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Abstract

Context. Mortality of new-born lambs is well known to have important implications for both animal production and
welfare. Improving survival rates by genetic selection is very desirable, but the low heritability of survival traits
challenges the prospect of useful genetic gain.

Aim. This study aimed to derive genetic and environmental parameters for lamb survival in the Elsenburg Merino
resource flock. It also investigated correlations to possible indicator traits birthweight and birth coat score and reported
genetic progress in breeding values for lamb survival following 33 years of divergent selection.

Methods. The flock was divergently selected for number of lambs weaned and was separated by the High (positive)
and Low (negative) selection groups. The pedigree file identified 8138 lambs as the progeny of 273 sires and 2062 dams.
The study considered total survival from birth to weaning (Tsv) that was also partitioned into perinatal survival to
3 days of age, and the remaining period. Variance components were derived by linear mixed models by using the
ASREML® program. Genetic trends were derived by predicting mean breeding values for selection groups within
each year and evaluated by fitting linear and broken-stick regression models.

Results. Predicted Tsv of H-line lambs (0.81 + 0.01) was higher (P < 0.01) than that of L-line lambs (0.68 &+ 0.01).
Heritability was significant but low for survival traits (0.03—-0.07), moderate for birthweight (0.16) and high for birth
coat score (0.54). Genetic trends of the H-line trended divergently (P < 0.01) to the L-line for survival traits, but a
changepoint (P < 0.01) in trend suggested that the H-line reached a selection plateau following 19-22 years of selection.
Preceding this period, the rate of genetic change equalled ~1% of the mean for Tsv.

Conclusions. Despite the low heritability of survival, the genetic trends reported in this study contradicted the
premise that genetic selection is not a worthwhile method to reduce incidences of lamb mortality.

Implications. 1t is recommended that lamb survival phenotypes should be recorded and incorporated into indices

individually where possible, but composite traits are a viable alternative.
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Introduction

Mortality of new-born lambs is a well known constraint to
small stock production systems (Alexander 1984). A high
margin of loss is common, with average mortality ranging
between 20% and 25% across different breeds (Hinch and
Brien 2014). Merinos have been estimated to deliver only two-
thirds of potential at weaning (Kilgour 1992), or to lose as
many as 59 lambs per 100 ewes mated (Kleemann and Walker
2005). Besides the issue of economic wastage, lamb mortality
is also a concern from an emotional and welfare perspective,
which provides further reason that the improvement of lamb
mortality should not be neglected.

Journal compilation © CSIRO 2021 Open Access CC BY-NC-ND

Survival depends on an interaction between the
environment, physiology as well as the behaviour of both
the ewe and the lamb. Ewes need to facilitate optimal in utero
development, give birth without difficulty and provide
adequate colostrum along with tactile stimulation and
mothering. In turn, the lamb must adapt to the extra-uterine
environment, thermoregulate and display favourable vigour in
its ability to stand and suckle (see reviews by Dwyer 20085;
Brien et al. 2014; Hinch and Brien 2014).

The environment plays an important role in lamb survival
(Hinch and Brien 2014). Among other factors, nutrition of the
ewe is critical, and malnourishment adversely affects both
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physical and behavioural performance of the ewe (Dwyer
2008a), which leads to higher lamb mortality rates
(Kleemann et al. 1993). Intervention at the environmental
level can alleviate stress factors that increase risk. Housing
and shepherding have been associated with a lower incidence
of stillbirths (Binns ef al. 2002) and early mortality has been
reduced by the provision of shelter (Alexander et al. 1980;
Lynch and Alexander 1980). However, such strategies are
expensive, time consuming, and have other associated risks
such as increased infection rates (Binns ef al. 2002). Also,
mortality rates of 19% can occur even under favourable
circumstances (Behrendt ef al. 2011), suggesting room for
improvement on a genetic level. Genetic selection for higher
survival rates is highly desirable but would depend on practical
selection criteria and useful genetic components contributing
to the survival outcome.

Survival contributes to composite phenotypes of the ewe
such as the total weight weaned (TWW) or total number of
lambs weaned per ewe mated (NLW). In addition to survival,
these phenotypes are underpinned by other measurable
components such as fertility, growth and litter size.
Selection for TWW or NLW could provide a balanced
approach  to  simultaneously  improving underlying
components (see review by Snowder and Fogarty 2009). A
concern is that records such as NLW and TWW do not
necessarily account for incidences of mortality unless
survival of the lamb or rearing ability of the ewe is
expressed explicitly. Multiples are well known to be more
susceptible than singles (Slee er al. 1991; Kleemann and
Walker 2005; Snowder and Fogarty 2009; Bunter et al.
2018), and a higher number of lambs born could be
accompanied by mortalities not necessarily reflected in a
trait such as NLW. Accordingly, studies and reviews have
recommended that the genetic improvement of lamb survival
should be included in index selection individually (Swan 2009;
Brien et al. 2011, 2014; Hinch and Brien 2014; Bunter and
Brown 2015; Bunter et al. 2018). In New Zealand, Sheep
Improvement Limited (SIL; http://www.sil.co.nz) has
provided breeding values for lamb survival since 1999
(Newman et al. 2000), but other examples of selection for
survival as a trait of the lamb are scarce in both the research or
industry sectors.

Useful genetic components to survival are supported by
differences in lamb mortality across breeds (Alexander 1984;
Kleemann et al. 2000; Fogarty et al. 2005), Merino bloodlines
(Mortimer and Atkins 1997) and Romney sire lines (Gudex
et al. 2005). However, genetic gain by selection within breeds
is considered as challenging. A generally low or very low
heritability (4% 0.01-0.05) has been reported in Merinos
(Brien et al. 2009; Hatcher et al. 2010) and other breeds
(e.g. Lopez-Villalobos and Garrick 1999; Morris et al.
2000; Riggio et al. 2008; Vanderick et al. 2015). Studies
have reported maternal genetic effects (m”) as influential,
but also low, and often associated with negative and
varying estimates of the direct-maternal covariance (7um;
Brien et al. 2014). Moreover, survival is a threshold
character (Falconer 1989) that may not be amenable to
analysis by linear models. Subsequently, studies
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analysing survival data have varied in their approach,
causing some complexity in the comparison and
interpretation of estimates.

Using threshold analysis, Cloete et al. (2009) reported
promising genetic trends in lamb survival derived from the
Elsenburg Merino flock, a selection experiment subject to
divergent selection for NLW since 1986. Genetic gain
achieved in the Elsenburg flock proved contradicting to the
notion that genetic selection would not be worthwhile in
improving mortality rates. However, the study by Cloete
et al. (2009) reported a large negative r,, estimate, an
unfavourable result that could be symptomatic of analysis
rather than a true biological underpinning (Robinson 1996).
Also, evaluating survival data on the underlying scale can
cause difficulty in deriving accurate and comparable threshold-
linear covariance components between survival and
continuous traits (Cloete et al. 2009). Given the low 4> of
survival, there is interest in identifying favourably correlated
traits that could improve realised gain (Brien et al. 2010).
However, such an objective would hinge on accurate genetic
and environmental correlations. Birthweight has long been
known as an important predictor of lamb survival (Smith 1977;
Hinch et al. 1983; Gama et al. 1991), but is complicated by a
non-linear relationship to mortality (Dwyer 20085; Hinch and
Brien 2014). A birth coat score that grades the hairyness or
woollyness of coats could play a part in lamb viability in the
early neonatal period (Alexander 1961; Slee 1978; Slee et al.
1991). However, this has been lowly correlated with survival
in Merinos in a previous study (Brien et al. 2010). The
objectives of the current study are thus (1) to revisit genetic
parameters for direct and maternal components for lamb
survival in the Elsenburg flock with alternative methods to
those of Cloete et al. (2009), (2) to investigate the relationships
of survival with the possible indicator traits birthweight and
birth coat score and (3) to report genetic progress (or lack
thereof) in lamb survival following divergent selection that
currently extends to 33 years since the onset of the experiment.

Materials and methods
The Elsenburg Merino flock

The Elsenburg Merino flock is a resource flock managed as a
selection experiment for divergent selection based on NLW
since 1986 (see review by Schoeman et al. 2010). The flock is
separated by the High (H-line; positive selection) and Low
(L-line; negative selection) lines that originated from the same
base population. At the start of the experiment, ewes were
allocated at random within age groups to each of the two lines.
Subsequent selection proceeded by screening ewes according
to their ranking for NLW. Besides instances of death or severe
health-related problems, replacement ewes remained in
the flock for at least five joinings. At the beginning of the
experiment, roughly 120 ewes were assigned to each selection
line. The H-line has since grown to 130-200 ewes, while
numbers in the L-line dwindled to ~40-80 breeding ewes.
Selection of rams was predominantly based on the progeny of
dams based on at least three joinings. Following the results
reported by Cloete et al. (2004), selection from 2003 was also
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guided by the use of best linear unbiased prediction (BLUP)
breeding values derived from a single-trait repeatability model
fitted to annual NLW records of ewes. During this period, the
original ranking values were still considered in tandem to
BLUP-derived breeding values, but BLUP values have been
the only selection criterion since 2010. In the latter years of
the selection experiment, breeding management required the
use of external sires to manage levels of inbreeding. From
2008 to 2019, 349 H-line lambs and 151 L-line lambs were
born as the progeny of external sires. These animals were also
considered for selection and 740 H-line and 118 L-line lambs
were subsequently born as grand-progeny of external sires
between 2010 and 2019.

Details pertaining to management and nutrition are
available elsewhere (Cloete et al. 2004, 2009) and only a
short summary will be repeated here. During this experiment,
the flock was maintained at the Elsenburg Research Farm near
the town of Stellenbosch (33°51’S, 18°50'E) in the Western
Cape Province, South Africa. Besides during joining in single-
sire groups within lines, the two lines were maintained as a
single flock for most of the year. The flock grazed on irrigated
kikuyu grass (Pennisetum clandestinum) during the summer
(January—February) and during the lambing period in winter
(June—July). In the remaining periods, the flock grazed on dryland
as well as irrigated lucerne (Medicago sativa) and dryland medics
(M. truncatula). Oats (Avena sativa) fodder crops were also
available during winter to supplement the slow-growing
legume pastures. Ewes were shorn within 3—4 weeks before
lambing. Lambing took place in 10-20 kikuyu lambing
paddocks of ~0.3-0.4 ha each, where ewes were set-stocked in
groups ranging from 15 to 25, depending on the research needs.
After a variable period of 3 to ~14 days, lambed ewes and their
lambs were randomly drifted to somewhat larger (1.0-1.5 ha)
irrigated lucerne paddocks in groups of 20—40. As the irrigated
paddocks became depleted, these groups were joined in larger
groups on dryland lucerne, medic and oat paddocks.

Data recording

Data were recorded over a 33-year period from 1986 to 2019.
The pedigree file identified the line of origin for most of the
8138 lambs as the progeny of 273 sires and 2062 dams.
Recording of all traits commenced during daily lambing
rounds at 0800 hours. that identified all lambs born within
the previous 24-h period with their dams, thus enabling linkage
back to the selection line and sire (Cloete ef al. 2004, 2009).
Traits recorded were survival, birthweight (BW) and birth coat
score (BCS) for both dead and alive lambs. In rare cases,
birthweight was unavailable in lambs mutilated by damage-
causing animals, mostly crows (Corvus spp.). Survival traits
were regarded as total survival from birth to weaning (Tsv),
survival to 3 days of age, including stillbirths and ante
parturient deaths, as perinatal survival (PNsv), and the
remaining period post 3-days to weaning (P3sv). BCS was
recorded only since 1994 and included records on 5883 lambs
over 25 years. BCS was subjectively recorded according to a
linear 5-point scale graded from the most hairy (1) to most
woolly (5; Cloete et al. 2003), with half marks allowed where
considered appropriate.
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Statistical analyses
Variance components

The discrete expression of the survival phenotype as either
dead (0) or alive (1) is described as a threshold character
(Falconer 1989) that follows a hypothetical normal
distribution on the underlying liability scale. Threshold
characters violate the assumption of normality on the
observed scale, and linear models are theoretically not
appropriate for the analysis of binary phenotypes. However,
previous examples from the literature analysed survival data on
both underlying and observed scales that allowed for the
comparison of these methods. Everett-Hincks et al. (2014)
and Vanderick et al. (2015) used cross-validation of randomly
assigned ‘missing’ phenotypes and reported that linear models
were marginally more accurate at predicting missing phenotypes
than were logit-transformed alternatives. Also, Matos et al.
(2000) reported linear and threshold models to be similar
according to predictive and goodness-of-fit parameters.
Consequently, in contrast to previous results of survival data
from the same flock (Cloete et al. 2009), current data were
evaluated by linear analysis for benefit of convenient
interpretation on the observed scale.

Estimation of fixed effects and subsequent derivation of
variance components commenced by using the ASREML®
program (Gilmour et al. 2015). The environmental factors that
were considered as fixed effects included year of birth
(1986-2019), selection group (H-line or L-line), sex (male or
female), age of dam (2—6+ years) and birth type (singles vs
pooled multiples). The non-linear phenotypic relationship
between survival and BW was investigated by fitting BW as a
linear (BW) and quadratic (BW?) covariate in a separate analysis
of survival traits. These results were reported separately and were
identified by TsvBW, PNsvBY and P3svBW. Otherwise, variance
components and genetic trends of survival are reported excluding
BW as a covariate.

Random effects considered in the model were direct and
maternal genetic effects, the r,, and maternal permanent
environment. Analysis commenced by fitting various
combinations of fixed effects and possible two-way
interactions so as to obtain an operational model. In the model
used to derive parameter estimates for random components,
selection group was included as a fixed effect to avoid
possible inflation of genetic variance that could result from
the selection program separating the H- and L-lines. Fixed
effects and interactions were tested for significance according
to Wald statistics derived from conditional least-square
methods. Those observed as significant (P < 0.05) were
retained throughout subsequent analysis. Random terms were
then added to the operational model on a stepwise basis, which
resulted in either of the following genetic models used for
analysis (in matrix notation):

Model (I): y =Xb+ Zia+ e
Model (I): y = Xb+ Zia+ Zzm + e [CoVy = 0]
Model (IIl): y = Xb + Zja + Zrc + e
Model (IV):y = Xb + Zia+ Zzsm+ Zyc + e[CoV,, = 0]
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Model (V):y=Xb+Zia+ Zsm+ e [CoVuyy = A0

Model (VI): y =Xb+ Zia+ Zsm+ Zyc+ e [CoVyy = AT )

In the preceding equations, y represents the vector of
observations of the respective traits, b the vector of fixed
effects, a represents the vector of direct genetic variances,
m the vector of maternal genetic variances, ¢ the vector of
maternal permanent environmental variances and e the
vector of residuals. The corresponding incidence matrices of
each effect are represented by X, Z, Z, and Z; respectively.
A represents the numerator relationship matrix, and o, the
covariance between direct and maternal genetic effects.
It was assumed that

Via) = Ad?y; V(m) = Ad?,; V(c) =1d%; V(e)=Id%

with A4 representing the numerator relationship matrix,
I representing identity matrices and o’ 02,,,, o°,,. and 6°, the
direct genetic variance, maternal genetic variance, maternal
permanent environmental variance and environmental
(residual) variance respectively. These analyses yielded
estimates of genetic and permanent environmental
variances, which were used to compute (co)variance ratios
for direct additive genetic, maternal genetic, the direct-
maternal genetic correlation (where applicable) as well as
maternal permanent environmental variances as a proportion
of the total observed phenotypic variance. A log-likelihood
ratio test (LRT) was used to test for significant differences in
model likelihoods, as follows:

Ly(0)
LRT 2log, [Lg(t?)
Where Lg(0) and L (0) represent the likelihood of the general
(full) and the simpler (nested) model respectively. The LRT is a
chi-square distributed random variable, with degrees of freedom
equal to the difference in the number of random effects. When
one random effect was added at a time (e.g. (IT) vs (I) or (IIT) vs
(IT)), a difference of 1.92 was regarded as a significant (P < 0.05)
improvement in the log-likelihood compared with the reduced
model tested against. If a model with an additional term did not
provide a significant (P < 0.05) improvement, the simpler
(nested) model was chosen as the operational model for the
trait. The terms fitted in the operational model were subsequently
used for multi-trait models. The multi-trait analyses were limited
to two-trait models that allowed for the estimation of direct
genetic  (r,), maternal permanent environmental (ry),
environmental (r.) and phenotypic (r;,) correlations between
the respective traits.

} =2 |LogL, — LogLy|

Genetic trends

To assess genetic divergence between selection lines,
individual breeding values were obtained from a separate
analysis that excluded selection group (or any interactions
with selection group) from the model. This was considered
appropriate for trends because the retention of selection group
as a fixed effect would deflate possible genetic differences that
could have resulted from selection. These breeding values were
used to derive means for each selection group (H-line vs L-line)
foreachyear (1986-2019) as indicative of genetic trends. So as to
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assess possible change in genetic trends, two approaches were
followed. First, standard linear regression lines were fitted for
both trends representing the H- and L-lines and tested for
significance (P < 0.05) of their regression coefficients and
divergence between the lines using individual standard errors
(s.e.) and the pooled s.e. respectively. The intercept of linear
regressions on genetic trends was fixed at zero (Year 0) because
the H- and L-lines originated from the same founding
population. Second, trends were investigated for a possible
selection plateaux, or a distinct change in trend, by fitting
‘broken stick’ regression models that delivered an estimate of
a possible changepoint in genetic trends. This was performed
with the segmented package (Muggeo 2008) in the R
environment (R Core Team 2020). A piecewise or
segmented relationship between the mean response and
explanatory variable is modelled by adding an additional
term to the linear predictor, as follows:

E[Y] = Bixi + Bol(xi — ) X I(x; > )]

where B is the left (or initial) slope, B, is the difference in
slopes, y is the breakpoint and I(.) is an indicator function
equal to one when the statement is true (; > V) and zero when
the statement is false (x; < ). The segmented package
evaluates a possible difference in slopes by making use of
the Davies (1987) test. This is not the most appropriate test for
determining the number of breakpoints (Muggeo 2008), but a
maximum of one was assumed for the current analysis. In
cases where Davies’ test yielded significant (P < 0.01) results,
the derived changepoint (CP) and differential slopes/
coefficients were reported in addition to standard regression
lines. Breeding values, genetic trends and fitted regression
lines were plotted with ggplot2 (Wickham 2016) in R.

Results
Fixed effects

Trait summaries and least-square means of fixed effects can be
seen in Table 1. Over the period of the study, ~10% of animals
were lost within the first 3 days after birth, which was a large
proportion of the ~23% total mortality rate to weaning. The
mean BW was 3.85 kg, and mean BCS was 3.2. The effect
of year was in a significant (P < 0.05) interaction with selection
group for Tsv, PNsv, BW and BCS, and is not tabulated. As the
two lines shared the same environment, differences between
the H- and L-lines across succeeding years are considered a
response to selection and are discussed under genetic trends
below. Selection group also interacted (P < 0.05) with birth
type in all three survival traits. The advantage of the H-line
was more pronounced in multiples than in singles and
predicted that Tsv for L-line multiples was especially poor
(0.57; Fig. 1). The predicted least square means for fixed
effects can be seen in Table 1. Generally, lambs born in the
H-line had higher survival rates (P < 0.01) than did L-line
lambs in PNsv, P3sv and Tsv. H-line lambs were also slightly
heavier (P < 0.05) but had a lower BCS (P < 0.01), indicating
that they tended to be hairier and L-line lambs were woollier.
Female lambs had a higher (P < 0.01) survival rate than did
male lambs in Tsv and P3sv, but sex was not influential in
PNsv (P > 0.05). Male lambs were heavier than females
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Table 1. Predicted least square means (%s.e.) of all fixed effects considered
Tsv, total survival to weaning; PNsv, survival to 3 days of age; P3sv, survival from 3 days to weaning;
BW, birthweight; BCS, birth coat score; NS, effect not significant (P > 0.05)
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Effect Tsv PNsv P3sv BW BCS
Number of records 8138 8138 7297 8111 5883
Mean 0.77 0.90 0.86 3.85 3.20
Selection line
High Line 0.81 +£0.01 0.92 £0.01 0.88 £0.01 391 +£0.01 3.15+0.01
Low Line 0.68 £0.01 0.84 £0.01 0.81 £0.01 3.82 £0.02 3.49 +0.03
Sex
Male 0.73 £0.01 NS 0.84 +0.01 3.99 £ 0.01 3.45+0.02
Female 0.76 £ 0.01 NS 0.86 £0.01 3.74 £0.01 3.19 £0.02
Birth type
Single 0.84 £0.01 0.92 £ 0.01 0.91 £0.01 433 +0.01 NS
Multiple 0.66 £ 0.01 0.84 £0.01 0.78 £0.01 3.40 £ 0.01 NS
Age of dam
2 0.68 £0.01 0.85+0.01 0.80 +0.01 3.53 £0.02 3.41+0.03
3 0.76 +£0.01 0.89 £0.01 0.86 £0.01 3.85+0.02 3.38 £0.03
4 0.79 £ 0.01 0.89 £0.01 0.88 +£0.01 3.97 £0.02 3.27 +0.03
5 0.77 £0.01 0.89 £ 0.01 0.86 £ 0.01 4.02 £0.02 3.25+0.03
6+ 0.73 £0.01 0.87 £0.01 0.84 £0.01 3.97 £0.02 3.31 +0.03
Tsv PNsv P3sv
S o751 088 oo 0.89 098 0.83
S 0.74 Selection
a 0.50 group
8 : 9 H-Line
+= L-Line
é 0.25
& 0.00
Single Multiple Single Multiple Single Multiple
Birth type
Fig. 1. Predicted lamb survival for lambs according to birth type and selection group. Horizontal bars

represent standard errors surrounding the mean.

(P < 0.01) and had a higher (P < 0.01) BCS. Birth type was
influential in all traits except BCS, with singles having higher
(P < 0.01) survival rates for all periods, and the significant
(P <0.01) difference in BW amounted to nearly 1 kg. The age
of the dam also proved influential (P < 0.01) in all traits. A
non-linear relationship best described this influence as ewes of
intermediate age tended to have lambs with better survival
rates, a higher lamb birthweight, but lower BCS compared
with primiparous or mature ewes.

When BW was included as linear and quadratic terms in the
fixed-effects model of TsvEY, PNsvBW and P3szW, a non-
linear phenotypic relationship of survival and BW was evident
(Fig. 2), but more pronounced in PNsv than in P3sv. Lambs
were predicted to have the best chances of survival according
to an intermediate optimum that ranged between 3 and 5 kg.
The effect of selection group was tested for a possible
interaction with BW and BW?, which was not significant
(P > 0.05). This suggested that advantages of the H-line
lambs were generally independent of BW, making
inferences in this respect quite robust. However, BW and

BW? were in a significant (P < 0.05) interaction with birth
type in the case of PNsv®Y, but not for Tsv®" or P3sv®W.
According to Fig. 2, the difference between singles and
multiples was largest in cases of high BW, but PNsv was
independent of birth type for lambs lighter than 4 kg at birth.

Random variance components

According to the LRT, the addition of a direct additive genetic
effect (6%, significantly (P < 0.05) improved the log-
likelihood of all traits (Model I; Table 2). In the analysis of
Tsv and PNsv, the maternal permanent environmental (szc)
and the maternal genetic (6°,) components appeared to
partially compete for the same variance. In preliminary
analysis, fitting 6, improved (P < 0.05) log-likelihood
(Model II vs Model I), but the further addition of 6%ne
(Model IV) deflated o%, as most maternal variance
partitioned to 6% . Between the Model 11 and Model 111,
the best log-likelihood was found in Model III, which
considered only 6% in addition to ©%,. Model III also
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Birth type
== Single
=+ Multiple
2 4 6 2 4 6 2 4 6
Birth weight (kg)
Fig. 2. Predicted lamb survival for lambs according to birthweight and type. Shaded areas represent
standard errors surrounding the mean. The interaction between birth type and birthweight was significant
(P < 0.05) only in the case of PNsv.
Table 2. Log-likelihood ratios derived from Models I to IV Table 3. Variance components and ratios (xs.e.) of all traits
Chosen model represented in ‘bold’ script. ‘FE only’ represents fixed effects- Empty cells indicate effects not included in final model
only model
Parameter Tsv PNsv P3sv BW BCS
Model Tsv PNsv P3sv BW BCS ;
Variance component
FEonly 310447 5527.50 422092 —1008.400 -2040.85  O» 0.012 0-003 0.007 0.076 0416
Model I 313261 555480 423698  -598463  -160045 O™ 0007 0000 0,000 ggzg 0024
Model IT 3136.82  5575.50  4237.71 -252.177 -1600.41 ey 0.146 0.079 0.103 0.250 0329
Model Il 3142.47  5590.62  4238.91 —280.108 —-1593.98 o2 0.165 0.090 0112 0.478 0769
Model IV 314247  5590.62 423891 -236.271 -1592.98 ?
Variance ratio
" 0.07+0.02 0.03+0.01 0.07+£0.02 0.16+0.02 0.54+0.03
) o m* - - - 0.20 £ 0.03 -
provided the best fit for P3sv, although the LRT statistic mc 0044001 0.10+0.01 0.02+0.01 0.12+0.02 0.03+0.01
(Model III — Model I = 1.93) exceeded the critical chi-
square statistic of 1.92 by a very narrow margin. In BW,
2 2 . . .
both 67, and 67 were retained as components of variance in Table 4. Pairwise additive genetic, permanent maternal,

Model IV. However, including a component accounting for the
direct-maternal genetic covariance (6%,m, Model VI) did not
deliver a better log-likelihood than did the nested model (IV).
For BCS, including szc proved influential as Model III had
the best log-likelihood of all models tested. Because 62, was
not influential or not applicable in any of the traits, the LRT
results of Models V and VI and the correlation (7,,,) are not
shown.

All traits were heritable, but the genetic components of
survival traits were generally low to very low (Table 3). For
Tsv, the direct genetic effect (h%; 0.07) was slightly larger than
the permanent maternal environmental component (mc?; 0.04),
but 42 and mc? traded ranking across the partitioned periods of
survival. In the PNsv, mc® was low (0.10), but considerably
higher than the very low 4* (0.03). But for P3sv, the 4* was
comparatively large (0.07) while mc* was very low (0.02),
indicating that the dam’s influence peaked early on in the life
of the lamb. BW was moderately heritable at 0.16, but was
more affected by the maternal genetic effect (m?; 0.2). The mc?
component was also influential, but lower than the genetic
effects (0.12). The A of BCS was high (0.54) and the mc” ratio
was significant, but very low (0.03).

Genetic, environmental and phenotypic correlations

The correlations derived from respective two-trait analyses
with BW and BCS did not suggest strong linear relationships
with survival (Table 4). The genetic correlation (r) of the
survival traits with BW were all negative in sign, but not
significant (P > 0.05). Despite the poor precision of the

environmental and phenotypic correlations of BW and BCS with
all respective survival traits
Significant correlations are indicated in bold

Trait Additive Maternal env  Environmental — Phenotypic
Tsv X

BW —0.113£0.153 0.363 £ 0.103 0.208 £ 0.018 0.167 £ 0.012

BCS -0.125+0.124 0.059 +0.204 —0.03 £0.027 —0.041 £ 0.016
PNsv X

BW 0361 +£0.230 0.245+0.077 0.232+0.017 0.197 £ 0.015

BCS 0.205+0.174 0.13+£0.154 -0.048 +0.026 0.004 + 0.015
P3sv X

BW —0.012+0.150 0.36+0.173 0.103 £0.019 0.088 £ 0.013

BCS —0.297 £ 0.125 —0.107 £ 0.294 —0.002 + 0.028 —0.059 = 0.016

estimate, the magnitude of the negative genetic relationship
between PNsv and BW (r, = —0.36) could be a noteworthy
suggestion, favouring low BW lambs in the perinatal period. In
contrast, all non-genetic relationships between BW and
survival were positive, moderately in favour of lambs of
higher BW. The strongest example was the relationship
between Tsv and BW on the maternal permanent
environmental level by a moderate magnitude (7, = 0.36),
but the benefit of higher BW was lowly reflected on the
phenotypic level (rp = 0.17). A similar tendency of
environmental and phenotypic relationships was observed
between BW and PNsv that also marginally favoured higher
BW lambs. For P3sv, the relationship with BW was either
insignificant (P > 0.05) or low, suggesting that the benefit of a
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higher BW was almost negligible once the lamb has survived
to 3 days of age.

The genetic correlations of BCS with PNsv and P3sv were
opposing in sign, but significant (P < 0.05) only in the case of
P3sv. Lambs with a genetic tendency for hairy (in contrast to
woolly) coats were thus more inclined to survive the post
3-day period to weaning. Negative relationships between BCS
and survival were reflected on the phenotypic level for Tsv and
P3sv but were negligibly low in magnitude.

Genetic trends

Linear regressions of genetic trends were all significant
(P < 0.05; Table 5), indicating that all traits responded to
selection to some extent. Respective coefficients were not
necessarily opposite in sign for H- and L-line trends but
were observed as divergent (P < 0.01) in all traits.
However, a linear regression proved a poor fit of the
genetic trends in the L-line, with R>-values ranging between
0.38 and 0.51 for survival traits. Mean breeding values of the
H-line trended favourably and substantially higher than those
of the L-line group for all three survival traits (Fig 3). The
genetic difference between selection groups was also clearly
reflected in the individual breeding values, which showed
favourable ranking for the majority of H-line lambs for the
last 20 years of the experiment, whereas a much more mixed
result was observed for the period preceding 1995 (Fig. 4). The
poor fit of linear regressions of L-line trends is considered to
be due to high levels of year-to-year variation with little
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consistency in a directional response to selection (Figs 3,
5), with the possible exception of BCS (Fig. 6). If
coefficients of linear regressions are expressed as % of the
overall mean per annum (p.a.), the H-line favourably trended
upward at a rate of nearly 0.8% p.a. for Tsv
(Table 5). Observed change in the H-line for PNsv (0.28%
p-a.) and P3sv (0.42% p.a.) were of a more moderate
magnitude, but this can be expected given less variation in
partitioned periods. Survival in the L-line also trended upward
for Tsv and P3sv, but downward for PNsv. Albeit statistically
significant (P < 0.01), the magnitude of the regression
coefficients in the L-line were small (-0.04% to 0.11%),
indicating only marginal net change in L-line breeding
values over the total selection period.

In later years of the selection experiment, the individual
values appeared to have a threshold bounding breeding values
at a value slightly larger than 0.2 for Tsv and 0.1 for PNsv
(Fig. 4), and trends showed little further gain in mean breeding
values (Fig. 3). This apparent selection plateau was evaluated
for a possible CP in trend by fitting broken-stick regression
models as an alternative to the average linear trend over
33 years. Davies’ test for a difference in slopes proved
significant (P < 0.01) in H-line trends for Tsv, PNsv, P3sv
and BW (Table 5). For survival traits, a CP in genetic trends
suggested that the selection response of the H-line reached a
plateau following 19-22 years of selection (Table 5), with no
further increase in mean breeding values after roughly 2005
(Fig. 3). Broken-stick regression lines also showed that the
genetic gain made by the H-line appeared to have been

Table 5. Linear and broken-stick regression coefficients fit to genetic trends of H- and L-line selection groups
The changepoint (CP) and initial (A) and subsequent (B) slopes are reported only in cases where Davies’ test was significant (P < 0.01) for a change in slope

Trait Group Linear regression Broken-stick regression
Coefficient P-value R? % of mean  Divergence = CP  Slope Coefficient R? % of mean
Tsv H-line 0.0061 + 0.00026 <0.01 0.94 0.79 <0.01 20 A 0.008 £ 0.0003 0.99 1.06
B —0.0008 + 0.001 0.99 -0.10
L-line 0.0008 + 0.00015 <0.01 0.48 0.11 - A - -
B _ _
PNsv  H-line 0.00025 + 0.0001 <0.01 0.95 0.28 <0.01 22 A 0.003 + 0.0004 0.99 0.35
B —0.0004 + 0.0005 0.99 -0.04
L-line ~ —0.0004 + 0.00008 <0.01 0.38 —0.04 - A - -
B _ _
P3sv H-line 0.0036 + 0.00018 <0.01 0.92 0.42 <0.01 19 A 0.005 + 0.0002 0.98 0.60
B —0.0008 £ 0.0007  0.98 —-0.09
L-line 0.0006 + 0.00011 <0.01 0.51 0.07 - A - -
B _ _
BW H-line  —0.0009 + 0.00044 <0.05 0.12 —-0.02 <0.01 12 A 0.0034 +0.0016 0.45 0.09
B —0.0056 £0.0014  0.45 —0.15
L-line 0.0015 + 0.00059 <0.05 0.17 0.04 - A - -
B _ _
BW*  H-line 0.0052 + 0.00046 <0.01 0.79 0.13 <0.01 - A - -
B _ _
L-line  —0.0036 + 0.00048 <0.01 0.63 —-0.09 - A - -
B _ _
BCS H-line  —0.0041 + 0.00082 <0.01 0.44 —0.13 <0.01 - A - -
B _ _
L-line 0.0115 +0.00123 <0.01 0.73 0.36 - A - -
B _ _
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manifested in the first 20 years of selection. During this period,
the initial (A) coefficient suggested a high rate of genetic
change equal to ~1% of the mean for Tsv. The subsequent (B)
coefficient indicated a declining trend but was of a small
magnitude with a large s.e., indicating little to no genetic
gain from 2005 to 2019.

Response p.a. in both H- and L-line breeding values for BW
were of a low or negligible magnitude, but it is interesting to
note that the regression coefficients of direct and maternal
genetic trends were opposite in sign (Table 5). In the H-Line,
BW divergently (P < 0.01) trended downward in the direct
genetic response, but upward in the maternal genetic response,
while the opposite was observed in the L-line (Fig. 5). In
trends, the H- and L-lines traded rankings for higher mean
breeding values for BW in numerous years, with very weak
evidence of a divergent response reported in Table 5. In the
maternal genetic trends, the selection groups were more

distinguishable than in the direct genetic trends and
appeared divergent following the 1995-2000 period. As
deduced from regression coefficients, the responses of direct
and maternal trends were in opposite directions. According to
the broken-stick regression, the H-line trend changed sign to
lower BW following 12 years of selection (Year 1998;
Table 5). However, both initial (A) and subsequent (B)
coefficients were of a low magnitude, and both A and B
coefficients had a poor fit (R*> < 0.45) compared with those
of survival traits. Also, in both the direct and maternal genetic
trends, breeding values over the last ~5 years of the experiment
trended in a relatively narrow margin compared with the zero-
line used to define the originating population, resembling only
marginal net change in BW associated with selection for NLW.

Responses observed for BCS were also low, but the slight
upward trend of 0.36% p.a. in the L-line indicated that L-line
animals slowly tended to higher BCS values with time,
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describing a tendency towards woollier coats. According to
trends, divergence between the lines became more
pronounced following the Year 2000, and the L-line
persistently had higher scores from 2005 onward, but Davies’
test for a difference in slopes did not support this observation
(P>0.01).

Discussion
Descriptive statistics and fixed effects

Mean survival to weaning was consistent with what could be
expected according to the literature (Hinch and Brien 2014). In
Merinos, survival to 7 days has been reported at 85% and to
weaning at ~72% (Hatcher et al. 2010). Similarly, Brien et al.
(2010) reported an 85% survival rate to 3 days of age, and 80%
survival to weaning from a predominantly Merino population.
It is evident that the period around birth and the first days
following birth are critical for lambs, as a proportionally high
mortality rate coincided with this short period. Female, H-line
and single lambs were less likely to succumb than were male,
L-line and multiple lambs (Table 1). Males accordingly
suffered higher mortality rates in Scottish Blackface
(Sawalha et al. 2007; Riggio et al. 2008), Texel, Shropshire
and Oxford Down (Maxa et al. 2009), Texel and Texel-cross
(Morris et al. 2000), Coopworth (Everett-Hincks et al. 2005)
and Merino (Brien et al. 2009) lambs. The marked difference
in survival between the H- and L-lines is supported by
previous experiments that successfully manifested within
breed differences by selection on fitness traits (Atkins 1980;
Haughey 1983; Knight et al. 1988). The interaction between
birth type and selection group (Fig. 1) supported the earlier
findings of Cloete and Scholtz (1998), who suggested that
advantage of H-line lambs was predominantly derived
from better survival of multiples. However, the advantage
of the ‘pro-fertility’ Merino selection flock reported by
Atkins (1980) was consistent across singles and multiples.
Also, Romney ewes selected for survival and rearing ability
had a 8.5% higher survival rate than did the control strain
ewes, but the effect of selection line did not interact with birth
rank (Knight ef al. 1988) as in the current study. Generally, an
increased litter size is associated with a decreased lamb
survival, since the survival of twins is lower than that of
singles (Slee et al. 1991; Kleemann and Walker 2005;
Table 1), especially in unfavourable circumstances (Hinch
et al. 1983). Multiples in Merinos maintained a survival
rate of 72-73% compared with 85-89% for singles (Brien
et al. 2009). The differences in birth type are not entirely
explained by birthweight, since heavy twins have also been
shown as susceptible (Morris et al. 2000). The current results
implied that birth type affects survival both during the
perinatal and subsequent phases of life (Table 1), but some
studies have reported other findings. Scottish Blackface lambs
born as multiples were more susceptible than were singles only
during early neonatal periods (up to ~14 days), although
multiples had a greater chance of surviving birth (Sawalha
et al. 2007). Unexpectedly, Maxa et al. (2009) reported
survival to 24 h as greater in Texel lambs born as twins
than in triplets and singles, but Riggio et al. (2008) found
triplets more susceptible than singles or twins across all
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periods considered. In the present study, experienced ewes
were found to be better mothers than primiparous ewes
(Table 1). Lower offspring mortality rates in older dams
are common in the literature (Owens et al. 1985; Morris
et al. 2000; Southey et al. 2001; Everett-Hincks et al. 2005;
Riggio et al. 2008). However, the best lamb-rearing
performance is likely to be found in ewes of intermediate
age, since lambs borne by older ewes also have a lower
survival rate (Sawalha et al. 2007; Brien et al. 2009; Maxa
et al. 2009). Phenotypic results of Tsv®Y, PNsv®W and
P3sv®W (Fig. 2) derived from including BW as a covariate
to survival traits aligned with the consensus of a curvilinear
relationship on the phenotypic level (Hall ez al. 1995; Sawalha
et al. 2007; Hatcher et al. 2009; Maxa et al. 2009; Everett-
Hincks et al. 2014). Both heavy and light lambs are prone to
higher mortality rates, but the symptoms surrounding the cause
of death tend to be different between very light or heavy
lambs (Refshauge et al. 2016). Morris et al. (2000) reasoned
that heavier lambs have a good chance of survival once
they get through the birth process but could be more
susceptible to complications close to birth. Current results
suggested that both very light and very heavy lambs are
more likely to succumb within the early perinatal phase,
with BW being less important to survival at later stages to
weaning.

Variance ratios
Random variance components of lamb survival

Lamb survival has often been associated with low to very
low estimates of 4%, as was also reported in Table 3. These
results are suggestive of poor prospects of genetic
improvement (Brien et al. 2014). The present study found
Tsv to be lowly heritable at 0.07, but with a #* of more than
two-fold the mean A? estimate of 0.03 derived from earlier
literature by Safari et al. (2005), as well as more recent results
also derived by linear models for Merinos (0.03; Brien et al.
2009; Hatcher et al. 2010). The method used to derive genetic
parameters could be influential in varying estimates across
studies. Previous results from the same flock were derived
from threshold analysis and yielded estimates that differed by a
large margin (Cloete et al. 2009). From that study, a high h? of
0.28 was reported for Tsv, with a significant maternal genetic
effect of 0.07 as well as a negative direct-maternal genetic
correlation of —0.61. Comparing these ratios with the current
results suggests that differences in parameter estimates could
be related to analysing survival data on either the observed or
the underlying scale. Similarly, Matos et al. (2000) reported
that the A% of survival from birth to weaning from a threshold
model amounted to about three-fold the magnitude of the value
derived by linear models in the same study. However, a
moderate 4#* estimate of 0.11 for Tsv has also been derived
from threshold models (Welsh et al. 2006). Compared with the
present results, high /> estimates of 0.18-0.33 have also been
reported for postnatal survivability derived from sire models
(Sawalha et al. 2007).

However, in numerous instances, estimates of 4> have been
consistently low across different methods. Using both logit-
transformed and linear analyses, Morris et al. (2000) and
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Lopez-Villalobos and Garrick (1999) reported h? estimates not
different from zero or 0.01 respectively. All models, including
a logit-transformation, estimated 4> values of <0.01 for
survival to weaning for a large study of a range of New
Zealand composite breeds (Everett-Hincks et al. 2014). For
survival to 12 weeks, Riggio et al. (2008) reported relatively
larger A2 estimates of 0.05 + 0.03 and 0.08 + 0.06 from linear
and probit-transformed analyses respectively. While the
current 4* estimate is also low, it coincides with the upper
end of these estimates, and is the highest thus far reported from
linear analysis.

The present study excluded maternal genetic effect from the
final model for all survival traits (Tables 2, 3). Maternal effects
are generally expected to have both genetic and environmental
components (Bradford 1972). Similarly, Muller et al. (2020)
found no evidence of a significant m* component in Tsv of
Dormer lambs, but this contradicted a substantial body of
evidence that has found m” to be influential to survival, albeit
generally low, with a range between 0.02 and 0.08 (Lopez-
Villalobos and Garrick 1999; Morris et al. 2000; Welsh et al.
2006; Brien et al. 2009; Hatcher et al. 2010; Everett-Hincks
et al. 2014; Vanderick et al. 2015) and a mean of 0.05 £+ 0.01
(Safari et al. 2005). Also, m* is equivalent to rearing ability
when survival is evaluated as a trait of the ewe, and several
studies have also reported the genetic component of ewe
rearing ability as low, but significant with 4* between 0.01
and 0.08 (Safari et al. 2005; Afolayan et al. 2008; Hebart et al.
2010; Bunter et al. 2016), which provides further evidence to
support maternal genetic effects. The exclusion of m? from the
current operational model is therefore unexpected and
contradicts the majority of the literature. It is likely that the
model choice is an artefact of conflicted partitioning of
variance between the m’ and mc® components. In
preliminary analysis, the m® derived from Model II were
significant and consistent with the literature cited above, but
the maternal genetic variance was deflated to negligibly low
values when both mc? and m? were included in Model IV. The
support for Model IV was guided by the LRT, but was also
preferred by criteria based on the Bayesian information
criterion (data not shown). Management of the Elsenburg
flock maintains breeding ewes for at least four to five
seasons, which resulted in an average >4.3 survival records
per dam. This can be considered as a strong structure for
partitioning maternal effects in sheep across dam generations,
which further makes the contradicting result unexpected.
Given the discussion above, the obtained results should be
accepted until they are possibly refuted in future studies
involving more data. The Elsenburg flock currently lacks
estimates of ewe rearing ability, but this could deliver an
opportunity to revisit the topic in the near future.

Treating early survival as a partitioned period showed
different variance ratios for survival between pre- and post-
perinatal (3-days of age) phases, at 0.03 and 0.07 respectively
(Table 3). Genetic variation in lamb survival between birth and
weaning is influenced by the age of the lamb (Southey et al.
2001; Sawalha et al. 2007; Riggio et al. 2008). Current
findings suggest that success of the new-born lamb was
predominantly dependent on the environment, with a small
direct genetic component. Following the initial 3 days after
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birth, the influence of the direct genetic effect of the lamb
became proportionally more important to survival as A”
increased in magnitude. Similarly, Hatcher et al. (2010)
reported a direct 4#° of only 0.02 for survival to 7 days of
age, but a larger value of 0.05 for the period 7-100 days. In
turn, Brien er al. (2009) reported declining A* estimates
associated with an increasing lamb age, being highest at
birth (0.07). For survival at 24 h, Riggio er al. (2008)
reported a high 4* estimate of 0.33 + 0.11 from probit-
transformed data and an estimate of 0.09 £+ 0.03 from a
linear analysis. However, generally, a range between 0.01
and 0.07 (Morris et al. 2000; Maxa et al. 2009; Everett-
Hincks et al. 2014) suggested that the h*> of perinatal
survival was low, but m”> was similar or larger than for
direct genetic effects, with a range between 0.02 and 0.10
(Morris et al. 2000; Maxa et al. 2009; Everett-Hincks et al.
2014). However, a recent study compared neonatal mortality
and rectal temperature of the H- and L-line lambs across a
cold-stress gradient, and reported the differences between
lines to be dependent on the severity of cold stress during
the neonatal period (Nel er al. 2021). These results were
strongly suggestive that a genotype by environment
interaction could be important when analysing neonatal
mortality/survival, which would affect estimates of 4> by
the animal model that assumes genotypes are evaluated
under equal opportunity.

An influential mc® component is well supported in the
literature, but it should be considered that the current
estimates of mc? would likely also reflect the influence of
maternal genetic effects, as detailed in the discussion above.
The study by Muller ez al. (2020) similarly reported a mc* of
0.03, but also included litter variance ratio of 0.12 for Tsv in
Dormer lambs. Other studies have been able to separate
maternal genetic effects. For survival to weaning, Barwick
et al. (1990) and Lopez-Villalobos and Garrick (1999)
reported a mc? estimate of 0.09, larger than the observed h?
and m® effects combined (0.04; both studies). When
considering survival to an early timepoint, Morris et al.
(2000) also reported a mc? component of 0.10 from a linear
model for survival up to 24 h. Comparing the magnitude of
estimates between PNsv and P3sv suggested that the effect of
mc* declined with age of the lamb (Table 3). Similarly,
Hatcher et al. (2010) reported ‘dam repeatability’ as 0.12
between 1 and 7 days, but reported about half this
magnitude (0.06) during the period between 7 and
100 days. Observing a relatively high maternal influence in
the perinatal period is not surprising, given the high
dependence of lambs during the first days of age (Dwyer
2008a), but would further be expected when perinatal
survival is defined to include mortalities at birth, which is
currently the case.

Since maternal genetic effects were not fitted, the current
results also excluded the direct-maternal genetic correlation
(ram) as a component of variance affecting lamb survival.
This is in contradiction to the negative and large 7,y
estimate of —0.60 previously reported by Cloete et al.
(2009), an estimate that was similar to the r,,, of —0.75 also
derived from threshold analysis by Welsh et al. (2006). The
issue surrounding r,y, is pertinent if found to have a biological
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significance, since it counter-intuitively implies that ewes with
a high genetic tendency for survival would tend to be poor
mothers. Also, negative r,,, components inflate estimates of ,
m?> or mc* (Fozi et al. 2005), causing discrepancies across
studies. Hatcher et al. (2010) included (52am, but found r,, to
be not different from zero. In another study (Maxa et al. 2009),
estimates varied widely across different breeds (—0.79 for
Shropshire; —0.52 for Texel; and —0.05 for Oxford Down)
in analyses based on the logit-link function. Other logit-
transformed models estimated positive r,, values at values
above the theoretical threshold of 1, while results derived from
linear analysis in the same study found r,,, to be negative, but
of a more feasible margin (Morris et al. 2000). Using linear
models, Vanderick et al. (2015) reported a low to moderately
negative range of r,,, values between —0.14 and —0.44, while
results from logit-transformed phenotypes were positive, but
very low at 0.02—0.03. Other negative estimates varied from
—0.23 (Lopez-Villalobos and Garrick 1999) to —0.74 (Everett-
Hincks et al. 2005), to exceeding —1 (Burfening 1993), while
7am Was also reported to be positive between 0.01 and 0.62
(Barwick et al. 1990; Matos et al. 2000; Sawalha et al. 2007).
It is evident from the literature cited that it is difficult to
pinpoint a reasonable expected range for r,,, since the
reported range of estimates in the literature shows little to
no consistency across studies.

Birthweight

The #* of BW was moderate, and m* was the largest
component affecting the trait (Table 3). The respective
values of 0.16 and 0.20 were quite similar to previous
estimates derived from the Elsenburg flock using fewer data
(Cloete et al. 2003, 2009). The current estimate of 4> (0.16)
agrees well with values of 0.15 (Riggio et al. 2008) and 0.18
(Safari et al. 2007), but a slightly higher range between 0.20
and 0.24 has also been reported (Snyman ef al. 1995; Al-
Shorepy and Notter 1998; Safari et al. 2005; Hatcher et al.
2010). The moderate m* estimate of 0.20 coincides well with
previous estimates of 0.18-0.19 (Safari et al. 2007; Riggio
et al. 2008) or the mean of 0.21 £ 0.03 across studies (Safari
et al. 2005). However, some previous estimates for m” are
considerably lower at 0.06—0.09 (Snyman et al. 1995; Hatcher
et al. 2010), while a uniquely high value of 0.38 has also been
reported by Al-Shorepy and Notter (1998). The observed mc?
agreed well with a previous estimate of 0.12 (Snyman et al.
1995). Safari et al. (2007) reported a small mc? at 0.07, but the
study also included a litter effect of 0.33 that was not
considered in the current analysis. Permanent environmental
effects of a similar magnitude (0.10-0.16) have also been
reported in the literature (Safari et al. 2005; Riggio et al.
2008).

The additional r,, component accounting for direct-
maternal genetic covariance did not provide a better log-
likelihood than did the nested model, suggesting no
antagonism between high BW ewes and the weight of their
new-born lambs. Similarly, Snyman et al. (1995) did not find
this effect influential, and Hatcher et al. (2010) reported that
7am did not differ from zero. Other studies found the effect
significant and negative at between —0.15 and —0.31 (Safari
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et al. 2005, 2007; Cloete et al. 2009). However, if there is a
true antagonism underlying these observations, it would not be
considered problematic, since both high and low BW are not
desirable on the phenotypic level (Fig. 2). If an ewe is
genetically prone to a very high (or low) BW, it could be
favourable that the maternal influence on the lamb does not
lead to an extreme BW in the same direction or of the same
magnitude.

Birth coat score

Very few estimates of 4> of BCS derived from animal
models were found in the literature. The current estimate of
0.54 is within the range between very high estimates of 0.65
(Kemper et al. 2003) and 0.70 (Cloete et al. 2003, from the
same flock) and a considerably lower estimate of 0.31 (Brien
et al. 2010). Despite a considerable difference between these
estimates, it can be assumed that fast genetic change is possible
for BCS. However, the effect of mc? was very small at 0.03.
Other than a similar estimate of mc” reported by Cloete ef al.
(2003) on the same flock but using fewer records, no other
estimates were found in the literature.

Correlations

Despite the convenience of two-trait analysis with both traits
on the observed scale, derived genetic correlation coefficients
were often compromised by a low accuracy as reflected by
large standard errors. Birthweight and mortality have long
been linked (Smith 1977), but the curvilinear relationship in
Fig. 3 complicates the use of BW as a correlated trait to
genetically improve lamb survival. In correspondence with
results in Table 4, previous results in Merinos have also
reported that the genetic relationship between BW and Tsv
is not different from zero (Cloete et al. 2009; Brien et al. 2010;
Hatcher ef al. 2010), but another study found positive genetic
correlations of BW with perinatal survival (0.24) and survival
to 4 weeks (0.45; Riggio et al. 2008). The current r, for BW
and PNsv, albeit non-significant, was unexpected in its
moderate magnitude and the fact that it was opposite in
direction to the relationships on all non-genetic levels. This
contrast was not consistent with other results, since the
opposite was reported for Scottish Blackface lambs where
neonatal mortality and BW were positively correlated at 0.21,
but with a negative phenotypic relationship of —0.25 (Sawalha
et al. 2007). Generally, the low-positive relationship of BW
with survival on the maternal permanent environmental,
environmental and phenotypic levels could be due to the
very high susceptibility of extremely small lambs (Fig. 2)
that skews the intermediate optimum slightly higher than the
mean of 3.85.

The use of BCS as a correlated trait to improve lamb
survival is also limited. A hairy birth coat has been lowly
correlated with lamb survival in Merinos (Brien ef al. 2010),
but the current findings found a significant genetic relationship
with BCS only for P3sv (Table 4). This moderate negative
genetic correlation was in favour of hairier lambs. Earlier
studies from climate chambers (Alexander 1961) or water bath
tests (Slee 1978; Slee et al. 1991) suggested that longer or
hairier coats could alleviate the rate of heat loss in lambs. This,
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in turn, was associated with the perinatal period and a reduced
mortality stemming from exposure (Geenty et al. 2014). In this
regard, the genetic correlation with P3sv, and not PNsv, was
unexpected, since thermoregulation is considered most critical
in the neonatal period (Plush et al. 2016). However, the
precision of the genetic correlation in the perinatal period
was poor and the 95% confidence interval included 0. It is
possible that the benefits of a hairier coat (or low BCS) are
restricted to lambs born in severe environmental circumstances
(Mullaney 1966), causing difficulty in deriving robust
estimates of the genetic (co)variance since the bulk of
lambs were born in relatively benign conditions.

Genetic trends

The genetic trends reported in the present study
(Table 5) contradicted the premises that the i* of lamb
survival was too low to support genetic gains in the desired
direction (Fig. 3). They provided an opposing view to the
suggestion that genetic improvement of lamb survival is
unlikely to be worthwhile (Everett-Hincks et al. 2005;
Everett-Hincks and Cullen 2009). Substantial genetic gains
were evident in the genetic trends of the H-line, and selection
group differences were also clearly reflected on the phenotypic
level (Table 1). Assuming an /4 of 0.03, genetic responses in
lamb survival were predicted to amount to only ~14% (Brien
et al. 2009) and 26% (Fogarty et al. 2006) of the rate possible
for genetic gain in clean fleece weight (CFW, assumed to have
a h? of 0.42 in both studies). As a point of reference in South
African Merinos, a resource flock subject to positive selection
for CFW reported gains of 1.2% p.a. (Cloete et al. 2007). The
current gain in lamb survival of nearly 0.80% per annum is
~66% of the rate achieved for CFW, which far exceeds these
previous predictions, especially since gain in Tsv hinged on a
correlated response to selection for NLW. However, a more
conservative rate of gain of 0.68% p.a. could be considered a
more appropriate selection response by adjusting for the slight
upward gain observed in the L-line. However, the genetic trend
for Tsv appeared to show that most of the genetic gain was
made in the initial years of selection. The initial (A) coefficient
derived from broken-stick regression suggested genetic
change to be as much as 1% of the mean between 1986 and
2006 (Table 5). Accordingly, the H- and L-lines were
phenotypically separable by survival performance within
10 years after the onset of the selection experiment (Cloete
and Scholtz 1998). The selection plateau indicated by the CP
of the H-line genetic trend could, in part, be due to the
influence of external genetics introduced to the H-line about
the year 2008. Animals born as progeny (50% pure) or
subsequent grand-progeny (25% pure) of external sires are
likely to have partially counteracted the divergent genetics
manifested between the pure H- and L-lines. However,
observed breeding values were also likely to be
approaching the boundaries of what is achievable under the
current selection regime. The upper threshold of ~0.2 observed
in breeding values (Fig. 4) could be expected, since mean Tsv
was 0.77 and survival is bounded at below unity (Alexander
1984). In a scenario where the best-ranked animals reach this
level, further selection for lamb survival would likely be met
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with diminishing gains, especially since positive results from
first-cross animals suggested influential non-additive genetic
components to lamb survival (Fogarty 1972; McGuirk et al.
1978).

In turn, the L-line technically also responded against the
direction of selection for Tsv, but a lower-level plateau is also
expected since selection for lower levels of fitness directly
opposes the influence of natural selection. Also, while the
dams of dead lambs could remain in the flock to produce
siblings that survive, selection intensity for reducing NLW is
limited by the need to perpetuate the numbers of the L-line. For
the partitioned periods of survival, diverging trends were most
pronounced in P3sv (Fig. 3). The perinatal period was partially
masked by the environment provided by the ewe, but a higher
h* was observed for P3sv, which explains direct genetic gains
of a higher magnitude in the H-line for this trait than for PNsv.
However, the amount of variation observed for PNsv was high,
considering it included mortalities only up to 3 days of age
(including stillbirths), and the gains during this period were
also favourable and worthwhile despite the low 4>,

The low levels of consistency in genetic trends for BW and
BCS (Figs 5, 6) compared to the relative consistency of trends
of survival traits (Fig. 3) suggested weaker underlying genetic
relationships with the NLW phenotype compared to survival
traits. The downward direct genetic trend of the H-line for BW
was of a very low magnitude in both linear and broken-stick
regression lines (Table 5, Fig. 5) and is better considered as a
stabilising response that trended within the optimal range for
BW. In turn, it was interesting to see conflicting directions in
maternal genetic trends as H-line dams tended to support
slightly heavier BWs. These opposing responses are
suggestive that a negative direct-maternal covariance could
exist for BW, but its magnitude was below the threshold for
denoting significance in the present analysis. Also, neither
direct nor the maternal genetic change p.a. were of a large
magnitude. Given the intermediate optimum of BW and the
strong phenotypic relationship with survival, it is likely that
natural selection also provided a stabilising effect on genetic
trends for BW in the L-line. This argument is supported by the
fact that the phenotypic relationships of lamb survival with
BW were robust across selection lines (Fig. 2).

Regarding BCS, the persistently higher trend of the L-Line
(since 2005) suggested that a genetic tendency towards
woollier coats were associated with the selection response
of the L-line to negative selection for NLW (Fig. 6) and BCS
differences between selection groups were also reflected on
the phenotypic level (Table 1). However, a genetic relationship
of woollier coats with lower survival was only observed in
P3sv (Table 4). Most correlation coefficients involving BCS
were estimated with poor precision, and further investigation
is needed to elucidate a possible effect of BCS on survival.

Lamb survival in selection indices

Snowder and Fogarty (2009) promoted the use of composite
trait selection to increase overall ewe productivity, reasoning
that the composite traits could act as an appropriate biological
index to balance relationships between underlying component
traits. The present study has confirmed the general findings of
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Cloete et al. (2009), namely, that favourable and worthwhile
responses in a correlated component trait such as lamb survival
are possible by selection for NLW. This reasoning is supported
by positive genetic correlations between lamb survival and
NLW in Merinos (Swan et al. 2001; Afolayan et al. 2008;
Hebart et al. 2010). However, determining an appropriate
selection criterion requires multiple factors to be
considered. First, composite trait selection is also associated
with risks. Selection for NLW also depends on the number of
lambs born and would favour ewes bearing multiples. An
increase in multiples is important, given substantial and
negative genetic and phenotypic correlations between
survival and litter size (Swan et al. 2001; Hebart et al.
2010; Bunter et al. 2018). Also, litter size, as a trait of the
ewe, has a higher 4 than does lamb survival (Afolayan et al.
2008; Hebart et al. 2010), which could upset the balance
assumed by composite trait selection. Combined with the
higher fertility rates of the H-line (Cloete et al. 2004), the
present study has shown that survival can be improved, along
with an increased lambing rate. Phenotypic predictions (Fig. 1)
suggested that most of the gains in the H-line were made by
better survival rates of multiples. However, the greater
likelihood of multiples to succumb, including in the H-line,
remained evident. Accordingly, the simulation study by Amer
et al. (1999) showed diminishing economic returns from
genetic gain in reproductive rate if lamb survival is not
simultaneously improved. Furthermore, there is evidence
that survival as multiples and singles are different genetic
traits (Bunter er al. 2018) and there could be benefit in
targeting survival of multiples specifically. Also, while the
response observed in the Elsenburg Merino flock was
favourable, NLW would not be treated with the same
emphasis in traditional indices, and the underlying response
in component traits is unlikely to be of the same magnitude. In
fact, Brien et al. (2010) predicted a genetic decline in survival
if represented only as a component of NLW in a selection
index. An alternative to composite trait selection could also be
to focus on ewe rearing ability, a trait that is currently being
incorporated into Australian Sheep Breeding Values (Bunter
et al. 2019, 2021). However, greater clarity on maternal
genetic components is needed, given the unexpected lack of
a significant m* for lamb survival in the current study
(Table 3).

For these reasons, it is recommended that lamb survival
phenotypes should be recorded and incorporated into
indices individually. Direct selection will require large,
comprehensive datasets (Brien er al. 2010, 2014), which
requires the inclusion of dead lambs into pedigrees, which
is currently not routine in South African Merinos. However,
adequate record keeping of survival is feasible and delivers an
opportunity to optimise both breeding and welfare objectives.
For example, mortality can be reduced by assistance at
birth, but recording of such incidences can contribute to the
breeding value of relevant animals. Conversely, animals lost to
misadventure or predation can be recorded as alive to avoid
random, non-genetic events from interfering with breeding
values related to fitness. A good example can be seen in the
phenotyping protocol outlined by Vanderick ef al. (2015), a
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system that should not be excessively difficult or expensive to
accommodate since most breeding flocks require early
identification and tagging of lambs as part of general
management and pedigree recording.

Conclusions

Lamb survival in the H-line has been markedly higher than that
in the L-line for the past two decades. This result confirmed
previous studies on the same resource flock, namely that
selection for NLW benefited lamb survival as a correlated
response. The present study also confirmed that the direct
heritability of survival was low or very low, but maintained
that worthwhile gain in survival traits is achievable by genetic
selection. Although survival in the H-line reached a plateau
from ~2003, the favourable status of the selection line could be
maintained despite the introduction of external genetics. The
potential benefit of using either BW or BCS as indirect
selection criteria was limited, but the significant genetic
correlation of BCS with P3sv should be studied further.
Wherever possible, survival traits should be recorded and
evaluated individually in national ovine evaluation schemes.
Although the infrastructure to record Tsv is present in South
Africa, it has so far been poorly supported by the industry.
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