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Abstract The aim of this study was to model the variances and covariances of body weight in
Zandi sheep from 60 to 365 days of age using random regression models (RRM). Legendre polyno-
mials of different orders were used to model the direct and maternal covariances. Mean trends were
also modeled through a quadratic regression on orthogonal polynomials of age. Homogeneity and
heterogeneity of the residual variance were considered along the growth trajectory. Different models
were compared by log-likelihood ratio test (LRT) and Akaike’s information criterion (AIC). Results
showed that simple repeatability model in which orders of 1 were used for all random effects could
not adequately model variations in growth curve of Zandi lambs. A RRM with Legendre polynomials
of orders 3, 3, 3, and 3 for direct additive genetic, individual permanent environment, maternal addi-
tive genetic and maternal permanent environmental effects was selected as the most parsimonious
model. The power of the parsimonious model decreased when maternal effects were excluded from
the analysis, indicating the necessity of including maternal effects in the model for genetic evaluation
of Zandi lambs. Considering the heterogeneity of residual variance along with the growth trajectory
improved the overall properties of the model. Direct heritability (h?) decreased from 0.3 at 60 days
of age to 0.15 at about 120 days and then increased with age gradually and reached 0.39 at 365 days
of age. The individual permanent environmental effect (p?) decreased from 0.43 at 60 days of age to
0.23 at 180 days of age and fixed between 0.25 and 0.30 thereafter. Maternal heritability (m?) was
0.03 at 60 days of age, increased to a peak around 240 days of age (0.22) and decreased with age
thereafter. The ratio of maternal permanent environmental variance to phenotypic variance (c?) was
below 0.03 throughout the trajectory. Estimates of coefficients of variation (CV) revealed the pres-
ence of considerable genetic and environmental variability in growth curve of Zandi sheep which can
be exploited for breeding purposes. Both direct and maternal correlations were positively high be-
tween adjacent weighs but decreased as the distance between ages increased.
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Introduction

Small ruminants, especially native breed types, play an
important role in the livelihoods of a considerable part
of human population in the tropics from socio-economic
aspects (Zamani et al., 2015). Therefore, integrated at-
tempt in terms of management and genetic improvement
to enhance production is of crucial importance (Moham-
madabadi and Sattayimokhtari, 2013). There are ap-
proximately 25 million heads of sheep in Iran
(Ghafouri-Kesbi and Gholizadeh, 2017) consisting of
27 breeds and ecotypes which are mainly raised for meat
production (Khodabakhshzadeh et al., 2016).

Recently in Iran demand for meat and mutton has in-
creased at a significant rate mainly because of popula-
tion growth and improved living standards. This means
that the meat production should be increased either by

increasing the number of animals or increasing the
productivity per animal. Statistics show that in the last
three decades, the sheep population has experienced a
sharp decrease by roughly 30% (Sefidbakht, 2011).
Therefore, the only way to increase meat production
would be increasing the productivity per animal. This is
possible by applying efficient selection programs. This
strategy has been followed in recent years and some re-
sults have been published (Mokhtari and Rashidi, 2010;
Mohammadi et al., 2012; Gholizadeh and Ghafouri-
Kesbi, 2015). In some cases, the results are somewhat
lower than expected. One approach to increase the effi-
ciency of selection programs is to increase the accuracy
of genetic evaluation. This can be achieved by replacing
traditional evaluation methods with random regression
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models (RRM; Henderson Jr., 1984). Originally, the
RRM was suggested to model the biological human data
but its advantages encouraged the animal breeders to ap-
ply it in the genetic evaluation of livestock when re-
peated measurements or longitudinal data (measure-
ments obtained sequentially from the same animal over
time) are available. Milk yield records and body weights
measured along the time are typical examples of re-
peated measurements. Dealing with repeated measure-
ments, the RRM can model covariances through regres-
sion, a feature that has been used in studying body
weight in sheep (Lewis and Brotherstone, 2002;
Ghafouri-Kesbi et al., 2008; Safaei et al., 2010), beef
cattle (Albuquerque and Meyer, 2001; Arango et al.,
2004) and poultry (Rafat et al., 2011). In contrast to the
traditional multi-trait models (MTM) that provide point
predictions, RRM allows the prediction of breeding val-
ues for the growth curve as a whole, for any point or
interval within the growth trajectory (Lewis and Broth-
erstone, 2002). Meyer (2004) stated that using RRM in-
stead of traditional MTM increase the accuracy of ge-
netic evaluation. Any increase in the accuracy of genetic
evaluation is desired as it increases the genetic gain.

The Zandi sheep is a fat-tailed small-size breed. The
coat-color of the new-born lamb is black, but gradually
changes with age, in such a way that black, light-brown
and gray adult animals are found. Historically, Zandi
breed had its origin in the southern province of Iran
known as Fars (Ghafouri-Kesbi et al., 2011). Today,
they are reared in central areas of Iran, in Tehran and
Qom provinces (Ghafouri-Kesbi et al., 2011). Due to its
large population (about 2 million heads), there is con-
siderable interest in genetically improving Zandi sheep
in order to enhance their growth performance. Alt-
hough, genetic information for growth-related traits has
been reported for some of Iranian sheep breeds
(Eskandarinasab et al., 2010; Rashidi et al., 2013;
Gholizadeh and Ghafouri-Kesbi, 2015; Ghafouri-Kesbi
and Gholizadeh, 2017), RRM has hardly been applied
to growth data. Since increase in accuracy of breeding
values is the direct consequence of applying RRM, use
of RRM seems to be necessary. Therefore, the aim of
this study was to analysis the growth curve of Zandi
sheep by RRM. The findings might provide new in-
sights regarding the genetic and non-genetic variations
in growth curve and can be exploited by the breeders of
Zandi sheep.

Materials and methods

Data and flock management

Data and pedigree information on Zandi lambs were ob
tained from the Breeding Station of Zandi sheep. This
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station was established in 1981 in the Khojir National
Park between Tehran and Abali at 35°45°E and
51°40°N, 1547 m above mean sea-level, with temperate
summers and cool winters, and an average rainfall of
approximately 300 mm/yr. The founder animals of un-
known pedigree were purchased from various sheep
producers in the region. The first lambs were born in
1982 and the flock has been maintained as a close flock.
In general, the flock is reared according to the conven-
tional husbandry procedures. The mating season com-
mences in August. Ewes on heat undergo artificial in-
semination (Al) and mating between very closely re-
lated animals is avoided. Usually, 20-25 ewes are in-
seminated with semen of one ram. Animals that do not
conceive by Al are allowed to mate naturally at a ratio
of 10-15 ewes per ram. Lambing commences in Decem-
ber. At birth, lambs are weighed, ear tagged, sexed, and
their pedigree information recorded. Birth date is also
recorded. The mean suckling period is 90 days. Animals
are grazed on natural pasture during the spring, summer
and autumn seasons and hand-fed indoors during winter.

No live weight records were available from birth to
60 days of age, thus only 60—365 day BW records were
included in the data set. As recommended by Fischer et
al. (2004), birth weight was excluded from the analysis
because of the low genetic correlation of the birth
weight with body weights measured later in life and
seems to be a different trait (Fischer et al., 2004;
Ghafouri-Keshi et al. 2008). In addition, there is evi-
dence that inclusion of birth weight may cause some
problems such as increased order of polynomial fit, oc-
currence of “end effects of polynomials” and difficult
fitting of data (Fischer et al., 2004). There were few rec-
ords after 365 days that were omitted to prevent compu-
tational problems due to small number of records. Fur-
thermore, records with doubtful dates or weights were
also removed from the data file. This yielded a total of
9699 records on 4187 animals that were the progeny of
170 sires and 1450 dams.

Statistical analysis

The least squares analysis, using the GLM procedure of
SAS (2004), was used to determine the significance of
the fixed effects. The model included the effects of birth
year, sex, type of birth and age of dam at lambing. All
fixed effects were significant (P<0.05) and therefore in-
cluded in the final analyses.

Four sets of RR coefficients were fitted to the data.
Direct and maternal genetic effects were assumed to be
proportionate to the numerator relationship matrix. Fur-
ther analyses considering different orders of fit for the
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four random effects were carried out subsequently to de-
termine the most parsimonious model describing the
data. The general model is represented as:

k Al
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where, yjj is the ji record from i animal; t'; is the stand-
ardized (-1 < t < 1) age at recording; ¢m(t";j) is the mp
legendre polynomials of age; Fijis a set of fixed effects;
[ are the fixed regression coefficients for modeling the
population mean; cim, %m, om and pin are the random re-
gression coefficients for direct genetic, maternal ge-
netic, and direct and maternal permanent environmental
effects, respectively; Ka-1, kw-1, kp1 and kc.1 are the cor-
responding order of (polynomial) fit for each effect and
&j denotes the residual (measurement error) effect. Log-
likelihood ratio test (LRT) and Akaike’s Information
Criterion (Akaike, 1973) were used to compare models
with different orders of fit and random effects. The
WOMBAT program of Meyer (2007) which uses the
average information (Al) algorithm was used to analyze
the data.

After determining the most parsimonious model in-
cluding the direct and maternal effects, the maternal ge-
netic and maternal permanent environmental effects
were excluded from the model and differences in likeli-
hoods were monitored to determine whether including
the maternal effects in genetic evaluation procedure is
necessary or not.

It has been argued that heritabilities do not provide a
good means of comparing variation at different ages,
when different levels of environmental variation exist
(Houle, 1992; Kruuk et al., 2000). Therefore, the esti-
mates of variance components were used to calculate
the coefficients of variation. The additive coefficient of
variation (CVa) was calculated as:

Vi = 100x WV /X @)

where, Va is the additive genetic variance and X is the

1/0 X . .y
sample mean. The A/ ” ratio measures “variabil-

ity”, while the ratio Va/Ve measures “heritability” of
the trait. Coefficients for other random effects can be
expressed in a similar fashion. Compared to the raw var-
iances, coefficients of variation are expected to be less
sensitive to the scale effects arising from an increasing

mean weight with age (Houle, 1992).

Two strategies were considered for modeling the re-
sidual variance (&). In the first strategy, homogeneity of
the residual variance for the whole period was consid-
ered. In the second strategy, heterogeneity of residual
variance was considered along growth trajectory by di-
viding the growth trajectory to 5 growth phases, namely
60 to 120, 121 to 180, 181 to 240, 241 to 300, and 301
to 365 days of age and allocating a residual variance to
each phase.

Results and discussion

Figure 1 shows the number of records and mean weights
at different points of growth trajectory. Two growth
phases with different growth rates are detectable, one
from 60 to 180 days of age with approximately linear
increase in body weight, and another one from 180 to
365 days of age with decreased growth rate. The mean
weight and standard deviation for the whole period were
27.46 kg and 7.72 kg, respectively. Data characteristics
and pedigree structures are shown in Table 1. The pedi-
gree consisted of 5930 animals distributed in 9 genera-
tions; the pedigree was deep enough to allow accurate
estimation of the genetic parameters.

Several models with different orders of fit were fitted
to the data to find a parsimonious model that described
the data adequately. Of all models fitted, the description
of five models is listed in Table 2. According to LogL
and AIC values, the simple repeatability model (the in-
tercept model; 1-1-1-1) was not statistically suitable to
model direct and maternal random effects. Arango et al.
(2004), analyzing the growth data of beef cattle, re-
ported that a simple repeatability model could not de-
scribe the longitudinal data adequately. In addition,
greater estimates of error variances for 5 growth phases
obtained with simple repeatability model compared to
other models indicated that those variances tended to

Table 1. Summary of pedigree and data structure of the Zandi
sheep

N
No. of Generations (including base generation) 9
No. of Animals in the pedigree file 5930
No. of Animals with progeny 1620
No. of Animals without progeny 4370
No. of Sires with progeny 170
No. of Sires with progeny and record 168
No. of Dams with progeny 1450
No. of Dams with progeny and record 965
No. of Grand sire 133
No. of Grand dam 752
No. of Animals with record 4187
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Figure 1. Number of records (gray columns) and mean weights (black line) at different ages

Table 2. Order of fit for direct (Ka) and maternal (Km) genetic, individual permanent (Kp) and maternal permanent (Kc) envi-

ronmental effects (best model in bold)

Model Ka Ke  Kuw Kc Np° LogL® AlCH El E2 E3 E4 E5
1 1 1 1 1 9 -18588.13 36194.26 10.38 14.20 10.99 16.54  26.27
2 2 2 2 2 17 -18207.40 36448.81 8.48 13.07 10.00 8.48 12.36
3 3 3 3 3 29 -18104.76 36267.52 7.67 14.40 12.25 13.68 16.79
4 3 3 3 3 25 -18323.43 36696.86 9.54 9.54 9.54 9.54 9.54
5 3 3 - - 17 -18369.75 36773.50 7.94 14.01 11.86 17.00 17.96

®Np: Number of parameters, cLogL: Log likelihood function, AIC: Akaike’s information criterion; E1-E5: estimates for residual variances for
5 growth phases (60 to 120, 121 to 180, 181 to 240, 241 to 300, and 301 to 365 days of age).

pick up variation due to insufficient order of fit (Meyer,
1999). The simple repeatability model is limited with its
assumptions. It assumes that all genetic variances and
covariances are of the same magnitude, all phenotypic
variances are considered identical and phenotypic cor-
relations and covariances among all measurements are
equal (Meyer and Hill, 1997). These assumptions con-
tradict most of the published reports (Albuquergue and
Meyer, 2001; Lewis and Brotherstone, 2002). Increas-
ing the order of fit from 1-1-1-1 to 3-3-3-3 improved the
LRT and AIC values, a finding which has been previ-
ously reported by Lewis and Brotherstone, (2002),
Arango et al. (2004) and Ghafouri-Kesbi et al. (2008).
Therefore, model 3 which had 25 parameters was cho-
sen as the most parsimonious model. Higher-order pol-
ynomials are more flexible and consequently are able to
follow the changes in covariances more closely. How-
ever, the performance of higher-order polynomials is
limited by the problem of “oscillation” or Runge’s phe-
nomenon (Kirkpatrick et al., 1994; Meyer, 1998b).
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Therefore, we did not increase the orders of fit beyond
3 to prevent computational problems related to high or-
der polynomials (Meyer, 2005). In analyzing sheep
growth data with RRM, usually orders equal or lower
than 3 have been used (Fischer et al. 2004, Safaei et al.
2010).

The assumption that the residual term is constant
over time (Model 4) had undesirable effects on the over-
all properties of the model, as also reported in other
studies (Albuguerque and Meyer, 2001; Meyer, 2001;
Huisman et al., 2005). To accommodate the fluctuation
in residual variance with the age, considering heteroge-
neity of the residual variance over time is necessary (Al-
buquerque and Meyer, 2001).

By excluding the maternal effects from the most par-
simonious model (Model 3) a significant decrease in
Log L was observed (Model 5). Similar results were re-
ported for growth data in sheep using traditional uni-
variate models (Ghafouri-kesbi and Eskandarinasab,
2008; Ghavi Hossein-Zadeh, 2012; Gholizadeh and
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Ghafouri- Kesbi, 2015) and Random Regression Mod-
els (Ghafouri-Kesbi et al., 2008), indicating the neces-
sity of including the maternal effects where lambs are
genetically evaluated for growth traits.

Table 3 presents the estimates of covariances and
correlations between RR coefficients for model 3 with
K=3, 3, 3, 3. As observed, the most variable coefficient
was the intercept. Correlations between the intercept
and linear coefficient ranged from -0.173 (maternal per-
manent environmental effect) to 0.626 (maternal genetic
effect). Correlations between the intercept and quadratic
regression coefficient ranged from -0.985 (maternal per-
manent environmental effect) to almost unity (individ-
ual permanent environmental effect). Some of the ei-
genvalues were zero which is due to the strong correla-
tions between regression coefficients (Albuquerque and
Meyer, 2001). Large eigenvalues indicate considerable
genetic variation in growth curve and the potential for
changing growth curve genetically. The first eigenvalue
of the K matrix for A, M, P and C shows that 80-84% of
the total variance can be explained by the first eigen-
function of each covariance function. Fischer etal. (2004)
reported that 89-94% of total variation in Poll Dorset
sheep was be explained by the first eigenfunction of
each covariance function, which is close to our findings;
this was 95-98% in Mehraban sheep (Ghafouri-Kesbi et
al., 2008).

Estimates of variance components, genetic parame-
ters and coefficients of variation for weights from 60 to
365 days of age, extracted from the most parsimonious

Table 3. Estimated coefficient matrices of the covariance
functions and the corresponding eigenvalues of the covari-
ance matrices and the correlation (above diagonal) between
random regression coefficients for direct genetic (A), mater-
nal genetic (M), individual permanent environmental (P) and
maternal permanent environmental (C) effects

0 1 2 Eigenvalue
A 19.64 (83%)
17.941 0.516 -0.268 3.39 (14%)
4.906 5.036 -0.099 0.66 (3%)
-0.963 -0.190 0.71
M
1.5327 0.627 -0.616 3.16 (82%)
1.1788 2.302 0.225 0.71 (18%)
-0.14770 0.066 0.037 0.00 (0.0%)
P
3.3739 0.556 0.985 3.87 (84%)
1.1405 1.247 0.404 0.75 (16%)
0.095 0.024 0.002 0.00 (0.0%)
C
1.435 -0.171 -0.985 1.49 (80%)
-0.126 0.376 0.003 0.36 (20%)
-0.254 0.004 0.046 0.00 (0.0%)

model (Model 3) are shown in Figures 2, 3, and 4, re-
spectively. The patterns for direct genetic and perma-
nent environmental variances was similar in a way that
they decreased after birth to a smallest value around 120
days of age, increased with age thereafter and reached
the maximum value at 365 days of age, which is in
agreement with Ghafouri-Kesbi et al. (2008). Maternal
genetic variance increased after 60 days of age to a peak
around 180 days of age and decreased gradually there-
after. The maternal permanent environmental variance
decreased from 60 to around 120 days of age and then
increased until 365 days of age.

Direct heritability estimates decreased after 60 days
of age (0.30) until animals were about 120 days old
(0.15) and increased sharply until 365 days of age
(0.39). In particular, the direct heritability increased
faster at ages at which maternal heritability tended to be
the lowest. The increased pattern for heritability is in
agreement with most studies (Albuquerque and Meyer,
2001; Ghafouri-Kesbi et al., 2008), and may be due to
increase in the expression of genes with additive effects
on body development and decrease in variances due to
maternal effects at later ages. Likewise, CVa which
measures the additive genetic variability in body weight
of Zandi lambs had a similar pattern with h? in general,
with a minimum value found between 150 and 160 days
of age. The CVas can be high in traits with low herita-
bilities if there is high residual error variance in the trait
(Houle 1992; Wilson et al., 2005). The CVa scales the
components of the additive genetic variance by the trait
mean instead of total variance and therefore is not con-
founded by the magnitude of other variance compo-
nents. Under selection, the levels of CVa directly deter-
mine the magnitude of response to selection. Regarding
CVa, two peaks were detectable: one between 220 to 250
days and another between 320 to 340 days at which
body weights can be the target of selection. The individ-
ual permanent environmental effect (p?) decreased rap-
idly from 0.43 at 60 days to a value of 0.35 at about 120
days of age, slowly decreased until 180 days Of age
(0.23) and then fluctuated between 0.25 and 0.30 until
the end of the trajectory. The pattern for CVp differed
from p? in such a way that it decreased slowly until 180
days of age and gradually increased thereafter. Maternal
heritability estimates (m?) increased from 60 days of age
(0.03) to 240 days of age (0.22) and decreased with age
thereafter. At weaning (~90-100 days), the estimates of
m? were between 0.11 and 0.14. Persistency of m? after
weaning may be due to carry-over of maternal effects
from weaning weight. Such carry-over of maternal effects
beyond weaning are biologically sensible; particularly
when lamb growth to weaning is restricted by low ewe milk
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Figure 2. Estimates of variance components
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Figure 4. Estimates of direct genetic (CVa), individual permanent (CVp), maternal genetic (CVm) and maternal permanent
environmental coefficient of variation (CVc¢)

production either due to large litter size or seasonal con-
straints on feed (Bradford, 1972; Snyman et al., 1995).
It is more evidenced by estimates of CVy with a peak
between 220 and 240 days of age as well as estimates of
¢’ and CVc with sharp increases after weaning. How-
ever, estimates of ¢ and CVc were below 0.03 and 5%

Table 4. Correlations between body weights at different ages

throughout the trajectory, which indicated that maternal
permanent environmental effect has little contribution
in phenotypic variation of body weight in Zandi lambs;
therefore this effect can be excluded from the model of
genetic evaluation. By including only one of the mater-
nal effects (additive genetic or permanent environment-

Agel Age2 a 'p m re
60 60 1 1 1 1
60 123 0.641 0.553 0.72 0.285
60 196 0.231 0.335 -0.14 -0.163
60 279 0.083 0.190 -0.499 -0.475
60 365 0.087 0.157 -0.507 -0.699

123 123 1 1 1 1
123 196 0.885 0.996 0.555 0.718
123 279 0.737 0.499 0.063 0.894
123 365 0.501 -0.468 -0.202 0.248
196 196 1 1 1 1
196 279 0.945 0.422 0.826 0.954
196 365 0.705 -0.543 0.537 -0.496
279 279 1 1 1 1
279 365 0.886 0.532 0.908 -0.212
365 365 1 1 1 1

ra: Direct genetic correlation, rp: individual permanent environmental correlation, rm: Maternal genetic correlation, rc: Maternal permanent

environmental correlation.
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tal) in the model, most of the maternal variation would
be accounted for (Meyer, 1992).

Correlations between selected body weights are
listed in Table 4. The pattern of direct and maternal ge-
netic and individual and maternal permanent environ-
mental correlations is the same; in that correlations de-
creased as the distance between the tests increased. The
genetic correlations between body weight at 60 days and
around 9 and 12 months of age were smaller than 0.1,
indicating that genes controlling 60-day body weight
has little contribution to development of body weight at
higher ages and vice versa. Therefore, small correlated
response in body weight at higher ages is expected fol-
lowing selection for 60-day body weight. This is in
agreement with previous reports (Lewis and Brother-
stone, 2002; Arango et al., 2004; Ghafouri-Kesbi et al.,
2008). The direct genetic correlations between body
weights taken at higher ages were highly positive; sug-
gesting that they may be under the same genetic control.
Maternal genetic correlations between 60-day body
weight and body weights at higher ages were negative
which indicates that the genes of dams which contribute
in milk production have some unfavorable effects on
post-weaning body weights.

In general, results showed the inadequacy of simple
repeatability model to deal with repeated body weight
records as evidenced by LRT and AIC values. An RRM
with orders of fit of 3, 3, 3 and 3 for direct genetic,
maternal genetic, individual permanent and maternal
permanent environmental effects was selected as the
most parsimonious model for analysis. Results from this
model revealed presence of genetic variation in the
growthcurve of Zandi lambs and that this genetic varia-
tion was not constant throughout the growth trajectory
and fluctuated with advancing age. Body weights be-
yond 200 days of age had greater genetic variability and
heritability and therefore greater genetic response
would be expected through genetic selection. While ma-
ternal genetic effects had a considerable contribution to
the phenotypic variation in body weight of Zandi lambs,
the contribution of maternal permanent environmental
effect was negligible and therefore can be excluded in
genetic evaluation models. Genetic and permanent en-
vironmental correlations between body weights de-
creased as the distance between the pairs of ages in-
creased.
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