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Abstract
In the past, small population sizes and unequal ancestor contributions have re-
sulted in high inbreeding rates (ΔF) in the Friesian horse. Two decades ago, the 
studbook implemented a mating quota and started publishing individual kin-
ships and reduced ΔF below 1% per generation. However, since then, the breed-
ing population size has decreased and this raises the question whether current 
breeding strategies are sufficient to keep ΔF below desired rates. The aim of this 
study was to (1) reflect on past inbreeding trends and their main determinants, 
using pedigree analysis and (2) evaluate the effectiveness of the current and addi-
tional breeding strategies using stochastic simulations. We estimated the current 
ΔF (2013–2022) at 0.72% per generation. While the total contribution of the top 
10 sires to the number of offspring per year has decreased from 75% in 1980 to 
35% in 2022, this was mainly due to an increased number of approved studbook 
sires, and not due to more equalized contributions among sires. Of the simulated 
breeding strategies, selecting only breeding stallions with a below average mean 
kinship (i.e., “mean kinship selection”) was most effective to decrease ΔF (from 
0.66% to 0.33%). Increasing the number of breeding sires only had an effect when 
also a mating quota was applied. However, its effect remained limited. For ex-
ample, a ~1.5 fold increase, combined with a mating quota of 80 offspring per 
sire per year, reduced ΔF from 0.55% to 0.51%. When increasing the number of 
breeding mares, a practically unfeasible large increase was needed for a meaning-
ful reduction in ΔF (e.g. twice as many mares were needed to reduce ΔF from 
0.66% to 0.56%). Stratified mating quotas, a novel approach in which we assigned 
each sire a mating quota (of 60, 80, 100 or 120 offspring per year) based on its 
mean kinship to recently born foals, resulted in a lower ΔF (0.43%) than a general 
mating quota of 90 offspring per sire per year (0.55%). Overall, while the current 
ΔF is below 1%, we recommend to implement additional strategies to further re-
duce ΔF below 0.5% in the Friesian horse population. For this breed and similar 
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1 | INTRODUCTION

In modern horses, genetic diversity is predominantly ob-
served between breeds, with little variation within breeds 
(McCue et al., 2012). In the late 19th century, studbooks 
emerged and breed standards were defined. As a result, 
the exchange of genetic material between breeds de-
creased. Some breeds became closed, completely prohibit-
ing the introduction of genetic material from other breeds 
(Bowling & Ruvinsky, 2000). Within several horse breeds, 
small population sizes and narrow breeding goals, with 
extensive use of only a few popular sires that complied 
with the breeding goal, have led to high inbreeding rates 
(ΔF) (Głażewska & Jezierski,  2004; Gómez et  al.,  2009; 
Schurink et  al.,  2012; Sevinga et  al.,  2004; Verrier 
et al., 2010). To keep a genetically healthy population, it 
is recommended to keep ΔF below 1% (and preferably 
below 0.5%) per generation, corresponding to keeping the 
“effective population size” above 50 (preferably 100) indi-
viduals (FAO, 1998; Oldenbroek, 2017). Inbreeding, with 
the accompanying increase in homozygosity, increases 
the risk of recessive genetic disorders and reduces overall 
performance, a phenomenon called inbreeding depres-
sion (Doekes et al., 2021). In turn, genetic disorders and 
inbreeding depression form an additional threat to the 
survival of a breed. Thus, to keep horse populations genet-
ically healthy, it is essential to maintain genetic diversity 
and limit ΔF.

The Friesian horse is the oldest native horse breed in 
the Netherlands and has grown to a worldwide popular 
breed with high social, cultural- historical and economic 
value. The Royal Friesian Horse Studbook (KFPS) was 
founded in 1879 and nowadays registers horses in 76 dif-
ferent countries and has members in 58 different countries 
(KFPS, personal communication). The current size of the 
active breeding population is relatively large, with about 
100 breeding stallions and 4000 breeding mares each year. 
Approval of breeding stallions is centralized by one or-
ganization and more than 99% of the breeding stallions 
used internationally are approved in the Netherlands. 
Approximately half of the breeding stallions are stationed 
abroad. These stallions have first bred in the Netherlands 
for a few years before they were exported. Stallions are 
available via artificial insemination and some stallions 
have frozen semen available which can be used to breed 

mares in other countries. Preliminary research showed 
that the Friesian horse population can be considered as 
one large population without sub- populations in different 
countries.

Despite the substantial current size of the popula-
tion and the continuous gene flow across countries, the 
Friesian horse population has had limited genetic di-
versity and high ΔF for several generations (Schurink 
et  al.,  2019). This is due to the small population sizes 
during certain periods in the past (population bottle-
necks) combined with disproportionally large contri-
butions of some ancestors (popular sire effect, breeders 
tend to breed with the champions of the annual stallion 
shows) and the closed status of the studbook (Schurink 
et  al.,  2019). Several breed- specific disorders have 
emerged, some of which are severely obstructing the 
animals' welfare, like dwarfism, and others even have 
fatal outcomes, like hydrocephalus (Ducro et  al.,  2015; 
Hisey et al., 2020; Leegwater et al., 2016). Since 2014, all 
breeding dams and sires are tested on carrier status for 
the monogenic recessive disorders dwarfism and hydro-
cephalus. While breeding with carriers of these disorders 
is allowed in the KFPS policy, carrier- by- carrier matings 
are fined. Over the past two decades, dwarfism and hy-
drocephalus have shown the same decreasing trend in 
carrier frequency. In 2000, carrier frequency of both dis-
orders was ~15% and this has decreased to ~12.5% in 2021 
(KFPS, personal communication). Furthermore, there 
have been indications of fertility problems related to in-
breeding (Sevinga et al., 2004).

The KFPS studbook has implemented measures to 
prevent further loss of genetic diversity, the emergence 
of new genetic disorders and to reduce the negative ef-
fects of inbreeding depression. Theoretically, optimal 
contribution selection (OCS) is known to be the best 
strategy to conserve genetic diversity. However, OCS is 
practically unfeasible in the large Friesian horse popula-
tion as it requires full control over all matings. Therefore, 
the KFPS studbook introduced two alternative strategies 
to reduce ΔF, which were implemented in 2003. First, 
a mating quota with a maximum of 180 matings per 
sire per year for its first three breeding years was imple-
mented and stallion keepers are fined when their sire 
exceeds this limit. Second, the individual mean kinship 
of each breeding animal with a reference population 

populations, we recommend to focus on breeding strategies based on kinship lev-
els to effectively reduce ΔF.

K E Y W O R D S

breeding strategies, horses, inbreeding, small populations
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(consisting of all foals born in the latest 3 years) is cal-
culated and published each year (Ducro et al., 2014). No 
recommendations were made for these published kin-
ships, but they can be used by individual breeders when 
choosing the breeding stallion for their mare. Moreover, 
the KFPS already provided an advice for several decades 
to limit the individual inbreeding of a foal below 5% 
within the first five generations (KFPS,  2024b). In the 
first years after the implementation of the alternative 
strategies in 2003, ΔF dropped from 1.8% in 2000 to about 
0.65% during the years 2010–2012 (Ducro et al., 2014). 
However, 10 years since the last comprehensive pedi-
gree analysis, there are still concerns about inbreeding 
and its negative consequences. Also, the studbook aims 
for an ΔF below 0.5%. Therefore, an updated analysis of 
past inbreeding trends and the effect of the previously 
implemented strategies, as well as an evaluation of the 
effectiveness of potential future strategies, is needed. 
Such an analysis could also benefit other species with 
similar characteristics.

In this study, we reflect on inbreeding trends and their 
main determinants in the past, using pedigree analysis, 
and evaluate the effectiveness of the current and addi-
tional breeding strategies using stochastic simulations 
based on parameters derived from the true population. 
The effect of increasing the number of breeding animals, 
stricter mating quotas, mean kinship selection and strati-
fied mating quotas on ΔF are evaluated.

2  |  MATERIALS AND METHODS

2.1 | Pedigree information

The pedigree included the registrations from the founda-
tion of the studbook in 1879 until the end of 2022. In total, 
163,014 horses were registered in the Friesian horse stud-
book. Each registration comprised the individual's name, 
registration number, birth date, sex and its parents. One 
individual with identifier 0 (i.e. unknown registry) was re-
moved. Duplicate entries of individuals (n = 3) were also 
removed. Individuals that occurred as parent but were 
not registered as individual were added to the pedigree 
with parent information included, if known by the KFPS 
(n = 23), or otherwise added as founders (n = 2). After ed-
iting, the pedigree consisted of 163,035 horses. Pedigree 
completeness was evaluated per year by the percentage of 
animals with more than five generations in the pedigree 
completely known, and by the mean equivalent complete 
generations. The latter was computed for an individual as 
the sum of (1/2)n across all known ancestors, where n was 
the number of generations separating the individual from 
an ancestor (Boichard et al., 1997).

2.2 | Population parameters

Population parameters from the pedigree were derived 
to evaluate the main determinants of inbreeding. These 
parameters were derived using the Retriever software 
(Windig & Hulsegge,  2021). For each year, the number 
of newly registered foals and the number of stallions and 
mares that became sire or dam was retrieved. In addi-
tion, the numbers of approved and unapproved studbook 
sires and the number of their offspring were retrieved. 
Moreover, the contributions of the top 10 sires per year to 
the total number of foals born per year were calculated. 
In this paper, contribution was defined as the number of 
offspring per sire divided by the total number of offspring 
born per year.

2.3 | Inbreeding and kinship coefficients

Retriever software (Windig & Hulsegge, 2021) was used to 
calculate inbreeding coefficients (Fi) for each individual 
i, as well as kinship coefficients (fij) between individuals i 
and j using all available generations in the pedigree. Then, 
the mean inbreeding level per birth year (F) and the pop-
ulation mean kinship per birth year (f) were calculated. 
For each year, we calculated the rates of inbreeding (ΔF) 
and kinship (Δf) based on the previous 10 years and cor-
responding effective population sizes (Ne = 1/(2 × ΔF)). To 
account for the expected non- linear increase in inbreeding 
and kinship, a regression of Ln(1 − F) for ΔF and Ln(1 − f) 
for Δf on birth year was used (Pérez- Enciso,  1995). The 
resulting regression coefficients were multiplied with the 
corresponding generation interval (L) in that 10- year pe-
riod to obtain ΔF and Δf per generation. L was calculated 
as the average age of the parents when their offspring 
were born per year for each 10- year period and weighted 
by the number of offspring born each year within that 10- 
year period.

2.4 | Simulation of the base scenario 
using MoBPS

As a baseline scenario for our analysis, we mimicked the 
current Friesian horse population using stochastic simu-
lation, meaning that all breeding actions were explicitly 
simulated. Simulations were done using the R- package 
MoBPS v.1.11.10 (Pook et al., 2020). To build up a realistic 
population structure, matings according to the real pedi-
gree until 2022 were simulated and subsequently a 75- year 
period (2022–2097) following the current breeding strat-
egy with input parameters derived from the actual popula-
tion was used. Each scenario was run with 25 repeats, as 
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a previous study suggested that ΔF hardly changed after 
25 repeats for various simulated populations (Windig 
et al., 2019). Simulation of the base scenario consisted of 
the following steps: (1) setting input parameters, (2) add-
ing breeding values and selection, (3) generating a starting 
population and (4) selecting breeding animals for the next 
generation. Details of the steps are described below.

2.4.1 | Setting input parameters

Input parameters were derived from the true pedigree 
information of year 2022 (Table  1). The base scenario 
consisted of 90 breeding sires and 3500 mares. These 
numbers were based on the true population of 2022, 
when only considering approved breeding sires and 
foals from approved breeding sires (see Section 3). The 
actual pedigree registration also comprises foals from 
unapproved sires, as it is not feasible to set up stallion 
selection programs in remote countries. Only offspring 
from approved breeding sires made up the breeding 
population for the next generation. Similar to the cur-
rent breeding restrictions, each approved breeding sire 
was allowed to have a maximum of 180 offspring per 
year for its first three breeding years. After those first 
three breeding years, the sires had no restriction on the 
number of offspring per year. The contributions of the 
sires (number of offspring per sire divided by the total 
number of offspring born per year) were specified based 
on the contributions in 2022. The most popular sire was 
simulated to have an expected contribution of 5.4%, 
the next sire 4.5%, the next two sires 4.2%, up to sire 
36–90 contributing 0.29% each (Table  1). This means 
that after the breeding restriction for the first 3 years of 

each breeding sire, only one sire would produce more 
than 180 offspring (5.4% of 3500 foals is 189 offspring) 
and all other sires produced less than 180 offspring. 
We furthermore assumed that each mare produced one 
offspring per year, resulting in 3500 foals each year. 
At the start of simulation, F was 0.170. Replacement 
rates were included to account for breeding animals 
that die but also for animals not used for breeding any-
more. Replacement rates for breeding animals were age 
dependent and were estimated from the distribution 
of age of breeding animals in the real population that 
was generated from the Retriever software (Windig & 
Hulsegge, 2021). Maximum age of breeding animals was 
set to 22 years (Table 1).

2.4.2 | Breeding values and selection

The process of selection is of fundamental importance when 
analysing inbreeding as it leads to more related animals 
being selected. Hence, absence of selection would cause 
underestimation of the actual ΔF (Leroy & Rognon, 2012; 
Windig & Oldenbroek,  2015). In this study, the complex 
process of selection in horse breeding with various selec-
tion and phenotyping steps was simplified by simulating 
a single quantitative trait with 1.000 purely additive QTLs 
and assuming a prediction accuracy of 0.5, corresponding 
to phenotypic selection with a heritability 0.25.

2.4.3 | Generating a starting population

The whole pedigree of 163,035 horses was incorporated 
in the simulation to generate the starting population and 

T A B L E  1  Input parameters for the simulated base scenario, which reflects the current real breeding program without any additional 
breeding strategies. Parameters are based on actual pedigree information from year 2022.

Input parameter Value

Number of breeding sires 90

Number of foals (= number of mares) 3500

Inbreeding level (F) at start 0.170

Max. number of offspring per year 180 per sire for its first three breeding years

Max. number of offspring per year per dam 1

Replacement rates breeding sires 0.5% until 8 years of age, 1% between 8 and 10 years of age, 5% between 10 and 
12 years of age, 20% between 12 and 22 years of age

Replacement rates breeding dams 5% until 10 years of age, 10% between 10 and 15 years of age, 30% between 15 
and 22 years of age

Max. age of breeding animals 22 years

Contribution of popular sire (number of sires and 
contribution (%))

1 (5.4%), 1 (4.5%), 2 (4.2%), 3 (4%), 1 (3.6%), 1 (3.2%), 4 (3%), 8 (2%), 1 (1.8%), 2 
(1.7%), 2 (1.5%), 2 (1.4%), 1 (1.3%), 3 (1.2%), 3 (1%), 55 (16%/55)

EBV accuracy of selection trait 0.50
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mimic the real- world population structure. The breeding 
stallions that sired foals in the actual population in 2022 
were selected as breeding sires at the start of the simula-
tion. Since about 3500 foals from approved sires were born 
per year in recent years, 3500 dams were selected each 
year in the simulation. Generating the breeding dams at 
start was similarly done as selection of breeding dams for 
the next year, which is described in the next section.

2.4.4 | Selecting breeding animals for the 
next generation

For each simulated breeding year, the pool of mare selec-
tion candidates was built up as followed: all alive mares 
that were above 4 years of age, 50% of the mares of 4 years 
of age and 10% of the mares of 3 years of age, both chosen 
at random. Then, out of this pool, the required number of 
dams according to the specified breeding strategy (3500 
dams in the base generation) for the next year were se-
lected as follows: two- third of the required dams (2333 
dams in the base scenario) were selected based on trunca-
tion selection on the EBV. The other one- third required 
dams (1167 dams in the base scenario) was randomly se-
lected from the top 25% of the remaining selection can-
didates. This approach was used to exclude the very low 
EBV animals, but also include some sub- optimal breeding 
dams that are used by hobby keepers. To model that not 
all covered mares will be pregnant, randomly 20% of the 
breeding dams of the previous year were not considered for 
in the following year. Each simulated year, breeding dams 
were removed from the breeding populations according 
to specified replacement rates (Table 1), and the removed 
animals were replaced by new selection candidates.

For each simulated breeding year, the active breeding 
sires in 2022 were removed according to the specified re-
placement rates (Table 1), and the removed animals were 
replaced by a group of sire selection candidates. This 
group of selection candidates consisted of stallions that 
were four years old. Stallions were selected through trun-
cation selection on the EBVs (with EBVs staying constant 
over time). To mimic the practical breeding program, once 
a stallion was selected as a breeding stallion, it would be 
a breeding stallion for its entire lifespan and could not be 
deselected again.

Finally, mating was at random, except that full- sib and 
half- sib mating was not allowed.

2.5 | Breeding strategies

Subsequently, a variety of breeding strategies were consid-
ered by modifying the breeding scheme in one key aspect 

and comparing the outcomes to the baseline scenario. 
Each breeding strategy was separately evaluated by cal-
culating the ΔF per generation over the 75- year simulated 
period.

2.5.1 | Adding breeding strategies

First, to determine the effectiveness of the current mat-
ing quota, a simulation without mating quotas for sires 
and with the mean contributions of sires between 1993 
and 2002 (10 years before the implementation of the mat-
ing quota of 180 in 2003; Table S1) was run (strategy 1). 
Subsequently, different additional breeding strategies 
were simulated: (2) increasing the number of breeding an-
imals, (3) stricter mating quotas, (4) a combination of in-
creasing number of breeding animals and stricter mating 
quotas, (5) mean kinship selection and (6) stratified mat-
ing quotas (Table 2). To implement specific strategies, the 
associated input parameters (from Table 1) were changed, 
while all other parameters were kept the same.

In strategy 2, the number of breeding animals was in-
creased. The number of sires was increased from 90 to 
150 (in increments of 10) and combined with the current 
number of mares (n = 3500) or with twice the number of 
mares (n = 7000) (Table 2). Contributions of the popular 
sires were kept the same while increasing the number of 
sires, but the remaining contributions (of “non- popular 
sires”) were spread across more sires. For example, in the 
base scenario with 90 breeding sires each year, 16% con-
tribution was equally divided over 55 “non- popular sires” 
(Table 1). When increasing the number of breeding sires 
to 100, then this 16% contribution was divided over 65 
“non- popular” sires.

In strategy 3, stricter mating quotas for sires were simu-
lated, where the maximum number of offspring a stallion 
can sire each year during its entire lifespan was decreased 
from 180 to 40 (in increments of 20) (Table 2). With 3500 
foals born each year, this corresponds to a maximum of 
5.1%, 4.7%, 4.1%, 3.4%, 2.9%, 2.3, 1.7% and 1.1% offspring 
per sire per year, respectively. To test whether a mating 
quota per sire per year for its entire lifespan was more ef-
fective than a mating quota for only its first three breed-
ing years, we compared this with the base scenario and 
tested the effect of 80 offspring per sire per year for only 
its first three breeding years (Table 2). A mating quota of 
80 offspring per sire per year, results in the 13 most popu-
lar sires had a higher contribution than the mating quota 
allowed (>3%, while the maximum contribution should 
then be 80/3500 foals × 100% = 2.3%) (Table 1). The excess 
of the contributions of the popular sires were added to the 
contributions of the “non- popular” sires proportional to 
their probability of being used as a sire (e.g., sire 14 with 
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a contribution of 2% was more likely to get additional off-
spring than sire 36 with a contribution of 0.29%) (Table 1).

In strategy 4, combinations of an increased number 
of breeding sires with stricter mating quotas were simu-
lated. For this purpose, the base scenario (with 90 sires) 
was compared to scenarios with number of sires increased 
from 90 to 150 (with increments of 10), and combined 
with a mating quota of 180, 100, or 80 offspring per year 
per sire for its entire lifespan (Table 2).

Finally, two breeding strategies based on kinship level 
were applied. In strategy 5, mean kinship selection was 
used, in which only stallions with a lower than average 
mean kinship were selected for breeding. The mean kin-
ship of a stallion was calculated as its average kinship to 
the foals born in the latest 3 years. Only the 4- year old 
stallions with a mean kinship below average were con-
sidered selection candidates. From these candidates, new 
breeding stallions were selected based on EBV (truncation 
selection) and replacement was depending on the replace-
ment rates of the breeding stallions (Table 1). The mean 
kinship selection was only applied to stallions, so mares 
with a high kinship were still able to breed.

In strategy 6, a novel approach named stratified mat-
ing quota was simulated. In this approach, a mating quota 
was assigned to each breeding sire separately based on its 
individual mean kinship. First, breeding stallions were 
selected in the same way as in the base scenario. Then, 
the individual mean kinship of each selected breeding 

stallion to all the foals born in the latest three years of the 
simulation was calculated. A distribution of four kinship 
groups was determined based on the quantile deviation of 
the mean kinship (as 25% lowest mean kinship, 25%–50% 
lowest mean kinship, 50%–75% highest mean kinship, and 
75%–100% highest mean kinship). Then, a mating quota 
(of 60, 80, 100 or 120 offspring per year) was assigned to 
each breeding stallion based on its individual mean kin-
ship. With 3500 foals born each year, these mating quota 
correspond to a maximum of 1.7%, 2.3%, 2.9% and 3.4% 
offspring per sire per year. For example, when the indi-
vidual mean kinship of a breeding stallion was below the 
threshold of the lowest quartile (25% lowest) of the mean 
kinship, then the breeding stallion got a mating quota of 
maximum 120 (3.4%) offspring per sire per year for its en-
tire lifespan (Table 2).

2.5.2 | Evaluating additional 
breeding strategies

To evaluate the effect of the simulated breeding strategies, 
for each scenario the ΔF per generation (%) including a 
95% confidence interval was calculated. L per year for the 
years 2022–2097 was calculated for the base scenario and 
(given that this L hardly changed over time and between 
different scenarios) the mean L over this period was used 
to calculate ΔF for all scenarios.

T A B L E  2  Simulated breeding strategies and their alternative input parameters. All other parameters were the same as in the base 
scenario (Table 1).

Breeding strategy Parameter Current Alternative

1. No mating quota Max_offspring/year 180 per sire for its first three 
breeding years

Inf.

2. Increase the number of 
breeding animals

N_stallions 90 100, 110, 120, 130, 140, 150

N_foals 3500 7000

3. Mating quota Max_offspring/year 180 per sire per year for its 
first three breeding years 
(equivalent to 5.1% of all 
offspring)

180 (5.1%), 160 (4.7%), 140 (4.1%), 120 (3.4%), 
100 (2.9%), 80 (2.3%), 60 (1.7%), 40 (1.1%) 
per sire per year for its entire lifespan

80 (2.3%) per sire per year for its first three 
breeding years

4. Increasing the number 
of breeding sires and a 
mating quota

N_stallions
Max_offspring/year

90
180 per sire for its first three 

breeding years

100, 110, 120, 130, 140, 150
100 (2.9%), 80 (2.3%) per sire for its entire 

lifespan

5. Mean kinship selection MKS None, only published Exclude selection candidates which have 
above average mean kinship

6. Stratified mating quotas Stratified_mq None Assign mating quota to each breeding sire 
based on its mean kinship:

25% lowest mean kinship = 120
25%–50% lowest mean kinship = 100
50%–75% highest mean kinship = 80
75%–100% highest mean kinship = 60
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   | 7STEENSMA et al.

3  |  RESULTS

3.1 | Population size and pedigree 
completeness

After foundation of the breed in 1879, the number of reg-
istered foals each year was small for many decades, reach-
ing 100 foals for the first time in 1937 and 1000 foals for 
the first time in 1986 (Figure  1). From the 1980s to the 
2000s, population size increased rapidly and the number 
of yearly registered foals increased to a maximum of 6713 
in 2004. Between 2002 and 2009, on average more than 
6000 foals were registered per year. After 2009, population 
size declined to 3384 registered foals in 2014 and since 
2017 the numbers of yearly registered foals has stabilized 
at around 3900 (Figure  1). Based on the pedigree from 
1879 until the end of 2018, 47.9% of all the female foals 
born became dam later in life and 3.5% of all male foals 
born became sire later in life. The mean proportion of reg-
istered male foals per year was 48.2% and was significantly 
(p < 0.05) lower than the registered female foals per year 
(Figure S1). This is likely due to the strict stallion selec-
tion. Breeders that do not expect to compete in the stallion 
inspection, might decide to not register their male foals 
in the studbook and thereby save registration costs. The 
pedigree was rather complete with over 90% of animals 
having more than five generations in the pedigree com-
pletely known for the last 26 years and the mean equiva-
lent complete generations increasing from 10.6 in 1996 to 
13.5 in 2022 (Figure S2).

3.2 | Number of (approved and 
unapproved) sires and sire contributions

Of the 3.5% male foals in the pedigree that became sire, 
only 17% were approved studbook sires and the other 83% 
sires were unapproved sires. Since 1981, coinciding with 
the population growth (Figure  1), the number of sires 
(both approved sires and unapproved sires) that sired off-
spring in a year has greatly increased (Figure 2a). From 
2004 to 2016, the number of unique approved studbook 
sires that sired offspring in a year was around 100 and sta-
bilized at around 90 since 2017 (Figure 2a). In 2022, there 
were 322 sires that sired an offspring that year and only 89 
of these sires were approved studbook sires.

Within any given year, the contributions of sires (in num-
ber of offspring) were considerably skewed. In general, the 
unapproved sires had very low contributions. For example, 
in 2022, the majority of unapproved sires sired only one 
offspring and the maximum number of offspring sired by 
an unapproved sire was 12 (Table S2). Within the group of 
approved studbook sires there were unequal contributions, 
ranging from one to 192 offspring per sire in 2022 (Table S2). 
Only one of the approved studbook sires sired more than 
180 offspring in 2022, and only three of the approved stud-
book sires were close to reaching the mating quota of 180 
offspring per sire in 2022 (Table S2). In total, from the 3985 
foals born in 2022, 3547 (89%) foals were sired by approved 
studbook sires and the remainder of 438 foals were sired 
by unapproved sires. The percentage of offspring per year 
from unapproved sires follows the same trend as the use 

F I G U R E  1  Number of newly registered foals per year. Numbers until 2018 give reliable information, because the foals born from 2019 
onwards did not yet have a fair chance to become a parent.
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8 |   STEENSMA et al.

of unapproved sires (Figure 2), but is still a relative small 
amount of the total number of offspring (<15%, Figure S3).

The contribution of the 10 most popular sires has changed 
over time (Figure 2b). In 1937, only eight sires were used in 
total. From 1945 to 1974, the top 10 sires sired around 80% of 
the offspring each year with some yearly fluctuations. From 
1974 to 2003 during the steep population growth (Figure 1), 
the contributions of the top 10 sires decreased almost every 
year to 27% in 2003. From 2000 to 2013, it was around 30% 
and, since 2014, it has been around 35% (Figure 2b). In 2022, 
the top 10 approved sires got 3 times more offspring (35% of 
all offspring born in 2022) than what they would have had if 
all approved studbook sires contributed equally (11%, black 
line in Figure 2b). In comparison, in 1980, the top 10 sires 
got 1.5 times more offspring (75% of all offspring born in 
1980) than what they would have had if all approved sires 
contributed equally (48%, black line in Figure  2b). Thus, 
while the contribution of the top 10 sires has decreased over 
time (Figure 2b), this decrease is mainly due to the increased 

number of approved studbook sires (Figure 2a), but not due 
to more evenly spread contributions among the approved 
studbook sires.

3.3 | Inbreeding and kinship

For every year, the mean kinship per year (f) was a bit 
higher than the mean inbreeding per year (F) (Figure 3a). 
The F tends to follow f by ~1 generation (Figure  3a), 
suggesting no obvious deviation from random mating. 
F and f fluctuated substantially in the first six decades of 
the pedigree (1880–1937), mainly due to the low num-
ber of registered foals until 1937 (N < 100). F increased 
from 2.4% in 1937 to 17.0% in 2022 (Figure 3a) and f in-
creased from 3.2% in 1937 to 17.8% in 2022 (Figure 3a). 
Until the last decade, the F of foals from unapproved 
sires highly fluctuated per year due to the small number 
of foals from unapproved sires (N > 100 for the first time 

F I G U R E  2  Number of sires per year and sire contributions. (a) Number of approved studbook sires and unapproved sires producing 
offspring each year. (b) Sire contributions (%) of the 10 most influential sires per year indicated with the 10 different colours. The black line 
indicates the sum of the contributions of the 10 most influential sires if all approved studbook sires had equally contributed to the number of 
offspring in a specific year. The orange line indicates the sum of the contributions of the 10 most influential sires if all sires (both approved 
and unapproved) had equally contributed to the number of offspring in a specific year.

F I G U R E  3  Inbreeding and kinship coefficients and rate per year. (a) Mean inbreeding (F) and kinship (f) coefficients per year of birth 
based on all available generations in the pedigree. (b) Rate of inbreeding (ΔF) and kinship (Δf) (%) per generation for each year with a 10- 
year interval. The figure can be read like as followed: the circle and triangle at year 2022 represent ΔF and Δf for the interval 2013–2022, the 
circle and triangle at year 2021 represent ΔF and Δf for the interval 2012–2021 and so on. The solid line represents an ΔF and/or Δf of 1% 
per generation. The dashed line represents an ΔF and/or Δf of 0.5% per generation. (c) Effective population size per generation for each year 
with a 10- year interval. The figure can be read the same as b. The solid line represents Ne = 50 (corresponding to an ΔF of 1%). The dashed 
line represents Ne = 100 (corresponding to an ΔF of 0.5%).
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10 |   STEENSMA et al.

in 1990, Figure S4). However, this had almost no effect 
on the total inbreeding trends (Figure  S4) and, there-
fore, the calculation of the inbreeding (ΔF) and kinship 
(Δf) rates per generation were based on all registered 
foals per year. ΔF and Δf per generation were calculated 
for the first time for year 1946, which represents ΔF 
and Δf for the 10- year period of 1937–1946 (Figure 3b). 
ΔF and Δf were 2.8 to 4.8% in the period of 1946–1952 
(Figure 3b), which corresponds to the steep increase in 
F and f from 1937 to 1952 (Figure  3a). Subsequently, 
from the 1950s to the early 1970s, ΔF and Δf varied be-
tween 1% and 3% per generation. In 1975–1979, ΔF and 
Δf temporarily dropped below 1%. From 1980 to 2003, 
ΔF and Δf increased again, with some fluctuations in 
1988 and 2001. From 2003 to 2014, ΔF and Δf continu-
ously decreased with the lowest ΔF of 0.51% and lowest 
Δf of −0.10% in 2014. Since 2009, ΔF and Δf have been 
below 1%. Since 2014, ΔF and Δf are increasing again, 
but seems to be levelling off the last few years. The most 
recent rates are a ΔF of 0.72% and a Δf of 0.73% in the 
10- year interval of 2013–2022 (Figure 3b).

The effective population size (Ne), varied from 11 to 305 
in the period 1946–2022 (Figure 3c). Prior to 2008, Ne gen-
erally was below 55, with the exception of a high peak in 
1976–1978 that could be explained by relatively large fluc-
tuations in mean inbreeding in those years (Figure  3a). 
Since 2009, Ne is above the FAO threshold of 50, corre-
sponding to an ΔF below 1%.

3.4 | Generation interval

The generation interval (L) for dams fluctuated slightly, 
but remained considerably constant between 1937 and 
2002 and increased with 1.5 year from 2002 (L = 8.5) to 
2022 (L = 10.0) (Figure  S5). L for sires fluctuated a bit 
more with a sharp decrease from 1959 (L = 9.9) to 1969 
(L = 7.4), followed by a sharp increase to an L of 9.5 years 
in 1977 (Figure S5). Since 1988, L for sires was consider-
ably constant and increased slightly with 0.5 years from 
2005 (L = 9.5) to 2022 (L = 10.0). The mean L over the 
entire period was 9.1 years, with 8.8 years for dams and 
9.3 years for sires (Figure S5).

3.5 | Simulation of the base scenario

Simulation of the base scenario resulted in an ΔF of 
0.66% (95% CI: 0.63–0.70) per generation, which is close 
to the observed ΔF of 0.72% based on pedigree data 
(Figure  3b). Other population parameters were also 
similar between the simulation and actual population. 

Mean L of the simulated base scenario between 2022 
and 2097 was 9.6 years for dams and 8.9 years for sires 
(Figure S6), resulting in a mean L of 9.2 years which was 
close to the mean L of 9.1 years based on pedigree infor-
mation (Figure  S5). Since pedigree data were incorpo-
rated to generate the base population in the simulation, 
the distribution of mean kinships of the simulated 
breeding sires was almost identical to that of the actual 
breeding sires (Figure  S6), with only small differences 
due to the way Retriever and MoBPS dealt with semi- 
founders. In addition, the age structure of the breeding 
sires and mares, as well as the numbers of offspring for 
sires and mares, were comparable between the simula-
tion and practice (Table S3; Figures S8 and S9).

3.5.1 | Effect of increasing the number of 
breeding animals

Increasing the number of breeding sires per year up to 150 
sires had no significant effect on ΔF (p = 0.232) (Figure 4). 
However, a twofold increase in the number of breeding 
mares (by increasing the number of foals born per year) 
significantly decreased ΔF to 0.56% (p < 0.05) per genera-
tion (Figure 4).

3.5.2 | Effect of a sire mating quota

The scenario without any mating quota gave a similar 
ΔF (0.64%, p = 0.791) as the base scenario. This was 
expected, since the contributions used for this simula-
tion were based on the 10 years before 2003 and were 
all below 5% offspring per sire per year (5% of 3500 
foals = 175 offspring). A mating quota of maximum 180 
offspring for each year a sire is allowed to breed, instead 
of only for the first three breeding years of a sire, also 
resulted in a similar ΔF of 0.66% (p = 0.619). In contrast, 
a mating quota of maximum 80 offspring per sire per 
year for its entire lifespan significantly reduced ΔF to 
0.55% (p < 0.05) per generation, compared to applying 
this mating quota only for the first three breeding years 
of a sire (ΔF = 0.62%). Hence, we further focused on the 
effect of a stricter mating quota for each year a sire is 
allowed to breed and not only for its first three years. A 
maximum of 60 offspring per sire per year significantly 
reduced ΔF to 0.45% (p < 0.05) (Figure 5). A maximum 
of 40 offspring per sire per year, corresponding to ap-
proximately equal contributions across sires (since 3500 
foals divided by 90 sires is approximately 40 offspring 
per sire), further significantly reduced ΔF to 0.40% 
(p < 0.05).
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   | 11STEENSMA et al.

3.5.3 | Effect of increasing the number of 
breeding sires and a sire mating quota

An increase in the number of sires did not tend to have 
an effect with a mating quota of 180 (p = 0.323) or 100 

(p = 0.393) (Figure  6). However, with a mating quota 
of 80, increasing the number of sires tended to have a 
small effect on reducing ΔF. An increase in the num-
ber of breeding sires to at least 130 per year combined 
with a mating quota of maximum 80 offspring per year 

F I G U R E  4  Simulated effect of increasing the number of breeding animals on the inbreeding rate (ΔF) per generation. The effect of the 
number of breeding sires (from 90 to 150 sires) and the number of breeding mares (based on yearly 3500 foals born or yearly 7000 foals born) 
on ΔF. The shaded areas represent the 95% confidence intervals. The dashed line indicates an ΔF of 0.5% per generation.

F I G U R E  5  Simulated effect of a sire mating quota (defined as a maximum number of offspring per sire per year) on the inbreeding rate 
(ΔF) per generation. The numbers in brackets on the x- axis represent the maximum percentage of foals per sire per year. The shaded area 
represents the 95% confidence interval. The dashed line indicates an ΔF of 0.5% per generation.
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12 |   STEENSMA et al.

significantly reduced ΔF to 0.51% (p < 0.05) per gen-
eration, compared to an ΔF of 0.55% with 90 breeding 
sires and a similar mating quota of 80 offspring per year 
(Figure 6).

3.5.4 | Effect of breeding strategies based on 
kinship levels

Mean kinship selection (implemented on the selection 
of sires for breeding) resulted in an ΔF of 0.33% per 
generation without increasing the number of breeding 
sires per year (Figure  6). It was thereby significantly 
more effective to reduce ΔF than a combined strategy of 
both increasing the number of sires and a mating quota 
(ΔF = 0.51%, p < 0.05) (Figure  6). Mean kinship selec-
tion was also significantly more effective than a mat-
ing quota of 40 with approximately equal contributions 
across sires (ΔF = 0.40%, p < 0.05) (Figure 5). The strati-
fied mating quotas resulted in a simulated ΔF of 0.43% 
per generation (Figure 6). Thereby, it was significantly 
less effective than mean kinship selection (p < 0.05), but 
significantly more effective than a combined strategy of 
both increasing the number of sires up to 130 and mat-
ing quota up to maximum 80 offspring per sire per year 
(ΔF = 0.51%, p < 0.05).

4  |  DISCUSSION

Since 2009, the inbreeding rate (ΔF) in the Friesian horse 
population has been below the FAO limit of 1% and the 
most recent ΔF (2013–2022) is 0.72% per generation. 
With this study, we consolidate the results from Ducro 
et al. (2014), which showed that the implementation of 
a mating quota and publishment of individual kinship 
values in 2003 has resulted in a reduction in ΔF and 
kinship rate (Δf) until 2014. The last decade, however, 
number of foals born decreased and a larger popular 
sire effect was observed. Namely, the total contribution 
of the top 10 sires to the number of offspring per year 
has increased from 30% between 2000 and 2013, to 35% 
since 2014. This could explain the increase in ΔF and 
Δf per generation since 2014, which raises the question 
if the current mating quota is too liberal for the current 
active breeding population. Furthermore, the past two 
decades, the generation interval (L) has increased with 
0.5 years for sires and 1.5 years for dams (Figure  S5), 
which could be due to the implemented breeding strate-
gies in 2003, resulting in breeding animals being used 
over a longer time period. Preferably, ΔF should be kept 
below 0.5% (Oldenbroek, 2017), and based on the esti-
mated ΔF, additional breeding strategies should be im-
plemented to reach an ΔF below 0.5%. Here, we used 

F I G U R E  6  Simulation results of different breeding strategies on the inbreeding rate (ΔF) per generation. Simulation results show 
the combined effect of increasing the number of breeding sires per year and restricting the number of offspring per sire per year (Nmax), 
perform mean kinship selection (MKS), or stratified mating quotas (stratified_mq). The numbers in brackets (5.1%, 2.9% and 2.3%) represent 
the maximum percentage of foals per sire per year. The 95% confidence intervals are included as the shadow of the line. The dashed line 
indicates an ΔF of 0.5% per generation.
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   | 13STEENSMA et al.

stochastic simulations to mimic the realistic population 
structure of the Friesian horse and simulated possible 
breeding strategies to reduce ΔF, which are discussed 
below.

In our simulations, we included the process of se-
lection, leading to more related animals being selected 
and thereby prevent underestimation of the actual 
ΔF. Namely, when no selection index was added (ran-
dom selection), the ΔF of the base scenario would be 
0.23%, which is much lower than the actual ΔF of 0.72% 
based on pedigree. This suggests that selection is one 
of the main drivers of ΔF in Friesian horse breeding. 
Therefore, we included selection by adding a single 
quantitative trait, which resulted in a similar ΔF in the 
simulated base scenario compared to the ΔF based on 
the pedigree. However, we simplified the process of se-
lection in the Friesian horse population by only adding 
a single quantitative trait, while selection goals likely 
differ across different breeders. The breeding goal of 
the KFPS is “a functionally built utility horse with the 
Friesian breed characteristics, and is healthy and vital, 
has a talent for performing in sports, has a reliable char-
acter and is workable” (KFPS, 2024a). Breeders mostly 
rely on phenotypic selection and some use the estimated 
breeding values for conformation traits and sports per-
formance that are obtained through best linear unbiased 
prediction (BLUP) and published by the KFPS once a 
year. Each breeder prioritizes different traits. For exam-
ple, some breeders prioritize a reliable character while 
others prioritize sport performance. In addition, the 
annual stallion show influences which traits are found 
to be most important (KFPS, personal communica-
tion). Different selection processes could influence the 
effect on ΔF. For example, a higher selection intensity 
increases ΔF and also heritability may influence ΔF 
(Bijma et al., 2000). Still, by keeping selection the same 
in all simulations, all breeding strategies should be af-
fected by selection in a similar way, which makes rela-
tive ranking between breeding strategies valid.

Moreover, our simulations did not include selection 
against carriers of genetic disorders. Namely, with the 
current KFPS policy, only carrier- by- carrier matings are 
excluded, but stallions which are carrier of a genetic dis-
order can still be approved and become a breeding sire. In 
the future, it is likely that the genetic background of more 
genetic disorders that are segregating in the Friesian horse 
(Ploeg, 2015) are discovered. Then, the KFPS may weigh 
(some of) these genetic disorders in a selection index or 
excluding carriers can become part of the KFPS breeding 
program. Hence, there might be a risk that the effective 
population size decreases and then mating quotas should 
be reevaluated. For example, it could be possible to weigh 
the carrier status of a stallion into the stratified mating 

quotas. Hence, the assigned mating quota of a sire could 
not only depend on its mean kinship but also on its carrier 
status.

We found that increasing the number of breeding sires 
did not reduce ΔF. This is in contrast to expectation based 
on Wright's formula ∆F = (1/8Nm) + (1/8Nf), where Nm 
is the number of breeding sires and Nf is the number of 
breeding dams in the population (Wright, 1931). When in-
creasing the number of breeding sires from 90 to 150 (and 
keeping the number of dams the same, with 3500 dams in 
the base scenario), the expected ΔF would decrease from 
0.14% to 0.11% based on Wright's formula. Note that these 
values are a lot lower than the ΔF observed we found in 
our simulations. Wright's equation assumes populations of 
constant size with discrete generations, a Poisson distribu-
tion of family size without selection and random mating. 
In the Friesian horse population, and accordingly in our 
simulations, there is variation in the contribution of sires to 
the next generation, with few popular sires that contribute 
a lot to the next generation, and many less popular or un-
approved sires that contribute little (Table S2, Figure 2b). 
This explains both the generally higher ΔF than in Wright's 
equation, and the fact that we did not see a decrease in 
ΔF with increase in number of sires. Namely, as long as 
some popular sires had a high contribution, increasing the 
number of breeding sires had little effect on ΔF. The addi-
tional number of sires would only sire few offspring and 
the top contributing sires would still sire the majority of 
offspring. This finding is in line with simulations of Windig 
and Oldenbroek (2015), who observed that equalizing the 
number of offspring over the available sires was more ef-
fective in reducing ΔF than just increasing the number of 
sires. Moreover, we saw that a twofold increase in the num-
ber of foals born per year with a mating quota of maximum 
180 offspring per sire per year reduced ΔF (Figure 4), as it 
forces breeders to use more “non- popular” sires.

The number of unapproved sires used per year has 
highly increased since 2003. This is mainly due to the 
growth in number of breeders abroad, to facilitate breed-
ing there, and the possibility to inspect foals from unap-
proved sires since 2006 (KFPS, personal communication). 
Breeders have the possibility to use semen from approved 
sires, but might choose for unapproved sires for practical 
reasons. The number of foals from unapproved sires has 
increased the last two decades, but still makes up a relative 
small part of the total number of foals (<15%). Currently, 
approval of unapproved sires would likely not have any 
effect on ΔF, as they will not become part of the popular 
sires. Simulation has shown that increasing the number 
of sires only has effect if sire contributions are equalized. 
Therefore, we recommend that if the number of approved 
sires increases, also sire contributions should be more 
equalized.
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14 |   STEENSMA et al.

One strategy to equalize contributions of breeding sires 
is a sire mating quota (Klemetsdal, 1999; Mäki, 2010). A 
common way to implement a sire mating quota is to re-
strict the number of matings per sire per year. The current 
mating quota in the Friesian horse of 180 matings per sire 
per year for the first three breeding years, which in our 
simulations was translated to a maximum of 180 offspring 
per sire per year, showed no effect on reducing current ΔF. 
This is because the limit was hardly ever met. Namely, the 
contributions we used as input for the simulation without 
a mating quota were based on the 10 years before 2003, 
which were all below 5% of offspring per sire per year. 
With the current number of foals (n = 3500), 5% implies 
in expectation 175 offspring and, thus, the limit of 180 
offspring per sire will only have limited impact. However, 
this mating quota may have been effective to reduce the 
ΔF between 2003 and 2014 due to the many foals born 
per year between 2002 and 2009 (n > 6000, such that 5% 
corresponds to 300 foals). Hence, with the currently lower 
number of foals born per year, a stricter mating quota is 
needed to reduce ΔF. In addition, we saw that since 2003, 
when implementing the mating quota, the compliance 
level of stallion keepers was high, because per year zero 
to two stallions exceeded 180 offspring per year. In addi-
tion to that, from the few stallions that exceeded this limit, 
most of them were popular older stallions for which the 
mating quota was not valid. Thus, a stricter mating quota 
valid for every breeding year of a sire would be more effec-
tive than only for the first three breeding years of a sire.

We observed that a threefold decrease of the current 
mating quota (from 180 offspring per sire per year for its 
first three breeding years to 60 offspring per sire per year 
for its entire lifespan) would be needed to obtain an ΔF 
lower than 0.5%. Though, by combining the strategies 
of a mating quota and increasing the number of breed-
ing sires, a mating quota of 80 offspring per sire per year 
with 130 breeding sires would be sufficient to obtain an 
ΔF around 0.5%. Increasing the number of sires would 
be only effective with a strict mating quota (<80). With 
a strict quota, the popular sires would have less offspring 
and contributions of non- popular sires would increase 
and would become higher than the 16% contribution that 
was divided over the remaining non- popular sires. Instead 
of a mating quota per year, a mating quota per life is also 
possible. However, this is less effective, as Windig and 
Oldenbroek (2015) showed that popular sires would then 
be earlier replaced by relatives. Whichever mating quota 
is used, an important limitation is that, once popular sires 
meet their limits, they tend to be replaced by a highly re-
lated stallion (son, half- brother, etc.) (Oldenbroek, 2017). 
To overcome this issue, it is necessary to consider the re-
latedness/kinships of the sire selection candidates before 
selecting them as new breeding stallions.

Mean kinship selection, by only selecting breeding stal-
lions with a lower than average kinship of the population, 
was the most effective strategy to reduce ΔF (Figure  6). 
To even further reduce ΔF, breeding mares could also be 
selected based on their kinship value, but this is harder 
to implement as the studbook cannot control which mare 
will be used in breeding. In our study, we first selected 
stallions as selection candidates that had lower than pop-
ulation mean kinship. Then, selection candidates were 
selected as breeding stallions based on their EBV. This 
way, there is some selection for genetic gain, but not as 
optimal as through OCS, which maximizes genetic gain 
while restricting F. While OCS is theoretically the best 
strategy, it is practically unfeasible in the large Friesian 
horse population as it requires full control over all mat-
ings. However, Windig and Oldenbroek (2015) found that 
results for restricting breeding animals with a high kin-
ship to the rest of the population, as we did with mean 
kinship selection, were rather close to the results of OCS. 
With mean kinship selection, we excluded high kinship 
stallions with high EBVs and hence, there will be some 
loss in genetic progress in the population. Therefore, we 
suggest to not only select for low kinship stallions (both 
with high and average qualities) but also select high kin-
ship stallions only if they have exceptional qualities. It is 
also possible to select for both mean kinship and genetic 
gain by combining breeding values and kinships into one 
single index (Cole,  2015; Pryce et  al.,  2012). Then, it is 
necessary to assign weights to kinship and genetic gain. 
However, these weights may change over time, especially 
nowadays, when due to the genetic disorders present in 
the population, the focus on genetic health should receive 
much more attention than the possible loss in genetic gain 
in order to conserve the breed. Thus, a breeding strategy 
related to kinship which does not automatically exclude 
high kinship breeding stallions might be preferred.

A novel strategy we explored in our study is stratified 
mating quotas. In this approach, a breeding sire was as-
signed a mating quota based on its individual mean kin-
ship compared to the population mean kinship. In this 
way, breeding stallions with high individual mean kinship 
values were still selected but were assigned a stricter mat-
ing quota compared to breeding stallions with a lower in-
dividual mean kinship to the population. While breeding 
sires with a high kinship have a stricter mating quota com-
pared to the general mating quota, this could also stimu-
late stallion keepers to select breeding stallions with lower 
individual mean kinship values and hence indirectly re-
duce ΔF. In addition to that stratified mating quotas (with 
60, 80, 100 or 120 offspring per year) resulted in a lower 
ΔF (0.43%) than a general mating quota of 90 offspring 
per sire per year (0.55%), it has some other advantages 
over a general mating quota. Namely, with this novel 
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approach, breeding sires might be used over a longer time 
period and less soon replaced (by their close relatives), 
which indirectly strengthens the effect on reducing ΔF. 
Furthermore, with a general mating quota, a risk is that 
two full- brothers can be maximally used as breeding sires. 
However, with stratified mating quotas, the use of two full 
brothers will be restricted more quickly, as once one of 
the relatives produces many offspring, the other relative 
will automatically receive a higher kinship and both full 
brothers will get a stricter mating quota. While this issue is 
also covered by OCS and stratified mating quotas are not 
as optimal as OCS, implementing stratified mating quotas 
to the practice breeding program is relatively simple and 
only requests yearly computing individual and population 
mean kinship of the breeding population and assigning 
breeding stallions a mating quota. Thus, stratified mating 
quotas offers a good balance between restricting ΔF, ge-
netic gain and ease of implementation.

Population management strategies may be applied to 
both selection and mating. First, in the selection process, 
one may decide which animals should be used for breed-
ing and how much they should be used. Such decisions 
include, amongst others, whether to increase the num-
ber of selected animals and/or restrict the number of off-
spring per selected animal (Toro et al.,  1988; Villanueva 
et al., 1994). Second, in the mating process, one may de-
cide which combinations of selected animals should be 
mated. An example is minimum co- ancestry mating, i.e. 
minimizing Fi in the offspring (Caballero et al., 1996). Both 
selection and mating strategies have been used to reduce 
the ΔF in endangered horse populations (Dell et al., 2021; 
Nielsen & Kargo, 2020). For example, in the Jutland horse, 
OCS has been successfully applied as selection strategy. 
This was practically feasible due to the small breeding 
population and willingness of horse breeders to partici-
pate (Nielsen & Kargo, 2020). In such small populations, 
it is important to note that when using OCS, most individ-
uals will be selected for breeding (since self- kinships are 
also accounted for), but how much they should contrib-
ute differs. In the Friesian horse, OCS is practically not 
feasible due to the large population with many individual 
breeders (N > 3000). An example of a mating strategy that 
has been applied in the Cleveland Bay horse population, 
is that matings between parents with similar mean kin-
ship, in combination with minimizing co- ancestry be-
tween the parents, has been advocated (Dell et al., 2021). 
In this population, the reduction in ΔF was mainly due 
to the reduction in the number of highly inbred matings 
per year (Fi > 0.24) and was only evaluated on the short 
term (<2 generations), while it is known that such mating 
strategies are mostly effective on the short term (Windig 
& Oldenbroek, 2015). However, for small populations like 
the Cleveland Bay horse, with only ~50 registered foals per 

year (Dell et  al.,  2021), there is little room for selection 
strategies, making them more dependent on mating strat-
egies. In the Friesian horse, we showed that one of the 
main determinants of ΔF is the unequal sire contribution 
(as part of the selection step) rather than highly inbred 
matings, and we focused on long- term ΔF. Therefore, 
using solemnly a mating strategy is expected to be not very 
effective, and in such larger populations, selection strate-
gies are necessary to reduce ΔF on the long term.

In this study, we simulated breeding strategies at the 
level of selection, which is important for limiting popu-
lation ΔF. Additionally, individual breeders can make 
appropriate mating decisions by, e.g. minimizing the co- 
ancestry between parents (Windig & Oldenbroek, 2015), 
which limits the inbreeding of individual foals and could 
further help in reducing ΔF in the short term. However, 
breeding strategies at the selection step are of paramount 
importance for reducing the population ΔF in the long 
term.

5  |  CONCLUSION

The current study focused on reflecting on inbreeding 
trends and evaluating the effectiveness of the breeding 
strategies using simulations in the Friesian horse popu-
lation. We found that the main determinants of ΔF and 
Δf are selection and the unequal contribution of breed-
ing sires to the number of offspring. Although the current 
ΔF in the Friesian horse population is not excessive, ad-
ditional breeding strategies are advised. Our simulations 
show that breeding strategies related to kinship levels 
are the most effective in reducing ΔF. We recommend to 
imply a novel approach named stratified mating quotas, 
where breeding sires are assigned a mating quota based on 
their individual mean kinship compared to the population 
mean kinship. The outcomes of this study are not only ap-
plicable to the Friesian horse population but also to other 
horse breeds and species with high ΔF and small effective 
population sizes.
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