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ABSTRACT: This study estimated genetic 
parameters for ewe reproductive traits [number 
of  lambs born (NLB) and weaned (NLW) per 
ewe lambing] and fecal egg counts (FEC) during 
the peri-parturient rise (PPR) for use in genetic 
evaluation of  Katahdin sheep. Data included 
NLB and NLW for 23,060 lambings by 9,295 
Katahdin ewes, 1,230 PPR at lambing (PPR0) 
for 750 ewes, 1,070 PPR at approximately 30 d 
postpartum (PPR30) for 611 ewes, BW at birth, 
weaning, and (or) post-weaning for 12,869 lambs, 
and FEC at weaning and (or) post-weaning for 
4,676 lambs. Direct additive, permanent environ-
mental, and residual (co)variances were estimated 
in univariate and bivariate animal models. Fixed 
effects included effects of  ewe management group 
and ewe age for all traits, and, for PPR, a continu-
ous effect of  days between lambing and measure-
ment. Effects of  litter size on PPR0 and number 
of  lambs suckled on PPR30 were included in uni-
variate models but excluded from bivariate models 
for PPR and NLB or NLW. Heritability estimates 
in univariate models for NLB, NLW, PPR0, and 
PPR30 were 0.09 ± 0.01, 0.06 ± 0.01, 0.35 ± 0.06, 
and 0.24  ±  0.07, respectively. Estimates of  per-
manent environmental variance as a proportion 
of  total phenotypic variance were 0.02  ±  0.01 

for NLB, 0.03  ±  0.01 for NLW, 0.05  ±  0.06 for 
PPR0, and 0.13 ± 0.07 for PPR30. Direct addi-
tive, phenotypic, permanent environmental, and 
residual correlations between NLB and NLW 
were 0.88  ±  0.03, 0.74  ±  0.004, 0.54  ±  0.15, 
0.74 ± 0.003, respectively; corresponding correla-
tions between PPR0 and PPR30 were 0.96 ± 0.07, 
0.46 ± 0.03, 0.98 ± 0.50, 0.18 ± 0.05, respectively. 
The additive genetic correlation (rd) between ewe 
reproductive traits and PPR ranged from 0.12 
to 0.18. Estimates of  rd between lamb BW and 
subsequent ewe NLB and NLW ranged from 
0.07 to 0.20, and those between PPR and lamb 
BW ranged from −0.03 to 0.29. The rd between 
ewe reproductive traits and lamb FEC ranged 
from 0.27 to 0.40, and those between PPR and 
lamb FEC ranged from 0.56 to 0.77. Correlations 
between maternal additive effects on BW and 
direct additive effects on PPR were low (−0.08 
to 0.10), and those between maternal additive 
effects on BW and direct additive effects on ewe 
reproductive traits were variable (−0.36 to 0.11). 
We conclude that FEC in growing lambs and 
peri-parturient ewes are controlled by similar 
genes and that modest, but manageable, genetic 
antagonisms may exist between FEC and ewe 
productivity.

Key words: ewe reproduction, fecal egg count, genetic parameters, Katahdin sheep,  
peri-parturient rise

Published by Oxford University Press on behalf of the American Society of Animal Science 2018. 
This work is written by (a) US Government employees(s) and is in the public domain in the US.

J. Anim. Sci. 2018.96:1579–1589 
doi: 10.1093/jas/sky100

1Corresponding author: joan.burke@ars.usda.gov
Received November 27, 2017.
Accepted March 13, 2018.

mailto:joan.burke@ars.usda.gov?subject=


1580 Notter et al.

INTRODUCTION

The Katahdin is a relatively prolific maternal 
composite breed of sheep developed in the late 
1950s in Maine by crossing hair and wool breeds 
and is relatively resistant to gastrointestinal nem-
atode parasites (Wildeus, 1997; Vanimisetti et  al., 
2004). The number of lambs born per ewe lambing 
(NLB) has an important effect on the efficiency of 
lamb production, but the number of lambs weaned 
(NLW) is more important, reflecting both the 
reproductive potential of the ewe and the survival 
of her lambs, and has the greatest financial impact 
on sheep production (Wang and Dickerson, 1991; 
Bradford, 2002; Borg et al., 2007). Genetic parame-
ter estimates for ewe reproductive traits in different 
sheep breeds are readily available (Bradford, 2002; 
Safari et al., 2005; Hanford et al., 2006). However, 
the ewe is also a major contributor to pasture par-
asite load because of increased susceptibility of 
the ewe to parasite infection during the peri-partu-
rient period of late pregnancy and early lactation 
(O’Sullivan and Donald, 1970; Notter et al., 2017). 
The peri-parturient rise is a suppression of the 
immune system during late pregnancy and early lac-
tation that allows establishment of newly acquired 
larvae, and failure to suppress the adult worm pro-
duction or expel the worm (Connan, 1968). The 
greatest contribution to pasture gastrointestinal 
nematodes is from peri-parturient ewes (Barger, 
1996). Selection for increased reproductive perfor-
mance in ewes may result in correlated responses 
in other traits, and attention to correlations among 
important traits is essential to the development of 
optimal selection strategies. The objective of this 
study, therefore, was to estimate genetic parameters 
for ewe reproductive traits and peri-parturient fecal 
egg counts (PPR), and assess their relationships 
with direct and maternal additive effects on lamb 
BW and fecal egg counts (FEC) in Katahdin sheep.

MATERIALS AND METHODS

Data

This study utilized records of NLB and NLW 
per ewe lambing from 23,060 lambings by 9,295 
Katahdin ewes born between 2007 and 2013 in 
100 Katahdin flocks that participated in the US 
National Sheep Improvement Program (NSIP; 
www.nsip.org). Ninety-four percent of these lamb-
ings occurred between January 1 and May 31. In 
addition, PPR were available near the time of lamb-
ing (PPR0) for 1,230 lambings by 750 ewes in 10 

of these flocks and at approximately 30 d postpar-
tum (PPR30) for 1,070 lambings by 611 ewes in 8 
of these flocks. Peri-parturient FEC were available 
at both sampling times for 993 lambings, and aver-
aged 36.6 d apart, consistent with the experimental 
design. Records for PPR0 were obtained between 
7 d before and 35 d after lambing, and records for 
PPR30 were obtained between 8 and 53 d after 
lambing. Means for days postpartum at recording 
were 2.6 d for PPR0 and 34.0 d for PPR30. Details 
regarding recording of PPR can be found in Notter 
et  al. (2017). Records of reproductive traits were 
restricted to ewes that were between 1 and 10 yr 
old at lambing; PPR records came from ewes that 
lambed at 1 to 7 yr of age. The study also used birth 
(BWT), weaning (WWT), and (or) post-weaning 
(PWWT) BW from 12,869 lambs from the 100 
flocks (Ngere et al., 2017) and lamb FEC records at 
weaning (WFEC) and (or) post-weaning (PWFEC) 
for 4,676 lambs from 13 of these flocks (Ngere 
et al., 2018). Means ± SD for lamb ages at wean-
ing and post-weaning were 66 ± 10 and 121 ± 21 d, 
respectively. Approximately 95% of the flocks that 
contributed data for this study were located in the 
eastern half  of the United States (east of 97°W). 
Flocks that contributed FEC and PPR data were 
located between 31 and 41°N and between 74 and 
94°W.

Statistical Analyses

The ASReml statistical package (Gilmour et al., 
2015) was used for all analyses. Lamb FEC and ewe 
PPR were not normally distributed and were trans-
formed as log10(FEC + 25)  and log10(PPR + 25), 
respectively. A repeatability animal model, y = Xb 
+ Zaa + Zcc + e, was used to analyze NLB, NLW, 
and PPR where y was a vector of observation for 
each trait; b was a vector of fixed effects; a was a 
vector of random animal additive effects; c, was a 
vector of random animal permanent environmental 
effects; e was a vector of random residual effects; 
X was an incidence matrix relating observations to 
fixed effects; and Za and Zc were incidence matrices 
relating observations to random direct additive and 
permanent environmental effects, respectively.

Univariate models for NLB, NLW, and PPR 
included fixed effects of management group and 
ewe age. Management group effects included 
effects of flock, year and season of lambing, and an 
optional owner-defined management group. Season 
of lambing was defined using rolling 35-d lamb-
ing date windows beginning on January 1 of each 
lambing year. Fixed effects for PPR0 also included 
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an effect of litter size and a continuous effect of 
days between lambing and measurement, coded as 
a deviation from the mean of 2.6 d postpartum. 
Additional fixed effects for PPR30 were rearing 
type (defined as the number of lambs suckled at 
14 d postpartum) and a continuous effect of days 
postpartum at measurement, coded as a deviation 
from the mean of 34.0 d.  Distributions of NLB 
and NLW were presumably not normal, but with 
ranges of 1 to 4 lambs for NLB and 1 to 3 lambs for 
NLW, we assumed that the assumption of normal-
ity would not meaningfully affect resulting param-
eter estimates.

Models for lamb BW (Ngere et  al., 2017) 
included fixed effects of management group, dam 
age in years, and either litter size (for BWT) or (for 
WWT and PWWT) a joint effect of the number of 
lamb born and reared (i.e., present at 14 d postpar-
tum), a continuous linear effect of age at weighing 
for WWT and PWWT, a random additive animal 
effects, and random additive maternal, permanent 
environmental, and temporary environmental (i.e., 
litter) effects of the dam. Models for lamb FEC 
(Ngere et al., 2018) included the same fixed effects 
fitted for lamb BW, a continuous linear effect of 
age at measurement, and random additive animal 
and litter effects. Additive maternal and dam per-
manent environmental effects on lamb FEC were 
tested in preliminary models but were not signifi-
cant and were removed from the final models.

Direct additive, animal permanent environmen-
tal, and residual effects were assumed to be nor-
mally distributed, with means of 0 and variances 
A σa

2 , Ia σpe
2 , and Ie

σe
2 , respectively, where A was the 

additive numerator relationship matrix, Ia and Ie 
were identity matrices with dimensions equal to the 
numbers of individuals and observations, respec-
tively, and σa

2 , σpe
2 , and σe

2  were direct additive, 
permanent environmental, and residual variance 
components, respectively. For each trait, the phe-
notypic variance ( σp

2 ) was the sum of all variance 

components included in the model. Heritabilities 
(h2) and proportions of σp

2  attributable to perma-
nent environmental effects (c2) were estimated as 
σa
2 / σp

2  and σpe
2 / σp

2 , respectively. Bivariate models 
were used to estimate covariances among ewe traits 
and between ewe and lamb traits, and included 
fixed effects used in corresponding univariate anal-
yses. However, effects of numbers of lambs born 
or suckled were excluded from models for PPR in 
bivariate analyses of PPR and NLB or NLW. For 
all models, convergence was assumed when log like-
lihoods in successive iterations changed less than 
0.002 × the current iteration number.

RESULTS

Fixed Effects on Ewe Reproductive Traits and PPR

Data for NLB, NLW, and PPR were summarized 
in Table 1. Fixed effects of ewe management group 
(P < 0.001) and ewe age (P < 0.05) were significant 
for all traits. Both NLB and NLW increased as ewe 
age increased from 1 to 6 yr and then declined for 
older ewes (Fig. 1). Two-year-old ewes had higher 
PPR0 than 3-, 4-, and 5-yr-old ewes but did not dif-
fer from 1-yr-old or 6- and 7-yr-old ewes (Fig. 2). At 
30 d postpartum, 6- and 7-yr-old ewes had higher 
PPR than 2- through 5-yr-old ewes (P < 0.05) but 
did not differ (P = 0.30) from yearling ewes.

The PPR was affected by both litter size and 
rearing type (P < 0.001). Ewes with twin births had 
greater PPR0 than ewes with single or triplet births 
(Table 2). However, at 30 d postpartum, ewes that 
nursed 2 or 3 lambs had greater PPR30 than ewes 
that nursed single lambs. Regression coefficients 
describing associations between transformed values 
of PPR0 and PPR30 with days from lambing were 
negative but small (−0.01 ± 0.01 and −0.002 ± 0.003 
per day, respectively; P ≥ 0.32). Notter et al. (2017) 
discussed fixed effects on PPR in detail.

Table 1. Descriptive statistics for number of lambs born (NLB), number of lambs weaned (NLW), and ewe 
peri-parturient rise fecal egg counts (PPR; eggs per g of feces) at lambing (PPR0) and 30 d postpartum 
(PPR30) for Katahdin ewes

Trait

Numbers of:

Minimum Maximum Mean SD CV, %Ewes Sires Dams Records

NLB 9,295 975 3,969 23,060 1 4 1.82 0.68 37

NLW 9,295 975 3,969 23,060 0 4 1.66 0.68 41

PPR0a 750 136 442 1,230 0 16,400 933 1,665 178

PPR30a 611 115 358 1,070 0 19,600 1,145 2,002 175

aAfter transformation of PPR as log10(PPR + 25), means, SD, and CV were 2.49, 0.74, and 30%, respectively, for PPR0 and 2.60, 0.70, and 27%, 
respectively, for PPR30.
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Variance Component Estimates in 
Univariate Models

Numbers of lambs born and weaned.  Heritability 
estimates were low and similar for NLB and NLW 
(Table 3). Estimates of c2 were also relatively small. 
Resulting estimates of the repeatability of NLB 
and NLW across repeated lambings were 0.11 and 
0.09, respectively.
Peri-parturient fecal egg counts.  Heritability esti-
mates for PPR were moderate and somewhat lower 
for PPR30 than for PPR0 (Table 3). Estimates of 
c2 were higher for PPR30 than for PPR0, leading 

to similar estimates for the repeatability across 
repeated lambings of PPR0 (0.40) and PPR30 
(0.37).

Correlations Among Traits

Correlations among traits measured on 
the  ewes.  Direct additive, permanent environ-
mental, and residual covariances were estimated 
between NLB and NLW and between PPR0 and 
PPR30. Resulting correlations (Table  4) were all 
positive and significant. The direct additive correl-
ation between NLB and NLW was large, and per-
manent environmental and phenotypic correlations 
between NLB and NLW were substantial. Direct 
additive and permanent environmental correla-
tions between PPR0 and PPR30 approached 1.0. 
Residual correlations between NLB and NLW and 
between PPR0 and PPR30 were much smaller than 
corresponding direct additive correlations.

In bivariate models that excluded effects of 
NLB or NLW on PPR, direct additive, residual, 
and phenotypic correlations were similar in mag-
nitude and ranged from 0.12 to 0.19 (Table  4). 

Figure 2. Effect of ewe age class on least squares means and SE of transformed peri-parturient rise (PPR) fecal egg count (FEC) at lambing 
(PPR0; solid blue) and at 30-d post-lambing (PPR30; diagonal orange). Fecal egg counts at lambing (PPR) were transformed as [log10(PPR FEC + 
25)]. Means within a trait with different letters differ (P < 0.05).

Table  2. Effect of birth type and rearing type on 
peri-parturient rise fecal egg counts (PPR) at lamb-
ing (PPR0) and 30 d postpartum (PPR30)a

Birth type PPR0 Rearing type PPR30

Single 2.46a Single 2.44a

Twin 2.60b Twin 2.62b

Triplet 2.46a Triplet 2.61b

aThe PPR were transformed as log10(PPR + 25) before analysis.
a,bMeans with different superscripts are significantly different 

(P < 0.05).

Figure 1. Effect of ewe age class on least squares means and SE 
of number of lambs born (blue circles) and weaned (orange trian-
gles) per ewe exposed. Means within a trait with different letters differ 
(P < 0.05).
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Only 342 or 770 ewes had PPR records in >1 yr. 
Permanent environmental correlations between 
PPR and NLB or NLW had correspondingly large 
SE but were consistent with observed direct addi-
tive and residual correlations. Inclusion of  effects 
of  numbers of  lambs born or suckled in the model 
for PPR precluded estimation of  permanent envi-
ronmental or residual correlations, but direct addi-
tive correlations, based on resemblances among 
relatives such as sire progenies, were similar to 
those in Table  4 and ranged from 0.11 to 0.14 
(not shown). Effects of  numbers of  lambs born or 
suckled on PPR were significant, but removal of 
these effects from models for PPR reduced σp

2  by 
< 2.5% and reduced heritability estimates for PPR 
by only 0.01 compared to values in Table 3. These 
results suggest small, but manageable, antago-
nisms between ewe reproductive performance and 
PPR.
Correlations between NLB and NLW and 
lamb BW.  Bivariate models were used to estimate 
covariances between direct and maternal additive 
effects on lamb BW and subsequent direct addi-
tive effects on NLB and NLW for lambs that were 
retained as replacement females. Data for these 
pairs of traits commonly included a single BW 
record and a series of records for NLB and NLW, 
which precluded straightforward estimation of 
covariances involving permanent environmental 

and residual effects on NLB and NLW and resid-
ual effects on BW. Covariances between these pairs 
of effects were assumed to be 0, thereby assuming 
that residual effects on lamb BW were independent 
of future permanent environmental and residual 
effects on NLB and NLW in retained replacement 
females. Resulting direct additive correlations 
between NLB and NLW and lamb BW were con-
sistently positive, but small (Table 5). These corre-
lations slightly exceeded their SE for NLB but were 
less than their SE for NLW. By contrast, correla-
tions between direct additive effects on NLB and 
maternal additive effects on lamb BW were con-
sistently negative, but significant only for NLB and 
BW at birth (−0.36 ± 0.09). Correlations between 
direct additive effects on NLW and maternal addi-
tive effects on lamb BW did not show a consistent 
pattern and were smaller than their SE.

Environmental correlations between lamb BW 
and future ewe NLB and NLW were not considered 
in results shown in Table 5. Such an association, if  
present, would potentially inflate estimates of the 
direct additive covariances and be most important 
in young ewes. These bivariate analyses were there-
fore repeated after excluding records of NLB and 
NLW for yearling ewes (Table 5). Excluding records 
of yearling ewes reduced estimates of direct addi-
tive correlations between lamb BW and ewe NLB 
and NLW by approximately 50%, suggesting that 

Table 3. Genetic parameters and SE for number of lambs born (NLB) and weaned (NLW) per ewe lambing 
and peri-parturient rise fecal egg counts of the ewe at lambing (PPR0) and 30 d postpartum (PPR30)a

Trait
σa
2 σpe

2 σe
2 σp

2
c2 h2

NLB 0.03 ± 0.003 0.01 ± 0.003 0.31 ± 0.003 0.34 ± 0.003 0.02 ± 0.01 0.09 ± 0.01

NLW 0.02 ± 0.003 0.01 ± 0.003 0.33 ± 0.003 0.37 ± 0.003 0.03 ± 0.01 0.06 ± 0.01

PPR0 0.13 ± 0.03 0.02 ± 0.02 0.23 ± 0.01 0.38 ± 0.02 0.05 ± 0.06 0.35 ± 0.06

PPR30 0.09 ± 0.03 0.05 ± 0.02 0.23 ± 0.02 0.37 ± 0.02 0.13 ± 0.07 0.24 ± 0.07

a σa
2  = direct additive variance; σpe

2  = permanent environmental variance; σe
2  = residual variance; σp

2  = phenotypic variance =  σa
2  + σpe

2  + 
σe
2 ; c2 =  σpe

2 / σp
2 ; h2 = heritability =  σa

2 / σp
2 .

Table 4. Estimates of correlations and SE between number of lambs born (NLB) and weaned (NLW) per 
ewe lambing and peri-parturient rise fecal egg counts of the ewe at lambing (PPR0) and 30 d postpartum 
(PPR30)a

Trait 1 Trait 2 rd rc re rp

NLB NLW 0.88 ± 0.03 0.54 ± 0.15 0.74 ± 0.004 0.74 ± 0.004

PPR0 PPR30 0.96 ± 0.07 0.98 ± 0.50 0.18 ± 0.05 0.46 ± 0.03

NLB PPR0 0.17 ± 0.16 −0.10 ± 0.89 0.15 ± 0.04 0.14 ± 0.03

NLB PPR30 0.12 ± 0.21 0.24 ± 0.53 0.15 ± 0.04 0.14 ± 0.03

NLW PPR0 0.18 ± 0.18 0.12 ± 0.70 0.13 ± 0.04 0.12 ± 0.03

NLW PPR30 0.18 ± 0.22 0.12 ± 0.46 0.19 ± 0.04 0.17 ± 0.03

ard = direct additive correlation; rc = correlation between permanent environmental effects; re = residual correlation; rp = phenotypic correlation 
(see text for additional details).
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there may have been a small positive phenotypic 
carryover effect of lamb BW on reproductive per-
formance in yearling ewes. Estimates of covari-
ances between maternal additive effects on lamb 
BW and ewe NLB and NLW were, however, essen-
tially unchanged.
Correlations between ewe PPR and 
lamb BW.  Bivariate models for lamb BW and ewe 
PPR included covariances between direct and mater-
nal additive effects on lamb BW and direct additive 
effects on ewe PPR. Covariances between residual 
effects on lamb BW and future permanent environ-
mental and residual effect on ewe PPR were assumed 
to be 0.  Resulting correlations between PPR0 and 
lamb BW were small, generally inconsistent in 
sign, and consistently less than their SE (Table  6). 
However, corresponding phenotypic correlations 
were consistently negative. For PPR30, direct addi-
tive correlations with lamb BW were generally posi-
tive but only the estimate of the correlation between 
PPR30 and PWWT exceeded its SE (0.29 ± 0.22).
Correlations between NLB and NLW and 
lamb FEC.  Bivariate models for lamb FEC and ewe 
NLB and NLW included only direct additive covari-
ances between the pairs of traits. Univariate models 

for lamb FEC (Ngere et al., 2018) revealed no sig-
nificant maternal additive or dam permanent envi-
ronmental effects on lamb FEC, and these effects 
therefore did not appear in bivariate models involv-
ing lamb FEC. Covariances between residual effects 
on lamb FEC and future permanent environmental 
and residual effects on ewe NLB and NLW were also 
assumed equal to 0. Both NLB and NLW had simi-
lar direct additive and phenotypic associations with 
lamb FEC (Table 7). Estimates of direct additive cor-
relations were moderate and positive between lamb 
WFEC and subsequent NLB and NLW in retained 
replacement females. Estimates of direct additive 
correlations between lamb PWFEC and subsequent 
NLB and NLW were larger than those obtained for 
WFEC and consistently exceeded 2 times their SE. 
However, because of high CV and low to modest 
heritabilities for these traits, phenotypic correlations 
were generally low, and positive phenotypic associ-
ations among these traits would have been difficult 
to observe in small flocks under typical production 
conditions. In contrast to results obtained for lamb 
BW, removing records of NLB and NLW for year-
ling ewes from the data had essentially no effect on 
estimates of the direct additive correlations between 
lamb FEC and subsequent ewe reproductive per-
formance (results not shown). These results thus do 
not provide evidence for residual carryover effects of 
lamb FEC on future reproductive performance.
Correlations between ewe PPR and 
lamb  FEC.  Bivariate models for ewe PPR and 
lamb FEC also included only direct additive covar-
iances between the pairs of traits. Direct additive 
correlations of PPR0 and PPR30 with WFEC and 
PWFEC were relatively large, positive, and exceeded 
4 times their SE (Table 7), suggesting that substan-
tial numbers of genes had consistent impacts on 
parasite resistance in both lambs and peri-parturi-
ent ewes. Estimates of phenotypic correlations were 
also positive and significant but lower than direct 
additive correlations.

Table  6. Correlation estimates and SE between 
peri-parturient rise fecal egg count at lambing 
(PPR0) and 30 d postpartum (PPR30) and lamb 
birth (BWT), weaning (WWT), and post-weaning 
(PWWT) BWa

Trait 1 Trait 2 rd ram rp

PPR0 BWT −0.10 ± 0.15 0.06 ± 0.13 −0.03 ± 0.04

PPR0 WWT 0.08 ± 0.17 −0.08 ± 0.15 −0.02 ± 0.11

PPR0 PWWT −0.03 ± 0.20 −0.08 ± 0.15 −0.13 ± 0.19

PPR30 BWT 0.01 ± 0.19 0.06 ± 0.16 0.001 ± 0.05

PPR30 WWT 0.04 ± 0.22 0.09 ± 0.18 0.001 ± 0.12

PPR30 PWWT 0.29 ± 0.22 0.10 ± 0.19 −0.06 ± 0.19

ard  =  direct additive correlation; ram  =  correlation between direct 
additive effects on PPR0 or PPR30 and maternal additive effects on 
BW; rp = phenotypic correlation.

Table 5. Correlation estimates and SE for numbers of lambs born (NLB) and weaned (NLW) per ewe lamb-
ing and lamb birth (BWT), weaning (WWT), and post-weaning (PWWT) BWa,b

Trait 1 Trait 2 rd ram rp

NLB BWT 0.16 ± 0.12 (0.10 ± 0.14) −0.36 ± 0.09 (−0.34 ± 0.10) −0.04 ± 0.03 (−0.04 ± 0.03)

NLB WWT 0.18 ± 0.14 (0.09 ± 0.16) −0.07 ± 0.12 (−0.02 ± 0.13) 0.02 ± 0.12 (0.02 ± 0.11)

NLB PWWT 0.20 ± 0.16 (0.10 ± 0.19) −0.02 ± 0.13 (0.04 ± 0.15) −0.06 ± 0.19 (−0.07 ± 0.19)

NLW BWT 0.12 ± 0.14 (0.06 ± 0.15) −0.03 ± 0.11 (−0.001 ± 0.12) 0.001 ± 0.03 (−0.001 ± 0.03)

NLW WWT 0.07 ± 0.16 (0.03 ± 0.17) 0.08 ± 0.13 (0.11 ± 0.14) 0.02 ± 0.11 (0.02 ± 0.11)

NLW PWWT 0.11 ± 0.18 (0.07 ± 0.20) 0.11 ± 0.15 (0.14 ± 0.16) −0.06 ± 0.19 (−0.06 ± 0.18)

ard = direct additive correlation; ram = correlation between direct additive effects on NLB or NLW and maternal additive effects on BW; rp = phe-
notypic correlation.

bValues in parentheses were obtained after removing records from yearling ewes from the data.
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DISCUSSION

Estimates of h2 and c2 for NLB of 0.09 ± 0.01 
and 0.02  ±  0.01, respectively, were somewhat 
smaller than averages of 0.13 and 0.05, respec-
tively, reported by Safari et al. (2005) but consist-
ent with estimates obtained for other U.S.  breeds 
(Rao and Notter, 2000). Estimates of h2 and c2 
for NLW of 0.06 ± 0.01 and 0.03 ± 0.01, respec-
tively, however, were close to averages reported by 
Safari et al. (2005). Direct additive and phenotypic 
correlations between NLB and NLW (0.88 ± 0.03 
and 0.74  ±  0.004, respectively) were higher than 
the average value of 0.70 reported by Safari et al. 
(2005) and estimates of 0.70 to 0.75 reported by 
Vanimisetti et  al. (2007) in an earlier analyses of 
NSIP Katahdin data. A  higher value for the cor-
relation between NLB and NLW in the current 
study compared with earlier studies in this, and 
other, breeds may have been associated with a trend 
toward reductions in voluntary lamb removal (i.e., 
fostering of lambs to other ewes or removal for 
artificial rearing) in NSIP Katahdin flocks in order 
to more accurately assess ewe genetic potentials 
for NLW.

Generally positive, but small, direct additive 
associations between lamb BW and subsequent 
ewe NLB were consistent with averages presented 
by Safari et  al. (2005). However, both results of 
the current study and averages presented by Safari 
et al. (2005) indicated that additive effects on BW 
were essentially independent of additive effects on 
subsequent NLW. In other NSIP breeds, Rao and 
Notter (2000) observed that direct additive correla-
tions between weaning weights and NLB were pos-
itive and often significant in Targhee and Suffolk 
sheep but did not differ from zero in Polypay sheep. 

Estimates of correlations between maternal addi-
tive effects on weaning weight and subsequent 
direct additive effects on NLB in that study were 
positive for Suffolk sheep but did not differ from 
zero for Targhee or Polypay sheep. Pre-adjustment 
of lamb BW for effects of litter size and rearing 
type accounted for antagonistic phenotypic effects 
of these variables on BW. These phenotypic effects 
were considered to be mainly environmental in ori-
gin and are commonly accounted for in estimation 
of genetic parameters involving lamb growth and 
ewe reproduction, but adjustment of lamb BW for 
effects of litter size and rearing type in bivariate 
models potentially removed transmitted additive 
effects of genes from the dam with additive effects 
on both BW and NLB or NLW. Genetic correla-
tions in Table 5 therefore do not reflect anticipated 
antagonistic associations between genes for NLB 
or NLW in the dam and the phenotypic expres-
sion of BW in their lambs. They instead estimate 
additive genetic associations between ewe NLB and 
NLW and lamb growth in ewes with the same dis-
tributions of NLB or NLW. Antagonisms between 
NLB and NLW and lamb BW are, however, impor-
tant at the phenotypic level and must be considered 
in developing breeding objectives and economic 
weightings (e.g., Borg et al., 2007).

Heritability estimates for FEC in peri-parturi-
ent ewes were 0.35 ± 0.06 at lambing and 0.24 ± 0.07 
at 30 d postpartum and somewhat higher than her-
itability estimates for FEC of 0.19 to 0.24 in grow-
ing Katahdin lambs (Ngere et  al., 2018). These 
results suggest that genetic improvement in parasite 
resistance in Katahdin sheep is possible for both 
growing lambs and peri-parturient ewes. Similarly, 
Gray (1991) noted a positive phenotypic correl-
ation between FEC in lambs and in the same ani-
mals during the peri-parturient rise. Results from 
the current study differed from results reported by 
Goldberg et al. (2012) in Merino sheep in Uruguay 
indicating that the heritability of FEC in growing 
lambs (0.25 ± 0.03) was higher than that observed 
in peri-parturient ewes (0.08 ± 0.03). However, her-
itability estimates for FEC in peri-parturient ewes 
from the current study were similar to the estimate 
of 0.37 ± 0.06 obtained by Morris et al. (1998) for 
FEC in Romney ewes in New Zealand sampled 
at 1 to 2 mo after lambing and representing lines 
selected for high or low FEC in naturally infected 
4- to 7-mo-old lambs that grazed pastures contam-
inated with a mixed population of gastrointestinal 
nematodes.

Direct additive correlations between FEC in 
growing lambs and peri-parturient ewes were 0.56 

Table  7. Correlation estimates and SE between 
numbers of lambs born (NLB) and weaned (NLW) 
per ewe lambing and ewe peri-parturient rise fecal 
egg counts at lambing (PPR0) and 30 d postpar-
tum (PPR30) and lamb weaning (WFEC) and 
post-weaning (PWFEC) fecal egg countsa

Trait 1 Trait 2 rd rp

NLB WFEC 0.27 ± 0.16 0.04 ± 0.02

NLB PWFEC 0.38 ± 0.13 0.06 ± 0.02

NLW WFEC 0.32 ± 0.18 0.04 ± 0.02

NLW PWFEC 0.40 ± 0.15 0.05 ± 0.02

PPR0 WFEC 0.56 ± 0.02 0.15 ± 0.04

PPR0 PWFEC 0.56 ± 0.13 0.16 ± 0.04

PPR30 WFEC 0.77 ± 0.16 0.19 ± 0.04

PPR30 PWFEC 0.73 ± 0.13 0.19 ± 0.04

ard = direct additive correlation; rp = phenotypic correlation.
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for ewes evaluated around the time of lambing 
and approximately 0.75 at 30 d postpartum. These 
estimates were consistent with the estimate of 0.81 
for the direct additive correlation between FEC in 
growing lambs and peri-parturient ewes reported 
by Goldberg et al. (2012). In that study, FEC were 
determined in naturally infected post-weaning 
lambs at 9 to 12 mo of age and in peri-parturient 
ewes evaluated up to 3 times from 50 d before to 
68 d after lambing. Experimental confirmation of 
a positive association between parasite resistance 
in growing lambs and peri-parturient ewe also 
can be found in the significant positive correlated 
responses in FEC in peri-parturient ewes obtained 
in lines of artificially infected Australian Merino 
(Woolaston, 1992) and naturally infected New 
Zealand Romney (Morris et al., 1998) sheep selected 
for high or low FEC in growing lambs. Morris et al. 
(1998) reported estimates of the genetic correlation 
between FEC in growing lambs and peri-parturi-
ent ewes of 0.70 based on animal-model analysis of 
covariance and of 0.58 based on realized selection 
responses to divergent selection for FEC in grow-
ing lambs. The literature thus suggests that similar 
sets of genes are involved in expression of parasite 
resistance in growing lambs and peri-parturient 
ewes. The current study further indicated that this 
positive association can be extended to Katahdin 
lambs evaluated at relatively young ages (i.e., 42 to 
90 d of age) and with limited prior exposure to gas-
trointestinal nematodes.

Estimates of additive and phenotypic correla-
tions between PPR and NLB or NLW were all pos-
itive, but estimates of additive genetic correlations 
were similar in magnitude to their SE. These results 
thus indicate that there may be a small genetic 
antagonism between ewe prolificacy and parasite 
susceptibility in the first 30 d of lactation. However, 
associations between PPR, NLB, and NLW are 
potentially complex combinations of genetic, envir-
onmental, and causal phenotypic effects and must 
be carefully interpreted and properly implemented 
in terms of their impact on net economic merit. 
Litter size and NLW are indicators of genetic merit 
for prolificacy but also had significant causal phe-
notypic effect on PPR (Table 2). Ewes that gestated 
and, particularly, suckled larger litters presuma-
bly had greater nutrient demands during gestation 
and early lactation and may have been less able 
to respond to the peri-parturient rise. Results in 
Table 2 were, at first sight, somewhat surprising. As 
might have been expected, ewes that suckled twins 
and triplets had higher PPR30 than ewes that suck-
led singles. However, ewes that produced triplet 

litters had lower PPR0 than ewes that produced 
twins and did not differ from ewes that produced 
singles. This result may have been due to sampling 
errors associated with relatively small numbers of 
triplet litters. However, it is also possible that ewes 
that were able to produce triplet litters were bet-
ter-conditioned and more fit at lambing than ewes 
that produced twins but could not retain this ini-
tial advantage while suckling 3 lambs. Adjustment 
of PPR for phenotypic effects of NLB or NLW is 
appropriate if  associations between PPR and NLB 
or NLW were predominantly environmental and 
may, in fact, be causal and, therefore, unidirec-
tional. Adjustment of PPR for effects of NLB or 
NLW would be expected to improve accuracy of 
EBV for PPR, but there was little effect on herita-
bility estimates in the current study.

Measurement of PPR in peri-parturient ewes 
requires that the measurement protocol be inte-
grated into normal flock management procedures 
in a way that allows expression of genetic differ-
ences in PPR but does not unduly compromise the 
health and welfare of gestating and lactating ewes 
and their offspring. Changes in PPR in Katahdin 
ewes in late gestation and early lactation were rel-
atively dynamic, involving nonlinear increases in 
PPR in late gestation and subsequent reductions in 
PPR after about 28 d postpartum as ewes begin to 
control the peri-parturient infection (Notter et al., 
2017). Notter et al. (2017) concluded that measure-
ments of PPR for use in genetic evaluation should 
be taken between 7 d before and 35 d after lambing. 
This recommendation is supported by the estimated 
direct additive correlation of 0.96 ± 0.07 between 
PPR at lambing and 30 d postpartum.

In warm, subhumid regions of the United States 
where Katahdin sheep are popular, ewes often lamb 
outdoors in mid- to late spring. Sampling proto-
cols to assess FEC in peri-parturient ewes must be 
designed to accommodate (and, when possible, take 
advantage of) typical management activities. For 
ewes that are housed, or otherwise closely moni-
tored at lambing, collection of peri-parturient FEC 
is probably best done when groups of ewes in late 
pregnancy are brought into the lambing area on a 
daily basis as ewes lamb, or when groups of post-
partum ewes leave the lambing pens. Regardless of 
the level of confinement around the time of lamb-
ing, tagging of lambs at or near the time of birth is 
an essential activity in pedigreed flocks, and collec-
tion of fecal samples from the ewes can potentially 
accompany tagging of the lambs.

Previous recommendations to control parasitic 
disease associated with the PPR in ewes considered 
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deworming all ewes at or before lambing. However, 
because refugia (proportion of gastrointestinal 
nematodes unexposed to anthelmintic; Van Wyk, 
2001) are low at this time, faster development of 
anthelmintic resistance occurred (Leathwick et al., 
2006). Anthelmintic resistance is now highly prev-
alent (Howell et al., 2008), and current recommen-
dations include selective treatment of ewes showing 
signs of parasitism (Van Wyk and Bath, 2002; Bath 
and Van Wyk, 2009; Kenyon et al., 2009). Recording 
of PPR for use in genetic evaluation, however, may 
require that treatment of peri-parturient ewes be 
deferred to allow expression of genetic differences 
in parasite resistance, increasing their vulnerability 
to negative effects of parasitism. Careful monitor-
ing of ewes is therefore necessary. For flocks that 
practice strategic deworming based on FAMACHA 
scores or other indicators of parasitism, ewes can 
be assessed when fecal samples are collected for 
determination of PPR and treated strategically as 
necessary. However, treatment of the whole flock 
prior to the start of lambing would likely preclude 
meaningful assessment of PPR.

Estimates of  heritabilities and additive and 
phenotypic correlations for lamb BW and FEC 
and ewe NLB, NLW, and PPR from the current 
study and from Ngere et al. (2017, 2018) are sum-
marized in Supplementary Tables S1 and S2. The 
overall additive covariance matrix for these traits 
was positive definite, although the determinant 
was small, indicating that the covariance matrix 
was internally consistent. Absolute values for 
estimates of  additive correlations between FEC 
in either lambs or ewes and other recorded vari-
ables were generally below 0.4 and only rarely 
exceeded 2 times their SE. Attention to breeding 
value predictions for the full range of  economic-
ally important traits should thus permit simulta-
neous genetic improvement in all traits. However, 
occasional significant or near-significant genetic 
antagonisms were observed between measures 
of  maternal productivity and parasite resistance. 
Examples include the positive correlation between 
direct additive effects on post-weaning FEC in 
lambs and NLB (0.38), NLW (0.40), and maternal 
effects on lamb post-weaning weight (0.29; Ngere 
et al., 2018). Similar positive, but smaller, correla-
tions were also observed between these maternal 
traits and lamb FEC at weaning and between NLB 
and NLW and measures of  PPR in ewes. Brown 
and Fogarty (2017) also reported only small cor-
relations between FEC and growth, carcass qual-
ity, and reproduction traits in the Australian 
Merino sheep.

Previous studies demonstrated that genetic 
improvement in number of lambs weaned dom-
inated breeding objectives for meat sheep (Borg 
et al., 2007; Vanimisetti et al., 2007). Estimates of 
genetic associations between NLW and NLB and 
other variables are therefore critical to predict cor-
related responses to selection to improve ewe pro-
ductivity. Parameterization of multivariate models 
involving NLB and NLW is likewise critical, as 
are inferences regarding impacts of resulting EBV 
on breeding objectives. In the current context, BV 
predictions for health, reproductive, and fitness 
traits in Katahdin sheep involved several traits with 
causal phenotypic associations. Indeed, NLW itself  
has a strong causal phenotypic association with 
NLB and may be viewed as a proxy variable that 
combines effects of NLB of the dam and direct and 
maternal effects on lamb survival. An analogous sit-
uation existed for lamb BW and FEC (Ngere et al., 
2018), which are co-expressed in time and may also 
have simultaneous recursive phenotypic effects on 
one another. Smaller lambs are more vulnerable 
to parasitism and more highly parasitized lambs 
grow less rapidly, potentially leading to antagonis-
tic synergy between BW and FEC. Somewhat sur-
prisingly, Ngere et al. (2018) did not find significant 
effects of ewe litter size on lamb FEC in these data 
and reported only small phenotypic correlations 
between lamb BW and FEC (−0.07 to 0.01). These 
results allowed use of relatively simple models 
for lamb FEC and avoided problems of inference 
analogous to those experienced for ewe PPR and 
NLB or NLW. However, modeling of NLB, NLW, 
and PPR and lamb BW and FEC as structurally 
interrelated traits would have potential to bet-
ter explain the genetic architecture of these traits. 
Apparent differences between yearling and older 
ewes in the association between lamb BW and ewe 
NLB (Table 5) also suggested a possible structural 
association between these variables in yearling ewes. 
Models for structurally related traits were described 
by Wright (1960), discussed in the context of antag-
onisms between productive and reproductive traits 
by Notter (1986), rigorously modeled by Gianola 
and Sorensen (2004), and applied to productive and 
fitness traits in dairy cattle by de los Campos et al. 
(2006). Understanding interrelationships among 
production, reproduction, and fitness traits is par-
ticularly important for development of breeding 
objectives. In the presence of causal phenotypic 
associations, a unit change in BV for a given trait 
may affect phenotypically correlated traits without 
producing changes in BV for those traits. Thus, in 
the current study, a unit change in BV for NLW 

http://academic.oup.com/jas/article-lookup/doi/10.1093/jas/sky100#supplementary-data
http://academic.oup.com/jas/article-lookup/doi/10.1093/jas/sky100#supplementary-data
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would be expected to have a negative effect on lamb 
BW and ewe PPR30, but would not necessarily be 
associated with changes in BV for these traits.

In conclusion, FEC in peri-parturient Katahdin 
ewes were heritable and should both respond to 
direct selection and exhibit a positive correlated 
response to selection for low FEC in growing 
lambs. Similar heritability estimates for lamb FEC 
and ewe PPR indicated that incorporation of meas-
urements of FEC in peri-parturient ewes into NSIP 
genetic evaluations should increase the accuracy of 
evaluation of parasite resistance in both lambs and 
ewes. No evidence was found for serious genetic 
antagonisms between FEC in ewes or lambs and 
other economically important traits. However, the 
data suggested that modest genetic antagonisms 
may exist between expressions of ewe maternal cap-
acity (NLB, NLW, maternal effects on lamb BW) 
and parasite resistance. The definition of compre-
hensive breeding objectives that include consider-
ation of the anticipated level of parasite challenge 
and the measurement of the full spectrum of eco-
nomically important traits is thus recommended to 
optimize selection responses.

SUPPLEMENTARY DATA

Supplementary data are available at Journal of 
Animal Science online.
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