SYMPOSIUM: SELECTION INDEX THEORY

The Selection Index—Then, Now, and for the Future!

ABSTRACT

When improvement is desired for
several traits that may differ in variabil-
ity, heritability, economic importance,
and in the correlation among their
phenotypes and genotypes, simultaneous
multiple-trait index selection was more
effective than independent culling levels
or sequential selection. Such compari-
sons required definition of aggregate
breeding value determined jointly by
breeding values and the economic impor-
tance of the component traits. The eco-
nomic weight should approximate the
partial regression of cost per unit of en-
terprise output value on breeding value
for each trait. These can vary with
production and marketing system, with
performance of traits, and with breed
role (i.e., paternal, maternal, or general)
in crossbreeding systems. Genetic gains
desired to maintain competitive ranking
also may define the relative importance
of traits. Because information available
to estimate breeding values varies among
the ages and categories of individuals
under selection and because means are
unknown, regressed (BLUP) predictions
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of trait breeding values are useful. They
allow appropriate economic weights to
be applied as the last step for predicting
aggregate breeding values for individuals
of different age classes, and they sim-
plify choosing the proportions of
selected breeders from each age class
that maximize rate of change in ag-
gregate breeding values. Inappropriate
economic weights or errors in the
parameters used to predict trait breeding
values overestimate realized response in
true aggregate breeding value.

(Key words: selection index, multiple-
trait selection, selection criteria, animal
breeding methods)

Abbreviation key: a; = economic weight for
trait i, Gy = breeding value for trait i, H =

n
aggregate breeding value = 2 aG;, I =
1

n

Z (b;X,) where b; is a selection index weight-
i=l

ing, X; is phenotypic measure, and n = number
of traits, i = selection differential in standard
deviation units.

INTRODUCTION

The Program Committee of the American
Dairy Science Association invited L. N. Hazel
to review the early development of the selec-
tion index approach to simultaneous improve-
ment of multiple-trait components of perfor-
mance, which he began some 50 yr ago (25).
They also asked for his evaluation of the pres-
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ent and possible future usefulness of selection
index methodology. Before his death in 1992,
Hazel prepared a brief draft of his recollections
and thoughts, which have been supplemented
by the coauthors. The text written by L. N.
Hazel appears in quotation marks.

“The subject of selecting simultaneously for
several traits arose at an informal coffee ses-
sion of J. L. Lush with several of his graduate
students in 1940 when Lush suggested that this
subject would make a good thesis topic.” Be-
fore that time, Lush had spent several summers
at Kimber Farms in Niles, California, working
with W. F. Lamoreux on problems of breeding
for improvement of many different traits of
poultry, including age at sexual maturity, rate
of egg production, egg size, shell strength,
internal egg quality, and viability under differ-
ing exposures to disease vectors. Lush also
was involved in a large experiment to select
for growth rate, conformation, and reproduc-
tive rate of swine as part of the Cooperative
Regional Swine Breeding Laboratory effort.
These traits differed not only in economic
importance, but also in variability, heritability,
and genetic and phenotypic correlations.
Clearly a need existed for someone to quantify
the influence of these factors on the weighting
for each trait of selection that would produce
maximum genetic change in the economic
merit of the selected population. This was the
challenge Hazel accepted for his thesis project.

HAZEL'S DEVELOPMENT OF
MULTIPLE-TRAIT INDEX SELECTION

“As it turned out, most of the important
principles and concepts required to maximize
expected genetic improvement were already
being taught in courses of animal breeding,
statistics, and genetics. For example, a course
in statistics showed how the multipliers of
independent variables could be chosen so as to
result in a maximum correlation with a depen-
dent value (65). Genetics courses included sec-
tions on pleiotropic and linked gene effects
that might cause simultaneous effects upon
two traits. In animal breeding courses,
Wright’s (75) research on the biometrical rela-
tionship between genotype and phenotype was
discussed. Problems of evaluating the transmit-
ting ability of dairy cows and their sires were
illustrated (39), and heritabilities of a few
traits, such as growth rate and milk fat produc-
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tion, were appearing in journal articles (40).
Thus, most of the necessary ingredients for an
organized plan to optimize multiple-trait selec-
tion had been developed, but no one had taken
the time or trouble to complete that plan. Ap-
parently, Hazel did not discover the parallel
work of Fairfield Smith (64) on plant selection
until he was preparing his thesis work for
publication in Genetics.”

Hazel described the plan as follows:

“First, the purpose of index selection should
be to achieve maximum genetic progress to-
ward a stated economic goal.

Second, economic return to the livestock
enterprise should be of primary importance,
requiring the expected independent monetary
return from a unit of change in each trait (a)
wherein change was sought. Thus, gain from
change in all individual traits included could

be summed into that for an aggregate genotype
n

(AH = 2 3;AGy), where H is aggregate breed-
1

ing value, a; is the economic weight for trait i,

and G is the breeding value for trait i.

Third, the biometrical relationships between
genotypes and phenotypes should indicate the
relative amounts of change expected from
selection (ie., among the AG;).

The remaining problem was that of genetic
and environmental correlation between traits
and its role in selection index construction.
Pleiotropic gene effects, imbedded in a mixture
of genetic and environmental variation, eventu-
ally were estimated by comparing traits of
animals related by descent (76), just as were
the biometrical relationships between genotype
and phenotype of the same trait (75). Each
offspring (0) and parent (p) comparison yielded
two regression estimates, that of trait X, on Y,
and that of Y, on Xp, which relative to cor-
responding regressions of X, on X, and Y, on
Y, became an estimator of the genetic correla-
tion (1g):

\f(bxoYpbyoxp)’(bxoprYoYp) =Te,,

The remainder of the analyses consisted of
using multiple regression techniques except
that each partial regression coefficient was
divided by its standard deviation (65), thereby
expressing each trait in units of its standard
deviation. The solution of the simultaneous
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equations, which maximized the correlation
between aggregate genotype and the pheno-
typic index (), provided the unknown mul-
tiplier (by) for each of the traits (i = 1...n) in the

n
index, I = Y (BiX)).
1

In writing theses, a customary procedure
was to develop certain theoretical principles
and to apply them to suitable experimental
data. In this case, as in many others 50 yr ago,
entirely suitable data did not exist. But three
traits had been measured on most pigs in a
cooperative breeding experiment started in
1936 between the then Iowa Agricultural Ex-
periment Station and the Regional Swine
Breeding Laboratory (USDA) to study effects
of selection and different rates of inbreeding in
Poland China pigs. There were 12 separate
inbred lines, and inbreeding varied from 0 to
40% between 1936 and 1940. Use of the stan-
dardized regression coefficients minimized ef-
fects of seasonal variations, selection of par-
ents, and different levels of inbreeding. The
“flip-flop” manual calculator and the one
motorized Monroe calculator were available to
graduate students with priority, amounting to
fairly full usage from 10 p.m. to 7 a.m., when
most estimates of heritabilities and genetic
correlations were made!

Thanks to Frances Hazel, who was assistant
bulletin editor of the Iowa Agricultural Experi-
ment Station and a good typist as well, little
rewriting and no major changes were neces-
sary. Publication of Hazel’'s was accepted
promptly by Genetics (25)."

Total Score, Tandem, or Independent
Culling Level Selection

Hazel’s work on multiple-trait selection was
divided between two publications. The first
one compared selection for several traits based
on a total score; selection was based on in-
dependent culling levels or on one trait at a
time (29). For n independent traits of the same
variability, heritability, and economic impor-
tance, combined response from selection on
total score (AHj) is expected to average \n
times larger than that from tandem selection
for one trait each generation (AH;), so that
response in each of the n traits from total score
selection would average 1/4ln of that from
selecting for only one trait.
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Independent culling level selection for n
traits was less efficient than total score selec-
tion in allowing superiority in one trait to
compensate for inferiority in another trait be-
cause the total proportion selected (p) for all n
traits must be the product of the n effective
proportions (q;) selected for each trait (i.e., p =
Q1 q2- . -qn)- This result limits total response
from equal culling levels for all n traits to

Z‘li Zp Zq n-1
vn —/-2 or \fﬁ >q of that from total
g P Z,

score selection [Figure 11 in (29)]. The advan-
tage of total score over independent culling
level selection increases sharply with number
of traits and with larger total proportion (p)
saved for breeding [Figure 12 in (29)].
When the traits selected are uncorrelated
but differ in the product of economic impor-
tance, heritability, and variation (79), the op-
timal proportion to be culled (1 — g;) for two
traits under culling level selection differs by at

least the squared ratio, (aig;‘)ai/ajgjzaj)z, and
needs to be determined by trial and error. Here,
a; and a; are economic weights, gi2 and gj2 are

heritabilities, and g; and oj are phenotypic stan-
dard deviations for traits i and j. If the traits
included in independent culling level selection
are correlated, the optimal standardized selec-

tion differential (ixi) for each trait is propor-
tional to the o, by or to the 8y, for each

trait [as computed for index selection], but
again subject to the restriction that the combi-
nation of the n corresponding q; fractions cho-
sen must equal the total fraction (p) selected
(72).

Optimal Index Selection

For his thesis research (25), Hazel addressed
the broader problem of genetic improvement
of several traits (X;) that differ in economic
importance, variability, heritability, and degree
of genetic and environmental correlation. He
first defined the overall breeding objective or
aggregate breeding value as the sum of the n

trait breeding values, each weighted by its
n

relative economic importance, H = 2 &G;),
1

and then derived the index weightings (b;) of
the respective phenotypes that would max-
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imize the multiple correlation of a phenotypic
total score or I with H. The Ry determines the
potential improvement of H from the possible
standardized selection differential (if) for the
index, EAH = ij Rgoy. The biometrical rela-
tionships between the X; and H, as illustrated
in Hazel’s path diagram (Figure 1), must be
known to derive the optimal weightings of
phenotypic traits.

Relative Economic Importance

When genetic correlation exists among the
traits in which improvement is sought, the
relative economic values should represent the
direct or partial regressions of H (or net eco-
nomic return) on G; for each trait when G; for
the other traits are unchanged. For his pig
examples, Hazel used the approximations of a;
values for growth, conformation score, and
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sow productivity reported by Lush (41). In
Hazel’s later (26) example for index selection
in beef cattle, roughly independent values were
assigned to weaning weight ($.30/Ib for extra
feed), weaning score ($2.00 per point), post-
weaning feed efficiency (-$15 per unit lb of
feed/Ib of gain), slaughter grade (810 per unit),
and rate of daily feedlot gain ($16/lb) for fewer
days in feedlot.

When not measured, feed intake remains in
the definition of H, but selection index weight-
ings for the remaining traits, particularly daily
gain, are adjusted to maximize index predic-
tion of H (Riy). Hazel recognized that more
precise estimates of relative economic impor-
tance could be obtained through production
system simulation and that these relative eco-
nomic weights would change with the differ-
ences in production and marketing systems
among regions and over time.

Re, e, /.E 2 €
y AN

RG: Xo Xz

RG X XN
R\

H

Figure 1. Path coefficient diagram showing the relationship between phenotypic measurements (X;) and the aggregate
genotype (H). g; and RG.xi are correlations of E; (environmental effect for trait i) and G; (breeding value for trait i) with
1

X;: d; are standard partial regressions of H on G;;Rg_and RGij are correlations of E; with E; and G; with G;. From Hazel
(]

25).
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Role of Genetic Parameters

As indicated in Figure 1, the heritabilities
and the genetic (rg) and total phenotypic (rx)
correlations among the several traits included
in H are needed to solve the n equations of
correlation between H and each trait (X;) for
the standard partial regression (8;) of index (I)
on each of the trait phenotypes (X;) that max-
imize RIH-

TXH = By + txyaBy + ..+ rxan"[l]
IxH = rxnlﬁl + rX“z-B2 +...+8,
where
erH = h](dl + rlezd2 + ...+ rGl.ndﬂ)’
etc., and
a.0,
oy ’
47
G,
h = —,
Uxi
n
H =) @G)
1
and

n(n-1)/2
Q.0~ 0T .
214 @06, G, Gij)

n
2 2
oy = ajos + 2
H \); i 9G,

In terms of variances and covariances, the
ry y €quations for n traits reduce to the form:
)

96H = be,.”%( +

by O +...+byyo
HX, "X, HX, "X, [2]

where the n values for oy are obtained from
I

9GH = aia%3i + 406, +... 4+ ,0G, -

These equations can then be solved directly
for the partial regression (byy ) index weight-
1

ings per phenotypic unit of each trait. The
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corresponding standard partial regression, Sy
1
= bei(axi/aH), better indicates the relative im-

portance of each trait for predicting H.

Genetic correlations initially were estimated
from offspring-parent regression. However,
Hazel (28) recognized the potential biases aris-
ing from genetic and environmental maternal
influences on progeny performance that are
often involved in both heritabilities and genetic
correlations when estimated from regression of
offspring on parent. He then extended the esti-
mation of heritability from paternal half-sib
correlation to use of sire components of
(co)variance to estimate correlation for average
(additive) gene effects, which was a major and
much emulated contribution (27).

Hazel’s original publication (25) examined
the potential improvement in accuracy from
including the full-sib family means in addition
to individual performance in selection index.
Addition of full-sib performance improved ac-
curacy but also showed that important com-
mon maternal environment for full sibs could
lead to negative weighting of the family (litter)
mean as a correction for common environmen-
tal influences. Hazel’s use of family means
preceded later extensions to use of sire family
means (52) and, then, to use of the more com-
plete relationship matrices (31, 32).

LATER REFINEMENTS OF THE
SELECTION INDEX

As with any other major advance, selection
index theory has been further improved and
extended by others.

Hazel's Perspective

“Because livestock producers in 1943 were
only beginning to take records of performance
on their livestock, few applications of the con-
cept were immediately possible. There was
time for colleagues to investigate and study the
theory, and even a few experiments that in-
volved certain concepts of the selection index
were undertaken.

In the meantime, rapid developments con-
tinued to enhance the usefulness of index
selection:

1. The cooperative collection of production
records by dairy herd improvement as-
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sociations, breed associations, livestock
recording associations, and artificial
breeding organizations.

2. The development of high speed elec-
tronic computers to process masses of
numerical records.

3. The development of computer programs,
which provided access to the stored
records and accurate answers to esti-
mates of heritability, and genetic correla-
tions.

4. Systems approach to production prob-
lems do and will give more accurate
cost-return figures upon which economic
values can be based.

5. Access to the mammalian genome will
provide more accurate information con-
cerning the roles of heredity in animal
development. Animals can be given
credit or debit more accurately for
known genes or sections of genes.”

Separation of Trait Breeding Value Estimation

One very useful modification was devel-
oped by one of Hazel’s own graduate students,
C. R. Henderson [195]1 mimeo publication,
Cornell University, Ithaca, NY (31)], and first
applied by students of A. B. Chapman (8, 35).
This modification separated application of the
selection index into two steps. The first step is
estimation of individual breeding values for
each trait included in the definition of ag-
gregate breeding value. The second step is
application of the relative economic weights, H

n
= Z a,G;. This separation has two important
1

advantages. It permits use of the most complex
and accurate BLUP techniques to estimate in-
dividual breeding values for each index trait,
including adjustment for differing amounts of
information (31, 32), and it then allows the
economic weightings applied to vary with
differing selection objectives, depending upon
how different breeds are used in a breeding
system or the particular production and mar-
keting system, without recalculating breeding
values.

Henderson (31) showed that, when assump-
tions of known means and unequal information
were accounted for, the resulting equations
were what is now known as the mixed model
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for estimation of fixed effects and prediction
of random variables, such as the trait breeding
values, Gj, for individual animals. Henderson
(31) had not yet shown the properties of the
equations he derived to be best linear unbiased
estimator (BLUE) or BLUP. Henderson (32)
later showed the Hazel (25) index to be in the
class of best linear predictors when means and
variances are known. Even with BLUP estima-
tion of the G; and weighting the G;j predictions
with the economic values to obtain H, the
Hazel definition of H is still appropriate and
useful.

Because the BLUP estimation of G; also
allows comparison of individuals from differ-
ent age classes, BLUP facilitates optimal
choice of the proportions of selected young
and progeny-tested sires that will maximize
expected rate of genetic change per year, as
shown by Dickerson and Hazel (16, 17).

Effect of Errors in Genetic Parameters

Several researchers have examined the
potential overestimation of expected response
in H from index selection, which can arise
from sampling error of the genetic parameters
used in constructing an index (12, 22, 67, 69,
74) as well as from failure to adjust for
changes in parameters during the course of a
selection program (71). The latter also illus-
trated how very much the advantage of index
over tandem selection increases with change
from positive to negative genetic correlation
between selected traits, even though actual to-
tal response in H declines.

Relative Economic Importance of Traits

“The importance of transportation, tempera-
ture, humidity, availability of feedstuffs, and
geopolitical factors, such as national habits and
pride, and trade restrictions, illustrated vividly
how genetic populations can be made to differ
in response to the economic values placed on
different traits of the same species. Dual pur-
pose breeds have in general been quite suc-
cessful in Europe, but much less so in the
United States. A breed developed for the triple
purpose of providing meat, milk, and draft
could be justified for an isolated mountain
village.

The intense concentration on livestock
production systems research that is presently

Journal of Dairy Science Vol. 77, No. 10, 1994
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For breeding female
Expense per year _

For her progeny

(ATY) + @y + BF g + Fo) + NI DXI, + BE,, + F,) + S ”

Product per year

P,Vy + NPV,

A/Y = (Cost, young female:value, old female) per B, =  Mean postweaning metabolic body size for
year in production, - individual, relative to population mean.

I4 =  Yearly fixed costs per female, including la- Fy,y =  Mean daily maintenance feed cost per ani-
bor, housing. mal for population.

By =  Metabolic body size of female relative to po =  Mean daily feed costs above maintenance

_ population mean. for individual.

Fmda =  Yearly maintenance feed costs per female S, =  Fixed costs per animal including marketing,

_ for population. slaughter, and vaccines.

de =  Yearly feed cost above maintenance per fe- Py = Yearly volume of product per female.
male.

N =  Yearly number progeny marketed per fe- V4 =  Value per unit of female product.
male.

D =  Days from weaning to market weight for P, =  Live weight of meat animal when marketed.
individual.

I, =  Daily mean fixed costs per animal. Vo =  Value per unit of live weight.

Figure 2. Diagram of major variable controlling input costs per unit of output value from an animal production

enterprise. From Dickerson (14).

occurring is providing excellent examples of
changing economic values and what they may
be in the future. Can specialized female lines
bred for reproduction and mated to specialized
male lines for a final terminal cross be more
profitable than straight or rotational cross-
breeding production, as it has been for broiler
production?

Useful economic values must, of necessity,
be based upon conditions likely to exist some-
time in the future, because several generations
are required for appreciable genetic change,
even after the opportunity is generally recog-
nized. Selection indexes are well-adapted to
such situations because they provide a logical
method of changing goals gradually as de-
veloping situations indicate the need and the
direction of change.”

Hazel (25) defined the relative economic
importance of a trait as the net increase in
profit of the production enterprise for a unit of
change in one trait, independent of effects
from genetic changes in other traits included in
the definition of aggregate breeding value.
This definition of unit of change in profit
assumes no effect of genetic reduction in
production cost per unit on the market price
received for the output, but actual profit de-
pends upon supply and demand and may even
be a reduction in loss. Thus, some workers
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define relative economic importance in terms
of expected reduction in cost per unit of
equivalent output value rather than an increase
in profit [Figure 2, from Dickerson (14, 15)].
Production costs tend to govern future market
prices received for animal products, and thus,
their impact on costs to consumers. Effects of
genetic change in performance traits are also
more meaningful and stable as a proportion of
production costs than of profit. However,
Smith et al. (63) have shown that the two
approaches lead to essentially the same relative
economic weights if price per unit output was
assumed constant.

Moav and Moav (43), Cartwright (10), and
Cartwright et al. (11) were pioneers in their use
of production and marketing simulation to de-
rive economic weights for components of per-
formance. Harris (23) and Harris and Newman
(24) have defined relative economic weights in
terms of simulated profit functions that include
the nonlinear economic effects of genetic
changes in component traits on the H for in-
dividual candidate breeders. Production system
simulation is highly useful to estimate the
independent effects of unit changes in each
component trait on cost per unit output over
ranges of performance and for differing breed
roles (i.., paternal, maternal, or general) and
for differing production and marketing sys-



SYMPOSIUM: SELECTION INDEX THEORY

TABLE 1. Standard partial regression coefficients of profit
per year of herd life with their standard errors and proba-
bilities of Type I error.!

Standard  Standard
partial errors
regression of

Type I
error

Variable coefficients coefficients P
Milk production .64 .07 .0005
Mastitis -.38 .06 .0005
Milk fat test 31 .06 .000S
Calvings per year 22 .07 .002
Herd life .10 .08 179
Body weight .09 .07 .190
Milking time .03 .06 .581

IFrom Andrus and McGilliard (1).

tems. Similar efforts have been made for dairy
cattle, as shown in Table 1 (1, 20). Smith et al.
(62) have shown how greatly the importance of
genetic changes in components of swine per-
formance is affected by the definition of breed-
ing objectives, market endpoint, and breed
role.

As Hazel (26) had done for beef cattle,
Nordskog (48) suggested assigning economic
weights only to the minimum number of
(primary) traits most directly controlling effi-
ciency of production and then using the
genetic and phenotypic parameters of other
(secondary) traits and their genetic correlations
with the primary traits to derive the optimal
weighting for the traits to be included in a
composite selection index. If a primary trait
(e.g., feed consumption) is not measured
directly, production system simulation may be
required to estimate independent economic
weightings for the observed predictive traits.

The desired gains approach (54, 77) is just
another way to assign relative economic im-
portance for alternative genetic changes. Some
rational basis is needed for assessing equiva-
lent value of unit genetic changes in several
components of performance. Ranking in rela-
tion to competing commercial breeding stocks
for particular traits is sometimes more impor-
tant to a breeder than the general goal of
improved efficiency of production and is used
to define genetic goals (58). Breeders also must
be wary of potential loss in components of
genetic merit from genetic antagonism
(pleiotropy) between a selected and an impor-
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tant but possibly unselected trait (e.g., growth
rate with excess fat, lower egg production, or
leg weakness in broilers or turkeys; rate of
production with egg size and shell strength in
layers). Restricted selection indexes (37) are
intended to maintain optimal levels for some
traits while improving other traits with which
they have some degree of genetic antagonism.

PRESENT AND FUTURE USE OF INDEX
SELECTION IN LIVESTOCK IMPROVEMENT

Except for large corporate breeding organi-
zations, it genmerally is not feasible for in-
dividual breeders to develop their own selec-
tion indexes, because these involve not only
the relative economic weightings for compo-
nent traits, but also accurate estimates of varia-
bility, heritability, and genetic and phenotypic
correlation. For this reason, it is very helpful
for an animal breeding enterprise to be part of
a larger organization that can facilitate data
recording and can compute individual breeding
values for the traits considered important, us-
ing information on relationships and on the
genetic parameters appropriate for the manage-
ment system. The breeder can then apply the
economic weights considered to be most ap-
propriate for the breed role and for the produc-
tion and marketing system to be served to
obtain individual selection indexes. If the
breeder’s enterprise is part of a larger group
with similar breeding goals, all members of the
group can use the same economic weights to
provide a selection index for each candidate
breeding animal. Each breeder then can limit
added inputs to adjusting index rankings to fit
special concerns or to include other traits or
more current information.

The use of index selection for livestock
breeding programs was reviewed comprehen-
sively in the Proceedings of the 3rd World
Congress on Genetics Applied to Livestock
Production (18). Only a brief summary of pres-
ent and potential future use of index selection
approaches for several livestock species is at-
tempted here.

Dairy Cattle

Rates of genetic improvement for yield of
milk, fat, and protein have increased dramati-
cally (Figure 3) in recent decades in the United

Journal of Dairy Science Vol. 77, No. 10, 1994
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TABLE 2. Statistical information required (arbitrary values) for example of selection index

HAZEL ET AL.

for beef cattle.!

Phenotypic
Economic Standard correlation Genetic correlations

Character value deviation Heritability 2 3 4 5 2 3 4 5

1. Weaning weight 3 40.0 .25 4 1 0 2 2 2 -1 3
2. Weaning score 20 1.0 .35 0 2 .0 0 6 -2
3. Feed efficiency -15.0 5 .50 0 -3 3 -5
4. Slaughter grade 10.0 1.0 40 -2 -3
5. Rate of gain 16.0 3 .65

'From Hazel (26).

States (49). This increase is attributed to the
greater accuracy of estimating transmitting
abilities from mixed model analysis, which
uses information from all relatives (70) and
permits direct comparison of genetic merit
among age groups of candidate breeders to
maximize annual rate of improvement. Con-
tinued improvements are anticipated, espe-
cially for multiple-trait index selection and for
optimal balance between individual and
progeny-test selection for both milk and beef
production of dual purpose cattle (55).

For specialized dairy cattle populations in
temperate climatic zones, breeding objectives
for dairy cattle now include such traits as milk
composition, herd life, and perhaps somatic
cell count (a measure of current infectious state
of the udder) in addition to milk volume.
Rogers (56) developed an index using milk
yield, udder depth, teat placement, foot angle,
and somatic cell score that increases the gain
in aggregate genotype by 1 to 4% over milk
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Figure 3. Trends in milk production of Holstein cows
in the US. From Norman and Powell (49).
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yield alone. Schutz (59) discussed sire evalua-
tion for somatic cell score that is planned to be
implemented on a national basis. The traits
included in any index depend upon the market
served and the levels of performance and costs
of production (21, 53). Selection indexes are
also useful to adjust for changing relative
prices for milk fat and protein and feed costs
0.

In regions where feed costs and land prices
are high and beef production is largely limited
to that from dual purpose cattle, growth and
body composition also have significant eco-
nomic importance. Here, both individual and
progeny testing for growth and carcass traits is
justified (47). In tropical environments, where
nutrition is marginal, exposure to tick-borne
diseases is common, and income from both
milk and meat is desired, the economic impor-
tance of cow and calf survival and calf growth
is increased relative to milk output and milk
composition (42). In tropical environments,
genetic improvement also depends heavily
upon more complete pedigree and performance
recording and planned structure of cattle popu-
lations (38).

Beef Cattle

The earliest selection index for beef cattle
was one proposed by Hazel (26) at the 1951
meeting of NC-1 Regional Beef Cattle Breed-
ing Committee to illustrate the application of
selection index principles. Approximate rela-
tive economic weights and estimates of popu-
lation parameters (Table 2) were assigned for
weaning weight and score, postweaning feed
efficiency, daily gain, and slaughter grade.
These were then used to define aggregate
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TABLE 3. Matching genetic potential for different traits to varying production environments!.

Production environment Traits
Feed Environmental  Milk Mature Ability to Adaptability Calving Lean
availability  stress? production  size store energy? to stress? ease yield
High (H) L Mo H M to H LtoM M Mt H H
H M LwH LtoH H H Mt H
Medium (M) L M+ M Mt H M Mt H Mto H
H M- M H H M M
Low (L) L LioM LtoM H M Mto H M
H L L H H H LtoM
Breed role in terminal
crossbreeding systems
Maternal Lo H LtoM Mto H Mto H H LtoM
Paternal LtioM H L Mt H M H
IFrom Beef Improvement Federation (4).
2Heat, cold, parasites, disease, mud, and altitude.
3Ability to store fat and regulate energy requirements with changing (seasonal) availability of feed.
4Physiological tolerance to heat, cold, parasites, disease, mud, and other stresses.
breeding value (H) and to solve for the optimal rotational crossbreeding systems, however,

(maximum Rpy) selection index weightings of
phenotypes for each trait in the index, using
only weaning weight and score (I;), all five
traits (I3), or all traits but feed efficiency (I,).
Hazel (26) then showed how much genetic
change would be expected per standard devia-
tion of selection differential for each of these
indexes for each of the five traits (AG;) and for
overall breeding values (AH), which illustrated
the principle that selection for H could be
based upon partial information that was geneti-
cally correlated with the breeding goal. The
most obvious omissions in this proposed index
were the economic importance of reproductive
rate, as influenced by fertility, calf survival,
herd life, and the effect on cow size and main-
tenance costs from increased growth rate.
Cartwright’s (10) comprehensive description
of traits desired for the beef cow, bull, and
market progeny (steers) to improve economic
efficiency of beef production indicated an-
tagonism between effects of rapid growth rate
on cow versus contributions of calf and bull to
efficiency. The production system simulation
of Notter et al. (50) showed that, for terminal
crossbreeding, the major economic traits for
maternal breeds include components of
reproductive rate and weaning weight (milk),
but that only growth rate, mature size, calving
ease, and carcass composition are primary for
terminal sire breeds. For straight breeding or

maternal and market animal performance are
both important; emphasis is less clear for
growth rate and associated mature size. Be-
cause beef cattle are used to harvest a wide
variety of forages under diverse climatic,
management, and marketing systems, the rela-
tive importance of performance traits for selec-
tion can differ greatly among breeds and
breeders (Table 3). Thus, the current general
approach of pedigreed cattle breeds is to report
breeding values for the traits considered im-
portant and only to suggest how breeders
choose the relative emphasis on performance
traits best suited to their individual breeding
objectives [e.g., (4, 5)].

The genetic trends of widely used maternal
breeds in the US indicate major past emphasis
on increased yearling weight and associated
mature size and birth weight [e.g., American
Angus Association, (2)], probably because
these breeding values are so readily available
and moderately heritable. Estimation of breed-
ing values and genetic trends has become rou-
tine for some beef breeds for both sire and
dam effects on calving ease, weaning weights,
maternal milk, and yearling weights. Some
breeds (Figure 4 for Simmental) show desired
increases in growth without loss of calving
ease from increased birth weight (61). How-
ever, the progeny tests required for accurate
breeding values on cow reproductive traits,
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except calving ease, and on calf carcass traits
are only beginning to be obtained in the US (4,
9). More emphasis has been placed on carcass
traits of dual purpose breeds in Europe breeds
(60) and on cow reproductive performance for
tropical cattle breeding (51).

Pigs

Hazel’s (25) original publication on the
selection index used swine improvement as an
example. Applications to multiple-trait selec-

HAZEL ET AL.

tion for swine breeding during the last 50 yr
have included refinements in both the relative
economic importance of traits and the estima-
tion of trait breeding values. Hazel’s live back-
fat thickness (28) and later ultrasound composi-
tion measurement have replaced conformation
score, and feed efficiency plus daily gain, or
days to market weight, have replaced
180-d weight (45).

Production system simulation has provided
more precise estimates of relative economic
importance of component traits and demon-
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Figure 4. Estimated genetic trends in purebred American Simmental cattle as deviation from mean for 1986. From

1992 Sire Summary (61).
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LIVE WEIGHT, $/100 kg (—)

CARCASS LEAN, $/100 kg (- -

PERCENT CHANGE (ZAG,) IN GROWTH RATE

Figure 5. Pig model. Predicted reduction in dollars per
100 kg of carcass lean (- - -) and in dollars per 100 kg of
live weight (—) for pigs marketed at constant live weight
(®) or age (—). From Tess (68).

strated their sensitivity, especiaily to the breed
role in crossbreeding systems (7), degree of
pricing market hogs according to lean retail
value, age versus weight market endpoints
(Figure 5), and costs of feed versus other inputs
(68). For cost per unit of lean output value in
straight breeding, rotation crossbreeding, and
maternal breeds in crossbreeding, the descend-
ing order of importance was greater litter size,
leanness, viability, and conception rate, plus
some for milk production and earlier puberty.
For terminal sire breeds, the important traits
were only leanness, growth rate, and pig via-
bility (7). Only recently has payment for lean-
ness by US processors even begun to approach
the actual lean retail value used in the simula-
tion work cited. This change now justifies
roughly twice the economic importance for
backfat probe that was recommended by The
National Swine Improvement Federation (45)
and has stimulated initiation of a Terminal Sire
Testing Program by the National Pork
Producers Council (44) to provide unbiased
data on growth and carcass traits, including
backfat and meat quality.

Estimation of the individual breeding values
for traits used to calculate selection indexes
has gradually become more systematic and
accurate, utilizing information on all relatives
within and, to lesser degree, across herds of
the same breed (57). Such a swine testing and
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genetic evaluation system (STAGES) is being
used by the Yorkshire (78) and several other
breed associations. The appropriate economic
values are then used to weight the relevant trait
breeding values for predicting genetic devia-
tion in net income for candidate breeders being
selected within a terminal sire, a maternal or a
general purpose (rotation crossing) breed (66).
Parallel procedures are now used by major pig
breeding companies, the Nebraska Specific
Pathogen-Free Program (46), and to evaluate
results from US national test station data.

Sheep and Goats

After completing his graduate program with
Lush (25, 29) at Iowa State University, Hazel
collaborated with Clair Terrill in applying in-
dex selection at the US Sheep Experiment
Station at Dubois, Idaho. This effort required
development of numerous adjustments for en-
vironmental effects and estimates of heritabil-
ity, genetic correlation, and relative economic
importance for components of lamb and wool
production (see their publications in Volumes
4 and 5 of Journal of Animal Science). During
1946, work of Hazel and Terrill (30) culmi-
nated in a proposed multiple-trait index for
selection of range Rambouillet lambs. The
relative economic importance of traits included
was estimated as the standard partial regres-
sions on each component: .40 for face cover-
ing, .39 for neck folds, .38 for body weight,
.16 for body condition, .14 for staple length,
and .01 for body type. Compared with selec-
tion on general appearance, use of the index
shifted emphasis to the more important and
highly heritable traits and greatly increased
selection differentials for the more important
traits, especially in the less intense selection
for ewes than for rams.

Both the relative economic importance of
component traits and the application of
multiple-trait selection for diverse industry
breeding programs were reviewed comprehen-
sively in Proceedings of the 3rd World Con-
gress on Genetics Applied to Livestock
Production (18). The excellent review of eco-
nomic breeding objective for sheep and goats
(18) illustrated the major effect of the enor-
mous range among world production-
marketing environments on the relative eco-
nomic importance of such traits as reproduc-
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tive rate, viability, growth rate, body composi-
tion, fiber quantity, and quality. The review of
costs and benefits of differing breed utilization
strategies emphasized the vital rate of produc-
tion system simulation to include effects on
real economic efficiency of traits that are diffi-
cult to measure on all animals, such as nutrient
intake and body composition. An example of
the wide differences in economic importance
and in sensitivity to mean genetic levels
among component traits is given in Figure 6
(73) for efficient lamb and wool production
under semi-intensive management in the US.

Other reviews (18) emphasized the substan-
tial potential gains in selection response from
more complete recording of both primary per-
formance traits and pedigrees and from ac-
curate estimates of the genetic parameters
needed to predict breeding values for the pri-
mary traits. Complete pedigree information al-
lows use of information on all relatives to rank
more accurately animals differing in both ages
and amounts of information (31, 32) and thus
achieves optimal age composition and max-
imal rate of selection response. This BLUP
(31) procedure also simplifies use of relative
economic weights by applying them to the
updated individual animal breeding values for
primary traits as the last step for ranking can-
didate breeders.

The continuing refinement of breeding ob-
jectives and methods of selecting for those
objectives under diverse world environments
for sheep and goat production is described
further by many papers in Proceedings of the
3rd World Congress on Sheep and Beef Cattle
Breeding (34) and the Proceedings of the 4th
World Congress on Genetics Applied to Live-
stock Production (33).

Poultry

Because of the small value of individual
birds, their high reproductive rate, and their
adaptability to mass production systems, most
genetic selection programs of poultry are now
conducted by separate breeding organizations
rather than as a cooperative effort of many
independent breeders. The number of economi-
cally important traits is large for poultry, and
more so for egg-producing stocks than for
meat-producing stocks. Arthur (3) presents an
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Figure 6. Change in TDN input (percentage) per unit
(percentage) change in trait deviation from population
mean; for precocity (PREC); fertility (FERT); lambs born
(LB); viability; length of estrus season (ES) for high,
medium, and low reproductive rates; growth rate (WMA),
percentage of lean content; rate of wool growth; and milk
production for high lambing rate. From Wang and Dicker-
son (73).

excellent review of industry programs for egg-
producing stocks.

The relative economic importance of com-
ponent traits has been used in several different
ways to determine the selection index weight-
ings of traits that are expected to maximize
desired genetic improvement. For comparisons
among commercial breeding stocks, random
sample performance testing provided useful in-
formation on income over feed and chick costs
for egg-laying stocks and broiler stocks of
chickens during an early period of the poultry
breeding industry (13). For individual breeders,
one alternative has been to estimate the in-
dependent (partial regression) effect per unit of
genetic change for all traits that influence eco-
nomic efficiency (36). The economic weights
used at Kimber Farms (Table 4) were an early
example. As with other meat-producing spe-
cies, the goals for genetic stocks used only as
male parents of market meat chickens or tur-
keys are quite different from the goals for
strains used to produce the strain-cross female
parents of the market birds. This divergence in
goals of paternal and maternal crossing stocks
tends to minimize selection problems from
genetic antagonism of growth and carcass
traits with reproductive performance.
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TABLE 4. Example of economic value per unit and per genetic standard deviation of change for egg production traits.!

Genetic Economic Economic

variation value value

(o) per unit per oG
Fertility,2 % 95 .008 .008
Hatch,2 % 1.6 .008 013
Normal,2 % 1.7 .008 014
Early viability, % 4 012 .05
Adult viability, % 7 025 18
Egg production to 72 wk, % 3.84 110 42
Age first egg, d 79 .023 18
Calmness score, 0 to 1 128 .500 .06
At 32 wk
Body weight, kg 133 an 10
Egg weight, g 241 .085 21
Specific gravity score (.004) 5 .080 .06
Shape 10 L/W, 0 to 1 .26 .050 .013
Albumen, Haugh units 3.35 020 .07
No blood, 1% 128 .040 .05
No color3 .20 .50 .10
Shell smoothness3 056 .50 .03

'From Bennett et al. (6) and Emsley and Dickerson (19).
2For eggs or progeny from breeding female over an 8-wk laying period.

3Score, 0 to 1.

CONCLUSIONS

The basic purpose of the selection index of
Hazel (25) was to maximize economic re-
sponse from multiple-trait selection. This goal
is accomplished by first weighting the unit of
genetic change in each component trait accord-
ing to its independent effect on potential net
profit. Then, the genetic and phenotypic
parameters are used to find the index weight-
ings of trait phenotypes of individuals and
relatives that maximize correlation of index
with genetic variation in net profit. Because
selection objectives for domestic animals al-
most always include several genetic traits, the
concept of index selection has received con-
tinuing attention in both theory and applica-
tion. Application of relative economic values
of traits as a separate last step for index selec-
tion simplifies continuous updating of trait in-
formation on all relatives and the direct com-
parison of animals with unequal information to
be used for selection and allows for variation
in the relative economic weights most ap-
propriate for individual breeds or breeders.
Simulation of production systems is useful in
clarifying the relative economic importance of
traits as influenced by trait performance, breed

roles in breeding systems, and production and
marketing environments. Desired or intended
genetic changes in traits to maintain or to
improve the competitive position of a genetic
stock also defines the relative importance of
traits.
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