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Abstract: This study reports the phenotypic trends for wool, growth, and reproductive traits in
mixed-age ewes after twenty years of genetic selection. Data were obtained from the Merino nucleus
flock in Uruguay between 1999 and 2020. Overall, the aim of this selection flock was to reduce the
fiber diameter (FD) and increase both the clean fleece weight (CFW) and live weight (LW). Data on
ewe wool traits, LW, body condition score (BCS), the total number of lambs weaned (TLW), and
the total LW of lambs weaned (TWW) across all lambing opportunities (1-8 mating seasons) were
analyzed. Between 1292 and 2063 ewes were measured, depending on the trait considered. Ewe
FD decreased by approximately 3 um (19-16 um), whereas greasy fleece weight (GFW) increased
by 0.2 kg. This improvement in wool traits was accompanied by increases in LW at mating (3 kg),
decreases in BCS at mating (approximately by 1 unit), and a small positive change in TWW across
years. This study demonstrated that increasing farmer income by selecting for finer wool, heavier
fleeces, and heavier animals can be obtained without compromising ewe lifetime reproduction.

Keywords: sheep; wool; selection; live weight; body condition score; lifetime reproduction

1. Introduction

During the 1990s, the Uruguayan wool industry processed mainly mid-micron wool
(25.0-30.0 um) [1]. A decrease in demand for this wool type led to a reduction in the
overall number of sheep in Uruguay, but at the same time an increase in the number of fine-
micron Merinos [2]. Between 1997 and 2019, the Uruguayan sheep population decreased
from 18.2 to 6.6 million [3,4], while, fine-micron wool (<22.5 pm) production increased by
approximately 135% (3.2-7.5 million kg). Currently, fine-micron wool (<22.5 um) accounts
for 32% of the total wool production [2] and superfine wool (15.6-18.0 pm) represents
37% of the total wool finer than 20 pm [2]. Over the last two decades, superfine wool has
obtained the highest values, although the price differentials between finer and coarser wool
types have varied [5-7].

Sheep production systems focused on either wool or meat production are both inter-
ested in improving reproduction performance [8,9]. Some studies have reported that the
reduced fiber diameter (FD) can be associated with poorer reproduction performance, such
as the number of fetuses identified at pregnancy scanning [10]. Although the effect of selec-
tion for reduced FD on lamb survival is inconsistent [10,11]. Positive genetic correlations
between FD and ewe body condition score (BCS) at mating [12-14] indicate that selection
for reduced FD will result in lower BCS, which could negatively influence reproduction
performance [15-17]. In addition, selection for increased clean fleece weight (CFW) can
have unintentional consequences, which varies across environments and breeds [18]. A
high negative genetic correlation (—0.65 & 0.14) between CFW and the number of lambs
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weaned per ewe joined in superfine Merino sheep also suggests that selection for increased
CFW could reduce reproductive performance [10]. This is consistent with a negative associ-
ation between CFW and singleton lamb survival [19]. Furthermore, adult CFW expressed
as a proportion of live weight at mating appears to be negatively associated with ewe
reproduction [20]. By contrast, other studies have shown that selection for increased CFW
as a component of a multitrait breeding program can be achieved without compromising
the reproduction rate [21-23]. Most of these studies have been conducted in Australia
and the inconsistencies in research findings may be associated with the animal genotype
and nutritional conditions [10,18]. There is currently no scientific information focused on
the potential effects of selection for reduced FD and increased CFW on ewe growth and
reproductive traits in the Uruguayan Merino population.

Between 1999 and 2020, two combined research projects entitled the Fine Merino
Project (FMP) and the Regional Consortium for Innovation in Ultrafine Wool (CRILU) were
developed in Uruguay, as described by Ramos et al. [24]. Briefly, the FMP (1999-2010)
focused on FD reduction (19 um or finer), whereas during the CRILU period (2011-2020),
the selection objective was to reduce FD (15.5 um or finer) and to increase both CFW and
live weight (LW). In the context of these breeding goals, it is of interest to know if selection
for reduced FD and increased CFW influenced other economically relevant traits in adult
ewes. This study aimed to evaluate the phenotypic responses in mixed-age ewes to these
two combined selection programs (FMP and CRILU) over the period 1999-2020.

2. Materials and Methods
2.1. Period and Location

Data were obtained from the Merino nucleus flock, which was run between 1999 and
2020 at the Glencoe Experimental Unit of National Institute of Agricultural Research of
Uruguay (INIA) (32°00'21” S and 57°08'06” W). In this region, annual pasture produc-
tion varies from 2885 to 4580 kg of dry matter (DM)/ha [25]. During the study period
(1999-2020), total annual rainfall ranged between 830 and 2800 mm [26]. This study ana-
lyzed data from mixed-age ewes over the period 1999-2020. All procedures were approved
by INIA Animal Ethics Committee (INIA_2018.2).

2.2. Animals, Nutrition, and Management

Data from ewes (2-10 years of age) born in the Merino nucleus flock between 1999 and
2018 were recorded. The animal selection process applied in this nucleus flock has been
described by Ramos et al. ([24], Section 2.3). Each year, ewes were managed as a single
flock under the same health and nutritional conditions, as recommended for commercial
flocks [27,28]. Ewes grazed on native pastures (6-15% of crude protein and 7.5-9.2 MJ /kg
metabolizable energy) [29], with access to improved pastures or supplements as described
by Ramos et al. [24].

Each year ewes were inseminated with either imported frozen semen or fresh semen
from nucleus-born rams [24]. Estrus was synchronized using intravaginal sponges impreg-
nated with progesterone (Intervet®, Montevideo, Uruguay, SFGA 40 mg) for 12-14 days
followed by a single intramuscular injection of equine chorionic gonadotropin (Folligon®,
Intervet, Montevideo, Uruguay, 200-300 Ul/a) at the time of sponge removal. At 56-60 h
after sponge removal, intrauterine insemination (IUAI) was performed. If a second sponta-
neous estrus occurred, which is an indicator of the failure of conception, ewes were bred
with Uruguayan Merino rams using either cervical insemination (CAI) or natural mating
(NM). This breeding protocol was applied each year between 2001 and 2016.

In 2017, for the first estrus cycle, IUAI was utilized on 23% of the flock, with the
remaining ewes being covered by CAI For this insemination method, estrus was syn-
chronized utilizing two injections of Delprostenate (Glandinex®, Universal, Uruguay) or
D-Cloprostenol (Enzaperost®, Biogenesis Bagé, Uruguay) 9 days apart. Fourteen days after
the last injection, estrus was detected in all ewes every 12 h, using vasectomized rams, and
cervical insemination was performed 12-24 h after onset of estrus. If the second estrus
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occurred, ewes were naturally mated. In 2018, the breeding protocol was as described for
2017, but in this case, for the first estrus cycle, 21, 25, and 54% of the flock was covered
by IUAIL CAIL and NM, respectively. In 2019, ewes were single-sire mated over 5 weeks,
whereas in 2020, all ewes were bred with multiple rams in teams for 35 days.

Pregnancy diagnosis via transabdominal ultrasonography (Aloka SSD 500VW /2X real-
time scanner, Tokyo, Japan) occurred each year at approximately 45 days after ram removal
or the end of the second artificial insemination. Pregnancy rate (pregnant ewes/treated
ewes), lambing potential (number of fetuses/ewes treated) and estimated lambing date
were identified. Between one and two months before lambing (July-August), all ewes
were shorn using the Tally-Hi method [30]. Prior to the last third of pregnancy, ewes were
separated into two groups according to the number of fetuses carried (single- or multiple-
bearing). Generally, multiple-bearing ewes were assigned to improved pastures whereas
those carrying a single fetus grazed on native pastures. Additionally, approximately
one month prior to lambing, all pregnant ewes were group fed 400 g of grain/ewe/day
(sorghum or commercial rations). Ewe and newborn lamb management at lambing time is
described in Ramos et al. [24].

All ewes were annually immunized (August) with a clostridial vaccine (Sintoxan
9TH Merial, or Ultravac®, Boehringer Ingelheim, Montevideo, Uruguay) and treated for
external parasites (Mixan®, La Buena Estrella or Elimix®, Nutritec, Montevideo, Uruguay)
(January or February). Internal parasite control was done by oral drench with an effective
anthelmintic prior to mating (March to April), lambing (July to August), at lamb marking
(September to November) and weaning (December to February). In addition to these
internal parasite control treatments, fecal egg counts were monitored as described by
Ramos et al. [24].

®

2.3. Measurements

Each year, ewe unfasted LW and BCS (according to a five-point scale, minimum unit
= 0.25 or 0.50 point) [31] were recorded prior to breeding (March—April), pre-lambing
(approximately one month before estimated lambing date), and at weaning (December—
February). At shearing (July-August), greasy fleece weight (GFW) was recorded, and a
mid-side wool sample was taken from each ewe. The sample was sent to a commercial
wool laboratory (Uruguayan Wool Secretariat, Montevideo, Uruguay) and analyzed for FD,
coefficient of variation of FD (CVfd), staple length (SL), and scoured yield (SY) utilizing
the procedures described by Ramos et al. [24,32].

2.4. Total Wool and Reproductive Traits Calculations

Data on fleece weight, number of lambs weaned, and lamb live weight at weaning
per lambing opportunity across each ewe’s reproductive lifetime (2-10 years of age) were
collected. In this study, lambing opportunities corresponded to the number of mating sea-
sons each ewe had over her lifetime. Total wool production (TWool), which did not include
one-year-old fleece, was calculated as the sum of GFW across all lambing opportunities
(1-8 mating seasons). Total number of lambs weaned over n lambing opportunities (TLWn)
was computed by adding the number of lambs weaned each ewe had over her lifetime.
The weaning live weight for all lambs was adjusted to 120 days of age. Total lamb live
weight at weaning over n lambing opportunities (TWWn) was calculated by adding the
live weight at weaning (adjusted to 120 days of age) of all lambs each ewe had across her
lifetime. In all cases, ewe ages ranged between 2 and 10 years.

2.5. Estimated Gross Income per Ewe Lifetime

It has been established that the first four lambing opportunities can be utilized as
indicative of lifetime reproductive performance in Merino sheep [33,34]. In this study,
TWool and TWW per ewe over four lambing opportunities were calculated and then
utilized as indicative of lifetime wool and reproduction performance, respectively. From
these data, the impact of reducing FD on gross income per ewe lifetime in the nucleus
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flock was calculated. Both TWool and TWW were assumed constant across years. For
simplification, it was assumed that all lambs were sold at weaning. The annual average
FD of the nucleus flock was calculated and then utilized in this analysis. Average wool
and meat prices were calculated for the period 2013-2019 [3,35] and utilized for the entire
period (1999-2018).

The same analysis was performed for 40 Merino sheep farmers who, since 2001, had
utilized either rams or frozen semen from the nucleus flock. In this case, the impact of
reducing FD on gross income per ewe lifetime was calculated for two years only (1999 and
2018). The average FD utilized for commercial flocks was 21 and 18.5 um for ewes born
in 1999 and 2018, respectively. This assumption was based on previously reported FD in
adult animals of the same commercial flocks [36,37]. In all flocks, FD was measured as
described for the nucleus flock [24,32,37]. It was assumed that TWool and TWW were the
same as the nucleus flock. Average wool and meat prices were calculated for the period
2013-2019 [3,35] and utilized for both 1999 and 2018 calculations.

2.6. Statistical Analysis
2.6.1. Wool and Growth Traits

Statistical analyses were undertaken utilizing the SAS program (version 9.4, SAS
Institute Inc., Cary, NC, USA). Outliers were examined and removed utilizing a robust
regression model (PROC ROBUSTREG). A general linear model (PROC GLM) was applied
for the wool and growth traits analysis. The model for mixed-age ewe wool traits included
“age” (3 levels: 2-year-old; 3—6 years old; >7 years old), “period” (2 levels: FMP, 2001-2010,
and CRILU, 2011-2020), “calendar year” (20 levels: from 2001 to 2020) nested within the
period as fixed effects, and “days of wool growth” (number of days between shearing,
268-399 days) as a covariate. Pregnancy-rank and interactions between fixed effects were
either non-significant or had little effect and were therefore not included in the model.

The model for LW at mating was as described for wool traits but in this case, “days
of wool growth” corresponded to the number of days between shearing and the day the
weight was measured (148-274 days). Ewe LW pre-lambing and weaning were analyzed
as described for LW at mating but with “pregnancy-rank” added (3 levels: non-pregnant;
single fetus; >2 fetuses) as a fixed effect. The model for BCS across all stages of the annual
cycle (at mating, pre-lambing, and weaning) was as described for LW but without “days
of wool growth” and, in this case, a GENMOD procedure using a Poisson distribution
was applied. For LW and BCS at weaning, the lamb rearing type was also tested as a
fixed effect.

To examine FD, GFW, and LW at mating trends, a second-degree orthogonal polyno-
mial regressions model (PROC ORTHOREG) was utilized. The regression model for these
traits included the same fixed effects described above. The second order was applied in
“calendar year” whereas all other effects were treated as first-degree terms. The polynomial
regression model for BCS included “age” (3 levels: 2-year-old; 3-6 years old; >7 years
old), “period” (2 levels: FMP, 2002-2010, and CRILU, 2011-2020), and “calendar year”
(19 levels: from 2002 to 2020) nested within the period as fixed effects. For this trait, a
third-degree polynomial was applied in “calendar year”. The wool and growth traits trends
were performed for each age group separately (2-year-old; 3—6 years old; >7 years old),
including a 95% confidence interval (CI).

2.6.2. Total Wool and Reproduction Performance per Lambing Opportunity

Total wool and reproductive data were analyzed utilizing a general linear model
(PROC GLM). The model for reproductive traits (TLW and TWW) considered “year of
birth” (20 levels: from 1999 to 2018), “number of lambing opportunities” (8 levels: 1-8
mating seasons), and “mating method” (4 levels according to the mating method utilized
in the first estrus cycle: 100% IUAI (1), between 40 and 88% of the services covered
by IUAI (2), between 17 and 43% of the services covered by IUAI (3), and 100% of the
services covered by either CAI or NM (4)), as fixed effects. The total wool production
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across all lambing opportunities was analyzed as described for reproductive traits but
without “mating method”. To evaluate the trend in TWW and TWool across all lambing
opportunities (1-8 mating seasons), a second-degree orthogonal polynomial regression
model (PROC ORTHOREG) including the same fixed effects described above was utilized.
The second order was applied in the “year of birth” whereas all other effects were treated
as first-degree terms.

3. Results

The descriptive statistics for wool, growth, and reproductive traits are shown in
Table 1. Over the study period (1999-2020), mixed-age ewe FD, GFW, and LW at mating
fluctuated between 15.0 and 19.1 pm, 3.1 and 4.1 kg, and 43.1 and 52.3 kg, respectively
(Table 2).

Table 1. Descriptive statistics for mixed-age ewe wool, growth, and reproductive traits over the
entire study period (1999-2020).

Traits Mean Min! Max2 SD3  Animals Records
Fiber diameter (FD, um) 16.6 12.1 22.1 1.7 2063 6988
Greasy fleece weight (GFW, kg) 3.51 1.8 59 0.6 2052 7007
Coef. of variation of FD (CV{d, %) 16.3 10.5 254 2.0 1952 6693
Staple length (SL, cm) 8.7 45 13.5 1.3 1766 6507
Scoured yield (SY, %) 80.0 55.5 90.4 3.9 1744 6477
Live weight at mating (LWM, kg) 47.4 30.0 68.0 6.1 1850 6763
Live weight pre-lambing (LWL, kg) 49.0 28.0 74.5 7.1 1801 6466
Live weight at weaning (LWW, kg) 48.5 28.0 74.0 6.4 1306 4775
Body condition score at mating (BCSM) 3.2 1.5 5.0 0.66 1839 6778
Body condition score pre-lambing (BCSL) 3.1 1.5 5.0 0.61 1802 6490
Body condition score at weaning (BCSW) 2.8 1.5 47 0.59 1292 4693
Total number of lambs weaned/ewe * 2.4 0 12 1.9 1954 1954
Total lamb live weight at weaning/ewe 5 58 0 287 48 1954 1954

123 Min, Max, and SD correspond to the minimum, maximum, and standard deviation values for each trait.
45 correspond to the total number of lambs and total live weight of lambs weaned per ewe across all lambing
opportunities (1-8 mating seasons).

Table 2. Ewe annual mean, standard deviation (SD), and number of records of the fiber diameter (FD,
um), greasy fleece weight at shearing (GFW, kg), and live weight at mating (LWM, kg) (1999-2020).

Fiber Diameter Greasy Fleece Weight ~ Live Weight at Mating
Period!  Year (um) (kg) (kg)

Mean SD2 N3 Mean SD? N3 Mean SD? N3

2001 19.1 1.3 125 3.4 0.4 124 -
2002 19.0 1.2 208 3.4 0.6 210 43.1 44 77
2003  19.0 1.2 257 3.3 0.6 264 445 43 265
2004 183 1.3 323 34 0.6 325 43.8 52 323
2005 185 1.3 400 35 0.5 404 47.2 5.1 399
2006  18.0 1.3 371 3.5 0.5 376 45.7 54 379
2007 175 1.4 388 3.1 0.5 387 449 53 373
2008 17.1 1.3 370 35 0.7 364 474 6.3 355
2009 16.7 1.3 418 3.8 0.6 405 49.0 6.2 403
2010 16.2 1.3 471 3.5 0.7 471 46.3 6.2 475

FMP
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Table 2. Cont.

Fiber Diameter Greasy Fleece Weight ~ Live Weight at Mating
Period!  Year (pm) (kg) (kg)

Mean SD2 N3 Mean SD?2 N3 Mean SD? N3

2011 16.7 1.2 400 41 0.6 397 50.6 52 400
2012 16.0 1.1 386 3.5 0.6 403 49.7 51 391
2013 156 1.1 385 3.6 0.5 388 46.6 55 377
2014 152 1.1 325 3.0 0.4 328 449 52 354
2015 15.0 1.1 343 32 0.5 343 45.6 6.1 350
2016  15.2 1.0 339 34 0.6 340 46.3 6.3 342
2017 15.6 1.1 314 3.5 0.6 311 48.5 5.8 324
2018 157 1.1 364 3.7 0.7 361 49.5 5.6 369
2019 157 1.1 384 37 0.7 385 52.3 5.6 386
2020 155 1.1 417 3.6 0.8 421 494 6.0 421

1 FMP = Fine Merino Project (1999-2010) and CRILU = Regional Consortium for Innovation in Ultrafine Wool
(2011-2020). 23 SD and N correspond to standard deviation value and number of records, respectively for each
trait, each year.

CRILU

3.1. Wool Traits

FD, GFW, CV1d, SL, and SY were all affected by the period (p < 0.05, Table 3). During
the FMP phase, ewes had coarser and longer fibers than those produced in the CRILU
period. During the FMP, ewes had lighter fleeces, higher CVfd, and greater SY compared
with the CRILU phase.

Table 3. Least square means (LSMs) and standard errors of the mean (SEMs) of the fiber diameter
(FD, um), greasy fleece weight (GFW, kg), coefficient of variation of the fiber diameter (CVfd, %),
staple length (SL, cm), and scoured yield (SY, %) by period and ewe age (1999-2020).

Period ! Age (Years)
Traits —— SEM SEM
FMP CRILU 2 3-6 >7
Fiber diameter (FD, pm) 1813 156° 003 162°¢ 170P 1743 0.05
Greasy fleece weight (GFW, kg) 34> 352 001 352 352 31b 002
Coef. of variation of FD (CVfd, %) 16.62 161P 004 163P 162P 1672 0.07
Staple length (SL, cm) 853  83b 0.03 912 8yb 78¢ 0.04
Scoured yield (SY, %) 7943 791 008 8033 8002 771P 0.5

1 FMP = Fine Merino Project (1999-2010) and CRILU = Regional Consortium for Innovation in Ultrafine Wool
(2011-2020). Different letters within a row (*P<) within a category indicate statistical significance (p < 0.05).

All wool traits were affected by ewe age (p < 0.05, Table 3). Ewe FD increased as
animals aged. Two-year-old ewes had the longest fibers and ewes aged seven or older had
the shortest fibers. Ewes aged seven or older had the lightest fleeces, the highest CVfd, and
the lowest SY, with no differences between the other two age groups for these traits.

3.2. Growth Traits

Ewe LW across all stages of the annual cycle (at mating, pre-lambing, and wean-
ing) was affected by period, pregnancy-rank (pre-lambing and weaning), and age group
(p <0.05, Table 4). Ewe LW at mating, pre-lambing, and weaning was higher (2-5%) in
the CRILU period compared to the FMP phase. Among pregnancy-ranks, non-pregnant
ewes had the lightest LW pre-lambing and multiple-bearing ewes had the heaviest LW
pre-lambing. Ewes carrying singles or multiple fetuses were lighter (9-11%) at weaning
than non-pregnant ewes. Among pregnant ewes, multiple-bearing ewes were lighter at
weaning than those bearing singles. Ewe LW across all stages of the annual cycle increased
as animals aged.
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Table 4. Least square means (LSMs) and standard errors of the mean (SEMs) of the live weight at mating (LWM, kg),
pre-lambing (LWL, kg), and at weaning (LWW, kg) and the body condition score at mating (BSCM), pre-lambing (BCSL),
and at weaning (BCSW) by the period, pregnancy-rank, and age group (1999-2020).

Period ! Pregnancy-Rank 2 Age (Years)
Time-Point SEM SEM SEM
FMP CRILU 0 1 >2 2 3-6 >7
Live weight
At mating (LWM, kg) 465° 4862  0.11 -3 - - - 444°¢ 477b 5062 022
Pre-lambing (LWL, kg) 479% 5052 0.11 462¢ 49.0b 5252 0.14 451¢ 503b 5222 0.14
At weaning (LWW, kg) 487 4992 017 525% 480° 474°¢ 022  464°¢ 503P 5122 021
Body condition score
At mating (BCSM) 362 30b 001 -3 - - - 342 33b  31¢ 001
Pre-lambing (BCSL) 3442 29b 0.01 3.1 3.1 3.1 0.01 3.1 3.1 3.1 0.01
At weaning (BCSW) 322  28b 0.02 342 28b  26° 0.02 302 302 28P 0.02

1 FMP = Fine Merino Project (1999-2010) and CRILU = Regional Consortium for Innovation in Ultrafine Wool (2011-2020). 2 0, 1, and > 2
correspond to non-pregnant ewes, ewes bearing one fetus and ewe bearing two or more fetuses, respectively. Different letters within a row
(#P) within a category indicate statistical significance (p < 0.05). 3 Data are not available due to the pregnancy-rank not being included in
the model for LWM and BCSM.

Ewe BCS at mating, pre-lambing, and weaning was lower (between 0.4 and 0.6 units
less) in the CRILU period compared to the FMP phase (p < 0.05, Table 4). Ewe BCS pre-
lambing was unaffected by pregnancy-rank (p > 0.05, Table 4). At weaning, non-pregnant
ewes had the highest (p < 0.05) and multiple-bearing ewes the lowest BCS (p < 0.05). Within
pregnant ewes, multiple-bearing ewes had lower (p < 0.05) BCS at weaning than their
single-bearing counterparts. Among age groups, BCS at mating decreased (p < 0.05) as
animals aged, whereas BCS pre-lambing was unaffected (p > 0.05) by animal age. Ewes
aged seven or older had lower BCS at weaning than the other two age groups (p < 0.05,
Table 4).

The model for LW and BCS at weaning also tested lamb rearing type as a fixed effect.
Both LW and BCS at weaning were affected by lamb rearing type (p < 0.05, data not shown).
Non-pregnant ewes were the heaviest and ewes rearing multiple lambs were the lightest at
weaning (51.8 4= 0.33 vs. 46.1 &+ 0.25 kg). The same trend was observed for BCS (3.5 £ 0.03
and 2.5 £ 0.02, for non-pregnant and ewes rearing multiples, respectively). Ewes rearing
multiple lambs were lighter (46.1 £ 0.25 vs. 47.3 & 0.14 kg) and had lower BCS (2.5 &= 0.02
vs. 2.8 £ 0.01) at weaning than those rearing single lambs.

3.3. Wool Traits Trends

Throughout the study period (1999-2020), the second-degree polynomial regression
model (second order for the “calendar year”) explained 61%, 51%, and 45% of the FD
changes in 2-year-old, 3-6, and ewes aged seven or older, respectively (Figure 1). During
the entire study period and across age groups, ewe FD decreased by approximately 3 pm.
Two-year-old ewes had the finest (p < 0.05) and those aged seven or older the coarsest
(p < 0.05) fibers, with ewes aged 3-6 being intermediate.

Regardless of ewe age, GFW increased over time (Figure 2). Two-year-old ewes had
the highest R? value (0.22) whereas, the R? for 3-6 years old ewes and those aged seven or
older were 0.08 and 0.04, respectively. Ewes aged seven or older had the lightest (p < 0.05)
GFW, with no differences (p > 0.05) between the other two age groups.
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Figure 1. Two-year-old ewes, 3-6-year-old ewes, and ewes aged seven years or older phenotype

trends using a second-degree polynomial regression model for the average fiber diameter across
calendar years (2001-2020).
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Figure 2. Two-year-old ewes, 3-6-year-old ewes, and ewes aged seven years or older phenotype

trends using a second-degree polynomial regression model for the average greasy fleece weight
across calendar years (2001-2020).
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3.4. Growth Traits Trends

The second-degree polynomial regression model for LWM is displayed in Figure 3.
The R? of LWM for each age group ranged between 0.06 and 0.10. Ewes aged seven years
or older were the heaviest (p < 0.05) and 2-year-old ewes the lightest (p < 0.05) at mating.
Across all age groups, ewe LWM increased over time (Figure 3). Regardless of ewe age,
BCSM decreased over time, with scores lower than 3.0 towards the end of the study period.
The R? value for this trait was higher (0.63) in 2-year-old ewes compared to the other age
groups (0.44 and 0.43, Figure 4).
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Two-vear-old ewes (dashed line), 3—6-vear-old ewes (solid line), ewes aged 7 or
older (dotted line). The light gray lines indicate the 95% confidence limits. FMP
period = Fine Merino Project (1999 - 2010), CEILU period = Regional
Consortium for Innovation in Ultrafine Wool (2011 - 2020). E* for 2-vear-old, 3—
6-vear-old and ewes aged 7 vears or older were 0.06, 0.07, and 0.10, respectivelv.

Figure 3. Two-year-old ewes, 3—6-year-old ewes, and ewes aged seven or older phenotype trends
using a second-degree polynomial regression model for the average live weight at mating across
calendar years (2001-2020).

3.5. Total Wool and Reproductive Traits

The means and standard errors of accumulative TWool, TLW, and TWW across all
lambing opportunities (1-8 mating seasons) are presented in Table 5. For a given lambing
opportunity, wool production, the number of lambs weaned, and the live weight of lamb
weaned per ewe fluctuated between 3.1 and 3.6 kg, 0.7 and 0.8 lambs, and 15.7 and 19.3 kg,
respectively. Both TLW and TWW were affected by the mating method (p < 0.05).
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Figure 4. Two-year-old ewes, 3—6-year-old ewes, and ewes aged seven or older phenotype trends
using a third-degree polynomial regression model for the average BCS at mating across calendar
years (2002-2020).

Table 5. Least square means (LSMs) and standard errors of the mean (SEMs) of accumulative total
wool production (TWool, kg), total number of lambs weaned (TLW, n), and total lamb live weight at
weaning (TWW, kg) by lambing opportunity (1999-2020).

Wool and Reproductive Traits

Lambing Opportunities !

TWool 2 (kg) TLW 3 (n) TWW # (kg)
1 3.1 (0.10) 0.7 (0.11) 15.7 (2.68)
2 6.8 (0.10) 1.3 (0.11) 31.2 (2.68)
3 10.5 (0.10) 2.1(0.10) 51.4 (2.43)
4 14.5 (0.11) 2.8 (0.10) 68.2 (2.45)
5 18.0 (0.13) 3.9 (0.11) 93.8 (2.6)
6 21.7 (0.14) 4.4(0.11) 108.9 (2.6)
7 24.0 (0.21) 5.5 (0.15) 134.8 (3.73)
8 27.0 (0.28) 6.1 (0.20) 153.0 (4.95)

! correspond to the number of mating seasons each ewe had over her lifetime. 234 correspond to accumulative

total wool production, total number of lambs weaned, and total lamb live weight at weaning, respectively.
Standard errors are shown in brackets.

The phenotypic trend for TWW and TWool for the combined lambing opportunities
(1-8 mating seasons) by year of birth is displayed in Figures 5 and 6, respectively. TWW
was affected by year of birth (p < 0.05, R? = 0.56), whereas this effect was not significant
(p > 0.05) for TWool. Both traits showed little change across time.



Agriculture 2021, 11, 712 11 of 18

FMF period CRILU period
I [

)
= 75
w
=
o
o e,
o T
E 50 |Zoo-mooT
—
F

25

1999 2010 2018
Year of birth

The light grav line indicates the 95% confidence interval. FMP period =
Fine Merino FProject (1999 - 2010), CRILU period = Regional
Consortium for Inmovation in Ultrafine Wool (2011 - 2020). R2=0.55.

Figure 5. Mixed-age ewe phenotype trend for the accumulative total lamb live weight at weaning
across all lambing opportunities (1-8) per year of birth (1999-2018) using a second-degree polynomial
regression. Lambing opportunities correspond to the number of mating seasons each ewe had over
her lifetime.
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The light gray line indicates the 95% confidence interval. FMP period = Fine
Merino Project (1999 - 2010), CRILU period = Regional Consortium for Innovation
in Ultrafine Wool (2011 - 2020). R2=0.93.

Figure 6. Mixed-age ewe phenotype trend for accumulative total wool production across all lambing
opportunities (1-8) per year of birth (1999-2018) using a second-degree polynomial regression.
Lambing opportunities correspond to the number of mating seasons each ewe had over her lifetime.
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3.6. Estimated Gross Revenue per Ewe Lifetime

Gross income per ewe lifetime (across four lambing opportunities) [33,34] over the
entire study period is displayed in Figure 7. During the FMP (1999-2010), gross income
increased by approximately 26%, with little change towards the end of the study period.
Overall, during the study period (1999-2018), gross income per ewe lifetime increased by
32% and 21% in the nucleus and in commercial flocks, respectively (Figure 8).

FMP period CRILU period
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EMP period = Fine Merino Project (1999 - 2010), CRILU period = Regional
Consortium for Innovation in Ultrafine Wool (2011 - 2020).

Figure 7. Gross income per ewe lifetime (across four lambing opportunities) per year of birth (1999-
2018) in the nucleus flock. Total wool production and total lamb live weight at weaning across four
lambing opportunities were assumed constant across years. It was assumed that all lambs were
sold at weaning. Average wool and meat prices were calculated for the period 2013-2019 [3,35] and
utilized for the entire analysis period (1999-2018).
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Figure 8. Estimated gross income per ewe lifetime (across four lambing opportunities) in commercial
flocks and in the nucleus at the beginning and end of the study period. These commercial farmers
have utilized either rams or frozen semen from the nucleus flock. Total wool production and total
lamb live weight at weaning across four lambing opportunities were assumed constant. Both TWool
and TWW were assumed to be the same for the nucleus and commercial flocks. It was assumed that
all lambs were sold at weaning. In the nucleus flock, the average FD was 19 and 16 um for ewes born
in 1999 and 2018, respectively. In commercial flocks, the average FD was 21 and 18.5 um for ewes
born in 1999 and 2018, respectively. This assumption was based on previously reported FD in adult
animals of the same commercial flocks [36,37]. Average wool and meat prices were calculated for the
period 2013-2019 [3,35] and utilized for both 1999 and 2018 calculations.

4. Discussion

This study analyzed data from two joint projects (FMP and CRILU), over the period
1999-2020 in a single flock. The FMP (1999-2010) focused on FD reduction based on
selection at 12 months of age, whereas in the CRILU project period (2011-2020), the
selection objective was to reduce FD while increasing both CFW and LW. This paper
reports the phenotypic trends observed in mixed-age ewes across a twenty-year period.

Adult ewe wool traits are key determinants of Merino flock income [38,39]. Wool mi-
cron accounts for 80% of the fleece value, with finer wool obtaining the highest prices [40-42].
During the FMP period (1999-2010), ewe FD decreased by approximately 3 um, from 19 to
16 pm, which is comparable with previously reported reductions in FD in yearling lambs
of the same flock [24]. This similar trend between one-year-old lambs and adult animals for
FD is not unexpected given the high repeatability of this trait (0.76, 0.74, and 0.67) ([43—45],
respectively) and the ewe replacement strategy based on including in the adult flock only
the genetically finest ewe hoggets. In the present study, fleeces became coarser as ewes
aged, which is consistent with that previously reported [45,46]. Despite this, wool micron
remained within the highest price category (<18 um) [6].

Over the study period, decreases in ewe FD were accompanied by increases in GFW.
This result is supported by other studies [24,47] that have reported that reductions in FD
while increasing GFW can be made by selecting for these traits simultaneously with appro-
priate weightings. Reducing FD without reducing CFW requires changes in other compo-
nents of the fleece weight such as, surface area, fiber length, and follicle density [48,49]. In
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this study, ewes with finer wools were heavier (more surface area) likely due to selection
on LW and had shorter fibers, which is consistent with positive genetic and phenotypic
correlations between FD and SL in adult ewes [12,50,51]. In addition, fine wool and high
CFW are associated with increased follicle density [48] but this trait was not examined in
this flock.

Throughout the study period, ewe LW increased by approximately 3 kg, which is
consistent with increases in LW in yearling lambs of the same flock [24]. This finding is
supported by other authors [43,52] who reported that selection for increased LW at a given
age will increase LW at all ages. Previous studies have shown that ewe LW increases with
age up to 5 years old and can then either plateau [53] or decrease [54]. In this study, ewe
LW increased across all age groups.

Ewe LW is a combination of frame size and BCS [17]. Over the study period, increases
in LW at mating were accompanied by decreases in BCS, indicating that ewes became
heavier but leaner over time. This loss in BCS is consistent with positive phenotypic
and genetic correlations between BCS at mating and FD [12-14]. The increased GFW in
our study likely contributed to reduced BCS, given the negative phenotypic association
between CFW and fat depth [55]. Furthermore, it has been reported that fine wool and
high fleece weight together are associated with reduced subcutaneous fat levels [48].

In addition to genetic factors, phenotypic changes in LW and BCS are influenced by re-
productive performance and the production environment [9]. In this study, at pre-lambing,
both single- and multiple-bearing ewes were heavier than their non-pregnant counterpart,
but this relationship was reversed by weaning. This finding is not surprising given the
influence of conceptus weight and milk production demands during late pregnancy and
lactation, respectively [56,57]. In the current study, lower BCS at weaning in ewes rearing
twins than those rearing single lambs is consistent with a higher milk production demand
in multiple-rearing ewes [9,14,58]. This result can also be associated with higher internal
parasite load in ewes that suckled twins than those that suckled only one lamb [59]. Overall,
the average ewe BCS reported exceeded the recommended minimum threshold at mating
(BCS 3), during gestation (BCS > 2.5), and at weaning (BCS > 2) [17,60].

It has been well established that ewe BCS influences her reproductive performance [17].
Ewe BCS at mating between 3 and 3.5 units are positively associated with conception rate
and fecundity [14]. Over the study period, ewe BCS at mating decreased by approximately
1 unit, although there was a small increase at the end of the study period. This small im-
provement in ewe BCS is likely associated with improved feeding of the native pasture plus
supplement during the summers of 2018 and 2019. During the CRILU period, an average
BCS of 3 at mating indicates that 50% of the flock is in a BCS below the optimum [17].
The reduced BCS did not affect TWW (data not shown), which is consistent with earlier
findings [14]. The absence of an effect of BCS at mating on TWW is not unexpected given
that there are several environmental and management factors that influence lamb live
weight at weaning between mating and weaning [14]. In this study, better nutritional
status in pregnant and lactating ewes likely attenuated the impact of low BCS on lamb
live weight at weaning [28,61]. In addition, it has been reported that ewes inseminated
with fresh semen have higher reproductive performance than those covered by frozen
semen [62,63]. In this study, the use of different mating methods towards the end of the
study period (increased use of fresh semen at the expense of frozen semen) may have
confounded the results.

Both fine wool and high CFW are associated with lower reproductive performance [48].
In this study, selection for reduced FD and increased CFW were accompanied by a small
positive change in ewe lifetime reproduction. This result is consistent with negligible
phenotypic correlations (0.03 and 0.01) between these two wool traits (FD and CFW) and the
total number of lambs weaned per ewe [10]. However, a high negative genetic correlation
between CFW and the number of lambs weaned per ewe joined has been reported in
superfine Merino sheep [10]. As this study suggested, this inconsistency may be associated
with the type of trait analyzed (total number of lambs weaned as a single trait across all
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lambing opportunities vs. number of lambs weaned as repeated records). Furthermore, it
has been reported that the negative effects of increased CFW on reproductive performance
occur in ewes reared under poor nutrition [18]. In this study, ewes were fed according to
their nutrient requirement, which likely attenuated the potential negative effect of selection
for increased CFW on reproductive performance. In addition, increased ewe LW in this
study likely contributed to increased reproductive performance [51]. Collectively, these
results suggest that phenotypic reductions in FD and increases in both GFW and LW can
be obtained without compromising phenotypic ewe lifetime reproduction.

In the Uruguayan wool industry, the highest economic reward from Merino sheep is
driven by wool income [64]. During the FMP period (1999-2010), estimated gross income
per ewe lifetime (across four lambing opportunities) increased by approximately 26%, with
little apparent change towards the end of the study period. This result is not unexpected
given that over the last decade, the greatest price differentials (+50%) have been observed
between the 19- and 17-micron categories [35], although 16-micron wool has the highest
value with a maximum of 15 USD/kg greasy [65]. During the CRILU period, there was
only a small effect of finer wool on gross income due to this trait changing little over time.
However, gross income would have increased if one-year-old lambs were included in the
analysis given that the finest wool (14.6-15.6 um) was produced by yearling lambs [24].
In addition, a small positive change in net reproduction performance by the end of the
study period would also positively impact on gross income but, this scenario was not
evaluated in this paper. Overall, this study indicates that reducing FD from 19 to 16 pm
would increase the gross income per ewe by approximately 32%.

Since 1999, more than 18,500 frozen semen doses and 900 rams of the nucleus flock
have been disseminated to commercial farmers throughout Uruguay [66]. At the same
time, adult animal FD of commercial farmers who have utilized rams or semen from the
nucleus flock, decreased from 21 to 18.5 um [36,37]. This reduction in FD represented an
increase of at least 20% in estimated gross income per ewe lifetime. In commercial flocks,
estimated gross income per ewe lifetime could increase 18% (from 255 to 299 USD) if ewe
FD was reduced from 18.5 to 16 microns.

5. Conclusions

This study demonstrated that selection programs (FMP and CRILU) applied between
1999 and 2020 in Uruguay resulted in improvements in economically relevant wool traits in
mixed-age ewes. Ewe FD decreased from 19 to 16 um and GFW increased by approximately
0.2 kg. These favorable phenotypic trends in wool traits were accompanied by an increase
of approximately 3 kg in LW at mating but a decrease in BCS at mating, with a small
positive change in net reproduction performance. Increased estimated farmer gross income
due to finer wool was obtained without compromising lifetime reproduction. However,
farmers may wish to consider the potential impacts of increased body size and reduced
fatness in adult ewes, especially if the ewes are raised under extensive conditions, facing
continuous internal parasite challenges and periods of nutritional deficit. Further research,
to evaluate genetic trends in the nucleus flock and genomic associations between wool,
body, and reproductive traits is warranted to assist with the optimization of future selection
programs in Uruguay.
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