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Abstract: Sustainable breeding of native breeds is essential to preserve genetic diversity and cultural heritage. Several native
Nordic horse breeds are at risk of extinction and lack genetic characterization. This study aimed to analyze genetic variation
and kinship within and among native Nordic horse breeds using whole-genome sequence data, and to compare results from
using a Finnhorse genome assembly to that of the EquCab3.0 (Thoroughbred) reference genome. The breeds Dola Horse, North
Swedish Horse and Coldblooded Trotter showed close genetic relationship for fixation index (0.03-0.08), and in principal
component analysis. The other breeds showed stronger genetic differentiation, especially the Faroese Horse, with fixation
index above 0.16 to all other breeds. This breed had the highest genomic inbreeding of 33% and the lowest heterozygosity of
12%. The Swedish Ardennes showed the lowest inbreeding at 14% and the highest heterozygosity of 16%. The mean identity
by descent varied from 17% for Swedish Ardennes to 40% for Faroese Horses. The choice of reference genomes gave minor
to moderate differences, suggesting that a closer related reference improves precision for fine mapping and understanding
of the genetic landscapes of Nordic breeds. Together, the different analyses showed low genetic diversity in all breeds, and
the general pattern of relatedness largely agreed with the known breed history. The results underline the importance of
maintaining genetic diversity for the survival of the breeds.
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Background

Preservation and understanding of genetic diversity are
paramount for sustainable breeding practices, and to ensure
the continued overall resilience of animals (FAO, 2022). With
its climatic and geographical variations, the Nordic region has
given rise to several horse breeds with unique characteristics
and historical significance. These breeds often represent small,
isolated populations that survived population bottlenecks,
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some of which share a common ancestry. Unfortunately, this
has left several of the breeds endangered.

In this study, we focused on Swedish and Norwegian
native horse breeds, with the addition of the Faroese Horse.
While the Faroese Horse is critically endangered, breeds with
endangerment of extinction include Swedish Ardennes, Dola
Horse, Nordland/Lyngen Horse and Norwegian Fjord Horse.
Vulnerable breeds include Coldblooded Trotter, Gotland Pony
and North Swedish Horse (FAO, 2024; White et al, 2024).

The population history and current state vary between
the Norwegian and Swedish native breeds. The first Swedish
Ardennes (Svensk Ardenner) were imported to Sweden from
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the Ardennes in Belgium in 1873. The breed became very
popular, especially in southern Sweden. Currently, there
are 4,100 registered horses in the breed (Héastnéringens
Nationella Stiftelse, 2021). In 2024, there were only 231
Swedish Ardennes mares used in breeding, which is less
than 1% of the over 30,000 coverings by Swedish Ardennes
stallions reported in 1945 (Carlstrom et al, 1946; Svenska
Hastavelsforbundet, 2024).

The Dola Horse (Dglahest) was established as a breed
in the mid-19th century because of a need for a horse for
agriculture, forestry and transport (White et al, 2024).
Today, there are approximately 3,900 Dola Horses, and 290
coverings were done in 2023 (Norsk Hestesenter, 2023). It
is permitted to cover type-approved Coldblooded Trotter
mares with approved Dola Horse stallions for offspring to
be included in the Dola Horse studbook (Landslaget for
Dglahest, 2024). Additionally, North Swedish Horse stallions
can be used on Dola Horse mares with a quota if approved
(Norsk Hestesenter, 2023).

North Swedish Horse (Nordsvensk Brukshést) traces back
to native horses present in prehistoric Sweden, which later
had some influence from foreign breeds. This breed played a
crucial role, particularly during the 19th century, for forestry
and farming (Féreningen Nordsvenska Hésten, 2019; White et
al, 2024). Efforts to preserve this horse type began at the end
of the 19th century, and Norwegian stallions were introduced
to strengthen the genetic pool. The breed association was
formed in 1924. In 2020, the breed had about 5,100 horses
(Hastnaringens Nationella Stiftelse, 2021), and 368 coverings
were reported in Sweden 2024 (Svenska Héstavelsférbundet,
2024).

Norwegian Coldblooded Trotter is a breed that shares
common origins with Norwegian Dola Horse but is specialized
in trotting. In Sweden, a similar selection of North Swedish
Horses used for harness racing led to the establishment of
Swedish Coldblooded Trotters in 1964. Today, Norwegian and
Swedish Coldblooded Trotters (Kallblodstravare) have a joint
breeding programme (Det Norske Travselskap and Svensk
Travsport, 2019). In 2023, there were 12,700 Norwegian
Coldblooded Trotters, of which 5,800 were breeding animals,
with a total of 555 coverings (Norsk Hestesenter, 2023). The
same year, there were about 10,000 Swedish Coldblooded
Trotters (Berglund et al, 2024), and 510 Swedish mares were
covered (Svensk Travsport, 2024).

Gotland Pony (Gotlandsruss) is an old Swedish breed
from the island of Gotland. In the 19th century, legal changes
and land reforms led to a sharp decline in the Gotland pony
population. Efforts for preservation began in the 1880s, and
in the mid-20th century, a few stallions from foreign breeds
were introduced to combat inbreeding (Andersson, 2016).
In 2020, there were 5,700 Gotland Ponies (Hastniringens
Nationella Stiftelse, 2021), and 389 mares were covered in
2024 (Svenska Hastavelsforbundet, 2024).

Throughout the 20th century, the Norwegian Fjord Horse
(Norsk Fjordhest) was selectively bred for its dun colour
(White et al, 2024), which is now a distinguishing feature
of the breed. Norwegian Fjord Horses were mixed with Dola
Horses. Later, action was taken to remove Dola introgression
from the breed (Olsen et al, 2020). Today, the Norwegian
Fjord Horse has a breeding population of 2,200 in Norway
(Norsk Hestesenter, 2023), and a decreasing number of
coverings (280 in 2023), but additional related populations
exist abroad (Olsen et al, 2020).

Organized breeding of Nordland/Lyngen Horses
(Nordlandshest/Lyngshest) started around 1930, and the
breed was primarily found in the northern part of Norway
(White et al, 2024). The Nordland/Lyngen Horse was
recognized as a breed in 1968 (White et al, 2024). One
Finnhorse stallion was used in efforts to save the breed in
1979 (White et al, 2024). Today, there are approximately
2,900 horses of this breed in Norway, with a breeding
population of 1,300 individuals (Norsk Hestesenter, 2023).
The coverings have steadily decreased, reaching 175 in 2023
(Norsk Hestesenter, 2023).

Faroese Horses (Fgroyskt Ross) were brought to the Faroe
Islands by Norse settlers in the 9th and 10th centuries, and in
the 19th century, were sold to the British Isles as pit ponies.
Mass exportation and diminishing demand led to their almost
extinction (Kjetsa et al, 2024). When efforts to save the breed
started in the 1960s, one stallion and four mares founded the
current population (Kettunen et al, 2022). Today, the breed
is critically at risk of extinction, with about 80 individuals, all
living on the Faroe Islands (Kjetsd et al, 2024).

There are some previous molecular population genetics
studies of native Swedish, Norwegian and Faroese Horses
(Bjornstad et al, 2000; Bjgrnstad and Reged, 2001; Bjgrnstad
and Reged 2002; Bjgrnstad et al, 2003; Petersen et al, 2013;
Andersson, 2016; Fegraeus et al, 2018; Sild et al, 2019; Velie
et al, 2019b; Olsen et al, 2020; Kettunen et al, 2022; Smogeli,
2023; Joensen, 2024). However, these studies typically only
targeted a few breeds, and several were done over a decade
ago. Previous kinship assessments within these breeds
primarily relied on pedigree records or limited numbers of
DNA markers. Today, whole-genome sequencing (WGS)
facilitates high-resolution examination of allelic variations
and population structure. To the authors' knowledge, no
previous studies examined the genetic diversity within and
between the native Nordic horse breeds using whole-genome
sequences.

The primary objective of this study was to conduct an in-
depth analysis of genetic variation and kinship within and
among the Nordic horse breeds using WGS data. A secondary
objective was to compare genetic variation and diversity
when using different reference genomes: the EquCab3.0
reference genome (NCBI, 2018) and the Nordic EquCab_Finn
(Pokharel et al, 2024). This study encompasses measures
such as fixation index, principal component analysis, effective
population size, runs of homozygosity, heterozygosity, identity
by state, and identity by descent. The results can be utilized
when developing breeding strategies to maintain sustainable
populations of native Nordic horse breeds.

Materials and methods

Sample collection and selection

This study involved whole blood samples from 190
individuals of the eight breeds: Swedish Ardennes, Dola
Horse, North Swedish Horse, Coldblooded Trotter, Gotland
Pony, Fjord Horse, Nordland/Lyngen Horses and Faroese
Horse (Table 1). For most breeds, horses were sampled at
breeding shows and similar gatherings of breeding horses in
the summer and early fall of 2022. Some Coldblooded Trotter
samples were collected in their stables or at a veterinary
clinic. Most Nordland/Lyngen Horse samples were provided
by Biobank AS in Hamar, Norway. Faroese Horse samples
were provided by the breed association Felagid Fgroysk Ross.
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As far as possible, we aimed to include horses that had
contributed or could contribute as breeding animals.
Furthermore, we tried to include horses representing the
variation in each population by including individuals with
as low pedigree-based relatedness to each other as possible,
which varied depending on breed. However, with the owners’
consent, we were restricted to horses that were available for
sampling. Both sexes were included for Dola Horses, North
Swedish Horses, Coldblooded Trotters and Faroese Horses,
whereas only stallions were available for the other breeds.
A final selection of samples was based on the quality and
concentration of extracted DNA.

DNA extraction, sequencing and data pre-
processing

Genomic DNA (gDNA) was extracted from 190 whole blood
samples using a QIASymphony instrument (QIAGEN, Hilden,
Germany) and normalized to a concentration of 50ng/ml in
low-salt Tris-EDTA buffer. Approximate DNA concentrations
and OD260/280 ratios were measured using a Nanodrop
instrument (Nanodrop Technologies, Wilmington, DE, USA).
Further concentrations and quality control (QC) of gDNA
was performed using an Agilent TapeStation (Agilent, Santa
Clara, CA, USA). The SNP&SEQ Platform (National Genomics
Infrastructure Sweden and Science for Life Laboratory,
Uppsala, Sweden) prepared sequencing libraries by using
TruSeq PCRfree DNA library preparation kit (Illumina Inc,
San Diego, CA, USA). Paired-end sequencing was performed
using v1.5 sequencing chemistry in two S4 flowcells on a
NovaSeq 6000 sequencing instrument (Illumina Inc, San
Diego, CA, USA).

The raw data was inspected with FastQC tools (Andrews,
2010) with standard options. Then, the GATK Best Practices
workflow for short variant discovery in cohort analysis (Van
der Auwera and O’Connor, 2020; Broad Institute, 2025)
was used for data preprocessing. If no other information
is given, the GATK v.4.0.8.0 default settings were used for
all downstream tasks. The samples were first mapped on
the Equine reference genome EquCab3.0 (NCBI, 2018)
using bwa-mem (H. Li and Durbin, 2009). All reads were
then assigned in a file to a single new read group with the
AddOrReplaceReadGroups utility (Picard v. 2.23.4, (Broad
Institute, 2020)). The duplicate reads were located and tagged

with the MarkDuplicates utility (Picard v. 2.23.4, (Broad
Institute, 2020)). Then, base quality score recalibration
was done with GATK tools. First, the recalibration model
was constructed using BaseRecalibrator. Known Single
Nucleotide Polymorphisms (SNPs) listed in the horse genome
were uploaded from the European Nucleotide Achive (ENA)
through the European Variation Archive (EVA) (n.d.). Then,
the scores were adjusted using the ApplyBQSR tools. Genome
coverage was calculated using the samtools coverage
command with the ‘A -w 32’ settings (Danecek et al, 2021).
The average read depth of samples was 18.6X. To obtain the
haplotypes in the cohort of all 190 samples, the SNPs and
indels via local re-assembly of haplotypes were first detected
for every sample separately using HaplotypeCaller tools from
GATK with the “ERC GVCF setting (Poplin et al, 2018). Then,
GenomicsDBImport was used to merge GVCFs from multiple
samples to the GenomicsDB workspace. The joint genotyping
of 190 samples was finally done using GenotypeGVCFs
from GATK. The same pipeline was used for mapping and
preprocessing the raw data on the EquCab_Finn genome. The
average read depth of samples mapped on EquCab_Finn was
13X.

Quality control

Two rounds of QC were done using PLINK 2.0 (Chang et
al, 2015; Purcell and Chang, 2017), one for all analyses and
one for strict filtering needed for ROH and HET analysis. The
resulting datasets are in this article called ‘Filtered data’ and
‘Strictly Filtered data’. The raw data consisted of 25,988,853
variants. The first filtering round excluded all variants with
a Phred Quality score less than 40 (‘--var-min-qual 40’),
giving the call an error rate of 0.01%. Further, read depth
was required to be at least 8 with the option ‘--extract-if-info
QD >= 8. A minor allele count of 2 (‘--mac 2’) was imposed,
reducing chances of a rarely observed allele being an error.
Only autosomal variants were retained (‘--chr 1-31’), leaving
the Filtered EquCab3.0 mapped data with 21,655,806
variants. Additional filters to only retain SNPs (‘--snps-only’),
removing small indels from the data and removing all variants
with any missing data (“--geno 0’), left the Strictly Filtered
EquCab3.0 mapped data with 12,713,867 SNPs.

The same data QC was performed for the EquCab_Finn,
and the EquCab3.0 mapped data. However, EquCab_Finn

Table 1. Overview of the samples per breed included in the study. ¢, 14 CBT samples were collected in Norway and 14 in Sweden, but 18
had Norwegian registration numbers. ®, four NLH samples were collected in 2022; the rest were collected earlier and retrieved from the

AS Biobank in Hamar, Norway.

Breed Breed abbrev. No. of horses % males Birth-years Sampling Country  Sampling year
Swedish Ardennes ARD 22 100 2017-2019 Sweden 2022
Dola Horse DOL 30 30 2003-2021 Norway 2022
North Swedish Horse NSH 30 67 2000-2019 Sweden 2022
Coldblooded Trotter CBT 28 39 1998-2020 Norway/ Sweden? 2022
Gotland Pony GTP 15 100 2009-2019 Sweden 2022
Fjord Horse FJH 25 100 2007-2019 Norway 2022
Nordland/Lyngen Horse NLH 30 100 1991-2021 Norway 20220
Faroese Horse FRH 10 67 1995-2021 Faroese Islands 2022
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data had 29,251,175 raw mapped variants, the first filtering
round yielded 22,451,933 variants for Filtered data, and
Strictly Filtered data had 12,103,319 SNPs.

Analysis

Fixation index (Fgp) values were estimated using the
Hudson method (Hudson et al, 1992; Bhatia et al, 2013),
which is a refinement of Wright's F_. (Wright, 1922) and
corrects for potential biases introduced by rare variants. It
calculates genetic differentiation between populations as a
ratio of averages. Hudson's approach calculates averages of
allele frequencies across populations before computing the
F . The general formula is:

(ﬁlfﬁz)zf(ﬁl(lfﬁl) Jr52(1*52) )
Tt
P1(1-P1)+P2(1-b2)

Fst =

where D1 and D2 are allele frequencies in population one
and two, respectively, while n, and n, are sample sizes of
populations one and two. Input data was the Filtered data,
which was then further filtered for the SNPs considered, a
maximum sample- and variant-missingness of 10% (‘--mind’,
‘--geno’), and pruned with PLINK 2.0 linkage disequilibrium
pruning tool (“-indep-pairwise’) with an r? of 0.2 and distance
of 50kb with a shift of 1kb. The analysis employed PLINK
2.0 --FST’ option, Hudson method, and all samples were
included with the ‘--nonfounder’ option. F, was calculated
per family (breed) with the ‘-family’ option.

Admixture analysis was done to determine the ancestry
of samples, using the same data as for the F_ analysis, and
the R-package LEA (v.3.18.0) (Frichot and Francois, 2015;
Gain and Francois, 2021). The number of clusters (K) that
minimized a cross-entropy criterion was used.

Principal component analysis (PCA) was used to reduce
data complexity and capture important patterns (Greenacre
et al, 2022). The Filtered dataset was pruned with PLINK 2.0
and the same settings as for F, with a maximum number of
two alleles and a variant genotype missingness of maximum
10%. PLINK 2.0 was used to do PCA (‘--pca’) and included all
samples with the “-nonfounder’ option, with variant filtering
of a maximum of 10% missing data per variant (--geno’) and
utilizing allele frequencies calculated (‘--read-freq’) for better
estimations.

Strictly Filtered data was used for runs of homozygosity
(ROH) estimation in PLINK 1.9 (Purcell and Chang, 2005;
Chang et al, 2015) with the ‘--homozyg’ option. The minimum
number of SNPs within a run was set to 50 (‘--homozyg-snp’),
minimum run length was 300kbp (‘--homozyg-kb’), maximum
inverse density in a run was 50bp/SNP (‘--homozyg-density’),
maximum internal gap (kb) between two SNPs (‘--homozyg-
gap’) was 1,000. Maximum number of heterozygotes in a
scanning window was 1 (“-homozyg-window-het’), and
scanning window size was 50 (‘--homozyg-window-snp’).
F . is the measure of inbreeding based on ROH segments,

ROH
calculated as:

Kiengtn (ROHy)
Fronm = ) —5—-

where k is the number of ROH identified in each sample in
kb, and L is the total length of all autosomes. The total size of
data mapped to autosomes was 2.28 GB for EquCab3.0, and
2.18 GB for EquCab_Finn.

Heterozygosity (HET) describes the total number of
heterozygote variants in the population, and was calculated
in PLINK using the method by Zhdanova and Pudovkin
(2008). The percent frequency of observed and expected
heterozygosity was calculated as:

Freq (HET) _ (Counts of HET variants) x 100

(Total Count of Variants)

where HET variants were either Observed or Expected counts,
and observed heterozygosity proportion was extracted using
the ‘--het cols=+het’ option in PLINK 2.0.

Historical  effective  population  size (N) was
estimated per breed using SNeP 1.1 (Barbato et al,
2015a; Barbato et al, 2015b) with default options. SNeP
implements the linkage disequilibrium (LD) approach
developed by Corbin et al (2012), and calculates N_ as:

Ne = wm

where f(r?) is the average LD between pairs of SNPs (r?)
over a certain genetic distance, and c is the genetic distance
between SNP pairs (in centiMorgans). This method relies
on a decline in LD over increasing distances between loci,
assuming faster LD decay in larger populations, and provides
N, at different time points. Default options were used for
all chromosomes, minimum distance between SNPs was
50,000bp, and maximum was 4,000,000bp. SNeP imposes
MAF filtering at 0.05, and maximum 100,000 SNPs analyzed
per chromosome.

Identity by state (IBS) measures the proportion of identical
alleles between two individuals at each SNP (Purcell et al,
2007) using the formula:

IBS = Number of IBS alleles _
Total number of genotyped SNPs between individuals

IBS is categorized into three states: IBS, when both alleles
differ between two individuals, IBS, when one allele is
identical, and IBS, when both alleles are identical between
the two individuals. PLINK calculates overall IBS between
individuals based on genome-wide IBS , IBS, and IBS, counts.
For analysis of IBS, the Filtered data was pruned with PLINK
2.0 (Chang et al, 2015; Purcell and Chang, 2017) using the LD
pruning tool (“-indep-pairwise’), with r? of 0.2, 50kb window
length with 1kb increment, maximum number of alleles of 2,
and 10% maximum variant genotype missingness. PLINK 2.0
estimated IBS using identity-by-descent option (‘--genome’)
and the additional ‘nudge’ option to adjust the final estimates.

Identity by descent (IBD) measures variants that are likely
from a common ancestor, and for this, the same options as for
IBS were used. The fraction of pairwise comparisons (FPC)
is the number of comparisons with nonzero values over the
total number of comparisons. With this measure all animals
are compared, meaning that breeds with fewer samples are
more likely to have smaller FPC, and that breeds which share
genetic material may have an FPC larger than the fraction of
their own population size.

Results

Fixation index

The Dola Horse and North Swedish Horse had the lowest
F., (0.030) (Table 2) when mapped on EquCab3.0. Also, the
Coldblooded Trotter and North Swedish Horse had a low
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F,, of 0.051. Dola Horse and Coldblooded Trotter showed a
moderate distance of 0.072, as did Swedish Ardennes and
North Swedish Horse (0.078). At the upper end range of
F, values, the Faroese Horse had F_ values above 0.167
compared to all other breeds. Similar patterns were seen in
F,, values of EquCab_Finn data, with values within +/- 0.03
from those of EquCab3.0.

Admixture analysis

The lowest cross-entropy was found when including
eight clusters (K) for the eight breeds, but the improvement
compared with seven clusters was small (Supplemental
Figure 1). The most noticeable admixture was seen between
Dola Horse and North Swedish Horse, and Coldblooded
Trotter and Dola Horse (Figure 1, Supplemental Tables
1 and 2). The lowest admixture was found in the Faroese
Horse, the Gotland Pony, and the Nordland/Lyngen Horse.

Minimal differences were seen between the EquCab3.0 and
the EquCab_Finn data.

Principal component analysis

Together, the first three PCA components captured a
substantial portion (45-47%) of genetic variation within
each dataset (EquCab3.0 and EquCab Finn). The two PCA
plots (Figure 2) displayed a similar general pattern of breed
similarities, but results deviated in some respects between the
reference genomes. For example, Fjord Horse and Gotland
Pony appeared more similar in the analysis of EquCab3.0
compared to EquCab_Finn data. The homogeneity of the first
three principal components differed between breeds. The
North Swedish Horse, Dola Horse and Coldblooded Trotter
overlapped in both datasets, separating mainly across the
first component.

Table 2. Fixation index (F,) values between breeds, from EquCab3.0 above and from EquCab_Finn data below the diagonal.

Abbreviations as in Table 1.

ARD DOL NSH CBT GTP FJH NLH FRH
ARD 0.112 0.078 0.086 0.109 0.088 0.105 0.172
DOL 0.127 0.030 0.072 0.145 0.113 0.128 0.206
NSH 0.090 0.033 0.051 0.111 0.080 0.098 0.171
CBT 0.099 0.082 0.058 0.118 0.087 0.104 0.179
GTP 0.125 0.164 0.128 0.134 0.117 0.134 0.201
FJH 0.102 0.129 0.093 0.100 0.133 0.105 0.167
NLH 0.122 0.150 0.115 0.122 0.153 0.121 0.190
FRH 0.198 0.236 0.198 0.204 0.229 0.192 0.216

Figure 1. Admixture analysis assuming K = 8 clusters of A) EquCab3.0, and B) EquCab_Finn data. Abbreviations as in Table 1.
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Runs of homozygosity

Violin plots (Figure 3) illustrate the distribution of
inbreeding coefficients (F,,,) for the breeds in EquCab3.0
and EquCab Finn datasets. Faroese Horses consistently
exhibited the highest inbreeding levels in both plots, with
compact distributions (Table 3). Faroese Horse F  ranged
from 28.7% to 38.1% in EquCab3.0 data and from 27.2%
to 36.6% in EquCab_Finn data. Swedish Ardennes showed
the lowest inbreeding levels with the least variation between
individuals (Figure 3). F,, for this breed ranged from 10.0%
to 18.2% in In EquCab3.0 data, and from 8.9% to 16.8% in
EquCab_Finn data.

The breeds Dola Horse, Coldblooded Trotter, Fjord Horse

and North Swedish Horse showed broader distributions of
F,o. The Dola Horse, for instance, ranged from 7.7% to 30.4%
in EquCab3.0 data and from 6.4% to 27.8% in EquCab_Finn
data. The individual with the lowest F  of about 1% was
a North Swedish Horse from a Dola Horse sire approved
for breeding in the North Swedish Horse breed. Nordland/
Lyngen Horse and Gotland Pony displayed relatively narrow
distributions.

In the EquCab3.0 data, the Dola Horse, Gotland Pony, and
Faroese Horse showed larger contributions of ROHs > 4Mb
to the total F,  than the other breeds. In the EquCab_Finn
data, the contributions from ROH > 4Mb were considerably
lower for all breeds, however (Table 3).

Figure 2. Principal component analysis (PCA) plot of (A) EquCab3.0, and (B) EquCab_Finn data, comparing PCA1 vs. PCA2 and PCA1 vs.
PCA3. For EquCab3.0 data, PCA1 explained 16.6% variation, PCA2 15.1%, and PCA 3 13.9%. For EquCab_Finn data, PCA1 explained 17.7%
variation, PCA2 15.5%, and PCA3 14.43%. Abbreviations as in Table 1.

Figure 3. Distribution of inbreeding coefficients (F, ) for (A) EquCab3.0 and (B) EquCab_Finn data within breed. Abbreviations as in

Table 1.

ROH:
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Table 3. Inbreeding coefficients (F,_,
2, The categories include the lower limit but exclude the upper limit.

) values for each breed in EquCab3.0 and EquCab_Finn data. Breed abbreviations as in Table 1.

Mean F, (%) per length category (Mb)?* Total F,, (%)
Breed 0.3-1 1-2 2-4 >4 Min Max Mean
ARD 5.8 3.3 2.9 1.8 10.0 18.2 13.8
DOL 5.8 4.7 6.3 6.2 7.7 30.4 23.0
o NsH 5.1 3.2 3.9 3.4 1.2 24.9 15.6
2 BT 5.2 3.4 3.6 3.3 2.6 20.3 15.5
Lg{ GTP 5.7 4.3 6.3 6.1 17.1 25.9 22.5
= mH 5.4 2.9 3.2 3.2 3.8 18.2 14.7
NLH 6.3 4.6 5.3 4.3 14.7 25.3 20.5
FRH 6.7 5.4 8.3 13.0 28.7 38.1 33.4
ARD 7.1 3.5 1.7 0.2 8.9 16.8 12.5
DOL 9.3 6.5 4.3 1.0 6.4 27.8 21.2
5 NSH 6.8 4.2 2.7 0.6 0.6 23.1 14.3
;‘g CBT 7.0 4.0 2.5 0.5 2.1 19.0 14.0
S Grp 8.9 6.3 4.4 1.0 15.6 24.4 20.5
o
= FJH 6.8 3.8 2.2 0.5 2.9 17.0 13.3
NLH 8.9 5.6 3.4 0.6 12.6 23.5 18.6
FRH 11.5 9.7 7.4 2.7 27.2 36.6 31.4

Figure 4. Comparison of inbreeding coefficients (F,,

The correlation was strong (0.998), as was the regression
coefficient (0.955) between individual total Fooq in the
EquCab Finn data and EquCab3.0 data, however, with
Faroese Horses showing highest overall inbreeding levels and

Swedish Ardennes consistently the lowest (Figure 4).

Heterozygosity

In both EquCab3.0 and EquCab Finn data, Swedish

) values between EquCab3.0 (x-axis) and EquCab_Finn (y-axis) datasets.

Ardennes had the highest mean observed heterozygosity
(Table 4) of close to 16%, and Faroese Horse had the lowest
of less than 12%. Despite this, observed heterozygosity
exceeded expected heterozygosity, which was the case for all
the breeds. The Dola Horse demonstrated the second lowest
mean observed heterozygosity of 13.4% in both datasets,
whereas the Gotland Pony, Coldblooded Trotter, Fjord Horse,
Nordland/Lyngen Horse and North Swedish Horse all showed
estimates between 14.6% and 15.3%.
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Table 4. Expected (Exp.), and observed heterozygosity (mean, maximum and minimum) in EquCab3.0 and EquCab_Finn data.

EquCab3.0 EquCab_Finn

Breed Exp. Mean Max Min Exp. Mean Max Min

(%) (%) (%) (%) (%) (%) (%) (%)
Swedish Ardennes 15.6 16.2 17.1 14.5 14.9 16.0 16.8 14.4
Dola Horse 13.1 13.4 15.4 7.1 12.7 13.4 15.3 7.4
North Swedish Horse 14.8 14.9 16.5 12.0 14.3 14.8 16.4 12.0
Coldblooded Trotter 14.9 15.3 16.3 13.9 14.3 15.3 16.2 14.0
Gotland Pony 14.1 14.6 16.2 10.9 13.6 14.6 16.1 11.1
Fjord Horse 15.0 15.3 16.6 9.7 14.4 15.2 16.5 9.8
Nordland/ Lyngen Horse 14.3 14.7 15.8 13.5 13.8 14.7 15.7 13.6
Faroese Horse 10.9 11.7 13.0 10.1 10.6 11.8 13.0 10.3

Historical effective population size Identity by descent

N, for the various horse breeds based on EquCab3.0 and
EquCab_Finn mappings were similar, with slight differences
between the two datasets. The estimated N_ generally
increased further back in time (not shown). North Swedish
Horse had the highest N_ of 96 in EquCab3.0 data and of 99
in EquCab_Finn when looking at the effective population size
estimated over the past 13 generations (Table 5). The lowest
corresponding N_ was found for Faroese Horse, at 23 and 24
for EquCab3.0 and EquCab_Finn data, respectively. EquCab
Finn data gave slightly higher estimates than EquCab3.0 data
for all studied breeds.

Table 5. Effective population size estimated over the past 13
generations per breed in EquCab3.0 and EquCab_Finn data.

Breed EquCab3.0 EquCab_Finn
Swedish Ardennes 85 87
Dola Horse 69 72
North Swedish Horse 96 99
Coldblooded Trotter 74 76
Gotland Pony 44 46
Fjord Horse 75 78
Nordland/ Lyngen Horse 67 70
Faroese Horse 23 24
Identity by state

Differences in IBS values between genome assemblies
were small and consistent, with EquCab_Finn data presenting
from 0.3 to a few percentage points higher estimates than
EquCab3.0 data (Table 6). The highest mean IBS was found
in Dola Horses, at 88% in EquCab3.0 data and 89% in
EquCab_Finn data. However, the highest IBS of more than
94% was found for a Faroese Horse. The lowest mean IBS
was found in Gotland Pony and Swedish Ardennes at 86% in
EquCab3.0 and 88% in EquCab_Finn datasets.

EquCab3.0 and EquCab_Finn data heatmaps show similar
overall patterns of IBD between groups of individuals
belonging to different breeds (Figure 5). However, proportions
of IBD showed slightly different clustering within breeds
and between specific individual pairs in the EquCab3.0 data
compared to EquCab_Finn data.

Mean IBD for Swedish Ardennes was 17% in EquCab3.0
data, and slightly lower (15%) in the EquCab_Finn data,
whereas it was 32% for Dola Horse in both reference genomes
(Table 7). For Faroese Horse, mean IBD remained at 40%
across both genomes. The largest difference between the
reference genomes in mean IBD (26% vs 21%) was seen for
Fjord Horse. For all breeds, pairwise comparisons gave lower
FPC in EquCab3.0 data than in EquCab_Finn data (Table 7).
Differences in IBD between EquCab3.0 and EquCab Finn
were small relative to the standard deviation of IBD.

Discussion

Historical background and use of the native Nordic
horse breeds differed, but they all played an important role
in developing the Nordic countries. With modernization
of transport, agriculture and forestry, the roles of horses
changed. Facing decreased population sizes, it is urgent to
support sustainable breeding strategies for the breeds, and
the first step is to characterize standing genetic variation.
This study is the first to analyze and compare WGS data for
all native Norwegian and Swedish horse breeds. In addition,
we included the critically endangered Faroese Horse. Some
other Nordic breeds, mainly Icelandic Horse and Finnhorse,
have previously been more studied (Kierkegaard et al, 2020).
Native Nordic breeds are not closely related to Thoroughbreds
(Petersen et al, 2013). Therefore, the novel comparison
between using the EquCab3.0 (Thoroughbred) reference
genome and the newly developed EquCab Finn genome
based on the Nordic breed Finnhorse was of special interest.
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Table 6. Identity by state values for the EquCab3.0 and the EquCab_Finn datasets.

Breed Mean (%) Median (%) Max (%) Min (%)
Swedish Ardennes 85.7 85.6 90.0 84.7
Dola Horse 88.1 87.5 92.1 85.5
o North Swedish Horse 87.0 86.9 93.0 85.2
2 Coldblooded Trotter 87.8 88.0 92.2 85.2
2. Gotland Pony 85.6 85.5 90.1 84.8
“ Fjord Horse 86.1 85.9 92.4 85.3
Nordland/ Lyngen Horse 86.5 86.1 92.5 85.3
Faroese Horse 86.1 85.5 94.2 85.2
Swedish Ardennes 87.5 87.5 91.3 86.7
Dola Horse 89.8 89.3 93.2 87.4
= North Swedish Horse 88.8 88.7 94.0 87.2
1 Coldblooded Trotter 89.4 89.6 93.3 87.1
¢ Gotland Pony 87.5 87.4 91.4 86.8
& Fjord Horse 87.9 87.8 93.5 87.0
Nordland/ Lyngen Horse 88.3 88.0 93.5 87.2
Faroese Horse 88.0 87.5 94.9 87.1

Figure 5. Heatmap of IBD relationships between individuals for (A) EquCab3.0, and (B) EquCab_Finn data, with each individual’s
relationship with itself on the diagonal. Stronger yellow indicates higher IBD. Individual IDs 0-22 are Swedish Ardennes, 23-52 Dola
Horses, 53-62 Faroese Horses, 63-77 Gotland Ponies, 78-104 Coldblooded Trotters, 105-129 Fjord Horses, 130-159 Nordland/Lyngen
Horses, and 160-189 North Swedish Horses.



112 Smogeli et al

Genetic Resources (2026), 7(13), 103-117

Table 7. Mean identity by descent (IBD) in percentage based on non-zero IBD pairs with standard deviations (SD) in brackets, and fraction

of pairwise comparisons with nonzero IBD (FPC), in percentage.

EquCab3.0 EquCab_Finn
Breed Mean (SD) FPC Mean (SD) FPC
Swedish Ardennes 17 (3.5) 2 15 (3.3) 4
Dola Horse 32 (2.2) 19 32 (2.6) 31
North Swedish Horse 26 (4.4) 7 25 (4.5) 15
Coldblooded Trotter 27 (3.9) 11 24 (3.4) 40
Gotland Pony 26 (2.1) 2 25 (2.4) 3
Fjord Horse 26 (7.1) 2 21 (5.9) 5
Nordland/ Lyngen Horse 28 (3.2) 5 27 (2.6) 11
Faroese Horse 40 (6.4) 7 40 (6.2) 9

EquCab3.0 vs. EquCab_Finn

Comparison of both admixture results, F  values, and
PCA analysis from the different reference genomes showed
that EquCab_Finn genome in general aligned closely with
EquCab3.0 in reflecting the genetic structure across the
breeds, although subtle variations between datasets were
seen. Slight differences in annotation and down-stream
analyses of population genetics depending on reference
genome were previously reported, e.g. cattle, canines and
fish (Gopalakrishnan et al, 2017; Weldenegodguad et al,
2019; Lloret-Villas et al, 2021; Thorburn et al, 2023).

Correlations between F,  estimates from using the two
reference genomes in our study indicated a nearly perfect
linear relationship. However, the regression coefficient
pointed to slightly higher F,  from EquCab3.0 than from
EquCab_Finn. The Finnhorse assembly likely called alleles
specific to the Nordic breeds, detecting more variation and
breaking up some of the EquCab3.0 derived ROHs. This was
supported by the considerably smaller contribution of long
(> 4Mb) ROH to the F, in the EquCab_Finn than in the
EquCab3.0 data.

Differences between the reference genomes in observed
heterozygosity were very small, whereas expected
heterozygosity was somewhat lower in the EquCab Finn
data. This may be affected by the relatively small number
of samples per breed, or by additionally mapped variants
in EquCab Finn having more extreme allele frequencies,
which would be likely for regions specific to Nordic breeds.
Similar but more intense tendencies were previously seen
in canines, for reference genomes of the wolf and the dog
(Gopalakrishnan et al, 2017).

The N, estimates indicate an approximate number of
effective ancestors that contributed to the breed of today.
Although the values should be interpreted with care (Adepoju
et al, 2024), they can give an indication of relative differences
between the breeds. One should keep in mind that formal
breed formation and start of more regulated breeding for
most breeds did not take place until the late 19th or early
20th century, and that generation intervals are typically
around ten years or more in horse breeds (Viklund et al,
2011; Olsen et al, 2020). The EquCab _Finn data showed a
slightly higher estimated historical N_ in all the breeds, likely
due to more heterozygous variants, as also seen in the test of
heterozygosity (Table 4).

The mean IBDs were, in most cases, similar between the
two assembly genomes, while the proportion of animals
having non-zero IBD values with other individuals increased
for several breeds when using the EquCab Finn assembly
compared to EquCab3.0.

Overall, we found minor to moderate differences when
using the two reference genomes. Pokharel et al (2024)
reported that EquCab_Finn shared about 95% of the genomic
features of EquCab3.0. The type of analysis and comparisons
between breeds in our study are likely less sensitive to this
difference than, for example, detecting unique, rare genetic
variants.

Diversity within Norwegian, Swedish and
Faroese breeds

Swedish Ardennes counted high numbers during the first
half of the 20th century (Carlstrom et al, 1946), before a
drastic reduction when tractors replaced horses in agriculture.
The breed showed the lowest F,  and IBD values among the
breeds, possibly remnants of the previously large population.
However, heterozygosity at 16% suggests low genetic
diversity. The breed's estimated N, of 85-87, 13 generations
back, was lower than the estimate of 227 in 2002 based on
rather low-depth pedigree data (Siekas, 2006).

The dispersion of Dola Horse FROH around the mean of
21-23% indicated individual differences in genetic variability.
The heterozygosity of 13% reflects high genetic diversity loss,
and the mean IBD of 32% indicates few common ancestors
for the population. The N 13 generations ago of 69-72 was
between previously pedigree-based estimates of 51-151 for
the years 2010-2015 (Melheim, 2017), and 152 for the years
1990-1999 (Olsen et al, 2010). Melheim (2017) estimated
pedigree inbreeding coefficients of 8-13% for the Dola Horse.

The North Swedish Horse had a lower F,,, dispersed
around 14-16%, like for Coldblooded Trotters. The ongoing
use of approved Dola Horses in breeding of the North
Swedish Horse likely contributes to an increased diversity,
and to the highest estimate (96-99) of N_ 13 generations ago
in this study. North Swedish Horses were sampled in Sweden
under the Swedish breed name, but in hindsight, at least one
individual could also have been defined as a Dola Horse.

The estimated N_ 13 generations ago for the Coldblooded
Trotter of 74-76 was closer to that of the Dola Horse than
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the North Swedish Horse. Declining N_ has been estimated
based on pedigree data for the Coldblooded Trotter, with
an estimate of 40-50 for the years 2012-2015 (Leroy et
al, 2020). This breed, which is under intense selection for
trotting performance, showed low genetic diversity in
several measures, including a high IBD of 24-27% and low
heterozygosity (15%). A mean pedigree-based inbreeding
coefficient of 8.3% was estimated for Coldblooded Trotters
born in 2021 by Berglund et al (2024). Velie et al (2019b)
estimated mean F, |, based on SNP data of 9.6% in Norwegian,
and 8.7% in Swedish Coldblooded Trotters, born 2000-2009.

A severe genetic bottleneck in the late 19th and early 20th
centuries left its mark on the Gotland Pony breed, despite
different measures taken since then to improve the situation
(Svenska Russavelsforeningen, 2019). Their Fron clustered
around 21-23%, with little individual variation. Also, their
mean observed heterozygosity of 15% and IBD value of
25-26% suggest low genetic diversity. The estimated N_ 13
generations ago was as expected low (44-46). A pedigree-
based mean inbreeding coefficient of 11% and N_ of 67
was previously estimated for Gotland Ponies by Andersson
(2016).

Substantial individual variation in FROH was seen for
the Fjord Horse, for which there is some exchange with
foreign Fjord Horse populations. Also, for this breed, the
heterozygosity (15%) indicated low genetic diversity, The
estimated N_ size 13 generations ago of 75-78 concurs with
previous estimates of 63 on molecular data from 2015 and 71
on pedigree data (Olsen et al, 2020). The latter estimated a
mean pedigree-based inbreeding of 7.7%.

Nordland/Lyngen Horses' F,  clustered around 19-21%,
and their heterozygosity (15%), and IBD (27-28%) indicated
low genetic variation. The N_ 13 generations ago of 67-70
was within the range of previous pedigree-based estimates
of 20-75 in 1988-1991, and 121-176 in 2012-2015 (Leroy
et al, 2020).

The high F, ,, clustering around 31-33%, in Faroese
Horse concords with the pedigree inbreeding coefficient of
27% estimated by Kettunen et al (2022) for Faroese Horses
born in 2016. Faroese Horses displayed the highest IBD value
(40%), lowest observed heterozygosity (12%), and smallest
historical N_ among the breeds. This agrees with the breeding
history, including a relatively recent extreme bottleneck and a
small, isolated population (Kettunen et al, 2022).

Population subdivision has been shown to influence
estimation of genetic diversity through a deficit in
heterozygotes relative to Hardy-Weinberg expectations
when animals are sampled from different inbred lines
(Wahlund effect) (De Meefis, 2018). In larger breeds under
divergent selection for different breeding goals, for example,
American Quarter Horses (Petersen et al, 2014), genomic
analyses showed substructures within the breed. Population
substructures due to favoured stallions and admixture with
other breeds were shown for Franches-Montagnes horses
(Gmeletal, 2024).In the Costa Rican Paso horse, which started
as a synthetic breed and still shows subdivision, reduction of
heterozygotes, likely due to the Wahlund effect, was reported
in a study by Dominguez-Viveros et al (2024). However, we
found no indications of clear substructures in the numerically
small native breeds in the present study based on expected
vs. observed heterozygosity, PCA, IBD, or admixture analysis.
This agrees with their known breed origins and present
breeding programmes. Notably, even though all breeds in

this study showed loss of genetic diversity, they exhibited
somewhat higher observed than expected heterozygosity,
which reflects the breed management, aiming to avoid close
inbreeding.

Comparisons with results from other breeds

The number of studies of horses using WGS data is
increasing, but still limited. Several studies based on SNP
marker data are available, however. While F_ and PCA
values of other breeds and species do not convey much
relevant information for comparison, the contrary is true
for heterozygosity and F, , measures, although different
settings may influence comparisons across studies. We did
not filter for minor allele frequency or LD in the data used
to detect ROHs, following recommendations by Meyermans
et al (2020). Selection of individuals to be included may also
influence the estimates, and horses in the present study were
selected with the intent to capture as much of the present
diversity as possible.

Compared with other breed estimates, the Nordic breeds
in our study had low heterozygosity (12-16%), in some cases
due to past bottlenecks and in other likely strong selection. For
example, Y. Li et al (2022) reported observed heterozygosity
of 18-32% in WGS data on Chinese Indigenous horse breeds.
In analysis of SNP data, observed heterozygosity was 33%
in Icelandic Horse and 34% in Exmoor Pony, two native
northern European breeds (Sigurdardéttir et al, 2024) that
have experienced fluctuating population sizes. Still, estimates
of F,,, between 8-20% for Icelandic horse and 12-27% for
Exmoor Pony (Sigurdardottir et al, 2024) means that those
breeds would be placed in the lower to mid-range of results
for breeds in the present study.

As a comparison, F was estimated to be 26% in a
Thoroughbred population using WGS data (Chen et al, 2023),
which was higher than for the Swedish and Norwegian
breeds in our study. A large international population, but also
few founder stallions, a strong male selection, and so-called
line breeding characterize the Thoroughbred (McGivney
et al, 2020). Corbin et al (2010) estimated the historical
population size of Thoroughbreds 20 generations ago to be
100, with an increase in recent times based on SNP data. This
is close to the highest estimate for the North Swedish Horse,
found in the present study.

Genetic similarity between the studied
breeds

The structure of the genetic similarity between horse breeds
based on F and PCA in the present study was at least partly
expected, based on known breed history. Swedish Ardennes
has its roots in Belgium, and F for Swedish Ardennes showed
moderate differentiation from other breeds, with slightly
lower differentiation from North Swedish Horse (0.08),
possibly a remnant of past crossbreeding. The admixture
analysis showed individuals with ancestry from both the
North Swedish and Dola breeds, and to a lesser extent from
the Dola and Coldblooded trotter. This was expected based
on pedigree information and that some crossbreeding is
allowed, as previously described. The Dola Horse showed less
differentiation based on F. from Coldblooded Trotter (0.07)
and North Swedish Horse (0.03) than from the other breeds,
and clustered closely with North Swedish Horse in the PCA,
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as expected due to both recent and historical exchange of
genetic material between these breeds (Norsk Hestesenter,
2023). A slightly larger distance from the Coldblooded
Trotter compared with the North Swedish Horse, despite
their common origin, may be due to loss of genetic variation.
This phenomenon of breeds with a low genetic variation that
seems far distant from other breeds is seen, for example, in
Friesian Horses (Schurink et al, 2019).

North Swedish Horse displayed moderate F_ values, with
lower differentiation from the working horse breeds Dola
Horse (0.03), Swedish Ardennes (0.08) and Norwegian
Fjord Horse (0.08), and the Coldblooded Trotter (0.05).
This confirms previous F_, estimated between North Swedish
horse and Coldblooded Trotters at 0.04 (Fegraeus et al, 2018),
and 0.07 (Velie et al, 2019a). Fegraeus et al (2018) also
estimated a similar F value (0.08) between Coldblooded
Trotter and Dola Horse. Velie et al (2019a) revealed evidence
of introgression of genetic variants from Standardbreds into
Coldblooded Trotters, before parentage verification was
introduced in the 1960s (Sweden) and 1970s (Norway) (Det
Norske Travselskap and Svensk Travsport, 2019).

Gotland pony exhibited moderate F . values to other
breeds, and the PCA plot showed a well-separated cluster for
Gotland Ponies, signifying its genetic distinctiveness. None
of the foreign breeds, such as Welsh Ponies introduced to
increase the genetic diversity in Gotland Ponies (Andersson,
2016), were included in the present study and thus, it was
not possible to estimate their relatedness.

Previously reported F for Fjord Horse to Coldblooded
Trotter (0.09) and to Dola Horse (0.15) (Fegraeus et al,
2018) were similar to those in our study (0.09 and 0.11,
respectively). The PCA analysis for the Fjord Horse showed
some dispersion in PCA3, indicating subtle genetic variation
within the population. Only Norwegian Fjord Horses were
included, and the results may have been somewhat altered if
Fjord Horses had been sampled abroad.

The Nordland/Lyngen Horse showed moderate F
differentiation from all other breeds, similar to those by
Fegraeus et al (2018) between Nordland/Lyngen Horse and
Fjord Horse (0.13), Coldblooded Trotters (0.14), and Dola
Horse (0.22). The high genetic differentiation of the Faroese
Horse from all other breeds, with the lowest F of 0.17 to
the Fjord Horse, can be ascribed to the breed's history with a
severe bottleneck and isolation, and, thus, genetic drift.

For future studies, adding breeds such as Thoroughbred,
Standardbred, or Arabian horses would make the results
more relatable to other breeds. It would also be of interest to
include breeds from other Nordic countries, subpopulations
of Swedish and Norwegian breeds abroad, and draught horses
of a similar origin to the Swedish Ardennes. Studying genetic
similarity between the Nordic, and the British and Baltic
breeds would be of interest as there are historical connections
with these regions. In addition, analysis of structural
variations in the studied breeds may reveal additional aspects
of their relatedness within and across populations. Results
for the two reference genomes support that an equine pan-
genome, which is being developed (Stroupe et al, 2024), will
be a strong advancement for comparing genetic diversity on a
detailed level across breeds with different origins.

Limitations

There is a lack of golden standards regarding many of the
analyses included in this study, creating some difficulties in
comparing results with previous studies. Further, estimation
of effective population size based on linkage disequilibrium
is challenging, as the population history and structure can
impact the results (Ryman et al, 2019; Adepoju et al, 2024).
Recently, Manunza et al (2025) suggested a minimum of
50 individuals to determine N_using LD-based methods.
However, they studied moderate marker density array data
and breeds with much larger population sizes than in our
study. Despite few individuals being sampled per breed,
we assume we could capture a large proportion of genetic
variations because the populations are so small, and several
have undergone relatively recent genetic bottlenecks. This is
supported by the estimation of the necessary sample size for
F,, analysis, when using high marker density, presented by
Nazareno et al (2017).

Conclusions

While the patterns of genetic similarity across breeds
appeared consistent, the choice of reference genome
(EquCab_Finn or EquCab3.0) affected the number of samples
showing genetic relationships and overall IBD values. The
minor to moderate differences between results from using the
two reference genomes suggest that using the EquCab_Finn
genome improves the precision of genomic mapping and,
thus, understanding of the genetic diversity and relationships
between and within Nordic horse breeds. Further, different
analyses consistently showed reduced genetic diversity in
all breeds studied. The current population estimates tell us
their present status. However, their future also depends on
the possibility of maintaining or increasing population sizes,
which may be challenging for some breeds. Maintaining
genetic diversity in these breeds is essential for the survival
of the breeds and thereby for preserving a significant part of
Nordic heritage for future generations.
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Supplemental Table 2. Admixture contribution of the
different breeds to each breed in the EquCab_Finn data
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