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ABSTRACT: The reproductive performance of a
sheep flock is dependent on a multitude of com-
plex interacting factors. Attaining optimal flock
performance requires information about how the
reproductive steps are linked and relate to readily
available measurements of the state of the flock.
The goal was to use data from nine commercial
flocks (greater than 300,000 records) to investi-
gate and model the key reproductive steps affecting
flock reproductive performance. We also developed
a maximum-likelihood based methodology to pre-
dict flock ovulation rate based on measurements of
the number of fetuses at mid-pregnancy (detected
by ultrasound-scanning). The model was used to
determine how changes in premating liveweight,
age, predicted ovulation rate, number of fetuses
at mid-pregnancy, lamb survival and lamb growth
rate affect the total lamb liveweight at weaning per
ewe exposed to the ram in each flock. The data
from the commercial flocks were also used to inves-
tigate the role of ewe age and premating liveweight
on each reproductive step. Sensitivity analyses
were conducted to identify the key reproductive
steps affecting flock reproductive performance,
with a focus on understanding how these steps

vary between flocks. The elasticity for embryo sur-
vival was 60% of that for lamb survival for these
flocks and the elasticities for ovulation rate were
highly variable between flocks (0.16 to 0.50 for ma-
ture ewes). This indicates that ovulation rate was
near-optimal for some flocks, whereas there was
potential to significantly improve flock perform-
ance in suboptimal flocks. The elasticity for ewe
premating liveweight was highly variable between
flocks (—0.03 to 0.84 for mature ewes and —0.18 to
1.39 for ewe lambs), indicating that premating live-
weight ranged from optimal to suboptimal between
flocks. For these suboptimal farms, the opportunity
exists to increase flock performance through im-
proved management of ewe premating liveweight.
Reproductive loss was significantly greater in ewe
lambs than mature ewes, although the difference is
dependent on the stage of reproduction and flock.
Predicted ovulation rate was 25% lower for ewe
lambs and there was a 30% relative decrease in the
predicted embryo survival probability from ovula-
tion to scanning for ewe lambs. There was a 10%
relative decrease in lamb survival probability from
birth to weaning for ewe lambs and lamb growth
rate was 25% lower for ewe lambs.
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INTRODUCTION

A key driver of sheep farm production is the
reproductive performance of the flock (Young
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et al., 2014). The reproductive process requires
minimal losses between ovulation rate at mating,
mid-pregnancy ultrasound scanning of the number
of fetuses, and the number of lambs at weaning,
as well as suitable growth of lambs to weaning.
Information such as ewe age and premating live-
weight can be used to predict the reproductive per-
formance of ewes and the survival and growth of
their lambs (Cumming, 1977; Hanrahan, 1982).
There are extensive information and associated
models about the relationships between ewe state
and components of the reproductive pathway
(Oldham et al., 2011; Behrendt et al., 2019), how-
ever, aspects of these relationships are variable be-
tween research flocks (Hanrahan, 1980) and likely
to be more variable between commercial farms.
These relationships have been assembled into bio-
economic models that relate farm environmental,
economic and management variables to the repro-
duction pathway, which generate important infor-
mation at a regional scale for a generic average
farm (Amer et al., 1999; Morel and Kenyon 2006;
Young et al., 2011, 2014; Wall et al., 2018).

We have previously calculated flock elastici-
ties that describe the relative importance of the
effect of average premating ewe liveweight (0.81),
average ovulation rate (0.33), variance in ovulation
rate (—0.095), embryo survival (0.72), lamb sur-
vival (1.03), conception failure (0.35), and average
ewe age (0.056) on the total kilograms of lamb live-
weight at weaning per ewe exposed to the ram in a
research flock that had undergone selection for fe-
cundity (Shorten et al., 2020). This indicated that
lamb survival had the largest elasticity and that a
1% increase in lamb survival is expected to have a
1.03% increase in the total kilograms of lamb live-
weight at weaning per ewe exposed to the ram in
this flock. However, there are risks in over extrapo-
lating such models to specific farms due to unique
farm conditions. Improved flock specific charac-
terization of the reproductive process will allow
for better evaluation of the trade-offs between the
reproductive steps for that flock and identification
of key targets to improve the reproductive perform-
ance of a specific flock, which are likely different
from a generic average flock (Morel and Kenyon
2006). Improvements in the collection of on-farm
information will allow these models to be recali-
brated to individual farms using a subset of traits
and recalibration procedures developed using re-
search flocks. Here we demonstrate the feasibility
of this approach by developing procedures to es-
timate ovulation rate and embryo survival from

ultrasound information on the number of scanned
fetuses.

Thus, the first objective of this study was to
investigate how ewe age and premating liveweight
affect ovulation rate, number of fetuses at mid-preg-
nancy, lambing day, lamb survival to weaning and
weaning weight in nine New Zealand commer-
cial flocks. The second objective was to assess the
role of different parameters on the total weight of
lambs weaned per ewe exposed to the ram for this
flock. The third objective was to investigate the dif-
ferences in reproductive performance between ma-
ture ewes and ewe lambs. Our primary hypothesis
is that there are large between flock differences in
reproductive performance and that targets to im-
prove reproductive performance are flock specific.

MATERIALS AND METHODS

Experimental Data

The data consisted of more than 300,000 re-
cords from nine New Zealand industry flocks col-
lected from 1986 to 2017. Records were extracted
with permission from each of the nine flock owners
from the New Zealand Sheep Improvement Limited
national performance recording database. Each
flock size was typically 1,000 ewes. Liveweight and
body condition score (BCS) were measured premat-
ing, although liveweight measurements were more
abundant than BCS measurements. Furthermore,
BCS was measured at ultrasound scanning and
weaning (liveweight was not measured at scanning
or weaning). Ewes were exposed to a ram as a ewe
lamb in all flocks, although body condition score
measurements were not obtained for ewe lambs.

All ewes were mated under commercial condi-
tions and the rams remained with the ewes for ap-
proximately two reproductive cycles (34 d). Ewes
were ultrasound-scanned during mid-pregnancy
to determine the number of fetuses present. The
number of lambs born was not accurately re-
corded in all years and all flocks. Losses from scan-
ning to lambing are likely 1% to 2% (Willingham
et al., 1986; Shorten et al., 2020), and therefore the
number of fetuses scanned is a proxy measure of
the number of lambs born. The day of lamb birth
was based on fetal number and size information
obtained at ultrasound scanning (Sergeev et al.,
1990; Noia et al., 2002). Lamb weaning weight was
also recorded together with the number of lambs
weaned per ewe and the predicted lamb age (days)
at weaning.
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In general, ewes were culled for age after five
lambings, although poor performing (low body con-
dition, udder damage, nonpregnant ewes, etc.) ewes
were culled at any age to maintain a high-perform-
ing flock with a relatively constant size. Animals
were managed and observed under standard com-
mercial conditions and all animals had unrestricted
access to pasture and water to meet their metabolic
requirements.

Mathematical Models of Embryo Survival, Lamb
Survival and Lamb Growth Rate

The model components are outlined in the
following sections, which are based on the re-
lationships used to investigate the reproductive
performance of a research flock (Shorten et al.,
2020). The reproductive performance of ewe lambs
is lower than that of mature ewes (Edwards and
Juengel, 2017) and therefore separate models were
considered for ewe lambs and mature ewes. Ewe
age (A4) terms are omitted from each equation for
the ewe lamb models. Ewe lamb premating live-
weight was based on liveweight at 8 mo of age,
which is the age that ewe lambs were joined with
fertile rams.

Premating liveweight and ewe age distribu-
tion. Ewe premating liveweight within each age at
lambing class i (for ages 2 to 9) is described by a
normal distribution with mean (uy,) and standard
deviation (o, ). The notation N (,u, 2) denotes the
normal distribution with mean p and variance o2
Ewe age distribution is modeled by the proportlon
of ewes in the flock of age i (a;).

Ovulation rate and embryo survival. The dis-
tribution of ovulation rate can be described by a
lognormal distribution (LN (n; 71, 075 )). Embryo sur-
vival to scanning can be described by a binomial
process (Restall and Griffiths, 1976) with a survival
probability that is dependent on the ovulation rate
(Geisler et al. 1977). The mean number of ova ()
is typically lower at age 2, increases from age 2 to
5 (Schoenian and Burfening 1990) and decreases
thereafter and can be described by a quadratic
function:

= B0 + ButA + BA% + BuW + BaW2, (1)

with a similar quadratic effect of weight (Morley
et al., 1978) (see Table 1 for descriptions and values
of parameters). The effect of ewe age on the mean
ovulation rate adjusted for premating liveweight
is given by Eq. (1) with W = W (where W denotes
the average liveweight of all ewes). The number
of scanned fetuses is therefore described by a

compound lognormal-binomial distribution where
the probability of observing k scanned fetuses is

P(k; 71,07, pn) =
*Zmzﬂwmna)m%w

<lpy —d(m -1
{1—@m—ﬂm—1ﬂw_,
T Z ZLNznaz) 2)

where p,is the probability that an embryo survives
to scanning when there is initially a single ovum,
d = 0.1 is the assumed rate of decrease in em-
bryo survival with ovulation rate (Shorten et al.,
2013), T is a normalization factor and the max-
imum ovulation rate is assumed to be seven ova.
All liveweight effects occur via ovulation rate (Eq.
(1)) even though liveweight is known to also affect
embryo survival (Shorten et al., 2013). However,
liveweight effects on ovulation are significantly
greater than liveweight effects on embryo survival
(Shorten et al., 2013) and therefore liveweight ef-
fects on embryo survival are not directly included
in the model.

Conception failure to a given breeding cycle. The
model for the effect of ovulation rate (7) on the
probability of not getting pregnant to the first
cycle is

Pr(n) =(1—1)+f(1-q)", 3)

where the first term denotes the probability of
failure in the all-or-nothing model (Kelly and
Johnstone, 1983) and the second term denotes the
probability of failure in the binomial model (Restall
and Griffiths, 1976) given there is no failure in the
all-or-nothing model [where (1 — ¢) denotes the
probability of failure for an individual ova]. It was
assumed that /= 0.87 and ¢ = 0.92 for each flock
(Shorten et al., 2020).

Lambing day. The day of lambing is dependent
on the day of fertilization, the average gestation
length (G = 148 d) and the standard deviation in
gestation length (0, = 3 d). The day of lambing for
a ewe that lambs to the first cycle (d)) is

dy=d +u+g. (4)
g ~N(G,a3),

uy ~ U(O, 17),

where d, is the start day of mating (assumed to be
d 103 of the year), u; is the stage of the cycle (as-
sumed to be uniformly distributed from 0 to 17 d),
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Modeling industry flock reproductive loss
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8 Shorten et al.

and g; is the gestation length (days). The day of
lambing for a ewe that lambs to the second cycle is

d+17, (5)

where it was assumed that ewes are exposed to the
ram for two cycles.

Lamb survival. Lamb survival has negative
quadratic relationships with ewe premating live-
weight and age (Morris et al., 2000; Everett-Hincks
et al., 2014; Shorten et al., 2020). The probability of
a scanned fetus surviving from scanning to weaning
in a Bernoulli model of lamb survival is

logit(py) = Byo + Bwsi W + Bwsa W + BasiA + @méz),

where p; is the probability that a lamb survives
when there are initially s scanned fetuses.

Weaning weight of lambs. Lamb growth from
day born (d)) to the day of weaning (d,,) is dependent
on sex, birth rank, ewe age and weight (Thomson
et al., 2004; Kenyon et al., 2004, 2009; De Blasio
et al., 2007; Thompson et al., 2011; Paganoni et al.,
2014; Aktas et al., 2015) and can be described by
the stochastic differential equation (Shorten et al.,
2020):

dL = g(W,R,S)dt + 0,dW, L(0)=Ly (7)

g(W,R,S) = Gs + g + kW

where L is lamb liveweight, ¢ is the time from the
day of birth (days), Ly is the birthweight, R is the
birth rank (one to four lambs born), W is premat-
ing ewe liveweight, S is the lamb sex (M, F with
Gr = 0), Vg, Or are regression coefficients and dW is

0.6 Flcgk 2
05r
04r
: 5
o
5
503
<]
o
0.2
01
@ &
0 1 1 1 I %
] 1 2 3 4

Number of fetuses

Figure 1. The distribution of the number of fetuses for flock 2 (o)
and the compound lognormal-binomial model distribution fit (+) to
the data [adjusted for age and weight effects on the number of ova
via Egs. (1) and (2)]. The mean number of fetuses was 1.60 and the
standard deviation in the number of fetuses was 0.67.

a Weiner process (i.e., a random process with inde-
pendent normally distributed increments with zero
mean and variance proportional to time from the
day of birth) with perturbation amplitude o;. The
probability distribution of weaning weight is

Y (L(dy — di)) =N(L(d\ — di); Lo + (W, R, S)

(dw — dy), (dw = di)o7 /2),

(8)
where N(x; i1, 0?) denotes the normal distribution
with mean p and variance o2.

Birthweight was not measured and the mean
birthweight for singles was assumed to be 5.20 kg,
for twins was 4.28 kg, for triplets was 3.74 kg, for
quadruplets was 3.27 kg and for quintuplets was
3.12 kg (Hinch et al., 1985; Everett-Hincks et al.,
2014; Shorten et al., 2020). Ram lambs were as-
sumed to be on average 0.25 kg heavier than ewe
lambs (Oldham et al., 2011; Hocking-Edwards
et al., 2019; Shorten et al., 2020). The standard
deviation in lamb birthweight was assumed to be
0.80 kg for each birth rank (Shorten et al., 2020).

Statistical Analysis

Model parameters for lamb survival were esti-
mated with a generalized linear mixed-effects model
with a binomial distribution and logit link (Lavara
et al., 2011). Model factors that were not signifi-
cant were not removed and other model construc-
tions and interactions were not tested. Maximum
likelihood (Pawitan, 2001) was employed to ob-
tain estimates of ovulation rate, embryo survival,
the standard deviation in ovulation rate and lamb
growth rate for each flock. Calculations were con-
ducted in Matlab (The Mathworks).

Models were parameterized for each of the nine
farms and all farms combined. Separate models
were constructed for mature ewes and ewe lambs.
The threshold for significance is P < 0.05 unless
stated otherwise. Root mean squared error (RMSE)
was used to evaluate the accuracy of models for the
distributions in a number of fetuses at scanning
and premating liveweight.

The models for each reproductive step were
linked to predict the flock reproduction dynamics
from ovulation to weaning. Each flock was con-
sidered to have 1000 breeding ewes with distribu-
tion in age and premating liveweight representative
of the flock. Day of lambing was calculated based
on the assumptions that the start of matingis d 103
the year for each flock, ewes were exposed to the
ram for two cycles, the standard deviation in lamb

Translate basic science to industry innovation



Modeling industry flock reproductive loss 9

birthweight was 0.80 kg for each birth rank, and
the weaning day was d 340 of the year. Simulations
were repeated 10,000 times to determine the ex-
pected role of perturbations in average premating
ewe liveweight, average ovulation rate, variability
of ovulation rate, embryo survival, lamb survival,
standard deviation in lambing day and average ewe
age on the kilograms of lamb liveweight at weaning
per ewe exposed to the ram (providing a total of
10 million ewes in the simulation). Simulations
were conducted by considering a fixed range of de-
viations from the mean for each flock. Changes in
the distribution of ewe age were generated with a
Gamma correction (a}) followed by normalization.
Ranges (number of points over the range) were —5
to 25kg (121) for liveweight, —0.5to 1.0 (61) for ovu-
lation rate, —0.5 to 0.5 (41) for standard deviation
in ovulation rate, —0.2 to 0.2 (81) for embryo sur-
vival, —0.2 to 0.15 (71) for lamb survival, —0.12 to
0.13 (67) for probability of conception success, and
a Gamma correction exponent (v) of 0.1 to 1.5 (31)
for age. The perturbations in the different factors

351

w
T

25
= —

Mean Ovulation Rate
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30 40 50 60 70 80 90 100
Ewe Premating Liveweight, kg
Figure 2. (A) Effect of ewe age on ovulation rate adjusted for
premating liveweight, kg for flocks 1-9. Error bars denote SEM. (B)
Effect of premating ewe liveweight on ovulation rate adjusted for ewe
age for flocks 1-9. Dotted lines denote SEM. Curves are plotted over
the range of values observed for each flock.
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Figure 3. The relationship between estimated embryo survival prob-
ability from ovulation to scanning for ewes with a single ovum and the
standard deviation in lambing day for each flock (R*> = 0.58; P = 0.02;
RMSE = 0.67 d).

were simulated in a causal manner. For example,
changes in liveweight included a future cascade of
causally related changes in other reproductive vari-
ables while, for example, a change in lamb survival
would not reflect changes in prior correlated, but
not causal, variables such as ovulation rate.

RESULTS AND DISCUSSION

The reproductive performance for mature ewes
and ewe lambs are presented separately. Estimated
model parameters are listed for each flock in Table
1 and Table S1 for mature ewes and ewe lambs,
respectively.

Mature Ewes

Premating liveweight. Premating ewe live-
weight was suitably described by a normal dis-
tribution. Premating ewe liveweight for each age
class was also suitably described by a normal dis-
tribution. Premating ewe liveweight typically in-
creases significantly from age 2 to 4 (Figure S1).
The mean (u,,) and standard deviation (o) in
weight for age class 7 for ages 2 to 9 are listed in
Table 1 for each flock.

Ewe age distribution. The ewe age distribution is
listed in Table 1 where a; is the proportion of ewes
in the flock of age i (ages 2 to 9 only).

Number of fetuses at mid-pregnancy. The dis-
tribution of the number of fetuses at mid-preg-
nancy for flock 2, which is representative of the
distribution in the number of fetuses scanned in a
typical New Zealand flock, is shown in Figure 1.

Translate basic science to industry innovation
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The proportions of ewes with 0, 1, 2, 3, 4, and 5 fe-
tuses were fy = 0.06, f; =0.33, f; =0.57, f3=0.04,
f4 = 0.0, and f5 = 0.0 for flock 2. The distribution
of the number of fetuses was appropriately de-
scribed by a compound lognormal-binomial model
adjusted for age and weight effects on the number
of ova via Eqgs. (1) and (2) (RMSE = 0.016 for ewes
with zero to five fetuses; Figure 1).

Shorten et al.

Predicted ovulation rate. There was a significant
positive effect of premating ewe liveweight (/) on the
number of ova for all flocks combined (P < 0.001),
consistent with estimates from other studies
(Cumming 1977; Thompson et al., 1985; Davis et al.,
1987). There was also a significant effect of ewe age
(A) on the number of ova for all flocks combined
(P < 0.001), consistent with other studies (Schoenian
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Figure 4. The effect of ewe age on the probability of lamb survival for 1—4 fetuses adjusted for premating liveweight for each flock. Dotted lines
denote SEM. Curves are plotted over the range of values observed for each flock.
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Figure 5. The effect of ewe premating liveweight on the probability of lamb survival for 1—4 fetuses (adjusted for ewe age effects for each flock).
Dotted lines denote SEM. Curves are plotted over the range of values observed for each flock.
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Modeling industry flock reproductive loss 11

and Burfening 1990; Shorten et al., 2020). The effects
of age and premating ewe liveweight on ovulation rate
was variable between flocks although ovulation rate
typically increased with liveweight, and peak ovula-
tion rate occurred at age 5 in most flocks (Figure 2).
Mean ovulation rate varied from two to three ova be-
tween flocks (consistent with New Zealand research
flocks (Davis et al., 1987; Shorten et al., 2013)) and
this was associated with mean scanning rates of 1.6
to 2.4 fetuses between flocks. The estimated prob-
ability of embryo survival to scanning varied from
0.88 to 0.99 between flocks (Table 1) for ewes with
a single embryo (consistent with direct estimates of
embryo survival probability for ewes from research
flocks (Shorten et al., 2013)), although these indirect
estimates are conditional on the assumed lognormal
distribution for ovulation rate, the binomial embryo
survival process and the assumed 0.1 decrease in em-
bryo survival probability with ovulation rate (embryo
survival estimates will be biased for flocks that signifi-
cantly deviate from these model assumptions).
Lambing day. Day of lambing is dependent on
the average gestation length (G = 148 d), standard
deviation in gestation length (ag = 3 d) and the day
of fertilization. The average day of lambing was d
262 of the year (for all ewes of all age classes) and
varied from d 247 to 275 between flocks. The mean
and variance in the day of lambing will also be de-
pendent on the number of cycles that ewes were ex-
posed to the ram and variation between years in the

date ewes were exposed to the ram, which were not
recorded. Ewes were assumed to be exposed to the
ram for two cycles.

However, between year variability in lambing
dates were relatively low within each flock (o, =3
d). A standard deviation in lambing day of 4.9 d
is expected if all ewes lamb to the first cycle they
were exposed to the ram (assuming G = 148 d for all
ewes). The relationship between estimated embryo
survival probability from ovulation to scanning
and the standard deviation in lambing day for each
flock is shown in Figure 3. There was a decrease in
the standard deviation in the lambing day of 0.2
d per % increase in embryo survival probability.
Note that the estimate of embryo survival prob-
ability was obtained with data that included ewes
that had zero fetuses. Embryo loss is a nonlinear
function of time from ovulation, with greater losses
in early pregnancy. Embryo survival is therefore ex-
pected to be a predictor of the proportion of ewes
that get pregnant to the second cycle exposed to the
ram (and lamb 17 d later on average than ewes that
get pregnant to the first cycle exposed to the ram).
The minimum achievable standard deviation in
lambing day is 5.75 d assuming o, =0 d and is 6.5
d assuming O = 3 d (both assuming 0,=3 d and
a 17-d cycle), which is consistent with minimum
values in Figure 3. These results are consistent with
tighter lambing day distribution in flocks with high
embryo survival.
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Figure 6. The effect of premating ewe liveweight on lamb growth rate for 1—4 fetuses for all ewes in each flock (1-9). Dotted lines denote SEM.

Curves are plotted over the range of values observed for each flock.
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12 Shorten et al.

Lamb survival. The relationship between the
number of fetuses scanned and the number of lambs
weaned was consistent with a Binomial model for
lamb survival. Lamb survival probability for trip-
lets was significantly lower than that for twins,
which was significantly lower than that for singles
(P < 0.001), consistent with other studies (Morris
et al., 2000; Everett-Hincks et al., 2014). Lamb sur-
vival was typically 88%, 81%, 62%, 53% for ewes
with 1, 2, 3, 4 fetuses, respectively, although lamb
survival varied by up to 10% between flocks (Figure
4). Lamb survival was not significantly different be-
tween triplets and quadruplets. There was a signifi-
cant quadratic effect of premating ewe liveweight
on lamb survival consistent with the increased
metabolic demand on ewes with multiple lambs
(Kenyon et al., 2013, 2019), with lower survival for
low and high premating ewe liveweight, although
the strength of this effect varied between flocks.
Ewes that weaned more lambs than were recorded
mid-pregnancy were omitted from the analysis (2%
of records).

The effect of ewe age on lamb survival as a func-
tion of the number of fetuses is shown in Figure
4 for each flock. There was a significant effect of
animal age on the probability of lamb survival.
Lamb survival for twins was greatest for 4-yr-old
ewes and decreased in older ewes, consistent with
Morris et al., (2000) and Everett-Hincks et al.,
(2014). Lamb survival for twins was not signifi-
cantly lower in 2-yr-old than 3- or 4-yr-old ewes.
Lamb survival for twins decreased significantly
from age 4 (P < 0.01).

The effect of premating liveweight on the
probability of lamb survival is also shown in

o
w

w

L
3]

Mean Ovulation Rate
N

-
o
T

05 i . . : .
20 30 40 50 60 70
Premating Ewe Lamb Liveweight, kg

Figure 7. Effect of premating ewe lamb liveweight on the ovulation
rate for each flock. Dotted lines denote SEM. Curves are plotted over
the range of values observed for each flock.

Figure 5 for different scanning rates. The optimal
ewe liveweight for lamb survival tended to in-
crease with litter size (although this was flock de-
pendent), where the optimal premating liveweight
was 65, 72 kg for ewes with one, two lambs, re-
spectively, in flock 4. The optimal premating live-
weight for ewes with twins varied between flocks
from 50 to 80 kg.

Weaning weight of lambs. Lamb growth rate is
significantly greater for lambs of lower birth rank
(P < 0.001) (Figure S2). There were significant ef-
fects of premating ewe liveweight on the lamb
growth rate for singles, twins, triplets and quadru-
plets respectively (P < 0.001). This effect was greatest
for the lambs of lower birth rank (P < 0.001). There
was significant between flock variability in both
lamb growth rate and the effect of premating ewe
liveweight on lamb growth rate (Figure 6).

Single lambs had a 54 g d™' growth advan-
tage over twin lambs, consistent with other stud-
ies (Kenyon et al., 2004; Thompson et al., 2011;
Pagonini et al., 2014; Shorten et al., 2020). Twin
lambs had a 22 g d~! growth advantage over triplet
lambs, which is lower than other studies (Muir
etal., 2003; Pagonini et al., 2014), although this dif-
ference is dependent on premating ewe liveweight
and is variable between flocks (Kenyon et al., 2019).
Triplet lambs tended to have an 11 g d™! growth ad-
vantage over quadruplet lambs.

Body condition score. The changes in BCS from
mating to scanning for flock 6 were 0.11 £ 0.02,
0.09 £ 0.006, 0.03 £ 0.006, —=0.11 = 0.01, —0.23 *
0.06 for all ewe age classes (excluding ewe lambs)
that scanned one to five fetuses, respectively (only
able to be estimated for flock 6). Ewes with four

1
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0.96

0.94 -

092

Embryo Survival (Mature Ewes)

09r

0.88 I e " I L ! L
03 04 045 05 055 06 065 07 075 08
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Figure 8. The relationship between embryo survival from ovulation
to scanning in ewe lambs and mature ewes with a single ovum for each
flock (R? = 0.53; P = 0.03; RMSE = 0.03; slope = 0.19 + 0.07; inter-
cept = 0.82 £ 0.04).
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or five fetuses tended to lose BCS from mating to
scanning. These changes in BCS from mating to
scanning are therefore less than the 0.25 BCS de-
crease from premating to scanning in mature ewes
observed by Pettigrew et al., (2020) irrespective of a
number of lambs born (1 to 5).

The decrease in BCS from scanning to weaning
were 0.04 = 0.02, 0.42 £ 0.007, 0.49 £ 0.01, 0.49 +
0.02, 0.47 £ 0.08 in ewes with one, two, three, four,
five fetuses scanned, respectively (only able to be es-
timated for flock 6 for all ewes age classes exclud-
ing ewe lambs). There was therefore a very small
decrease in BCS from scanning to weaning in ewes
with a single fetus scanned and a 0.42 to 0.47 BCS
decrease from scanning to weaning in ewes with
multiple fetuses. This is similar to the 0.42 BCS de-
crease in mature ewes from premating to weaning
observed by Pettigrew et al., (2020).

An increase in one BCS at mating equates on
average to 8.45 * 0.07 kg liveweight at mating (all
flocks; n = 53363, all ewes excluding ewe lambs) and
7.21 £ 0.07, 8.83 £ 0.16, 4.99 * 0.15, and 5.33 *
0.13 kg liveweight at mating in flocks 1, 6, 8, 9, re-
spectively, (RMSE = 5.9, 8.0, 6.4, and 6.1 kg, re-
spectively) and was not able to be estimated for
other flocks. These estimates are consistent with
the difference of 7.3 kg per unit BCS observed by
Kenyon et al., (2004).

For each unit decrease in BCS from mating to
weaning there was a small associated decrease in
BCS (0.15 £ 0.01 BCS) and liveweight (1.3 £ 0.2 kg)
at mating the following year (flock 6; ewes of all age
classes excluding ewe lambs). This indicated that
ewes that lost body condition in a given year (due to
rearing multiple lambs) largely, but not completely,
recovered lost body condition by mating the next
year under the farm system for flock 6 (i.e., there
was enough pasture, time and genetic potential to
recover BCS by mating in the following year).

Ewe Lamb Reproductive Performance

Premating liveweight. Premating ewe lamb live-
weight was be suitably described by a normal distri-
bution (Supplementary Figure S3). The mean (p,,)
and standard deviation (oy,) in liveweight for ewe
lambs (age class i = 1) are listed in Supplementary
Table S1 for each flock.

Ewe age distribution. The ewe age distribu-
tion is listed in Supplementary Table S1, where
a; 1s the proportion of ewes in the flock of age i
(ages 1 to 9 only). Ewes in Supplementary Table
S1 include animals that were exposed to the ram
(some ewe lambs were not exposed to the ram and

therefore were not considered for analysis of re-
productive traits).

Number of fetuses at mid-pregnancy. The dis-
tribution of the number of fetuses for flock 2 is
shown in Supplementary Figure S4. The propor-
tions of ewe lambs with 0, 1, 2, 3, and 4 fetuses were
fo =043, =042, , =0.15, 5= 0. 0009, and
f1+ = 0.0 for flock 2 (RMSE = 0.04 for ewes with
zero to four fetuses; Supplementary Figure S4).

Predicted ovulation rate. There was a signifi-
cant positive effect of premating ewe lamb live-
weight on the number of ova for all flocks combined
(P <0.0001). The effect of premating ewe lamb live-
weight on ovulation rate was highly variable between
flocks although ovulation rate typically increased
with liveweight (Figure 7). Liveweight had a signifi-
cant effect on the number of fetuses mid-pregnancy
with a 2—3-fold increase for ewe lambs with premat-
ing liveweights of 60 kg compared to 30 kg. Mean
ovulation rate varied from 1.5 to 2.25 ova between
flocks and was associated with mean scanning rates
of 0.46 to 1.33 fetuses between flocks. Flocks with
high ewe lamb ovulation rate tended to be the flocks
with high mature ewe ovulation rate as expected
(flocks 6, 1, 8, 9). The probability of embryo sur-
vival to scanning varied from 0.37 to 0.77 between
flocks for ewe lambs with a single embryo (Figure
8), with similar between flock differences in em-
bryo survival for greater ovulation rates, although
these estimates were conditional on the assumed
lognormal distribution for ovulation rate and bino-
mial embryo survival process. Note that the embryo
survival and ovulation rate estimates were also con-
ditional on the assumption that all ewe lambs are
ovulating at mating. Not all ewe lambs achieve pu-
berty at mating and it has been estimated that 82%
of ewe lambs achieve puberty in their first year of
life in a New Zealand research flock, although this
is variable between years (Edwards et al., 2015) and
is likely to be variable between farms. This is also
consistent with the 89% of Merino ewe lambs that
attained puberty at 250 d of age in a single year
(Nieto et al., 2013). If it is assumed that 82% of
ewe lambs achieve puberty at mating, then the es-
timated embryo survival probability increased from
0.63 to 0.82 (all flocks). If the proportion of ewe
lambs that achieve puberty at mating was included
as an extra parameter in the estimation procedure
then the maximum likelihood estimated embryo
survival probability was 0.73 and the percentage of
ewe lambs achieving puberty at mating was 87% (all
flocks), consistent with research flock estimates for
the percentage of ewe lambs achieving puberty at
mating (Nieto et al., 2013; Edwards et al., 2015).
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The relationship between embryo survival from
ovulation to scanning in ewe lambs and mature
ewes with a single ovum is shown in Figure 8 for
each flock. Flocks with high embryo survival ewe
lambs tended to have high embryo survival mature
ewes as expected. The between flock variability in
embryo survival was five-fold greater for ewe lambs
than mature ewes.

Lamb survival. Lamb survival probability for
triplets was significantly lower than that for twins,
which was significantly lower than that for singles
(P <0.001). Lamb survival was typically 81%, 71%,
43%, 38% for ewe lambs with one, two, three, four
fetuses, respectively, although lamb survival varied
by up to 10% between flocks (Supplementary Figure
S5). There was no clear relationship between lamb
survival for ewe lambs and lamb survival for ma-
ture ewes, although lamb survival in ewe lambs was

more variable between flocks than for mature ewes.
Lamb survival was not significantly different be-
tween triplets and quadruplets. There was a signifi-
cant quadratic effect of premating ewe lamb weight
on lamb survival, although the strength of this ef-
fect varied between flocks. Ewe lambs that weaned
more lambs than fetuses scanned were omitted
from the analysis (2% of records).

The effect of premating liveweight on the prob-
ability of lamb survival for six flocks are also shown
in Supplementary Figure S5 for different scanning
rates. Lamb survival for singles was greatest for ewe
lambs with lower liveweights in flock 6, although
the relationship between liveweight and lamb sur-
vival varied between flocks (some of this variability
is due to low sample sizes).

Weaning weight of lambs. Lamb growth rate
was significantly greater for lambs of lower birth
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Table 4. Table of elasticities for ewe lambs®

Parameter All flocks Flock 1 Flock 2 Flock 3 Flock 4 Flock 6 Flock 9
Premating ewe lamb liveweight —-0.18 —-0.18 1.39 1.27 1.48 0.53 0.43
Mean ovulation rate 0.28 0.40 0.47 0.47 0.52 0.31 0.49
Standard deviation in ovulation rate —-0.021 —0.046 -0.076 —0.063 —-0.032 —-0.058 -0.11
Embryo survival 0.83 0.84 0.92 0.99 0.90 0.81 0.77
Lamb survival 1.02 1.02 1.03 1.01 1.02 1.02 1.02
Probability of conception success 0.35 0.35 0.36 0.37 0.38 0.36 0.36

“ There were not sufficient data to calculate the elasticity for flocks 5, 7, and 8.

rank (P <0.001) (Supplementary Figure S6). There
were significant effects of premating ewe lamb live-
weight on lamb growth rate for singles and twins,
respectively (P < 0.001). There was significant be-
tween flock variability in both the lamb growth rate
and the effect of premating ewe lamb liveweight on
lamb growth rate (Supplementary Figure S6).

Body condition score. BCS changes from mating
to scanning were not able to be estimated for ewe
lambs. BCS changed 0.02 * 0.03, —0.30 £ 0.02,
—0.39 £ 0.04, and 0.15 * 0.15 BCS from scanning
to weaning in ewe lambs with one, two, three, four
fetuses, respectively (only able to be estimated for
flock 6 for ewe lambs). BCS was unchanged from
scanning to weaning in ewe lambs with a single
lamb born and decreased 0.3 BCS from scan-
ning to weaning in ewe lambs with multiple lambs
born. This is similar to the 0.24 BCS decrease in
ewe lambs from premating to weaning observed by
Pettigrew et al., (2020).

An increase in 1 BCS at mating equated on
average to 4.58 + 1.20 kg liveweight at mating (flock
6;n =106, RMSE = 3.4 kg, all ewe lambs) and was
not able to be estimated for other flocks.

For each unit decrease in BCS from mating to
weaning there was a small associated decrease in
BCS (0.31 £0.12 BCS) at mating the following year
(flock 6; ewe lambs). This indicated that ewe lambs
that lost body condition in a given year (due to
rearing multiple lambs) largely, but not completely,
recovered lost body condition by mating the next
year under the farm system for flock 6 (i.e., there
was enough pasture, time and genetic potential to
recover BCS by mating in the following year).

Simulation of the flock reproduction dy-
namics—mature ewes. We investigated the effect of
average premating ewe liveweight, average ovula-
tion rate, variability of ovulation rate, embryo sur-
vival, lamb survival, standard deviation in lambing
day and average ewe age on the kilograms of lamb
liveweight at weaning per ewe exposed to the ram
(Figure 9 for each flock). The effects of perturba-
tions in different factors on the kilograms of lamb

liveweight at weaning per ewe exposed to the ram
were investigated using the elasticity metric, which
is a unitless ratio of the percentage change in one
variable to the percentage change in a second vari-
able, when the second variable has a causal influ-
ence on the former. The elasticities describe the
relative importance of the effect of average pre-
mating ewe liveweight (0.30), average ovulation
rate (0.19), variability of ovulation rate (—0.024),
embryo survival (0.60), lamb survival (1.03), con-
ception failure (0.36) and average ewe age (0.02) on
the kilograms of lamb liveweight at weaning per
ewe exposed to the ram (based on all flocks com-
bined). The largest elasticity was for lamb survival
and indicated that a 1% increase in lamb survival
was associated with a 1.03% increase in the total
kilograms of lamb liveweight at weaning per ewe
exposed to the ram. Furthermore, the elasticity for
embryo survival was 60% of that for lamb survival
for these flocks. The elasticities for each flock are
listed in Table 2 and the flock statistics for these
simulations are listed in Table 3 (the product of the
average number of fetuses scanned, average lamb
survival and average weaning weight provides an es-
timate of the average total weight of lambs weaned
per ewe exposed to the ram, although this approxi-
mation ignores, for example, covariances between
these different random variables). For example,
the elasticity for premating ewe liveweight was
—0.03 for flock 6, which is near optimal, whereas
the elasticity was 0.84 for flock 3, indicating that a
10 kg increase in premating ewe liveweight will gen-
erate an 8 kg increase in the total weight of lambs
weaned per ewe exposed to the ram. This indicated
that premating liveweight ranged from optimal to
suboptimal between flocks and that for these sub-
optimal farms there is potential to increase flock
performance through improved management of
ewe premating liveweight. The elasticities for ovu-
lation rate were highly variable between flocks (0.16
to 0.50 for mature ewes), indicating that ovulation
rate was near-optimal for some flocks, whereas
there was potential to improve flock performance
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Table 5. Table of flock statistics for ewe lambs

Flock 9

Flock 8

41

Flock 7

Flock 6
48

41

Flock 5

Flock 3 Flock 4
47

46

Flock 1 Flock 2
50

41

All flocks

Parameter

41

43

42

Premating ewe lamb liveweight, kg

1.82
0.45
0.70
0.68
0.87
0.25

23.9

1.82
0.27
0.67
NA
0.87
NA
NA
1.18

NA

1.78
0.32
0.51

NA

2.40
0.63
0.50
0.88
0.87
0.24

23.6

1.39
0.34
0.73
NA
0.87
NA
NA
0.98

NA

1.51
0.28
0.41
0.71
0.87
0.26

253

1.52
0.36
0.31
0.83
0.87
0.29

27.8

1.76
0.48
0.42
0.73
0.87
0.25

24.6

2.01
0.42
0.55
0.77
0.87
0.22

21.7

2.29
0.47
0.50
0.73
0.87
0.23

22.6

Mean ovulation rate, ova

Standard deviation in ovulation rate, ova

Embryo survival probability

Lamb survival probability

0.87

NA

Probability of conception success

Average lamb growth rate, kg d!

NA

Average weaning weight, kg

Modeling industry flock reproductive loss 17

1.31
20.8

0.87

NA

1.14

22.7

0.62
10.8

0.46
10.5

0.71
12.4

1.08

17.5

1.10
17.7

Average number of fetuses scanned

Average total weight of lambs weaned per ewe exposed to the ram, kg

“ NA indicates that there were not sufficient data to calculate the statistic.

in suboptimal flocks. These elasticities can be used
to assess the cost—benefit of different factors on
the reproductive performance of each flock, which
is dependent on the cost of the intervention and
is variable between factors. However, assuming
similar costs of intervention for each factor, this in-
dicates that increasing lamb survival for each flock
will provide the largest increase in the kilograms
of lamb liveweight at weaning per ewe exposed to
the ram, which is consistent with other economic
evaluation studies (Amer et al., 1999; Young et al.,
2011, 2014).

The calculated elasticities provide information
on the expected change in flock performance and
are therefore suitable for the strategic management
of the flock. Although between year variation was
not explicitly examined in this study, the between
year variation in birthweight, litter size and lamb
survival has an estimated coefficient of variation of
10% to 15 % (Kleeman et al. 1990). Within year tac-
tical decision making is required by the farmer to
optimize reproductive performance due to variation
in environmental and other factors that occur with a
year. This complex decision-making process, which
is subject to uncertain and partial information, was
not considered. The quantity and quality of data
collection are also highly variable between commer-
cial farms and is an important consideration for the
application of this model to individual farms.

Simulation of the flock reproduction dynamics—
ewe lambs. We investigated the effect of average
premating ewe lamb liveweight, average ovulation
rate, variability of ovulation rate, embryo survival,
lamb survival, and standard deviation in lambing
day on the kilograms of lamb liveweight at weaning
per ewe lamb exposed to the ram (Supplementary
Figure S7 for flocks 1—4, 6, 9). The effects of per-
turbations in different factors on the kilograms of
lamb liveweight at weaning per ewe lamb exposed
to the ram were investigated using the elasticity
metric. The elasticities describe the relative import-
ance of the effect of average premating ewe lamb
liveweight (—0.18), average ovulation rate (0.28),
variability of ovulation rate (—0.021), embryo sur-
vival (0.83), lamb survival (1.02), and conception
failure (0.35) on the kilograms of lamb liveweight
at weaning per ewe exposed to the ram (all flocks).
However, flock 1 contained a much larger number
of ewe lamb records compared to other flocks (see
estimated standard errors in Supplementary Table
S1) and for this reason, the averages and elastici-
ties for all flocks were heavily weighted towards
flock 1. The elasticities for each individual flock
are listed in Table 4 and the flock statistics for these
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simulations are listed in Table 5. The largest elas-
ticity was typically for lamb survival, although for
50% of flocks the largest elasticity was for premat-
ing ewe lamb liveweight. This highlights the key
importance of ewe lamb premating liveweight in
some flocks and that ewe lamb mating is better
suited to some flocks. The elasticities for ewe lamb
premating liveweight varied from —0.18 to 1.39,
indicating that premating liveweight ranged from
optimal to suboptimal between flocks. For these
suboptimal farms, the opportunity exists to in-
crease flock performance through improved man-
agement of ewe lamb premating liveweight. Flocks
1 and 6 tended to have the lowest elasticities for
premating liveweight, ovulation rate and embryo
survival for ewe lambs, and was consistent with the
corresponding mature ewe elasticities for flocks 1
and 6 as expected.

Comparison of reproduction loss between ma-
ture ewes and ewe lambs. Reproductive loss was sig-
nificantly greater in ewe lambs than mature ewes,
although the relative difference was dependent on
the stage of reproduction and was variable be-
tween flocks. Scanning rate was 55% lower for ewe
lambs. Predicted ovulation rate was 25% lower for
ewe lambs. There was a 30% relative decrease in the
predicted embryo survival probability from ovula-
tion to scanning for ewe lambs. There was a 10%
relative decrease in lamb survival probability from
birth to weaning for ewe lambs. Lamb growth was
also 25% lower for ewe lambs. This is consistent
with the 45% to 50% reduction in lambs to weaning
(Kenyon et al., 2004; Edwards et al., 2016), the 15%
to 33% reduction in ovulation rate (Beck et al.,
1996; Edwards et al., 2016), the 22% to 26% relative
reduction in embryo survival probability from ovu-
lation to scanning (Beck et al., 1996; Edwards et al.,
2016), the 3% relative reduction in lamb survival
probability from scanning to weaning (Edwards
et al., 2016; Pettigrew et al., 2020), and the 16% re-
duction in lamb growth rate (Pettigrew et al., 2020)
for ewe lambs compared to mature ewes in other
flocks (Edwards et al., 2016).

SUPPLEMENTARY DATA

Supplementary data are available at

Translational Animal Science online.
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