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Introduction

The presence of dark fibres 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 mini-

mizing dark fibre contamination (especially urine

stain and faeces) show a high occurrence of pig-

mented black fibres, these probably having a genetic

background (Mendoza et al. 2001).

While genetic selection should ideally focus on

reducing the amount of pigmented fibres in Corrie-

dale wool, direct selection against presence of pig-

mented fibres is expensive and cumbersome,

because it requires elaborate laboratory techniques

for measuring the fleece of each animal. An alterna-

tive approach is the use of indirect selection via cor-

related traits. The number of black skin spots in the

fleece area of the animals may be a useful indicator

trait, for several reasons. First, preliminary results

suggest that the presence of black spots is a moder-

ately heritable trait and that it has a positive genetic

correlation with the presence of pigmented fibres in

the fleece (Urioste et al. 2008a). Second, spot scoring
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Summary

Black skin spots are associated with pigmented fibres in wool, an impor-

tant quality fault. Our objective was to assess alternative models for

genetic analysis of presence (BINBS) and number (NUMBS) of black

spots in Corriedale sheep. During 2002–08, 5624 records from 2839

animals in two flocks, aged 1 through 6 years, were taken at shearing.

Four models were considered: linear and probit for BINBS and linear and

Poisson for NUMBS. All models included flock-year and age as fixed

effects and animal and permanent environmental as random effects.

Models were fitted to the whole data set and were also compared based

on their predictive ability in cross-validation. Estimates of heritability

ranged from 0.154 to 0.230 for BINBS and 0.269 to 0.474 for NUMBS.

For BINBS, the probit model fitted slightly better to the data than the lin-

ear model. Predictions of random effects from these models were highly

correlated, and both models exhibited similar predictive ability. For

NUMBS, the Poisson model, with a residual term to account for overdi-

spersion, performed better than the linear model in goodness of fit and

predictive ability. Predictions of random effects from the Poisson model

were more strongly correlated with those from BINBS models than those

from the linear model. Overall, the use of probit or linear models for

BINBS and of a Poisson model with a residual for NUMBS seems a

reasonable choice for genetic selection purposes in Corriedale sheep.
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is less subjective than for other candidate measures

such as the percentage of spot area with pigmented

fibres (Fleet & Forrest 1984; Fleet & Lush 1997).

Third, spots can be assessed easily and quickly, and a

nation-wide recording system would be straightfor-

ward to implement.

Previous studies in Romney sheep (Enns & Nicoll

2002) have addressed the occurrence of black wool

spots at weaning and at yearling age. These authors

used a threshold model for a binary response variable

(defined as presence or absence of pigmented spots),

and their largest heritability estimates were 0.070

(0.018) and 0.072 (0.014) for black wool spots at

weaning and yearling, respectively. However, defin-

ing the trait as presence or absence of black spots

(BINBS) may involve an important loss of informa-

tion, because the number of black spots (NUMBS)

and the fleece area covered by them may vary

greatly between animals. In this study, we considered

both BINBS and NUMBS as response variables.

Several probability models can be used for describ-

ing the presence or the number of black spots in

sheep. For binary outcomes such as BINBS, the Ber-

noulli distribution parameterized using either a

probit or a logit link is a natural approach. For count-

ing responses such as NUMBS, several alternatives

are available, e.g., Poisson, linear or ordinal threshold

models. Naya et al. (2008) compared the performance

of Poisson and zero-inflated Poisson (ZIP) models for

analysis of number of black spots in Corriedale sheep.

These authors also considered extensions of the stan-

dard Poisson and ZIP models obtained by including a

residual term at the regression level. Both Poisson

and ZIP models with a residual performed better than

their counterparts without such residual, and param-

eter estimates were similar for both models.

The objective of this study was to asses alternative

models for genetic analysis of BINBS (probit and lin-

ear) and NUMBS (Poisson and linear). Models were

compared based on their predictive ability assessed

using a three-fold cross-validation. Parameter esti-

mates, goodness of fit and predictions of random

effects from each of these models were also targeted

in the comparison.

Materials and methods

Data

Data consisted of 5624 records of number of black

spots in the fleece area from 2839 animals. Records

were collected by close inspection at shearing over

7 years (2002–08) from two experimental flocks

belonging to the Universidad de la República, Uru-

guay. Genetic ties were through two rams with

progeny in both flocks each year. The pedigree file

included 3792 animals.

Statistical models

Two traits were studied: presence (BINBS) and num-

ber (NUMBS) of black spots in the fleece area, and

different models were considered for each of these

traits: linear and probit for BINBS and linear and

Poisson for NUMBS. This section describes each of

these models. For ease of presentation, parameters

are denoted using a generic notation; however, in

the data analysis, all unknowns were response ⁄ mo-

del specific.

All models included a linear predictor, gijkl = bo +

FYi + Agj + ak + pel, where: gijkl is a function of the

expected NUMBS or BINBS in the fleece area of the

ijklth record; bo is an intercept; FYi is the fixed effect

of the ith flock-year class (i = 1, 2,…, 14); Agj is the

fixed effect of the jth class of age at shearing, in

years (j = 1, 2,…, 6); ak is the random additive

genetic effect of the kth animal (k = 1, 2,…, 3792)

and pel is the permanent environmental effect of the

lth animal with records (l = 1, 2, …, 2839).

Random effects were assumed to follow the multi-

variate normal distribution

a
pe

����r2
a ; r

2
pe

� �
� N 0;

Ar2
a 0

0 Ir2
pe

� �� �
;

where a and pe are the vectors of additive and per-

manent environmental effects, respectively; r2
a and

r2
pe are the additive genetic and permanent environ-

mental effect variances, respectively; A represents

the matrix of additive relationships between animals

in the pedigree (3792 · 3792) and I is an identity

matrix of order 2839. Animal and permanent envi-

ronmental effects were assumed to be independent

of residuals in the models.

Probit model for BINBS

The probit model (e.g., Gianola 1982; Gianola &

Foulley 1983) describes the observable outcome

(BINBS) using an underlying linear model, zijklm =

gijkl + em, where em are independent and identically

distributed standard normal random variables. The

classification rule is

BINBSijklm ¼ 1 if zijklm>0; 0 otherwise
� �

:

Therefore, the conditional probability of the presence

of a black spot is
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P BINBSijklm ¼ 1
��gijkl

	 

¼ U gijkl

	 

;

where F(.) is the standard normal cumulative distri-

bution function. Using this, the likelihood function

becomes

p BINBSjgf g ¼
Y
ijklm

U gijkl

	 
BINBSijklm

1� U gijkl

	 
h i1�BINBSijklm

;

where BINBS ¼ BINBSijklm

� �
and g ¼ fgijklg are vec-

tors of the binary outcomes and the linear predic-

tors, respectively.

Poisson model for NUMBS

The standard Poisson model is indexed by a single

parameter (k), which represents the expected value

and the variance of the random variable. The intro-

duction of a residual allows modelling individual

differences in propensity and accommodates over-

dispersion. The mixed Poisson model for NUMBS

assumed that the number of black spots in the fleece

area of an animal, given the fixed and random effects,

followed a Poisson distribution with parameter kijklm,

where log kijklm

� �
¼ gijkl þ eijklm, and eijklm are indepen-

dent and identically distributed as eijklm � Nð0; r2
eÞ.

Therefore, the likelihood function becomes

p NUMBSjkf g ¼
Y
ijklm

k
NUMBSijklm

ijklm exp �kijklm

n o
NUMBSijklm!

;

where NUMBS ¼ NUMBSijklm

� �
and k ¼ kijklm

� �
are

vectors of the counting outcomes and of parameters

of the Poisson model, respectively.

Linear model

Linear mixed models were fitted to BINBS and

NUMBS. Linear models are obtained by adding a

Gaussian residual to the linear predictor, that is,

yijklm = gijkl + eijklm where yijklm is either BINBSijklm or

NUMBSijklm, and eijklm are independent and identi-

cally distributed Gaussian random variables with null

mean and variance r2
e . The likelihood function for

each of these responses is

p BINBSjgf g ¼
Y
ijklm

N BINBSijklm

��gijkl; r
2
e

	 

and;

p NUMBSjgf g ¼
Y
ijklm

N NUMBSijklm

��gijkl; r
2
e

	 

; respectively:

Inference

All models were implemented in a Bayesian frame-

work. Following Bayes rule, the posterior density of

model unknowns is p h yjð Þ / p y hjð Þp hð Þ where h ¼
fb0; FY;Ag; a; pe; r2

a ; r
2
pe; r

2
eg is the collection of model

unknowns, p hð Þ is the joint prior distribution of h,

p yjhð Þ is the conditional distribution of the data

(a likelihood function when viewed as a function of

h) and p hjyð Þ is the posterior distribution of model

unknowns. The joint prior distribution of model

unknown was as follows

p hð Þ / p ajr2
a

� �
p pejr2

pe

	 

p r2

a

� �
p r2

pe

	 

p r2

e

� �
N aj0;Ar2

a

� �
N pej0; Ir2

pe

	 

v�2 r2

a

��df a; Sa

� �

v�2 � r2
pe

���df pe; Spe

	 

v�2 r2

e

��df e; Se

� �

where v�2ð: df.j ; S:Þ is a scaled inverse chi-square dis-

tribution with degrees of freedom df. and scale

parameter S.

Implementation

The fully conditional posterior distribution of these

models does not have a closed form; however, sam-

ples can be obtained using a Gibbs sampler (Soren-

sen & Gianola 2002).

For the Poisson and linear models, samples were

obtained using the MCMCglmm package (Hadfield

2010) that is available in the R language ⁄ environ-

ment (R Development Core Team 2009). Samples

from the posterior distribution of the probit models

were obtained using the thrgibbs1f90 software,

kindly provided by Shogo Tsuruta, University of

Georgia, USA.

Inferences for each of the models were based on

800 000 samples obtained after discarding 200 000

samples as burn in. A thinning interval of 200 was

used for computing features of the posterior distribu-

tion. Convergence diagnostics and statistical and

graphical analysis of Markov chain Monte Carlo

sampling output were carried out with the BOA

package (Smith 2007) of the R language ⁄ environ-

ment (R Development Core Team 2009). The

method of Raftery & Lewis (1992) and visual inspec-

tion of trace plots were used to assess convergence

of the MCMC output.

Genetic parameter estimates

In linear and Poisson models, heritability (h2) and

repeatability (r) can be evaluated in the observable

and log scale, respectively, using standard formulae:

h2 ¼ r2
a

r2
a þ r2

pe þ r2
e

; r ¼
r2

a þ r2
pe

r2
a þ r2

pe þ r2
e

:
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In the probit model, h2 and r can be evaluated at

the liability scale using the above formulae with

r2
e ¼ 1.

Model comparison

Goodness of fit of each of the models was assessed

by computing the mean-squared error statistic

(MSE),

MSE ¼ n�1
X
ijklm

yijklm � ŷijkl

� �2
;

where ŷijkl is the conditional expectation function

evaluated at the posterior mean of model unknowns,

yijklm is the corresponding value of the response (either

BINBS or NUMBS) and n is the number of observations.

The conditional expectation function of the linear,

probit and Poison models are ŷijkl ¼ ĝijkl, ŷijkl ¼ UðĝijklÞ
and ŷijkl ¼ expðĝijklÞ

R
expðeijklmÞ Nðeijklmj0; r̂2

eÞ @eijklm ¼
expðĝijkl þ 1

2 r̂2
eÞ, respectively.

In addition, Pearson’s correlation between ŷijkl and

yijklm was also obtained.

Model comparison also involved assessing Spear-

man rank correlations between predictions of ran-

dom effects obtained with different models. Random

effects were predicted using the estimated posterior

mean of those effects.

Predictive ability was evaluated using a three-fold

cross-validation (McCarthy 1976; Picard & Cook

1984). Data were split randomly into three disjoint

folds f = {1, 2, 3}, and the mean-squared predictive

error was defined as

MSEP ¼ n�1
X

f

X
ijklmð Þ2f

yijklm � ŷ
�f
ijklm

	 
2

;

where ŷ
�f
ijklm is a conditional expectation function

evaluated at the posterior mean of model unknowns

obtained when the data in fold f was excluded from

the analysis.

Results and discussion

Descriptive statistics

Fifty-eight percent of the animals had one record,

15% had two records, 12% had three records and

the rest had more than three records (up to six per

animal). Table 1 shows the percentage of animals

with black spots and the mean and standard devia-

tion of NUMBS per age at shearing. The percentage

of animals with black spots and the number of black

spots per animal increased markedly with age. Other

authors reported the same relationship between

black spots and age of the animal in the Merino and

Corriedale breeds (Fleet 1996, 2006; Urioste et al.

2008b). Fleet (2006) showed that twice yearly shear-

ing increased the development of pigmented spots

after 2 years of treatment. This result, with the age-

related trends observed here, is consistent with the

idea that exposure of the skin to ultraviolet light

(e.g., following shearing) increases the risk of devel-

oping black spots in the fleece area (Forrest & Fleet

1986).

Estimates of variance and genetic parameters

Estimates of the mean and quantiles (0.025 and

0.975) of the posterior distribution of variance com-

ponents and of genetic parameters under each model

are displayed in Table 2. In the linear models, vari-

ance parameters pertain to the observable scale, in

the Poisson model for NUMBS, variance components

describe variability in the log scale and in the probit

model, variance parameters are in the liability scale.

Thus, variance components are not directly compa-

rable between models. A more meaningful compari-

son can be based on ratios between variances

components, e.g., h2 and r. Heritability estimates

were low to moderate for presence of black spots

(0.154 and 0.230 for linear and probit models,

respectively) and moderate to high for number of

black spots (0.269 and 0.474 for linear and Poisson

models, respectively). Heritability estimates were

larger than those reported by Enns & Nicoll (2002)

in Romney sheep. This study only addressed the

presence of black wool spots at weaning and at year-

ling ages. Naya et al. (2008) reported estimates of the

posterior median of heritability for NUMBS of 0.246

and 0.166, for zero-inflated Poisson and Poisson

models, respectively; however, the distribution was

very skewed, presumably because of the few rams

used.

Repeatability estimates were moderate for BINBS

(0.341 and 0.495 for linear and probit models,

Table 1 Percentage of animals with black spots (BS), mean and stan-

dard deviation (SD) of number of black spots (NUMBS) by class of age

at shearing

Age (years)

1 2 3 4 5 6

Animal with BS (%) 33 56 71 76 83 93

Mean NUMBS 0.6 1.6 3.3 4.6 6.7 10.0

SD NUMBS 1.2 2.5 4.5 6.3 7.7 11.8
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respectively) and moderate to high for NUMBS

(0.351 and 0.747 for linear and Poisson models,

respectively). To our account, this is the first study

reporting estimates of repeatability for these traits.

Heritability and repeatability 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 repeat-

ability suggests that one record would suffice for

making accurate selection decisions.

Goodness of fit

Table 3 shows the MSE and the correlation (COR)

between observed and fitted values. For BINBS, the

probit model gave a slightly smaller MSE than the

linear model (0.088 versus 0.097 for probit and lin-

ear, respectively); however, the COR between

observed and fitted values was similar (0.80 and

0.79). For NUMBS, the Poisson model fitted the data

markedly better than the linear model both in terms

of MSE and COR (13.88 versus 19.24 and 0.86 ver-

sus 0.81, respectively). Fitting a Poisson model with

a residual term allowed capturing overdispersion, a

feature that may arise with count data, resulting in

much better performance than the Poisson model

without such residual (Naya et al. 2008) or the linear

model.

Prediction of random effects

From a breeder’s perspective, a central question is

whether predictions of genetic values from these

models yield different breeding decisions (i.e., the

extent of re-ranking).

The Spearman rank correlations between random

effect predictions (animal and permanent environ-

mental effects) across models are displayed in

Table 4. The correlations between predictions from

binary response models were the largest (0.984 and

0.986 for breeding values and permanent environ-

mental effects, respectively), whereas predictions

from the Poisson model were more correlated with

those of models for BINBS (between 0.832 and

0.805) than with predictions from the linear model

for the same trait (0.758 and 0.733). The correlations

between predictions from the linear model for

NUMBS and those from models for BINBS were the

lowest (between 0.501 and 0.415). Moreover, the

Spearman rank correlations between rams’ breeding

values were also obtained. The correlations were

0.986 between BINBS models and 0.510 between

NUMBS models. Across response variables, the cor-

relations were 0.889 and 0.901 between Poisson

model and BINBS models (linear model and probit

model, respectively) and only 0.341 and 0.391

between the linear model for NUMBS and linear

Table 2 Estimates of mean and quantiles

(0.025, 0.975) of the posterior distribution of

variance components and genetic parame-

ters 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

r2
a 0.029 (0.023, 0.037) 0.458 (0.291, 0.654) 10.13 (8.03, 12.11) 0.719 (0.523, 0.921)

r2
pe 0.036 (0.028, 0.043) 0.530 (0.338, 0.759) 3.09 (1.93, 4.57) 0.412 (0.254, 0.586)

r2
e 0.125 (0.119, 0.131) 1.000 24.42 (23.38, 25.51) 0.382 (0.341, 0.424)

h2 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)

r2
a , additive variance; r2

pe, permanent environmental variance; r2
e , residual variance; h2, heritabil-

ity; r, repeatability.

Table 3 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 (Linear,

Probit and Poisson)

BINBS NUMBS

Linear Probit Linear Poisson

MSE 0.097 0.088 19.24 13.88

COR 0.79 0.80 0.81 0.86

Table 4 Spearman rank correlations between predictions of random

effects (additive effects above diagonal, permanent environmental

effects below diagonal) obtained from different models (Linear, Probit

and Poisson) fitted to different response variables (presence or

absence of black spots, BINBS, and number of black spots, NUMBS)

Model

Linear

(BINBS) Probit

Linear

(NUMBS) Poisson

Linear (BINBS) 0.984 0.501 0.832

Probit 0.986 0.447 0.825

Linear (NUMBS) 0.415 0.437 0.758

Poisson 0.813 0.805 0.733
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and probit models for BINBS. Overall, the linear

model for NUMBS fitted the data poorly, and this

led to important differences in animal rankings

compared to the other models discussed.

Predictive ability in cross-validation

The mean-squared errors of prediction (MSEP) for

the three-fold cross-validation are shown in Table 5.

In addition to overall MSEP, we report MSEP by

number of records per animal available in the train-

ing set (N). Probit and linear models for BINBS

exhibited similar predictive ability. In models for

BINBS, MSEP decreased as N increased; this is

expected because, the amount of information avail-

able for predicting random effects increases as N

does. The highest MSEP was observed when there

were no records of the animal in the training fold

so prediction was entirely based on the pedigree

structure.

Using simulations, Meijering & Gianola (1985)

found that models for categorical data performed

better than the linear model only when heritability

was moderate to high and the incidence of the bin-

ary trait in the population was £10%. In our dataset,

33% of 1-year-old animals showed black spots and

the incidence of the trait increased markedly with

age. Therefore, our results are consistent with those

of reported by these authors. Failure of models for

categorical data to outperform linear models for

analysing discrete livestock data has been observed

in other empirical studies (e.g., Olesen et al. 1994;

Matos et al. 1997; Perez-Cabal et al. 2009; Vazquez

et al. 2009).

The sample variance of the counts of black spots

increased with the age of the animal (and therefore

with the numbers of records per animal, see

Table 1), and this has important consequences on

the results of MSEP for the NUMBS models. Overall,

the Poisson model had a better predictive ability

than the linear model. Unexpectedly, the smallest

MSEP was observed when N = 0. Most animals, with

only one record in the data set, are 1 year old and,

therefore, have the smallest counts of black spots

with the minimum variance. The highest MSEP was

observed for animals with more than two records;

these animals have higher counts of black spots, and

the variance of this variable increased markedly with

age. Other studies also compared the performance of

linear and classical Poisson models, in terms of good-

ness of fit and predictive ability, and obtained no

difference between these models (Perez-Enciso et al.

1993) or a slightly better performance of the linear

model (Olesen et al. 1994; Matos et al. 1997; Perez-

Cabal et al. 2009; Vazquez et al. 2009). However,

none of these studies used a Poisson model with a

residual term; here, using this model, we found that

the Poisson specification outperformed the linear

model. Another alternative is to deal with the incre-

ment of the variance of counts with age using linear

models with heterogeneous residual variances (Gian-

ola 1986).

The predictive ability of each model was also eval-

uated for prediction of the first record in the life of

an animal (i.e., animals of 1 year of age without

records in the training set). This kind of prediction,

entirely based on the pedigree structure, has a large

error associated with it, but it is pertinent for selec-

tion purposes. Following Vazquez et al. (2009), for

this situation, we display the distribution of the esti-

mated expected BINBS and NUMBS for each model

when the first count observed was zero or greater

than zero (Figure 1). This graphical analysis allows

assessing how well these models can discriminate

between animals with and without black spot in the

testing set. The differences between the medians of

the two empirical distributions were 0.11 for the

probit model and 0.08 for the linear model. For

NUMBS, the Poisson model showed differences

between both distributions (median difference was

0.11); however, the linear model for NUMBS did not

exhibit a difference in the median of both empirical

distributions. Overall, probit and linear models for

BINBS exhibited similar predictive ability for the first

record of an animal. For NUMBS, the Poisson model

had better predictive ability than that of the linear

model.

Estimates from a Poisson model are more difficult

to interpret and, more importantly, including a Pois-

son model in multiple-trait evaluations is more diffi-

cult. In practice, the easiest way to implement a

Table 5 Mean-squared error of prediction for a three-fold cross-

validation study 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

Total 0.169 0.168 31.50 30.77

N = 0 0.198 0.199 20.06 19.68

N = 1 0.172 0.173 32.25 28.92

N = 2 0.153 0.150 30.65 28.79

N > 2 0.130 0.126 51.83 54.11

N represents the number of records of the animal that appears in the

training fold.

Model comparison for analysis of black spots in sheep F. Peñagaricano et al.
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Figure 1 Empirical distribution of the esti-

mated expected of presence or absence of

black spots, BINBS, and number of black

spots, NUMBS, for the first record of an ani-

mal under each model (Linear, Probit and

Poisson) and two scenarios: observed BINBS

and NUMBS were zero or greater than zero.

F. Peñagaricano et al. Model comparison for analysis of black spots in sheep
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genetic evaluation for black spots is to record its

presence or absence and to analyse the trait with

either linear or probit models. These models can be

easily implemented, and the predicted breeding val-

ues obtained with them are highly correlated with

each other and with those obtained for NUMBS with

a Poisson model.

Conclusions

Presence of and number of black spots in the fleece

area of Corriedale sheep seem to be moderately heri-

table traits. For presence of black spots, the probit

model had a slightly better goodness of fit than the

linear model. Random effects predictions of models

were highly correlated, and the cross-validation

study suggested a similar overall predictive perfor-

mance for both models. These results suggest that

both models could be useful for genetic selection

purposes.

For number of black spots, a Poisson model with

random residual performed better than a linear

model in terms of goodness of fit and predictive abil-

ity. Random effect predictions of the Poisson model

were more correlated with BINBS models than with

the linear model. Fitting models with heterogeneous

variance could be an interesting alternative, and this

requires further research.
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