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Abstract
Crossbreeding is a common practice among commercial sheep producers to improve animal performance. However, genetic evaluation of U.S.
sheep is performed within breed type (terminal sire, semi-prolific, and western range). While incorporating crossbred records may improve
assessment of purebreds, it requires accounting for heterotic and breed effects in the evaluation. The objectives of this study were to: 1)
describe the development of a paternal composite (PC) line, 2) determine the effect of direct and maternal heterosis on growth traits of crossbred lambs, 3) estimate (co)variance components for direct and maternal additive, and uncorrelated maternal environmental, effects, and 4) provide an interpretation of the estimates of random effects of genetic groups, and to use those solutions to compare the genetic merit of founding
breed subpopulations. Data included purebred and crossbred records on birth weight (BN; n = 14,536), pre-weaning weight measured at 39 or
84 d (WN; n = 9,362) depending on year, weaning weight measured at 123 d (WW; n = 9,297), and post-weaning weight measured at 252 d
(PW; n = 1,614). Mean (SD) body weights were 5.3 (1.1), 16.8 (3.9) and 28.0 (7.6), 39.1 (7.2), and 54.2 (8.7) kg for BN, WN (at the two ages), WW,
and PW, respectively. In designed experiments, the Siremax, Suffolk, Texel, Polypay, Columbia, Rambouillet, and Targhee breeds were compared
within the same environment. Estimates of heterotic effects and covariance components were obtained using a multiple trait animal model.
Genetic effects based on founders’ breeds were significant and included in the model. Percent estimates of direct heterosis were 2.89 ± 0.61,
2.60 ± 0.65, 4.24 ± 0.56, and 6.09 ± 0.86, and estimates of maternal heterosis were 1.92 ± 0.87, 4.64 ± 0.80, 3.95 ± 0.66, and 4.04 ± 0.91, for
BN, WN, WW, and PW, respectively. Correspondingly, direct heritability estimates were 0.17 ± 0.02, 0.13 ± 0.02, 0.17 ± 0.02, and 0.46 ± 0.04
for BN, WN, WW, and PW. Additive maternal effects accounted for trivial variation in PW. For BN, WN, and WW, respectively, maternal heritability
estimates were 0.16 ± 0.02, 0.10 ± 0.02, and 0.07 ± 0.01. Uncorrelated maternal environmental effects accounted for little variation in any trait.
Direct and maternal heterosis had considerable impact on growth traits, emphasizing the value of crossbreeding and the need to account for
heterosis, in addition to breed effects, if crossbred lamb information is included in genetic evaluation.

Lay Summary
Crossbreeding is common in commercial sheep enterprises. It allows breeds with different attributes to be combined to generate crossbred
progeny tailored to production environments and customer preferences. Additionally, crossbreds often benefit from heterosis, performing
at levels above the average of their parental breeds. Over two decades, body weights were collected at birth and at pre-weaning, weaning,
and post-weaning ages on purebred and crossbred lambs from semi-prolific (Polypay), western range (Columbia, Rambouillet, Targhee), and
terminal sire (Siremax, Suffolk, Texel) breeds at the U.S. Sheep Experiment Station. When combined, the value of direct heterosis—that due
to a lamb being crossbred—and maternal heterosis—that due to the lamb’s dam being crossbred—increased birth (5%) and post-natal (up to
10%) weights in crossbred lambs. This highlights the value of crossbreeding to the U.S. sheep industry, especially in western range production
systems. Genetic variation between and within breeds also was detected for the purebred parental breeds. Such heterotic and breed effects
must be accounted for if crossbred performance is to be incorporated in genetic evaluation of purebreds. Therefore, these results provide the
foundation for utilizing crossbred information in the evaluation and selection of purebred sheep in the United States.
Key words: body weight, crossbreeding, heterosis, lambs, multiple-trait animal model, parameter estimates
Abbreviations: AIC, Akaike Information Criterion; BLUP, best linear unbiased prediction; BN, birth weight; C3, ½ Columbia ¼ Suffolk ¼ Texel cross; CM, ColumbiaMyostatin composite line; CS, ½ Columbia ½ Suffolk cross; EBV, estimated breeding values; F1, first filial cross; LR, likelihood ratio; NSIP, National Sheep
Improvement Program; PC, paternal composite line; PW, post-weaning weight; REML, residual maximum likelihood; S3, ¼ Columbia ½ Suffolk ¼ Texel cross; SC,
½ Suffolk ½ Columbia cross; T3, ¼ Columbia ¼ Suffolk ½ Texel cross; TC, ½ Texel ½ Columbia cross; TS, ½ Texel ½ Suffolk cross; TS1, first terminal sire evaluation
project; TS2, second terminal sire evaluation project; USSES, U.S. Sheep Experiment Station; WN, pre-weaning weight; WW, weaning weight
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Introduction
The beneficial effects of crossbreeding on animal performance
have been well established (Dickerson, 1973; Gregory and
Cundiff, 1980). Traditional crossbreeding schemes in sheep
are based on mating dam breeds with good mothering ability
and (or) adaptation to local conditions to terminal sire breeds
with heavy muscling and rapid growth (Fogarty, 2006). In
the western United States, common dam breeds are Polypay,
Rambouillet, and Targhee. Suffolk is the most widely utilized
terminal sire breed (NRC, 2008), although other purebred
(e.g., Hampshire) and composite (e.g., Texel crossbred) breeds
are also used. Dual-purpose breeds, such as the Columbia,
also contribute to crossbreeding systems.
Terminal sire composite lines have gained popularity
because of the potential of heterosis to improve lamb fitness and ram longevity (Leymaster, 1991). These prospective
advantages led to the development of composite breeds such
as the Siremax, which was formed by crossing the Columbia, Texel, Suffolk, and Hampshire breeds (Notter and Taylor,
2019). The U.S. Sheep Experiment Station (USSES) established a paternal composite (PC) line by crossing Columbia, Suffolk, and Texel sheep (McKibben et al., 2019). As a
byproduct of establishing the PC line, crossbred performance
records on the parent breeds became available. Still, in U.S.
systems, the extent of direct and maternal heterosis generated
from breed crosses, and their impact on growth traits, is not
entirely understood.
Genetic evaluation of sheep in the United States is conducted through the National Sheep Improvement Program
(NSIP; Notter, 1998), which began in 1987. Through NSIP,
best linear unbiased prediction (BLUP) estimated breeding
values (EBV) are obtained for a variety of traits for animals
from participating flocks. Producers use these EBV, and
selection indexes constructed by combining them, to select
replacement animals within and across flocks.
In NSIP, breeds are categorized into breed types: 1)
semi-prolific (e.g., Polypay), 2) western range (e.g., Columbia, Rambouillet, and Targhee), 3) terminal sire (e.g., Suffolk
and Texel), and 4) hair (e.g., Katahdin). Despite multiple
breeds being evaluated by NSIP, currently, breeding values
are estimated in separate analysis for each breed type. This
is because of weak genetic relationships or connectedness
among breeds even within breed types. Thus, the resulting EBV can be used only to compare animals of the same
breed. Incorporating data from crossbred animals into these
genetic evaluations may lead to more reliable assessments
of purebred animals and potentially allow comparisons of
genetic merit across breeds and potential mates (Van Raden
et al., 2007).
When combining information from different breeds, it is
important to account for extraneous variation that may have
an impact on the evaluation of purebred and crossbred animals. Sources of variation within a breed may include selection strategies and intensity, genetic trends, and breeding
philosophies by individual producers (Kuehn et al., 2009;
Brown et al., 2010). Therefore, it is important to define
genetic grouping strategies that help account for variability
within and between breeds. Due to inherent management and
selection practices, not all genetic groups may be represented
across flocks. As such, including genetic groups as random
effects aids in avoiding potential issues related to bias, estimability, and low accuracy of estimates associated with small
genetic groups (Schaeffer, 1994).
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Before crossbred information can be included in genetic
evaluation, it is necessary to account for heterosis (Van Raden,
1992) and founder breed effects. In addition, because of the
more diverse nature of crossbred progeny in a multiple-breed
evaluation, variance components including heritability and
genetic correlations may need to be updated to better describe
additive and environmental effects, and the relationships
between purebred and crossbred performance. Accordingly,
the objectives of this study were to: 1) describe the development of the PC line, 2) determine the effect of direct and
maternal heterosis on growth traits of crossbred lambs, 3) estimate (co)variance components for direct and maternal additive, and uncorrelated maternal environmental effects, and 4)
provide an interpretation of the estimates of random effects
of genetic groups, and to use those solutions to compare the
genetic merit of founding breed subpopulations.

Materials and Methods
Data used in the study were from various sheep genetics projects conducted at the USDA, Agricultural Research Service,
Range Sheep Production Efficiency Research Unit, USSES.
Sheep were reared in an extensive rangeland production
system located near Dubois, Idaho (USA) in the upper Intermountain West region of the United States. For comprehensive description of location, vegetation types and ecosystems,
climate variables, and grazing systems, refer to Seefeldt and
McCoy (2003), Leytem and Seefeldt (2008), Taylor et al.
(2009), Moffet et al. (2015), and(or) Notter et al. (2017). All
husbandry practices and related animal-care procedures were
reviewed and approved by the ADSA, ASAS, and PSA Guide
for Care and Use of Agricultural Animals in Research and
Teaching.

Purebred and crossbred populations
Performance records of purebred Suffolk and Columbia
lambs were obtained from their corresponding purebred
flocks at USSES. Crossbred lambs used to form the PC and
associated Columbia myostatin (CM) lines, and crossbred
lambs from two terminal sire evaluation projects were used.
The first terminal sire project (TS1) occurred between 2005
and 2007 and involved mating Columbia, Suffolk, and Texel
rams to Rambouillet ewes, with approximately 330 matings
per year (Leeds et al., 2012). To assist in assessing Texel maternal effects, 163 Texel × Rambouillet ewes also were retained
and backcrossed to Texel rams. The Texel breed was represented only by purchased purebred and crossbred sires used
as ancestors of subsequent crossbred and composite progeny.
Maternal effects of Texel could only be estimated from the
performance of Texel crossbred dams.
Formation of the PC line began in 2006 and utilized Suffolk, Columbia, and Texel rams from TS1 to produce Suffolk
× Columbia (SC; n = 610), Texel × Columbia (TC, n = 237),
Columbia × Suffolk (CS; n = 265), and Texel × Suffolk (TS;
n = 140) crosses (Figure 1). The resulting first filial cross (F1)
ewes were mated back to one of the parent breeds, or to the
third breed, to produce ½ Suffolk ¼ Texel ¼ Columbia (S3;
n = 338), ½ Columbia ¼ Texel ¼ Suffolk (C3; n = 240), and ½
Texel ¼ Suffolk ¼ Columbia (T3; n = 222) crosses. The final
crosses to generate the PC base generation were the reciprocal crosses of S3 with C3, CS with T3, and SC with T3. The
result was ⅜ Columbia, ⅜ Suffolk, ¼ Texel offspring. The
first inter se matings between PC sires and dams occurred in
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Figure 1. Schematic of breeds and crosses used in the development of the paternal composite line (PC). Rectangles denote pure breeds, rectangles
with rounded edges and solid (or dashed lines) denote two- (or three-) breed crosses, and the PC line is denoted in gray. Curved arrows show reciprocal
crosses.

2009. Once the flock was of sufficient size, selection decisions
in PC emphasized lamb survival, growth, and ultrasound
ribeye area (McKibben et al., 2019). The F1 (two-breed) and
three-breed intermediate crosses used to develop the PC were
included in the analyses to assist in estimation of effects of
direct and maternal heterosis.
Development of the CM composite began in 2009 by backcrossing TC animals that had been used to create the PC line
to Columbia rams to create a ¾ Columbia, ¼ Texel composite. Approximately 80% of the founder Texel rams carried a
mutation in the myostatin gene (Clop et al., 2006), and selection was applied to increase the frequency of this mutation
in CM while also retaining the heavier muscling phenotype.
Performance records of CM lambs also provided additional
information for estimation of Texel maternal effects. The CM
line was terminated after the 2015 lambing. The CM animals
were integrated into the PC line by crossing them with Suffolk
or TS mates and then crossing the two sets of offspring to
produce animals with the desired ⅜ Columbia, ⅜ Suffolk, ¼
Texel breed composition.
The second terminal sire evaluation project (TS2) took
place between 2015 and 2017 and consisted of mating Suffolk, Siremax, and PC rams to Polypay, Targhee, and Rambouillet ewes, resulting in approximately 478 matings across
the 3 yr (Notter and Taylor, 2019). Most Suffolk rams were
sampled from industry flocks and primarily from those that
participated in NSIP. Siremax rams were obtained from flocks

in Minnesota and Oregon, and the Siremax composite was
represented in the data only by the purchased sires used in
the TS2 project. The PC rams were sampled from the USSES
flock.
Purebred Suffolk lambs were produced in all years between
1999 and 2018. Suffolk lambs born before 2006 came from
the USSES Suffolk flock, which was considered representative
of purebred Suffolk flocks in the region. However, Suffolk
rams used in TS1 and TS2, and as founders of the PC line,
also produced purebred Suffolk lambs. After establishment of
the PC line, occasional additional purchases of Suffolk and
Texel x Suffolk rams from primarily NSIP flocks were made
to expand genetic variation in the PC line, and aid in integration of the CM line into the PC line. These Suffolk rams were
also used in the USSES purebred Suffolk flock. Thirty Suffolk
ewe lambs were purchased from two purebred Suffolk flocks
in 2016 to further expand genetic variation in the flock.
Columbia lambs were likewise produced from an existing
USSES Columbia flock in 1999 through 2014. Purchased
Columbia rams used in TS1 and in the formation of the PC line
also produced purebred Columbia lambs. Purebred Columbia progeny of purchased rams were retained as replacements
and incorporated into the USSES flocks. The USSES Columbia flock was terminated after the 2014 lambing but re-established, beginning in 2017, using Columbia ewes purchased
from a single large commercial Columbia flock and two rams
that had been retained from the original USSES flock.
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Numbers of purebred, F1, and composite lambs considered
in the study are shown by sire and dam breed in Table 1. As
noted earlier, in addition to purebred sires and dams, crossbred sires and dams were used during the development of
the CM and PC lines and the integration of the CM animals
into the PC line. A comprehensive list of the number of lambs
by breed of sire and dam, whether purebred or crossbred, is
therefore provided as Supplementary Table S1.

Flock management
Flock management at USSES was designed according to common practices of sheep breeders in extensive rangeland production systems in the U.S. West. Feeding and management
during breeding, late gestation, and lambing were similar for
ewes of all dam breeds. However, as described later, management in mid-gestation and during the pre-weaning and
post-weaning periods differed among dam breeds.
Lambs were born in early March through mid-April. Purebred ram lambs that were judged to be unlikely to be used as
breeding rams based on their sire’s and dam’s previous performance, and the estimated number of male breeding replacements needed, were identified prior to lambing, and castrated
at birth. Ram lambs with obvious physical defects were likewise castrated at birth. All male lambs in TS1 and TS2 were
castrated at birth, but most male lambs used in the formation
of the PC and CM lines remained intact.
Table 1. Number of purebred, F1, and composite lambs (n) by sire
(proportion in parenthesis) and dam breed for birth weight

Sire breed1

Dam breed1

Siremax(0.03)

Columbia

140

Rambouillet

122

Targhee

113
557

Polypay

144

PC (0.13)

2336

Targhee

119

CM

104
233

Rambouillet

421

Suffolk

137

Columbia

4121

Polypay

129

Rambouillet

464

Traits

Suffolk

251

Birth weight (BN), pre-weaning weight (WN), weaning
weight (WW), and post-weaning weight (PW) were measured on purebred and crossbred lambs. Pre-weaning
weights were recorded in June and July in the early years
of the study (1999 to 2010), and April and May in recent
years (from 2011 onward). Summary statistics for each trait
that includes its mean, SD, average age at recording, number
of observations, and the number of dams and litters contributing to those observations, after filtering the data are
provided in Table 2.

Columbia

9

Polypay

173

Rambouillet

147
132

PC

1052

CM

183

PC, paternal composite (⅜ Columbia, ⅜ Suffolk, ¼ Texel); CM,
Columbia–Myostatin composite (¾ Columbia, ¼ Texel).

1

53

Columbia

Targhee
CM (0.02)

562

Suffolk

PC

Columbia (0.42)

21

Columbia
Rambouillet

Texel (0.07)

10

Polypay

PC
Suffolk (0.33)

n

All ram lambs were weaned in July at approximately 90 d of
age. Ewe lambs and wethers were generally weaned in August
or September, but all lambs in TS1 and TS2 were weaned in
July and sent directly to a feedlot for finishing on a high-energy diet. Ram and ewe lambs of all breeds and crosses that
were retained as potential replacements were combined into
separate cohorts by sex and then managed as two separate
mixed-breed groups after weaning. Replacement ewe and ram
lambs were normally maintained on sagebrush steppe range
after weaning. Depending on the quality and availability of
forage, and climatic conditions, while grazing winter range,
supplemental dried distillers grains (60 to 120 g ewe−1 d−1;
Liu, 2011) were provided in some years. Postweaning weights
of replacements were determined in early December.
Columbia, Polypay, Targhee, and Rambouillet ewes and
their crossbred lambs were assigned to weaning (management) bands 1 and 2 and managed on extensive range consisting of sagebrush steppe and subalpine forest in spring and
summer (approximately May 1 to mid-August/early September). After August/September weaning, ewes were maintained
on sagebrush steppe until breeding when ewes were transitioned to a feedlot, for single-sire mating, for approximately
35 d. Suffolk or Suffolk crossbred sires from the USSES flock
were then used as “clean-up” rams for generally one additional breeding cycle (3 wk).
Prior to 2014, after breeding, white faced ewes (i.e., Columbia, Polypay, Rambouillet, and Targhee) were maintained on
sagebrush steppe through early/mid-January and transitioned
to a feedlot for 50 to 65 d until lambing. After 2014, ewes
grazed a combination of sagebrush steppe and crop residue
(e.g., alfalfa), depending on annual availability, until late
December/early January and transitioned to a feedlot for 60
to 75 d until lambing.
Purebred Suffolk ewes were managed differently from
ewes of the other breeds. Suffolk ewes and their purebred
and crossbred lambs (weaning band 3) were managed on
improved, sub-irrigated pastures in the summer until weaning in early fall. Suffolk ewes grazed sagebrush steppe and/or
crop residue with ewes of the other breeds after weaning but
were moved to a feedlot environment earlier than ewes of the
other breeds if winter conditions became severe.
Prior to 2014, crossbred ewes of up to 50% Suffolk breeding were managed with ewes of the traditional wool breeds in
weaning bands 1 and 2 during summer. However, beginning
in 2014, because of concerns regarding potential bias in comparing the performance of Suffolk ewes with the performance
of other terminal-sire crossbred types (including the PC and
CM ewes), all terminal-sire purebred and crossbred ewes
were assigned to weaning band 3. Columbia ewes, which had
been evaluated as a potential terminal-sire breed since TS1,
were also assigned to weaning band 3.
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Table 2. Mean, SD, age at measurement, and number of records,
number of dams, and number of litters, for weight traits measured in
purebred and crossbred lambs1

Body weight
Measure

Birth

Pre-wean
(early)2

Pre-wean
(late)2

Wean

Post-wean

Mean (kg)

5.3

16.8

28.0

39.1

SD (kg)

1.1

3.9

7.6

7.2

8.7

Age (d)

0.0

39.0

83.6

122.5

251.9

Records (n)

54.2

14,536

4,447

4,915

9,297

Dams (n)

3,608

1,817

1,486

3,006

1,614
946

Litters (n)

8,378

3,546

2,776

6,266

1,408

After processing data and removing outliers.
Pre-weaning was recorded in June/July from 1999 to 2010, and in April/
May from 2011 onward.

1
2

Data filtering
As an initial data filtering step, lambs whose breed composition could not be resolved through pedigree, and those
with missing descriptive information (e.g., management
group) were removed. Lambs that were fostered at birth and
suckled by a ewe other than their genetic dam were also
removed from the data. Weaning bands with fewer than 10
lambs in a year were also removed. Postweaning weights
for 1,152 lambs produced in TS1 and TS2 were recorded
under intensive feedlot conditions and were not included in
the final data set. Moreover, if an observation was discarded
or missing for a lamb at any stage, subsequent records from
the same lamb were also discarded. A total of 1,842 records
were removed because of these initial data filtering steps.
An additional 135, 124, 62, and 7 BN, WN, WW, and PW
records, respectively, were identified as outliers using studentized residuals.

Pedigree and genetic groups
The pedigree included 17,261 individuals. To account for different origins of sires and dams used in the study (industry
or USSES flocks), 12 genetic groups were defined. For terminal sire breeds, a single group of purchased Siremax rams
was identified (1). Three Suffolk genetic groups were defined
based on origin and year of purchase: rams and ewes from
the USSES station flock (2), purchased rams used during TS1
(3; NSIP and non-NSIP), and purchased rams used for TS2
and ewes purchased after TS2, both from NSIP and non-NSIP
flocks (4). A single Texel group of purchased rams was also
identified (5). Polypay ewes used in TS2 were placed in a single group (6). Three Columbia groups were defined based on
their origins: rams and ewes belonging to the USSES flock
(7), purchased rams used in TS1 (8; NSIP and non-NSIP),
and purchased females outside of TS1 or TS2 (9; non-NSIP).
Two Rambouillet groups (both derived from the USSES flock)
were delineated, representing ewes evaluated during TS1 (10)
and TS2 (11). Finally, the Targhee ewes used during TS2 were
placed in a single group (12).
Crossbred individuals with unknown parents were assigned
an “artificial” pedigree that traced back to purebred genetic
groups. These represented 13 purchased Suffolk × Texel
(or TS) rams that were used in creation of the PC line and
integration of the CM line into PC. For each founder breed,

genetic groups were assigned so that the groups consisted of
at least 20 individuals.

Model selection and fitting
Fixed effects
Identification of significant fixed effects (P < 0.05) was performed using a linear model in R (R Core Team, 2020) consisting of fixed effects and the random residual.
For BN, the model contained effects of contemporary
group, birth type (1, 2, or ≥ 3 lambs born), dam age (l = 1,
…, 7+ years), birth type × dam age interaction, and lambing
day (day of the year). The contemporary group was defined
as the combination of sex, year of birth, and a 35-d birth-day
slice that was used to split the lambing period into three 35-d
periods. Lambing day was fitted as a continuous covariate
centered at the mean of each contemporary group.
For WN, WW, and PW, the fixed effect model included
cotemporary group, birth-rearing type, dam age, birth-rearing type × dam age interaction, and age at weighing. Contemporary group was defined as the combination of sex, year
of birth, management group (up to 3 weaning bands within
each year), date of weight measurement, and the 35-d birthday slice defined for BN (or 70-d slice for PW). Effects of type
of birth and rearing were defined as 1, 2, or 3 if one, two, or
three or more lambs were born, respectively, but a single lamb
was reared; 4 and 5 if two or three or more lambs, respectively, were born but two lambs were reared; and 6 if three or
more lambs were born and reared. Age at weighing, centered
at the mean of contemporary group, was fitted as a covariate.
For all traits, direct and maternal heterotic effects were
included as continuous covariates. The expected breed heterozygosity was calculated as
Heterozygosity = 1 −

7


fijS fijD

i=1

where fijSand fijD(i = 1, …, 7; representing the 7 breeds described
earlier) were the expected fractions of breed i for the sire and
dam, respectively, of individual j. The expected breed fractions were calculated as in Van Vleck (1997) and assumed to
be directly proportional to the fraction of maximum heterosis
that was expected for each animal.

Random effects
Random effects included in the final model for each trait were
determined based on log-likelihood ratio tests (LR) with a
single degree of freedom and the Akaike Information Criterion (AIC). These criteria were used as complementary given
that the LR constitutes a formal test for significance while the
AIC provides insight on model complexity.
Genetic groups effects were considered random. While
breed (or genetic group) differences could be obtained by
including group fractions as fixed effects, estimability was
considered an issue because some groups contained only a
few individuals. By fitting them as random genetic group fractions (covariates), more precise estimates could be obtained
(Schaeffer, 1994). This also allowed a (co)variance structure
among traits for genetic group effects to be specified.
Selection of random effects was based on fitting univariate
models using ASReml 4.1 (Gilmour et al., 2015; Table 3).
Initially, a base model that included the fixed systematic
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Table 3. Random effect models fitted in univariate analyses, and deviations of the log-likelihood ratio test (ΔLogL) and Akaike information criterion (ΔAIC)
values from the model of best fit, for birth weight (BN), pre-weaning weight (WN), weaning weight (WW), and post-weaning weight (PW)

BN

WN

WW

PW

Random effects1

ΔLogL2

ΔAIC3

ΔLogL2

ΔAIC3

ΔLogL2

ΔAIC3

σe2 , σA2 D

ΔLogL3
0

ΔAIC3
0

−1095.46

1092.47

-218.84

214.83

-195.32

191.32

σe2 , σA2 D , σA2 M

−240.30

239.32

-0.40

76.96

-4.76

2.76

σe2 , σA2 D , σE2 M

−320.10

319.13

-73.18

71.18

-60.18

58.18

σe2 , σA2 D , σA2 M , σE2 M

−198.52

199.54

0

0

0

0

4.38

-0.53

0

0

0

2.00

0.18

1.83

8.44

-2.45

σe2 , σA2 D , σA2 M , σAD,M

−234.36

235.38

-0.28

0.28

-4.46

4.46

4.28

-0.27

σe2 , σA2 D , σA2 M , σAD,M , σE2 M

−192.14

195.16

0.12

1.87

0.48

1.53

5.00

0.99

5.02

3.02

0.12

3.87

0.64

3.36

8.84

-0.84

σe2 , σA2 D , σA2 M , σE2 P , σE2 T

σe2 , σA2 D , σA2 M , σAD,M , σE2 P , σE2 T

3.70

-1.71

3.42

-1.42

σe2, residual variance; σA2 D, direct additive variance; σA2 M , maternal additive variance; σAD,M, direct-maternal additive covariance; σE2 M , overall maternal
environmental variance; σE2 P , maternal permanent environmental variance; σE2 T , maternal temporary environmental variance.
2
Minus two times the log-likelihood expressed as a deviation from the model chosen as the “best-fit” model (in bold). Effects were included sequentially.
Positive values refer to an increase in the log likelihood, indicating a “better” fit (with 1 df, threshold for significance of an effect was χ2α=0.05,1 = 3.84).
3
Expressed as a deviation from the model chosen as the “best-fit” model (in bold). Positive values refer to a loss in information or “poorer” fit.
1

effects that were chosen, and the random genetic groups,
direct additive, and residual effects, was fitted. An additional
random effect was then added sequentially until the model
included the fixed effects and direct and maternal additive
effects, their covariance, uncorrelated maternal environmental effects, and residual effects. The overall uncorrelated
maternal environmental effect was partitioned into permanent environmental (variation between litters of dams) and
temporary environmental (variation between litters of multiparous dams).
Initially, both direct and maternal additive genetic group
effects were considered. However, estimability of the maternal
additive genetic group effects proved to be an issue. As such,
only direct additive genetic group effects could be included in
the final model chosen for each trait.

ces for maternal permanent environmental and remaining temporary maternal environmental effects, respectively.
In equation 1, it was assumed that





aBN
mBN
a 
m 
 WN 
 WN 
Var [a] = Var 
 = GA ⊗ A; Var [m] = Var 
 = GM ⊗ A
aWW 
mWW 
aPW
mPW

where GA and GM were 4 by 4 unstructured, symmetric, (co)
variance matrices corresponding to direct and maternal additive effects for the traits in question, respectively, A was the
numerator relationship matrix, and ⊗ was the Kronecker
product. Also,



gBN
g 
 WN 
Var [g] = Var 
 = GQ ⊗ I
gWW 
gPW

Mixed model fitted
The most general form of mixed-model fitted was
(1)
y = Xb + Za a + Zm m + Za Qg + Wc + Mt + e


where y = [yBN , yWN , yWW , yPW ] was the vector of phenotypic

records, and b = [bBN , bWN , bWW , bPW ] was the vector of fixed

effects. The random effects were a = [aBN , aWN , aWW , aPW ]

and m = [mBN , mWN , mWW , mPW ] , which were vectors of
direct and maternal additive genetic effects, respectively,

g = [gBN , gWN , gWW , gPW ] , which was the vector of direct addi
tive genetic group effects, c = [cBN , cWN , cWW , cPW ] , which
was a vector of permanent maternal environmental effects,

t = [tBN , tWN , tWW , tPW ] , which was a vector of the temporary

maternal environmental effects, and e = [eBN , eWN , eWW , ePW ]
, which was the vector of residuals. The matrix Q contained
covariates for genetic group fractions for an individual.
The diag (·) notation denoted a (block) diagonal
matrix. The matrix X = diag (XBN , XWN , XWW , XPW )
was the incidence matrix relating records to fixed
Za = diag (ZaBN , ZaWN , ZaWW , ZaPW )
effects,
and
and
Zm = diag (ZmBN , ZmWN , ZmWW , ZmPW ) were the incidence matrices relating records to the direct and maternal additive effects for
each trait,respectively.The W = diag (WBN , WWN , WWW , WPW )
and M = diag (MBN , MWN , MWW , MPW ) were incidence matri-

was the assumed variance structure for the random direct
additive genetic group effects across traits, where GQwas also
a 4 by 4 unstructured, symmetric, (co)variance matrix for the
genetic group effects, and

cBN
c 
Ä
ä
 WN 
Var 
 = C ⊗ I; C = diag σ2BNEP , σ2WNEP , σ2WWEP , σ2PWEP
cWW 
cPW



tBN
t 
Ä
ä
 WN 
Var 
 = T ⊗ I; T = diag σ2BNE , σ2WNE , σ2WWE , σ2PWE
T
T
T
T
tWW 
tPW


where C and T contain maternal permanent (i.e., overall
dam) and temporary environmental (i.e., litter, equivalent to
dam by year) variances, respectively. Lastly,
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eBN
e 
 WN 
Var [e] = Var 
=R⊗I
eWW 
ePW

where R was a 4 by 4 unstructured, symmetric, residual (co)
variance matrix and I was an identity matrix.
Using the selected model for each trait, a four-trait model
for BN, WN, WW, and PW was ultimately fitted in ASReml
4.1 (Gilmour et al., 2015) with variance components estimated using average information residual maximum likelihood. Estimated breeding values also were obtained and
adjusted for the effect of genetic group (ûj ) as described in
Westell et al. (1988) as
ûj = âj +

7


qjk ĝk

k=1

where âj was the EBV for the jth animal, qjk represented the
fraction of the kth breed (as described earlier) for the jth animal, and ĝk was the estimated effect for the kth genetic group.

Results
Heterosis
The average retained heterozygosity was 0.47 (SD 0.45) in
lambs and 0.21 (SD 0.38) in ewes. Estimates of heterotic
effects for the four weight traits are provided in Table 4.
When expressed as a proportion of the mean body weight for
the trait, the effect of direct heterosis, increased from 2.89%
± 0.61 at birth to 6.09% ± 0.86 at post-weaning. Similarly,
maternal heterosis effects increased from 1.92% ± 0.87 at
birth to 4.04% ± 0.91 at post-weaning.

Model selection and fitting
Based on LR, the covariance between direct and maternal
additive effect for BN was significant (P < 0.05), although not
for WN and WW (Table 3). However, for all four traits, only
small changes in AIC were observed for models including and
Table 4. Estimates of direct and maternal heterosis for body weights
in kg and as the percentage of body weight (trait mean) accounted by
heterotic effects

Trait1

BN
WN
WW
PW

Effect

Heterosis

Percentage2

Estimate

SE

Estimate

SE

Direct

0.15

0.03

2.89

0.61

Maternal

0.10

0.05

1.92

0.87

Direct

0.58

0.14

2.60

0.65

Maternal

1.03

0.18

4.64

0.80

Direct

1.66

0.22

4.24

0.56

Maternal

1.55

0.26

3.95

0.66

Direct

3.32

0.47

6.09

0.86

Maternal

2.20

0.49

4.04

0.91

BN, birth weight; WN, pre-weaning weight; WW, weaning weight; PW,
post-weaning weight.
2
(Heterosis estimate)/(trait mean) × 100. Standard errors obtained by the
delta method (Oehlert, 1992).
1

excluding the direct-maternal additive covariance. Including
this term risked introducing unnecessary complexity. Since
the aim of model selection was to define parsimonious yet
comprehensive models for each trait, direct and maternal
additive effects were considered uncorrelated.
Uncorrelated maternal environmental effects defined variation in BN, WN, and WW (P < 0.05) but not in PW. However,
for WN and WW, fitting separate permanent and temporary
environmental effects did not improve goodness of fit.
Model (1) was chosen as optimal for describing BN,
excluding the direct-maternal additive covariance. For WN
and WW, beyond direct and maternal additive effects, only
an overall uncorrelated maternal environmental effect was
fitted. This was achieved by setting corresponding elements of
the WWN and WWW matrices to zero, allowing the remaining
MWN and MWW matrices to capture the total contribution
of permanent and temporary maternal environmental effects.
For PW, a model that included only direct additive effects provided “best fit.”

(Co)variance estimates
Estimates of direct additive variance were 0.13 ± 0.02,
1.52 ± 0.24, 4.62 ± 0.59, and 21.84 ± 2.20 kg2 for BN, WN,
WW, and PW, respectively. Similarly, estimates of maternal additive variance were 0.12 ± 0.01, 1.21 ± 0.15, and
1.86 ± 0.26 kg2 for BN, WN, and WW, respectively. Estimates
of phenotypic variance, heritability, and correlations for these
traits are provided in Table 5.
Direct additive variances increased in magnitude from birth
to post-weaning. Similarly, the estimates of the maternal additive variances increased from birth to weaning. Correlations
for direct additive effects among weight traits were moderately large and positive (≥ 0.57), and those for maternal additive effects were large and positive (≥ 0.71). From birth to
weaning, direct heritabilities were low to moderate. The lowest estimate was obtained at WN (0.13 ± 0.02) and the highest estimates were obtained at BW and WW (0.17 ± 0.02). At
PW, however, the estimate of direct heritability was substantially higher at 0.46 ± 0.04. Maternal additive heritabilities
were also moderately low across traits, with the highest estimate for BN (0.16 ± 0.02) and the lowest estimate for WW
(0.07 ± 0.01).
Estimates of residual variances and correlations are
given in Table 6. As with additive effects, residual variances
increased from 0.36 ± 0.01 kg2 at birth to 25.14 ± 1.65 kg2 at
post-weaning. Residual correlations among traits were moderately large, positive, and ranged from 0.39 ± 0.02 between
BN and WW to 0.81 ± 0.02 between WW and PW.
For BN, the permanent maternal environmental variance
was 0.11 ± 0.01 kg2 while the temporary environmental variance was 0.05 ± 0.01 kg2. The corresponding proportion of
phenotypic variance explained by permanent environment
was 0.14 ± 0.01 while that explained by temporary environment was 0.06 ± 0.01. On the other hand, for WN and WW,
the estimates of overall maternal environmental represented
0.01 ± 0.01 of the phenotypic variances for both traits.

Genetic group solutions
Representation in contemporary groups
At birth, genetic groups for terminal sire breeds were in
general well represented. The relative frequency at which a
genetic group contributed proportionally to at least 0.10 of
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Table 5. Estimates of phenotypic variances (σ2p , kg2), heritabilities, and genetic correlations among weight traits

Direct
Trait

σp2

Maternal2

BN

WN

WW

PW

BN

WN

BN

0.77 (0.01)

0.17 (0.02)

0.62 (0.21)

0.67 (0.19)

0.53 (0.26)

0.16 (0.02)

WN

11.96 (0.19)

0.68 (0.06)

0.13 (0.02)

0.93 (0.05)

0.92 (0.07)

0.77 (0.05)

0.10 (0.01)

WW

26.93 (0.44)

0.58 (0.07)

0.97 (0.02)

0.17 (0.02)

0.98 (0.03)

0.71 (0.06)

0.96 (0.03)

PW

46.97 (1.62)

0.57 (0.06)

0.86 (0.05)

0.93 (0.03)

0.46 (0.04)

–

–

WW

0.07 (0.01)
–

Heritabilities are provided on the diagonal (in bold), genetic correlations are provided below the diagonal, and genetic group correlations are provided
above the diagonal (direct additive only). Standard errors of estimates are shown in parentheses.
1
BN, birth weight; WN, pre-weaning weight; WW, weaning weight; PW, post-weaning weight.
2
Maternal additive (co)variances between BN, WN, WW, and PW fixed at zero.

Table 6. Estimates of residual variances (kg2) for weight traits (on
diagonal)

Trait1

BN

WN

WW

BN

0.36 (0.01)

WN

0.44 (0.02)

9.08 (0.21)

WW

0.39 (0.02)

0.77 (0.01)

20.24 (0.50)

PW

0.40 (0.03)

0.68 (0.02)

0.81 (0.02)

PW

25.14 (1.65)

Residual correlations provided below the diagonal. Standard errors of
estimates are provided in parentheses.
1
BN, birth weight; WN, pre-weaning weight; WW, weaning weight; PW,
post-weaning weight.

At pre-weaning and weaning, genetic groups were represented in a similar manner as at birth. On the other hand, at
post-weaning, several genetic groups including the Siremax,
purchased Columbia ewes, TS2 Rambouillet, and the Targhee
did not contribute to any contemporary group. Also, the Suffolk TS2, Rambouillet TS2, and Polypay had low representation (< 0.01). However, the USSES and TS1 Suffolk, Texel,
and USSES and TS1 Columbia were well represented in their
descendants making up proportionally 0.10, 0.17, 0.13, 0.39,
and 0.19 of the composition of all contemporary groups,
respectively. Those proportions corresponded to 159, 257,
201, 602 and 272 progeny equivalents.

Distribution of solutions
the lambs in a contemporary group was determined. That
rate was used to signify the extent to which a genetic group
was disbursed all through the data, and thereby the estimability of its solution. Based on this criterion, the USSES Suffolk, TS1 Suffolk, and Texel genetics groups were represented
in 0.82, 0.50, and 0.45 of all contemporary groups, respectively. Correspondingly, within that subset of contemporary
groups, these genetic groups were expressed proportionally
in 0.15, 0.14, and 0.11 of all lambs. The coinciding effective
progeny numbers—defined as the sum of the genic contributions of a genetic group to lambs within those contemporary
groups—for USSES Suffolk, TS1 Suffolk, and Texel genetics
groups were 1,914, 1,759, and 1,317 progeny, respectively.
The TS2 Suffolk and Siremax were, however, less well disbursed across contemporary groups. Using the same 0.10
cut-off criterion, the TS2 Suffolk and Siremax genetic groups
were represented in only 0.10 and 0.01 of the contemporary
groups, respectively. The overall composition of contemporary groups that included lambs linked to those genetic
groups was only 0.03 and 0.01, equivalent to 402 and 120
effective progeny.
Among the western range breeds, the USSES and TS1
Columbia groups were most influential on BN. They, respectively, had proportionally at least 0.10 representation in 0.96
and 0.76 of all contemporary groups. This corresponded to
0.30 and 0.15 (4,299 and 2,056 effective progeny) of the
composition of the lambs in those contemporary groups. The
other western range and the semi-prolific breeds were less
represented. Based on our 0.10 criterion, the TS1 Rambouillet, TS2 Rambouillet, Targhee, and Polypay genetic groups
defined proportionally 0.03, < 0.01, < 0.01, and 0.01 (686,
72, 60, and 52 effective progeny) of all contemporary groups,
respectively.

Estimates of direct additive genetic groups solutions at birth
and weaning are provided in Figures 2 to 5.
At birth, direct genetic group effects for BN ranged
from −0.84 ± 0.16 for the semi-prolific Polypay breed
to 0.44 ± 0.27 for purchased Columbia ewes (Figure 2).
Among the terminal sires, the Suffolk TS1 and TS2 genetic
groups solutions were different from zero and positive. The
Suffolk USSES, Siremax, and Texel solutions were not different from zero. In the western range breeds, the TS1 Rambouillet had a significant large negative effect. Solutions for
the other western range genetic groups did not differ from
zero.
At pre-weaning, genetic group effect ranged from
−3.95 ± 0.69 for Rambouillet ewes evaluated during TS1 to
2.12 ± 0.65 for Suffolk rams evaluated during TS2 (Figure 3).
In general, genetic group solutions at pre-weaning for most
western range breeds, including the USSES and purchased
Columbia ewes, TS2 Rambouillet, and Targhee, mostly did
not differ from zero. As already noted, the exception was
TS1 Rambouillet, which had a strong negative effect on
pre-weaning weight. Solutions for the Polypay genetic group
at pre-weaning, and for all other post-natal weights, did not
differ from zero.
At weaning, the effect of genetic group ranged from
−5.91 ± 1.18 to 3.78 ± 1.15 for Rambouillet ewes evaluated
during TS1 and Suffolk rams evaluated during TS2, respectively (Figure 4). Genetic group solutions for Siremax were
not different from zero. The TS1 and TS2 Suffolk had positive effects on weaning weight, while the Texel had a negative
effect, all different from zero.
At post-weaning, genetic group effects ranged from
−17.23 ± 3.82 for TS1 Rambouillet ewes to 10.65 ± 3.49 for
Suffolk rams evaluated during TS2 (Figure 5). Beyond that
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Figure 2. Genetic group1 solutions (estimates) of direct additive effects for birth weight. Genetic groups categorized by breed type2.
1
Group definition: USSES founders from the U.S. sheep experiment station; TS1, sires and dams evaluated during terminal sire project 1; TS2, sires and
dams evaluated during terminal sire project 2.
2
Breed type: Terminal sire (Siremax, Suffolk, Texel); Semi-prolific (Polypay); Western range (Columbia, Rambouillet, Targhee).

Figure 3. Genetic group1 solutions (estimates) of direct additive effects for pre-weaning weight. Genetic groups categorized by breed type2.
1
Group definition: USSES founders from the U.S. sheep experiment station; TS1, sires and dams evaluated during terminal sire project 1; TS2, sires and
dams evaluated during terminal sire project 2.
2
Breed type: Terminal sire (Siremax, Suffolk, Texel); Semi-prolific (Polypay); Western range (Columbia, Rambouillet, Targhee).
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Figure 4. Genetic group1 solutions (estimates) of direct additive effects for weaning weight. Genetic groups categorized by breed type2.
1
Group definition: USSES founders from the U.S. sheep experiment station; TS1, sires and dams evaluated during terminal sire project 1; TS2, sires and
dams evaluated during terminal sire project 2.
2
Breed type: Terminal sire (Siremax, Suffolk, Texel); Semi-prolific (Polypay); Western range (Columbia, Rambouillet, Targhee).

pair of genetic groups, the Columbia rams (positive direction)
and Texel (negative direction) groups significantly impacted
post-weaning weights.
As shown in Table 5, genetic group solutions were highly
correlated among traits ranging from 0.53 ± 0.26 between
BN and PW to 0.98 ± 0.03 between WW and PW. As highlighted previously, at PW some genetic groups were not well
represented in the data (e.g., Siremax, Rambouillet, Targhee).
Their solutions were, therefore, derived from the correlations
with other traits.
Ratios of genetic group variance to direct additive variance
were 1.34 ± 0.57, 1.94 ± 0.87, 2.23 ± 1.02, and 4.16 ± 2.04
for BN, WN, WW, and PW, respectively. The distribution of
EBV for sires from the sire breeds (Columbia, Suffolk, Texel)
and composites (Siremax and PC) evaluated in the current
study are presented in Supplementary Figures S1–S4. After
adjusting for group effects (Westell et al., 1988), in general
EBV in sires were unimodal and centered at 0 but not symmetric. However, the extent of variation within individual
breeds varied, although with considerable overlap of those
distributions across breeds.

Discussion
Heterosis
The estimates of direct heterosis obtained in this study were
slightly larger than those reported by Brown et al. (2016) for
multi-breed Australian sheep at 2.0%, 2.6%, and 3.4% for
BN, WW, and PW, respectively. The multi-breed Australian

evaluation included mostly terminal sire breeds (e.g., Suffolk and Texel) while we also included maternal and western range breeds (e.g., Polypay, Targhee, and Rambouillet).
These latter types are usually employed as dam breeds. Perhaps due to the more diverse type of breeds used in our study,
the effects of heterosis were more noticeable. This point is
further supported by higher estimates of direct (individual)
heterosis reported for crosses of Dorper and fat-tailed indigenous sheep, at 7.9% for BN and 11.2% for WW (Cloete et
al., 2021). Based on our results, weight gains of crossbred
lambs raised in western range clearly benefit from individual
heterosis.
Estimates of maternal heterosis from the current study were
lower than those reported by Nitter (1978) at BN (5.1%) and
WW (6.3%). However, they were considerably larger than
those reported by Brown et al. (2016) at 0.0%, 0.7%, and
0.0% for BN, WW, and PW, respectively. Our estimates of
percent maternal heterosis for weight were similar in lambs
at weaning (3.95%) and post-weaning (4.04%). Since lambs
had been separated from their dams by approximately 120
d at PW, such seemed surprising. Still, even when lambs are
older, maternal influences on performance may in part be due
to carry-over effects from the pre-natal period (Näsholm and
Danell, 1996). Such residual effects also may be more evident
in less optimal environments, such as when only lower quality
forage was available (Larsgard and Olesen, 1998). In the current study, maternal additive and uncorrelated environmental
random effects were excluded from the model for PW, which
also may have inflated maternal heterosis. Given the size of our
estimates, maternal heterosis increases birth and post-natal
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Figure 5. Genetic group1 solutions (estimates) of direct additive effects for post-weaning weight. Genetic groups categorized by breed type2.
1
Group definition: USSES founders from the U.S. sheep experiment station; TS1, sires and dams evaluated during terminal sire project 1; TS2, sires and
dams evaluated during terminal sire project 2.
2
Breed type: Terminal sire (Siremax, Suffolk, Texel); Semi-prolific (Polypay); Western range (Columbia, Rambouillet, Targhee).

weights at least through post-weaning in crossbred lambs
produced in western range environments.

Genetic group effects
The structure and value of the correlations for the genetic
group solutions among traits in our study were moderate to
high (≥ 0.53) and positive, and strongly resembled those for
the direct additive effects. Since the additive genetic correlations among traits were also high (≥ 0.57) and positive, it was
unsurprising that genetic group solutions followed a similar
pattern.
The ratios of genetic group variance to direct additive
variance in our study were considerably larger than those
reported in the literature, particularly at PW (4.16). Brown
et al. (2016) reported ratios of 0.47, 1.02, and 1.24 for BN,
WW, and PW, respectively. This difference perhaps reflects
the diversity in breeds and crosses we considered. However, a
higher ratio of genetic group variance was reported by Swan
et al. (2016) between subpopulation of Australian Merino
sheep for PW at 2.05 ± 0.86.
The high PW ratio we obtained may reflect the reduced
number of records at post-weaning and lack of representation of some genetic groups. For PW, the estimate of genetic
group variance was likely not precise and possibly inflated.
As noted earlier, for some genetic groups, it was estimated
from correlations with weight traits measured earlier in
life. Still, even when less-reliable, accounting for differences in the genetic makeup of the founders is important
when performing multi-breed evaluations (Huisman and
Brown, 2007).

In addition to considerable variability across breeds, within
breed variability in direct additive effects was also observed
(Supplementary Figures S1–S4). While the Siremax composite (sires) showed less EBV variability for all traits, PC sires
expressed similar variability as observed in the purebreds.
Given that the founder breeds for the PC were sourced both
from USSES (Columbia and Suffolk) and industry flocks
(Columbia, Suffolk, and Texel sheep from within and outside NSIP flocks), greater variability in EBV might have been
expected. Still, the variability within and between breeds highlights the potential for increasing genetic progress in sheep
in western range environments by utilizing existing additive
variation through crossbreeding.

Estimates of variance and ratios of variances
Estimates of phenotypic variance, direct and maternal heritability, and ratios of maternal environmental effects obtained
in this study for birth and post-natal weights were compared
with those of pure, composite, and crossbred sheep of similar
breed-types.
Phenotypic variance for BN was considerably larger than
the estimates reported by Hanford et al. (2006) but comparable to that in Targhee (Borg et al., 2009), and more like
those in terminal and maternal breed crosses (Massender et
al., 2019) and Australian meat sheep (Brown et al., 2016).
Still, direct and maternal heritability estimates were similar to
those reported for the Polypay (Hanford et al., 2006) and Targhee breeds (Borg et al., 2009), Australian meat sheep (Brown
et al., 2016), and crossbred lambs (Massender et al., 2019).
In our study, uncorrelated maternal environmental variability
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was partitioned into maternal permanent and temporary environmental variance for BN. Such was not the case in Hanford
et al. (2006), Borg et al. (2009), Brown et al. (2016), and Massender et al. (2019), where only an overall uncorrelated dam
(maternal) effect was fitted. Combined, permanent and temporary environmental variation defined proportionally 0.20
of the phenotypic variation in BN in our study, approximately
twice that of the overall maternal effect observed in these
other studies. Variation otherwise partitioned to the residual
may be explained by fitting a more comprehensive maternal
effect model when it is deemed justified.
The estimate of phenotypic variance for WN in the present
study was similar but larger than that reported by Borg et
al. (2009) in Targhee sheep. Estimates of direct and maternal
heritability for WN were, in general, consistent with those
reported elsewhere (Borg et al., 2009; Fitzmaurice et al.,
2020). While the effect of maternal uncorrelated environmental effects was significant based on the LR test, the proportion of variance explain by these effects was smaller than that
reported by Borg et al. (2009), at 0.01 as compared to 0.06, for
weights collected at a comparable age (45 d). Despite defining
a small proportion of variation in WN, including maternal
uncorrelated effects seems to have improved the overall fit
of the model for this trait. In Charollais, Suffolk, and Texel
lambs, the proportion of variance explained by common environment variation among members of the same litter ranged
from 0.30 ± 0.02 to 0.35 ± 0.02 (Fitzmaurice et al., 2020).
Although considerably larger than the proportion of phenotypic variance defined by overall maternal environment in our
study, those two ratios are not directly comparable.
Estimates of the phenotypic variance of WW were similar to
those reported for Targhee (Borg et al., 2009) and Australian
meat sheep (Brown et al., 2016) lambs, but higher than those
for Polypay (Hanford et al., 2006), in lambs of similar age
(96 to 120 d). Massender et al. (2019) reported less phenotypic variation in crossbred lambs at weaning, although they
were substantially younger (54.5 d). Our estimate of direct
heritability for WW was lower than those reported by Massender et al. (2019) and Fitzmaurice et al. (2020). However, it
was higher than that estimated in Targhee (Borg et al., 2009)
and Australian meat sheep (0.11 ± 0.01; Brown et al., 2016)
lambs. Maternal additive heritability was consistent with estimates provided in those studies (0.03 to 0.08). However, the
proportion of variance they explained by uncorrelated maternal effects were larger (0.04 to 0.11 as compared to 0.01 in
the current study).
Phenotypic variance for PW was larger than that reported
for Australian meat sheep (Brown et al., 2016) and crossbred
lambs (Massender et al., 2019). However, the age at recording
was appreciably less in Massender et al. (2019), about half
that compared to our and the Brown et al. (2016) studies.
Perhaps reflecting the limited number of records for PW, only
a direct animal effect was found to define significant variation
in this trait in the current study. Additive and uncorrelated
maternal effects were considered in other investigations
(Brown et al., 2016; Massender et al., 2019; Fitzmaurice et
al., 2020). This may explain our estimate of direct heritability
(0.46 ± 0.04) being more than twice theirs.

Additive direct and maternal correlations
Estimates of direct additive correlations were in general consistent, although slightly higher in some cases, with literature for meat, dual-purpose, and wool breeds (Safari et al.,

2005), crossbred lambs (Massender et al., 2019), and terminal sire lambs (Fitzmaurice et al., 2020). Positive correlations
between WN, WW, and PW are favorable because selection
for one trait improves the others. However, due to the moderately high correlation between BN and the post-natal traits,
an increase in BN may result from selection on WN, WW,
or PW. This potentially could increase the incidence of dystocia (Speijers et al., 2010). Still, both Speijers et al. (2010)
and Leeds et al. (2012) observed that lamb survival generally
increased with increasing BN and tended to be maximized at
approximately 1 phenotypic SD above the mean BN. Even
so, because WW and PW are highly correlated with mature
weight (Safari et al., 2005), intensely selecting individuals for
these traits may result in too heavy adult weights and associated inefficiencies. The use of economic selection indexes
that focus on more comprehensive breeding objectives, such
as those developed by Borg et al. (2007), may help mitigate
that risk.
Estimates of maternal additive correlations for body weight
traits correspond, in general, to those found in the literature.
High positive maternal correlations were reported for body
weight traits in a multi-breed evaluation of Australian meat
sheep ranging from 0.60 ± 0.03 between BN and WW to
0.94 ± 0.01 between WW adjusted to 100 d and PW adjusted
to 225 d (Brown and Swan, 2016). Similarly, Abegaz et al.
(2005) estimated high positive maternal additive correlations
ranging from 0.73 ± 0.02 between weights at birth and 180 d
to 0.96 ± 0.06 between weights at weaning (measured at 90
d) and 180 d. More moderate correlations were reported in
Nesser et al. (2001); they ranged from 0.42 ± 0.22 between
weight at birth and at 42 d to 0.71 ± 0.16 between weight at
42 d and weaning (measured at 100 d). On the other hand,
lower, including negative, maternal additive correlations
were found between BN and average daily gain in Columbia, Polypay, Rambouillet, and Targhee sheep (Bromley et
al., 2000). The high maternal additive genetic correlations
estimated in the current study (≥ 0.71) suggest that ewes of
high maternal genetic merit for a given weight trait (e.g., BN)
would also tend to have high maternal genetic merit for the
other weight traits (e.g., WN or WW). The influence of the
dam on BN and WN has been documented (Owen, 1957;
Gardner et al., 2007).

Conclusions
Both direct and maternal heterosis increase birth and post-natal weights in crossbred lambs. This highlights the value of
crossbreeding to the U.S. sheep industry, especially in western range extensive management systems. Our estimates of
heterotic effects can be used as adjustment factors in multibreed genetic evaluations. Although the direct heritabilities
for these early-life weight traits were low to moderate, substantial additive variation was present. Selection to improve
these traits is, therefore, achievable. Raising lambs in western
range environments in the United States, where climatic conditions and forage resources can be quite variable, presents
challenges. While moderately low, our estimates of maternal
heritabilities and additive variances suggest that selection is
also feasible to enhance the influence that mothers (dams)
have on their progenies’ performance in this environment.
Given the magnitude of the genetic correlations (direct and
maternal) between BN and the other post-natal weights, and
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those reported between early life and mature weight, considering early growth traits as only part of a wider breeding objective is paramount. Due to the difference in size and
direction of the genetic group solutions, properly defining
and fitting genetic groups will be essential for crossbred data
to be incorporated into genetic evaluation programs.
Our results from this study constitute the first step toward
implementing an across-breed genetic evaluation in U.S.
sheep by combining purebred and crossbred information.
Additional considerations, however, necessary to mitigate
(or prevent) potential inaccuracies and bias in implementation of such an evaluation remain unexplored. These include
the potential for heterogeneity in variances, and differences
in the impact of systematic environmental effects (e.g., sex,
birth-rearing type, and age of dam), among purebred and
crossbred animals. These issues will be considered in future
research.
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Supplementary data are available at Journal of Animal Science
online.
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