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ABSTRACT

The genetic trend of milk yield for 4 French dairy 
sheep breeds (Lacaune, Basco-Béarnaise, Manech Tête 
Noire, and Manech Tête Rousse) was partitioned in 
Mendelian sampling trends by categories of animals de-
fined by sex and by selection pathways. Five categories 
were defined, as follows: (1) artificial insemination (AI) 
males (after progeny testing), (2) males discarded after 
progeny testing, (3) natural mating males, (4) dams of 
males, and (5) dams of females. Dams of males and AI 
males were the most important sources of genetic prog-
ress, as observed in the decomposition in Mendelian 
sampling trends. The yearly contributions were more 
erratic for AI males than for dams of males, as AI males 
are averaged across a smaller number of individuals. 
Natural mating males and discarded males did not con-
tribute to the trend in terms of Mendelian sampling, as 
their estimated Mendelian sampling term is either null 
(natural mating males) or negative (discarded males). 
Overall, in terms of Mendelian sampling, females con-
tributed more than males to the total genetic gain, and 
we interpret that this is because females constitute a 
larger pool of genetic diversity. In addition, we comput-
ed long-term contributions from each individual to the 
following pseudo-generations (one pseudo-generation 
spanning 4 years). With this information, we studied 
the selection decisions (selected or not selected) for 
females, and the contributions to the following genera-
tions. Mendelian sampling was more important than 
parent average to determine the selection of individuals 
and their long-term contributions. Long-term contribu-
tions were greater for AI males (with larger progeny 
sizes than females) and in Basco-Béarnaise than in 
Lacaune (with the latter being a larger population).

Key words: genetic gain, genetic trend, Mendelian 
sampling, long-term contributions, selection scheme

INTRODUCTION

In animal genetic improvement, selection is based on 
EBV of candidates for selection. The methodological 
focus on EBV prediction may hide the role of Mende-
lian sampling in creating genetic progress. The breeding 
value of an individual can be expressed as the average 
of its parental breeding values plus a Mendelian sam-
pling term. As the Mendelian sampling is the unique 
portion of genetic variation that the individual brings 
into the population (Woolliams, 2007), this term cap-
tures the “originality” of the individual with respect to 
its parents. In fact, the Mendelian sampling represents 
the deviation arising from recombination and segrega-
tion of parental chromosomes. The breeding value of an 
individual can be decomposed as a sum of Mendelian 
samplings of all its ancestors. Thus, the genetic prog-
ress can be understood as the selection of positive an-
cestors’ Mendelian samplings to their descendants and 
also candidates’ own Mendelian samplings (Woolliams 
and Thompson, 1994).

The long-term genetic contribution of an individual 
is its proportional contribution to the long-term genetic 
background of the population (Bijma, 2000). The con-
tribution, ri(j), is defined as the expected fraction of 
genes from ancestor i (born at time t1) transmitted to 
descendant j (born at a later time, t2; Woolliams et al., 
1993; Woolliams, 2007). When t t2 1− → +∞, this dis-
tant future implies that contributions fluctuate at the 
beginning and stabilize in the long run. The long-term 
genetic contribution of an individual depends on the 
genetic superiority for selection of the animal; for ex-
ample, when selecting based on EBV, the individuals 
with highest intrageneration EBV will be selected to 
have more offspring, which increases their long-term 
genetic contribution (Woolliams et al., 1999).
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The study of Mendelian sampling trends by groups 
and categories of animals allows understanding of se-
lection decisions (García-Cortés et al., 2008), whereas 
analyzing long-term contributions of ancestors to de-
scendants allows understanding of the gene flow across 
generations and by categories of animals (Woolliams 
et al., 1999). For a better understanding of the selec-
tion schemes and their implementation, the dynamics 
of the contributions, and the sources of “originalities,” 
we used a retrospective analysis of Mendelian sampling 
trends and long-term genetic contributions in selected 
populations.

Partitioning the genetic gain by categories of animals 
and Mendelian samplings as described above has main-
ly been evaluated in breeding schemes importing ani-
mals from foreign populations. Examples can be found 
in the literature dealing with cattle (Gorjanc et al., 
2011) and pig (Škorput et al., 2015) breeding schemes. 
However, to date, this method has not been used in 
closed breeds within country. Our work focuses in 4 
French dairy sheep pure breeds: Lacaune (LAC) and 
the Western Pyrenees breeds Basco-Béarnaise (BB), 
Manech Tête Noire (MTN), and Manech Tête Rousse 
(MTR), which are local dairy sheep breeds with no 
introduction from other breeds or countries. Breeding 
schemes of these breeds were based on performance re-
cording and progeny testing via AI rams (Astruc et al., 
2002) until 2016, from which time they have been based 
on performance recording and genomic selection, with 
early selection of rams and widespread use of AI. The 
breeding goals include, depending on the breed, milk 
yield, fat and protein yields, fat and protein contents, 
somatic cell score, udder morphology, and other traits 
(Astruc et al., 2018); however, milk yield is highly se-
lected in all breeds. Although some of the traits (e.g., 
fat and protein yields) are correlated with this trait, we 
will focus on milk yield alone, as otherwise the analyses 
become too complex and difficult to compare across 
breeds.

The objective of this work was to fine partition 
genetic trends in Mendelian samplings by categories 
of animals defined by sex and by selection pathways, 
and to similarly characterize long-term genetic con-
tributions. We analyzed genetic gain for milk yield 
in 4 French dairy sheep breeds: LAC, BB, MTN, and 
MTR.

MATERIALS AND METHODS

Because no human or animal subjects were used, this 
analysis did not require approval by an Institutional 
Animal Care and Use Committee or Institutional Re-
view Board.

Decomposition of Genetic Trend in Mendelian 
Samplings and Long-Term Genetic Contributions

The breeding or additive genetic value for an animal 
i (ui) can be expressed in terms of its parent (sire and 
dam) breeding values (us and ud, respectively), whose 
average is called parent average, plus the Mendelian 
sampling of animal i (ϕi; Thompson, 1979) as

 u u ui s d i= + +
1
2

1
2

φ . [1]

In matrix notation, the vector of breeding values (u) 
can be written as a linear combination of Mendelian 
sampling terms and their ancestors as u = Tϕ (where 
vector ϕ also includes the breeding values of the pedi-
gree founders). The triangular matrix T describes the 
flow of genes through pedigree (Woolliams et al., 1999) 
and shows the relatedness between each individual and 
his ancestor (García-Cortés et al., 2008). Accordingly, ϕ 
is the vector of Mendelian sampling terms, assumed 
distributed as φ ~ ,N u0 2Dσ( ) (García-Cortés et al., 
2008), where D is a diagonal matrix with Mendelian 
sampling variances for nonfounders and additive genetic 
variances for founders. The vector of breeding values is 
thus distributed as u A~ , ,N u0 2σ( )  where A = TDTʹ is 
the additive genetic relationship matrix and σu

2 is the 
additive genetic variance.

Equation [1] and its matrix notation reveal that 
breeding values are linear combinations of Mendelian 
sampling terms. The breeding value of an individual i 
born can be expressed using Equation [1] in terms of its 
parents’ breeding values and the Mendelian sampling 
term. The sire’s breeding value can also be written us-
ing Equation [1] and so on. Thus, Equation [1] can be 
used recursively going back through the pedigree, and 
we can partition each breeding value (for an individual 

i) as u Ti
j

m

ij j=
=
∑
1

φ  (m total number of animals), where ui 

is decomposed into a sum of i independent terms or 
contributions that involve the breeding value of found-
ers and the Mendelian sampling of nonfounders. The 
coefficient Tij is the genetic contribution of an ancestor 
j to an individual i, called rj(i) by Woolliams et al. 
(1999). Woolliams et al. (1999) defined the long-term 
genetic contribution [rj(i), the same as Tij] as the pro-
portion of the genes in individual i transmitted from j. 
Using this definition, for a defined cohort (generation), 
the average of contributions ri(j) of each ancestor i 
across all individuals (descendants or not) j belonging 
to a defined cohort, defines its long-term contribution 
to that cohort, ri (as per Howard et al., 2018), as
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n

ri j

n
i j=

= ( )∑
1

1
. [2]

The sum is computed was over all individuals j (j = 1, 
..., n) born in the defined cohort, and n was the total 
number of animals in the defined cohort.

Equation [1] also holds for unbiased predictors, such 
as the BLUP (Henderson, 1973) of the breeding or ad-
ditive genetic values (û; García-Cortés et al., 2008) as 
follows:

 ˆ ˆu = Tφ, [3]

where û is a vector that contains the EBV, and the 
Mendelian samplings can be estimated as ˆ ˆφ = −T 1u. 
García-Cortés et al. (2008) proposed to define a set of 
k partitions such that P1 + P2 + ... + Pk = I. These 
partitions are based on groups or categories of interest; 
for instance, males and females. From this idea and 
using the Equation [3], we can write

 ˆ ˆ ˆ ˆ ˆu T P P P TP TP TP= + +…+( ) = + +…+1 2 1 2k kφ φ φ φ, 

where Pi (with i = 1, ... , k) is a diagonal matrix con-
taining zeros and ones, and it selects the corresponding 
columns of the T matrix; in other words, the corre-
sponding ancestor effects for a given û (García-Cortés 
et al., 2008). Replacing the Mendelian sampling term 
by T−1û, we obtain

 û = TP1T
−1û + TP2T

−1û + ... + TPkT
−1û; 

 û = û1 + û2 + ... + ûk. 

Note that ûk is a part of the breeding value contrib-
uted by the category k. From these partitions (û1, ... 
ûk), the partial genetic response can be obtained for a 
group or category. For example, the genetic gain can 
be partitioned using a category defined by sex, where 
Pm and Pf are the partition matrices defined for males 
and females, respectively. The matrix Pm (or Pf) is a 
diagonal matrix with ones in the male (female) posi-
tions and zeros in the female (male) positions. The 
method presented above enables the calculation of par-
tial genetic trends directly from the EBV and allows 
us to inspect the contributions of each category to the 
genetic gain. Note that by doing this, we have split, for 
each individual, the parent average into contributions 
due to Mendelian sampling of their ancestors, which, 
in turn, then we assign into categories. This is why 
García-Cortés et al. (2008) consistently use the term 
“Mendelian sampling” for this partition.

Phenotypic and Pedigree Data

This study considered the breeding schemes of the 
BB, MTN, MTR, and LAC breeds until 2016, at which 
time genomic selection was introduced. Based on the 
2021 official national genetic evaluation (single-step 
Genomic BLUP). In a single-step Genomic BLUP 
evaluation, the addition of genomic data to the evalu-
ation can be seen as “more information,” and genomic 
EBV (GEBV) can be seen as the EBV obtained at 
the same time but with genomic information (Macedo 
et al., 2020). Thus, it is possible to analyze the selec-
tion decisions in an individual and its ancestors based 
on GEBV. The EBV or GEBV for milk yield (liters 
per ewe per lactation) of animals born between 1985 
and 2016 and their pedigree were used in the analy-
ses (Table 1). By 1985 all breeds had ongoing, routine 
pedigree and milk yield recordings. The breed with the 
greatest population size is LAC, followed by MTR, BB, 
and MTN. Pedigree completeness of rams was very 
high: as these are elite animals, all AI rams have at 
least 2 parents and 4 grandparents known. Because 3% 
of LAC, 11% of MTR, 18% of BB, and 20% of MTN 
dams have unknown sires, the genetic evaluation model 
includes unknown parent groups (UPG; see Table 1), 
to take into account the different genetic levels of miss-
ing sires (Quaas, 1988). Use of UPG allows for realistic 
estimates of genetic trends. We did not attempt alter-
native definitions of UPG. Macedo et al. (2022) showed 
that an adequate genetic trend requires correct defini-
tion of UPG, which was the case here. Because EBV in 
models with UPG are not estimable functions, in order 
to obtain meaningful partitions, we shifted the EBV by 
a constant such that the average EBV of the first co-
horts of animals was 0. To estimate animals’ Mendelian 
sampling, we discounted the solution of the UPG from 
its progeny; but otherwise, we did not include UPG 
solutions when presenting contributions or trends.

We decomposed the total genetic gain in 2 differ-
ent manners: first, into contributions from males and 
females; second, into contributions from categories 
defined by different selection pathways. Thus, animals 
were classified into 5 categories (Table 2): (1) AI 
Males, the best males kept after progeny testing; (2) 
Discarded AI Males, the males discarded after progeny 
testing; (3) Natural Mating (NM) Males; (4) Dams of 
Males, which are the elite females chosen to generate 
AI Males; and (5) Dams of Females, those that were 
not chosen as elite females, because their estimated 
genetic merit was lower than that of Dams of Males. 
In dairy sheep selection schemes, there are females 
(recorded for milk yield and other traits) and males, 
which can be either AI or NM Males. Artificial in-
semination is used for spread of genetic improvement 

Antonios et al.: PARTITIONING GENETIC TRENDS IN DAIRY SHEEP
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and (until 2016) for selection of elite males by progeny 
testing. The AI Males produce 76% of the females, 
with the remaining 24% coming from NM Males (on 
average of all breeds). In turn, elite females are also 
selected to give birth to best males. All males are 
offspring of AI Males and AI-born females; in other 
words, there is no AI Male son (or grandson) of an 
NM Male. The categories of females and males with-
out progeny (“Females No Progeny” and “Males No 
Progeny,” respectively) were present in the pedigree, 
but they were not analyzed, as their genes do not 
contribute to the genetic progress. Table 2 shows the 
number of animals per breed and defined category, as 
well as the proportion selected in the 4 classical path-
ways (sire of sire, sire of dam, dam of sire, and dam 
of dam) in the 4 breeds. Note that these categories 
describe correctly the pre-2016 scheme even if some 
(e.g., Discarded AI Males) are no longer valid in the 
current scheme, which is a genomic one with no for-
mal progeny testing (although eventually daughters’ 
performances contribute greatly to the EBV of the AI 
Males).

Finally, to understand some of the results, we com-
puted generation intervals (average age of the ancestor 
when its selected offspring was born) and family size 
per category of animals for the BB and LAC breeds. 
Table 3 shows the generation intervals and the family 
size per category of animals for BB (as representative of 
Western Pyrenees breeds) and LAC breeds. Generation 
intervals for LAC are lower (~3 yr) than the generation 
intervals for BB (~4 yr). Family size of the LAC AI 
Males is larger compared with BB. The numbers of 

progenies of AI Males that are males and females are 
greater for LAC than for BB.

Analyzing Mendelian Samplings

Although pedigree and performance recording start-
ed earlier in some breeds (notably LAC), our analyses 
begin in 1985, when the dairy sheep selection schemes 
started to extensively use performance and pedigree 
recording.

The AlphaPart R package (Obšteter et al., 2021), 
available at http: / / CRAN .R -project .org/ package = 
AlphaPart, which implements the method of García-
Cortés et al. (2008), was used for the Mendelian sam-
pling decomposition of EBV and genetic trends. The 
output of AlphaPart contains for each individual i the 
EBV (ui), which is partitioned in 2 different manners. 
First, the EBV is split into the parent average plus the 
Mendelian sampling of the individual; in our notation, 

ˆ ˆ ˆ .ˆ ˆu PA u ui i i sire i dam i i= + = + +( ) ( )
� φ φ

1
2

1
2

 Second, the EBV 

is split into a series of values (EBV_“category” in the 
AlphaPart output) per each of the k categories, such 
that the sum across categories yields the EBV; in our 
notation, ûi = û(i)1 + û(i)2 + ... û(i)k. In turn these û(i)1, 
û(i)2, ... û(i)k are aggregated across (and not within) in-
dividuals into Mendelian sampling trends for each of 
the k categories (e.g., Figure 1). Note that the decom-
position into trends due to Mendelian samplings sum to 
the overall genetic trend. In addition, it is of interest to 
obtain the genetic gain per year per category, in terms 
of Mendelian samplings. In practice this was carried 

Antonios et al.: PARTITIONING GENETIC TRENDS IN DAIRY SHEEP

Table 1. Number of animals in pedigree per breed

Breed1 Number of animals Number of females Number of males Number of dams Number of sires Number of UPG2

BB 145,047 142,614 2,433 66,077 2,249 32
MTN 100,764 99,328 1,436 43,822 1,353 40
MTR 489,098 480,157 8,941 230,632 8,409 40
LAC 1,474,543 1,452,032 22,511 721,567 17,346 17
1BB = Basco-Béarnaise; MTN = Manech Tête Noire; MTR = Manech Tête Rousse; LAC = Lacaune.
2UPG = unknown parent groups.

Table 2. Number of animals and selection proportions per breed and category

Breed1

Category

 

Selection proportion

AI Males
Discarded 
AI Males2

Natural 
Mating Males

Dams of 
Males

Dams of 
Females

Females, No 
Progeny

Males, No 
Progeny

Sire of 
sire

Sire of 
dam

Dam of 
sire

Dam of 
dam

BB 633 866 750 1,941 64,136 76,537 184 0.47 0.66 0.26 0.94
MTN 402 507 444 1,183 42,639 55,506 83 0.46 0.65 0.48 0.89
MTR 2,843 2,923 2,643 6,979 223,653 249,525 532 0.34 0.50 0.35 0.90
LAC 8,841 6,136 2,369 17,916 703,651 730,465 5,165 0.06 0.14 0.32 0.91
1BB = Basco-Béarnaise; MTN = Manech Tête Noire; MTR = Manech Tête Rousse; LAC = Lacaune.
2Discarded AI Males are the males discarded after progeny testing.

http://CRAN.R-project.org/package=AlphaPart
http://CRAN.R-project.org/package=AlphaPart
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out after processing the output of AlphaPart: the con-
tribution in terms of Mendelian sampling of year t in 
category j was obtained as the difference between 
yearly averages: MSgain u uj t j t j tyear year year=( ) =( ) = −( )= −ˆ ˆ .1

Analyzing Long-Term Genetic Contribution

Long-term genetic contributions (r) were computed 
using self-made software in BB (again, as representa-
tive of Western Pyrenees breeds) and LAC breeds. This 
concept (and value) of long-term genetic contribution 
represents the contribution of an individual’s Mendelian 
sampling term to the long-term genetic pool (Wool-
liams, 2007). Note that the gene pool of the population 
has contributions from all ancestors and not just the 
founders.

To determine the value of ri for individual i, a scale 
of pseudo-generations (hereinafter “generations,” for 
simplicity) was used to group the individuals depend-
ing on their year of birth. In dairy sheep, the genera-
tion interval is around 4 years. Base generation (G0) 
consisted of individuals born from 1985 to 1988. Seven 
more generations were defined, with the last generation 
(G7) consisting of individuals born between 2013 and 
2016. The contributions ri are highly left-skewed, and, 
for ease of presentation, we use histograms or boxplots 
of log10(ri) (i.e., −2 means 0.01).

In addition to ri, a selection score (xi) was determined 
for all individuals (Howard et al., 2018). If the indi-
vidual had offspring, xi = 1, and xi = 0 otherwise. Note 
that xi = 0 implies ri = 0, and therefore 3 categories 
can be established: unselected (xi = 0, ri = 0), selected 
but with no contribution to the defined generation  
(xi = 1, ri = 0), and selected with contribution to the 
defined generation (xi = 1, ri > 0). The case (xi = 1, ri 
= 0) occurs when individual i produces offspring in the 
next generation but its descendants at some point do 
not produce further offspring in the following genera-
tions; its genetic line goes extinct. Table 4 shows the 
number of individuals in each category per breed (BB 

and LAC) and sex. However, the scores were not used 
in our further analyses for males, because males that 
are recorded into the pedigree files are live, breeding 
males (AI or NM rams) and therefore selected, whereas 
females are recorded if they have at least 1 lactation 
and may then be selected or not. Thus, pedigree record-
ing is highly biased in males toward selected animals. 
For females, 2 further analyses, detailed below, were 
performed with scores.

The relationships between long-term genetic contri-
butions, estimated Mendelian sampling terms ˆ ,φ( )  and 
EBV were also studied. First, we studied the impor-
tance of parent average PA EBVi i i

� = −( )φ̂  or φ̂i as source 
of selective advantage. Second, we examined the main-
tenance of contributions over time for selected individ-
ual. We used bivariate regressions to determine wheth-
er PAi
� (corrected by year of birth to compare properly 

across successive years) or φ̂i were involved in the selec-
tion of an individual (xi = 1 for individuals whose off-
spring were kept) and in the persistence of the contri-
bution over time [which parents made a nonzero contri-
bution (ri > 0) to the population at the last, G7, pseu-
do-generation].

A generalized linear model with a binomial distribu-
tion and a logistic link function was fitted to assess the 
weight placed on PAi

� versus ˆ.φi  Let the probability of 
selection for individual i be μi = E[xi], then if f(.) is the 
logistic link function, the following model was fitted: 

Antonios et al.: PARTITIONING GENETIC TRENDS IN DAIRY SHEEP

Table 3. Generation intervals (years) and number of offspring (males and females) per category1

Category2

BB

 

LAC

GIM GIF NPM NPF GIM GIF NPM NPF

AI Males 4.3 3.1 8.3 86.2 3.9 3.1 13.8 109.0
Discarded AI Males 3.4 2.6 1.2 22.2 3.9 2.6 1.6 15.2
NM Males 3.2 2.7 1 4.4 3.5 2.9 1 4.5
DM 4.0 4.6 1.2 2.5 3.3 3.7 1.2 2.3
DF — 4.2 — 1.8 — 3.4 — 1.9
1BB = Basco-Béarnaise; LAC = Lacaune. GIM = generation interval of the individual when the male progeny 
was born; GIF = generation interval of the individual when the female progeny was born; NPM = number of 
progeny that are males; NPF = number of progeny that are females.
2NM = natural mating; DM = dam of males; DF = dam of females.

Table 4. Number of females and males in each breed1 depending on 
the selection score (xi) and the long-term genetic contribution (ri) to 
generation 7

Constraint

 

BB

 

LAC

xi ri Females Males Females Males

≥0 ≥0 142,614 2,433 1,452,032 22,511
>0 ≥0 66,077 2,249 721,567 17,346
>0 >0 31,567 1,882 308,514 15,419
1BB = Basco-Béarnaise; LAC = Lacaune.
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f yr PAi PA i i i
− ( ) = + + + +1 µ α β β β φ εφ

� � , where α is an 
intercept, yr is the year of birth, and βPA and βϕ are the 

respective regression coefficients on PAi
� and ˆ.φi  The 

odds ratios were computed as exp ˆ .β( )




 This analysis 

was conducted using the “binomial” option in the “glm” 
package of R.

RESULTS

Between 1985 and 2016, the total genetic progress for 
milk yield (estimated from the regression of the EBV 
on the year of birth) was 4.6 l/yr, 3.3 l/yr, 2.9 l/yr, and 
2.7 l/yr for the LAC, MTR, MTN, and BB breeds, re-
spectively. This implies an increment of more than 100 
L for all the evaluated breeds between 1985 and 2016. 
The use of AI differs among breeds. In LAC flocks, AI 
rate reaches 85% (420 progeny-tested males by year), 
whereas this rate is 55% (with 30–130 males tested by 
year) in BB, MTN, and MTR (Astruc et al., 2002). 
This leads to different selection proportions among cat-
egories, as observed in Table 2; most notably, LAC has 
greater selection pressures in the “sire of” pathways. 
For all the following results, the genetic progress was 
stable for all 4 breeds only after approximately 1992, 
so some fluctuations in the results are apparent in the 
first years.

Figure 1 shows the decompositions of genetic trends 
of milk yield, in Mendelian sampling terms, contributed 
by males and contributed by females for the 4 breeds, 
in addition to the overall genetic trend. It can be veri-
fied that the genetic trend is the sum of the trends of 
Mendelian samplings contributed by males and females. 
Looking at the trends of contribution of Mendelian 
sampling by sex, the highest difference among breeds 
was between LAC and other breeds, as the contribution 
of the Mendelian sampling terms of females was greater 
than the contributions of Mendelian sampling terms 
of males in the LAC breed across the entire period. 
In 2016, LAC females and males’ Mendelian sampling 
contributions were (at the end of the genetic trends 
in 2016) 101 (69%) and 45 L (31%), respectively. The 
Western Pyrenees dairy sheep breeds (BB, MTN, and 
MTR) showed quite similar shapes of trends, where in 
all cases the Mendelian sampling contributions cumu-
lated around 50% for females and males in 2016.

Figure 2 presents the decomposition of genetic trends 
of milk yield to the contributions of each category pre-
viously defined, for each breed. The categories’ con-
tributions to the total genetic gain in the LAC breed 
differed from those of the Pyrenees dairy sheep breeds. 
In LAC, the contributions of the AI Males, Dams of 
Males, and Dams of Females were of the same order. 

Looking at the year 2016, AI Males contributed 33% 
of the total genetic gain, and the females’ categories 
contributed to the total genetic gain as follows: dam of 
males contributed 39%, and dam of females contributed 
27%. In the Western Pyrenees breeds, the AI Males’ 
category made the highest contribution to the total ge-
netic gain at the end in 2016, with 47%, 47%, and 49% 
for the BB, MTN, and MTR breeds, respectively. The 
contribution to the total genetic gain by AI Males was 
followed by that made by Dams of Males and then by 
the contribution by Dams of Females. Dams of Males 
contributed 36%, 35%, and 39% to the total genetic 
gain for the BB, MTN, and MTR breeds, respectively. 
Finally, the dam of females category contributed 19%, 
18%, and 10% to the total genetic gain in the BB, 
MTN, and MTR breeds, respectively. As expected, the 
categories that Discarded AI Males and NM Males did 
not contribute to the genetic gain in Mendelian sam-
pling terms.

Figure 3 shows the average gains in terms of Men-
delian samplings (selected for) by year of birth of the 
categories dam of males, dam of females, and AI Males. 
For example, in the AI Males category, the average con-
tribution due to Mendelian sampling in 2001 is the dif-
ference between the point at the year 2001 in the trend 
of Mendelian samplings for AI Males in Figure 2, minus 
the value from the year 2000. The average contribution 
due to Mendelian sampling for the 2 categories of dams 
(dam of males and dam of females) varied between 0 
and 2 L for the Western Pyrenees breeds and between 
1 and 3 L for the LAC breed. The generated gain was 
relatively constant over time. For AI Males, the aver-
age was between −1 and 4 L. Depending on the breed, 
males contributed equally to or more than females, 
although their contribution was more irregular because 
at any point the number of males included in the av-
erages shown in Figure 3 is smaller than the number 
of females. Similarly, less dispersion occurred in LAC 
compared with other breeds, due to a greater number 
of animals included in the averages.

The average contribution to gain due to Mendelian 
sampling terms for the 4 breeds varied between −1 and 
1 L for Discarded AI Males (randomly, as their number 
is small), and it is around 0 for NM Males (with a 
larger number). The Discarded AI Males are not “good 
enough” after progeny testing, and they stop contrib-
uting their genes. Accordingly, after initial selection 
based on parent average, NM Males were not further 
selected. Thus, no contribution was obtained through 
their progeny to the selection response.

Now we present results on genetic contributions 
(measured on a scale from 0 to 1) for the BB and LAC 
breeds. Figure 4 shows the distribution of the log10 of 
the contributions of G0 to the following generations. 
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For instance, in G7, the boxplot describes the final con-
tributions from individuals in G0 (cohort 1985–1988) 
to individuals in G7 (cohort 2013–2016), as obtained 
from Equation [2] (i.e., their average contribution ~28 
yr later). Males had greater average individual genetic 
contributions to the genetic pool of the population than 
females, in both breeds, and that is because of males’ 
larger numbers of offspring because of AI. Greater con-
tributions were observed for BB, because the number 
of animals at each generation is around 10 times lower 
than the number of LAC-contributed animals. For ex-
ample, in the last generation (G7), the total number of 
individuals is 21,656 animals for BB and 185,247 for 
LAC. Therefore contributions in LAC tend to average 
more rapidly with time.

Genetic contributions of different categories (AI 
Males, Dams of Males, and Dams of Females) are 

presented for both breeds in Supplemental Figure S1 
(https: / / doi .org/ 10 .6084/ m9 .figshare .22325413 .v1, An-
tonios et al., 2023a). In the LAC and BB breeds, AI 
Males rated the highest average individual genetic con-
tributions among all categories, followed by the genetic 
contributions of Dams of Males and then by the genetic 
contributions of Dams of Females. As mentioned above, 
the number of animals in the last generation (G7) in 
LAC is higher (10 times) than in the BB breed.

The distribution of the log10 of contributions ri is 
shown in Figure 5 (with different scales on the Y-
axis). The contributions of the males are more shifted 
to the right (the mean of ri is approximately 10−4 for 
BB males and 10−5 for LAC males), which indicates 
higher contributions for males than for females, where 
the females’ mean of ri is approximately 10−5 for BB 
and 10−6 for LAC. In the real 0-to-1 scale, the maximal 
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Figure 1. Total genetic trends for milk yield (L) and partitioning into contributions due to Mendelian samplings by sex. Breeds: (a) Basco-
Béarnaise, (b) Lacaune, (c) Manech Tête Noire, (d) Manech Tête Rousse.

https://doi.org/10.6084/m9.figshare.22325413.v1
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contributions of the males are approximately 0.09 for 
BB and 0.02 for LAC. For the females, the maximal 
contributions are approximately 0.03 and 0.01 for BB 
and LAC, respectively.

Long-term contributions (log10 of the contributions) 
were plotted against the EBV of the first-generation 
individuals to their EBV in the BB and LAC breeds 
(see Supplemental Figure S2; https: / / doi .org/ 10 .6084/ 
m9 .figshare .21973358 .v1, Antonios et al., 2023b) and 
followed the expected relationship that individuals with 
highest EBV intrageneration will have more offspring, 
increasing their long-term contribution.

The logistic regression of the selection score xi on PAi
� 

and φ̂i for females showed that both PAi
� and φ̂i were 

significant factors (P < 0.001) in promoting selection as 
a parent. Estimates of odds ratio (95% CI) for Mende-
lian samplings were 1.0309 (1.0299–1.0317) for BB and 

1.0203 (1.0200–1.0205) for LAC and, for parent aver-
age, were 1.0154 (1.0146–1.0162) for BB and 1.0149 
(1.0147–1.0151) for LAC. Odds ratio for Mendelian 
sampling (1.0309 for BB and 1.0203 for LAC) is greater 
than PAi

� (1.0154 for BB and 1.0149 for LAC). This 
means that for a one-unit (1-L) increase in ˆ,φi  the odds 
of being selected increase 3% and 2% in BB and LAC, 
respectively. In males, it was not possible to perform 
this analysis because males registered in the pedigree 
are registered because they have offspring, and there-
fore have already been selected (xi = 1), whereas the 
others go to the slaughterhouse.

Among selected animals, we analyzed which animals 
contributed over time to G7 (if ri > 0 in G7, then the 
binomial variable is equal to 1; otherwise, it is 0) in 
both sexes. Odds ratios from the logistic regression on 
PAi
� and φ̂i are shown in Table 5. In both sexes, PAi

� and 

Antonios et al.: PARTITIONING GENETIC TRENDS IN DAIRY SHEEP

Figure 2. Yearly partition of the genetic trends for milk yield into contributions due to Mendelian samplings by categories. Breeds: (a) 
Basco-Béarnaise, (b) Lacaune, (c) Manech Tête Noire, (d) Manech Tête Rousse. NM = natural mating.

https://doi.org/10.6084/m9.figshare.21973358.v1
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φ̂i were positively associated with maintaining a contri-
bution across generations conditionally on being ini-
tially selected as parent. In BB, the effect of PAi

� is 
greater than the effect of φ̂i in both sexes. However, the 

opposite was observed in LAC. This result is in agree-
ment with Figure 1. In LAC, φ̂i increases more in fe-
males than in males, and the odds of maintaining the 
contributions over time are 1% higher for LAC-selected 
females relative to males.

Antonios et al.: PARTITIONING GENETIC TRENDS IN DAIRY SHEEP

Figure 3. Average contribution due to Mendelian sampling for milk yield by year of birth of the categories Dams of Males, Dams of Females, 
and AI Males. The red horizontal lines indicate the zero value on the contribution due to Mendelian sampling, which occurs when no additional 
gain is contributed to the next generation. Breeds: BB = Basco-Béarnaise; LAC = Lacaune; MTN = Manech Tête Noire; MTR = Manech Tête 
Rousse.
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DISCUSSION

The decomposition of genetic trend into Mendelian 
sampling contributions by sex or categories showed that 
females play an important role in selection schemes. 
Across generations, females contribute to genetic prog-
ress as much as the males (BB, MTN, and MTR) and 
even more (LAC) to the final genetic gain, as shown 
in Figure 1. We interpret that, even if males are more 
heavily selected, half of their genetics come from their 
dam, whose positive Mendelian samplings are even-
tually selected and spread (often through AI Males) 
throughout the population. Indeed, this was observed 
by García-Cortés et al. (2008).

Most females are Dams of Males or Dams of Females 
(Figure 2). Dams of Males are progeny of AI Males, 
whereas Dams of Females can be progeny of AI or NM 

Males. Dams of Males are expected to contribute more 
descendants than Dams of Females because only the 
sons of Dams of Males are selected. However, a dam of 
females can be the maternal grandmother of an AI male. 
The long-term contribution of an individual is given 
by the sum over its male and female selected offspring 
(Woolliams et al., 1999). The Mendelian sampling term 
in Dams of Males is estimated from their milk records, 
and also from granddaughter records when a son is 
selected as an AI male. In Dams of Females, their own 
phenotype, the daughters’ milk records when they are 
selected as Dams of Males, and great-granddaughters’ 
records (if a dam of females is the grandmother of an AI 
male) contribute to estimation of Mendelian sampling 
term. Accurate estimates of Mendelian samplings occur 
when the animal has a large number of progeny (e.g., 
Dams of Males) or even grand-progeny (e.g., Dams of 
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Figure 4. Boxplots of log10 of contributions of males and females per generation from G0 (base generation) to G7 (the last generation) in 
Basco-Béarnaise (BB) and Lacaune (LAC) breeds. Lower whisker = minimum observation above 25% quantile − 1.5 × interquartile range 
(IQR); lower line of the box = 25% quantile (Q1); horizontal line inside the box = median; upper line of the box = 75% quantile (Q3); upper 
whisker = maximum observation below 75% quantile + 1.5 × IQR; dots outside the box = outliers, values which either exceed Q3 + 1.5 IQR 
or fall below Q1 − 1.5 IQR.



Journal of Dairy Science Vol. 106 No. 9, 2023

6285

Males and Dams of Females). This shows that dams are 
as important as AI Males in driving changes in milk 
yield.

The decomposition of genetic trend was different in 
the LAC breed compared with the Western Pyrenees 

breeds. The difference between female and male contri-
bution is greater in the LAC breed (Figure 1). In LAC, 
the fact that both categories of dams contribute to ge-
netic gain in the same order as AI Males may be due to 
a shorter generation interval (~3 yr in LAC and ~4 yr 
in BB in average for dams and AI Males, as observed 
from averages of values in Table 3) and to the intense 
use of AI in the nucleus flock (greater numbers of fe-
male progenies for the AI Males in LAC than in BB, 
Table 3). In LAC, AI Males produced a greater number 
of female offspring than in the other breeds (Table 3). 
Thus, the EBV of LAC AI Males is more accurate, and 
the selection for originality (Mendelian sampling) will 
be more efficient. Additionally, the greater offspring 
numbers of LAC AI Males make possible a more intense 
within-family selection, as shown in Table 3. The differ-
ence in the relative importance of the Mendelian sam-
pling and PAi

� between breeds across generations could 

Antonios et al.: PARTITIONING GENETIC TRENDS IN DAIRY SHEEP

Figure 5. Histograms of the log10 of the genetic contributions of males and females to the G7 (last generation) by sex in Basco-Béarnaise 
(BB) and Lacaune (LAC) breeds.

Table 5. Estimates of odds ratios, with 95% CI, from the bivariate 
logistic regression of maintenance of nonzero contributions (ri > 0 | xi 
= 1) on estimated parent average PA�( ) and estimated Mendelian 
sampling terms φ̂( ) for females and males per breed1

Variable BB LAC

Females   
 PA� 1.0334 (1.0319–1.0348) 1.0057 (1.0054–1.0061)
 φ̂ 1.0303 (1.0288–1.0317) 1.0202 (1.0199–1.0205)
Males   
 PA� 1.0496 (1.0372–1.0622) 1.0035 (1.0000–1.0069)
 φ̂ 1.0061 (0.9995–1.0131) 1.0134 (1.0109–1.0158)
1BB = Basco-Béarnaise; LAC = Lacaune.



6286

Journal of Dairy Science Vol. 106 No. 9, 2023

reflect different selection strategies in practice. Mende-
lian sampling relies on within-family selection, whereas 
parent average is more related to across-family varia-
tion. A larger family size in LAC than in BB is in 
agreement with a greater importance of within-family 
selection in LAC, which could be because it is possible 
to exercise greater selection intensities within family 
when families are larger, as is the case.

To improve a population, we need certain animals to 
be better than their parents. For this, the originality 
of the animals with respect to their parents (i.e., the 
Mendelian sampling) has to be captured. The latter is 
estimated from different sources of information: (1) own 
phenotype (milk yield for females, collected in the se-
lection scheme), (2) phenotypes of the progeny of males 
(progeny test; i.e., in the AI Males in these schemes), 
or (3) by genomic evaluation (not studied in this work, 
because genomic selection was not yet implemented in 
2016). Although the precision in capturing Mendelian 
sampling is greater in males (by progeny testing), the 
final genetic progress is largely given by the originality 
(or genetic variability) of the females, even if their pre-
diction (by own phenotype) is less accurate and their 
progeny number is smaller. This is true in this study 
and possibly in most ruminant selection schemes based 
on intensive use of AI. Note that a selected female 
can be the mother or grandmother of an AI male and 
consequently have a large number of grand-offspring. 
Moreover, because the number of eligible females is very 
high, the selection intensity to be a dam of males can 
be very high. Therefore, fine partitioning in Mendelian 
sampling trends can be interpreted as females being a 
large and easily accessible reservoir of genetic variabil-
ity for selection. Still, AI Males are crucially important 
because they allow the spread of best genetics in the 
population (Figure 4 and Supplemental Figure S1) and 
genetically connect the herds. The smaller the number 
of the animals, the greater the contributions of those 
animals will be for future years. Additionally, males 
had greater contributions than females in both breeds 
because the AI Males, despite their smaller number 
compared with the dams, contribute more than dams 
to the gene pool of the population due to their larger 
number of offspring.

CONCLUSIONS

This study decomposed the genetic gain in Mende-
lian samplings by categories of animals defined by sex 
and by selection pathways, and explored long-term 
genetic contributions. This allowed identification of the 
different contributions of categories of individuals, and 
better understanding of the selection scheme. Dams 
contribute largely to the final genetic gain by their orig-

inality, whereas AI males are crucially important in the 
spread of the best genetics in the population and make 
a proportionally greater contribution to the gene pool 
of the population. The relative weights of parent aver-
age and Mendelian sampling in selection decisions seem 
to depend on family sizes. In this study, the Mendelian 
sampling term was observed to be the most important 
factor determining the selection of a female to become 
dam and maintaining genetic contributions over time.
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