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Abstract

The rare pig breed Danish Landrace originating from the period prior to 1970, is critically
endangered. The aim of this thesis was to assess the current genetic status of the breed and to
evaluate its future prospects under the implementation of optimum contribution selection (OCS)
in combination with the use of cryopreserved donor semen.

Pedigree data were analysed and two OCS scenarios were simulated: one including only the
currently active breeding animals, and a second scenario incorporating the option to use donor
semen.

The pedigree completeness index (PCI) across six generations was estimated at 0.66 and showed
pronounced fluctuations over time. The effective population size was calculated to be 18.85.
The mean inbreeding coefficient in the most recent generation was 0.154. OCS without donor
semen was predicted to result in an inbreeding coefficient of 0.16 in the subsequent generation,
whereas inclusion of donor semen reduced the expected inbreeding coefficient to 0.10 These
results indicate that the use of cryopreserved donor semen is strongly recommended to mitigate
further inbreeding.

However, the relatively low PCI together with multiple inconsistencies within the pedigree data
limited the reliability of the analyses. This highlights the need for improved pedigree recording

to enable accurate breeding plans and effective decision-making for breeders.
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1. Introduction

1.1 Genetic resources

The conservation of livestock genetic diversity has become an increasingly urgent priority as
many traditional native breeds face rapid declines in population size. Modern breeding programs,
while successful in improving production efficiency, have contributed to the genetic
homogenization of commercial livestock populations and the marginalization of local breeds.
According to the Domestic Animal Diversity Information System (DAD-IS), 53.11% of local
European breeds were classified as at risk of extinction as of 31 December 2024. Among
European pig breeds, 33.74% are already extinct, 8.64% are categorized as critical or critical-
maintained and 16.87% are endangered (20 May 2025). This decline is often attributed to the
lower production performance of local breeds compared with modern commercial lines.

(Johanna Wider, 2023; Szekeres et al., 2016a).

The potential loss of such breeds presents two major concerns. First, we risk losing our cultural
heritage. Second, we may also loose of potentially valuable genetic resources that could be
reintroduced into modern animal lines should challenges such as inbreeding depression, disease
outbreaks, or other demographic bottlenecks arise (Meuwissen, 2009a) Moreover, older breeds
may offer adaptive traits useful for coping with changing climatic conditions (Gradinaru et al.,

2018).

International and national institutions, including the Food and Agriculture Organization of the
United Nations (FAO) and, in Denmark, the Danish Agricultural and Fishery Agency, maintain
databases documenting remaining breeds and Population numbers. These organizations also
coordinate conservation programs and provide breeding guidelines (FAO, 2011). In Denmark,
the national gene bank is managed by the Danish Agricultural and Fishery Agency.

In 2007, Denmark, together with 108 other countries, signed the Interlaken Declaration and
adopted the Global Plan of Action for Animal Genetic Resources, which aims to halt the loss of

livestock genetic diversity (FAO, 2007).

Conservation approaches include both in situ (on-site) and ex situ (off-site) strategies. Ex situ
conservation involves, for example, cryopreservation or the establishment of independent

subpopulations using founders from different small groups (Fernandez et al., 2016; Kumar



Chandrakar et al., 2016). In situ conservation may include controlled crossbreeding with closely
related breeds to alleviate inbreeding (Meuwissen, 2009b).

The Danish Landrace originating from the period prior to 1970 (DL-1970) is currently classified
as a critically endangered pig breed in Denmark. The breed traces back to structured Danish
breeding programs initiated in 1906 and was historically selected for high bacon production,
contributing substantially to Denmark’s pork export industry. DL-1970 pigs are pure white, long
and slim with slightly arched backs, long ears, straight snouts, and well-developed hams. Their
meat is darker, more tender, and more flavorful than that of modern Danish Landrace pigs
(Landbrugstyrelsen, 2025,Szekeres et al., 2016a)

Around 1970, breeding objectives shifted toward more intensive production traits, and
crossbreeding with landrace populations from other countries became common from the 1980s
onward. As a result, only a small number of original purebred DL-1970 animals remained, and
the breed became endangered (Szekeres et al., 2016b). DAD-IS reported a maximum population
of 43 and a minimum of 28 animals in 2023 (DAD-IS, 2025). However, population estimates

vary, with some reports as low as five sires and three dams (Simon Kolind, 2025).

A genetic analysis conducted in 2016 by Aarhus University and the Danish Committee for
Animal Genetic Resources found that DL-1970 animals are closely related to modern Danish
Landrace, (Szekeres et al., 2016a), The study reported an average inbreeding coefficient of 12%,
which is not unusually high in isolation but is concerning given the small population size and the
associated rapid increase in the rate of inbreeding. The researchers also identified two genetically
distinct DL-1970 groups within the living population and the cryopreserved genetic material: the
active population and a group originating from the Tylstrup resource population (Szekeres et al.,
2016a)

In 2022, Nielsen & Kargo performed an optimum contribution selection (OCS) analysis on 53
DL-1970 pigs (7 boars, 46 sows). They concluded that OCS could reduce the rate of inbreeding
more effectively than random mating however, the living population of DL-1970 has continued

to decline in recent years (Nielsen & Kargo, 2022).

1.2 Objective of the thesis

The aim of the thesis is to investigate the current status of DL-1970 with respect to conservation
of the breed and to investigate if optimal contribution selection using active boars can reduce rate

of inbreeding or if inclusion of semen stored in the genebank is needed.



2. Breeding and Conservation

2.1 Basics of Breeding

Modern quantitative breeding relies heavily on the breeder’s equation for predicting genetic
gain:

L* T4 % 0g
AG = ——
L

Where AG = annual genetic gain, i=selection intensity, ria = Accuracy between observed breeding values and true

breeding values, g,=expected genetic standard deviation of the population, L= generation interval (Lush, 1937)

The breeder’s equation emphasizes the connection between genetic gain and parameters of the
breeding program such as selection intensity, prediction accuracy and genetic in a population. It
is clear from breeder’s equation that size of genetic variance is important to be able to obtain

genetic gain.

2.2 Inbreeding

Inbreeding is unavoidable in any real diploid population and occurs when an individual inherits
alleles that are identical by descent (IDB) through a common ancestor.

Increased inbreeding leads to higher homozygosity and reduced heterozygosity, causing
inbreeding depression—manifested as a reduction in the mean performance of traits across the

population (Douglas S. Falconer, 1989). Where F is the inbreeding coefficient

1ni—1
F=) 2 (+E
i2

Where n_1i is the number of meiosis traced in loop 1, and Fa; is the inbreeding coefficient of

shared ancestors A in loop 1 (Wright, 1938)

In pigs, inbreeding depression may result in reduced sperm quality, lower litter weights,

decreased growth rate and altered backfat thickness (Tsheten et al., 2023; Zhang et al., 2022). In

in other species such as dairy cattle, it affects milk yield and survival (Thompson et al., 2000).

The rate of inbreeding (AF) is directly linked to the loss of genetic variance according to:
Var(a) = (1 —F) xV,

F= inbreeding coefficient, V_a=additive genetic variance, (Douglas S. Falconer, 1989)



Which together with the breeder’s equation shows that our genetic variance will decrease in the
pursuit of genetic gain.

And can be calculated with the following formula

Fe—Fe—q
1-Fr—q

AF = Equation 1

Where F; is the inbreeding coefficient in generation t and Fi the inbreeding coefficient in

generation t-1.

In conservation the recommended level of inbreeding of each generation is preferably below 1%

per generation to minimize the loss of genetic diversity (Charles Smith, 1984).

2.3 Methods for Controlling Inbreeding

Random selection is the simplest breeding strategy, involving the random choice of mating
partners. However, it produces no directed genetic improvement and will increase inbreeding
because of genetic drift. In small populations with limited mate choice and skewed sex ratio, this
process would be even more accelerated. Random selection does not adjust for existing
relatedness and is not giving a representable picture for populations under artificial selection

programs (M. A. Toro et al., 1988).

Minimum coancestry (MC) is a method where mating pairs with the lowest mutual relatedness
are selected for mating ( Toro et al., 1988). While MC can delay inbreeding for one generation,
its long-term effectiveness is limited, because if often leads to the next generation being highly

inbreed (M. A. Toro et al., 1988; M. Toro & Pérez-Enciso, 1990)

Optimal contribution selection (OCS) has two different approaches:

(1) Meuwissen’s approach, which restricts the rate of inbreeding to predefined levels
(Meuwissen, 2009b)

(2) Henryon et al. (2015) approach, which applies penalties to average relationships.
Both are based on the framework proposed by Wray and Goddard (1994).



Meuwissen used the formular
Geyr = ¢tEBV;
Where EBV,=vector of BLUP estimates the breeding values of the candidates for selection in
generation t.
Ac,= vector of genetic contributions of the selection candidates to generation t+1.
G.+1= the genetic level of the next generation of animals.

The optimum c; for the highest G;,, is given when
1
! —_——
Qc = >
Where Q= known incidence matrix for the sex and %2 a vector of halves of the order 2.

And given the constraints

_ CiAic;
t+41 B

A= the matrix of additive genetic relationships among selection candidates in generation t. (T.

H. E. Meuwissen, 1996)

In Henryon’s approach are the restrictions within the possible optimisation as of the fixing
elements ¢ and P(Henryon et al., 2015).

Henryons approach is maximising the quadratic function, U, with respect to ¢
w
U=c'a- z (c + Pv)'A(c + Pv) Equation 2

c= vector of genetic contributions to the new cohort and the numbers of matings allocated to each
candidate is a linear function of these contributions.

a= a vector of BLUP-Breeding values.

w= penalty applied to the average relationship of the current generation.

L= generation interval

v= vector of lifetime breeding profiles or expected relative contributions to future age-class of animals in
the current generation.

A= a matrix of additive genetic relationships.

P = a matrix of contributions to each age-class of animals in the current generation.
OCS avoids selecting a single male excessively because self-relationship, weighted by the

number of offspring, will contribute very heavily to the average relationship of the selected

parents (T. Meuwissen, 2009b).
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Table 1. Pro and contra of MC against OCS

Pro Con

MC Easy to use, fast, no genetic Not a long-term solution,
improvement

oCS Long-term solution, lower More computational
gain than Truncation expensive, higher
selection, but possible to requirements towards the
still improve the breed Pedigree

OCS is widely used across species for conservation purposes (Gourdine et al., 2012; T.
Meuwissen, 2009b; gkorput et al., 2022, 2023; Tarrés et al., 2006; Zhao et al., 2024).

Zhao et al. (2021) investigated the long-term effects of Truncation selection and OCS
conservation methods. They compared Random selection, truncation selection and OCS either
pedigree data or genome information. They found that OCS in general was the best method of
keeping the highest degree of genetic improvement while at the same time minimising the
increase in rate of inbreeding. Moreover, OCS with selection based on genomic relationship
matrix, was a better choice if the goal was to achieve the best genetic gain and conservation of
genetic diversity. Compared to pedigree-based OCS which lead to a higher genetic gain, but at
the same time higher increase in the rate of inbreeding.

-Examples of using OCS include the Faroese horse, where Kettunen et al. (2022), quantified the
degree of inbreeding, effective population size and probability of gene origin, in order to assess
the feasibility to conserve the Faroese horse. They found that the Faroese horse had extremely
high average inbreeding (26.87%) and a very low effective population size of 8. They concluded
that OCS was a promising tool to control the increase in average relationships in the breed and
help to increase the effective population size by lowering the increase in the rate of inbreeding.
Other examples include -the Jutland Horse, where Nielsen & Kargo( 2020), preselected Sires
based on the lowest average relationship to the active breeding females. The conclusion was that

preselection of sires using OCS reduced rate of inbreeding.
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-in the Black Slavonian pig Skorput et al. ( 2022), attempted to balance both genetic
improvement and maintenance of diversity. where OCS proved effective but noted some

practical problems from low pedigree completeness and data accuracy.

2.4 Effective population size

Wright (1938) defined the effective population size (Ne) as “the number of breeding individuals
in an idealized population that would show the same amount of dispersion of allele frequencies
under random genetic drift or the same amount of inbreeding as the population under
consideration.”

A common estimator of Ne based on census numbers of breeding animals is:
4x Nm=* Nf
Ne = —————
Nm+ Nf
Nm = number of breeding males used in the last four years, Nf = number of breeding females in the same period.

This formula highlights the drastic effect of skewed sex ratios on Ne, but does not account for

relationships among individuals and therefore often overestimates Ne.

A more accurate estimator uses the rate of inbreeding:
1
2% AF +L

AF = annual increase in inbreeding L = generation interval (Douglas S. Falconer, 1989).

Ne Equation 3

Thus, rate of inbreeding also provides insight into the effective population size and the spread of

deleterious alleles with negative implications for future genetic gain (Woolliams et al., 2015).

Estimating effective population size using linkage disequilibrium between marker pairs is
another genomic approach which has proven effective (T. Meuwissen, 2009c; Qanbari et al.,

2010),

2y —
E(R )_4Ne*c+1

c=recombination rate between the markers. R°=linkage disequilibrium between the two markers.

Effective population size can also be calculated from the kinship:
12



ACU:].— g ’1_Cij

Where c¢jj is the kinship between I and j and g; and gj are number of equivalent complete

generations for individuals I and j, so the effective size is then
1

Ne = Y Equation 4
Effective population size may differ substantially from the actual population, depending on
breeding practices and historical bottlenecks. For example, Ne estimates for Holstein cattle in
Denmark and Germany are approximately 49 and 52, (Koenig & Simianer, 2006; Serensen et al.,
2005a), whereas the U.S. Holstein population has been estimated at 71 (Kim & Kirkpatrick,
2009). This despite the total population of Holstein Cattle in Denmark according to Nordisk
Avlsvaerdi Vurdering was 340.000 Cows.

2.5 Possibilities with Genomic Data

Increasingly affordable genetic testing has expanded the use of SNP chips and whole-genome
sequencing (WGS) for OCS (Eusebi et al., 2020; T. Meuwissen, 2009¢). Dense SNP data
typically provide more precise relatedness estimates as well as a generally more precise picture
of the state of the breed than pedigree data alone (T. Meuwissen, 2009b). However, SNP chips
designed for commercial breeds may introduce ascertainment bias when applied to small or rare
breeds, making WGS preferable (Eusebi et al., 2020).

OCS with Genomic data for relationship matrix promises to improve the calculations.

With genomic assessment, it is not only possible to identify the within breed relationships but
detect the detection of breeds in a pool of genotyped animals and to estimate the breed

proportions in each admixed animal. (Guldbrandtsen et al., 2020)

13



3. Material and method

3.1 Software and Computational Tools

Optimum Contribution Selection (OCS) was performed using the freely available program
EVA(Berg et al , 2006). Pedigree preprocessing and quality control were conducted in R using
the package “OptiSel”’(Wellerman 2019) which provides functions for pedigree cleaning,
relationship matrix construction and inbreeding estimation.

EVA requires the pedigree to be divided into discrete time steps. In this study, a time step length
of six months was chosen, starting prior to the birth of the first recorded animal in the pedigree

(1 January 1983). Thus, time step 1 covered the period from 1 January 1983 to 2 July 1983, and
time step 2 from 3 July 1983 to 1 January 1984. The total number of time steps was selected ad
hoc to keep the number as low as possible while ensuring that no offspring was assigned to the

same time step as its parents.

3.2 Dataset and pedigree

The dataset and pedigree was extracted from the Danish Agricultural Agency database, where
breeders register births of all DL-1970 piglets. The pedigree included 1,466 individuals born
between 1983 and 2025. In total there were 1051 dams, 401 Sires and 14 animals with unknown
sex.

Each record contained parental information, sex, birth date, farm of origin, and a unique nine-
digit identifier composed of the farm ID, date of birth, and a farm-specific individual code. As
well as a list over the stored sperm in the Gene bank. The dataset therefore represents the most
complete available pedigree snapshot at the time of extraction September 2025. The health and
current availability of these animals are unknown, which must be considered when interpreting

the results.

3.3 Pedigree cleaning
Quality control revealed several inconsistencies including individuals listed as their own sire,
animals with offspring born before their own birth date, missing sex information, and individuals

recorded as producing offspring at biologically implausible ages (e.g. one month after birth).

These inconsistencies likely resulted from data entry errors by breeders or registry personnel.

14



A total of 47 individuals were removed to enable reliable downstream analyses, resulting in a
final pedigree of 1,419 individuals used for OCS. It should be emphasized that the dataset
reflects the state of the registry at the time of extraction; subsequent corrections or updates may

have occurred and some of the identified errors may since have been resolved.

3.4 PCI

Pedigree completeness index (PCI) is a measurement of the proportion of paternal and maternal

indices (Maccluer et al., 1983). PCI where calculated with the formula:
2C#Crm
2Cr+Cy

PCI =

Where Crand Cy, denote the proportions of known maternal and paternal ancestors, respectively.

These proportions were computed as:

C= %Z?ﬂ ai
Where a; was the ratio of known to unknown ancestors in each generation d is the number of
generations(Kasap et al., 2021). In this study, PCI was calculated considering 6 generations
back in time(Serensen et al., 2005b) and individuals who had a PCI over 6 generations below 0.6

were excluded from consideration as breeding candidate.

3.5 Inbreeding and effective population size

The inbreeding coefficient for each animal was computed by EVA and found in the output file.
Effective population size was computed in 2 different ways

1. with equation 3 (see paragraph 2.3).

2. from the mean increase in coancestry, of the whole population, The coancestry between

individual 1 and j was computed as:

9itgj

ACi]‘ =1 g ’1_Cij

With the Optisel call pedIDB. Kinship coefficients where calculatet for all individuals in the
pedigree.

Which lead to computing Ne as Ne = % where Ac is the average increase in kinship

15



3.6 OCS

The OCS methodology applied in this study follows the framework proposed by Henryon et al.
(2015) with modifications reflecting the primary objective of breed conservation rather than
genetic improvement. Consequently, optimization based on estimated breeding values (EBVs)
was omitted (see Equation 2, Section 2.3), placing full emphasis on penalizing inbreeding.
Genetic contributions were therefore optimized to minimize average relationships rather than to
maximize genetic gain. This resulted in the following reduced equation as also used by Nielsen

and Kargo (2010):
W ,
U, = Z (c+Pv)'A(c+ Pv)

c= vector of genetic contributions to the new cohort and the numbers of matings allocated to
each candidate is a linear function of these contributions.

w= penalty applied to the average relationship of the current generation.

L= generation interval

v=vector of lifetime breeding profiles or expected relative contributions to future age-class of
animals in the current generation.

A= a matrix of additive genetic relationships.

P = a matrix of contributions to each age-class of animals in the current generation.

Two OCS scenarios were evaluated. In the first scenario, only animals from the current living
population were considered for selection. Specifically, animals born in 2023 and 2024 were
eligible, comprising 12 sires and 34 dams.

In the second scenario, OCS was performed with the inclusion of boars represented in the
national gene bank, adding 10 cryopreserved boars born between 1996 and 2017
(Landbrugstyrelsen, 2025), resulting in a total of 22 sires and 34 dams.

Boars were restricted to a maximum of 34 matings each, corresponding to the number of

available dams, while dams were restricted to a single mating.

16



4. Results

4.1 Breed status and pedigree quality

The PCI over 6 generations mean was 0.66. The trend of PCI over birthyear (see Figure 1)
reflects fluctuations in data quality, which may influence the observed patterns of inbreeding

over time.

0.75

0.50
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0.25

0.00

1985 1990 1995 2000 2005 2010 2015 2020 2025
Birth Year

Figure 1 Average PCI by birth year

Overall, these results indicate that the pedigree information was of feasible quality for most of

the breeding individuals.

4.2 Average Inbreeding

The pedigree analysis revealed an average inbreeding coefficient of 0.154 for the most resent
generation of animals so from the second half of 2024, with the highest individual inbreeding
coefficient reaching 0.175. The trend of average inbreeding coefficient, based on birth year, is

shown in Figure 2.
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Figure 2, Average inbreeding coefficient over birth year for boars and sows

The average inbreeding coefficient varies a lot over the years, with some down trends, but no
clear trend in one direction.

Table 1 shows the last 7 timesteps from the second halve of 2021 up to the end of 2024, their
Corresponding average inbreeding coefficients, change in inbreeding and Ne.

Where we can see that they have changed between a state of inbreeding and outbreeding. With

no real Trent in the recent timesteps.

Table 2. Timesteps of a 6 month time frame were used to group the animals, N amount of animals, F_a average
inbreeding coefficient in the Timestep, dF delta F of the timestep, Ne effective population size calculated with

equation 3, page x

Timestep N Fa dF Ne
78 11 0.18 0.09 5.53
79 34 0.11 -0.09 -5.78

80 6 0.13 0.02 23.49
81 5 0.14 0.02 32.15
82 23 0.11 -0.04 -11.80
83 12 0.16 0.06 8.61
&4 11 0.15 -0.01 -76.06

18



the Ne for the current population calculated via equation 4, paragraph 2.3 was estimated at Ne
=18.85.

In Figure 3 can we see that the Average inbreeding coefficient of both sexes are fairly close to
each other, apart from a few outliers, like in 2013 where the female inbreeding where

significantly higher.

Table 3. Year the birth year of all N animals, with the Sex Male 1 or female 2. And the annual

mean inbreeding coefficient Mean F

Year Sex Mean F N Sex Mean F N
2016 1 0.171 7 2 0.155 32
2017 1 0.082 4 2 0.187 21
2018 1 0.185 3 2 0.189 25
2019 1 0.098 10 2 0.105 33
2020 1 0.117 14 2 0.129 44
2021 1 0.110 2 0.127 33
2022 1 0.179 5 2 0.106 35
2023 1 0.123 2 0.111 19
2024 1 0.150 5 2 0.159 18

total 0.182 390 0.171 1029

0.3

5

.9

E 0.2

[&) Sex

£ 1

—>

£

E 0.1

o

=
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Figure 3. mean inbreeding coefficient over brith year for each sex, where 1 is male and 2 female



4.3 OCS without frozen sperm from the gene bank

By applying OCS with 34 sows available for mating, 8 out of 12 males were selected. Most

matings were assigned to the boars with the lowest relationship to all potential females (table 2).

Tabe 4. No of matings pr Boar (ID) previous offspring (Prev. offspr) and Relationship with all Males and

Females

ID N.matings Prev.offspr Rel.males Rel.females
901000123 3 0 0.5523 0.4497
901000223 3 0 0.5523 0.4497
901001023 3 0 0.5523 0.4497
901001123 3 0 0.5523 0.4497
901001223 3 0 0.5523 0.4497
167008623 0 4 0.5461 0.4425
167008724 4 0 0.5113 0.4302
901001624 3 0 0.4932 0.4461
869001824 12 0 0.386 0.367
901001323 0 0 0.5706 0.4614
907000324 0 0 0.5855 0.4527
907000424 0 0 0.5855 0.4527

Under random mating we would expect an average inbreeding of the progeny corresponding to

0.22, which we could reduce to 0.16 by using OCS.

4.4 OCS with frozen sperm from the Gene bank

Incorporating cryopreserved semen from the national gene bank expanded the pool of male

candidates from 12 to 22. With the gene bank donors OCS choose only 6 boars compared to 8

without the gene bank donors (table 3). Again, OCS selected the ones with lowest relation to all

females in the population
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Table 5. No of matings per boar (ID), previous offspring (Prev. offspr) and Relationship with all Males

and Females. Sperm donors from the gene bank are in light grey.

ID N.matings Prev.offspr Rel.males Rel.females
371002994 5 1 0.3546 0.2098
371003994 5 8 0.3526 0.2071
371004394 6 0 0.3526 0.2071
371006994 6 15 0.3526 0.2071
371007994 0 9 0.3653 0.2247
371009594 6 0 0.3526 0.2071
371009994 6 0.3526 0.2071
340034798 0 12 0.396 0.2518
269002614 0 18 0.3886 0.3592
188001015 0 1 0.3729 0.3491
901000123 0 0 0.4106 0.4497
901000223 0 0 0.4106 0.4497
901001023 0 0 0.4106 0.4497
901001123 0 0 0.4106 0.4497
901001223 0 0 0.4106 0.4497
167008623 0 4 0.4411 0.4425
167008724 0 0 0.4221 0.4302
901001624 0 0 0.3729 0.4461
869001824 0 0 0.3058 0.367
901001323 0 0 0.4575 0.4614
907000324 0 0 0.4456 0.4527
907000424 0 0 0.4456 0.4527

With random mating we expect an average Inbreeding of 0.17, which is considerably lower than

without usage of donor sperm (022). Using OCS reduced the expected average inbreeding to

0.10.

5. Discussion

5.1 Key Challenges and limitations of the Analysis

Several limitations must be considered when interpreting the results of this study. First, the

pedigree cleaning process inevitably resulted in the removal of individuals with inconsistent or

biologically impossible records(e.g. offspring born before their parents). While necessary to
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ensure analytical accuracy, the removal of such individuals may have introduced gaps in the
pedigree that artificially reduced estimates of relatedness.

This effect is reflected in the relationship between the PCI and the average inbreeding
coefficient, where declines in PCI coincide with decreases in the estimated inbreeding coefficient
(Figure 4). The pronounced dip in the inbreeding coefficient around 2012 may be associated with
the use of cryopreserved donor semen; however, incomplete pedigree information and the low

PCI of several individuals may also have contributed to this pattern.
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Figure 4. average PCI and Average inbreeding coefficient pr birthyear together

Nielsen & Kargo (2022) reported a substantially higher PCI across eight generations (Figure 5),
with markedly less fluctuation compared to the results obtained in the present study. This
discrepancy suggests that the observed instability in PCI is more likely attributable to differences
in the pedigree dataset at the time of extraction rather than to deficiencies in the pedigree itself.
The datasets were extracted at different points in time and it was not possible to investigate the
origin of these differences further due to time constraints and limited access to personnel

responsible for database maintenance.
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Figure 5. Pedigree completeness index over 8 generations, from year 1983 to 2019 (Copied from
Nielsen & Kargo 2022)

The actual reproductive status, health, and availability of the animals included in the pedigree
remain unknown, as such information is not recorded in the database. Consequently, the practical
implementation of the proposed mating strategies may deviate from the theoretical outcomes

presented here.

A further concern relates to the quality of cryopreserved semen. Much of the stored material is
approximately 30 years old, originating from periods when freezing protocols were less efficient
than today. Fertility rates for frozen boar semen have improved from 60-70% historically to 70—
85% with modern methods, (Knox, 2015) because of improvements in freezing methods, as well
as thawing and insemination method (Yeste et al., 2017) . As a result, the practical usability of
certain donor boars identified through OCS may be limited and successful insemination cannot

be guaranteed.

Additionally, the estimation of Ne using Equation 3 yielded implausible values, including
negative estimates or values exceeding the census population size. This limitation arises from the
simplicity of the model, which does not account for overlapping generations and it is a fairly
simple model to calculate Ne. Moreover, uncertainty remains in the estimated inbreeding

coefficients due to the low PCI6 observed for a substantial proportion of individuals.

Frozen embryos were not considered in this study and could represent an additional conservation

opportunity. Embryos could be transferred to surrogate dams that are not part of the DL-1970
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population and fertilized using semen from active or cryopreserved boars. However, embryo
transfer involves substantially higher costs and logistical complexity. Fertility and prolificacy
rates range between 50% and 80%, with an average of 610 piglets per litter (Gil et al., 2024).

making this approach both expensive and uncertain compared to conventional breeding.

5.2 implications of Optimal contribution selection in DL-1970

The results of this study are consistent with earlier findings demonstrating that OCS is an
effective tool for managing inbreeding in small populations. Similar to the results reported by
Nielsen and Kargo (2022), the simulations indicate significant reductions in expected inbreeding
compared with random mating.

When OCS was applied without the inclusion of donor semen, all individuals with a PCI below
0.6 were excluded from selection. In contrast, all cryopreserved donor boars exhibited PCI
values far below the population mean (0.166), which may have led EVA to overestimate the
genetic benefit of donor inclusion while underestimating their true inbreeding coefficients.
Despite this limitation, the selection of donor individuals remains relevant for recovering lost
genetic diversity. Szekeres et al. (2016a) demonstrated that donor animals stored in the gene
bank represent a genetically distinct subgroup capable of broadening the genetic base of DL-
1970 (Figure 6). The effectiveness of donor inclusion could be further improved by genotyping
the currently active dams and incorporating genomic relationships rather than relying solely on
pedigree information. This would reduce the importance of low donor PCI values on OCS

outcomes reliability.
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Following the same rationale, genotyping the remaining DL-1970 population would improve the
reliability of OCS by providing a more accurate assessment of within-breed relationships,
inbreeding levels, and effective population size.

Despite the observed reductions in expected inbreeding when donor semen was included, DL-
1970 remains critically endangered. Even under optimized OCS scenarios, the breed faces
persistent challenges due to its very small census size, low effective population size, and a
declining breeder community. Without decisive intervention, including carefully controlled

genetic introgression, the long-term survival of the breed remains uncertain.

The decision to exclude genetic improvement from the OCS framework was motivated by the
extremely small population size of DL-1970. Nevertheless, some authors argue that maintaining
a degree of genetic improvement, even in conservation programs, can enhance economic
viability and incentivize breeder participation (T. Meuwissen, 2009¢; Skorput et al., 2022). In
highly endangered populations, however selection for improvement may not be feasible or
desirable due to the associated loss of genetic diversity, as illustrated by the Banija Spotted Pig

with an estimated Ne of 8.47 (Skorput et al., 2023).
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Importantly, estimated breeding values in a conservation context need not be limited to
production traits. They could instead target traits related to fitness, robustness, or mitigation of
existing inbreeding depression, for example by assigning negative breeding values to highly
inbred individuals rather than excluding them entirely. While this approach warrants further
investigation, it would inevitably narrow the selection pool and may ultimately prove less

effective than focusing exclusively on minimizing the rate of inbreeding.

5.3 Future of the Breed

Many of the challenges facing the DL-1970 are structural rather than purely genetic. As of
September 2025, only six breeders were officially registered as DL-1970 breeders, of whom only
four were actively breeding in 2024 (Simon Kolind, 2025) Encouragingly, breeders have begun

to strengthen collaboration and focus on retaining new participants

One strategy to increase population size and support conservation would be the
commercialization of DL-1970 meat as a premium product, analogous to products derived from
Iberian or Nustrale pigs (Casabianca et al, 2012; Toro et al, 2000)

Alternatively, products derived from DL-1970 could be considered for Protected Designation of
Origin (PDO) status, similar to Iberian pork or Bergues cheese made with milk from Flemish
Red. However, PDO designation imposes strict production and breeding requirements, including
the exclusion of crossbred animals which may not be feasible for a breed as small and
endangered as DL-1970 (Derkimba et al, 2008). Establishing a PDO framework also requires

extensive stakeholder coordination and compromise (Miiller et al., 2013)

Another potential strategy would be the establishment of a centralized breeding facility, where
animals could be distributed to breeders while allowing more efficient monitoring of breed status
and pedigree quality. Such a facility could potentially be combined with an educational or
exhibition component, similar to Arche Warder in Germany a centre for rare and endangered
domesticated animals. With the goal raise public awareness of agricultural heritage and the
importance of breed conservation. A multi-species facility encompassing several Danish heritage
breeds may be a more realistic approach.

Crossbreeding is highly effective in reducing the negative effects of inbreeding but remains

controversial due to both social and genetic considerations (Lauvie et al., 2008). Introgression
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inevitably dilutes the remaining gene pool and may alter breed phenotype, potentially
compromising breed identity. However, for critically endangered breeds, controlled introgression
may represent the only viable option to preserve at least part of the genetic diversity. Bennewitz
et all (2008) suggested that limited admixture involving one or two endangered breeds and a
non-endangered breed can result in a net gain of conserved diversity. Genomic tools, such as
SNP-based breed composition analysis, can further assist in minimizing unwanted admixture and
optimizing conservation decisions Furthermore, Guldbrandtsen et al (2020) showed that using
Genomic assessment using DNA array data could help to choose animals for inclusion in
conservation programs, by preventing unwanted admixture from other breeds or at least help to

keep it as low as possible.

6. Conclusion

The inclusion and use of cryopreserved donor semen appear to provide a clear benefit for the
Danish Landrace 1970 when OCS is applied. While OCS without donor semen would still result
in a lower rate of inbreeding increase compared to random mating, the reduction achieved
through the inclusion of donor semen is substantially greater.

However, the practical applicability of these results depends strongly on the current availability,
reproductive status, and health of the living animals within the population. In addition, the
pedigree contains several errors that must be further investigated and corrected, where possible
to improve data quality and ensure the reliability and robustness of future analyses. Given the
current limitations of the pedigree data, it is not yet possible to provide a fully realistic
representation of the present state of the breed. Nevertheless, when considered alongside
previous studies, the results clearly indicate that DL-1970 is critically endangered.

These findings highlight the urgent need to establish an accurate and up-to-date overview of the
living population, while simultaneously applying all available conservation tools and strategies,
such as those discussed in this thesis, to safeguard the long-term survival of the breed. Future
steps should include close collaboration with breeders, implementation of OCS based on verified
information on the active population and repeated application of OCS across successive

generations to maintain long-term control of inbreeding levels.
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