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Introduction 
The presence of dark fibers in white wool limits the flexibility of end-use, causing severe 
economic losses (Fleet et al. (2008)).  In Corriedale sheep, even tops produced following a 
strict protocol aimed at minimizing dark fiber contamination (especially urine stain and 
faeces), show a high occurrence of pigmented fibers, these probably having a genetic 
background (Mendoza et al. (2001)).  
 
Direct selection against dark fibers is expensive and cumbersome. An alternative is to use 
indirect selection via correlated traits, such as the number of black spots. Several 
distributions can be used to model the presence (BINBS) and number (NUMBS) of black 
spots. For binary outcomes such as BINBS, the Bernoulli distribution, parameterized either 
using a probit or logit link, is a natural approach; however, and in spite of the binary nature 
of BINBS a linear model could also be used. For NUMBS the Poisson, linear and ordinal 
threshold models are some possible choices.  
 
The objective of this study was to asses alternative models for genetic analysis of BINBS 
(Probit and linear) and NUMBS (Poisson and linear). Parameter estimates, goodness of fit 
and predictions of random effects from each of these models were end-points. 

Material and Methods 
Data. The data consisted of 5,624 records of number of black spots in the fleece area from 
2,839 animals. Records were collected by close inspection at shearing over seven years 
(2002-2008) from two experimental flocks, connected genetically through common rams. A 
pedigree file including 3,792 animals was also available.  
 
Statistical Models. Two traits were studied: number (NUMBS) and presence (BINBS) of 
black spots in the fleece area, and four models were considered: linear and Poisson for 
NUMBS and linear and Probit for BINBS. The following linear predictor was common to all 
models, i j k lijkl o FY Ag a peη β= + + + + , where ijklη is a function of the expected NUMBS or 
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BINBS in the fleece area of the ijk th animal; oβ is an intercept; iFY is the fixed effect of the 

ith flock-year (i = 1, 2,…, 14); jAg is the fixed effect of the j th class of age at shearing, in 

years (j = 1, 2,…, 6); ka is the additive effect of the kth animal (k = 1, 2,…, 3792) and lpe is 

the permanent environmental effect of the lth animal having records (l = 1, 2, …, 2839). 
 
Probit Model. BINBS was analyzed with a mixed effects Probit model (Gianola and Foulley 
(1983)). This model describes the observable outcome (BINBS) using an underlying linear 
model, 

mijkljklm z+=ηξ , where mz  are independent and identically distributed (IID) standard 

normal random variables. The classification rule is { } otherwise 0 ; 0 if 1 >= ijklmBINBS ξ . 

Therefore, the conditional probability of presence of a black spot is 

( ) ( ) ( )1  0  ijklm ijkl ijklm ijkl ijklP BINBS Pη ξ η η= = > = Φ , where Φ(.) is the standard normal 

cumulative distribution function.  
 
Poisson Model. A mixed effects Poisson model, with an additional random residual term at 
the regression level, was fitted to NUMBS. In the Poisson model a single parameter, λ , 
represents the expectation and variance; the introduction of a residual term allows modeling 
individual differences and accommodates overdispersion; a feature that may arise in 
NUMBS (see Naya et al. (2008), for a comparison of Poisson models with and without 
residual for NUMBS). The mixed Poisson model assumed that NUMBS in the fleece area, 
given the fixed and random effects, followed a Poisson distribution with parameter ijklmλ . 

Here, ( )log ijklm ijkl ijklmeλ η= + , where the residuals were IID, all 2~ (0, )ijklm ee N σ .  

 
Linear Model. Linear mixed models were fitted to BINBS and NUMBS. Linear models are 
obtained by adding to the linear predictor a Gaussian residual, that is, mijklijklmy εη +=  

where ijklmy is either ijklmBINBS or ijklmNUMBS , and mε  are IID, all ( )2,0~ εσε Nm . 

 
Implementation. All models were implemented in a Bayesian framework using a Gibbs 
sampler. For the Poisson and linear models, samples were obtained using the MCMCglmm 
package (Hadfield (2010)); for the Probit model, the thrgibbs1f90 software (Shogo Tsuruta, 
University of Georgia, USA) was used. Inferences for each of the models were based on 
800,000 samples after a burn-in of 200,000. A thinning interval of 200 was used. The method 
of Raftery and Lewis (Raftery and Lewis (1992)) and visual inspection of trace plots were 
used to assess convergence of the MCMC runs. 
 
Model Comparison. Goodness of fit of each of the models was assessed by computing the 

mean squared error statistic, ( )21 ˆijklm ijkl
ijklm

MSE n y y−= −∑ , where ˆijkly  is the conditional 

expectation function evaluated at the posterior mean of model unknowns,ijklmy  is the 

corresponding value of the response (either BINBS or NUMBS) and n is the number of 
observations. Pearson’s correlation (COR) between ˆ ijkly  and ijklmy was also obtained. 



 

 

 

Results and Discussion 
The posterior mean and quantiles (0.025 and 0.975) of heritability and repeatiblity under 
each model are displayed in Table 1. Genetic parameters estimated with each model vary in 
the scale (log, liability and observable scale for Poisson, Probit and linear models, 
respectively). Heritability estimates were low to moderate for BINBS (0.154 and 0.230 for 
the linear and Probit models, respectively) and moderate to high for NUMBS (0.269 and 
0.474 for linear and Poisson models, respectively). Heritability estimates were markedly 
larger than those reported by Enns and Nicoll (2002) in Romney sheep. These authors 
analyzed the occurrence of black wool spots at weaning (BWSw) and at yearling age 
(BWSy), and their largest heritability estimates were 0.070and 0.072 (0.014) for BWSw and 
BWSy, respectively. Naya et al. (2008) reported posterior median estimates of heritability 
for NUMBS of 0.246 and 0.166, for zero inflated Poisson and Poisson, models respectively; 
however, the distribution was very skewed due to the few rams used.  
 
Repeatability estimates were moderate for BINBS (0.341 and 0.495 for linear and Probit 
model, respectively) and moderate to high for NUMBS (0.351 and 0.747 for linear and 
Poisson model, respectively). To our account this is the first study to report estimates of 
repeatability for these traits. 
 
Table 1. Estimates of posterior mean and quantiles (0.025, 0.975) of heritability (h2) and 
repeatiblity (R) by response (presence or absence of black spots, BINBS, and number of 
black spots, NUMBS) and model (Linear, Probit and Poisson). 
 
  BINBS  NUMBS 
  Linear  Probit  Linear  Poisson 

2h   0.154 
(0.122, 0.189) 

 0.230 
(0.150, 0.316) 

 0.269 
(0.218, 0.313) 

 0.474 
(0.354, 0.587) 

R   0.341 
(0.309, 0.375) 

 0.495 
(0.442, 0.546) 

 0.351 
(0.322, 0.379) 

 0.747 
(0.714, 0.778) 

 
Both genetic parameters were estimated with a reasonable precision. Reliable parameter 
estimates are needed for defining a breeding strategy for these traits. The magnitude of the 
estimates of heritability suggests an important scope for genetic selection. Moreover, the 
magnitude of the estimates of repeatability suggests that one record is enough to make 
accurate selection decisions. 
 
The mean squared error (MSE) and the correlation (COR) between observed and fitted 
values are displayed in Table 2. In models having BINBS as response the Probit model 
outperformed the linear model slightly in terms of MSE (0.088 versus 0.097 for Probit and 
linear, respectively). However, both models had similar correlation between fitted and 
observed values (0.80 and 0.79). In models having NUMBS as response variable, the Poisson 
model fitted the data much better than the linear model; this was both in terms of MSE and 
COR (13.88 versus 19.24 and 0.86 versus 0.81, respectively).  
 



 

 

 

Fitting a Poisson model with a residual term allowed capturing overdispersion, typical from 
count data, resulting in much better performance than the Poisson model without such 
residual (Naya et al. (2008)) or the linear model.  
 
Table 2. Mean squared error (MSE) and correlation (COR) between observed and fitted 
values by response (presence or absence of black spots, BINBS, and number of black spots, 
NUMBS) and model. 
 
  BINBS  NUMBS 
  Linear  Probit  Linear  Poisson 
MSE  0.097  0.088  19.24  13.88 
COR  0.79  0.80  0.81  0.86 
 
From a breeder’s perspective, a central question is whether predictions of genetic values 
from these models yield different breeding decisions. The Spearman rank correlations 
between rams’ estimated breeding values were: 0.986 between models having BINBS as 
response, 0.889 between Poisson and linear model for BINS and 0.901 between Poisson and 
Probit models. Therefore, despite having different response variables, predictions of rams' 
breeding values from Poisson model were highly correlated with those obtained from models 
using BINBS as response. For NUMBS, the linear model fitted the data poorly and had lower 
correlation between rams’ estimated breeding values from this model and those from other 
models: 0.341 and 0.391, with linear and Probit models for BINBS and 0.510 with Poisson. 

Conclusions 
Presence and number of black spots in Corriedale sheep seem to be moderately heritable 
traits. For BINBS, differences between models were small in terms of goodness of fit and 
predictions of breeding values. For NUMBS, fitting a Poisson model with a residual allowed 
capturing overdispersion, resulting in much better performance than a linear model. 
Predictions of breeding values with the Poisson model were more correlated with those 
obtained from models having BINS as a response than with those from a linear model having 
NUMBS as a response. Probit or linear models for BINBS and Poisson model with residual 
for NUMBS seem a reasonable choice for genetic selection purposes in Corriedale sheep. 
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