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Abstract

A study was conducted to estimate heritabilities of, and genetic correlations among, body weight (WT) and testicular

measurements Ð scrotal circumference (SC), testicular diameter (TD), testicular length (TL) and epididymal diameter (ED)

Ð in ram lambs between 6, 9 and 12 months old, and relationship of the testicular traits with age at puberty in ewe lambs

(AP). Two fat-tailed sheep breeds, the Horro and Menz, indigenous to the Ethiopian highlands were studied. Experimental

lambs were produced by mating 250 oestrus-synchronized ewes of each breed to 10 sires in a single-sire mating system over

three mating periods which produced, for this study, a total of 361 ram lambs and 148 ewe lambs, with substantial pedigree

information, in two dry seasons (October/November 1992 and 1993) and one wet season (June/July 1993). Mean AP was

322.7 days. Breed was not signi®cant (P > 0.05) for all testicular measurements, except ED at 9 months for which the Horro

had a higher (P < 0.01) value (20.6, s.e. 0.38 versus 19.3 s.e. 0.30). Horro ewe lambs had their ®rst oestrus 28 days earlier

(P < 0.05) than the Menz. Heritability estimates were obtained from a sire model (M1) and from an individual animal model

with additive direct and maternal effects (M2). The maternal effect was not ®tted in M2 for AP. Repeatability and heritability

estimates were also obtained by analysing records at the three ages in a repeated measures model (M3). M1 and M2

heritability estimates were generally low to moderate but were associated with large standard errors. Heritability estimates for

testicular measurements were generally similar to those for WT. Among the testicular measurements, SC had the highest

heritability estimates at 6 (0.45, s.e. 0.24 for M1) and at 12 months (0.41, s.e. 0.21 and 0.41, s.e. 0.20 for M1 and M2,

respectively). Model 3 heritability estimates were 0.29 (s.e. 0.14), 0.24 (s.e. 0.12), 0.09 (s.e. 0.07), 0.11 (s.e. 0.08) and 0.12

(s.e. 0.08) for WT, SC, TD, TL and ED, respectively. Only repeatability estimates for WT (0.34, s.e. 0.02) and SC (0.25, s.e.

0.03) were signi®cant. Heritability of AP was estimated at 0.16 (s.e. 0.21) by M1 and 0.14 (s.e. 0.19) by M2. Genetic

correlations of AP with testicular measurements, especially with SC (ÿ0.57, s.e. 0.38 and ÿ0.78, s.e. 0.33, at 9 and 12 months,

respectively) and TD (ÿ0.72, s.e. 0.33 and ÿ0.83, s.e. 0.48), were desirable and generally high. Adjustment of testicular

measurements for liveweight consistently resulted in a reduction in estimates of heritability and genetic correlations. SC was

Small Ruminant Research 36 (2000) 227±240

* Corresponding author: Tel.: �251-1-613215; fax: �251-1-611892.

E-mail address: e.rege@cgiar.org (J.E.O. Rege)
1 Present address: CIRDES, 01BP, 454 Bobo-Dioulasso 01, Burkina Faso.
2 Present address: ILRI, PO Box 30709, Nairobi, Kenya.
3 Present address: Institut Agronomique et Veterinaire Hassan II, BP 6202, Rabat Institut Maroc.

0921-4488/00/$ ± see front matter # 2000 Elsevier Science B.V. All rights reserved.

PII: S 0 9 2 1 - 4 4 8 8 ( 9 9 ) 0 0 1 1 7 - 0



suggested as the most appropriate selection candidate for the genetic improvement of both male and female reproductive

performance in these breeds. # 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The potential of testicular measurements, particu-

larly scrotal circumference, as selection criteria for

improving male fertility has been shown in cattle (e.g.

King et al., 1983; Meyer et al., 1991; Morris et al.,

1992; Morris and Cullen, 1994), sheep (Land, 1973;

Land and Carr, 1975; Ricordeau et al., 1979; Matos

et al., 1992), pigs (Schinckel et al., 1983; Johnson

et al., 1994; Rathje et al., 1995) and mice (Eisen and

Johnson, 1981). A review by Matos and Thomas

(1992) concluded that selection for male reproductive

performance using testicular size can yield responses

of 1 to 2% per year. Although female reproduction is

quite variable, it is recognized that response to direct

selection will be slow (e.g. Russel, 1985) due to

limitations on intensity and accuracy of selection.

Genetic gains from direct selection for female repro-

duction may be increased using mixed model evalua-

tions incorporating relationship matrices in animal

models. However, long generation intervals and low

heritabilities limit the value of progeny testing sires for

female reproduction. Moreover, in most tropical

developing countries, the absence of pedigree record-

ing and poor breeding infrastructure limit the extent to

which the advantages of mixed model methodology

can be exploited. Fertility studies in livestock have

generally tended to focus on the female side with

much less emphasis on the male side. However, male

fertility is as important as female fertility rate (David-

son and Farver, 1980; Syrstad, 1981). Since most

selection response derives from sire selection, it would

be useful to be able to improve reproduction in their

female offspring.

Indirect selection recognizes that decisions related

to selection may be based on traits that are relatively

easy to measure, are expressed early in life and are

highly heritable. It has been suggested (Bindon and

Piper, 1976; Walkley and Smith, 1980; Schoeman et

al., 1987) that, among the alternative selection criteria,

testis size may be the most suitable trait to indirectly

improve the reproductive performance of females.

Unfortunately, parameters required to develop genetic

improvement programmes based on testicular mea-

surements for both direct improvement of male repro-

ductive performance and indirect selection for female

fertility are not readily available for tropical sheep.

Although the relationship between testicular size

and liveweight in growing animals is well established,

the in¯uence of liveweight on genetic parameters of

testicular measurements seems controversial. Many

authors have reported that liveweight adjustment

reduces heritability estimates (e.g. Fogarty et al.,

1980; Neely et al., 1982; Matos and Thomas, 1990;

Morris et al., 1992). In the study by Matos and Thomas

(1990), adjustment for body weight led to reductions

of 0 to 35% in heritability of scrotal circumference

growth. Fogarty et al. (1980) reported that adjustment

for liveweight reduced genetic variance estimates for

scrotal circumference by 66% and diameter by 51%,

resulting in reductions of 41 and 24% in respective

estimates of heritability. Reports of apparent increases

in heritability estimates of testicular measurements

following adjustment for liveweight also exist. Matos

et al. (1992) reported that heritability for scrotal

circumference in Rambouillet rams was nearly con-

stant between 90 and 180 days but that linear adjust-

ment for body weight over this age range increased

heritability estimate of scrotal circumference by 42%

but decreased heritability of growth of scrotal circum-

ference by 13%. Reports in the literature also seem to

suggest that the genetic relationship between testes

size and female reproduction in sheep may differ

depending on the age of measurement and whether

or not testes size is adjusted for body weight (Land

et al., 1980; Notter et al., 1985). Purvis et al. (1988)

found no correlated response in ovulation rate from

selection on testicular diameter adjusted for body

weight. A recent study by Fossceco and Notter

(1995), on the other hand, reported that the genetic

correlation of 90-day scrotal circumference with

female fertility was lowest (0.20) when no weight

adjustment was applied compared to when adjustment

was applied (0.38).

The overall objective of this study was to charac-

terize two indigenous Ethiopian fat-tailed sheep
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breeds for various aspects of reproductive perfor-

mance in young animals. This paper presents esti-

mates of heritability of, and genetic relationships

among, various testicular measurements in ram

lambs and their relationships with age at puberty

in ewe lambs with a view to determining possible

selection criteria in indigenous tropical sheep. The

companion paper (Rege et al., 1999) presents genetic

parameters of semen characteristics and their relation-

ships with testicular measurements in growing ram

lambs.

2. Materials and methods

2.1. Description of study site

The study was conducted at the Debre Berhan

Research Station of the International Livestock

Research Institute (ILRI) located in the central high-

lands of Ethiopia about 120 km north-east of Addis

Ababa at an altitude of 2780 m above sea level and at a

longitude 398E and latitude 108N. The grazing con-

sists of natural vegetation dominated by Andropogon

longipes grasses with variable proportions of Penni-

setum and Festuca spp. and the legume Trifolium spp.

The climate is characterized by a long rainy season

(June±September) accounting for 75% of the total

rainfall, a short rainy season (February/March ±

April/May) and a dry season (October±January).

The average annual rainfall at the station is about

920 mm. The average monthly minimum air tempera-

ture at 0.5 m above ground ranges from 28C in

November to 88C in August. The corresponding

monthly maximum range from 188C in September

to 238C in June. Hailstorms are not uncommon during

the long rains while the dry seasons are often asso-

ciated with night frosts.

2.2. Experimental animals

The study involved two sheep breeds, the Horro and

the Menz. Both breeds are fat-tailed and are indigen-

ous to the central highlands of Ethiopia. The Horro is

native to the Ambo area, about 1700 m above sea

level. The Horro are hair sheep and are generally

uniformly brown, although occasional white coat

are also found. The Menz is native to the study area

and its coat is a mixture of coarse wool and hair,

usually predominantly black and black with brown or

whitish spots.

2.3. Animal management

The majority of animals used in this study were a

subset of animals produced for a large experiment

aimed at studying genetic resistance to endoparasites.

In the main study each group of experimental animals

was produced by mating about 250 ewes of each breed

to 10 sires in each season (i.e. 25 ewes to a sire). In

each `year', comprising a wet and a dry season, the

same sires were used. Every year, three to four sires

were replaced by new sires to expand the genetic base

of the experimental animals. Ewes were oestrous-

synchronized (with progestogen sponges left in place

for 10 to 12 days) to permit dry and wet season

lambing. Sires were introduced the day of sponge

withdrawal. Single-sire mating occurred in night pens

for 25 to 42 days and ewes were allowed to graze

together during the day. At night, animals had access

to natural grass hay ad libitum and mineral licks.

Animals had access to water, both on pasture and in

the night pens. After mating, ewes received concen-

trate supplement (200±400 g/head/day) consisting of

33% noug (Guizotia abyssinica) cake, 65.5% wheat

bran, 1% limestone and 0.5% salt during the peak dry

season. Lambs were separated into sex groups at

weaning, at an average age of 3 months, but male

and female groups were exposed to the same grazing

paddocks in a rotational grazing system until the end

of the experiment at the age of 12 months. Before

weaning, lambs had only access to the feed available

to dams. Following weaning, lambs were offered 50±

100 g/head/day of the concentrate until they were able

to graze actively and during the peak dry season.

Animals were routinely drenched against ¯ukes and

roundworms and vaccinated for pasteurellosis and

clostridia infections. In addition to ram lambs

obtained from the `endoparasite experiment', addi-

tional matings were made to increase the number of

animals available for this study. A total of three lamb

crops, born in October/November 1992, June/July

1993 and October/November 1993, were used for this

particular study (Table 1). The pedigree information

on lambs used to estimate genetic parameters is

summarized in Table 2. Despite the modest number
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of sires and dams in the data, the number of animals in

the pedigree was considerable (Table 2), re¯ecting the

extent of pedigree recording on station in generations

preceding the study.

2.4. Data recorded

Liveweights were recorded on all lambs at birth and

subsequently at each month. Testicular measurements

Ð scrotal circumference, testicular diameter, testicu-

lar length and epididymal tail diameter Ð were

recorded on all healthy male lambs at 6, 9 and 12

months of age. Scrotal circumference (in cm) was

measured at the widest part of the testis using a ¯exible

metal tape as described by Coulter and Foote (1979).

Testicular diameter (in mm) was recorded with a

caliper on the left and right testicles as the widest

anteroposterior diameter. Testicular length (mm), also

measured with a caliper on both the left and right

testicles, was the distance between the top of the tail

and the head of the epididymis. Epididymal tail

diameter (mm), also on the left and right testicles,

was the anteroposterior diameter measured with a

caliper. Records on left and right testicles on testicular

length and diameter and on epididymal diameter were

averaged to produce single values at each time of

measurement. Age at puberty in ewe lambs, contem-

poraries of the ram lambs, was de®ned as age at ®rst

oestrus (Joubert, 1963) and was determined by run-

ning the ewe lambs with harnessed vasectomized

Table 1

Mating and lambing schedules for the three lamb crops studied

Mating group Mating date Lambing date Weaning date

1 May 1992 October/November 1992 January/1993

2 Jan 1993 June/July 1993 September/1993

3 June 1993 October/November 1993 February/1994

Table 2

The pedigree structure of data analysed for genetic parameters

Trait Animals with

recordsa

Sires with progeny

records

Dams with progeny

records

Total no. of animals

in pedigree

Body weight

6 months 238 40 216 1158

9 months 275 50 224 1156

12 months 260 49 226 1156

Scrotal circumference

6 months 217 44 193 1156

9 months 272 48 221 1156

12 months 253 48 223 1156

Testicular diameter

6 months 157 40 140 1156

9 months 232 48 205 1156

12 months 203 44 194 1156

Testicular length

6 months 157 40 168 1156

9 months 240 48 209 1156

12 months 253 47 214 1156

Epididymal diameter

6 months 155 40 168 1156

9 months 240 48 219 1156

12 months 247 47 210 1156

Age at puberty (females) 148 37 155 450

a Only males for body weight and testicular measurements; only females for age at puberty.
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teaser rams, starting at weaning. A ewe lamb was

considered to have reached puberty after two conse-

cutive harness marks were detected on her back. A

total of 361 ram lambs and 148 ewe lambs were

involved in the study. All the 361 records were avail-

able at 6 months, but decreased at later ages due

mainly to mortalities and missing information on

dependent and/or independent variables.

2.5. Data analysis

Least squares analysis of variance was done using

the general linear model (GLM) procedure of the

statistical analysis system (SAS, 1994). The ®xed

effects ®tted for testicular measurements included

the discrete effects of breed, mating group (season-

year of birth), type of birth, parity of dam and live-

weight which was ®tted as a covariate. All the three

mating groups had data on testicular measurements.

However, for age at puberty in ewe lambs, data was

recorded from the ®rst two mating groups only. There

were two parity of dam classes: ®rst parity ewes and

second plus greater (including a small number of third

and fourth) parity ewes. Type of birth was either single

or multiple, the latter consisting primarily of twins

with few triplets.

Heritabilities were estimated from individual ani-

mal models (IAM) applying average information

restricted maximum likelihood (AIREML) procedures

as described by Gilmour et al. (1995). The same ®xed

effects analysed in ®xed models were included in the

analyses. However, body weight was not included in

the models for parameter estimation in the ®rst

instance, but were subsequently included in analyses

examining effects of weight adjustments on parameter

estimates. Three mixed model types were ®tted. The

®rst (Model 1) was a sire model while the second

(Model 2) was an IAM which included both the

additive direct as well as the additive maternal effects.

Both of these models treated the records at 6, 9 and 12

months as different traits. Model 3 treated the records

taken at the different ages (6, 9 and 12 months) for

each trait as repeated measures of a single trait, both in

a sire model and in an IAM. This model was used to

estimate correlation (repeatability) among records

taken at the three ages. Genetic correlations were

estimated from multivariate IAM also applying AIR-

EML procedure. The ®xed effects included in the

multivariate models were those used in univariate

analyses for heritability estimation. Heritability of

testicular measurements and genetic correlations

among them were estimated with and without adjust-

ment for liveweight (Matos et al., 1992; Fossceco and

Notter, 1995). The number of records available for

parameter estimation (Table 2) at 6, 9 and 12 months

of age were slightly less than records used in corre-

sponding ®xed effects analyses. This resulted from

elimination of some records in cases where non-con-

vergence in REML analyses was due to disconnect-

edness associated with speci®c sets of animals in the

data.

3. Results

3.1. Fixed effects

Tables 3, 4 and 5 summarize results of least squares

analysis of variance for testicular measurements in

ram lambs at 6, 9 and 12 months of age, respectively.

Table 5 also includes results for age at puberty in

females. All traits had CV of about 20% or less. All

effects in the model were signi®cant (at least P < 0.05)

for body weight at all ages. Mating group was sig-

ni®cant (P < 0.01) for all testicular measurements,

except epididymal diameter at 6 months and scrotal

circumference at 12 months of age (P > 0.05). Breed,

birth type, and parity were not signi®cant (P > 0.05)

for any of the testicular measurements, except epidi-

dymal diameter at 9 months of age for which breed

was signi®cant (P < 0.01), the Horro having a larger

value than the Menz (Table 3). Body weight (as a

covariate) was signi®cant (P < 0.01) for all testicular

measurements but the regression coef®cients consis-

tently decreased with age. A 1 kg increase in body

weight was associated with increases of 1.1 (s.e. 0.08),

0.8 (s.e. 0.06) and 0.5 (s.e 0.04) cm in scrotal cir-

cumference among 6, 9 and 12 month-old rams,

respectively. Corresponding values for testicular dia-

meter and length were 2.2 (s.e 0.24) and 3.7 (s.e. 0.37)

mm; 1.5 (s.e. 0.14) and 2.6 (s.e. 0.23) mm; and 1.0 (s.e.

0.10) and 1.9 (s.e. 0.14) mm. Coef®cients for epidi-

dymal diameter were 1.1 (s.e. 0.12), 0.7 (s.e. 0.07) and

0.4 (s.e. 0.06). When body weight was not included in

the model (results not shown), breed and birth type

were signi®cant (at least P < 0.05) for all the testicular

measurements at 6 and 9 months of age.
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All ®xed effects were signi®cant (at least P < 0.05)

for age at puberty in ewe lambs (Table 5). Mean age at

puberty was 10.8 months. The Horro ewe lambs had

their ®rst oestrus 28 days earlier than their Menz

counterparts. Singleton ewe lambs had their ®rst

oestrus 23 days earlier than those born in multiples,

and ewe lambs born to ®rst parity ewes reached oestrus

16 days later than those from multiparous ewes. A

1 kg decrease in body weight at 7 months of age (the

age at which the ®rst set of ewe lambs showed oestrus)

Table 3

Least squares means (and s.e) of body weight and testicular traits at 6 months of age for mating group, breed, birth type and parity of dama

No.b Weight

(kg)

Scrotal circumferance

(cm)

Testicular diameter

(mm)

Testicular length

(mm)

Epididymal diameter

(mm)

Overall 361 11.9 (0.31) 14.3 (0.40) 28.8 (2.87) 39.6 (3.94) 14.4 (1.27)

CV(%) 20.4 15.4 17.4 18.1 17.6

Mating group ** ** * ** NS

1 107 12.7 (0.30) 15.5 (0.36) 30.6 (1.04) 44.9 (1.62) 15.5 (0.51)

2 157 11.1 (0.29) 15.5 (0.43) 32.9 (1.22) 50.0 (1.89) 16.2 (0.60)

3 97 11.9 (0.82) 12.0 (0.96) 22.8 (5.93) 24.0 (9.19) 11.4 (2.91)

Breed * NS NS NS NS

Menz 249 11.4 (0.38) 14.5 (0.51) 28.9 (2.33) 40.3 (3.62) 14.7 (1.14)

Horro 112 12.3 (0.38) 14.1 (0.46) 28.6 (2.16) 38.9 (3.35) 14.2 (1.06)

Birth type ** NS NS NS NS

Single 288 13.3 (0.30) 14.2 (0.33) 30.2 (1.95) 41.9 (3.03) 14.3 (0.96)

Multiple 73 10.4 (0.45) 14.4 (0.66) 27.3 (2.68) 37.4 (4.15) 14.4 (1.31)

Parity of dam * NS NS NS NS

1 185 11.5 (0.38) 14.3 (0.51) 28.5 (2.36) 39.0 (3.65) 14.5 (1.15)

�2 176 12.3 (0.35) 14.4 (0.44) 29.0 (2.12) 40.3 (3.29) 14.4 (1.04)

Body weight (kg) ± ** ** ** **

1.09 (0.08) 2.16 (0.24) 3.66 (0.37) 1.13 (0.12)

a * P < 0.05;**:P < 0.01; NS: not signi®cant.
b No of observations on male lambs.

Table 4

Least squares means (and s.e.) of body weight and testicular measurements at 9 months of age for mating group, breed, birth type and paritya

Effect and

level

No. Weight

(kg)

Scrotal circumferance

(cm)

Testicular diameter

(mm)

Testicular length

(mm)

Epididymal diameter

(mm)

Overall 299 15.4 (0.22) 20.1 (0.23) 43.6 (0.49) 69.5 (0.85) 20.0 (0.26)

CV(%) 15.5 12.3 11.1 12.2 13.1

Mating group ** ** ** ** **

1 98 19.9 (0.30) 20.2 (0.36) 42.3 (0.71) 68.5 (1.20) 19.0 (0.37)

2 112 13.4 (0.31) 19.2 (0.37) 42.8 (0.83) 67.3 (1.46) 19.3 (0.45)

3 89 12.9 (0.33) 20.9 (0.39) 45.7 (0.83) 72.8 (1.47) 21.6 (0.45)

Breed * NS NS NS **

Menz 214 15.0 (0.23) 19.9 (0.25) 43.2 (0.56) 69.1 (0.99) 19.3 (0.30)

Horro 85 15.8 (0.34) 20.2 (0.34) 44.0 (0.72) 70.0 (1.25) 20.6 (0.38)

Birth type ** NS NS NS NS

Single 247 16.8 (0.19) 19.9 (0.18) 42.8 (0.38) 68.1 (0.66) 19.5 (0.20)

Multiple 52 14.0 (0.39) 20.2 (0.42) 44.3 (0.93) 70.9 (1.63) 20.4 (0.49)

Parity ** NS NS NS NS

1 147 15.0 (0.28) 20.0 (0.30) 43.5 (0.65) 69.5 (1.14) 20.0 (0.35)

�2 152 15.9 (0.28) 20.1 (0.29) 43.6 (0.63) 69.6 (1.10) 19.7 (0.33)

Body weight (kg) ± ** ** ** **

± 0.78 (0.06) 1.48 (0.14) 2.64 (0.23) 0.70 (0.07)

a * P < 0.05; ** P < 0.01; NS: not signi®cant.
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was associated with a 5-day (P < 0.01) delay in age at

puberty.

3.2. Repeatability and heritability estimates

Repeatability and heritability estimates for body

weight and testicular measurements are summarized

in Table 6. Only repeatability estimates for body

weight and scrotal circumference were, on the bases

of s.e. estimates, signi®cant. Heritability estimates

from sire model (Model 1) were generally comparable

to, and in many cases identical with, IAM (Model 2)

estimates. Heritability estimates for testicular mea-

surements (both models 1 and 2) were generally low to

medium and, although numerically higher, were not

signi®cantly different from estimates for body weight.

Estimates for the maternal component were higher for

body weight than for testicular measurements at cor-

responding ages, but differences were generally not

signi®cant. Additionally, while the estimates for body

weight consistently decreased with age, there was no

consistent pattern in estimates of maternal heritability

for testicular measurements. Nonetheless, estimates

among 6-month-old ram lambs were generally lower,

but not necessarily signi®cantly so, than those among

older lambs. Among the testicular measurements, SC

had the highest heritability estimates at 6 (0.45, s.e.

0.24 for Model 1) and at 12 months (0.41, s.e. 0.21 and

0.41, s.e. 0.20 for Model 1 and Model 2, respectively).

Estimates in 9-month-old rams ranged between 0.24

and 0.34, except the Model 1 estimate for TL (0.15,

s.e. 0.18) which was lower, at least numerically. In

general, the estimates for the different traits were not

signi®cantly different and, due to the large s.e. esti-

mates, many were not different from zero. Model 3

heritability estimates were 0.29 (s.e. 0.14), 0.24 (s.e.

0.12), 0.09 (s.e. 0.07), 0.11(s.e. 0.08) and 0.12 (s.e.

0.08) for WT, SC, TD, TL and ED, respectively. These

results show no consistent relationship between age

and (direct additive) heritability estimates for these

traits. Despite large standard errors, there was an

indication that, like body weight, heritability of the

maternal component of testicular measurements, espe-

cially at 9 and 12 months of age, was non-trivial.

Table 5

Least squares means (and s.e.) of body weight and testicular traits at 12 months of age and age at puberty in females for mating group, breed,

birth type and parity of dama

Effect and

level

No.b Weight

(kg)

Scrotal

circumferance

(cm)

Testicular

diameter

(mm)

Testicular

length

(mm)

Epididymal

diameter

(mm)

Age at puberty in

females (days)

Overall 264 (154) 19.9 (0.33) 23.3 (0.20) 46.2 (0.46) 76.3 (0.72) 22.1 (0.33) 322.9 (4.71)

CV(%) 17.5 9.2 9.4 10.2 9.8 11.0

Mating group ** NS ** ** ** **

1 83 (47) 24.4 (0.46) 23.3 (0.31) 46.6 (0.77) 76.5 (1.13) 23.3 (0.31) 299.4 (5.00)

2 103 (60) 18.2 (0.44) 23.5 (0.28) 48.4 (0.61) 80.4 (1.01) 22.7 (0.29) 346.3 (6.26)

3 78 (47) 17.0 (0.48) 23.2 (0.32) 43.5 (0.65) 71.9 (1.17) 20.4 (0.33) ±

Breed * NS NS NS NS *

Menz 191 (113) 19.2 (0.33) 23.2 (0.21) 45.8 (0.43) 75.7 (0.76) 21.9 (0.21) 336.8 (5.34)

Horro 73 (41) 20.6 (0.50) 23.5 (0.30) 46.5 (0.72) 76.8 (1.11) 22.4 (0.31) 308.9 (8.94)

Birth type ** NS NS NS NS **

Single 217 (128) 21.3 (0.27) 23.1 (0.16) 46.1 (0.42) 76.2 (0.61) 21.9 (0.17) 311.2 (4.19)

Multiple 47 (26) 18.5 (0.57) 23.7 (0.35) 46.3 (0.75) 76.3 (1.28) 22.3 (0.36) 334.5 (7.80)

Parity of dam * NS NS NS NS *

1 128 (76) 19.3 (0.42) 23.3 (0.26) 46.0 (0.58) 75.4 (0.95) 22.3 (0.26) 330.8 (5.33)

�2 136 (78) 20.5 (0.41) 23.4 (0.25) 46.3 (0.55) 77.2 (0.91) 22.0 (0.25) 314.9 (6.44)

Body weight ± ** ** ** ** **

(kg)c ± 0.50 (0.04) 1.05 (0.10) 1.93 (0.14) 0.44 (0.06) ÿ5.45 (1.19)

a * P < 0.05; ** P < 0.01; NS: not signi®cant.
b Figures in parenthesis refer to age at puberty (females).
c Body weight at 7 months of age for age at puberty.
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Heritability of age at puberty in ewe lambs by both

Model 1 (0.16. s.e. 0.21) and Model 2 (0.14, s.e. 0.19)

were low and non-signi®cant.

3.3. Phenotypic and genetic correlations

Table 7 presents estimates of phenotypic and

genetic correlations among testicular measurements

in 6, 9 and 12-month-old ram lambs and between these

testicular measurements and body weight at corre-

sponding ages and age at puberty in ewe lambs. Many

of the estimates of genetic and phenotypic correlations

were not available due to non-convergence. Available

phenotypic correlations were generally lower than

corresponding genetic correlations, but were all sig-

ni®cant. Genetic correlations among testicular mea-

surements were high and, except for that between

testicular length and epididymal diameter at 6 months,

were all signi®cant. Genetic correlations between

testicular measurements and body weight were also

all high and signi®cant, except the estimates involving

testicular length (0.79, s.e. 0.66) and epididymal

diameter (0.68, s.e. 0.52) at 6 months which were

not signi®cant. Genetic correlations between age at

Table 6

Heritability estimates (s.e) of body weight and testicular measurements in ram lambs at 6, 9 and 12 months of age and age at puberty in ewe

lambs

Trait No. of recordsb Sire Model Individual animal model

h2
a h2

m

Body weight

6 months 238 0.22(0.17) 0.16(0.15) 0.56(0.14)

9 months 275 0.12(0.14) 0.14(0.14) 0.36(0.12)

12 months 260 n.e.a n.e. n.e.
ccombined h2 773 0.29(0.14) 0.06(0.08) 0.27(0.08)
crepeatability 773 0.34(0.02)

Scrotal circumference

6 months 217 0.45(0.24) n.e. n.e.

9 months 272 0.28(0.18) 0.29(0.18) 0.29(0.14)

12 months 253 0.41(0.21) 0.41(0.20) 0.29(0.15)

combined h2 742 0.24(0.12) 0.16(0.11) 0.25(0.09)

repeatability 742 0.25(0.03)

Testicular diameter

6 months 157 0.22(0.26) 0.20(0.25) 0.11(0.23)

9 months 232 0.24(0.20) 0.30(0.21) 0.29(0.14)

12 months 203 0.27(0.24) 0.34(0.24) 0.39(0.16)

combined h2 592 0.09(0.07) 0.09(0.08) 0.18(0.08)

repeatability 592 0.02(0.04)

Testicular length

6 months 157 0.33(0.28) 0.31(0.27) 0.11(0.22)

9 months 240 0.15(0.18) 0.23(0.18) 0.41(0.13)

12 months 253 0.12(0.14) 0.12(0.14) 0.35(0.15)

combined h2 650 0.11(0.08) 0.09(0.08) 0.18(0.09)

repeatability 650 0.07(0.03)

Epididymal diameter

6 months 155 0.29(0.28) 0.30(0.28) 0.11(0.24)

9 months 240 0.34(0.22) 0.30(0.21) 0.17(0.14)

12 months 247 n.e. n.e. n.e.

combined h2 642 0.12(0.08) 0.05(0.08) 0.12(0.07)

repeatability 642 0.06(0.03)

Age at puberty in females 148 0.16(0.21) 0.14(0.19) ±

a n.e: no estimate due to non-convergence.
b Body weight and testicular measurements on male lambs.
c Model in which records at the three ages were analysed as repeated measures under sire model and IAM.
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puberty (AP) in females and testicular measurements

in male lambs at 6 months of age were medium to

large and positive. However, the estimates tended to be

large and negative at older ages of ram lambs. The

only exception was that involving testicular length at

12 months of age which was positive but non-signi®-

cant, and those involving epididymal diameter at 6 and

9 months, both of which were negative, small and non-

signi®cant at all ages. Genetic correlation between AP

in females and body weight in ram lambs at 6 months

of age (0.84, s.e. 0.56) and at 9 months (0.35, s.e. 0.23)

were both non-signi®cant.

3.4. Effect of body weight adjustment on parameter

estimates

Table 8 presents heritability estimates from models

in which body weight was included. The table also

presents, for both the sire and individual animal

model, the ratio of heritability estimate from data

not adjusted for body weight to that adjusted for body

weight. Weight adjustment resulted in lower heritabil-

ity estimates for all testicular traits, the largest effect

consistently being at 9 months of age. Additionally, in

Table 7

Genetic (above diagonal) and phenotypic (below diagonal) correlations among testicular measurements and body weight at 6, 9 and 12 months

in ram lambs and age at puberty in ewe lambs

WT SC TD TL ED APa

Weight (WT)

6 months 0.74 (0.14) 0.79 (0.66) n.e. 0.68 (0.52) 0.84 (0.56)

9 months 0.99 (0.19) 0.89 (0.17) 0.99 (0.13) 0.98 (0.15) 0.35 (0.23)

12 months n.e.b 0.97 (0.15) n.e. n.e. n.e.

Scrotal circum (SC)

6 months 0.74 (0.12) 0.98 (0.27) n.e. n.e. 0.46 (0.32)

9 months 0.65 (0.10) 0.98 (0.23) 0.95 (0.25) n.e. ±0.57 (0.38)

12 months n.e. 0.95 (0.24) 0.97 (0.26) n.e. ±0.78 (0.33)

Testicular diam (TD)

6 months 0.68 (0.07) 0.92 (0.10) 0.98 (0.28) n.e. 0.69 (0.37)

9 months 0.60 (0.08) 0.92 (0.10) n.e. n.e. ±0.72 (0.33)

12 months 0.64 (0.09) 0.90 (0.12) 0.97 (0.24) n.e. ±0.83 (0.48)

Testicular length (TL)

6 months n.e. n.e. 0.93 (0.11) 0.99 (0.82) 0.28 (0.19)

9 months 0.63 (0.14) 0.89 (0.12) n.e. n.e. ±0.33 (0.12)

12 months n.e. 0.88 (0.13) 0.88 (0.12) 0.99 (0.35) 0.42 (0.26)

Epididymal diam (ED)

6 months 0.69 (0.15) n.e. n.e. 0.83 (0.33) ±0.14 (0.28)

9 months 0.56 (0.15) n.e. n.e. n.e. ±0.13 (0.15)

12 months n.e. n.e. n.e. 0.63 (0.12) ±0.13 (0.16)

a Age at puberty in female lambs.
b No estimate due to non-convergence.

Table 8

Factors by which heritability estimates of testicular measurements

were changed due to adjustment for body weight

Measurement Unadjusted relative to adjusted estimatea

Sire model Animal modelb

Scrotal circumference

6 months 1.02 1.07

9 months 4.18 9.74

12 months 1.04 1.37

Testicular diameter

6 months 1.34 2.22

9 months 1.48 3.48

12 months 1.29 2.78

Testicular length

6 months 1.18 1.71

9 months 10.43 13.36

12 months 1.80 4.83

Epididymal diameter

6 months 0.89 0.89

9 months 1.71 3.97

12 months n.e.c n.e.

a Values are ratios of heritability estimates from a model

without body weight (Table 6) and estimates from a model with

body weight.
b Simple animal model with only additive effect.
c No estimate due to non-convergence.
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virtually all cases, the relative effect of weight adjust-

ment was larger for estimates by the animal model

than those by the sire model. The effect of weight

adjustment on estimates of standard errors was much

smaller than it was on heritability estimates. All

weight-adjusted genetic correlations (not tabulated)

among testicular measurements were also lower than

unadjusted estimates, but the magnitude of the effect

of weight adjustment was lower than that for herit-

ability estimates. Additionally, weight-adjustment

reduced all genetic correlations between age at pub-

erty in females and testicular measurements in ram

lambs by over 90% and, in all cases, rendered them

non-signi®cant.

The effect of weight-adjustment on estimates of

variance components is illustrated in Table 9 using sire

model results. Weight-adjustment decreased both

additive genetic variance and residual variance, but,

with the exception of scrotal circumference at 6 and 12

months and epididymal diameter at 6 months for

which the magnitude of reduction was similar for

the two variances, its largest effect was on the additive

genetic variance. Relative to the effect on error var-

iance, the reduction in additive variance was as high as

4.5 times more for scrotal circumference at 9 months

and 11 times more for testicular length at 9 months,

but most were two-fold or less. As was the case in

heritability estimates, the effect of weight adjustment

was larger at 9 than at 6 and 12 months. For all traits,

additive genetic variance was consistently largest at 6

months, while the corresponding estimates at 9 and 12

months were generally similar except for testicular

length and scrotal circumference. This pattern was

observed in both weight-adjusted and unadjusted var-

iance components. However, the pattern for the error

variance was generally that of a decrease with age in

both weight-adjusted and unadjusted estimates.

4. Discussion

4.1. Heritability estimates

Heritability estimates of testicular measurements

were low to moderate and generally within the range

of estimates in the literature for sheep (Hanrahan and

Quirke, 1982; Lee and Land, 1985; Ricordeau et al.,

1986; Haley et al., 1990; Matos et al., 1992), but were

associated with large standard errors. Thus, only by

considering the estimates in relation to estimates for

Table 9

Effect of body weight adjustment on variance component estimates (sire model) for testicular measurements at 6, 9 and 12 months of age

Variance components

Not weight-adjusted Weight-adjusted Changed by a factor of:a

s2
a s2

p s2
a s2

p s2
a s2

e s2
p

Scrotal circumference

6 months 5.28 11.87 2.41 5.55 2.19 2.14 2.14

9 months 2.87 10.12 0.40 5.94 7.18 1.61 1.70

12 months 3.08 7.54 1.77 4.51 1.74 1.66 1.67

Testicular diameter

6 months 10.98 49.19 5.25 31.65 2.09 1.53 1.55

9 months 8.33 35.38 3.59 22.60 2.32 1.53 1.57

12 months 8.55 32.20 3.90 18.91 2.19 1.68 1.70

Testicular length

6 months 43.33 131.66 20.91 75.01 2.08 1.73 1.76

9 months 16.00 109.20 0.95 69.17 16.84 1.53 1.58

12 months 13.06 109.97 4.03 60.89 3.24 1.78 1.81

Epididymal diameter

6 months 3.36 11.74 2.44 7.62 1.38 1.55 1.54

9 months 3.11 9.13 1.30 6.55 2.39 1.34 1.39

12 months n.e.b n.e.b n.e.b n.eb ± ±

a Unadjusted relative to adjusted.
b n.e.: no estimate due to non-convergence.
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body weight, especially from Model 3 Ð which fell

within well-established ranges Ð can some degree of

con®dence be placed on these values. Thus, it was

reassuring that, when account was taken of standard

errors, the models 1 and 2 estimates were generally not

different from the Model 3 estimates. However, even

®gures on the lower range of estimates had compar-

able values in the literature. Fogarty et al. (1980)

reported estimates of 0.14 (s.e. 0.06) and 0.13 (s.e.

0.08) for scrotal circumference and testicular dia-

meter, respectively, in data combining several sheep

breeds.

Most heritability estimates for testicular or scrotal

size, especially scrotal circumference, in the literature

are for cattle ( Johnson et al., 1974; Coulter et al.,

1976; Latimer et al., 1982; Lunstra, 1982; King et al.,

1983; Morris et al., 1992). These estimates, like those

available for sheep, are generally in the medium range

and indicate potential for improving male fertility by

selecting for scrotal circumference, particularly in

view of the favourable correlation between scrotal

circumference and semen production (Coulter et al.,

1976; Neely et al., 1982; Knight, 1984; Al-Nakib et al.,

1986) and libido (Dufour et al., 1984).

Although the large standard errors in the present

study preclude conclusive comparison of the different

testicular measurements at the three ages on the basis

of models 1 and 2 heritability values, the numerically

higher estimates for scrotal circumference plus the

relative ease with which it can be measured point to

superiority of scrotal circumference as a selection

criterion over the other testicular measurements.

Moreover, among the testicular measurements, only

scrotal circumference had a signi®cant repeatability

estimate. Both weight-adjusted and unadjusted herit-

ability estimate for scrotal circumference and testicu-

lar diameter (Table 9) were numerically (though not

signi®cantly) higher in 12-month than in 9-month ram

lambs. Matos and Thomas (1990) concluded that the

tendency for an increase in heritability of scrotal

circumference with age indicated that environmental

factors in¯uencing the trait became less important in

older ram lambs. In the present study, the higher

heritability estimates in 12-month lambs was clearly

due to a reduction in error of measurement (and other

environmental factors) as well as an increase in

genetic variation, the latter possibly a scale effect.

However, the fact that the 12-month estimate for

scrotal circumference was closer to the 6 than to

the 9-month ®gure was surprising.

4.2. Genetic correlations

Drawing upon common hormonal mechanisms gov-

erning reproductive development in males and

females, Land (1973) and Land et al. (1980) postu-

lated that selection to improve female reproductive

traits could be based upon measures of testis size and

growth rate in related males. Walkley and Smith

(1980) discussed the theoretical value of male traits

as indirect selection criteria to improve female per-

formance. Some early evidence supporting these con-

cepts came from studies in mice (Land and Falconer,

1969; Islam et al., 1976; Eisen and Johnson, 1981).

Selection for testis size in mice yielded a positive

correlated response in ovulation rate (Islam et al.,

1976; Hill et al., 1990) and selection for litter size

led to correlated increase in testis size (Joakimsen and

Baker, 1977; Eisen and Johnson, 1981). Similar results

have also been obtained in other species. Both age at

puberty and yearling fertility in beef heifers have

shown favourable relationship with testicular size

measured in yearling bulls (Brinks et al., 1978; King

et al., 1983; Toelle and Robinson, 1985a; Smith et al.,

1989; Morris et al., 1992) and divergent selection for

cow fertility in tropical conditions has resulted in

favourable correlated response in scrotal circumfer-

ence (Mackinnon et al., 1990). In sheep, Purvis et al.

(1988) reported a pooled genetic correlation estimate

between ovulation rate and testicular diameter of 0.35

(s.e. 0.08) and Haley et al. (1990) reported that

selection for testicular diameter yielded signi®cant

correlated responses in age at ®rst oestrus and litter

size per ewe mated. Referring to available evidence

indicating a favourable relationship between male and

female reproduction in young animals, Fossceco and

Notter (1995) pointed out that the argument for a

positive association between testis size and female

reproduction in mature animals is less compelling than

that for young animals. However, Matos and Thomas

(1992) concluded, from a comprehensive review of

sheep studies, that, although available results were

variable, they generally suggested a positive relation-

ship between testis size and ovulation rate or litter

size. Proud et al. (1976) found a favourable association

between male and female reproduction in pigs, and
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Schinckel et al. (1983) reported that selection for

increased ovulation rate in pigs resulted in increased

immature testis size. However, results in pigs have

generally not been as favourable as those in cattle and

sheep (Toelle and Robinson, 1985b; Young et al.,

1986; Johnson et al., 1994).

The present results point to favourable genetic

relationship among testicular measurements and

between these measurements and female reproduction

in these tropical sheep breeds. Although testicular

diameter at 9 and 12 months of age had numerically

higher correlation estimates with age at puberty in ewe

lambs than did scrotal circumference, these differ-

ences were not signi®cant. Comparing different tes-

ticular measurements, Knight (1977) found that

scrotal circumference had the highest within-operator

repeatability and concluded that it should be the trait

of choice in selection aimed at improving both male

and female reproduction. As the heritability estimate

for age at puberty in ewe lambs was not signi®cant, the

present study has provided no evidence to suggest

that the trait is any more heritable in these breeds

than estimates in the literature indicate. Thus, there is

need to consider options for indirect improvement of

the trait and other female reproductive traits. Selection

for increased testicular size could improve female

reproduction in two ways (Hammond and Graser,

1987). First, via an increase in male fertility due to

the positive correlation between the latter and testi-

cular size. This gain would be realized as an immedi-

ate phenotypic response in ewe lambing rates after

each round of ram selection, and through the sons,

grandsons, and subsequent male descendants of

selected rams. Second, by increasing the genetic

potential of future generations of females to reproduce

because of the positive genetic correlation between

testicular size and components of female reproduc-

tion.

A signi®cant negative genetic correlation between

age at puberty (AP) in females and body weight in ram

lambs, especially at early ages, would indicate possi-

bility for indirect selection for AP in females based on

body weight of their male siblings. Unfortunately, the

available estimates in this study were positive. None-

theless the standard errors were large, making it

impossible to make de®nitive statements regarding

the sign of the estimates. Additional estimates based

on larger data sets are required.

4.3. Effect of body weight adjustment on genetic

parameters

If adjustment for liveweight lowers estimates of the

genetic correlation between testicular traits and

female reproductive traits, then such adjustments

may not be desirable as they would result in less

correlated genetic response in female reproduction

traits when selection is based on adjusted testicular

measurements compared to selection on unadjusted

measurements. Conversely, if liveweight adjustment

accentuates the genetic correlations, such adjustment

would improve correlated response. In the present

study, adjustment of testicular measurements for live-

weight consistently resulted in lower heritability esti-

mates and genetic correlations among testicular

measurements.

That genetic parameters for testicular traits should

be affected by adjustment for liveweight is a direct

consequence of the strong genetic relationship

between body weight and testicular measurements

(Table 7). Results in Table 9 indicate that, except

for epididymal diameter at 12 months of age, body

weight adjustment was consistently associated

with large reductions in the genetic variance of tes-

ticular measurements, ranging from a factor of 1.34

for epididymal diameter at 9 months to over two

times for scrotal circumference at 6 months, the

corresponding factors for other traits having been

over 1.5. Adjustment for liveweight also resulted in

reductions in residual and phenotypic variances.

However, these reductions were much smaller relative

to those in genetic variances, hence the general

reduction in heritability estimates. Genetic correla-

tions were also consistently reduced by weight

adjustment. These results imply that adjustment of

testicular measurements for body weight may reduce

both direct response in the trait and correlated

response in other testicular measurements. The effect

of weight adjustment on the genetic correlations

between testicular measurements in ram lambs and

age at puberty in females was a large and consistent

reduction in the absolute values of these estimates.

Indeed, all such weight-adjusted correlations were

non-signi®cant, suggesting that adjustment would

eliminate any possible correlated response in age at

puberty in females from selection on testicular mea-

surements.
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5. Conclusions

One important conclusion of this paper is that

scrotal circumference, already shown to have promise

as an indicator trait for genetic improvement of ram

fertility in temperate breeds, also presents the best

possibility among the testicular measurements studied

in these tropical sheep breeds. There was also evi-

dence that selection for scrotal circumference would

yield favourable correlated response in age at puberty

in ewe lambs.

Although there was evidence for declining additive

genetic variance with age (Table 9), there was also an

indication that the environmental variance for scrotal

circumference (and other testicular measurements)

decreased with age. Consequently, there was no clear

relationship between age and magnitude of heritability

estimate (Table 6). Nonetheless, the fact that herit-

ability at 6 months of age was similar to that at 12

months, presents a strong case for basing selection

decisions on measurements taken at the younger ages

unless it can be shown that the reduced error variance

at later ages and its favourable effect on accuracy of

measurements more than compensates for the delayed

selection. However, unless analyses based on larger

data sets yield contradicting (positive) estimates, any

selection based on SC would need to consider possible

undesirable genetic correlation with AP (see Table 7)

at 9 and 12 months of age.

Finally, despite the lack of agreement in reports in the

literature regarding the effect of adjustment of

testicular measurements for body weight on heritability

estimates of the former, the present results lead only to

one conclusion: that such adjustments consistently

reduceheritabilityestimatesoftesticularmeasurements,

the genetic correlations among them and genetic corre-

lations between them and age at puberty in ewe lambs.
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