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ABSTRACT 
 
 
Intensive selection for increased milk production over many generations has led to growing 

genetic similarity and increased relationships in dairy population. In the current study, inbreeding 

depression was estimated for number of days to first service, summit milk, conception by 70 

days non-return, and calving rate with a linear mixed model (LMM) approach and for calving 

difficulty, calf mortality with a Bayesian threshold model (BTM) for categorical traits. 

Effectiveness of classical and unknown parentage group procedures to estimate inbreeding 

coefficients was evaluated depending on completeness of a 5-generation pedigree. A novel 

method derived from the classical formula to estimate inbreeding was utilized to evaluate 

completeness of pedigrees. Two different estimates of maternal inbreeding were fitted in 

separate models as a linear covariate in combined LMM analyses (Holstein registered and grade 

cows and Jersey cows) or separate analyses (registered Holstein cows) by parity (1-4) with fetal 

inbreeding. Impact of inbreeding type, model, data structure, and treatment of herd-year-season 

(HYS) on magnitude and size of inbreeding depression were assessed. Grade Holstein datasets 

were sampled and analyzed by percentage of pedigree present (0-30%, 30-70% and 70-100%). 

BTM analyses (sire-mgs) were performed using Gibbs sampling for parities 1, 2 and 3 fitting 

maternal inbreeding only. In LMM analyses of grade data, the least pedigree and diagonal A 

matrix performed the worst. Significant inbreeding effects were obtained in most traits in cows 
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of parity 1. Fetal inbreeding depression was mostly lower than that from maternal inbreeding. 

Inbreeding depression in binary traits was the most difficult to evaluate. Analyses with non-

additive effects included in LMM, for data by inbreeding level and by age group should be 

preferred to estimate inbreeding depression. In BTM inbreeding effects were strongly related to 

dam parity and calf sex. Largest effects were obtained from parity 1 cows giving birth to male 

calves (0.417% and 0.252% for dystocia and calf mortality) and then births to female calves 

(0.300% and 0.203% for dystocia and calf mortality). Female calves from mature cows were the 

least affected (0.131% and 0.005% for dystocia and calf mortality). Data structure was found to 

be a very important factor to attainment of  convergence in distribution. 
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Chapter I.   
 
                                                                                                                                       
Review of Literature on Estimation of Inbreeding Depression 
 
 

1.1. Introduction 

 

The current form of sire selection for increased aggregate lifetime performance is 

predominantly based on additive genetic merit. Animals with the highest genetic potential to 

produce milk efficiently are chosen to transmit their genes onto the next generation. Tendencies 

in selection of breeding pairs, which combine animals resembling one another in this superior 

performance or lead towards high merit cause increased genetic and phenotypic uniformity in the 

populations. Keown (1988) indicated that approximately 66% of dairy cows in the United States 

were participating in some form of mating program Consequently, selection accompanied by 

intensive use of reproductive techniques, such as artificial insemination, embryo transfer or in-

vitro embryo production led to growing incidence of prospective parental pairs, that were 

mutually related. Since relatedness within a population accumulates over multiple generations by 

building on existing relationships, foundations for continuous trend of genetic similarity within 

dairy breeds were laid. In the last 20 years, increasing percentage of inbred dairy cattle and 

greater average yearly inbreeding were reported in all breeds. Small breeds and the sire 

population appeared to be especially at higher risk of inbreeding. 

 

Current average rates of inbreeding are generally low, but a pessimistic scenario exists for 

raising levels of inbreeding in future generations. Underlying theoretical assumptions to 

alternatives of classical mating schemes were developed in the past.  Computer aided programs, 

which utilize these principles, are in essence working with the direct effects, but they may 

additionally include factors related to non-additive gene action. The ultimate goal is to adjust the 

resulting merit for inbreeding depression expected from specific parental combinations. Such 

programs are not only able to maximize the overall genetic value, but also restrict inbreeding to a 

minimum acceptable level. From this method, the increase in the total genetic merit was not 

large, but confinement of future inbreeding was feasible. Usage of inbreeding depression in the 
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model is expected to have greater favorable effect than non-additive effects fitted separately 

from inbreeding. Upcoming research should also focus on long-term effects of these programs on 

selection gain and annual inbreeding rates. 

 

Mating of related individuals produces inbred progeny as a consequence of increased 

genetic resemblance among the parents. Inbreeding, among other symptoms, changes  

phenotypic mean with adverse biological effects and reduction of genetic variance, which is 

expressed outwardly as inbreeding depression. This phenotypic reduction can be observed on an 

individual, but it has more profound negative consequences on the population level. Magnitude 

of inbreeding depression is proportional through a mathematical relationship to the average 

inbreeding level and its dispersion properties. Genetic background of individual variables as well 

as design under which data were assembled determines the exact form of the association between 

inbreeding and change of phenotypic mean due to inbreeding. A careful attention, thereby, must 

be given to construction of statistically correct models to avoid solutions being rendered 

unrealistic for formulation of statistical inferences about the target population.  

 

Benefits of estimating inbreeding depression can be outlined with the following points: 

 

1. Knowledge of inbreeding effects on long-term performance with focus on economic 

consequences of inbreeding can add to evaluation of effectiveness of selection and mating 

programs and justify current or future selection procedures. Inbreeding avoidance programs were 

previously tested and can be more widely implemented to maximize overall genetic merit while 

restricting matings among close relatives.   

2. Inbreeding depression can be accounted for in genetic evaluations when it is included as a 

separate term in the model or in the diagonal elements of matrix of numerator relationships. 

Improved estimates of breeding values and variance components are expected. 

3. Inbreeding depression and solutions for effects of direct and non-additive gene action can be 

combined and utilized to select breeding mates. 

 

Current methods to estimate inbreeding depression and effects of non-additive genetic 

variance are characterized by approaches, which show computational feasibility, but they are 

Review of Literature    Chapter 1 2



also statistically robust. Estimates are usually small, but significant when obtained from simple 

models without animal or other random effects. Deficiencies in the quality and structure of data, 

constrained understanding of principles behind mechanics of gene action and availability of 

complete and accurate pedigrees from commercial herds constitute further limiting factors. The 

last insufficiency in data appears to have especially restrictive impact on breeders’ ability to 

accurately estimate inbreeding depression since the prevailing numbers of commercial animals 

lack complete records of ancestry.  

 

A few algorithms were created to attempt recovery of relationships lost due to missing 

pedigrees by utilizing average information from contemporaries. Coefficients were already 

released for public use; however, properties of inbreeding provided by these methods were not 

yet thoroughly tested. Alternatives, which include additional generations of pedigree and adjust 

for relationships among animals in genetic evaluations, must also be considered.  

 

Contrary to current procedures to quantify inbreeding depression in individual variables, 

there is also an important cumulative effect of inbreeding on the overall performance. It exerts a 

greater negative influence on the economic prosperity of dairy enterprises. Inbreeding losses in 

financial terms can become sizable during extended periods of time and (or) as number of 

affected animals increases. Comprehensive results summarizing harmful inbreeding effects are 

presently preferred by animal producers because of close relationship to the economic outcome 

and simple interpretation. However, profit functions can only be acceptable if they properly 

account for important factors of the economic environment and avoid components, which cause 

information duplicity.  

 

Estimation of change in population parameters induced by inbreeding was previously 

carried out by fitting linear regression of phenotypic values on inbreeding covariate in models for 

several traits of economic importance. Alternative analyses where estimated breeding values 

were regressed on inbreeding were also commercially tested. Studies conducted on inbreeding 

depression in the past do differ in statistical models, data design, time periods and mean levels of 

inbreeding. In dairy cattle, such previous research mainly involved production variables, while 

only limited attention was paid to fertility.  
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Because additive and non-additive allelic factors contribute to genetic background of 

fertility unequally, greater influence of variances caused by gene combinations and inbreeding is 

more likely in reproductive than in production traits. Economic value of fertility is high, which 

provides justification for research on inbreeding effects. Efforts should also concentrate on 

identification of core variables, which contribute the most to economic profitability and can be 

measured easily and accurately. Additionally, male fertility traits should be studied since highly 

selected subpopulation of sires is characteristic with greater frequency of close relationships 

among themselves and to the commercial population. Changes in fertility in the males would be 

thereby easier to detect and the impact on the whole population could be accurately quantified. 

 

Objectives of the current research are:  

 

1.  Estimate inbreeding depression for days to first service (DTS), summit milk yield (SM), 

conception rates at 70 days non-return (70dNR), and at subsequent calving (CR). 

2.  Evaluate concepts of ‘non-zero relationships’ among unknown parents developed by Van 

Raden (1992) and classical procedures applied to estimation of inbreeding depression for 

fertility traits in dairy cattle. 

 3. Evaluate threshold model estimation procedures for measuring inbreeding depression in 

calving difficulty (dystocia) and calf mortality (stillbirth). 

 

 

1.2. Review of Literature 

 

Inbreeding has become an important aspect of genetic improvement of dairy cattle. A  

selection among young bulls for enhanced performance contributed to increased risk of 

inbreeding as fewer proven candidates enter the process of reproduction. Additionally, increased 

relationships among potential breeding pairs are a result of advanced reproductive techniques, 

which increase animal reproductive potential beyond natural boundaries.  
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Among the most severe consequences of inbreeding, altered genetic variance-covariance 

matrix, inflated variances of predicted breeding values (PBVs), increased frequency of recessive 

deleterious genes and increased variance of selection response were mainly emphasized. Index 

based selection and use of Best Linear Unbiased Prediction (BLUP) in estimation of breeding 

values utilizes ancestral information and tends to favor animals that are related because of 

selection among families, rather than among individuals. Pedigree structure, which is 

characteristic for animals with large full-sib families appears to contribute to this problem at 

increased rate. This phenomenon was discussed in detail in a simulation study of Belonsky and 

Kennedy (1988), but results from large-scale population research on dairy cattle data were not 

yet available. Weigel (2001), nonetheless, accepted that estimation of breeding values based on 

BLUP causes greater accuracy of PBVs and increases probability of concurrent selection of 

related prospective parents. Identical conclusions were also stated by Wiggans et al. (1995) and 

Thompson et al. (2000a). Apart from selection, extensive use of reproductive technologies like 

artificial insemination, embryo splitting, induced multiple ovulations and in-vitro embryo 

production appear to be the major cause of growing incidence of matings among related parents. 

Many experimental and commercial breeding programs, for this reason, include estimation and 

evaluation of trends in inbreeding (te Braake et al., 1994). 

 

Dairy cattle appear to be at increased risk from inbreeding due to narrowly defined 

selection objectives focusing on maximum milk or protein production (Notter, 1999). Maignel et 

al. (1997) stated that due to high competitiveness, breeding goals in dairy remain quite simple, 

while focused on short-term gains for all breeds, breeding companies and even countries. 

Artificial insemination was proved to be highly efficient for this species, which encourages 

selection of very few candidates. On the other hand, expected selection gains are possible over 

multiple generations, which was indicated in previous results from long-term selection 

experiments with corn, fruit flies (Falconer, 1992) or mice (Heath et al., 1995). 

 

Weigel (2001) considered intensity of selection to be a more significant contributor to 

growing annual rates of inbreeding than number of individuals in population. In Holstein and 

Jersey breeds higher rates of selection response led to greater average inbreeding compared to 

the remaining breeds (Weigel, 2001). The annual increases of inbreeding in these two 
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populations were considered serious. Inbreeding occurs as a consequence of active process to 

create mating pairs from related parents, but also as a passive process. Increase of inbreeding per 

generation can then be traced to the effective population size, which determines probability of 

mating among relatives:  

 

∆F/(1-F) = 1/(2Ne). 

 

Values of Ne were calculated by Weigel (2001) for the most important U.S. breeds: Holstein 

(39), Jersey (30), Ayshire (161), Brown Swiss (61) and Guernsey (65). These values were 

explained by repeated use of several popular sires, especially in Holstein, where individual bulls 

can produce up to 250,000 daughters and 3,000 tested sons. Among 5,000 bulls tested annually 

in the United States, 50% can be traced to 10 most widely used founder sires. Maignel et al. 

(1997) postulated that inbreeding trends, which are a function of population size, might 

inaccurately describe degree of homozygosity in current dairy populations. Potential reasons 

behind it were overlapping generations and mating systems, which strongly deviate from random 

mating. In this context, average inbreeding reflects not only random genetic drift, but also mating 

system. 

 

Wooliams and Meuwissen (1993) shoved evidence that variance of selection gain is 

contingent upon increase of inbreeding. Variation of selection gain V(∆G) was defined by 

relationship: 

 

V(∆G) = 2∆Fσa∞
2 * (1-r∞

2k), 

 

where ∆F is change of inbreeding, σa∞
2 is additive genetic variance at equilibrium, r∞

2 is 

accuracy of selection and k was the relative reduction of phenotypic variance caused by 

selection. In a typical situation with a commercial dairy breeding program, restricting the 

variance of response exercised greater influence on the effective population size than restrictions 

imposed on inbreeding. In species with a typically short generation interval and multiple progeny 

per parturition, restricting inbreeding became more effective. 
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Previous studies found greater average inbreeding in smaller breeds relative to the 

populous ones (Miglior et al., 1992). Hudson and Van Vleck (1984a) observed the highest values 

of inbreeding in the Ayrshire breed relative to other populations. Young et al. (1998) reported 

almost no increase in average inbreeding in Holstein cattle between years 1931 through 1982, 

but after 1982, it was concluded that spread of inbreeding was worth monitoring. In addition, 

increase in average inbreeding in Jerseys was only by 0.1% per year between 1970 and 1990, but 

in the 1990’s annual increment by 0.3% as observed by Thompson et al. (2000b).  

 

Thompson et al. (2000a) reported an analogous non-linear trend from a parallel study of the 

Holstein breed. Both findings corroborate curvilinear increase in inbreeding over the recent 

multiple generations, which is evident in all common dairy breeds. A large number of dairy 

cows, which were inbred, showed only mild levels of inbreeding. Specifically, 92% of females 

had inbreeding lower than 6%. Early studies on inbreeding were not possible as pedigree data in 

distant generations were not accessible in electronic form before 1960 (Wiggans et al., 1995). 

Comparisons of inbreeding levels from several breeds reported in different studies are often 

complex, because unequal selection and breeding policies were in effect at different periods. 

 

Inbreeding contributes to random drift in allelic frequencies, loss of favorable alleles and 

limitation of future selection responses. Variation of selection gains when caused by inbreeding 

creates indirect economic loss, due to uncertainty in planning and investment in the breeding 

programs (Weigel, 2001). Keller et al. (1990) researched factors, which determine rate of 

selection response in Multiple Ovulation and Embryo Transfer (MOET) programs applied to 

beef cattle. Long-term selection losses due to inbreeding depression were found to be more 

severe than concurrent reduction of additive genetic variance. Loses due to inbreeding 

depression would be smaller if nucleus breeding schemes were using unrelated mates from 

production herds at greater rate.  

 

In the long perspective, inbreeding depression and reduced additive genetic variance are 

the limiting factors to continuation of response to selection. Losses in reproductive traits due to 

inbreeding can be especially harmful because low fertility and slow growth could reduce 

selection differential in females, induce prolonged generation interval and increase expenses 
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associated with inflow of improved genes from outside. Examples of such expenses are semen 

costs, ET and embryo expenditures. DeBoer and Van Arendonk (1994) characterized successful 

breeding schemes as those, which used greater number of sires and increased ratio of sires to 

dams concurrently when levels of inbreeding increased. Generally, selection of greater 

proportion of sires, prolonged usage of older progeny of tested sires and higher retention and 

exploitation of dams from commercial sphere in nucleus programs were emphasized. 

 

 

1.2.1. Previous studies of inbreeding depression  

 

Numerous variables were previously investigated for inbreeding depression. Nonetheless, 

these estimates came from analyses with differential models, conducted at different time periods 

and on populations with dissimilar levels of average inbreeding. Tables 1, 2 and 3 present a 

summary of estimates of inbreeding depression from the most influential analyses. Many 

research studies, which quantified inbreeding depression, also produced estimates of non-

additive genetic variances.  

 
Inbreeding depression is usually expressed as change of mean phenotype per one percent 

of inbreeding (Wiggans et al., 1995; Smith et al., 1998). Other studies, however, reported mean 

phenotypic change per 12.5% inbreeding or per 25% inbreeding (Hoeschele, 1991). Some 

authors expressed inbreeding depression as % σa (Smith et al.,1998), % σd (Misztal et al., 

1997b),  % σp  (Miglior et al., 1995ab; Falconer, 1989) or % of the non-inbred mean (Falconer, 

1992). Wilk and McDaniel (1996) provided no estimates, but verbally stated that effect of 

inbreeding on heifer survival at birth and to certain age was found. Many studies provide little or 

no evidence about statistical significance of the presented estimates. Miglior et al. (1995b) stated 

that simple models and small representative samples of data are sufficient if the analysis focused 

on estimation of inbreeding depression as the only objective. Comparably large differences 

between inbreeding depression obtained from models with additive, dominance and additive x 

additive random effects were not yet found. The greatest differences, though, were observed 

between estimates from fixed and random models. Fixed models, in principal, produced more 

extreme and significant estimates. 
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From work of Wiggans et al. (1995), extremely complex models containing many effects 

yielded lower estimates of inbreeding depression in highly inbred groups than for animals with 

low levels of inbreeding. Standard errors of these solutions were high, which was probably due 

to limited number of observations. Although majority of previous research reported estimates of 

inbreeding depression from models incorporating all reachable relationships in calculating 

inbreeding, Hoeschele (1991) used only coefficients derived through sire and maternal-grandsire 

relationships and modeled the trait with a sire-mgs model. Inbreeding depression hence would be 

underestimated, especially in cases when maternal-grandsire was missing. Results obtained from 

an animal model would likely be greater or equal to those from sire-mgs model and presumably 

would show superior sampling properties. Also, improved estimates from model containing 

relationships sire of the calf and sire of the cow could be anticipated. An animal model, however, 

should be preferred, since more information from animal relationships would be utilized. A 

similar approach for construction of models and inbreeding coefficients from sire-mgs 

relationships was implemented by Fuerst and Solkner (1994). Maki-Tanila and Kennedy (1996) 

concluded that a model with only additive relationships can severely underestimate inbreeding 

depression. It should be mentioned, finally, that all inbreeding studies omit reporting 

approximate proportions of pedigree used to calculate inbreeding and (or) included in formation 

of the numerator relationship matrix. 

 

Great number of traits, where magnitude of inbreeding depression was previously 

estimated, showed individually only a small unfavorable influence of inbreeding or they were not 

controlled by inbreeding at all. Smith et al. (1998) calculated financial loss due to inbreeding for 

a composite index ‘relative net income adjusted for opportunity cost’ (RNIOC) as constructed by 

Weigel (1993). The 84-month herdlife opportunity function was defined as: 

 

RNI =   ∑ ∑
= =









−

n

i j
jjij CostValuecomponent

1

3

1
)(

+ (number of lactations)*(net value of a calf) 

                        + (net salvage value) 

+ (total days in milk)*(daily expenses per day in milk)  
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+ (total days dry)*(daily expenses per day dry) 

 

where j components represent milk, fat and protein yields and i identifies lactations before 84- 

month opportunity length. This and additional profit functions were included in the investigation 

since the effect on the overall economic output was strongly perceived and could be more 

accurately evaluated compared to individual variables.  

 

Table 4 shows estimated loss in U.S. dollars for 60-month and 84-month RNIOC from 

registered and grade cows in markets with fluid and manufactured milk. Larger influence relative 

to phenotypic standard deviation was observed in the manufacturing market, but the financial 

loss was greater in the fluid market. For a prevailing number of traits, important differences in 

inbreeding depression obtained from registered and grade cow groups were noticed. Losses from 

registered cows were close to 2-2.5 times greater than those from grade herds. These differences 

were attributed to inequalities in completeness of pedigrees and differential accuracy in 

recording of phenotypic measurements. Substantially greater standard errors of inbreeding 

depression from grade population and higher heritability in the registered group indicate poor 

quality of data in the grade population. 

 

The contribution of study by Smith et al. (1998) was essential in several aspects. They 

attempted a comprehensive assessment of inbreeding effects on economic value of production 

and reproductive characteristics of dairy cows. The study gives practical overview to the industry 

regarding detrimental effects of inbreeding and provides a motivation to implement programs to 

limit inbreeding.  

 

Smith et al. (1998), however, failed to incorporate several aspects, which underline 

outward expression of inbreeding depression. Examples of such attributes follow:  

 

1. There is seasonal nature of gene expression, which affects growth, milk production and 

most probably also fertility, although here this effect seems to be indirect.  

2. Inbreeding depression from analyses of grade data have a limited explanatory potential 

due to higher rate of errors in pedigrees, increased incompleteness of pedigrees and 
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erroneously recorded phenotypes. Grade and registered cows constitute two differently 

managed subpopulations. Models that fail to account for differences between the groups, 

may introduce bias to estimates. Information from the grade data is often contingent on 

proportion of records and pedigrees affected.  

3. Incorporation of AIPL inbreeding for this group as a covariate in model produces smaller 

or even possibly zero information in output. Unknown parent grouping applied to the 

method of derivation of inbreeding alters interpretation of those coefficients and likely 

necessitates abnormal statistical properties.  

4.  Additionally, regression coefficients originated from linear covariates do not account for 

non-linearity in association between the response variable and inbreeding. Since 

curvilinear response to inbreeding is typical for highly inbred animals, inbreeding 

depression for this group is likely underestimated and hence biased. 

 

Thompson et al. (2000ab) applied a test-day model to estimate effects of inbreeding on 

milk, fat and protein yields. They described a non-linear trend of estimated inbreeding 

depression at different levels of inbreeding in a large-scale study for Jersey and Holstein 

populations. The greatest phenotypic losses expectedly occurred in the extremely inbred groups. 

In Holstein cows, Thompson et al.  (2000b) observed the largest inbreeding depression in milk 

yield of 55 kg per % inbreeding in cows with inbreeding between 7-10%. In females with higher 

or lower inbreeding, the estimated inbreeding depression returned to 35 kg. Particularly low 

levels of inbreeding around 3% had positive effect on partial lactation yield between days in milk 

70 through 270.  

 

Thompson et al. (2000ab) reported that most severe penalty due to inbreeding occurred in 

the earliest periods of life. At this time, the organism undergoes quantitative and qualitative 

development and majority of genes are transcribed and expressed. Test-day milk yield was more 

reduced at early ages, but cows older than 36 months that had levels of inbreeding below 5% 

showed non-significant reduction in milk yield. Identical observations of inbreeding effect were 

also made for yields of fat and protein. In extremely inbred cows, significant inbreeding 

depression was observed in all age groups.  
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Reduction of mean performance in different stages of lactation indicated strong inbreeding 

influence in early 100 to 130 days in milk, which significantly depressed the summit yield 

(Thompson et al., 2000ab). Production in the later two thirds of lactation was not as greatly 

affected. The effect of early lactation was the most prominent especially in first lactation cows. 

Therefore, there is probably limited confounding due to common effect of lactation stage and 

animal age. Greater losses in early lactation phases were also reported in lactations two to six. 

Thomson and Freeman (1967) also discussed greater effect of inbreeding on milk production and 

body size in young age groups of Holstein cows. Misztal et al. (1997ab) additionally reported 

effects of age and lactation stage on estimated dominance variance and inbreeding depression on 

stature and linear type scores.  

 

Effect of inbreeding was also demonstrated in cow age at calving, length of lactation 

period, number of initiated subsequent lactations and cow survival, which constituted the most 

severe economic loss caused by decreased homozygosity (Thompson et al., 2000ab). High 

replacement costs of cows evidently contribute to the economic stress produced by inbreeding. It 

is because on average, one to three years of production are required for a producer to recoup 

costs of a replacement female and generate profit (Smith et al., 1998). Undoubtedly, negative 

economic effects of inbreeding on production would be diminished if these many deleterious 

effects of inbreeding occurred later in animal’s productive life. Significant influence of 

inbreeding on somatic cell counts was not revealed, as reported by Smith et al. (1998) and Van 

Tassell et al. (2000).  

 

The influence of inbreeding can be more apparent in highly inbred groups. Miglior et al. 

(1992) showed strong non-linearity in response of yield of milk in Jersey cows to various levels 

of inbreeding. Mainly cow groups with inbreeding above 12.5% displayed an extremely non-

linear reduction of the mean. Below this boundary of inbreeding, a linear model with first order 

covariate appeared to be adequate. Research of inbreeding depression by Hudson and Van Vleck 

(1984ab) on milk yield, fat and calving interval conducted on populations of Holstein, Ayrshire, 

Jersey, Guernsey and Brown Swiss showed increasingly negative curvilinear response for animal 

classes with increased inbreeding. 

 

Review of Literature    Chapter 1 12



 

1.2.2. Gene action as source of inbreeding depression 

 

A negative effect of inbreeding on genetic evaluations was observed as a change of 

genotypic mean, which has an unfavorable biological effect, reduction of genetic variance and 

altered genetic variance-covariance structure. Diminished genetic variance occurs because of 

smaller variance of Mendelian sampling in progeny of a particular group of related parents. A 

common method to obtain estimates of inbreeding depression is fitting inbreeding as a linear 

covariate to the model. This method accounts for linear associations between inbreeding and 

phenotypes and computes a measure of average effect of inbreeding on the genotypic mean.  

Genotypic mean in an inbred population (µF) can be expressed as a population mean from 

randomly mated population (µR) adjusted for inbreeding depression (DeBoer and Van Arendonk, 

1992): 

 

bFRF += µµ  

 

Total estimated dominance effect in an individual could be estimated as average inbreeding 

effect on the mean (bF) and individual’s effect of dominance (di), which comes from this 

relationship: 

 

bFdd ii +=
^*^

 

 

as provided by (DeBoer and Van Arendonk, 1992). 

  

Overall expected change of the phenotypic mean for an individual with inbreeding F, 

which was estimated with first-order linear regression times inbreeding coefficient can be 

expressed as:  

F∆l
i = 2plqldlF, 
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where ∆l
i is inbreeding depression for a single locus l (de Boer and Hoeschele, 1993). Change of 

the mean b is in theory equal to: 

 

∑
=

−=
nl

k
kkk dqpb

1
2  

 

which applies for genetic model consisting of nl independent loci, each with two alleles. Gametic 

phase equilibrium applies (DeBoer and Van Arendonk, 1992).  

 

Under inbreeding, covariance among genes, which belong to two inbred relatives, becomes 

more complicated, but it can still be obtained. Three additional genetic parameters are, however, 

needed: squared inbreeding depression summed across all loci; dominance variance in the inbred 

population and covariance between additive and dominance effects from the inbred population 

(DeBoer and Van Arendonk, 1992). 

 

Loci with intermediate allelic frequencies are the most likely to contribute to inbreeding 

depression depending on the type of dominance (Falconer, 1989). Figure 1 depicts relationships 

between size of constituents of genetic variance and frequency of favorable alleles in a 

population under random mating (DeBoer and Hoeschele, 1992). Figure 2 shows the association 

between gene frequency on a bi-allelic locus and dominance, inbreeding depression and 

covariation between additive and dominance effects in an inbred population as reproduced from 

DeBoer and Hoeschele (1992). Uimari and Maki-Tanila (1992) published relative changes in 

additive and dominance variances depending on frequency of the favorable allele when complete 

dominance occurred and a bi-allelic model was considered. Simulated additive variance was 

found 19 times greater than dominance variance when frequency of the favorable allele was only 

0.10. Dominance variance, however, was 4.5 times higher than the additive variance when 

frequency of the favorable allele was 0.90 under low heritability of the trait.  

 

When epistasic gene action participates in determination of genetic variance, a higher order 

polynomial covariate can be fitted to the model, with regard to the type of interactions. Nonlinear 

inbreeding depression derived in this way may, however, be small in current livestock 
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populations, with generally low or medium inbreeding (f). The low response can be caused either 

by inter loci interactions canceling each other or due to the small value of f2, especially when f is 

small. Lack of non-linearity does not, therefore, rule out absence of epistatic interactions. 

Nevertheless, highly inbred subpopulations can be more useful to detect important change of the 

genotypic mean due to allelic interactions of dominance type (Lynch and Walsh, 1996). 

 

Two theories to elucidate influence of dominance on inbreeding depression were discussed 

by Lynch and Walsh (1996). In both cases, a non-additive allelic action is involved. The 

incomplete dominance theory considers loci with 2 alleles and the effects of a deleterious 

recessive gene with allelic frequency p in a homozygous combination. Fitness measure s 

describes selection against this allele and h a degree of dominance h between 0 and 0.5. In a 

population with average inbreeding f, the mean fitness Wf is delineated by relationship:  

 

Wf  = 1 – 2pqsh – q2s – fpqs (1 – 2h) 

 

Under partial dominance, the value of (1–2h) is always greater than zero. Therefore, a 

linear reduction of mean fitness is expected depending on the value of f, which approximates 

qs(1 –2h). The overdominance concept assumes s and t as proportional to a decrease of fitness in 

homozygotes compared to the heterozygote. Mean fitness Wf then equals to: 

 

Wf  = 1 – p2t – q2s – fpq(s+t) 

 

Consequently, a linear change of the mean is also expected with increasing f. Nonetheless, the 

decline in fitness becomes greater depending on proportion of s.  

 

Positive tests for non-linearity may indicate an important contribution of epistasis. Tests of 

statistical hypothesis, in this example, may also be influenced by dependencies in the data across 

many generations, primarily in subgroups characteristic by large inbreeding levels. Comparing 

differences in means between two small and two large levels of inbreeding can develop an 

alternative test. The two inbreeding regions, however, must be distinctly defined. Derivation of 

test statistics from independent data follows as adopted from Lynch and Walsh (1996): 
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where ∆I is a measure of non-linearity, ∆fL  = f1 - f2 ; ∆fH = f3 - f4 and 1z , 2z 3z 4z  were the four 

mean phenotypes.  This formula provides a way to obtain approximate dispersion of this 
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The statistic to test for non-linearity can be derived as: 
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Under the null hypothesis the statistic follows t-distribution where degrees of freedom are 

equal to the number of inbred lines.  

 

 

1.2.3. Methods to estimate coefficients of inbreeding 

 

Inbreeding is defined in traditional terms as a probability that two genes, which throughout 

a process of transmission and segregation by different pathways formed a pair on a single locus, 

are identical by descent. In practice, inbreeding occurs as a result of mating between parents 

sharing genes, which originate from one or several common ancestors. It constitutes a widely 

accepted measure of genetic similarity, which is frequently evaluated on an individual as well as 

on a population level. Wright (1922) defined inbreeding coefficient as a measure of correlation 

between parents of an offspring. Inbreeding can be simply calculated as half of the additive 

relationship of the parents. 
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The classical technique to derive an inbreeding coefficient was for many years a method of 

path coefficients. It is based on identifying contributions to the inbreeding coefficient by 

considering number of Mendelian segregations between the related parents. This method, 

though, is regarded as trivial and it can be useful only for animals with small inbreeding and only 

a few common ancestors in pedigree. Utilization of the path coefficient routine can become very 

impractical with large datasets or data with a complex structure of relationships in pedigree.  

 

A popular practice to estimate inbreeding in large-size animal groups has become the 

tabular method (Falconer, 1989). In a simplistic form, its application is based on creation of a 

small numerator relationship matrix (Wright, 1922) for an individual’s pedigree instead of the 

whole population. Inbreeding coefficients can be afterwards derived from the diagonal elements 

by a simple subtraction:  

 

Fi = aii -1.0 

 

Computationally, the tabular method is restricted linearly by the number of animals in a 

population and quadratically by number of ancestors (Van Raden, 1992). The required memory 

storage is also small to contain barely three vectors for parents, pedigree and space to keep a 

square matrix with dimensions equal to the maximum number of ancestors. Computing resources 

can be preserved by accessing ancestors directly from drive files, by discarding animals that 

cause no relationships, storing only non-zero matrix elements and by realization of algorithms, 

which begin by processing younger animals first and then store their relationship coefficients in 

memory if these individuals are frequent in the population (Van Raden, 1992).  

 

Unknown parent groups (UPG) are included in genetic evaluations with the objective to 

provide adjustment of solutions for time dependent effects of previous selection or immigration 

(Westel et al., 1988). UPGs can be incorporated into the tabular method to account for altered 

relationships among animals or animal groups. Significance of such approach increases in data 

with reduced completeness of genetic relationships. Effectiveness of this approach, nonetheless, 

is determined in the way the parental groups were defined. Computer programs to calculate 
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inbreeding coefficients from large populations with or without UPGs were previously developed. 

The programs utilize several computational algorithms built on formation of the matrix of 

additive relationships. Examples of such programs could be those developed by Quaas (1976) 

emphasizing the classical approach of working with the A matrix or its regular inverse, Tier 

(1990) and Golden et al. (1991) implementing sparse matrix technique, and Meuwissen and Luo 

(1992) incorporating triangular decomposition of the numerator relationship matrix. 

 

Henderson (1976) developed a procedure, which defines a lower diagonal matrix L such 

that LL’=A and A-1=(L’)-1(L)-1. Quaas (1976) later modified Henderson’s method to find directly 

diagonal elements of L (or A) without constructing the whole L (or A) matrix. This variation is 

thus suitable for fast calculation of inbreeding coefficients or formation of the inverse of the 

numerator relationship matrix from large datasets. Only two vectors are needed to store sums of 

squares of elements of L rows and diagonal elements of L after they were computed. Any 

element of A can be obtained from appropriate rows of L and inbreeding coefficients can be 

derived from the relationship aii=1+fi=1+0.5*apq after a simple modification.  

 

Meuwissen and Luo (1992) presented a sparse matrix revision of the Quass (1976) 

approach. Here only diagonal elements are calculated while previously derived inbreeding 

coefficients need not be repetitively computed. Efficiency and speed appear to be the 

advantageous characteristics of this approach. Tier (1990) worked again with a half-stored 

additive relationship matrix, but only the non-zero elements were preserved. With this method, 

computing resources can be better allocated as only those elements required for derivation of 

other elements or inbreeding are identified and calculated recursively. Golden et al. (1991) also 

implemented the Quass (1976) procedure with sparse matrix storage and utilized direct 

addressing to achieve improved performance.  

 

 

 

1.2.4. Investigation into role of complete pedigrees 
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Vital conditions to accurately estimate inbreeding coefficients are availability of complete 

and empirically correct ancestry data. In real-life animal breeding situations, such conditions 

often do not exist. Failure to record services or to include pedigree information from imported 

genetics leads to separation in otherwise connected pedigrees, loss of relationships and distortion 

of genetic covariances in the population.  

 

Wiggans et al. (1995) published proportions of known ancestors in five generations of 

pedigree. Sire identifications were very often present, but dam information was more frequently 

missing. In Holsteins, only 49% maternal granddams of maternal granddams were recorded, but 

94% paternal grandsires of paternal grandsires were available. Frequently, the proportion of 

present sires gradually reduces on the maternal branch of pedigree, while the ratio of present 

dams on the paternal side of the pedigree increases. Weigel (2001) observed that the relative 

proportion of missing dams is greater in smaller breeds in comparison to larger populations. 

Incomplete cow pedigrees can reduce the effectiveness of programs to avoid inbreeding, but 

missing paternal pedigrees can in addition cause erroneous decisions in sire selection, especially 

because of higher risk of extreme exploitation of sires with greater proportion of missing 

ancestry (Weigel, 2001). Weigel and Lin (2000) recommended that use of these sires was 

restricted with penalties applied relative to the fraction of missing ancestry.  

 

Missing pedigree information on any one parent makes the estimate of inbreeding 

coefficient always zero.  Since missing ancestors may not necessarily be less related than the 

general population, genetic merit of their offspring will be over-predicted because inbreeding 

depression in progeny is calculated as zero. A solution, potentially, would be to adopt the 

concept of nonzero relationships for unknown parents of VanRaden (1992), which evolved from 

basic work by Van Raden and Hoeschele (1990) or by Wiggans et al. (1995), who used a slightly 

altered procedure following the method by VanRaden (1992).  

 

The two most recent methods (VanRaden, 1992; Wiggans et al., 1995) differ in the way 

relationships to or among unknown parents were calculated. First, unknown parent groups were 

formed by year of birth. Following that, annual means of inbreeding were calculated in 

individuals with known pedigrees and replaced relationships information in those with unknown 
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ancestry. In principal, both methods assume equal average relationships among animals with 

known ancestors and those with missing pedigrees in large populations reproducing with 

artificial insemination.  

 

Ancestors born in the base year of 1960 are considered non-inbred and unrelated, and 

offspring from matings among base animals were non-inbred, but related. Any subsequent 

generation includes both inbred and related individuals. The assumed correctness of the methods 

lies in equal average relationships calculated by birth years among animals with unequal 

amounts of pedigrees. The hypothesis equality may be incorrect for animal groups, which are 

differently managed with respect to uneven production or genetic objectives. Example of such 

different groups could be registered and grade cattle. 

 

Casanova et al. (1992), Miglior and Burnside (1995) and Lutaaya et al. (1999) showed that 

failure to account for ancestors from sufficiently remote generations led to underestimation of 

inbreeding coefficients. Although the majority of relationships, which increment inbreeding, 

exist through male ancestors, the percentage of present dams is considered as an indicator of 

pedigree completeness by some authors. This follows because females are more likely to be 

omitted from recording. In a study by Misztal (pers. comm.), when 30% of dams were unknown, 

the average inbreeding in the population was only 40% of when all dams were known. 

Proportions of present dams and estimated inbreeding signal a non-linear association between the 

percentage of present ancestors in pedigree and derived inbreeding coefficients.  

 

When algorithms of nonzero relationships for unknown parents are implemented, the 

average inbreeding is close to the average annual value as if all ancestors were known. 

Individuals with a similar pattern of missing pedigree still have the same estimated inbreeding if 

they are born close enough; however, the procedure is marginally better than assuming zero 

inbreeding. Wiggans et al. (1995) reported only small corrections to inbreeding obtained with the 

UPG method compared to classical procedures in a large number of animals. At the same time, 

small adjustments to milk EBVs between 0 to 70 kg were found in the majority of cows and 

sires. Smith et al. (1998) stated that the method of Wiggans et al. (1995) is unlikely to 

overestimate true inbreeding and then only by small amounts. Slightly skewed distributions of 
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inbreeding coefficients in a population indicate that a small upward bias in large number of 

animals is possible. 

 

In most recently born Holsteins, Van Raden (1992) reported average inbreeding of 3.7% 

obtained with regular estimation, but 4.2% inbreeding derived with his method. Elevated average 

inbreeding obtained with ‘non-zero relationship’ procedure accounted for missing pedigree 

information to the baseline. At the base birth year, all animals are regarded as non-inbred. This 

comparison did not focus on precise assessment of pedigree incompleteness. Van Raden’s 

algorithm salvaged most of inbreeding relative to the full pedigrees when up to 20% dams were 

missing. Lutaaya et al. (1999) evaluated the impact of missing pedigrees on inbreeding by 

gradually deleting various proportions of dams from pedigrees traced to birth year of 1960. They 

considered Van Raden’s algorithm to give more realistic inbreeding estimates and to be superior 

to traditional methods of inbreeding estimation in all proportions of missing dams.  

 

Estimated increase of genetic gain as a result of selection is dependent on completeness of 

pedigrees and correct recording of ancestors. Improvements should also be possible through 

achieving smaller prediction error variances of PBVs. Groen et al. (1995) in a simulation study, 

evaluated the role of pedigree on measurements of homozygosity for loci under selection. 

Pedigree based inbreeding coefficients, even when they were derived from complete pedigrees, 

may improperly describe homozygosity when finite loci are under selection. Size and direction 

of the resulting bias is dependent on initial allelic frequencies, direction of selection and 

heritability of the trait. Since fitness traits are in practice scarcely under artificial selection, it is 

possible to use pedigree-derived inbreeding coefficients to estimate inbreeding depression. Fikse 

et al. (1997) recommended that only inbreeding coefficients based on a fixed number of 

generations be used for estimation of inbreeding depression to improve comparability. 

 

 

1.2.5. Estimation of non-additive genetic variances 

 

Genetic variance is commonly partitioned into several components, which include: 

additive variance, caused by differences among effects of individual genes; dominance variance 
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operating through differential relationships of two distinct genes on a single loci; and epistasis 

consisting of many types of interactions between either additive and (or) dominance effects 

attributable to different loci. For estimation purposes, dominance effects can be fragmented into 

sire x dam or sire x maternal grandsire subclasses, which are transmittable between successive 

generations and random sampling effects that cannot be passed on to offspring (Hoeschele and 

Van Raden, 1992). 

 

Existence of dominance variance is an inevitable precondition for inbreeding depression to 

occur. All variants of dominance: partial, complete and overdominance provide a potential for a  

locus to contribute to a change in the population mean (Falconer, 1989). With many loci 

affecting the trait, effects of dominance, which work in both directions and annul each other, 

cannot cause inbreeding depression despite otherwise sizeable dominance variance. For this 

reason, effects of many loci functioning in the same direction, known as directional dominance, 

are required for a significant inbreeding depression. Misztal et al. (1997b) stated that when 

complete dominance or overdominance were involved, traits with smaller direct heritability are 

more likely to show greater heritability in the wider sense. 

 

Relative importance of dominance variation was generally found to be higher in fertility 

traits than in production traits (Hoeschele, 1991). Fuerst and Solkner (1994) observed that a 

greater proportion of phenotypic variance was accounted for by dominance and additive x 

additive variances in calving interval than the direct heritability for this trait. Tests for statistical 

significance for dominance variance done by Templeman and Burnside (1991) indicated greater 

impact of dominance on fat yield as compared to yield of milk. Dominance variation showed 

substantially greater differences among different subsets than observed heterogeneity for 

variance associated only with direct genetic effects. Dominance variation was especially 

important for traits associated with lifetime dairy performance as postulated by Fuerst and 

Solkner (1994) and accounted for a majority of non-additive variance in growth and body size in 

beef (Rodriguez-Almeida et al., 1995). Misztal et al. (1997ab) described a very small influence of 

inbreeding and dominance in modeling stature and linear traits in dairy cattle. 
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Relationship between dominance and inbreeding depression over multiple loci was found 

linear in most studies. Misztal (1997) described a linear decline in estimated dominance variance 

relative to inbreeding depression for stature in dairy cattle. Variance unexplained by dominance 

effects was accounted for by inbreeding depression. DeBoer and Van Arendonk  (1992) noticed 

that dominance variance became smaller when inbreeding occurred in their simulation model, 

assuming a model with a finite number of loci. Misztal et al. (1997b) suggested that dominance 

could be predicted indirectly from inbreeding depression by utilizing their mutual relationship.  

 

Additive effects are fully transmittable from individuals to their offspring, while 

dominance effects can be inherited only from parental pairs. In practice, if multiple offspring of 

particular sire and dam produce high mean dominance effects, then mating the sire to a close 

relative of the dam or mating the dam to the close relative of the sire is also likely to produce 

high average dominance effects (Hoeschele and Van Raden, 1992). For dominance relationships, 

relative significance of relatives from distant generations diminished as number of generation 

increased (Van Tassell et al., 2000) and were consequently disregarded. In the past, a sire-mgs 

model was frequently applied to decrease the number of equations because computing resources 

were scarce. The sire-mgs model, however, then explains only 25% of dominance variance. 

According to Misztal (1997), this concession potentially limits validity of estimates.  

 

In theory, inclusion of dominance and other non-additive relationships in dairy evaluations 

is expected to improve accuracy or reduce bias of estimated additive genetic variance. The non-

additive effects, however, must be truly present and should be precisely estimated. Improved 

accuracy is a function of the variance of non-additive effects and number of animals with non-

additive relationships (Misztal et al., 1998). Results from empirical analyses, however, did not 

show a very large effect of additional parameters beyond additive effects already modeled. 

However, Fuerst and Solkner (1994) and Misztal et al. (1997a) reported only little influence of 

non-additive variances on direct heritability. From the latter study, a change of only 5% in 

estimated inbreeding depression was observed when dominance variance was omitted in model. 

Conversely, when inbreeding depression was omitted in the model, estimated additive and 

dominance variances stayed almost unchanged.  
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Van Raden et al. (1992) stated that estimation of various subtypes of genetic variance 

stipulates that data contain specific kinds of close relatives. Number of types of relatives must be 

always equal or greater than number of variances estimated. Additive and dominance variances 

can be estimated from full and half-sibs; however, variance associated with additive x additive 

epistatic effects requires three types of relatives: three-quarter, half and quarter sibs who have 

only one grandparent in common. Data with all types of relationships performed better in terms 

of sampling errors than those with only selected types of relationships. 

 

Population structure of dairy data was regarded to be less optimal for estimation of 

dominance variance by Van Tassell et al. (2000) who predicted that greater mean dominance 

relationships would result from increased proportion of full-sibs, for example, as a result of 

embryo transfer. DeStefano and Hoeschele (1992) concluded that embryo transfer could provide 

a positive effect on utilization of non-additive variance; contrary to the circumstance that only 

small number of pre-selected sires was used. Tempelman and Burnside (1991) indicated that 

breeding programs of animal species producing large full-sib families have better pedigree 

structure to estimate dominance effects accurately.  

 

Hoeschele and Van Raden (1991) developed an algorithm, which allowed calculation of 

the inverse dominance relationship matrix in non-inbred populations. This procedure 

computationally facilitates estimation of dominance variance in large datasets. Prior to this work, 

dominance effects were not estimated because of computational difficulty or analyses that were 

confined only to small data files, which adversely impacted accuracy. Inverse of the approximate 

dominance relationship matrix can be computed with computing costs growing in close-to-linear 

fashion depending on matrix order. Matrices describing dominance relationships are usually 

sparser than those containing only additive relationships, but their inverses are less sparse than 

the numerator relationship matrices (Van Raden et al., 1992).  

 

Under the Hardy-Weinberg equilibrium, additive and dominance variances are 

independent, but under special conditions, such as inbreeding or linkage disequilibrium, 

covariances between σ2
a and σ2

d are not necessarily equal to zero. Dominance variation then 

cannot completely explain relationships among parental combinations (Hoeschele, 1991) and 
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contributes to greater computational burden of the analysis. When inbreeding exists in a 

population, inverse of dominance matrix constructed by rules of Hoeschele and Van Raden 

(1991) is merely an approximation of dominance relationships (DeBoer and Hoeschele, 1993). 

From research of Volema and Hoeschele (1993), dominance variation was reported greater in the 

inbred group compared to the base non-inbred population. An important negative covariance 

between additive and dominance effects was revealed under inbreeding. 

 

Fuerst and Solkner (1994) reported that narrow sense heritability is frequently 

overestimated when obtained from models without additive x additive variance. In their results, 

approximately one quarter of additive x additive variance was reallocated to the additive variance 

when non-additive effects were ignored in the model. Similar conclusions were also valid for 

reduced additive and full additive and dominance models as shown by Tempelman and Burnside 

(1991) who pointed out negative relationship between additive and dominance effects. 

 

Conclusions by Fuerst and Solkner (1994) indicate that estimated variance of additive x 

additive effects was higher from the crossbred population or population including crossbred 

animals than from pure breeds. Linkage disequilibrium in F1 crossbreds was hypothesized to be 

an explanation for these differences. Relationship between additive and additive x additive 

variances was confirmed when ratio of the interaction variance declined from lactations one to 

three together with the estimated direct heritability.  

 

Partial confounding between additive and additive x additive effects was also reported by 

Tempelman and Burnside (1991). This observation was explained by limited inheritance of two-

way interaction that includes only additive effects. However, this confounding was much greater 

than that between additive and dominance variances. Antagonistic relationships between additive 

and dominance variations were also mentioned. The negative associations were possibly related 

to unequal proportional densities of additive and dominance relationship matrices. Rodriguez-

Almeida et al. (1995) related relative densities of inverse additive, dominance and additive x 

additive matrices to differential rates of inbreeding between different sub-samples of the data. 

Van Raden et al. (1992) attempted to quantify relationships among estimates of additive, 
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dominance, additive x additive and residual error variances. Correlation coefficients reproduced 

from that study are presented in Table 5. 

 

Estimated dominance variation reported from various dairy studies, in general, constitutes 

5-6% of phenotypic variance, 0-20% of additive variance in production traits and 25-35% of 

additive variance in traits related to fertility. Sampling variances of estimates can become large 

for computationally affordable datasets ranging from 2-10% of phenotypic variance (Van Raden 

et al.,1992). A comprehensive study by Misztal et al. (1998) reported proportions of dominance 

variation to between 4.5-10%. Estimates for body depth in dairy cattle and growth rate in swine 

were found to be the largest.  

 

Models containing a limited number of non-additive effects generally produce smaller 

standard errors, but also cause biased estimates when these effects are mistakenly excluded. 

Small reduction of direct heritability was detected in milk and fat yields when dominance 

variance was added to the model besides additive effects (Templeman and Burnside, 1991). It 

implies that small overestimation of direct effects occurred, when dominance variation was not 

included.  

 

Statistical methods based on Restricted Maximum Likelihood (REML) provide estimates 

of variance components, which may not have exact standard errors. Nonetheless, in such case, 

approximations can be obtained from variances of simple quadratic forms. The comparably 

largest sampling errors among all estimates of variances were obtained from additive x additive 

variance (Van Raden et al., 1992). Tempelman and Burnside (1991) reported several times 

greater standard errors in variation of dominance effects than those associated with additive 

genetic effects in animal model evaluations of milk and fat yields. Variance estimates and 

sampling errors differed among analyzed sub-samples, which supports the hypothesis that 

different population structures have impact on estimates of dominance variance.  

 

Measures of stability over repeated sampling for estimated variances associated with 

higher order epistatic interactions were expected to exceed 10% of phenotypic variance. 

Rodriguez-Almeida et al. (1995) estimated dominance variance for growth and body size 
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characteristics in beef cattle using an animal model. Values of d2 ranged from 0 to 39% and 

showed substantial differences among sub-samples.  

 

Effects of dominance and inbreeding were also examined on farm species other than dairy 

cattle. Culbertson et al. (1998) tested impact of dominance and inbreeding in models for number 

born alive, litter weight at 21 days, days to 104.5 kg and backfat depth in Yorkshire swine. 

Conclusions from analyses with method R indicated that impact of incorporated dominance and 

inbreeding on solutions was in general small. But samples of animals that were most severely 

affected by dominance, nonetheless, could be identified. Impact of inbreeding on predicted 

breeding values was more apparent in inbred animals than that in those with inbred offspring. 

Inclusion of dominance in the model was reported to be less important, which corresponds to 

findings reported in dairy studies.  

 

 

1.2.6. Considerations to estimate inbreeding depression 

 

It is widely acknowledged that inbreeding can directly influence production traits, such as 

milk or fat yields in dairy cattle. This observation can be plainly explained by the way milk and 

its components are synthesized by activity of genes located in mammary gland tissue or in 

organs connected to the mammary gland through metabolic pathways. Relationships between 

estimates of inbreeding depression or their interpretation can be directly traced to relationships 

between individual traits. Inbreeding appears to be more evident in phenotypic expression of 

milk, fat or protein production than in relative proportions of milk components (Miglior et al., 

1995b; Fuerst and Solkner, 1994), where zero or even small positive influence was found. In this 

instance, inbreeding seems to work favorably with the relative overall metabolic efficiency, but it 

simultaneously depresses volume. Association between effect of inbreeding on body size, milk 

yield and milk fat (or protein) percentage could be hypothesized as a reason.  

 

A similar antagonistic relationship can be assumed in traits, which are affected by two 

separate sources of inbreeding. Examples of such traits could be measures of fertility, calf size at 

birth, survival to specific age or early growth of offspring, when substantial change in calf 
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weight depends on mother’s milk production. While inbred calves can be smaller at birth, they 

may have lower occurrence of calving difficulty, but their post-natal development is mainly 

dependent on environment provided by the mother. While maternal inbreeding will be 

detrimental in all instances, inbreeding in the offspring may have temporary or specific 

advantages. At different times, both sources of inbreeding may have both synergistic-

unfavorable and antagonistic relationships. Fitting both inbreeding causes to a single model 

should, however, be treated with caution due to possible mutual random associations. 

Advantages of analysis for fertility data with the trait modeled by means of cow and service sire 

relationships were discussed by Hoeschele (1991). Wilk and McDaniel (1996) discussed lower 

survival in heifers due to inbred mothers independently of heifer inbreeding. 

 

Procedures to estimate inbreeding depression with a linear regression of data on inbreeding 

percentage from data assembled over an extended periods of time may become controversial for 

several statistical reasons. In evaluation of a random variable, a change in mean can be caused by 

inbreeding, but may also occur due to an environmental trend over multiple generations. The two 

effects may not be possible to separate unless an unselected control line was established. 

Additionally, phenotypic values no longer show independence between generations when one 

animal group becomes parent of another. Similarities because of genetic and environmental 

covariances between subsequent generations are hence generated. This problem effectively 

restricts degrees of freedom for the analysis due to additional parameters in model (Lynch and 

Walsh, 1996).  

 

In populations subjected to artificial or natural selection over extended generations, 

reproductive fitness can gradually decline due to increased rates of inbreeding. Since this auto-

selection could eliminate individuals with specific and most probably high levels of inbreeding, 

theoretical assumptions are no longer valid. Subsequently, estimates of inbreeding depression 

from such populations may be biased (Falconer, 1989). The possibility that cows, where 

inbreeding detrimentally influenced liveability, were eliminated from herd in early stages, either 

naturally or artificially, was mentioned by Hudson and Van Vleck (1984ab). 
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A similar situation may occur when inbreeding depression is assessed in groups of 

individuals that had phenotypic measurements taken over extended periods of time. Estimated 

effects of inbreeding in some characteristics, such as early embryonic survival, conception, non-

return rates or disease (syndrome) incidence were most probably affected. Evaluation of 

inbreeding depression in groups of older animals should account for bias due to previous natural 

or artificial selection or earlier animal mortality potentially associated with inbreeding. 

Inevitably, research of consequences connected with inbreeding on production and fertility in 

dairy cattle are impacted by data edits and are therefore limited to subpopulations subject to 

recording schemes. Herd books often restrict the pool of potential animals with records to those 

with available pedigrees or tolerable consistency of records. Selected management practices like 

hormonal stimulation of estrus, application of bovine somatotropin (BST) or oxytocin, influence 

recorded yields or fertility data, affect their distribution properties and are likely to produce bias 

in estimated inbreeding depression.  

 

 

1.2.7. Adjustment of genetic evaluations for effects of inbreeding   

 

Accounting for inbreeding coefficients in national evaluations is expected to increase 

accuracy of predicted breeding values or induce change in ranks. In general, the adjustment can 

be done in two ways: either by integration of inbreeding into the numerator relationship matrix to 

account for co-variances among PBVs and (or) by fitting inbreeding as a separate term in the 

model to adjust for inbreeding depression. Effectiveness of the adjustment can be evaluated 

according to changes in breeding values (or ranking) and by improvements of PEVs.  

 

The problem is whether inbreeding should be included in the genetic evaluations. 

Currently, inbreeding is not included and, therefore, sires with inbred daughters have PTAs 

reduced due to the daughters’ average inbreeding. Also, if a sire whose test was based on many 

inbred daughters is mated to an unrelated female, the merit of the calf is underestimated (Misztal 

and Lawlor, 1999). On the other hand, when inbreeding is in the model, it is possible to evaluate 

inbreeding depression expressed in the offspring. Consequences of ignored inbreeding on 

magnitude of PBVs were also investigated by Casanova et al. (1992), who found progressively 
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growing differences between sire PBVs when inbreeding was or was not omitted in the model 

depending on magnitude of inbreeding coefficient. Models with additive and dominance effects, 

but without inbreeding covariate were found to produce biased estimates of both effects. 

Magnitude of the bias was linearly associated with inbreeding coefficients (De Boer and Van 

Arendonk, 1992).  

 

Inclusion of inbreeding in the numerator relationship matrix was observed to have only a 

small, but positive impact on evaluations (Wiggans et al., 1995). Accounting for inbreeding 

depression is expected to increase estimates of genetic trend by the amount of inbreeding 

depression multiplied by trend in inbreeding. However, adjustment for inbreeding had very little 

influence on genetic evaluations in yield traits, which was likely caused by generally low levels 

of inbreeding.  

 

Hoeschele and Van Raden (1992) also advocated fitting inbreeding depression as a 

covariate in the model. The reason was a greater favorable impact on evaluations and accuracies 

relative to merely plugging inbreeding in diagonal elements of the numerator relationship matrix. 

Casanova et al. (1992) reported that estimated breeding values are still unbiased when inbreeding 

is omitted from the numerator relationship matrix, but also variances of prediction errors could 

be increased. It was hypothesized that breeding values of progeny from inbred parents could be 

most severely affected. 

 

Uimari and Maki-Tanila (1992) tested predictive efficiency of models, containing additive 

and non-additive effects, inbreeding depression and a varying number of close relatives. 

Accuracy of selection was a function of heritability and amount of information from relatives. 

When dominance effects were omitted in the statistical model, accuracy could be lowered even 

when precise estimates of heritability were known. On the other hand, if mainly additive effects 

caused genetic variation, measurable differences in accuracy would not be expected from the full 

model. In a randomly mated population, greatest reduction of accuracy from an incomplete 

model occurred with higher heritability, greater frequency of the favorable allele and increased 

number of full-sibs. In a population with inbreeding, significant differences between models 

were not confirmed, but causes, that influence accuracy of direct effects also impact accuracy of 
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dominance effects. General estimates obtained from the approximate model were proven to be 

empirically unbiased.  

 

Van Raden and Smith (1999) reported high correlations between PBVs adjusted and 

unadjusted for inbreeding. Although effects of inbreeding on yield performance offset possible 

genetic gain, the loss caused by mild inbreeding is only a fraction of potential gains achieved 

through selection and utilization of artificial insemination. 

 

 

1.2.8. Breeding systems to utilize inbreeding depression 

 

When non-additive variance becomes important in determination of genetic background of 

a trait, non-random mating systems may be utilized to combine additive merit, averaged effects 

of inbreeding, dominance merit outside inbreeding, additive x additive and possibly, effects of 

additional higher order interactions. Selection of sires and mating pairs then proceeds based on 

the simplified formula by Miller and Goddard (1998): 

 

g = a + d + i – bF, 

 

where 

 
g = total genetic value 
a = additive genetic value 
d = dominance genetic value 
 i = epistatic genetic value 
 b = inbreeding depression per % inbreeding 
 F = inbreeding coefficient (%) 

 

The fraction of the non-additive merit due to interaction of genes from the sire and from 

the dam is recognized as a specific combining ability (SCA). Breeding systems, which exploit 

SCA, frequently include additive and non-additive effects combined with adjustment for 

inbreeding. Benefits of this approach, although small, were presented in previous research. 

Simulation study of DeStefano and Hoeschele (1992) showed that a small but significantly 
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improved merit of these systems over classical random matings could be achieved. Similar 

increase of selection gains by 10% compared to schemes with additive effects only were reported 

by Varona and Misztal (1999). Simulation tests were performed, which unfortunately failed to 

test impact of inbreeding depression.  

 

Miglior et al. (1995b) tested efficiency of specific combining ability with or without 

inbreeding depression. Incorporation of inbreeding was recommended for improvement of sire-

to-dam mating schemes, though increased variability of SCA was reported in comparison to 

combining ability without inbreeding. Further improvements to SCA systems were proposed by 

DeStefano and Hoeschele (1992). They supported addition of additive-by-additive effects into 

SCA for all parental pairs because of incomplete inheritance of these effects.  

 

Weigel and Lin (2000) investigated three methods for allocation of mating pairs, each with 

different types of linear programming: minimum inbreeding, maximum net merit restricted to 

pre-specified inbreeding limit and maximum expected lifetime profit adjusted for inbreeding 

depression. They reported greater mean net merit when inbreeding was restricted to a 

predetermined level of 5% for Holsteins and 8% for Jerseys; reduced inbreeding by 0.9% and 

1.4% and greater lifetime profit by $16.66 and $26.86 in Holsteins and Jerseys, respectively, 

when these programs were compared with no control of inbreeding. Maximization of mean 

expected lifetime profit after adjustment for inbreeding depression helped further decrease 

inbreeding by 1.8 and 2.8% and increase lifetime profit by $37.37 and $59.77 in Holsteins and 

Jerseys, respectively. Allaire (1992) proposed matching of breeding pairs especially in traits with 

high heritability and nonlinear merit. Since estimates of inbreeding depend on pedigrees, use of 

molecular data to test homozygosity for a large number of loci may in the future lead to more 

precise estimates of inbreeding depression independently of available pedigrees.  

 

Van Raden and Smith (1999) developed an algorithm to calculate average relationship of 

an individual to the sample population of several hundred animals. The method uses a two-phase 

procedure where a matrix of numerator relationships is formed first with the sample of possible 

mates and ancestors of the sample included. Secondly, average relationship of any other animal 

to the sample population is derived from average relationships of its ancestors to the sample. 
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Individuals exerting high influence in the population through their genes can be detected this 

way, which implies increased probability of additional inbreeding in progeny produced from 

mating a random member of the population to the individual under scrutiny, most likely a sire. 

These relationships can be used for sire or mating pair selection, which can partially reduce the 

average inbreeding. Additionally, Van Raden and Smith (1999) observed larger differences in 

genetic trends between inbreeding adjusted and unadjusted PBVs in highly inbred breeds relative 

to low-inbred or out-bred populations.   

 

Animal species with naturally short generation interval and high reproductive capability 

have the potential to benefit more extensively from a mating pair selection strategy. The 

approach is not as straightforward in dairy cattle, where breeding plans have to be optimized and 

incorporate progressive reproductive technologies to provide an increase of accuracy to 

estimation of additive and non-additive genetic effects. Among other possibilities, crossbreeding 

can eliminate problems with inbreeding, although its application to dairy cattle is currently 

limited. A requirement to maintain pure lines and cumbersome implementation of mating plans, 

especially in rotational schemes, do limit its universal use. One time introgression of related 

genes can temporarily reduce incidence of inbred animals and lower average inbreeding, as 

confirmed by TeBrake et al. (1994). 
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Table 1. Summary of estimates from previous research aimed at on estimation of 
inbreeding depression in dairy or beef cattle through year 1990.  
 

1  ADG = Average daily gain. 

Authors of research Trait(s) Inbreeding 
depression 

Comment 

Thompson and Freeman, 
1967 

Milk 
Fat 
Fat % 
Body weight at 2 years 

-23.0 kg 
-0.78 kg 
-0.0004%  
-1.40 kg 

Holstein cattle 

Hodges et al., 1979 Milk 
Fat 
Calving interval 

-22.85 kg 
-0.628 kg 
+0.196 d 

Holstein cattle 

Hudson and Van Vleck, 
1984a  

Milk 
Fat 
Stayability 
Calving interval 

-21.2 kg 
-0.78 kg 
-0.003 pts 
+0.09 d 

Holstein cattle, 
inbreeding derived 
from sire-mgs 
relationships 

Hudson and Van Vleck, 
1984b 

Milk 
Fat 
Stayability 
Calving interval 

-23.0 kg 
-1.02 kg 
-0.081 pts 
-0.095 d 

Registered Ayrshire 
cattle, inbreeding 
derived from sire-mgs 
relationships 

Smith et al., 1989 Birth weight 
Weaning weight 
Yearling weight 
ADG1 to yearling 
ADG1 to Angus females puberty 
Age at puberty 

-0.048 kg 
-0.443 kg 
-0.662 kg 
-0.001 kg/d 
-0.0008 kg/d 
+0.146d 

Hereford, Angus, Red  
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Table 2. Summary of estimates from previous research aimed at on estimation of 
inbreeding depression in dairy or beef cattle between years 1990-1995.  
 

Authors of research Trait(s) Inbreeding 
depression 

Comment 

Casanova et al., 1991 Milk 
Fat 
Fat (%) 
Protein 
Protein (%) 

-26.0 kg 
-0.077 kg 
-0.0005% 
+0.004 kg 
+0.001% 

Swiss Braunvieh cattle 

Hoeschele, 1991 Days open 
Days open curtailed to 150 d 
Service period 
Service period curtailed to 150 d 
Days open – MGS5 present  

+3.3 d 
+2.9 d 
+2.6 d 
+2.5 d 
+3.3 d 

Sire-maternal grandsire 
model used, inbreeding 
derived from sire-mgs 
relationships 

Miglior et al., 1992 Milk 
Fat 
Fat (%) 

-9.84 kg 
-0.55 kg 
-0.0011% 

Jersey cattle, animal 
model 

Fuerst and Solkner, 
1994 

Milk 
ECM1 
Fat 
Protein 
Calving interval 
Length of productive life2 

LFCM23 

-7.6 kg 
-7.5 kg 
+0.0% 
+0.0001% 
-0.08 d 
+5.7 d 
-136.7 kg 

Simmental cattle, 
lactation one, sire-
MGS model used, 
inbreeding derived 
from sire-mgs 
relationships 

Miglior et al., 1995a SCS4 + 7000 scs per 12.5%  inbreeding 
Miglior et al., 1995b  Milk 

Fat 
Fat (%) 
Protein 
Protein (%) 

-25.14 kg 
-0.912 kg 
+0.049% 
-0.790 kg 
+ 0.047% 

Direct, dominance and 
additive x additive 
effects were modeled  

Wiggans et al., 1995 Milk 
Fat 
Protein 

-29.6 kg 
-1.08 kg 
-0.97 kg 

Holstein cattle 

1  ECM = Energy corrected milk. 
2   Cows of all ages were included.    
3  LFCM = Lifetime fat-corrected milk. 
4  SCS = Somatic cell scores. 
5   MGS = Maternal grandsire. 
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Table 3. Summary of estimates from previous research aimed at on estimation of 
inbreeding depression in dairy cattle after year 1995.  
 

Authors of research Trait(s) Inbreeding 
depression 

Comment 

Misztal, 1997 Stature -0.07 pts Dominance was 
estimated with method 
R 

Smith et al., 1998 Milk 
Fat, Protein 
Calving interval 
Age at first calving 
Productive life 
Lifetime net income 
SCS, Type traits 

-37.0 kg 
-1.2 kg 
+0.3 d 
+0.4 d 
-13.1 d 
$ -23.11 
No effect  

Registered Holstein 
cattle 

Van Tassell et al., 
2000 

Milk 
Fat 
Protein 
LSCS1 
Productive life 

-31.7 kg 
-1.2 kg 
-1.0 kg 
0.0037 log2 scs 
-0.242 months 

Dominance was 
estimated with method 
R 

1  LSCS = Log somatic cell scores. 
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Table 4. Estimated inbreeding depression and heritability in relative net income adjusted 
for opportunity cost from cows of registered and grade status and with 84 months herd life 
opportunity as adopted from Smith et al. (1998)a and Smith (1997)b. 
 

Variable b2 SE3 h2 b2 SE3 h2 
 Registered herds Grade herds 
RNIOC1 84 months fluid market a -24.43 1.87 0.23 -9.43 2.50 0.17 
RNIOC1 84 months processed milk market a -21.78 1.59 0.20 -9.02 2.10 0.15 
 Sample 1 Sample 2 
RNIOC1 60 months fluid market b -11.75 1.64 0.10 -11.97 1.60 0.11 
RNIOC1 60 months processed milk market b -10.54 1.44 0.09 -10.88 1.41 0.10 

 

1  Relative net income adjusted for opportunity cost. 
2  Inbreeding depression obtained from mixed model analysis. 
3  Standard error of inbreeding depression. 
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Table 5. Correlations among estimates of additive, dominance, additive x additive and 
error variances as adopted from Van Raden et al. (1992). 
 

Variance component Additive Dominance Additive 
by additive 

Residual Error 

Additive 1.00 -0.39 -0.97 0.37 
Dominance  1.00 -0.47 -0.68 
Additive x additive   1.00 -0.32 
Residual Error    1.00 
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Figure 1. Dynamics of additive and dominance variances on a single bi-allelic locus under 
complete dominance in a random mating population (deBoer and Hoeschele, 1993).  
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Figure 2. Dynamics of dominance variance, inbreeding depression and covariance between 
additive and dominance effects on a single bi-allelic locus under complete dominance and  
inbreeding (deBoer and Hoeschele, 1993). 
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Chapter II. 
 
 
Comparison of Classical and ‘Non-zero Relationship’ Approaches  
to Calculation of Inbreeding Coefficients to Estimate Inbreeding 
Depression for Animals with Various Proportions of Present 
Pedigrees 
 
 
 
 

ABSTRACT 

 
 
Data and pedigrees from Holstein and Jersey cows processed by Dairy Record Management 

Systems, Raleigh, NC were used to estimate inbreeding depression in number of days to first 

service (DTS), summit milk yield (SM), 70 days non-return rate (70dNR) and calving rate (CR). 

Pedigree information on all cows in this study was retrieved from Animal Improvement 

Programs Laboratory (AIPL), Beltsville, MD and combined with cow records. A procedure 

based on contribution of each ancestor in a five-generation pedigree to inbreeding coefficient 

was used to evaluate percentage of information present in cow pedigrees. Proportion of male or 

female ancestors in pedigree was also utilized. Inbreeding coefficients from pedigrees and with 

unknown parent groups (UPG) as applied by AIPL Beltsville, MD, were obtained from each 

female and mating. Four groups of herds with about 50,000 cows each were randomly selected 

from the data. Group one included herds of grade cows where at least 85% of cows had 0-30% of 

available pedigree. Groups two (grade, 31-70%), three (grade, 71-100%) and four for herds with 

registered cows above 70% pedigree were formed similarly. Jersey cows were analyzed 

separately. In second round of analyses, inbreeding depression in registered Holstein and Jersey 

cows was evaluated separately by lactation (1 through 4). Linear mixed model for analyses with 

Multiple-Trait Derivative-Free Restricted Maximum Likelihood included herd-year-season 

(HYS) treated fixed or random, AIPL or classical (ABTK) maternal inbreeding (fetal for CR), 

service sire status (70dNR, CR), additive, permanent environmental effects (combined data). 

Both maternal and paternal relationships were included in A matrix for all traits. Diagonal 
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structure of numerator relationships was separately tested. Large differences in pedigree 

completeness distribution and properties of ABTK and AIPL inbreeding were observed between 

registered and grade Holstein cows. Concepts of equal expected relationships among registered 

and grade cows do not completely hold. Three methods to evaluate complete pedigrees were 

shown to perform similarly. For grade Holsteins, difference between AIPL and ABTK 

inbreeding depression was minimum in all traits; data with least present pedigree or diagonal A 

matrix produced the smallest estimates. In Jersey cows, incomplete numerator relationships 

caused greater and more significant depression in estimates for DTS, while for SM, the large 

estimates were with 3 generations in A matrix. Inbreeding depression was the largest in lactation 

1 datasets in all traits. Random HYS produced greater and more significant estimates of 

inbreeding depression in lowly heritable traits (DTS, 70dNR and CR), while in SM fixed HYS 

were the most beneficial for size and significance of estimated inbreeding depression. Fetal 

inbreeding depression (70dNR, CR) was frequently the smaller compared to maternal depression 

from both methods. Usually, inbreeding effects on binary traits were difficult to evaluate. 

Analyses with non-additive effects performed for data by inbreeding level and age group should 

be preferred to estimate inbreeding depression.  
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2.1. Introduction 

 

Mating of related parents is known to cause an increase in homozygosity, reduction of 

genetic variance, and a shift of the genotypic mean in progeny, known as inbreeding depression. 

Numerous traits of economic importance are affected by inbreeding. The effect can be 

approximately measured by fitting inbreeding percentage as a linear covariate in models for 

genetic analyses of phenotypic data or predicted breeding values (PBV). Technique of regressing 

PBVs on inbreeding was primarily explored by the commercial industry (Henderson, pers. 

comm.). Use of the linear regression approach nonetheless implies certain simplified assumptions 

concerning gene action, model, distribution of the data, and pedigrees.  

 

In previous research, production traits were very early investigated for inbreeding 

depression. The major reasons for it were that these traits are the most directly connected to 

economic survival of the dairy business and inbreeding effects were observable on the 

phenotypes. Wiggans et al. (1995) estimated inbreeding depression per 1% inbreeding for 

Holstein and Jersey breeds: lactation milk yield 29.6 kg and 21.34 kg; fat 1.08 kg and 1.03 kg; 

protein yield 0.97 kg and 0.88 kg, respectively. These estimates are presently utilized by AIPL to 

adjust sire PTAs for effects of past or future inbreeding (Van Raden and Smith, 1999). 

Cumulative impact of inbreeding effects across many traits were reported greater than effects on 

individual traits as observed by Smith et al. (1998) in analyses of index traits. Linear type traits, 

somatic cell scores and a few reproductive traits were also examined in past studies. Effect on 

somatic cell scores was not large, but among the linear type traits, strength and body size were 

more profoundly affected by inbreeding (Smith et al., 1998; Misztal et al., 1997b). This finding 

corroborates previous reports about unfavorable inbreeding effects on vitality and strength as 

reported by Falconer (1989). 

 

In recent years, growing rates of inbreeding in the dairy population became of serious 

concern to dairy breeders and the industry. Intensive selection and widespread use of artificial 

insemination were identified as major contributors to rising genetic likeness in the dairy 

population (Weigel, 2000). Animal Improvement Programs Laboratory (AIPL) sources indicate 
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that average inbreeding for Holstein and Jersey breeds reached 4.75% and 6.31% for females 

born in the year 2000, respectively. Average inbreeding in AI sires was expected to reach even 

greater levels. Although current average inbreeding is not considered ominous, increased 

increments in inbreeding in offspring are likely, because inbreeding gradually accumulates over 

existing relationships. In this context, smaller breeds are at increased risk due to both more 

stringent selection factors and a shortage of alternative breeding options. 

 

Accurately estimated coefficients of inbreeding are necessary so that programs to manage 

inbreeding can operate efficiently and so that economic or selection losses caused by inbreeding 

can be evaluated. Inbreeding is needed for construction of the numerator relationship matrix to 

properly adjust (co)variances among breeding values. Computerized mating schemes to identify 

potentially the most profitable parental combinations also require accurate pedigrees and 

inbreeding estimates.  

 

Currently, pedigrees traced to a reasonably distant base birth year or predetermined 

generation number are used to estimate inbreeding coefficients. Miglior et al. (1995) proved that 

missing or incorrect pedigrees cause underestimation of inbreeding coefficients, since 

relationships among known and unknown ancestry are considered zero under standard estimation 

procedures (Quass, 1976). Although role of complete pedigrees on accuracy of inbreeding was 

confirmed, TeBrake et al. (1994) stated that effects of available pedigree and animal’s year of 

birth are difficult to separate. Nonetheless, in animals with seven or more pedigree generations, 

this confounding was of little concern.  

 

Genetic evaluations in the USA regularly incorporate information from individuals with 

less than full pedigrees. At present, dairy cattle of both registered and grade status does include 

such individuals, although in grade animals, missing pedigrees may constitute a more serious 

problem. Males and females close to the selection process often have available sufficient 

pedigrees for accurate genetic evaluations, but grade animals, maintained especially for 

maximized milk production, often suffer from shortage of ancestry information. As a result, for 

grade population, the consequences of missing pedigrees are more noticeable. In the registered 

population, animals which were born close to the pedigree base year are more likely to have 
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increased number of unknown ancestors. The most recently born animals usually display greater 

completeness of pedigrees compared to older ones. Hence, animal age effect also influences 

pedigree quality.  

 

Methods to utilize pedigree information from contemporaries born in the same year as 

ancestors with unknown pedigrees were developed in previous work by Van Raden and 

Hoeschele (1990), VanRaden (1992) and Wiggans et al. (1995). These approaches are based 

upon the assumption that animals born within the same time periods do not mutually differ in 

expected relationships among themselves or to other animal groups. Such condition applies 

regardless of whether any portion of the pedigree is known. Animals with progeny, but without 

known year of birth have their contemporary group approximated from year of birth of their first 

progeny less four years. Lutaaya et al. (1999) evaluated incomplete pedigrees and concluded that 

inbreeding coefficients from unknown parent group (UPG) procedures behave as more objective 

indicators of homozygosity compared to inbreeding coefficients obtained with classical methods 

for all cow groups with proportions of missing dams up to 30%. In that study, percentage of 

female ancestors in the pedigree was preferred as indicator for severity of pedigree 

incompleteness, because male parents were usually present. Previously, non-zero inbreeding 

coefficients were released; nonetheless, their statistical properties were not yet thoroughly tested.  

 

Incomplete pedigrees are expected to affect genetic evaluations and estimates of 

inbreeding depression. Smith et al. (1998) reported that inbreeding depression was 2-2.5 times 

greater in registered cows compared to grade cows. Also, heritability estimates were marginally 

greater in most traits for the registered group, which implies that more pedigrees were present or 

that improved structure of relationships occurred. Objectives of this study were to (1) propose a 

method to evaluate completeness in dairy pedigrees from both breeding and commercial herds; 

(2) compare the two most frequently used methods to estimate inbreeding coefficients from 

available pedigrees and only using ‘non-zero relationships’ relative to completeness of 

pedigrees; and (3) evaluate impact of inbreeding coefficients obtained with different methods on 

estimated inbreeding depression. 
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2.2. Material and Methods 

 
2.2.1. Data 

 

This study included evaluation of pedigree data from two sources. The first dataset 

included DHIA dairy records and were provided to us by Dairy Records Management Systems, 

Raleigh, North Carolina, which manages and evaluates records from production herds in the 

Southeastern region of the United States. These records on reproduction and production from 

dairy cows were limited to those collected in service years 1995 through 1998. These data are 

designated as Raleigh data. After primary edits, the Raleigh data included 1,780,283 first service 

records from 1,213,475 Holstein cows together with 115,344 first service records from 77,379 

Jersey cows. Raleigh data were to be used for analyses of inbreeding depression in number of 

days to first service, and 70 days non-return and calving rates.  

 

Computational aspects and expected differences in underlying inbreeding trends and 

completeness of pedigree (Smith et al., 1998) led to a decision to split the Holstein Raleigh data 

into two separate groups consisting of records from grade and registered cows. We expected 

highly complete and accurate pedigrees and more accurately recorded phenotypes in registered 

animals compared to grade animals. Registry status in cows of Holstein breed was determined 

according to pattern of identification numbers set forth by the National Association of Animal 

Breeders (NAAB) for grade and registered animals. 441,096 Holstein cows were classified as 

registered (649,498 records); while 772,379 cows were determined to be grade (1,130,785 

records). For the Jersey breed, 62,491 cows were registered (100,206 records) and 10,289 cows 

were grade (15,138 records). Jersey data were stored in a separate file regardless of the registry 

status.  

 

The second data set was received from Dr. Jeffrey Berger of Iowa State University (Iowa 

data). The information was collected by dairy producers according to official NAAB 

methodology for national genetic evaluations of calf mortality and calving difficulty. Iowa data 
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consisted from 638,307 calving records from 351,519 Holstein cows with multiple parities. 

Cows were classified as registered (120,434 cows with 218,183 records) according to procedures 

described above, while 231,085 cows were designated grade (420,124 records). After cows were 

classified, their records were also kept in separate registered and grade files. Iowa data were used 

to quantify separately inbreeding depression in calving difficulty and calf mortality scores. 

 

All data were collected on production farms (field data). In general, Raleigh data contained 

large proportions of substantial inaccuracies and miss-recorded information. Consequently, we 

were forced to eliminate approximately 40% of the original records. Groups of Raleigh data and 

reasons for edits were provided below. Data from Iowa State University were received partially 

pre-edited. Therefore, the current edits focused on ancestry information and hence eliminated the 

majority of redundant data, which totaled only several hundred records.  

 

Primary edits, applied to Raleigh data; discarded records affected by:  

 

• non-valid cow identification 
• non-valid identifications on any parent 
• missing identifications on both parents 
• absent cow identification in AIPL database 
• absent cow record in AIPL database  
• missing service sire identification 
• crossbred calves as a product of a mating, except Red-White by Holstein crosses 
• services by sires without a valid NAAB number 
• missing cow year of birth or birth year before 1980  
• cow or any parent was a breed other breed than Holstein or Red-White for Holsteins 
• cow or any parent of cow was a breed other breed than Jersey for Jerseys  
• missing information about levels of fixed effects (herd, parity)  
• unknown age of service sire at service 
• age of service sire at time of service fewer than 300 days 
• missing date of current service 
• unknown date of previous calving for older cows 
• missing information on summit milk yield 
• non-AI service status of mating 
• multiple first service records per cow and parity 
• parity number greater than 12 
• services occurring fewer than 20 days or more than 220 days in milk for Holsteins 
• services occurring fewer than 20 days or more than 200 days in milk for Jerseys 
• records with herds or service sires with fewer than five services 
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2.2.2. Computing inbreeding coefficients 

 

Wiggans et al. (1995) proposed a method for computing inbreeding coefficients, which 

utilizes so called  ‘non-zero relationship’ concept for unknown ancestors. The method is a 

modification of approach by Westel et al. (1988) who suggested using unknown parentage 

grouping (UPG) in genetic evaluations. Individuals with missing pedigree information are not 

considered unrelated among themselves or to those with known pedigrees, but related as known 

animals that were born in the birth year of the most recent parent. The procedure accounts for all 

pedigrees from base year of 1960.Van Raden (1992) used a similar concept and made these 

animals related as twice the average measure of relationship for all individuals in the population 

born in the same period. Methods of inbreeding calculation with the ‘non-zero relationship’ 

procedure were developed to contribute to availability of more objective inbreeding coefficients 

especially in animals of non-registered status.  

 

The Animal Improvement Programs Laboratory (AIPL), Beltsville, Maryland, calculated 

inbreeding coefficients for cows and bulls using the method of Wiggans et al. (1995) as a part of 

regular genetic evaluations. Program runs to conduct inbreeding evaluations are routinely 

performed once in every three months beginning in 1994. Currently, all animals in the AIPL 

database have inbreeding coefficients estimated by this procedure. These inbreeding coefficients 

were released by AIPL for public use. For the purpose of this study, estimates of inbreeding were 

retrieved from the USDA database for all cows in Raleigh and Iowa data.  These inbreeding 

coefficients will be referred to as AIPL inbreeding. Since inbreeding coefficients for matings 

were not calculated by the AIPL method, they had to be omitted in the current analysis.  

 

Animal (cow) identifications were transferred to the AIPL server and used to retrieve 

information on sire and dam of the cow, and date of birth as recorded by AIPL. First generation 

parental information from AIPL conditioned on presence of at least one parent, presence of 

service sire and cow’s year of birth was used to retrieve additional generations of pedigrees from 

the same database on each cow and fetus (mating). In fetal (mating) pedigrees, cow identification 
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was used as dam and service sire as a sire of the fetus. Pedigree information was retrieved five 

generations in all mothers and fetuses.   

 

Completeness of each individual and mating pedigree was assessed by the method of 

Cassell and Pearson (1999). The underlying principle behind the method is the ‘by paths’ 

routine, formerly developed for calculating inbreeding coefficients. Unlike the AIPL approach, 

which restricts birth years in the evaluation of lineage, the current procedure processes pedigrees 

from a pre-specified number of generations (five). It gives rise to a measure of relative pedigree 

completeness as a ratio of all possible contributions of an ancestor to the numerator of the 

classical inbreeding formula:  
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In this instance, F(x) is inbreeding coefficient for the animal X, n is number of Mendelian 

segregations between parents and F(a) is ancestral inbreeding of animal A. The ancestral 

individual, however, must appear on both paternal and maternal sides of the pedigree to count 

towards completeness. An example list of all possible contributions of a sire to the numerator of 

the inbreeding coefficient is presented in Table 1. Only contributions applicable to ancestor’s sex 

are counted, summed and expressed relatively to the base value. Derivation of this base value 

was carried out by summation of products of maximum possible ancestor contribution and 

number of similar ancestors in pedigree over all types of ancestors. A summary of paternal 

ancestor contribution towards a numerator of the inbreeding formula was shown in Table 2. For a 

complete five-generation pedigree the base value was 12.0. 

 

The method becomes more sensitive to presence of ancestor pedigrees contributing small 

increments to inbreeding when the number of generations increases. Also, adjustments to the 

method are possible to process any length of pedigree and also to include asymmetric pedigrees. 

A SAS program was developed from Microsoft Excel 2000 spreadsheet to handle the pedigree 

completeness evaluations in large datasets (Appendix).  Re-coding of information in ancestral 
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lineage to a numerical binary form for each individual preceded each evaluation of pedigree 

completeness.  

 

Meuwissen and Luo (1992) adopted a computer algorithm for computing inbreeding 

coefficients using decomposition of the numerator relationship matrix without usage of unknown 

parent groups. The principle was later implemented by Golden et al. (1995) in the A-inverse 

(AINV) utility, a part of the Animal Breeder’s Tool Kit (ABTK) package. The inbreeding 

calculation program, written in C language, uses a system of direct addressing, which is expected 

to work faster that memory indexing. The utility is capable to handle extremely large pedigree 

files and accepts properly ordered alpha-numeric identifications. The algorithm compared 

favorably to computer program written by Golden et al. (1991) in terms of required memory and 

running time. Performance of A-inverse utility was in general superior relative to Fortran 

program by Tier (1990) only when pedigrees did not exceed six generations as shown by 

Meuwissen and Luo (1992), who presented a comparison of performance among the named 

programs. 

 

Pedigrees of cows or fetuses that belonged to a single data file (Jersey-Raleigh, Holstein 

registered-Raleigh, Holstein grade-Raleigh, Holstein registered-Iowa, Holstein grade-Iowa) were 

initially re-written to individual - father - mother format. Pedigree lines on each original cow or 

fetus were combined into a single text file. Following that, duplicate pedigree records were 

removed from the combined set. Since several records with multiple occurrences of the first field 

existed and information in maternal or paternal fields differed among records, the information 

was edited such that the records with the most exhaustive parental information were retained. 

This situation was caused by differences in recorded parents among different individuals.  

 

Animal identifications present in both paternal and maternal positions were detected and 

edited so that original sire IDs were retained while dam IDs without prior pedigree information 

were assigned new unique identifications with zero relationship to any other individual in the 

dataset. Reasons for these edits were that sire identifications were easy to detect and it was more 

likely that occurrences of animals in both positions were caused by errors in female 

identifications. Duplicate or multiple maternal IDs with prior pedigree information were not 
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found. Further, a proper order of all pedigree records was established when parents were placed 

before progeny. Pedigree records that were unusable due to incorrect relationships, for example, 

an individual being an ancestor of himself, were repeatedly checked against the AIPL resource 

database and subsequently deleted from the pedigree file. 

 

The A-inverse utility was applied to calculate pedigree-based inbreeding coefficients on 

cows (maternal inbreeding) and progeny of the cows (fetal inbreeding). These inbreeding 

estimates were designated as ABTK inbreeding. The calculations of inbreeding with ABTK 

method have probably accounted for additional pedigree beyond five generations because 

pedigrees of individuals were combined into a single file by breed and registry status prior to 

running the program. For the largest pedigree file for grade Raleigh dataset with approximately 

2.6 million lines of pedigree, the actual running time was approximately 6 minutes on a 

Windows-NT personal computer with 128 MB RAM. The smallest data file with 0.32 million 

records of pedigree took 55 seconds on the same computer. Maximum size of the pedigree file to 

be processed by this program is limited only by available random access memory. 

     

After pedigree evaluations were complete, and both AIPL and ABTK inbreeding 

coefficients were computed, females in each dataset were stratified according to percentage of 

pedigree information available. Firstly, twelve categories were created, each with spacing 10% 

points apart. Two exceptions only were made for categories one with zero percent of pedigrees 

(usually only one parent was present) and category twelve with exactly 100% pedigree (complete 

five generations of pedigree were available). Subsequently, for cows of Holstein and Jersey 

breeds, mean inbreeding coefficients obtained with AIPL and ABTK approaches were 

graphically plotted against the pedigree completeness category to illustrate behavior of the two 

estimation methods when the amount of information in pedigrees gradually changed.  

 

Lutaaya et al. (1999) assessed performance of Van Raden (1992) and classical methods to 

obtain inbreeding by comparing annual average inbreeding for cows when given proportions of 

dams up to 50% were erased from pedigree. In the current study, a test to verify whether 

differences exist between the method of Lutaaya et al. (1999) and procedure by Cassell and 

Pearson (1999) was performed. For each cow pedigree, a proportion of present dam ancestors 
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and a proportion of present male ancestors in five generations were calculated. Fetus pedigrees 

were not tested for parental proportions by ancestral sex. Five subgroups were created from each 

dataset according to proportion of present female ancestors: group 1 with 100% present females; 

group 2 with 90-99.9% present females; group 3 with 80-89.9% present females; group 4 with 

70-79.9% present females and group 5 a with proportion of present females below 70%. For each 

subgroup, annual mean AIPL and ABTK inbreeding coefficients for each year of birth were 

computed. Further, PROC CORR procedure on SAS was used to obtain relationship measures 

between dam and sire proportions and percent of present pedigree. Annual inbreeding means 

were graphically presented for each completeness group and by method of inbreeding estimation 

separately for all Raleigh datasets. 

 

AIPL derived inbreeding in cows was compared to inbreeding coefficients calculated with 

classical procedures of ABTK. Observed differences were related to cow breed, registry status 

and pedigree completeness. The largest discrepancies between the two estimates were expected 

in grade data.  

 

 

2.2.3. Data and models for days to first service and summit milk yield 

 

Number of days to first service (DTS) was recorded on all cows in Raleigh data and later 

recomputed using dates of calving and subsequent first service to verify correctness of recording. 

Distribution of the trait is significantly right-skewed due to undetected estrus or delayed services. 

Before the computer analyses, the distribution of DTS was curtailed to eliminate extreme values 

in both tails of the distribution. Measurements exceeding 220 days for grade Holsteins, 210 days 

for registered Holsteins and 200 days for Jerseys and those below 20 days for all breeds were 

discarded. Right tail cut-off points in the distribution were established from the mean plus three 

standard deviations for each respective data set. Records of cows that ultimately failed to 

conceive were not removed from the analyses as proposed by Weller (1989). Basic statistical 

characteristics for DTS are shown in Table 3 for Jersey and for Holstein registered and grade sets 

before and after edits of extreme observations to demonstrate effect of these edits. Mean and 

standard deviation for DTS were reduced by elimination of extreme values, as expected.  
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Summit milk yield (SM) represents estimate of peak yield. It was computed as average of 

the two highest test-day measurements out of the first three recordings in a current lactation. 

DRMS Raleigh, NC performed calculation of this variable. Recorded values were subsequently 

verified in process of data checking and edits. Unprocessed measurements of summit milk in 

pounds were evaluated and analyzed.  Estimates of variances and inbreeding depression were 

later converted to the metric system (kg).  

 

Since multiple records were recorded from individual cows, it was possible to use a 

repeatability mixed model for both DTS and SM during comprehensive analyses for data across 

the entire age spectrum. Parity effects were included in model. In second round of analyses, the 

data were analyzed by lactation number for levels one through four with only a simple animal 

model. Derivative-free REML algorithm as applied in the MTDFREML set of programs 

(Boldman et al., 1995) was chosen for the analysis. A linear mixed model assumes Gaussian 

distribution of the trait. 

 

Statistical model for the analyses in matrix form is:  

  

Y = Xβ + Zu + Wp + e 

 

Where Y is a vector of observations, X, Z and W are incidence matrices for fixed effects 

and covariates (β), additive genetic effects (u) and permanent environmental effects (p). e is a 

vector of residual errors. The model is further specified as an animal model with repeated records 

and no maternal effects: 

 

Yijkl  = HYSi + Pj + Fk*β + ANk + PEk + Eijkl, 
 

where: 

Yijkl             =  days to first service or summit milk    
HYSi        =  effect of i-th herd-year-season (random or fixed)  
Pj              =  effect of j-th parity (levels 1, 2, 3, 4 and more, fixed) 
Fk               =  maternal (ABTK or AIPL) inbreeding as a linear covariate 
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β              =  regression of DTS (or SM) on inbreeding 
ANk         =  effect of additive genes of k-th animal (random) 
PEk          =  effect of permanent environment associated with k-th cow (random) 
Eijkl          =  residual error (random) 

 

 

The first and second moments of data under this model follows: expected value of y is 

E[Y] = Xβ, and variance of Y is:  

  

V(Y) = ZQZ’ + R,  

 

where  Q =  .
0

0








P

G

 

G is a direct product between matrix of additive relationships and matrix of additive 

variance(s); P is a direct product between identity matrix and the permanent environmental 

variance(s). 

 

 Effect of the continuous variable summit milk (SM) was included in the model for DTS as 

additional linear covariate for preliminary analyses.  The purpose was to pretest impact of this 

external production variable on inbreeding depression in data comprising all age groups. In the 

main analyses, this variable however was not considered because of possible covariance(s) with 

the inbreeding percentage. Three levels of calving season within herd-years were specified as 

December through March = 1, April through July = 2, August through November = 3 for a 

current year.  

 

Holstein cow data were analyzed separately by registry status (registered and grade), while 

Jersey cows were included regardless of registry status. Reasons for using all Jersey records were 

that complete pedigrees were also available for animals of this breed. Grade Holstein cows were 

split into three separate files with 0-30%, 30-70% and 70-100% of pedigree present. Three 

generations of available pedigrees were utilized to construct the matrix of numerical 

relationships. Estimates of unadjusted AIPL and ABTK inbreeding coefficients were included as 
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covariates in separate analyses. Because Holstein data files were too large to include all animals, 

a selection procedure to sample data for computer analyses of registered and grade data was 

developed. The subsets were created by randomly sampling herd-year-seasons with at least 5 

observations per level, subject to restriction of the resulting data size to approximately 70-80 

thousand records (50,000 cows). Satisfactory herd-year-season levels were selected by applying 

uniform random number generator with arbitrarily chosen seed number. Herd-year-season effects 

were treated as random in the comprehensive runs by REML.   

 

Comprehensive analyses with lactation number (fixed) and herd-year-season (random) in 

model included zero to three pedigree generations to build the A matrix for registered Holstein 

and Jersey cows (DTS) in separate runs. Analyses of grade Holstein data utilized only a single 

generation of pedigree for all pedigree completeness subsets. For the most complete grade 

pedigree group, diagonal structure of A matrix was also examined. It implies no additive 

relationships among animals. 

 

Second round of analyses of DTS and SM by lactation number were performed on 

registered Holstein and Jersey data only, with herd-year-season effects treated either fixed or 

random in separate analyses and without effects of permanent environment. Estimating 

inbreeding depression from cows by lactation number was considered desirable, since important 

age effect on production traits was previously reported by Thompson et al. (2000ab) but also 

because genetic evaluations frequently include animals from early lactations. Permanent 

environmental and age group effects were therefore excluded from the model where a single 

record per animal was used only. Three generations of pedigree were used to construct the 

numerator relationship matrix. Convergence criterion of 10–6 was applied during the preliminary 

run; however, 10–9 was used for the final run of MTDFREML was preferred in all analyses. 

Solutions for inbreeding covariate were expected to be small, but positive for DTS, since 

inbreeding is expected to cause biological disadvantage in post-partum females against a return 

to regular cycling. Estimate for inbreeding covariate of this magnitude was previously reported 

in dairy study by Hoeschele (1991) for number of days open. The expectation was a negative 

solution for the inbreeding covariate for SM, however.  
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2.2.4. Data and models for conception rate at 70 days and calving rate 

 

Two measures of conception rate were recorded on the Raleigh data: conception measured 

by 70 days non-return (70dNR) and conception confirmed by a subsequent calving (CR). Both 

traits were recorded on a binary scale (1=conception successful, 0=otherwise) and relate only to 

first services that occurred in years 1995-1998. If a cow returned to cycle within 70 days after 

first service, both traits were recorded as zero. When an estrus was observed after 70 days for 

any reason or was not observed at all, a conception by 70dNR was recorded as success. 

However, conception measured as CR was recorded zero if fertilization was not confirmed by 

calving. First services that resulted in calf births had both binary traits recorded as a success. Due 

to time delay in reporting calf births, first services in years 1997 and 1998 had some proportion 

of CR information missing in majority of herds. Therefore CR analysis only included data from 

service years 1995 and 1996. Data for analyses of CR were then independently re-sampled in 

both breeds following elimination of incomplete data from the most recent service years. 

 

Application of hormonal substances (prostaglandin) is currently used in management of 

reproduction in intensive dairy businesses. Data received from DRMS Raleigh, NC contained no 

indication about whether hormonal stimulation of estrus in postpartum cows was applied in 

specific dairy herds or prior to selected matings by the herd management. Consequently, we had 

no relevant information to discern herds, which may have improved reproduction results through 

use of hormonal treatment. Hormonal treatments could affect results if applied differentially to 

cows within a herd-year-season. 

 

Due to a price differential between AI doses from test and proven bulls, producers tend to 

use test bulls on females when they are not quite certain whether the females are truly in heat. 

Although this influence constitutes additional management effect, it was recommended to 

include service sire status in the model as a separate fixed effect. Status of service sire (test 

versus proven) was determined through evaluations of bimodal distributions for age of sires at 

service. Age of service sires at the time of service was calculated using sire date of birth and 

service dates. Values of service sires age at service below 300 days were discarded due to likely 

Material and Methods       Chapter 2 56



mis-recorded dates of service. Sire dates of birth were assumed to be correct. Cut-off points for 

service sire age at service between test and proven bulls were selected at 1700 days for Holstein 

bulls and at 1625 days for Jerseys. A conservative approach was used about declaring a sire as 

proven relative to the observed distribution of sire age at service.  

 

Statistical animal linear model for the analyses of 70dNR and CR with MTDFREML was: 

 

Yijklm = HYSi + Pj + SSCk + Fl*β + ANl + PEl + Eijklm 
where, 

 

Yijklm               =  conception outcome of 70dNR (or CR)  
HYSi            =  effect of i-th herd-year-season (random or fixed) 
Pj                  = effect of j-th parity (4 levels, fixed)  
SSCk            = effect of k-th service sire class (2 levels, fixed) 

  Fl                     =  maternal (ABTK, AIPL) inbreeding or fetal inbreeding  
                           as a linear covariate 
β                   =  regression of 70dNR (or CR) on inbreeding 
ANl               =  effect of l-th animal (random)  
PEl               =  effect of permanent environment associated with the l-th cow (random) 
Eijklm              =  residual error (random) 

 

 

Expectations and variances of the data under this model were identical to those of DTS and 

SM. Derivative-free REML as applied in MTDFREML set of programs was used to obtain 

estimates of variance components for herd-year-season, permanent environment and animal 

effects. Levels of herd-year-season for the analysis were specified in the same way as for DTS 

and SM variables.  

 

The linear model approach in analyzing non-return rates was previously explored by 

Weigel and Rekaya (2000) for non-return rates at 60 or 90 days and veterinarian confirmed 

pregnancy rates at 60 or 90 days. Analysis of Jersey and Holstein registered data included 

information sampled from entire files. On the contrary, the grade Holstein file was split into 

subsets according to percent of pedigree present (0-30, 30-70, 70-100%) as proposed for the 

Material and Methods       Chapter 2 57



analysis of days to first service (DTS). AIPL, ABTK inbreeding estimates were used to obtain 

inbreeding depression.  

 

Comprehensive MTDFREML analyses with lactation number (fixed) and herd-year-season 

(random) included in model were to test effects of varying number of pedigree generations (0 or 

3) used to build A matrix for registered Holstein data and 0 to 3 generations for Jersey cows 

(70dNR) in separate runs. Analyses of grade Holstein data used only one generation of pedigree 

for all pedigree completeness subsets. For the most complete pedigree group, diagonal structure 

of A matrix was also examined. A reduced type of analyses by lactation number was performed 

in the same manner to those for DTS and SM. Fetal inbreeding for CR and service sire status for 

both conception variables were additionally included in a separate model.  

 

Higher reductions of the mean due to inbreeding in the dam for 70dNR and comparatively 

less sizeable inbreeding depression in CR were expected. This assumption was made because in 

related, but time-separated traits, additional environmental variation occurs in variables 

measured later in time. In pre-edited data, 70dNR was expected to be more variable than CR, 

due to presence of false positives. On the other hand, CR could be more influenced by inbred 

embryos as reported by Pulkkinen et al. (1997), who evaluated non-return rate at 56 days and 

calving rate. 
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2.3. Results 

 
2.3.1. Analysis of pedigree completeness and its effect on estimated inbreeding 

 
 
Grade cows represented about two thirds of all animals in the present study. With the 

animal numbers involved, the data can be considered a representative sample of the entire dairy 

population in the United States. In a situation with reduced amount of phenotypic and pedigree 

information, difficulties in evaluation of the true genetic potential may arise in animals of grade 

status. For this reason, understanding of distributional properties behind present pedigrees in 

breeding cows may become practical for development of future solutions.  

 

Figure 1 shows frequencies of cows across all twelve categories of pedigree completeness 

for both registered and grade groups. Records showed that frequencies were spread unequally 

among completeness classes in both groups. Grade cows were represented in the whole spectrum 

of pedigree presence with certain completeness classes showing greater representation of cows 

than other groups. This pattern was consistent for both Raleigh and Iowa grade datasets. On the 

other hand, registered Holstein cows showed increased presence in high pedigree completeness 

categories.  The distribution was in general skewed in the direction of higher values. 

Approximately 83% of registered cows had all ancestors present in five generations of pedigree. 

Registered cows with pedigree completeness below 70% were almost non-existent. Distribution 

of the pedigree completeness indicator (Cassell and Pearson, 1999) for Jersey cows showed a 

similar pattern as found in registered Holstein. Visual assessment of the grade populations 

suggests that the whole frequency band constitutes most likely a collection of several intact or 

curtailed distributions with mutually shifted locations on the underlying scale.  It appears that 

portion of grade animals with pedigrees above 70% approached registered data status and could 

therefore be treated as equal on the condition that pedigree information is correct and principle of 

equal expected relationship applies. 
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Basic statistical characteristics for indicators of pedigree completeness and inbreeding 

coefficients are shown in Tables 4 (Raleigh data) and 5 (Jersey data). Percent of pedigree present 

had generally lower mean and higher absolute and relative variance (CV) in relation to 

proportion of present male (female) ancestors. Differences among these characteristics became 

greater, when incomplete pedigrees were evaluated, for example in grade Holstein data. In 

absolute values, registered Holstein and Jersey cows had greater average completeness of 

pedigrees as shown in all three completeness characteristics proportionally to grade Holsteins. 

Fetal pedigrees in all breeds and subgroups showed more ancestry information than in the 

corresponding parental generation.  

 

Basic population statistics for accurately estimated inbreeding coefficients are expected to 

show positive associations between subgroup inbreeding means and variances provided that all 

factors impacting animal relationships in populations remain the same. This feature, however, 

does not apply to comparisons among inbreeding means calculated for descendent generations. 

In this study, differences in the amount of pedigree information between groups were apparent 

when comparing basic descriptive characteristics of inbreeding coefficients. In this instance, 

however, differences could also be observed among average coefficients derived by different 

calculation methods. In registered Holstein groups, coefficients obtained from pedigree based 

(ABTK) procedure were greater than corresponding inbreeding obtained from method using 

unknown parentage groups (AIPL).   

 

Conversely, mean AIPL inbreeding from grade data was greater than classical  inbreeding 

(ABTK). In general, AIPL inbreeding displayed smaller variation than ABTK coefficients for all 

groups, although differences in dispersion between the groups became smaller with more 

complete pedigrees. With the AIPL method, intensive substitution of information from 

contemporaries takes place in the grade data, causing reduced variability for inbreeding obtained 

with higher proportions of contemporary mean relationships. Inbreeding coefficients from Jersey 

cows showed slightly greater average AIPL coefficients in comparison to ABTK inbreeding. 

Reasons behind this observation could be explained by small proportion of grade Jersey animals 

with percentage of present pedigrees close to values found in registered Holstein data.  
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Graphical comparisons of year of birth means for percent of pedigree (Cassell and Pearson, 

1999) and present parental proportions for Raleigh Holstein data by registry status (Figure 2) 

show that all indicators of pedigree presence have highly similar trends.  These measures can 

then be used interchangeably. It can be concluded that method to evaluate cow pedigrees by 

calculating proportion of female ancestors (Lutaaya et al., 1999) utilizes the same information as 

the current procedure to evaluate pedigrees. Statistical characteristics indicate that for multiple 

individuals, the proportion of dams in pedigree is in reality smaller in comparison to sires, but 

differences do not reach practical implications. In registered data, the annual means for the 

pedigree indicators were nearly equal, with only small disparities at the periphery of the curve. 

For the grade data, only the means in parental (male, female) proportions were indistinguishable. 

On the other hand, means for percentage of pedigree present were markedly lower in grade group 

as compared to parentage proportion indicators, although it nearly precisely copied both paternal 

proportion curves in approximately constant distance.   

 

In this study, superiority of neither method to evaluate pedigrees could be definitely 

established. Product moment correlations between male (female) ancestors and both types of 

inbreeding were only slightly greater than correlations between proportions of pedigree present 

and inbreeding in Holstein registered and grade data (Table 6). Although presence of all pedigree 

information is vital to estimation of inbreeding, the majority of relationships in current cow 

populations exist due to common male ancestors. As a result, association between proportions of 

male ancestors and inbreeding is somewhat elevated. Female progeny of male ancestors, 

however, must be known so that lineage to further additions to inbreeding can be continued. For 

that reason, proportion of females, is almost equally informative, as percentage of males. Only 

cases when common male ancestors in terminal generations could be identified, but not females, 

contribute to minute differences between effects of ancestor sex in the pedigree.  Proportion of 

pedigree present (Cassell and Pearson, 1999) appears to show greater degree of non-linearity, 

which becomes principally obvious in the less complete grade cows. The reason could be that 

individual ancestors in male (female) proportions are equally weighted regardless of their 

position in pedigree, which is not true for the method by Cassell and Pearson (1999). The latter 

method accounts for the generation number and sex of the ancestor. Under such conditions, the 
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pedigree indicator then becomes highly perceptive to missing male ancestors, incidence of 

curtailed pedigree branches and missing individuals close to the animal under evaluation.    

 

Unknown parentage group (AIPL) inbreeding coefficients (Hoeschele, 1990; Van Raden, 

1992; Wiggans et al., 1995) were widely utilized in practical cattle breeding since 1994. It 

enabled approximate animal evaluations, construction of mating plans and calculations of 

inbreeding trends in groups where few actual relationships were known. The goal of the current 

research was to evaluate properties of AIPL and ABTK inbreeding coefficients depending on 

amounts of pedigree information available and the impact of relationship substitution from 

contemporaries. Table 7 depicts mean inbreeding coefficients obtained with both AIPL and 

ABTK methods for split datasets with 0-30%, 30-70% and 70-100% pedigrees. In all datasets, 

reduced pedigree presence always caused AIPL inbreeding to greatly exceed classical  

coefficients and led to suppression of variability. This indication can be explained by increased 

reliance on information from contemporaries, rather than usage of actual animal relationships in 

calculation of inbreeding coefficients.  

 

Average information originated from cows born in identical birth years, which was 

included in the AIPL coefficients, has reduced variability compared to individual measures of 

relationships. These averages are more stable because they summarize pedigrees from many 

animals. In a cow subset with <30% pedigrees, common ancestors that cause inbreeding are only 

those from neighboring generations, and as a result, this group has many non-inbred animals and 

several highly inbred ones. This aspect may sometimes inflate the coefficient of variation for 

inbreeding in this group. For the complete pedigree group with >70% pedigree, statistical 

properties of AIPL and ABTK inbreeding coefficients are nearly the same. With complete 

pedigrees, distinctive for this group, substitution of contemporary information is minimal and 

consequently, pedigree information processed by both methods is almost the same. Differences 

in distribution of cows among the pedigree completeness groups can also be observed.  

 

Differential behavior of AIPL and ABTK inbreeding coefficients can be further illustrated 

in graphical relationships between percent of pedigree present and the respective inbreeding 

estimates as shown in Figure 3 for registered Holstein and in Figure 4 for grade Holstein cows of 
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Raleigh. Average classical inbreeding (ABTK) shows a positive association with percentage of 

pedigree present throughout all levels of pedigree completeness. In the grade data, however, 

these increments appear to be smaller than in the registered cows and show inconsistent 

tendencies. When complete pedigrees are not available, AIPL inbreeding becomes smaller 

through about 50% pedigree levels and then follows a strictly positive trend, which is 

approximately parallel with ABTK inbreeding. At 80% pedigree, ABTK inbreeding exceeds 

inbreeding from the unknown parent group method by approximately 0.1-0.3%. Thus, when five 

pedigree generations are used to calculate ABTK inbreeding, both methods account for roughly 

the identical amount of information. This number of generations can consequently be regarded 

sufficient to perform comparisons between the methods. 

 

In the grade dataset, AIPL inbreeding follows U-shaped curve with the lowest point at 50% 

pedigree completeness. AIPL is continuously greater than ABTK inbreeding for all upper 

completeness levels and from 80% pedigree boundary both lines become parallel. The difference 

of 0.7-1.0% between the estimates may suggest that some relationship adjustments still occur 

even with increased levels of pedigree. The AIPL method yet again appears to perform rather 

poorly when proportions of present pedigree are close to 50% limit. It can be concluded that 

reduced pedigree information causes annual inbreeding to greatly oscillate, but with complete 

pedigrees, inbreeding trend lines become fairly stable.  

 

AIPL inbreeding coefficients incorporate relationship information both from pedigrees and 

contemporaries. The method does not distinguish between cows with dissimilar registry status 

when replacement of information from mates takes place. Assumption that grade and registered 

cows are equally related among themselves and to the remaining fraction of the population was 

made (Wiggans et al., 1995). The method also indirectly presumes that both subgroups are 

subject to the same breeding practices regarding mate selection. In reality, however, these 

assumptions do not perfectly hold. Failure to satisfy this underlying assumption is caused by 

differential production and breeding goals imposed on registered and grade populations. 

 

Performance of ABTK and AIPL inbreeding coefficients for registered Holstein cows is 

presented in Figures 5 and 6, respectively. For registered cows with specific proportions of 
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present dams (100%, 90-99.9%, 80-89.9%, 70-79.9% and <70%) average AIPL inbreeding 

coefficients by birth year should be the same, if assumption about equal relatedness is correct. 

Instead, AIPL method lifts all inbreeding coefficients with slight increase for high dam ancestor 

pedigrees and more profound increase for dam proportions below 80%. Significant differences 

between dam presence groups within birth years still do exist, although with the AIPL method, 

differences became smaller for cows with sparse pedigrees. Overestimation of inbreeding 

coefficients by the AIPL method for these animals is unlikely, although the lower pedigree 

content still influences the estimates.   

 

ABTK and AIPL inbreeding means by birth year for grade Holstein cows were plotted in 

Figures 7 and 8, respectively. ABTK coefficients showed similar trends to those observed in the 

registered data. However, the mean birth year coefficients from AIPL procedure were greatest 

for cows with 70-70.9% dams and for cows with dam ancestors below 70%. The extremely small 

inbreeding coefficients were found in cows with the fullest possible pedigrees. It is evident that 

in grade cows, the AIPL procedure overestimates inbreeding coefficients proportionally to 

percentage of female ancestors. Also, a strong inverse relationship of the method’s performance 

to the overall quality of pedigree generally could be inferred.  

 

 

2.3.2. Estimation of inbreeding depression for the combined data 

 

Number of days to first service (DTS) constitutes a trait with a comparatively small 

additive genetic component expressed relatively by direct heritability. Estimates of h2 from grade 

Holstein data ranged between 3-7% (Table 8), but those from registered Holstein and Jersey 

cows were between 1-3% (Tables 9 and 10, respectively). The differences could be attributed to 

greater direct genetic variability in the sample of grade Holstein cows than that from their 

registered mates. Contrary to our expectation, differences in pedigree completeness had only 

small effects on additive heritability between grade and registered cows. However impact of 

more pedigrees within each registry group was apparent. Greater estimates of repeatability were 

found in Holstein data (9-13%) than in Jersey cows (7-8%).  
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Estimates of inbreeding depression for DTS were found between 0.05 to 0.20 days for 

grade Holstein data. The exceptions were the most extreme estimates of -0.23 days with ABTK 

inbreeding and of -0.37 days with AIPL inbreeding in the 0-30% pedigree completeness group 

(Table 8). Both extreme estimates showed unexpected sign and particularly a reduced 

significance. For the grade Holstein cows, statistical significance generally improved when more 

pedigrees became available regardless of type of inbreeding coefficients used.  

 

Somewhat surprising results were obtained from registered Holstein cows and Jersey 

females (Tables 9 and 10). Inbreeding depression in the Holstein data was small (0.003 – 0.03 

days/% F(x)), and insignificant. Nonetheless, the significance slightly improved when data were 

analyzed with three generations of pedigree in A matrix. An opposite trend was found in the 

Jersey cows, where size of estimates and statistical significance decreased when additional 

generations of pedigree were accounted for in the A matrix (0.15 days/% F(x), p<0.001 for 

diagonal A matrix; 0.016 days/% F(x), p=0.705 with three pedigree generations in A matrix). 

Because of the unusual size of inbreeding depression in registered Holsteins, the results for this 

group were inconclusive and happened most likely due to occurrence of errors in recording. For 

most analyses, inbreeding depression derived from AIPL coefficients was slightly smaller than 

solutions from ABTK coefficients. Statistical significance of the estimates in this instance was 

also correspondingly reduced.  

 

Direct heritability for summit milk (SM) from grade Holsteins was between 7% and 8% 

(Table 11). Estimates from registered Holstein cows showed a proportion of additive genetic 

effects between 10% and 13% (Table 12) and between 8% and 11% in Jersey females. In the 

Jersey data (Table 13), the greatest estimate of heritability was obtained from analyses with three 

generations of pedigree in the A matrix. Repeatability is defined as the proportion of additive and 

permanent environmental effects to the total phenotypic variance. In this study, estimates of 

repeatability did not change relative to heritability when compared in all analyses. Values were 

observed between 21% and 25% in all datasets. Frequently, subsets with small heritability 

displayed greater effects of permanent environment associated with the cow and vice versa. 

Importance of varying amounts of pedigree information or small numbers of repeated records 

could be suggested for occurrence of this phenomenon.  
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Inbreeding depression estimated with grade data was between -0.024 and -0.123 kg/day/% 

F(x) (Table 11). Extreme estimates were mostly obtained in the group with 0-30% pedigree or 

when all animal relationships were removed from the matrix of numerator relationships. All 

estimates of inbreeding depression were highly significant, but solutions from low pedigree 

groups or incomplete A matrix had the smallest significance. In grade data a clear advantage of 

using a specific inbreeding type was not greatly evident. Inbreeding depression decreased when 

both ABTK and AIPL types of inbreeding coefficients were used, but the reduction was greater 

with ABTK inbreeding. Estimates from registered Holstein data were between -0.068 to –0.078 

kg/day/% F(x), p <0.001 (Table 12), where no important pattern could be found.  Jersey data 

showed rising estimates from -0.007 kg/day/% F(x) in no pedigree data to -0.077 kg/day/% F(x) in 

data with three generations of pedigree (Table 13). Statistical significance was improved when 

extra generations of pedigree were incorporated into the A matrix. Complete animal pedigrees 

had a crucially positive effect of on estimates of inbreeding depression for this trait.  

 

MTDFREML estimates of additive heritability for probability of conception at 70 days 

non-return (70dNR) were found to be extremely small. For grade Holstein (Tables 14 and 15) 

and registered Holstein cows (Table 16), estimates did not exceed 2%. In Jersey cows, 

nonetheless, heritability estimates between 1-4% were presented in Table 17. Repeatability 

estimates across all data were between 2-5%, which were only slightly larger than respective 

heritabilities. Comparisons of heritabilities and repeatabilities were difficult to make in majority 

of analyses of this trait. This is probably because different data or models caused only small and 

somewhat unpredictable changes in estimates. It was consequently impossible to assess direction 

and magnitude of these changes.  

 

Estimated inbreeding depression for this trait ranged from 0.05% to -0.3%. Effects of 

ABTK or AIPL inbreeding coefficients on estimated inbreeding depression were not found. In 

this research, fetal inbreeding depression was smaller in majority of analyses than estimates from 

corresponding analyses with inbreeding coefficients from dam relationships. This observation is 

only applicable for ‘trait of the cow’ models, which contain relationships of the mother. 

Inclusion of fetus relationships in combination with fetal inbreeding was not examined in this 
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study due to limited resources. Regardless of the inbreeding type included in model, improved 

statistical significance was found when cows had more complete pedigrees. A similar 

observation was made in registered Holstein data (Table 16), where estimates were between 0.11 

-0.15% per one percent of inbreeding. Reduced inbreeding depression accompanied by smaller 

significance for fetal inbreeding was confirmed. For the Jersey data, inbreeding depression was 

between 0.24-0.27% (p<0.001) per one percent of inbreeding, which was in accordance with the 

overall trend observed between solutions from Jersey and Holstein breeds. Apparent changes to 

size of estimates or model fit were detected when additional pedigree generations were added to 

the A matrix. 

 

 

2.3.3. Estimation of inbreeding depression by parities 

 

Objectives to this part of research were to quantify impact of inbreeding on production and 

reproductive variables when data were analyzed separately by lactation number. These analyses 

were performed because genetic evaluations are routinely conducted for separate age groups and 

also because we anticipated that influence of inbreeding will be the greatest in the most recently 

born cows as reported in previous research by Thompson et al. (2000ab). Separate analyses of 

each trait were run with herd-year-season (HYS) effects treated fixed or random. Estimates were 

considered significant when corresponding p-values were smaller than type I error of α = 0.05. 

 

Estimated inbreeding depression for days to first service (DTS) from registered Holstein 

cows (Table 18) ranged between -0.001 and 0.060 day per % inbreeding. Negative estimates 

observed in later lactations were not significant, which implied that data failed to provide 

sufficient information to reliably estimate the inbreeding effect. Effect of age was hence 

confirmed to be important. Estimates derived from first lactation data were often more 

significant than those estimated in later lactations regardless of the model used. Generally, 

random treatment of HYS produced greater and more significant estimates of inbreeding 

depression for this trait compared to models where these effects were treated fixed. Estimated 

heritability from random-treated HYS was between 8-27%, which was greater than 3-7% found 

in analyses with herd-year-season included as a fixed effect in model.  

Results       Chapter 2 67



 

It has to be emphasized that structure of the data was markedly improved for the first 

lactation because the greatest number of cows had complete production records. With increasing 

lactation number, number of observations per level of HYS became smaller, which led to poorer 

data structure and partially contributed to non-significant estimates. In several datasets, the 

Jersey breed had superior data structure than Holsteins, which was probably caused by fact that 

Jersey herds needed not be sampled, while Holsteins had to be. An identifiable pattern in 

differences between solutions produced from ABTK and AIPL inbreeding coefficients was not 

observed. This finding could be explained by similar properties of coefficients obtained with 

both methods for registered Holstein and Jersey cows. 

  

Estimates of inbreeding depression for DTS obtained from Jersey data (Table 19) were in 

most cases greater than those observed in registered Holstein cows. Estimates ranged between -

0.01 to 0.16 days/% inbreeding. Inbreeding depression from Jersey breed was greater and more 

significant when HYS effect was treated fixed. This finding was contradictory to that found in 

registered Holstein analyses where estimates from models with random HYS were frequently 

higher and significant. Substantial differences in estimates of heritability were not observed 

between the two types of models. Estimates for lactation 1 and 2 were the greatest with range of 

0.11 to 0.22 days/% inbreeding. Estimated heritability was greatest for lactation group 4, which 

was most likely caused by pooling data from parities 4 through 12 across wide range of ages into 

a single dataset. Although phenotypic differences were not important within this group, essential 

additive variance was present among animals, which were associated with this subset. Sizeable 

estimate of heritability of 27% for DTS was observed in registered Holstein cows on lactation 4 

or higher. Other estimates of heritability were between 3-8%, which were greater than estimates 

from Weller (1989) of 3-4%.  

 

Results from MTDFREML analyses for summit milk (SM) in registered Holstein data 

were presented in Table 20. Inbreeding depression for this trait was negative in all cases, 

however, its magnitude oscillated between -0.02 to -0.15 kg/day/% inbreeding across all parities 

and inbreeding type. Estimates in the negative direction were anticipated, although with greater 

consistency between datasets and models. Solutions for inbreeding covariate derived from 
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models with HYS effects treated fixed were greater and more significant, than those from models 

with contemporary effects treated random. Identical observation was made for estimated direct 

heritability, which was between 8-27% in models with random HYS, but between 11-32% when 

HYS effects were treated fixed. Relative importance of inbreeding effects on SM measured on 

the scale of phenotypic or additive standard deviation was approximately the same. However, 

superior absolute effects were evident in datasets where greater phenotypic mean and standard 

deviation were observed.  

 

Solutions for inbreeding covariate from Jersey data (Table 21) followed a similar 

relationship to phenotypes found in Holstein data. Datasets with greater mean milk production 

frequently produced greater inbreeding depression when measured in absolute units. Compared 

to Holstein data, inbreeding effects on SM in Jerseys were smaller, ranging between -0.001 to –

0.030 kg/day/% inbreeding. Random treatment of HYS caused comparably smaller solutions to 

inbreeding depression obtained from models with HYS treated fixed as found in the Holstein 

breed.  

 

Estimated additive heritability for SM (Table 21) was within the range 9-26% (random 

HYS model) and 14-38% (fixed HYS model). In this case, values for inbreeding effects were 

shown to be greatest in cows on the first lactation. The smallest estimates, on the other hand, 

were observed in both models from old cows on lactation four. As a result, it could be argued 

that the smallest average inbreeding in the oldest group of cows could be a reason for the minute 

and insignificant estimates of inbreeding effects. Extreme absolute inbreeding depression could 

be then produced by combination of both factors of average inbreeding and a phenotypic 

production level. In field data, influences of data structure, quality of recording, level of 

phenotypic output, pedigree amount and correctness, true and estimated inbreeding are often 

confounded. Relative importance of these effects was difficult to separate in the current study.  

 

Conception at 70 days non-return (70dNR) in a binary form was analyzed with a linear 

model including service sire status as fixed effect in addition to inbreeding coefficients and HYS, 

which was also treated random in a separate round of analyses. Fetus inbreeding was not 
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included in either type of analyses. Results from variance components evaluations with 

MTDFREML are presented in Table 22 for Holstein and in Table 23 for Jersey breeds.  

 

Estimates of inbreeding effects on this trait in Holstein were found to be mostly negative, 

extremely small and not significant. For this variable, estimates ranged from 0.001 through –

0.003/% of inbreeding with solutions being greater and more significant when HYS factor was 

treated random. It should, however, be emphasized, that the whole set of estimates for this trait 

was not significant. This finding can be interpreted as a plain insufficiency of information in data 

to achieve reliable estimates of the small effects. Estimated direct heritability was small (1-2%) 

in all data evaluated with both types of model. Systematic differences in heritability between 

models due to unequal treatment of HYS effects were not detected. A substantial proportion of 

variance unaccounted for by model (93-94%) provides evidence that model factors used to 

explain the overall variance of 70dNR have only a minor role. A relative influence of only 5% 

attributed to HYS was unexpectedly small for this trait.  

 

Estimated parameters for Jersey breed were similar to those found in the Holstein cows. 

Solutions for inbreeding covariate were generally greater with range between 0.0002 and -0.0050 

per % inbreeding. Also, statistical significance of these estimates was larger than in Holstein, 

which could be explained either by superior recording of the Jersey data and (or) greater degree 

of relatedness in Jersey breed. Estimates produced from models with HYS randomly treated in 

general exceeded those from models where HYS were treated fixed. The most extreme and 

significant solutions for inbreeding depression came from lactation 1 group (p<0.001). Additive 

heritability was also found equal or greater in random HYS models (1-4%), with the most 

sizeable estimates generated in the subset of the oldest cows independently of the model type. 

Importance of variance associated with HYS was reasonably stable across all evaluations (5-

6%); a value close to that observed in the Holstein cows. A variance ratio for residual effects was 

equal or only slightly smaller in most analyses (90-93%) comparatively to the Holstein breed 

proportions.   

 

Estimation of effects of maternal and fetal inbreeding on female ability to produce an 

offspring by a linear model was illustrated in Tables 24 (lactations 1 and 2) and 25 (lactations 3 
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and 4) for Holstein breed. The same results in Tables 26 (lactations 1 and 2) and 27 (lactations 3 

and 4) were listed for Jersey cows. The assessed binary variable, which underlies this capacity, 

was calving rate (CR). It specifies a phenotypic incidence of calf birth following first postpartum 

service. As in previously investigated traits, impact of differential treatment of HYS was tested, 

with fixed effect of service sire status included in models for all analyses.  

 

In the Holstein cows, estimates of inbreeding depression were all negative, small, but in 

magnitude they mostly exceeded estimates for 70dNR in each respective analysis. Values from 

both fixed and random HYS models ranged from –0.0006 to –0.0050 /% inbreeding. Estimates 

from models with HYS effects treated random were greater and more significant than those from 

models where HYS were fixed. Type of maternal inbreeding (ABTK or AIPL) had no apparent 

influence on size of inbreeding estimates. 

 

Estimates for parities 1 and 3 showed the greatest statistical significance. Solutions for 

inbreeding covariate from lactation 4 cows were the least significant. In principal, fetal 

inbreeding depression was of equal size, but of reduced significance in comparison to maternal 

inbreeding depression obtained from second or later lactations. Estimated direct heritability for 

this trait was found to be extremely small, as expected. The largest estimates among all 

evaluations were only 2%, irrespective of the type of model used. Variances associated with 

HYS were generally 5-6% of the total adjusted variance as found in results from similar analyses 

of 70dNR. Residual variances accounted for between 92 to 94% of phenotypic variance, which 

signifies an extremely poor fit of the model to the data.  

 

Estimated maternal inbreeding effects on CR in Jersey data were of greater magnitude 

compared to solutions produced from Holstein data. Estimated maternal inbreeding depression 

ranged from -0.0005 to -0.0050 per % inbreeding.  As in the Holstein breed, solutions for 

inbreeding covariate were usually greater and more significant when obtained from models with 

HYS effects treated random. Treatment of HYS effects fixed produced rather smaller estimates 

and statistically inconclusive inferences. Age effect on inbreeding depression was, however, 

evident. Especially for the youngest group of cows, maternal inbreeding was very important. 

Impact of inbreeding on reproduction in females on parity 4 was, on the contrary, considerably 
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smaller and probably irrelevant. Obvious differences between models with ABTK and AIPL 

maternal inbreeding coefficients were not perceived. Inbreeding in the offspring has apparently a 

different function compared to maternal inbreeding. Several estimates for effects of fetal 

inbreeding were positive, but exceptionally small and non-significant as found in several 

previous analyses of 70dNR (Tables 15 and 16) and CR (Tables 24 and 25) in Holstein and 

Jersey breeds.  

 

Estimates of direct heritability were between 1 and 6%, with lactation 2 producing the 

largest estimate. Most estimates were nonetheless within 2% boundary. Estimates found in 

random HYS models were generally greater, but without a strong effect of parity on the 

estimates. Proportion of variance associated with HYS was 5-7%, which was fairly stable across 

all lactations. The largest estimate of HYS variance was obtained from the cows on parity four, 

as expected. Proportion of random environmental variance ranged between 88-94% for all 

analyses, which signals a slightly improved fit of model for Jersey data relative to Holstein cows.  
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2.4. Discussion 

 

Investigation of factors influencing estimates of inbreeding depression for reproductive and 

production traits were performed in the present study using a linear mixed model. Estimates of 

inbreeding coefficients from a method incorporating unknown parentage groups (AIPL) were 

tested in connection to pedigrees available in individual cows. Previous research of inbreeding 

depression (Smith, 1997; Smith et al., 1998) made use of these inbreeding estimates, 

nonetheless, with no specific reference to present pedigrees. 

 

Pattern of solutions for a linear covariate generated from MTDFREML evaluations of 

traits by age indicated that estimated inbreeding depression is affected by a variety of factors. 

These influences can be attributed to data structure, estimation procedure, underlying genetic 

background, average inbreeding level, method used to estimate inbreeding and statistical model. 

Furthermore, the physiology status (age, pregnancy) of the animal can become a limiting factor. 

Utilization of the animal model to quantify inbreeding depression allows for a sizeable portion of 

animal relationships to be accounted for. On the other hand, interactions between fluctuating 

amounts of pedigree used to construct the numerator relationship matrix and pre-calculate the 

inbreeding covariate can produce unpredictable behavior of the solutions for inbreeding 

depression and variance components.  It has to be emphasized that estimated inbreeding 

depression is a population parameter that possesses standard features found in all other 

population parameters. This concept has not been yet effectively emphasized in previous work 

that dealt with estimation of inbreeding depression.  

 

 

2.4.1. Results from comprehensive analyses 

 

Mixed model analyses were performed to estimate inbreeding depression in DTS, SM and 

70dNR in grade Holstein, registered Holstein, and Jersey data. The objective was to examine 

effect of differential pedigrees on estimates and determine the most suitable estimation 
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procedure. As it was pointed out previously, unequal data quality and pedigrees existed between 

Holstein cows of either registry status and Jersey breed. Differential herd size in Jersey and 

Holstein breeds contributed towards different structure of HYS with different  average number of 

observations per level. This factor may have influenced the estimates.  

 

Estimation of inbreeding depression in DTS became a formidable task, mainly due to its 

statistical properties (skewness) and underlying genetic background (h2).  In this trait, no 

apparent differences were found between inbreeding depressions from combined and by parity 

analyses of registered Holstein and Jersey cows. In grade Holstein data, positive effects of more 

available pedigrees were detected. Also, in this group, performance of the two methods to 

estimate inbreeding coefficients was almost identical. A separate analysis on both registered and 

grade data did not support the idea that inclusion of SM as an additional covariate in the model 

improves estimation of inbreeding depression for DTS. 

 

An improvement in statistical significance due to pedigrees occurred also in registered 

Holsteins. However, in Jersey data additional generations caused a large reduction of both 

estimates and significance of inbreeding effects of DTS. This phenomenon did not occur in the 

other traits. Because Jersey data were mostly complete, a hypothesis could be made that 

increased number of generations to form A matrix caused other types of relationships to interfere 

with information used to estimate inbreeding depression. Non-additive genetic variances could 

be assumed to play a major role in underlying genetic liability for DTS. In the present study, 

though, we were unable to investigate impact of dominance and additive-by-additive variances 

on the total phenotypic variation.  

 

Impact of inbreeding on peak test-day milk yield (SM) produced mostly estimates which 

were comparable to those from analyses by age groups. In this context, effect of different 

amounts of data was not confirmed in the present analyses. On the other hand, effect of more 

available pedigrees in grade data on size and significance of inbreeding depression was 

considerable. The most unusual estimates were obtained from the grade group with only 0-30% 

pedigrees and when diagonal structure was imposed on A matrix. Positive effects of additional 

pedigree generations were also strongly evident in both registered Holstein and Jersey cows.  
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For SM, relative influence of additive genetic effects appeared to be greater than in the 

reproductive characteristics. Consequently, it could be hypothesized that greater complexity of 

animal numerator relationships caused no adverse penalty for estimated regression coefficients, 

as occurred in DTS.  For SM analyzed in grade data, pedigree based inbreeding (ABTK) 

performed noticeably better than AIPL estimates. This finding clearly supports a need that more 

detailed attention must be paid to pedigree recording in dairy cows.  

 

Estimated inbreeding depression for 70dNR and variance proportions from all datasets 

were found to be extremely small and highly unstable. Effects of inbreeding on this variable 

were naturally very small and thus difficult to estimate with acceptable precision. For this trait, 

no apparent difference in size or statistical significance was found between use of ABTK or 

AIPL inbreeding coefficients in comparable analyses. Fetal inbreeding depression in this variable 

was smaller and less significant in comparison to maternal inbreeding depression. A clear benefit 

was apparent in Holstein grade data when more pedigrees became available. The most poorly 

performing data were those with up to 30% pedigree present.  

 

In registered Holstein and Jersey cows, improvement in estimates of inbreeding effects 

occurred with greater number of generations added to the A matrix. Estimation of inbreeding 

effects on CR was not carried out in comprehensive analyses, mainly due to large proportions of 

missing records and a necessity to resample the source data. Both combined data and analyses by 

age groups failed to produce larger estimates of inbreeding effects in this variable. Improvement 

in solutions due to greater quantities of data was also unconfirmed. 

 

 

2.4.2. Results from analyses by parity  

 

MTDFREML analyses from Holstein and Jersey cows by age groups were performed on 

animals that had complete pedigrees or approached the limit. For this reason, effect of additional 

contributors to size and significance of estimates of inbreeding depression could be investigated. 

In current data, we anticipated relatively accurate phenotypic records from registered Holstein 
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cows and Jerseys. Jersey cows originated mostly from smaller herds  compared to Holstein cows. 

As a result, Jersey records were more carefully collected, which probably added to greater and 

more significant estimates from this breed. Quality of recording for phenotypes and pedigree was 

principally the essential condition for reproductive traits examined in this study (DTS, 70dNR, 

CR). Regression coefficients from CR appeared to be more consistent than from 70dNR, 

primarily due to more accurate recording of this trait.  In summary, magnitude and significance 

of inbreeding depression, additive heritability and estimated variance components showed 

similar trends among reproductive traits (DTS, 70dNR, CR) in this study. 

 

Fixed treatment of HYS effects in models for SM was shown to have a positive impact on 

inbreeding depression in terms of size and significance of solutions. Estimates obtained from 

these analyses were generally larger and more significant. Rather divergent behavior of solutions 

for covariates and variance components were observed for SM. Additive effects to a greater 

extent genetically determine this variable, contrary to the reproductive traits. Impact of non-

additive variances on SM is expected to be also different. Unfortunately, dominance and 

additive-by-additive variances were not investigated in this study as in major a proportion of 

previous analyses of inbreeding depression for milk yield or additional traits (Hoeschele, 1991; 

Van Raden et al., 1992; Miglior et al., 1992; Fuerst and Solkner, 1994; Miglior et al., 1995b; Van 

Tassel et al., 2000).  

 

Estimates of direct heritability obtained from a model with HYS treated as fixed were 

substantially greater for SM, which is a favorable finding. On the other side, random treatment of 

HYS was shown valuable for DTS, 70dNR and CR, traits with almost equal estimates of 

heritability and size or significance of inbreeding depression.  There seems to be enough 

evidence to support a conclusion that specification for treatment of HYS effects in the model is 

to a great extent given by the trait under examination in addition to structure of the data.  

 

Effect of cow parity on solutions of the inbreeding covariate was proved to be highly 

important on size and significance of estimates. Although solutions for inbreeding changed 

among all age categories; the greatest impact of age was observed in the group of youngest cows. 

This finding confirms the conclusion from the work by Thompson et al. (2000ab). In lactation 4 
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cows, inbreeding effects were often the smallest. Since almost full pedigrees were included in 

calculation of inbreeding coefficients for both Holstein and Jersey cows, average inbreeding 

obtained with ABTK or AIPL methods was only marginally different among datasets. No 

apparent differences were detected between inbreeding depressions estimated with either type of 

F(x) coefficients. 

 

Estimates of maternal inbreeding effects on DTS were close to estimates reported by 

Hoeschele (1991) for number of days open, when current solutions were converted to an 

inbreeding level of 25%. Solutions for SM, on the other hand, could be compared only to 

previous literature reports for total lactation yield. Individual peak test-day estimates, 

unfortunately, were not available for comparison. Converted 305-day lactation estimates for SM 

were much greater than inbreeding depression obtained for original lactation yield (Wiggans et 

al., 1995; Smith et al., 1998;Van Tassell et al. 2000). This overestimation was expected since 

peak yields were transformed to the 305-day lactation yields.  

 

When original solutions for inbreeding depression (SM) were compared to test-day 

estimates for the corresponding inbreeding level from study of Thompson et al. (2000ab), the 

current estimates were considerably smaller for each respective breed. However, the values from 

Thompson et al. (2000ab) were not peak test-day measurements, but represented values collected 

across the whole lactation period, which may have influenced the solutions for inbreeding 

depression. Results from the present study confirmed that magnitude of inbreeding depression in 

SM was greatly dependent on the average production level. As a result, estimates from later 

lactations and from the Holstein breed were, in principal, larger and more significant, despite 

slightly reduced average inbreeding. The same conclusion was reached by Thompson et al. 

(2000ab). In general, estimates of inbreeding depression reported previously in numerous 

literature sources followed a pattern associated with increasing mean level of production over 

time. The estimates from the earliest work were small, but they were gradually increasing with 

time. The largest solutions were mostly obtained from the most recent studies.   

 

Inbreeding depression for both binary traits (70dNR, CR) was extremely small, with 

maximum estimates approaching 0.6% per % inbreeding. There was no clear advantage between 
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use of either type of maternal inbreeding, mostly due to similar properties and nearly complete 

overlap of information utilized to estimate inbreeding. Fetal inbreeding depression was found to 

be frequently smaller and less significant than solutions derived from maternal inbreeding 

coefficients. In the present study, fetal inbreeding was modeled in combination with maternal 

relationships in the numerator relationship matrix, which may have caused less consistent 

estimates. Average levels of relationships between maternal and offspring generations are known 

to be close. Also, positive correlations between both inbreeding coefficients do exist. It appears 

that even small differences in statistical properties between the maternal and fetal estimates 

contributed to inequalities in inbreeding depressions. We were unable to evaluate impact of fetal 

inbreeding in analyses that contained offspring relationships in the A matrix.  
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2.5. Conclusions 

 

Inclusion of inbreeding coefficients as a separate covariable in analyses of DTS, SM, 

70dNR and CR with linear mixed model failed to produce a significant improvement in fit of the 

model. Predictive capabilities of these models were not investigated in this study, although only 

a minute favorable effect was assumed. Research into influence of inbreeding depression on 

accuracies (PEVs) is thereby encouraged.  

 

The main result from plot comparisons and statistical characteristics is that assumptions 

about equal mating policies and equality of pedigree relationships for registered and grade 

animals are not adequate. Complete pedigrees are still required to obtain accurately estimated 

inbreeding coefficients. When absent, pedigrees cannot be fully replaced regardless of the 

remaining information or contemporary mean relationships. Work of Lutaaya et al. (1999) listed 

70% present dams in pedigree as an effective boundary so that inbreeding coefficients could be 

fully recovered with the AIPL method. In the current study, however, this conclusion could not 

be confirmed for both registered and grade cows. Additionally, it was unclear from study of 

Lutaaya et al. (1999) about how deletions of predetermined dam percentages were performed. 

The present study respected the nature of field data, where ancestors in distant generations were 

present only when offspring in proximate generations are available.  

 

Contrary to previously conducted research on inbreeding depression (Smith et al., 1997), 

we have observed that estimation of inbreeding effects constitutes a somewhat complex subject. 

The main disputable point is that fitting inbreeding coefficients as a linear covariate in the model 

assumes actions of gene combinations to remain linearly dependent on inbreeding values. Our 

findings were that small levels of inbreeding often produce estimates, which are statistically 

inconclusive while more inbred populations show greater reductions of phenotypes. Such 

conclusions were previously reported (Thompson et al., 2000ab). Consequently, for a 

heterogeneous mixture of highly inbred and non-inbred cows, the estimate of inbreeding 

depression shall be related to the weighted average inbreeding. Since inbreeding coefficients 

display a somewhat right skewed distribution, inbreeding depression for individuals with 
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inbreeding in the right tail would likely be underestimated. Likewise, for high producing cows 

with above average inbreeding, estimated inbreeding depression would be downwardly biased.  

 

Evidently, comparisons of estimates between different breeds led to a connection between 

inbreeding depression and production level. Higher production in this case generates greater 

absolute estimates. Dynamics of these dependencies and relationships of inbreeding depression 

to magnitude of inbreeding are yet to be investigated. A justification is nonetheless likely that 

changes in additive and non-additive variances occurring due to process of selection do have an 

impact on magnitude of inbreeding depression. Inevitably, in the current field data, a method 

must be developed to identify animal groups with differential production, inbreeding levels and 

sufficiently complete pedigrees. That could be an intricate task under the present recording 

system. Furthermore, alternatives to widely used method to express estimated inbreeding 

depression in absolute units should be encouraged. Percentages of phenotypic, additive and 

dominance standard deviations or the non-inbred population mean could be more informative. 

 

Availability and use of correct and complete pedigrees to obtain inbreeding depression 

presently remain imperative. Reservations cannot be expressed towards usage of AIPL 

inbreeding coefficients in registered cows and Jerseys where these pedigrees are easy to obtain. 

On the other hand, recommendations should be made that indicators of pedigree completeness 

are also provided to the public to supplement AIPL inbreeding coefficients in grade Holstein 

cows. Since statistical properties of AIPL inbreeding coefficients depend strongly on the 

proportion of present pedigree, unusual behavior of regression coefficients can be expected, 

especially in extreme cases of missing pedigrees. In situations with intermediate partial 

pedigrees, a superior method cannot be reliably determined, although for traits with medium to 

high heritability, classical procedures should still be preferred.  

 

For prospective studies of inbreeding effects, it is hence recommended that estimates be 

preferably obtained from registered Holstein cows or from U.S. Jerseys only, where quality 

pedigrees exist. Furthermore, data for estimation should be carefully edited and analyses 

performed by parity and inbreeding level. With such an approach, physiological stage and non-

linearity property of inbreeding effects can be thoroughly accounted for. Also, bias due to time 
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dependent selection can be avoided through this approach. Finally, sufficient number of 

observations must be secured to ensure statistical significance of the solutions. Progress in 

computing power as a result of innovative technologies can be utilized to obtain more reliable 

estimates of otherwise small effects.   
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Table 1. List of all possible contributions of a sire to numerator of the inbreeding 
coefficient (Cassell and Pearson, 1999). 
 

Ancestors N Contribution Ancestors N Contribution 
      
S=SD 1 0.5 S=SSSSD 4 0.0625 
S=SSD 2 0.25 S=SDSSD 4 0.0625 
S=SDD 2 0.25 S=SSDSD 4 0.0625 
S=SSSD 3 0.125 S=SDDSD 4 0.0625 
S=SDSD 3 0.125 S=SSSDD 4 0.0625 
S=SSDD 3 0.125 S=SDSDD 4 0.0625 
S=SDDD 3 0.125 S=SSDDD 4 0.0625 
   S=SDDDD 4 0.0625 
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Table 2. List of potential contributions of all paternal ancestors to the numerator of the 
inbreeding equation when all possible ancestors were known on the dam side of the 
pedigree (Cassell and Pearson, 1999). 
 

Ancestors Number of similar 
ancestors in pedigree 
 

Maximum possible 
contribution from 
each ancestor 

S 1 2.0 
SS 1 1.0 
DS 1 1.5 
SSS, SDS 2 0.5 
DSS, DDS 2 0.75 
SSSS, SDSS, SSDS, SDDS 4 0.25 
DSSS, DDSS, DSDS, DDDS 4 0.375 
SSSSS, SDSSS, SSDSS, SDDSS, SSSDS, 
SDSDS, SSDDS, SDDDS 

8 0.125 

DSSSS, DDSSS, DSDSS, DDDSS, DSSDS, 
DDSDS, DSDDS, DDDDS 

8 0.1875 
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Table 3. Basic statistics for days to first service before and after edits of extreme values in 
Holsteins and Jerseys (Raleigh data) by registry status. 
 

Unedited File After Extremes Were Removed Days to First 
Service N Mean SD N Mean SD % 

Removed 
Jersey 115344 84.35 37.46 113570 81.91 30.96 1.53 

Registered 
Holstein 

649498 93.39 42.27 634085 89.59 34.05 2.37 

Grade Holstein 1130785 89.23 41.03 1107499 85.90 33.47 2.06 
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Table 4. Basic statistical characteristics for percent of pedigree present, AIPL, ABTK 
inbreeding coefficients and proportion of present dams and sires in ancestry for cows and 
fetuses in Raleigh datasets. 
 

Variables N Mean SD CV (%) Minimum Maximum
       
Raleigh Holstein registered       
%  Pedigree present 441096 97.69 10.23 10.47 0.00 100.00 
Proportion of dams present 441096 98.12 6.64 6.76 0.00 100.00 
Proportion of sires present 441096 98.09 6.70 6.83 0.00 100.00 
ABTK inbreeding 441096 3.64 2.37 65.10 0.00 32.65 
AIPL inbreeding 441096 3.50 2.35 67.14 0.00 32.50 
% Fetus pedigree presenta 649498 99.34 3.90 3.92 25.00 100.00 
Fetus inbreeding 649498 4.46 2.15 48.20 0.00 32.51 
       
Raleigh Holstein grade       
%  Pedigree present 772379 49.22 34.46 70.01 0.00 100.00 
Proportion of dams present 772379 66.80 23.05 34.50 0.00 100.00 
Proportion of sires present 772379 66.42 22.85 34.40 0.00 100.00 
ABTK inbreeding 772379 1.11 1.93 173.87 0.00 46.87 
AIPL inbreeding 772379 2.92 1.90 65.06 0.00 47.10 
% Fetus pedigree presenta 1130785 79.66 17.53 22.00 6.25 100.00 
Fetus inbreeding 1130785 2.24 1.85 82.58 0.00 34.46 
       
Raleigh Jersey       
%  Pedigree present 72780 89.61 24.98 27.87 0.00 100.00 
Proportion of dams present  72780 93.00 15.34 16.49 0.00 100.00 
Proportion of sires present  72780 92.79 15.54 16.74 0.00 100.00 
ABTK inbreeding 72780 4.10 3.07 74.87 0.00 37.52 
AIPL inbreeding 72780 4.16 2.81 67.54 0.00 37.60 
% Fetus pedigree presenta 115344 96.28 10.50 10.90 15.62 100.00 
Fetus inbreeding 115344 5.49 2.98 54.28 0.00 40.80 
       

 
a  Only ABTK inbreeding coefficients were available. 
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Table 5. Basic statistical characteristics for percent of pedigree present, AIPL, ABTK 
inbreeding coefficients and proportion of present dams and sires in ancestry for cows and 
fetuses in Iowa datasets. 
 

Variables N Mean SD CV (%) Minimum Maximum
       
Iowa Holstein registered       
%  Pedigree present 120434 93.11 14.86 15.95 0.00 100.00 
Proportion of dams present  120434 93.38 11.64 12.46 0.00 100.00 
Proportion of sires present  120434 93.35 11.66 12.49 0.00 100.00 
ABTK inbreeding 120434 2.54 2.42 95.27 0.00 29.15 
AIPL inbreeding 120434 2.35 2.39 101.71 0.00 29.20 
% Fetus pedigree presenta 218183 97.95 6.00 6.12 34.37 100.00 
Fetus inbreeding 218183 3.48 2.39 68.67 0.00 32.48 
       
Iowa Holstein Grade       
%  Pedigree resent 231085 58.75 35.66 60.69 0.00 100.00 
Proportion of dams present  231085 72.51 22.09 30.46 0.00 100.00 
Proportion of sires present  231085 72.06 22.00 30.53 0.00 100.00 
ABTK inbreeding 231085 1.23 2.03 165.04 0.00 40.02 
AIPL inbreeding 231085 2.02 1.88 93.06 0.00 38.30 
% Fetus pedigree presenta 420124 84.68 15.38 18.16 9.37 100.00 
Fetus inbreeding 420124 2.48 2.20 88.70 0.00 39.85 
       

 
a  Only ABTK inbreeding coefficients were available. 
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Table 6. Correlation coefficients among pedigree completeness characteristics and 
inbreeding coefficients estimated with AIPL and ABTK procedures for registered Raleigh 
Holstein cows (upper off-diagonal) and grade Raleigh Holstein cows (lower off-diagonal). 
All correlation coefficients were significant in testing two-tailed null hypothesis (p<0.001). 
 
 PCPPa  PPSb PPDc ABTK F(x) AIPL F(x) 
PCPPa  0.9701 0.9714 0.2090 0.0772 
PPSb  0.9580  0.9988 0.2180 0.0984 
PPDc 0.9581 0.9996  0.2176 0.0976 
ABTK F(x) 0.2835 0.3138 0.3137  0.9837 
AIPL F(x) 0.2063 0.2535 0.2534 0.9885  
 

a  Percentage of cow pedigree present. 
b  Percentage of sires present in cow’s pedigree. 
c  Percentage of dams present in cow’s pedigree. 
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Table 7. Basic statistics for maternal inbreeding coefficients for Raleigh and Iowa data by 
breed, registry status, method of estimation and percent of pedigree present.  
 

Percent Pedigree Present 
0-30% 30-70% 70-100% 

Dataset  
F(x) 
Type  N 

(%) 
Mean 
F(x) 
(%) 

SD 
F(x) 
(%) 

N 
(%) 

Mean 
F(x) 
(%) 

SD 
F(x) 
(%) 

N 
(%) 

Mean 
F(x) 
(%) 

SD 
F(x) 
(%) 

AIPL 3.55 0.96 3.46 2.71 4.27 2.91 Jersey 
– Raleigh ABTK 

5606 
(7.70) 0.001 0.06 

3832 
(5.22) 2.52 2.65 

63342 
(87.03) 4.56 2.95 

AIPL 2.67 0.70 2.65 2.01 3.71 3.36 Holstein 
Registered 
– Raleigh 

ABTK 
5198 
(1.17) 0.01 0.37 

5654 
(1.28) 1.97 1.91 

430244 
(97.54) 3.53 3.36 

AIPL 2.75 1.06 3.10 2.21 2.89 2.37 Holstein 
Grade 

– Raleigh 
ABTK 

291574 
(37.75) 0.04 0.84 

337965 
(43.75) 1.65 2.05 

142840 
(18.50) 2.06 2.22 

AIPL 1.17 1.27 1.31 1.68 2.42 2.43 Holstein 
Registered 

– Iowa 
ABTK 

2769 
(2.31) 0.06 1.16 

4778 
(3.96) 1.14 1.65 

112887 
(93.73) 2.66 2.42 

AIPL 1.58 0.78 1.89 2.04 2.48 2.28 Holstein 
Grade 
– Iowa 

ABTK 
79547 
(34.42) 0.006 0.34 

55460 
(23.99) 1.28 2.00 

96078 
(41.57) 2.23 2.29 
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Table 8. Estimates of inbreeding depression for days to first service obtained from 
repeatability mixed model analyses of grade Holstein data by pedigree completeness, with 
herd-year-season treated random, 3 generations of pedigree used in A matrix and ABTK 
(AIPL) inbreeding included as linear covariate. 

ABTK 
F(x) 

ABTK 
F(x) 

ABTK 
F(x) 

ABTK 
F(x) F(x) 

AIPL  
F(x) 

AIPL 
F(x) 

AIPL  

 
AIPL   F(x) 

 0-30%  30-70%  70-100% 70-100% 0-30%  30-70%   70-100%   70-100%  
 pedigree pedigree pedigree pedigree1 pedigree pedigree pedigree pedigree1 
Inbreeding  
depression -0.230669 0.068149 0.148471 0.205410 -0.372426 0.054465 0.150950 0.181117 

Std. error 0.183320 0.062620 0.055022 0.053917 0.164377 0.059230 0.052879 0.051848 
P-value 0.208 0.276 0.006 <0.001 0.023 0.358 0.004 <0.001 
         
h2 0.03 0.04 0.07 0.03 0.03 0.04 0.07 0.03 
c2a 0.06 0.07 0.06 0.10 0.06 0.07 0.06 0.10 
hys2b 0.23 0.19 0.16 0.16 0.23 0.18 0.16 0.16 
e2c 0.68 0.70 0.71 0.71 0.68 0.70 0.71 0.71 
σ2

P 1123.02 1052.71 1014.49 1014.31 1123.07 1052.71 1014.42 1014.23 
         
Days to service:        
Mean 83.66 86.65 85.66 85.66 83.66 86.65 85.66 85.66 
SD 33.31 32.39 31.71 31.71 33.32 32.39 31.71 31.71 
CV (%) 39.83 37.38 37.02 37.02 39.83 37.38 37.02 37.02 
Minimum 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00 
Maximum 220.00 220.00 220.00 220.00 220.00 220.00 220.00 220.00 
         
Inbreeding:         
Mean 0.02 1.76 1.93 1.93 2.98 3.23 2.63 2.63 
SD 0.67 1.95 2.17 2.17 0.84 2.12 2.32 2.32 
CV (%) 3145.16 110.88 112.49 112.49 28.46 65.76 88.11 88.11 
Maximum 43.75 28.52 38.32 38.32 44.50 29.70 38.30 38.30 
         
Records 72398 72149 74822 74822 72398 72149 74822 74822 
Cows 53871 48727 50734 50734 53871 48727 50734 50734 
% inbreds 
with 
records2 

5.57 88.56 95.04 95.04 99.99 99.72 97.98 97.98 

HYS levels 4947 4577 4850 4850 4947 4577 4850 4850 
Animals  
in A 94465 115823 145460 50734 94465 115823 145460 50734 
1   All relationships were excluded from the numerator relationship matrix. 
2  Percent of inbred cows with records were calculated from non-zero inbreeding coefficients from                   
complete five generations of pedigrees or as downloaded from AIPL.  
a    Proportion of phenotypic variance associated with permanent environmental effects. 
b    Proportion of phenotypic variance associated with effects of herd-year-season. 
c    Proportion of phenotypic variance associated with residual effects. 
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Table 9. Estimates of inbreeding depression for days to first service obtained from 
repeatability mixed model analyses of registered Holstein data with herd-year-season 
treated random, zero or 3 generations of pedigree used in A matrix and ABTK (AIPL) 
inbreeding included as linear covariate. 
 

 ABTK F(x) ABTK F(x) AIPL F(x) AIPL F(x) 
 3 gen.1 0 gen. 3 gen. 0 gen. 
     
Inbreeding  
depression  0.033236 0.015880 0.023424 0.003507 

Std. error 0.054103 0.052739 0.054498 0.053070 
P-value 0.539 0.763 0.667 0.947 
  
h2 0.03 0.01 0.03 0.01 
c2a 0.09 0.10 0.09 0.10 
hys2b 0.19 0.20 0.19 0.20 
e2c 0.69 0.69 0.69 0.69 
σ2

P 1129.81 1130.60 1129.82 1130.66 
  
Days to service:  
Mean 88.61 88.61 88.61 88.61 
SD 33.50 33.50 33.50 33.50 
CV (%) 37.80 37.80 37.80 37.80 
Minimum 20.00 20.00 20.00 20.00 
Maximum 210.00 210.00 210.00 210.00 

Inbreeding:  
Mean 3.67 3.67 3.51 3.51 
SD 2.37 2.37 2.36 2.36 
CV (%) 64.67 64.67 67.42 67.42 
Maximum 32.65 32.65 32.50 32.50 
  
Records 73017 73017 73017 73017 
Cows 50613 50613 50613 50613 
% inbreds  
with  
records2 

99.11 99.11 98.34 98.34 

HYS levels 4698 4698 4698 4698 
Animals in A 123702 50613 123702 50613 

  

 

1   Number of pedigree generations included in the numerator relationship matrix. 
2  Percent of inbred cows with records were calculated from non-zero inbreeding coefficients from 
complete five generations of pedigree data or as downloaded from AIPL.  
a    Proportion of phenotypic variance associated with permanent environmental effects. 
b    Proportion of phenotypic variance associated with effects of herd-year-season. 
c    Proportion of phenotypic variance associated with residual effects. 
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Table 10. Estimates of inbreeding depression for days to first service obtained from 
repeatability mixed model analyses of registered Jersey data with herd-year-season treated 
random, zero to 3 generations of pedigree used in A matrix and ABTK inbreeding included 
as linear covariate. 
 

 ABTK F(x) ABTK F(x) ABTK F(x) ABTK F(x) 
 0 gen. 1 gen. 2 gen. 3 gen. 
     
Inbreeding depression 0.15287 0.09602 0.03536 0.01632 
Std. error 0.03699 0.03857 0.04117 0.04317 
P-value <0.001 0.013 0.391 0.705 
  
h2 0.03 0.02 0.02 0.03 
c2a 0.04 0.05 0.05 0.05 
hys2b 0.21 0.21 0.21 0.21 
e2c 0.72 0.72 0.72 0.71 
σ2

P 879.17 877.53 878.50 879.08 
  
Days to service:  
Mean 82.03 82.03 82.03 82.03 
SD 29.27 29.27 29.27 29.27 
CV (%) 35.69 35.69 35.69 35.69 
Minimum 20.00 20.00 20.00 20.00 
Maximum 200.00 200.00 200.00 200.00 
  
Abtk inbreeding:  
Mean 4.49 4.49 4.49 4.49 
SD 2.85 2.85 2.85 2.85 
CV (%) 63.64 63.64 63.64 63.64 
Maximum 32.812 32.81 32.81 32.81 
  
Records 75357 75357 75357 75357 
Cows 47673 47673 47673 47673 
% inbreds with records 98.20 98.20 98.20 98.20 
HYS levels 3399 3399 3399 3399 
Animals in A 47673 77410 99787 118085 

 

a    Proportion of phenotypic variance associated with permanent environmental effects. 
b    Proportion of phenotypic variance associated with effects of herd-year-season. 
c    Proportion of phenotypic variance associated with residual effects. 
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Table 11. Estimates of inbreeding depression for summit milk yield obtained from 
repeatability mixed model analyses of grade Holstein data by pedigree completeness, with 
herd-year-season treated random, 3 generations of pedigree in A matrix and ABTK (AIPL) 
inbreeding included as linear covariate. 
 

 ABTK  
F(x) 

ABTK  
F(x) 

ABTK  
F(x) 

ABTK  
F(x) 

AIPL  
F(x) 

AIPL  
F(x) 

AIPL 
F(x) 

AIPL  
F(x) 

 0-30%  30-70%   70-100% 70-100% 0-30%  30-70%  70-100%  70-100% 
 pedigree pedigree pedigree pedigree1 pedigree pedigree pedigree pedigree1 
Inbreeding  
depression -0.123066 -0.056932 -0.060511 -0.024622 -0.066776 -0.065188 -0.057022 -0.032421 

Std. error 0.036704 0.012003 0.011251 0.011058 0.033284 0.011427 0.010853 0.010676 
P-value <0.001 <0.001 <0.001 0.026 0.044 <0.001 <0.001 0.002 
         
h2 0.07 0.08 0.08 0.08 0.07 0.08 0.08 0.08 
c2a 0.14 0.13 0.14 0.14 0.14 0.13 0.14 0.14 
hys2b 0.39 0.39 0.37 0.37 0.39 0.39 0.37 0.37 
e2c 0.40 0.40 0.41 0.41 0.40 0.40 0.41 0.41 
σ2

P 53.31 47.06 50.48 50.93 53.35 47.09 50.49 50.95 
         
Summit milk:         
Mean 36.10 37.89 37.99 37.99 36.10 37.89 37.99 37.99 
SD 8.58 8.41 8.75 8.75 8.58 8.41 8.75 8.75 
CV (%) 23.77 22.20 23.05 23.05 23.77 22.20 23.05 23.05 
Minimum 5.90 9.08 6.58 6.58 5.90 9.08 6.58 6.58 
Maximum 76.09 84.12 79.45 79.45 76.09 84.12 79.45 79.45 
     
Inbreeding:     
Mean 0.02 1.76 1.93 1.93 2.98 3.23 2.63 2.63 
SD 0.67 1.95 2.17 2.17 0.85 2.12 2.32 2.32 
CV (%) 3145.16 110.88 112.49 112.49 28.46 65.76 88.11 88.11 
Maximum 43.75 28.51 38.32 38.32 44.50 29.70 38.30 38.30 
         
Records 72398 72149 74822 74822 72398 72149 74822 74822 
Cows 53871 48727 50734 50734 53871 48727 50734 50734 
% inbreds  
with records2 5.57 88.56 95.04 95.04 99.99 99.72 97.98 97.98 

HYS levels 4947 4577 4850 4850 4947 4577 4850 4850 
Animals in A 94465 115823 145460 50734 94465 115823 145460 50734 
1   All relationships were excluded from the numerator relationship matrix. 
2  Percent of inbred cows with records were calculated from non-zero inbreeding coefficients from 
complete five generations of pedigree data or as downloaded from AIPL.  
a    Proportion of phenotypic variance associated with permanent environmental effects. 
b    Proportion of phenotypic variance associated with effects of herd-year-season. 
c    Proportion of phenotypic variance associated with residual effects. 
 
 
 
 
 

Tables       Chapter 2 92



 

Table 12. Estimates of inbreeding depression for summit milk obtained from repeatability 
mixed model analyses of registered Holstein data with herd-year-season treated random, 
zero or 3 generations of pedigree used in A matrix and ABTK (AIPL) inbreeding included 
as linear covariate. 
 

 ABTK F(x) ABTK F(x) AIPL F(x) AIPL F(x) 
 3 gen.1 0 gen. 3 gen. 0 gen. 
     
Inbreeding  
depression -0.074878 -0.068295 -0.078323 -0.070477 

Std. error 0.010975 0.010643 0.011062 0.010712 
P-value <0.001 <0.001 <0.001 <0.001 
  
h2 0.10 0.13 0.10 0.13 
c2a 0.13 0.09 0.13 0.09 
hys2b 0.35 0.37 0.35 0.37 
e2c 0.42 0.41 0.42 0.41 
σ2

P 52.15 52.57 52.15 52.58 
  
Summit milk:  
Mean 38.06 38.06 38.06 38.06 
SD 8.70 8.70 8.70 8.70 
CV (%) 22.87 22.87 22.87 22.87 
Minimum 6.81 6.81 6.81 6.81 
Maximum 78.99 78.99 78.99 78.99 
  
Inbreeding:  
Mean 3.67 3.67 3.51 3.51 
SD 2.37 2.37 2.36 2.36 
CV (%) 64.67 64.67 67.42 67.42 
Maximum 32.65 32.65 32.50 32.50 
  
Records 73017 73017 73017 73017 
Cows 50613 50613 50613 50613 
% inbreds  
with  
records2 

99.11 99.11 98.34 98.34 

HYS levels 4698 4698 4698 4698 
Animals in A 123702 50613 123702 50613 

 

1   Number of pedigree generations included in the numerator relationship matrix. 
2  Percent of inbred cows with records were calculated from non-zero inbreeding coefficients from 
complete five generations of pedigree data or as downloaded from AIPL.  
a    Proportion of phenotypic variance associated with permanent environmental effects. 
b    Proportion of phenotypic variance associated with effects of herd-year-season. 
c    Proportion of phenotypic variance associated with residual effects. 
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Table 13. Estimates of inbreeding depression for summit milk obtained from repeatability 
mixed model analyses of registered Jersey data with herd-year-season treated random, zero 
to 3 generations of pedigree used in A matrix and ABTK inbreeding included as linear 
covariate. 
 

 ABTK F(x) ABTK F(x) ABTK F(x) ABTK F(x) 
 0 gen. 1 gen. 2 gen. 3 gen. 
     
Inbreeding depression -0.007622 -0.011985 -0.054874 -0.077257 
Std. error 0.006056 0.006369 0.006765 0.007059 
P-value 0.208 0.059 <0.001 <0.001 
  
h2 0.08 0.10 0.10 0.11 
c2a 0.15 0.14 0.14 0.14 
hys2b 0.42 0.40 0.39 0.39 
e2c 0.35 0.36 0.36 0.36 
σ2

P 26.89 26.37 26.06 25.97 
  
Summit milk:  
Mean 25.82 25.82 25.82 25.82 
SD 5.86 5.86 5.86 5.86 
CV (%) 22.69 22.69 22.69 22.69 
Minimum 5.67 5.67 5.67 5.675 
Maximum 59.70 59.70 59.70 59.70 
  
Inbreeding:  
Mean 4.49 4.49 4.49 4.49 
SD 2.85 2.85 2.85 2.85 
CV (%) 63.64 63.64 63.64 63.64 
Maximum 32.81 32.81 32.81 32.81 
  
Records 75357 75357 75357 75357 
Cows 47673 47673 47673 47673 
% inbreds  
with records 98.20 98.20 98.20 98.20 

HYS levels 3399 3399 3399 3399 
Animals in A 47673 77410 99787 118085 

 

a    Proportion of phenotypic variance associated with permanent environmental effects. 
b    Proportion of phenotypic variance associated with effects of herd-year-season. 
c    Proportion of phenotypic variance associated with residual effects. 
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Table 14. Estimates of inbreeding depression for 70 days non-return obtained from 
repeatability mixed model analyses of grade Holstein data by pedigree completeness, with 
herd-year-season treated random, 3 generations of pedigree used in A matrix and ABTK 
(AIPL) inbreeding included as linear covariate. 
 
 ABTK 

F(x) 
ABTK 
F(x) 

ABTK 
F(x) 

ABTK 
F(x) 

AIPL  
F(x) 

AIPL  
F(x) 

AIPL  
F(x) 

AIPL  
F(x) 

 0-30%  30-70%  70-100%  70-100%  0-30%   30-70%   70-100%   70-100%  
 pedigree pedigree pedigree pedigree1 pedigree pedigree pedigree pedigree1 
Inbreeding  
depression -0.003031 -0.001819 -0.001376 -0.001610 -0.000537 -0.002085 -0.001543 -0.001758 

Std. error 0.002858 0.000989 0.000865 0.000851 0.002513 0.000926 0.000824 0.000812 
P-value 0.288 0.060 0.111 0.058 0.831 0.024 0.061 0.030 
         
h2 0.01 0.02 0.01 0.01 0.01 0.02 0.01 0.01 
c2a 0.02 0.03 0.02 0.02 0.02 0.03 0.01 0.01 
hys2b 0.08 0.04 0.04 0.04 0.08 0.04 0.05 0.05 
e2c 0.89 0.91 0.93 0.93 0.89 0.91 0.93 0.93 
σ2

P 0.248 0.248 0.247 0.247 0.248 0.248 0.247 0.247 
         
70 days non-return:        
Mean 0.51 0.53 0.54 0.54 0.51 0.53 0.54 0.54 
SD 0.49 0.49 0.49 0.49 0.49 0.49 0.49 0.49 
CV (%) 97.73 93.89 91.69 91.69 97.73 93.89 91.69 91.69 
Minimum 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Maximum 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
           
Inbreeding:         
Mean 0.02 1.76 1.93 1.93 2.98 3.23 2.63 2.63 
SD 0.67 1.95 2.17 2.17 0.85 2.12 2.32 2.32 
CV (%) 3145.16 110.88 112.49 112.49 28.46 65.76 88.11 88.11 
Maximum 43.75 28.51 38.32 38.32 44.50 29.70 38.30 38.30 
         
Records 72398 72149 74822 74822 72398 72149 74822 74822 
Cows 53871 48727 50734 50734 53871 48727 50734 50734 
% inbreds  
with 
records2 

0.41 59.81 64.44 64.44 74.40 67.35 66.44 66.44 

HYS levels 4947 4577 4850 4850 4947 4577 4850 4850 
Animals  
in A 94465 115823 145460 50734 94465 115823 145460 50734 
1   All relationships were excluded from the numerator relationship matrix. 
2  Percent of inbred cows with records were calculated from non-zero inbreeding using coefficients from 
complete five generations of pedigree data or as downloaded from AIPL.  
a    Proportion of phenotypic variance associated with permanent environmental effects. 
b    Proportion of phenotypic variance associated with effects of herd-year-season. 
c    Proportion of phenotypic variance associated with residual effects. 
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Table 15. Estimates of inbreeding depression for 70 days non-return obtained from 
repeatability mixed model analyses of grade Holstein data by pedigree completeness, with 
herd-year-season treated random, 3 generations of pedigree used in A matrix and fetus 
inbreeding included as linear covariate. 
 

 FETUS  
F(x) 

FETUS  
F(x) 

FETUS  
F(x) 

FETUS  
F(x) 

 0-30%  30-70%  70-100%  70-100%  
 pedigree pedigree pedigree pedigree1 
Inbreeding  
depression 0.000253 -0.000842 -0.001346 -0.001589 

Std. error 0.001156 0.001053 0.001018 0.000999 
P-value 0.827 0.424 0.186 0.111 
  
h2 0.01 0.02 0.01 0.01 
c2a 0.03 0.03 0.01 0.01 
hys2b 0.07 0.04 0.05 0.05 
e2c 0.89 0.91 0.93 0.93 
σ2

P 0.248 0.248 0.247 0.247 
  
70 days non-return:  
Mean 0.51 0.53 0.54 0.54 
SD 0.49 0.49 0.49 0.49 
CV (%) 97.73 93.89 91.69 91.69 
Minimum 0.00 0.00 0.00 0.00 
Maximum 1.00 1.00 1.00 1.00 
  
Inbreeding:  
Mean 1.54 2.80 2.57 2.57 
SD 1.64 1.81 1.85 1.85 
CV (%) 106.08 64.80 72.25 72.25 
Maximum 26.96 34.46 28.71 28.71 
  
Records 72398 72149 74822 74822 
Cows 53871 48727 50734 50734 
% inbreds  
with 
records2 

83.86 99.74 99.81 99.81 

HYS levels 4947 4577 4850 4850 
Animals  
in A 94465 115823 145460 50734 

 

1   All relationships were excluded from the numerator relationship matrix. 
2  Percent of inbred cows with records were calculated from non-zero inbreeding using coefficients from 
complete five generations of pedigree data or as downloaded from AIPL.  
a    Proportion of phenotypic variance associated with permanent environmental effects. 
b    Proportion of phenotypic variance associated with effects of herd-year-season. 
c    Proportion of phenotypic variance associated with residual effects. 
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Table 16. Estimates of inbreeding depression for 70 days non-return obtained from 
repeatability mixed model analyses of registered Holstein data with herd-year-season 
treated random, zero or 3 generations of pedigree used in A matrix and ABTK, AIPL or 
fetus inbreeding included as linear covariate. 
 
 ABTK F(x) AIPL F(x) FETUS F(x) ABTK F(x) AIPL F(x) FETUS F(x)
 3 gen.1 3 gen. 3 gen. 0 gen.1 0 gen. 0 gen. 
Inbreeding  
depression -0.001512 -0.001626 -0.001202 -0.001539 -0.001658 -0.001152

Std. error  0.000821 0.000825 0.000899 0.000805 0.000810 0.000883
P-value 0.065 0.049 0.181 0.056 0.041 0.192
   
h2 0.01 0.01 0.01 0.01 0.01 0.01
c2a 0.02 0.02 0.02 0.02 0.02 0.02
hys2b 0.05 0.05 0.05 0.05 0.05 0.05
e2c 0.92 0.92 0.92 0.92 0.92 0.92
σ2

P 0.248 0.248 0.248 0.248 0.248 0.248
   
70 days non-return:   
Mean 0.52 0.52 0.52 0.52 0.52 0.52
SD 0.49 0.49 0.49 0.49 0.49 0.49
CV (%) 94.35 94.35 94.35 94.35 94.35 94.35
Minimum 0.00 0.00 0.00 0.00 0.00 0.00
Maximum 1.00 1.00 1.00 1.00 1.00 1.00
   
Inbreeding:   
Mean 3.67 3.51 4.51 3.67 3.51 4.51
SD 2.37 2.36 2.13 2.37 2.36 2.13
CV (%) 64.67 67.42 47.29 64.67 67.42 47.29
Maximum 32.66 32.50 30.68 32.66 32.500 30.68
   
Records 73017 73017 73017 73017 73017 73017
Cows 50613 50613 50613 50613 50613 50613
% inbreds  
with records2 68.69 68.16 99.97 68.69 68.16 99.97

HYS levels 4698 4698 4698 4698 4698 4698
Animals in A 123702 123702 123702 50613 50613 50613
 

1   Number of pedigree generations included in the numerator relationship matrix. 
2  Percent of inbred cows with records were calculated from non-zero inbreeding using coefficients from 
complete five generations of pedigree data or as downloaded from AIPL.  
a    Proportion of phenotypic variance associated with permanent environmental effects. 
b    Proportion of phenotypic variance associated with effects of herd-year-season. 
c    Proportion of phenotypic variance associated with residual effects. 
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Table 17. Estimates of inbreeding depression for 70 days non-return obtained from 
repeatability mixed model analyses of registered Jersey data with herd-year-season treated 
random, zero to 3 generations of pedigree used in A matrix and ABTK inbreeding included 
as linear covariate. 
 

ABTK F(x) ABTK F(x) ABTK F(x) ABTK F(x) 
0 gen. 1 gen. 2 gen. 3 gen. 

Inbreeding depression  -0.002734 -0.002789 -0.002717 
Std. error  0.000657 0.000681 0.000728

 
 

-0.002441
0.000763 

P-value <0.001 <0.001 <0.001 0.001 
  
h  2 0.04 0.01 0.02 0.02 
c  2a 0.00 0.03 0.02 0.02 
hys  2b 0.06 0.06 0.06 0.06 
e  2c 0.90 0.90 0.90 0.90 
σ  2 0.246 0.246 0.246 0.246 P
  
70 days NR:  
Mean 0.56 0.56

0.49 

0.00 0.00

4.49 

32.81 
 

0.56 0.56 
SD 0.49 0.49 0.49
CV (%) 88.84 88.84 88.84 88.84 
Minimum 0.00 0.00 
Maximum 1.00 1.00 1.00 1.00 
  
Inbreeding:  
Mean 4.49 4.49 4.49
SD 2.85 2.85 2.85 2.85 
CV (%) 63.64 63.64
Maximum 

Records 75357
47673 

3399

63.64 63.64 
32.81 32.81 32.81

 
75357 75357 75357 

Cows 47673 47673 47673
% inbreds  
with records 98.20 98.20 98.20 98.20 

HYS levels 3399 3399 3399 
Animals in A 47673 77410 99787 118085 

 

Proportion of phenotypic variance associated with permanent environmental effects. 
 

a    

b    Proportion of phenotypic variance associated with effects of herd-year-season.
c    Proportion of phenotypic variance associated with residual effects. 
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Table 18. Estimates of inbreeding depression, associated standard error, P-value, variance 
proportions, basic inbreeding characteristics, phenotypic characteristics for days to first 
service obtained from registered Holstein cows by parity, with herd-year-season treated 
random or fixed and with ABTK or AIPL inbreeding coefficients included as linear 
covariate. 
 

 Lactation 
1 

Lactation 
1 

Lactation 
2 

Lactation 
2 

Lactation 
3 

Lactation 
3 

Lactation 
4 

Lactation 
4 

 ABTK 
(Fx) 

AIPL 
(Fx) 

ABTK 
(Fx) 

AIPL 
(Fx) 

ABTK 
(Fx) 

-0.001637 

AIPL 
(Fx) 

ABTK 
(Fx) 

AIPL 
(Fx) 

Inbreeding 
depression 0.047521 0.044298 -0.004280 -0.012829 0.007783 -0.045290 -0.060513 

Std. error 0.030548 0.030888 0.043868 0.044187 0.058723 0.058979 0.061550 0.061731
P-value 0.119 0.151 0.922 0.771 0.894 0.977 0.462 0.326

0.27

2.32 

24625 19983 13142 13142 
4371

Animals  20703 19913 

h2 0.13 0.13 0.08 0.08 0.08 0.08 0.27 
hys2a 0.37 0.37 0.40 0.40 0.40 0.40 0.34 0.34
e2b 0.50 0.50 0.52 0.52 0.52 0.52 0.39 0.39
     
Inbreeding 
depressionc 0.006036 0.001904 -0.025025 -0.020803 0.030643   0.036865 0.006704 0.027536 

Std. errorc 0.095202 0.094181 0.104672 0.103907 0.138037 0.137432 0.132901 0.132398
P-valuec 0.949 0.983 0.811 0.841 0.824 0.788 0.959 0.835
σ2

P
c 898.20 898.13 865.48 865.52 871.63 871.63 897.99 897.98

h2c 0.04 0.04 0.03 0.03 0.05 0.05 0.07 0.07
     
Days to service:    
Mean 89.13  89.13  87.68 87.68 87.80 87.80 89.69 89.69
SD 34.08 34.08 33.09 33.09 33.07 33.07 33.40 33.40
CV (%) 38.24 38.24 37.74 37.74 37.66 37.66 37.24 37.24
Minimum 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00
Maximum 210.00 210.00 210.00 210.00 210.00 210.00 210.0 210.0
     
Inbreeding:     
Mean 4.10  3.95  3.82 3.66 3.53 3.37 2.89 2.71
SD 2.30 2.36 2.35 2.34 2.33 2.29 2.28
CV (%) 56.68 58.41 61.82 64.27 66.18 69.29 79.30 84.33
Maximum 30.13 30.10 30.52 30.30 30.13 30.10 32.65 32.50
     
Records 24625 19983 15267 15267
HYS levels 4210 4210 4371 4044 4044 4184 4184

in A 35288 35288 29046 29046 20703 19913
 

on of phenotypic variance associated with effects of herd-year-season. a   Proporti
b  Proportion of phenotypic variance associated with residual effects. 
c    Estimates from model with herd-year-season treated fixed. 
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Lactation 
2 

Table 19. Estimates of inbreeding depression, associated standard error, P-value, variance 
proportions, basic inbreeding characteristics, phenotypic characteristics for days to first 
service obtained from registered Jersey cows by parity, with herd-year-season treated 
random or fixed and with ABTK or AIPL inbreeding coefficients included as linear 
covariate. 
 

 Lactation 
1 

Lactation 
1 

Lactation 
2 

Lactation 
3 

Lactation 
3 

Lactation 
4 

Lactation 
4 

 ABTK 
F(x) 

AIPL 
F(x) 

ABTK 
F(x) 

AIPL 
F(x) 

ABTK 
F(x) 

AIPL  
F(x) 

ABTK 
F(x) 

AIPL 
F(x) 

       

0.168724 0.033987 -0.013283 

  
Inbreeding 
depression 0.118422 0.109003 0.176211 0.062869 0.049730

Std. error 0.068771 0.070142 0.073765 0.075346 0.089132 0.091374 0.073150 0.074888

h 0.02
hys 0.22 0.23 0.20 

Inbreeding 

0.216

0.03 
   

Days to service:   
84.11 

28.60 28.60 28.97 29.13 

20.00
Maximum 

 
Inbreeding:    

56.95 77.85
29.74 28.91 28.71 32.81 

3114 3025 3235 3235

P-value 0.080  0.119 0.022 0.019 0.703 0.884 0.390 0.506
2 0.02 0.02 0.06 0.06 0.02 0.05 0.05

2a 0.23 0.23 0.22 0.23 0.20
e2b 0.75 0.75 0.72 0.72 0.75 0.75 0.75 0.75
     

depressionc 0.155095  0.162534  0.220223  0.211646  0.054159 0.103737 0.075083 0.092748  

Std. errorc 0.073119 0.071711 0.079235 0.077589 0.097882 0.095487 0.076762 0.074991
P-valuec 0.034  0.023 0.005 0.006 0.580 0.277 0.328 
σ2

P
c 704.48 704.41 644.70 644.68 651.30 651.18 677.54 677.50

h2c 0.02 0.02 0.06 0.06 0.02 0.02 0.03
      

     
Mean 84.11 81.60 81.60 81.19 81.19 80.90 80.90
SD 30.05 30.05 28.97 29.13
CV (%) 35.73 35.73 35.05 35.05 35.69 35.69 36.02 36.02
Minimum 20.00 20.00 20.00 20.00 20.00 20.00 20.00

200.00 200.00 200.00 200.00 200.00 200.00 200.00 200.00
    

 
Mean 5.11 4.86 4.83 4.56 4.45 4.18 3.63 3.35
SD 2.91 2.85 2.85 2.79 2.70 2.64 2.68 2.61
CV (%) 58.65 59.14 61.12 60.81 63.08 73.77 
Maximum 29.40 28.50 28.30 33.00
     
Records 21506 21506 18026 18026 13677 13677 22148 22148
HYS levels 2985 2985 3114 3025
Animals  
in A  40094 40094 34356 34356 26854 26854 29880 29880
 

a   Proportion of phenotypic variance associated with effects of herd-year-season. 
b  Proportion of phenotypic variance associated with residual effects. 
c    Estimates from model with herd-year-season treated fixed. 
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Table 20. Estimates of inbreeding depression, associated standard error, P-value, variance 
proportions, basic inbreeding characteristics, phenotypic characteristics for summit milk 
yield obtained from registered Holstein cows by parity, with herd-year-season treated 
random or fixed and with ABTK or AIPL inbreeding coefficients included as linear 
covariate. 
 

 Lactation 
1 

Lactation 
1 

Lactation 
2 

Lactation 
2 

Lactation 
3 

Lactation 
3 

Lactation 
4 

Lactation 
4 

 ABTK 
(Fx) 

AIPL 
(Fx) 

ABTK 
(Fx) 

AIPL 
(Fx) 

ABTK 
(Fx) 

AIPL 
(Fx) 

ABTK 
(Fx) 

AIPL 
(Fx) 

         
Inbreeding 
depression -0.019791 -0.021834 -0.067493 -0.071271 -0.108704 -0.110910 -0.071277 -0.073948 

Std. error 0.013870 0.014023 0.019917 0.020061 0.026660 0.026776 0.027944 0.028026
P-value 0.153  0.119 <0.001

0.08

   
Summit milk: 

56.29 
  

Records 24625 
4210 

in A 

<0.001 <0.001 <0.001 0.011 0.008
h2 0.13 0.13 0.08 0.08 0.08 0.27 0.27
hys2a 0.36 0.36 0.40 0.40 0.40 0.40 0.34 0.34
e2b 0.50 0.50 0.52 0.52 0.52 0.52 0.39 0.39
     
Inbreeding 
depressionc -0.053649 -0.050739 -0.105079 -0.100323 -0.150998 -0.145796 -0.102137 -0.097616 

Std. errorc 0.144688 0.014304 0.020984 0.020821 0.029105 0.028968 0.029631 0.029524
P-valuec <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
σ2

P
c 20.58 20.58 34.31 34.31 38.54 38.54 42.26 42.27

h2c 0.17 0.17   0.11 0.11 0.11 0.11 0.32 0.32
  

   
Mean 31.50 31.50 40.00 40.00 42.44 42.44 42.34 42.34
SD 5.70 5.70 7.61 7.61 8.09 8.09 8.28 8.28
CV (%) 18.10 18.10 19.03 19.03 19.07 19.07 19.57 19.57
Minimum 7.03 7.03 9.53 9.53 10.21 10.21 6.81 6.81
Maximum 56.29 78.99 78.99 77.63 77.63 77.31 77.31
   
Inbreeding:     
Mean 4.10 3.95 3.82 3.66 3.53 3.37 2.89 2.71
SD 2.32 2.30 2.36 2.35 2.34 2.33 2.29 2.28
CV (%) 56.68 58.41 61.82 64.27 66.18 69.29 79.30 84.33
Maximum 30.13 30.10 30.52 30.30 30.13 30.10 32.65 32.50
     

24625 19983 19983 13142 13142 15267 15267
HYS levels 4210 4371 4371 4044 4044 4184 4184
Animals  35288 35288 29046 29046 20703 20703 19913 19913
 

a   Proportion of phenotypic variance associated with effects of herd-year-season. 
b  Proportion of phenotypic variance associated with residual effects. 
c    Estimates from model with herd-year-season treated fixed. 
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Table 21. Estimates of inbreeding depression, associated standard error, P-value, variance 
proportions, basic inbreeding characteristics, phenotypic characteristics for summit milk 
yield obtained from registered Jersey cows by parity, with herd-year-season treated random 
or fixed and with ABTK or AIPL inbreeding coefficients included as linear covariate. 
 

 Lactation 
1 

Lactation 
1 

Lactation 
2 

Lactation 
2 

Lactation 
3 

Lactation 
3 

Lactation 
4 

Lactation 
4 

 ABTK 
F(x) 

    
0.001360 0.001360 

AIPL 
F(x) 

ABTK 
F(x) 

AIPL  
F(x) 

ABTK 
F(x) 

AIPL 
F(x) 

ABTK 
F(x) 

AIPL 
F(x) 

     
Inbreeding 
depression  -0.025166 -0.023976 0.014214 0.012549 0.016503 0.016601 

Std. error 0.008354 0.008513 0.011602 0.011845 0.015411 

0.12 0.26 
0.42 

0.008530 0.012199
0.062

σ 15.25
0.21 0.21 0.14 0.38 

5.64
19.35

6.12

4.56 4.45 3.63 
2.70

77.85
Maximum 29.40 
  

18026

2985 

in A 40094 34356 29880

0.015050 0.013280 0.013571 
P-value 0.002  0.004 0.906 0.908 0.344 0.415 0.213 0.220
h2 0.14 0.14 0.09 0.09 0.12 0.26
hys2a 0.44 0.44 0.43 0.43 0.42 0.38 0.38
e2b 0.41 0.41 0.48 0.48 0.46 0.46 0.36 0.36
     
Inbreeding 
depressionc -0.034922 -0.035911 -0.021759 -0.022295 -0.019995 -0.018542 0.003072 0.001176 

Std. errorc 0.008693 0.011951 0.016060 0.015681 0.013710 0.013416
P-valuec <0.001 <0.001 0.074 0.213 0.237 0.822 0.930

2
P

c 9.85 9.85 15.25 17.25 17.25 19.35 19.35
h2c 0.14 0.14 0.14 0.38
         
Summit milk:       
Mean 21.36 21.36 26.54 26.54 28.24 28.24 28.06 28.06
SD 4.13 4.13 5.13 5.13 5.48 5.48 5.64 
CV (%) 19.33 19.33 19.35 19.43 19.43 20.12 20.12
Minimum 5.67 5.67 6.12 7.72 7.72 6.81 6.81
Maximum 44.04 44.04 52.03 52.03 52.66 52.66 59.70 59.70
     
Inbreeding:     
Mean 5.11 4.85 4.83 4.18 3.35
SD 2.91 2.84 2.85 2.79 2.63 2.68 2.61
CV (%) 56.95 58.65 59.14 61.12 60.81 63.08 73.77 

29.74 28.90 28.50 28.70 28.30 32.81 33.00
   

Records 21506 21506 18026 13677 13677 22148 22148
HYS 
levels 2985 3114 3114 3025 3025 3235 3235

Animals  40094 34356 26854 26854 29880 
 

a   Proportion of phenotypic variance associated with effects of herd-year-season. 
b  Proportion of phenotypic variance associated with residual effects. 
c    Estimates from model with herd-year-season treated fixed. 
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Table 22. Estimates of inbreeding depression, associated standard error, P-value, variance 
proportions, basic inbreeding characteristics, phenotypic characteristics for 70 days non-
return obtained from registered Holstein cows by parity, with herd-year-season treated 
random or fixed and with ABTK or AIPL inbreeding coefficients included as linear 
covariate. 
 

 Lactation 
1 

Lactation 
4 

Lactation 
1 

Lactation 
2 

Lactation 
2 

Lactation 
3 

Lactation 
3 

Lactation 
4 

 ABTK 
(Fx) 

AIPL 
(Fx) 

ABTK 
(Fx) 

     

-0.001447 -0.002569 

AIPL 
(Fx) 

ABTK 
(Fx) 

AIPL 
(Fx) 

ABTK 
(Fx) 

AIPL 
(Fx) 

    
Inbreeding 
depression -0.001827 -0.002222 -0.002582 -0.001265 -0.000998 -0.002357 

Std. error 0.001374 0.001386 0.001514 0.001522 0.001871 0.001877 0.001805 0.001810
P-value 0.293  0.187 0.141 0.089 0.499 0.149 

0.01 0.02 
0.05

0.93
 

-0.002865 

0.002134 

  
Mean 0.55 0.55 0.52 0.52 0.52 0.52 0.49 

   
Mean 4.10 3.95 3.66 3.53 3.37 2.89 2.71
SD 2.32 

4210 4371 4371 4044 4044 4184 4184
Animals  
in A 35288 29046 29046 20703 20703 19913 19913

0.595 0.194
h2 0.01 0.01 0.02 0.02 0.01 0.02
hys2a 0.05 0.05 0.05 0.05 0.05 0.05 0.05 
e2b 0.94 0.94 0.93 0.94 0.94 0.93 0.93
    
Inbreeding 
depressionc -0.001152 -0.000861 -0.003124  0.001335 0.001029 -0.001098 -0.001386 

Std. errorc 0.001520 0.001505 0.001721 0.001709 0.002257 0.002248 0.002126
P-valuec 0.448  0.567 0.069 0.094 0.554 0.646 0.606 0.514
σ2

P
c 0.23300 0.23300 0.23507 0.23512 0.23609 0.23608 0.23754 0.23754

h2c 0.01 0.01 0.02 0.02 0.01 0.01 0.02 0.02
     
70 days non-return:  

0.49
SD 0.49 0.49 0.49 0.49 0.49 0.49 0.50 0.50
CV (%) 89.68 89.68 94.97 94.97 95.90 95.90 100.09 100.09
Minimum 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Maximum 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
     
Inbreeding:  

3.82
2.30 2.36 2.35 2.34 2.33 2.29 2.28

CV (%) 56.68 58.41 61.82 64.27 66.18 69.29 79.30 84.33
Maximum 30.13 30.10 30.52 30.30 30.13 30.10 32.65 32.50
     
Records 24625 24625 19983 19983 13142 13142 15267 15267
HYS levels 4210 

35288 
 

a   Proportion of phenotypic variance associated with effects of herd-year-season. 
b  Proportion of phenotypic variance associated with residual effects. 
c    Estimates from model with herd-year-season treated fixed. 
 

Tables       Chapter 2 103



 

Table 23. Estimates of inbreeding depression, associated standard error, P-value, variance 
proportions, basic inbreeding characteristics, phenotypic characteristics for 70 days non-
return obtained from registered Jersey cows by parity, with herd-year-season treated 
random or fixed and with ABTK or AIPL inbreeding coefficients included as linear 
covariate. 
 

 Lactation 
1 

Lactation 
1 

Lactation 
2 

Lactation 
2 

Lactation 
3 

Lactation 
3 

Lactation 
4 

Lactation 
4 

 ABTK 
F(x) 

AIPL  
F(x) 

ABTK 
F(x) 

AIPL  
F(x) 

ABTK 
F(x) 

AIPL  
F(x) 

 

-0.001747 

ABTK 
F(x) 

AIPL  
F(x) 

        
Inbreeding 
depression -0.005154 -0.005289 -0.001436 -0.001357 -0.001555 -0.002948 -0.002922 

Std. error 0.001178 0.001203 0.001319 0.001349 0.001588 0.001629 0.001305 0.001337
P-value <0.001  <0.001 0.274 0.194 0.393 0.339 0.024 0.028
h2 0.01 0.01 0.01 0.01 0.01 0.01 0.04 0.04
hys2a 0.06 0.06 0.06 0.06

0.93
 

Std. error

0.23432
h2c 0.01 0.03

Mean 0.58 0.53
0.49 

1.00
   
Inbreeding:  

4.83
2.70 2.63 2.68 2.61

73.77 

3235

26854 26854 

0.05 0.05 0.06 0.06
e2b 0.93 0.93 0.93 0.94 0.94 0.90 0.90
    
Inbreeding 
depressionc -0.005134  -0.004945  -0.000429 -0.000147 0.000267 0.000413 -0.002557 -0.002294 

c 0.001296 0.001270 0.001485 0.001453 0.001843 0.001798 0.001427 0.001395
P-valuec <0.001 <0.001 0.773 0.919 0.884 0.818 0.073 0.100
σ2

P
c 0.22732 0.22733 0.23250 0.23250   0.23316 0.23317 0.23432 

0.01 0.01 0.01 0.01 0.01 0.03 
        
70 days non-return:       

0.58 0.56 0.56 0.56 0.56 0.53 
SD 0.49 0.49 0.49 0.49 0.49 0.49 0.49
CV (%) 84.66 84.66 87.50 87.50 89.07 89.07 94.06 94.06
Minimum 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Maximum 1.00 1.00 1.00 1.00 1.00 1.00 1.00

  
   

Mean 5.11 4.85 4.56 4.45 4.18 3.63 3.35
SD 2.91 2.84 2.85 2.79
CV (%) 56.95 58.65 59.14 61.12 60.81 63.08 77.85
Maximum 29.74 29.40 28.90 28.50 28.70 28.30 32.81 33.00
     
Records 21506 21506 18026 18026 13677 13677 22148 22148
HYS levels 2985 2985 3114 3114 3025 3025 3235 
Animals  
in A 40094 40094 34356 34356 29880 29880
 

ates from model with herd-year-season treated fixed. 

a   Proportion of phenotypic variance associated with effects of herd-year-season. 
b  Proportion of phenotypic variance associated with residual effects. 
c    Estim
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Table 24. Estimates of inbreeding depression, associated standard error, P-value, variance 
proportions, basic inbreeding characteristics, phenotypic characteristics for calving rate 
obtained from registered Holstein cows for parities 1 and 2, with herd-year-season treated 
random or fixed and with ABTK, AIPL or fetus inbreeding coefficients included as linear 
covariate. 
 
 Lactation 1 Lactation 1 Lactation 1 Lactation 2 Lactation 2 Lactation 2 
 ABTK (Fx) AIPL (Fx) FETUS (Fx) ABTK (Fx) AIPL (Fx) FETUS (Fx) 
       
Inbreeding  
depression -0.003702 -0.003749 -0.004145 -0.003761 -0.003763 -0.001243

Std. error 0.001288      0.001279      0.001372 0.001443      0.001438      0.001554
P-value 0.004 0.003 0.002 0.009 0.008 0.423
h2 0.01 0.01 0.01 0.01 0.01 0.01
hys2a 0.06 0.06 0.06 0.05

0.94 0.94
   
Inbreeding 
depressionc -0.002974 -0.003180

0.036 

  
 

0.354  
0.478  

135.08  
0.00 0.00

Maximum 1.00 1.00

26876 

0.05 0.05
e2b 0.93 0.93 0.93 0.94

-0.002764 -0.003657 -0.003764 0.000724

Std. errorc 0.001419 0.001409 0.001523 0.001652 0.001646 0.001801
P-valuec 0.024 0.069 0.026 0.022 0.687
σ2

P
c 0.22335 0.22334 0.22335 0.21675 0.21677 0.21684

h2c <0.01 <0.01 <0.01 0.01 0.01 0.01
 

Calving rate:  
Mean 0.401  0.401  0.401  0.354  0.354  
SD 0.489  0.489  0.489  0.478  0.478  
CV (%) 122.45 122.45 122.45 135.08  135.08  
Minimum 0.00 0.00 0.00 0.00

1.00 1.00 1.00 1.00
   
Inbreeding:   
Mean 3.68  3.85  4.65  3.42  3.59  4.46  
SD 2.35  2.36  2.19  2.33  2.34 2.16  
CV (%) 63.58  61.35  47.21  68.21 65.20  48.60  
Maximum 30.10 30.14  31.61 28.90 29.00 28.72
   
Recordsd 26876 26876 20723 20723 20723
HYS levels 4734 4734 4734 4753 4753 4753
Animals in 
A 36131 36131 36131 28004 28004 28004
 

a   Proportion of phenotypic variance associated with effects of herd-year-season. 
b  Proportion of phenotypic variance associated with residual effects. 
c    Estimates from model with herd-year-season treated fixed. 
d    Data from service years 1995 and 1996 only were included. 
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Table 25. Estimates of inbreeding depression, associated standard error, P-value, variance 
proportions, basic inbreeding characteristics, phenotypic characteristics for calving rate 
obtained from registered Holstein cows for parities 3 and 4, with herd-year-season treated 
random or fixed and with ABTK, AIPL or fetus inbreeding coefficients included as linear 
covariate. 
 
 Lactation 3 Lactation 3 Lactation 3 Lactation 4 Lactation 4 Lactation 4 
 ABTK (Fx) AIPL (Fx) FETUS (Fx) ABTK (Fx) AIPL (Fx) FETUS (Fx)
       
Inbreeding  
depression -0.005722 -0.005870 -0.005431 -0.000679 -0.000906 0.001909  

Std. error      0.001796 0.001794      0.002004      0.001684 0.001675 0.001865
0.686

 

depressionc -0.002999 -0.003274 -0.005268

0.002002 0.001991 0.002225
P-valuec 0.035 0.502

0.19924 0.19922
0.02

0.304  

0.00 0.00
1.00 1.00 1.00

2.23

4347 4347

P-value 0.001 0.001 0.006 0.588 0.306
0.02 0.02 0.02 0.02 0.02 0.02
0.05 0.05 0.05 0.06 0.06 0.06
0.93 0.93 0.93 0.92 0.92 0.92

  
Inbreeding 0.001343 0.001002 0.002575

0.002196 0.002193 0.002507
0.172 0.135 0.614 0.247

0.21498 0.21497 0.21491 0.19922
h2c 0.02 0.02 0.02 0.02 0.02 
   
Calving rate:   
Mean 0.341 0.341 0.341 0.304  0.304  
SD 0.474  0.474  0.474  0.460  0.460  0.460  
CV (%) 138.81 138.81 138.81 151.08  151.08  151.08  
Minimum 0.00 0.00 0.00 0.00
Maximum 1.00 1.00 1.00
   
Inbreeding:   
Mean 3.14  3.32  4.26  2.41  2.58  3.77  
SD. 2.33  2.33 2.09 2.24  2.04  
CV (%) 74.16 70.46  49.22  92.76  86.75 54.02
Maximum 27.70 27.95 27.62 28.100 28.42 27.45
   
Recordsd 13229 13229 13229 15585 15585 15585
HYS levels 4347 4514 4514 4514
Animals in A 19884 19884 19884 23047 23047 23047

h  2

hys  2a

e  2b

Std. errorc 

σ  2
P

c

 

a   Proportion of phenotypic variance associated with effects of herd-year-season. 
b  Proportion of phenotypic variance associated with residual effects. 
c    Estimates from model with herd-year-season treated fixed. 
d    Data from service years 1995 and 1996 only were included. 
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Table 26. Estimates of inbreeding depression, associated standard error, P-value, variance 
proportions, basic inbreeding characteristics, phenotypic characteristics for calving rate 
obtained from registered Jersey cows for parities 1 and 2, with herd-year-season treated 
random or fixed and with ABTK, AIPL or fetus inbreeding coefficients included as linear 
covariate. 
 

 Lactation  
1 

Lactation 
1 

Lactation 
1 

Lactation 
2 

Lactation  
2 

Lactation 
2 

 ABTK  
F(x) 

AIPL  
F(x) 

FETUS  
F(x) 

ABTK  
F(x) 

AIPL  
F(x) 

FETUS  
F(x) 

   
Inbreeding 
Depression -0.005783 -0.005265 -0.003607 -0.004312 -0.003146 0.000658

Std. error 0.001659 0.001601 0.001606 0.001906 0.001830 0.001753
P-value <0.001 0.001 0.025 0.024 0.085 0.707
h2 <0.01 <0.01 0.01 0.06 0.06 0.06
hys2a 0.07 0.07 0.06 0.05 0.06 0.06
e2b 0.93 0.93 0.93 0.89 0.88 0.88
   
Inbreeding 
depressionc -0.004868 -0.004418 -0.004672 -0.004314 -0.003289 0.001432

Std. errorc  0.001788 0.001731 0.001745  0.002056  0.001982 0.001923
P-valuec 0.006 0.010 0.007 0.036 0.097 0.456
σ2

P
c 0.23107 0.23109 0.23113 0.23049 0.23055 0.23068

h2c 0.01 0.01 0.01 0.04 0.05 0.05
   
Calving rate:   
Mean 0.450  0.450  0.450  0.434  

CV (%) 110.52 114.19 114.19 
0.00 

1.00
  

4.42  

31.11

1583
19539

0.434  0.434  
SD 0.497  0.497  0.497  0.495  0.495  0.495  

110.52 110.52 114.19
Minimum 0.00 0.00 0.00 0.00 0.00
Maximum 1.00 1.00 1.00 1.00 1.00
 
Inbreeding:   
Mean 4.62  4.82   5.96  4.21  5.67  
SD 2.79  2.90  2.89  2.70  2.82  2.92  
CV (%) 60.56  60.16  48.59  64.21  63.80  51.56  
Maximum 28.90 29.04 37.60 37.53 31.38
   
Recordsd 11662 11662 11662 9618 9618 9618
HYS levels 1583 1583 1618 1618 1618
Animals in A 23475 23475 23475 19539 19539 

 

 

a   Proportion of phenotypic variance associated with effects of herd-year-season. 
b  Proportion of phenotypic variance associated with residual effects. 
c    Estimates from model with herd-year-season treated fixed. 
d    Data from service years 1995 and 1996 only were included. 
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Table 27. Estimates of inbreeding depression, associated standard error, P-value, variance 
proportions, basic inbreeding characteristics, phenotypic characteristics for calving rate 
obtained from registered Jersey cows for parities 3 and 4, with herd-year-season treated 
random or fixed and with ABTK, AIPL or fetus inbreeding coefficients included as linear 
covariate. 
 

 Lactation  Lactation  
3 3 

Lactation 
3 

Lactation 
4 

Lactation  
4 

Lactation 
4 

 ABTK  
F(x) 

AIPL  
F(x) 

FETUS  
F(x) 

ABTK  

  
F(x) 

AIPL  
F(x) 

FETUS  
F(x) 

 
Inbreeding 
depression -0.003161 -0.001983 -0.000401 -0.002622 -0.002581 0.001097

Std. error  0.002276    0.002164 0.002042 0.001692 0.001631  0.001760
P-value 0.164 0.359 0.884 0.121 0.113 0.533
 h2 0.01 0.01 0.01 0.02 0.02 0.02
Hys2a 0.05 0.05 0.05 0.06 0.06 0.06
e2b 0.94 0.94 0.94

 
Inbreeding -0.000847

Std. error
0.727 0.845 0.486 0.767

σ
0.02

 

0.407  0.407  0.361  
0.491  

1.00

Inbreeding:  

26.300  30.99

0.92 0.92 0.92
  

depressionc -0.002248 -0.000454 -0.001244 -0.001514 0.000559
c 0.002548 0.002427 0.002322  0.000178 0.001727 0.001889

P-valuec 0.377 0.380 
2

P
c 0.22837 0.22841 0.22843 0.21686 0.21686 0.21687

h2c 0.02 0.02 0.02 0.02 0.02
      
Calving rate:   
Mean 0.407  0.361  0.361  
SD 0.491  0.491  0.480 0.480 0.480
CV (%) 120.55 120.55 120.55 132.85 132.85 132.85
Minimum 0.00 0.00 0.00 0.00 0.00 0.00
Maximum 1.00 1.00 1.00 1.00 1.00
   

 
Mean 3.83  4.03  5.28  3.07 3.27  4.47  
SD 2.52  2.65  2.83  2.66  2.77  2.63  
CV (%) 65.89  65.99  53.46  86.66  84.62  58.97  
Maximum 26.64  33.00 32.82 31.34
   
Recordsd 7374 7374 7374 11742 11742 11742
HYS levels 1563 1563 1563 1679 1679 1679
Animals in A 15223 15223 15223 19622 19622 19622

 

a   Proportion of phenotypic variance associated with effects of herd-year-season. 
b   Proportion of phenotypic variance associated with residual effects. 
c    Estimates from model with herd-year-season treated fixed. 
d    Data from service years 1995 and 1996 only were included. 
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Figure 1. Distribution of registered and grade Holstein cows (Raleigh data) relative to pedigree 
completeness category a. 
 

a  category 1 = cows with 0% pedigree present 
   category 2 = cows with 0 <  % pedigree present ≤10 
   category 3 = cows with 10 < % pedigree present ≤ 20 
   category 4 = cows with 20 < % pedigree present ≤ 30 
   category 5 = cows with 30 < % pedigree present ≤ 40 
   category 6 = cows with 40 < % pedigree present ≤ 50 
   category 7 = cows with 50 < % pedigree present ≤ 60 
   category 8 = cows with 60 < % pedigree present ≤ 70 
   category 9 = cows with 70 < % pedigree present ≤ 80 
   category 10 = cows with 80 < % pedigree present ≤ 90 
   category 11 = cows with 90 < % pedigree present ≤ 99 
   category 12 = cows with >99 % pedigree present. 
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Figure 2. Relationships between percentage of pedigree present, percent of male or female 
ancestors and year of birth timeline for registered and grade Holstein cows (Raleigh). 
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   category 4 = cows with 20 < % pedigree present ≤ 30 

 

Figure 3. AIPL and ABTK average inbreeding coefficients relative to pedigree completeness 
categorya for registered Raleigh Holstein data. 
 

a  category 1 = cows with 0 % pedigree present 
   category 2 = cows with 0 <  % pedigree present ≤10 
   category 3 = cows with 10 < % pedigree present ≤ 20 

   category 5 = cows with 30 < % pedigree present ≤ 40 
   category 6 = cows with 40 < % pedigree present ≤ 50 
   category 7 = cows with 50 < % pedigree present ≤ 60 
   category 8 = cows with 60 < % pedigree present ≤ 70 
   category 9 = cows with 70 < % pedigree present ≤ 80 
   category 10 = cows with 80 < % pedigree present ≤ 90 
   category 11 = cows with 90 < % pedigree present ≤ 99 
   category 12 = cows with >99 % pedigree present. 
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Figure 4. AIPL and ABTK average inbreeding coefficients relative to pedigree completeness 
categorya for grade Raleigh Holstein data. 
 

a  category 1 = cows with 0 % pedigree present 
   category 2 = cows with 0 <  % pedigree present ≤10 
   category 3 = cows with 10 < % pedigree present ≤ 20 
   category 4 = cows with 20 < % pedigree present ≤ 30 
   category 5 = cows with 30 < % pedigree present ≤ 40 
   category 6 = cows with 40 < % pedigree present ≤ 50 
   category 7 = cows with 50 < % pedigree present ≤ 60 
   category 8 = cows with 60 < % pedigree present ≤ 70 
   category 9 = cows with 70 < % pedigree present ≤ 80 
   category 10 = cows with 80 < % pedigree present ≤ 90 
   category 11 = cows with 90 < % pedigree present ≤ 99 
   category 12 = cows with >99 % pedigree present. 
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Figure 5. Annual ABTK mean inbreeding coefficients for cow subgroups with various 
percentages of missing dams in pedigree (registered Raleigh data). 
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Figure 6. Annual AIPL mean inbreeding for cow subgroups with various percentages of missing 
dams in pedigree (registered Raleigh data). 
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Figure 7. Annual ABTK mean inbreeding for cow subgroups with various percentages of 
missing dams in pedigree (grade Raleigh data). 
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Figure 8. Annual AIPL mean inbreeding for cow subgroups with various percentages of missing 
dams in pedigree (grade Raleigh data). 
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Appendix  

 
Kernel of SAS program to compute percentage of pedigree present from blueprint by Cassell and 
Pearson (1999). 
 
/* male contributions */ 
scon = sd*0.5**1 + ssd*0.5**2 + sdd*0.5**2 + 
sssd*0.5**3 + sdsd*0.5**3 + 
ssdd*0.5**3 + sddd*0.5**3 + 
ssssd*0.5**4 + sdssd*0.5**4 + 
ssdsd*0.5**4 + sddsd*0.5**4 + 
sssdd*0.5**4 + sdsdd*0.5**4 + 
ssddd*0.5**4 + sdddd*0.5**4; 
 
s2con = sd*0.5**2 + ssd*0.5**3 + sdd*0.5**3 + 
sssd*0.5**4 + sdsd*0.5**4 + 
ssdd*0.5**4 + sddd*0.5**4 + 
ssssd*0.5**5 + sdssd*0.5**5 + 
ssdsd*0.5**5 + sddsd*0.5**5 + 
sssdd*0.5**5 + sdsdd*0.5**5 + 
ssddd*0.5**5 + sdddd*0.5**5; 
 
s3con = sd*0.5**3 + ssd*0.5**4 + sdd*0.5**4 + 
sssd*0.5**5 + sdsd*0.5**5 + 
ssdd*0.5**5 + sddd*0.5**5 + 
ssssd*0.5**6 + sdssd*0.5**6 + 
ssdsd*0.5**6 + sddsd*0.5**6 + 
sssdd*0.5**6 + sdsdd*0.5**6 + 
ssddd*0.5**6 + sdddd*0.5**6; 
 
s4con = sd*0.5**4 + ssd*0.5**5 + sdd*0.5**5 + 
sssd*0.5**6 + sdsd*0.5**6 + 
ssdd*0.5**6 + sddd*0.5**6 + 
ssssd*0.5**7 + sdssd*0.5**7 + 
ssdsd*0.5**7 + sddsd*0.5**7 + 
sssdd*0.5**7 + sdsdd*0.5**7 + 
ssddd*0.5**7 + sdddd*0.5**7; 
 
s5con = sd*0.5**5 + ssd*0.5**6 + sdd*0.5**6 + 
sssd*0.5**7 + sdsd*0.5**7 + 
ssdd*0.5**7 + sddd*0.5**7 + 
ssssd*0.5**8 + sdssd*0.5**8 + 
ssdsd*0.5**8 + sddsd*0.5**8 + 
sssdd*0.5**8 + sdsdd*0.5**8 + 
ssddd*0.5**8 + sdddd*0.5**8; 
 
/* female contributions */ 
dscon = dam*0.5**1 + dd*0.5**2 + ddd*0.5**3 + 
dsd*0.5**3 + dddd*0.5**4 + 
dsdd*0.5**4 + ddsd*0.5**4 + 
dssd*0.5**4 + ddddd*0.5**5 + 
dsddd*0.5**5 + ddsdd*0.5**5 + 
dssdd*0.5**5 + dddsd*0.5**5 + 
dsdsd*0.5**5 + ddssd*0.5**5 + dsssd*0.5**5; 
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ddscon = dam*0.5**2 + dd*0.5**3 + ddd*0.5**4 + 
dsd*0.5**4 + dddd*0.5**5 + 
dsdd*0.5**5 + ddsd*0.5**5 + 
dssd*0.5**5 + ddddd*0.5**6 + 
dsddd*0.5**6 + ddsdd*0.5**6 + 
dssdd*0.5**6 + dddsd*0.5**6 + 
dsdsd*0.5**6 + ddssd*0.5**6 + dsssd*0.5**6; 
 
dddscon = dam*0.5**3 + dd*0.5**4 + ddd*0.5**5 + 
dsd*0.5**5 + dddd*0.5**6 + 
dsdd*0.5**6 + ddsd*0.5**6 + 
dssd*0.5**6 + ddddd*0.5**7 + 
dsddd*0.5**7 + ddsdd*0.5**7 + 
dssdd*0.5**7 + dddsd*0.5**7 + 
dsdsd*0.5**7 + ddssd*0.5**7 + dsssd*0.5**7; 
 
ddddscon = dam*0.5**4 + dd*0.5**5 + ddd*0.5**6 + 
dsd*0.5**6 + dddd*0.5**7 + 
dsdd*0.5**7 + ddsd*0.5**7 + 
dssd*0.5**7 + ddddd*0.5**8 + 
dsddd*0.5**8 + ddsdd*0.5**8 + 
dssdd*0.5**8 + dddsd*0.5**8 + 
dsdsd*0.5**8 + ddssd*0.5**8 + dsssd*0.5**8; 
 
ainfo = (sire*scon)+(ss*s2con)+(ds*dscon)+ 
(sss*s3con)+(sds*s3con)+(dds*ddscon)+(dss*ddscon)+(ssss*s4con)+ 
(sdss*s4con)+(ssds*s4con)+(sdds*s4con)+(dsss*dddscon)+ 
(ddss*dddscon)+(dsds*dddscon)+(ddds*dddscon)+(sssss*s5con)+ 
(sdsss*s5con)+(ssdss*s5con)+(sddss*s5con)+(sssds*s5con)+ 
(sdsds*s5con)+(ssdds*s5con)+(sddds*s5con)+(dssss*ddddscon)+ 
(ddsss*ddddscon)+(dsdss*ddddscon)+(dddss*ddddscon)+(dssds*ddddscon)+ 
(ddsds*ddddscon)+(dsdds*ddddscon)+(dddds*ddddscon);  
/* information present */ 
 
ilost = 12.0-ainfo; /* information lost */ 
pclost = (ilost/12.0)*100; /* percent information lost */ 
pcinfo = (ainfo/12.0)*100; /* percent information present */ 
run; 
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Chapter III. 
 
 
The Effect of Maternal Inbreeding on Incidence of Difficult Births 
and Calf Mortality in U.S. Holstein Cattle 

 
 
 
 

ABSTRACT 
 

 

Stringent genetic selection for intensive milk production overtime has generated series of  

changes in physiology of dairy cattle. Among other impacts on physiology, the process was 

reflected in development of a larger body size to facilitate greater feed intake. Recently, growing 

phenotypic trends of incidence of difficult calvings (dystocia) and calf mortality (stillbirths) were 

observed in U.S. Holstein cattle. Hypothetical reasons could include undesirable correlated 

response, environmental trends and inbreeding. Multiple-Trait Gibbs Sampling applied to 

Animal Model (MTGSAM) set of programs was used to analyze calving difficulty and calf 

mortality in a dichotomous form with the aim to estimate effects of maternal inbreeding on 

phenotypic incidence of these traits. Six datasets from Holstein cows by parity 1, 2 and 3 were 

separately analyzed after data structure was modified to ease chain convergence in distribution. 

Bayesian univariate sire - MGS threshold model in combination with Gibbs sampling was 

implemented in both traits. The models included effects of calf sex (fixed), inbreeding covariate 

(fixed), herd-year-season (random), additive effects (random) and residual effects (random). Two 

chains were generated per analysis, each with 200,000 or 300,000 samples. The initial 5,000 

samples were discarded as burn-in sequence and thinning of 50 samples was applied in all Gibbs 

chains. Due to high autocorrelations, especially in variance components parameters, additional 

chain thinning was used to ensure sample independence (r<0.1). After convergence, posterior 

means were calculated for each chain and combined by the use of weighted-averaging. Solutions 

for fixed effects and covariates expressed in units of residual standard deviation were used to 

calculate expected probabilities of difficult calving or offspring mortality. Probabilities were 
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expressed as increments per single percent of inbreeding, per range of 0-40% F and as the 

expected frequency for non-inbred mothers, mothers with average inbreeding and those with 

40% inbreeding. Graphical plots of expected probabilities for each combination of calf sex by 

parity were prepared. Generally, convergence in distribution was easy to obtain in first or second 

parity cows in both traits. Inbreeding effects were strongly related to dam parity and calf sex. 

Largest inbreeding effects were obtained from first parity cows giving birth to male calves 

(0.417% and 0.252% for dystocia and stillbirths, respectively) and then births to female calves 

(0.300% and 0.203% for dystocia and stillbirths, respectively). On the other hand, female calves 

from mature cows were the least affected (0.131% and 0.005% for dystocia and stillbirths, 

respectively). Results from parities 2 and 3 were somewhat similar, except for calf mortality, 

where unfavorable data structure likely caused high underestimation in parity 3 group. In 

general, the majority of expected probabilities were little underestimated compared to the 

observed ones. The method shows important reliance on data structure and inbreeding level and 

accounts for linear relationship between inbreeding and categorical phenotypes. Results for 

parity 3 are recommended to be verified with more recent records, higher average inbreeding and 

more favorable herd-year-season structure.  
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3.1. Introduction 

 

Production and reproductive traits are known to be closely tied to economic profitability of 

dairy business. Direct genetic selection in the past was preponderantly focused on production 

traits, mainly due to sufficient additive variance and greater heritability.  Efforts to successfully 

improve milk production by means of genetic selection contributed to successive deterioration of 

reproduction. This happened as a result of unfavorable genetic correlations between milk yield 

and fertility (Thaller, 1997), but also due to environmental trends associated with continuing 

changes in structure of the dairy industry, especially the growing number of cows per farm.  

 

Stringent selection for improved milk production gradually influenced the physiology of 

the dairy population. It led among other consequences, to development of larger average body 

size in dairy cattle (Hansen et al., 1998). Increased body frame is considered a desirable 

characteristic to facilitate greater intake of dry matter and act as a precursor to improved milk 

production. The changes in body size caused greater incidence of abnormal births and calf 

mortality, which adversely affected both subsequent production and reproduction of the mother 

and added to greater calf losses.  

Falconer (1960) reported occurrence of undesirable inbreeding effects on general fitness. 

Reproductive traits are components of fitness and often become subject to positive dominance 

allelic interactions.  As a result, fertility traits are likely to be vulnerable to inbreeding. In dairy 

cattle, inbreeding effects were previously observed as prolonged pre-estrus interval, and greater 

number of services required per gestation (Young et al., 1969). Calving interval did not seem to 

be significantly affected (Hodges et al., 1979). Smith (1997) on the contrary observed five days 

extension of calving interval in young cows measured at a 12.5% inbreeding level. Reduction of 

early growth was confirmed by Thompson and Freeman (1967) and a decrease of calf survival 

was confirmed by Wilk and McDaniel (1995). It seems apparent from previous inbreeding 

studies (Thompson et al., 2000ab) that mating among relatives affects phenotypic performance 

particularly harshly in young and growing animals, while consequences for mature animals 
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presently do not reach practical dimensions. Statements of inbreeding effects on lifetime 

performance in dairy cattle are therefore unfounded. 

 

Previous estimates of inbreeding effects originated from studies where linear fixed or 

mixed models fitted inbreeding coefficients as a linear covariate. The majority of  variables 

examined before were measurable on a continuous scale, while only a few were binary traits. 

Linear type traits measured on a quasi-continuous scale were investigated for inbreeding effects 

by Misztal et al. (1997). Reproductive traits measured on a categorical scale have not been yet 

analyzed for inbreeding depression. In recent years, several of such traits have, nonetheless, 

showed significant change in the phenotypic trend (Niskanen and Juga, 1997; Meyer et al., 

2001a), which could be partially caused by growing rates of inbreeding in addition to genetic 

trend in these traits or other correlated variables. Examples of such traits are calving difficulty 

(dystocia) or calf mortality. Categorical variables, which also include dichotomous variables, can 

be analyzed with either a linear or a threshold model (Gianola and Foulley, 1993).  

 

Objectives of this research were: (1) Estimate inbreeding depression for calving difficulty 

(CD) and calf mortality (CM) using the liability threshold model. (2) Evaluate application of the 

threshold model approach to estimate effects of small magnitude from “success – failure” type of 

data with low and unbalanced frequencies.  
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3.2. Literature review 

 

3.2.1. Calving difficulty 

 

Calving difficulty (dystocia) is a trait of economic importance to the dairy industry. It is a 

major cause of calf and cow deaths, increased veterinary costs and additional losses in milk yield 

and fertility due to postpartum complications. Demetawewa et al. (1997) calculated average 

financial loss of $28 and $10 per event of dystocia, in heifer and cow, respectively. A loss of 

$536.14 was estimated per cow when the animal experienced extremely difficult calving. 

Phenotypic occurrence of dystocia is more frequent in male calves than females. Also, births of 

multiple offspring, abnormal gestation length, excessive birth weight, births happening in 

extremely cold winter and hot summer seasons contribute to greater incidence of difficulty of 

calvings. Niskanen and Juga (1997) reported higher calf mortality associated with abnormal 

births compared to easy ones.  

  

Dystocia occurs as a result of disproportions between maternal pelvic dimensions and size 

of calf. Positive associations between calving difficulty and calf’s birth weight were corroborated 

by Varona et al. (1999b). The authors found a clear superiority in predictive capabilities of a 

bivariate threshold model that included birth weight. Under a condition where cow and calf play 

important function in incidence of dystocia, maternal and fetal inbreeding are also expected to 

have different roles in phenotypic expression of the trait. Effects of inbreeding in offspring may 

reduce calf birth weight and cause positive reductions of dystocia in mothers of all ages. 

Differences between calf sexes may also be essential: inbred male calves may be smaller and 

cause greater reductions of difficult calvings than inbred female calves. Maternal inbreeding, on 

the contrary, may slow down maternal growth, especially at early ages and more prominently 

affect occurrence of dystocia in younger cows, while in older cows compensatory growth may 

offset this effect. Maternal inbreeding then will more likely make male calvings more susceptible 

to dystocia. Weller and Gianola (1989) reported reductions of dystocia due to dam age in male 

calves, but not in female calf births. Maternal inbreeding, therefore, may still have  effect in 

female calves regardless of class of maternal age.   
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Iowa State University conducted standard sire evaluations for calving ease using a model, 

which contains effects of herd-year, calf sex, mother’s parity, season of birth, birth-year group of 

sire and sire of the calf. Effective in 2000, Animal Improvement Programs Laboratory of USDA 

took over the evaluations. In the past, statistical analyses of this trait were done early by linear 

model and later by threshold model.  

 

 

Relative importance of additive genetic effects was higher in first parities than in older 

females as observed by Weller et al. (1988), who also reported dissimilarity among solutions for 

fixed effects and correlations between the first and later parities. Phillipson et al. (1997), Luo et 

al. (1999 et al. (2000) stated that births from heifers and cows should be treated 

as different, but correlated traits. Gianola (1980) reported that the observed heritability is not 

Dystocia is known to have a maternal and direct genetic component (Phillipson et al., 

1997). For this reason, bulls are evaluated as service sires (sire of the calf) and sires of heifers 

(cows). Effects of a calf’s sire were observed to be more important than sire of cow on incidence 

of dystocia (Weller and Gianola, 1989). Genetic evaluations for each bull are currently reported 

as expected percentage of difficult births (EDB) in first parity females. Supplemental 

information includes effective number of progeny, expected progeny difference and 67% 

confidence interval, and a probability that EDB is greater than breed average (Berger, 1994). 

Berger and Healey (1999) reported annual increase of 0.05% in mean EDB for young sires when 

mated to heifers. This finding confirms a presence of an unfavorable genetic trend in the current 

U.S. Holstein population.  

Direct and maternal heritabilities for dystocia obtained with a linear model were around 

4% in heifers and 1.5% in mature cows from evaluations by Cue et al. (1990). Luo et al. (1999) 

reported estimated direct and maternal h2 of 21% and 7% for first-parity cows and 16% and 3% 

on the underlying scale for mature cows, respectively. Klassen et al. (1990) estimated  

repeatabilities between 6-8% and direct heritabilities of 2-5%. Information content in estimates 

of h2 from later parities is apparently low, and consequently, genetic evaluations from the mature 

cows may be of reduced value.  

a) and Boettcher 
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invariant to the set of categories used for scoring. This creates a possibility of improved genetic 

gains with correct scoring.   

 

Calf survival is a trait that is closely correlated with calving difficulty on both genetic and 

phenotypic levels. Economic value of calf survival is expected to be substantial and most 

probably greater than that of calving difficulty, since loss of a calf represents an invalidation of 

both previous breeding and gestation. Calf survival, expressed in a binary form, was previously 

analyzed by Ron et al. (1986) using a linear model. Weller et al. (1988) and Weller and Gianola 

(1989) adopted both threshold and linear models for calf survival. Meyer et al. (2001a) utilized 

sire-maternal grandsire linear mixed model with MTDFREML set of programs (Boldman et al., 

1995).  

 

 

The heritability on the unobserved underlying scale from a threshold model was generally 

2-4 times larger (Van Tassell et al.,1998) relative to the classical linear model. Estimated 

heritability from male births was generally greater compared to female calvings as reported by 

Weller and Gianola (1989) using trait of the calf model. The finding was partially explained by a 

greater proportion of male births. Possibility of separate or multivariate analyses was suggested. 

Estimated heritability was also considered dependent on relative frequency of the scores in 

dichotomous traits (Weller and Ron, 1992). A categorical model including calf sex by dam age 

interaction was tested by Quaas et al. (1988). The sex differences found were similar in all age 

groups, which implies a simple additive action of sex and age on the underlying scale. 

 

  

3.2.2. Calf mortality 

Genetic correlations of calf mortality with calving difficulty were reported close to one in 

first-parity cows, but it gradually decreased with maternal age (Ron et al., 1986). With such 

estimates, simultaneous selection for both traits becomes possible. This can occur either as a 

correlated response from selecting for a single trait or by combination of both variables into a 

composite trait (Weller et al., 1998). On the contrary, only 5% of variation in calf survival was 

explained by milk yield in primiparous cows. A small negative correlation of –0.07 was reported 
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for heifers by Meyer et al. (2001), while positive correlation of 0.08 was obtained from older 

cows. Similarly to dystocia, several authors have considered calf survival measured in first or 

later parity cows as separate, but correlated traits (Weller et al., 1988; Phillipson et al., 1997).  

 

 

As with dystocia, calf stillbirths have greater incidence in male calves than in female 

calves. Thompson et al. (1983) reported a negative effect of absolute calf size on calf mortality 

in primiparous cows. Mature mothers, on the other hand, had greater incidence of stillbirths only 

when they gave birth to extremely small calves. Meyer et al. (2001a)  hypothesized that increased 

incidence of early calf deaths for second and subsequent parities was more likely when cows had 

births of multiple offspring. However, evidence to this conclusion from real data was not yet 

available. Independently of additional factors, percentage of calves affected by reduced vitality 

grows in cases of nonstandard length of gestation, both prolonged and curtailed, and in births 

occurring in summer seasons.  

Early calf mortality includes evaluations of calf deaths at birth and within 48 hours, since 

the majority of losses occur within the time period that follows closely after the event of birth. At 

present, approximately 11% of births in first parity cows and 6% in later parity cows result in 

calf losses (Meyer et al., 2001b). Genetic component of calf survival can be divided into 

maternal, sire, and maternal-grandsire components. Direct genetic effects are more important 

than maternal ones with moderate negative correlations between them (Luo et al., 1999a).  

Estimated heritability was reported between 1 and 12% from numerous studies. Heritabilities in 

later parities were usually smaller than those from young cows irrespective of whether linear or 

threshold model was used. In this context, primarily records from testing young bulls on heifers 

potentially could be a major contributor to future genetic evaluations of early calf mortality. 

Regular breeding of young sires with unknown merit for dystocia and stillbirths on mature cows 

until the males become proven could be considered.  
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= P(unknown quantities, known quantities) / P(known quantities)  

 

  

 

If for example, probability density for heritability given the data f(h as of one’s 

concern, then it could be specifically expressed as: 

 

 

3.2.3. Bayesian inference and threshold models 

 

An area of inference about unknown parameters under Bayesian structure can be simply 

expressed as probability of two events occurring together (Blasco, 2001):  

 

P(unknown quantities| known quantities)  

= P(unknown quantities) P(known quantities | unknown quantities) / P(known quantities), 

where, 

  unknown quantities represent the parameters, 

  known quantities represent the data, 

  P(unknown quantities) is prior probability (density) of the parameters, 

P(unknown quantities | known quantities) is posterior density of the parameters, 

P(known quantities | unknown quantities) is analogous to likelihood  

in classical statistics. 

2|y), w

 

  
)()|()(/)()|()|( 22222 hfhyfyfhfhyfyhf ∝=  

 

Also, the posterior density  can be written out as: 

 

)()|()|( 222 hfhyPyhf ∝ , 

where f(h2) designates a prior and  P(y|h2) is likelihood. 
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With Bayesian approaches, evaluation of joint or marginal densities without directly 

observing them becomes possible. Unlike the classical approaches used by followers of 

frequentist statistics, all parameters are treated random because of the uncertainty associated with 

their value. This uncertainty is articulated as a probability that a parameter has a specific value, 

so it must be a random variable (Blasco, 2001). Gibbs sampling is a special case of Markov 

Chain-Monte Carlo (MCMC), Metropolis-Hastings (MH) class of algorithms. The procedure 

permits the drawing of uncorrelated or partially correlated samples from a pre-specified fully 

conditional distribution. In Gibbs sampling, the generated elements are accepted with probability 

of one (Chib and Greenberg, 1995). Initially, the vector of parameters is divided into subvectors. 

Values are then sampled one at a time conditional on values in other subvectors and from the 

data. The first round of Gibbs sampling requires starting values, which can be obtained by 

Gauss-Seidel iteration. Often, the initial samples do not originate from the appropriate 

distribution and therefore must be discarded. Simultaneous sampling from multivariate normal 

distribution, known as blocked Gibbs sampling, was reported by Van Tassell and Van Vleck 

(1995, 1996) to ease dependencies among samples and improve mixing of Gibbs chains.  

 

 

Analysis of categorical variables, such as calving ease or stillbirth, assumes a continuous, 

normally distributed underlying variable (liability) with boundaries between plus and minus 

infinity (Wright, 1934). Thresholds, defined on this underlying scale, are responsible for which 

category is outwardly displayed.  There are k+1 unknown fixed thresholds for k ordered 

categories of a trait. In the underlying space, errors are normally distributed and independent 

among different classes of fixed effect (Van Tassell and Van Vleck, 1996). Covariances among 

errors are assumed non-zero for observations within each group, while residuals from multiple 

observations related to a single animal are assumed to be independent.  

A univariate threshold model accounts for a particular structure of score representations 

and is hence more appropriate for categorical data than application of current linear models. 

Computational difficulty, however, often impairs its broad use. Gianola and Foulley (1983) and 

Harville and Mee (1984) implemented a maximum likelihood approach to estimation of 

thresholds and variance components. The programs were demanding with respect to computing 
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resources (memory, CPU) and showed difficulty to converge. Weller and Gianola (1989) 

reported CPU requirements 2-3 times larger in a threshold model for calving difficulty as 

compared to a linear model. Varona et al. (1999a) also used a threshold model for analysis of 

calving difficulty. 

 

Rekaya et al. (2001) developed a Bayesian procedure to account for probability that data 

were misclassified for a threshold model when applied to a binary trait. The method is 

computationally demanding and cannot be easily used on large datasets with a clustered 

structure. Data situations with incidence of frequent false positives and false negatives can thus 

be modeled. Abdel-Azim and Berger (1999) evaluated predictive capabilities of a threshold 

model depending on varying simulated data structures, number and frequency of categories and 

the underlying heritability. Improvements in model performance were achieved when the number 

of categories increased beyond the binary condition, with symmetric and close-to normal 

incidence of categories, and under greater underlying heritability. Further, improved accuracy of 

about 15% was reached with balanced data as compared to data with missing values. Henderson 

(1975) concluded that field data often do not provide an adequate material to evaluate competing 

methods of sire evaluations or to test novel procedures.  

 

Wang et al. (1997) reported that in Bayesian analyses there is a risk of improper joint 

posterior distribution induced as a result of using an improper prior. Use of an uninformative, but 

proper prior was recommended to induce the proper posterior density. In the threshold model in 

binary data with unbalanced structure, use of a normal prior appears to be especially suitable for 

effects with many levels (Hoeschele and Tier, 1995). Harville and Mee (1984) and Misztal et al. 

(1989) observed poor convergence when all observations for a fixed effect class fell into the 

same response category. The deficiency is often referred to as “extreme category problem”. 

Treating fixed effects as random, modifying data structure or elimination of the problem data 

was proposed. Programs using the threshold model approach are available in univariate and 

multivariate variations. Early multivariate programs assumed continuous distribution for all traits 

correlated with the categorical variable. Programs to implement multivariate categorical model 

were developed by Van Tassell and Van Vleck (1995). Hoeschele and Gianola (1989) reported 

superiority of Bayesian methods of sire evaluations to methods based on quasi-likelihood for 
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dichotomous data. Weller and Ron (1992) and Hoeschele and Tier (1995) stated that sire 

solutions from linear and threshold models were highly correlated (r > 0.90). Even higher 

correlations of r = 0.99 were reported by Djemali et al. (1987).  

  

Setting constraints represents a method to ensure identifiability of all parameters in the 

model. For a Bayesian threshold model, two values need to be restricted: In the first type, these 

are the first threshold ( = 0 ) and residual variance ( = 1 ). This type is often referred to as 

standard parameterization. The alternative to the first method means that constraints are set for 

two adjacent thresholds to be equal to zero and one, respectively. Following that, residual 

variance of the categorical response variable can be estimated. Both parameterization procedures 

of setting constraints were described by Sorensen et al. (1995) for a threshold model. The two 

parameterizations are equivalent and results can be converted from one parameter space to the 

other. Posterior densities yielded by the parameterizations may not, however, be identical as 

unique priors need to be specified (Wang et al., 1997). Both modes and medians can be used in 

addition to means to estimate location parameters from the posterior densities.  

 

Sorensen et al. (1995) reported a very poor mixing of the Gibbs sequence from a threshold 

model, which was explained by sampled values for a threshold being bounded by values of 

underlying variables. When these values were positioned too closely, changes of threshold 

between adjacent values were not very substantial.  A procedure to convert solutions from 

threshold model expressed in units of residual standard deviations to expected probabilities of 

occurrence for a specific observed category were initially developed by Harville and Mee (1983), 

Gianola  and Foulley (1983) and extended by Sorensen et al. (1995). A modification to this 

procedure was proposed by Djemali et al. (1987), who considered alternative transformation of 

solutions to more optimally describe the structure of expected probabilities and to reach a better 

connection between empirical and expected probabilities. 
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3.3. Material and methods 

 

3.3.1. Data 

 

Data for this study originated from Dr. Jeff Berger of Iowa State University (Iowa data). 

The information was collected by dairy producers according to official National Association of 

Animal Breeders (NAAB) methodology for national genetic evaluations of calf mortality and 

calving difficulty. The data consisted of 638,307 calving records from 351,519 Holstein cows 

with multiple parities. The cows were born in U.S. herds between 1985 and 1995. The data 

contained 120,434 cows that were classified as registered (218,183 records), while 231,085 cows 

were determined to be grade (420,124 records). After the classification procedure of cows was 

concluded, their records were kept in separate registered and grade files. Registry status for cows 

of Holstein breed was determined according to specific pattern of identification numbers set 

forth by NAAB separately for grade and registered animals. 

 

The Iowa State data were received partially pre-edited. Therefore, the current edits focused 

only on completeness and consistency of information. Primary edits, applied to Iowa data after 

receiving them, removed records affected by:  

 
• non-valid cow identification   
• missing or non-valid identifications on both parents  
• cow identification or record absent in AIPL database  

 

• missing service sire  
• missing cow year of birth or birth year before 1975 
• missing herd or calf sex  
• missing calving date  
 

 
3.3.2. Computing inbreeding coefficients from pedigrees 

 

Animal (cow) identifications were transferred to server of the Animal Improvement 

Programs Laboratory (AIPL) and were used to obtain information on sire and dam of the cow, 
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and date of birth as recorded by AIPL. Parental information of the first generation was 

conditional on presence of at least one parent and presence of service sire and cow year of birth 

were used to obtain additional generations of pedigrees from the same database on each cow. 

Pedigree information was retrieved five generations backward in all mothers (63 individuals).   

 

Meuwissen and Luo (1992) adopted a computer algorithm for computing inbreeding 

coefficients using decomposition of the numerator relationship matrix. The same principle was 

later implemented by Golden et al. (1995) in an A-inverse utility, a part of the Animal Breeder’s 

Tool Kit (ABTK) package. The inbreeding calculation program, written in C language, uses 

system of direct addressing, which works faster that memory indexing. The utility is able to 

handle extremely large pedigree files and accepts properly stacked alphanumeric identifications. 

The algorithm compared favorably to computer program by Golden et al. (1991) when required 

memory and running time were evaluated. Performance of A-inverse when compared to Fortran 

program by Tier (1990) was superior only when pedigrees did not exceed six generations. 

Meuwissen and Luo (1992) presented comparison of performance among the above-mentioned 

programs. 

 

Pedigrees of cows that belonged to a single SAS data file (Holstein registered-Iowa, 

Holstein grade-Iowa) were initially re-written to individual, father and mother format. Pedigree 

lines on each original cow were combined into a single text file, with duplicate lines removed 

from the combined set. Multiple occurrences of the first field were edited such that lines with the 

most complete parental information were retained. Animal identifications present in both 

paternal and maternal positions were detected and edited such that original sire IDs were retained 

while dam IDs without prior pedigree information were assigned new, unique identifications. 

Duplicate or multiple maternal IDs with prior pedigree information were not found, as expected. 

Further, a proper order of the pedigree records was checked. Pedigree lines unusable due to 

incorrect relationships (an individual being an ancestor of him/her self) were repeatedly checked 

against the resource database and subsequently deleted from the pedigree file. 

 

The A-inverse utility (Golden et al., 1995) was applied to calculate pedigree-based 

inbreeding coefficients in all cows (maternal inbreeding). These inbreeding estimates are 
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designated as ABTK inbreeding. The ABTK calculations have probably accounted for additional 

pedigree beyond five generations because pedigrees of individuals were combined into a single 

file by breed and registry status prior to running the program. 

 

 

 

3.3.3. Calving difficulty (dystocia) 

 

Scores on calving difficulty were obtained from 120,434 registered cows  (218,183 

records) and 231,085 grade cows (420,124 records). Both status groups belong to Iowa data. 

Calving ease scoring was carried out according to NAAB methodology of on farm evaluations 

(Berger, 1994). Farmers, upon observing parturition, subjectively assigned scores according to 

degree of assistance provided. Recognized dystocia scores were 1=no problem, 2=slight 

problem, 3=needed assistance, 4=considerable force, 5=extreme difficulty. Producers were also 

required to record sex of the calf (1=male, 2=female), calf size (missing), calf condition 

(missing), and calf survival (present). Calf livability scores were measured on a three point scale: 

1=alive, 2=dead at birth, 3=dead by 48 hours. Information on calf birth weight was not recorded. 

Both registered and grade data did not contain records of multiple births (i.e., twins).  

 

A computer threshold model program by Misztal et al. (1988), which applies methodology 

described in prior work by Gianola and Foulley (1983) and Harville and Mee (1984) was first 

considered for analyses of the data. This procedure is presently used for national NAAB 

evaluations of calving difficulty. The programs, however, only allow for cross-classified fixed 

effects to be modeled. To obtain approximate estimates of effects of inbreeding, a categorization 

of inbreeding covariate would be required. The algorithm also utilizes only a sire-maternal 

grandsire model for the threshold model. Use of this approach was necessary because of 

computing constraints that were limiting approximately ten years ago. Efforts were made to 

rewrite the programs to animal model by Van Tassell (pers. comm.).  

A set of Fortran programs Multiple Trait Gibbs Sampling applied to Animal Models 

(MTGSAM) in a threshold model version by Van Tassell and Van Vleck (1995, 1996) and Van 

Tassell et al. (1998) were used to estimate posterior densities for thresholds, variance 

Material and Methods       Chapter 3 133



components, fixed and random effects. These programs allow either animal-sire-maternal 

grandsire or animal–sire–dam relationships to be accounted for, as well as use of a linear 

continuous covariate in addition to cross-classified fixed effects.  

 

During early exploratory analyses of combined original data with all three parities and calf 

sex using the animal model, the generated samples failed to attain convergence in distribution, 

even after changes to the data structure were made to ensure more information for levels of fixed 

effects, HYS and to improve connectedness. In the testing process, convergence was examined in 

one-trait analyses of separate datasets by calf sex and from a bivariate model with dystocia and 

calf mortality. In all cases, convergence was difficult to achieve. In dystocia, the original variable 

scored with 5 categories proved to be especially detrimental, since extremely small frequencies 

of the most severe cases of dystocia (categories 4 and 5) were found. Therefore, a scheme to 

recode categories was implemented beginning with combining scores 4 and 5 (4 resulting levels) 

and continuing with merging original levels 3, 4 and 5 (3 resulting levels). Finally, combining 1 

and 2 in one level and 3, 4 and 5 in a second level produced a dichotomous response variable. 

The most recent option to combine categories produced convergence within a computationally 

affordable time. 

 

We encountered difficult convergence with an animal model despite that MTGSAM  

programs incorporate blocking of random effects. This procedure allows for joint sampling of 

animal or uncorrelated random effects from a multivariate normal density, improved mixing of 

Gibbs sampler and reduced autocorrelations. For this reason, the sire-maternal grandsire (sire-

MGS) model subtype was later adopted in the current study. Successful convergence in 

distribution for the sire-MGS model was previously reported by Luo et al. (1999b), while 

information from studies applying animal model (Van Tassell et al., 1998) were scarce. Contrary 

to these reports, Varona et al. (1999a) found superior predictive capabilities of threshold animal 

model for calving difficulty. Use of the sire-MGS model was reported more useful to obtain 

convergence for data with low frequencies (Hoeschele and Tier, 1995). Relationships among 

animals in the data through males do account only for a limited information as ties among 

animals through females are ignored. The variance-covariance structure under sire-MGS model 

becomes simpler. Luo et al. (2000) stressed impropriety of using the animal model due to 
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frequently high autocorrelations in posterior samples. Boettcher et al. (1999) reported problems 

with convergence when HYS were treated fixed in a threshold animal model. Generally, more 

complex models were subject to slower convergence. 

 

In analyses with the sire-maternal grandsire model, several underlying assumptions were 

made (Luo et al., 1999 ated randomly to dams. 2. Dams produced only a single 

progeny with each sire. 3. Sires had both progeny and grand progeny. 4. HYS and animal effects 

did not interact. In practical data, however, one or several of these assumptions were violated. 

 

 

Y i + F β + HYS

b): 1. Sires were m

The univariate model in classical notation (Luo et al., 1999b) used in analysis of dystocia was: 

ijklmn = G j* k + SSl  + SCm + Eijklmn 
 

where, 

Yijklmn   = calving difficulty score  
Gi          = effect of i-th sex of calf (male, female, fixed) 
Fj           = maternal ABTK inbreeding (%) as a linear covariate 
β            = regression of calving difficulty score on inbreeding 
HYSk    = effect of k-th herd-year-calving season (random) 
SSl        = effect of l-th sire of the calf (random) 
SCm      = effect of m-th sire of the cow (random) 
Eijklmn    = residual error 
 
 

Upon completion of preliminary analyses, three datasets with records from registered 

Holstein cows on parities 1, 2 or 3 were created to perform separate analyses of dystocia by age 

groups. Because of computing costs it was not possible to include records from all registered 

cows. Datasets were formed by randomly sampling herd-year-calving seasons from a uniform 

distribution. Records were subject to a restriction of at least 5 available observations per level of 

herd-year-calving season. Records from cows in parities 4 or greater, nevertheless, were not 

considered. Additionally, observations from registered cows where percentage of pedigree 

present (Cassell and Pearson, 1999) dropped below 85% were deleted.  

 

Due to “extreme category problem” reported by Misztal et al. (1989), each dataset was 

processed by a search routine, written in C++, before the analysis was started. The goal was to 
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find problem year-seasons (YS) and combine them with others from a single herd, starting with 

the most adjacent levels, such that each HYS had observed responses from more than one 

category (Boettcher et al., 1999). Problem levels of HYS, where no opportunity to merge 

existed, were later removed from the data. It occurred, however, only in several affected levels, 

mainly where single level per herd-year was available. This deficiency of the data is more likely 

to occur in small datasets, where number of HYS levels with a single score becomes greater 

while ties among HYS classes decline. The datasets created for analyses had records only from 

registered cows. In combination with data removals, this factor likely contributed to the problem. 

Numerator relationship matrix included sire of the calf and sire of the dam (maternal grandsire). 

Effect of fetus inbreeding was not estimated in independent analyses due to constraints set by 

extreme computing time.   

 

Fixed effects incidence matrix was modified to the full column rank. Calving seasons were 

delineated as 1=December-March, 2=April-July, 3=August-November for a current year. HYS 

effects were treated as random to facilitate convergence in distribution (Luo et al., 2001). 

Maternal inbreeding coefficients were incorporated in the model without further modification. 

Transformed results from threshold model were presented in a tabular form depicting expected 

probability of calf deaths for each class of cow’s parity by calf sex and levels of cow inbreeding 

0%, 3% and 40%. Graphical plots similar to those for dystocia were prepared to demonstrate 

changes in the overall liability for early calf mortality.  

 

Two independent chains of Gibbs samples from posterior distributions were generated for 

each analysis (Van Tassel et al., 1998). Each chain was initiated with different starting values 

and seed numbers for random number generator. Starting values for variance components were 

determined using hypothetical heritability of 15% and 20% and fraction of random HYS effects 

as 10% of the total variation. At the end of each run, a total of 200,000 or 300,000 samples were 

generated. Number of samples to be produced was specified according to procedure by Raftery 

and Lewis (1991). Gibbsit utility in Fortran was used to estimate 0.025 and 0.975 quantiles with 

0.0125 variability.  

 

Material and Methods       Chapter 3 136



Standard model parameterization (Sorensen et al., 1995) was chosen for a dichotomous 

trait. Estimated residual variance was set to 1 and first threshold set to 0 with the objective to 

provide identifiability. In response variables with more than two categories, additional thresholds 

are also estimated. Convergence criterion of 10-9 was applied for Gauss-Seidel iteration to obtain 

more suitable starting values. Flat prior distribution was assumed for fixed effects, assuming no 

prior knowledge about these affects. Shape parameters for prior distribution of (co)variance 

components (inverted Wishart) were set to 5. The use of uniform prior shape parameter (=3) for 

the inverted Wishart distribution was discouraged by Van Tassell et al. (1996) due to likely 

convergence difficulty in cases with poor structure of data. Prior distribution for all random 

effect was assumed normal. Genetic effects were expected to have known (co)variance structure 

corresponding to the relationship matrix. Residual effects were assumed to have normal 

distribution (Van Tassell and Van Vleck, 1995). 

 

A visual evaluation of the sampled values was carried out to ensure convergence in 

distribution. Constraints due to limited hard disk space were imposed when determining the 

number of non-thinned samples to be generated. From each chain, the first 5,000 samples were 

discarded (burn-in sequence) to eliminate samples that did not follow the desired posterior 

distribution in the streamlining process of chain to attain convergence. Primary thinning rate of 

every 50th sample was chosen for generated Gibbs samples in both chains for every dataset. Luo 

et al. (1999b) utilized the identical chain-thinning rate in a genetic study of calving difficulty and 

stillbirths with threshold model. 

 

Because a set of independent Gibbs samples, which follow a Gaussian distribution is 

required to estimate the posterior mean, Lagcor utility written by Curt Van Tassell, was used to 

obtain lag correlations between samples in each chain. Because for every chain, the values were 

sampled from virtually thousands of distributions, only posterior densities for variance 

components, covariate, fixed effect and a few arbitrarily selected levels of HYS and animal 

effects were assessed. After autocorrelations were estimated, additional thinning was applied to 

obtain at least 100 independent samples from a chain. Boettcher and Wang (2000) considered 

100 samples sufficient for estimation of the posterior means in a polychotomous trait that 
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displayed low incidence. A sample was considered independent, when estimated autocorrelations 

were lower than 0.1 as done by Luo et al.(1998).   

 

Posterior means were estimated from corresponding posterior densities for variance 

components, inbreeding covariate, fixed and random effects. Only Gibbs samples that were 

retained after application of additional thinning were included in the calculations. Before 

combining, the two chains were examined whether convergence to a stable value occurred by a 

simple t-test. For each trait, the results from the two chains were combined by weighted 

averaging (Van Tassell et al., 1998; Boettcher et al., 2000). Estimates for fixed effects expressed 

in units of residual standard deviation and solutions for levels of random effects were used to 

make cumulative probability statements about incidence of medium to extreme difficulty of 

calving caused by inbreeding.  

 

Procedures combining standard parameterization for a binary response variable as 

described by Sorensen et al. (1995) and function returning probability from standard normal 

distribution (probnorm) used by Gianola and Foulley (1983) were utilized to convert solutions 

for thresholds, fixed and random effects to probabilities of difficult calving for each level of 

fixed effect and percentage of maternal inbreeding.  The probability statements were presented in 

a tabular form for every combination of mother’s parity by sex of calf.  Specific probabilities for 

inbreeding levels of 0% (non-inbred animals), 3% (average inbreeding in current data) and 40% 

(maximum observed inbreeding) were considered. In addition, expected probabilities of difficult 

calving were plotted against putative mother’s inbreeding coefficients ranging from 0 to 40% to 

illustrate dynamics of projected phenotypic liability for dystocia.   

 

 

3.3.4. Calf survival to 48 hours post-partum 

 

Data on calf survival were collected on both registered and grade cows of Iowa State 

origin. The variable was scored on a three category scale. The categories were defined as:  1 = 

calf survived, 2 = calf dead at birth 3 = calf died by 48 hours postpartum. Observed 

measurements were later re-coded to a dichotomous variable due to extremely low frequencies of 
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calf deaths within 48 hours post-partum. Calves alive at birth that survived by 48 h were 

identified as 0, while stillborn calves and those dead within 48 h after birth were re-coded as 1.  

 

 

 

Threshold sire-maternal grandsire model was applied on the sampled data. A model 

without the fixed effect of calving difficulty was considered because of its simplicity. Despite  

important genetic correlations between the two traits, there is still genetic variance in calf 

mortality independent of dystocia (Weller et al., 1988). However, Berger et al. (1997) suggested 

that it is most probably small. From the deterministic perspective, estimates of inbreeding 

depression obtained from a model including calving difficulty scores could be of a great value. A 

proposal to include calving difficulty on an ordered three-category scale in genetic evaluations of 

calf stillbirths was made by Meyer et al. (2001a). Phillipson et al. (1997) pointed out that both 

sire transmitting genes for dystocia or those with easy calvings may transmit liability for 

stillbirths.  

For estimation of inbreeding effects in calf stillbirths we used a threshold sire-maternal 

grandsire model. The response variable was modeled as a trait of the calf, due to expected greater 

accounting for genetic effects and consequently a better model fit. MTGSAM set of programs by 

Van Tassell and Van Vleck (1995, 1996) were employed fitting the following univariate mixed 

model: 

Yijklmn = Gi + Fj*β + HYSk + SCl  + SSm + Eijklmn 
 

 where, 

Yijklmn    = calf mortality score  
Gj           = effect of i-th  sex of calf (male, female, fixed) 
Fj            = maternal inbreeding (%) as a linear covariate 
β             = regression of calf mortality score on inbreeding 
HYSk     = effect of k-th herd-year-calving season (random) 
SSl         = effect of l-th sire of the calf (random) 
SCm       = effect of m-th sire of the cow (random) 
Eijklmn      = residual error 
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Preliminary tests for convergence, formation of datasets, generation of Gibbs samples, 

sample handling and presentation of results were carried out in the same method as described in 

calving difficulty. Transformed results from threshold model were presented in a tabular form 

depicting expected probability of calf deaths for each class of cow’s parity by calf sex and 

inbreeding for 0, 3 and 40%. Graphical plots similar to those for dystocia were prepared to 

demonstrate changes in the overall liability for early calf mortality.  
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3.4. Results and discussion 

 

Relative distribution of original scores for calving difficulty confirmed the previously 

reported tendencies of increased dystocia in young cows giving birth to male calves and 

generally for all male calvings. The greater frequencies were observed from both original 

registered and grade cows as shown in Tables 1 and 2, respectively, after primary edits of the 

data were completed. Frequencies of original scores for calf mortality as they were obtained 

from registered and grade Holstein cows and the combined data were presented in Table 3. It 

should be emphasized that apparent differences in incidence of dystocia existed between records 

from registered and grade cows. Records from registered cows had greater incidence of difficult 

calvings, compared to grade cows. This finding could be principally explained by improved 

recording of this trait in registered cows, although limited disparities might also be caused by 

differences in environments and last, but not least, by genetic trend specific to each group. 

 

Relative representations of raw calf mortality scores failed to show differences of such 

magnitude, as for dystocia between the mother groups by registry status. This finding 

corroborates that early calf mortality has a substantial economic impact on dairy profitability and 

for this reason is more carefully monitored. Also, it needs to be emphasized that lower number of 

categories and clearer definitions of classes may have contributed to greater accuracy of records 

on calf mortality.  

 

Associations between dystocia and a subsequent calf mortality on the phenotypic levels 

were illustrated in Table 4 for the registered, grade and combined Holstein data. Proportions of 

the observed event when dystocia expressed in categories 3 through 5 occurred and was followed 

by a calf death far exceeded the calculated expected probability of this composite event as if the 

two constituent events were entirely independent.  

 

To analyze calving difficulty and calf mortality with a threshold model, Gibbs samples 

were generated for individual analyses on two types of computer system. Virginia Tech Sun 

6500 HP system running Sun HPC version 3.1. system and on personal computers in the 
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Department of Dairy Science, Virginia Tech, with Intel Pentium II processors, 400 MHz, 128 

MB RAM, running MS Windows 98 and Intel Pentium II processors, 900 MHz, 256 MB RAM, 

running Windows 2000 Professional. Due to limited disk storage, only two chains were 

completed on the Sun system. Generation of a single chain took approximately 10-14 days of 

uninterrupted background processing, depending on the overall load of system. Additional chains 

were generated on the personal computers, which took between 4-12 days of continuous running, 

depending on the dataset.  

The prevailing portion of generated chains of Gibbs samples was extremely ‘sticky’ due to 

high  lag correlations between samples. For this reason,   additional chain thinning had to be 

applied to reach independence among samples (r < 0.1). Particularly, chains for analysis of calf 

mortality from cows in second and third parity and Gibbs samples for calving difficulty from 

cows in 3rd parity were affected by high autocorrelations. Additional thinning applied to Gibbs 

chains ensured independence among samples when only values between each originally 

generated 750th to 5900th sample were saved across all chains. The strongly autocorrelated 

chains in the present study corroborate similar reports by Hoeschele and Tier (1995). High 

autocorrelations, however, still allow for unbiased estimation of the posterior distribution (Van 

Tassel et al., 1998). Because relative representations of  “success” events in the mature cow data 

were very small, there probably was not sufficient information in the data to estimate posterior 

means with more acceptable accuracy. Very poor mixing was observed in the chains we 

sampled, which provided evidence to the conclusion.  

 

Sampled elements of Gibbs chains from posterior densities substantially differed in sample 

mixing for individual parameters in an analysis. The greatest undesirable autocorrelations were 

observed for estimated additive variance and variance associated with HYS effects (Luo et al., 

1999 ples for heritability estimates were not retained due to a limited computer 

storage. Expectedly, chains for variance proportions and genetic correlations would show the 

most difficulty to be sampled independently if a multivariate analysis was performed. 

Uncorrelated Gibbs chains for levels of random animal and HYS effects, fixed effects of calf sex 

and inbreeding covariate were relatively easy to obtain. Comparatively the worst lag correlations 

existed for chains in later lactations, especially for samples generated from calf mortality 

 

a). Gibbs sam
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datasets. This was likely caused by the least favorable structure of data accompanied by highly 

unbalanced distribution of event occurrences.  

 

 

Expected probabilities of difficult calving for male or female calf births and cow’s parity 

as affected by maternal inbreeding are provided in Table 5. Graphical illustration of expected 

probabilities of difficult calving (categories 3 through 5) for male calves born to cows on parities 

1, 2, and 3, that had estimated inbreeding between 0 and 40%, was presented in Figure 1. The 

identical graphical demonstration of inbreeding effects on dystocia for female calves is shown in 

Figure 2. Average inbreeding coefficients for cows in parities 1, 2, and 3 were between 2.59 and 

3.23%, which allows approximate comparison to inbreeding coefficient of 3%. It should be 

emphasized that maternal inbreeding only increases liability for dystocia and does not represent 

the only justification for this defect. Animals, that are not inbred at all still do show occurrence 

of difficult calvings, as illustrated in first parity cows that would have around 28% expected 

difficult calvings with a male offspring, and around 11% if male calf is born to mature cow. The 

expected probabilities for female calves were around 13% when born to a young cow and 5% 

when the mother was a mature cow.  

 

Expected probabilities for mothers with 3% inbreeding, which corresponds to the average 

inbreeding of cows in the present datasets, were usually smaller than empirical   probabilities, 

although not substantially. These expected probabilities were close to those observed, but in 

most cases of later parities in combination with female progeny, the expected probabilities were 

slightly underestimated. Magnitude of the difference ranged between 0.1% (male calves from 

parity 2 cows) to 2% (female calves from parity 1 cows). The only exceptions were births of 

male calves to parity 1 cows, where a small overestimation of the projected probabilities over the 

observed ones occurred. Djemali et al. (1987) also reported reduced expected probabilities of 

dystocia in relation to observed ones.  At  40% inbreeding boundary, the expected probabilities 

of dystocia were between 9 and 45%. Over the whole range of inbreeding, differences increased 

between births of male and female calves to mothers of the same parity and also those between 

parities for the same sex of the calf. Generally, the estimates between corresponding calf sexes 

were practically indiscernible, when the mother was a mature female in parity 2 or 3. 

Results and Discussion       Chapter 3 143



Estimated maternal ‘inbreeding depression’ for dystocia per one percent of inbreeding, 

expressed as change in expected probabilities of categories 3-5 between 0 and 40% was between 

0.11% (female born to cow on parity 2 or 3) and 0.42% (male born to heifer) per 1% inbreeding. 

Inbreeding depression for female calves born to heifers was 0.3%, while male calves from 

mature cows would have increased incidence of difficult calvings by 0.2% per percent of 

mother’s inbreeding. These estimates are based only on  assumptions of ‘linearity’ and are valid 

for the range of inbreeding coefficients we used, or where majority of coefficients were found. It 

is justified to assume that in another dataset from more inbred cows, estimates of inbreeding 

effects would be greater, especially for the youngest cows and male calvings. In the current 

study, solutions for parities 2 and 3 were generally very similar and the differences, presented 

hereto, should not be overrated, as in principal, they do not have practical importance and might 

even be caused by computational and statistical considerations. That especially applies to plots of 

inbreeding depression in Figures 1 and 2 for the mature cows and female calf combinations. 

 

Expected probabilities of calf mortality by 48 hours for male or female calf births from 

cows of parities 1 through 3 as affected by varying levels of maternal inbreeding from 0 through 

40% were presented in Table 6. The graphical illustration of effects that inbreeding has on 

expected probabilities of mortality in male calves born to cows in parities 1 through 3 with  

inbreeding of up to 40% was depicted in Figure 3. Inbreeding effects for mortality of female 

calves were plotted in Figure 4 for maternal parities 1 to 3.  

 
Average inbreeding coefficients for cows in parity 1, 2, and 3 were between 2.62% and 

3.24%. These averages were only somewhat different from those found in corresponding parities 

in evaluations of calving difficulty. Differences were expected mostly due to unequal sampling 

of the data and partially due to inbreeding trend. A comparison to effects of a hypothetical 

inbreeding coefficient of 3% is possible.  

 

Expected probability of calf deaths for non-inbred mothers were between 2.6% (female 

calf from parity 3 cow) and 10.4% (male calf from parity 1 cow). The largest expected mortality 

was in the youngest mothers regardless of whether they gave birth to male or female sex of calf. 

Mothers with average inbreeding of 3% had only negligibly higher calculated frequencies. The 
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majority of these probabilities were underestimated when compared to those obtained from the 

empirical data. The most severe underestimation was found in cows on third parity, which 

probably happened as a result of poor data structure or complex convergence.  Low inbreeding 

levels for cows in this group may also have contributed to this phenomenon. In the first parity, 

the differences were less severe while in the second parity cows, the expected probabilities were 

only slightly larger. A mother with 40% inbreeding would have projected occurrence of 

offspring mortality around 20.5% with a male calf, but only 15.5% with a female calf. 

Magnitude  of risk that a newborn calf dies was calculated to be substantially smaller in highly 

inbred mothers on second parity. Expected deaths would be only 8.5% for male offspring and 

7.0% for female progeny. Estimates for parity 3 were drastically reduced to around 3%. These 

estimates need to be treated with some caution. Effects of inbreeding on mortality would likely 

be smaller, compared to parity 2 cows, but the difference would not be as large as we found in 

the present study.  

 

A change in probability of calf survival per 1% of mother’s inbreeding follows a similar 

pattern we found in the marginal expected probabilities for all levels of inbreeding. The greatest 

inbreeding depression of 0.25% was detected in births of male calves born to young cows. Only 

a little smaller inbreeding effects of 0.20% were observed in female births from first parity cows. 

Consequences in parities 2 and 3 were considerably smaller: only 0.04-0.05% per 1% F. 

Estimates of average change in probability of calf deaths in parity 3 was extremely small, and 

possibly strongly underestimated. A slightly reduced value, but still in proximity to that of parity 

two mothers would be anticipated in the oldest cows. Putative reasons for the decreased 

estimates in parity  3 cows were already discussed.  

 

Differences in expected probabilities of offspring mortality between male and female 

calves were smaller than those we observed in dystocia. Relative importance of additive gene 

effects and also of inbreeding expectedly will be greater in dystocia than in calf survival. Effect 

of parity, however, seems to be very important, especially for comparisons between heifers and 

second parity cows. Impact of inbreeding combined with maternal age beyond point of maturity 

nonetheless appears to be insignificant in determining calf survival. The relevance of specific 

data for estimation of inbreeding depression in this traits is hence confirmed. For this reason, 
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reliable estimates of probabilities of calf survival should be obtained from more data in 3rd or 

later parity cows to verify probabilities shown in the present study. 
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3.5. Conclusions 

MTGSAM programs were implemented to provide estimates of inbreeding depression, 

fixed and random effects on the underlying liability scale for calving difficulty and calf mortality 

in registered Holstein cows by three age groups. Estimates were later converted to expected 

probabilities  of  dystocia  and calf mortality for dam age by calf sex subgroups. Before analyses, 

both traits were dichotomized to facilitate convergence of Gibbs chains. Attainment of 

convergence was the easiest to obtain when calving difficulty and calf mortality were analyzed 

for cows in parities 1 or 2. In 3rd parity cows, additional samples in Gibbs chains had to be 

generated and more stringent thinning applied to provide a sufficient number of independent 

samples. Extremely low frequencies and unbalanced structure of the data in later parities were 

apparently the cause of problems with convergence, higher requirements for number of Gibbs 

samples, computing time and disk storage. These factors provide boundaries to wide 

implementation of threshold model as applied in MTGSAM programs on low frequency binary 

traits. 

Inbreeding in mothers appears to be more important in explaining calving difficulty 

relative to calf mortality. With the present average degree of inbreeding, the expected impact on 

phenotypic performance in both traits was not necessarily higher, but it could increase if the 

existing inbreeding trend continues. Under such condition of high inbreeding, primarily dystocia 

would be affected by inbreeding.  Influences of inbreeding were found to be substantially 

variable with cow parity and calf sex, especially in the subset of youngest cows. Importance of 

inbreeding effects in mature cows for both traits was sharply reduced (Thompson et al., 2000ab).  

 

Although the present conclusions were consistent with previous studies of inbreeding 

effects on production traits and analyses of categorical traits, several fundamental points should 

be emphasized. The method of Gibbs sampling, as applied in MTGSAM programs, accounted 

only for linear relationships between inbreeding and phenotypic performance. Such a procedure 

could be more appropriate within range of inbreeding coefficients where linear relationship can 

serve as a reasonable approximation. The estimates of expected probability from this research 
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were obtained using data which were collected in early periods and had therefore a 

comparatively small average inbreeding. Furthermore, available pedigrees and proportion of 

registered cows in individual herds determined structure of the data, the methods by which data 

were sampled, and therefore may have influenced the results. Cumulative effects of inbreeding 

and estimates from data with higher average inbreeding and from investigations of more recently 

gathered records can be recommended. Additionally, appropriateness of models that only contain 

inbreeding in the linear form should be investigated, because large scale population studies are 

likely to contain records from animals with wide range inbreeding coefficients.    
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Table 1. Distribution of scores for calving difficulty in registered Holsteins by parity. 
 
 

 Parity 1 
 Male Female 

Score N % N % 
1a 14360 60.79 17634 73.50
2b 2848 12.06 11.63

2437 
3.35 

326 
 

2791 
3c 3696 15.65 10.16
4d 1756 7.43 804 
5e 963 4.08 1.36 
    
 Parity 2 

Female 
 N N 

27226 83.08 26548
2b 2317 7.07 1673 5.62 
3

0.95 
148 

c 1978 6.04 1091 3.67 
4d 774 2.36 284 
5e 475 1.45 0.50 
     
 Parity 3 or greater 

Female 
 N % N % 

1a 47916 45944 89.39
2b 3641 6.43 2799 5.45 

1113 1.96 450 0.88 
291 

3c 3311 5.84 1913 3.72 
4d 
5e 676 1.19 0.57 

 Male 
% % 

1a 89.25

 Male 

84.57

 

 

a No problem. 
b Slight problem. 
c Needed assistance. 
d Considerable force. 
e Extreme difficulty. 
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Table 2. Distribution of calving difficulty scores in grade Holsteins by parity. 
 
 

 Parity 1 
 Male Female 

Score N % N % 
1a 37765 67.26 43743 78.80
2b 5341 9.33 4656 8.39 
3c 7654 13.63 4903 8.83 
4d 3620 6.35 1509 2.72 
5e 1867 3.33 701 1.26 
     
 Parity 2 
 Male Female 
 N % N % 

1a 57193 86.79 54301 92.41
2b 3483 5.29 2185 3.72 
3

   
 Parity 3 or greater 

c 3342 5.07 1633 2.78 
4d 1219 1.85 416 0.71 
5e 661 1.00 224 0.38 
  

 
88.11 79301 92.26

2b 4764 4.87 3267 3.80 
3c 4512 4.61 2437 2.84 
4d 1486 1.52 605 0.70 
5e 869 0.89 346 0.40 

 Male Female 
N % N % 

1a 86221

 
a No problem. 
b Slight problem. 
c Needed assistance. 
d Considerable force. 
e Extreme difficulty. 
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Table 3. Distribution of original scores of calf mortality data in Holsteins. 
 
 

Score Registered Grade All 

1a 202697 92.90 390465 92.94 593162 92.93 
b 11741 5.38 22597 5.38 34338 5.38 

3c 3745 1.72 7062 1.68 10807 1.69 
All 218183 420124 100.0 638307 100.0 

 N % N % N % 

2

100.0 
 

 

a  Calf alive. 
b  Calf dead at birth. 
c   Calf died by 48 hours. 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Tables       Chapter 3 151



 

Table 4. Relative frequencies of calving difficulty (dystocia) and calf mortality in 
Holsteins by calf sex and registry status.   
 
 

Grade Holstein Registered Holstein All Holstein Cattle 
Calf Sex Calf Sex Calf Sex 

 

All M F 
11.47 

All M F All M F 
Dystociaa (%) 9.05 6.37 10.03 13.04 7.37 9.48 12.01 6.72 
Calf deaths (%)  7.06 7.77 6.29 

1.85 
7.10 7.71 6.45 7.07 7.75 6.36 

Dystociaab and  
calf deaths (%) 

2.48 3.16 1.72 2.65 3.40 2.54 3.24 1.77 

 

 

 
 
 
 
 

a  Categories 3-5 on the calving difficulty scoring scale were considered difficult. 
b   Chi-square test rejected null hypothesis of independence between dystocia  
   and calf mortality (p<0.01).  
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Table 5. Expected probabilities of difficult calving for male or female calf births and 
cow’s parity as affected by varying levels of maternal inbreeding.  
 
 
 Parity 1 Parity 2 Parity 3 
 Male Female Male Female Male Female 
N 14551 14082 15903 14305 7543 6794 
% dystociaa 28.44 16.03 11.38 5.91 10.84 6.27 

 

19.152 11.032 
      

Expected change of probability (%):  

0.202 

Average F (%) 3.23 2.93 2.59 
      
Expected probability (%) for mothers with:    
0% F  28.325 13.229 10.763 4.806 11.064 5.755 
3% F  29.475 13.963 11.255 5.073 11.569 6.065 
40% F  45.043 25.240 18.658 9.420 
 

   
Per 0-40% F  16.718 12.010 7.894 4.614 8.088 5.276 
Per 1% F  0.417 0.300 0.197 0.115 0.131 

 

 
 
 
 
 

 

 a  Observed proportion of difficult calvings from respective datasets. 
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Table 6. Expected probabilities of calf mortality by 48 hours for male or female calf births 
and cow’s parity as affected by varying levels of maternal inbreeding.  
 
 Parity 1 Parity 2 Parity 3 
 Male  Female Male  Female  Male  Female  
N 14675 14187 16465 14784 7724 6942 
% calf deathsa 13.36 10.09 6.65 

2.62 

 

  

5.45 6.47 6.14 
Average F (%) 3.24 2.92 
      
Expected probability (%) for mothers with:   
0% F  10.442 7.357 6.668 5.398 2.929 2.692 
3% F  11.043 7.821 6.799 5.508 2.945 2.708 
40% F  20.522 15.479 8.574 7.024 3.153 2.901 
     
Expected change of probability (%):     
Per 0-40% F  10.079 8.122 1.905 1.626 0.223 0.208 
Per 1% F  0.252 0.203 0.047 0.040 0.005 0.005 

 
a  Observed proportion of calf mortality from respective datasets. 
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Figure 1. Expected probabilities for occurrence of difficult calving for male calves born to cows 
in parities 1 to 3 relative to level of maternal inbreeding from 0 to 40%. 
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Figure 2. Expected probabilities for occurrence of difficult calving for female calves born to 
cows in parities 1 to 3 relative to level of maternal inbreeding from 0 to 40%. 
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Figure 3. Expected probabilities for occurrence of calf mortality for male calves born to cows in 
parities 1 to 3 relative to level of maternal inbreeding from 0 to 40%. 
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Figure 4. Expected probabilities for occurrence of calf mortality by 48 hours for female calves 
born to cows in parities 1 to 3 relative to level of maternal inbreeding from 0 to 40%. 
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