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1 Introduction

Predicting response to selection is key for deciding between possible breed-
ing schemes. In most breeding programs the basic breeding scheme was
established long ago, and then improved slightly over time. Many times
these improvements were not made based on careful calculation of expected
responses to selection, but instead based on an understanding of the theory
and the basic principles. Thus, a firm understanding of what affects response
to selection is important, even if you do not have the liberty to completely
re-design a breeding program or start one from scratch.

2 Breeding value of of progeny

One of the key principles behind predicting response to selection is that the
breeding value of a progeny i, ap, is the mean of its parents’ breeding values
plus the mendelian sampling term which is due to the random sampling of
alleles from the parents:
1 1
Qo; = Eam + Eaf + Moi (1>
where a,, and as are the breeding vales (additive genetic values of the male
and female parent respectively.) and M, is the Mendelian sampling term.
Because the mean of the Mendelian sampling term is zero, E(M,) = 0,
the mean (expectation) of the progeny breeding values from parents one and

two is ] 1
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In other words the expected breeding value of the progeny is equal to the
mean breeding values of the parents.

For predicting response to selection we are interested in the expected
mean breeding value of the progeny generation, F(ag), which can be obtained
from the mean of the selected parents ay, and a}

E(a0) = 59m + 595 (3)

It is useful to express the mean breeding value of selected parents in terms of
a deviation from the mean breeding value of all individuals from where they
were selected. This value is called the selection differential or the genetic
superiority. It is defined as

S, =@ — a, (4)

where z is equal to either m for the male parent or f for the female parent.

The expected mean breeding value of the progeny generation F(ag) can
be expressed in terms of the mean of the parental generation and the genetic
superiorities of the selected parents

1 1
@ = 5(@m +ay) + 5 (S + 5y) (5)

The response to selection, R, is defined as the difference of the mean
breeding value of the progeny of the selected parents from the mean breeding
value of progeny of all possible parents:

E(R) = ao — ay (6)

where
N
a4y = 5(9m +9¢)
Using these two previous expressions and equation 2 (E(ag) = tam+3ay)

we get

1 1 1 1
(7)
1 1
— S, 4+ -8
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Therefore the expected response from the current to the next generation
is entirely based on the genetic superiority of the selected parents. When
there is equal selection on males and females then the response is simply

E(R) =S 8)

In reality, we do not know the breeding value of the parents, but we have a
prediction of their breeding value, caled an estimated breeding value (EBV),
g. EBVs can be based on different sources of information such as simple
phenotyping of the individuals per-se, progeny testing, pedigree BLUP, etc.
Provided that the EBVs are unbiased, meaning that the mean of the devi-
ations of the EBVs from the true breeding values is zero (residual error is
random), the expectation of the mean breeding value of the progeny is equal
to the mean of the parental EBVs

_ L, I
E(ao) = Sam + 545 = & (9)
Then we can show that the expected mean genetic value of the progeny

generation is

1., 1.,
E(@O) = iam + §af
(10)
1 - . 1 - .
:E(am+8m)+§( 7+ S¢)

where S is the estimated genetic superiority of the parents which is S=a"—a
We can also predict the response from the current to the next generation
using equation 10 by subtracting out the mean of the parents to get

(Sm + Sf) (11)

2.1 Predicting response per generation

Previously, we determined how to predict response to selection if we already
have a group of potential parents with EBVs. However, often we want to
know about predicting response in future generations so that we can evaluate
breeding schemes. We will now go over the theory that will allow us to do



so for the case of truncation selection, which is simply the selection of all
individuals above a certain threshold which is called the truncation point.
Remember that from standard regression theory the regression coefficient
by, of y on z is given by
_ Oay Oy
byac = O_—g = T’ajyo_—$ (12)
where o, is the covaraince of z and y, 02 is the variance of z, and T2y is the
correlation between y and x, which is given by

Oy
Tuy = = (13)
We predict the breeding value given an estimate which we will call the index
value [ (in order to define a general formula). This [ is the criteria for
selection. I could simply be an individual’s own record or the mean of an
individual’s progeny records. It could be a best linear unbiased predictors
(BLUPs), or it I could be based on a selection index derived from a linear
combination of trait values.
We predict the breeding value of an individual, 4, given an index value I;:

di =a —|— baI(Ii — j) (14)

Where [; is the index value of individual i, a is the mean breeding value of

individuals in the population, and I is the mean index value of individuals in

the population, and b,; is the regression of breeding values on index values.
If we are predicting the average genetic value of a group of selected indi-

viduals, we get

=a+ b (I" = 1) (15)

S=a"—a=by(I*—1) (16)

Using the deviation of the index values of selected values from the mean index

value of all individuals in the population, (I} —1I) in standard deviation units.
i=I*—1)/o; (17)
where o7 is the standard deviation of index values. By rearrangment:

(I; = I) = ioy (18)
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By multiplying b,; on both sides and substituting b,;(I* —I) with S, we then
get R
S = ba[iO'] (19)

From standard regression theory we know that

Oq

bor = Tar— 20
1=T IUI ( )
Thus ) o
S = ro—(ioy) = 14104 (21)
or

Then using on equation 11 we get the expected response per generation which
is

1 1
R = §(Sm+5’f) = §<im7'a1m0a+if7°a[f0a> (22)

3 Selection accuarcy for phenotypic selection

The selection accuracy depends on the information being used for selection.
We will derive the selection accuracy now for the simplest case, phenotypic
selection based on own phenotype. In phenotypic selection, the index value,
[, is simply the phenotype of the individual. Phenotypic value is a function
of the breeding value and the error.

Yi=a; +¢&; (23)
Because ¢; is uncorrelated with a;
Oal = Oy = Ogate = o2 (24)

The correlation with the breeding value and the I when is I is phenotype is

then )
o g
raI:'ray: a :—a:h (25)
0a0p Op

Where h is the square root of the heritability. Thus, genetic gain per gener-
ation from phenotypic selection is

~

S = ir,;0, = tho, (26)



4 Selection intensity

If we assume that the index values are normally distributed and the popula-
tion size is large, 4, (the selection intensity in standard deviation units), can
be estimated using the proportion of individuals selected with

1= - (27)

p
where z is the height of the normal distribution at the truncation point which
is given by
el /222

V271

In R, 7 can be calculated using ’dnorm(qnorm(p))/p’

(28)

z =

Figure 1: Illustration of p, z and the truncation point, z
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(figures adapted from http://www.anslab.iastate.edu/Class/AnS652X/)



Figure 2: Selection intensity vs the proportion selected
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4.1 Small populations

The realized selection intensity in small populations will be less than that
predicted by ¢ = f). Selection intensitities can then be approximated by

replacing p with p* where
pr= U2 (29)

where s is the number selected and n is the population size.

4.2 Correlations between selection criteria

If there is correlation between the selection criteria for the individuals in the
population, then the realized selection intensity will be lower than expected
based on equation 27. Correlations between selection criteria arise because of
genetic relationships between the candidates of selection and the use of the
same information (ie. pedigree) when calculating the selection criteria for
different individuals. The most extreme example is when you are selecting
among full sib families and using selection based on pedigree information
alone. This is because for each individual in the familiy Gy = 3a, + ay,
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all individuals will have the same index value (correlation = 1). In this
example, the number of selection candidates is effectively equal to the number
of families. A method for adjusting the selection intensity adjusting for
correlations between selection criteria as well as finite population size was
developed by Rawlings (1976) where

i =T —tgy i (30)

where t,, is the average correlation between the selection criteria across all
possible pairs of selection candidates

5 Response per unit time

The ’generation interval’, also referred to as the "breeding cycle duration’
is defined as the average time it for an individual to be used as a parent
from the time of that individual’s creation or birth. For example, if an
individual is being selected as a parent in 2015, and the two parents that the
individual descends from were crossed in 2000, then the 'generation interval’
is 15 years. It is generally more useful to talk about genetic gain per unit of
time because different breeding schemes can have vastly different generation
intervals. When selection is equal in males and females. Genetic gain per
unit time is often referred to as R (just as with gain per generation). Or it
can be referred to as AG, A
irgr0g
L

where L is the length of the generation interval. In the case where the
generation interval is not the same in males and females

R= (31)

_ Sm+ 5y

R -  J
Lm+Lf

(32)

Genetic gain per unit time R is an estimate of the 'steady state’ or "asymp-
totic’ response to selection. It is the expected response per unit time after
the breeding program has been in operation for several cycles. R should be
thought of as the average rate of response per year. In early stages of the
breeding program there will be more fluctuation in the response.



6 Selection across multiple cohorts

Candidates of selection can be from different cohorts, where a cohort is a
group of individuals that are at the same stage of advancement /testing. In-
dividuals in newer cohorts will have higher breeding values on average com-
pared to individuals in older cohorts. However new cohorts will not have
less data available and therefore less accurate estimates of breeding value.
Selection should simply be conducted across all individuals using estimated
breeding values without regard for cohort. (The estimated breeding values
will take into account the fact that there are different amounts of data on
the individuals.) To estimate the expected selection response for a specific
breeding scheme where new parents are selected out of different cohorts, its
important to properly take into account differences in superiority and breed-
ing cycle duration for the different cohorts. Considering first the males,(in
case you are working with a diecious species), assume that there are three age
groups and the proportion that each contributes to the total population is
W1, Wma, and w,,3. The fractions selected from each age group are p,,1,pm2,
and p,,3, for a total proportion selected equal to

Pm = Pm1Wm1 + Pm2Wm2 + Pm3Wms (33>

P,, is essentially a weighted average of the proportion selected. Then the
mean breeding value of selected males in group ¢ is equal to

where S,,; is the genetic superiority of the selected males from group 4 of the
mean of all males in that age group. S,,; can be predicted as before by

gmi = imirmio-a (35>

where 17,,; is the intensity that corresponds to the fraction selected, p,.;, and
rmi 1S the selection accuracy of the selected males of group i. Now to get
the mean breeding value of selected males, g, we take a weighted average
of the mean of the selected males from each group. The weighted average is
computed as

. Pm1Wm1

*
m =
P,

Pm2Wm2

Pm3Wm3  _,
= P s (36)

a g+ by + P 9ms3



which can be reduced to a general formula
- 1 _

The mean breeding value of selected males gy, and selected females g} (calcu-
lated in the same way as described above for males) can be used to estimate
the expected average breeding value of the progeny by

_ |
E(ag) = 50m T 54y (38)
In order to get the overall genetic superiority for males, take the weighted

average of the superiorities across the groups

Pm1Wm1 Pm2Wm2 Pm3Wm3
Sm = . SS . S’m . Sm 39
P, ‘T h, 2T, ’ (39)
Similarly the generation interval can be computed as
Lm:p; 1'Ls1+p2 2‘Lm2+p3 3'Lm3 (40)

Then repeat the process for females and use equation 32.
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