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1. P r e d ic t io n  o f  g e n e t ic  ch a n g e  i n  liv est o c k  p o pu l a t io n s

a) Model calculation

The genetic progress in one generation in a population under selection equals 
the average genetic superiority of individuals selected to be parents, above the 
population mean. This superiority is determined by the genetic standard  deviation 
in the population, and the intensity and accuracy of selection. If these param eters 
are known, the rate  of genetic change can be predicted already from  the structure 
of the breeding program m e. The intensity and accuracy of selection, as well as 
the generation interval, are often different for males and females. The genetic 
selection differentials and the generation lengths m ust therefore be estim ated 
separately for each of the four paths along which the inheritance is transm itted 
from  one generation to the next ( R en d e l  & R o b er tso n , 1950).

Several research w orkers have used this concept to predict the genetic gain 
from  a certain breeding programme, or to compare the efficiency of various 
program m es (model calculations). A brief review of some earlier reports in this 
line is given elsewhere ( S yrsta d , 1972). More recently, the same approach has been 
used in studies on the net profit of different selection procedures.

b) Prediction from  empirical data

When a breeding program m e has been operating for some time, a m ore reliable 
prediction of genetic change may be obtained from data on the phenotypic
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selection differentials in the population. This m ethod has been applied to dairy 
cattle by R e n d e l  & R o b er tso n  (1950), S yrsta d  (1966), M in k e m a  & S c h eer  (1967), 
L in d s t r o m  (1969) and others. M a g ee  (1965) pointed out that estim ating response 
to m ass selection as phenotypic superiority of breeding animals tim es heritability 
is correct only when the selection is based exclusively on the character in question, 
o r there is no environmental or genetic correlation between this character and 
any other character under selection.

2. M ethods f o r  e s t im a t io n  of g e n e t ic  ch a n g e  a ctu a lly  a chiev ed

Some selection experiments (D ic k e r so n , 1951, 1955; F a lc o n er , 1955) have shown 
tha t the genetic change which should be expected from  the selection practiced 
is not always materialized. The progress predicted from  model calculations or 
from  observed selection differentials should therefore, whenever possible, be 
verified by some m easurem ent of the actual genetic change occuring in the 
population.

a) Testing under constant environment

Several m ethods for estim ating genetic change from  field data have been 
proposed. The simplest and most straight-forw ard m ethod is tha t recommended 
by P o l it ie k  & Vos (1965) as «testing under constant environm ents (cf. P o l it ie k , 1965). 
In order to estim ate genetic progress in dairy cattle in two districts, these authors 
com pared records made by cows under free grazing conditions in the first part 
of the grazing season during two different periods (1934 to  1939 and 1954 to  1959), 
assuming tha t yield had not been affected by any type of environm ental change. 
The cows whose records were compared, were of the same age and in the same 
stage of lactation in the two periods. B r a n n a n g  (1968) used the same principle 
for estim ating genetic change in the Swedish Red and White breed. In  this case 
the tim e trend in records made by cows at Wiad Experim ental Station  was used 
as an estim ate of genetic change. The cows were pairs of identical twins bought 
from  the field, and were considered a random  sample of the breed. During the 
lactations the cows were fed at an optim um  level (all records which had been 
seriously affected by the experimental treatm ent were discarded).

The assum ption that the environment has rem ained completely constant over 
a range of years is generally not valid for either experim ental stations or the 
field. Even in selection experiments, where all effords have been made to m aintain 
a constant environment, some quite serious fluctuations have been observed.

b) Repeated records by the same individual

An early attem pt to separate genetic and environm ental change was made by 
L o r tsc h er  (1937). The basic concept was th a t the genotype of a cow is constant 
throughout its life, and consequently that any change in perform ance is of environ
m ental origin. By averaging age corrected records of a group of cows in consecu
tive years, the environmental change is m easured directly, and the genetic change 
is obtained by subtraction. The m ethod was refined by H e n d e r s o n  (1951), who 
evolved a procedure which took account of the effect of concurrent culling and
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incomplete repeatability. This m ethod has been used in a num ber of studies on 
data from  individual herds, particularly in the U. S. The m ain defects of the 
m ethod are its sensitivity to errors in age corrections and repeatability, and 
com putational difficulties in large sets of data ( H e n d e r s o n , 1958; H e n d e r s o n  
et a l, 1959).

c) Random bred control stocks

Special stocks m aintained by random  m ating may be used as a basis for 
m easuring genetic change in a population under selection. This method is widely 
used in designed experim ents, particularly with laboratory animals. A selection 
experim ent w ith dairy cattle in  which a random  bred group of animals was used 
as a control stock, is described by L eg a t e s  & M y er s  (1966). The m ost serious 
lim itation to  the use of this m ethod in cattle is the high costs involved in 
m aintaining a control stock of sufficient size.

d) Repeated matings

Repeated m atings have been proposed as a m ethod of creating a kind of 
control of constant genotypes in selection experiments (G o o d w in  et al., 1955). In  
some species of dom estic animals, repeated matings are ra ther frequent, and may 
provide a basis of separating environmental and genetic change even in field 
data. B u r n s id e  & L e g a t e s  (1 9 6 7 ) used records of pairs of full sisters to assess the 
environm ental change in a sample of dairy herds, and, by subtraction, obtained 
an estim ate of genetic change. In  artificially bred populations of dairy cattle, full 
sisters are for obvious reasons very rare. Moreover, the matings to be repeated 
may be selected on the basis of the performance of the progeny from  the first 
mating, and this would bias the results seriously, if not corrected for. H ic k m a n  
and F r e e m a n  (1 9 6 8 ) proposed a mating plan which intended to maximize the 
frequency of full sisters.

e) Comparison of contemporary animals from  different generations

An estim ate of genetic change per generation can be obtained by comparing 
records of contem porary animals belonging to different generations. A modification 
of this principle was used by R ic o r d ea u  (1 9 6 5 ), who grouped daughter — dam 
pairs into three groups according to the age of the dam, and com pared the 
daughter records from  the three groups on a within — sire basis. This m ethod 
requires tha t the dam s in all age groups are either unselected or selected to the 
same extent, a requirem ent which is probably not fulfulled in many dairy cattle 
populations. Furtherm ore, m aternal effects related to the age of the dam m ust 
be negligible.

f) Comparison of contemporary progenies by sires from  different generations

This method, which may be considered a modification of the one ju st described, 
was proposed by D ic k e r s o n  (1 9 5 9 ). I t avoids the assum ption tha t there is no age 
change in m aternal influence on progeny performance. The result may, however,
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be seriously biased if the older sires have passed m ore stages of selection than 
the younger (e. g. selection on basis of progeny testing). Another bias would occur 
if m atings are non-random w ith respect to age of m ates, or if older sires are m ated 
to females which are better (or worse) than average.

g) Repeated use of sires

Successive groups of progeny by sires used in several years provide some 
continuity of genotypes over time, and can be used as a kind of control. Within- 
sire change in progeny performance from  year to year measures the environ
m ental change plus half the genetic change. By subtracting this change from  the 
simultaneous change in population average, an estim ate of half the genetic change 
is obtained. Mentioned by D ic k e r so n  (1959) as a variation of the previous method, 
this concept was utilized in a study by S m it h  (1962) on pig data, and has later 
been used in a lage num ber of investigations in dairy cattle. (A ra v e  et al., 1964; 
H il l e r s  & F r e e m a n , 1966; S yrsta d , 1966; H a r v il l e  & H e n d e r s o n , 1967; L in d - 
st r o m , 1969; L ed e r e r  & Av er d u n k , 1973; N a et al., 1973.)

3. P o s s ib l e  so u r c e s  o f  b ia s  i n  e s t im a t in g  g e n e t ic  ch a n g e  fr o m

r epe a te d  u s e  o f  s ir e s

a) Selection of sires

The m ost serious bias involved in this m ethod is probably that arising from 
selection of sires for continued use on basis of the perform ance of their early 
progeny. This will cause a regression towards the overall m ean in their subsequent 
progeny, and consequently lead to a downwards bias in the within-sire increase 
over time, i. e. an inflated estim ate of genetic progress. This bias can be avoided 
by considering the records obtained before and after the time of selection 
separately, or by excluding records which have been used as basis for selection.

In modern dairy cattle breeding, m ost bulls are used over a short period of 
time only, in order to produce a sufficient num ber of offspring for progeny 
testing. A small fraction of the bulls are returned to service as proven sires and 
used for a second period, which may last for a few years. If the progeny groups 
produced in the two periods should be considered separately, the time span 
covered by each group would be so short tha t a very large am ount of data would 
be required in order to obtain accurate results. When the semen storage system 
is used, this would be even more pronounced.

Alternatively, the performance of early progeny can be adjusted to acount 
for the expected regression towards the overall mean. If the only reason to 
im perfect repeatability of the progeny test is sampling erro r due to lim ited num ber 
of offspring, this adjustm ent is straight-forward. However, the possibility of other 
errors can usually not be excluded.

b) Different rate of genetic change in sires and dams

As applied by S m ith  (1962) and others, this technique in fact measures the 
genetic change in sires to animals in the population. In the long run, the rate
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of change m ust be the same in the two sexes, but over a short period this is not 
necessarily true. As an example, an increase in the proportion of cows mated 
to progeny-tested bulls would mean an immediate improvement in the sires used 
(if weighted by num ber of progeny), but would not be reflected in the female 
side until the next generation. This bias is avoided if the average perform ance 
of daughters of young bulls is substituted for the population average. Actually, 
this was the variety presented by D ic k e r so n  (1959).

c) Non-randon assignment of mates

The statem ent tha t the within-sire change over tim e m easures the environ
m ental plus half the genetic change in the population is correct only if there 
has been no change in age or selection intensity of mates. In  actual practice, 
older sires m ay often tend to have older mates. This has the effect tha t less than 
half the genetic change is included in the within-sire change. If the regression of 
age of m ates on age of sires is x, the within-sire change estim ates the environ
m ental change plus (1 -  x)/2  times the genetic change. The result obtained by 
doubling the difference between overall change and within-sire change over tim e is 
therefore an estim ate of (1 +  x) times the actual genetic change.

A sim ilar bias occurs if the selection intensity of mates differs between younger 
and older sires. In  general, progeny-tested sires are m ated to above-average dams. 
The effect of this is, however, partly outweighted by a presum ably m ore intensive 
culling a t early ages among the progeny of non-tested sires. In dairy cattle, this 
culling is to a large extent based on the m erit of the dam. The bias may be 
removed by adjusting the daughter averages for the effect of dams.

4. S t a t is t ic a l  m ethods

Statistically, the gap between overall change and within-sire change over time 
can be estim ated in several ways:

a) Differences between two particular years

This m ethod is convenient if each bull is represented by progeny in two years 
only. The genetic change is estim ated from the following equation:

>/2 AG = (P„ — P„) — (S„ — S0)

where Pa and P„ symbolize the population average (or the average of daughters 
of young bulls) in year 0 (the base year) and year n, respectively S„ and S„ the 
average of progeny groups of a bull represented in both years, and AG the genetic 
change. If m ore bulls have progeny in both years, the difference (S„ — S„) for 
individual bulls should be weighted by the inverse of its variance.

b) Regression on time
The difference between overall and within-sire regression of cow performance 

on year provides an estim ate of half the genetic change per year. Random year 
to year fluctuations may cause large sampling errors in the regression coefficients. 
An alternative technique is to express the records of daughters of individual bulls
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as deviations from  the overall average in the same year, and compute the within- 
sire regression of these deviations on time. This regression, w ith reversed sign, 
is a direct estim ate of half the genetic change.

c) Fitting constants to years and sires

By this m ethod effects of sires and years are estim ated simultaneously (cross
classification). The array of year constants reflects within-sire change, and the 
differences between the actual year averages and the year constants provide an 
estim ate of half the genetic change. The constants can be computed by least 
squares or maximum likelihood technique.

5. I n t e r p r e t a t io n  o f  r e s u l t s

Estim ates of genetic change should be interpreted  w ith caution and criticism. 
Possible sources of bias should be considered carefully. Large am ounts of data 
are necessary in order to reduce the sampling e rro r to a reasonable level.

When estim ates of actual genetic change are com pared to  predictions on basis 
of breeding program m es or observed selection differentials, it should be noticed 
tha t the effect of bull selection is not fully expressed in the cow population 
until 10 to 15 years later ( H in k s , 1971). A disagreem ent between different types of 
estim ates may often be explained by the fact tha t they refer to different periods 
of time. On the other hand, a good agreement between results obtained by various 
methods should not be taken as a proof of correct estim ates.

ZUSAMMENFASSUNG

1. Die erw artete genetische Veranderung in einer Population wahrend der 
Selektion kann gefunden werden: a) durch M odellkalkulation auf Grundlage 
eines definierten Zuchtprogrammes, oder, b) von beobachteten Selektionsdif- 
ferenzen.

2. Das vorausgesagte Ergebnis soli durch Schatzung der genetischen Verander
ung aktuell vorkommend in der Population verifiziert werden. Die folgenden 
M ethoden sind kurz beschrieben: a) Priifung un ter konstanter Umwelt,
b) w iederholte Leistungen desselben Individuums, c) Kontrollpopulation mit 
zufalliger Anpaarung, d) wiederholte Paarungen, e) Vergleich gleichzeitiger 
Tiere von verschiedenen Generationen, /) Vergleich gleichzeitiger Nachkom- 
men von Vatern verschiedener Generationen, g) wiederholte Anwendung 
von Vatern.

3. Die Methode g) ist bei Milchviehpopulationen weitgehend gebraucht worden. 
Die Hauptquelle fur Fehler besteht in: a) Selektion von Vatern auf Grund
lage von der Leistung friiherer Nachkommen, b) unterschiedliche genetische 
Veranderungen in Vatern und M iittern, und c) nicht zufallige Verteilung 
von Partnern zu jiingeren und alteren Vatern.

4. Der Abstand zwischen ganzlicher Veranderung und innerhalb Vater Ver
anderung fiber Zeit kann, statistisch gesehen, geschatzt werden durch: a) 
Differenz zwischen zwei einzelnen Jahren, b) Regression auf Zeit, und
c) «gefittete» Konstanten an Vater und Jahren.

5. Die Ergebnisse sind m it Vorsicht und K ritik zu deuten.
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RESUME

1. Le changem ent genetique qui est a supposer dans une population sous selec
tion se trouve par: a) des calculs de modele se fondant sur un  program m e 
de selection fixe, ou b ) des differentielles de selection observees.

2. Le resu lta t p red it doit etre verifie en estim ant le changem ent genetique 
ayant lieu actuellem ent dans la population. Les m ethodes suivantes ont 
ete decrites brievem ent: a) des tests dans un milieu invariable, b ) des pres
tations repetees par le meme individu, c) population de controle reproduite 
par hasard, d) des accouplements repetes, e) com paraison d ’anim aux con- 
tem porains des generations differentes, /)  comparaison de lignees contempo- 
raines des males sortan t de generations differentes, g ) emploi repete de 
males.

3. La m ethode g ) a ete employee d’une maniere fort etendue su r des popu
lations de betail laitier. Les sources principales de deviation sont: a) selec
tion de males se basant sur les lignees obtenues a l’age precoce, b) change
m ent genetique different chez les males e t les femelles, c) accouplements 
non-random de femelles et males plus jeunes et plus ages.

4. Statistiquem ent on peut calculer la difference entre le changement general 
et le changem ent intra-pere par: a) la difference entre deux ans particuliers,
b) la regression sur le temps, c ) des constantes adaptees quant aux peres 
et aux annees.

5. Les resu lta ts doivent etre interpretes d’une maniere prudente et critique.
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