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Abstract: Development of any trait-directed selection strategy requires basic knowledge
about some important population-specific parameters such as the effective population
size (N,) and genetic connectedness among flocks. The N,, as an indirect measure of ge-
netic variability, is important for the conservation of the genome, while genetic connect-
edness is necessary for unbiased across-flock genetic evaluation. The average number of
full generations (NFG) in the reference population of the Pag sheep under selection for
dairy traits was 3.05. The N, estimated from individual coancestry rate AC;; in the last
generation was 127 animals, and the average prediction error variance of the difference in
EBVs between animals belonging to different flocks (PEVD,s ) was 0.81. Although con-
ceptually different, these two population genetic parameters may be related in the popu-
lations under selection. Although it is difficult to prove this hypothesis, we decided to test
it by regressing the partial (generational) estimates of N, on PEVD, . It was estimated
that APEVD, ; of —0.01 was accompanied by AN, of +5.5 animals. The results suggest
that strengthening genetic connectedness among flocks in populations might have a pos-
itive impact on genetic diversity; however, more research is needed before generalization.
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1. Introduction

The Pag sheep breed is a Croatian indigenous dual-purpose breed (milk-meat). Most
of the income for flocks of this population comes from milk (cheese) production; therefore,
great efforts have been made to increase the milk yield of the ewes through better man-
agement and genetics (selection). Since the breed has great traditional, cultural, and gas-
tronomic importance, it is also important to preserve its genetic variability, which is cru-
cial for its long-term survival in unpredictable future environments. Seeking genetic gain
for one or more economically important traits, modern breeding programs are usually
successful, especially when selection is based on best linear unbiased prediction (BLUP).
However, by focusing only on selection gain (by selecting animals with the highest breed-
ing values without considering their additive genetic relationship), populations are inev-
itably exposed to the loss of genetic diversity, especially in small “closed” populations
such as the Pag sheep breed. The best known strategy for balancing between selection
gain and genetic erosion is optimum contribution selection (OCS) [1,2].
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The population size of the Pag sheep is estimated to be ~30,000 (3627 under selection)
[3]. So far, studies on conformation [4], milk and cheese production [5,6], slaughter indi-
cators, and lamb meat quality [7,8] have been carried out in this population. Systematic
recording of genealogical and performance data [9] began about two decades ago with the
intention of introducing a BLUP-based genetic evaluation system [10]. From the begin-
ning, the evaluation relied on the test-day repeatability animal model. The latest estimates
of heritability for daily milk yield, fat content, and protein content obtained by the multi-
trait model were 0.32, 0.19, and 0.40, respectively [11].

In order to provide more accurate selection [12-15] and conservation of the breed,
the initial steps toward genomic selection have recently been made. In order to utilize all
recent and historical information and to provide breeding values for non-genotyped ani-
mals, the method of choice is likely to be the single-step genomic BLUP [16]. However,
prior to transition to genomic selection, especially under the framework of OCS, some
important population genetic parameters must be examined.

Genetic connectedness among flocks directly determines the success of the BLUP ge-
netic evaluation by reducing bias when comparing estimated breeding values (EBVs) of
animals from different flocks [17,18]. Therefore, various methods were developed to ex-
amine the degree of connectedness [19,20]. Monitoring the degree of connectedness is use-
ful not only to assess the risk of comparing EBVs among flocks, but also to design schemes
for consistent, long-term provision of connectedness [21,22]. Traditionally, the degree of
connectedness has been estimated exclusively from pedigrees [19,20,23,24], but more re-
cently, it can also be estimated from genomic SNP markers [25,26]. Due to the complexity
of the calculations, the estimation of connectedness has been a challenging task for many
breeders and scientists, and is often neglected in many genetic evaluation systems and
studies in quantitative genetics. The purposely developed R package for genetic connect-
edness analysis “GCA” [27] is a great recent contribution in tackling these issues.

The effective population size (N,) represents the size of an idealized population (no
migration, no selection, constant size, and large enough) that would produce the same
genetic variation as the population under consideration [28]. However, it is important to
remember that idealized populations are simplifications of reality. Real populations are
often influenced by factors such as non-random mating, mutations, gene flow, natural
selection, and small population size. These factors can cause the genetic makeup of real
populations to deviate from the predictions of idealized models. Although this parameter
relies on the theoretical expectations from pedigree [29,30] or genomic data [31], or both
[32], it is very useful for obtaining indications about direction and magnitude of change
in genetic variability in the population of interest. A variety of methods [30] can be used
to estimate N,. The most commonly used approach is the regression of pedigree-based
IBD (identical by descent) coefficients of inbreeding or coancestry on time or generation
[33-35].

Both genetic parameters discussed above are important for breeding activities in the
populations under selection, especially if the basic principles of OCS are followed. Ne-
glecting connectedness can cause problems in ranking animals based on their EBVs, and
mating closely related animals can lead to severe reduction in genetic variability. Prior to
setting a new selection strategy in this population, we aimed to estimate these parameters
in Pag sheep to detect gene flow among flocks and overuse of some individuals in repro-
duction. In addition, since there have been no previous reports on how genetic connect-
edness between flocks and N, relate to each other, we decided to investigate this relation-
ship. The results of the study provide some basic insights into what to expect from a con-
servation perspective when connectedness is strengthened or weakened.
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2. Materials and Methods
2.1. Data

All data used in the analysis (pedigree, flock allocation, and information on pheno-
type availability) were provided by the Croatian Ministry of Agriculture. Pedigree com-
prised 10,451 animals initially belonging to 74 flocks (born from 1981 to 2019). All pedigree
data were used for estimation of individual specific genetic parameters such as coefficient
of inbreeding and coancestry. However, stringent quality control measures were applied,
and only a subset of animals (n = 1446) with more than three fully known generations was
retained for subsequent analyses concerning the estimation of effective population size
(N.) and connectedness between flocks.

2.2. Statistical Analysis
2.2.1. Pedigree Quality

Number of fully traced generations (NFG) represented the number of the earliest
ancestral generation with known sire and dam.

Number of maximum known generations (NMG) represented the number of maxi-
mum generations traced (whether or not both parents are known).

Number of equivalent generations (NEG) was obtained as the sum of the propor-
tions of known ancestors of an individual over all traced generations, as follows:

nj
1
i=1

where n; is the number of ancestors of individual j, and g;; is the number of generations
between individual j and its ancestor i [36]. In this way, 1/2 is added for each known par-
ent, 1/4 for each known grandparent, 1/8 for each known great-grandparent and so on.

Pedigree completeness index (PCI), i.e., the harmonic mean of the pedigree com-
pleteness of the parents, was calculated using the following formula:

with C; and C,,, being proportions of paternal and maternal ancestors estimated, based

1 d
15
d i

where a; was the ratio of known to unknown ancestors in each generation and d was

on:

the number of generations [37].

Completeness was calculated for individuals and for groups of individuals in each
ancestral generation representing the proportion of known ancestors in each generation
(Figure 1).
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Figure 1. Completeness of the pedigree for the whole and reference Pag sheep breed population.

Reference population was set to animals born between 2008 and 2018 with constraint
imposed on animals with NFG > 3. The sliding window approach set to 4-year long peri-
ods (in accordance with the estimated generation interval) was used to estimate rate of
effective population size, rate of connectedness, and relationship between these two vari-
ables.

2.2.2. Effective Population Size (Rates)

Effective population size (N.) was estimated from the mean rate of increase in
coancestry, where the increase in coancestry between any pair of individuals 7 and j was

computed as:
gitgj

AC;=1- 7 [T-Cy,
where (;; is the kinship between i and j, and g; and g; are the numbers of equivalent
complete generations of individuals i and j [35]. The effective size was then estimated as
e = %
The effective population size rate (AN,) was estimated by regressing N, on genera-
tion number. Quality control of the pedigree and estimation N, were conducted with the
package “optiSel” [1].

2.2.3. Connectedness Analysis

Genetic connectedness between flocks, as an indirect measure of unbiased compari-
son of EBVs across flocks [18], was estimated with the “GCA” package [27] under the
framework of genetic animal model (pedigree based BLUP). A prediction error variance
(PEV) matrix was obtained from mixed model equations by assuming a standard linear
mixed model y = Xb + Zu + e, where y,b,u, and e referred to a vector of phenotypes, fixed
effects, random additive genetic effects, and residuals, respectively. The X and Z were
incidence matrices associating fixed effects (flock) and additive genetic effect (animals) to
observations, respectively. The mixed model equation of the linear mixed model was
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KX XZ_ ] [B] _ [X’y
X zZ+KWlal ~ lz'y)
2
where K was a relationship matrix and A = % was the ratio of residual and additive ge-

netic variance. The observations (phenotypes) were simulated with heritability set to 0.6.
The inverse of the coefficient matrix was given by
C—l

_X'X XZ 1'_[ctt 2
lzx Z’Z+K—1A] [c21 c22]

Then, the PEV of u was derived as:
PEV(u) = Var(ii — u) = Var(u|@) = (Z’MZ + K™1\)"! x g2 = C?2 x g2

where M =1-X(X'X)"X was the absorption (projection) matrix for fixed effects.
PEV(u) = Var(u|@i) can be viewed as the posterior variance of u. The matrix C??* was the
sub-matrix (right quadrant) of the inverse of coefficient matrix. The following connected-
ness statistics were obtained and examined:

PEVD—prediction error variance of differences in EBVs [23]. The prediction error
variance (PEV) of the EBVs was obtained from the diagonal elements of the inverse of the
coefficient matrix (C™'), and prediction error covariance (PEC;;) from the off-diagonal
elements. Using this method, the pairwise PEVDs between two individuals i and j were
calculated as shown below:

PEVD(@;-1i;) = [PEV(@;) + PEV(2;) — 2PEC(2;, ;)] = (C3* — CZ* — C7* — C7?) = 02,

and thereafter aggregated and summarized at the unit (flock) level as follows:
1
PEVD;1j1 = = Z PEVD;sj1,

where and n;s and n; were the total number of records in flocks i and j, respectively; and

2. PEVD;s; was the sum of all pairwise differences between the two flocks.
CD—coefficient of determination [20]. This statistic was obtained by scaling the in-
verse of the coefficient matrix with corresponding coefficients from the relationship ma-
trix. CD between individuals i and j was calculated as follows:
C3 + C7? — 2C%
Ky + K — 2Ky

where K;and Kj;are the ith and jth diagonal elements of K, and K;; is the relationship
between the ith and jth animal. The individual average CD was derived from the average
of CD between individuals across two units, as follows:

1
e * 2+ G =267 S PEVDyj
CDyjy =1 =A% ——————— =l-— 5= K” T
mre * S (Ko + Ky = 2Kirp) oy * N(Kuir + Kjrjo = 2K j1)
3. Results

3.1. Quality Control of the Pedigree and Formation of the Reference Population

Rams and ewes had very similar completeness of the pedigree, especially in the ref-
erence population (Figure 1). The average NEG, NFG, NMG, and PCI were 1.36, 0.89, 2.26,
and 0.29 for the whole population, and 4.12, 3.05, 6.39, and 0.79 for the reference popula-
tion, respectively (Table 1).
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Table 1. Quality control parameters of the pedigree.

Population Statistics NEG NFG NMG PCI

max 5.74 4.00 9.00 1.00

Whole population median 1 1.00 2.00 0.25
mean 1.36 0.89 2.26 0.29

max 5.74 4.00 9.00 0.97

Reference population median 4.09 3.00 6.00 0.79
mean 4.12 3.05 6.39 0.79

NEG—number of equivalent generations; NFG—number of fully traced generations; NMG—num-

ber of maximum known generations; PCI—pedigree completeness index.

The “bell-shaped” distribution of mid-parent age in the reference population is pre-
sented in Figure 2. The overall generation interval (all four paths included) was estimated
to be 4.34 years. This information was used in further analysis to create 4-year spanning
generations in the estimation of effective population size rate (AN,).

60 - female

male

40 -

Frequency (N progeny)

25 5.0 7.5 10.0
mid-parent age (year)

Figure 2. Distribution of mid-parent age in the reference population.

3.2. Effective Population Size

The estimated N, obtained from the individual coancestry rate AC;; ranged from 52
(GI) to 127 (GI;) animals. The positive rate of the effective population size (AN,) was esti-
mated at ~11 animals per year (sliding window). The N,/N,. also had a positive rate, ad-
ditionally proving the positive trend of N, due to decrease in AC (not due to change in
the “census” population size Ny¢f) (Table 2).

Table 2. Estimates of the effective population size (N,) in the reference population (sliding window

approach).

GI (Years) Nipes AC N, N/N e
8 (2008-2011) 1833 0.0096 52 0.03
7 (2009-2012) 1703 0.0083 60 0.04
6 (2010-2013) 1721 0.0069 73 0.04
5 (2011-2014) 1700 0.0066 76 0.04
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4 (2012-2015)
3 (2013-2016)
2 (2014-2017)
1 (2015-2018)

1719 0.0058 86 0.05
1740 0.0050 100 0.06
1715 0.0043 117 0.07
1457 0.0039 127 0.09

GI—generation interval; N,.;—census population size; AC —average kinship rate; N, —effective

population size.

3.3. Connectedness

3.3.1. Prediction Error Variance of Differences in EBVs Between Animals Belonging to
Different Flocks (PEVD)

Estimates of genetic connectedness among flocks obtained with the prediction error
variance of the difference in EBVs between animals belonging to different flocks (PEVD;, j,)
are presented in Figure 3. Only flocks currently included in the national selection program
were plotted in the figure, but more flocks were included in the analysis as they contribute
to formation of indirect genetic links among flocks of interest. The PEVD statistics ranged
from 0.77 to 0.86, with lower values indicating more connectedness between flocks. The
overall PEVD,,;,, was 0.81. Flock 20 was the most (PEVD,,, =0.80), and flock 12 the least,
connected (PEVD,,,, = 0.84) to the rest of the population.
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Figure 3. Estimates of connectedness (PEVD) among flocks (1,...,34) of Pag sheep breed. Lightly
colored and smaller dots (lower values of PEVD statistics) represent inversely related connectivity,

meaning more-connected flocks.

3.3.2. Coefficient of Determination of the Difference Between Predicted Breeding
Values CD)

The CD statistics ranged from 0.57 to 0.61, with lower values indicating less-con-
nected flocks. The overall CD,, ;,, was 0.59. As determined by the PEVD statistics, flock 20
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was the most connected (CD,,;, = 0.61) and flock 12 was the least connected (CD;,,, =
0.56) to the rest of the population (flocks). Correlation between PEVD and CD statistics
was practically perfect (1pzypcp = —1), indicating that these two statistics assess connect-
edness equally (Figure 4).

O ANM < LOOMNORHO NN T OO N0 O ONM<H
[aUspAnglplle] e olenl ol ot b b ot b et s AV e [N [aN [N [aN[aN[a\[aN[a\[eplepleplepTep]

’ —0.61

4 -0.61

7 0.6

19 ] 0.6

4 0.59
;

7 0.59

S 0.59

24 -0.58

0.58

%
3 -0.57

—0.57

Figure 4. Estimates of connectedness (CD) among flocks (1,...,34) of Pag sheep breed. Darkly col-
ored and bigger dots (lower values of CD statistics) represent more-connected flocks.

3.4. Relationship Between Connectedness Rate and Effective Population Size Rate

The aim of this part of the study was to examine if rates of connectedness and effec-
tive population size were related to some extent. After being convinced in equity of PEVD
and CD statistics in assessing connectedness, only the PEVD statistic was used for this
purpose. Partial connectedness per generation in the reference population
(PEVDy1 ;1 2008:2018)) Was obtained by splitting the reference population in the same man-

ner as in the analysis of AN, (“sliding window” approach). Regression of

Ne (2008-2011,...2015-2018) O PEVDy 7 (2008-2011,..2015-2018) T€vealed a negative relation-
ship between APEVD, ,; and AN,.It was estimated that a 0.01 decrease in APEVD, ;; in-
creased N, by 5.5 animals on average. Since smaller values of PEVD, ; represent better
connectedness, this result actually implies a positive relationship between connectedness
rate and effective population size rate. The estimated relationship was on the edge of con-
ventionally accepted statistical significance (p = 0.054). Due to discrepancies in number of
animals per generation used in the estimation of connectedness rate and effective popu-
lation size rate, this result is not completely conclusive and only represents preliminary
indication on this issue. Although it seems logical, caution is needed in inferring that this
result (relationship) holds for other populations of domestic animals, especially those sub-
jected to strong selection pressure via usage of artificial insemination (small number of
superior sires). Generalization of this relationship still needs to be proven, even in this
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population, preferably by including genomic data of the rates of connectedness and effec-
tive population size in the analysis.

4. Discussion

Since its conceptualization by Wright [28], N, has been one of the key parameters in
population and quantitative genetics. Since the rate of coancestry and, consequently, the
estimates of N, and AN, obtained from genealogical records are accurate insofar as the
quality of the pedigree, a thorough control of the pedigree completeness had to be carried
out in order to establish a reference population of animals with sufficient ancestral infor-
mation. “Poor” completeness of the overall pedigree was in accordance with our expecta-
tions, since the recording of genealogical data and performance records in this population
started only two decades ago. The main reason for low-numbered quality parameters was
the very old animals with no prior ancestral information, but these were discarded from
the reference population used in the estimation of population-specific genetic parameters
such as AC, N, and AN,. The reference population comprised animals born from 2008
onwards, with the NEG and NFG averaged at 4.1 and 3.0 generations, respectively. The
GI estimated in this population (4.34 years) was consistent with the GI found in Spanish
and French dairy sheep breeds, as reported by Granado-Tajada et al. [31] and Rodriguez-
Ramilo et al. [38], respectively. However, it was notably higher than the average GI re-
ported for the majority of meat and multi-purpose breeds globally [39-41].

Thinking of the N, as the size of a population that would experience the same rate
of genetic drift as in the observed population, we had no prior expectations about the true
value of N,. In the most recent 4-year period, the N, was estimated at 127 animals, rep-
resenting 9% of the census population. In the most distant period, these numbers were 52
and 3%, respectively. The effective population size rate (AN, ) was estimated at ~11 animals
per year. This value exceeded our expectations given prior observations of this parameter
in the more inbred Istrian sheep population [42]. After double checking and looking for
additional information from the “field”, it has been confirmed that this positive rate has
been a resultant of breeders” awareness about potentially negative impacts of inbreeding,
i.e., their actions to avoid close inbreeding in their flocks. Given our advocacy for inbreed-
ing avoidance to prevent genetic erosion, we are encouraged by the observation that many
breeders appear to be incorporating basic optimal contribution selection (OCS) principles
into their mating plans. The observed adherence to basic optimal contribution selection
(OCS) principles in mating plans by some breeders promises to contribute positively to
minimizing inbreeding and mitigating genetic erosion within the breed.

Even though the breeders are regularly (1) provided with the EBVs for several dairy
traits, (2) advised how to select replacement animals to improve a particular trait, and (3)
advised how to mate animals to avoid inbreeding, they are not obliged in any way to
follow the recommendations, and practically have full autonomy in their selection deci-
sions. However, the results imply that breeders take care of relationships among the ani-
mals they mate. By carefully planning the selection of replacements (rams), either from
their own flocks or purchasing them from other, usually nearby, flocks they reduced the
level of inbreeding in the last couple of years. However, with OCS, genetic contributions
of selection candidates to the next generation could be optimized by balancing between
maximizing genetic gain and restricting mating of closely related animals. We could de-
bate here whether such estimated N, truly reflects its core definition and whether some
other statistics represent a better choice. The observed increase in N, warrants some seri-
ous considerations. While theoretically, in a closed population without immigration or
strong mutation occurrences, N, should not increase and is more likely to decrease due to
genetic drift and inbreeding, the pedigree-based methodology could allow such counter-
intuitive results. Namely, pedigree methods for estimation of N, rely on coancestry or
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inbreeding rates, which can undoubtedly produce results that appear illogical. In this case,
it might be more accurate to suggest that the avoidance of closely related animals led to a
lower inbreeding rate rather than a true increase in N,. This perceived increase may be an
overestimation of the true N, in the recent period, and vice versa, underestimation in dis-
tant periods. A contributing factor for lower N, in distant periods might be to incomplete
pedigree records, but we tried to minimize this by carefully constructing the reference
population. Since missing ancestral data can lead to an underestimation of past diversity
and population size, the apparent increase in N, might reflect improvements in pedigree
completeness and data quality over time, rather than a real biological change in the pop-
ulation’s effective size. While pedigree-based methods have been useful, it seems that ge-
nomic approaches will be essential for more accurate and reliable estimation of population
genetic parameters.

The second part of the study was devoted to the analysis of connectedness between
flocks. In any between-flock genetic evaluation system, it would be ideal if breeders could
compare genetic merits of all individuals in the population, regardless of their belonging
to different contemporary groups. This is often problematic in many breeding programs
for sheep due to little or no genetic connectedness between contemporary groups (flocks).
Hypothetically speaking, this issue could be neglected only under the belief that genetic
relationships between animals completely describe phenotypic variability of the popula-
tion in question, which is never the case (the expression of the phenotypes of complex
traits is highly affected by environmental effects). The repercussions of disconnected
flocks in a between-flock BLUP genetic evaluation system, and the question of how to
strengthen connectedness have been discussed in several previous studies [21,22,43,44],
so our intention here was not to address the same question. Our hypothetical question
within this study was “Can genetic conservation programs collaterally benefit from ac-
tions taken to genetically connect flocks for the purposes of more accurate genetic evalu-
ation?” Even though the connectedness was examined in this study by two statistics, due
to their high correlation, only the PEVD was used to answer the above question. Before
proceeding to the main finding of the study, we would like to address the problem of
“benchmarking” a pairwised connectedness based on PEVD and the CD statistics that
present the most accurate measures of connectedness. Although being useful in revealing
which flocks are more connected in the population under consideration, they do not quan-
tify the absolute bias in ranking EBVs (animals) from different flocks. The results obtained
pertaining to connectedness analysis were therefore inconclusive in terms of bias of ge-
netic evaluation in this population, but fortunately, we could still use them to answer our
basic question by considering only their estimated rates (pairwise change in connected-
ness and AN, per generation). Regressing N, on PEVD,s 1 o (=18) revealed a posi-
tive relationship between these two variables. However, the estimated slope of the above
regression differed insignificantly from 0 (p = 0.054). The estimated increase of 5.5 animals
(N,) for every 0.01 decrease in APEVD,  in this population could have occurred by
chance or due to an unknown temporal factor, and, to avoid any misinterpretation, we
detected here only relationship, not causality. Even though we tried to keep the same an-
imals included in the estimation of N, and PEVD, (@ Some discrepancies still oc-

curred due to computational reasons which could have compromised the results to some
extent. However, most of the information overlapped and probably provided enough con-
clusive evidence. In such a constellation of the data, and according to our results, we can
only hypothesize that exchange of sires among flocks (measured in the connectedness sta-
tistics) reduced the chances of breeding genetically related animals, which led to a lower
rate of inbreeding. In order to get more straightforward answers to our scientific question,
the best option would probably be to conduct a specially designed simulation study. We
would like to emphasize that this result was obtained in a population under natural
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service and moderate selection pressure. Populations subjected to strong selection pres-
sure through artificial insemination could “behave” differently on this issue, but this re-
mains to be answered. Based on these results, we can still only hypothesize that strength-
ening connectedness could be beneficial from a conservation point of view, but generali-
zation of this relationship remains to be proven in some other livestock populations or via
simulation.

Estimation of connectedness is challenging, but novel solutions such as the GCA
package [27] should ease this task, so we hereby encourage scientists and breeders to con-
duct these analyses in their populations. Also, we hereby advocate the need to strengthen
connectedness in any population subjected to BLUP genetic evaluation, and the best-
known schemes purposely designed to do so in the populations under natural service are
the “circle rams” [21] and the “sire referencing scheme” [22]. According to some claims
related to the benefits of genomic selection, usage of SNP marker information in genetic
evaluation can compensate for poor connectedness, but this has not been scientifically
proven yet, especially under the framework of the most-used methodology in contempo-
rary breeding programs (single-step genomic BLUP). Transition to genomic selection in
this population, which will take place in the very near future, will probably provide more
answers on this issue.

5. Conclusions

The results of the study show that breeders of the Pag sheep breed exchange breeding
animals (rams) between the flocks and avoid close inbreeding in their flocks, but to take
full advantage of modern science in order to provide selection gain on milk yield with
minimal loss of genetic variability, the implementation of systematic OCS is recom-
mended. These are the first scientifically based results on the relationship between rates
of connectedness and effective population size in animal populations. According to the
present results, strengthening genetic connectedness has a positive impact on the conser-
vation of genetic variability in populations under selection. However, it remains unclear
if this phenomenon is being limited to the initial stages of ram replacement, and poten-
tially reversing later. Therefore, for generalization of the results, additional research is
needed, preferably on simulated data, in other sheep populations, and under the frame-
work of genomic selection.
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