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Abstract

Deducing the evolutionary histories of dog breeds can be challenging due to convergent
traits and frequent admixture. In this report, we have explored the relationships of indige-
nous Finnish hunting spitz breeds among other northern Eurasian hunting breeds using
commercially available SNP analysis (the MyDogDNA panel test). We find that Nordic hunt-
ing breeds Finnish Spitz, Nordic Spitz and the Karelian Bear Dog, as well as the reindeer
herding Lapphund and Lapponian herder are all closely related and have common origins
with the northeastern Eurasian Laika breeds, rather than with other Scandinavian Spitz
breeds, such as Elkhounds and Swedish Vallhund. By tracing admixture events and direc-
tion of gene flow, we also elucidate the complex interactions between the breeds and pro-
vide new insight into the history of Swedish Elkhound and Russian-European Laika. The
findings, together with an analysis of genetic differentiation between the populations, not
only help to understand the origins of the breeds but also provide interesting possibilities to
revive genetic diversity, lost during the breeding history, by backcrossing breeds to their
hypothetical ancestry.

Introduction

Despite their apparent diversity, all modern dog breeds are maximally only a few centuries old
[1]. Generating a breed, by definition, involves closed breeding practices, terminating all gene
flow between the breed and free-breeding dog populations or, in the case of mixed breed ori-
gins, between founder breeds. The genetic differentiation that takes place during breed forma-
tion, and its maintenance will cause rapid diversification of the breed from related breeds as
well as from the population from which it originates [2]. In the case of old breeds, or breeds
whose history is poorly documented, this can also cause debate among dog enthusiasts about
the origins of their breed of interest, and its relationship to other breeds. The same is true for
the modern Fennoscandian dog breeds which in contrast to many other European breeds, are
relatively young and thought to be a direct continuation of ancient, free breeding northern
Eurasian hunting dogs. These modern breeds include the Finnish Spitz, an indigenous Finnish
breed whose birth was inspired by the desire to find common nominators of national identity
prior the independence struggle of the republic of Finland in the late 19" century [3,4].,
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Identifying the origins of indigenous breeds can also offer insight into settlement history as
well as trade connections to adjacent areas. Finland’s remoteness, sparse population, as well as
its position at the boundary of eastern and western cultural influences has strongly shaped the
genetic architecture of its human population [5], and the same is likely to be reflected also in
the nation’s indigenous dog breeds.

Before genome-wide genetic analyses became available, reconstructing the evolutionary
relationships of contemporary breeds was virtually impossible due to the wealth of convergent
traits [2]. Although tools such as Y-chromosome and mitochondrial DNA (mtDNA) haplo-
types have been available to trace origins of modern dog populations, they lack the necessary
resolution to differentiate between closely related breeds and are blurred by multiple admix-
ture events, arising from their dispersal history [6-8] as well as more recent crossbreeding [2].
For example, despite their superficial similarity with arctic sledge dogs with Asian origin, such
as Siberian Husky, Greenland Sledge Dogs and Alaskan Malamute, genome-wide single nucle-
otide polymorphism (SNP) data shows that the Fennoscandian Spitz breeds represent inher-
ently European breeds with little genetic connection to their Asian counterparts [9,10]. Also
interestingly, Finnish Spitz, Nordic Spitz and Karelian Bear Dog have relatively little genetic
resemblance with the similar breeds in the adjacent geographical areas of Russia and Scandina-
via [3]. These breeds include East- and West-Siberian Laika, Russian-European Laika, Swedish
and Norwegian Elkhound as well as Swedish Vallhund and Norwegian Lundehund. The differ-
ent ancestral origins are also exemplified by the wide separation of Finnish Spitz from the
Swedish Elkhound in recent comprehensive reconstructions of the evolutionary relationships
among worlds dog breeds [9,10].

In the present study we have further explored the relationship of three Finnish hunting
Spitz breeds: Finnish Spitz, Nordic Spitz (Norbottenspets, a Swedish breed of Finnish origin
[3]) and Karelian Bear Dog (Fig 1), establishing their phylogenetic position among the primi-
tive north Eurasian Spitz breeds, including three Laika breeds, Swedish Elkhound, Norwegian
Grey Elkhound, Finnish Lapphund, Lapponian Herder, Norwegian Lundehund and Swedish
Vallhund. The Finnish Hound was also included in the analysis to study the influence of this
old and widespread hound breed on the Spitz breeds in the same geographical region. In fact,

Fig 1. Three contemporary hunting spitz breeds representing breeds with Finnish origins. The Nordic Spitz (left), although officially Swedish, the breed
originates from feral dogs typical for norther Finland and was brought to Sweden by Finnish settlers. The breed almost went to extinction prior to its
recognition in 1966. Finnish Spitz (center) is the Finnish national dog and was established as a breed already in 1892. Karelian Bear Dog (right), a much
larger spitz type used for large game hunting, was recognized as a breed in 1936 but registered only in 1946. All photos by the first author.

https://doi.org/10.1371/journal.pone.0199992.g001
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the existence of a genetic disorder in the Nordic Spitz [11] that originates from the Finnish
Hound [12], indicates some degree of recent admixture [3]. Using genome-wide SNP analysis,
we show that all Finnish hunting Spitzes likely originate from the same founder population
and are distinct from, other aforementioned Scandinavian Spitz breeds and Russian-Asian
Laika breeds. Our results also demonstrate that recent admixture among dog breeds can result
in conflicting phylogenetic signals and link unrelated clades, when judged by the known his-
tory of the breeds. Besides reconstructing the evolutionary relationships of the breeds, our
results provide a genetic backbone for breeders planning crossbreeding as a means of intro-
ducing genetic diversity into the population.

Materials and methods
Datasets

SNP data for 1,319 SNP markers for the 13 breeds used in this study (Table 1) was obtained
through a commercial DNA testing service (MyDogDNA) by Genoscoper Laboratories (Gen-
oscoper Laboratories Oy, Helsinki, Finland) [3]. The DNA samples were collected from pet
dogs by trained veterinarians or other professionals, using non-invasive buccal swaps. No ethi-
cal permissions were required. The design, content, and validation of the utilized genotyping
service was previously described in detail [13]. In brief, testing is based on the widely utilized
Mumina Infinjum platform (Illumina, Inc., San Diego, CA, USA), with the panel aiming for
representation of neutral variation on each of the 39 canine chromosomes for assessment of
genetic diversity and relationships within/between breeds. The markers available for use in
this study represented neutral intergenic non-coding variation with a median intermarker dis-
tance of 1,585 kilobases.

All dog samples included in the study had originally been submitted for commercial testing
at Genoscoper Laboratories, with owners providing consent for the use of their dog’s DNA
data for research purposes. All dogs were registered and their identity checked (ID-chip, tat-
too) prior the taking of the DNA sample. Only samples with genotype calls for at least 95% of
markers were included in the study to ensure high quality data. The breeds to study were cho-
sen based on their geographical affinities and FCI (Fédération Cynologique Internationale)
grouping (Spitz and primitive types), with the exception of Finnish Hound, which was

Table 1. Breeds included in the study. Sample sizes and median heterozygosity frequencies as indicated. Notice the
low heterozygosity in the endangered Norwegian Lundehund [14].

Breed N Median Hz
Finnish Spitz 143 0.31
Nordic Spitz 122 0.41
Karelian Bear Dog 90 0.36
East Siberian Laika 37 0.38
West Siberian Laika 2 0.29
Russian-European Laika 9 0.28
Lapphund 224 0.39
Lapponian Herder 31 0.38
Norwegian Elkhound, Grey 253 0.31
Swedish Elkhound 6 0.31
Swedish Vallhund 136 0.30
Norwegian Lundehund 8 0.05
Finnish Hound 224 0.34

https://doi.org/10.1371/journal.pone.0199992.t001
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included because of its known genetic influence on the Nordic Spitz [3,11]. Genotype data are
provided in S1 File.

First pass data analyses

Samples included in this study reached a call rate of at least 99% of the analyzed markers and
the median heterozygosity for each breed was calculated based on all analyzed individuals. To
illustrate genetic differences between individuals, multidimensional scaling (MDS) analysis
was performed. MDS is an eigen-decomposition principal component analysis transforming
distances into similarities [15].

Phylogenetic analysis based on SNPs

Incomplete lineage sorting can produce discrepancy between the phylogenetic tree for a spe-
cific gene and the overall taxa in a phylogenetic tree [16], for example, due to different evolu-
tionary histories of the different genes in a multilocus phylogenetic tree. To avoid this, we
followed the example of Foote and Morin [17] and used SNAPP [18] in BEAST v. 2.3.1 [19]
and generated a breed tree from nuclear SNPs based on the coalescent. SNAPP is built on a
drift-based model, assuming at most two alleles per site and allowing for a single mutation per
site, including back mutations [18]. To avoid running SNAPP on large number of markers
and individuals, requiring high computational intensity, we did the analysis using the consen-
sus SNPs for each breed, allowing two allele combinations in sites where these were equally
present. This approach differs from the previously used selection of 5 random genotypes [17],
which in our case, because of large sample sizes and high number of highly variable markers in
some breeds proved to yield unreliable results following subsequent repeats of the process with
random resampling. For example, using randomly selected individual genotypes instead of
consensus SNPs had little influence the placement of the breeds, but added ambiguity into pos-
terior probabilities due to high numbers of ambiguous bases caused by sample heterozygosity
(S1 Fig). The distribution of the trees was visualized using DensiTree v. 2.1 [20] with burn-in
of 10%. DensiTree illustrates areas, where many trees support the topology and branch length,
as densely colored, whereas areas where there is more uncertainty aggregate a web of lines.
Similarly, ambiguity in node position is seen as smearing around the mean node height. In
contrast to summary trees and clade sets, DensiTree represents a qualitative approach to tree
set analysis. As a comparison, we also performed phylogenetic analysis assuming concatenated
sequence using MrBayes[21] under GTR+G model of evolution [22]. The maximum-clade-
credibility trees were generated using TreeAnnotator in BEAST v. 2.3.1 [19] and illustrated
using FigTree v1.4.3 [23].

In order to take into account the historical admixture between the breeds, we also recon-
structed the phylogeny using TreeMix v. 1.13 [24]. TreeMix is based on unified statistical
framework, using population allele frequency data and Gaussian approximation to estimate
genetic drift among populations. The branches of a TreeMix tree represent relationships
between populations (breeds) based on the majority of alleles. Migration can subsequently be
fitted between populations that fit poorly to the tree model and for which the admixture is
inferred. The addition of migration between branches is conducted by stepwise iterations to
maximize the likelihood, until there is no further increase in statistical significance [24]. The
directionality of gene flow is determined by the asymmetries in a covariance matrix of allele
frequencies relative to the ancestral population, as inferred from the maximum likelihood tree.

The genetic structure among the breeds was visualized using Bayesian hierarchical cluster-
ing in STRUCTURE v. 2.3.4. software [25,26]. Three independent runs with burn-in period of
100 000 iterations together with 1 000 000 MCMC steps were performed. The runs were
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checked for convergence and the proportions of admixture was estimated for k = 2-15 and the
population assignment was tested using STRUCTURE HARVESTER [27]. Because of having
1,319 SNPs with known, evenly spaced marker distance, there was no needto filter for linked
loci. Also, contrary to the natural populations, we expected to see rather clear differentiation
among dog breeds. Although STRUCTURE is powerful in identifying genetic admixture, it
cannot detect the direction of gene flow, unlike TreeMix. Genetic differentiation between pop-
ulations (Fsr) was quantified using the elements in STRUCTURE v. 2.3.4[26] and Arlequin 3.5
[28].

Results

Marker performance in breed separation

The used 1,319 performed well in separating breeds (Fig 2) and can also differentiate between
different geographical subpopulations, as in the case of Finnish Spitz (Figure 5 in [3]). Pan-
nable, three-dimensional MDS plots for the breeds included in the study as well as various
other breeds and breed groups can be freely accessed at MyDogDNA website (http://
mydogdna.com/ — breeds —search for a breed — genetic relationships).

Evolutionary relationships among the contemporary Fennoscandian Spitz
breeds

Firstly, we wanted to establish the evolutionary relationships of the Finnish hunting Spitz
breeds among the other contemporary breeds in Fennoscandia. The problem with most
sequence-based phylogenetic analyses is that they assume that all loci share the same geneal-
ogy, which is not the case among SNP markers within the same species. Ignoring this so-called
coalescent variance will result in incongruence between the gene trees and the true evolution-
ary history, such as seen in incomplete lineage sorting [17]. To demonstrate that this is a con-
founding factor also in phylogenetic analyses of dog breeds, we compared a multispecies
coalescent model of SNAPP [18], allowing each SNP to have its own genealogy, to the GTR+G
model of evolution implemented in MrBayes [21]. The two gene trees differ in topology in a
couple of interesting aspects. While SNAPP (Fig 3A) recognizes Norwegian Elkhound, Grey
and Swedish Elkhound as sister breeds, albeit with week posterior probability (0.52), and
places Karelian Bear Dog basal to Laika breeds, GTR+G analysis (Fig 3B) seats Swedish Elk-
hound basal to the Laika and Finnish Spitz breeds and Karelian Bear Dog as a close sister
breed of Russian-European Laika. Although a range of alternative topologies, as illustrated by
DensiTree [20] visualization, can be seen to support also the close affinity of Norwegian and
Swedish Elkhound (arrowheads in Fig 3B), the majority of the trees split these breeds into sep-
arate clades. Notably, MrBayes also places Norwegian Lundehund with Finnish Hound as out-
groups in relation to the other breeds in the analysis, while SNAPP places it branching from
the same stem with the other Scandinavian Spitz breeds.

Genetic admixture between the Fennoscandian Spitz breeds

As ancestral admixture is more than likely among breeds originating from the same geographi-
cal region, we next performed a TreeMix analysis, which estimates a maximum likelihood tree
where branches represent the relationships between populations based on the majority of the
alleles [24]. Interestingly, this tree is concordant with SNAPP, recognizing Norwegian and
Swedish Elkhounds as sister breeds and placing Swedish Vallhund together with Norwegian
Lundehund (Fig 4). In this analysis, Karelian Bear Dog moves further away from the Laika
breeds, being now basal to Finnish and Nordic Spitz. In TreeMix analysis, migration edges can
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Fig 2. Multidimensional scale (MDS) plots of genetic similarities among the analyzed breeds. (A) MDS of
Northern hemisphere hunting spitz and Laika breeds. The plots are three-dimensional (3D) and the size of each dot
(sample) is relative to its position on the z-axis. Pannable, interactive 3D plot can be accessed at https://www.
mydogdna.com/crm/index.html#en/breeds/519248a83cd390a0520000ce/norrbottenspitz/relationships (tab “Nordic
Hunting Dogs” or “Nordic Spitz Breeds” to include also the herding breeds). As MDS (as well as other PCA
applications) find the best possible fit for all samples in the dataset, the separation of the different clusters is dependent
on which samples are included. This can be demonstrated by the separation of closely related Lapphound and
Lapponian Herder when viewed together with other breeds (B) or when only the two breeds are compared (C).
Therefore, also the position of the clusters does not represent true genetic distances (e.g. % of genetic difference)
between the breeds, as can be depicted on dendrograms.

https://doi.org/10.1371/journal.pone.0199992.g002

be fitted between populations that are otherwise a poor fit to the tree model, likely due to
where the exchange of alleles between the taxa. The direction of gene flow is illustrated with
arrows, whose color changes with increasing admixture intensity. The migration arrows
between the TreeMix branches confirm the gene flow from Finnish Hound to Nordic Spitz
but also reveal possible influence in the common ancestor of all three Finnish spitz breeds.
Moreover, it reveals the influence of West-Siberian Laika and Lapponian Herder breeds on
both Nordic and Finnish Spitz as well as possible influence of Karelian Bear Dog on the Rus-
sian-European Laika. Interestingly, TreeMix also suggested admixture of West-Siberian Laika
into the Swedish Elkhound, explaining the topology obtained from MrBayes (Fig 3B). As Tree-
Mix bases the tree topology on a drift-based model, the individual branch lengths indicate the
degree of genetic drift in each population. Of the analyzed breeds, Lundehund showed remark-
able degree of drift, which is not surprising considering low heterozygosity levels observed in
the breed (Table 1) [14].

Population structure and differentiation within Fennoscandian Spitz
breeds

To estimate the proportions of shared ancestry among the breeds showing admixture, we visu-
alized the genetic substructure of these populations using STRUCTURE [26]. Unlike TreeMix,
STRUCTURE cannot infer the direction of gene flow and it does not provide any tests for the
degree of admixture. As recombination will break up ancestry proportions among individuals
after successive generations, established dog breeds (no gene flow from neighbor breeds)
should eventually be relatively homogenic, unless substructure develops due to subpopulation
differentiation. This seems to be the case for the majority of the analyzed breeds, except for
Laika breeds and Finnish Lapphund (Fig 5A and 5B). As of note, the Lapphund population
seems to show strong population substructure, possibly because of different breeding regimes
for working vs. show dogs. Similar substructure is also evident in the Laika breeds and can be
also seen in the sample clustering on MDS plots (Fig 5D and 5E). STRUCTURE could also
confirm the admixture between Finnish Hound and Nordic as well as Finnish Spitz (Fig 5C).
We also determined fixation index (Fsr) among Finnish Spitz, Nordic Spitz and Karelian Bear
Dog, using STRUCTURE and Arlequin 3.5.[28]. Fgr is a measure of overall genetic divergence
among subpopulations and pairwise comparisons of the closely related breeds can help to
determine a theoretical minimum for crossbreeding [29]. In natural populations, this would
equal the maximum number of migrants per generation to maintain the observed differentia-
tion between the generations, obtained from the equation for balance between migration and
Fsr.

1
Foo=—
ST 4Nm + 1
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Fig 3. Phylogeny of 13 contemporary northern Eurasian spitz breeds, based on 1319 SNPs. (A) Phylogeny based on
coalescent. Maximum clade credibility tree drawn in black, with posterior probabilities shown at each node. Tree cloud
shows the range of alternative consensus tree topologies and was produced using DensiTree visualization of SNAPP results,
with samples taken every 1000 MCMC repetitions from 1M iterations. (B) SNP phylogeny obtained from MrBayes, which
ignores possible coalescent variance. Maximum clade credibility and DensiTree visualization of consensus tree topologies as
previously. Black arrowheads point to frequent alternative topologies linking Karelian Bear Dog with Finnish and Nordic
Spitz clade (A) or Norwegian and Swedish Elkhound as sibling breeds (B). Posterior probabilities under 0.4 were omitted.

https://doi.org/10.1371/journal.pone.0199992.g003

Where N is the effective population size and m the migration rate per generation. The
migration minimum might be useful to know when the potential of breed crosses as a tool to
increase genetic diversity in the receiving breed, needs to be assessed. If the Nordic Spitz and
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Fig 4. Maximum-likelihood tree obtained from TreeMix analysis, based on the most common alleles within each population. Branch lengths
represent the amount of genetic drift that has occurred in the breeds and arrows depict the degree as well as direction of ancestral admixture. Yellow-
red arrows between the branches depict the direction and degree of migration (gene flow).

https://doi.org/10.1371/journal.pone.0199992.9g004
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Fig 5. Population structures for assorted northern Eurasian breeds. (A) Population structure for Finnish spitz breeds and Laikas. Note the ancestral
variability within the Laika breeds. (B) Population structure of selected breeds showing influence to or from the Laika breeds. (C) STRUCTURE analysis also
detects low levels of gene flow from Finnish Hound to Nordic and Finnish Spitz breeds. A column represents an individual. For simplicity, each breed was
assumed as an independent population (K). Population substructures within East-Siberian Laika and Lapphound, revealed by STRUCTURE analysis, are also
evident in MDS plots (D, E) where samples from these breeds form separate clusters (dotted line). Different dot colors mark countries of origin (Finland blue,
others vary). No obvious geographical differentiation can be observed.

https://doi.org/10.1371/journal.pone.0199992.9005

Finnish Spitz are considered as a one combined population, Nordic Spitz had an Fs7 of 0.018,
while Finnish Spitz showed much higher degree of differentiation with an Fgr of 0.289. Simi-
larly, in Karelian Bear Dog and Nordic Spitz comparison, Karelian Bear Dog has Fsr0of 0.210
and Nordic Spitz 0.035, wheras the differentiation between Karelian Bear Dog and Russian-
European Laika is more uniform, with Fgr's of 0.167 and 0.111 respectively.

Discussion

Advances in genome-wide SNP analyses have provided powerful tools to understand the pat-
terns and processes in population genetics and evolution, and have also been applied exten-
sively to study dog populations and breeds [10,30,31]. In the present study, we sought to trace
the origins of Finnish Spitz breeds and infer their evolutionary connections with similar breeds
in adjacent geographic areas using 1,319 neutral SNP markers. The test panel has been
designed for robust identification of breeds as a part of a commercial DNA testing service.
Although 200k SNP arrays are available for dogs, the number of used SNPs is comparable with
the number of markers obtained from genotyping by sequencing studies on other mammals
with low genetic variation [17] and outperforms any microsatellite based analyses [32]. The
used markers can differentiate the analyzed breeds (Fig 2) and detect subpopulation variation
within the breeds (Figs 2 and 5). While relatively few markers might be effective in resolving
closely related taxa (or breeds in our case), the saturation of marker variation might produce
false associations at deeper divergences. However, this should not be an issue when closely
related breeds are compared. Also, unlike with natural populations, the history and putative
relationships of dog breeds are known, making it possible to spot gross mistakes in the phylog-
enies. Resolving power of markers is more dependent on their quality than actual numbers.
For example, increasing loci from 1,180 to 25,198 had little effect on resolving population
ancestry in mangroves [33]. Our results provide for the first time a comprehensive genealogy
for the Fennoscandian hunting Spitzes, while urging caution when interpreting potential con-
vergent traits and the results of breed admixture.

We have previously shown that Finnish Spitz and Nordic Spitz are closely related, likely
originating from the same founder population [3]. In contrast to the Finnish Spitz, established
as a breed in 1892, the Nordic Spitz was derived from feral founder dogs only 40 years ago and
still has a partially open studbook. In theory, the open studbook would allow gene flow from
feral dog populations and foreign breeds. However, the effective population size of Nordic
Spitz, calculated from the decay of linkage disequilibrium, dropped dramatically after the
breed was established [3]. This is likely to reflect the power of closed breeding practices in stop-
ping the gene flow from neighboring breeds, resulting in eventual decline of the effective popu-
lation size and genetic diversity within a breed. Similarly, the lack of recent gene flow might
also have protected the breed from excess admixture and maintained the original feral hunting
dog type. Nevertheless, the identity of the feral dog populations in northern Sweden and Fin-
land at the time of the establishment of Nordic Spitz is particularly interesting as it is unlikely
that the feral dogs as late as in the 1960-80s would have existed in a vacuum without any influ-
ence from foreign breeds.
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Fig 6. A possible scenario for the origin of some Fennoscandian hunting spitz breeds as interpreted from the TreeMix analysis. Finnish Spitz, Nordic Spitz and the
Karelian Bear Dog share rather recent common ancestry and are closely related with the Laika and the reindeer herding breeds. While it is possible that Karelian Bear

Dog has contributed to the founders of the contemporary Russian-European Laika, it shows no evidence of admixture from the other analyzed breeds (Fig 5). Instead,
both the western Laika breed as well as the herder breeds have influenced the ancestral population of Finnish and Nordic Spitz.

https://doi.org/10.1371/journal.pone.0199992.g006

While all analyses agree with a rough separation of the Spitz breeds into Scandinavian,
Finnish and Laika clades, they differ in placing individual breeds within these. It is also appar-
ent that the analyses cannot satisfactorily solve deep divergences between the breeds, likely due
to the high variability in the markers used in this study, as pointed out earlier. However, more
comprehensive phylogenies for world dog breeds exists [9,10] and as these analyses also
include breeds such as Finnish Spitz and Swedish Elkhound, our study adds resolution regard-
ing these Spitz clades.

SNAPP and TreeMix results differ by some important aspects from those from MrBayes.
While the latter places Karelian Bear Dog among the Laika breeds, both SNAPP and TreeMix
rather support its affinity with Finnish and Nordic Spitz (Fig 4). TreeMix analysis also offers a
possible explanation for this difference by suggesting high levels of gene flow from Karelian
Bear Dog to the Russian-European Laika (Figs 5 and 6). Due to the small number of Russian-
European Laika included in the study, this observation should be treated with caution. How-
ever, the two breeds are superficially strikingly similar in appearance and their geographical
vicinity makes this admixture hypothesis perfectly plausible. The establishment of the Russian-
European Laika as a breed is known to have taken place only after the Second World
War, based on founder dogs from Archangel’sk, Komi, Russian Karelian territories and
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Udmurtskaya. It is very likely that some of the breed’s founder dogs originate from the Kare-
lian Bear Dogs left behind in the former Finnish Karelian areas ceded to the Soviet Union after
the war. Furthermore, the TreeMix analysis revealed possible gene flow from both the ancestral
herder breeds as well as West-Siberian Laika to the ancestral population of the contemporary
Finnish and Nordic Spitz. Although this ancestral admixture might mask the more recent
admixture with the Nordic Spitz, interestingly, there does not seem to be major differences in
the founder populations of the Finnish and Nordic Spitz. For example, the influence of Scandi-
navian Spitz breeds, such as the Elkhounds, seems to be non-existing in Nordic Spitz, despite
the fact that large number of the breeds founders were collected from Sweden [3].

Another surprising aspect of the phylogenetic analyses was the high genetic differentiation
between the Norwegian Elkhound, Grey and the Swedish Elkhound, with MrBayes placing the
Swedish Elkhound to a basal branch of Laika Breeds, although with low posterior probability
(Fig 3B). This is not correct as the breeds are known to have a common origin (so-called Norr-
land Spitz) and, in fact, were assigned as separate breeds only in 1946. In contrast, the maxi-
mum likelihood tree obtained from SNAPP (Fig 3A, again with low probability) as well as
from TreeMix (Fig 4), assigns the Norwegian and Swedish Elkhounds as sibling breeds. Fur-
thermore, TreeMix analysis, using allele frequency data, shows evidence of gene flow from
West-Siberian Laika to the Swedish Elkhound after its separation from the Norwegian Elk-
hound (Fig 4). This is highly interesting as the crossbreeding has not been officially docu-
mented, but would explain the lean Laika-type shape and gait of Swedish Elkhound compared
to more robust Norwegian Elkhound. Again, the sample number for Swedish Elkhound is
rather limited, but considering how consistently other closely related breeds, such as Nordic
and Finnish Spitz as well as Lapponian Herder and Lapphund are resolved by the three meth-
ods, it is difficult to come up with alternative explanations. ILS is not very plausible explana-
tion, as this would imply that Swedish Elkhound would have inherited ancestral Laika alleles,
which would have been systematically lost from the Norwegian Elkhound. Notably, the larger
dog breed phylogenies clearly identify Swedish Elkhound as a western European breed [9,10].
Although admixture from Laika breeds is tempting to speculate, due to the similar use of these
dogs for large game hunting, we cannot exclude influence of some other eastern breed, such as
Siberian Husky, to produce similar congruence between the lineages. Especially when some
lineages of Norrland Spitz are known to have been used also as sledge dogs. The origins of
these Scandinavian breeds could be an interesting topic for future research.

Finnish Hound was known to have influenced the genetic makeup of the contemporary
Nordic Spitz population due to the occurrence of the same genetic disease, Finnish Hound
progressive early-onset ataxia, in the two breeds [11,12]. All the known carriers of the disease
in the Nordic Spitz population can be traced to a single founder dog, SF39340/94 Hugo and is
found in the pedigree of up to 20% Finnish Nordic Spitzes. There is also anecdotal information
regarding systematic cross breeding of Spitz and Hound dogs to obtain better feral hunting
dogs, especially in eastern parts of Finnish Lapland (T. Kokko personal communication).
Interestingly, TreeMix also suggest recurrent admixture of Finnish Hound into the Finnish
Spitz breed before their split into individual breeds (Fig 4) and it is possible that crossbreeding
of feral hunting dogs has been a common practice in the countryside. Similarly, also Lappo-
nian Herder and Lapphund have contributed both to the Finnish and Nordic Spitz popula-
tions. In addition, this admixture is supported by historical documentation noting the
difficulty in separating the herder dog influence in the feral spitz population in the northern
Finland when the founder dogs for Finnish spitz were collected [4,34]. In contrast to the Finn-
ish Hound, the influence of herding breeds seems to be before the split of the Finnish Spitz
from the Nordic Spitz, indicating that these breeds have not had a major impact on the later
Nordic Spitz population, despite the open studbook and same geographical origin of the dogs.
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Although the admixture could be seen also in STRUCTURE analyses, no population substruc-
ture was detected among Finnish and Nordic Spitz or Karelian Beard Dogs (Fig 5). From the
analyzed breeds, population substructure was only evident in the Laika breeds and Lapphund.
Due to small numbers of Russian-European Laika and West-Siberian Laika, the STRUCTURE
results regarding these breeds should be treated with caution, they are included here only for
completeness. Both East- and West-Siberian Laika are highly popular hunting dogs through-
out the vast Russian Federation and it will be interesting to see if our preliminary results reflect
true population subdivision, e.g. due to geography. Lapphund subdivision is also interesting
and it might be worthwhile to see if this is caused by differential breeding regimes for working
vs. show dog lineages.

When comparing genetic differentiation between Finnish Spitz and Nordic Spitz, Nordic
Spitz had an Fgr of 0.018, while Finnish Spitz showed much higher degree of differentiation
with an Fgy of 0.289. To demonstrate the difference, these numbers correspond to the migra-
tion of 13.6 individuals per generation (Nm) from the Finnish Spitz to the Nordic Spitz popu-
lation, but only 0.6 individuals in the reverse direction. As these figures equal the balance
between migration and population differentiation, the numbers also provide a rough estimate
of how many mixed-breed litters were possible per generation, without noticeable impact on
the breed in question. Similarly to Finnish Spitz [3], the Karelian Bear Dog has also experi-
enced a relatively harsh breeding regime, including the excess use of champion males.
Although the Karelian Bear Dog still has a relatively high heterozygosity (Hz) rate (Table 1),
the use of mixed breed litters to increase genetic diversity might become an issue in the future.
Although the Karelian Bear Dog has close genetic similarity with Laika breeds, based on
MrBayes and SNAPP analyses (Fig 3), TreeMix suggests closer relationship with the Nordic
and Finnish Spitz (Fig 4). When Nordic Spitz and Karelian Bear dog are compared, Karelian
Bear Dog is more differentiated with an Fgr of 0.210 vs. 0.035 of the Nordic Spitz. This would
roughly correspond to the gene flow of 0.9 Nordic Spitz to the Karelian Bear Dog per genera-
tion, and 6.8 individuals vice versa. As noted earlier, our analysis of the allele frequencies and
their inferred exchange (Fig 4), suggest that the Russian-European Laika likely has Karelian
Bear Dog in its ancestry although the two breeds otherwise belong to separate clades of the
maximum likelihood tree. When these two breeds are compared, the Fsr value for Karelian
Bear Dog is 0.167 (1.3 individuals) and 0.11 (2.1 individuals) for the Russian-European Laika.
Although the breed crossing preference in the case of Karelian Bear Dog would be purely a
matter of opinion, crossing with Nordic Spitz might be considered as a reconstruction of the
ancestral breed.

As a conclusion, the results of our study show that geography and cultural context is an
important determining factor of breed relationships. While the Finnish Spitz breeds have close
affinity with the Laika breeds, pointing to common origins somewhere in eastern Eurasia, the
evolutionary origins of the Scandinavian hunting Spitz breeds remains a challenge for future
studies.

Supporting information

S1 File. SNP genotypes for samples included in the study.
(Z1P)

S1 Fig. Reanalysis of the breed phylogeny in MrBayes using randomly picked genotype
samples. Using randomly picked individual genotype samples does not influence the overall
topology of the tree (compare Fig 3C), but has impact on the posterior probability values due
to larger number of ambiguous bases because of heterozygosity. Nordic Spitz and Finnish
Spitz were included as triplicates to demonstrate variation within breeds with different Hz
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