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H I G H L I G H T S  

• This study analyses Croatian Arabs with genomic data for the first time. 
• Croatian Arab horse is genetically close to the other Arab populations. 
• Specific genetic background typical for the Balkan environment is expected. 
• High ancient and low present inbreeding levels were detected. 
• Small effective population size.  
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A B S T R A C T   

The long history of Arabian horse breeding in Croatia spans several centuries and was strongly influenced by the 
breeding of Arabian horses in Bosnia and Herzegovina. Thus, the modern breeding of the Croatian Arabian horse 
is closely connected with the horse breeding of the Borike Stud, founded in 1895 in the mountainous region of 
Bosnia. Our main goal was to study the specifics of the Croatian Arabian horse (ARABCRO), the influence of the 
“Borike” breeding and the possible influence of other horse breeds. Therefore, we analyzed the population 
structure and admixture of the ARABCRO population (62 horses) together with 538 horses of Arabian and other 
origin (530 publicly available genotypes and 8 newly genotyped Shagya horses from Croatia) using high- 
throughput genomic data (GeneSeek® Genomic Profiler™ Equine SNP BeadChip 70 K). Our analyses (PCA, 
Neighbour Network, FST and STRUCTURE) revealed that ARABCRO is genetically closely related to the other 
Arabian horse breeds (populations) with an average FST of 0.09 whereas (the FST between ARABCRO and the 
Kladrub, Lipizzaner or Thoroughbred breeds, for example, is over 0.14) and thus can be considered a member of 
a large “Arabian horse metapopulation” (ARABMETA). At the same time, we have shown that ARABCRO is a 
distinct population with a specific position within ARABMETA, which can be quantified by genomic analyses. We 
also estimated the conservation status of ARABCRO, i.e., genomic inbreeding level (FROH) and effective popu-
lation size (Ne) given the small census size of the breed (428 horses in 2021). Estimated genomic inbreeding 
levels were high (FROH>2Mb = 0.136, FROH>4Mb = 0.100), especially those estimated for recent inbreeding 
(FROH>8Mb = 0.071 and FROH>16Mb = 0.039), indicating intentional mating practices of very close relatives. The 
estimated effective population size was small, ranging from Ne = 47 to Ne = 67 (95% CI) and was significantly 
reduced from Ne = 500 (approximately) from 9 to 12 generations back (generation interval about 10 years). The 
obtained results will be used in further breeding of ARABCRO, especially with regard to the current conservation 
status, e.g. by controlled mating and “blood refreshment” with other Arabian horses.   
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1. Introduction 

In Croatia, the existence of Arabian horses is known for centuries. 
Ancient records from more than 600 years ago testify their use in war-
fare purposes (Imamovic, 1997). Also, there are some evidences of 300 
years of continuous breeding at the stud farm in Djakovo from the 
beginning of the 16th century (Žiga et al., 2008). Its population size 
varied depending on the given circumstances of a given time and social 
events. The first systematic breeding of Arabian horses on the territory 
of ex-Yugoslavia was started at the stud farm Borike in 1895, which 
unfortunately ended its existence in 2019. The first breeding goal was to 
improve the Bosnian Mountain horse using a sufficient number of 
Arabian stallions, but through time there was also a need for the pure-
bred Arabian horses, that should become more adapted to the moun-
tainous Bosnian environment (Telalbašić et al., 2009). The majority of 
the breeding animals in Borike came from the four different sources. The 
first source comprised of the Arabian horses imported from Syria, Saudi 
Arabia, Yemen and Iraq. The second comprised of the animals from 
Hungary (stud farm in Babolna), third from Poland (stud farm in Sla-
wuta), and fourth from Romania (stud farm in Radautz) (Hrasnica, 
1957). From the Bosnian population, Croatian population was formed in 
the early ’70s of the previous century at the stud farm Vǐsnjica. Ac-
cording to Korabi (2012), the most prominent imported stallions with 
great influence on the Arabian population in Bosnia and consequently on 
the Croatian Arabian population were 17 Ilderim from 1915 to 1917 and 
from 1927 to 1930, 24 Lenkoran from 1926 to 1929, and 19 Shagya X-13 
from 1919 to 1929. Nowadays in Croatia, the Arabian-bred horse is bred 
by the private owners only. First genetic analysis of Arabian-bred dam 
lines from Višnjica stud were done with mtDNA in thesis of Korabi 
(2012). Based on the detected haplotypes and sequence analyses, results 
indicate that the Arabian-bred horses from Croatia have a heterogeneous 
origin, which was confirmed by the part of the shared nucleotide se-
quences with other horse breeds, and consequently their shared origin. 
The founders of this population were the animals from the stud farm 
Borike, especially two mares from the line El Hafi and Hamdani and one 
stallion from the line Gazal. During the ‘80s, the private breeders started 
to buy animals from Višnjica. Due to all these circumstances, a special 
type of Arabian-bred horse was formed with characteristics adapted to 
the local environment (typical for the Balkan) and breeding purposes. 

Since Arabian-bred horses in Croatia are bred in the same gene pool 
for more than 40 years, it therefore represents interesting population for 
identifying specific genetic population structure. Genomic analysis 
(characterization) of the breed or population can be of great benefit in 
revealing the conservation status, genetic background, and complex 
evolutionary history of horse populations around the world, as shown by 
a number of recent studies (Cosgrove et al., 2020; Grilz-Seger et al., 
2019; Kvist et al., 2019; Schurink et al., 2019; Jasielczuk et al., 2020). 

Genetic structure, in both species and breeds, represents funda-
mental basis for adaptation and breeding. It is important to document 
the relative levels of genetic diversity within and between the breeds/ 
populations, so as to provide useful information for breeding and con-
servation programs. The availability of low-cost genome-wide SNP data 
for horses (70k SNPs) in the last decade enables identification of pop-
ulation genomic parameters with high accuracy and also the possibility 
to compare data across different populations. 

Our main objective was genomic characterization of the Croatian 
Arabian horse (ARABCRO) with emphasis on its relatedness with other 
Arabian horses, influence of “Borike” breeding and possible influence of 
other horse breeds using high-throughput genomic data. In our analyses, 
we also used publicly available genomic information for several Arabian 
horse populations (Cosgrove et al., 2020) as well as genomic informa-
tion of other horse breeds sampled in Slovakia (Hucul, Lipizzan and 
Shagya horses) and in the Czech Republic (Lipizzan, Kladrub and Nor-
iker horses). We also estimated the conservation status of ARABCRO, i.e. 
genomic inbreeding level (FROH) and effective population size (Ne) 
given the small census size of the breed (428 horses in 2021). 

2. Material and methods 

2.1. Data and analyzed population description 

DNA was isolated from the blood of 62 Croatian Arabian horses 
(ARABCRO) according to the procedure described in Korabi (2012). In 
contrast, DNA was obtained from hair follicles of 29 Hucul horses from 
Slovakia (HUCUSVK), 24 Kladruber horses from the Czech Republic 
(KLADCZE), 28 Lipizzan horses from the Czech Republic and Slovakia 
(LIPICZE and LIPISVK), 24 Norik horses from the Czech Republic 
(NORICZE), and 48 Shagya horses from Croatia and Slovakia (SHAG-
CRO and SHAGSVK). We also included genomic data from different 
Arabian populations in our analyses published in Cosgrove et al. (2020), 
namely 77 horses from Egypt (ARABEGY), nine horses from Iran 
(ARABIRN), 11 horses from Poland (ARABPOL), 12 horses from Saudi 
Arabia (ARABSAU), and 259 Arabian horses of different origins from 
Europe and the USA (ARABMLO). In addition, the genotypes of 17 
Thoroughbred horses from the United Kingdom (THORGBR) were taken 
from Cosgrove et al. (2020). 

In Fig. 1a world map showing the samples used in this study is 
represented. 

2.2. Genomic analysis, quality control and phasing 

Croatian samples were genotyped using the GeneSeek® Genomic 
Profiler™ Equine SNP BeadChip 70 K (73,860 SNPs). The SNPs from sex 
chromosomes were excluded from the analysis. Quality control was 
performed in PLINK (Purcell et al., 2007). 4715 SNP-s were removed due 
to missing genotype data, 795 SNP-s were removed due to minor allele 
threshold (–maf 0.05). Only one horse was removed due to missing 
genotype data (–mind 0.23). Total genotype call rate in remaining 
samples was 0.87. Overall, the final dataset consisted of 600 animals and 
31,390 SNPs. In the estimation of population structure and effective 
population size we also used phased genotypes, while phasing was 
performed by using Shapeit2 software (Delaneau et al., 2013). 

2.3. Genomic relatedness 

The principal component analysis (PCA) was performed using PLINK 
(Purcell et al., 2007) and ggplot package in R software (R Core Team, 
2021). 

Estimation of pairwise genetic differentiation between all analyzed 
populations was based on FST fixation coefficients (Weir and Cocker-
ham, 1984), averaged over all available SNPs in the genome and 
calculated using GenePop version 4.7.0 (Rousset, 2008). In addition, we 
analysed genetic divergence among horse populations based on Nei’s 
distances (Nei, 1972), which accounts for both mutations and genetic 
drift, and finally visualized it by the NeighbourJoining tree (NJ) using 
SplitsTree4 software (Huson and Bryant, 2006). Nei genetic distances 
were calculated in R using package stAMPP (Pembleton et al., 2013). 

2.4. Unsupervised analysis of population structure and admixture 

Population genetic structure and admixture (membership in clusters) 
were inferred using the algorithm implemented in the program 
STRUCTURE (Pritchard et al., 2000). To reduce the ascertainment bias 
of the SNP chip our analysis was based on short haplotypes representing 
multiallelic markers as recommended by Simčič et al. (2015). Thus, after 
phasing, our genotypes were divided into non-overlapping haplotypes 
consisting of three consecutive SNPs with an inter-marker distance of 
less than 50 kb between adjacent SNPs (the maximum length of each 
haplotype was less than 100 kb). Subsequently, the analysis was per-
formed on the total number of 1513 haplotypes representing 1513 
multiallelic markers, which can better describe population differences 
caused by genetic drift (causing clustering) compared to biallelic SNPs. 
The analysis was performed with an admixture and correlated allele 
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frequency model, using 105 iterations with a burn-in period of 104. Runs 
were repeated 10 times for each assumed K (1–16). The most likely 
number of clusters was determined using the ΔK method (Evanno et al., 
2005) and recommendations implemented in StructureSelector software 
(Li and Liu, 2018), along with visualization of population structure and 
admixture. 

2.5. ROH based genomic inbreeding 

Genomic inbreeding coefficients were calculated with the detec-
tRUNS package in R (Biscarini et al., 2019) using the consecutive ROH 
(Runs of Homozygosity) approach, which is a window-free approach 
that directly scans the genome SNP by SNP (some comparisons with 
other approaches can be found in Curik et al., 2014). According to 
Ferenčaković et al. (2013), ROH were called when 15 or more consec-
utive homozygous SNPs were present at a density of at least 1 SNP every 
100 kb, with gaps of no more than 1000 kb between them. The pa-
rameters for the genomic runs were set as follows: maximum gap length 
was 100 kb, minimum run length was 250 kb, maximum number of 
opposite genotypes in the run was 0, maximum number of missing ge-
notypes in the run was 0. The genomic ROH-based inbreeding co-
efficients for each individual (FROH) were calculated for each individual 
by dividing the sum of the length of all ROH considered autozygous 

(depending on ROH length >2 Mb, >4 Mb, >8 Mb, and >16 Mb) by the 
total length of the autosomal genome covered by SNPs, as described by 
McQuillan et al. (2008). In this way, we were able to calculate a range of 
inbreeding coefficients for each individual (FROH>2Mb, FROH>4Mb, 
FROH>8Mb, and FROH>16Mb), depending on the distance to the expected 
common ancestor contributing to the observed "autozygosity" (ROH 
length), as described in Ferenčaković et al. (2013). 

2.6. Current and historical gametic/linkage effective population size 

Estimation of current and historical effective population size (NeLD) 
was based on the observed gamete and linkage disequilibrium spectrum 
(LD) and their relationship to effective population size (Hill, 1981; Sved, 
1971; Hayes et al., 2003). Here, NeLD was considered to be the size of an 
idealized Wright-Fisher population that exhibits the same degree of 
change in gamete and linkage disequilibrium due to genetic drift as the 
population under consideration. Estimates were obtained using the 
software GONE (Santiago et al., 2020), which uses genetic algorithms 
(Mitchell, 1998) to derive the historical series of effective population 
size by minimizing the squared differences between the observed aver-
aged squared correlations between two loci allele frequencies, weighted 
by their variance (D2) of bins, and those predicted at corresponding 
different demographic trajectories (Santiago et al., 2020; Saura et al., 

Fig. 1. Map of sampling locations for analysed horses. 
The map was created using R software (R Core Team 2021). It illustrates the geographic locations where samples were collected. Each country of origin is presented 
with a different color. 
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2021). Although the software GONE has only recently been developed, it 
is already widely used to estimate current and historical effective pop-
ulation size in managed (Saura et al., 2021), livestock (Magnier et al., 
2022; Drzaic et al., 2022; Vostry et al., 2023), wild (Pacheco et al., 
2022), and experimental (Novo et al., 2023) populations with complex 
demographic histories. GONE was performed using standard input pa-
rameters for phased and unphased genomic datasets, in both cases with 
three MAF constraints (none, <0.01, <0.05, and <0.10) and with 
approximated recombination rate, where 1 cM equals 1 Mb. 

3. Results 

3.1. Genomic relatedness 

Genetic relatedness of the breeds (populations) studied (600 horses), 
represented by the first two principal components explaining 36.7% of 
the total variation, is shown in Fig. 2. The smallest cluster, consisting 
only of THORGBR horses, was clearly separated from the non-Arabian 
and Arabian clusters, while at the same time high genetic diversity 
was observed within the THORGBR cluster, especially along PC2. 

Based on the first two principal components, the non-Arabian cluster 
included five populations (LIPISVK, LIPICZE, KLADCZE, NORICZE and 
HUCUSVK), although the NORICZE horses could ultimately be consid-
ered a separate cluster that did not overlap with other nearby pop-
ulations. As expected, the cluster of six populations of Arabian origin 
(ARABCRO, ARABEGY, ARABIRN, ARABPOL, ARABSAU, and ARA-
BMLO) and two populations of Shagya horses (SHAGCRO and 

SHAGSVK) was the largest cluster and formed a large metapopulation of 
Arabian horses (ARABMETA). Arabian horses from Egypt (ARABEGY) 
were the most distant group within this cluster and overlapped only with 
the ARABMLO horses. Other Arabian horse populations were much 
more closely intertwined, with the exception of the ARABPOL horses, 
which exhibited a reasonable degree of estrangement. The ARABCRO 
horses were quite widely dispersed, especially along PC2 and over-
lapping with the ARABMLO horses. The proximity to horses from the 
Near East (ARABIRN and ARABSAU) and to Shagya horses from Croatia 
and Slovakia proves that there were close historical links between them 
during population formation. The highest genetic diversity was found in 
the ARABMLO horses, which was to be expected given their diverse 
origins. 

The estimated overall mean FST was 0.10, whereas pairwise values 
ranged between 0.02 (between LIPICZE and LIPISVK), as these two 
populations belong to a well-defined Lipizzan breed known for its meta- 
population structure (Achmann et al., 2004), and 0.22 (between 
THORGBR and ARABEGY) (Table 1). In general, greater differentiation 
(larger FST differences) was observed between ARABMETA sub-
populations and non-Arabian breeds (populations) and between 
THORGBR and all other breeds (populations). Estimated FST values be-
tween ARABMETA subpopulations ranged from 0.02 to 0.17, with the 
highest values between ARABSAU and other Arabian horses, while less 
genetic differentiation was observed between Arabian populations with 
a closer genetic history. With an average FST of 0.09, ARABCRO was 
genetically closely related to the other Arabian horse breeds (pop-
ulations), while the FST between ARABCRO and, for example, the 

Fig. 2. PCA plot for analysed horse breeds. 
The principal component analysis (PCA) was performed using PLINK (Purcell et al., 2007) and ggplot package in R software (R Core Team 2021). The plot is 
presented with the three main clusters according to PC1 and PC2. Each breed is presented with different color and different letter coding. 
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Kladrub, Lipizzaner or Thoroughbred breeds was above 0.14. 
Genetic differentiation among 14 breeds (populations) was repre-

sented using a rooted neighbour-joining tree based on genetic distances 
defined by Nei (1972). The genetic uniqueness of ARABCRO was further 
supported by its separation from the other breeds studied (Fig. 3). 
ARABEGY was the most distant population, while ARABCRO was very 
close to ARABMLO and beyond to other populations of Arabian horses. A 
separate group of horses, including Lipizzaners, Kladrubers, Norikers, 
and Huculs, was on the opposite side of the tree and formed their own 

cluster according to the results of PCA. At the same time, THORGBR was 
confirmed as an outgroup. 

3.2. Population structure and admixture 

Population structure and admixture were estimated using the algo-
rithm implemented in the software STRUCTURE, which can reveal 
“hidden structures” without determining a priori the membership of 
individual breed or populations (clusters). According to the 

Table 1 
Population differentiation among 14 horse breeds (populations) based on genome-wide FST estimates.  

Breed/population AC AE AI AM AP AS HS LS LC NC CC SC SS MFST 

ARABCRO              0.12 
ARABEGY 0.11             0.16 
ARABIRN 0.08 0.13            0.10 
ARABMLO 0.05 0.06 0.04           0.08 
ARABPOL 0.08 0.13 0.07 0.02          0.11 
ARABSAU 0.12 0.17 0.10 0.08 0.12         0.15 
HUCUSVK 0.15 0.21 0.13 0.12 0.15 0.18        0.14 
LIPISVK 0.14 0.21 0.12 0.11 0.14 0.18 0.13       0.13 
LIPICZE 0.14 0.20 0.11 0.10 0.13 0.16 0.12 0.02      0.12 
NORICZE. 0.16 0.22 0.14 0.13 0.16 0.20 0.10 0.14 0.12     0.15 
KLADCZE 0.15 0.20 0.13 0.11 0.14 0.18 0.12 0.11 0.09 0.12    0.14 
SHAGCRO 0.07 0.12 0.05 0.03 0.05 0.10 0.12 0.11 0.11 0.13 0.11   0.09 
SHAGSVK 0.08 0.13 0.07 0.05 0.07 0.12 0.14 0.13 0.12 0.14 0.13 0.04  0.11 
THORGBR 0.16 0.22 0.14 0.13 0.15 0.19 0.19 0.17 0.18 0.20 0.18 0.13 0.16 0.17 

MFST is the mean of pairwise comparisons of each breed (population) with all other horse breeds (populations). 

Fig. 3. Neighbour network based on the Nei genetic distances illustrating genetic relatedness of 14 horse breeds. 
The analysed genetic divergence among horse populations based on Nei’s distances (Nei, 1972) is shown, which accounts for both mutations and genetic drift, and 
finally visualized by the NeighbourJoining tree (NJ) using SplitsTree4 software (Huson and Bryant, 2006). Nei genetic distances were calculated in R using package 
stAMPP (Pembleton et al., 2013). Each breed is presented with different color and different letter coding. 
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recommendations (Prichard et al. 2000; Falush et al., 2007), the most 
likely K is the one where Ln Pr(G|K) is maximized or where the smallest 
value of K captures the main structure in the data. In our analyzes, this 
difference was very small up to K = 11 (Supplementary Figure S1), 
making it difficult to decide which is the optimal number of clusters in 
the data set (the most likely parameter K) (Supplementary Figure S2). 
Furthermore, we analyzed the rate of change of Ln Pr(G|K) between 
successive K values. In the presence of a hierarchical population struc-
ture, this approach could reveal a more subtle structure within pop-
ulations, as suggested by Evanno et al. (2005). In our data set (see 
Supplementary Figure S3), several peaks were observed at K = 2, K = 10, 
and K = 13, indicating the presence of a complex hierarchical structure. 
Therefore, we decided to show in Fig. 4 only the results of K = 2, K = 4 
(the first subdivision in which ARABCRO appears as a separate cluster), 
and K = 10, since K reveals the best sub-structuring in the dataset. Thus, 
at K = 2, the horses studied were divided into two groups, one more 
specific to Arabian horses, although showing purity only in ARABEGY, 
and the other characteristic of non-Arabian horses such as Huculs, Kla-
druber, Lipizzan, Noriker, and Thoroughbreds. At K = 4, ARABCRO was 
clustered as a distinct population, indicating its specific position within 
ARABMETA, previously demonstrated by other analyses (PCA, pairwise 
FST, and Neighbour Network). Finally, the most likely genomic popu-
lation structure and admixture of the studied horses was shown at K =
10 (see Fig. 4). As expected, the greatest admixture was observed in 
ARABMLO, while some clustering was also observed in ARABEGY and 
ARABPOL. Of course, common clustering was observed between 
SHAGCRO and SHAGSVK (with higher estimated admixture in SHAG-
CRO) and between LIPICZE, LIPISVK, and KLADCZE, confirming their 
common breeding history. Some common "cluster components" were 
also observed between HUCUSVK and NORICZE, which was also 
expected. 

3.3. Inbreeding level and effective population size 

The distributions of ROH-based genomic inbreeding coefficients as a 
function of ROH length (FROH>2Mb, FROH>4Mb, FROH>8Mb, and 

FROH>16Mb) in ARABCRO are shown in Fig. 5. The average inbreeding 
observed in ARABCRO was 0.136 for FROH>2Mb and 0.100 for FROH>4Mb. 
The observed inbreeding value for FROH>2Mb was higher than the esti-
mated inbreeding value (0.101) in the Polish Arabian population 
(Szmatola et al., 2022), but lower than the estimated (0.225) in the 
Persian Arabian population (Sadeghi et al., 2019). However, the 
observed genomic inbreeding is considered high because much lower 
ROH inbreeding levels have been estimated in other breeds. For 
example, the estimated ROH inbreeding levels in five non-Arabian horse 
breeds (Hucul, Malopolski, Polish Konik, Sokolski, and Szumski) pre-
sented in Szmatola et al. (2022) ranged from 0.053 to 0.084 for 
FROH>2Mb and from 0.033 to 0.081 for FROH>4Mb. Extremely high recent 
genomic inbreeding (FROH>8Mb = 0.071 and FROH>16Mb = 0.039) was 
observed in ARABCRO, indicating intentional mating of close relatives. 
For example, Szmatola et al. (2022) observed slightly lower ROH 
inbreeding in Polish Konik (FROH>8Mb = 0.063 and FROH>16Mb = 0.035), 
whereas close inbreeding in other horses ranged from 0.018 to 0.054 for 
FROH>8Mb and from 0.007 to 0.028 for FROH>16Mb. In addition, a large 
percentage of ARABCRO horses (23.6%) had a FROH>16Mb value greater 
than 0.0613, which is likely to occur in offspring of half siblings. The 
estimated average inbreeding coefficient in the ARABCRO pedigree was 
0.087 (with complete generation equivalent of 11.97), while the esti-
mated average recent inbreeding coefficient (with a pedigree limited to 
five recent generations) was also very high (0.064), indicating frequent 
intentional matings of close relatives (Korabi 2012). 

The estimated current effective population size (NeLD) varied be-
tween 44 and 56, depending on the data analyzed (unphased versus 
phased) and the MAF parameters used in the software GONE (none, 
<0.01, <0.05, and <0.10). Although the differences were not significant 
(overlap at 95% CI), higher estimates were obtained in the analyses with 
phased genotypes (between 52 and 56) than with unphased genotypes 
(between 44 and 46). In both cases, although the difference in estimated 
NeLD was very small (2 and 4 individuals in the “unphased” and "phased” 
estimates, respectively), the estimated effective population size 
increased proportionally with the increase in MAF (from none to 0.10). 
The obtained estimates were slightly higher but in agreement with 

Fig. 4. Population structure and admixture estimated using the algorithm implemented in the software STRUCTURE. 
Graphical representation of unsupervised population structure and admixture using the STRUCTURE algorithm for 600 horses representing 14 a priory defined 
breeds (populations). Each horse is represented by a single vertical line broken into K colored segments whose length is proportional to the estimated membership of 
the inferred cluster, illustrating the presence of admixture. 
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effective population size (60) of ARABCRO estimated from the infor-
mative pedigree in Korabi (2012) using approach described in Gutiérrez 
et al. (2008, 2009). 

The NeLD estimated for ARABCRO was small (about 50), so we were 
also interested in historical estimates of effective population size, 
because it is not the same whether the small NeLD is “stable” or a 
consequence of a constant or sudden decline. Here, we estimated the 
trend in effective population size (NeLD) over the last 40 generations 
using different options (“phased” versus “unphased” genotypes and 
different MAF adjustments). 

As shown in Fig. 6, the small NeLD of ARABCRO was stable over the 
last seven to nine generations, while the tenfold decrease in NeLD from 
500 to 50 (approximations) was observed nine to 12 generations back. 

The use of phased or unphased genotypes affected the historical esti-
mates of effective population size, as the lag of the estimated trend 
shifted back several generations when estimates were calculated using 
the phased genotypes, whereas negligible differences were observed for 
trends based on different MAF options (Fig. 6). Considering that the 
generation interval in ARABCRO is about 10 years (10.25 according to 
the calculation in Korabi, 2012), the sudden decline occurred 90 to 120 
years ago or between 1903 and 1933, which is consistent with the 
exponential global use of mechanization. The low NeLD, ranging from 32 
to 62, was observed in several draft horse populations (Druml et al., 
2007), which was explained by the significant decline in the census 
population size of draft horses in the geographic area of the former 
Austro-Hungarian Empire and Germany from four million draft horses 

Fig. 5. Box-plot illustration presenting distributions of the ROH based genomic inbreeding coefficients (FROH>2Mb, FROH>4Mb, FROH>8Mb, and FROH>16Mb) in 
Croatian Arab horses. 
Genomic inbreeding was analysed using ROHs (Runs of Homozigosity), and it was performed using detectRUNS package in R (Biscarini et al. 2019) using consecutive 
approach, a window-free approach which directly scans the genome SNP by SNP. FROH classes were specified according to the ROH length: >2 Mb, >4 Mb, >8 Mb 
and >16 Mb. The box plots represent the mean values and standard deviations of the respective FROH class. 

Fig. 6. Effective population size (NeLD) using phased and unphased data and MAF exclusions 
Trend representing estimates of the effective population size (NeLD) of the Croatian Arabian horse over the last 40 generations with different data inputs (phased and 
unphased genotypes) and MAF exclusions (none, <0.01, <0.05, and <0.10). 
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and crosses in 1876 to 20,000 in 2007. 

4. Discussion 

In this study, our aim was to analyze population structure, admixture 
and genomic characterization (“positioning”) of ARABCRO horses. It is 
generally small population and highly underestimated by the breeders, 
because during the last centuries in Croatia (tradition related with 
Austrian-Hungarian breeding practices) main focus was given to the 
Lipizzaner breed. Nowadays, it is used mainly by the recreational ridders 
and professionals in endurance and gallop racing sport. 

As we described, our knowledge and the historical record of this 
breed led us to other conclusions and raised the question of why the 
observed results didn’t meet our expectations (the presence of the 
“background blood” of other breeds). Historically, Arabs had a specific 
role in the Balkans as a famous and cosmopolitan breed with clear and 
distinctive purposes, therefore in the breeding context they were mainly 
used within warmblood breeding to improve local horse breeds i.e. 
Bosnian mountain horse, to become lighter horse with better riding 
ability traits, and for the sport purposes (gallop racing and endurance). 
However, Pure Arab horses haven’t completely adjusted to the breeding 
preferences in this area (as Borike are situated at the higher altitudes), so 
the breeders decided to introduce a half-bred Arab mares, which became 
more suitable in the present environment, with more reliable and 
stronger characteristics (Hrasnica, 1957). Shortly after these half-bred 
Arabians were bred in Stud Farm Borike, occasionally the Pure 
Arabian stallions were also used. Because of these facts, we expected 
that the ARABCRO will be genetically more distant than the world-wide 
Arabs we analysed here. It appears that the breeding was much more 
controlled than our expectations, and that the pure Arabs were domi-
nated in breeding. These practices were detected in our analysis of 
principal components, where the ARABCRO were situated within the 
cluster of other i.e. in a ARABMETA (“Arab horse metapopulation”), 
This finding additionally confirms the results from Cosgrove et al. 
(2020), which showed that the substantial variation is present in the 
worldwide Arab population, mainly as a result of closely controlled 
breeding within countries over the past 200 years. In our scenario on 
Croatian population, this horse represents subgroup with specific 
breeding purposes typical for the Balkan environment, but it is still the 
Arabian-bred horse, a member of ARABMETA. Admixture analysis also 
confirmed these findings. In the ADMIXTURE plots on cluster assign-
ments for K = 4 and higher, ARABCRO clustered as a separate subgroup 
and shared ancestry with other Arabian horses, and to a lesser extent 
with Shagya. 

Genomic inbreeding analysis provided additional insight into the 
conservation status of ARABCRO. The advantage of genomic inbreeding 
calculations using ROHs is the possibility to draw conclusions about 
breeding history (recent or distant inbreeding), as recent inbreeding is 
associated with the long ROH segments, while ancient inbreeding is 
associated with short ROH segments. Inbreeding estimated with ROHs 
on a genome-wide level proved to be high (ARABCRO was 0.136 for 
FROH>2Mb and 0.100 for FROH>4Mb), which is common for Arabian horses 
(Supplementary Figure S4), but much higher than in other horse breeds, 
for example, draft horses. Unfortunately, extremely high recent 
inbreeding has been observed in ARABCRO (FROH>8Mb = 0.071 and 
FROH>16Mb = 0.039), which could lead to the expression of deleterious 
mutations. The most realistic explanation for the observed high 
inbreeding is the mating of closely related animals to achieve desirable 
phenotypes in the offspring. This practice should be discontinued and 
systematic planning of mating with a view to avoiding inbreeding 
should be initiated. 

To gain further insight into the demographic history of ARABCRO, 
we estimated current and historical effective population size (Ne) using 
the pattern of gametic/linkage disequilibrium (LD). As shown in Fig. 6, 
the Ne for the last eight generations was approximately 50 animals, 
which is alarming and indicates the need for a breeding conservation 

strategy. A dramatic decline in effective population size occurred about 
nine to 12 generations ago, from 500 to 50 animals, which historically 
corresponds to the first half of the 20th century, given a generation in-
terval of 10 years. At that time, horse breeding in the Balkans and 
throughout Europe suffered a sharp decline in population sizes, prob-
ably due to the events of the war and the introduction of agricultural 
mechanization. 

Additionally, the level of genetic differentiation based on Wright’s 
statistics (Wright, 1978) between populations were estimated, as the 
genetically similar populations tend to have lower FST values, whereas 
more genetically diverse have higher FST values. Pairwise FST values 
(Table 1) as a reflection of allele frequencies between analysed horse 
populations, shows highest population similarity between the ARA-
BCRO and ARABMLO (0.05). On the contrary, the most divergent pop-
ulations indicated with the highest FST values were the ARABCRO and 
THORGBR, which is in accordance to the PCA and STRUCTURE analysis. 

5. Conclusion 

With respect to the geographic origin and historical background of 
ARABCRO, this study provides the first insights into the genomic char-
acterization and conservation status of ARABCRO. PCA, STRUCTURE, 
FST and Neighbour network analyses yielded results characterizing 
ARABCRO as a specific population within the Arabian horse meta-
population (ARABMETA), as demonstrated in this study. Genomic 
inbreeding analysis revealed higher ancient inbreeding characteristic of 
purebred Arabian horses, but also extremely high recent inbreeding that 
needs to be controlled. The current effective population size was low 
(about 50) but stable over the last eight generations, whereas a signifi-
cant decrease in effective population size was observed nine to 12 
generations ago. Thus, our results suggest that the revised breeding 
strategy should be used judiciously in terms of controlled matings and 
increasing genetic diversity. In this sense, one possibility is to open the 
herdbook to other Arabian horses. 
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