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The Red Maasai are indigenous sheep breeds known for their adaptability in arid and semi-arid environments
while the Dorper is known for its good mutton production. A field experiment cross breeding program for the two
breeds was set up in 2003 to exploit these traits. In this paper, we present the genetic parameters for birth weight
(BWT), weaning weight (WWT) and weight at nine months (MWT) for pure Red Maasai (RRRR), pure Dorper
(DDDD), 75% Dorper (DDDR) and 50% Dorper (DDRR) breeds. The genetic parameters were estimated by fitting
four different multivariate animal models while ignoring or including maternal effects. The model with the
lowest Akaike’s Information Criterion (AIC) was chosen as the best model for the estimation of genetic pa
rameters. The average annual genetic gain of the studied traits for each breed group was estimated by regressing
the estimated breeding values on year of birth. Records from 5442 lambs recorded over a period of 17 years
(2003-2019) were used in this analysis. The breed group, sex, type of birth, season of birth and age of the dam
significantly (P < 0.001) affected the weights of the animals. The direct heritability estimates for BWT, WWT and
MWT were highest in the RRRR (0.40 ± 0.08, 0.39 ± 0.08, 0.45 ± 0.08 respectively). Direct heritability was
lowest for BWT in the DDDR (0.18 ± 0.06), and for WWT and MWT in the DDDD (0.10 ± 0.07, 0.08 ± 0.06
respectively). The maternal heritability estimates were highest in BWT for DDRR (0.12 ± 0.05) and at WWT for
DDDD (0.05 ± 0.03), and lowest in BWT for DDDR (0.03 ± 0.03) and at WWT for DDRR (0.00 ± 0.01). The
maternal heritability for MWT for all the breed groups was close to zero. Genetic and phenotypic correlations
between the traits were all high and positive across all breed groups. The phenotypic correlations ranged from
0.41 to 0.73 while the genetic correlations ranged from 0.40 to 0.99. The pure Red Maasai had an average annual
genetic gain of 0.012 ± 0.005 kg, 0.144 ± 0.037 kg and 0.170 ± 0.047 kg for BWT, WWT and MWT respectively
while the pure Dorper had an average annual genetic gain of 0.006 ± 0.006 for BWT, 0.047 ± 0.033 for WWT
and 0.069 ± 0.044 for MWT. Between the crosses, the 50% Dorper had higher annual genetic gains for all the
traits. The observed genetic gains demonstrate that selective breeding based on estimated breeding values can
lead to significant genetic improvement in the Red Maasai sheep and its crosses.

1. Introduction
About fifty seven percent of sheep breeds in Kenya are indigenous
and are predominantly kept under pastoral production systems in the
arid and semi-arid areas (Nyariki and Amwata, 2019). This production
system is characterized as low input-low output and is based on natu
rally available feed resources. The Red Maasai and Dorper sheep or their

crosses are commonly found in Kenya, where they are an important
source of livelihoods for the farmers who keep them (Zonabend König
et al., 2016).
The Red Maasai sheep are a fat-tailed, hair breed that are genetically
resistant and resilient to gastro intestinal nematode parasites and
particularly Haemonchus contortuss (Baker et al., 2004; Mugambi et al.,
2005; Mwamachi et al., 1995; Preston and Allonby, 1979) and are
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known to be drought tolerant too. The Dorper breed is a composite breed
developed in South Africa initially as a cross between the Blackhead
Persian ewes with the Dorset Horn rams. The crossbred populations
were selected over many generations and stabilized into the Dorper
breed. The breed is known as a hardy mutton sheep with a top quality
carcass at a relatively early age (Milne, 2000).
Genetic improvement programs can increase the output side in
pastoral production systems and sustain its productivity (Kosgey et al.,
2008). Genetic evaluation through estimation of appropriate genetic
parameters for traits of economic importance under such systems, can
increase the growth performance in a breeding program (Mohammadi
et al., 2015). The pre-weaning growth performance of the lambs is not
only influenced by direct additive genetic effects but also by the
maternal genetic and environmental components which may also affect
the reproductive performance of the dams (Abbasi et al., 2012; Kamjoo
et al., 2014; Kariuki et al., 2010b; Mugambi et al., 2005).
A selective breeding program for the Red Maasai, Dorper and their
crosses was established at the International Livestock Research Institute
(ILRI) ranch, Kapiti Plains Estate, in 2003. The overall objective of the
program was to understand the genetic mechanism of the Red Maasai
sheep towards the resistance to Haemonchus contortus and exploit this
trait through a crossbreeding program, with Dorper breed. Additionally,
the program aimed at increasing the growth performance of the pure
and crossbred population of the sheep while maintaining their adapt
ability to the harsh environment and low-input systems in the arid and
semi-arid lands of Kenya.
For breeding programs to be designed optimally, population or
breed-specific genetic and phenotypic parameters are needed. This
paper examines estimates of genetic parameters for birth weight,
weaning weight and weight at nine months of age for the Red Maasai
and Dorper pure breeds and their crosses reared in a semi-arid
environment.

lambs were separated into male and female flocks. Mating was imple
mented twice each year, usually in the months of July and November.
The mating seasons were aimed at enabling lambing to occur when
pasture availability is optimum. Lambs born were left to run with their
dams until they were 3 months, when they were weaned. The lambs
born were routinely weighed and records on their performance noted at
birth, weaning and nine months of age. Ewe-lambs were first introduced
to rams at the age of 9 months when they had attained a minimum
weight of 24 kg. Ewe lambs that had genetic defects, lower weights at
birth, weaning and nine months of age were culled out of the flock. Old
ewes were culled at the age of 6 years.
Selection of rams and ewes for breeding was based on their genetic
potential for growth to 9 months, the reproductive performance of the
ewes and dams of the rams in terms of age at first lambing and lambing
intervals and on their physical appearance. The number of rams allowed
to mate was based on the flock size and their estimated breeding values.
Each ram was assigned 15 to 20 ewes over a four- week period under a
hand-mating system. The performance of rams in mating pens was
monitored daily using colored markers which leave an impression on the
rump of each ewe mounted by the ram. If within a specific mating group,
the ram was not active, he was replaced. Sires of offspring were thus
known. During each breeding season, approximately 10% of the rams
that were used for mating in the previous season were replaced based on
the EBVs and to avoid inbreeding. The rams which had been culled from
the breeding flock but have good breeding values for growth and
reproductive performance were sold to other livestock keepers as
breeding animals while the rest were castrated and sold for mutton.
Water was provided ad libitum for all the animals when in the pens
during the night and before setting out for grazing, and when they were
grazing in the open fields, water was provided twice in the day.
Scheduled vaccination against blanthrax, enterotoxaemia, foot and
mouth disease were provided, and anthelmintic treatment was given to
susceptible animals before and after the rainy season.

2. Materials and Methods

2.3. Data structure and traits investigated

2.1. Study Area

This paper investigates the growth performance data collected over a
period of 17 years (2003-2019) on 5442 animals. The data used
comprised individual body weights for four breed groups (DDDD,
DDDR, DDRR and RRRR). Records on animals in other breed groups
were excluded because there were too few observations. Growth mea
surements were taken at birth (BWT), weaning (WWT) and nine months
of age herein referred to as mature weight (MWT).
The pedigree and data structure used for the genetic analysis are
presented in Table 1.

The breeding program was undertaken at the International Livestock
Research Institutes’ (ILRI) Kapiti Plains Estate ranch in Machakos
County of Kenya. The ranch is located at -1.6 Latitude and 37.1 Longi
tude and lies between an altitude of 1,650–1,900 m above mean sea
level. The temperatures ranged between 22 ◦ C and 27 ◦ C with an
average annual rainfall of approximately 550 mm. Vegetation on the
ranch is mainly wooded grassland. The ranch experiences four main
seasons; Short-dry season (January and February), long-wet season
(March to May), long-dry season (June to September) and short-wet
season (October to December). During the dry seasons the availability
of grazing pastures is greatly constrained. The study area has similar
environmental conditions to the pastoral production systems where the
Red Maasai breeds are predominantly kept.

2.4. Analyses of factors influencing growth traits
The Linear Model procedure of R (R Core Team, 2019) was used to
evaluate the fixed effects for each trait. The fixed effects included in the
model for the analysis of each growth trait were breed group (4 classes),

2.2. Animal management and breeding
A crossbreeding program between the Red Maasai and Dorper sheep
was started in 2003 alongside a parallel selection and improvement
program of the pure-bred Red Maasai sheep and the Dorper. The main
objectives of the breeding program were to improve the productivity
and profitability of sheep raised in arid and semi-arid areas of Kenya by
combining the faster growth rate and mutton producing ability of the
Dorper breed and the resilience of the Red Maasai breed through
crossbreeding, and to sustainably conserve the pure-bred Red Maasai
sheep through selection for growth, adaptability and disease resistance.
The main breed groups in the breeding program comprised of pure
Dorper (DDDD), pure Red Maasai (RRRR), 75% Dorper (DDDR) and
50% Dorper and 50% Red Maasai (DDRR). These animals were managed
in flocks comprising ewes with lambs until weaning, while weaned

Table 1
Pedigree structure.

2

Variable

N

No. of animals in pedigree
No. of sires
No. of dams
Sire of sires
Dam of sires
Sire of dams
Dam of dams
Maximum paternal family size
Maximum maternal family size
Sire with progeny records
Dams with progeny records

9952
225
2892
100
172
187
1343
248
10
176
2157

E. Oyieng et al.

Small Ruminant Research 206 (2022) 106588

sex (2 classes), type of birth (2 classes), age of the dam at lambing (7
classes) and season of birth (4 classes). The fixed effects were all sig
nificant (P < 0.001) and were included in the subsequent multivariate
animal model analyses using ASReml (Gilmour et al., 2015). The
interaction between year of birth and season of birth was included in the
animal models. Differences between least-squares means were examined
by the Tukey method for multiple comparisons of each trait within the
fixed effects.

3. Results
3.1. Non – genetic effects
Least-squares means and their respective standard errors for the
traits studied are presented in Table 2. The birth and mature weights
were significantly (P < 0.05) different across all breed groups. The males
were significantly (P < 0.05) heavier than females and as expected
lambs that were born as twins were significantly lighter (P < 0.05) than
those born as singles. The male to female ratio was 0.9:1 at birth and
weaning, and 0.7:1 at mature weight while the ratio of twins to singles
was 0.07:1. The lambs born during the short-wet season were signifi
cantly heavier (P < 0.05) at birth compared to the lambs born during the
other seasons. However, there was no significant difference (P < 0.05) in
the weaning weights for lambs born during the long-dry and short-wet
seasons, and between short-dry and long-dry seasons. Lambs born

2.5. Estimation of genetic parameters for growth traits
To determine the most suitable model for each growth trait in a
multivariate analysis, six different models were fitted, by ignoring or
including maternal additive genetic effects and maternal permanent
environmental effects as well as the additive genetic relationship be
tween direct and maternal effects. The age of the animal at weaning and
mature weight was fitted as a covariate for each respective weight.
These models fitted were:

Table 2
Least squares means for birth weight (BWT), weaning weight (WWT) and mature
weight (MWT)

Model 1 Y = Xb + Z1a + e ()
Model 2 Y = Xb + Z1a + Z3c + e ()

Fixed effects

Model 3 Y = Xb + Z1a + Z2m + e {with cov (a, m) = 0} ()
Model 4 Y = Xb + Z1a + Z2m + Z3c + e {with cov (a, m) = 0} ()

Breed group
DDDD

Model 5 Y = Xb + Z1a + Z2m + e {with cov (a, m) ∕
= 0} ()

DDDR

= 0} ()
Model 6 Y = Xb + Z1a + Z2m + Z3c + e {with cov (a, m) ∕

DDRR

where Y is the vector of observations on the specific trait of the animal;
b, a, m, and c are vectors of fixed effects influencing the traits, direct
additive genetic effects, random maternal additive effects and random
permanent maternal environmental effects respectively, and e is the
vector of residual errors. The matrices X, Z1, Z2 and Z3 are considered as
the corresponding incidence matrices relating observations to their
respective fixed and random effects as well as the vector of residuals.
The covariance between a and m were assumed to be zero. The (co)
variance structure for the models was:

RRRR

Sex
Female
Male

Type of Birth
Single

V(a) = Aσ 2a ; V(m) = Aσ2m ; V(c) = Iσ 2c ; V(e) = Iσ2e

Twin

Where A is the numerator relationship matrix among animals in the
pedigree file and I is the identity matrix; σ2a is the direct additive genetic
variance, σ2m is the maternal genetic variance, σ2c is the maternal per
manent environmental variance and σ2e is the residual error variance.
Each of the models was run using the whole dataset with the breed
group as a fixed effect and then within each breed group to get the
overall and within breed genetic parameter estimates. The Akaike’s in
formation criterion (AIC) (Akaike, 1970) was used to determine the
‘best’ model for estimating (co)variance components, heritability and
correlations for the traits. The model with the smallest AIC was
considered as the ‘best’ model.

Season of birth
Short dry
Long wet
Long dry
Short wet

Age of dam
1 – 2 years

2.6. Genetic trend

2 – 3 years

Genetic trends for each trait were estimated by averaging the Esti
mated Breeding Values (EBVs) for each of the traits within year of birth
and regressing these values on year of birth. The model used was:

3 – 4 years
4 – 5 years

ya = b0 + b1 xa

5 – 6 years

where ya is the average of EBV of ath year of birth; xa is the ath year of
birth; b0 and b1 , are the intercept and the linear regression coefficient
respectively. The overall genetic gain was the regression coefficient of
EBVs.

6 – 7 years
> 7 years
a

BWT (kg)

WWT (kg)

MWT (kg)

(N) LSM ± SE

(N) LSM ± SE

(N) LSM ± SE

***
(1109) 3.79
0.02a
(1638) 3.72
0.02b
(1558) 3.43
0.02c
(1137) 3.15
0.02d

±

***
(888) 17.47 ± 0.14a

±

(1490) 17.64 ± 0.11a

±

(1423) 16.61 ± 0.11b

±

(969) 14.71 ± 0.13c

***
(664) 27.31 ±
0.21a
(1171) 28.82 ±
0.16b
(1238) 26.63 ±
0.15c
(795) 23.18 ±
0.20d

***
(2836) 3.44 ±
0.01
(2606) 3.62 ±
0.01

***
(2509) 16.22 ± 0.09

***
(5104) 3.57 ±
0.01
(338) 3.01 ±
0.04

***
(4495)

***
(764) 3.60 ±
0.02a
(1669) 3.62 ±
0.02a
(1075) 3.61 ±
0.02a
(1934) 3.37 ±
0.02b

***
(704) 16.03 ± 0.16c

***
(980) 3.24 ±
0.02a
(1005) 3.46 ±
0.01b
(1085) 3.64 ±
0.02c
(698) 3.59 ±
0.03c
(695) 3.67 ±
0.03c
(518) 3.67 ±
0.03c
(461) 3.57 ±
0.03c

***
(856) 14.87 ± 0.20d

(2261) 17.25 ± 0.09

16.81 ± 0.06

(275) 15.05 ± 0.26

(1483) 17.26 ± 0.11a
(991) 16.45 ± 0.14bc
(1592) 16.64 ± 0.11b

(886) 16.88 ± 0.14bc
(926) 18.29 ± 0.14a
(579) 17.50 ± 0.17b
(631) 17.17 ± 0.16a
(463) 16.42 ± 0.20c
(429) 15.16 ± 0.21d

***
(2185) 25.33 ±
0.12
(1683) 28.47 ±
0.14
***
(3685) 26.73 ±
0.10
(183) 26.04 ±
0.43
***
(599) 26.11 ±
0.23c
(1180) 25.55 ±
0.17c
(714) 28.11 ±
0.21a
(1375) 27.21 ±
0.15b
***
(707) 24.66 ±
0.21d
(711) 26.27 ±
0.21c
(785) 28.29 ±
0.20a
(504) 27.57 ±
0.25ab
(470) 27.72 ±
0.26ab
(380) 26.97 ±
0.29bc
(311) 24.66 ±
0.32d

Least-square means within a column that do not have a common superscript (a d) are significantly different (P < 0.05).
***
Factor is significant (P < 0.001).
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during the long-dry and short-wet seasons were significantly (P < 0.05)
heavier at nine months than those born during the short-dry and longwet seasons. Younger ewes between 1 and 3 years old gave birth to
lambs that were significantly (P < 0.05) lighter compared to those born
to dams older than 3 years.

Table 4
Variance components and heritability estimates for birth, weaning and mature
weights using the ‘best’ multivariate model.
Breed
Group

Trait

σ2a

σ2m

σ2e

σ2p

h2a ±SE

h2m ±SE

DDDD

BWT

0.07

0.02

0.22

0.31

WWT

1.08

0.62

10.17

11.87

MWT

1.11

0.00

14.11

15.22

BWT

0.05

0.01

0.22

0.28

WWT

2.47

0.27

7.14

9.88

MWT

4.63

0.00

10.9

15.53

BWT

0.09

0.03

0.17

0.29

3.3. Genetic parameters

WWT

3.63

0.00

6.01

9.64

The pure Red Maasai (RRRR) had the highest direct heritability for
BWT (0.40 ± 0.08), WWT (0.39 ± 0.08) and MWT (0.45 ± 0.08). The
heritability estimates for same traits in the other breed groups were
lower (Table 4). Among the crosses, the F1 (DDRR) had a higher direct
heritability for all the traits and also the highest maternal heritability for
BWT within the population. The maternal additive genetic variances and
heritabilities were lower than the direct additive genetic variances and
heritabilities.
Phenotypic and genetic correlation estimates between the growth
traits are given in Table 5. All the phenotypic and genetic correlations
were positive and ranged from medium to high (i.e., above 0.40). Ge
netic correlations among most pairs of traits were generally higher than
the corresponding phenotypic correlations. Overall, the phenotypic and
genetic correlations between WWT and MWT were the highest within
the different breed groups compared to the correlations between other
trait pairs. Among the crosses, the 50% Dorper breed (DDRR) had higher
phenotypic and genetic correlations between the three growth traits
compared to the 75% Dorper breed (DDDR). The pure Red Maasai
(RRRR) had the highest genetic correlations for all the traits among the
breeds.

MWT

5.46

0.00

8.30

13.76

BWT

0.08

0.01

0.13

0.22

WWT

2.52

0.11

3.98

6.61

MWT

5.28

0.00

6.49

11.77

0.24 ±
0.09
0.10 ±
0.07
0.08 ±
0.06
0.18 ±
0.06
0.26 ±
0.07
0.30 ±
0.06
0.33 ±
0.07
0.38 ±
0.07
0.40 ±
0.07
0.40 ±
0.08
0.39 ±
0.08
0.45 ±
0.08

0.08 ±
0.06
0.05 ±
0.03
0.00 ±
0.00
0.03 ±
0.03
0.03 ±
0.02
0.00 ±
0.00
0.12 ±
0.05
0.00 ±
0.01
0.00 ±
0.00
0.04 ±
0.05
0.02 ±
0.02
0.00 ±
0.00

3.2. Model comparison
The multivariate models, including all the three traits, gave better
genetic parameter estimates for each trait than univariate models.
Table 3 presents the AIC value for each of the six multivariate models.
Based on the AIC, model 4 which fitted direct additive genetic effects
and both direct maternal and permanent environment effects was the
most appropriate model for the multivariate analysis of these traits
although the differences were very small.

DDDR

DDRR

RRRR

σ2a = direct additive genetic variance; σ2m = Maternal additivie genetic variance; ;
σ2e = residual variance; σ2p = Phenotypic variance h2a ±SE = additive heritability of
direct genetic effect ± Standard error; h2m ±SE = maternal additive heritability of
direct genetic effect ± Standard error.

Table 6. The RRRR had the highest genetic gain for all the growth traits.
Among the crosses, the DDRR had the highest genetic gain for all the
traits.
The genetic trends for the growth traits were summarized for each
trait by breed group and are presented in Figs. 1–3. The overall genetic
trends were positive within each breed group and for all the traits.
The phenotypic trends for BWT, WWT and MWT are presented in
Figs. 4–6 respectively. There phenotypic trend for BWT in the DDDD
breed was more flat compared to the other breeds. Despite the DDDD
having the highest BWT at the start for the breeding program, the DDDR
breed was able to perform better and surpass it. However, the WWT of
the DDDR remained relatively constant over time. All the breed groups
showed a noticeable positive trend for MWT.

3.4. Genetic gain and trends
The average yearly genetic gain was obtained by fitting linear
regression of yearly mean EBV on year of birth and it is presented in

Table 3
Variance components and genetic parameter estimates for growth traits using multivariate models at the population level (across all breed groups).
Trait

BWT

WWT

MWT

Model

σ2a

σ2e

σ2p

σ2m

σ2pe

h2a ± SE

AIC

1
2
3
4
5
6
1
2
3
4
5
6
1
2
3
4
5
6

0.14
0.11
0.09
0.10
0.08
0.10
3.44
3.53
3.50
3.33
3.50
3.32
5.62
5.66
5.66
5.71
5.50
5.65

0.19
0.18
0.19
0.18
0.18
0.17
6.49
6.54
6.55
6.52
6.54
6.50
9.49
9.35
9.33
9.32
9.31
9.30

0.33
0.29
0.28
0.29
0.26
0.28
9.93
10.07
10.05
9.99
10.04
9.82
15.11
15.01
14.99
15.03
14.81
14.95

0.03
0.01
0.02
0.01
0.03
0.01
0.03
0.01
0.03
0.01
0.03
0.01

0.03
0.02
0.02
0.03
0.02
0.01
0.03
0.02
0.02

0.44 ± 0.03
0.39 ± 0.03
0.34 ± 0.04
0.36 ± 0.04
0.34 ± 0.04
0.36 ± 0.04
0.35 ± 0.03
0.35 ± 0.03
0.35 ± 0.03
0.34 ± 0.03
0.35 ± 0.03
0.34 ± 0.03
0.37 ± 0.03
0.37 ± 0.03
0.38 ± 0.03
0.38 ± 0.03
0.38 ± 0.02
0.38 ± 0.02

24533.28
24462.60
24470.69
24452.65
24471.05
24452.70
24533.28
24462.60
24470.69
24452.65
24471.05
24452.70
24533.28
24462.60
24470.69
24452.65
24471.05
24452.70

σ2a = direct additive genetic variance; σ2e = residual variance; σ2p = Phenotypic variance; σ2m = maternal additive variance; σ2pe = maternal permanent enviroment variance;
h2±SE = heritability of direct genetic effect ± Standard error; AIC = Akaike Information Criterion.
4
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Table 5
Phenotypic and genetic correlation estimates.
Breed group

Traits

rp

DDDD

BWT-WWT
BWT-MWT
WWT-MWT
BWT-WWT
BWT-MWT
WWT-MWT
BWT-WWT
BWT-MWT
WWT-MWT
BWT-WWT
BWT-MWT
WWT-MWT

0.53
0.49
0.71
0.46
0.41
0.71
0.55
0.49
0.73
0.54
0.51
0.72

DDDR
DDRR
RRRR

ra
± 0.03
± 0.03
± 0.02
± 0.03
± 0.03
± 0.02
± 0.02
± 0.03
± 0.02
± 0.03
± 0.03
± 0.02

0.91
0.82
0.82
0.51
0.40
0.88
0.96
0.66
0.88
0.92
0.89
0.99

± 0.22
± 0.28
± 0.27
± 0.17
± 0.18
± 0.07
± 0.05
± 0.10
± 0.05
± 0.07
± 0.07
± 0.03

Fig. 3. Genetic trends for mature weight (MWT).

rp – Phenotypic correlation; ra – Genetic correlation.
Table 6
Overall genetic gain for growth traits between 2003 and 2019.
Traits (b±SE)
BWT
DDDD
DDDR
DDRR
RRRR

0.006 ±
0.006 ±
0.012 ±
0.012 ±

WWT
0.006
0.005
0.005
0.005

0.047
0.043
0.100
0.144

MWT
± 0.033
± 0.029
± 0.032
± 0.037

0.069 ±
0.070 ±
0.128 ±
0.170 ±

0.044
0.039
0.041
0.047

Fig. 4. Phenotypic trends for birth weight (BWT).

Fig. 1. Genetic trends for birth weight (BWT).

Fig. 5. Phenotypic trends for weaning weight (WWT).

Fig. 2. Genetic trends for weaning weight (WWT).

Fig. 6. Phenotypic trends for mature weight (MWT).

program between the Dorper and Red Maasai aimed at producing
heavier animals should target to produce more 75% Dorper while
maintaining the pure parental lines. The effects of sex, type of birth and
age of the dam on BWT, WWT and MWT are in agreement with other
studies (Abbasi et al., 2012; Boujenane et al., 2015; Boujenane and
Diallo, 2017; Gizaw et al., 2007; Kamjoo et al., 2014; Kiriro, 1994).
Lambs born during the long-wet season had higher pre-weaning weights.
This can be attributed to the availability of high quality and quantity of
pastures for the dam and therefore enough milk available for the lambs
to support their growth. The mature weight for lambs born during the
long dry season was higher. This was likely so because, in the study area,
the long dry season is immediately followed by the short-wet season and

4. Discussion
4.1. Non-genetic effects
Across the breed groups, the DDDD were born heavier while the
DDDR lambs were heavier at weaning and mature age. The pure Red
Maasai (RRRR) had a lower birth, weaning and mature weights among
the breeds. Overall, the growth performance of the 75% Dorper was
significantly higher than the other breed groups. This can be attributed
to not only the additive genetic effects but also to the effects of heterosis.
Therefore, under similar environmental conditions, a crossbreeding
5
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therefore the lambs would have already been weaned and would then be
exposed to periods of relatively plenty and good quality pasture, thus
enabling their fast post-weaning growth all the way to maturity.

dam to produce milk and mothering ability are important in the early
growth of the lambs until weaning. Therefore, it is important to consider
maternal genetic effects during the genetic evaluation of pre-weaning
growth traits to avoid the over estimation of genetic parameters.
Estimates of phenotypic and genetic correlations are presented in
Table 5. All the estimates were positive and high. The phenotypic cor
relations ranged from 0.41 (BWT-MWT) in DDDR to 0.73 (WWT-MWT)
in DDRR. On the other hand, the genetic correlations ranged from 0.40
(BWT-MWT) in DDDR to 0.99 (WWT-MWT) in RRRR. Generally, the
phenotypic correlations were lower than their corresponding genetic
correlations. The genetic and phenotypic correlations between adjacent
weights were higher than between non-adjacent weights as also
observed by Li and Purvis, 2012; Mohammadi et al., 2015. High and
positive correlations with a similar trend between the phenotypic and
genetic correlations among body weights in sheep have been reported in
several studies (Abbasi et al., 2012; Boujenane et al., 2015; Mir
aei-Ashtiani et al., 2007). The high correlations indicate that the selec
tion of one of these traits will result into a positive response in the others
and as such can be used as an indicator trait. Therefore, in a breeding
program aimed at increasing the growth performance in sheep, it is not
necessary to record all the growth traits for purposes of genetic evalu
ation and selection. The traits that are expressed early such as birth
weight can be used to select for subsequent weights such as weaning and
mature weights. However, direct selection for increased BWT may lead
to more difficult births and is also affected by maternal effects that may
need to be accounted for. Therefore, in this study, it would be preferable
to record WWT and use it for selection of MWT due to the high genetic
correlation between the two traits. Consequently, this will save the time
and costs involved in data recording and genetic evaluation thereby
resulting into a faster progress for the breeding program.

4.2. Model comparison
Table 2 summarized the variance components, estimates of genetic
parameters and AIC for the traits for each of the four multivariate
models. Model 1, which ignored the direct maternal and permanent
environment effect resulted in higher estimates for additive genetic
variance (σ2a ) and heritability (h2) for birth weight. This is in agreement
with Meyer, 1992 who showed that heritability estimates tend to be
higher when maternal effects are ignored due to the proportionately
higher estimation of additive genetic variance. Based on the AIC, model
4 which fitted direct additive genetic effects and both direct maternal
and permanent environment effects was the most appropriate model for
the multivariate analysis of these traits. Maternal effects should there
fore be fitted in the models when estimating genetic parameters,
otherwise, estimates of direct heritability will be overestimated and the
true genetic potential of lambs is masked by maternal performance
making the selection of superior animals difficult (Ghafouri-Kesbi and
Baneh, 2012). Additionally, the reliability of the genetic parameter es
timates is greatly affected by the completeness of the dataset used for the
analysis as demonstrated by Maniatis and Pollott, 2003 and Heydarpour
et al., 2008.The estimates presented in this analysis are considered to be
reliable due to the completeness of the dataset in terms of pedigree re
lationships, number of progenies per dam and the high proportion (75%)
of dams with own records (Table 1). The genetic parameters estimates
between models with the covariance between additive and maternal
genetic effects equal to zero (Model 3 and 4) and those not equal to zero
(Model 5 and 6) and were negligible. This is in agreement with the
findings by Zamani and Mohammadi, 2008; Abbasi et al., 2012.

4.4. Response to selection
The phenotypic and genetic trends were positive for all growth traits
and breed groups. However, there were yearly variations in the genetic
and phenotypic gains as observed in the genetic and phenotypic trends
presented in Figs. 1–6. The variations in the genetic and phenotypic
gains can be attributed to the yearly variation of selection intensity
applied to the rams used for mating. The number of rams with high EBVs
available for mating were more often few due to some of the rams exiting
the herd because of death, culling due to health reasons and physical
injuries. In such cases, rams with slightly lower EBVs were mated to
proportionately higher number of ewes thereby diluting the genetic
gain. Therefore, in order to maintain a yearly positive genetic progress,
it is not only important to maintain an effective number of good rams but
also to have a good number of replacement stock. The estimates for
genetic gain obtained using the most appropriate model are presented in
Table 6. These estimates are comparable to other values in literature for
tropical sheep breeds (Ghafouri-Kesbi et al., 2009; Kariuki et al., 2010a;
Rashidi and Akheshi, 2007). The pure Red Maasai had the highest ge
netic gain for all traits (0.01 kg/year for BWT, 0.14 kg/year for WWT
and 0.17 kg/year for MWT). This is attributed to the better adaptability
of the Red Maasai sheep to the environment of the study (Baker et al.,
2004; Kariuki et al., 2010a; Kiriro, 1994; Mugambi et al., 2005)
compared to the pure Dorper and therefore it responded very well to
selective breeding. The significant genetic improvement for growth
traits in this study could be attributed to the high direct heritabilities
and the selection of both rams and ewes based on EBVs of the animals
rather than phenotypic performance.

4.3. Genetic parameters
We are not aware of any similar study estimating genetic parameters
for a crossbred sheep population raised under a pastoral production
system in a tropical environment. Therefore, this study fills an important
gap in knowledge and literature for future reference. The respective
heritability estimates obtained in this study are higher compared to
those reported in several studies (Kiriro 1994; Abbasi et al. 2012; Ibra
him 2019; Mohammadi et al. 2015; Boujenane et al. 2015; Zishiri et al.
2013;) but within the same range as reported in Sangsari sheep (0.33) by
Miraei-Ashtiani et al., 2007 and in Mehraban sheep (0.30) by Gamasaee
et al., 2010. The heritability estimates for the pure Dorper were lower
for WWT and MWT than those reported by Kariuki et al., 2010a except
for BWT. A similar trend is also observed for the direct additive genetic
variance. The pure Red Maasai sheep had the highest heritability for
birth weight (0.40), weaning weight (0.39) and mature weight (0.45)
among all the breeds in this study (Table 4). The Pure Red Maasai
showed the smallest random environmental variation, while the pure
Dorper and crosses showed much larger environmental variation. This
explains the higher heritabilities for the growth traits in the Red Maasai.
The Red Maasai sheep are known to produce little milk compared to
the Dorper sheep (Kosgey et al., 2008) therefore, further studies need to
be conducted to measure if milk production in the Red Maasai ewes also
increases with increase in body weight to support the pre-weaning
growth. Except for the pure Dorper breed, the direct heritability for
the growth traits increased with age like was also observed by Gha
fouri-Kesbi et al., 2009. The increase in the direct heritability estimates
can be attributed to the decreased maternal influence on the traits. This
is corroborated by the decrease in the direct maternal genetic variance,
direct maternal heritability and increase in direct genetic effects with
age. Similar trend of decrease in maternal genetic effects have been
reported by Abbasi et al., 2012. Maternal effects such as the ability of the

5. Conclusion
This study demonstrates that it is possible to genetically improve the
growth performance of indigenous breeds in their natural environment
through proper selection and breeding based on estimated breeding
values. The F1 cross between the Red Maasai and Dorper (DDRR) has a
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better response to selection compared to the other crossbred groups.
However, other important traits such as reproductive efficiency and
health performance need to be considered in order to determine the best
crossbreeding strategy and breed composition that would result in op
timum flock productivity. Maternal attributes have effects on the preweaning body weights of sheep and should be considered during the
designing of a breeding program and subsequent genetic evaluations.
The traits studied showed high heritability, genetic and phenotypic
correlations and therefore achieving faster genetic gain is possible. The
high genetic correlation between weaning and mature weights suggests
that weaning weight should preferably be used as the basis for selection
since it is closest to the breeding objective and comprise more data than
mature weight.
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