GENETICS AND BREEDING

Calculation and Use of Inbreeding Coefficients for Genetic
Evaluation of United States Dairy Cattle

ABSTRACT

Inbreeding coefficients are calculated
routinely for all animals included in na-
tional genetic evaluations for yield traits.
The base population for inbreeding is
defined as animals born during 1960.
Animals with unknown parents are as-
sumed to have inbreeding coefficients
that are equal to the mean of coefficients
for animals with known parents born
during the same year. Mean inbreeding
coefficients reached .03 to .04 for recent
years, and coefficients for some animals
exceeded .50. The annual increase in
level of inbreeding was highest for Milk-
ing Shorthorns, but the rate of change of
that increase was greatest for Holsteins.
Accounting for inbreeding in calculation
of the inverse of the relationship matrix
had only a small effect on evaluations.
For Jerseys, the maximum change in
breeding value was 73 kg of milk for
cows and 40 kg of milk for bulls with
210 daughters. Estimates of inbreeding
depression were similar across breeds for
production traits and were -29.6 kg of
milk, -1.08 kg of fat, and -97 kg of
protein per 1% of inbreeding for Hol-
steins. In January 1994, the USDA began
considering the percentage of inbreeding
when calculating inverses of relationship
matrices, the largest matrix representing
over 20 million Holsteins; this inbreed-
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ing percentage was released to the dairy
industry for bulls.

(Key words: inbreeding, relationship
matrix, genetic evaluation)

Abbreviation key: ID = identification.

INTRODUCTION

Although inbreeding occurs in all popula-
tions to some degree, the effects of inbreeding
generally have been ignored for genetic evalu-
ation of US dairy cattle, primarily because of
computational difficulties related to large
population size. Inbreeding reduces phenotypic
performance (inbreeding depression) and the
genetic variation due to Mendelian sampling
among progeny of a particular set of parents.
Measures of inbreeding (inbreeding coeffi-
cients) represent the homozygosity expected in
an animal’s genome because of the relatedness
of its parents.

The effect of inbreeding on mean pheno-
typic performance can be accounted for in
genetic evaluations by regression on the per-
centage of inbreeding. An inbreeding effect
can be routinely included in the model, or data
can be preadjusted by a regression coefficient
that is estimated separately.

Adjustment of the inverse of the relation-
ship matrix to include inbreeding coefficients
can account for the effect of inbreeding on
genetic variance. Quaas (8) proposed a method
for constructing this matrix for large popula-
tions.

Inbreeding also affects estimates of the ac-
curacy (reliability) of genetic evaluations.
Boichard and Lee (1) reported increased over-
estimation of accuracy with increases in in-
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breeding when applying the method of Meyer
{6) to approximate accuracy of evaluation un-
der an animal model. This overestimation
resulted from accounting for the several contri-
butions that an inbred animal has from the
same ancestor as though they were contribu-
tions from independent ancestors.

Many animals with information that is in-
cluded in genetic evaluations have incomplete
pedigrees reported. Estimates of inbreeding for
these animals can be improved by considering
unknown parents to be related instead of un-
related (12). Genetic evaluations rank animals
and are expressed relative to a base population,
and a base population also is necessary for
inbreeding coefficients (3, 12). The base is
arbitrary. The inbreeding coefficient measures
the increase in homozygosity that is due to
common ancestors born since the base year. If
the base is set far enough in the past so that
recent common ancestors are considered,
evaluations of current animals are not sensitive
to which base year was chosen.

Advances in computer technology and com-
putational methods have enabled the rapid cal-
culation of inbreeding coefficients for large
populations (4, 5, 7, 11, 12). An algorithm of
VanRaden (12) was used to calculate inbreed-
ing coefficients for 9 million registered Hol-
steins. Further work was required to integrate
this method into routine national evaluations
and to estimate inbreeding coefficients for
nonregistered animals by incorporation of
unknown-parent groups.

The purpose of this study was 1) to describe
how inbreeding coefficients are calculated for
US national evaluations, 2) to document how
the US genetic evaluation system for yield
traits was modified to account for the effect of
inbreeding on genetic variance, 3) to determine
the effect on bull evaluations of accounting for
inbreeding in the inverse of the relationship
matrix, and 4) to estimate inbreeding depres-
s10n.

MATERIALS AND METHODS

Pedigree data for calculation of inbreeding
coefficients were obtained from herdbook in-
formation provided by breed associations for
registered Ayrshires, Brown Swiss, Guernseys,
Holsteins, Jerseys, and Milking Shorthorns.
For nonregistered cows, pedigree data were
obtained from the lactation records reported by
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dairy records processing centers. The percent-
age of known ancestors for Holstein cows born
during 1990 is shown in Figure 1. All cow
sires were known because sire identification
was required for inclusion of cows in the data.
For each of the five generations included, a
greater percentage of sires than dams was
known. The smallest percentage of known an-
cestors was 49 for maternal granddams of
maternal granddams.

Inbreeding calculations were separated into
two computer programs to minimize memory
requirements. The first program used the hash-
ing procedure of Wiggans et al. (14) to recode
the permanent identification (ID) (registration
or eartag number) of bulls and cows to a set of
sequential numbers. This recoding allowed
pedigree data for an entire breed to be stored in
memory. Incorrect or impossible parent ID
(e.g., identical sire and animal ID) was desig-
nated as unknown. Only parents of animals
born during 1960 or later were included be-
cause 1960 was defined as the base year for
inbreeding (12). Complete pedigree informa-
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93%  sbss
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93% _ DDSS
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93%  ssos
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Figure 1. Percentage of known ancestors for Holstein
cows born during 1990 (S = sire and D = dam; e.g., DS is
the dam of the sire).
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tion for animals born before 1960 was not
always available in an electronic format.
Animals born before 1960 were assumed to be
unrelated, and their pedigree data were ex-
cluded. Records were processed in the se-
quence of animal ID with cows processed be-
fore bulls. As each animal was processed,
parent ID was recoded (hashed) before animal
ID.

The second computer program stored the
hashed pedigree data, birth year, and gender in
memory. For parents with unknown birth
years, birth year was estimated as 3 yr prior to
the earliest birth year of progeny. Because
inbreeding coefficients based on birth year are
required for unknown parents at the beginning
of the relationship matrix for each animal,
inbreeding coefficients for all animals from the
previous semiannual evaluation were averaged
for each birth year, multiplied by 2, and used
as starting values in the matrix. This procedure
requires iteration for the annual mean to stabi-
lize. However, once the mean has stabilized,
no iteration is required for subsequent inbreed-
ing calculations. The partition for the inbreed-
ing coefficients of unknown parents was of
order 36 (the current year, 1994, minus 1958).
Each diagonal element was propagated to the
other elements in its row and column as-
sociated with earlier years. This procedure
caused the relationship between unknown par-
ents born during different years to be that of
animals born during the birth year of the most
recent unknown parent, which differs from the
procedure of VanRaden (12) in which un-
known parents are assumed to be related to all
other parents by twice the mean inbreeding
level of the period.

A relationship matrix was created for each
animal following the method of VanRaden
(12). Animals were processed in descending
sequential number order so that progeny would
be processed before parents. An animal’s in-
breeding coefficient was not recalculated if it
already had been calculated as an ancestor.
Information for all ancestors of an animal was
collected by formation of a vector that was
long enough for the largest family. The vector
was filled by addition of information from
each ancestor’s parents at the end of the vector
as each ancestor was processed. Processing
ended because ancestors with unknown parents
did not add information to the vector. The
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ancestry vector was filled, starting with the
highest number. For duplicate numbers, the
entry lowest in the vector was retained while
elements of the vector were copied to its lower
end; the lowest positions were occupied by the
unknown-parent groups. Another vector also
was created to store the location of parents of a
particular animal in the ancestry vector. For
unknown ancestors, the unknown-parent group
that was appropriate for that birth year was
selected. Animals from the most recent 3 yr of
birth were combined into a single group be-
cause those few animals were primarily young,
registered, nonlactating, and unrepresentative
of the milking population.

The relationship matrix was filled starting
with the first animal above the birth-year
groups for unknown parents. The inbreeding
coefficient was one-half the relationship be-
tween the parents, and the relationship of the
animal with itself was 1 plus the inbreeding
coefficient. Mean inbreeding coefficients were
calculated for each birth year. The first time
that the inbreeding coefficient was calculated
for an animal, that coefficient contributed to
the year total.

After inbreeding coefficients were calcu-
lated for all animals, the birth-year means were
written to a file. Files of pedigree and hash
numbers were read, and the pedigree files were
rewritten with inbreeding added.

The inbreeding coefficients were used in the
iteration program to construct the inverse of
the relationship matrix. To determine an
animal’s contribution to its diagonal, the ratio
of error variance to additive genetic variance
(@) was adjusted to reflect the reduced variance
of Mendelian sampling that results from in-
breeding and to reflect whether or not a parent
was known (12): «[4/(2 - F; — Fy)] if both
parents were known, «[4/(3 ~ Fs — 2Fy)] if only
the sire was known, a[4/(3 - 2F; — Fy)] if only
the dam was known, and «[2/(2 — F; — Fy)] if
neither parent was known, where Fg and Fy are
the inbreeding coefficients of the sire and dam,
respectively. For parents, .25 times this contri-
bution was added to the diagonals for sire and
dam. Off-diagonals between animal and par-
ents received —.5 times this contribution; off-
diagonals between parents received .25 times
this contribution (12). Two vectors were main-
tained: the diagonals and the Mendelian sam-
pling. The second vector was required for sub-
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TABLE 1. Numbers of animals born during 1960 or later and their parents, maximum numbers of ancestors per pedigree,
and processing times required to calculate inbreeding coefficients for major US breeds of dairy cattle.

Maximum
Animals ancestors Processing

Breed and parents per pedigree time!

(no.) (min)
Ayrshire 381,702 272 32
Brown Swiss 406,171 289 45
Guernsey 1,484,269 310 9.8
Holstein 20,869,458 380 2779
Jersey 1,944,089 331 204
Milking Shorthorn 74,497 275 1.1

1Processing time on an IBM (Armonk, NY) RISC System 6000 POWERSserver computer (model 560).

tracting the off-diagonals from the right-hand
sides while iterating on the data.

The effect of properly accounting for in-
breeding when constructing the inverse of the
relationship matrix was investigated for the
Jersey breed. Evaluations resulting from using
correct inbreeding coefficients and those with
inbreeding assumed to be O were compared for
cows and Al bulls.

To estimate inbreeding depression, a linear
regression on inbreeding was added to the
computer program that calculates solutions
through iteration (14, 15, 17). Addition of this
factor to the model for analysis ensured that
the estimates of inbreeding depression would
be consistent with other adjustments to the
data, such as those for heterogeneous variance
(16), and that genetic merit would be estimated
simultaneously. A linear effect was chosen
following preliminary investigation of quad-
ratic and categorical effects. With the more
complete models, high levels of inbreeding
sometimes showed less inbreeding depression
than lower levels. The reliability of these esti-
mates was low because of the small number of
animals that were highly inbred.

RESULTS

The computing time required to calculate
inbreeding coefficients for each breed is in
Table 1. The number of ancestors per pedigree
(Table 1) is an indicator of computing time,
which increases with family size and was
greatest for Holsteins. For the 21 million Hol-
steins, the two programs used to calculate in-
breeding coefficients required <5 h. Because

the computing time was short, recalculation of
all inbreeding coefficients was preferred to
calculation of coefficients only for new
animals or for animals with corrected pedi-
grees. An updating system would have re-
quired identification of all descendants of
animals with cormrected pedigrees.

Mean inbreeding coefficients are in Figure
2 for birth years 21960. All breeds started with
inbreeding coefficients of 0 in 1960 because of
the base definition and accumulated inbreeding
since then. Mean inbreeding coefficients for
animals born during 1990 (Table 2) ranged
from .026 for Holsteins to .047 for Ayrshires.
Based on a quadratic curve fit to the inbreed-
ing means, annual increase in inbreeding (first
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Figure 2. Mean inbreeding coefficients for Ayrshires
(A), Brown Swiss (B), Guernseys (G), Holstein (H), Jerseys
), and Milking Shorthomns (M.
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TABLE 2. Mean inbreeding coefficients for animals born during 1990 from a quadratic prediction equation with first and

second derivatives for major US breeds of dairy cattle.

Second
_ First derivative
Breed Animals X derivative x 10-5)
(no.)
Ayrshire 20,605 047 .00172 .099
Brown Swiss 27,729 .030 .00172 4.920
Guernsey 104,951 035 100220 7.344
Holstein 1,136,123 026 .00203 8.334
Jersey 112,562 .033 100210 7.307
Milking Shorthorn 7948 .041 .00245 7.518

derivative) was highest for Milking Shorthorns,
but rate of change of that increase (second
derivative) was greatest for Holsteins. Short et
al. (10) reported mean inbreeding coefficients
of .032 for cows and .035 for bulls for regis-
tered US Holsteins born during 1990.

Because the population base for inbreeding
was 1960, the number of ancestors was af-
fected by level of inbreeding and by generation
interval. Table 3 shows the distribution of
inbreeding coefficients for Holstein cows born
during 1990. The highest inbreeding coeffi-
cient was .384; the mode was .019. Among all
breeds, the highest inbreeding coefficient was
.56 for a Guernsey bull. Inclusion of unknown-
parent groups increases the number of animals
with low inbreeding.

Table 4 shows the frequency of differences
between breeding values for milk calculated
with or without inbreeding coefficients that
were included in the inverse of the relationship
matrix for Jerseys. For most Jersey cows, in-
clusion of inbreeding coefficients was of no
consequence in estimation of breeding value.
The difference (breeding value with inbreeding
minus breeding value without inbreeding) of
greatest magnitude was —73 kg for cows and
—40 kg for bulls with 210 daughters. Animals
with breeding values that changed when cor-
rect inbreeding coefficients were used had one
or both parents with high inbreeding coeffi-
cients. Casanova et al. (2) also found that use
of correct inbreeding coefficients in the rela-
tionship matrix of Swiss Braunvieh cattle had
little effect on predicted breeding values for
milk yield and generally did not change the
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TABLE 3. Distribution of inbreeding coefficients for Hol-
stein cows born during 1990.

Inbreeding
coefficient Cows
(no.) (%)

0 14,705 1.66
.01 218,040 24.56
.02 286,006 32.21
.03 186,511 21.01
.04 76,952 8.67
.05 41,211 4.64
.06 21,194 2.39
07 16,820 1.89
.08 10,797 1.22
.09 5563 63
.10 2854 32
11 1086 12
12 408 .05
13 1553 17
.14 1214 14
15 692 .08
.16 415 .05
17 201 .02
18 71 01
.19 53 .01
.20 23 <01
21 3 <.01
22 5 <01
23 3 <01
.24 2 <.01
25 234 .03
.26 840 .09
.27 222 .03
28 77 .01
.29 28 <.01
.30 8 <.01
31 1 <01
.32 4 <01
.33 0 0
.34 0 0
as 0 0
.36 0 0
37 0 0
.38 13 <.01
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ranking of animals. The current method (13)
for estimation of reliability is expected to over-
estimate the reliability of inbred animals be-
cause parent information is assumed to be
independent. Changes in the reliability of
evaluations from use of correct inbreeding
coefficients were expected to be small and
were not investigated.

Estimates of inbreeding depression are in
Table 5 for milk, fat, and protein yields. Esti-
mates were similar across breeds for each
production trait. For Holsteins, estimates of
—29.6 kg of milk, —1.08 kg of fat, and —-.97 kg
of protein per 1% of inbreeding were slightly
larger than the -22.6, -78, and -.85 kg
reported by Short et al. (10) for registered
Holsteins. For Jerseys, estimates of ~21.3 kg
of milk and -1.03 kg of fat per 1% inbreeding

TABLE 4. Frequency of differences! between breeding
values for milk calculated with correct inbreeding coeffi-
cient or with no inbreeding coefficient included in the
inverse of the relationship matrix for Jersey cows and bulls
with 210 daughters.

Difference (kg) Cows Bulis
-73 to =70 1 0
-69 to 65 2 0
-64 to -60 0 0
-59 to -55 2 0
-54 to -50 3 0
-49 to -45 4 0
-44 to -40 14 1
-39 to -35 28 1
-34 o -30 44 0
-29 to -25 128 0
-24 to =20 296 0
-19 to -15 926 3
-14 to ~10 3536 18
-9 to -5 19,495 89
—-4 100 573,614 5090
1to5 435,562 4111

6 to 10 14,684 63
i1 to 15 3050 8
16 to 20 849 5
21 t0 25 280 0
26 o 30 137 1
31 to 35 42 0
36 to 40 26 0
41 to 45 11 0
46 to 50 3 0
51 to 55 0 0
56 to 60 1 0
61 to 65 0 0
66 to 68 1 0

1Breeding value with correct inbreeding coefficient
minus breeding value with no inbreeding assumed.
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were much larger than those reported for Cana-
dian Jerseys (-9.84 kg and -.55 kg) by Miglior
et al. (7). Accounting for inbreeding depression
is expected to increase estimates of genetic
trend by the amount of inbreeding depression
times the trend in inbreeding. Trend then
would measure the annual genetic improve-
ment for animals that were not inbred.

CONCLUSIONS

Inbreeding coefficients can be calculated
routinely for the US dairy population. In Janu-
ary 1994, the USDA began calculating the
percentage of inbreeding for all animals, and
this percentage was released to the dairy indus-
try for bulls (9). Inclusion of inbreeding coeffi-
cients in the inverse of the relationship matrix
resulted in a more accurate representation of
the relationships among animals. This adjust-
ment of genetic variance affects all traits
(yield, productive life, and somatic cell score)
evaluated by the USDA with an animal model.
However, accounting for inbreeding had rela-
tively little impact on yield evaluations. Its
impact may increase as inbreeding increases.

Accounting for inbreeding depression has
not been implemented by the USDA in na-
tional evaluations, although inbreeding depres-
sion is expected to have a greater influence on
evaluations than does use of the correct in-
breeding coefficients in calculating the inverse
of the relationship matrix. Accuracy of selec-
tion would improve if evaluations were ad-
justed to include the inbreeding depression ex-
pected with each mate or population of mates.
Accounting for inbreeding depression also
would prevent a young bull from being penal-
ized during his initial evaluation for matings to
relatives. However, bulls with highly inbred

TABLE 5. Estimates of inbreeding depression for produc-
tion traits of major US breeds of dairy cattle.

Breed Milk Fat Protein
—— (kg/1% inbreeding)
Ayrshire -30.2 -1.16 -1.20
Brown Swiss -24.6 -1.08 -.99
Guernsey -19.6 -89 =17
Holstein -29.6 -1.08 -97
Jersey -213 -1.03 -.88
Milking Shorthorn -22.0 -.68 -1.01
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daughters may be highly related to the popula-
tion of potential mates. Therefore, high in-
breeding and inbreeding depression would be
expected in future progeny. To avoid overesti-
mation of a bull’s genetic merit when he is
bred to related mates, a useful statistic couid
be the bull’s mean relationship with expected
mates. Accounting for inbreeding depression in
national genetic evaluations probably will not
be implemented until such a statistic is calcu-
lated routinely and until mating programs con-
sider inbreeding depression.

The adoption of an animal model for
genetic evaluations could have contributed to
the increase in inbreeding in recent years. Be-
cause of full consideration of relationships,
related animals tend to rank together. Con-
tinued increase in inbreeding will cause greater
inbreeding depression. Selection and mating
programs that directly account for inbreeding
automatically will choose and pair less related
parents.
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