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Genomics 
Baroque horses represent a distinctive group of breeds that emerged mainly between the 16th and 18th 
centuries, shaped by the demands of European royalty and their courts. Although recognised as separate 
breeds, they share common ancestry, breeding goals, and historical gene flow. This study aimed to eval-
uate their genomic diversity, population structure, and admixture patterns. We analysed 1 160 individ-
uals from eight breeds - Lipizzan, Old Kladruby Horse, Pura Raza Española, Lusitano, Friesian, Criollo, 
Peruvian Paso, and Puerto Rican Paso Fino - using 34 026 single-nucleotide polymorphisms, with the 
Croatian Arab horse included as an outgroup. The Lipizzan was further divided into national subpopula-
tions, the two Old Kladruby subpopulations defined by colour (black and grey), and within the Pura Raza 
Española, the Carthusian strain was treated as a distinct subpopulation. Observed genetic diversity, mea-
sured by heterozygosity and haplotype richness, was broadly comparable across breeds, although clear 
differences were observed between breeds with the lowest values (Friesian) and those with the highest 
values (Lusitano and Criollo). Genomic inbreeding coefficients, estimated using runs of homozygosity
(FROH>2Mb) and homozygosity-by-descent segments (FHBD), ranged from ∼0.06 to ∼0.29 and ∼0.14 to
∼0.27, respectively. These values indicate relatively high levels of inbreeding, which may reflect the
closed breeding structure of the populations and their relatively limited effective population sizes. In con-
trast, most individual inbreeding coefficient (FIS) values were negative, reflecting deliberate avoidance of
close-relative matings. Estimates of contemporary effective population size (NeLD) ranged from ∼50 to
∼240 across breeds, depending on the method. Historical NeLD trajectories revealed two distinct demo-
graphic decline patterns: one occurring around 12 generations ago and the other around 22 generations
ago. Evidence of recent between-breed gene flow was detected among Iberian breeds and between
Croatian Arab and Lusitano, whereas shared historical ancestry among Baroque breeds was evident across
populations. These results provide new insights into the genomic architecture of Baroque horses and offer
valuable guidance for managing their genetic diversity.
© 2026 The Authors. Published by Elsevier B.V. on behalf of The animal Consortium. This is an open access

article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). 
Implications 

Understanding genomic diversity is essential for conservation 
and sustainable management of Baroque horses. Baroque horses 
are a culturally significant group of breeds whose long history is
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Current and historical effective population size
Table 2 presents estimates of contemporary NeLD with confi-

dence intervals for 16 analysed horse breeds with two different 
approaches implemented in NeEstimator v2 and GONE2 software. 
Estimates of NeLD obtained with GONE2 were higher in most esti-
mates than those from NeEstimator v2, with significant differences 
in 5 of the 16 breeds where the 95% confidence intervals did not
overlap. We treat non-overlapping 95% CIs as strong evidence of
difference among approaches, but overlapping CIs do not preclude
meaningful discrepancies; methods differ in model assumptions
and information used. In all 16 populations analysed, the upper
95% CI of NeLD estimates exceeded the FAO (1998) critical threshold 
of 50 effective animals, while the expected values themselves were 
above this threshold in 13 populations. For management targets, 
benchmarks of Ne ≈ 100 (medium-term) and Ne ≥ 500 (long-
term adaptive potential) are widely cited. Estimates of NeLD tended
to be lower in Central European Baroque subpopulations (Lipizzan
and Old Kladrub horse) than in other Baroque breeds and the Arab
horse (Table 2). 

Our analyses of historical effective population size (Fig. 2) 
revealed a marked decline between approximately 13 and 8 gener-
ations ago (≈1890–1945 assuming a 10-year generation interval) 
in half of the breeds examined, including the Iberian and South 
American breeds as well as the Old Kladruby. In contrast, the 
remaining populations - mainly Lipizzan subpopulations, together 
with the Friesian, Lusitano and Cartujano - showed evidence of a
pronounced decline between 24 and 19 generations ago (≈1780–
1830). Notably, the historical trends in effective population size
across the analysed populations closely mirrored the patterns of
genomic inbreeding inferred from FHBD values (Fig. 1C). For exam-
ple, in the Lipizzan horse subpopulations, Cart and PRPF, a signifi-
cant increase in ancestral inbreeding was observed between 24 
and 12 generations ago. In contrast, in OKHb, OKHg and Lus, the 
highest increase in ancestral inbreeding occurred between 12
and 4 generations ago. These increases in ancestral inbreeding cor-
respond to significant decreases in the historical NeLD of these
breeds. However, this relationship requires more systematic
investigation.
Table 2 
Recent genomic effective population size with estimated 95% Confidence Interval (in
parentheses) for 16 analysed horse breeds.

Breed NeEstimator v2 GONE2 

LipBA 28 (23–34) 49 (40–59)* 
LipSI 59 (54–64) 75 (70–79)* 
LipHR 91 (66–141) 106 (85–130) 
LipHU 156 (124–207) 136 (108–171) 
LipSK 33 (28–40) 68 (59–80)* 
LipCZ 24 (15–46) 59 (44–78) 
OKHg 42 (39–45) 47 (46–49)* 
OKHb 46 (40–53) 46 (42–51) 
FriCZ 62 (36–179) 70 (52–96) 
Lus 75 (54–120) 130 (98–174) 
PRE 315 (227–505) 127 (99–162) 
Cart 89 (61–165) 99 (74–131) 
Cri 195 (110–296) 243 (181–324) 
PERU 281 (173–713) 193 (124–303) 
PRPF 124 (85–223) 114 (75–171) 
ArabHR 38 (3–47) 56 (48–64)* 

Where: NeEstimator v2 softare estimates; Do et al. (2014), GONE2 softare 
estimates; Santiago et al. (2025), Abbreviations: LipBA − Lipizzan (Bosnia and 
Herzegovina), LipSI − Lipizzan (Slovenia), LipHR − Lipizzan (Croatia), LipHU – 
Lipizzan (Hungary), LipSk − Lipizzan (Slovakia), LipCZ − Lipizzan (Czechia), OKHg − 
Old Kladruby horse (grey), OKHb − Old Kladruby horse (black), FriCZ − Friesian
(Czehia), PRE − Pura Raza Española, Cart − Cartujanos, Lus − Lusitano, Cri − Crillos,
Peru − Peruvian Paso, PRPF − Puerto Rican Paso Fino, ArabHR −Arabian (Croatia).
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Relationship among parameters defining conservation status

Relatedness 
The relationships among the parameters defining conservation 

status - genomic inbreeding coefficients (FROH and FHBD), Wright’s 
inbreeding coefficient (FIS), and effective population size (NeLD) -
are summarised in Fig. 3. This visualisation highlights the dynam-
ics of each population with respect to effective population size, 
realised inbreeding, and non-random mating within populations, 
and thereby provides guidance on the effectiveness of diversity 
management. Intermediate genomic inbreeding coefficients (FROH/ 
FHBD) were observed in the Central European Baroque breeds (Lip
and OKH), largely reflecting their low effective population sizes.
Nevertheless, their negative FIS values indicate deliberate avoid-
ance of close-relative matings, consistent with careful diversity
management (Table 1, Fig. 3). In contrast, some populations with 
moderate effective population sizes, such as PRPF, but with FIS val-
ues close to zero, showed comparable or only slightly lower FROH 

values. The highest ROH/HBD inbreeding levels were recorded in 
the Friesian (FriCZ) and Cartujano (Cart) populations, both of which 
displayed positive FIS values. This demonstrates how insufficient
avoidance of close-relative matings can lead to high realised
inbreeding despite larger effective population sizes. The predomi-
nance of recent and intermediate genomic inbreeding in FriCZ
and Cart further underscores suboptimal diversity management
(Fig. 1C). Across breeds, FIS tended to correlate positively with FHBD 

(r = 0.15), and NeLD (GONE2) negatively with the recent FHBD com-
ponent (FHBD≤6) (r = −0.49).

Genetic relatedness and population structure
Various methods were used to determine relatedness and pop-

ulation structure. Relatedness results obtained using the VAE, 
Neighbor-Net, and NetView methods are shown in Figs. 4 an d 5, 
as well as Supplementary Figure S 2. To achieve a more comprehen-
sive assessment of relatedness, additional publicly available horse 
breed data were incorporated into the analysis (Petersen et al .,
2013; Cosgrove et al., 2 020)  (Supplementary Figures S3 and S4). 
The VAE and NetView methods reveal relatedness at both the indi-
vidual and breed levels, whereas the Neighbor-Net method depicts 
only relationships between breeds. The VAE analysis clearly 
divided the analysed populations according to breed. The first axis 
separated Lipizzan horses from Old Kladruby horses, while the sec-
ond axis captured within-breed structure in both breeds, separat-
ing the colour variants within Old Kladruby horses and the 
subpopulations within Lipizzan horses. Within Lipizzan horses, 
the second axis distinguished the LipSI and LipBA subpopulations 
from the LipCZ, LipSK, LipHU, and LipHR subpopulations. Iberian 
breeds occupied an intermediate position in the plot and, together 
with ArabHR, were located between the Lipizzan and Old Kladruby 
subpopu lations. The FriCZ breed was clearly separated from all
other breeds. With the addition of other publicly available horse
breeds (Petersen et al., 2013; Cosgrove et al., 2020), the VAE anal-
ysis clearly separated breeds according to their origin. The first axis 
distinguished warm-blooded and Baroque riding breeds from cold-
blooded and carriage breeds. The second axis separated Baroque 
horses together with Arab horses from other riding and working 
horses. Notably, Iberian breeds (PRE, Cart, and Lus) occupied an 
intermediate position in the latent space of the plot. The analysed 
subpopulations of Lip and OKH formed distinct, compact metapop-
ulations, with both colour variants of OKH showing gre ater genetic
divergence than the individual subpopulations of Lip. The NetView
analysis (Supplementary Figure S 2) divided the monitored popula-
tions of baroque horses into two separate clusters. The first cluster 
included all subpopulations of Lip, and the second cluster included 
all other breeds. Once again, the Lipizzan horse subpopulation 
showed greater similarity than the OKH colour variants.

move_t0010
move_f0010
move_f0015
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Fig. 2. Estimated historical effective population size (NeLD) of Baroque horse breeds (populations) and Arab horse (ArabHR) up to 40 generations ago. Shown are Lipizzan 
subpopulations defined by national breeding programmes (green text): LipBA (Bosnia and Herzegovina), LipSI (Slovenia), LipHR (Croatia), LipHU (Hungary), LipSK (Slovakia), 
LipCZ (Czechia). The Old Kladruby is represented by two subpopulations reflecting different coat colour: OKHg (grey), OKHb (black). Additional breeds include the Friesian
horse (FriCZ); Iberian breeds - Lusitano (Lus), Pura Raza Española (PRE), Cartujanos (Cart); South American breeds - Criollos (Cri), Peruvian Paso (Peru) and Puerto Rican Paso
Fino (PRFP); and Arab horse (ArabHR). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
The phylogenetic network (Neighbor-Net) based on Reynolds’ 
pairwise genetic distances, constructed from predefined breeds,
complements the VAE results (Fig. 5). The Neighbor-Net analysis 
clearly grouped Baroque breeds into two clusters. The first clus-
ter comprised South American and Iberian breeds together with 
FriCZ and ArabHR, whereas the second cluster included Lipizzan 
and Old Kladruby subpopulations. Notably, Old Kladruby horses
were positioned closer to the first cluster than the Lipizzan sub-
populations. With the addition of other publicly available horse
breeds (Petersen et al., 2013; Cosgrove et al., 2020), Neighbour-
Net distinctly grouped the Baroque breeds into three clusters: 
South American, Iberian, and Central European Baroque horses. 
The intermediate position of the Lipizzan subpopulations 
between the grey and black variants of the Old Kladruby horse 
reflects the historical regeneration process of the breed. During
the regeneration programme, each colour variety was restored
using different founder breeds. Specifically, grey Old Kladruby
horses were regenerated using Lipizzan and Lusitano stallions,
whereas black Old Kladruby horses were regenerated using
black Lipizzan and Friesian stallions (Bílek, 1957). This distinct 
use of founder breeds explains the observed molecular patterns: 
the grey variety shows closer genetic affinity to Iberian-related 
populations together with Lipizzans, while the black variety
occupies an intermediate position between Friesian and Lipizzan
horses. Baroque horses occupied a position between Arab and
draft horse breeds.
8

The population relatedness of the 15 analysed Baroque horse 
breeds, together with Arab breed is presented in the form of pair-
wise Wright’s fixation index (FST) values, along with the mean FST
(MFST) value for each breed (Supplementary Figure S5 and 
Table S3). Estimated FST values ranged from 0.020 (LipCZ and 
LipSK) to 0.132 (FriCZ and PRPF), with an overall mean FST of 
0.073. The most genetically distant population was FriCZ, with 
the highest average FST of 0.111, whereas the most central breeds 
were LipHU, Lus, and PRE, all showing the lowest average FST of 
0.057. The lowest FST values were generally observed within
groups of populations, such as among Lipizzan subpopulations.
Pairwise FST between OKH colour variants was relatively high,
comparable to - or exceeding - FST values between each OKH vari-
ant and Lipizzan subpopulations, consistent with colour-based
substructuring and drift.

Population s tructure
Population structure and admixture levels were assessed using 

NeuralADMIXTURE, an algorithm based on a neural network 
autoencoder that provides faster computation with fast computa-
tion. Based on these analyses, we selected K = 4, 7 and 10 as repre -
sentative solutions for interpretation (Fig. 6B). K = 4 captures the 
major genetic structure with the broad differentiation among pop-
ulations. K = 7 was chosen based on the first plateau observed in 
the MedMed K curve and reflects intermediate structuring of sub-
populations. Finally, K = 10 was identified as the most suitable

move_f0030
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Fig. 3. Three-dimensional bubble plot of the relationship between rule-based genomic inbreeding coefficient (FROH>2Mb) and model-based genomic inbreeding (FHBD), 
Wright’s inbreeding coefficient (FIS) a gamete/linkage effective population size (NeLD, proportional to bubble size) (GONE2) in Baroque horse. Shades of green represent 
subpopulation of Lippizaner horse, shades of red represent colour variant of Old Kladruby, shades of blue represent Iberian and South American breeds together with Friesian 
and yellow represent Arab horse. Shown are Lipizzan subpopulations defined by national breeding programmes (green text): LipBA (Bosnia and Herzegovina), LipSI 
(Slovenia), LipHR (Croatia), LipHU (Hungary), LipSK (Slovakia), LipCZ (Czechia). The Old Kladruby is represented by two subpopulations reflecting different breeding
regeneration programmes: OKHg (grey), OKHb (black). Additional breeds include the Friesian horse (FriCZ); Iberian breeds - Lusitano (Lus), Pura Raza Española (PRE),
Cartujanos (Cart); South American breeds - Criollos (Cri), Peruvian Paso (Peru) and Puerto Rican Paso Fino (PRFP); and Arab horse (ArabHR). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

9



H. Vostra-Vydrova, N. Moravcikova, R. Kasarda et al. Animal 20 (2026) 101897

Fig. 4. Relatedness between 15 Baroque horse populations and the Arabian horse breed. POPVAE-generated (default settings) clustering based on variational autoencoders 
(VAEs) and presented in a scatter plot to illustrate population genetic variation in the reduced dimensionality of latent variables. The Lipizzan are represented by national 
breeding programmes: LipBA (Bosnia and Herzegovina), LipSI (Slovenia), LipHR (Croatia), LipHU (Hungary), LipSK (Slovak ia), LipCZ (Czechia); The Old Kladruby is represented
by two subpopulations reflecting different coat colour: OKHg (grey), OKHb (black). Additional breeds include the Friesian horse (FriCZ); Iberian breeds - Lusitano (Lus), Pura
Raza Española (PRE), Cartujanos (Cart); South American breeds – Criollos (Cri), Peruvian Paso (Peru) and Puerto Rican Paso Fino (PRFP); and Arab horse (ArabHR).
level for our dataset, corresponding to the highest peak in the 
MedMed K and revealing a clear and detailed partitioning of the
populations. K = 10 was also verified as the most suitable level
using hierarchical iterative analysis according to Coulon et al.
(2008) (Supplementary Figure S6). At K = 4, the breeds separated 
clearly into major groups: one cluster comprised Lipizzan subpop-
ulations, the second and third distinguished the two-colour vari-
ants of the Old Kladruby, and the fourth combined the Iberian
and South American breeds together with the Friesian (FriCZ)
10
and Arab. At this level, genetic admixture was minimal, with LipSI 
showing the lowest degree. Note that K reflects model complexity
rather than the true number of ancestral populations.

At K = 7, the ArabHR and FriCZ breeds separated from the Ibe-
rian and South American groups and each formed distinct clusters, 
likely reflecting their different breeding practices and selection his-
tories. At the same level, the Lipizzan subpopulations further sub-
divided, with LipSI becoming more distinct. This separation of 
Lipizzan subpopulations corresponds to two distinct breeding
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Fig. 5. Relatedness between 15 Baroque horse populations and the Arabian horse breed, visualised with a phylogenetic network (Neighbor-Net) inferred from pairwise 
Reynolds’ genetic distances. Shown are Lipizzan subpopulations according to country of origin: LipBA (Bosnia and Herzegovina), LipSI (Slovenia), LipHR (Croatia), LipHU 
(Hungary), LipSK (Slovakia), LipCZ (Czechia). The Old Kladruby is represented by two subpopulations reflecting different coat colour: OKHg (grey), OKHb (black). Additional
breeds include the Friesian horse (FriCZ); Iberian breeds - Lusitano (Lus), Pura Raza Española (PRE), Cartujanos (Cart); South American breeds – Criollos (Cri), Peruvian Paso
(Peru) and Puerto Rican Paso Fino (PRFP); and Arab horse (ArabHR).
strategies: one emphasising classical dressage and riding (Austria, 
Italy, Slovenia) and the other oriented towards carriage driving
(Croatia, Hungary, Slovakia), as reported by Achmann et al. (2004). 

At K = 10, the PRE and Cart separated from the Lus and South 
American breeds, and the LipBA subpopulation diverged from the 
other Lipizzans. The K = 10 revealed a shared ancestry component 
between the ArabHR and Lusitano. The OKH subpopulations 
remained well differentiated, consistent with colour-based sub-
structuring and drift, while at K = 10, the Cartujano (Cart) also
emerged as genetically distinct from the PRE. The South American
breeds consistently showed a high degree of similarity to one
another. By randomly selecting 50 individuals from large vulture
populations to reduce the potential influence of uneven sample
11
sizes on population structure, the same population grouping was 
achieved as for all genotyped individuals (Supplementary Fig-
ure S7). The result of the NeuralADMIXTURE analysis can be con-
sidered consistent.

The results of NeuralADMIXTURE at K = 10 were further used to 
evaluate the degree of admixture in individual breeds using the
ENPC metric (Table 1). The highest ENPC values were observed in 
LipHR (ENPC = 3.19), Lus (ENPC = 2.82), and OKHg (ENPC = 2.45), 
while the lowest was found in FriCZ (ENPC = 1.00) and Cart 
(ENPC = 1.06). The remaining breeds showed relatively similar 
ENPC values, ranging from 1.0 to 2.0. These ENPC estimates are 
consistent with the admixture patterns inferred from Neu-
ralADMIXTURE. The median ENPC across all breeds was 1.47. ENPC
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Fig. 6. Population structure and admixture of 16 analysed baroque horse breeds together with Arab horse. Selection of a representative number of clusters (K) based on
plotting MedMed K (Puechmaille, 2016) values (A) and graphical representation of Bayesian unsupervised clustering (K = 4, K = 8, and K = 10) of 740 individual baroque horse 
breeds together with Arab horse, performed with the algorithm NeuralADMIXTURE and visualised with the software CLUMPAK (B). Each horse is represented by a single 
vertical line, divided into K coloured segments whose length is proportional to the estimated membership of the inferred cluster to illustrate the presence of admixture.
Shown are Lipizzan subpopulations according to country of origin: Bosnia and Herzegovina (LipBA), Slovenia (LipSI), Hungary (LipHU), Croatia (LipHR), Slovakia (LipSK),
Czechia (LipCZ); Old Kladruby horse colour variety: grey (OKHg), black (OKHb). Iberian Breeds: Pura Raza Española (PRE), Cartujanos (Cart), Lusitano (Lus); South Amarika:
Criollos (Cri), Peruvian Paso (Peru), Puerto Rican Paso Fino (PRPF); And Friesian (FriCZ) and Arab (ArabHR).
was computed at K = 10 as ENPC = 1/R _k q_k^2 (breed-level
ENPC = mean of individual ENPCs).

Gene flow between breeds
The analysis of current gene flow among the 16 analysed breeds

(Fig. 7) complements the admixture patterns identified with Neu-
ralADMIXTURE. Runs showed acceptable mixing (proposed accep-
12
tance 25–45%) and Effective sample sizes >2 700 across pa rameters
(Supplementary Table S 1 and Fig. S 1). We considered migration 
statistically supported when the 95% credible interval (CI) 
excluded 0; among those, we report as biologically relevant only 
rates whose 95% CI was entirely above 0.01. (Supplementary 
Table S 1). Recent between-breed migration was detected only 
among Iberian breeds, whereas high levels of within-breed migra-

move_f0035
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Fig. 7. Estimated relative migration pattern between 15 Baroque horse populations 
together with the Arab horse. The most intense migrations (>1%) are indicated with 
gene flow directions by black dashed arrows. Lipizzan subpopulation according to 
country of origin (green): Bosnia and Herzegovina (LipBA), Slovenia (LipSI), 
Hungary (LipHU), Croatia (LipHR), Slovakia (LipSK), Czechia (LipCZ); Old Kladruby 
horse colour variety (red): grey (OKHg), black (OKHb). Iberian Breeds (blue): Pura
Raza Española (PRE), Cartujanos (Cart), Lusitano (Lus); South Amarika (blue):
Criollos (Cri), Peruvian Paso (Peru), Puerto Rican Paso Fino (PRPF). And Friesian
(FriCZ) - dark blue, and Arab (ArabHR) - yellow. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)
tion were observed among Lipizzan and Old Kladruby subpopula-
tions, with no detectable migration between Lipizzan and Old Kla-
druby breeds. A weak signal of migration between PRPF and Cri 
(m = 0.018) was observed, but its 95% CI included 0, hence not con-
sidered supported under our criteria. The non-significant migration 
among South American breeds indicates that the admixture 
detected by NeuralADMIXTURE reflects historical rather than 
ongoing processes. A supported signal of recent gene flow was 
inferred between Arab and Lusitano, consistent with the shared-
ancestry component seen in NeuralADMIXTURE. High levels of 
recent migration were also observed among subpopulations of Lip-
izzan and Old Kladruby horses. The strongest migration was 
recorded between LipCZ and LipSK (m = 0.088), followed by migra-
tion into LipSI from LipHU and LipHR (m = 0.084 and 0.071, respec-
tively). Among the Old Kladruby horse colour variants, gene flow
from the grey to the black variety was stronger than in the opposite
direction (m = 0.043 vs 0.022). Gene flow between the colour vari-
ants of the Old Kladruby horse is primarily driven by the autosomal
dominant inheritance of the grey coat colour allele over the black
allele, together with the presence of heterozygous individuals in
the population. The reverse gene flow resulted from past breeding
practices aimed at increasing genetic variability in the grey variant
through controlled mating with black individuals, which facilitated
genetic exchange between the two colour variants. Between Cart
and PRE, migration was detected only from Cart to PRE
(m = 0.065) and not in the opposite direction (Supplementary 
Table S1), underscoring the closed and highly conserved breeding
of the Cartujano strain.
13
Discussion 

The conservation or management of genetic variability in live-
stock is a challenging task, particularly for breeds with small pop-
ulation sizes and historical importance, such as the Baroque horse 
breeds of Central Europe. These breeds have been closed popula-
tions for a long period, meaning that only individuals belonging 
to the breed can be used for reproduction, which makes inbreeding 
increase unavoidable and leads to a gradual loss of genetic variabil-
ity. While several studies h ave compared the genetic similarity of
some Baroque breeds using STR markers (e.g., Achmann et al .,
2004; Kasarda et al., 2016; Grilz-Seger et al., 2019), this study pro-
vides the first broad overview of a large group of Baroque breeds 
based on SNP markers. The values of genetic variability parameters 
– such as expected and observed heterozygosity and F IS – esti-
mated from haplotype blocks (Table 1) were up to twice as high 
as those derived from biallelic SNP markers (Supplementary 
Table S 2), consistent with previous findings that haplotype blocks 
capture greater variability (Simčič et al., 2015; Vostry et al., 2024). 
Moreover, the heterozygosity values based on haplotype blocks 
were comparable to those from microsatellite analyses (Achmann 
et al., 2004; Kasarda et al., 2016; Vostry et al., 2011), reflecting 
their methodological similarity (approximately one microsatellite 
roughly corresponds to four SNP haplotype blocks). In contrast, 
estimates from biallelic SNP markers aligned well with earlier 
SNP-based studies of horses (Petersen et al., 2013; Cosg rove
et al., 2020; Criscione et al., 2022). Negative FIS values indicate a 
preference for outbreeding or avoidance of close-relative mating, 
whereas positive FIS values reflect inbreeding; in this study, nega-
tive FIS values were observed within Central European subpopula-
tions (Lip and OKH). Despite breeders’ efforts to promote 
outbreeding, differences in bre eding strategies among Lipizzan
subpopulations (Achmann et al., 2 004) and relatively high migra-
tion between subpopulations have not precluded elevated levels 
of genomic autozygosity in Lipizzan. Similarly, a comparable pat-
tern was observed in the Old Kladruby horse. When considering 
genealogical data, the rise in homozygosity across most popula-
tions, despite negative FIS values, reflects the closed nature of these 
breeds and their limit ed effective number of ancestors (fa = 21 or
11 for PRE and Cart, Poyato-Bonilla et al., 2 022; fa = 36 for L ipSK,
Pjontek et al., 2 012; fa = 13 and 9 for OKHg and OKHb, Vostra-
Vydrova et al., 2 016). This loss of genetic diversity is further evi-
dent in the relatively high genomic inbreeding values (Table 1 or 
Fig. 1) detected in all populations, with the highest recorded in 
Friesian horses bred in Czechia, consistent with Schurink et a l.
(2019), who reported a value of 0.22. FROH values in other breeds 
also align with previous studies, such as Lipizzan horses (Grilz-
Seger et al., 2 019) and PR E (Poyato-Bonilla et al., 2 022). Corre-
sponding average FROH values as for the analysed breeds were also 
estimated for Quarter Horse racing line FROH>1Mb = 0.19 (Santos 
et al., 20 23). A similar value of inbreeding coefficient to that in 
our analysis was also estimated by Karlau et al. (2025) using 
genealogical data (Fx = 0.09). Notably, despite their small global 
population size (∼2 000 individuals), both OKH colour variants 
showed FROH values comparable to other Baroque breeds, likely 
due to the avoidance of close inbreeding, as supported by negative 
FIS values. Differences between FHBD and FROH results stem from 
methodological variation. In this study, medium-density SNP chip s
were used, which allow accurate estimation of ROH longer than
2 Mb (Ferenčaković et al., 2 013). Although shorter HBD segments 
were not considered in this study, the model-based approach is 
capable of detecting HBD associated with such segments (Druet 
and Gautier, 20 17). We therefore emphasise FHBD for quantifying 
overall autozygosity.
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The effective population size plays a key role in genetic 
improvement programmes for domestic animals, as it directly 
influences genetic diversity, control of inbreeding, selection 
response, adaptability, and the long-term sustainability of popula-
tions. Estimating current and historical effective population size 
based on linkage disequilibrium (N eLD) is the most widely used
genomic approach. Differences between the two methods imple-
mented in NeEstimator v2 and GONE2, as observed in this study,
have also been reported in previous analyses of various livestock
species, such as sheep (Mészáros et al., 2025) and goats (Vostry 
et al., 2024). NeEstimator v2 consistently produced often but not 
uniformly, lower NeLD estimates than GONE2. Estimate s of Ne are
highly sensitive to the methodological approaches used. For exam-
ple, Petersen et al. (2013) estimated significantly higher values of 
Ne for the analysed breeds using the methodological approach of
Weir and Hill (1980). The simulations from several studies
(Santiago et al., 2020; Reid and Pinsky, 2022; Novo et al., 2023) 
suggest that results from GONE and then GONE2 are generally 
more accurate. However, these simulations did not account for 
all empirical complexities, such as admixture or population struc-
ture, which are known to bias NeLD estimates (Santiago et al.,
2020). Because admixed individuals were confirmed in the present 
dataset, some of the estimates must be interpreted with caution. 
Despite the closed character of these populations and their rela-
tively high genomic inbreeding, NeLD estimates for all breeds
exceeded the FAO-recommended critical threshold of 50 effective
individuals for sustainable populations (FAO, 1998), with the only 
exception being the OKHb population (CI = 46–49). Comparable Ne 
estimates were also obtained from pedigree data for both colour
variants of OKH (Ne = 62 and 45; Vostra-Vydrova et al., 2016), 
while other breeds showed a wider range of pedigree-based values, 
from 35 to 77 for PRE and Cart (Poyato-Bonilla et al., 2022) to 117 
for LipSK (Pjontek et al., 2012). Since genomic data reflect the rea-
lised genetic makeup of individuals, genomic NeLD is generally con-
sidered more accurate than pedigree-based estimates. On the other
hand, the NeLD estimates based on SNP data obtained by Poyato-
Bonilla et al. (2022) for PRE and Cart were significantly different 
compared to the current analysis. The difference could be due to
the use of the SNeP software (Barbato et al., 2015)  i  n Poyato-
Bonilla et al. (2022), which tends to underestimate the Ne esti-
mates compared to GONE2.

Some caution is warranted in interpreting these results. First, all 
analysed breeds had Ne below 500, a threshold often cited for long-
term adaptive sustainability (Franklin, 1980). Second, our esti-
mates did not consider the Lipizzan as a metapopulation encom-
passing all subpopulations, nor the Old Kladruby as a single
entity across its colour variants. Estimating NeLD for subdivided
populations is more complex and would likely yield higher values
depending on migration structure (Whitlock and Barton, 1997;
Ryman et al., 2019). We regard the estimation of metapopulation 
effective size in domestic animals - particularly in cross-border 
breeds - as an important but largely neglected issue that warrants
more systematic investigation in a separate study.

Analysis of historical NeLD development revealed two distinct 
patterns across breeds. The first group, consisting primarily of Lip-
izzan subpopulations, Friesian, Cartustion and Lusitano, experi-
enced a marked population decline around 22 generations ago, 
while the second group, including all other monitored populations,
underwent a similar reduction about 12 generations ago. Assuming
a generation interval of approximately 10 years in Baroque horses
(Pjontek et al., 2012; Vostra-Vydrova et al., 2016; Steensma et al.,
2024), these population declines correspond to major historical 
disruptions: for most breeds, the decline occurred after World 
War I (∼12 generations ago), when horse populations dropped 
sharply, whereas in the Lipizzan breed, it can be traced to the late
18th and early 19th centuries, during the Napoleonic Wars (∼22
14
generations ago), which had a profound effect on their subsequent 
development. Although the FriCZ population represents a specific 
subgroup and may not fully reflect the entire Friesian breed, the 
historical NeLD of FriCZ showed a trend similar to that observed
in the analysed Lipizzan subpopulations. In FriCZ, a marked decline
in effective population size occurred approximately 24 generations
ago and was more pronounced than in the other analysed breeds.
However, as Waples and England (2011) and Novo et al. (2023)
showed that current NeLD estimates based on linkage disequilib-
rium are not significantly affected by admixture, the FriCZ popula-
tion was retained for the estimation of current NeLD.

In this study, the relationships among Baroque horse breeds 
were examined using multiple approaches (FST, VAE, Neu-
ralADMIXTURE, Neighbor-Net, and NetView). The analysed Baro-
que breeds formed homogeneous clusters without significant
overlap either within the VAE graphical output or with other horse
breeds (Fig. 4). The VAE embedding separated breeds into coherent 
clusters, while axes lack direct biological interpretability, Iberian 
breeds (PRE, Cart, Lus) occupied an intermediate position in the 
latent space. The higher genetic variability observed between the 
two OKH colour variants reflects their distinct regeneration histo-
ries. The higher genetic variability observed between the two OKH 
colour variants reflects their distinct regeneration histories. Both 
colour varieties of OKH are bred separately with controlled gene 
flow, which occurs mainly from the grey to the black subpopula-
tion when two grey heterozygous individuals (Gg) at the grey locus 
produce a black offspring through Mendelian segregation (proba-
bility 0.25). In recent history, black individuals have also been
crossed with grey ones to a limited extent to increase genetic
diversity. The separation of the OKH subpopulations has historical
origins: when the Old Kladruby horse nearly became extinct
betweenWorldWar I andWorldWar II, a regeneration programme
was initiated. This programme was carried out between 1934 and
1974 and involved the use of Lusitano and grey Lipizzan stallions
for the grey variety and black Lipizzan and Friesian stallions for
the black variety (Bílek, 1957). The use of different breeds in the 
regeneration process significantly contributed to the higher 
genetic variability within and between the colour variants of the 
Old Kladruby horse. The application of VAE in this context high-
lights its utility as a powerful tool in population genomics,
enabling the detection of hidden nonlinear structures and provid-
ing deeper insights into relatedness and genetic diversity within
and between populations (Battey et al., 2021). Reynolds distances 
placed Baroque breeds distinct from other groups (Fig. 5). The col-
our variants of OKH were split by Lip cluster. The historical process 
of OKH regeneration also explains the insertion of Lipizzan sub-
populations among the colour variants of OKH and the closeness
of OKHg to Iberian breeds and OKHb to the Friesian breed in the
Neighbor-Net analysis.

Analysis of admixture patterns revealed clear differences 
among Lipizzan subpopulations. The most pronounced separation 
was observed between LipSI and the other subpopulations, as well 
as between LipBA and primarily LipHU, LipSK, and LipCZ (K = 10). 
These patterns largely r eflect geopolitical influences. As reported
by Achmann et al. (20 04), LipSI is primarily associated with the 
Austrian and Italian Lipizzan population and shows limited genetic 
exchange with other groups. The ancestors of LipCZ individuals 
derive mainly from LipSK and LipHU, although genetic admixing 
with LipHR remains evident due to exchanges during the Yugoslav
era. As noted by Machová et al. (20 23), such subpopulation differ-
ences within Lip or OKH should not be interpreted as evidence that 
they represent separate breeds, since the K value is derived from 
the number of different events such as population declines, popu-
lation splits and merging’s or gene flow between subpopulations. 
Historical contributions from Iberian breeds, especially PRE, are 
still detectable in both OKH and Lip, consistent with their docu-
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mented role in breed formation. Evidence of historical mixing 
between Lip and OKH is also clear, reflecting frequent gene flow 
between these two breeds during the Habsburg monarchy. In addi-
tion, Arab admixture in Lipizzans is well documented, as Arab 
breed was historically introduced to improve riding qualities, a 
practice also applied in the Lusitano. A shared ancestry component
between Arab and the Friesian subset (FriCZ) was visible at low K
(≤ 8). Historical connections between Friesian and Iberian breeds
are documented. However, at K = 10, the Friesian separated as a
distinct breed, and this signal of admixture was no longer
observed.

Recent gene flow was analysed using BayesAss; however, this 
method has limitations, especially when estimating long-term 
migration links, which prevents the investigation of historical 
interactions. Overall, it can be said that the current migration rates 
derived between Baroque horse breeds provide insight into the 
observed degree of admixture and complement the Neu-
ralADMIXTURE approach. However, caution should be exercised 
when interpreting these estimates, especially when model 
assumptions are challenged. Estimating gene flow using BayesAss 
is particularly sensitive when FST is very low (e.g., < 0.02). In our 
dataset, several breed pairs showed much higher differentiation
(up to FST≈0.13), for which migration estimates are generally more
reliable. This value was not exceeded between any pair of breeds.
Even when model assumptions are violated, accurate estimates
of migration rates exist when FST estimates exceed 0.100, as evi-
dent in several pair estimates in this study. Rigorous and compre-
hensive analyses, including model selection from 3 optimal
replicates out of 10, mitigated convergence and other problems
associated with BayesAss estimation in this study (Faubet et al.,
2007; Meirmans, 2014). 

The analysed breeds of Baroque horses were relatively homoge-
neous, mostly with ENPC values below 2. The calculation of the
ENPC follows the logic of the definition of the effective number
of alleles proposed by Kimura and Crow (1964), which is defined 
here as the effective number of parental clusters that contribute 
equally to a breed (population). For example, an ENPC value of 
4.0 would correspond to an admixture of four breeds (populations) 
each contributing 25% of the genes, while an ENPC value of 2.0 
would correspond to a breed (population) in which two breeds 
each contribute 50% of the genes. In this study, we found that ENPC
is an appropriate metric that quantifies admixture with a single
number. We consider that ENPC is useful to explain the variations
of middle inbreeding (FROH4-8Mb), as the negative linear regression
coefficient of FROH4-8Mb on ENPC showed a statistical trend
(P = 0.09), with a remarkable R2 = 0.19.

In the event of an unexpected catastrophe, such as the outbreak 
of a severe disease or extreme environmental conditions, the 
results suggest a high degree of genetic compatibility between Ibe-
rian and South American breeds. This indicates that Iberian horse 
populations (PRE, Cart, Cri, Lus) could potentially be regenerated 
among themselves or, if necessary, with support from South Amer-
ican breeds, and vice versa. The same applies to Lipizzan subpopu-
lations, which appear capable of mutual regeneration. In the case
of a threat to the Old Kladruby horse, a regeneration process sim-
ilar to that successfully implemented in the past could potentially
be repeated.

Conclusion 

The genetic variability of 15 Baroque horse breeds was evalu-
ated using medium-density SNP chips and compared with the 
Croatian Arab breed used as an outgroup. Signals of reduced 
genetic diversity, reflected by genomic inbreeding and NeLD, were
observed across breeds. All breeds showed genetic distinctiveness,
highlighting their uniqueness. Marked genetic differences were
15
also detected among Lipizzan, as well as between the colour vari-
ants of the Old Kladruby horse. These differences, consistent across 
VAE/NetView, Neighbor-Net and NeuralADMIXTURE, are particu-
larly valuable for the long-term preservation of genetic diversity
- especially in the Old Kladruby horse, a breed with a very small 
census size in this dataset. Overall, the level of genetic diversity 
in the studied Baroque breeds was comparable to that reported 
for other horse breeds with similar histories and census sizes. Like-
wise, the patterns of genetic similarity and admixture corre-
sponded closely with results from pedigree analyses and
microsatellite-based studies. The results of the present study can
provide a strong basis for improving the conservation process of
Baroque horses, especially those with smaller populations, and,
together with ex-situ conservation programmes, for possible
regeneration programmes for these breeds.
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