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Introduction

1.1 Introduction

... decision makers can satisfice either by finding the optimum
solution for a simplified world, or by finding satisfactory
solutions for a more reaiistic world. Neither approach, in
general, dominates the othe., and both have continued to co-exist
in the world of management science

Simon (1979)

Simon addresses the dilemma faced t y economists, between working efficiently in an
unreal world, or inefficiently in a -eal one. This general problem of inevitable
compromise is, of course, found in many areas. In quantitative genetics,
improvements in the estimation o’ breeding values, through, for example, an
improved incorporation of the information from the records of relatives, refines the
mechanisms used for differentiating between individuals on the genetic merit of a

particular trait. Such improvement: represent significant refinement in selection
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methodology. To optimise the selection process there are still considerable
developments necessary to make the use of estimates most efficient for those actually

making selection decisions on real breeding stock.

An integral part of this refinement arises from a more efficient management of the
risks associated with the decision making process. While risk is an integral part of
both seedstock and commercial livestock production, not all the risks associated with
such enterprises can be efficiently mnanaged. While the more commonly addressed
risks such as those related to price v ariation (input and product) are present, these will
generally not be controllable, except through better market targeting. Further, any
selection scheme minimising costs s likely to compromise the potential for genetic
progress, thus, minimising costs mnust be a secondary objective subject to the

achievement of other objectives.

More significant will be the direct impact of selection decisions on productivity and
thus profitability - including the level and impact of inbreeding arising from selection
decisions. These factors cannot all t e handled simply, one reason is that performance
and inbreeding are closely related outcomes. Improvement of predicted performance
is central to most selection schemes. but a concentration on this as the sole objective

of a breeding program could lead to longer term problems outlined below.

Conventional economic analysis relies on the mean value as an indicator of the
outcome. Risk analysis, however, considers the likelihood, and implications, of
different outcomes. In animal breediag, a similar separation can be noted. A reliance
on the best unbiased estimate o  the breeding value, the ebv, is frequently
recommended. While this objective approach potentially offers considerable benefits
through increased response, some refinement has been suggested by several
researchers. This may be to allow additional benefits to be gained through better
utilising the potential of less accurat:ly recorded animals or through the reduction of
the negative impacts associated with increases in inbreeding. Thus, there are

perceived risks associated with a sclection scheme entirely dependent on animals’
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ebvs, with the adoption of a broaler perspective on merit offering an approach by

which many of the risks inherent in the selection process can be better addressed.

1.2 Risk in the Selection Process

Under random selection there is an equal likelihood of selection for all individuals.
This is not a desired outcome wherc there are defined breeding objectives. However,
what should be recognised in any selection scheme is whether the selection process is
having effects other than those desired through the differential probabilities of
selection of individuals. An early point, relating to the negative impact of directed
selection, was made by Morley (1954) who suggested that in any population
undergoing selection a positive corr :lation between inbreeding in progeny and merit
in parents would be an automatic consequence of selection. His results, indicating a
weak, but significant, positive correlation between inbreeding and genetic superiority

in traits under selection, supported th s contention.

Robertson (1961) considered the issues raised by Morley and found inbreeding under
individual selection to be greater than that calculated by simple methods. He noted
that this effect would be increased wl en selection was on a combination of individual
and family measurements, except wlere there was significant non-genetic variation
between families. The extension of tiis view relates to the co-selection of relatives.
While Morley's work was prior to tke use of BLUP estimates of breeding value, it
does suggest potential problems in inbreeding arising from highly efficient selection
mechanisms like BLUP. Recent interest in work which considers the relationship
between selection using BLUP and 1esultant levels of inbreeding would appear to

support such conclusions.

For those making selection decisions. appropriate use of information is a difficult

process - there being a range of factors which can affect choice. With regard to the
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use of the ebv, it is often suggest:d that decision makers base selection on the ebv
alone, and where the accuracy of s ich estimates is available it is used on the basis of
more accuracy is better (Freer & Sunstrom, 1991). This narrow perspective ignores
factors such as the purchase price of animals, their potential performance and the
future levels of inbreeding in the Ierd, all aspects which are likely to influence real
world decisions. High accuracy animals continue to attract high premiums, producers
being éonﬁdent of the performance of the progeny of such animals. However, to
have higher accuracies, such an mals must have more extensive networks of

relationships, meaning that there is «Iso a pctential for increased levels of inbreeding.

Van Raden, Freeman and Rothschild (1984) looked at different approaches to
selection. They adopted a two stag: method where, initially, animals of lesser merit
were selected. In the second stage the optimal mating group was selected from this
initial group. This method looked to the preferential selection of lesser known
animals of lower merit over those with higher merit. Although some advantage was
associated with this approach the additional cost associated with its application led to

the conclusion that, in practice, it wa; not likely to be a viable option.

More specific consideration of the issue of using accuracy in the decision process has
been more recently given by other ‘esearchers. Woolliams and Meuwissen (1993)
applied a Bayesian framework to decision rules. They concluded that this framework
could be used to provide a flexible neans by which farmers might account for risk
preferences in selection decisions. It was suggested that there could be some positive
benefits from the use of less accura:e animals. Although these animals may have
lesser ebvs, their true breeding value could potentially be above that of marginally
superior high accuracy animals due tc the greater prediction error variance. Thus, the
implications of lower accuracy could cxtend to lower prices, marginally higher returns

and lesser inbreeding.

Another component of risk associated with the use of information in animal breeding

programs is the methods used to selec: breeding stock. BLUP effectively utilizes the



Chapter 1 - Introduction

information on relatives to maximize the accuracy of ebvs. However, there is
increasing concern over the impa:t on inbreeding, or effective population size, of
different methods of selection. Dempfle (1990), in considering animal breeding
schemes, identified a conflict between maximizing short and long-term response.
Recognising the implications of small effective population size in real breeding
populations, he recommended th:t, to avoid reduced efficiencies in the overall
selection process, restrictions on the selection process were needed to maintain
reasonable levels of effective populition size. He also noted that in the case of family
selection, the selection criterion will be heritable - with individuals from more
successful families having more suc cessful offspring. Dempfle's concern relates to the
correlation between the estimated breeding values and the effect on the effective

population size.

The issue of the coselection of relat ves has also been considered by Wray and other
co-workers. Wray and Hill (1989) found that both the accuracy of selection on an
index and the rate of inbreeding wzre higher when the index was based on larger
numbers of records from relatives. V/ray and Thompson (1990) noted that in a

population undergoing selection, families superior for the selected trait will
contribute more offSpring to the nex. generation than inferior families. The obvious
impact of this differential selection will be the potential for higher rates of inbreeding

in selected population (see also Wray, Woolliams and Thomson, 1990).

Although there has been some concemn about the dependence on BLUP estimates in
selection schemes, this has continuzd to be recommended as the best approach.
Quinton, Smith and Goddard (1992), 1ssessing different methods of selection carried

out with a fixed level of inbreeding, I ave further questioned this dependence. Where
this constraint is placed on a selection scheme, the superiority of BLUP in quantifying
merit is far less effective. Their work questions a basic approach currently adopted to
selection. An increasing number of rzsearchers are now recognising the relationship

between methods of selection and the issociated inbreeding rate.
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Thus it is apparent that the object ves of maximising genetic gain and minimising
inbreeding cannot be treated in iso ation. As mentioned above, the accuracy of the
estimation process for breeding vilues is also a factor in the achievable level of
genetic progress. Accuracy and inbreeding are considerations through which decision
makers can, at least to some degree, manage the price and production risks that they
face. Although interrelated, accuracy and inbreeding are also far from interchangeable

elements and must also be considered separately.

1.3 Objectives

How can the decision maker (in selcction) most efficiently use available information
to manage issues of risk? How can the preferences of decision makers be
accommodated in current or enhance selection practices? If risk is to be incorporated
into the selection decision-making process there are clearly several issues which

require consideration.

One assumption that underlying many decisions is the preference for higher accuracy.
While the value of good informatio1 cannot be questioned, there can also be costs
associated with the greater level of information. In the case of more accurate ebvs

there are several possible costs. The:se issues are addressed in Chapter 3.

The single time period perspective adopted in Chapter 3 is useful to consider the issue
regarding preference for accuracy. However, what is the impact over time from
decisions where a consideration of risk moves from the traditional single objective of
maximising expected response and 1ilso considers change in inbreeding ? This is
addressed in Chapter 4 through a consideration of the joint regulation of genetic gain

and inbreeding.
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While inbreeding and accuracy are the focus of considerable attention it is interesting
to consider whether there is an earlier point at which the problem can be managed.
Thus, is it most effective to address he problems arising from inbreeding, or is there a
problem that in turn leads to inbrezding and which is the real point at which the
problem should be addressed ? One possibility here is the network of relationships

between individuals in population.

Finally, if the strategies developed 11 Chapters 3 and 4 do provide some mechanisms
for addressing these issues, how do we decide what level of any strategy to apply ?
Chapter 4 assesses a range of diferent levels of compromise between risk (of
inbreeding) and returns (from genetic gain) and in Chapter 5 a mechanism for

assessing and comparing such strateg:ies is discussed and evaluated.
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CHAPTER 2

Utility and Risk in Selection : Economic and

Genetic Perspectives

2.1 Introduction

The estimation of breeding values represents a major step in the development of
efficient selection techniques. However, there is growing concern as to the long term
effectiveness of selection dependent entirely upon estimates derived from Best Linear
Unbiased Prediction (BLUP). Such corcerns relate primarily to the practical
implications of such usage, of particular concern being the impact of selection
schemes on inbreeding levels. Stror g reservations regarding dependence of selection
programs on BLUP estimates hav: been expressed by a number of researchers,
including Dempfle (1990) and Quinion et a/. (1992) - both groups demonstrating the

potential impacts of different selectic n processes on inbreeding levels.

While these concerns relate to the specific implications of applying BLUP estimates
to the selection process, general r:servations regarding the inevitable impact of

intensive selection practices are not new. Morley (1954) saw increased inbreeding as
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an inevitable consequence of more intensive selection - this arising from the unequal

likelihood of animals being included in the following generation.

Considerable work has been carriec. out to identify techniques by which the increase
in inbreeding associated with suchk selection can be managed. In addition, varied
applications are being developed in which ebvs are incorporated into selection
programs, providing greater flexibil ty in the application of ebvs by satisfying a range
of objectives. Henderson's (1973) achievement through BLUP, while from one
perspective representing an ultimate step in estimation can also be viewed as an initial
step in the development of effici:nt selection practices optimising the usage of
available information. The efficiznt application of information is of increasing
significance in animal breeding, reflected in the perspective presented by Cartwright
(1969), who looked to future trends in animal science, recognising the increasing
importance of the information availeble to the specialist and the advice imparted from

it.

To move from the narrow objectie of maximising expected genetic response to
optimising returns and outcomes through clearly defined bioeconomic selection
objectives requires a refinement in the selection process. This objective should assist
In maximising the benefits from the information available through the normal
selection process. However, it is apparent that there is no easy selection objective,
with Robertson (1977) concisely identifying the inevitable tradeoff in the overall

selection process thus:

This perhaps is the moral of this pcper. The individuals of one generation are the
parents of the next - if they are accurately evaluated and selected in the first
generation, the variation between fcmilies will be reduced in the next. You cannot

have your cake and eat it too.
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Before considering processes and methodologies by which such objectives are
developed and evaluated, attention is directed to the objectives of the breeding
programs - involving discussion of 'he concepts of merit, utility and risk in the animal
breeding context. The final step in this review is a consideration of a particular

application, the selection of mates.

2.2 Definition of the Breeding Objective

The overriding objective for any prcducer relates to returns from his herd, this perhaps
best related to the maximisation of the expected performance. Cunningham (1974)
suggested that, essentially, there were three factors involved in the profitability of beef

animals, identifying:

¢ the probability of survival
e growth rate

e proportion of meat in the carcase

While these elements remain of central importance to current production and continue
to be addressed in production enterp-ises, there are new issues which are taking centre
stage in new breeding programs. Returns, for example, can only be implied from

available information with a degree of uncertainty.

Anderson (1988), in addressing the issue of risk in livestock improvement programs,
considered a range of potential areas where risk is a major factor. While he concluded
that the benefits from dealing with r sks may, in animal breeding, be rather minor, so
justifying the lack of consideration by many researchers of this aspect, he did see
some areas where consideration cou d have significant benefits. Such benefits would
occur particularly where there are multiplicative interactions between variables in a

profit function. While identifying limited areas of opportunity for the control of risk,

10
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Anderson tempered this judgemen! with a recognition of the value of detailed case
studies, such studies providing a oractical assessment of his theoretical, outsiders

impression of the area.

2.2.1 Profit vs Utility Max.'misation

[t is frequently assumed that the ain. of producers is profit maximisation (Lin, Dean &
Moore, 1974), however, this aim is neither well defined nor, frequently, clearly
understood. The objective of protit maximisation implies the maximisation of the
expected net return, ignoring the variation in this return and thus ignoring the many
aspects of risk in the production en:erprise. More commonly, decision makers act to
maximise some broader objective, this encompassing both profit and personal
preferences - including, for example, preferred physical characteristics, breed and risk

elements in a production enterprise.

While profit maximisation aims at the achievement of the highest expected profit, a
utility maximiser imposes constraints on the level of risk in the achievement of such
returns. This may reduce the expec ed level of returns but better address the needs of

the decision maker by providing gre iter certainty and consistency in such returns.

For many producers there is an incrzasing need to look to the risks in production and
to apply the mechanisms available or handling the risk in product price. To do this
effectively, the objectives of the production enterprise need to be clearly defined. Lin
and Allaire (1977) identified a commponent of this problem in a discussion of the
selection of dairy cows for profit, fiading that maximising production was an inferior
tool to a broader objective enconpassing economic, environmental and resource
aspects. Extensive work in this area has been undertaken through a range of
approaches including the use of dyiamic programming to address management and

replacement policies (e.g. Van Arendonk, 1985a,1985b).

11
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The increasing application of utility in areas such as portfolio theory applied to
selection strategies (e.g. Schneeberger, Freeman & Boehlje, 1982) has demonstrated
the growing recognition of the va ue of extending the assessment of benefit to an
inclusion of the risks associated ‘vith their achievement, and thus a move in the
perception of decision makers from profit to utility maximisation. The presence of a
wide range of marketing programs in agricultural commodities, providing
mechanisms by which producers can hedge their price risk through the removal of
some of the natural fluctuation, of ers streng evidence of the basic risk aversion of

agricultural producers.

2.2.2 Utility and Merit

Utility, in general terms, refers to he usefulness of an object (Garmonsway, 1979).
From an economic perspective, u:lity, encompassing the concept of pleasure in
circumstances or objects, can be de ined as the ultimate goal of all economic activity
(Bannock, Baxter & Davis, 1987). Although this extends the initial, more general
definition above, it remains general and non-operational due to the broad nature of

utility, which, like merit, refers to that which is preferred.

Falconer (1981) refers to merit as the object of selection, whatever it may be. As with
definitions of utility, more merit will always be preferred to less. Comparison
between degrees of merit are possible to make and, as with utility, producers are
generally assumed to have the obje:tive of maximising merit. One major difference
between merit and utility is in the application. Utility is normally reflected in decision
maker’s preferences, while merit is used to provide a ranking on animals - thus merit
can be viewed as a specific form of utility. It is not surprising that an increasing use 1s
being made of utility in animal brezding, with the applications being similar to, but

extending on those for merit.

12
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Jansen (1985) provides a useful definition of merit, seeing it as profitability, energetic
efficiency or some other measurc of the utility of an animal to the breeder.
Koopman, Smith and Dekkers (1992) also formally link merit and utility, although
from the alternative perspective of merit as the principle objective, suggesting that
extra genetic merit has a higher utility when there is more competition for a limited
market. They assess the impacts of merit and risks associated with having no bulls in
the top ranks, and consider the utility of achieving an increased mean merit in
offspring through intense bull sir¢ selection. The associated risks of alternative
strategies were compared, leading tc the conclusion that, while there was a strong risk
associated with the strategy of maximising mean merit, the associated benefits

compensated for these.

Utility functions are used by eccnomists to provide a link between individual
preferences and the decision making process. They provide a device for assigning
numerical values to options or events, and so the decision maker with an objective
tool by which to maximise his expected utility (Anderson et al., 1977). There can be a
wide range of utility functions, ranging from well defined mathematical functions to

general specifications of utility.

Specific mathematical utility fuictions include linear, quadratic and cubic
relationships.  Lexicographic utilizy, essentially an empirical approach, is very
different from such functions, the cefinition reflecting a non-continuous, frequently
stepwise, change in utility commonly seen in real situations. Lexicographic utility is
derived from a 'safety first' approach (e.g. Anderson et al., 1977; Robison et al., 1984)
where a set of preferences must be satisfied for each level of utility, with sequential
increases coming from the satisfact on of further steps. Unlike mathematical utility
functions, no increase in utility occ irs until a threshold is reached, and similarly no

utility is associated with a lesser thar required achievement.

13
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Schneeberger and Freeman (198)) included a lexicographic function in their
assessment of a crossbreeding experiment. [n this they specified two goals, the first
survival, the second, profit maximisation. Interestingly, the ranking derived from the
lexicographic function differed mor: significantly from expected monetary value than
did the ranking associated with the -isk averse or risk prone functions and was closer

to the behaviour of the Swiss farmers under consideration than were such functions.

Increasingly, definitions of merit a-e including a range of factors such as accuracy
(Meuwissen, 1991; Klieve et al. 1993; Woolliams & Meuwissen, 1993) and
inbreeding (Wray & Thompson, 1950; Wray, Woolliams & Thompson, 1990; Quinton
et al., 1992; Klieve et al,, 1994). In additon, risk is also being used to look at the
impact of animal records on the e:stimation process (e.g. Geldermann et al., 1986;
Long et al., 1990; Long et al.,, 1991). Such functions provide the capacity to define a

clearly specified measure of merit.

2.2.3 Applications of Utility to Animal Breeding

From selection index theory, it has bzen conventionally assumed that the total merit of
animals is a linear function of measurable traits (Goddard, 1983), however, an
increasing number of researchers in animal breeding have proposed more realistic,
non-linear, functions (e.g. Wilton et al., 1968; Allaire, 1980; Goddard, 1983; Allaire
et al., 1985; Smith & Allaire, 198:). Many of these researchers have applied such
non-linear relationships in the arca of mate selection, this according with the
conclusion of Kinghorn (1987) that mate allocation will be of value in a case such as

when merit is non-linear.

14
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A common mechanism by which to include an economic perspective in genetic
analysis has been through the use cf profit equations (e.g. Soller et al., 1965; Moav,
1966a; Moav, 1966b; Lin & Allairz, 1977; Woolliams & Meuwissen, 1993). These
include simple linear relationships, (uadratic profit functions (e.g. Wilton et al., 1968)
and more complex cubic profit functions in the selection index model (Ronnigen,

1971).

Lin and Allaire (1977) looked at the relative efficiency of selection methods for
overall profit. They developed a number of indicators, including a profit function
addressing both economic and genctic criterion, a selection index and a single trait
estimate (milk yield) and compared the relative efficiency of selection based on these
methods. They found the utility of an estimate of profit to be a more effective

selection criterion for genetic gain ir profit than the other methods assessed.

More recently, Meuwissen (1991) considerzd a range of formal utility functions and
found that this method was effective in ranking breeding schemes. Woolliams and
Meuwissen (1993) used utility func ions to provide an approach to evaluate accuracy
in the selection process. This mcve to formally include utility in such analyses

reflects the increasing sophistication of the selection process.

With the incorporation of accuracy in selection, it is also important that further
information is provided on its impact on the results of the selection process. The basic
assumption that more accuracy is preferred (e.g. Van Raden et al., 1984; Freer &
Sundstrom, 1991) is becoming recog nised as being subject to some qualification when
the selection objective is broadened to reflect utility. This assumption was addressed
by Klieve et al, (1993) who asse:sed the response and utility range of functions
having varying weightings placed cn accuracy in a linear index for selection. This
work showed that the preferential szlection of animals of lesser accuracy would not

necessarily result in a decrease in expectad response. Similarly, Woolliams and

15
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Meuwissen (1993), also recognisiag the potential value associated with the higher

variance, suggested the possibility of an increase in response.

A link between the use of utility finctions, which are frequently non-linear, and the
genetic applications of selection practices occurs in research relating to non-linear
definitions of merit. In many sich applications utility is incorporated into the
objective function (Lin & Allure, 1977; Schneeberger & Freeman, 1980;
Schneeberger, Freeman & Berger, 1982; Schneeberger, Freeman & Boehje, 1982;
Smith & Allaire, 1985; Smith & Hammond, 1986; Rogers, 1990; Meuwissen, 1991).
Linear merit, although frequently applied in merit functions, is not always a simple
concept, as noted by Smith and Harnmond (1987a) who provide an integration of the
concepts of linearity and non-linearity in inferring that, to improve the additive
genetic merit after several generatiyns we are effectively dealing with a non-linear
objective. This concept of non-linear impacts resulting from linear selection
objectives in the parent generation (an be found in earlier work. Morley (1954), for
example, argued that, with any selection scheme, a positive correlation between the
degree of inbreeding in progeny and merit in parents would be an automatic

consequence of selection.

Goddard (1983), while deriving selection indices for non-linear profit functions,
recognised that strategies to maximise merit in parents does not necessarily imply
maximised merit in offspring. He co1cluded that, even for non-linear profit functions,
a linear selection index leads to the greatest increase in profit. Bright (1991) raised
the question of whether profit functions, acceptably linear over a single time period,
would remain so where this was extended, as for example, across generations. This
highlights the general problem that the implications of simple selection practices can

extend from the direct objective to less desirable outcomes.

16
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In a recent study, Wiener, Lee and Woolliams (1992) questioned the assumed linear
relationship and inbreeding levels. While they found a significant detrimental impact
on body weight, they also noted a non-linear effect, this arising above certain levels of
F. Again this reinforces the view hat, while linear relationships are both simpler to

specify and apply, they frequentl/ are a simple representation of more complex
systems. While such simplifications frequently contribute to the overall
understanding of an area, care must always be taken in the applications of findings

arising from them.

While utility and merit appear similar in many applications, they differ in the
conceptual base. The Expected Utility Model (EUM), discussed below, has been
extensively used as a prescriptive tool - this inferring that the decision maker who
obeys certain axioms, should choose actions which maximise their expected utility

(Robison et al, 1984). However, as well as this normative economic perspective
(looking at what should be) utility ‘s also of use at the positive economic level (of
what actually occurs), being applied in the identification of decision making strategies
which result in maximising utility. 3roadly applied in a range of economic contexts,
the EUM provides a unique mechanism by which to represent the goals of the rational

decision maker.

2.2.3.1 The Expected Utility Model (EUM)

In 1738, Daniel Bemoulli, in preserting a descriptive model, proposed that people
maximise expected utility not expected monetary value (Schoemaker, 1982). The
EUM was formally developed by Von Neumann and Morgenstern (1947) through
axioms classified under four arcas - ordering, transitivity, continuity and
independence - defining a rational and formal decision making process. While the
EUM implies that decision makers w1l be rational and consistent, and so predictable,
it is virtually impossible to capture al the elements involved in an individual concept

of utility, particularly as these may no always be stable over time.

17
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The EUM implies a very formal anJ rational decision making process with consistent
and predictable decisions - given known level of utility. Naturally, as it is virtually
impossible to capture all the elements cormprising personal utility, particularly over
time, any such model has limitations. Thus, while it is valuable to consider how
decisions are made, and to assist n the provision of information for making such
decisions, it is dangerous to suggest this or other models can replace the effectiveness

of rational judgement - it can only contribute to its operation.

If the axioms of the EUM hold, then it follows that an optimal risky choice is based on
the maximisation of expected utility. The assumption of rational behaviour in
decision makers underlies a major tailing in the EUM. Tests of the EUM have been
directed at its specific axioms, this providing the most efficient test of its application,
with, for example, evidence of coniradictions on various axioms. (Von Neumann &

Morgenstern, 1947).

While it may be reasonable to identify how a utility maximising decision maker
should operate, real world decision makers may not be utility maximisers, and those
who are, may be 'operating' on a utility function not consistent with that simpler form
which is being modelled. It is there ore frequently accepted that the EUM provides a
means of identifying optimal strategies for decision makers rather than predicting their

optimal behaviour.

However imperfect the EUM may b as a predictive model, the concept of utility has
been extensively applied in a wide ringe of approaches, providing a valuable, though
imperfect, tool for the assessment of nanagement strategies. Such compromise is also
an integral part of quantitative genctic analysis as recognised by Kennedy (1981):
Trade-offs between what is conceptually ideal and what is practically possible are a

fact of life in applied breeding work.

18
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2.2.4 Risk and Uncertaint

While in lay terms risk is often taken to mean that the outcome is worse than
expected, the literature details quite fundmentally different concepts of risk, including
(see Young, 1984):

e probability of loss;
e variance of profit; or
¢ size of the maximm possible loss.

Or, as Anderson et al. (1977) put it, #hen a person is uncertain about the
consequences of his decision, he faczs a risky choice. In this statement the importance
of the uncertainty of the outcome of a decision (eg. management practices or breeding

combinations) is highlighted.

There has been ongoing debate in agricultural economics about the distinction
between levels of uncertainty or risk, with Knight (1921) delineating the degree of
knowledge in decision making situations into the categories of perfect knowledge, risk
and uncertainty. While the distinction between risk and uncertainty is focused mainly
on the difference between objective: and subjective probabilities (Sonka & Patrick,
1984), in practice, uncertainty and risk are frequently merged. Dillon (1977), for
example, used the concepts interchangeably, and difficulties in determining true
probability distributions supports this. In the area of animal breeding there has been
very limited application of this corcept, and thus extensive debate over this issue
might more appropriately wait for the acceptance of the more general concept, and the
development of appropriate methodologies to handle this factor in the context of

animal breeding programs.

A major element differentiating risk and uncertainty is the distinction between the
likelihood of outcomes - risk implying a known probability of outcome compared to
uncertainty where this is unknown. While this definition implies that there is a clear

distinction between the concepts, in reality this boundary is far more blurred.
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Considerable development in the application of risk analysis occurred during the
1970's (Barry, 1984), with Anderson et al. (1977) taking a broader perspective of the
definition of risk functions, inco:porating personal strength of belief about the
occurrence of uncertain events and his personal evaluation of potential consequences.
More recently, Anderson (1988), ir describing risk, referred to it as uncertainty with
teeth. Thus, much that is unstable and/or variable might also be described as risky if
the uncertain consequences cannot Je pred:cted with complete precision (Quiggin &

D Anderson, 1979).

There is a strong link between risl: and utility. An individual’s attitude to risk is
apparent from the shape of the utility curve, this ranging from linear (neutral),
concave (averse) and convex (preferring) and also combinations of these where

different attitudes to risk are present in respcnse to different situations.

2.2.4.1 The Use of Risk in Aninal Breeding

Risk is now recognised as a key factor in most farming activities (Anderson, 1974).
Although its application is well estat lished in agricultural economics, animal breeders
are only beginning to incorporate this perspective in their research. Anderson (1988),
in assessing sources of risk in Livestock Improvement Programs (LIP’s) through

uncertainties in, for example, the per ormance of given genotypes, concluded that:

risk indeed represents considerable trouble to deal with and the advantages
of dealing with it are rather mi.ior. It can be reasonably be hypothesised
that the optimal attention to r.sk amongst animal breeders generally is
approximately zero ... one situction where this may not be true is in the
case where there are multiplicative interactions between uncertain

variables in a profit function.
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Although Anderson’s review of rick did not identify any valuable sources for future
work, recognising many of the cor ventional uses as of minor significance to current
work in animal breeding, he did inject an increasing awareness of components of risk

in LIPs essential to the identificatio1 of more diverse and valuable applications.

A consideration of risk is becomiag increasingly common in the animal breeding
literature. The focus of such wors, directed, for example, to risks associated with
specific selection practices, differs trom the enterprise directed focus of the traditional

approach of agricultural economics.

Merit functions incorporating risk components are now being extensively applied in
animal breeding, with risk varioisly defined as accuracy (Klieve et al, 1993;
Woolliams and Meuwissen, 1993), variation. in net merit (Rodgers, 1990), variation in
expected returns (e.g. the risk of losing money (Schneeberger & Freeman, 1980) or
the standard deviation of the Predicted Difference (Schneeberger et al., 1981)), or
integrated functions addressing, for example, genetic response and inbreeding (e.g.

Quinton et al., 1992; Toro & Silio, 1992; Klieve et al., 1994).

Rogers (1990), for example, developed a utility function for ranking sires. This
function used a risk component related to accuracy (the variation in the expected net
merit). Accuracy was also applied 1s the risk element in an evaluation of breeding
plans by Meuwissen (1991). While his application - level of accuracy - differs from
more conventional definition of risk such as the variation in expected returns, there
are similarities. The level of acciracy is directly linked to the variation of the
population (used by Van Raden et ¢/, 1984, to enhanced long term progress) both
directly through the estimation process and also through the relationship between this
variation and AF. Ruane and Thompson (1939) suggest that selecting with maximum
risk aversion will partially account fcr a required decrease in AF, a similar view also

expressed by Meuwissen (1991).
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Another perspective (from Koopman et al., 1992), not unrelated to the implications of
accuracy, is that of the risk of having no »ulls in the top rank. While selecting for
high accuracy can be used to achieve consistency, there is a tradeoff with the injection

of higher levels of variation.

Schneeberger, Freeman and Boehlj:: (1982) used portfolio analysis, another approach
through which risk has been analy:ed, defining the optimal portfolio with respect to
returns and their variability in dairy sire seiection. They used a standard application,
maximising the expected dollar return subject to the reduction of the variance in that
return, providing a mechanism for the integration of benefits from returns with the

risk of their achievement.

Thus, although risk is increasingl’ being formally accommodated in the area of
animal breeding, and that applicaticn is extending the definition of risk there is still
considerable scope to explore its coatribution to the field of selection, and to capture

the benefits from such a consideraticn in animal breeding programs.

2.3 Genetic Components of Merit

2.3.1 Introduction

Increasingly, utility functions incorporating economic, environmental and genetic
factors, are being used to achieve lesirablz performance outcomes. Of particular
interest in the improved use of available information is the attainment of enhanced
performance - for example, the mana ement of the interrelationship between achieved

genetic potential and depression in th s potential due to inbreeding.
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BLUP estimates have an integral ro e in the development of mechanisms for selection,
raising the question how best to use information in the selection of breeding stock?
Similarly, the issue of inbreeding is of particular concern due to its link to the
effective use of information on rel: tionships. Manipulation of the coefficient matrix
provides an important mechanism by which the interrelationship of inbreeding and

selection can be managed to improvz long term outcomes.

Central to the concern on the use >f BLUP estimates is the difference between the
achievement of short and long term objectives. Selection on ebv alone will maximize
the response to selection observed i1 the following generation. However, the repeated
use of this selection criteria will no1 necessarily result in a maximum response over a
longer time horizon. This latter impact is due to the influence on the inbreeding in the
next and subsequent generations re: ulting from the selection decisions in the present

generation (Wray & Goddard, 1994).

2.3.2 Best Linear Unbiased Prediction

A comerstone of recent advances aciieved through genetic selection techniques is the
developmenf of BLUP (Henderson, 1973). This method, improving on the technique
of selection index, provides a Best Linear Unbiased Estimate of breeding values

(ebvs) evaluated using all available pedigree information.

Ebvs represent individual variation f-om the mean genetic merit of the group - that is,
how much better or worse any animral is. From the basic input of phenotypic value,
the method has to separate the incividual’s genetic component from other factors
making up the phenotype - including environmental non-genetic elements.
Information on relatives, incorpora ed through the Numerator Relationship Matrix
(NRM) in the Mixed Model Equitions (MME), provides a mechanism for the

achievement of this.
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Through the inclusion of all availatle pedigree information in the relationship matrix,
the MME’s provide an efficient m:ans for the estimation of random genetic effects
from individual animals. With the increased capacity of modern computers and the
derivation of the simple method for inverting the relationship matrix (Henderson,
1975a,1976; Quass, 1976) BLUP e saluations are increasingly feasible and now form

an integral part of many widely app ied genetic evaluation systems.

Extensive detail on the range of mcdels used in BLUP applications are also found in
Quass, Anderson and Gilmour (198:}) as well as current research developed in a mixed
model environment (e.g. Kennedy 1981; Belonsky & Kennedy, 1988; Schaeffer,
1976; Henderson, 1975b, 1976a, 1976b). Robinson (1991), in a review of BLUP
involving commentary by other -esearchers, provides a useful overview of its
application. While recognising the enormous contribution of BLUP to the area of
animal breeding, he also identifies and discusses some of the controversial issues

surrounding its application.

A range of models are used to estimr ate breeding values, with the basic model used in
animal breeding applications being the Simple Breeding value Model (Quass et al.,

1984) detailed below:

y=XB+Zu+e 2.1

where:

y 1s a vector of records

J1s an unknown vector of fixed effe:ts

Z is a known matrix relating treeding values to records (equalling I if 1
record/animal)

X'is a known matrix relating the fixe 1 effects to records

4 and e are non-observable random vectors, representing breeding values of animals

and random residuals
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[t is also assumed that both £(u) and E(e) are null, and that

var[ﬂ = [a' 4 0} o 2.2
e 0 I

where ™' =02 /0? < o' =h/(1-h*)and A is the NRM for the animals with

breeding values represented in .

The Mixed Model Equations providing the best linear unbiased predictor of 1z, A ,

will be:
XX Xz EIRS!
ZX ZZ+al'4A'||A] |2y

This model provides a mechanism for the use of information on relatives. However,

the impact of differential levels of information on individuals is seen in estimates of
differential accuracy. The ebvs of aiimals on which there more records are estimated
with the greatest accuracy - that is, their ebv will be closest to the true breeding value.
On the other hand, the ebvs of animals for which there are limited records available
will be estimated with lesser accuriicy (and a greater degree of error) - the extreme

being those animals on which there is no information which will be estimated at zero.

Thus, in addition to the desired outcome of animals of superior merit having increased
likelihood of selection in the next geaeration, this impact is also passed on to relatives
resulting in increased likelihood of these also being including in subsequent

generation.
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2.3.3 Inbreeding

The generally negative impacts >f inbreeding are, of course, well recognised.
Inbreeding has the potential to reduce the returns to producers from their current and
future stock through loss in fertility, reduction in genetic variance and genetic
response rate (e.g. Morley, 1954; Cempfle, 1990; Quinton et al., 1992; James, 1993;
Wray & Goddard, 1994). Considerable research has been devoted to both the
assessment of levels of inbreedinz, the impact on inbreeding of various mating
schemes and also the cost of intreeding arising from depressed production and

general decline in vigour.

Although there are negative effects associated with inbreeding in animal populations,
including depressed production ani fertility, it is not all detrimental. Dickenson
(1973) commented on the use of selzction to control and manipulate potential benefits
available through levels of inbreecing and noted that Wright's results (1921,1922)
indicated that selection might be able to offset unfavourable effects of milder
inbreeding and that inbreeding wcs a powerful tool for creating genetic diversity

among lines.

Much of the research associated with inbreeding considers patterns in an idealised
population with a restricted and simplified mating structure, necessary in more
theoretical research assessing differ:nt approaches to inbreeding (Wray et al., 1990).
Burrows (1984 a,b), for example, dzveloped methods for the assessment of effective
population size, and inbreeding levels, under defined family structures. The use of
such simplified structures provides a convenient approach to facilitate the use of the
mathematical investigation (e.g. Kinura & Ohta, 1971) for improved understanding
of the operating mechanisms associ:ited with mating patterns, and thus an insight into
likely outcomes. However, a cons raint in the application of the specific results of
such work is the high level of deviation from the idealised situation, arising from

aspects such as overlapping generatins, variable mating ratios and family sizes.
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In an idealised population, the inbrecding ccefficient of individuals in generation ¢ can

be calculated as :

1 1
F=—+(-=—)F, 2.4
2N 2N

This being made up of an increment, 5—1& from new levels of inbreeding, and a

remainder, (1—%)1’,_,, attributable to the past (Falconer 1989). Using this

increment, or AF, the inbreeding coefficient can be expressed as:

F, = AF + (1= AF)F,_, 2.5

which leads to
F = (1- AF) 2.6

This equation, expressed in terms oi” AF and not F, is valid for any breeding system,
and is not restricted to an idealised population. However, AF is only equal to SN in

an idealised population (Falconer, 1589).

The relationship between inbreeding and effective population size can be seen through

this equation, where the relationship for a population deviating from the ideal 1s :

AF = —
2N,

[\
~
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The concept of effective population size can be linked to the degree of deviation from
the idealised breeding structure. WNhere there are high degrees of inbreeding, the
effective population size may be far below the real number of animals in the

population, and the impact potentially detrimental.

A major deviation from the ideaised case in breeding populations of domestic
animals is that of the number of miles and females breeding. The number of males
usually is less than that of females. Where there are different numbers of males and

females, this number can be express:d as :

+ — 2.8

where N, and Nf refer to the numbers of males and females entering the population

per generation, with the effective population size given by :

4N,N,
N,=—>L
° N,+ N,

[\
O

A major concern arises where effective population size is small, with Weir, Avery and
Hill (1980) suggesting that there is very little variation in inbreeding between
populations unless N is small, hen of course AF will increase substantially.
Further, while the effective population size will be large if Ny, and Ny are both large,
if either is very small Equation 29 will be dominated by the smaller, with N,
approaching 4 as the lesser approacles 1. Thus, for populations with extreme mating
ratios (generally associated with the use of a small number of males for breeding)

rapid increases in AF will occur.
Overlapping generations provide another deviation from the idealised population.

Hill (1972 and 1979) showed that, for such populations, the contributions of genes

from animals introduced in a given y:ar is 1/L (for the generation length of L).
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An extension to the understanding of this concept has been provided by Hill (1979),
who, in re-proving his earlier d:rivation (Hill, 1972) showed that the effective
population size of populations wit1 overlapping generations equal the effective sizes
of populations with discrete generations which have the same number of individuals
entering the population each gencration and the same variance of lifetime family
membership. He assumed that smull disturbances either in age distribution or in the
number bomn in each cohort did 10t substantially affect the results. Hill (1979)
concluded that for general planning of animal breeding programs, or the study of long

term populations in the wild, the asymptotic rates should be an adequate guide.

A further consideration is the impact of differential family size. While theoretical
analyses tend to depend on the assumption of discrete generations (with size selected
from a given distribution, for example, multinominal in Hill, 1972) this only
approximates the variable family size found in real populations, and so will have an

impact on the estimation of genetic response and inbreeding resulting from breeding.

Kimura and Crow (1963) recogniszd that, other factors being equal, the negative

impact from family size will be least when family sizes are constant, hence,

1
AF <_2—]§/_— Obviously with tie selection practices, including overlapping

e

generations, merit will impact on t me retained in the breeding herd, and thus on

family size.

Theoretical investigations provide a valuable insight into key issues which must be
addressed to achieve more effective selection processes. Kinghorn, Smith and
Dekkers (1991), in looking at the potential for future reproductive technology to
impact on response, found the number of parents to be a highly significant factor on
the resultant level of inbreeding, whi e the level of heritability, for example had little

impact. The breeding strategy which they detail, while radical under current
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reproductive technologies, has the jotential to deliver annual increases in mean merit
of an order of 3.7%. However, d:pendent upon the ability of female candidates to
large numbers of viable offspring under different mating matrix, for selection and

assessment at 13 months, this is unsiable under current breeding capabilities.

2.3.4 Accuracy

Due to the differential levels of infarmation, or records, used to estimate ebvs, such
estimates are made with differentia; levels of reliability. While different approaches
are used to address this factor they ull target the efficiency with which such estimates
are derived (for example, accuracy. the correlation between the true and estimated

breeding value, (r, see Van Vleck, [987) or the Predicted Error Varance,

A’

~var (11— j1) (Woods, Christian & Rothschild, 1991).

The application of BLUP leads to a minimisation of the PEV (Henderson, 1973).
Robinson, Wilton and Schaeffer (1989), in commenting on the relative accuracy of
selection based on Selection Index and BLUP, also found that both accuracy and
genetic response increased under BL UP selection. However, while there are distinct
advantages in the use of accurate ¢stimates of genetic merit, disadvantages in the

extensive use of high accuracy animals are increasingly being recognised.

The increased information on highly related animals means that relatives of a superior
individual are likely to have similai ebvs (2.g. Belonsky & Kennedy, 1988). It is
likely that such relatives will have ar enhanced likelihood of selection - so increasing
likelihood of coselection of relatives (e.g. Wray et al, 1990). Thus, although
accuracy and inbreeding are not dircctly related both arise from different levels of
information and degrees of relationst ips between animals and impact on the level of

variation in the population.
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One method of addressing this nega:ive impact of selection is to place an emphasis on
low accuracy. Van Raden et al. (1934) incorporated an index of ebv and accuracy into
a two-stage selection process, optin ising leng term improvement through a targeting
of both ebv and accuracy. They compared this to the standard approach of
maximising the mean of animals se ected at any stage. The benefits in the proposed
selection process depend on the greater variation associated with the selection of
animals with both lower average efv and less accuracy. While this work suggested
that selection based entirely on ebv: is not theoretically optimum, it also recognised
that this is likely to be preferred die both to the small loss in genetic gain and the
greater simplicity. Goddard and Fowarth (1994) concluded that, where there are
multiple stages of selection, selectio1 on ebv may not be optimal - dynamic selection
and mating rules providing a mechinism through which factors such as cost, risk,

inbreeding and heterosis can be incorporated into the objective.

The complexity associated with cifferential levels of accuracy is increasingly
apparent. Klieve ef al. (1993) assess:d a range of weights on accuracy and found that
for both the expected response and cefined utility functions preferential selection for
high accuracy was not always optimum. Meuwissen (1991), in looking at accuracy
through a consideration of the vanation in the expected response in a range of
breeding schemes, also noted that meximum accuracy did not always lead to the best

outcome.

In a consideration of decision rules applied in breeding schemes, Woolliams and
Meuwissen (1993) discussed a situation of selection based on a percentile of the
distribution of the individuals predictzd breeding value. They found benefits for the
80% percentile - this occurred because the reward from underestimation of merit (ie.
[, < u; ) outweighing the loss from the errors in prediction. Both the expected
genetic progress and its variation was greater for the 80% decision rule than for lower

levels. Where there is a high level of variation around an estimate (thus low accuracy)
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the upside risk (benefit) of selecting better than expected animals, due both to the high
levels of variation and the underestimation of z, can outweigh the downside risks of

selecting poor animals.

Recognising the implications of selcction addressing differential levels of accuracy is
one approach to directly manage the implications of such selection. However,
managing the risks and rewards ass>ciated with the differential accuracy is only one
component of optimal selection - ac:ing to reduce the rate of increase in relationships
and to maintain a productive level of genetic variance. This is a part of the
establishment of more general select on criteria, as, for example, detailed by Wray and

Goddard (1994).

In an interesting consideration of the: impact of high levels of relationship, Woods et
al., (1991) identify that, while the accuracy of evaluation is improved given that
relationships are included in the mix:d model, one exception is that of closely related
families. In this situation the limited numbers of off diagonal elements exhibiting
close ties may result in the matrix losing diagonal dominance, potentially resulting in
larger PEV from the evaluation. An additional aspect of this issue was considered by
McClintock and Taylor (1982), who found that where homoscedastic variances have
wrongly been assumed, there will be a decreased correlation between the estimated
and true breeding value. Woods et ¢/. (1991), further noted the need for care in the
design of evaluation schemes particularly due to the impact of numbers of fixed

effects included in the model.

Kemp and Wilton (1987), in looking at the effect of different Numerator Relationship
Matrices, suggested that the benefits from the additional response associated with
higher accuracy may offset the problems with the additional problems of animal
identification required to obtain this higher accuracy. This strongly reflects the
conventional view that more accuracy is better (Freer & Sunstrom, 1991; Van Raden

et al., 1984) - a premise now being questioned.
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A final point which must be considered in the use of information is the integrity of the
raw information. Concern has b:en expressed on errors in the identification of
parents, Geldermann et al. (1986), for example, reporting from studies on cattle, that
between 4 and 23 % of paternal identifications were false - potentially impairing the

accuracy and precision of estimated parameters derived from progeny data.

2.3.5 Managing Response - the Impact of Selection

The estimation of genetic traits is o “prime importance as an indicator of the expected
returns from a selection scheme. There are several factors which appear to be
indicators of likely uncertainty in the achievement of such response. These are related
to the underlying levels of relation;hips w:thin any group and the methods used to

estimate genetic parameters used in the selection process.

For example, the accuracy with which such parameters are estimated is associated
with the risk, or greater uncertainty, in the achievement of such returns, with less
accurate estimates leading to variance. Simularly, inbreeding is associated with lower
levels of variation among animals within lines and with the depression of their
performance, and again is frequ:ntly associated with an uncertainty in the

achievement of an expected level of production.

Some concern has been expressel at the impacts of selection methods, and
particularly the estimation of merit used in such selection on effective population size
and associated levels of inbreeding (c.g. Belonsky & Kennedy, 1988; Bunter, Long &
Tier, 1992; Dempfle, 1990; James, 1793; Quinton et al., 1992; Banos & Smith, 1991;
Toro et al., 1988; Toro & Perez-Enciso, 1990; Wray & Thompson, 1990; Leitch et al,
1994).
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[n a population undergoing selection, families superior for a selected trait will
contribute more offspring to the next generation than inferior families. While the non-
random selection of succeeding generations is the objective of selection, and thus will
always have an impact, the associated coselection of relatives is an inevitable problem
arising from mechanisms to predict merit on which to make selection decisions. Such
factors will always be present in otl erwise zfficient selection schemes (Morley, 1954,
Robertson, 1977) thus it is impor:ant to clearly identify any negative impacts of

selection and then develop strategie:. by which these can be better managed.

In addition to the impact of selection practices are concerns about the assessment and
comparison of breeding schemes. Because of the nature of breeding schemes it is
generally impractical to trial these on real populations, thus simulation modelling

applications have been extensively tsed in this area.

Comparisons of breeding schemes have frequently been made on the basis of the
expected genetic gain. Quinton et ¢ /. (1992) questioned such approaches, suggesting
that such comparisons need to mide on a comparable basis. They modelled an
idealised population and made coriparisons on the impacts of selection based on
phenotypic and BLUP selection wit1 regard to genetic response and inbreeding. The
model allows for variation in th: number of sires selected, thus providing a
differential selection intensity. Frcm the results it was noted that, where schemes
were compared at the same level of nbreeding, BLUP generally only achieved higher
rates of response where greater num ers of sires were used. It was recommended that
schemes should be assessed at the same resulting level of inbreeding, to identify
significant underlying factors to enhiinced response, rather than just on the basis of the

expected level of such response.

This is one step through which the better use of available information can lead to

some improvement in achieved response. Quinton and Smith (1994) looked further at
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this problem, recommending that, in evzluating systems where such differential
factors existed, a graphical presertation of the expected response and associated
inbreeding would be appropriate to ussess and evaluate breeding schemes. This would

assist in understanding the impacts « f such systems.

Leitch et al. (1994) considered the evaluation of selection methods and mating
designs with respect to the resulting genetic response and inbreeding. They used
simulation studies to consider three matirg strategies (random mating, assortative
mating and corrective mating) for a rangs of mating designs. While their work
reinforced their concern over poten 1al impacts of BLUP and the view that selection
on BLUP may not be optimal, they concluded that the preferred strategy was to use
BLUP estimates in conjunction with selection and mating strategies. Although their
modelling considered only a limited range of such strategies, this and other work
suggests that this is the most reasonable approach, and preferred to approaches which

censor such information

The move in this area is to see a bzlance between genetic response and indicators of
risk in the achievement of this response. Klieve et al. (1994) applied an adapted
portfolio analysis approach to model and assess a range of alternative breeding
strategies with regard to their ability to effect a joint regulation between response and
inbreeding. Brisbane and Gibson (1994) also carried out simulation studies which
utilised the maximal accuracy, ebvs and information on relationships. Such studies
more clearly demonstrate patterns jetween response and indicators of risk such as
accuracy and inbreeding, and so further our understanding of the mechanisms
operating and thus our ability to rianage the many factors impacting on effective

selection processes and its outcomes.

The effect of factors such as selection intensity and heritability are also of importance.

Toro et al. (1988) recognised that uader artificial selection the inbreeding coefficient
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will be greater than in comparable randomly mated populations. This is due to the
differential probability of representation of different parents, with the magnitude of
this effect being a function of selection :ntensity and heritability. Belonsky and
Kennedy (1988), noted that inbreeding was higher with populations selected using
BLUP than phenotypic estimates. As expected, they found that for phenotypic
selection, inbreeding increased with increasing heritability but tended to decline under
BLUP selection. The difference is due to the use of relatives’ information at lower
heritability under BLUP. At low heritability more weight is placed on relatives
information causing animals to have similar ebvs and so greater likelihood of

coselection.

It is, however, not just the inbreeding level in the following generation which needs to
be considered, but increasingly it is recognised that the herd/relationship structure has
a lagged impact on the resultant inb -eeding level. Robertson (1964), in looking at the
effect of non-random mating withir inbred lines, concluded that the mating together
of close relatives within the line lecds to greater initial inbreeding but a lower final
rate of the approach to the limit. The converse will be true for maximum avoidance
systems. On the other hand, it mus: also be recognised that the impact in inbreeding
arising from outstanding individuals may rise for several generations after their use
(Robertson 1961). This suggests th: need for a long term perspective with respect to
the avoidance of inbreeding - a more efficient long term approach than reactive

handling that looks to the underlying; causal elements.

Attention is now being directed to the impact of mating schemes, these offering one
mechanism by which to address the mpacts of selection. Meuwissen and Woolliams

(1994b) stated that increases in jenetic gains of breeding schemes are mostly
achieved at the expense of the risk of breeding plans, this leading to the recognition
that breeding schemes with high rates of gain and low risks may be preferred over

schemes with very high gains and hi zh risks.
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The relationship between the use «f BLUP and resultant incrcase in the inbreeding
level is taken further by Stranden, Maki-Tanila and Mantysaari (1991), who found
that most of the variation in inbreeding could be explained by family structures, either
as a consequence of mating stratcsies or from the sources on information used in
making selection decisions. With regard to the latter they found that the greater the
weight placed on pedigree informution the higher the resultant rate of inbreeding.
They highlighted the benefits of cure in selecting mating strategies and identifying

mating pairs at each breeding period.

This perspective reflects a stepping sack from inbreeding to consider the relationships
from which such inbreeding ariscs, and so understand the causal relationships.
Woolliams and Thompson (1994) looked to this issue when stressing the need to
consider the novel variation an individual is bringing into the population and assess its
potential contribution. By decomposing the definitions of genetic gain and inbreeding
into mendelian components they siggest that these factors can now be described

through the NRM, and so, by implic ition, handled within the selection process.

Other approaches are also being deeloped to manage these issues. Meuwissen and
Woolliams (1994a) reviewed appro iches being developed to assess and manage the
impact of selection, including the use of utility theory (Meuwissen, 1991) and
bayesian rules for making selecticn decisions (Woolliams & Meuwissen, 1993).
Meuwissen (1991) applied a quadrat c utility function to achieve the trade off between

response and its variance:

U(AG) = AG - aAG? 2.10
and the expected utility:
E(U(AG)) = E(AG) —a(V(AG)) + E*(AG)) 2.11

where a represents the constant level of risk aversion.
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In comparing a range of schemes tkey found the ranking of schemes similar for both
linear and quadratic functions. They noted, however, that higher levels of response

didn’t always lead to higher levels o7 utility.

Woolliams and Meuwissen (1993), applied bayesian selection rules to define a profit

function incorporating profit and loss aspects associated with error in estimation.

P(c)=cu+ f([c'u - c’ﬁl) +g(c'u—~c't)+h(c'li—c'u) 2.12

where
¢ 1s a vector of animals
u 1s a vector of true breeding values
[ (x) is the loss due to the uncertainty c f the mean of the true breeding values of the
selected group
g(x) is the extra profit when u was und restimared by #
h(x) is the extra loss when u was overe;timated by u

and where f(x) = g(x) =A(x) =0, forx <0

By using both linear or quadratic forms of f, g and 4 the profit functions analysed will
include both forms. They found tha: with quadratic profit functions animals with low
PEV were relatively favoured comp:red to results from linear functions. However, it
was also found that a linear functio1 could be derived which would select the same
animals as under the quadratic form [t was therefore recommended that, along with
estimates of merit, decile values (e.g. the 75% ile, 50% ile and 25% ile) should be
published for decision makers. In l>oking at the divergence between long and short
term benefits, they noted that in the 1ong terra high risk selection (ie. the use of 75%

ile) yielded a marginally greater response due to a lesser reduction in genetic variance
in one generation, and so greater levels of genetic variation in the next. This
highlights the danger in concentrating on simple indicators of gain, without taking

into account aspects which will ensure such benefits can be sustained in the long term.
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2.3.5.1 Conclusion

Considerable work has been undert.aken in this area to demonstrate both relationships
between factors such as accuracy and inbreeding and also the constraints on the
achievement of expected responsc. While these factors are only indicative of
underlying causitive elements impacting on response, they nevertheless provide a
useful lead to more complete understanding of final response and the mechanisms

through which action can be directed for desired outcomes.

In conclusion, it is increasingly app:rent that inbreeding is one indicator of a source of
production risk which can be effectively de incorporated in the selection decision
process. The information available in the relationship matrix, and the resultant
accuracy with which merit is estimated, provide linkages through which this can be

achieved.

2.4 Methods of Analysis

2.4.1 Introduction

While considerable work has addressed the issues of the benefits in jointly regulating
aspects such as response and inbrecding it is also important to identify approaches

through which such integration can t e achieved.
Many of the problems to be addresszd have elements in common with those in other

disciplines and so there are significant advantages to be captured from the innovative

adoption of techniques developed to solve parallel problems in varied fields.
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Operations research techniques, for example, have been applied across a range of
disciplines, and offer opportunities n the form of new approaches to current problems

in the area of animal breeding.

Two broad approaches, applied in various areas of animal breeding, are outlined here -
linear programming and portfolio analysis. Although linear programming is very
effective in handling broad problems defined with a range of formal constraints, it has
limited capacity to handle risk. Portfolio analysis, on the other hand, developed in the
area of financial management, is spccifically designed to cater for a decision maker’s
preference for risk in investment cioice. A final option discussed below provides

some amalgam of these techniques.

While there are limitations in both linear programming and portfolio analysis, their
application can contribute to the decision making process. As suggested by Wright
(1983) in a discussion of the relativ: merits of approaches from management science
and decision theory, there is the nced for sensible and rational applications of any
technique - all have implicit dange:s and valuable insights to offer. The potential

opportunity is to capture such benefi:s while managing the impacts of the constraints.

2.4.2 Linear Programming

2.4.2.1 The Linear Programming Model

Linear programming (LP), widely af plied in management science (e.g. Lee, Moore &
Taylor, 1985; Dallenbach, George & McNickle, 1983), involves the definition of real

world decision problems as mathematical models.

A standard Linear Programming fornuulation can be expressed as:

40



Chapter 2 - Utility and Risk in Selection : Economic and Genetic Perspectives

Maximize Z = Zc,x, 2.13
j=
subject to
Yax; < b, i=12 ...m 2.14
Jj=1
x;20, j=1,2, ... 7. 2.15
where:

Z = the total value of the objective finction (frequently profit)

xj = the level of the jth activity;
ajj =the technical requirements of tlie jth activity for the ith resource or constraint;
b; = the ith constraint level;

n = the number of activities
m = the number of constraints;

¢ = contribution per unit of activity .

The primary objective of most LP models is the identification of the allocation of
resources resulting in the satistaction of the profit maximisation (or cost
minimisation) objective specified in the objective function. LP techniques have been
applied in a range of areas in animil production including the development of least
cost rations (Famula, 1992), and a consideration of factors in herd calving patterns
(Jalvingh, Dijhhuizen & Van Arendonk, 1994). Extensive attention has been devoted
to the application of mate selection proczsses in the management of inbreeding
(Jansen & Wilton, 1984; Jansen, 1985, Jansen & Wilton, 1985; Kinghorm, 1987; Toro,
Nieto & Salgado, 1988; Toro & Perez-Enciso, 1990; Bunter et al., 1992; Toro & Silio,
1992).

In farm allocation problems the definition of an LP model can be a relatively simple

process, involving the identification of the returns associated with activity levels and
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the constraints used to define resource illocation limitations. Similar forms of
constraints are used in animal bre:ding aoplications. Armstrong et al. (1990), for
example, in maximising net returrs in a beef production process, made a range of
assumptions on the breeding structure and the price of inputs and products.
Applications in mate allocation ha/e used constraints in mating ratios, reproductive
capacity and herd structure (Jansen, 198%; Kinghorn, 1987; Toro, Silio & Perez-
Enciso, 1991; Bunter et al., 1992; Toro & Silio, 1992).

2.4.2.2 Construction of the Model

The properties of the LP model prcvide an insight into the constraints applied in the
model and thus the limitations of th: approach (e.g. Lee et al., 1985). At its simplest,
a two dimensional LP problem may be solved graphically. However, more complex

problems cannot be handled in this raanner.

Linearity in both the objective func ion and the constraints is a major requirement of
the LP model. Associated with this is the implication of the direct proportionality of
relationships and thus constant rates of change. While interactions between variables

do occur these cannot be representec by this model.

It is also assumed that all solution v: lues are divisible - implying that variables cannot
be constrained to integer values. V’hile Integer Programming (IP) approaches have
been developed and are widely used in situations where it is not feasible to allow for
this assumption of divisibility thus the need to identify whole offspring, or complete

matings) an integer solution is constiained by the level of the non-integer LP solution.
Finally, the LP model is static and deterministic, thus the value of parameters are

known with certainty and assumed to be stable over time. Although the use of

sensitivity analysis provides a mecl anism through which the solutions from an LP
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model can be tested for the impact of parameter change, this can only improve the
information available to the decis on maker for assessment, not add a stochastic

element to the model.

Behind the basic structure of the _P mocel is the overlying assumption of profit
maximisation. Lin et al. (1974). in a -est of hypotheses of utility and profit
maximisation, concluded that none of the models investigated predicted actual
behaviour well due to a tendency to predict more risky behaviour than in fact is
selected. They found that bernoullian utility maximisation was more accurate than
either lexicographic utility or prof t maximisation, with the latter being the least
realistic. From this it was suggested that cne reason for the poor application of the
standard LP approach could be cue to its tendency to recommend more risky
strategies than are acceptable in real world situations, supporting perceptions of this

method as unrealistic in definitively jredicting optimal allocations.

While linear programming provides an excellent method to define the optimal
solution to well defined linear problems, the assumptions of the method frequently
conflict with real situations and so tte solution defined must always be assessed in the
light of such limitations. Of course although it is easy to identify limitations in this
technique, such limitations are alsc evidert in other methods. The issue for any
researcher comes in accepting whict form of compromise in method, or information,

should be taken, rather than whether or not to accept a compromise.

2.4.2.3 The Primal Dual Formulation

In additional to the identification cf strategies for optimal resource usage, further
information can be provided through an LP analysis. For each normal LP model,
defined as the primal, there is an alternate form, the dual. While the primal looks to

the maximisation of profit, the valuc of the dual, directed to cost minimisation, is in
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the economic interpretations which zan be made from its solutions. These forms are
closely linked and such links can bz used -0 access additional information from LP

analyses.

The following example, developed rom an [P model specified in Jansen and Wilton
(1984), demonstrates the two forms of an LLP model, and the form of interpretations
available from these.

Given the profit function:

¢; = 0175t i + it ;) + 50k gy + & 20j) = Ol o + & et ;) = T3 Miaponr + Giaponr.;)  2-16

the primal form of the model, lookir g to define optimal allocations of males 1 and 2,

is:

Maximize Z, = 1,167.5x, + 1,270x, 2.17
Subject to:

X +x, <45 2.18

5000x, + 6000x, < 250000 2.19

21x, +24x, £1000 2.20

where  x,,x, 20 2.21

The constraints in equations 2.18 to 2.20 refer to limits on housing, milk cooler
capacity and labour respectively. The optimal solution of $54 416.67 occurs at the

optimal levels of usage of males 1 and 2 (26.67, 18.33).
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Moving to the dual form:

Minimize Z, = 45y, +250000y, + 1000, 2.22
Subject to

y, +5000y, +21y, 211675 223
y, +6000y, +24y, 21270 2.24
where  y,,¥,,Y; 20 2.25

representing the minimisation of ccsts (or constraints from the primal). The matrix
used in this model is the transpose of that tsed in the primal above, the link between

these forms.

The optimal point again occurs at 54416.67 (found at (450.0, 0.0, 34.17)), thus the
solutions of the primal and dual :onverge at the optimal point where profits are
maximised and costs minimised, ¢emonstrating the Ist Duality Theorem (Chiang,

1984):

The optimal values of the primal and dual objective functions are

always identical, provided that optimal feasible solutions do exist.

In addition to providing an alternative formulation, which may be more easily
specified and solved, the dual solution provides the shadow prices, or opportunity

costs, of the resources specified by the constraints of the primal.

In the primal, the constraints refer to a level of resource, however, these can also be
used in the definition of, for example, mating ratios, providing the ability to assess not
only the best mating structure but : Iso comment on the marginal cost of increasing
this parameter. The solutions to tte primal and dual from the above analyses are

specified below:
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PRIMAL FORM
Variable Optimal Value Reduced Cost
X 26.67 0
x2 18.334 0
Constraint Level of Slack or Surplus Dual Price
1 0 450.00
2 6 666.¢7 0
3 0 34.17
DUAL FORM
Variable Optimal Value Reduced Cost
] 450.00 0
¥2 0.00 6666.67
3 34.17 0
Constraint Level ¢f Slack or Surplus Dual Prices
1 -0 -18.33
2 -0 -26.67

The limiting resources are the housiag and iabour. Cooler capacity, with a dual price
of 0 is not limiting the system - any increase in this constraint would not increase
profit, but would be an unused resotrce. It is useful to quantify the benefit associated
with any increase in the limiting co 1straints and this can either be obtained from the
dual price of the primal model or the solution to the dua/ model. Thus here the dual
prices indicate no value with increasing cooler capacity, but suggests that profit will
increase by $450 for every increase in cows, and by $34 if there is an increase in the
time given to milking. The dual valies of the primal are in fact the optimal solutions
to the dual. Similarly we are able t) obtain a measure of the marginal benefits from
an increase in the capacity of males - the optimal solution in the primal or from the

dual prices of the constraints in the aual.
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Additional information from the censitivity analysis of these models provides the
decision maker with information on the ranges within which the weighting on the
objective functions and the right hund side (RHS) constraints can be changed before
there would be a change in the so ution. Such analyses are a useful adjunct to the

solution of the original model, aiding in bet:er understanding and application.

2.4.3 Integer Programming (IP)

In many cases the solution of an LP model will not provide a realistic solution, this is
particularly significant when the cecision variable must be constrained to integer

values.

One approach to this is through the use of IP, a form of LP, where the model is
constrained to provide integer solutions to specified variables. While there may be
some loss in the optimal solution through this restriction, with the LP solution
providing the upper bound to that from IP, integer models provide a valuable tool for
many real problems and offer a mechanism to manage a major practical constraint in
LP. This is particularly true in mat: selection algorithms where mating is a discrete

event with many solutions requiring nteger variables.

It is not surprising that many applications of LP in animal breeding have been integer
models. However, an additional constraint on the dependence on integer models
comes in the capacity of such models to handle large model specifications. For
example, while the solution time for LP problems is generally predictable, increasing
proportionally with the number of variables and with the square of the number of
constraints, the time for an [P proble n may e¢ven decrease with number of constraints

and the solution time may increase dramatically with increased number of variable.
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What may be a relatively small LP problem - 60 constraints and 60 variables - may be
extremely difficult to solve as an [F problem (Schrage, 1991). Finally, the success of
[P problems is more dependent upcn an efficient specification of the model than are

LP models.

The transportation model is a partic ilar form of [P widely applied in animal breeding.
In standard usage this defines positions of supply and demand and the cost of moving
between these (e.g. Lee et al., 1985). By dzfining the available males and females as
the levels of supply and demand, and their ment as the cost of movement, the
transportation model has been applied to the identification of optimal mating
allocations (e.g. Jansen & Wilton, 1985, Kinghom, 1987; Bunter & Long, 1991;
Bunter et al., 1992). This formula:ion has proved useful in the case of a relatively
simple male/female allocation prob ems where the definition of a dummy male and

female are used to exclude individucls from the final mating structure.

Toro and Perez-Enciso (1990) used [P to identify optimal mating combinations (thus
mate selection) subject to restrictiors on the rate of increase in inbreeding. Another
application where control is placed cn an objective (in this case a second trait) is given
by Toro and Silio (1992). Here, opt misation is directed at one trait while increases in
a second trait are constrained. The associated constraints could define the mating
ratios and Toro and Silio (1992) have extended this general application by
incorporating inbreeding in the model with a constraint placed either on the rate of
increase in inbreeding or on the increase in the level of genetic merit. While this
approach provides some increased lcvel of control over the true objective, it does not
necessarily provide an optimal level with no rationale for the choice with respect to its

impact on the two components.

As recognised, although there are li nitations associated with the use of LP and also

[P, such approaches provide useful mechanisms through which problems such as
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mate allocation can be addressed. (One major limitation to their application addressed
through various approaches, is the degree to which risk can be addressed by the

analysis.

2.4.4 Portfolio Analysis

Portfolio analysis, originally applied in the area of financial management, provides
optimal decision making frameworl: where risk preferences are incorporated into the
portfolio selection process. Movirg from its original base, the general concept of
portfolio management has been ext:nsively applied to farm management issues (e.g.
Robison & Brake, 1979). Cropping plans, for example, form diversified portfolios,
generally reflecting a greater leve of risk aversion than exists in a monoculture
situation. Diversification allows the combination of enterprises which covary or
exhibit differential levels of variation, so providing some protection against poor

production, poor prices, or other risks.

At its simplest, a portfolio can be how one manages money. As recognised by Baumol
(1970) the preference of many inves:ors is for a diversified portfolio of investments as
an effective risk reduction strategy. In animal breeding there are several benefits from
a diversified portfolio of breeding stock. Practical considerations, such as viable
mating ratios, ensure a basic level o "diversification. The efficient allocation of mates
can also be used to address factors such as inbreeding, and attractive levels of genetic

diversity.

In defining a preferred portfolio, there are two elements common to most investors :

o a preference for more tc less, taus the desire to maximise the expected

mean return; and
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« apreference for greater certainty, thus less variance in the return.

From the perspective of defining the best portfolio of breeding stock, there would be a
preference to achieve the highest cxpectec merit while, for example, attempting to
achieve, the lowest levels of inbrezding. Portfolio analysis provides a mechanism
through which the portfolio vartarce can be minimised (Musser, Mapp & Barry,
1984).

Mean-variance (E-V) analysis is a widely used form of portfolio analysis, providing a
mechanism for incorporating level: of preferences in selecting the preferred asset
combination, with a utility function being used to define the preference function. A
frontier, or set, of E-V efficient portfolios can then be defined. These are
combinations which, at a given level of expected return, have the lowest level of
variance (or for a given level of variznce, the maximum level of expected return). The
best, or optimal portfolio can be identified as the point of intersection between the E-
V efficient frontier and a defined utility function. Alternatively, the optimal or
preferred point can be decided through a consideration of the different options along

the E-V efficient frontier (see Figure 2.1).

A

_—T

~ |
|
|
|

Mean

Variance

Figure 2.1 The E-V Efficient Frontier, whe re the point A has the same variance as all points on the

line, but the maximum highest mean
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Although portfolio analysis has been widely used in agricultural economics (e.g.
Robison & Brake, 1979; Andersot et «l., 1977), it has not been widely applied in
animal breeding. Smith and Hamriond (1986 and 1987a) considered the theoretical
aspect of this theory, concluding that portfolio analysis can be considered as an
indirect process for rational decision making. Schneeberger Freeman and Berger
(1982) in applying a portfolio analysis discussed the relationship between income and
risk in the case of dairy sire Al sele:tion. This problem was applied by Schneeberger
Freeman and Boehlje (1982) who defined the generalised quadratic programming

problem as:

Maximise U = px + Ix'QOx 2.26
Subject to Ax < b 2.27
x=0 2.28
Where:

U, utility, is a function of activities .and risk
x is a vector of solutions
p a given vector with the expected incomes of activities

Q a given variance-co variance matrix

A the given coefficient matrix of constraints
b the matrix of right hand side values
the subjective weight for variance -elative to the expected income (varying with risk

preference)

The accurate definition of a decis on maker’s utility function will always be a
limitation in identifying optimal decisions. It has been suggested that rather than
defining the optimal point from tle intersection of the frontier with the utility
function, the options comprising that fronticr can be tabulated, leaving the decision

maker to select the preferred strategy from the details of this set (e.g. Anderson et al.,
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1977; Rae, 1971; Schneeberger, I'reeman & Boehlje, 1982). Certainly, Baumol
(1970) recognised this refinement >f the method provides an invaluable input from
decision makers which can never te fully accounted for in definitions of utility and

thus formally incorporated into a model.

It is normal to perceive a comproniise between variation and expected return. The
challenge for portfolio analysis i; to provide a mechanism through which the
management of risks such as inbrecding, differential accuracy or variations in return

can be better handled in the selection process.

2.4.5 Mean Of Total Absolute Deviations (MOTAD)

Hazell (1971) developed a linear :ulternative to quadratic programming to allow a
consideration of farm planning under uncertainty. This method sets as an objective the
minimisation of the deviations fror1 the mean rather than of the portfolio variance.
The major constraint is the mean ac:ivity which is parametrised to allow a solution at
each point. The method is referred to as the Minimisation of Total Absolute

Deviations (MOTAD).
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The following linear programming model (Hazell, 1971) is one form that can be used

to apply this approach:

Minimize sA = Z(y; +y,) 2.29
h=1

such that

S(c,~g)x;—yi+y; =0 (forall hh=1l....s) 2.30

j=1

and

ijxj =A1 (A =0 tounbounded)

J=1

> ayx, <b  (forallii=1,..,m) 2.31

j=1

X Vp»yy 20 (forall 4, )) 2.32

given

= 6% = g% (fral hh=1,......s) 233
j=1 Jj=1

Ve =Y Vi 234

and

VsV 20. 235

where

A is an unbiased estimator of the pc pulation mean absolute income deviation

v, and y, are the negative and posit ve total gross margin deviations
around the expected retum
c,,; 1s the Ath observation of gross mergin from the jth activity
g, is the sample mean of the gross margin s for the jth activity
x; 1s the level of the jth activity
f; is the expected (forecasted) gross margin of the jth activity
a; are the technical requirements of he jth activity for the ith resource or constraint m
b, is the constraint level

A 1s a scaler
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There are several features which make the use of the MOTAD approach attractive, not
the least being its computational ac :essibility, where it is an adaptation of the widely

used LP approach.

Although MOTAD does not provide the fexibility that can be found in a portfolio
analysis, it has been used as an cperationally effective tool in handling portfolio
analysis. While some deviations between the solutions from Quadratic Programming
and MOTAD occur (Musser et al., 1984) the approaches produce very similar results.

Further, the use of the risk efficien! frontier as a decision tool rather than relying on
the identification of a single optimu n point. provides a mechanism through which the

preference of producers can be most efficiertly handled.

2.5 Applications - The Selection of Mates

2.5.1. Introduction

The above discussion addresses issues associated with the integration of genetic and
economic objectives in the selection process. In achieving such integration, we
effectively are using the genetic information as an Input into a bioeconomic
assessment to achieve enhanced util ty. This approach has been widely demonstrated
in the development of mate selection algorithms. The importance of efficient
mechanisms for mate selection is put into context by Allaire (1980), who refers to the

selection of mating pairs for around ? million cows annually.
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2.5.2 Definition of Mate S 2lection

[t is useful to separate the management of breeding into two steps. Allaire (1977)
refers to the selection and mating phase, recognising the division between these two
activities. The latter is normally by random means rather than specific allocations of
individuals. However, specifications can be made, in, for example, corrective mating,

(Allaire, 1977, Allaire, 1980).

Mate allocation and mate selection both iraply a formal allocation of mating pairs.
The major difference between these is that the former operates only during the mating
phase (following selection) whilst mate selection is a process that incorporates
selection and mating into a single step. Naturally, due to the additional assessment
and management required such strategies will take greater resources than are needed
with random mate allocation. Therefore, it is important to identify cost efficient

applications for such strategies.

Allaire (1993) adds an additional te'm to this discussion, that of pair selection (also
used by Jansen, 1985). This is defined as a single step where all possible pairs are
ranked on an index of merit, with the best N pairs selected. Allaire defines mate
selection as a two step process involving males and females initially being separately
ranked, with the best Ng and Npy selected. This is followed by a step where the best
combined pairs are selected. These two processes, mate selection and pair selection,
will converge when the number of males and females to be considered in the second

step include the entire population.
While this provides a clear specification of mate selection, there have been a range of

similar usages of this term. Allaire ( 980), in discussing this approach, stated that it is

a multi-trait selection method depenc.ing on the traits of the first preselected mate of a
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mating pair, and more specificall /, recognising that in practice, selection will be
based on the identification of a malc that maximises the net worth of a dam’s potential
offspring. This definition suggests a distinction between the theoretical concept and
its practical application. Such a distinction can be seen in the definition of Smith and
Allaire (1985) who refer to it as the synthesis of selection and non-random mating or
by Smith and Hammond (1987a) wlio definz mate selection as the selection of parents

and the formation of mating pairs.

2.5.3 Applications in Animal Breeding

Kinghorn (1987), clarifying the situations in which mate allocation will be of value,
identifies this value as coming from the increased mean merit of progeny, or in the
variance among these progeny. He outlines situations where these outcomes will
occur: where there is crossbreeding; where merit is a non-linear function; where there
are transportation considerations du: to different locations of individuals; and where

there are benefits in enhanced levels of variation among the progeny.

Jansen and Wilton (1985) demonstrzted the use of the LP approach to the selection of
mating pairs where the overall meri: is defined as non-linear for one or more of the
component traits. Jansen (1985), in issessing selection and mating strategies uses the

simultaneous mating pair selection as one of the strategies assessed.

More recent uses generally present mr ate selection as a single step approach, (e.g. Toro
et al, 1991; Toro & Silio, 1992), this beiny particularly true where the mating and
selection processes are simultaneously achieved through the solution of linear

programming problem.
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Assortative mating (mating of like .0 like) is one of the longest established methods of
mate allocation (De Lange, 1974.. This can be effectively applied as a mating
strategy as demonstrated by Dekicers (1994) who identified an optimal breeding
strategy for calving ease involvzd the selection of sires based on an index
(incorporating ebv as well as various economic factors) and the subsequent assortative

mating of such sires with cows in the herd.

With assortative and negative assortative mating (corrective mating) there is an
increase in the level of homozygosity or heterozygosity respectively, thus the value of
this method is through the greater control it provides over the level of variation in a
population, with the ability to produce two diverse subsets (assortative) or a single
more uniform group. The ability to increase the genetic variation (Smith &
Hammond, 1986), will provide enhanced opportunities for increased genetic response
from selection programs. However, while assortative mating strategies provide
improvements in the mean level >f genetic merit, these may not be the most
appropriate strategies to apply where, for example, there are interactions between

individuals, as will occur when one cbjective is a decrease in inbreeding.

With respect to variance, it is well re cognised that assortative mating will increase the
genetic variance among the offspring; (e.g. de Lange 1974; Falconer, 1989; Fernando
& Gianola, 1984). Fernando and Gia1ola (1984) considered how assortative mating

(without selection) can be used to maximise the efficiency of selection. While they
found that assortative mating based on linear merit functions could change the sign of
a genetic correlation, and that it could increase selection efficiency, they suggested
that these rules may not hold if assortative mating and selection are simultaneous
processes. Most applications of matc selection take greater account of the impact of
individual combinations, these being specifically defined, than occurs with paired

rankings which occur in assortative miting.
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Smith and Hammond (1987b) :ssessed the relative efficiency of mating and
determined that assortative mating is most useful when heritability is large, parent
selection intensity is low and offspring sclection intensity is high. Using an index
incorporating information on parents, they found that the influence on efficiency from
the index was greatest at low heritanilities. The rationale for assortative mating is for
increases in heritability in grand progenv, and thus merit in progeny (Smith &
Hammond, 1987b). Mate selectioi to reduce inbreeding, on the other hand, may
prove most effective at low levels o1 heritability where it i1s shown to provide a greater
capacity to better manage the intera:tions between inbreeding and genetic gain in the
situations where the estimation prccess is placing the greatest emphasis on family

information (Belonsky & Kennedy, '1988).

Smith and Hammond (1987a) define mate sclection as the selection of parents and the
formation of mating pairs (also Alla re, 1980, Smith & Allaire, 1985) this identifying
the single step process discussed above. It is suggested that non-random mating
practices imply a non-linear objective, this being consistent with the rationale
provided by Kinghom (1987) where ‘he instances of cross breeding and transportation

costs can when included in definitions of merit, vary a formerly linear relationship.

While considerable discussion on the theorztical applications of mate selection has
occurred (Smith & Allaire, 1985) a:tual results supporting its application are only
now being presented. One of the devclopments which must be credited with this 1s the
increasing use of programming techn ques. LP, for example, provides a techniques by
which an objective (such as maximi:ing me-it) can be defined subject to constraints

on the herd structure (Jansen & Wilto1, 1984).
Portfolio analysis is a further step where this single step process can be identified,

with the defined optimal portfolio sa isfying the constraints for mating combinations

and optimising results of expected return subject to level of risk. Schneeberger,
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Freeman and Boehlje (1982) applizd this technique to the selection of sires where

variance of expected income was uszd as ths measure of risk.

While early work on mate selection considered its application to non-linear merit
functions (Allaire, 1980; Smith & Allaire, 1985) or where a linear merit function, over
several generations, could be assuined to acting non-linearly (Smith & Hammond,
1987a) increasing attention is now being paid to the value of mate selection as a
means whereby inbreeding specifizally, can be controlled (Toro & Perez-Enciso,
1990; Bunter & Long, 1991; Toro et al., 1991; Bunter et al., 1992; Toro & Silio,
1992).

Bunter et al. (1992) used a mate allocation process to satisfy the objectives of
increased genetic response and reduced nbreeding. While suggesting that mate
selection is a powerful tool with applications to managing inbreeding, they feel that
this method will only be of value for moderately to highly heritable traits. They
incorporated mate selection in a two-stage process where the initial selection stage
occurs followed by some selectior/allocation in mating phase. This latter can be

likened to the two-stage process usec. by Van Raden et al. (1984).

Toro and Perez-Enciso (1990) used an LP technique for the maximisation of genetic
progress under restricted inbreeding. To restrict the level of inbreeding a rate of
inbreeding was defined in the set of constraints. In an extension of this method, Toro
and Silio (1992) look at a mate sclection method maximising the level of a trait
subject to the restriction that the mea of a correlated trait remains at or below 0. The

next step in this development is the a»ility of true joint optimisation. For example, the

achievement of some control over bo:h genetic progress and reduction of inbreeding.
Inbreeding would appear to act as in effective non-linear trait in the definition of

merit, and is particularly suited t> mate selection applications. In addition to

inbreeding, factors of relationship, such as accuracy, may well prove as amenable to
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this form of analysis, these providing objectives which can best be obtained through

the specific allocation of mates.

2.6 Discussion

In the development of enhanced ipproaches for the selection of breeding stock.
Considerable refinement has occurr:d in the area of parameter estimation. However,
there remains scope in the application of such parameters to better address breeding

objectives incorporating not only ge 1etic elements but also risk considerations..

The interface between the merit of animals and utility to the producer is one area
where efficiently defined parameters can be applied to assist in better management
decisions. The selection of mates provides a potential area for such applications for in
this the needs of defining merit for outcomes is central to the decision maker

involved.

Approaches such as linear programuining, while highly applicable to the achievement
of the desired objectives, are at a relatively carly stage of development. Similarly, the
identification and application of areas of risk in animal breeding, while still
developing, are integral to the achie /ement of better mating strategies. The improved
management of accuracy and inoreeding is central to this risk management

perspective.

60



Chapter 3 - The Value of Accuracy in Making Selection Decisions

CHAPTER 3

The Value of Accuracy in Making Selection

Decisions’

3.1 Introduction

Selection on the 'best' estimate of a sreeding value ebv of individuals should, in large
populations, provide the maximal response in breeding value. However, many
breeders deal with the selection of small numbers of animals from relatively small
populations. In such circumstances it may be of value to also consider aspects of the

risk associated with such selections.

Many genetic evaluation schemes provide breeders with information on the accuracy
of estimates of breeding value (for :xample, in the Australian beef industry scheme,
BREEDPLAN, see Schneeberger, Tier & Hammond, 1991), and many breeders take
some account of accuracy when making selection decisions. It is not known what the

most appropriate weight is to place cn accuracy for breeders with different attitudes to

IH.M. Klieve, B.P. Kinghorn and S.A. Barwick 993 The value of accuracy in making selection decisions. J.
Anim. Breed. Genet. 110:1-12.
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risk. Here, the aim is to assess the gain in utility, defined by a function of the mean
and variance of the estimated genet ¢ merit. and the importance of any loss in genetic
response from selection on an index of ebvs and their accuracies. Other issues include
assessing how selection emphasising accuracy will alter the expected genetic
response, evaluating the effects of differen: weightings on accuracy, and finding the
relationship between the inclusion of accuracy in the definition of mernt and the

ranking of animals.

Meuwissen (1991) considered the expected genetic gain and its variance in different
breeding schemes. Defining the variince of the selection responses an indicator of the
risk associated with a breeding plan, he used utility theory to develop and assess a
utility function of the expected genetic gain and used this to identify the
circumstances when the expected ut lity would be maximised. The optimal breeding
scheme was identified as a function of the level of risk aversion present. Similarly,
the optimum number of sires to be used was dependent on the breeding scheme under
consideration. Another application relevant to this research is the development of a

utility function, incorporating a risk component, for use in the ranking of males.

Rogers (1990) defined risk as the viariance of an estimate of merit - in this case the

expected net merit, a value including economic and genetic components.

3.2 Method

Different weightings by which to combine accuracy with estimated breeding value are
assessed empirically using a stochastic simulation. Figure 3.1 details the general
simulation model. This involves deriving statistics describing the resultant genetic
response and utility from a range of indices incorporating both the ebvs and their

accuracies. An index with a positive weight on accuracy puts emphasis on reducing
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the risk associated with an estimate and results in the preferential selection of animals
with high accuracy. Conversely, ar index with a ncgative weighting is more risky and

requires that high accuracy animals have marginally higher ebvs to be selected.

‘_'> Population Generated
_ |

Index [, Evaluated for a

e Range of b's

Weightings on Accuracy

. ]
—> Sample, n. Selected

Genetic Response R, Evaluated

All

h—— Sample Sizes
next n Used
All
< Index Weights b
N
next b Evaluated

All
Replications
Completed

next replicite

Calculate the Mean and Variance
COf the Sample Response

Evaluate Mean Utility U

1
For All Utility Relationships
Identify b
(optimal weighting on accuracy
1
Generate Relevant Statistics
for Assessment

i

N

H

r

Figure 3.1. Flowchart of the simulation
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3.2.1 The Simulated Population

A simulated bivariate normal distribution of 300 ebvs and their uncorrelated
accuracies (population type A with : ccuracics in the range 0.0 to 1.0, population type
B in the range 0.5 to 1.0) was generated, as in Figure 2.2. Type B was chosen because
it reflects that commonly seen in ger etic evaluation reports of sires, while type A uses

the possible range of accuracies which could occur.

A vector of true breeding values (tbv's), Aj  ~ N(0.0,1.0), was first generated.

Uncorrelated accuracies, r. , , were found for population types A ~ N(0.50, 0.1662 ),

A,A
and B ~ N(0.75, .0762 ), these distrit utions being selected to provide accuracies in the
range O to 1.0 and 0.5 to 1.0 (all siiulated accuracies were within the stated range).
Ebvs were then generated from tbvs and accuracies for each individual. Separate

simulations were carried out for each popularion type.

The distribution of ebvs was obtained as fol.ows. In the simple case where is derived

as hZ P from the sole criterion of a s ngle own phenotypic deviation, the regression of

-~

A onAis:

b. = Cov(h’P, AV, 3.1
=h, Vv, 3.2
= 3.3

This provides a relation for the prediction of A(thus 4 ). The mean of this

distribution of A is h2A4. The variarce of 4 "within individuals", where the mean

4, can also be defined as h2 E (P /. {), 1s:
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Vi, =Cov(h*(P=A),h*(P-+)) 3.4
=h*(V, -2Cov(A,P)+V,) 3.5
=h'V,-V,) 3.6
=h'V,-hh'V, 3.7
=hV (1-h?) 3.8

Generalising the selection critericn, by substituting the accuracy r for h, the

distribution of the simulated ebvs is:

A~ N(rPA4,r2V (1-r3)) 3.9

Thus the strategy for simulating eovj  for animal j was to multiply a randomly

sampled N(0,1) deviate by /r/V,(1-r?) andaddthisto r/ 4, .

3.2.1.1 Indexes and their eval.iation

Selection on an index of ebv and accuracy was simulated for a population size of 300
and repeated for differing numbers s) of animals selected (s=1, 5, 10, 25 and 50).

For each set of parameters, 500 replications were carried out.

Using the simulated population and i1dex weightings on accuracy, b, over the range

-10.0 to 10.0, an index value was calculated for each b, and all n observations as:
[b'jzebvj+b'rj 3.10

for the ;2" individual, j=/ to n.
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Selection was then carried out on the index value, /p, leading to the retention of s of

the 300 animals.

Rewriting equation 3.10 ;

b-r.=1Ib —ebv, 311
v, = (1/b)- Ib, = (1/b) - ebv, 3.12

Equation 3.12 shows that the slope of the selection function operating on ebvs and
accuracies is -1/b, so that the function has a positive slope for a negative weight on
accuracy, and vice versa. This can te seen in Figure 3.2 where animals selected using
a weighting of O (vertical line) and & weighting of +3 (graph a) and -3 (graph b) are to
the right of the associated selection lines. The difference between the average ebv of
animals retained when b # 0 and ¢ =0 is affected by both the slope of the selection

function and the selection intensity applied.

For the animals retained, the geietic selection differential achieved, S4,, was
calculated from the true breeding value of tae selected individuals, with the expected
genetic response being equal to this. This process was repeated for all weights and
number of animals selected, using the same population. By replicating the whole

procedure, the sample mean and variance of the estimated response were found.

3.2.1.2 Utility Relationship

A utility function provides a link be ween a decision maker's risk preferences and the
perceived value associated with a decision option (see Anderson, Dillon & Hardaker,
1977). In this research we consider the implications of extending a decision maker's
choice from one based entirely on ebvs to the situation where the accuracy of the
measurement is incorporated in an index with ebvs. By identifying the utility-

maximising weighting, the effect ot differing attitudes to risk can be related to the
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weighting on accuracy. The response associated with the use of such weightings can

then be considered and the cost, in «xpected response lost, tdentified.

Here, utility relationships relate to the distribution of genetic responses, defined by the
mean response and the variance of hese responses. The increase in utility relative to
small increases in response can be hought of as a measure of the perceived value of
such improvements. For the rislc preferrer, at upper levels of response, small
increments in response or higher varances of response are rewarded by large
increases in utility. [n the risk averse situation, there is a decreasing rate of increase in
utility leading to almost negligible changes under the same conditions. This can be
interpreted as the risk preferrer sett ng a far higher value on the attainment of small

improvements in superior animals than would the risk averse breeder.

Incomplete beta functions (Press et 1L, 1985), specified by parameters X4 and Xp
were used to define 6 utility relationships for use in the present analysis (see Figure
3.3). Values of X4 and Xp were chosen to represent a wide range of attitudes to risk,
from very risk averse (curve A3 ) to very risk preferring (curve 3 ) The curves 43 -
A represent a 'risk avoider', characterised by a decreasing marginal utility for X,
while the curves P; - P3 all repr:sent the 'risk preferrer’ who has an increasing
marginal utility for X. The curves i1 each group provide degrees of attitude to risk.
Curve N (a linear relationship) depicts a risk neutral relationship where Utility = Mean

Response.

To use the incomplete beta function, response statistics (the X' values in Figure 3.3)
were scaled to a range 0.0 - 1.0. A tl ree standard deviation bar around the maximum
mean response was scaled to a width »f 0.8, with the midpoint set to 0.5 - defining the
distribution as a band from 0.1 - 09. Distributions of lesser mean response were
centred below this (using the above scaling factor). Scaled response statistics were

truncated outside the O to 1 range - ex:luding any extreme observations.
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The mean utility was defined as the weighted average of the utility found at seven
points on the distribution of mear response, with each point weighted by the ordinate
from the defined normal distribution. This distribution is defined by the mean response
and its variance for each index considered, with the points used being the mean and
points at one, two and three stand ird deviations either side of the mean. The utility for

curve N was obtained from the mean response, with no need to account for the

vanance of this response.

Figure 3.2.
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[lustration of the simulated populations (N=300) for (a) popul;tion type A (accuracy in
range 0.0 to 1.0) and (b) type B (accuracy 0.5 to 1.0). Also shown are selection functions for (a) b=0,

=+3 and (b) b=0, b=-3, for six animals se ccted.
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Uity

X value

Figure 3.3.  Risk averse (4, - A;), risk preferring (P, - P; ) and risk neutral (V) utility curves
used. The parameters ., and X associat:d with ciurves 4, - 4; are X, =1.0 and X3 =2.0, 3.0 and 4.5,
and for curves P, - P;, X, =2.0,3.0 and ¢.5 and X3 =1.0.

The maximum utility was found fcr each number of animals selected and each utility
curve. This utility, Upop , allows dentification of the optimal weighting for accuracy
in each of these circumstances. The utility of all weightings on accuracy were
compared to the utility at b=0 (U, ) by deriving the summary statistic, 'relative

utility, ie.

Urclarr'w = (Ub_opr ~Uyo) /Uy 3.13
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3.3 Results

3.3.1 The Effect on Response

To assess whether there is a range of weights on accuracy over which there is little

falloff in mean response (El,) over ‘he maximum attainable (E,m ), the ratio R, / Ronax
was calculated for all indices. The :ndex weightings on accuracy were then identified
for which the levels of response were within 1% and 5% of the maximum identified.
These values are presented in Table 3.1. In all cases the defined range included b=0
as a relatively central point, although, for population type A, the range of positive
weightings was generally wider. For the 1% case, this defined region had a total width

of about 1.0 for population type A a1d 2.5 for population type B.

The effect of the weighting appliec. to accuracy on the mean response, for the case

where one animal is selected, is illustrated in Figure 3.4. Three definitions of

expected response are illustrated : R+ o Rand R—o. For these curves, the
weighting associated with the maxirium response are, for population type A, b=-1.15,

-0.15 and 1.45, and populaticn type B, b=-1.35, -0.15 and 1.05 for

R+o, Rand R—o respectively.  These results show increases in the index

weightings associated with the response as its definition moves from

—l§+a, Rand R-o .

For both population types there vias a slightly greater variance in response for
negative index weights, while for pcpulation type A there was a stronger decrease in
mean response with increasing negative weights than for positive weights. The strong
decline is associated with the greater chance in that population of selecting animals of

lesser ebv and much reduced accuiracy (that is, animals with accuracy around 0).
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Table 3.1. Index weightings on accuracy -lefining a plateau response region within 1% and 5 % of the
maximum response. The range 1s defined ty lower (L) and upper (U) bounds.

No Population Type A Population Type B

Selected

n L(5%) L(1%) U(1%) (Us%) L(5%) L(l%) U(l%) U(5%)
1 -1.6 -1.2 .5 2.2 -2.7 -1.3 1.3 3.9

5 -1.4 -9 .5 2.0 -3.2 -1.4 1.6 43

10 -1.3 -.6 6 1.7 -3.2 -1.5 1.7 4.1

25 -1.2 -.6 .6 1.6 -3.0 -1.2 1.6 3.7

50 -0.9 -4 6 1.4 -3.1 -1.4 1.4 3.4

3.3.2 The Effect on Utility

Optimal index weights for each population type, utility curve and number of animals
selected are represented in Table 2.2. The major pattern apparent is that, for both
population types, the optimal weigatings on accuracy for risk averse relationships
(curves 43 - A; ) are positive while the weights for risk preferring relationships
(curves P; - P3 ) are negative. A few exceptions occur but these have weights of
small magnitude and are associated with the selection of larger numbers of animals.

The optimal weights also tend to be larger waen the number selected is small.
Figure 3.5 shows the relationshio observed between the index weightings on

accuracy and relative utility for the four extrame utility curves (excluding A, and P>,

the intermediate curves). Curve P3 , applying to breeders who are most prepared to
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Table 3.2. The optimal index weights for the simulation.

Population Type A
Size - AVERSE - Utility Curve - PRONE -
n A, A, A, N P, P, P,
1 0.50 0.50 -0.15 -0.70 -0.70 -0.70 -1.15
5 -0.55 -0.55 -).55 -0.55 -0.45 -0.45 -0.40
10 0.35 0.35 0.25 0.05 -0.35 -0.35 -0.35
25 0.15 0.10 (.10 0.10 0.10 -0.45 -0.45
50 -0.05 -0.05 -0.05 -0.05 -0.05 -0.10 -0.10
Population Type B
Size - AVERSE - Urility Curve - PRONE -
n A, A, A N P, P, P,
1 1.05 1.05 -0 15 -0.15 -0.15 -0.55 -0.60
5 0.45 0.50 -0 30 -0.30 -0.60 --0.60 -0.60
10 -0.10 -0.20 -0 20 -0.20 -0.50 -0.50 -0.55
25 0.25 0.25 0.25 0.25 0.25 0.25 0.25
50 0.20 0.20 -0.10 0.05 0.05 0.05 0.05

take risks, leads to more extreme decreases in utility both for large positive and

negative weights than occurs for oher utility relationships.

Results are similar

between population types, except thit the decrease in relative utility for negative

weights is far more extreme in population type A than B.
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For both (a) and (b), the maximum for curve P; occurs before the decline associated
with increasing negative weights. For pcsitive weights, curve A; is consistently high

suggesting that there is a large ringe of positive weights over which utilities will be

near the optimum, for breeders wlio a are most risk averse.
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Figure 3.4. Mean Response and mean +o , for population types A (a) and B (b) with the selection of

I animal from 300 candidates.
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3.3.3 The Effect on Ranking

To provide an indication of the :ffect of differing indices on rankings for tbv,
populations of size 300 and poptlation type A and B from the simulation were
examined. Rankings were compare i for weightings on accuracy of +1.0, -1.0 and 0.
The values of + 1.0 were chosen because they are + one standard deviation of the
true breeding value predicted. Figure 3.6 illustrates the changes in ranking occurring

by plotting cumulative ¢bv against tie rank order for pairs of indices.

Note in Figure 3.6 that an index wtich is a better indicator of ¢thv will have a greater
area under its curve. Where curves overlap, the animals being compared by the two
indices have identical mean genetic merit. 'When a ranking is a poor indicator of true
merit, animals of low tbv will be included earlier than they would under a more
efficient index, so that the rate of iicrease in cumulative tbv is less and the turning
point lowered. Thus the closer two curves are at any point the greater the similarity in

their ranking is likely to be.

For population type B, rankings wi:h weigats on accuracy of 1.0 or -1.0 were both
close to that for a weighting of zero The main differences in ranking occurred in the
middle of the distribution. This is consistznt with the earlier result that only very
small decreases in response occur for weights on accuracy of this magnitude. The
impact on ranking is far greater for f opulation type A, particularly for larger numbers
of animals selected. This reflects thz fact that weights of + 1.0 are outside the range

of weights corresponding to the plateau response region shown in Table 3.1.
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Figure 3.5. The relative utility for the major utility curves (medium levels {7 and Us excluded) for
one animal selected and population Types A (a) and E (b).

3.4 Discussion

Selection decisions by the breeder involve a broad range of considerations.
Objectives, whether or not they arz defined formally, will tnclude not only the

maximisation of genetic merit in the animals to be selected but also a minimising of
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associated costs. So, while the best genetic option will always be to select the top
sires, associated costs, personal preterences and the competition with other breeders

for these sires may alter the selection decision made.

Traditionally it is suggested that if accuracy is taken into account, a positive weight
should be placed on it (e.g. Freer & Sundstrom, 1991) - leading to a preferential
selection of higher accuracy, better known animals. This 1s a risk averse approach for
which breeders will pay through higher prices. Our results allow an assessment of the
cost, in terms of the loss in geneti: response, of preferentially selecting animals of
either high or low accuracy. Using low accuracy, some risk is taken by selecting
lesser known animals, with potentiil rewards coming in the form of lower purchase
prices and the possibility of the animals proving to be notably better than their

present information would suggest.

There are several features to emphasise from the results. As expected, the maximum
mean response occurred at, or close :0, an index weighting on accuracy of 0, although
for both population types this weigl ting wes negative. There is, however, a range of
weightings from which only small ‘eductions in response will be expected - and so
where there 1s a perceived benefit from either low or high accuracy animals, the cost
of this in terms of response is not necessarily high. The decision to adopt either a
mildly risk averse or preferring apyroach to the selection of animals is unlikely to

significantly reduce the expected response.

To take a strongly positive attitude to the value of accuracy will reduce expected
response. From a consideration of the results presented in Tables 3.1 and 3.2,
particularly for the selection of small numbers of animals, the curves 43 and P3 can
lead to the identification of points o 1itside the range defined as close (within 1%) to
the maximum response, while the ranges defined using the less extreme curves 4 and
P consistently include the optima. Thus, the adoption of a medium level strategy of
either risk preference or aversion ‘vill lead to only a small change in expected

response, due to only small changes i1 the ranking of animals. High accuracy animals
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allow a producer to have greater -onsistency of production. Where very positive
emphasis is placed on accuracy (curve A3 ) there will be loss in response from the
exclusion of less known animals haing higher ebvs. If a heavy emphasis is placed on
low accuracy (curve P3 ) there will as with curve 43, be lost utility, but, potentially
some benefit from the generally lower levels of relationships existing in the pedigrees
of selected animals. Lower levels of inbrezding are likely as is a higher variance in
the mean utility. While the emphasis defined as optimal under P3 may be too costly
in the achieved outcomes, reasonat le benefits might be achieved using the optimal

weightings for curves P or Py (sirrilarly for 47 or A) in the above case).

A further benefit of placing a neyative weighting on accuracy is in the area of
inbreeding. Animals of high accurecy are also likely to be those which have large
numbers of offspring, and so a high future representation in the herd. Morley (1954)
noted that 'in any population unde ‘going selection, a positive correlation between
degree of inbreeding of progeny anc merit in parents is an automatic consequence of
selection'. With the increasingly eff cient selection procedures currently practised the
impact on inbreeding can be incieased. Robertson (1961) also considered this
problem, recognising that under arti icial selection all parents will not have an equal

chance of selection, so leading to future problems of inbreeding.

In the approach considered here, the 1se of a positive index would be expected to lead
to a positive correlation between ac:uracy and inbreeding, so increasing the rate of
increase in inbreeding. However, with a negative weighting on accuracy, the negative
correlation between accuracy and inbreecing should place some constraint on

increasing F.

The following example (Table 3.3) o 12 Poll Hereford sires (from the Semen Buyers
Guide, 1991 Australian Poll Hereford Genetic Evaluation Report) demonstrates the
effect on ranking of different weightings on accuracy. The price per registration is
included here although there are several factors which affect price, for example, ebv,

accuracy and whether imported. Wit1 such a small sample covering both a range of
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accuracies and ebvs, the rankings >f animals are relatively distinct. Variations in
ranking will thus not occur as frequently as in larger samples where animals of similar
merit exist. However it allows an zxample of the levels of weighting on accuracy
required for any change in ranking to be presented. These are shown in Table 3.4 for
pairs of animals ranked on 600 day weight ebv0(dqy along with the change in dollar
value accompanying each alteration. [t is apparent that where there are large
differences in ebv but only small differences in accuracy, the weighting required for a
change in ranking to occur is extreriely high. Also confirmed is the tendency for the
rankings of superior animals to generally remain unchanged due to their high ebvs and
accuracies. Thus, even if a weighting of + 23 is used (around the standard deviation
of ebv600day ) there is no change in rank.ng for the top three animals. Animal D,
however, very rapidly is moved froin fourth position with the use of a positive index

whilst a negative index of this order leads to H and K dropping in merit.

The question of the best weight to place on accuracy is a function of both the degree
and direction of risk preference. For type A and type B populations weights of around
+0.5c and £ 1.50 respectively, appear to be appropriate. Here, the sign on the weight
is defined by the form of the risk pieferencz (-ve for risk preferring and +ve for risk
averse) and the position in the defiied range by the degree of the preference. The
relative price which might be paid for high ranking animals can then be considered in
making selection decisions. This caa also be done more objectively by incorporating

purchase price in an index following the approach of Kinghorn (1986).
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Chapter 3 - The Value of Accuracy i1 Makir.g Selection Decisions

Table 3.3. Sires from 1991 Poll Heretord Genetic Evaluation Report Semen Buyer's Guide, showing
€bv,goday» accuracy, r, and price/registration dollars).

Sire Code eby r Price per
Registration

Floral View Navigator* A 82 .97 550
Academy Challenge B 79 .89 400
Graystone Granite* C 66 .96 500
Pontiac Achiever D 53 .57 65
Inverary Groom E 51 .69 300
GK Voyageur™ F 51 68 300
PRL Case™ G 47 94 250
Sevenbardot Indigo H 46 91 160
Wat GK Discovery™ I 44 83 300
Remitall Stetson™ J 43 94 250
Magador Sculptor™ K 38 .88 300
Inverary Ellis L 36 59 166
* [mported bull
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Chapter 4 - The Joint Regulation of Genetic Gain and Inbreeding Under Mate
Selection

CHAPTER 4

The Joint Regulation of Genetic Gain and

Inbreeding Under Mate Selection.’

4.1 Introduction

Animal breeders are normally facec with a range of selection decisions. Techniques
exist allowing attention to be directel at several traits simultaneously, including when
estimated breeding values ebvs are available for each trait (Schneeberger et al., 1992).
However, methods for the joint consideration of ebvs and other information available
on animals are not well developed. This other information includes the level of
inbreeding of individuals, crossbreeding effects, operational costs and the accuracy of
ebvs (e.g. Van Raden et al., 1984; Kinghorn & Shepherd, 1990; and Klieve et al.,
1993).

Klieve, H. M., Kinghorn, B. P. and Barwick, S. A 1994, The joint regulation of genetic progress under inbreeding Journal
of Animal Breeding and Genetics 111: 81-88.
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This paper describes a method in v/hich the advantages of portfolio analysis (see, for
example, Schneeberger et al., 19¢2) arc integrated in a mate selection strategy to
achieve more control over otherw:se comoeting objectives. The strategy minimises
inbreeding subject to a defined acceptable loss in the achievable additive genetic

merit.

An approximate quadratic programmning method, MOTAD (Mean Of Total Absolute
Deviations), is adapted to the proslem of selecting the most suitable portfolio of
breeding pairs or groups from the :rontier of efficient portfolios, where the selected

portfolio is defined by the level of allowed sub-optimal genetic response.

Kinghorn (1987) examined strategies for the formal allocation of mates and suggested
they have value when either the niean merit of progeny is affected (for example,
where merit is a non-linear furction of parental breeding value and other
characteristics of interest) or when the alocation will affect the variance among
progeny. Smith and Hammond (198 7a), Goddard and Smith (1990) and Bunter et al.
(1991) examined mate selection stritegies which utilised linear programming (LP)
techniques as a means of reducing i1breeding under selection. Each of these studies
applied a constraint on inbreeding thiough ar adjustment to the ebv,

ebv = ebv— f(F) 4.1

adj

where f(F) is a 'sufficiently large cos'' subtracted from the ebv, related to the level of
inbreeding (Smith & Hammond, 1787). Toro and Perez-Enciso (1990), using a
different mate selection approach, m: ximised genetic merit subject to a constraint on
the rate of increase of inbreeding. While such approaches did include both inbreeding
level and genetic response, the pattert s of relationship between these variables are not
captured by the function. In the present study, the portfolio approach allows
constraints to be formulated after joint consideration of the additive genetic merit

possible and the risk (inbreeding) asscciated with differing levels of merit.
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4.2 Methods

4.2.1 Portfolio Analysis and the Breeding Value - Inbreeding
Frontier

In portfolio analysis (see Anderson et al., 1977), a frontier of Expected value and
Variance (E-V) efficient portfolios - those portfolios which have the lowest level of
variance for a given level of return - is defined (see Figure 4.1 for a typical example).
For the present application this can t e adaptzd to be a frontier of the genetic merit and
inbreeding level of specified portfolios - thus a BV-F frontier. In this case the measure
of genetic merit for each portfolio i; the sum of ebvs of selected parents. Similarly,
the inbreeding level of portfolios is found from the sum of inbreeding coefficients of

prospective offspring from selected parents. The problem is to minimise inbreeding

subject to achieving at least a minim 1m level of additive genetic merit, denoted A.

In deciding on the point on the BV-F efficient frontier at which to operate (those
points which have the minimum level of inbreeding for a given level of genetic merit)
it is important to have information on the associated level of inbreeding expected for
each level of ebv . Figure 4.2 show; BV-F frontiers at five year intervals, generated
for the population and age structure >f this analysis, using a simulation model which
targeted maximisation of mid-parent zbvs. At each time period the BV-F 'frontier' was

generated by varying A.
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Mean Yolue

1
0 2 4 6 3
Yarianca

-

Figure 4.1 An example of an E-V effici:nt frontizr for a portfolio analysis. Here, point A represents
a portfolio with maximum value for a szt level of variance. Portfolios with the same variance but
lesser means are shown on the dashed lipe.
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Figure 4.2 The BV-F frontier at 5, 10, 15 and 20 years. The right hand point on each curve is the
maximum level of aggregate breeding val ie, and the associated aggregate inbreeding level, from the
best combination of matings, where inbreeding is not considered. Very small allowed reductions in
aggregate breeding value and resulting levels of inbreeding are shown for other points on the curve.
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At all time periods in the simulat on, aggregate breeding values differ little over a
considerable range in level of inbreeding (Figure 4.2). By accepting a marginal
reduction in the level of genetic me ‘it aimed for, considerable reductions in inbreeding

can be gained.

4.2.2 Adapted MOTAD

An approximation of Quadratic P-ogramring, MOTAD (Mean Of The Absolute
Deviations method, see Hazell, 1971) was used to describe the E-V efficient frontier
and to select the most efficient position on that frontier with respect to the objectives.
The aim was to minimise the level o “inbreeding subject to a defined sub-optimal level

of merit.

Following Hazell's standard formulation, the problem is a Linear Programming
problem framed to minimise the level of inbreeding (risk) subject to a set level of
genetic merit:

Mfe e
Minimize Z x;F; 42
=1 j=1

i

such that

DIPIE P 4.3
Zx +n,K, <n, 4.4
ZlK}. = rno 4.5
Dox; <1 4.6
PIDIEET 4.7
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where nf is the number of female candidates; nfy, the maximum number of females

per male; x;; reflects the usage of matings (1 if used, O if not); £} j and A are the

J
inbreeding coefficient and mid-pareat ehv associated with mating animals / and j ; and
K; s a dummy variable, for males, used to identify those excluded. Both x; ; and K;
are defined as binary. Equation 4.3 defines the minimum level of aggregate breeding
value, A, to be targeted. Equations -+.4 and 4.5 use the dummy variable K to identify
the males to be excluded (rno) by thke mate selection process in any year; equation 4.6

defines a single mating per female and equation 4.7 defines the maximum total

number of females selected (nfs ).

In a formal MOTAD model an ad litional constraint, not included here, is used to

handle variations in data accumulated from several time periods:

Z (c,,—g))x;+y, 20 4.8

j=1

where:

Vi = 4.9

Z (ch; = 8%,
j=1

In the application detailed here, Equ: tion 4.9 would measure the sum of the deviations

of the inbreeding coefficients, cp;, from a 'mean’ g; of 0, weighted by x; , the usage of
the mating. As y, is always positiv:: and inbreeding coefficients must be equal to or
greater than 0, Equation 4.8 is equ valent to 2*y, . Equation 4.8 is thus always

satisfied and is not required.
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In most MOTAD applications the ir put data arc gross incomes achieved from a range
of activities, with information com ng frorm several time periods. Here, the data on
inbreeding are effectively trom a single time period. The MOTAD framework can be

used to place several sub-objectives into tic objective, as long as all are scaled to
comparable ranges (avoiding the domination of the objective by any one sub-
objective). When there were two sub-objectives, say inbreeding and levels of
relationship, over which control ha: to be achieved, the objective function could be

specified as:

noF noM
Minimize Zin_j*E'j+xi‘/.*R,.v/ 4.10
i=1 j=1

where R; J 1s a measure of the amount of information, through relationship, available

on an animal, and F the measurs of inbreeding. In this case both would be

appropriately scaled to ensure comp: rable date, not dominated by either objective.

For the present application, the Mixed Intsger Programming method from GAMS
(General Algebraic Modelling System, Brcoke et al, 1988) was used. The mate
selection process was repeated annnally, over the 20 year time frame used, as the
means for selecting and allocating tireeding pairs. Thirty replications were run and

the mean and standard error of result; for each strategy were calculated.

4.2.3 The Simulation Model

A stochastic simulation was used t> model a breeding population over a 20 year
period. A base population of 3 males and 15 females, with each male mating with 5

females, was generated as follows, fcr animal t:
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breeding value:

a, = X0, 4.11
phenotype.
y=a,+X,0, 4.12

where X; , X» are independently sampled from N(0,1), and
ol=1,0=40 (h =02).

The time animals remain in the breeling structure was dependent upon their continued
definition as mates - all animals not included being culled after each mating period.
While all animals became available for mating at sexual maturity, the number of
offspring contributed by any female is dependent upon how long before that animal is

culled and the success of her offspring (with one per year with a given mortality rate).

After the initial generation, breed ng values were generated using the following

relationship:

a, =05(a, +a,)+ X, *o,*05«[C~F, - F, ) 4.13

where a; and ag (Fs and Fy ) are the breeding values (inbreeding coefficients) of

the sire and dam of animal i.
From Equation 4.13 it can be seen ‘hat the impact of reduced genetic variance from
increased levels of inbreeding is included in the model, but effects of inbreeding

depression on performance are not. The phenotype of animals was then defined as

yi=a;,te 4.14
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where e ~ N(0,07) ). BLUP estimates of the foundation population breeding values

were then derived for use in the selection process.

The model united selection of breeding stock and the definition of mating pairs into a
single step - thus mate selection. The fcmale breeding population size was kept
constant over years at afg = /5 feriales, and with maximum females per male set at
nfiy = 3, and with replaced < by = in equation 4.4, this gave 3 males used equally in
each year. Mature animals not selected were culled, and each breeding female

produced one offspring per mating.

4.2.4 Treatments

Treatments were chosen to demorstrate the impact of the method and included
'controls' in the form of selection 01 BLUP ebvs (£, ) and on phenotypes (P, ),
under random mating. A linear programming mate selection model which maximised
the sum of the ebvs of offspring fro n selec-ed parents was first run subject only to a

defined breeding structure.

Treatments were then chosen whic1 varied the allowed reduction in the predicted
attainable genetic response, where tiis was defined from the difference between the
best achievable average ebv of selected parents and the average ebv of all parents
before selection. In both cases, averages were calculated giving equal weighting to the
two sexes. With the exception of .¥,. and P, , all treatments used mate selection

(MSx*) and aimed to minimise inbre :ding. Treatments were:

MS( selection on BLUP ebvs - no decrease allowed in genetic response
MS | selection on BLUP ebvs - 1% Jecrease allowed in genetic response
MS's selection on BLUP ebvs - 5% decrease allowed in genetic response

MSp selection on BLUP ebvs - 10% decrease allowed in genetic response
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MS>5 selection on BLUP ebvs - 5% decrease allowed in genetic response
E, selection on BLUP ebvs - random mating

P, selection on phenotype - randon mating

4.3 Results

Figures 4.3 and 4.4 show results for average breeding values and inbreeding
coefficients over the time period of the simulation for the strategies analysed. The
breeding values, inbreeding coefficicnts and associated standard errors for years 5, 10,

15 and 20 are presented in Tables 4. and 4.2.

Figure 4.2 suggested that consid:rable reductions in inbreeding level can be
associated with very small reductiors in aggregate ebv and Figures 4.3 and 4.4 show
that such decreases in inbreeding were in fact realised. Figures 4.3 and 4.4 show
treatment MS'5 to result in considerably lower inbreeding than £, and with equivalent
genetic merit. The genetic response from mate selection alone ( MSp ) was
consistently above that of £, , prob.ibly due to increased genetic variation resulting
from the markedly reduced levels of inbreeding which also occurred. Compared to
MSyp , treatments MS; and MS5 geve only slightly less genetic merit but further

considerable reductions in inbreeding

Interestingly, for treatment MS5 thers was a consistent increase in the standard error
associated with the breeding value The rean breeding value for MS5 , while
increasing at close to the same rate ¢s that for MS; until year 15, surpassed this by
year 20, MS5 then having a level of genetic merit just above £, but an inbreeding

level below that for MS; (Tables 4.1 and 4.2).
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The simulation results are presentad on BV-F axes in Figure 4.5. The results
demonstrate a pattern similar to tha: of Figure 4.2. The strategy selecting on ebvs,
E,., can be identified as a high retur1/high risk option. A point corresponding to this
strategy would not occur on a true E V-F efficient frontier as the MSp strategy shows
both higher genetic response and lower inbreeding and is thus preferred on bases of

both returns (BV) and risk (F).
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Selections

Table 4.1 Average breeding values (standa ‘d errors), at 5 year intervals for simulated selection

strate:git:sl

Simulation Treatments

Yeal‘ E,. P’. ‘/[S/) A/[S] IWS5 MS,/) AMSZ_;

5 1.3601 1.2142 1.2005 1.3078 1.3400 1.1961 1.2236
(.0822)  (.0805) (.0921) (.1269) (.0753) (.0923)  (.0709)

10 2.8003 2.1914 28711 2.7001 2.6518 2.5145 2.3864
(.0923)  (.1064) (.1127) (.1006) (.1143) (.1054) (.0807)

15 3.9595 2.9195 4.(631 3.8853 3.8588 3.6850 3.5217
(1094)  (.1336) (.1131) (.1102) (.1431) (.1126)  (.1005)

20 4.9870 37611 5.2380 4.9620 5.0155 4.9825 4.6432
(1310)  (.1528) (.1038) (.0983) (.1501) (.1081) (.1067)

1 See text for definition strategies.
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Table 4.2. Average inbreeding coefficients (standard errors), at 5 year intervals, for simulated
selection strategies * (h’=.2).

Simulation Treatments
Year E, P, MS, MS, MS; MS,, MS,;
5 .1085 .0633 0762 0651 0505 .0507 0305

(.0054) (.0049) (.0053) (.0058) (.0053) (.0052) (.0035)

10 2314 1244 1944 1719 1513 1507 .1099
(.0088) (.0063) (.0067) (.0072)  (.0067) (.0073) (.0068)

15 3432 1822 2979 2710 2431 2420 2020
(.0105) (.0069) (.0083) (.0070)  (.0069) (.0071) (.0076)

20 4225 2472 2792 3605 3192 3268 2805
(.0103) (.0079) (.)072) (.0080)  (.0069) (.0067) (.0082)

[See text for definition strategies.
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Figure 4.5. Simulated changes in mean inbreeding level and breeding value for different selection
strategies, in the form of realised BV-F fron iers after 3, 10, 1, 5 and 20 years of selection.

4.4 Discussion

The association between inbreediny and particular breeding plans has long been
recognised (for example, Morley '954), ¢nd a number of authors have recently
examined ways of constraining incr:ases in the level of inbreeding or the impact of
modern selection methods on inbrecding (Toro & Perez-Enciso, 1990; Wray et ul.,
1990; Quinton er al, 1992). Dempfle (1990) recognised that some restrictions on
selection strategies are required to m.iintain ¢ reasonable effective population size, and
suggested that there may not be much additional efficiency to be gained once such

restrictions are satisfied.
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The present study demonstrates a 1aethod for constraining inbreeding which allows
inbreeding and rate of genetic gai1 to be considered jointly. [t demonstrates the
effectiveness of mate selection in ichieving both a greater rate of gain and lower
inbreeding compared with selection using BLUP and random mating. It shows that
further sizeable reductions in inbrecding are also achievable while maintaining rates
of genetic gain that are little differcnt from those obtained under selection utilising

BLUP and random mating.

The work is based on simulation ot only a small sized population, and this imposes
some limitations on interpretation. \Vith larger populations, there will be lower levels
of inbreeding due to higher associat:d effective population size. But with larger and
more complex breeding structures tt e potential for usefully applying mate allocation
and selection procedures can also be increased. In addition, the relatively low
heritability used for our simulation s likely to have led to more marked differences
among strategies than with a highe - value, the benefit from use of information on

relatives being greater at lower heritability.

The method presented here uses the frontier of genetic merit and inbreeding level
which defines the most efficient portfolios of matings as a basis for choosing
reasonable constraints to apply to rate of genetic gain and inbreeding. In this way,
practical decisions are able to be made about 'acceptable’ levels of lost genetic
response and gain from reduced inbreedirg. Further questions which might be
addressed include ways of arriving 1t the optimal point on the frontier at which to
operate and the circumstances which makzs definition of this point possible and

desirable. These are questions warranting further study.
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CHAPTER 5

The Comparison ancl Ranking of Selection

Strategies

5.1 Introduction

Increasingly, the relationship betweer selection strategies and the associated levels of
inbreeding is being recognised (Quiiton, er al., 1992; Wray & Thompson 1990).
High levels of inbreeding have the potential to reduce the returns to producers from
their current and future stock through loss in fertility, depressed production, reduction
in genetic variance and genetic respor se (see, for example, Morley 1954, Quinton, et
al. 1992). Hill (1994) noted that fitness problems in one form or another are an
inevitable consequence of long term s:lection. Therefore, an important aspect of any
selection strategy will be its capacity ‘o address aspects such as the genetic progress
derived from the program as well as the rate of inbreeding associated with this

progress

Current work in this area suggests that expected genetic gain and the factors that

impact on its achievement can be effec’ively addressed through selection strategies to
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provide better long term outcomes, with Meuwissen and Woolliams (1994b)
concluding that while the results >f specific studies vary, the general returns are
almost invariably the same, large cductions in risk are possible without decreasing
genetic gain significantly. Such r sk can refer to aspects such as the accuracy of
estimated breeding values, the level of inbrceding associated with a breeding strategy,

or the variation in returns.

The problem of comparing breeding schemes on the basis of expected genetic
response has recently been highlighited by Quinton et al. (1992), who demonstrated
that while strategies based on BLUP estimates do have higher expected levels of
genetic response, the inclusion cf a consideration of the associated levels of
inbreeding changes the relative rankings of such strategies, and needs to be taken into

account in the development of prefe:red management practices.

In Chapter 4, stochastic simulations of a rar ge of mating and selection strategies were
undertaken. These strategies vari:d both in the selection criteria used (whether
selection was based on the observed level, the phenotype, of the trait or on the
estimated breeding value, the ebv) ind on whether the steps of selection and mating
were carried out sequentially selection followed by random mating) or
simultaneously (by mate selection, where the optimal combination of mates defines
the selected mating stock). The detined mate selection strategies were differentiated
by an acceptable maximum level >f decrcase in the expected response, with the
selection objective directed to miniriise inb-eeding subject to the achievement of this

minimum level of response.

From the time series informatior available from the above modelling it was
demonstrated that for a small comr promise in the expected level of genetic gain,
considerable benefits through reduced levels of inbreeding were possible. However,

this assessment does not allow a quatitative evaluation of the merit, or utility, of such
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strategies. While the question of wether a degree of joint regulation can be achieved
between genetic gain and inbreedin 3 was satisfied, the further issue of which strategy
was preferred was not definitively addressed. A similar concern was expressed by
Quinton and Smith (1994) who, in considering a range of genetic evaluation-selection
systems, looked to ascertain if therc was a generally optimal system. Their approach
used graphical methods to compare the cumulative genetic response and inbreeding

for varying numbers of sires.

Leitch et al. (1994) provide another approach to the question of how to compare
strategies recording both merit and inbreeding. They developed a ratio - the Relative

Inbreeding to Response Ratio (RIRIY):

RIRR = (AF,/AF,)/(AR,/AR)) 5.1

where i and j refer to the strategy e <amined and used, respectively, and F and R refer
to the rates of inbreeding and genctic response. While this measure facilitates the
comparison of strategies in any ye:r, the actual application of a mating strategy has
impacts over a far longer time reriod. To accommodate this, RIRR could be
aggregated over such periods, hovsever, iz would seem more effective to directly
manage the use of all available info mation - namely the time series data for R and F,
this requiring a more complex process than is provided either by the use of graphical

approaches or through the RIRR.

Thus, while the assessment and con parison of schemes addressing a single objective,
over time, or multiple objectives, at one time, can be relatively straightforward,
comparisons are more involved where competing objectives (such as genetic progress
and rate of inbreeding) are measur:d over a time period. The different sources of
information available (including the costs and retuns of implementing selection

strategies) must be integrated to allow the complete picture to be considered.
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In developing an approach through which the etfectiveness of mating strategies can be
compared, the needs must be identi ied. The information available on these strategies
can usually be summarised either s benetits (for example, through increases in the
expected level of response) or risks, or costs (the potential reduction in that response

through, for example, inbreeding desressior and reduced genetic variation).

By defining this problem of the benefits and costs of mating strategies as one of
assessing alternative mechanisms for resource allocation, the available information
can be used, through a benefit :ost analysis, to quantitatively assess possible
Investment strategies (specifically, mating strategies). This perspective, of viewing
animals as investment options, anc breeding and selection as a resource allocation
issue, is becoming increasingly com mon in animal breeding research with techniques
such as Linear Programming (e.g. Jansen & Wilton, 1985; Kinghom, 1987; Toro &
Silio, 1992) and Portfolio Analysis (e.g. Schneeberger, Freeman & Boehlje, 1982),
being applied from this perspective The application of benefit cost approaches is a
useful extension to the current appl cation of economic evaluation approaches in this

area.

5.2 Method

Benefit Cost Analysis (BCA) is a procedure for comparing alternative courses of
action by reference to the net social berefits that they produce (Department of
Finance, 1991). While its application traditionally has been the selection between
alternative activities measured on 1 financial basis, it potentially has a far wider
application, providing a flexible app ‘oach to investigate variables over time. Goddard
(1992) used this approach to consider the beaefits and costs associated with the export
of genetic material. [n this thesis. the methodology is used to assess time series
evaluations of competing selection strategies on the basis of the benefits (estimated

genetic response) and costs (associat :d inbreeding).
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The BCA approach operates through an integration of benefits and costs discounted
across the time series to provide a single measure. Although a formal application of
BCA is not appropriate to the comparison of selection strategies, the general approach

does offer a mechanism through wh ch the identified needs can be satisfied.

The genetic simulation model usec to evaluate strategies for the joint regulation of
genetic gain and inbreeding is detailed in Chapter 4, with the results (true breeding
value and inbreeding level) summ:rised in Figures 4.2 and 4.3. The Benefit Cost
Model, used to evaluate and rank the strategies analysed in this work, is detailed

below.

5.2.1 The Benefit Cost Mo 1el

The aim of this model is to provide a mectanism through which the relative ranking
of selection strategies, based on th¢ output data from a simulation modelling study,
can be achieved. Real estimates of ¢ither the total benefits and costs of such strategies
is not an objective - thus, a quantititive analysis is described, based on the variable

costs and benefits of the enterprise, with elements common to all strategies excluded.

5.2.1.1 The Decision Rule

The cost benefit approach is based on an identification and evaluation of the total
costs and benefits associated with possible courses of action. Within the benefit cost
framework there are a number of indicators, or decision rules, used for assessment

where B are benefits ($’s) and C the :osts ($ s) in year ¢, for interest rate, r, including.

(1) The Net Present Value

~ (B, -C,)
NPV = -t 7
; (1+r)’

N
o
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(2) Benefit Cost Ratio

Present Value,.yprirs

B/C=

Present Value s

The NPV is the benefit-cost rulz reccmmended for public sector assessments
(Department of Finance, 1991) wi:h this assessment being equally appropriate for

situations such as are considered hetre.

The Handbook of Cost Benefit Analysis (Department of Finance, 1991) cautions that
care should be taken in the application of both the Benefit Cost Ratio (B/C) and the
Internal Rate of Return (IRR), notir g that the benefit cost ratio is only as reliable as

the net present value rule when ... project alternatives are not mutually exclusive.

Gittinger (1972), in looking at the ir1pact on B/C of different netting out conventions,
noted that different conventions vrould change the resultant rankings of project.
Similarly, where there is difficulty n accurately identifying and defining all benefits
and costs, it is important that the sensitivity of the decision rule to the accuracy of
such values is considered. In particular, the use of a decision rule applying a linear
transformation of benefits and costs (the NFV rule) will be far more reliable than will

one where a ratio of these values is ¢pplied.

Similar issues have been considered in the use of ratio approaches in other areas of
animal breeding. McClintock and Cunningham (1974) used the discounted gene-flow
method to evaluate the effects of varying cow replacement policies. They recognised
that changes in the relative economi: weights will alter the value of different items of
information. Interestingly, Quinton et al. (1992), in looking for a means by which to
combine the levels of inbreeding and genet ¢ response in an effective index assessed

the use of ratios or other alternatives and found ratios wanting.
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5.2.1.2 Identification of Benefits and Costs

The main benefit associated with the strategies under consideration is the overall level
of production. The main cost is the degrez to which this production is diminished,
due to inbreeding depression. [n addition, there will be some increased cost

associated with mate selection strate zies due to slightly higher management costs.

In a benefit cost analysis it is standurd practice to identify all costs associated with a
scheme. However, as discussed above, the costs relating, for example, to the
maintenance of stock, will be com non across all strategies, and therefore will not

impact on their relative ratings.

Similarly, many of the benefits as:ociated with production will be common to all
strategies, and so will not be incluced in the analysis. In addition to the additional
effort required in estimating common costs and benefits is the potential impact of the
inaccuracies of such estimates. The inclusion of such information would reduce the
accuracy of the analysis by introducing information of variable reliability which is not
required for the achievement of the objective of the analysis - the ranking of

strategies.

The evaluation of NPV arises fromr the basic genetic model with the phenotype a
combination of genetic and environ nental contributions and inbreeding leading to a
depression in the expected performince level, providing a mechanism to evaluate a
measure of the performance of a scheme taking into account the likely benefits
(expected response) and costs (associated inbreeding), with each BCA. The set of
simulations undertaken allow a consideration of the outcomes of breeding schemes

based on a possible level of inbreedinig depression.
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-

20 (E:j/),.\'.r‘ + G:AIJ.S r) * (1 - /) * F,,[).‘\'Ar)
h.S . r 4 (1 + I’)[

where:
S is the mating strategy under asscssment (£, P, MS, to MS,;)

E. representing the environmental mpact, in selecting from a N (0,4) distribution
G, the genetic contribution, selected from a N(g,_, ,O'i,l_l) distribution, where
g., is the mean genetic contribu ion in year / and 0';4 its variance
b is the weighting placed on the impact of inbreeding
F. the associated inbreeding impac:, selectzd from an N(F_* b,azfﬂ *b)
where F,_, is the mean inbreeding level and ajﬂ its variance (so correlating

higher menit with higher inbreeding)

r  interest rate

Seven levels of b, the weighting on inbreeding depression, were used, varying
between 0 and 10% (in steps of 2), ¢nd 20%. Falconer (1981) tabulated examples of
inbreeding depression, detailing levels between 0.6% (of the non-inbred mean per ten
percent increase of the inbreeding cc efficient) for mice bodyweight to 7.2% for litter

size in mice.

Two specifications of the model werc used:
A4) Basic Specification : A basic Benefit - Cost specification, with E selected
from a Normal distribution £ ~ N(0,4), and G and F selected from a Normal

distribution with mean and variance taken from Tables 4.1 and 4.2.

B) Additional Cost of Managcment:  For all mate selection strategies, an

additional management cost ol 5% of productivity was incorporated.

106



Chapter 5 - The Comparison and Renking of Selection Strategies

The @RISK software for Excel (Palisade, 1992), was used to select values for the
stochastic elements used in the model specified below, with input data from Tables
4.1 and 4.2. Two hundred and fift replications of each varnation ot the model werc
carried out, with the mean NPV and the Standard Error reported in Tables 5.1 to 5.4.
While NPVs are reported, it should be noted that these do not reflect actual values
associated with the application of strategies, but provide relative ratings of such

strategies.

5.3 Results

The results from the simulations arc presented in Tables 5.1 to 5.4. Figures 5.1 to 5.4
show these results and facilitate thz comparison of the strategies under variation in
interest rate, impact of inbreeding and effect of additional management cost. Of
particular interest is the relative rankings between mate selection strategies - these

assessing different mixes of benefits and costs.

Two levels of interest rate, r, were considered in this analysis, and while there is a
significant difference between the ¢bsolute value of strategies (the NPV) under these
levels, the impact on the rankings is not significant - these maintaining a similar
pattern for both levels. The main impact of  is on the scale of the relationship, with
the results for »=./ showing a nartower range than for r=.06 - this same pattern

occurring in both Models considere:l.

For Model A MSp, 1is clearly superior to £, with P, ranked below all the mate
selection strategies (for b in the ranze 0 to 10%). Turning to the impact of additional
management costs, the main difference between Models is that the relative benefit of
mate selection options are somewat eroded compared to alternatives. Unlike in

Model A, the returns in Model B associated with £,- and MSg are very similar at the
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Chapter 5 - The Comparison and Ranking of Se¢lection Strategies

Table 5.2 The NPV (standard error) of selection strategies for Model A for varying weights on inbreeding, b,
and for an interest rate, r .10.

Veighting on Inbreeding
% decrease in production per 10 % increase in F

Selection 0 2 4 6 8 10 20
Strategy
E 16.96 16.11 15.28 14.41 13.55 12.71 8.52

(0.55)  (0.33)  (0.53)  (0.49)  (0.52) (0.46)  (0.42)

MS, 17.75 16.98 16.27  15.55 1475 14.04 10.31
(0.55)  (0.52)  (0.:7) (0.54)  (0.51)  (0.50)  (0.46)

MS, 16.39 15.73 15.11 1445 13.80  13.17 9.91
(0.54)  (0.33)  (0.£1)  (0.51)  (0.50)  (0.52)  (0.50)

MS; 16.36 15.86 1509 1478 1417 13.64 10.90
(0.54)  (0.51)  (0.£1)  (2.53)  (0.53)  (0.51)  (0.47)

MS,;, 15.95 15.38 14.32 14.24 13.76 13.14 10.35
(0.51) (0.54) (0.£3)  (D.55) (0.50)  (0.52) (0.45)

MS 14.64 14.25 13.34  13.41 13.00  12.56 10.53
(0.55)  (0.61)  (0.51)  (051)  (0.52)  (0.52)  (0.51)

P, 13.63 13.23 1287 12.48 1213 11.75 9.86
(0.58)  (0.54) (0.36)  (0.50) (0.52)  (0.56)  (0.48)

111



(43!

"V 19POIN ‘01" = 1 o1aym ‘Surpasiqui jo ySiam ay) ‘q Jo s[oad] Surklea 10y sa13a)el)s UOND3[as Jo (Furyuel) anjes ul 33ueyd Y| 7°¢ 4nS1]

Buipaa.iqu) uo Buybiapn
114 8l 9l 14" cl 1] 8 9 v c 0

“ | “ " “ " 8

——

ig——

GZSIN —e— <
OLSI X c
GSIN —>— M
LS — ¥ — o
OSWN —=— =
13 —e— =

«Q

<

$91891e1)G UO1}00]0S JO Funjuey pue uosuedwo)) ay] - ¢ 1aidey)



Chapter 5 - The Comparison and Ranking of Selection Strategies

Table 5.3 The NPV (standard error) of selectior. strategies for Model B for varying weights on
inbreeding, b, and interest rate r .06.

Weighting on Inbreeding
% decrease in production per 10 % increase in F

Selection 0 2 4 6 8 10 20
Strategy

26.04 24.66 23.28 21.82 20.47 19.06 12.00

E,
(0.71)  (0.64)  (0.64) (0.64)  (0.62) (0.57)  (0.53)
MS, 25.93 24.73 23.56  22.38 2111 19.98 14.04
(0.63)  (0.61) 0.58)  (0.60)  (0.59) (0.62)  (0.52)
MS, 24.14 23.09 22,05 21.01 19.99  18.90 13.73
0.63)  (0.67) 0.66)  (0.62)  (0.57) (0.56)  (0.49)
MS; 24.15 23.27 2238 21.50 20.60  19.70 15.27
(0.66)  (0.64) 0.59)  (0.60)  (0.57) (0.58)  (0.58)
MS,, 23.41 22.54 21.63  20.76 19.83  18.94 14.44
(0.63)  (0.61) 0.67)  (0.61)  (0.60) (0.62)  (0.53)
MS,; 21.71 21.02 2034 19.69 18.98 1831 14.93
(0.68)  (0.63) 0.64) (0.62)  (0.59)  (0.58)  (0.57)
P, 20.73 20.12 19.48  18.88 1824  17.64 14.53

(0.67)  (0.64)  0.64) (0.63)  (0.63) (0.64)  (0.57)
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Chapter 5 - The Comparison an Ran<ing of Selection Strategies

Table 5.4

The NPV (standard error) of selection strategies for Model B for varying weights on
inbreeding, b, and interest rate, r .10.

% decrease in production per 10 % increase in F

Weighting on Inbreeding

Selection 0 2 4 6 8 10 20
Strategy
E 16.97 16.12 15.23 14.43 13.60 12.74 8.52
d (0.56) (0.54) (0.52) (0.51) (0.45) (0.51) (0.42)
MS, 16.84 16.16 15.45 14.76 14.03 13.35 9.815
(0.52) (0.54) (0.52) (0.49) (0.47) (0.46) (0.46)
MS, 15.56 14.95 14.23 13.72 13.10 12.49 9.43
(0.53) (0.53) (0.52) (0.55) (0.49) (0.46) (0.41)
MS; 15.56 15.03 14.51 14.00 13.49 12.95 10.36
(0.54) (0.49) (0.52) (0.55) (0.49) (0.46) (0.41)
MS,, 15.13 14.58 14.06 13.53 13.02 12.49 9.831
(0.51) (0.50) (0.49) (0.51) (0.50) (0.46) (0.45)
MS,; 13.92 13.54 13.13 12.73 12.35 11.96 10.00
(0.49) (0.52) (0.49) (0.54) (0.50) (0.46) (0.48)
P, 13.63 13.25 12.87 12.49 12.12 11.73 9.85
(0.52) (0.52) (0.54) (0.51) (0.57) (0.50) (0.49)
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Chapter 5 - The Comparison and Ranking of Selection Strategies

5.4 Discussion

Recent research has focussed on wvays tc obtain maximum genetic response and
simultaneously limit inbreeding (e.g. Leitch et al, 1994). This move reflects the
recognition of need associated with a move from theoretical refinements in the
prediction of elements of merit, for examplz, to the application of breeding strategies

to satisfy the observed objectives of decision makers.

This chapter looks to the resolution »f two issues - the former determining the validity
of the latter. Firstly, can BCA provide an effective approach through which
information such as that generated in Chapter 4, be used to analyse and compare
mating strategies ? And, given thit it can, what conclusions can be made on the

information under consideration ?

Does BCA offer an approach through which the effective integration of time series

assessment information can provide -anking of alternative strategies ?

In the identification of the optimal sirategy for the breeding management, many of the
potential limitations in the BCA apyroach do not present major constraints. Many of
the costs associated with animal proluction will, under any strategy, be common, and
so, as fixed costs, can be excluded from ths analysis - avoiding complex estimation
and the associated error. Similarly. social benefits are not relevant to this analysis,
except perhaps through some marginally greater maintenance of biodiversity
associated with the avoidance of inbreeding - as with other difficulties associated with

estimation, this aspect is not conside ‘ed in the current analysis.
In addition to the specific results from this analysis assisting in the evaluation, it 1s

apparent that this approach has p-oviding one means of jointly considering the

available information of such selection schemes. This provides a capacity to consider

17



Chapter 5 - The Comparison and R:nking of Selection Strategies

such resource allocation options fiom an objective perspective addressing both the

costs and returns associated with the adoption of such a strategy.

The evaluation undertaken here provides a comparison of the relative benefits of
different selection and mating stratcgies. [1 looking at these results, It is possible to
identify an optimum strategy for particular settings, but more importantly, to assess

the overall impact of such settings o1 different strategies.
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CHAPTER 6

General Discussion

6.1 Introduction

The basic issue addressed in this tlesis is that of increasing the overall response to

selection, and the achievement of the objectives of given selection programs.

The selection process, impacting >n the population structure through differential
opportunities for inclusion in succecding generations, carries with it both the benefits
of the increased representation of desirable traits for future populations, and the
disadvantages associated with non-rtandom selection. As stated by Robertson (1977)

you can’t have your cake and eat it 190.
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However, even given such probleras, selection is still the most viable means through
which progress can be made. Thus, whle the associated difficulties arising from
increased efficiency and intensit’ of selection are increasingly recognised, it is

generally found that these are outw :ighed by the benefits.

What is becoming apparent is that vhile there are some disadvantages associated with
efficient selection processes, there also arc mechanisms through which the negative
impacts of such selection can be more effectively managed. For example, while
increased inbreeding compared to hat associated with random selection may be an
inevitable consequence of intensive selection, this impact does not have to be accepted

at the maximum level.

With the refinment of Mixed Model methodology, there is a move from a
concentration on effective estimatio1 and prediction to the expansion of the selection
objective to recognise the need to ad Iress risk in the management of animal breeding -
reflecting a move from an optimal solution in a simplified world to a satisfactory

solution for a more real world (Stmcn, 1979).

6.2 The Selection Process

6.2.1 Objectives

Quinton er al. (1992) stressed that coinparisons between the outcomes under selection
from BLUP and random selection should be made in the light of all impacts. From
their analysis they showed that pheno ypic seiection can give higher rates of response
than BLUP over a range in time for 1ow to moderate rates of inbreeding. Similarly,
in reviewing the literature on this area they noted that gains by BLUP may be reduced

if:
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e parameters are not well estimate 1 (from Sales and Hill, 1976);
o if there are pedigree errors (Long; et al. 1990); or if

e there are time delays in obtaining BLUP evaluations (Smith and Burnside, 1990).

The first point to address is what uctually are the objectives of those using animal
breeding techniques. The main arca normally evaluated by research, an increase in
the expected genetic merit, is obviously important, since it indicates expected
performance in progeny. However, before :his performance occurs an animal breeder
must also manage:

o the difference betv/een predicted and true genetic merit (accuracy);

o the difference between expected genetic merit and phenotype,

including environiaental components and inbreeding depression;
e impacts of the cosis involved in reaching selection decisions; and

e other personal preferences.

And while it may not be viable to effectively manage all these, their identification

highlights the complexity of defining and achieving the true selection objective.

Even the apparently simple assump ion of profit maximisation fails to truly capture
the objectives of producers, with additional risk preference and lifestyle
considerations needing to be recognised in modeling producer behaviour. As
discussed above, and as is strongly recognised through growing use of risk utility
functions, the rational decision maker is not interested in maximising the absolute
gain from a decision but in maximising its utility ( Bernoulli, 1738, quoted in Wyler,

Hagger & Stranzinger, 1994).

So what do more realistic expressions of the objectives involve ?

Generally, these might be expressec, as above, in a simple single objective form.

However, even in looking at simpl: selection theory, we are really dealing with
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multiple, competing, and not entirely consistent, objectives (without considering the

specific risk preference of any decis on maker), for example:

e estimated response - is desirable .n increased quantities;

o high variance in this response - this can be beneficial, through the impact this
variance can have on response;

e Jow variance in this response - this can be beneficial through the knowledge on
outcomes; and

o strong linkage between estimated and actual response - implying minimal bias

from, for example, inbreeding depression, reducing achieved response.

Where can effort be optimally direct:d to acaieve increased desirable genetic change ?

We know that expected response, R, can be defined as:

R=il'c, 6.1

or, where h=o /o, ,

R=iho, 6.2

Here, R is a function of the selection intensity, i, the heritability A2 , and the
phenotypic and additive genetic variance (o, and o, , respectively). While there is
some choice over which variables :an be targeted in maximising R, a significant

opportunity to achieve this objective will occur though a targeting of variance.

Selection intensity can be manipulat:d quite dramatically, significantly impacting on
the resultant response, for example tirough the application of artificial insemination.
However, as this will also impact on the population structure and so the profitability

of the enterprise, it may not te a recalistic option for achieving change.
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With some rearranging, R, , the resfonse per year, can be expressed as:

R_v =irco, /L 6.3

where . is the accuracy of selectiyn, which equals /2 under mass selection.

The measure impacting on R over vhich we have the greatest control, r4( , is also a
function of the amount of variation in the population. This highlights the
consequence that various forms of variation have on the impact of the selection

process.

The additive genetic variance is of piime interest here as this can enhance the response
that can be achieved. Related to this is the error variation of estimated breeding

values associated with the accuracy ¢ f estimation of genetic parameters, r,, :

SE, =(1_r3)o-i 6.4

where the greater the accuracy the more precise the estimation. While such precision
is highly desirable, avoiding the downside risk of selecting poor animals, it also

reduces the capacity to capture superior animals of unproven merit.

6.2.2 Management of Impats

Consideration of alternative strategics generally assume that these alternatives will
involve a cost over standard selectio1 practices - for example, a decline 1n expected
response. While this cost will be sezn in the evaluation of the immediate selection
period, it may not be translated to the lcnger term evaluation - some selection

strategies demonstrating the capacit’ to eniance performance in the longer term.
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With regard to accuracy, the »erspective over the last decade has changed
considerably, with an increasing r:cognition that the rational decision maker should
not necessarily prefer high accuracy (e.g. compare Freer & Sunstrom with Klieve et
al., 1993 or Woolliams and Meuwissen, 1993). The results from Chapter 3 provide
some support from a single gene ation assessment, showing that minimal, if any,
decrease in response can occur where there is some imposed preference for low
accuracy. When the criterion is ex:ended to utility, there was an indication that some
preference for lesser accuracy may show a benefit. Adding to this conclusion is the
impact that inbreeding can have on the net economic response, including the cost of
potentially lost animals - further enliancing the possible benefits in moving away from

a preference for maximising accuracy.

Consideration over a longer time period further strengthens the support for the view
that the optimal selection practice on one objective (maximising simply estimated
genetic merit, excluding inbreeding effects) may well be suboptimal where other real
objectives are included. As shown in Chapter 4, mate selection approaches can be
used to mediate between the multiple objectives of risks and returns. This has been
shown by a range of recent research (e.g. Quinton et al., 1992; Brisbane & Gibson,

1994, Kinghom & Shepherd, 1994; IMeuwissen & Woolliams, 1994).

One significant impact of mate selection may come through its ability to increase
genetic variation. Where the mat: select.on objective focuses on matings which
result in a reduced level of inbreedir g, an increase in the overall variation can result.
[t is interesting to compare the outcomes of the strategies considered in Chapter 4,
where it can be noted that MSp (efectivelv a mate allocation option) has a greater
rate of improvement in response than does £, (random mating based on BLUP ebvs).
In each selection process, the matings made under MSy must have no greater level of
inbreeding than under £, . In fact, 1t every selection event there may be a slightly
greater level of variation in the population under MSg than £, leading to an gradual
increase in the potential response. Kinghorm and Shepherd (1994), in developing

information rich mating strategies, identify possible benefits from mating allocations
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that capture the benefits from higher levels of variance over those that depend on

maximising parental ebvs above.

The analysis of Woolliams and Mcuwissen (1993) identified one of the major issues
contributing to this trend. Basical y, where there is a choice between a high and low
accuracy animal with comparable ebvs (A and B respectively), there are two facets to

the higher associated variance:

e upside benefit - hus, the chance that the true merit of B is above
that of A; and
o downside risk - thus a greater chance of B having merit well below

that of A.

While most decision rules assume that risks will outweigh benefits, in one decision
rule (80% rewarding uncertainty in jredicticn), it was identified that rewards from the
underestimation of merit outweighed the losses from such errors - thus the upside
benefit was greater than the downsile risk. The results from their study showed an
increase in the expected genetic progress associated with rewarding uncertainty in
prediction, and, more interestingly, a dramatic increase in the variance of this
increase. The latter point highligh's the increased potential for benefits in future

generations.

Basically, the approaches discussed above provide mechanisms through which the
negative impacts of intensive selectic n processes can be mediated to optimally effect
response. This is achieved through recognising and addressing the multiple objectives

identified above, by:

e targeting genetic response, but recognising that it must be expressed, not
predicted; and
e hamassing the benefits of ncreased variation while managing the cost of

reduced predictability by otier mechanisms (price and preference benefits).
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In this discussion, the focus on variation and on the associated strategies currently
being developed to manage inbreeding, suggest that inbreeding is the principal target
for the reduction of impacts. While this obviously is one factor which strategies must
address, it is critical that the real, ( nderlying problem, being addressed is identified -
ensuring that the most efficient and effective strategies are developed and

implemented.

6.3 Is Inbreeding the Froblem ?

While inbreeding depression, anc associated decreases in variation, are highly
recognisable negative impacts associated with selection, it is important to consider if
inbreeding itself is the problem. Alternatively, do the problems of inbreeding, arise
from a more basic issue. The result; of Chapter 4, while targeting the issue of jointly
regulating inbreeding and response, provide some insights, as does the discussion of

accuracy in Chapter 3.

Work looking at accuracy (e.g. Khee et al.,1993; Woolliams and Meuwissen, 1993)
has demonstrated the feasibility of placing the emphasis on variability rather than on
certainty. The long held assumption that high accuracy is preferred arises from the
use of limited information. Relationships are included in the mixed model equations
leading to a misbalance, with differential accuracies for individuals holding different
levels of pedigree information. Thus, while the different levels of relationships
between individuals are used to estiraate genetic merit, they perhaps are not as fully
utilised as is possible - a reliance on ebvs implying that limited information is

information on merely average merit.
By incorpoating the level of accuracy as a risk factor in the decision process, this risk

can be captured, and managed. This 1epresents a move from working at the norm, the

ebv, to managing the variation either side - thus the risk. The capacity to capture the
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upside benefit associated with low accuracy animals offers considerable benefits, and,
as discussed above, there is considcrable evidence that this can outweigh the downside
risk that the true merit is low (e.g Klieve et al,, 1993; Woolliams and Meuwissen,

1993).

Brisbane and Gibson (1994, also Wray and Goddard, 1994) adopted a different
approach to this problem, identifying the benefits from the inclusion of information on
relationships in addition to the use of BLUP ebvs. They found that this would be
likely to lead to an approach that would outperform other strategies being proposed to
reduce inbreeding (e.g. Grundy ard Hill, 1993). Even more recently, Wray and
Goddard (1994) using a stochastiz simulation model, showed that the selection
strategy which selected a variable number of sires, allocated a variable proportion of
matings and exploited random annual variations in breeding stock was successful in

maximising the response to selectior.

While these approaches offer reasoiable methods to manage inbreeding, they also
provide support for the view of inbre:ding and accuracy as secondary factors, arising
from the high levels of relationships, or networks, in breeding herds. The mate
selection algorithm detailed in Chap:er 4 focused on the management of inbreeding.

However, as discussed in Chapter 4 (Equaticn 4.10):

nofF noM

Minimize Y Y x, ;% F, +x, * R, 0.1

i=l j=1
(where R;; 1is a measure of the in ‘ormation, through relationship, available on a
potential offspring from parents / and ;) this approach can also be more directly
focused on relationships, providing . longer term targeting of the impacts seen, for

example, through inbreeding.
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6.4 Conclusion

Increasingly, research is supportiny the view that selection strategies designed to
address longer term population iinpacts are competitive with those maximising
immediate expected genetic response. The benefits from the longer term framework
including benefits from increased variation (Kinghom & Shepherd, 1994), reduced
inbreeding (e.g. Brisbane & Gibson, 1994; Klieve et al., 1994; Meuwissen &
Woolliams, 1994) and improved cos:s (Klieve et al., 1993).

Further work that specifically addre:ses the capacity to manage relationships is likely
to lead to a more direct, and thus eff:ctive, management of this problem. Thus, rather
than managing inbreeding as it ariscs, it is mportant to adopt a longer time frame in

developing a rationale for long term selection through the management of risks.
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