were derived iteratively. Economic breeding
objectives resulted in undesirable responses in Cl, MBW and FY traits, but had the
highest returns on investment. Non-market value objectives achieved more
balanced responses between productivity and functional traits. We conclude that
breeding objectives based on desired gains or non-market values can be applied to
direct selection towards more robust genotypes but with loss in monetary gain. For
small-sized genomic selection schemes, more emphasis is required in functional
traits since these traits are more difficult to change due to low heritabilities besides
the low accuracy in such schemes due to a small reference population. Such
approaches can be used to achieve sustainable intensification for developing small-
holder dairy systems.

Key words: Breeding objectives, sustainability, non-market weights, developing
dairy cattle systems



5 Incorporating sustainability in the breeding objective

5.1 Introduction

Livestock production in developing countries is going through a phase of rapid
intensification as a result of increased demand for animal products (Delgado et al.,
1999). Under these dairy cattle production systems, producers seek to intensify
production by use of high-yielding genotypes attained through importation of
germplasm (Bebe et al., 2003; Ojango et al., 2012). However, statistics show that
productivity in most of the best dairy cattle producing countries in Africa has
stagnated for the last 10 years (FAOSTAT, 2006). A key cause of poor performance
of high-yield dairy breeds under smallholder production systems is genotype by
environment mismatch (Wilson, 2009). Recently, various studies have advocated
for locally run breeding programs for developing dairy cattle industries (Rica et al.,
2004; Okeno et al., 2010). Such programs can benefit in terms of both genetic and
monetary gains by adoption of genomic selection (GS) (Kariuki et al., 2014, 2017b).
However, the success of such programs will be determined by their ability to meet
the producer’s “ideal” genotype. This can be achieved through the definition of
appropriate breeding objectives.

Successful breeding of highly efficient genotypes is focused on multiple traits. At
the genetic level, breeding for the “best” genotype has various challenges. One
such challenge is to minimize undesirable correlated responses, particularly in
functional traits (Groen et al., 1997; Rauw et al., 1998). Functional traits can be
defined as those traits that contribute to robustness of animals in their production
systems and relate to health, reproduction and feed utilization efficiency.
Undesired responses in functional traits not only negatively impacts the life time
performance of animals but also increase the production costs and reduce product
quality due to increased use of antibiotics (Groen et al., 1997). These effects are
more pronounced and have a larger impact on developing smallholder production
systems (Madalena, 2008).

The smallholder systems are mainly dominated by low input-low low-output
smallholder farmers (Rege et al., 2011). Low-input generally implies poor quality
and insufficient quantities of feed, low hygiene and poor housing and health
services; factors that result in low productivity. Increase in demand for animal
products is the main driver for genetic improvement of dairy cattle populations in
developing countries (FAO, 2012). An important factor to meet the future demand
for animal products is sustainability. Sustainability of a production system can be
defined in terms of its long-term performance (Olesen et al., 2000). Challenging
production environments coupled with a low availability of capital for investment
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for most developing dairy cattle systems limit their success in intensifying
production (Rege et al., 2011). As a consequence, smallholder producers, who form
the majority of dairy cattle producers in Africa, are mostly unprofitable (TIAPD,
2016). Such farms can benefit from reduced production costs and production losses
through use of more robust cows (Groen et al., 1997).

Rate and direction of genetic change through selection is determined by the
breeding objective. Weights for breeding goal traits dictate the direction and rate
of genetic change for different traits simultaneously. This makes multi-trait
selection an appropriate tool to breed the desired animals (Lawrence et al., 2004).
Conventionally, derivation of trait weights is based on calculating marginal
economic returns i.e., economic values. Economic values reflect the monetary
value for unit change in the phenotype for each trait in the objective, holding
change in other traits constant (Hazel, 1943). Therefore, the resulting breeding
objectives i.e., economic breeding objectives, maximize economic returns from
selection.

Functional traits often have tangible economic benefits and intangible benefits,
hence it is challenging to derive economic values for them (Olesen et al., 1999).
Computation of economic values for functional traits is further limited when formal
marketing channels are lacking or are poorly developed, as is the case in
developing countries (Solkner et al., 2008). For situations where formal markets are
poorly developed, derived economic values may be unrealistic as market prices do
not indicate the “true” value of some marketable traits. As an example, in Kenya
(as is the case in many African countries) milk solids do not have a market value
(Kahi and Nitter, 2004). Furthermore, even with highly developed marketing
systems economic breeding objectives tend to over-emphasis selection on
production traits at the expense of functional traits (Groen et al., 1997; Olesen et
al., 2000).

An alternative is to make use of non-economic breeding objectives and aim at
placing special emphasis on functional traits. Four approaches have been proposed
in the literature for derivation of non-economic objectives. First, is the use of
restricted selection indices to constrain the response for one or more traits to zero
(Kempthorne and Nordskog, 1959; Cunningham et al., 1970; Lin, 2005). Second, is
the use of desired gains indices to obtain pre-specified non-zero responses
(Yamada et al., 1975; Brascamp, 1984). Third, is the use of iterations to maximize
response in the most preferred traits in the breeding objective (Gizaw et al., 2010).
Lastly, is the use of non-market (NM) values (Nielsen et al., 2005; Olesen et al.,
2000). NM values are based on the premise that some traits have value that cannot
be expressed in market prices. Various methodologies for estimating NM values are
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reviewed by (Olesen et al., 1999). One such method is to define the NM value as
the monetary value that producers would be willing to forgo in marketable traits in
order to improve non-marketable traits (Nielsen et al., 2005).

The aim of this paper was to define a sustainable breeding objective for developing
smallholder dairy cattle production systems by placing higher emphasis on
functional traits. Specific objective was to determine the effectiveness of non-
economic breeding objectives in incorporating sustainability in developing dairy
cattle breeding programs implementing genomic selection. We used the Kenya
Holstein-Friesian dairy sector as a working example.

5.2 Materials and Methods

Structure of the breeding program and simulation of genetic
superiorities

Genetic gains were simulated for a small-sized closed nucleus program
implementing genomic selection. The nucleus was made up of 360 female and 485
male selection candidates (including calves) distributed in 8 one year-long age-
classes. Each year 100 male and 100 female selection candidates were born. The
annual survival rates were 0.85 for males and 0.75 for females. 100 elite dams and
10 active sires were selected annually. Candidates were modeled to attain sexual
maturity and were available for selection from the 1 year of age onwards. To
account for minimal recording in developing dairy cattle industries we fixed the
reference population at 15,113 commercial recorded cows.

Annual genetic gains were determined through deterministic simulation based on a
pseudo-BLUP selection index with 8 non-overlapping age-classes defined as (Hazel,
1943; Ducrocq and Quaas, 1988):.

no.of age—classes n;
Z Ul j%ag

J=1 n
AG = 7 total [5.1]
. nj
where AG, I;, Ty, O, and were annual genetic gain, intensity of
’ ’ n

total

selection, accuracy, additive genetic standard deviation and the proportion of
parents in the j" age-class and, L the generation interval. All simulations were
implemented in SelAction (Rutten et al., 2002). The program accounts for reduction
in variance due to selection and corrects selection intensities for finite population
sizes (Bulmer, 1971; Meuwissen, 1991).
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Genomic selection based genetic superiorities were simulated following the
procedure of (Dekkers, 2007). For each trait, genetic superiority was simulated by
including an “extra” correlated trait with heritability equal to unity in the model.
Genetic and phenotypic correlations between the true and “extra” trait were
calculated as 1,5 and hryg, respectively, where h is the square root of the
heritability and 14 the accuracy of genomic EBV, which was calculated as (Dekkers,
2007; Daetwyler et al., 2008):

/Ulz
Tee = m (5.2]
where 4 = np/ng;; n; depends on the size of historic effective base population
size (Ng) and the size of the genome (L) in Morgan and was computed as n; =
2NgL. Ny was equal to 156 (Muasya et al., 2013) and L was equal to 30.np was
the size of the reference population and h? was equal to the heritability. Genetic
and phenotypic correlations between the genomic EBVs were calculated as
(Dekkers, 2007):

r§1§2 = r§1 rz’:’nglz [5.3]
where 73, is the accuracy of the genomic EBV for the ith trait, and Pg,, is the genetic
correlation between trait 1 and 2. Table 5.1 presents the phenotypic heritabilities

and genetic and phenotypic correlations between traits used in the study.

Table 5.1 Genetic (above diagonal) and phenotypic (below diagonal) correlations and
heritabilities (diagonal) for traits in the breeding goal

MY PLT Cl MBW FY

MY 0.292 -0.34¢ -0.642 0.39d 0.684
PLT -0.06¢ 0.18° -0.71° 0.00 -0.17f
Cl 0.37° -0.01° 0.052 0.00 0.00
MBW 0.20d 0.00 0.00 0.10¢ 0.344
FY 0.82d -0.01f 0.00 0.184 0.264
0.12) 1,232,1132 324b 5,6762 2,608¢ 4694
Sources:

2 (Ojango and Pollott, 2001)

b (Abou-Bakr, 2009)

¢ (Demeke et al., 2004)

d (Ahlborn and Dempfle, 1992)
e (Pritchard- et al., 2013)
f(Chauhan and Hayes, 1993)

IMY = milk yields (kg), PLT = production lifetime (months), Cl = calving interval, MBW =
2
mature body weight, FY = fat yield (kg), O p = phenotypic variance
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Breeding objectives and derivation of trait weights

To further account for limited recording within developing dairy systems, we
defined a breeding objective comprising of 5 most important traits only. The five
most important traits in Kenyan dairy farming are milk yield (MY, kg), production
lifetime (PLT, months), calving interval (Cl, days), mature body weight (MBW, kg)
and fat yield (FY, kg) (Kariuki et al., 2017a). Weights for these traits were derived
based on either market values (economic values), desired gains and on NM values.

An economic breeding objective was used as the base for comparison. Economic
values in the present study were adopted from (Kahi and Nitter, 2004), who used a
profit function for a fixed herd size with payment for milk based on volume. The
objective of the present study was to determine the effect of inclusion of desired
gains weights and NM values in the breeding objective. Adopted economic values
in Kenya shillings (KES) were 18.93 for MY, 0.07 for PLT, 2.65 for Cl, 7.95 for MBW
and -2.76 for FY.

NM and desired gains weights were derived using iterations. NM weights were
derived using a 2-step approach. In the 1% step weights were derived for two trait
objectives. To achieve this, first the maximal response for MY was determined by
simulating responses for a breeding objective consisting of MY only. NM weights
for the other four traits were subsequently determined iteratively by simulating
two-trait breeding objectives, MY being the first trait and PLT, Cl, MBW and FY the
second trait. The NM value for the 2™ trait was derived as the weight that resulted
in 5% decline in annual genetic gain for MY(in trait units) (Olesen et al., 1999;
Nielsen et al., 2005). Equation 5.4 presents a prototype for the two-trait breeding
objectives used to derive desired gains and NM weights

H, =vyyMY + (v + W), Trait2 [5.4]
where v and w were the economic values and the derived NM values, respectively.
In the second, NM weights derived in the 1% step were combined into a single five
trait objective.

Desired gains weights were defined as the weights for which the simulated annual
genetic gains approximated the desired gains. Desired gains weights were derived
by iterating a five-trait objective. Consensus desired gains were taken from (Kariuki
et al., 2017a), and were 110.28 kg for MY, 1.19 months for PLT, -0.89 days for Cl,
0.91 for MBW and 2.33 kg for FY. Equation 2 presents a prototype of the five-trait
breeding objectives

Hs =kyyMY + kp t PLT + k;Cl + K gw MBW + k oy FY [5.5]
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where k is the combination of the market and NM value i.e. k =(V + vv)i or desired

gains weight for the it trait. The selection index for both the two and five-traits
objectives comprised of all five traits in the breeding objective.

Comparison of genetic gains for five-trait breeding objectives
Performance of the three alternative breeding objectives was evaluated by
comparing annual genetic and monetary gains for individual traits. The breeding
objectives were abbreviated as (1) Hg = the economic objective, (2) Hpg = the
desired gains objective and, (3) Hyy = NM value objective. Monetary annual
genetic gains were calculated by multiplying the genetic gains in trait units with
economic values adopted from Kahi and Nitter (2004) for each trait.

5.3 Results

Desired gains and non-market weights and genetic gains from
two-trait objectives

Table 5.2 presents desired gains and NM weights and the corresponding genetic
gains. Genetic gains were for a breeding objective fitting MY as the only trait in a
five-trait breeding objective, two-trait NM breeding objectives and for five-trait
economic and desired gains breeding objectives. As expected, weights were
strongly influenced by genetic standard deviations and genetic correlations. Annual
genetic gains were similar for breeding objectives with MY only and the economic
breeding objectives. Genetic gains for MY and FY were the most affected by genetic
correlations as the two traits are highly positively correlated. As a consequence,
achieving desired annual genetic gains for these two traits was difficult. We settled
for 96 kg gain for MY and 0.39 kg gain for FY as a compromise compared to the
desired 110 kg gain for MY and 2.33 kg gain for FY.

Achieving desired genetic gains and NM genetic gains for PLT, Cl, MBW and FY
resulted in decline in annual gains for MY. MY annual genetic gains for the desired
gains and NM objectives were 96 kg and 131 kg, respectively, compared to 142 kg
achieved gains in the economic objectives. However, economic objective resulted
in undesirable genetic gains in all other traits except MY and PLT. These
undesirable responses were eliminated by use of non-economic objectives. As an
example, comparing the economic and NM objectives, Cl improved from +0.21 to —
0.4 months, MBW from -0.17 kg to + 0.57 kg and FY from -0.51 kg to +0.26 kg.
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Genetic gains and monetary gains for five- trait breeding
objectives

Annual genetic gains in trait and monetary units for the three alternative five-trait
breeding objectives are presented in Table 5.3. Hg resulted in unfavourable
changes in CI, MBW and in FY. Selection on this objective will increase calving
intervals and lower milk fat content. Hyy and Hpg resulted in genetic gains in all
five traits that were in the desired direction, though with loss in milk yield. Genetic
gains were for PLT, Cl, MBW and FY were higher for Hpg compared to those for
Hym. However, Hyy had higher genetic gain for MY which resulted in a higher
monetary gain for Hyy compared to Hpg. Hg had the highest and Hpg had the
lowest monetary genetic gains. Decline in total monetary gains were 32% for Hpg
and 17% for Hypu-

Table 5.2 Comparison of annual genetic gains for two and five-traits breeding objectives
based on economic desired gains and NM weights

10bjective Weighting 2Annual genetic gains
MY Trait 2 MY Trait 2
vMY 18.93 142.43
vMY + vPLT 18.93 0.07 142.43 0.14
WagMY + wggPLT 1 46 96.13 0.61
VMY + (V+ Wppy)PLT 18.93 599.80 131.27 0.59
vMY + vCI 18.93 2.65 142.43 0.21
WagMY + wggCl 1 -45 96.13 -0.67
vMY + (v + wpp)CI 18.93 -444.70 131.38 -0.40
vMY + vMBW 18.93 7.95 142.43 -0.17
wagMY + wggMBW 1 27 96.13 0.72
vMY + (v + wpyn ) MBW 18.93 340.80 131.17 0.57
vMY + vFY 18.93 -2.76 142.43 -0.51
WagMY + wagFY 1 23 96.13 0.39
VMY + (v 4 wpn)FY 18.93 334.24 133.68 0.26

1 MY = milk yield (kg), PLT = production lifetime (months), Cl = calving interval (days), MBW =
mature bodyweight (kg), FY = fat yield (kg), v = economic value, wg, = desired gains weight
in the 2" trait, wy,, = non-market value

2* indicates correlated response
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5.4 Discussion

Sustainable intensification of developing dairy cattle production
systems

From an animal breeding perspective sustainability of livestock production systems
can be viewed as “the systems’ ability to satisfy the future demand for food”
(Olesen et al., 2000). For developing tropical dairy production systems, concerns
are on the effects of breeding for intensive production on future productivity,
product quality and safety, animal health and welfare and, farms’ long-term
resilience (Thompson and Nardone, 1999). Breeding for increased productivity
requires commensurate increase in capital investment to cater for the increase in
production costs. Such capital investments may include purchase of extra land, high
quality concentrate feeds and machinery and, better trained personnel. However,
these extra investments will only be sustainable if the extra revenues generated
can pay them back i.e., extra investment must be proportionate to extra revenues.
Consequently, care should be exercised when making decisions on genetic
improvement, particularly for developing industries.

Decisions on the genetic improvement are pegged on the definition of breeding
objectives. The various methods used to define breeding objectives are profit
equations, bio-economic modelling and desired gains (Goddard, 1998; Olesen et al.,
1999). Each of these criteria have disadvantages (Goddard, 1998; Nielsen et al.,
2014). Profit functions are simplistic and therefore lack power to model the
complexity of production systems. Bio-economic models can model complex
production systems but face challenges in quantifying changes of inter-dependent
traits independently. On the other hand, non-economic objectives based on
desired gains are not able to economically optimize the production system. It is
therefore important to make an appropriate choice of the criteria to use.

In this study, we have investigated the impact of three criteria for defining breeding
objectives on annual genetic gains in individual traits and the total monetary
genetic gains. Our results show that the emphasis placed on traits when using an
economic objective was directly related to their contribution to the monetary gain
as dictated by the market prices. As a consequence, MY had the highest economic
value while FY, which had no market value, had a negative economic value. The
tendency of economic objectives to be highly influenced by market prices coupled
with genetic correlations between traits resulted in unfavorable responses in Cl,
MBW and FY. For instance, annual genetic gains in Cl were positive reflecting a
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decline in fertility and negative gains in FY reflecting a decline in milk quality. This is
likely to be detrimental to the long-term performance of farms.

Table 5.3 Annual genetic gains for five-trait breeding objectives

1Breeding objectives 2Annual genetic gains in trait units

MY PLT Cl MBW FY
Hg 142.42 0.14 0.21 -0.15 -0.51
Hpg 96.13 0.61 -0.67 0.72 0.39
Hym 118.47 0.54 -0.30 0.50 0.24
Desired gains 110.28 1.19 -0.89 0.91 2.33
3Monetary annual genetic gains Total
Hg 2,696.14 0.01 0.56 -1.23 1.42 2,696.90
Hpg 1,826.20 0.04 1.78 5.72 -1.08 1,826.20
Hnm 2,242.63 0.03 0.79 3.97 -0.66 2,245.18

! Hg = vMY + vPLT + vCI + vMBW + vFY; Hpg = (v + wgg)MY + (v + wgg)PLT + (v +
Wag)Cl + (v + wgg)MBW + (v + wgg)FY; Hyym = VMY + (v + wpp )PLT + (v + wppy )CL +
(v + Wy )MBW + (v + wy )FY

2MY = milk yield (kg), PLT = production lifetime (months), CI = calving interval (days), MBW =
mature bodyweight (kg), FY = fat yield (kg), v = economic value, wqg = weights for desired
gains, wy, = non-market value, Hg = economic breeding objective, Hpg = desired gains
breeding objective, Hyy = non-market value breeding objective

3 Currency = Kenya shillings (KES)

On the other hand, using non-market objectives achieved balanced genetic gains in
both production and functional traits as reflected by positive genetic gains for FY
and negative gains for Cl for both desired gains and NM objectives. However,
achievement of desired gains came at a cost, reflected in reduced monetary gains.
A frequently used argument against non-economic breeding objectives is that they
will result in economically sub-optimal systems (Gibson and Kennedy, 1990).
Nielsen et al. (2014) argues that the suitability of a method for defining breeding
objectives should be based on its practicability and thus will vary between different
production systems. For developing industries, it is debatable whether economic
values derived from imperfect market prices can ensure long-term economic
optimum. Suitability of non-economic objectives for developing dairy industries can
be assessed from the projected long-term economic and animal health and welfare
impacts.

Our results show that an overall economic view of the production system can result
in erroneous decisions. Comparing only the economic performance of economic
and non-economic breeding objectives will not reveal the undesired changes in key
traits such as FY and Cl. It is imperative to consider the genetic changes at
individual trait level. Undesired genetic changes will negatively affect the long-term
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economic performance of farms. For such cases, farmers’ preferences can be used
to correct anomalies that result from imperfect market forces (Nielsen et al., 2014).
Our results show that use of desired gains objective resulted in appropriate gains in
non-marketable traits. However, in our results, both desired gains and NM
objectives resulted in a decline in MY annual genetic gains culminating in decline in
monetary gains from KES. 2,696 to KES. 1,826 and KES. 2,245, respectively.
Whether this cost justifies the adoption of non-market objectives will depend on
the producers’ views. However, ultimately producer preferences can be used to
reflect the importance of traits for situations where markets are poorly developed.
Besides breeding objectives’ weights, realized responses from selection programs
will be further determined by the accuracy of selection. Genetic gains in individual
traits will be determined by the amount of information in the selection index and
their heritability. Paucity in implementation of dairy cattle breeding programs in
most developing countries has been due to lack of well-established recording
systems. Kariuki et al. (2014) have proposed the implementation of small-sized
genomic selection schemes. Such schemes have lower accuracies of selection due
to the small size of the reference population. Nevertheless, they will generally
show faster progress due to the selection of bulls at an earlier age (Kariuki et al.,
2014). However, most functional traits are not only more difficult to record but are
recorded late in life and tend to have lower heritabilities. Therefore, most
functional traits are more difficult to improve by genomic selection compared to
production traits. It is therefore, imperative to consider these traits by placing
more emphasis on them, such as through use of non-economic objectives,
particularly for developing dairy industries.

The intensification process for developing dairy cattle systems should aim at
increasing productivity while at the same time minimizing production costs and
risks. Minimization of production costs and reduction of risks can be achieved by
breeding robust animals by paying more attention to physical strength, disease
resilience and fertility. In addition, it will reduce production losses due to
inefficiency in production resulting from inadequate feed quality and quantity,
decreased product quality (e.g. anti-biotic residues in milk) and high replacement
costs due to high mortality rates. This may aid in ensuring the long-term
profitability and sustainable intensification {Wilson, 2009 #165}. A fixed approach
that focuses solely on the monetary outcome may prove to be more expensive in
the long-term. Non-economic objectives based on producer preferences can be
utilized in such situations.
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5.5 Conclusion

Defining breeding goals is a crucial step for developing dairy cattle industries. We
conclude that breeding objectives based on desired gains or non-market values can
be applied to direct selection towards more robust genotypes but with loss in
monetary gain. For small-sized genomic selection schemes, more emphasis is
required in functional traits since these traits are more difficult to change due to
low heritabilities besides the low accuracy in such schemes due to a small
reference population. Such approaches can be used to achieve sustainable
intensification for developing small-holder dairy systems.
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6.1 Introduction

Intensification of production in smallholder dairy farms is driven by the rapidly
growing human population (Delgado et al., 1999). In these systems, intensification
has been based on crossbreeding Bos indicus and Bos taurus breeds (Bebe et al.,
2003; Ojango et al., 2012). Bos indicus genotypes confer adaptability while Bos
taurus breeds confer productivity genes to the crossbred commercial cows.
Crossbreeding systems require maintenance and selection within the different
lines/breeds used to produce the crossbreds. In addition, the genetic contribution
of the different pure breeds to the crossbred should be clearly defined. Lack of
genetic improvement of Bos indicus genotype and a clear crossbreeding plan has
resulted in heterogeneous crosses. In addition, continuous use of exotic bulls has
gradually resulted in the genetic shift of the commercial cow population towards
pure Bos taurus breeds, which has a negative impact on the intensification process
due to presence of unfavorable genotype by environment interaction (Ojango and
Pollott, 2002; Okeno et al., 2010; McClintock et al., 2007). It is therefore imperative
to design sustainable intensification at the farm level to ensure stable dairy
productivity in the future.

The aim of this thesis was to design a breeding program for developing smallholder
dairy cattle production systems. Dairy sectors in developing countries are
characterized by diverse production systems and minimal participation of
commercial producers in pedigree and performance recording. In my thesis, |
accounted for heterogeneity among producers in defining consensus desired gains
for breeding objective traits. Individual preferences were determined using the
Analytical Hierarchical Process. Group and consensus preferences were determined
using the Weighted Goal Programming procedure and expressed as desired gains
(Chapter 2). Second, to account for the limited pedigree and performance records, |
studied the opportunities for implementation of a small-sized nucleus breeding
program. The breeding program was optimized by comparing genetic and
economic performances of progeny testing (PT) and genomic selection (GS)
methods. GS out-performed PT in both genetic and monetary gains (Chapter 3 and
4). Last, to account for challenging production environments and poorly developed
pricing systems, desired genetic gains weights in functional and production traits
without a market value were obtained by use of non-market value weights
(Chapter 5).

Two key issues have to be addressed to attain sustainable intensification. First, is to
determine the appropriate genotype for the local production realities. Second, is to
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develop this genotype through breeding. In this thesis, approaches to achieve these
goals are presented. In this Chapter, the technical factors that determine the
successful implementation of suggestions presented in this thesis are discussed. In
particular, | discuss (a) establishing a reference population (b) controlling
inbreeding (c) choice of local genotype to improve and (d) sustainability of the
breeding program.

6.2 Establishing the reference population

GS utilize linkage disequilibrium (LD) between genome-wide dense markers and
QTL to estimate breeding values (GEBV) for selection candidates (Meuwissen et al.,
2001). A reference population, i.e. a proportion of the population with genotypic
and phenotypic information, is required for estimation of marker effects.
Therefore, the successful implementation of a GS scheme requires the
establishment a sufficiently large reference population to allow accurate genetic
evaluation. From the classical breeder equation, response to selection is
determined by genetic standard deviation, intensity and accuracy of selection
(Falconer and Mackay, 1996). Accuracy is of importance to producers as it is a
measure of the reliability of the selection decision. Accuracy of GEBV is determined
by the extent of LD between markers and QTL (which is largely determined by the
effective population), heritability and the number of loci affecting the trait, and the
size of the reference population (Daetwyler et al., 2008; Goddard, 2009). Limited
pedigree and performance recording in Kenya presents a challenge to the
implementation of GS. In Chapter 2 of this thesis, it has been shown that as a
starting point, a GS scheme can be initiated based on a small reference population
of between 2,500 and 5,000 commercial recorded cows. Kosgey et al. (2011)
reported that annually between 1,200 and 2,600 pedigree and performance
records were delivered to the Dairy Recording Service of Kenya (DRSK) between
1994 — 2008. This indicates the availability of the minimal number of pedigree and
performance recorded commercial cows that can be genotyped to give a head-start
to a GS scheme. However, accuracy will be low. Strategies to increase the reference
population are necessary.

The first strategy to increase the size of the reference population is to use records
from across generations. For situations with few recorded animals, the size of the
reference population can be increased over time by accumulating genotypic and
phenotypic records across generations (Boichard et al., 2015). Muir (2007) showed
that information up to three previous generations positively impacts accuracy.
Benefits of across generation phenotypic and genotypic information are four-fold.
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First, is the increase in accuracy due to a larger reference population (Meuwissen
et al., 2001; Bastiaansen et al., 2012). Second, is the effect of historical information
on long-term response to selection. Long-term response to selection is influenced
by the effects of the rate of inbreeding, AF , and selection on genetic variance.
Rate of inbreeding expressed per year will be higher in GS schemes compared to PT
schemes due to shorter generation intervals. Higher AF will increase
homozygosity at both QTL and marker loci hence reducing genetic variance and
long-term response. On the other hand, selection on markers will result in markers
getting fixed before QTL for loci with incomplete LD, thus creating new unfavorable
LD (Muir, 2007; Hayes et al., 2009). Unfavorable LD reduces the long-term response
in GS schemes. Third, is the effect of family relationships in the reference
population on LD explained (Habier et al., 2007; Bastiaansen et al., 2012). Closely
related animals explain the same part of the variation, reducing the amount of
variation captured. Use of across generations information minimizes family
relationships in the reference population which increases the reliability of GEBV
(Habier et al., 2007; Muir, 2007; Pszczola et al.,, 2012). Last, is estimation of
variance of low frequency QTL. Capturing variance of low frequency QTL alleles
positively impacts the long-term response of GS (Jannink, 2010). Re-estimation of
prediction equations by continuous updating the reference population can aid in
capturing low-frequency QTL alleles (Muir, 2007; Hayes et al., 2009).

The impact of information from previous generations for the Kenyan situation can
be approximated. Following Muir, (2007) use can be made of information up to 3
past generations to improve accuracy in the present generation. | assume presently
there are available an average of 1,900 cows with phenotypic information that can
be genotyped to establish a reference population (Kosgey et al., 2011). Since cattle
have overlapping generations, each year the information submitted for evaluation
will include repeated records for dams in their 2" and higher lactations and new
records for 1% lactation dams. For simplicity, the effect of repeated records is
ignored. Increase in the size of the reference population due to accumulation of
information across generations is determined by the number of new 1% lactation
information collected annually. The number of 1% lactation information is
determined by the replacement rate which we fixed at 25% (Chapter 5). The
number of accumulated unique records at year t = N + [RR * (t-1)] where, N is the
size of the reference population in year 0 and RR is the replacement rate. The
number of accumulated unique records in 10 years = 3,325; a 1.75-fold increase in
the size of the reference population compared to progeny testing where the
number of test daughters produced is constant. This above calculation
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demonstrates the gain that can be achieved by use of across generations
information. Disadvantage of this strategy is that it takes time for information to
accumulate unless historic material is available which enables going back in time.
Besides use of across-generation information, the second strategy is to recruit
more producers to participate in recording and minimize drop-out rate. Despite the
long presence of farmer based pedigree and performance recording organizations
in Kenya, participation of producers has been low with high dropout rate (Kosgey et
al., 2011). Key factors contributing to producers’ reluctance to record are lack of
tangible benefits and unmet expectations (Wasike et al., 2011). Therefore,
producers are more likely to actively participate in pedigree and performance
recording if they derive a direct benefit from it. Such benefits in developed
countries include access to markets (by satisfying government marketing policies
such as product traceability), access to subsidies, benefits from membership to a
breed society and use of records as a management tool. For developing dairy
industries such incentives are generally lacking. It is therefore, important to device
incentives for the producers for their recording efforts.

Currently, pedigree and performance recording in Kenya is externally driven, i.e.
not an initiative of the farmers but of governmental and non-governmental
organizations. As a consequence, ownership of the recording schemes by farmers is
lacking, resulting in their collapse shortly after the withdrawal of funding agencies
(Kahi et al., 2005). However, opportunities exist for re-structuring pedigree and
performance recording in such a way that farmers do not only derive direct and
sustainable benefits but also have a sense of ownership of the recording system. As
an example, there is a revived motivation among farmers to record due to the
prospects for higher prices for cows and heifers with own or dam performance
history (personal observation). Such approaches, that demonstrate the value of
recording for the farmer, can improve the participation of farmers in recording.
Therefore, there is need to develop tools to translate recording into farm support
tools. To be successful, such tools must translate records to improved management
and incomes and be easy to adopt.

6.3 Controlling inbreeding

Inbreeding results in inbreeding depression and increased risk of expression of
monogenic recessive disorders. Inbreeding in a population is measured by the
coefficient of inbreeding, F, which is determined by the population size and the
selection strategy. F expresses the average degree of relationship within a
population while AF determines the accumulation of inbreeding in the
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population. AF per year is expected to be large in small-sized GS breeding scheme
due to small nucleus size and shorter generation intervals {Muir, 2007 #201}. GS
schemes derive their main advantage from selection at younger ages resulting in
shorter generation intervals (Chapter 3 and 4). Strategies are needed to avoid
increased inbreeding. Here | discuss strategies to minimize inbreeding in small-
sized genomic schemes.

Contribution of co-selection of sibs to inbreeding is lower in GS schemes as
molecular selection is superior to phenotypic selection at estimating Mendelian
sampling variance (Daetwyler et al., 2007). With Mendelian sampling variances
explained, sibs will have different breeding values, which lowers their chances of
co-selection. On the other hand, the optimal contribution selection criteria can be
used to constrain the rate of inbreeding (Meuwissen and Sonesson, 1998). Optimal
contribution selection uses the numerator relationship matrix, A, to estimate the
co-ancestries among candidates. Selection and mating in subsequently based on
co-ancestries such that inbreeding is constrained at a pre-determined level.
Estimation of co-ancestry based on A assumes independent loci i.e., not linked to
any other loci under selection (Meuwissen and Sonesson, 1998; Woolliams et al.,
2015). This assumption is not valid with GS as selection is based on LD. Therefore,
application of optimal contribution selection in GS schemes requires estimation of
co-ancestry be based on genomic relationships rather than pedigree relationships
(Sonesson et al., 2012). Optimal contribution selection can be implemented in GS
schemes by replacing A with a genomic relationship matrix, G (Woolliams et al.,
2015).

Application of optimal contribution selection might be limited by the small number
of selection candidates as the scheme may not have much room to choose from to
meet the required number of parents. Therefore, the ultimate goal should be to
increase the nucleus size. The small nucleus size in the Kenya dairy sector results
from minimal participation of producers in pedigree and performance recording
(Chapter 3). Schaeffer (2006) first illustrated the possibility to re-organize the
structure of dairy cattle breeding programs when selection is on GEBV so that Al
companies own nucleuses and have more control on quality of data collected. For
the Kenya situation, it is possible to re-organize the breeding structure so as to
increase the nucleus size. This is because with GS the size of the nucleus is
independent of the number of commercial recorded cows (CRC), unlike with PT. As
an illustration, to test an extra bull in PT with 15 daughter records and assuming 0.5
sex ratio, 0.60 conception rate and 0.75 survival rate, requires an extra 200 CRC.
However, with GS extra bulls can be tested without the need for extra information
from CRC This presents two possibilities for increasing the nucleus size: (a)
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recruiting bull dams from the CRC population (as these dams are not used for
production of test daughters) and (b) recruit bull dams from non-recorded dams (as
GS allows the evaluation of animals without own performance records), as
illustrated in Figure 6.1. However, recruitment of CRC will be more effective when
the genetic gap between the nucleus and the CRC is small, i.e. at the start of the
program. This also is the time when the reference population is expected to be at
its smallest size since interventions such as those discussed earlier will over time
increase the size of the reference population. Recruited CRC should be of a
competitive level. Therefore, GS allows an easy and practical approach to
overcome inbreeding for small-sized programs in the short-term.
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Figure 6.1. lllustration of change of breeding structure for GS schemes to increase the
size of nucleus. The nucleus in GS can be expanded by contracting bull dams from
commercial recording herds (CRC) and non-recording herds with well performing cows
since it is possible to evaluated animals with no own performance record.

6.4 What genotype to improve

Sustainable intensification under tropical production environment requires a
balance between productivity and adaptability in commercial cows (Chapter 5).
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Historically, intensification in Kenya has relied on crossbreeding Bos taurus and Bos
indicus breeds (Bebe et al., 2003). Crossbred cows have been shown to have better
production and economic performance compared to pure-bred Bos taurus cows
under smallholder production system (Vaccaro, 1990; McClintock et al., 2007).
Superior performance of crossbred cows is attributed to better adaptability and
heterosis (Cunningham and Syrstad, 1987). However, lack of genetic improvement
efforts for Bos indicus has resulted in the increased use of Bos taurus bulls on
commercial farms. The overall outcome has been sub-optimal performance due to
genotype by environment mismatch (McClintock et al., 2007). To ensure
sustainable intensification it is imperative to maintain adaptability in the
commercial cows. Adaptability can be maintained in two ways: (a) by maintaining a
Zebu line as a source of adaptability genes for the production of crossbred
commercial cows or (b) inter se mating and selection to develop of adapted
synthetic breed. To make a decision on the approach to adopt it is necessary to
consider the advantages and disadvantages of each approach.

6.4.1 Crossbreeding approach

Crossbreeding aims at exploiting heterosis and combining desired qualities from
two or more breeds/ lines (Falconer and Mackay, 1996). To achieve the most from
crossbreeding, selection need to be done within the various breeds contributing to
the crossbreeds. This implies that the current crossbreeding in Kenya can benefit
from selection within the Bos indicus breeds combined with use of Bos taurus
semen for the production of crossbred cows. Currently, maintenance and selection
within the Bos indicus genotypes has been neglected. The comparatively low
performance of Bos indicus cows is the main reason for this neglect. However,
medium to low heritability estimates have been reported for reproductive traits in
Bos indicus breeds (Nonato and Lobo, 1998). This indicates potential for selective
breeding in these breeds.

Figure 6.2 illustrates the design of a crossbreeding scheme utilizing GS for a Bos
indicus breed. The objective of the scheme is to produce F1 and/ or F2 elite bulls
which are used to improve the commercial herds. In Chapter 3 of this thesis the
design of a small sized GS nucleus breeding scheme is illustrated. Here the nucleus
is expanded to incorporate crossbreeding. This is achieved by further selecting
“crossbreeding” dams (CD) that are mated with Bos taurus bulls to produce F1 and
F2 elite bulls. For production of F1 elite sires, CD are selected from the local
nucleus and mated with elite Bos taurus bulls. Young bulls produced can be further
evaluated and the required number selected or used directly as elite sires. To
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produce F2 elite sires that are 25% Bos indicus and 75% Bos taurus, CD are first
used to produce F1 bull dams, which are then mated with elite Bos taurus bulls.
The F1 crossbred cows can be subjected to further evaluation and selection or used
directly to produce F2 elite sires by crossing again with Bos taurus bulls. The
crossbred elite sires (F1 or F2) are used to produce semen that is dispensed to
commercial herds through the existing Al structures.

Bos taurus nucleus

>|Elitesires ’ |

Bos indicus nucleus

Nucleus

Elite sires | Nucleus elite dams
elite dams
\ 4 \ 4
Candidate Candidate
Candidate Candidate bulls cows
bulls cows
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Crossbreeding
elite dams

Bos taurus
bulls
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bulls dams bulls
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A\ 4
F2 elite
bulls
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Figure 6.2. lllustration of a crossbreeding structure using Bos indicus and Bos taurus breeds. B.
indicus genotype is maintained and improved in a local nucleus scheme. Elite crossbreeding dams
are mated with B. taurus bulls to produce 0.5:0.5 B. taurus:B. indicus F1 elite sires that can be used
for semen production. F1 dams can also be mated with B. taurus bulls to produce 0.75:0.25 B.
taurus:B. indicus F2 bulls for semen production.
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Implementation of such a scheme is feasible in Kenya. First, government owned
nucleuses keeping Bos indicus cattle are already present in Kenya for the Sahiwal
and Boran breeds which can be utilized, particularly the well adapted Sahiwal
breed which has relatively well developed dairy characteristics (llatsia et al., 2007).
Second, dairy farms practicing routine recording can be used to establish a Bos
taurus nucleus (Chapter 3). Advantages of crossbreeding are (a) it enables the use
of heterosis that will have a positive impact on production and (b) it makes it
possible to complement one breed with the other in a structured way to reap the
maximum benefits from both breeds. In addition, of female reproductive
technologies such as multiple ovulation and embryo transfer can be used to
enhance the reproductive capacity of nucleus cows (Kosgey et al.,, 2005).
Disadvantages are that it is a complex and expensive breeding structure requiring
the maintenance and selection of not one but two populations. Alternatively, the
maintenance of a Bos taurus population can be avoided by importation of these
germplasm. However, it will not be possible to control the breeding objective in the
exporting country, which may again result in unintended responses.

6.4.2 Development of a synthetic dairy breed

A synthetic breed is developed by inter se mating of crossbred male and female
animals. Development of stable synthetic breeds adapted to tropical environments
has been achieved in Africa e.g. the Bonsmara beef cattle and Dorper sheep breeds
(Milne, 2000; ILRI and SLU, 2009). The first step in developing a synthetic breed is
to determine which established breeds to use to develop the synthetic breed. The
choice of established breeds is based on the traits required in the synthetic breed.
For dairy cattle in Kenya, adaptation and production traits are essential for
sustainable intensification (Chapter 5). The Holstein-Friesian and Ayrshire breeds
have been choice breeds for dairy traits (Bebe et al., 2003). The Bos indicus are
essential for adaptation. Second, is to determine the genetic contribution of each
established breed to the synthetic breed. This should be based on the economic
performance of the synthetic breed on commercial farms. The highly
heterogeneous crosses that have resulted from indiscriminate crossing of Bos
taurus and Bos indicus cattle provides a base upon which the production,
adaptation and economic performance of different levels of crossing can be
evaluated. Genetic markers can be used to determine the breed proportions in the
crosses and the performance of different levels of crossing compared (Ojango et
al., 2014). Once the appropriate level of crossing is established, a nucleus can be
established. The design of a GS nucleus scheme illustrated in Chapter 3 can be
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adopted for further development of the synthetic breed. Appropriate crosses are
first introduced in the nucleus. These are then subjected to continuous genetic
improvement through evaluation and selection. Elite selected sires are then used
to produce semen for dissemination to commercial producers.

Development of a synthetic breed has several advantages. First, the presence of
crossbred cows on commercial farms provides a platform for testing the “best”
combination of breeds in the synthetic breed, which gives a head-start to the
breeding program. Second, it is possible to involve the producers in the genetic
improvement process through provision of performance and pedigree data for
genetic improvement since farmer’s rear crosses on their farms. Direct involvement
of producers in the breeding process is likely to increase the chances of acceptance
of the synthetic breed. Criteria described earlier in this chapter can be used to
increase the size of the reference population and minimize inbreeding. Lastly, LD is
expected to be relatively high in the crosses for the first few generations, which
increases the genetic variance explained by markers and the response to GS
(Dekkers and van der Werf, 2007). Disadvantage of this strategy is that the
presence of the desired breed proportions in a cow does not indicate a competitive
cow, posing the danger of recruitment of an initial parent population of low genetic
merit. Furthermore, it will take a long time before the synthetic breed is stabilized
and to establish a reference population for the synthetic breed to allow for further
genetic improvement.

A crossbreeding approach, though expensive and complicated, allows for
maintenance and improvement of indigenous genotypes. These genotypes play a
crucial role in pastoral production systems. Therefore, a crossbreeding approach
will have a larger socio-economic impact compared to development of a synthetic
breed. In addition, it will also aid in the maintenance of biodiversity through
continued use these genotypes.

6.5 Towards a sustainable breeding program

Sustainability of a breeding program in Kenya will be determined by its long-term
ability to create and disseminate genetic superiority profitably. Creating genetic
superiority implies a cost to the breeding program, which must be recovered
through sale of semen to commercial farms. Therefore, the sustainability of the
breeding program will ultimately be determined by the willingness of producers to
purchase semen from the program over a longer period of time. To create demand
for semen, the program must satisfy the needs at the farm level i.e., the genetic
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superiority created must result in maximal profitability at commercial farms. As
illustrated in Chapter 2 and 5, the long-term profitability at commercial farms will
be determined by production and functional traits. Reduction in operating costs at
the farm level is equally important for the smallholder system as revenue
generation through sale of milk and animals. Production traits will give high returns
but require an increase of inputs. Functional traits on the other hand are likely to
affect direct farm costs such as replacement costs and health care costs. Small
holder farmers are expected to benefit more from cost reduction resulting from
selection on functional traits.

The large number of smallholder dairy cattle producers and the demand for milk in
Kenya reflects a market for semen whose demands are currently met by the
unplanned use of Bos taurus semen; and haphazard trial and error crossbreeding.
High potential exists for tapping into this market by providing the most appropriate
genetic product. For the predominantly low input production and pricing systems in
Kenya, the long-term profit maximization at the farm level is more likely to be
achieved by breeding a balanced genotype that is well adapted to perform
optimally in the system (Chapter 5). A local breeding program is the most suited
approach to achieve such a genotype, as discussed in the previous section. By
providing the appropriate genetic change in commercial farms, the breeding
program can capture the local Kenyan semen market. Maintaining relevance to
producers will ensure the long-term sustainability of the program.

It will be essential for the breeding program to generate quick returns on
investment. This implies that a program that starts to generate revenues earlier will
have a competitive advantage compared to a program that takes long to start
selling semen. Genomic selection can offer this advantage, preferably in
combination with crossbreeding or the development of a synthetic breed.
However, as discussed earlier, present structures in Kenya need to be exploited to
fast-track both of these approaches. Lastly, the program will need to be
competitive to survive in the market. This requires a prudent business plan besides
provision of appropriate germplasm.
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Smallholder dairy cattle farmers that want to intensify their production import
semen from breeding programs in temperate regions to improve their herd
performance. Continuous importation of semen has resulted in a shift towards
higher-yielding temperate genotypes. However, within the smallholder systems
these genotypes perform below their potential, exhibit higher mortalities and
increase strain on available resources, in a system that is already resource
deficient. Two key reasons necessitate the establishment of local breeding
programs for sustainable intensification of dairy cattle productivity for smallholder
systems. Firstly, there is a difference in breeding objectives for developed and
developing dairy cattle industries due to differences in production systems and
markets. Secondly, there is unfavourable genotype by environment (GxE)
interaction between temperate and tropical regions. Sustainable intensification of
the smallholder dairy systems in developing countries can be optimized by
addressing these challenges through appropriate breeding programs.

Lack of successful local breeding programs in developing countries is attributed to
absence of extensive pedigree and performance recording systems. Therefore, the
aim of this thesis was to optimize the design of a breeding program for a situation
where (a) there is limited pedigree and performance recording and (b) adaptation
and health traits play a crucial role to the productivity and resilience of farms. The
design of a breeding program was divided into three major phases (1) the definition
of a breeding objective, (2) the comparison of small-scale progeny testing (PT) and
genomic selection (GS) schemes in terms of genetic gains and economic benefits
and (3) the optimization of the breeding program that balances productivity with
sustainability.

Chapter 2 dealt with determination of breeding objective traits. The dairy industry
in Kenya is characterized by diverse production and marketing systems. To define a
breeding objective, a desired genetic gains approach was used to account for this
diversity among the different systems. Analytic Hierarchy Process (AHP) was used
to determine individual preference values for milk yield (MY), calving interval (Cl),
production life time (PLT), mature body weight (MBW), and fat yield (FY). The
classical classification of production systems into large scale and smallholder
systems did not adequately capture the differences among producers. These
differences were better explained when classification was based on productivity at
the individual animal level, with high (HIP) and low intensity producers (LIP) and
processors being the main important categories. High intensity producers had
highest preferences for PLT and MY, while LIP had highest preference for Cl and
PLT; processors preferred MY and FY the most. Highest disagreements between the
groups were observed for FY, PLT, and MY. Individual and group preferences were
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aggregated into consensus preferences using Weighted Goal Programming. Desired
gains, as a percentage of the population means for individual traits, were obtained
as a product of consensus preferences and approximate genetic gains. These were
2.42% for MY, 0.22% for Cl, 2.51% for PLT, 0.15% for MBW and 0.87% for FY. The
consensus breeding goal derived in this study can be used in the establishment and
acceptability of a local breeding scheme for the highly diverse production and
marketing circumstances in Eastern Africa.

In Chapter 3 | optimized the utilization of the available limited phenotypic records
by optimizing the design of small-sized nucleus programs supported by a few
commercial herds with reliable pedigree and performance recording. Optimization
was achieved by determining the effect of five selection strategies on genetic
superiorities. The five strategies were defined as only nucleus records on dams’
performance (DP), progeny records in addition to nucleus records (PT), only
genomic information (GS), dam performance records in addition to genomic
information (GS+DP), and progeny records in addition to genomic information
(GS+PT). Alternative PT, GS, GS+DP and GS+PT schemes differed in the number of
progeny per sire and size of reference population. The maximum number of
progeny records per sire was 30, and the maximum size of the reference
population was 5000. Overall, GS schemes had higher responses and lower
accuracies compared to other strategies; the higher response being due to shorter
generation intervals. Compared to similar sized progeny testing schemes, genomic
selection schemes will have lower accuracies but these are offset by higher
responses per year.

Adoption of a selection strategy will be determined by the economic outcome. In
Chapter 4 | investigated the economic performance of progeny testing (PT) and
genomic selection (GS) strategies over a 20 years investment period. Genetic
superiorities were for a nucleus program with 453 male and 360 female animals
distributed in 8 non-overlapping age classes. A population of commercial recorded
cows (CRC), of sizes 12,592 and 25,184, was used to produce test daughters in PT
or to create a reference population in GS. Economic performance was defined as
gross margins, calculated as discounted revenues minus discounted costs following
a single generation of selection. Revenues were calculated as cumulative
discounted expressions (CDE, kg) x 0.32 (Euro per kg of milk) x 100,000 (size
commercial population). Genetic superiorities were deterministically simulated
using pseudo-BLUP index and CDE determined using gene flow. GS schemes had
higher cumulative genetic gain in the commercial cow population and higher gross
margins compared to PT schemes. Gross margins were between 3.2 and 5.2-fold
higher for GS, depending on size of the CRC. The increase in gross margin was
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mostly due to a decreased generation interval and lower running costs in GS
schemes. | also evaluated the benefits of storing and selling semen instead of
keeping live bulls. Semen storage resulted in an increase in gross margins in PT
schemes but gross margins remained lower than those of GS schemes. These
results show that implementation of small-sized genomic selection breeding
schemes can be economically viable for developing countries.

Intensification of production in smallholder dairy cattle production systems is
driven by increasing demand for animal products. Sustainable intensification under
these systems requires emphasis on both production and functional traits. Poorly
developed pricing systems coupled with unfavourable correlations between
production and functional traits may compromise health, welfare and ultimately
productivity of cows, particularly for the resource poor systems in challenging
tropical environments. Sustainable intensification therefore requires special
emphasis on functional traits. In Chapter 5 | compared the effect of three methods
to define breeding objectives i.e., economic, desired gains and non-market value,
on responses in production and functional related traits. With economic breeding
objective, traits weights were based on economic values. Weights for desired gains
(DG) and non-market (NM) value weights were derived iteratively. Economic
breeding objectives resulted in undesirable responses in calving interval (Cl), fat
yield (FY) and mature body weight (MBW), but had the highest returns on
investment. DG and NM -based breeding objectives achieved more balanced
responses between productivity and functional traits. | conclude that breeding
objectives based on desired gains or non-market values can be applied to direct
selection towards more robust genotypes but with loss in monetary gain. For small-
sized genomic selection schemes, more emphasis is required in functional traits
since these traits are more difficult to change due to low heritabilities besides the
low accuracy in such schemes due to a small reference population. Such
approaches can be used to achieve sustainable intensification for developing small-
holder dairy systems.

In Chapter 6 | discuss the technical challenges and solutions to the implementation
of breeding programs in developing dairy sectors. In particular, | discuss (a)
establishing a reference population (b) controlling inbreeding (c) choice of local
genotype to improve and (d) sustainability of the breeding program. A sizable
reference population can be established by use of information across generations
and recruitment of more producers to participate in routine pedigree and
performance recording. To reduce the drop-out rate of producers from the
recording scheme requires development of tools that will improve the
management and profitability of farms. Effects of inbreeding can be minimized by
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use of optimal contribution selection and by increasing the size of the nucleus. The
size of the nucleus can be increased by recruiting cows from the commercial
recorded population and other competitive cows in the commercial population.
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