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ABSTRACT: The aim of this study was to estimate
genetic parameters for BW in Katahdin lambs. Six
animal models were used to study direct and mater-
nal effects on birth weight (BWT), weaning weight
(WWT), and postweaning weight (PWWT) using
41,066 BWT, 33,980 WWT, and 22,793 PWWT
records collected over 17 yr in 100 flocks. Models
included fixed effects of management group, dam
age, type of birth (for BWT) or birth and rearing
(for WWT and PWWT), and lamb age at weighing
(fitted as a covariate for WWT and PWWT; all P <
0.05). Variance components for random effects were
estimated in sequentially more complex models and
tested for significance with likelihood-ratio tests. A
model that fitted only an additive animal effect over-
estimated additive variance for all BW, resulting in
larger estimates of direct heritability than models that
included maternal effects. Maternal effects explained
variation (P < 0.05) in all BW. Heritability estimates
for optimal models were 0.15 + 0.01 for BWT, 0.18 =
0.02 for WWT, and 0.20 £+ 0.02 for PWWT. Estimates
of maternal heritabilities were 0.14 for BWT, 0.10
for WWT, and 0.06 for PWWT, with SE = 0.01.
Permanent environmental maternal effects explained
4 to 6% (+1%) of total phenotypic variances for these

BW. Litter effects included temporary environmen-
tal effects common to littermates and a proportion of
the dominance genetic variance and accounted for 16
to 19% (£1%) of phenotypic variance. Correlations
between additive direct and maternal genetic effects
were —0.14 for BWT, —0.23 for WWT, and —0.04 for
PWWT but differed from 0 (P < 0.05) only for WWT.
The total heritability predicted the total response in
direct and maternal genetic effects from mass selec-
tion and was 0.23 for BWT, 0.20 for WWT, and 0.23
for PWWT. Direct and maternal additive, maternal
permanent environmental, residual, and phenotypic
correlations between BWT and WWT were 0.53 +
0.05, 0.58 +0.06, 0.51 + 0.06, 0.39 = 0.01, and 0.44 +
0.01, respectively; those between BWT and PWWT
were 0.45 +0.06, 0.58 £0.08, 0.36 +0.08, 0.33 £ 0.01,
and 0.37 +0.01 respectively; and those between WWT
and PWWT were 0.85, 0.99, 0.92, 0.77, and 0.81,
respectively, with SE < 0.02. Therefore, both direct
and maternal effects had an important impact on BW
in Katahdin lambs. Models that included both addi-
tive and permanent environmental maternal effects as
well as a temporary environmental litter effect should
result in more accurate estimates of breeding values
and better selection decisions.
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Body weights in Katahdin lambs

INTRODUCTION

The potential for growth is of economic importance
in sheep breeding, and genetic improvement in growth
is normally a major goal (Borg et al., 2007). Production
costs are reduced when young lambs rapidly grow, re-
sulting in more profit for the farmer. The influence of
the maternal ability of the ewe on lamb growth has
been addressed in several studies (Safari et al., 2005;
Vanimisetti et al., 2007; Everett-Hincks et al., 2014).
The dam contributes to the phenotype of her offspring by
providing a sample half of her genes and through genes
responsible for expression of maternal traits (Koyuncu
and Duru, 2009). In populations with multiple births,
it is important to fit the effect of litter, which includes
the temporary environmental effects common to litter
mates and a proportion of the dominance genetic vari-
ance. Ignoring maternal influences leads to upward bias
in estimates of 42 (Lewis and Beatson, 1999; Koyuncu
and Duru, 2009), which could create unrealistic expec-
tations for progress from selection.

The Katahdin is a composite breed of sheep that was
developed in the late 1950s in Maine by crossing hair
and wool breeds (Wildeus, 1997; http://www.katah-
dins.org/ [accessed on 3 May 2017]). The Katahdin is
a low-maintenance, hardy, and relatively prolific breed
that does not require shearing; is comparable to other
medium-sized maternal breeds in adult BW and lamb
growth; and is relatively resistant to internal parasites
(Wildeus, 1997; Vanimisetti et al., 2004). Many studies
have estimated variance components for BW in various
sheep breeds (Safari et al., 2005). However, studies in-
volving Katahdin hair sheep are limited (Vanimisetti et
al., 2007) and have not addressed sources of variation
in postweaning weight or considered alternative models
for estimation of maternal effects. The objective of this
study was, therefore, to estimate genetic parameters for
direct and maternal effects influencing birth, weaning,
and postweaning BW in Katahdin lambs.

MATERIALS AND METHODS

Data

Data for this study were collected between 1998
and 2015 from 100 Katahdin flocks that participated in
the U.S. National Sheep Improvement Program (NSIP).
Katahdin sheep have been evaluated in the NSIP since
2000, with regular recording of birth, weaning, and
postweaning weights (Vanimisetti et al., 2007). The
study used data from 41,066 lambs (20,358 males and
20,708 females) sired by 921 rams and born in 23,107
litters from 9,109 dams. Traits investigated were birth
weight (BWT; n = 41,066), weaning weight (WWT;
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Table 1. Descriptive statistics for BW (kg) and wean-
ing and postweaning ages (d) for Katahdin lambs

Measurement No. Minimum Maximum Mean SD CV,%
Birth weight 41,066 2 9 403 085 21
Weaning weight 33,980 7 49 20.67 539 26
Postweaning weight 22,793 10 72 3148 8.03 26
Weaning age 33,980 42 125 65.87 10.02 15
Postweaning age 22,793 91 300 12135 20.66 17

n = 33,980; recorded at 42 to 125 d of age), and post-
weaning weight (PWWT; n = 22,793; recorded at 91 to
300 d of age). Data were restricted to single, twin, triplet,
and quadruplet lambs (n = 7,807, n = 24,186, n = 8,445,
and n = 628, respectively); lambs raised in litters of 1, 2,
or 3 (n=9,086,n=23,776, and n = 5,187, respectively);
and dams that were between 10 mo and 10 yr (126 mo)
old at lambing. Management of flocks was according to
the goals of each farm and was all different.

Statistical Analyses

Analyses were performed using the ASReml statisti-
cal package (Gilmour et al., 2015), presuming conver-
gence when the log likelihood in successive iterations
changes less than 0.002x the current iteration num-
ber. All models included the fixed effects of dam age
in years (1 to 10) and a management group effect. The
BWT model also included an effect of birth type (single,
twin, triplet, and quadruplet), and models for WWT and
PWWT included a fixed effect of birth-rearing type and
a continuous effect of lamb age at weighing. The BWT
management group was defined by joint effects of flock,
birth year, lamb sex, birth date (using 35-d birth date
windows), and an optional BWT management group
designation supplied by the flock manager. The WWT
management group was derived from the BWT manage-
ment group by additionally separating castrated and in-
tact males and adding effects of the date of the WWT and
an optional WWT management-group designation. The
PWWT management group was derived from the WWT
management group by adding effects of the date of the
PWWT and an optional PWWT management-group des-
ignation. Models for all traits included random animal
additive genetic effects. Additional random maternal
effects were considered by sequentially adding mater-
nal permanent environmental, additive maternal, and
maternal temporary environmental (i.e., litter) effects to
the base model and by inclusion or exclusion of the co-
variance between animal and maternal additive genetic
effects from models that contained both of these effects.

Six animal models were therefore fitted for each BW:

Y=Xb+Z,a+e, [1]
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Y=Xb+Za+Zc+e, [2] 5 - 4.6
oD
X 4.1
Y=Xb+Za+Z m+7Zc+e, [3] E: 4
o 3.6
s 3.2
Y=Xb+Za+Z m+Zc+e (with 3 :
=
Cov(a, m) = Ao, ), (4] £ 3 -
o
Y=Xb+Za+Z m+Zc+Zl+e, [5] 2
and -
1 2 3 i}

Y=Xb+Z,a+Z m+Zc+Z]l+e(with
Cov(a, m) = Ao, ), [6]

in which Y is a vector of observation for each trait; b
is a vector of fixed effects; a, m, ¢, 1, and e are vectors
of random additive direct, additive maternal, maternal
permanent environmental, litter, and residual effects,
respectively; X is an incidence matrix relating observa-
tions to fixed effects; and Z,, Z,,, Z, and Z, are inci-
dence matrices relating observations to random effects.
Additive direct and maternal effects were assumed to
be normally distributed with mean of 0 and variances
Acza and Aczm, respectively, and for Models [4] and [6],
Cov(a, m), in which A is the additive numerator relation-
ship matrix and 02a and cszm are additive direct genetic
variance and additive maternal genetic variance, respec-
tively, and oam is the additive covariance between direct
and maternal effects. Maternal permanent environmen-
tal, litter, and residual effects were assumed to be nor-
mally d1str1buted with means of 0 and variances Idcs e’
Ilc pand I cs o respectively, in which Iy, I, and I, are
identity matnces with dimensions equal to the numbers
of dams, 11tters and observations, respectively, and cs

o2 |» and o? . are variances due to maternal permanent en-
Vlronmental litter, and residual effects, respectively.

The significance of additional random maternal ef-
fect in Models [2], [3], and [5] was tested using likeli-
hood-ratio tests to compare the goodness of fit of each
of these models with that of the preceding model. A >
distribution with 1 df was used to determine significance
levels for differences in likelihoods [2(LogL; — LogLO)],
in which LogL is the logarithm of the likelihood, be-
tween sequential models. The significance of the addi-
tive direct-maternal additive covariance was determined
using likelihood tests with 1 df to compare goodness of
fit between Models [3] and [4] and Models [5] and [6].

The total phenotypic variance (cszp) for each model
was calculated as the sum of the variance and covariance
components. Direct heritability (4%) was calculated as
cza/czp; maternal heritability (m2) was calculated as czm/

Litter size

Figure 1. Least squares means for birth weights of Katahdin lambs
by litter size. All means differ (P < 0.05) and have SE of <0.03 kg.

o2 ; maternal permanent environmental variance as a

proportlon of 62 (cz) was calculated as 62 /(5 , in which

. 1s maternal permanent env1r0nmental variance; and
htter variance as a proportion of 62 (12) was calculated
as 62 /62 The additive d1rect-matema1 covariance (c,,,)
and addltlve correlation between direct and maternal ef-
fect (r,,,,) were also estimated. For models that included
matemal additive effects, total heritability (hzT) was cal-
culated as hZT = (02 + 0. 502 + 1.50 )/0 (Wlllham
1972). The repeatability of ewe effects across years (as-
suming different sires in different years) was calculated
as (0. 25(52 + 02 + 62 +0, )/0 and the correlation
between full sib lambs was estlmated as (0. 562 + 62
+ 02 + 021 +o, )/(5 . Bivariate analyses were used to
estrmate addrtrve direct, additive maternal, maternal per-
manent environmental, residual, and phenotypic covari-
ances and correlations among traits. Bivariate models
included the fixed effects used for corresponding univari-
ate analyses and random additive direct, additive mater-
nal, and maternal permanent environmental effects.

RESULTS

Fixed Effects on BW

Descriptive statistics for BW and ages at the time
of recording of WWT and PWWT are shown in Table 1.
All fixed effects were significant (P < 0.05) for all BW.
The BWT decreased (P < 0.01) as litter size increased
from 1 to 4 (Fig. 1). Means for joint effects of type of
birth and rearing (Fig. 2) on WWT and PWWT indicat-
ed that lambs born as either singles or twins but raised
as singles had greater (P < 0.05) WWT and PWWT
than those raised as twins. For triplet lambs, WWT
and PWWT decreased with increases in the number
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Figure 2. Least squares means for weaning and postweaning weights
of Katahdin lambs by type of birth and rearing (e.g., birth-rearing type 2-1
designates a lamb that was born as a twin but reared as a single). > Means
with different letters below the x-axis differ (P < 0.05).

of lambs raised. No differences in WWT (P = 0.83) or
PWWT (P = 0.39) were detected between lambs born
as quadruplets and raised as single or twins, but qua-
druplet lambs raised as triplets had lower (P < 0.05)
WWT and PWWT than those raised as singles or twins.
Within rearing types, weights consistently decreased
(P < 0.05) with increases in litter size at birth, although
triplet lambs raised as triplets did not differ (P=0.34) in
PWWT from quadruplet lambs raised as triplets.

The BWT, WWT, and PWWT all initially increased
with increases in dam age (Fig. 3). Maximum BWT
were observed at dam ages of 4 to 7 yr, but WWT and
PWWT began to decline when dam age exceeded 5 yr.
Regression coefficients describing associations between
WWT and PWWT and lamb age were 0.24 + 0.003 and
0.06 + 0.003 kg/d, respectively (both P <0.001).

Estimates of Genetic Parameters

Birth Weight. Estimates of variance components for
BWT from the 6 models (Table 2) indicated that the addi-
tive direct genetic variance was overestimated in Model
[1], which did not consider maternal effects. Model [2],
which included maternal permanent environmental ef-
fects, provided a better fit, explaining 26% of the total
phenotypic variance, and reduced estimates of additive
direct variance and direct heritability by about 70%.

Partitioning of the maternal variance into additive
maternal and maternal permanent environmental com-
ponents in Model [3] further improved goodness of
fit and indicated that about two-thirds of the maternal
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Figure 3. Means for birth, weaning, and postweaning weights of
Katahdin lambs by age of dam. * 8Means with different letters differ (P <
0.05). Standard errors for dam age classes of <6 yr are <0.02 kg for birth
weight (BWT), <0.11 kg for weaning weight (WWT), and <0.18 kg for
postweaning weight (PWWT).

effect was due to heritable additive maternal differ-
ences. Litter effects, in Model [5], were likewise sig-
nificant (P < 0.05) and accounted for 16% of pheno-
typic variance. Estimates of direct-maternal additive
genetic correlations were low and negative for BWT;
inclusion of the direct-maternal additive covariance in
Models [4] and [6] did not improve goodness of fit.

Weaning Weight. Maternal effects were clearly
important for WWT (Table 3). When maternal effects
were ignored (Model [1]), the additive genetic variance
for WWT was overestimated by approximately the
same proportion as that observed for BWT. Including a
permanent environmental effect in Model [2] provided
a better fit to the data. Heritability was reduced by 60%
and ¢2 explained 17% of phenotypic variance.

Model [3], which partitioned maternal ef-
fects into additive maternal and maternal permanent
environmental components, was significant for WWT.
Litter effects (Model [5]) were also significant (P <
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Table 2. Estimates of (co)variance components from different models for birth weight (kg) of Katahdin lambs

Model
Item! 1 2 3 4 5 6
o2, 0.23 0.07 0.07 0.08 0.07 0.07
o2, 0.12 0.04 0.04 0.03 0.03
2, 0.07 0.08 0.07 0.07
Oum -0.01 -0.01
o2 0.07 0.07
o2, 025 0.29 0.28 0.28 0.23 023
o, 048 0.48 047 047 0.46 0.46
Fam -0.13 -0.14
4 (SE) 0.47 (0.01) 0.14 (0.01) 0.16 (0.01) 0.17 (0.01) 0.15 (0.01) 0.16 (0.01)
m? (SE) 0.15 (0.01) 0.17 (0.02) 0.14 (0.01) 0.15 (0.01)
2 (SE) 0.26 (0.01) 0.08 (0.01) 0.08 (0.01) 0.06 (0.01) 0.06 (0.01)
P (SE) 0.16 (0.01) 0.16 (0.01)
ty 0.29 0.28 0.28 0.26 023
e 032 031 032 044 042
. 0.23 0.22 0.23 0.20
LogL? —4,020.34 —3,243.88* -3,196.54* —3,194.99 —2,901.68* —2,900.97

1623 = additive direct genetic variance; 620 = maternal permanent environmental variance; o‘zm = additive maternal genetic variance; 6, = additive
covariance between direct and maternal effects; 621 = variance due to litter effects; cze = variance due to residual effects; 0'2p = phenotypic variance; ram =
additive correlation between direct and maternal effect; h2d = direct heritability; m2 = maternal heritability; 2 = maternal permanent environmental vari-
ance as a proportion of 62 ; /2 = litter variance as a proportion of 62, ; £, = across-year repeatability of ewe effects [(0.25(12,d + czm + Gzc + uam)/uzp];
tg, = full-sib correlation [(0.5(‘;2a + sz + ozc + 621 + oam)/ozp]; hzT = total heritability [(0'2a + 0.502m + 1.5(‘sam)/t';2ID ]; LogL = logarithm of the likelihood.

2Significance levels of alternative models were determined by comparing sequential changes in LogL for Models [11, [2], [3], and [5] and by comparing

Models [3] and [4] and Models [5] and [6] to test effects of o, ..
*P <0.05.

0.05) for WWT and accounted for a somewhat larger
proportion of phenotypic variance for WWT compared
with BWT. Estimates of the additive direct-maternal
covariance from Models [4] and [6] were negative and
significant and yielded moderate, negative estimates of
additive direct-maternal correlation. Negative estimates
of 6, were also associated with small increases in es-
timates of direct and maternal heritabilities but slightly
lower total heritabilities. Model [6] was, therefore, the
most appropriate model for WWT. The estimate of ma-
ternal heritability from this model was about 56% of that
for direct heritability. Estimates of total heritability, re-
peatability of ewe performance, and full-sib correlation
were modest and relatively consistent across models.
Postweaning Weight. Maternal effects were also
significant for PWWT (Table 4). When maternal effects
were ignored (Model [1]), the additive variance was
overestimated by about the same proportion observed
for BWT and WWT. In Model [2], heritability was re-
duced by 60% compared with Model [1] and perma-
nent environmental effects accounted for 15% of the
phenotypic variance. Model [3] indicated that additive
maternal and maternal permanent environmental vari-
ances accounted for approximately equal proportions
of phenotypic variance in PWWT. However, Model [5]
yielded a relatively large and significant estimate of lit-
ter effects and resulted in a 50% reduction in ¢ relative
to Model [3]. Estimates of the covariance between ad-

ditive direct and maternal effect in Models [4] and [6]
were negative but small and not significant. Model [5]
was, therefore, the most appropriate model for PWWT.

Correlation Estimates

Inclusion of litter effects in bivariate models re-
sulted in convergence errors that prevented estimation
of covariances between litter effects for different BW.
Litter effects were therefore excluded from all bivari-
ate models. Additive direct, additive maternal, mater-
nal permanent environmental, residual, and pheno-
typic correlations between BWT, WWT, and PWWT
(Table 5) were all positive and significant. Phenotypic
correlations were lower than additive genetic correla-
tions, and additive maternal correlations were greater
than correlations between maternal permanent environ-
mental effects. Birth weight had larger correlations with
WWT than with PWWT. The largest correlations were
between WWT and PWWT. The maternal genetic cor-
relation between BWT and PWWT was moderate and
the same as that between BWT and WWT, whereas the
genetic and phenotypic correlations between BWT and
PWWT were slightly lower than those between BWT
and WWT. Permanent environmental correlations were
similar to additive maternal correlation for adjacent
weights but lower between BWT and PWWT.
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Table 3. Estimates of (co)variance components from different models for weaning weights (kg) of Katahdin lambs

Model
Item! 1 2 3 4 5 6
o2, 4.99 1.97 2.02 2.32 1.79 2.07
o2, 1.97 0.86 0.90 045 0.49
o2 0.99 1.20 0.91 1.10
S -0.39 -0.35
o2 2.18 2.18
o2, 6.95 7.72 7.58 7.42 6.07 5.93
o, 11.94 11.67 11.44 11.44 11.40 11.40
Fam -0.23 -0.23
%4 (SE) 0.42 (0.01) 0.17 (0.02) 0.18 (0.02) 0.20 (0.02) 0.16 (0.02) 0.18 (0.02)
m? (SE) 0.09 (0.01) 0.10 (0.01) 0.08 (0.01) 0.10 (0.01)
¢ (SE) 0.17 (0.01) 0.08 (0.01) 0.08 (0.01) 0.04 (0.01) 0.04 (0.01)
P (SE) 0.19 (0.01) 0.19 (0.01)
t 0.21 0.21 0.20 0.16 0.15
ts 0.25 0.25 0.25 0.39 0.39
hy 0.22 0.20 0.20 0.18
LogL? —5,194.31 —4,869.43* —4,835.73* —4,832.23* —4,575.12% —4,572.09*

1623 = additive direct genetic variance; 620 = maternal permanent environmental variance; o‘zm = additive maternal genetic variance; 6, = additive
covariance between direct and maternal effects; 621 = variance due to litter effects; cze = variance due to residual effects; 0'2p = phenotypic variance; ram =
additive correlation between direct and maternal effect; h2d = direct heritability; m2 = maternal heritability; ¢2 = maternal permanent environmental vari-
ance as a proportion of 62 ; /2 = litter variance as a proportion of 62, ; £, = across-year repeatability of ewe effects [(0.25(12,d + czm + Gzc + uam)/uzp];
tg, = full-sib correlation [(0.5(‘;2a + sz + ozc + 621 + oam)/ozp]; hzT = total heritability [(0'2a + 0.502m + 1.5(‘sam)/t';2ID ]; LogL = logarithm of the likelihood.

2Significance levels of alternative models were determined by comparing sequential changes in LogL for Models [11, [2], [3], and [5] and by comparing

Models [3] and [4] and Models [5] and [6] to test effects of 6,..
*P <0.05.

DISCUSSION

The Katahdin breed is a relatively new breed in
the United States (Wildeus, 1997), was developed
from crosses between temperate wool and tropical
Caribbean hair breeds, and is one of the most active
breeds in the NSIP. Variation among sheep breeds in
typical levels of management and feeding, produc-
tion environments, and genetic potentials for growth
indicate a need to derive breed-specific estimates of
adjustment factors and genetic parameters to allow
optimal selection decisions. Estimation of genetic
parameters for the Katahdin breed is also desirable
because of the crossbreed origin and diverse founder
breeds represented in the Katahdin.

As expected, BWT of Katahdin lambs declined as
the litter size increased. Twin lambs were most numerous
in these data, and BWT of twin lambs were 11% lighter
than those of single lambs and 14 and 28% heavier than
those of triplet and quadruplet lambs, respectively. The
11% difference in BWT between single and twin lambs
was similar to that observed in NSIP Polypay lambs by
Notter et al. (2005), but average BWT for triplet and qua-
druplet Polypay lambs were 18 and 34% less, respective-
ly, than those of twin lambs. Notter and Brown (2015)
reported that BWT of twin Suffolk lambs born in NSIP
flocks averaged 18% less than those of single lambs and

18% more than those of triplet lambs. Variation in BWT
across litter size classes was therefore less for Katahdin
lambs than for Suffolk and Polypay lambs. Birth weights
of Katahdin lambs were heaviest for 4- through 7-yr-old
ewes and declined relatively rapidly in younger ewes but
much more slowly in older ewes. A similar pattern was
reported for Polypay lambs (Notter et al., 2005). Progeny
of yearling Katahdin ewes had BWT that were 22% less
than BWT of progeny of 4- through 7-yr-old ewes where-
as BWT for progeny of Polypay yearling ewes were 25%
less than BWT of progeny of 4- through 7-yr-old ewes
(Notter et al., 2005). However, Notter and Brown (2015)
reported that BWT for single and twin lambs by yearling
Suffolk ewes were only 19% less than those of progeny
of 3- through 6-yr-old ewes.

Effects of type of birth and rearing on WWT of
Katahdin lambs were similar to those observed for other
NSIP breeds (Bradford, 2003) and were, in most cas-
es, intermediate to those observed for generally more
extensively managed Targhee lambs and generally
more intensively managed Suffolk and Polypay lambs.
Changes in WWT associated with differences in dam
age were broadly similar to those observed in Polypay
lambs (Notter et al., 2005). However, Katahdin lambs
from yearling ewes had WWT that were 20% less than
those of 3- through 6-yr-old ewes whereas Polypay
(Notter et al., 2005) and Suffolk (Notter and Brown,
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Table 4. Estimates of (co)variance components from different models for postweaning weight (kg) of Katahdin lambs

Model

Item! 1 2 3 4 5 6

o2, 10.01 4.56 4.71 4.86 4.33 442

o2, 341 1.78 1.80 0.94 0.95

o 1.43 1.52 1.34 1.39

Cam —0.18 -0.10

o2 3.92 3.92

o2, 13.12 14.56 14.23 14.16 11.59 11.55

o, 23.13 22.56 22.16 22.16 22.13 22.13

Fam —0.06 -0.04

%4 (SE) 0.43 (0.02) 0.20 (0.02) 0.21 (0.02) 0.22 (0.03) 0.20 (0.02) 0.20 (0.02)
m? (SE) 0.06 (0.01) 0.07 (0.01) 0.06 (0.01) 0.06 (0.01)
¢ (SE) 0.15 (0.01) 0.08 (0.01) 0.08 (0.01) 0.04 (0.01) 0.04 (0.01)
P (SE) 0.18 (0.01) 0.18 (0.01)
t 0.20 0.20 0.20 0.15 0.15

ts 0.25 0.20 0.35 0.38 0.38

hy 0.25 0.24 0.23 0.22
LogL? —2,986.26 —2,857.59* —2,831.69* —2,831.57 —2,696.70* —2,696.66

1623 = additive direct genetic variance; 620 = maternal permanent environmental variance; o‘zm = additive maternal genetic variance; 6, = additive

covariance between direct and maternal effects; 0'21 = variance due to litter effects; 62

. = variance due to residual effects; 62p = phenotypic variance; ram

= additive correlation between direct and maternal effect; h2d = direct heritability; m? = maternal heritability; ¢2 = maternal permanent environmental
variance as a proportion of 62_; /2 = litter variance as a proportion of 62 ; t,, = across-year repeatability of ewe effects [(().2562a + sz + 0‘2C +6, )6 ];

am p

tg, = full-sib correlation [(O.SG%a + sz + ozc + 621 + oam)/ozp]; hzT = total heritability [(0'2a + 0.502m + 1.5(‘sam)/t';2ID ]; LogL = logarithm of the likelihood.
2Significance levels of alternative models were determined by comparing sequential changes in LogL for Models [11, [2], [3], and [5] and by comparing

Models [3] and [4] and Models [5] and [6] to test effects of 6.
*P <0.05.

2015) lambs from yearling ewes had WWT that were
only 13 and 16% less than those of 3- through 6-yr-
old ewes. This discrepancy presumably reflects greater
use of supplemental concentrate feeds in NSIP Polypay
and Suffolk compared with Katahdin flocks. Effects
of type of birth and rearing and of dam age on PWWT
of Katahdin lambs were similar to those observed for
WWT, which was consistent with greater use of grazed
forages in postweaning diets for Katahdin lambs com-
pared with Suffolk and Polypay lambs.

In mammals, growth is influenced by both the ge-
netic potential for growth in the offspring and the mater-
nal environment provided by the dam (Willham, 1972).
In estimating genetic parameters for growth traits in
sheep, it is therefore important to account for mater-
nal effects, especially in maternal breeds such as the
Katahdin. Proper interpretation of parameter estimates
derived from animal models for traits influenced by ma-
ternal effects depends on both the structure of the data
and the model used for the analysis (Safari et al., 2005).
Studies on various sheep breeds have shown important
maternal effect on lamb BW (Lewis and Beatson, 1999;
Bromley et al., 2000; Wilson et al., 2005; Koyuncu and
Duru, 2009; Tamioso et al., 2013; Everett-Hincks et al.,
2014). The significant (P < 0.05) maternal effects on
BW in these Katahdin lambs show that failure to prop-
erly account for maternal effects leads to overestimation

of heritability and may result in unrealistic expectations
for improvement of additive breeding values.

Including a maternal permanent environmen-
tal effect in the model revealed that variation in BW
was due to not only differences in individual genetic
potential for growth but also the contribution of the
dam environment. This effect was similar from birth
to postweaning. Estimates of ¢2 were consistent with
averages presented by Safari et al. (2005).

As discussed by Mandal et al. (2006), partitioning
the maternal variance into genetic and permanent en-
vironmental components is challenging and requires
well-structured, multigeneration data sets that include
groups of related dams and repeated lambing records.
In the current study, maternal genetic effects were
larger than permanent environmental effects for BWT
and WWT but the 2 effects were similar in importance
for WWT. The importance of maternal genetic, but not
permanent environmental, effects decreased with lamb
age. In NSIP Targhee lambs, maternal genetic and per-
manent environmental effects also declined with in-
creasing lamb age, but the 2 components were similar
in magnitude at 60, 120, and 365 d of age (Notter and
Hough, 1997). In NSIP Suffolk and Polypay lambs, the
total maternal effects on WWT was larger at 30 d than
at 60 or 90 d and further declined for lambs weaned
at 120 d (Notter, 1998) but, in contrast to the current
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Table 5. Estimates (SE) for correlations! among birth weight (BWT), weaning weight (WWT), and postweaning

weight (PWWT; kg) of Katahdin lambs

Trait 1 Trait 2 7 i~ T T )

BWT WWT 0.53* (0.05) 0.58* (0.06) 0.51* (0.06) 0.39* (0.01) 0.44* (0.01)
WWT PWWT 0.85* (0.02) 0.99* (0.02) 0.92* (0.02) 0.77* (0.01) 0.81* (0.003)
BWT PWWT 0.45* (0.06) 0.58* (0.08) 0.36* (0.08) 0.33* (0.01) 0.37* (0.01)

1

*P <0.05.

study, permanent environmental effects were consid-
erably larger than additive maternal effects at all ages
in Suffolk lambs and at all ages after 30 d in Polypay
lambs. However, Hanford et al. (2006) reported that ma-
ternal genetic effects on lamb WWT were approximate-
ly twice as large as maternal permanent environmental
effects in Polypay lambs. Maternal effects on PWWT
appeared to primarily reflect carryover effects of WWT.
Maternal effects on postweaning gains were not signifi-
cant (P > 0.05) in Targhee, Suffolk, or Polypay lambs
(Notter and Hough, 1997; Notter, 1998).

The frequency of multiple births is relatively high
for Katahdin sheep: only 19% of the lambs in the current
study were born as singles. Consideration of temporary
environmental effects unique to full-sibling littermate
lambs is therefore indicated for this population. Litter
effects arise from temporary environmental effects
common to littermates and from dominance genetic ef-
fects shared by full-sib lambs. Litter effects in Model
[5] accounted for 16 to 19% of phenotypic variance for
these BW and reduced estimates of ewe permanent en-
vironmental effects from Model [4] by 2 to 4%. Failure
to separate across-year permanent environmental ef-
fects of the dam (i.e., c?) from within-year litter effects
in Model [4] underestimated the full-sibling littermate
correlation for all BW. Inclusion of litter effects in the
model also reduces the importance of records of lit-
termate lambs, compared with full- and half-sib lambs
born in different years, in breeding value predictions.

Litter effects in the current study increased slightly
from birth to weaning but were similar for WWT and
PWWT. The estimate of the litter effect for BWT in
our study was the same as that reported by Al-Shorepy
and Notter (1998) for lambs born in spring and autumn.
Everett-Hincks et al. (2014) reported a lower estimate
of 0.10 but Van Wyk et al. (2003) obtained estimates
of 0.28 for BWT and 0.22 for WWT in Dormer sheep.
In the New Zealand Coopworth sheep, litter effects ex-
plained over 30% of total phenotypic variance for WWT
(Lewis and Beatson, 1999). Litter effects accounted for
12 to 37% phenotypic variance in Hampshire, Polled
Dorset, and Romanov lambs (Tosh and Kemp, 1994),
but the litter effect in that study included both maternal
permanent and temporary environmental effects.

T T Voo T a0d rpare direct genetic, maternal genetic, maternal permanent environmental, residual, and phenotypic correlations, respectively.

The low negative direct-maternal additive corre-
lation for BW in this population indicated little or no
antagonism between direct and maternal effects, and
inclusion of this parameter in the model was important
only for WWT. Including the direct-maternal covari-
ance in the model slightly increased direct and maternal
heritabilities, but the maternal permanent environmen-
tal effect stayed the same. This result was consistent
with results of Notter (1998), who reported evidence for
an antagonistic relationship between additive direct and
maternal genetic effects on 60-d WWT in Suffolk (r, =
—0.42, P = 0.07) and Polypay (ram = —0.55, P < 0.05)
lambs. Robison (1981) suggested that there was a gen-
eral antagonism between direct and maternal genetic
effects for WWT. Cundiff (1972) explained that from
an evolutionary point of view, a negative covariance be-
tween direct and maternal genetic effect prevents spe-
cies from getting increasingly larger. More negative es-
timates of direct-maternal correlations for WWT have
been reported (Lewis and Beatson, 1999; Neser et al.,
2001; Vanimisetti et al., 2007; Kariuki et al., 2010), but
positive estimates have also been reported (Nasholm
and Danell, 1994; Hanford et al., 2006).

Based on the most appropriate models, direct
heritability increased whereas maternal heritabil-
ity decreased with increasing lamb age. Similar esti-
mates of direct and maternal heritability were reported
in Polypay (Hanford et al., 2006) and NSIP Suffolk
lambs (Notter, 1998), but lower estimates were report-
ed for Suffolk (Tamioso et al., 2013), NSIP Targhee
(Notter and Hough, 1997), and NSIP Polypay lambs
(Notter, 1998). Ratios of maternal heritability to direct
heritability decreased with age, from 94% for BWT
to 30% for PWWT, and were consistent with results
summarized by Safari et al. (2005). The across-year
repeatability of ewe performance was moderate at
birth and decreased as lambs became older and less
dependent on their dam. The correlation among BW of
full-sib lambs was 0.44 for BWT but declined to 0.38
for WWT and 0.39 for PWWT. The total heritability
was moderate across BW and indicated that individual
selection for BW would be effective in this population.

Bivariate analyses using a model that contained
direct and maternal additive, maternal permanent



3404

environmental, and residual effects revealed that cor-
relations between adjacent weights were stronger than
those between nonadjacent ones and that the largest
correlations were between WWT and PWWT. Additive
direct and phenotypic correlations between pairs of
traits were similar to weighted averages from stud-
ies summarized by Safari et al. (2005). Hanford et al.
(2006) reported a similar additive genetic correlation
between BWT and WWT in Polypay sheep, but Neser
et al. (2001) and Kariuki et al. (2010) reported lower
correlations of 0.27 and 0.41, respectively, in Dorper
sheep, and the phenotypic correlation between BWT
and WWT in our study was lower than the estimate of
0.71 presented by Kariuki et al. (2010). Our estimate of
maternal genetic correlation between BWT and WWT
was similar to the estimate of 0.54 reported by Neser et
al. (2001) in Dorper lambs but slightly higher than the
estimate of 0.48 reported by Hanford et al. (2006) in
Polypay lambs. Similarly, Kariuki et al. (2010) reported
a direct genetic correlation between BWT and PWWT
of 0.56 but a greater (0.94) phenotypic correlation.
Positive correlations between BW in this study indicate
that selection to improve any individual weight will re-
sult in substantial correlated responses in other BW.

Conclusion

Moderate estimates of heritability for birth, wean-
ing, and postweaning BW and large positive genetic
correlations among these BW in U.S. Katahdin sheep
confirms the potential for genetic improvement of BW
in this breed. Maternal effects on lamb BW decreased
with age as lambs became less dependent on their
dams but were still present for postweaning weights
and should be included in models to predict breeding
values for lamb BW. In sheep breeds that produce twin
and triplet lambs, a litter effect should be included
in the model to account for the greater resemblance
among full-sibling littermate lambs. Failure to prop-
erly account for maternal influences of the dam results
in overestimation of heritabilities and unrealistic ex-
pectations for rates of genetic improvement.
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