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ABSTRACT: The objective was to compare prediction 
ability of models in which the phenotypic expression of age 
at the first calving (AFC) was considered to be censored 
and uncensored. AFC was analyzed as following: 
Uncensored animals (LM); Penalization of 21 days (PLM); 
Censored records simulated from truncated normal 
distributions (CLM); Threshold-linear model in which 
censored records were handled as missing (TLM) or coded 
as the upper AFC value within contemporary group 
(PTLM); and Weibull frailty hazard model (WM). Pearson 
correlations (r), the percentage of best bulls in common 
(TOP10%), and a cross validation scheme were performed. 
Heritability estimates were 0.18, 0.12, 0.12, 0.17, 0.14, and 
0.07 for LM, PLM, CLM, TLM, PTLM, and WM, 
respectively. TOP10% and r were higher among linear 
models and smaller between these models and WM.WM 
produced the best prediction ability, and could be then 
recommended to perform the genetic evaluation of AFC. 
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Introduction 
 

Reproductive efficiency is one of the main 
selection goals in beef cattle due to its high economic 
impact in beef production systems. Some advantages of 
increasing heifers reproductive precocity are faster return 
on investment, increment in cow lifetime production, and 
increased number of weaned calves (Short et al. (1994)). 
Aiming genetic improvement of reproductive efficiency, 
Nellore cattle has been selected for age at first calving 
(AFC). 

 
In typical genetic evaluation for AFC, often some 

heifers have missing records due to reproductive failure, as 
well as due to voluntary and involuntary culling, which are 
performed before the breeding season. These partially or 
unobserved phenotypes are known as censored records. 
According to Guo et al. (2001), properly accounting for 
censored records in genetic analysis could avoid distorted 
inferences and better genetic breeding value predictions.  

 
Several methods have been proposed to cope with 

censoring in genetic evaluations of reproductive traits. One 
alternative is to add a penalty to censored records and 
consider them as the true phenotype (Johnston and Bunter 
(1996)). Another approach is to sample values for right-
censored records from truncated normal distributions (Guo 
et al. (2001)). Other alternative is to apply a linear-
threshold model, which has as input the continuous 
reproductive measure and a censoring status binary trait 
(Arnason (1999)). In addition, frailty survival models have 
been applied to fertility traits genetic evaluations (Ducrocq 
and Casella (1996)). 

 

 
The objectives of this study were to compare 

genetic parameter estimations and prediction ability of 
models in which the phenotype information of age at first 
calving was handled as uncensored and censored. 

 
Materials and Methods 

 
Data. Data were provided by Nellore Alianca, 

which combines records from several Nellore beef cattle 
genetic breeding programs. Reproductive records of 
animals born from 1993 to 2007, in 171 farms located in 
south-east and middle-west of Brazil, were considered in 
the study. In these farms, female reproductive management 
is based on two breeding seasons: Fall season, in which 
only heifers that are 15 to 17 mo of age have the 
opportunity to be bred; and Summer season, wherein cows 
and heifers, which did not get pregnant in the first breeding 
season, are bred. Cows and heifers that did not conceive at 
summer season are culled. Contemporary groups (CG) were 
defined by the combination of farm, month, and year of 
birth, farm and management group at weaning, and farm 
and management group at long-yearling. The CG with less 
than 10 animals with uncensored records and heifers with 
AFC larger than 40 mo were excluded from the analysis. 
Females without phenotypic information received as 
censored record the biggest CG value of AFC or the upper 
AFC by CG plus a penalty of 21 days. The detailed data 
structure is shown in Table 1. 

 
Table 1. Descriptive summary of the data set used in the 
analysis of age at first calving. 

Records Censored Uncensored 
Number 13,034 22,045 
Minimum   25.81   22.68 
Maximum   39.98   39.98 
Mean   37.25   34.23 
Standard deviation    2.20    3.56 
Contemporary Groups 
Number of groups 1,107 
Minimum of censored records        0 
Maximum of censored records      74 
Minimum of uncensored records      10 
Maximum of uncensored records      98 
Pedigree 
Generations 
Sires 
Animals 

        5 
  1,160 
73,874 

 
Statistical models. Age at first calving was 

analyzed using six models, which deal with censoring in 
different ways.  

 



Gaussian linear model (LM). In this approach all 
censored records were excluded from the data set. The 
effects modelled were contemporary groups and animal, 
which was assumed  𝑢~𝑁(0,𝐴𝜎𝑢2), where 𝐴 and 𝜎𝑢2 are the 
numerator relationship matrix and genetic variance, 
respectively. 

 
Gaussian linear model with penalty (PLM). This 

model was similar to LM, except that all females were used 
in analysis and censored records were defined as the upper 
AFC by CG plus a penalty of 21 days.  

 
Right-censored linear Gaussian model (CLM). 

Data augmentation was applied to deal with right censored 
records, which were sampled in each step of Gibbs 
sampling using a truncated normal distribution. The 
truncation point of each censored female was assumed as 
the upper AFC by CG. Threshold-linear model (TLM). A 
binary censoring status was used as a correlated trait to 
AFC. Therefore, a threshold model for censoring status and 
a linear Gaussian model for AFC were adopted, where 
censored information were assumed as missing record.  

 
Penalized threshold-linear model (PTLM). This 

model was similar to TLM, however censored animals 
received as phenotypic information the upper AFC within 
GC. 

Weibull proportional hazard model (WM). Sire 
frailty Weibull hazard function model was fitted using the 
following explanatory variables: i) Time-independent fixed 
effect of contemporary group; ii) Time-dependent effect of 
period, which classes will be explained below; iii) Time-
independent sire effect, which was assumed to follow a 
multinormal distribution with mean zero and variance 𝑆𝜎𝑢2, 
where 𝑆 and 𝜎𝑢2  are the sire numerator relationship matrix 
and sire variance, respectively. The variance component 
estimated was multiplied by four and fixed to predict 
breeding values in animal model, in which time-
independent effect of animal was assumed as random 
effect. The assessment of the adequacy of Weibull hazard 
function was performed graphically by plotting log(AFC) 
vs log(-log(S(AFC))) (Figure 1), where log is the natural 
logarithm, S(AFC) is the Kaplan-Meyer survival function 
estimation, and AFC was expressed in days. In Figure 1,  

 

 
Figure 1. Graphical assessment of the Weibull hazard function 
adequacy for age at first calving. Vertical lines delimit the tree 
periods considered, which are from 0 to 29.61, between 29.62 
and 33.01, and more than 33.01 months. 

linearity was not observed in the whole period, however 
there were three periods in which linearity could be 
approximated and within each of these periods the 
assumption of Weibull model could be reasonable. 

 
Analysis. Variance components and breeding 

values were inferred using the software GIBBS1F90, 
GIBBS2CEN and THRGIBBS1F90, respectively, for LM 
and PLM, CLM, and TLM and PTLM. The Survival Kit 
was applied in WM analysis. Three chains of 150,000 
iterations with distinct initial values for variance 
components, which corresponded to heritabilities equal to 
0.10, 0.40, and 0.80, were ran in those analysis that Gibbs 
sampling was applied. Graphical inspection and Brooks, 
Gelman and Rubin, and Heldelberger and Welch tests were 
performed using the coda package of R program. After 
convergence analysis, a single chain was used for inference 
after discarding of 15,000 samples as burn-in. 

 
Model comparison. Pearson correlations (r) and 

the percentage of bulls in common, considering only 10% 
of sires with the highest breeding values (TOP10%), were 
calculated to compare the alternative methodologies in 
breeding value prediction. Moreover, predictive ability of 
models were assessed by 10 repetitions of a cross validation 
scheme. The data set was divided into training and 
validation in which 80 and 20% of animals were randomly 
allocated, respectively. Variance component estimates were 
fixed for breeding value prediction in the training set. 𝜒2  
statistic was applied to evaluate model prediction ability in 
terms of expected and observed fertility events of daughters 
of sires with at least 10 uncensored progenies in the whole 
data. Therefore, AFC was divided into two classes: 
uncensored and censored females. Then, daughter 
probabilities for AFC in each category were estimated using 
logistic regression of daughter frequencies on sire expected 
progeny difference (EPD) from training set. The estimated 
probabilities were used to predict frequency of censored 
and uncensored progenies in the testing data. Finally, the 
sum of χ2  over sires for two fertility events was computed 
as following: χ2=∑ ∑ �Oij-Eij�

2

Eij

2
j=1

ns
i=1 , where ns is the number of 

sires; 𝑂𝑖 𝑗  and 𝐸𝑖 𝑗  represents the observed and expected 
number of daughters in each category, respectively. 

 
 

Results and Discussion 
 

Heritability estimates ( h�
2 ) obtained using linear 

models (Table 2), were in accordance with previous reports 
for Nellore breed, which varied from 0.07 to 0.27 
(Mercadante et al. (2000); Boligon et al. (2008); Silva et al. 
(2010)). Heritability estimates using LM and TLM were 
greater than those from PLM, CLM, and PTLM. Guo et al. 
(2001), working with lifetime prolificacy and productive 
life in sows, reported heritabilities for LM higher than those 
estimated with CLM. On the other hand, PLM, CLM, and 
PTLM showed similar h�

2 . Likewise, Donoghue et al. 
(2004), studying days to calving (DC), and Silva et al. 
(2010), working with AFC, reported similar heritability 
estimates with PLM and CLM. The WM heritability 



estimate was lower than described by Pereira et al. (2007), 
which was 0.51. However, these authors used data only 
from the fall breeding season and higher genetic variability 
has been observed when reproductive precocity is studied in 
this period (Eler et al. (2004)).  

 
 
Table 2. Posterior means and standard deviations, in 
parentheses, of heritability for age at first calving using 
different models†. 

LM PLM CLM TLM PTLM WM 
0.18 0.12 0.12 0.17 0.14 0.07 

(0.02) (0.01) (0.02) (0.02) (0.01) (0.02) 
†LM: Gaussian linear model; PLM: penalized Gaussian linear model; 
CLM: censored Gaussian linear model; TLM: threshold-linear model; 
PTLM: penalized threshold-linear model; WM: Weibull proportional 
hazard model.  

 
Pearson correlations were higher among 

predictions of linear models and small values were 
observed between linear models and frailty model breeding 
value predictions, when all bulls and sires with at least 10 
uncensored daughters were considered (Table 3). Donoghue 
et al. (2004) reported correlation estimates similar to this 
study for PLM and CLM predictions, however lower 
associations were observed between LM-PLM (0.77 and 
0.80) and LM-CLM (0.81 and 0.84). Hou et al. (2009), 
evaluating the interval between calving and first 
insemination and days open in dairy cattle, observed 
correlations close to 1 among PLM, CLM, and PTLM and 
estimates around -0.90 between these models and WM. 

 
Table 3. Pearson correlation between breeding value 
predictions (above dashed line) and Top 10% sires in 
common (below dashed line) from different models for 
all sires (above diagonal) and the sires with at least 10 
daughters (below diagonal)†. 
Model‡ LM PLM CLM TLM PTLM WM 

LM  0.92 0.94 0.98 0.94 -0.74 
PLM 0.93  0.99 0.97 0.99 -0.92 
CLM 0.95 0.99  0.97 0.99 -0.90 
TLM 0.99 0.97 0.97  0.97 -0.87 

PTLM 0.95 0.99 0.99 0.97  -0.88 
WM -0.76 -0.92 -0.90 -0.82 -0.98  
LM  89.7 91.4 96.5 89.7 71.5 

PLM 86.1  97.4 92.2 96.5 81.0 
CLM 86.1 100.0  94.0 96.5 79.3 
TLM 97.2 88.9 88.9  92.2 74.1 

PTLM 86.1 94.4 94.4 88.9  78.4 
WM 60.4 80.6 80.6 72.2 77.8  

†1,160 and 365 sires; ‡ LM: Gaussian linear model; PLM: penalized 
Gaussian linear model; CLM: censored Gaussian linear model; TLM: 
threshold-linear model; PTLM: penalized threshold-linear model; WM: 
Weibull proportional hazard model.  

 
Coincidence in sire ranking (Table 3) showed the 

same pattern as observed for Pearson correlations of 
breeding value predictions, which were higher among linear 
models. Donoghue et al. (2004) reported smaller rank 
changes between PLM and CLM, similarly, Hou et al. 
(2009) found high coincidence of TOP10 bulls when 
breeding values were predicted using PLM, CLM and 

PTLM. On the other hand, Pereira et al. (2007) reported 
high agreement in TOP10% using CLM and WM. 

The lowest χ2 mean and the highest number of 
repetitions in which a model had the smallest value of this 
statistic were observed for WM (Table 4). The PLM and 
TLM showed, respectively, the second and third χ2 mean 
and obtained the best prediction ability in 1 and 2 
repetitions. The models PTLM, LM, and CLM did not have 
the smallest χ2  in none of the 10 validation sets and mean of 
this statistic which classified them as fourth, fifth, and sixth 
models, respectively, in terms of prediction ability. 
Gonzalez-Recio et al. (2006) reported similar results, 
evaluating days open in dairy cattle, once they observed the 
better predictive ability for MW in relation to LM and 
CLM. 

 
Table 4. 𝝌𝟐 mean, efficiency, and number of repetitions 
in which different models showed the best prediction 
ability (𝝌𝒓𝒆𝒑𝟐 ). 

Model† 𝜒2  mean Efficiency 𝜒𝑟𝑒𝑝2  
LM 715.429 1.034 0 

PLM 698.433 1.009 1 
CLM 759.869 1.098 0 
TLM 705.183 1.019 2 

PTLM 705.672 1.020 0 
WM 691.954 1.000 7 

†LM: Gaussian linear model; PLM: penalized Gaussian linear model; 
CLM: censored Gaussian linear model; TLM: threshold-linear model; 
PTLM: penalized threshold-linear model; WM: Weibull proportional 
hazard model.  

 
 

Conclusion 
 
Heritability estimates were lower when censored 

records were included in the analysis. Moreover, the model 
in which records were handled using the survival analysis 
methodology showed the best predictive ability. Therefore, 
the Weibull proportional hazard model would be 
recommend to genetic evaluation of age at first calving in 
this population. 
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