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Expected increases in genetic merit from using optimized contributions
in two livestock populations of beef cattle and sheep1

S. Avendaño*1, B. Villanueva*, and J. A. Woolliams†

*Scottish Agricultural College, West Mains Road, Edinburgh, EH9 3JG, Scotland, U.K. and
�Roslin Institute, Roslin, Midlothian, EH25 9PS, Scotland, U.K.

ABSTRACT: The expected bene�ts from optimized
selection in real livestock populations were evaluated
by applying dynamic selection algorithms to two live-
stock populations of sheep (Meatlinc) and beef cattle
(Aberdeen Angus). In addition, the effects of introduc-
ing BLUP evaluations on the population structure, ge-
netic gain, and inbreeding were investigated. The use
of BLUP-EBV accelerated the rates of gain in the Meat-
linc, but the effects of BLUP evaluations on Aberdeen
Angus are not as evident. Although steady increases in
the average coef�cient of inbreeding (F) were observed,
the inbreeding rates (�F) before and after the introduc-
tion of BLUP evaluations were not signi�cantly differ-
ent. The observed �F in the last generation was 1.0%
for Meatlinc and 0.2% for Aberdeen Angus. The applica-
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Introduction

Best linear unbiased prediction (BLUP) has become
the standard method for genetic evaluation in breed-
ing programs of beef cattle and sheep livestock popula-
tions. Although selection exclusively based on BLUP
EBV allows accurate selection and increased genetic
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tion of the dynamic selection algorithms for maximizing
genetic gain at a �xed �F led to important expected
increases in the rate of genetic gain (�G). When �F was
restricted to the value observed in both populations,
increments per year in �G of 4.6 (i.e., 17%) index units
for Meatlinc and 3.5 (i.e., 30%) index units for Aberdeen
Angus were found in comparison to the �G expected
from conventional truncation BLUP selection. More re-
laxed constraints on �F allowed even higher expected
increases in �G in both populations. This study demon-
strates that the optimization tools constitute a poten-
tially highly effective way of managing gain and in-
breeding under a broad range of schemes in terms of
scale and inbreeding level. No losses in genetic gain
were associated with the use of dynamic optimization
selection when schemes were compared at the same �F.

gains, it can also lead to increased rates of inbreeding
in comparison with less accurate methods (e.g.,
Quinton et al., 1992).

Although inbreeding is unavoidable in closed selec-
tion programs, increases in inbreeding need to be re-
stricted to alleviate long-term negative effects (Lamb-
erson and Thomas, 1984; Burrow, 1993). Woolliams et
al. (2002) have described the rate of inbreeding as a
measure of risk from the perspective of the breeding
program justifying its management with arguments
that go beyond avoiding inbreeding depression and
loss of genetic variation in the selected trait.

Dynamic tools for maximizing genetic progress
while constraining the rate of inbreeding to a prede-
�ned value are now available (Meuwissen, 1997;
Grundy et al., 1998; Meuwissen and Sonesson, 1998;
Grundy et al., 2000). These tools optimize the number
of parents and their contributions to subsequent gen-
erations for maximizing gain for a �xed rate of inbreed-
ing. Simulation studies showed improvements in ge-
netic gain greater than 20% over BLUP truncation
selection at the same rate of inbreeding (Meuwissen,
1997; Grundy et al., 1998). However, the expected ben-
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e�ts from optimized selection in real livestock popula-
tions remain unknown.

The main objective of this study was to evaluate
the potential extra gains to be obtained by dynamic
optimization algorithms in two livestock populations
of sheep (Meatlinc) and beef cattle (Aberdeen Angus).
This was accompanied by a description of the popula-
tion structure and rates of genetic gain and inbreeding
before and after the introduction of BLUP evaluations.
Relationships between contributions of ancestors of
the current populations and their EBV were also
evaluated.

Materials and Methods

The Meatlinc and Aberdeen Angus breeds were cho-
sen for this study because they have maintained effec-
tive improvement programs and have achieved high
genetic gains in the United Kingdom when compared
with other breeds of sheep and beef cattle, respectively
(Simm, 1998; M.L.C., 1999). Also, in both populations,
concerns regarding increasing levels of inbreeding and
its potential consequences have arisen (G. Nieuwhof,
personal communication, M.L.C., Milton Keynes,
U.K.).

Data

The Aberdeen Angus is a traditional British beef
breed, with a recorded pedigree extending over 50 yr.
The Meatlinc is a synthetic terminal sire breed of
sheep created in the United Kingdom in the early
1960s. In contrast with Aberdeen Angus, the recorded
Meatlinc pedigree is relatively small, covering only 24
yr. Pedigree data and index scores for both populations
were provided by the Meat and Livestock Commission
(M.L.C., Milton Keynes, U.K.). The two indices pro-
vided were the BLUP-EBV for the breeding goals of
U.K. terminal sire breeds of beef cattle and sheep
(�beef value� and the �lean index,� respectively). The
beef value includes carcass weight, carcass conforma-
tion score, and carcass fat score (Amer et al., 1998;
Simm, 1998), whereas the lean index includes carcass
lean weight and carcass fat weight (Simm and Ding-
wall, 1989).

The Aberdeen Angus pedigree included a total of
119,953 animals (57,431 males and 62,522 females)
born from 1948 to 2000. A total of 45,472 parents (6,686
sires and 38,786 dams) were identi�ed. The Meatlinc
pedigree included a total of 12,391 animals (5,661
males and 6,730 females) born from 1974 to 2000. A
total of 3,742 parents (329 rams and 3,413 ewes) were
identi�ed. Parents with unknown genealogies were
considered as �base parents.� This group represented
28.9% of the total number of parents (2,443 sires and
10,704 dams) in Aberdeen Angus and 7.4% of the total
number of parents (35 rams and 243 ewes) in Meatlinc.

Because multitrait BLUP evaluations were intro-
duced for both populations in 1991, the analyses per-

formed were each applied to three periods of data. The
three periods included an overall period covering all
years with available information, and two periods of
approximately equal length de�ned pre-BLUP and
post-BLUP introduction.

Generation Intervals

The generation interval for each breed was com-
puted as the average age of parents at the birth of
their offspring. It was calculated for each year of birth
and then averaged over years for all parents (L), for
sires (Lm), and for dams (Lf).

Rates of Genetic Progress and Inbreeding

Average index scores and inbreeding coef�cients of
individuals born at each year were calculated. The
inbreeding coef�cients (F) were obtained from the ad-
ditive relationship matrix that was computed using
the algorithm of Meuwissen and Luo (1992). The rate
of genetic gain (�G) and the rate of inbreeding (�F)
were computed as the linear regression of the average
index score and average F on the year of birth, respec-
tively.

Both �G and �F were analyzed for the three periods
in both populations. For Meatlinc, the periods were 1)
overall period from 1974 to 2000, 2) pre-BLUP period
from 1983 to 1991, and 3) post-BLUP period from 1992
to 2000. For Aberdeen Angus, the corresponding peri-
ods were 1) overall period from 1948 to 1999, 2) pre-
BLUP period from 1983 to 1991, and 3) post-BLUP
period from 1992 to 1999.

Long-Term Genetic Contributions

The effect of different cohorts of ancestors on genetic
gain was investigated by studying the relationship be-
tween their long-term genetic contributions and index
scores. The long-term contribution (r) of an ancestor
is de�ned as the proportion of genes it contributes over
the long term to the population (Wray and Thompson,
1990). Over many generations, in a population thor-
oughly mixed, the r of an ancestor will converge to the
same value for all of its descendants but will differ
among ancestors (Woolliams et al., 1999). Long-term
contributions were computed following the approach
used by Woolliams and Ma¤ntysaari (1995). To compute
r, a generation of ancestors and a generation of descen-
dants were de�ned according to average generation
intervals previously calculated. Thus, the ancestral
and descendant generations were de�ned by using L.
This de�nition ensures that r summed over all ances-
tors over a period of L yr equals unity (Bijma and
Woolliams, 1999). Convergence of contributions was
assumed if the variance of contributions of ancestors
across descendants was lower than 1.0 × 10�4. For
Meatlinc (where L was about 2 yr), contributions were
calculated for two generations of ancestors: a) the co-
horts born between 1983 and 1984 and b) the cohorts
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born between 1991 and 1992 (i.e., the �rst generation
after the introduction of BLUP evaluation). For both
groups of ancestors, descendants were the cohorts born
between 1999 and 2000. For Aberdeen Angus, ances-
tors were the cohorts born between 1976 and 1979 (L
was about 4 yr from 1971 to 1988), and the descendants
were the cohorts born between 1995 and 1999 (L was
about 5 yr from 1988 to 2000). The regression of the
long-term genetic contribution of ancestors on their
index scores was calculated for each cohort of an-
cestors.

Optimizing Genetic Contributions for Maximizing
Genetic Gain

The potential extra genetic gains expected from us-
ing selection tools based upon the algorithm described
by Meuwissen (1997) were investigated. The algorithm
was used to obtain the number of individuals to be
selected and the number of offspring each of them
should contribute to the next cohort, to achieve the
maximum �G while constraining �F to a speci�c value.
Different restrictions on �F were considered. The algo-
rithm maximized the following objective function
(Meuwissen, 1997):

Ht = cT
t gt � �0(cT

t At ct � Ct) � [cT
t Q � (1/2)1T]�

where ct is the solution vector of mating proportions
(c) of candidates at generation t, gt is the vector of
EBV of selection candidates, At is the numerator rela-
tionship matrix for selection candidates, Q is a known
incidence matrix for the sex of the candidates, 1T

equals [1 1], and �0 and � are Lagrangian multipli-
ers. The restriction on the inbreeding rate was
achieved each generation by setting Ct = 2[�F +(1 �
�F)Ft], where Ft is the average inbreeding coef�cient
of selection candidates. The third term in the objective
function ensures that male and female parents con-
tribute with a half of the gene pool each. Selected can-
didates are those with c > 0 and will contribute to the
next generation according to their c value.

The optimization described above does not take into
account any constraint on the maximum contribution
a particular candidate may have that may arise from
reproductive limitations. This might not be a problem
in males since AI techniques are often widespread in
livestock populations. However, it can be unrealistic
for female candidates for which high reproductive
rates are less feasible, particularly in beef cattle and
sheep populations. In order to obtain more-realistic
results, another set of optimizations was run with an
additional constraint on the female contributions. In
this case, all females were selected by setting their
contributions to a prede�ned value (i.e., „��nf, where nf
is the number of female candidates). This implies that
all female candidates are selected and only male mat-
ing proportions are optimized. The objective function
was modi�ed following Meuwissen (1997, Appendix):

Ht = cT
1t

g1t
� �0(cT

1t
A11t

c1t
+ 2cT

1t
A12t

c2t
� Kt)

� (cT
1t

Q1 � sT)�

where c1t
is the solution vector of mating proportions

of male candidates at generation t; g1t
is the vector of

EBV of male candidates; A11t
and A12t

are submatrices
of A including only male, and male by female candi-
dates, respectively; c2t

is the known vector of female

mating proportions; Kt is 2Ct � cT
2t

; A22t
C2t

, A22t
is the

relatedness matrix for female candidates; sT is a vector
with constant values [0 „��]; and Q1 is a known inci-
dence matrix for males analogous to Q in the uncon-
strained case. Software was developed in Fortran 90
to solve the objective functions described above.

Potential bene�ts from using optimized contribu-
tions were estimated by comparing the expected index
gains obtained by using the selection algorithm after
mimicking selection in 1999 to 1) the actual observed
�G in 2000 and 2) the expected �G in 2000 under
truncation selection (i.e., equal contributions) at the
observed �F in the population being evaluated. The
expected �G from truncation selection was calculated
by allocating a �xed mating proportion to female candi-
dates (i.e., equivalent to one mating) and by selecting
the number of male candidates that gave the observed
�F. This latter comparison allows evaluating the ex-
pected bene�ts from optimizing contributions indepen-
dently to the bene�ts of selecting solely on the index.
The fact that in practice selection intensity might be
lower than that achievable if selection decisions in-
clude criteria other than exclusively BLUP-EBV (e.g.,
Lewis and Simm, 2000) is not accounted for in the
�rst comparison.

Candidates for the selection algorithms were de�ned
by using both Lm and Lf. Therefore, for Meatlinc, candi-
dates where those males born in 1999 (Lm = 1.0 yr)
and those females born from 1996 to 1998 inclusive
(Lf = 3.0 yr). The total number of candidates was 1,841.
For Aberdeen Angus, candidates were those males and
females born from 1992 to 1998 inclusive (Lm = Lf =
5.0 yr) and this gave a total number of candidates of
55,553. However, in order to reduce computing re-
quirements, a preselection of candidates was per-
formed by imposing a minimum index score. For Meat-
linc, 1,297 candidates (395 males and 902 females)
with index score equal to or greater than 179.0 were
included. For Aberdeen Angus, 6,429 candidates
(3,321 males and 3,108 females) with index score equal
to or greater than 21.0 were included. When only male
mating proportions are optimized, computer require-
ments were higher and, in this case, only 417 male
candidates (those with index score equal to or higher
than 30.0) were included in the Aberdeen Angus opti-
mization. The index scores were those obtained from
the M.L.C. genetic evaluation in 2000, and �F was
constrained to a range of values including the observed
inbreeding rate per generation in each breed.
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Figure 1. Number of male and female parents and ratio
dams to sire (d) across years for Meatlinc (1974 to 2000)
and Aberdeen Angus (1969 to 1999). The pre- and post-
BLUP periods are indicated.

Results

The pre- and post-BLUP periods are indicated in
the �gures presenting results on population structure
(Figure 1), generation intervals (Figure 2) and rates
of genetic gain and inbreeding (Figure 3). The total
number of years analyzed in each case depended on
the available information, but the pre- and post-BLUP
periods are indicated according with the de�nition
given in the Methods section.

Population Structure

Table 1 shows descriptive statistics summarizing
the population structure for both populations. The
number of Meatlinc rams and ewes, and the ewe-to-
ram ratio (d) per year are shown in Figure 1a for the
period 1974 to 2000. A large increase in the number
of ewes per ram was observed from 1974 (d = 4.5) to
2000 (d = 24.4), although the ratio remained more or
less constant for the period after the introduction of
BLUP. The breed showed an important expansion
through a steady increase in the number of ewes from

Table 1. Summary of females-to-males ratio (d),
number of offspring per male and female parent,

and generation intervals (L for overall; Lm
for males and Lf for females) for
Meatlinc and Aberdeen Angus

Aberdeen
Parameter Meatlinc Angus

da 17.7 6.8
Offspring/male
25 to 75% range 27�43 2�19
Average 37.6 18.4
SD 23.7 49.1
Maximum 164 1,093

Offspring/female
25 to 75% range 2�4 2�6
Average 3.6 3.2
SD 2.6 1.6
Maximum 21 42

Lb 2.15 5.09
Lm 1.08 4.95
Lf 3.22 5.24

aThe average d was calculated from 1974 to 2000 for Meatlinc and
from 1969 to 1999 for Aberdeen Angus.

bThe average L was calculated from 1983 to 2000 for Meatlinc and
from 1976 to 2000 for Aberdeen Angus.

1981, from about 50 to about 700 in 2000. The increase
in the number of rams was, however, moderate from
about 5 in 1974 to about 30 in 2000.

For Aberdeen Angus, a steady increase in the num-
ber of dams per sire was observed from 1969 (d = 2.8)
to 1999 (d = 10) (Figure 1b). The number of breeding
animals increased substantially from 1984, particu-
larly the number of dams, which showed a �vefold
increase. In contrast with the Meatlinc case, this might
be due to an increase in the breed membership to the
recording services rather than to a genuine breed
expansion.

The average number of offspring per male across
year in Aberdeen Angus (18.4) was very close to the
upper bound of the 25% to 75% interquartile range
(2 to 19; Table 1), indicating a much more skewed
distribution than for Meatlinc, where the average
(37.6) falls near the mid-point of the range (27 to 43;
Table 1).

Generation Intervals

Figure 2 shows the average generation interval over
years for males (Lm) and females (Lf) for Meatlinc and
Aberdeen Angus. In Meatlinc, Lm was calculated from
1983 onward because ram dates of birth were not avail-
able before that year. An important increase in Lf over
years was observed in the period 1976 to 1983. This
increase is related to the period of establishment of
this synthetic breed in which females had to be kept
in the �ock for more time. From 1984 onward, Lf re-
mained unchanged and the average was 3.2 yr. In this
population, Lm remained unchanged around a value
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Figure 2. Male and female average generation intervals
across years for Meatlinc (1976 to 2000) and Aberdeen
Angus (1976 to 2000). The pre- and post-BLUP periods
are indicated.

of 1.0 yr over the pre-BLUP period but has slightly
increased over the post-BLUP period up to 1.4 yr.

In Aberdeen Angus both Lm and Lf increased at simi-
lar rates (0.11 – 0.02 and 0.16 – 0.01/yr, respectively)
during the period 1976 to 1987 (Figure 2b). The aver-
age Lm and Lf in this period were 4.6 and 4.7 yr, respec-
tively. Over the last 12 analyzed years (1988 to 2000),
Lm and Lf averaged 5.2 and 5.7 yr, respectively, al-
though since 1994 the generation intervals started to
diverge. By the year 2000, Lf was around 1 yr larger
than Lm. There was no evidence to link this increase
in Lm and the use of BLUP-EBV.

Rates of Genetic Progress

Figure 3 shows the average index values per year
of birth for Meatlinc and for Aberdeen Angus for the
periods 1982 to 2000 and 1970 to 1999, respectively.
Results indicate that the introduction of BLUP evalua-
tions led to a sustained increase in the rate of genetic
gain in Meatlinc from 1994. The difference between
�G in the pre- and post-BLUP periods was statistically
signi�cant. For this breed, �G was 5.5 – 1.0 (P < 0.01)
index units per year in the pre-BLUP period, and 16.5
– 0.6 (P < 0.01) index units per year in the post-BLUP

Figure 3. Average index score and inbreeding coef�-
cient across years for Meatlinc (1982 to 2000) and Aber-
deen Angus (1970 to 1999). The pre- and post-BLUP peri-
ods are indicated.

period. On the other hand, the �G for Aberdeen Angus
before and after the BLUP introduction were not sig-
ni�cantly different. The pre-BLUP and post-BLUP
rates of gain were 0.55 – 0.04 (P < 0.01) and 0.46 –
0.05 (P < 0.01) index units per year, respectively.

Rates of Inbreeding and Long-Term Contributions

The average inbreeding coef�cient (F) in the Meat-
linc population in 2000 was 6.3% (Figure 3a). The �F
per year for the period 1982 to 2000 was 0.19% (P <
0.001). The difference between �F in the pre- and post-
BLUP periods, 0.21% – 1.31% and 0.23% – 0.05%, re-
spectively, was not signi�cant. Nevertheless, the pre-
BLUP estimation of �F should be taken with caution
because F �uctuated considerably in this period. Con-
sidering that the generation interval of the population
in the post-BLUP was about 2.3 yr (Figure 2a), the
�F per generation in this period was 0.53%. This is
equivalent to an effective size of the population (Ne)
of 95 animals (i.e., Ne = „���F). On the other hand, the
�F increased in the last generation up to about 1.0%
(i.e., Ne = 50).

The average F in the Aberdeen Angus population in
1999 was about 0.97% (Figure 3b). For the period 1974
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