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ABSTRACT
Ancient DNA holds tremendous potential to answer multidisciplinary research covering topics
in evolution and origins of species, their population genetics and migration. The data produced
can also be used to date events in the history of particular species. Here, for the first time,
these aspects are studied by analysing ancient and contemporary DNA samples from cattle
and sheep from the north-east Baltic Sea region (NEBSR). The study is particularly focused
in exploration of the genetic variation, frequency of local variants, origin of endangered native
breeds and the beginning and development of animal husbandry in the northernmost latitudes
of agriculture. This thesis binds the genetic, statistic and modelling results into a wide
multidisciplinary context. By sampling 109 ancient specimens found in 66 archaeological sites
and DNA samples from contemporary native breeds, the genetic history of NEBSR cattle and
sheep was reconstructed from prehistory to the present. Ancient ancestral animal populations
in NEBSR were different compared to current cattle and sheep. Maternally and paternally
inherited mtDNA and Y-chromosomal markers revealed ancient lineages, which are no longer
found in contemporary populations. Cattle data showed presence of rare haplogroups among
ancient samples, which are not found in current North European populations and are also rare
in current global populations. Ancient and modern haplogroup data supported geographical
mtDNA haplogroup distribution and expansion processes starting around 10000 BP (before
present) from the Near Eastern domestication centre, expanding over the European continent
and finally reaching NEBSR around 4500 – 3000 BP. A closer comparison to ancient and
contemporaneous western Eurasian mtDNA data using phylogenetically younger lineages of
mtDNA suggests dual origin for NEBSR cattle and sheep, the European mainland and Pontic
Steppe in the Middle Volga region in western Russia. Bayesian reconstruction of effective
population sizes supports a small initial population and slow beginning of animal husbandry
in NEBSR. The burst of animal husbandry in the NEBSR was genetically dated to the Middle
and Late Iron Age (400-1000 AD) in line with a similar burst of cereal cultivation as detected
from fossil pollen from lake sediments. Throughout history, NEBSR domestic animal
populations have been changing. Major changes in NEBSR have happened at least twice: in
the Late Iron (Viking) Age (800-1200 AD), with the migration of Swedish farmers, in early
Medieval Ages and again in the modern period, when the native breeds were dominated by
global commercial dairy breeds. The associated changes in phenotype are demonstrated by
the colour defining MC1R gene analysed from ancient and contemporary cattle. Iron Age
cattle had a higher frequency for dominant black colour, while along with new Medieval
cattle, more recessive red and wild-type alleles entered into NEBSR cattle populations. Cattle
in NEBSR used to be multi-coloured throughout history, until reaching their current form in
the 20th century. The breeding in prehistoric and early historic periods was an unfocused,
culture-environmental selection, favouring genetic combinations that survive in the harsh
historical environments. The beginning of a conscious improvement of populations by
artificial selection of breeding animals likely dates to the Post-Medieval period, with
constantly increasing skill and intensity during the modern period. The combination of first
culture-environmental and later more goal-determinate selective breeding resulted in local
animal types and, consequently, in native breeds currently valued for their national heritage,
generally good health and high efficiency in low-input conditions.
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Introduction

1 INTRODUCTION
1.1 Domestication of cattle and sheep
Archaeological and genetic evidence suggests that both cattle and sheep were domesticated in
the Fertile Crescent region in the Near East (Clutton-Brock, 1999, Zeder, 2008). Sheep were
domesticated around 11000 years ago from Asiatic mouflon followed by the domestication of
cattle from wild ox around 10000 years ago (Loftus et al., 1994, Clutton-Brock, 1999,
MacHugh et al., 1999, Beja-Pereira et al., 2006, Bollongino et al., 2008, Stock et al., 2009).
The initial number of domesticated cattle is suggested to be low (Bollongino et al., 2012)
while based on the higher genetic diversity, sheep were likely domesticated from a boarden
genetic base, probably from several populations (Kijas et al., 2012). After the first animals
were domesticated, it took more than two thousand years until animal husbandry spread
beyond the Near East (Section 1.2).

1.2 Expansion of cattle and sheep across Europe
The spread of domestic animals from the Near Eastern domestication centre to Northern
Europe took several thousand years. Cattle and sheep reached South-Eastern Europe around
8800 BP, Central Europe by 7000 BP and North Central Europe by 6700 BP, Southern
Scandinavia in 6000 BP, Estonia by 4100 BP and finally Finland by 4500- 3000 BP (NoeNygaard et al., 2005, Lõugas et al., 2007, Bläuer and Kantanen, 2013, Cramp et al., 2014).
The domestication and expansion history of cattle and sheep has been intensively
investigated through analysis of maternally inherited mitochondrial DNA (mtDNA), paternal
Y-chromosomal markers, microsatellites and genome-wide analyses (Loftus et al., 1994,
Bailey et al., 1996, Cymbron et al., 1999, MacHugh et al., 1999, Troy et al., 2001, Hiendleder
et al., 2002, Tapio et al., 2003, Cymbron et al., 2005, Götherström et al., 2005, Pedrosa et al.,
2005, Tapio et al., 2005, Tapio et al., 2005, Beja-Pereira et al., 2006, Bollongino et al., 2006,
Meadows et al., 2006, Pereira et al., 2006, Schlumbaum et al., 2006, Tapio et al., 2006,
Edwards et al., 2007, Meadows et al., 2007, Pedrosa et al., 2007, Achilli et al., 2008,
Bollongino et al., 2008, Svensson and Götherström, 2008, Achilli et al., 2009, Chessa et al.,
2009, Kantanen et al., 2009, Stock et al., 2009, Bonfiglio et al., 2010, Mona et al., 2010,
Edwards et al., 2011, Telldahl et al., 2011, Bonfiglio et al., 2012, Kijas et al., 2012, Demirci
et al., 2013, Decker et al., 2014, Svensson et al., 2014, Lv et al., 2015, Rannamäe et al., 2016a,
Rannamäe et al., 2016b).
Near-Eastern cattle and sheep are more diverse than in surrounding European, Asian and
African regions, suggesting the origin of domestication of cattle and sheep to be the Near-East
(cattle (Troy et al., 2001, Beja-Pereira et al., 2006, Achilli et al., 2009, Kantanen et al., 2009,
Bonfiglio et al., 2010) and sheep (Pedrosa et al., 2005, Pereira et al., 2006, Tapio et al., 2006,
Meadows et al., 2007, Pedrosa et al., 2007, Chessa et al., 2009, Kijas et al., 2012)). To date,
ten phylogenetically divergent mtDNA haplogroups have been found in domestic cattle: eight
(Q, T, T1, T2, T3, T4, T5 and R) for European cattle (Bos taurus), and two (I1 and I2) for
zebu (Bos indicus) (Loftus et al., 1994, Bailey et al., 1996, Troy et al., 2001, Achilli et al.,
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2008, Achilli et al., 2009, Kantanen et al., 2009, Stock et al., 2009, Bonfiglio et al., 2010). In
addition, sub-haplogroups T1a-T1f, T3a, T3b, Q1, Q2, R1, R2 are defined for cattle (Achilli
et al., 2008, Achilli et al., 2009, Bonfiglio et al., 2010, Bonfiglio et al., 2012). Five main
haplogroups have been found in domestic sheep: haplogroups A and B are found globally,
whereas C, D and E with much more restricted geographical occurrence are mainly found in
the Near East and Asia (Tapio et al., 2006, Meadows et al., 2007). In Europe, cattle and sheep
populations are characteristic with a dominance of T3 and B, and in minority of T2 and A for
cattle (Troy et al., 2001, Bollongino et al., 2006, Edwards et al., 2007, Kantanen et al., 2009)
and sheep (Tapio et al., 2006, Meadows et al., 2007), respectively. Several temporally
separate migration episodes have been suggested for sheep (Chessa et al., 2009). Based on
nuclear retrovirus markers, North European thin-tailed sheep breeds are suggested to descend
from the first expansion wave, while in Southern and Central Europe, the earlier type of sheep
has been replaced by the later immigrants of the secondary expansion of fine wool sheep from
the Near East (Chessa et al., 2009, Schroeder et al., 2017).
Several studies conducted on mtDNA, Y-chromosomal and autosomal markers show a
north-south genetic gradient (cattle (Troy et al., 2001, Cymbron et al., 2005, Beja-Pereira et
al., 2006, Kantanen et al., 2009, Edwards et al., 2011) and sheep (Tapio et al., 2006, Pedrosa
et al., 2007, Chessa et al., 2009, Demirci et al., 2013)) with the geographical line at around
50°N. The northern type is typically found in areas connected by the North Sea and Baltic
Sea: Scandinavia, Nordic and Baltic Countries and north western Russia, while the southern
type is found in areas connected by northern Mediterranean coasts: Iberia, Italy, Southern
France and the Balkans (cattle (Beja-Pereira et al., 2006, Kantanen et al., 2009, Bonfiglio et
al., 2010, Edwards et al., 2011) and sheep (Pedrosa et al., 2005, Pereira et al., 2006, Tapio et
al., 2006, Meadows et al., 2007, Pedrosa et al., 2007, Chessa et al., 2009, Kijas et al., 2012,
Demirci et al., 2013)). Regions between West and Central Europe, like the United Kingdom,
Ireland, northern France and northern Germany, are in an intermediate zone with some
population genetic markers showing similarity to northern (e.g. sheep enJSRV-7 and -18
retroviruses (Chessa et al., 2009) and Y-chromosomal markers (cattle (Edwards et al., 2011)
and sheep (Meadows et al., 2006, Kijas et al., 2012)) or Southern and Central Europe (e.g.
sheep enJS5F16 and enJSRV-8 retroviruses (Chessa et al., 2009) and mtDNA (cattle (Troy et
al., 2001) and sheep (Tapio et al., 2006, Tapio, 2006)) and some markers dividing them as
their own Western European group (e.g. sheep retrotypes and genome-wide SNPs (Chessa et
al., 2009, Kijas et al., 2012)). Geographical genetic gradients over the European continent are
likely due to the founder effect during the early expansion processes (discussed further in
Section 1.5.3).
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1.3 History of Animal husbandry in Finland
1.3.1 Neolithic to Bronze age
1.3.1.1 Beginning of agriculture and animal husbandry in Finland
Evidence of the first domesticates in Finland is scarce. Different types of studies date the first
domestic cattle and sheep in Finland to the Neolithic and Bronze Age 4500 - 3000 BP,
(Orrman, 2003, Bläuer and Kantanen, 2013, Cramp et al., 2014) (to see how aDNA studies
have now contributed to this discussion, see IV and Section 4.4).
The earliest radiocarbon-dated domestic sheep/goat bones in Finland are from the
Neolithic Age (sheep or goat bone from Pietarsaari 3679 ± 33 BP, 2200-1950 calBC and sheep
bone from Åland ca. 2000 calBC (Storå, 2000)). The oldest radiocarbon-dated cattle bone
dates to the Bronze Age (cattle bone from Selkäkangas, Nakkila 3086 ± 30 BP, 1430-1270
calBC (Blauer et al., 2013, Bläuer and Kantanen, 2013)). Latest research on the residuals of
lipids on pottery have shown that domestic animals were milked in Finland already in the
Neolithic period (Cramp et al., 2014). The new results push the date of the earliest signs of
animal husbandry in Finland back for a good 1000 years to around 4500 BP (Cramp et al.,
2014). Thus, in light of new results of dairy lipids in Corded Ware pottery, domestic animals
have arrived approximately at the same time to the south coast of Finland (Cramp et al., 2014)
as in Estonia (Lõugas et al., 2007). The transition from hunting-gathering to farming and
livestock rearing is described as a slow process with both livelihood strategies co-existing for
a long time, before farming and animal husbandry finally became more important than
hunting-gathering (Orrman, 2003, Bläuer and Kantanen, 2013).
The farming and animal husbandry in the Neolithic and Bronze Age was restricted to a
very limited coastal zone of South and South-West Finland, where the climate and soil are
more favourable for cultivation than is average in 60°N (Orrman, 2003, Cramp et al., 2014).
The earliest agricultural areas were on soft, easily cultivated glacial and post-glacial clay soils
on the shores of the Baltic Sea (Orrman, 2003). Animal husbandry that was closely connected
to farming appeared first in the same restricted coastal regions.
1.3.1.2 Migration of the first domestic animals in Finland
As direct evidence is scarce, indirect evidence is used to study the beginning of agriculture
and animal husbandry. Lactose tolerance in human is suggested to be linked with animal
husbandry and usage of dairy products. Timing the appearance of lactose tolerance in the
human population may indirectly evidence the presence of domestic cattle, sheep and goats.
The modern-day populations in Nordic countries have a high proportion of lactose tolerance
(74% and 82% in Sweden and Finland, respectively (Malmström et al., 2010, Vuorisalo et al.,
2012)). Ancient DNA analyses have shown that Middle Neolithic hunter-gatherer people
(4 800 – 4 200 BP) from the island of Gotland in the Baltic Sea had a much lower proportion
of lactose tolerance (5%) (Malmström et al., 2010). No aDNA studies of human lactose
tolerance in Finland are published, but signs from the lipid research on pottery are available
to support the beginning of animal husbandry in the Neolithic period (Cramp et al., 2014).
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Only remains of marine fat are found in Late Comb Ware pottery, suggesting fisher
populations in Finland in ca. 3900 – 3300 calBC (Cramp et al., 2014). The first sign of dairy
lipids on pottery is the earliest evidence of animal husbandry in Finland and dates the first
milked domesticates back to at least 4500 BP (Cramp et al., 2014).
The lactose tolerance of humans is suggested to link with the usage of milk in a diet and
may have arrived with the immigration of the first farmers (Malmström et al., 2010, Vuorisalo
et al., 2012). The arrival of lactose tolerance co-occurred with the arrival of the Corded Ware
culture and the first signs of the usage of pottery to store milk in Finland (Cramp et al., 2014).
The remains of terrestrial and aquatic fat are found commonly in Neolithic pottery, suggesting
that along with the utilisation of domesticates, hunting-gathering was still very important in
the Neolithic period (Cramp et al., 2014). All residue from Bronze Age pottery (ca. 1200-500
BC ≈ 3200 – 2500 BP) are derived from dairy fats, suggesting that pottery was generally used
to collect milk, further indicating a permanent presence of domestic animals (Cramp et al.,
2014). Ancient DNA studies of human populations have shown the presence of two early
agrarian groups, closely related to the Corded Ware people present in Central Europe (8000 –
5000 years ago) and the distinctive Yamnaya pastoralists (6000 - 5000 years ago) in the Steppe
region north of the Caspian Sea in west Russia, both initially originating from the Near East
(Haak et al., 2015). Massive pastoralist migration from the Steppe region to the west during
the Late Neolithic period caused a replacement of the early Corded Ware farmer populations
in Germany (Haak et al., 2015) and also headed north toward the NEBSR (Jones et al., 2017,
Mittnik et al., 2017). The first Corded Ware farmers arrived from Central Europe to Sweden
at around 4000 BC and pastoralists – from another direction, from the Pontic Steppe to the
Baltic countries at around 3000 BC (Jones et al., 2017, Mittnik et al., 2017).
Several migration routes for the first domestic animals have been suggested based on
archaeological and genetic research (Tapio, 2006, Lõugas et al., 2007, Bläuer and Kantanen,
2013). One suggested expansion route came from Western and Central Europe through
Denmark and Sweden (Bläuer and Kantanen, 2013), one from Central Europe through Poland
and Baltic countries (Lõugas et al., 2007) and one straight north from the Near East, between
the Black and Barents Seas, through west Russia (Tapio, 2006). The results from genetic
analyses of ancient NEBSR cattle and sheep now provide new evidence revealing detailed
information about the population structure, genetic changes and population sizes since
prehistoric times in the NEBSR that can only be retrieved with aDNA techniques (IV). New
genetic dating for the past population historic events and origins with respect to temporal
periods is given and discussed in light of other results from other fields (Sections 4.1-4.9,
4.12).

1.3.2 Iron Age (500 BC -1200 AD)
In the Iron Age, the geographical area of farming was still approximately the same as in the
Neolithic and Bronze Ages, consisting of a 150 km wide coastal zone stretching less than 20
km inland in South and South-West Finland (Orrman, 2003). During the Late Iron (Viking)
Age, the population density within the coastal zone increased and also spread further east and
north (Orrman, 2003). The population growth and migration across Scandinavia was intensive
at the time (Orrman, 2003, Sawyer, 2003). New immigrants arrived from Sweden to coastal
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regions of Finland, and new settlements appeared between old settlement cores while the
Finnish inland regions were inhabited by Sami hunter-gatherer groups (Orrman, 2003,
Lamnidis et al., 2018). A second cultivated area at the end of the Iron Age was formed around
large inland lakes in southern Häme in Southern Finland (Orrman, 2003). Water roads through
lakes, rivers and coastal waters of the Baltic Sea connected permanent agrarian settlements
(Sawyer, 2003). In the Viking age, the coastal regions of Southern Finland and Estonia were
along an important trading route from Western and Central Europe to Sweden and then along
the Baltic Sea and the Gulf of Finland to Western Russia (Orrman, 2003, Roesdahl and
Meulengracht Sørensen, 2003, Sawyer, 2003). Throughout the rivers of Dnieper and Volga,
the Viking trading route continued to the Black and Caspian Seas, further connected by camel
caravans to the Arabian world (Orrman, 2003, Roesdahl and Meulengracht Sørensen, 2003,
Sawyer, 2003). The Iron Age in the NEBSR ended in several crusades, when old Viking Age
culture was suppressed, and Finland was merged with the Swedish Kingdom (Orrman, 2003,
Sawyer and Sawyer, 2003).

1.3.3 Medieval period (1200-1550 AD)
In the Medieval period, major changes happened in Finnish society: Finland was merged with
the Swedish Kingdom, Christianity was expanded, the old Iron Age culture was suppressed,
the first towns were founded and the Church organisation was established (Orrman, 2003,
Orrman, 2003a, Sawyer and Sawyer, 2003). A new farming technique “slash and burn
agriculture” was adopted, enabling cultivation of less fertile soils and the expansion of
permanent agrarian settlements in inland regions (Huurre, 2003). The population density
between the old Iron Age settlement cores increased, but in the Medieval period, farming did
not remarkably exceed the northern limit of agriculture ca. 62°N already cultivated in the Iron
Age (Soininen, 1981, Huurre, 2003). As Finland became a part of the Swedish Kingdom in
the beginning of the Medieval period, taxes were collected, resulting in the first historical
documents to evaluate the population and property of Finnish Medieval farmers (Huurre,
2003). After the third crusade in 1293 AD, Swedish farmers immigrated to coastal areas of
Finland, where new Swedish communities were formed (Huurre, 2003). The main language
in the coastal regions of Finland became Swedish in the Medieval period and stayed so to the
present (Huurre, 2003). Immigration from Sweden continued until the arrival of the plague
epidemic known as “Black Death” at the end of 1340 AD (Huurre, 2003). After the decrease
in human population density due to this epidemic, plenty of cultivable land was available in
Sweden, decreasing the interest of Swedish farmers to move to Finland (Huurre, 2003).
According to calculations based on taxing units, there were ca. 13100 farmer houses in
Finland in 1350 AD (Orrman, 2003c). During the following two hundred years, the number
of farmer households in Finland more than doubled, ca. 33900 farmer houses in 1540 AD
(Orrman, 2003c). The increase of households varied greatly between provinces. The number
of households in Eastern Finland was strongly increasing, while in Western Finland, the
increase of new households was slowing down (Orrman, 2003c). In Åland and Southwest
Finland (Turku region), the increase of farmer houses was 22 and 75 %, respectively, while
in other provinces, the number of houses increased two to five times during the Medieval
period (110-466 % (Orrman, 2003c)). The strongest increase of households was in previously
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uncultivated areas in Central and Eastern Finland (provinces of Häme 253 %, Pohjanmaa 230
%, Karelia 320 % and Savo 466 %, (Orrman, 2003c)). These calculations only include the
farmer class (93.3 % from all houses at the end of the Medieval period) and excludes Torne
River Valley and Käkisalmi in Karelia (Orrman, 2003b, Orrman, 2003c) but nonetheless
offers the first concrete figures based on which, the cattle and sheep population sizes can be
estimated. The total number of farmer houses in 1560 AD was approximately the same (33
991 farmer houses, (Nummela, 2003)), where averages for animals per farmer house can also
be estimated. A few cows (3.9 on average, range 2.1-6.3), calves and young cattle (average
1.6, range 0.5-2.9) and sheep (average 3.9, range 2.4-5.7) were needed in every farm house to
fulfil the need for wool, meat and milk of each family (averages and ranges from Silver Tax
1571 AD, as presented in (Nummela, 2003), see also Section 1.3.4). The population size of
cattle and sheep presumably follows the number of households, which doubled from 1350 to
1560 AD (Nummela, 2003, Orrman, 2003b, Orrman, 2003c). Therefore, with these
assumptions in mind and using figures from Silver Tax collected in 1571 AD, the number and
proportion of farmer houses from all houses (Nummela, 2003, Orrman, 2003b, Orrman,
2003c), the cattle and sheep population sizes in the middle of the Medieval period were
approximately 69000 and 46000, respectively (Figure 1).

1.3.4 Post-Medieval period (1550- 1800 AD)
During the first half of the Post-Medieval Period, the Swedish Kingdom was nearly constantly
at war (Rian, 2016). During the Thirty Years’ War in (1618-1648 AD), the Swedish Kingdom
expanded further east, south, west and north (Rian, 2016). At its largest, the Swedish Empire
(1617-1721 AD) surrounded the northern Baltic Sea region, including Finland (1581-1809
AD), Estonia (1561-1721 AD), Käkisalmi at Karelia (1617-1721 AD), Ingria (1617-1721 AD)
and Livonia (1629-1721 AD) (Rian, 2016). Wars had an effect on agrarian communities
outside direct battlefields in the Swedish countryside, including principalities of Finland and
Baltic countries (Rian, 2016). Taxes were collected and men recruited for soldiers all over the
empire (Rian, 2016). Tens of thousands of men were required from Finland (Mäkelä-Alitalo,
2003a), when the total population at the time was 325000-350000 (Orrman, 2016). The loss
of every tenth to fifth man nearly yearly from the end of 16th to the beginning of the 18th
century emptied the Finnish countryside of healthy working-age men and heavily strained the
agrarian community (Mäkelä-Alitalo, 2003a). At the end of the empire period, Finns and
Swedes were under-represented in the Swedish Army, while solders from the Baltic countries
were well-presented (Rian, 2016). The direction of trade was towards Sweden, with more
merchandise being exported from the NEBSR as taxes rather than imported (Mäkelä-Alitalo,
2003a, Jespersen, 2016).
The Post-Medieval period was also a time of societal and cultural development. Turku and
its surrounding coastal areas were in close contact with the capital of Sweden, Stockholm,
located on the same latitude and connected by fastest transportation at the time, the water
roads of the Baltic Sea (Rian, 2016). Turku was the most important city in Post-Medieval
Finland, where the high court and academy were established in 1623 and 1640 AD,
respectively (Rian, 2016). Universities were also established in other large Post-Medieval
cities of the Swedish Empire like Tartu university in 1632 AD in Estonia (Rian, 2016).
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The efficiency of animal production was given consideration for the first time. King
Kustaa Vaasa established Kings’ mansions in Finland to provide example farms, where
animals were given production goals for the first time (Mäkelä-Alitalo, 2003b). The first
veterinarians were recruited at the Kings’ mansions (Mäkelä-Alitalo, 2003b). The import of
new animals had drawbacks as well. Several infectious diseases spread from Europe to
Finland with stock movements and imported animals in the 16th and 17th centuries (MäkeläAlitalo, 2003b). Historical records from Kings’ mansions describe severe epizootic diseases
in cattle, sheep, horses and pigs, which based on written symptom descriptions, may have
been plague, anthrax, strangles, rinderpest and a result from parasites and consumption of
poisonous plants (Mäkelä-Alitalo, 2003b). Goal-determinate breeding in the Post-Medieval
period is described for the sheep wool type in particular. Initially, Finnish sheep had a
primitive type of coarse wool with fibres of varying thickness and colours of white, brown
and multi-coloured, as found in the Iron Age textiles (Vajanto, 2003, Kirjavainen and
Riikonen, 2005, Kirjavainen, 2005). At least from 16th century onwards, foreign sheep with
finer wool from the UK and Sweden were imported into Finland in order to improve the wool
quality (Säihke and Rinne, 1963, Maijala, 1988, Niemelä, 1996). The first imported fine wool
sheep were kept mostly in castles and mansions (Maijala, 1988, Niemelä, 1996). Still, in 18th
century, the quality of Finnish sheep wool in general was not good enough for finer textiles,
and more foreign sheep were imported and mixed with local populations (Maijala, 1988,
Niemelä, 1996). The breeder profession called ‘lääninlampuri’ were established in Finnish
provinces in order to help breeding finer wool sheep (Maijala, 1988, Niemelä, 1996). Mixed
populations of so-called ‘Spanish sheep’ and local sheep were formed in the 18th century,
some on purpose, some by mistake and some as a result of orders by the province breeders
(Maijala, 1988). The fine wool of the modern Finnsheep (Section 1.4.1) likely evolved in
combination with artificial selection based on mixed populations of ‘Spanish’ and local sheep
and culture-environmental selection (Section 1.5.1.3), eliminating the weakest combinations
from the population.
Silver tax collected for the Swedish Crown in 1571 AD is the most comprehensive Early
Post-Medieval inventory of the property of Finns (Nummela, 2003). Based on Silver Tax lists,
the population sizes of cattle and sheep were 166607 and 110997 in 1571 AD, respectively
(Nummela, 2003). These figures do not include tax-free farms owned by the church and
aristocracy (ca. 6.7 % (Orrman, 2003b)). Nonetheless, Silver Tax lists give accurate enough
figures to explore population trends over long time periods, i.e. hundreds of years. The number
of cattle and sheep increased more than twice in ca. 200 years, from 1350 to 1571 AD, and
3.6-4.6 times in the following ca. 200 years, from 1571 to 1805 AD (Soininen, 1974,
Nummela, 2003). Based on these figures and later statistics (Section 1.3.5), the total cattle and
sheep population size has increased from the Medieval period throughout the Post-Medieval
and the first half of the modern period (Section 1.3.5).
The era of the Swedish Empire ended with the Great Northern War (1700-1721 AD), when
Sweden lost the Eastern areas of the Empire, Estonia, Livonia, Karelia and Ingria, while
Finland remained a part of Sweden (Rian, 2016). The most severe famine in the history of the
Baltic Sea Region, the Great Famine of 1695-1697 AD, predated the changes in rearing,
causing a severe loss of one third of the local human population (Jutikkala, 2003) and likely
large reduction in domestic animal populations as well. Severe anthrax (1720-1790 AD) and
rinderpest (1742 AD) epidemics soon after the Great Northern War further diminished

17

domestic animal populations (Maijala, 1988, Mäkelä-Alitalo, 2003b). At the end of 18th
century, animal care was taken into more consideration, when education for farmers was
arranged by priests as a part of their weekly sermons (Mäkelä-Alitalo, 2003b). Priests
provided commonalty guiding in animal care, feeding and informed benefits of clean shelters
for the general wellbeing of domesticates (Mäkelä-Alitalo, 2003b). Literature produced for
ordinary farmers in Finnish and Swedish about farming practises, animal diseases and care
became available in the later half of the 18th century (Mäkelä-Alitalo, 2003b, Rasila et al.,
2003). However, full control over epizootic diseases was not reached until the establishment
of province veterinarian professions in 1843 AD, who provided vaccines and strict
instructions for burning – not burying – all remains of animals fallen from epizoic diseases
(Mäkelä-Alitalo, 2003b).

1.3.5 Modern times (1800 AD – present)
Agriculture and animal breeding have changed completely in modern times. Education in
agriculture increased fast in the second half of the 19th century (Rasila et al., 2003). Provincial
breeders, advisers and milkmaids circulated from farm to farm to educate farmers in better
cultivation and animal husbandry practises (Rasila et al., 2003). First agrarian school
institutions were established in the second half of the 19th century (Rasila et al., 2003). New
ideas for more hygienic milk production and animal care were increasing constantly, as
ordinary farmers were adopting new practises (Rasila et al., 2003). The industrial revolution
in the 1940s mechanized Finnish agriculture in a couple of decades (Niemelä, 2004a). By the
end of 1970s, tractors had replaced horses in farms (Niemelä, 2004a). The complete change
of Finnish agriculture due to the industrial revolution and urbanisation is visible from the
statistics of cattle and sheep over the 19th and 20th century (shown below, see also Section
1.4.2.1).
Through the combination of Official Statistics of Finland (OSF) and historical records, the
development of the total number of cattle and sheep in Finland over the modern periods (from
1800 AD to present) can be explored in detail. The historical inventories before modern times
are scarce. Silver tax lists in 1571 are the earliest historical inventory for the total number of
animals in Finland (Nummela, 2003). From 1805 onwards, the statistics are denser and
recorded yearly for cattle and sheep since 1877 and 1920 AD (Figure 1). Both cattle and sheep
have increased from 1571, parallel with the increase in the human population until the middle
of the 20th century (Figure 1 and IV). In the later half of 20th century, the number of cattle and
sheep in Finland have decreased, despite the increase in the human population (Figure 1 and
IV), indicating a shift from an agrarian to an industrialised society and a decreased utility of
locally grown food in the modern global food market.
The highest numbers of cattle and sheep (2.17 and 1.70 million) in Finland throughout
written history date to 1963 and 1920 AD, respectively (Figure 1). Since then, both cattle and
sheep populations have decreased until the present (Figure 1). The total number of sheep in
Finland has declined rapidly from 1.22 million to 175 thousand in only sixteen years between
1950 and 1966 AD. After 1966 AD, the total number of sheep in Finland has remained
relatively constant, between 189 and 87 thousand individuals (mean 124623, se 3540, for
years 1966-2013, as calculated from OSF, Figure 1, see also Figure 1 in IV). The current
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number of sheep in Finland is lower than ever before in modern periods and equals the figures
of the late 16th century (IV), when the human population was 5.5-5.9 % of the current
population. The total number of cattle in Finland has decreased steadily during the past 50
years to be less than half (from 2.17 to 0.91 million in 1963-2013 AD, Figure 1).
The deep decline in the total number of cattle and sheep from the latter half of the 20th
century until the present is a result of the shift from an agrarian to an industrialized society,
urbanisation and effective modern transportation to import meat and milk products from
global food markets. The political guidance to balance meat and milk production to meet the
volume of the local market has decreased the total number of cattle and sheep in Finland in
1950-1990 AD (Granberg, 2004, see also Section 1.4.2.1).

Figure 1

Total number of cattle and sheep in Finland in 1350-2013 AD (A) and, separately, of cattle (Bos
taurus) and sheep (Ovis aries) in 1805-2013 AD (B). Yearly collected statistics (Official Statistics of
Finland, OSF) are available from 1877 to 2013 AD for cattle (B, Bos taurus) and 1877-1907 AD and
1920-2013 AD for sheep (B, Ovis aries). Figures from 1880 to 2013 are from OSF, from 1805 to
1880 – from historical inventories (Soininen, 1974), in 1571 – from Silver Tax (Nummela, 2003), in
1620 (Luukko, 1958) and 1350 – from estimations calculated based on the number of farmer
houses (see Section 1.3.3, further descriptions of statistical data in Section 3.6.2).

The need for wool for clothes has plummeted in the late 20th century (Figure 1). The price
of wool decreased already in the middle of the 19th century (Maijala, 1988), but the local need
for wool kept the sheep population relatively large until 1950 (Figure 1). The products of the
local and global textile industry have replaced homemade wool fabrics and clothes,
permanently lowering the local and global wool markets. As the local consumption of sheep
meat was low, and imported wool competed with the remaining markets for wool (Niemelä,
2004a), the total number of sheep decreased rapidly in the 1950s (Figure 1).
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1.4 Finnish Native Breeds
According to Hiemstra et al., 2010, the definition of a native breed is a breed that has been
raised locally since the ‘old days’, which generally refers to the time before the industrial
revolution, e.g., in Finland – around 1950. Further, native breeds are adapted to the local
climate, vegetation and needs of local people (Hiemstra et al., 2010). Contemporary breeds
reached their current form in the 20th century, with the establishment of the herdbooks
(Maijala, 1988, Hiemstra et al., 2010). Ancient DNA studies show that part of the maternal
and paternal lineages of cattle and sheep have their ancient roots in Finnish livestock
population dating back to the Post-Medieval and Medieval periods (I, III, Section 4.2).
However, this study suggests that selection from the late Medieval period has altered cattle
and sheep populations (IV, Sections 1.5.1 and 4.10). The temporal fluctuation and
development of Finnish cattle and sheep populations are discussed further in Chapter 4.
Although a lot of variation is lost, the modern native breeds are the last descendants
harbouring genetic diversity valuable for future breeding and maintenance of domestic stocks
in changing environments in the long term (Hiemstra et al., 2010).

1.4.1 Sheep
From three native sheep breeds in Finland (Figure 2), the Finnsheep is the largest breed in
Finland followed by the Finnish Grey Landrace (also called Kainuu Grey) and Åland sheep
(Suomenlammasyhdistys - Finnish Sheep Breeders Association, http://lammasyhdistys.fi).
The herdbooks for Finnsheep were established in 1929 (Maijala, 1988). All Finnish native
sheep breeds have lost major part of their population sizes during the past 60 years (Figure 1,
Section 1.3.5). The Finnish Grey Landrace and Åland sheep were nearly extinct and were reestablished from only a few tens of individuals in the 1980s (Eläingeenivaratyöryhmä, 2004,
Rissanen, 2011). The current size of the Finnish Grey Landrace and Åland sheep populations
is 600-800 and 1000 reproducing ewes (Eläingeenivarat/Luke, https://portal.mtt.fi/
portal/page/portal/www/ Tietopaketit/Elaingeenivarat). Finnsheep have survived better, with
a current size of 15000 ewes (Eläingeenivarat/Luke).
The native Finnish sheep breeds (Figure 2) are reared for wool and meat. They all belong
to the northern short-tailed sheep, genetically closer to other Scandinavian native sheep breeds
than to Western, Southern and Central European breeds (Tapio, 2006). The mean weight of
Finnsheep rams and ewes are 85-105 and 65-75 kg, respectively (Suomenlammasyhdistys,
http://lammasyhdistys.fi). The larger body size of Finnsheep has been selective at least since
the Finnsheep Breeders Association was established in 1918 (Maijala, 1988). Out of two
Finish sheep types present in the early 20th century, the north-eastern type, which is larger in
body size and also thought to be purer, was selected for the basis of Finnsheep breeding over
the smaller-sized South-Western population (Maijala, 1988). The mean weight of adult northeastern-type ewes in the early 20th century was 40-50 kg (Maijala, 1988), thus, the size of
Finnsheep ewes has increased ca. 25 kg (36 %) during the past 100 years. The mean weight
of Finnish Grey Landrace rams and ewes is 65-85 and 55-65 kg, respectively
(Suomenlammasyhdistys, http://lammasyhdistys.fi). The Åland sheep is smaller, with a
shorter back compared to Finnsheep and Finnish Grey Landrace (Figure 2). The mean weight
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of Åland sheep rams and ewes are 60 and 40 kg, respectively (Eläingeenivarat/Luke). The
body size of a contemporary Åland sheep equals or is only a bit larger than the early 20thcentury South-Western-type of sheep (adult ewes 20-40 kg (Maijala, 1988)).

Figure 2 Finnish native sheep breeds. Finnsheep (A) have fine, soft and shiny wool in three colours: black,
brown and white. Ewes and the vast majority of rams are polled. Photo © M. Niemi 2017. Åland sheep
(B) have multiple colours and colour patterns (in addition to white, grey and black in the figure, brown
and beige exists as well), a double-layer coat with a softer under and longer coarse upper wool. Horns
are common for ewes and rams. Photo © Jussi Kirjasniemi 2012. Finnish Grey Sheep (C and D) have
semi-fine wool with the quality of wool varying greatly between individuals and seasons. At best, FGL
wool is tightly curly with a pearly shine (C). Lambs are born black (or grey) with colour diluting to light
grey in adulthood (1-2 years, D). The typical colour of an adult is grey with black legs and head, but
nearly white and black adult individuals also exist. Ewes and the majority of rams are polled. Photos ©
M. Niemi 2016.

Finnsheep have fine, soft and shiny wool with shorter straight hair on the legs and head (Figure
2 (Eläingeenivarat/Luke)). There are three colour variants; white is the most frequent colour,
followed by black and brown (Eläingeenivarat/Luke). Finnsheep have high-quality wool, at
best being similar to that of Merino sheep (Eläingeenivarat/Luke). They are generally
hornless, although occasional horned rams exist (2-5 % (Rissanen, 2011)). Finnsheep rams
and nearly all ewes were polled (70.6 and 99.5 %) generally already in the first published
herdbook in 1929, where 8.3 and 0.5 % of Finsheep rams and ewes were horned (Maijala,
1988). Finnsheep ewes go into heat several times a year, and multiple pregnancies of up to
five lambs are possible. The mean number of lambs for one adult ewe at the time is 2.7
(Eläingeenivarat/Luke). Ewes are generally good mothers, able to take care of their offspring
(Rissanen, 2011, Eläingeenivarat/Luke). However, when a litter of lambs is large, extra
feeding for lambs may be arranged for the first couple of weeks, or occasionally some of the
lambs may be given to another ewe to raise (personal communication with breeders).
Finnsheep are fertile at a young age, ewes – around 7-8 months, and males around 3 months
of age. Due to the exceptionally high fertility, Finnsheep have been exported all over the world
for breeding purposes (Maijala, 1988).
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Finnish Grey Landrace have semi-fine curly wool with shorter straight hair on the legs and
head (Rissanen, 2011). The quality of wool varies across individuals (Figure 2) and seasons
(Rissanen, 2011, Suomenlammasyhdistys, http://lammasyhdistys.fi)). Finnish Grey Landrace
are commonly born black, with colour diluting to light grey in adulthood (Rissanen, 2011,
Suomenlammasyhdistys, http://lammasyhdistys.fi)). Adult individuals are typically grey with
black legs and head (Rissanen, 2011, Suomenlammasyhdistys, http://lammasyhdistys.fi)).
Occasionally, grey Finnish Grey Landrace are born with colour diluting to nearly white in
adulthood (Rissanen, 2011). A low percentage of Finnish Grey Landrace are brown with
colour diluting to beige in adulthood (Suomenlammasyhdistys, http://lammasyhdistys.fi).
Ewes and rams are generally hornless, although occasional horned rams exist (2-5 %
(Rissanen, 2011)). The fertility of the Finnish Grey Landrace is similar to Finnsheep. Ewes
go into heat several times a year, multiple pregnancies are common, and ewes are generally
able to raise their lambs (Suomenlammasyhdistys, http://lammasyhdistys.fi, personal
communication with breeders). The mean number of lambs for one ewe at the time is 2.38,
2.14 of which survive (Suomenlammasyhdistys, http://lammasyhdistys.fi). Due to their
morphological similarity (Figure 2), the Finnish Grey Landrace for a long time was considered
to be a grey colour variant of the Finnsheep breed. However, genetic studies (Tapio et al.,
2003, Tapio et al., 2005, Tapio et al., 2005, Tapio, 2006) have shown that Finnish Grey
Landrace, Finnsheep and Åland sheep populations are differentiated (see Section 4.5).
Currently, they are considered separate breeds.
Åland sheep (Figure 2) are the third native Finnish breed from the Åland islands, located
at a 60° N latitude between the southern coast of mainland Finland and Sweden at the Baltic
Sea. Åland sheep have coarse upper and soft under wool (Eläingeenivarat/Luke). Half of rams
and every fifth ewe are horned (Eläingeenivarat/Luke, see the horned ewe in Figure 2b). Åland
sheep are a colourful breed with white, black, brown, beige and grey colour variants
(Föreningen Ålandsfåret - Ahvenanmaanlammasyhdistys - Åland Sheep Breeders
Association, http://www.alandsfaret.ax/). Diluted grey is also known (Föreningen
Ålandsfåret, http://www.alandsfaret.ax/). Colour combinations with a variety of patterns are
frequent. The history and genetic results suggest that Åland sheep have a different origin and
history compared to other native Finnish breeds (see Section 4.12).

1.4.2 Cattle
Western Finncattle is the largest native breed in Finland followed by Eastern and Northern
Finncattle. The herdbooks for Western, Eastern and Northern Finncattle were established in
1906, 1898 and 1905, respectively. The colours of the three native breeds are currently the
most obvious dividing characteristic between the breeds. Western Finncattle are solid red
(Figure 3), Eastern Finncattle are generally red-sided with a white back, legs and head (Figure
4), while Northern Finncattle are solid white or white with small black or red spots (Figure 5).
Finncattle are known by the relatively high milk yield in low-input pastures (e.g. forest
pastures (Hiemstra et al., 2010)). Currently, Eastern, Northern and Western Finncattle breeds
are endangered and under the National conservation program (Eläingeenivaratyöryhmä, 2004,
Eläingeenivarat/Luke).

22

Introduction: Finnish Native breeds
Figure 3
Western Finncattle. The typical colour
of Western Finncattle is solid red with
the intensity of red varying from light
to dark red (A and B). White marks on
forehead, neck and abdomen occur
and occasional white patterns are
quite large (C). Extremely light and
rare colour variant of diluted red
(“voikko”) in the bottom right (D) also
shown is a rare horned variant of
usually polled Finncattle breeds.
Photos © M. Niemi.

Figure 4
Eastern Finncattle. Eastern Finncattle is typically redsided with white legs, back and head and red around
the eyes, ears and muzzle (A and B). Rarer colour
variants range from nearly red (D) to nearly white (C).
Occasionally, different patterns may come up in
purebred Eastern Finncattle like the red calf with a
white blaze, belt and abdomen (E), an offspring of
herdbook parents (tracked at least 10 generations
back), belongs to conservation stock and is a calf of
the cow on the left (D). Photos © M. Niemi 2016.

Figure 5
Northern Finncattle are solid white or with
black or red marks around the ears, eyes
and muzzle. The density of colour spots on
the head and sides varies from none (A) to
mild (left, B), to densely spotted (right, B).
The solid white phenotype of Northern
Finncattle is shown in the old photo (C)
taken around 1950 in the original region of
the breed, Finnish Lapland. Photos A and B
© M. Niemi 2016. Photo C, Photographer
Kemin Kuvaamo, Hammar, Owner of the
photo M. Niemi.
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1.4.2.1 Structural change of Finnish cattle in Modern times
The cattle in Finland have undergone a nearly complete structural change in the modern period
(1800 - present, Figure 6). The proportion of Finncattle breeds has decreased, while the
proportion of global commercial dairy breeds, Friesian and Ayrshire, has increased and
replaced the native Finncattle breeds (Figure 6). The proportion of Finncattle breeds from all
cattle in Finland has decreased from 28.0 % (in 1972 AD) to 1.6 % (by 1990 AD) in only 18
years, remaining between 1.3-1.8 % (1990-1998 AD, Figure 6). The number of Finncattle
cows in milk recording farms has remained relative steady – between 2976 and 2456 cows,
which is 0.9-1.2 % of all cows in milk recording for the years 1995-2013 AD (Figure 6). The
current estimate of the total number of Finncattle cows in Finland (for the year 2013 AD) is
4100, as calculated based on the proportion of Finncattle cows in all cows in farms
participating in milk recording (Figure 6).

Figure 6

Structural change of cow breeds in Finland in the 19th and 20th century. The number of cows is shown
on the vertical axis and the years – on the horizontal axis. The upper panel offers a stacked bar
presentation of recorded and estimated number of cows by breed (see the key). The recorded figures
are based on data on cows by breed from all cows in Finland for the years 1072-1998 (lower left
panel, dark in the upper panel) and cows participating in milk recording for the years 1995-2013
(lower right panel, dark in the upper panel) from the Official Statistics of Finland (OSF). The estimated
count of cows by breed (light colours in the upper panel for the years 1860-1971) derived from
exponential models for Ayrshire, Friesian and Finncattle (Section 3.6.2) are supported by high fits
(R2-values > 0.98), good accordance between breeds estimates and by known history of the breeds
(Section 3.6.2). Effective population size, Nes, for Finncattle (dark green dots, upper panel) is
calculated from statistics collected from the years 1805-2013 (cows, bulls, heifers and breeds, from
OSF and historical sources) using [equation 7] (Section 3.6.2). Nes is calculated for years when
sufficient statistics were available (see Section 3.6.2).
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The first Ayrshires were brought to Finland already in 1847 AD (Rasila et al., 2003), but they
were in the minority for a long time. The first imports of Ayrshire were supported by the
government aiming to improve local Finncattle (Hiemstra et al., 2010). The total number of
cattle by breed before 1972 is not known exactly, but it is known that the native Finncattle
breeds were still very common in the 1940s (Granberg, 2004). Ayrshire replaced Finncattle
breeds between 1950 and 1970 (Granberg, 2004). In order to visualize the breed divisions for
the whole modern period, estimations for breed divisions were calculated based on available
statistics (Figure 6, see details of modelling in 3.6.2). Finncattle breeds were almost entirely
replaced by Ayrshire and Friesian in less than 40 years, between 1940 and 1980 AD (Figure
6), in accordance with known history (Granberg, 2004, Hiemstra et al., 2010) and with the
same replacement found based on animals in breeding records (Faba records for years 19312010 AD, as presented by Hiemstra et al. (2010), covering ca. 15-32 % of the total number
(OSF) of cattle in Finland for the years 1931-1972 AD.
The underlying reason for the replacement of Finncattle breeds by global commercial dairy
breeds in the latter half of 20th century is mainly the complete structural change of agrarian
countryside and society of Finland (Granberg, 2004). In the beginning of the 1940s, there was
a large number of small-sized farms (52 % of all farms were 2-10 hectares, (Roikko-Jokela,
2004)) with few cows in each, providing milk mainly for one family (Granberg, 2004, RoikkoJokela, 2004). The rest of the milk was sold to neighbours, dairy cooperatives or fed to animals
(Granberg, 2004, Roikko-Jokela, 2004). The major changes happened with the industrial
revolution, machines, tractors and electricity in the 1940s and 1950s. Milk became a more
important product for farmers in the second half of the 1940s and 1950s, after more dairies
were established and milk collection from farms by trucks was arranged (Granberg, 2004,
Niemelä, 2004b). The development of the dairy industry and transportation enabled the more
efficient collection and usage of milk produced in farms (Granberg, 2004, Niemelä, 2004b).
The breeding of animals for higher milk yields got more intensive after 1947 with artificial
insemination (Niemelä, 2004b).
The main dairy products in the 1940s and 1950s were butter and cheese (Granberg, 2004).
Finnish cows with a higher milk fat content were strongly preferred, and thus bred for, in the
1940s and 1950s (Granberg, 2004). The selection for higher fat content was direct and
effective. The farmers were paid for milk by kilograms and also according to the fat content
of the milk (Granberg, 2004). The milk fat content increased from 3.84 to 4.32 % between
1945-1960 AD (statistics from OSF as presented by Markkola (2004, pp. 468-469)). The
pressure for higher milk fat content was focused on all Finnish cattle, also on Finncattle breeds
which were, at the time, common across the whole country (Figure 6). In 1950s and 1960s,
the increased debate about the health aspects of fat all over Europe shifted the markets towards
margarine and lower fat dairy products (Granberg, 2004). Simultaneously, the overproduction
of butter become an economic problem in Finland in 1960s and 1970s (Granberg, 2004). For
these reasons, the selection toward a higher milk fat content stopped in the late 1950s
(Niemelä, 2004b). The following efforts in breeding were then put into increasing the milk
protein content, which was previously avoided (Niemelä, 2004b). The aim of the new breeding
strategy to stop the increase in milk fat content was soon achieved. After 1960 AD, the fat
content of milk arriving to dairies remained between 4.23-4.38 % (from 1960-2000 AD OSF,
Markkola, 2004 (pp. 468-469).
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The political guidance to balance milk and butter production to meet the volume of the
local market in 1960-1980 (Granberg, 2004) did not affect cattle breeds equally. Small farms,
having most of the native cattle, were more willing to take the economic incentive to give up
their cattle (Granberg, 2004). The size of the remaining farms grew and became more
commercial and specialised to milk or meat production and cattle, pig or chicken breeding
(Granberg, 2004). In the long term, the native Finncattle breeds could not compete with
Ayrshire in milk yield in modernised farms after the modern improvements (e.g. milking
machines, coolers), transportation and fast development of the dairy industry (Niemelä,
2004b). A large portion of native Finnish cattle was lost with the disappearance of small-sized
dairy farms between 1960-1980 AD (Figure 6).
To date, the conservation stocks of Finncattle breeds are located in the Ahlman institute
(Western and Eastern Finncattle), Seppälä unit of Kainuun Ammattiopisto (Eastern
Finncattle) and in Pelso prison farm (Northern Finncattle), with private farms dedicated to the
conservation of the native Finncattle breeds. Heavy selection for milk yield and quality in the
modern periods left its footprint on the genetics of cattle breeds. The signals of selection
associated with milk production traits in Finncattle, as well as in Finnish Ayrshire, are seen at
a genetic level (Iso-Touru et al., 2016). Equally strong are the selection signals for milk
productive traits found in native Finncattle breeds as in the commercial dairy breed Finnish
Ayrshire (Iso-Touru et al., 2016). Samples collected from modern Finncattle and Finnish
Ayrshire (Iso-Touru et al., 2016) are taken from populations that have gone through the high
fat - low protein, low fat - high protein selection periods in 1940-1970 AD and may very well
reflect these economically motivated effective breeding strategies in Finland in the latter part
of the 20th century (Eläingeenivaratyöryhmä, 2004, Granberg, 2004, Niemelä, 2004b).
1.4.2.2 Phenotype of the historical cattle before breed formation
A famous painting “Lehmisavu” 1891 by Eero Järnefelt (1863-1937, Professor of Arts at the
University of Helsinki 1912-1928) gives an artist’s view of a stock of colourful cattle gathered
around smoke used to drive off mosquitos (Figure 7). The painting dates back to the middle
of the time period between the youngest aDNA samples at the end of the 18th century and
modern Finncattle sampled in 2000-2016 AD (Section 3.2). Historical writings describe
plenty of different colours: red, black, white, white with red or black patterns and multicoloured individuals (Bläuer, 2015), also among one house stocks, as in the painting (Figure
7). The comparison of colour frequencies defined based on aDNA MC1R gene sequences (II)
with the phenotype of cattle in the painting shows good agreement (see Section 4.10.1.) and
illustrates the potential that aDNA studies can offer to other research fields like history of art.
The artist’s vision (Figure 7) likely relatively accurately reflects the general phenotype of
Finnish cattle stocks at the end of the 19th century and before the herdbooks of Finncattle
breeds were established, which then more accurately defined the acceptable colours of
Finncattle.
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Figure 7

The famous painting “Lehmisavu” by Eero Järnefelt 1891 painted in Savo, Finland, offers an artist’s
view of one stock of cattle around smoke used to drive off mosquitos. The artwork was painted ca.
60 years before the herdbooks for Finncattle breeds were established. All the main coat colours –
red, black and white – are present in the painting’s. Some of the patterns seen in the artwork are
frequent, while others are very rare or extinct in contemporary Finncattle. Some of the currently rare
variants (like the one in front) are known to be achieved with selective breeding within contemporary
Western Finncattle (see the text).

The historical cattle in the painting (Figure 7) shows colours and patterns to those interested
in the history of native breeds and provides a visual reference for the genetic coat colour
definitions from ancient cattle remains conducted in this study. Three out of nine cattle in the
painting are solid white, at least two having red around the muzzle, eyes and ears (Figure 7).
This colour is typical for contemporary native Northern Finncattle (Figure 5c) and for the light
colour variant “voikko” of Western Finncattle (Figure 3d). One cow in the middle is almost
solid red with a white spot on the forehead, a phenotype that is typical for contemporary
Western Finncattle (Figure 3). The typical white back – coloured sides – pattern of
contemporary Eastern Finncattle (Figure 4a-b) is seen in the painting (the second cow from
the left), except that the contemporary Eastern Finncattle is red-sided not black as the
individual in the painting (Figure 7). In Scandinavia, the black variant of this colour-sided
pattern is still found in the Norwegian Native Black-Sided Troender breed. Similarly, the
colour pattern of the white belt around the shoulders (black individual lying down in the
middle back) is still found in purebred Eastern Finncattle but over a red main colour (rare
colour variant, Figure 4e). The rest of the cows in the painting mainly have a white body with
a red or a black head and neck (Figure 7). Interestingly, one stock of purebred Western
Finncattle is recorded in photographs having the same white body, red head and neck
phenotype (Nieminen, 2002), indicating that the phenotype in the painting can still be
achieved, at least in the red-white version, in contemporary Western Finncattle by favouring
large patterns of white colour (Nieminen, 2002). All cows, except one black cow in the middle,
have small horns in the painting (Figure 7). Contemporary Finncattle breeds are generally
hornless (Figures 3-5) but note the one-horned diluted red individual (Figure 3d), which is
almost identical to the two nearly white cattle standing on the right in the painting (Figure 7).
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Horns are in accordance with archaeological findings, where no naturally polled animals exist
(Bläuer, 2015). Polled animals were rare in Medieval and Post-Medieval periods, as suggested
based on only few mentions of polled cattle in the 17th and 18th centuries historical writings
and estate inventories (as collected by Bläuer, 2015). The body structure in the painting
resembles native modern breeds (Figure 3-5) although modern animals are larger than their
ancestral counterparts (Bläuer, 2015) and those in 1950 (Figure 5). It seems that wide patterns
of black colour, as seen in the painting (Figure 7), have disappeared from contemporary
Finncattle, but the rest of the colours, shape of the patterns, body structure and horns can still
be found (Figures 3-5 (Nieminen, 2002)), although many of them are currently rare, untypical
variants within purebred Finncattle breeds.
Applying the approach to evaluate genotypes based on visual evaluation of the phenotype
as done based on coloured photographs (Kantanen et al., 2000) and improved with the latest
research on genotyped North European cattle (II, IV and Klungland et al. (2000)), the
genotypes for cattle in the painting can be supposed. As calculated from the phenotype in the
painting (Figure 7), the supposed genotypes are: 5/9 (56 %) for recessive red e (genotype e/e
or E+/e), 3/9 (33 %) for dominant black ED (genotypes ED/ED, ED/e or ED/E+) and one solid
white painted from behind (11 %, allele combinations for MC1R gene cannot be suggested
based on the solid white phenotype). The genotype frequencies as calculated from the painting
are in line with genotype frequencies of ancient Finnish cattle (II, IV Section 4.10.1).

1.5 Evolutionary forces and population genetics
The four evolutionary forces are: mutation, natural selection, genetic drift and gene flow.
Mutations create genetic variation within a population. Gene variants (alleles) may be neutral,
beneficial or harmful (Sections 1.5.2, 1.7). For diploid organisms and chromosomes,
recombination further increases genetic variation (nuclear markers, Section 1.7.2). Natural
selection and genetic drift effects populations having geno- and phenotypic variation between
individuals (Sections 1.5.1, 1.5.2). Migration may cause gene flow between populations
(Sections 1.5.4, 1.5.5), if migrants reproduce in the new population. In addition, domestic
animal populations are directly and indirectly shaped by humans due to artificial selection and
culture-environmental selection (Section 1.5.1). Population genetics studies genetic
differences within (Sections 1.5.2, 1.5.3) and between populations (Sections 1.5.4, 1.5.5).

1.5.1 Selection
1.5.1.1 Natural and artificial selection
Natural selection refers to selection affected by local (natural) environment, while artificial
selection is the human conducted conscious selection targeting specific characteristics in
animals. Natural selection acts upon animal populations increasing the fitness and
reproduction success of animals best adapted to the local conditions, for example, the climate
and vegetation (Darwin, 1859). Natural selection can be directional or stabilizing, depending
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on whether the population is already adapted to its environment or whether it is still shifting
towards its adaptive norm (Wright, 1931, Wright, 1932, Wright, 1951). Artificial selection,
on the other hand, is direct human-conducted selection, targeting detectable and desired
characteristics, fulfilling the needs and preferences of the people (e.g. described for dogs by
Darwin 1859). Artificial selection is the fastest selection type to alter the appearance of a
domestic population. Remarkable improvement in desired characteristics can sometimes be
achieved in only a few generations (like with coat colour II) depending on the number of genes
involved and the complicity of the characteristic heritability. Between these two selection
forces is the culture-environmental selection (explained in the following chapters), which has
some but not all features from both natural and artificial selection, which also has altering
intensity in different situations and geographical regions. Natural, culture-environmental and
artificial selection may all effect populations simultaneously, separately or in different
combinations, depending on the habitat and culture (discussed below).
1.5.1.2 Definition of culture-environmental selection
Culture-environmental selection, as defined here, acts under the same principles as natural
selection, i.e., favouring characteristics that aid the adaptation to the local conditions, but with
the fundamental difference that it works within environments that are created or strongly
altered and controlled by humans. The environmental factors causing natural selection, e.g.,
climate and vegetation, are generally relatively stable and long-lasting. When the population
in natural selection reaches its adaptive norm (Wright, 1931, Wright, 1932, Wright, 1951), it
may stay as it is for thousands of generations until conditions, e.g., climate or vegetation
change. On the contrary, the adaptive norm of culture-environmental selection is constantly
changing. If human influence on the environment stops or changes, the selection pressure for
animals living in close contact with humans changes as well. The effect was first detected in
moths in industrial regions (Lees and Creed, 1975, Mikkola, 1975, Lees and Dent, 1983,
Majerus, 1998). Tree trunks in industrial regions were stained with soot, causing a selection
of dark colour variants with better camouflage compared with the original light colour variants
of the same moth species (Lees and Creed, 1975, Mikkola, 1975, Lees and Dent, 1983,
Majerus, 1998). Light colour variants increased in abundance again, and black variants
decreased along with decreasing industrial pollution (Majerus, 1998). The change of the tree
trunk colour is a human-caused (not natural) change in the environment that triggers the
change in moths similarly to natural selection, i.e., without intended artificial selection by
humans (here called “culture-environmental selection”).
Artificial selection focuses on the characteristics of domestic animals that can be
evaluated, measured and thus consciously selected by humans like coat type and colour, body
size or milk yield (Sections 1.4.1, 1.4.2, 4.10). On the contrary, culture-environmental and
natural selection may also target characteristics that are usually hidden, for example,
immunological responses increasing tolerance for cold, poor rearing conditions and starvation
(Section 1.5.1.3). Selection acting through culture-environmental pressure is more like
directing natural selection: it shifts the average of the population slowly toward its adaptive
norm that is defined by the human-created culture-environment the animals are exposed to.
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The strength of culture-environmental selection in domestic animals is related to
1) the ecological distance between the current and the original habitat of the species, and
2) rearing practises that are further dependant on the knowledge and developmental stage
of the human community. As the human community changes with time, cultureenvironmental selection is also related to the human history.
As pinpointed above (point 1), culture-environmental selection grows stronger as the
ecological distance between the original and the introduced habitat increases. In an extreme
situation, where species are taken totally outside of their ecological niche into a naturally
inhospitable habitat, culture-environmental selection is especially strong. If domesticates
cannot survive without intensive care offered by people, then the culture-environment defines
the circumstances that the animals need to adapt to. In this extreme case, cultureenvironmental selection may even be more important than natural selection, as the
environment is as hostile or as gentle to the animals as people can create it to be. On the
contrary, if the new environment matches the original habitat of the domestic species close
enough, so that the animals do not need and are not offered much care by people, natural
selection shapes the animals to adapt to the local conditions. In that case, cultureenvironmental selection may have an insignificant effect on adaptation compared with natural
selection.
Improvements in human knowledge and rearing practices (point 2 above) directly and
immediately affect the environment and fitness of the domestic animals. Starting from the first
introduction of the domestic animal to a new region, knowledge of how to shape the
environment to be more and more suitable for domesticates increases with people’s
knowledge. As the human community develops, knowledge increases, and the environment
the animals need to adapt to is altered throughout human history. The balance between
selection forces shifts from natural selection to culture-environmental selection, when the
local climate and vegetation do not solely define the circumstances for animals anymore. In
the end, concerning the modern period with its modern technology and inventions, e.g.,
electricity, modernised shelters and artificial fertilized high nutritional value and possibly
imported fodder for animals, the environment may be so completely controlled by humans,
that the natural or culture-environmental selection has negligible selection pressure. The
development of the domestic population at this modern industrialized stage of human
development is then based on artificial selection. Breeding of any type is possible and
available, regardless of the local natural environment or geographical distance to the original
region of the desired breed, which, by extension, also enables breeding global and highly
productive dairy and beef breeds.
1.5.1.3 Culture-environmental selection at the northernmost latitudes of
agriculture
Sheep, cattle, horses, goats, pigs, chickens and all other farm animals at the northernmost
latitudes of agriculture, like in Finland, are far outside their ecological niche of speciesoriginal habitats. Winter that lasts half a year is unsuitable for free grazing due to snow cover
and cold. Without feeding, shelters and care provided by humans, domestic animals would
not survive. Thus, in the northernmost agricultural regions, domestic animals are heavily
dependent on the culture-environment that people have created for them.
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The natural conditions in Finland are of the ecological niche of wild or feral cattle and
sheep (Sections 1.5.1.2, 1.5.4). No wild populations of cattle, sheep or their ancestral species
– mouflon and wild ox – have existed in Finland (Vuure, 2005, Zeder, 2008). Three
experimental introductions of mouflon (Ovis musimon) for landscape management and
hunting purposes were done in 1939, 1949 and 1960, on three islands: Säppi, Hättö, and
Högsar in the archipelago in South-Western Finland (Wikström, 2009). With the aid of winter
feeding (i.e. reared as a semi-wild population), mouflons have survived but have not expanded
much outside the initial introduced regions, with a current population size of ca. 200
individuals (Wikström, 2009). On the other hand, the introduction of another foreign
artiodactyl – the North American white-tailed deer in 1934 – has allowed it, again with the
aid of winter feeding, to increase and expand over South-Western Finland with a current
population size ca. 70000 (Ramstadius, 2017), which shows the importance of a similar
ecological niche between the original and the newly introduced habitat, even with constant
aid from people. All domestic and wild sheep and cattle have been introduced to Finland at
some point in history and reared in the same region.
The environment, especially in the prehistoric and historic periods, was rough for
domesticates, creating selection pressure for animals to adapt to the local rearing conditions.
Thus, culture-environmental and natural selection have had strong selection pressure on the
local native breed formation. For example, signals of selection in Finncattle breeds associated
with immunological traits in a genome wide study (Iso-Touru et al., 2016) may result from
culture-environmental selection as a response to the environments that humans in historic
times offered their stocks (Section 1.5.1.2). In the Iron Age, animals were reared in the same
house as humans (Huurre, 2003) throughout the winter season. In the Medieval and PostMedieval periods, animals were kept in small stables, were fed mostly nutrient-poor straw and
were usually starved during the winter season (Bläuer, 2015). Negligible attention was given
to hygiene in the historic and prehistoric periods, nor was it really understood before the
modern times (Rasila et al., 2003 Section 1.3.5). Manure was rarely collected or even left
under the animals throughout the seven-month winter season (Bläuer, 2015). In the summer,
cattle and sheep were pastured in forests and kept away from fields and natural meadows
needed for cereal cultivation and winter fodder (Bläuer, 2015). Considering the circumstances
of where the Finncattle breeds were evolved, it makes sense that the genetic signals shows
selection for genes associated with immunology (Iso-Touru et al., 2016). Historical writings
describe a loss in foreign imported cattle, Ayrshire, Prembroke and Voigtland breeds, to
bovine tuberculosis in the 18th and early 19th century, and that native Finnish cattle were more
tolerant (Mäkelä-Alitalo, 2003b). In addition, contemporary Finncattle breeds are particularly
known for their high efficiency in low-input conditions (Hiemstra et al., 2010) and easy
weight-gain when offered modern high-quality fodder (personal communications with
Finncattle breeders).
The high fertility of Finnish sheep breeds could have evolved under culture-environmental
selection (Section 1.5.1.2). When feeding and care is offered all year round, natural selection,
that controls reproduction, e.g. allowing the female to go into heat only once a year and timing
the labour to spring, may lose its significance. In addition, long indoor seasons protect
domestic animals against natural predators. In herbivore populations, grazing freely in open
pastures, predation pressure focuses on small sized, slow and weak individuals (natural
selection) in particular. Lambs from multiple pregnancies are smaller in size when born and

31

weaker for several weeks compared to lambs from a single pregnancy. Protection against
natural predation pressure due to long winters indoors could be one of the key factors behind
the generalisation of high fertility in Finnish sheep as well as other Finnish sheep populations.
Constant care offered to ewes and lambs could thus increase fertility due to cultureenvironmental selection (Section 1.5.1.2) as described above, perhaps even without additional
selection. On the other hand, artificial selection intended for highly fertile ewes could easily
occur in circumstances when animals vary in fertility; only a limited number of animals can
be kept under constant care during the long winter season, and farmers know the properties of
each individual animal well. The differences between fertile and less fertile ewes are quite
easy to detect from animals under constant care at a time of labour. It is possible that farmers
since historic times systematically selected fertile ewes to keep over the winter seasons in
order to maximise the number of lambs raised through the more favourable summertime. The
high fertility of Finnish sheep may have been developed in combination with intended
artificial and unintended culture-environmental selection, as described above.
Recently, in the current industrialized phase of human society, natural and cultureenvironmental selection have nearly negligible selection pressure compared to artificial
selection. Knowledge about feeding and rearing, heritage and genetics, artificial insemination
among other modern techniques and advances in veterinary science allows intensive artificial
selection for desired characteristics. The local climate has less effect on domesticates reared
in modern barns and fed cultivated high nutritional value fodder. The environment for
domesticates in the northernmost agricultural regions has turned from hostile and nearly
unliveable in prehistory to easy and comfortable in less than one thousand years from the Iron
Age to the present.
Selection forces and how they change in time and by latitude link the genetic results of
domestic populations to the ecological and cultural conditions. When the cultureenvironmental selection has a strong influence on domestic populations, like in the
northernmost edge of agriculture in Scandinavia, the changes in the genetic composition of
domestic animals may reflect the changes in human culture. In regions closer to the species
natural habitat, where animals can graze freely year-round, natural selection may have
stronger selection pressure over culture-environmental selection. Further, natural, cultureenvironmental and artificial selection provide explanations for some features detected in
native contemporary breeds (above and see Section 4.10).

1.5.2. Genetic drift
Genetic drift refers to (random) altering of the neutral allele or marker frequencies within a
population (Kimura, 1983). In a small population, some gene alleles and markers may, by
chance, become frequent, while other become rare. A strong genetic drift will lead to genetic
decay, i.e., loss of genetic diversity within a population. Once started and in constant isolation,
genetic drift will continue until the alleles are either vanished from or fixed in a population
(Kimura, 1983). Effective population size influences the strength of the genetic drift. Large
and vital populations are relatively tolerant against genetic drift, while in small and restricted
populations, the genetic drift may be an important factor altering the frequencies of genetic
markers. Populations small in total size are usually small in effective size as well and thus
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vulnerable to genetic drift. On the contrary, populations large in total size may be small in
effective size due to past genetic drift (phenomenon known as the founder effect, see Section
1.5.3).
Genetic drift is rarely the only evolutionary force effecting populations. Migration may
maintain gene exchange between populations decreasing the strength of genetic drift (Section
1.5.4). Selection may cause similar genetic population signatures of decreasing diversity to
genetic drift (Section 1.5.1). In addition, genetic drift may be apparently random or clearly
caused by external population events. In the latter case, genetic variation may store population
events (Sections 4.6-4.9). A special case of temporary but strong genetic drift usually caused
by some external population event is called a ‘population bottleneck’, further discussed in
Section 1.5.2.2.
1.5.2.1. Genetic drift, selection and migration on neutral markers
Some markers, like mtDNA D-loop region and Y-chromosomal markers used in this study,
are considered neutral to selection (Kimura, 1983), as they do not code for any gene or have
any effect on phenotype, thus, having no effect on individual fitness, adaptive response or
survival (Section 3.2). Without genetic analyses, neutral markers cannot be detected, and
therefore, they are outside of direct selection (natural, artificial or culture-environmental
selection, Section 1.5.1). Variants of each neutral marker are equal in their “goodness”; if
initial frequencies between the variants are equal, each variant is equally likely to be fixed in
or vanished from the population by genetic drift. That being said, the rate of genetic drift in
neutral markers, however, is not totally independent from selection, migration and sex ratio.
Selection and migration may either speed up or hold back the genetic drift in neutral markers.
Strongly unequal sex ratio in a population may cause stronger genetic drift for markers
associated with minority sex (like paternally inherited Y-chromosomal markers in domestic
animals) compared to other neutral markers (like mtDNA D-loop or nuclear microsatellites).
Selection within a small population may indirectly lead to stronger genetic drift in neutral
markers. If a small population is under selection, then only the neutral markers that, by chance,
are with the selected animals will be postponed to the next generation. After continuing for
several generations, the selection (for any character and by any selection force, see Section
1.5.1) will create smaller and smaller effective population sizes and thus stronger and stronger
genetic drift for neutral markers as well. If the population is initially small enough to be
effected by genetic drift, then the genetic drift will grow only stronger when the already small
population is even further restricted by selection (see Sections 1.5.1, 4.10 and 4.11).
Migration (Section 1.5.4) alters the frequencies and thereby genetic drift of neutral markers
within a population. The immigration of new animals may bring new variants and slow down
the fixation of certain types. Temporal pulses of immigrants will change the frequencies of
neutral markers. After each pulse of immigrants, genetic drift starts again from altered
frequencies and may, by chance, lead to an increase or decrease of different variants. Further,
if frequent enough, immigrants may hold up diversity in a small population and prevent the
fixation for one or several variants.
In domestic animals, immigrants are usually brought in for breeding reasons. Neutral
markers arriving with immigrants may temporarily grow more frequent due to preference for
immigrants (see above and Section 1.5.1). If the immigrants are immediately mixed in the
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local population, the linkage between neutral marker and selected characteristic that are distant
from each other (e.g. mtDNA and Y- haplotypes and autosomal genes) will break down in a
few generations (see Section 1.5.4, 1.5.5). In that case, immigrants may have little effect on
neutral marker frequencies in a population (see also Section 1.5.5). However, if the
immigrants are first increased in number as pure breed stocks (as in Finland castles and
mansions in historical periods (Niemelä, 1996)) and then mixed with local populations for
decades, the breakage of the linkage takes longer. In that case, the neutral markers originating
from immigrants may grow more frequent in the population.
1.5.2.2 Population Bottlenecks
A population bottleneck occurs due to an event or action removing a significant proportion of
the genetic variation from the breeding population at once, resulting in a permanently lowered
level of genetic diversity within the population (Nei et al., 1975). Genetic variation remains
at a lowered level, even if the total population size recovers after the bottleneck event. When
severe enough, the population bottleneck can be detected at the molecular level (Section
1.5.2.1). Historical sources describe several severe stock losses due to famine, wars and
diseases (Section 1.3). Potentially all of these historical events may generate a population
bottleneck.
The severity of the population bottleneck depends on the initial size of the effective
population, proportion and type of alleles lost and also the length of the bottleneck, i.e., the
length of low population size in generations. If a population has a high initial effective
population size, a temporary loss of individuals lasting less than a generation with most of the
remaining individuals reproducing, the historical event, although severe at the time, may have
a marginal effect on the total genepool. On the contrary, if the population is already small and
has low genetic variation, the bottleneck may cut out a remarkable proportion of variation and
leave a permanent footprint, traceable by genetic analyses (Section 4.6).

1.5.3 Founder effect
The founder effect refers to the sampling effect on the genetic composition of a group of
individuals that migrates to a new previously uninhabited region, where they form the initial
population and then expand (Nei et al., 1975, Slatkin, 1987). This initial population originates
from a bigger main or parental population that is usually vital in its original region. The gene
frequencies in a founder population may differ significantly from those of the original parental
population (Slatkin, 1987). By chance, the new population may have a higher proportion of
some alleles that are less frequent or rare in the parental population and lack some that are
frequent. By following and comparing the differences in frequencies of genetic markers in
different geographical regions, the process from larger parental to smaller new populations
may be detected. The geographical comparison of genetic markers in animal populations to
explore the migration routes e.g. within Eurasia (I, III Section 4.12) relies on the founder
population theory (see also Sections 1.2, 1.3.1.2, 1.5.3.1, and 4.12).
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1.5.3.1 Founder population theory explains global distribution of major
mtDNA haplogroups
Mitochondrial haplogroups have been used to investigate the origin and expansion of cattle
and sheep across Eurasia (I and, e.g., Troy et al., 2001, Beja-Pereira et al., 2006, Bollongino
et al., 2006, Tapio et al., 2006, Rannamäe et al., 2016a). Divisions between mtDNA
haplogroups are phylogenetically very old, which makes them ideal to explore expansion
events. The division between mtDNA haplogroups (10-52 and >150 Kya for cattle and sheep)
predates or equals the domestication (ca. 10 Kya) in the Near East (Pedrosa et al., 2005, Achilli
et al., 2008, Lv et al., 2015). Each haplogroup is suggested to derive from a separate
domestication event (Pedrosa et al., 2005, Achilli et al., 2008).
The geographical distribution in mtDNA haplogroups results from the founder population
effect: higher number of haplogroups and more mtDNA diversity is located in the Near
Eastern domestication centre, whereas fewer haplogroups are detected in Europe (e.g. BejaPereira et al., 2006, Bollongino et al., 2006, Tapio et al., 2006), Section 1.2). The same
geographical trend of haplogroups is obtained when the distribution of ancient haplotypes is
compared to contemporary Eurasian cattle and sheep (I, III and e.g. Bollongino et al., 2006,
Demirci et al., 2013, Rannamäe et al., 2016a, Schroeder et al., 2017), giving further support
for the suggested migration routes from the Near East across Europe (see also Section 4.12).

1.5.4 Migration and isolation
Migration is an important evolutionary force. When frequent, migration maintains gene flow,
genetic variation, a wide genepool and high effective population sizes and prevents
inbreeding, genetic drift and differentiation between populations (Nei et al., 1975, Kimura,
1983, Nei, 1987, Slatkin, 1987, see also Section 1.5.2). When migration is prevented with
partial or complete isolation due to, e.g., geographical distance, differentiation between
populations is possible. In case of domestic animals, speciation (i.e. macroevolution) takes
evolutionally longer than domesticates have existed, but plenty of local variants
(microevolution) have occurred globally (e.g. Hiemstra et al., 2010). Thus, in addition to
selection (natural, artificial or culture-environmental, Section 1.5.1), the development of local
variants also needs at least a partially closed population due to an isolation mechanism, which
may be any natural or artificial barrier preventing migration and, consequently, gene flow
between populations for an adequately long period. As migration and isolation are an
inalienable part in the development of local variants, they are also discussed along with other
evolutionary forces (Sections 1.5.2, 1.5.3, 1.5.5).
In the NEBSR, the migration of domestic animals is and has been controlled by humans
due to imports and exports of animals throughout history (Section 1.3). In the NEBSR, no
wild populations of cattle and sheep have existed (Section 1.5.1.3), thus, no mixtures of
domestic and wild populations have occurred.
Throughout history, the import of domestic animals from Europe to the NEBSR has been
irregular but recurring (Sections 1.3.3-1.3.5) although low enough to enable the development
of local breeds (Sections 1.4 and 1.5.1.2). The export of Finnish breeds has been relatively
low, except perhaps for Finnsheep that have been exported to several countries in the recent
decades for breeding purposes (Maijala, 1988). In the genetic population context, the NEBSR
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sheep and cattle populations are sink populations (Pulliam, 1988), originating from larger
European parental populations, developed under partial isolation and natural, artificial and
culture-environmental selection in the NEBSR region with occasional imports and mixing
with foreign breeding animals in the historic periods (Sections 1.3, 1.5.1, 1.5.5, 4.12 and Tapio
2006).

1.5.5 Meta-population structure over the European continent
Local native breeds formed around Europe during the historic periods (i.e. before the industrial
revolution, efficient transportation, modern veterinary medicine and recent breeding programs
(Hiemstra et al., 2010)), can be seen in light of the meta-population structure of the European
continent. A meta-population structure is a flexible network of local partially isolated
populations connected to each other due to migration in varying intensity (Hanski, 1998). In
meta-population structure, the migration rate correlates inversely with geographical distances
(Hanski, 1998). In the case of domestic animals, cultural connections in addition to
geographical distance also define migration routes and volume (see Section 1.5.4). Genetic
population laws apply to each population in the network: On a local level, each population is
under the founder population effect, selection, migration and genetic drift (Sections 1.5.1 –
1.5.4). Native breeds form partially isolated local populations typical for meta-population
structure that are known for being transported throughout history and mixed with other
populations more and less frequently.
The flexibility of meta-population structure in time and space provides a theoretical
background that is able to combine the results obtained from different population genetic
studies. According to meta-population theory, the founders of new populations in previously
unoccupied habitats originate from nearby populations (Hanski, 1998). The expansion of
domesticates over the continent is described as a gradual process lasting for thousands of years
(Noe-Nygaard et al., 2005, Lõugas et al., 2007, Bläuer and Kantanen, 2013, Cramp et al.,
2014), during which, network of several partially isolated local populations, i.e. metapopulation structure of the continent, likely appeared for the first time (Founder population
effect, see Section 1.5.3). According to the meta-population theory, migration between
populations increases as the geographical distance decreases (Hanski, 1998). A distancecorrelated migration rate over time would help to maintain genetic similarities between
geographically closest populations and, on the other hand, genetic differences between
geographically distant populations (i.e. stabilizing the genetic gradient in the continent and
over time). This fits in with the geographical gradient of several genetic markers and
morphological differences over the European continent (e.g. short-, thin- and fat-tailed sheep
breeds, humpless European and humped zebu cattle, Sections 1.2, 4.12). Due to partial
isolation by distance (Section 1.5.4), the meta-population structure conserves certain (geno-)
types within populations (Hanski, 1998) and thus makes room for the development of local
variants due to natural, culture-environmental and/or artificial selection and genetic drift
(Sections 1.5.1, 1.5.2).
The meta-population structure will unlink artificially selected characteristics from neutral
markers and tends to maintain neutral markers that are typical for each region. New types of
animals can enter into different populations in different volume, because in meta-population
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structure, the migration rates are proportional to geographical (and cultural) distances. When
migrating in large quantities to areas close by, a new type may replace the old type almost
entirely. When the distance increases, fewer breeding animals can be brought in (distancecorrelated migration rate), and a new type is more likely to be mixed into the existing
population. Neutral markers initially brought in through a few immigrants into a larger
population will dilute and may become even rarer or vanish due to genetic drift (Section 1.5.2).
In this way, new desired characteristics will proceed in a stepwise manner from population to
population along the meta-population network, with emigrants always carrying a sample of
those neutral markers existing in their original population (Founder population effect, see
Section 1.5.3) and facing dilution and genetic drift (Section 1.5.2) each time when arriving to
new population. The association between a selected characteristic and an initially co-occurring
neutral marker will get looser as the distance to the original parental population grows larger.
For example, the association between wool quality and nuclear retrovirus markers (Chessa et
al., 2009) has broken down in Finnsheep. High wool quality is associated with enJSRV-18
retrovirus marker, while the primitive type of sheep generally carries other retrovirus types
(Chessa et al., 2009). However, Finnsheep have high-quality wool selected into the Finnsheep
during the Post-Medieval period (Section 1.4) with retrovirus types generally associated with
primitive breeds (Chessa et al., 2009). The dissolved association between wool quality and
retrovirus types in Finnsheep may be due to the low number of European breeding animals
introduced in the Post-Medieval period and then back-selected for finer wool for generations.
The linkage between a selected characteristic and the neutral marker should be very strong
(i.e. located in the same chromosome, near the selected gene(s)) in order to last several
repeated steps of crossbreeding and back-selection within numerous populations along the
Meta-population networks.
Finally, the meta-population structure (Hanski, 1998) can explain the geographical
gradients detected using several contemporary breeds (e.g. Tapio et al., 2006, Chessa et al.,
2009, Tapio et al., 2010, Sections 1.2 and 1.5.3.1) in accordance with the local temporal
fluctuation and possible replacements of some of the local populations (I, II, IV). Modern and
ancient data suggests that the geographical gradient of major mtDNA haplogroups in the
continent dates far back, close to the initial expansion of domesticates (I, III and e.g.
Bollongino et al., 2006, Demirci et al., 2013, Sections 1.2, 1.5.3.1, 3.7.1). Due to the founder
population effect during the initial expansion (Section 1.5.3) and the stabilizing effect of the
meta-population structure thereafter (i.e. distance-correlated migration rate, see above), most
of the current populations should show the north-south genetic gradient. The theory could be
tested by leaving out populations from the continent-wide sample and observing whether the
same north-south pattern would be obtained repeatedly. However, this was already done, in a
way, by several studies using different sets of breeds, species and genetic markers I-IV (e.g.
Loftus et al., 1994, Bailey et al., 1996, Cymbron et al., 1999, MacHugh et al., 1999, Troy et
al., 2001, Tapio et al., 2003, Cymbron et al., 2005, Götherström et al., 2005, Pedrosa et al.,
2005, Tapio et al., 2005, Tapio et al., 2005, Beja-Pereira et al., 2006, Bollongino et al., 2006,
Meadows et al., 2006, Pereira et al., 2006, Schlumbaum et al., 2006, Tapio et al., 2006,
Edwards et al., 2007, Meadows et al., 2007, Pedrosa et al., 2007, Bollongino et al., 2008,
Svensson and Götherström, 2008, Chessa et al., 2009, Kantanen et al., 2009, Stock et al.,
2009, Bonfiglio et al., 2010, Mona et al., 2010, Edwards et al., 2011, Telldahl et al., 2011,
Bonfiglio et al., 2012, Kijas et al., 2012, Demirci et al., 2013, Decker et al., 2014, Svensson
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et al., 2014, Lv et al., 2015, Rannamäe et al., 2016a, Rannamäe et al., 2016b), suggesting that
the genetic geographical gradient in the continent is rather valid. In other words, if some of
the local breeds are not included in the sample, it will not prevent the detection of the
geographical gradient based on the remaining breeds and variants. Similarly, temporal
fluctuation, e.g. divisions, unions, extinctions and replacements in the past or present at a local
level (e.g. within the NEBSR, I-IV), may not be seen in continental-level patterns (for further
discussion, see Sections 3.7, 3.8, 4.2, 4.5, 4.11, 4.12). In addition, although geographical
gradients can be detected without sampling the entire population in the past and present,
temporal fluctuation may not be detected without sampling past populations and suitable
statistical methods (Sections 4.6 – 4.12).
The meta-population structure brings flexibility in time and space to genetic population
models needed to bind and analyse the results obtained. A network of several partially isolated
populations that may change, adapt, migrate, mix, divide, disappear and be refound in a
dynamic manner through time to genetic data of domesticates better fits than expecting
unchanged populations by default (see Section 4.11).

1.6 Ancient DNA
Archaeogenetics (Renfrew and Boyle, 2000), combining molecular genetics methods on
archaeological specimens, is a relatively new field of science. The first aDNA studies focused
on extinct species, like quagga, marsupial wolf, moa, mammoth, cave bear and Neanderthal
human and their phylogenetic relationship among existing relative species, based on short
fragments of mtDNA (Higuchi et al., 1984, Thomas et al., 1989, Cooper et al., 1992,
Hagelberg et al., 1994, Hänni et al., 1994, Höss et al., 1994, Krings et al., 1997). The ancestor
of cattle, aurochs (wild ox), was also one of the extinct species in the earliest aDNA studies
(Bailey et al., 1996).
The first genetic population studies using aDNA followed soon after (e.g. for bison, cattle
and pig (Shapiro et al., 2004, Anderung et al., 2005, Larson et al., 2007) and human
(Malmström et al., 2009)). By providing a temporal continuum for the genetic population
studies, aDNA helps to reveal patterns in the population history that would otherwise have not
been detected (I, IV and e.g. Svensson et al., 2007, Telldahl et al., 2011). To date, many
population genetic studies have applied the opportunity of aDNA to extend the temporal
coverage of the data. These studies include existing and extinct, as well as wild and domestic,
animals and humans. From the short fragments of mtDNA explored in the earliest ancient
DNA studies (93-390 bp (Higuchi et al., 1984, Thomas et al., 1989, Cooper et al., 1992,
Hagelberg et al., 1994, Hänni et al., 1994, Höss et al., 1994, Bailey et al., 1996, Krings et al.,
1997)), the fragment length has increased (e.g. 667 and 523 bp in I and III, Section 3.1.1),
with the trend to increase in the future due to the adoption of Massive Parallel Sequencing
methods for aDNA. Lately, genetic markers targeting nuclear phenotype coding genes have
offered a direct method to record the appearance of past animals (e.g. pigmentation, II).
Further, aDNA research has spanned to microbes and paleo-pathogens that may reveal, e.g.,
causes of epidemics in history (like the plague (Harbeck et al., 2013, Wagner et al., 2014) and
parvovirus (Toppinen et al., 2015)).
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1.6.1 Post-mortem degradation of DNA
Due to post-mortem degradation, extracting DNA from ancient samples is much more
challenging compared to fresh samples from living organisms. The main challenges in the
amplification of aDNA are PCR errors due to miscoding lessons of an altered and fragmented
ancient DNA molecule and contamination caused by an intrude of extraneous environmental
DNA into spongy ancient bone tissue (Cooper and Poinar, 2000, Hofreiter et al., 2001).
The fragmentation of ancient DNA is caused by hydrolytic and oxidative damage breaking
down the sugar-phosphate backbone of the DNA molecule and removing purine bases from
the DNA strand (Hofreiter et al., 2001). Normally after an organism dies, endogenous
nucleases that are still active in cells break down DNA until the DNA strands are completely
destroyed into mononucleosis (Hofreiter et al., 2001). In the absence of an enzymatic repairing
system of the living cell, post-mortem DNA damages accumulate in an ancient specimen over
time. Hydrolytic damages altering the DNA molecule may cause erroneous nucleotides and
stop codons, causing misreading and failure in PCR, further leading to errors during
sequencing (Hofreiter et al., 2001). The most frequently observed miscoding lesion in aDNA
sequences is transitions of adenine/guanine (A->G or G->A) and cytosine/thymine (C->T or
T->C) (Hofreiter et al., 2001). These transitions are caused by base analogues hypoxanthine
(H) and uracil (U), resulting from deamination (removal of an amino group) of adenine and
cytosine in damaged aDNA, pairing with guanine and thymine and accumulating transitions
(A->H/G and C->U/T) in every cycle in PCR (Hofreiter et al., 2001).
The time of exposure for degradation inevitably effects the DNA conservation in ancient
samples (Hofreiter et al., 2001). The upper limit of survival of any retrievable DNA under
neutral pH, temperature of 15 °C and physiological salt concentration is estimated to be around
100000 years (Pääbo and Wilson, 1991, Lindahl, 1993). Thus, very old samples are likely
more degraded than more recent ones. In the field of archaeogenetics, the age of so-called
ancient DNA may vary from tens of thousands of years to no more than a few hundred years.
Thus, based only on the age of ancient samples, the expected success rate in aDNA analyses
varies greatly between studies. However, the age of the ancient samples does not linearly
correlate with the quality of aDNA, because the environmental factors varying from case to
case and from one archaeological site to another may accelerate or slow down of the
degradation of DNA (Hofreiter et al., 2001).
Some environmental conditions, like cold climate, frost and high salt concentration in soil,
may inactivate endogenous nucleases before all DNA molecules in the sample are destroyed
(Hofreiter et al., 2001). Neutral soils with a pH of close to 7 buffers against spontaneous
chemical reactions and depurination of DNA (Hofreiter et al., 2001). A decrease in the pH
from 7.4 to 6.4 increases the depurination rate three times (Hofreiter et al., 2001). The author’s
own published and unpublished observations are in accordance with these observations, as no
retrievable DNA were obtained from samples originated from swamps. The soil in swamps is
acidic and wet, likely exposing the DNA of bones to hydrolytic damages and depurination.
The soil in Finland is generally acidic, except for coastal regions, where it is closer to neutral.
In addition, ancient samples of comparable age from Estonia had somewhat higher success
rate in DNA amplifications compared to Finnish samples (I, II, IV), which may be due to
significant differences in soil acidity between the two countries. Estonian soil is calcareous
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with a pH close to neutral, while soil in Finland (depending on location) is from mild to heavily
acidic.
The solution to amplify fragmented ancient DNA is to diminish the amplicon size in order
to maximise the amount of starting template DNA in PCR, thereby increasing the chance of
successful amplification. The amplicon length in aDNA studies is generally less than 400 bp.
In order to retrieve longer sequences, a PCR assay for a series of overlapping amplicons is
designed (Section 3.1). The pre-treatment of aDNA extract with Urasil-DNA glycosylase
(UNG) (in order to correct base analogue uracil present in aDNA back to thymine) requires
one additional step of 10 min at 37 °C in the PCR programme prior to the denaturation step
of UNG and activation of proofreading heat-activated polymerase enzyme in 95 °C for 15 min
and following PCR cycles (Section 3.3.4). Repetitions of PCR for each fragment of each
sample are conducted in order to ensure authenticity of sequences obtained (see Section 1.6.2).

1.6.2 Contamination
Contamination in aDNA studies refers to extraneous DNA present in an ancient sample that
has been a major problem in archaeogenetics (Cooper and Poinar, 2000, Hofreiter et al., 2001).
As aDNA is typically low in quality and concentration due to post-mortem degradation, any
competing extraneous DNA in a sample have a high possibility of amplifying in PCR instead
of authentic aDNA. Extraneous DNA may have intruded the specimen before it is found (e.g.
soil microbes) or occurred at any step of the specimen excavation, handling, storing or
laboratory workflow (Cooper and Poinar, 2000, Hofreiter et al., 2001, Gilbert et al., 2005).
The source of contamination can be, e.g., human or animal originating or environmental DNA
from soil like bacteria and fungi. The most obvious source of contamination in ancient samples
would be people handling the archaeological specimens outside or inside the lab. In some
cases, old museum samples are reported to contain more of the contaminant compared to
authentic DNA (Malmström et al., 2005). For example, Malmström et al., 2005 reported over
twice the volume of contaminant human compared to authentic dog DNA extracted from an
ancient dog tooth. Further, it is suggested that the quality of old museum samples of ancient
animal specimens could be evaluated based on the ratio of authentic animal compared to
contaminant human DNA (Malmström et al., 2005). According to risk categories defined
based on the vulnerability of organisms to contamination in aDNA studies, domestic animal
studies are generally placed at a medium risk category (Gilbert et al., 2005). The highest risk
for contamination is for organisms that are generally present in the environment of ancient
samples: human (highest risk) and paleo-pathogens and micro-organisms (high risk) (Gilbert
et al., 2005). The low risk category includes aDNA samples from other, e.g., wild or extinct
animal species not present in environments where ancient specimens are handled (Gilbert et
al., 2005).
When contamination is taken into consideration beforehand, primers can be designed to
be species-specific to prevent the annealing of DNA other than the target species. Most
importantly, in the case of ancient animal samples, primers can be designed in a way that does
not anneal human DNA (Section 3.1). In cases where extraneous DNA originates from another
individual of the same or closely related species, the amplification of contaminant DNA may
be unavoidable (e.g. see Section 3.9). In these cases, the sample may have to be excluded from
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further statistical, phylogenetic and genetic population analyses, although they may have an
interesting contribution in methodological aspects (Malmström et al., 2005, Malmström et al.,
2007, Svensson, 2010, Section 3.9).
Repeated experiments are key to detecting possible contamination and PCR errors caused
by post-mortem degradation (criteria for authenticity (Cooper and Poinar, 2000), see also
Sections 3.3 and 3.9). Sequencing several PCR products from the same sample reveals
whether or not the sequences are reproducable between extractions, PCRs and aDNA
laboratories (Cooper and Poinar, 2000, Section 3.3). Sequences from one sample should be
identical for haploid markers (mtDNA and Y-chromosome) and display a reasonable amount
of variation (e.g. maximum of two alleles for each DNA position in diploid organisms) for
diploid markers. In addition, PCR errors caused by post-mortem damages in aDNA are
separable from contamination by comparing sequences of repeated experiments. An error in
PCR caused by hydrolytic damages will occur randomly at the principal site of damage
(Hofreiter et al., 2001) along the whole length of the DNA molecule and, consequently,
randomly in different sites of sequences from repeated PCRs and aDNA extractions.
Contamination, on the other hand, is due to an extraneous DNA strand acting perfectly fine as
a template in PCR, and differences between repeated sequences are not random. A comparison
of suspected PCR errors in the DNA positions known to vary within modern reference
sequence collections helps evaluate between post-mortem hydrolytic damages and extraneous
DNA. Variation detected in haploid sequences from repeated PCRs appearing only in the
diagnostic positions (e.g. DNA positions defining species, haplogroups and haplotypes) shows
the presence of extraneous DNA in the sample (e.g. see the case of the Nakkila cattle tooth in
Section 3.9). For diploid markers, contamination may show as an excess of alleles but be
otherwise harder to detect than haploid markers. Preferably, an aDNA study should be
conducted on nuclear markers that are also analysed for individual identification markers, like
the hypervariable mtDNA D-loop region, in order to ensure the authenticity of nuclear aDNA
analyses (as done in II, for example). In addition, there are statistical approaches to evaluating
the possibility of PCR errors between haploid sequences (e.g. BypassrDegr (Mateiu and
Rannala, 2008), Section 3.9 and for allele dropout of diploid markers (II, Section 3.4.3)).

1.7 Molecular genetic markers
1.7.1 Mitochondrial DNA
The mitochondrion is a cell organelle located in the cell cytoplasm outside the nucleus. The
primary role of mitochondrion is cellular respiration in eukaryotic cells (Steinborn et al.,
1998). Electron transposition and oxidative phosphorylation in the mitochondrion membrane
restore energy in the adenosine triphosphate (ATP) molecule needed for biochemical reactions
in the eukaryotic cell (Steinborn et al., 1998). The mitochondrion has its own circular DNA
(mtDNA) molecules holding the genes responsible for structure and, in co-operation with
nuclear genes, the function of mitochondrion (Steinborn et al., 1998). Several mitochondria
inherited from the maternal side are present in each eukaryotic cell with the copy number
ranging from 88 to 688 per cell depending on tissue type (Robin and Wong, 1988, Veltri et
al., 1990). The control region (D-loop) contains two major transcription promoters, origin of
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heavy stand replication (OH), conserved and hypervariable regions and termination sequences
(TAS-A) (Steinborn et al., 1998). Accumulating mutations in the hypervariable part of the Dloop are selection-neutral and the most rapidly evolving part of mtDNA (Steinborn et al.,
1998). The D-loop region of mtDNA provides a high number of SNPs in a short fragment of
DNA making an important genetic marker for individual recognition in forensic, evolutionary
and genetic population studies.
Individuals with identical mtDNA sequences belong to the same mtDNA haplotype or
maternal lineage. New mitochondrial haplotypes evolve only by mutation, as there is no
recombination (Steinborn et al., 1998). Haplotypes can further be grouped into monophyletic
groups, called haplogroups, according to phylogenetic relationships of haplotypes.
Haplogroup frequencies within and between populations are useable to explore, e.g., global
geographical distributions and expansion of populations (Sections 1.5.3 and 1.5.3.1). The
resolution in which the mtDNA and D-loop region are analysed varies greatly between studies
(see Section 3.1.1). A commonly used sequence length of D-loop in animal genetic population
studies is between 100-800 bp (Section 3.1.1). Haplogroups are usually diagnosable from
several diagnostic SNPs in mtDNA, providing a convenient way to combine datasets
originally analysed for different resolutions (Section 3.7.1, but see also Sections 4.2 and 4.12).

1.7.2 Nuclear DNA
Nuclear DNA is organised in chromosomes located in the cell nucleus. Mammals are diploid
organisms (diploid genome, 2n) with one chromosome inherited from the maternal and one
from the paternal side. The number of chromosomes varies between species. Cattle and sheep
have 60 and 54 nuclear chromosomes, including 29 and 26 pairs of autosomes, and one pair
of sex chromosomes (allosomes, X- and Y-chromosomes), respectively (Ensembl Genome
Browser, https://www.ensembl.org/). The Y-chromosome defines sex in mammals. Males
have one X and one Y chromosome, while female have two X chromosomes. Cattle and sheep
genomes contain 19994 and 20921 coding genes, from which 19148 and 20032 (> 95.7 %)
are located in autosomes (Ensembl Genome Browser, https://www.ensembl.org/).
1.7.2.1 Y-chromosomal markers
Y-chromosomal markers UTY19 and oY1 for cattle (Götherström et al., 2005, Edwards et
al., 2011) and sheep (Meadows et al., 2006, Kijas et al., 2012) were analysed in order to
explore the paternally inherited side from the same samples analysed for the maternally
inherited mtDNA (Section 3.1.1). Detecting the Y-chromosomal marker sequence from a
sample also provides a genetic test to detect males in ancient samples. Both of these UTY19
and oY1 markers were previously used in genetic population studies (Götherström et al., 2005,
Meadows et al., 2006, Edwards et al., 2011, Kijas et al., 2012), thus, a wide collection of
contemporary reference data existed (Appendix 1). For UTY19, ancient reference data from
Sweden and Germany also existed (Götherström et al., 2005, Svensson and Götherström,
2008, Telldahl et al., 2011, Svensson et al., 2014). UTY19 and oY1 markers analysed both
contain diagnostic positions for the definition of two paternal lineages: Y1 and Y2 for cattle
and A-oY1 and G-oY1 for sheep (Section 3.1).
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1.7.2.2 Autosomal markers
From autosomal markers, the Melanocortin 1 receptor gene (MC1R) was selected over other
possibilities (genes or microsatellites), because it provided new insight into the phenotype of
ancient animals that could not be evaluated from ancient samples through archaeological
methods, e.g., measurements of skeletal elements or the presence of horns. Previously, the
colour of ancient cattle has been studied in lower resolution through the pyrosequencing
technique, separating the dominant black (ED) genotype from other colour variants in ancient
Swedish, Hungarian and Swiss cattle (Svensson et al., 2007, Telldahl et al., 2011, Svensson
et al., 2014), thus providing available ancient reference data for the ED allele. Here, the study
was designed to cover two more MC1R alleles: recessive red e and wild type E+ alleles in
addition to the ED allele (II, Section 3.1). Reference data for three alleles was available from
a number of contemporary North European and Scandinavian cattle breeds (Appendix 1).

2 AIMS OF THE STUDY
The multidisciplinary aims of this research were to study the genetic markers from ancient
specimens of two most important domestic animals for meat, milk and wool production, cattle
and sheep, and to connect these genetic results to the known history, official statistics,
historical inventories and radiocarbon data in order to investigate the early history of animal
husbandry in Finland, the genetic history and development of Finnish native breeds and to
examine the cultural networks in Northern Europe in prehistoric and historical periods. By
combining the genetic data to history research, this study aims to evaluate the time, strength
and meaning of different historical events to the development of animal husbandry in the
northernmost agricultural regions. By comparing the ancient and the wide Eurasian reference
collection expansion of domesticates, the evolution of populations and co-evolution of
animals with the cultural development of humans is studied. New genetic and statistical
methods to explore ancient populations are produced.
Native breeds harbour genetic combinations that have enabled adaptation to local
conditions. The protection of native breeds is important in terms of preserving genetic
variation needed for future adaptation of domestic animals to changing environments and
long-term maintenance of livestock. This study follows the development of native breeds
using genetic, archaeological and history research, data and methods produced, further aiming
to aid the conservation efforts of native breeds.
The aims of this study were to explore:
1) the genetic diversity, migration and temporal fluctuation of cattle and sheep from the
Bronze Age to modern times in the NEBSR,
2) the origin of ancient and contemporary animals and migration routes in Europe,
3) the effect of historical events on animal populations in the north-east Baltic Sea region and
the co-evolution of human and animal populations from prehistory to modern times.
The results may offer insights for the transition from hunting-gathering to livestock rearing
and cultivation in Finland and surrounding areas, to the beginning of more goal-determinate
animal breeding and artificial selection.
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3 MATERIALS AND METHODS
3.1 Primer design
The first molecular marker analysed from ancient cattle and sheep in this study was the
mtDNA D-loop region (I, III, Section 1.7.1). The D-loop is a multiallelic marker, but as it is
directly sequenced, it is less prone to errors compared to microsatellites. As D-loop is haploid,
inherited from the maternal side, highly variable and having applications in individual
recognition e.g. in parental testing, it is a good marker to detect possible extraneous DNA
within a sample (see Sections 1.6.2 and 3.9). Because the mtDNA molecule is present at a
high copy number in most somatic cells, the mtDNA is typically better preserved than nuclear
DNA in ancient biological materials, and therefore, the marker of choice for the first aDNA
analyses. The D-loop is a frequently used marker in population genetic studies, thus, providing
wide collection of reference sequences from contemporary animals (Appendixes 1 and 2).
Due to the fragmented nature of ancient DNA (Section 1.6), the most variable regions of
mtDNA D-loop were amplified using repeated analysis of several overlapping fragments (see
Section 1.6). Previous genetic population studies were closely explored to give good
resolution for the ancient DNA with as few fragments (laboratory costs) as possible and
meeting the strict criteria for ancient DNA work (Section 1.6). The regions analysed from
ancient samples were designed by the author to cover diagnostic SNP positions to define
mtDNA haplogroups T, T1, T2, T3, T4, T5, I, R and Q and sub-haplogroups T3b, T1a, T1c,
T1f, I1, I2, Q1 and Q2 for cattle and haplogroups A, B, C, D and E for sheep (Table 1). The
D-loop primers (fragments 1-3 and 1-5 for cattle and sheep, Table 1) were designed to overlap
each other shortly but properly. The size of mtDNA D-loop consensus sequences, excluding
primer sites, were 486 bp and 523 bp for cattle and sheep, respectively (I, III). A separate
mtDNA fragment of 181 bp from the ND5 gene contained diagnostic positions for T5 and Q
haplogroups, resulting in a total of 667 bp analysed from the mtDNA of ancient cattle (I). The
additional 77 bp fragment to define the most important diagnostic position of haplogroup Q
was designed and applied in order to confirm the haplogroup definition for one ancient cattle
sample (Table 1, Distribution of haplogroups in the European continent is provided in
Appendixes 1 and 2).
The second type of markers that were analysed were Y-chromosomal markers UTY19 and
oY1 for cattle and sheep, respectively (Section 1.7.2.1). The marker UTY19 can be analysed
both by electrophoresis of different-sized DNA fragments (pyrosequencing (Svensson and
Götherström, 2008)) and by direct sequencing of the markers as done in this study (I, III). For
this study, sequencing was chosen in order to decrease the risks for analysis errors. The size
of Y-chromosomal sequences, excluding primer sites, were 110 and 86 bp markers for cattle
UTY19 and sheep oY1, respectively (I, III). The results from the Y-chromosomal markers were
combined and published with mtDNA results (I, III).
In the third phase, primers were designed for a short fragment of the autosomal
Melanocortin 1 receptor gene (MC1R) (Section 1.7.2.2). Due to approximately 1000 times
lower copy number of nuclear compared to mtDNA, the retrieval of nuclear sequences from
ancient samples is a challenging task. In order to increase the success rate, effort was made to
design primers for the shortest possible sequence length of 68-69 bp (without primer sites),
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still covering the two diagnostic positions (c.296T > C and c.310delG in U39469.2)
responsible for three main coat colour alleles, recessive red, dominant black and wild type (e,
ED and E+, respectively (Adalsteinsson et al., 1995, Klungland et al., 1995, Klungland et al.,
2000)). The accumulating knowledge about ancient samples was used to select the samples
for nuclear markers. The cattle samples analysed for coat colour MC1R marker (II) were
previously successfully analysed for mtDNA and verified with repeated mtDNA analyses in
three participating aDNA laboratories (I, Section 3.3). The resulted amplification success for
nuclear MC1R showed reasonable molecular behaviour as expected for authentic aDNA, as
the amplification success was lower for MC1R compared to mtDNA (Table 1).
Table 1.

D-fr. 1
D-fr. 2

Cattle

D-fr 3
D-fr. T5
D-fr. Q
UTY19
MC1R

D-fr 1
D-fr 2

Sheep

D-fr 3
D-fr 4
D-fr 5
D-fr
modern
SRY

Summary of primers. Primers for cattle and sheep mtDNA D-loop fragments (D-fr), annealing
temperatures (AT), fragment lengths in base pairs (bp) including primer sites, nucleotide positions
for amplification start (Start Position), average amplification success in aDNA analysis of Finnish
(FI) and Estonian (EST) ancient samples, designer and Publications dependent for the design work.
Nucleotide positions showing the mtDNA and UTY19 gene amplifications are given according to
sequences of [GenBank access: V00654] and [GenBank access: AY936543], respectively.
Primers
For 5’CATTAAATTATATGCCCCATGC 3’
Rev 5’ CTAGCGGGTTGCTGGTTTC 3’
For 5’ TCACGAGCTTAATTACCATGC 3’
Rev 5’ TATGTGTGAGCATGGGCTGA 3’
For 5’ AGACATCTCGATGGACTAATGG 3’
Rev 5’ TGTCCTGTGACCATTGACTG 3’
For 5’CCGTTTCTATCCCCTCACAG3’
Rev 5’AAAAGGCGTGGGTACAGATG3’
For 5’TAACACGCCCATACACAGACC3’
Rev 5’ATATGCATGGGGCATATAATTT3’
For 5’AGCTCCAGAATATTTCACTGACCT3’
Rev 5’GAAGGCAAATGCAGAGACAA3’
For 5’GTGAGCGTCAGCAACGTG3’
Rev 5’ACGTCGATGACATTGTCCAG3’
For 5’GTTTCACTGAAGCATGTAGGG3’
Rev 5’CATGGTGAACAAGCTCGTGA3’
For 5’TCAACATGCGTATCCTGTCC3’
Rev 5’ATGGCCCTGAAGAAAGAACC3’
For 5’CCCATTAACTGTGGGGGTAA3’
Rev 5’AATACCAAATGCATGACACCA3’
For 5’TCAGCCCATGCCTAACATAA3’
Rev 5’TGAGGATGCTCAAGATGCAG3’
For 5’CGGAGCATGAATTGTAGCTG3’
Rev 5’GTATTGAGGGCGGGATAAAT3’
For 5’GTTTCACTGAAGCATGTAGGG3’
Rev 5’GTATTGAGGGCGGGATAAAT3’
For 5’AGCTCCAGAATATTTCACTGACCT3’
Rev 5’GAAGGCAAATGCAGAGACAA3’

AT
58

bp
188

Start Position
16 009 (in V00654)

Av. ampl.
52 % (FI)

Designer
M. Niemi

Used in
I

60

219

16 152 (in V00654)

57 % (FI)

M. Niemi

I

60

212

16 325 (in V00654)

56 % (FI)

M. Niemi

I

55

221

12 891 (in V00654)

66 % (FI)

M. Niemi

I

58

77

15 915 (in V00654)

*

M. Niemi

I

55

154

312 (in AY936543)

**

M. Niemi

I

60

72 % ***(FI)

M. Niemi

II

58

106- 3508 (in AF445641)
107
116 15957 (in NC001941)

M. Niemi

60

164

16027 (in NC001941)

58

172

16124 (in NC001941)

58

143

16252 (in NC001941)

58

208

16348 (in NC001941)

58

523

15957 (in NC001941)

58

130

3103 (in AF026566)

68 % (FI)
88 % (EST)
65% (FI)
84 % (EST)
66 % (FI)
91 % (EST)
47 % (FI)
93 % (EST)
45 % (FI)
88 % (EST)
100 % (FI)
100 % (EST)
12 % (FI)

III,
EST1, EST2
M. Niemi
III,
EST1, EST2
M. Niemi
III,
EST2
M. Niemi
III,
EST2
M. Niemi
III,
EST2
M. Niemi
III,
EST2
(Meadows et III,
al., 2006)
EST1

* amplification success not indicated, as analysed for sample defined belonging T or Q based on sequences for D-frag 1-3
** amplification success not indicated, as the sex of all of the samples was unknown
*** from the samples previously succeeded for mtDNA
EST1 and EST2 refers to papers by Rannamäe et al., 2016a, Rannamäe et al., 2016b, respectively

3.1.1 Resolution of mtDNA sequences
The mtDNA D-loop fragments of 667 and 523 bp for cattle and sheep in this study are very
informative, even when compared to previous studies conducted with modern samples (e.g.
255 bp and 423 bp for cattle and sheep in Tapio et al., 2006, Kantanen et al., 2009).
Nonetheless, the resolution in this study is limited. For example, long tandem repeats in sheep
mtDNA contain 75-76 bp units repeated one to six times, depending on the individual (Tapio,
2006). The primer design within the repeating units is impossible, because no unique
annealing site for primers can be found in repeating units. The only option to design proper
primers to sequence the repeating unit region would be over them (as e.g. in Tapio et al.,
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2006), leading to a fragment size far too long for ancient DNA. On the other hand, the
alignment of long tandem repeats is complicated and excluded from statistical analyses of
modern samples, resulting in a final size of 423 bp (Tapio et al., 2006), well comparable to
the resolution analysed from ancient sheep (523 bp, III).
For Paper III, contemporary sheep samples were available for the analysis of the same
mtDNA region. In order to achieve a wider geographical coverage, shorter alignments were
also used (see Sections 3.2.2, 3.7 and 4.12). For cattle, the resolution of mtDNA was initially
designed to be relatively wide (667 bp) as retrieved from ancient samples in Study I (Section
3.1.1). Unfortunately, for temporal analyses within the NEBSR, the length of ancient cattle
sequences had to be limited to the common length of 245 bp that was publicly available in a
previous study of contemporary native NEBSR cattle (Kantanen et al., 2009). This limitation
is regrettable and clearly visible in Figure 11, Section 3.2.2, and discussed further in Section
4.2. Nonetheless, methods were found to analyse the data despite limited reference data (I, IV,
Section 3.2.2), and new DNA samples from Finnish native cattle from Ahlman institute
conservation stocks was collected later on (IV, Section 3.2.2).

3.2 Description of the samples
3.2.1 Ancient samples
Ancient specimens analysed in this study were initially found during archaeological
excavations in 1982-2011 AD, borrowed from museums and universities for the study. Large
non-fragmented metacarpals and metatarsals were preferred, but when not available, smaller
bone fragments and teeth were also included. A large proportion of archaeological domestic
animal samples are found in waste piles of past settlements. They may have been cooked or
boiled, which would not necessarily leave any visible marks on bones. Clearly burned bones
are recognisable (e.g. Tourunen, 2008) and can be excluded from DNA sampling. Ottoni et
al., 2009 performed an interesting experiment on how heating affects DNA preservation in
bones. They heated fresh bones to 140 and 170 degrees and bones that were heated to 140
actually yielded more DNA than bones that were not heated at all (Ottoni et al., 2009). They
thought that it could be because heating destroys PCR inhibitors or cell walls and liberates
tissue, enabling bone minerals to absorb a large amount of DNA. Their results suggest that
heat may not be a problem for ancient DNA studies but may actually help to conserve DNA
within the bones (Ottoni et al., 2009). A previous study showed better DNA preservation in
freshly excavated bones compared to bones that underwent standard osteological
investigations (Pilli et al., 2013).
In this study, aDNA from diverse bone elements was analysed, providing an opportunity
to compare DNA preservation between ancient samples. Both freshly excavated and museum
samples were analysed. The ancient sample set contained samples of different ages, hardness
of the bone tissue, bone sizes and fragmentation stages. Samples from two sites: Pinella,
Turku, Finland and Aboa Vetus, Turku, Finland were collected straight from the excavations
and analysed for aDNA within a few weeks after initial discovery. The rest of the samples
were from museum collections stored up to 30 years after the initial discovery with the mean
storage time of about 10 years (I, III).
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Figure 8

Examples of bones (A-L) analysed in this study for aDNA (photo from aDNA laboratory). DNA
preservation in ancient bones cannot be predicted from the appearance of bones: size (A-C vs.
D,E,K), fragmental stage (nearly whole: A-C,G,H,J vs. fragments: D-F,I,K,L) or hardness of bone
tissue (hard: A-C,E, H-K vs. soft: D,F,G,L), age (A,B vs. C and D vs. E,K) or storage time (A-B vs.
freshly excavated C) (see the main text). The sample code (e.g. BtM2, OaM5 etc.), dating and
corresponding period, success in aDNA analyses (DNA: yes or no) is given in each figure (A-L).
The analysed genetic markers (mtDNA D-loop, Y-marker for UTY19 and oY1 and nuclear nuDNA
for MC1R) and result (yes, no or partial) are indicated in each figure. For further information, see
Tables 2-3 and I, III. Photos M. Niemi. The photo from author MN in the aDNA laboratory in
Stockholm University, kindly taken by Elise Naumann.

Figure 8 shows a few representative examples of different types of bones analysed in this
study. From the relatively large and well-preserved bones (Figure 8, A-C), the aDNA was
retrieved from two Late Iron Age bones (Figure 8, A and B), while freshly excavated and
younger sample dating to the Medieval period (Figure 8, C) only partially succeeded for
mtDNA analyses. The rest of the example bones obtained from museum collections were more
or less fragmented, dating from the Late Iron Age to the early modern period (Figure 8, D-L).
One early modern sample (Figure 8, D) did not succeed for aDNA analyses at all, while equalsized bones from the Post-Medieval and Late Iron Ages succeeded well (Figure 8, E) or
partially (Figure 8, K). Samples of nearly the same age and similar appearance may succeed
in very well aDNA analyses or not at all (Figure 8, I-III). For example, a Post-Medieval sample
(Figure 8, G) succeeded for mtDNA and nuclear markers, while a similar sample of
comparable age (Figure 8, L) contained no retrievable DNA; from the Late Iron Age samples,
some succeeded for mtDNA (Figure 8, A, B and H), for mtDNA and nuclear markers (Figure
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8, A), while others succeeded for mtDNA only partially (Figure 8, C and K) or contained no
retrievable DNA (Figure 8, F). In addition, the aDNA analyses succeeded and failed from
samples with soft (Figure 8, D, F, G and L) and hard (Figure 8, A-C, E, H-K) bone tissue.
Freshly excavated samples from Pinella and Aboa Vetus were not better preserved for
aDNA than samples obtained from museum collections (I, III, one example shown in Figure
8, C). The success rate for freshly excavated bones (23 %) was not better than the average
amplification success (64 %) for samples held at museums and university collections for 1 to
30 years (mean storage time of about 10 years, I-III). In this dataset, the storage time since the
initial discovery did not have an effect on aDNA preservation. The age of the sample had
slightly more impact on aDNA preservation, as younger samples (Post-Medieval) succeeded
slightly better than older samples (I, II, III). DNA preservation in ancient skeletal elements is
a sum of several factors (e.g. soil properties, storage conditions, see Section 1.6) and may not
be predictable from appearance, fragmentation, size or age of the element or the date when
excavated.
In total, 77 and 32 ancient cattle and sheep specimens were analysed, 45 and 26 of which
succeeded well and were included in statistical analyses (I-III). Two recently published studies
provided ancient sheep mtDNA sequences from Estonia (Rannamäe et al., 2016a, Rannamäe
et al., 2016b), relying on the design in III (Table 1) that were analysed together with the
Finnish samples in IV.
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Table 2 Summary of ancient cattle DNA sequences of this study. Sample and Museum IDs, Excavation Location,
Bone type, Dating and corresponding period (based on radiocarbon 14C or context date (DBC), see also
Table 4), GenBank accession numbers for mtDNA D-loop and ND5 (analysed in I, IV), Y-chromosomal
UTY19 (I, IV) and autosomal MC1R sequences (II, IV). Samples successful in aDNA analyses are shown.
For all analysed samples and details, see SI of the original studies (I-II).
S. ID
BtAA1

Museum ID A
TMM 21816:14

Location
Turku

Bone type
Dating
Period B D-loop
ND5
Metacarpal 1550-1800 AD PME, DBC KF233441.1 KF233487.1

BtAA2

TMM 21816:14

Turku

Metacarpal 1550-1800 AD PME, DBC KF233442.1

BtAA3
BtAA4

TMM 21816:104
TMM 21816:104

Turku
Turku

Metacarpal 1200-1550 AD ME, DBC KF233443.1
Metacarpal 1200-1550 AD ME, DBC KF233444.1

BtAA5

TMM 21816:513B

Turku

Metacarpal

BtAA6
BtHel1

TMM 21816:513B
KM2000002: 2174

Turku
Helsinki

Metacarpal 740 ± 30 BP
ME, 14C KF233446.1
Metacarpal 1550-1800 AD PME, DBC KF233447.1

BtHel2

KM2000002: 2229

Helsinki

Metacarpal 1550-1800 AD PME, DBC KF233448.1

BtM2
BtMik1
BtNaa1
BtOul1
BtOul2
BtPie1
BtPie2
BtSys1

BtTor1
BtTor2
BtUuk1
BtUuk3
BtHam2
BtHame
1
BtKok1
BtKok2
BtKok3
BtKok4

TYA

MR

631:410a

KM 28014:38
KM 2005034:196
context 986
KM 20004081:78
KM 2007031:373
KM 2008051:398
KM 2008051:3987
KM 32291:552
KM 2002081:
SY7010
KM 2002081:
SY7010
KM 2001058:187
KM 98040:413
KM 20008042:170
KM 27424:1254

ME, 14C

606 ± 30 BP

14

KF233445.1

MC1R
KT625608.1
KT625607.1,
KF233488.1
KT625608.1
KF233489.1
KT625608.1
KF233490.1 KF233528.1 KT625608.1
KT625607.1,
KF233491.1
KT625606.1
KF233492.1
KF233493.1
KT625608.1
KT625606.1,
KF233494.1
KT625608.1
KT625607.1,
KF233495.1
KT625608.1
KF233496.1

Raisio

Metatarsal

984 ± 30 BP

LIA, C

KF233449.1

Mikkeli

Tooth

567 ± 30 BP

ME, 14C

KF233450.1

Naantali

Metacarpal

431 ± 30 BP

ME, 14C

KF233451.1 KF233497.1

Oulu
Oulu
Pietarsaari
Pietarsaari
Sysmä

Calcaneus
Radius
Metacarpal
Metacarpal
Talus

1600-1700 AD
1600-1700 AD
1700-1800 AD
1700-1800 AD
637 ± 30 BP

PME, DBC
PME, DBC
PME, DBC
PME, DBC
ME, 14C

Tornio

KF233452.1
KF233453.1
KF233454.1
KF233455.1
KF233456.1

UTY19

SU, MTT, DFM
SU, MTT, DFM
SU, MTT, DFM
SU, MTT, DFM
SU, MTT, DFM
SU, MTT, DFM
SU, MTT, DFM
SU, MTT, DFM
SU, MTT, DFM
SU, MTT, DFM

KF233498.1 KF233523.1 KT625608.1 SU, MTT, DFM
KF233499.1
SU, MTT, DFM
KF233500.1 KF233526.1 KT625608.1 SU, MTT, DFM
KF233501.1 KF233524.1 KT625607.1 SU, MTT, DFM
KF233502.1
SU, MTT, DFM

Metacarpal 1600-1700 AD PME, DBC KF233457.1 KF233503.1

Tornio

Metacarpal 1600-1700 AD PME, DBC KF233458.1 KF233504.1

Uukuniemi
Uukuniemi
Hamina

Metacarpal 238 ± 30 BP PME, 14C KF233459.1 KF233505.1
Metacarpal 350 ± 30 BP PME, 14C KF233440.1 KF233486.1
Hmerus 1700-1800 AD PME, DBC KF233430.1 KF233477.1
LIA, 14C

aDNA lab.C
SU, MTT, DFM

KT625608.1 SU, MTT, DFM
KT625606.1,
SU, MTT, DFM
KT625608.1
KT625606.1 SU, MTT, DFM
KT625607.1 SU, MTT, DFM
KT625608.1
MTT, DFM

Hämeenlinna

Pd 4 max

ÅM 640
ÅM 640
ÅM 640
ÅM 677:542
TMM
BtPin10
22600:M252,216
BtTor3 KM 2010045: 1426

Kökar, Åland
Kökar, Åland
Kökar, Åland
Kökar, Åland

Metatarsal 324 ± 30 BP PME, 14C
Metatarsal 384 ± 30 BP
ME, 14C
Metatarsal 1550-1800 AD PME, DBC
Metatarsal 1550-1800 AD PME, DBC

1200-1550 AD ME, DBC KF233436.1

MTT

Tornio

Metacarpal 1700-1800 AD PME, DBC KF233437.1 KF233483.1

MTT, DFM

BtTor4 KM 2010045: 1475

Tornio

Metacarpal 1700-1800 AD PME, DBC KF233438.1 KF233484.1

BtTor5 KM 2010045:1689
BtTor6 KM 2010045:1689
BtAsv1
AI 4366
BtOrd1
VM 10922
BtOte1
AI 4036
BtPad1
AI 5200
BtRid1
AI 4261
BtVast1
TÜ 1435
BtVast2
TÜ 1499
BtViip1
RAS, Level 13
BtViip2
RAS, Level 14
BtViip3
RAS, Level 14
BtViip4
RAS, Level 13
BtViip5
RAS, Level 13

Tornio
Tornio
Asva
Viljandi
Otepää
Pada
Ridala
Vastseliina
Vastseliina
Vyborg
Vyborg
Vyborg
Vyborg
Vyborg

Turku

Ct

Metacarpal
Metacarpal
Metatarsal
Molar
Mandible
Molar
Metatarsal
Metatarsal
Molar
Metatarsal
Metatarsal
Metatarsal
Metatarsal
Metatarsal

985 ± 30 BP

1700-1800 AD
1700-1800 AD
800-600 BC
1350-1450 AD
1200-1550 AD
800-1200 AD
800-700 BC
1575-1800 AD
1629-1721 AD
1400-1500 AD
1400-1500 AD
1400-1500 AD
1400-1500 AD
1400-1500 AD

PME, DBC
PME, DBC
LBA, DBC
ME, DBC
ME, DBC
LIA, DBC
LBA, DBC
PME, DBC
PME, DBC
ME, DBC
ME, DBC
ME, DBC
ME, DBC
ME, DBC

KF233431.1 KF233478.1

MTT, DFM

KF233432.1
KF233433.1
KF233434.1
KF233435.1

MTT, DFM
MTT, DFM
MTT, DFM
MTT, DFM

KF233439.1
KF233429.1
KF233461.1
KF233462.1
KF233463.1
KF233464.1
KF233465.1
KF233467.1
KF233468.1
KF233469.1
KF233470.1
KF233471.1
KF233472.1
KF233473.1

KF233479.1
KT625607.1
KF233480.1
KT625608.1
KF233481.1 KF233522.1 KT625607.1
KF233482.1
KT625608.1

KF233485.1 KF233527.1
KF233476.1
KF233507.1
KF233508.1
KF233509.1
KF233510.1
KF233511.1
KF233513.1
KF233514.1
KF233515.1
KF233516.1
KF233517.1
KF233518.1 KF233525.1
KF233519.1

BtViip6

RAS, Level 2

Vyborg

Metatarsal 1600-1700 AD PME, DBC KF233474.1 KF233520.1

BtViip7
BtViip8

RAS, Level 2
RAS, Level 2

Vyborg
Vyborg

Metatarsal 1600-1700 AD PME, DBC KF233475.1 KF233521.1
Metatarsal 1600-1700 AD PME, DBC KF233460.1 KF233506.1

A

KT625606.1,
KT625608.1

MTT, DFM
MTT
MTT, DFM
MTT, DFM
MTT, DFM
MTT, DFM
MTT, DFM
MTT, DFM
MTT, DFM
MTT, DFM
MTT, DFM
MTT, DFM
MTT, DFM
MTT, DFM
MTT, DFM

KT625606.1,
KT625608.1
KT625607.1

MTT, DFM
MTT, DFM
MTT, DFM

Museum abbreviations: AI = Institute of History, Tallinn University, Estonia, VM = Museum of Viljandi, Estonia, TÜ = University of Tartu,
Estonia, RAS = Institute of History of Material Culture, Russian Academy of Sciences, St Petersburg, Russia, KM = The National Board of
Antiquities, Finland, ÅM = Ålands Museum, Finland, TMM = The Museum Centre of Turku, Finland, TYA = Archives of Department of
Archaeology, University of Turku, Finland, TYAMR = Samples are held at the Museum of Raisio (Harkko), Finland.
B
Period abbreviations: MO= Modern, PME= Post-Medieval, ME= Medieval, LIA= Late Iron Age, MIA= Middle Iron Age, EIA= Early Iron Age,
LBA=Late Bronze Age. C aDNA laboratory abbreviations: SU= Stockholm University, Sweden, MTT= Agrifood research Finland, Finland and
DFM=Department of Forensic Medicine, University of Helsinki.
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Table 3

Summary of ancient sheep DNA sequences of this study. Sample and Museum IDs, Excavation
Location, Bone type, Dating and corresponding period (based on radiocarbon 14C or dated by context
DBC, see also Table 4), GenBank accession numbers for mtDNA D-loop and Y-chromosomal SRY
sequences analysed in III (and re-analysed along with other data in IV). Samples successful in aDNA
analyses are shown. For all analysed samples and details, see (III).

Sample ID
Museum ID A
Location
OaM1
TYAMR 642:2316a
Raisio
OaM2
TYAMR 642:371a
Raisio
OaM3
TYAMR 642:371a
Raisio
MR
OaM4
TYA 619:767a
Raisio
MR
OaM5
TYA 619:771a
Raisio
OaPas1
bone 330
Pasvik (Norway)
OaNaa1 KM 2005034:185:978
Naantali
OaUuk2
KM 98040:326
Uukuniemi
OaAA3
TMM 21816:104
Turku
OaAA4
TMM 21816:104
Turku
OaAA5
TMM 21816:513B
Turku
OaAA6
TMM 21816:513B
Turku
OaHel1
KM2202
Helsinki
OaHel2
KM2202
Helsinki
OaOul1
KM20004081:85
Oulu
OaOul2
KM2007031:367
Oulu
OaOul3
KM SY 5
Oulu
OaPie1
KM2008051:3989
Pietarsaari
OaTor1
KM SY 4042
Tornio
OaTor2
KM SY 4042
Tornio
OaAA1
TMM 21816:14
Turku
OaAA2
TMM 21816:14
Turku
OaPih1
KM26584:4
Pihtipudas
OaKok1
ÅM 553:33
Kökar, Åland
OaKok2
ÅM 640
Kökar, Åland
OaKok3
ÅM 640
Kökar, Åland
OaKok4
ÅM 677:542
Kökar, Åland

Bone type
Metacarpal
Metacarpal
Metacarpal
Metacarpal
Metacarpal
Metatarsal
Metacarpal
Metatarsal
Metacarpal
Metacarpal
Metacarpal
Metacarpal
Metatarsal
Metatarsal
Radius
Radius
Radius
Metacarpal
Metacarpal
Metacarpal
Metacarpal
Metacarpal
Tibia
Metacarpal
Metacarpal
Metacarpal
Metacarpal

Date
965 ± 30 BP
1040 ± 31 BP
955 ± 30 BP
995 ± 30 BP
1081 ± 32 BP
984 ± 31 BP
452 ± 30 BP
410 ± 30 BP
506 ± 32 BP
581 ± 31 BP
722 ± 32 BP
737 ± 32 BP
1600-1700 AD
1600-1700 AD
1600-1700 AD
1600-1700 AD
1700-1800 AD
1700-1800 AD
1600-1650 AD
1600-1650 AD
1600-1700 AD
1600-1700 AD
342 ± 30 BP
489 ± 30 BP
305 ± 30 BP
1600-1800 AD
1600-1800 AD

Period B
LIA, 14C
LIA, 14C
LIA, 14C
LIA, 14C
LIA, 14C
LIA, 14C
ME, 14C
ME, 14C
ME, 14C
ME, 14C
ME, 14C
ME, 14C
PME, DBC
PME, DBC
PME, DBC
PME, DBC
PME, DBC
PME, DBC
PME, DBC
PME, DBC
PME, DBC
PME, DBC
PME, 14C
ME, 14C
PME, 14C
PME, DBC
PME, DBC

D-loop
aDNA lab.C
SRY
JX484124.1
SU, MTT
JX484125.1
SU
JX484126.1
SU
JX484127.1
SU
JX484128.1
SU
JX484137.1
SU, MTT
JX484129.1 JX484139.1 SU, MTT
JX484111.1
SU
JX484114.1
SU
JX484115.1
SU
JX484116.1
SU, MTT
JX484117.1
SU, MTT
JX484118.1
SU
JX484119.1
SU
JX484130.1
SU
JX484131.1
SU
JX484132.1
SU
JX484133.1
SU
JX484135.1 JX484140.1
SU
JX484136.1
SU, MTT
JX484112.1
SU
JX484113.1
SU
JX484134.1
SU
JX484120.1
MTT
JX484121.1 JX484138.1
MTT
JX484122.1
MTT
JX484123.1
MTT

A

Museums abbreviations: ÅM = Ålands Museum, Finland, TMM = The Museum Centre of Turku, Finland, TYA = Archives of
Department of Archaeology, University of Turku, Finland, TYAMR = Samples are held at the Museum of Raisio (Harkko),
Finland, KM = The National Board of Antiquities, Finland,
B
Period abbreviations: PME= Post-Medieval, ME= Medieval, LIA= Late Iron Age
C
aDNA Laboratory abbreviations: SU= Stockholm University, Sweden, and MTT= Agrifood research Finland, Finland.

Dating the ancient samples was needed for statistical analyses in order to conduct temporal
groupings of samples (I-III) or place the samples in the correct time scale for Bayesian
approaches (IV, see Section 3.4). Ancient Finnish cattle and sheep samples from the oldest
and thinnest cultural layers were radiocarbon dated at Luomus, University of Helsinki (Table
4). In total, 18 and 19 ancient cattle and sheep bones were sampled independently, radiocarbon
dated at Luomus and published in the first genetic analyses from the same samples (I, III,
Table 4). Detailed laboratory methods of radiocarbon analyses for the samples are provided
in (Bläuer et al., 2016). Generally, the results from radiocarbon dating agreed with and
improved the dates of the archaeological context, where the bones were initially found (I, III,
Table 4). In 6 out of 38 cases (15.8 %), the 14C dating showed a different period for the bone
than the archaeological context found initially (I, III, Table 4). The accuracy of the context
dates in Finnish sheep data are in line with those detected in Estonia (Rannamäe et al., 2016a,
Rannamäe et al., 2016b).
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Table 4 Ancient radiocarbon dated cattle and sheep samples in this study. Sample, Museum and Radiocarbon
laboratory IDs, Excavation Location, context dates, Radiocarbon date (BP ± 1σ), calibrated radiocarbon
dates, Period according to radiocarbon dating. Papers where the radiocarbon dates were used (study).
Sample
ID

Museum IDa

14C

Lab.
ID

Location

Context

BtAA5
BtAA6

TMM 21816:513B Hela-2590
TMM 21816:513B Hela-2589

Turku
Turku

dateb
ME
ME

BtM2

TYA MR 631:410a

Hela-2546

Raisio

ME/IA

BtMik1

KM 28014:38

Hela-2550

Mikkeli

IA

BtNaa1

KM 2005034:196
context 986

Hela-2580

Naantali

ME

BtSys1

KM 32291:552

Hela-2549

Sysmä

ME/IA

BtUuk1

KM 2001058:187

Hela-2583

Uukuniemi

PME

BtUuk3

KM 98040:413

Hela-2581

Uukuniemi

PME

BtHame1

KM 27424:1254

Hela-2690

Hämeenlinna

IA

BtKok1

ÅM 640

Hela-2592

Kökar, Åland

PME/ME

BtKok2

ÅM 640

Hela-2591

Kökar, Åland

PME/ME

BtM1

TYA MR 619:903a

Hela-2545

Raisio

ME/IA

BtM3

TYA MR 619:950a

Hela-2547

Raisio

ME/IA

BtM4

TYA MR 619:864d

Hela-2548

Raisio

ME/IA

BtPih1

KM 27198:39
No ID, collected
from surface

Hela-2579

Pihtipudas

IA

Hela-2588

Hirvensalmi

ME

BtLie1

TYA 597:102

Hela-2587

Lieto

IA

BtVes1

TYA 335:330

Hela-2578

Vesilahti

IA

OaMik1

KM28014:38

Hela-2351

Mikkeli

IA

OaM1

TYA MR 642:2316a Hela-2325

Raisio

ME/IA

OaM2

TYA MR 642:371a

Hela-2326

Raisio

ME/IA

OaM3

TYA MR 642:371a

Hela-2327

Raisio

ME/IA

OaM4

TYA MR 619:767a

Hela-2328

Raisio

ME/IA

OaM5
OaSys1

TYA MR 619:771a
KM32291: 552

Hela-2329
Hela-2350

ME/IA
ME/IA

BtHir1

OaPas1

bone 330

Hela-2324

OaNaa1

KM 2005034:185

Hela-2352

Raisio
Sysmä
Pasvik
(Norway)
Naantali

OaUuk2

KM 98040:326

Hela-2323

Uukuniemi

PME

OaAA3

TMM 21816:104

Hela-2353

Turku

ME

OaAA4

TMM 21816:104

Hela-2354

Turku

ME

OaAA5

TMM 21816:513B Hela-2355

Turku

ME

OaAA6
OaVet1

TMM 21816:513B Hela-2356
KM 95032:11487 Hela-2553

Turku
Turku

ME
ME

OaVet3

KM 2010001:706

Hela-2552

Turku

ME

OaPih1
OaKok1

KM 26584:4
ÅM 553:33

Hela-2322
Hela-2593

Pihtipudas
Kökar

PME
PME/ME

OaKok2

ÅM 640

Hela-2594

Kökar

PME/ME

BtNak1
a, b Museums

TYA 169:7

Hela-2496

ME
ME

Nakkila

BA

14C

BP
(± 1σ)

Calibrated 14C date

606 ± 30 1296 -1406 calAD (95.4%)
740 ± 30 1223-1291 calAD (95.4%)
991-1058 calAD (50.1%),
984 ± 30
1076-1155 calAD(45.3%)
1305-1365 calAD(55.4%),
567 ± 30
1384-1425 calAD(40.0%)
1420-1498 calAD (91.7%),
431 ± 30
1601-1615 calAD (3.7%)
1284-1330 calAD (40.5%),
637 ± 30
1340-1397 calAD (54.9%)
1527-1554 calAD (4.4%),
1632-1682 calAD (50%),
238 ± 30 1738-1753 calAD (1.8%),
1762-1803 calAD (30.6%),
1937-1955 calAD (8.6%)
350 ± 30 1457-1635 calAD (95.4%)
990-1060 calAD (51.2%),
985 ± 30
1075-1155 calAD (44.2%)
324 ± 30 1479-1645 calAD (95.4%)
1443-1524 calAD (64.8%),
384 ± 30
1558-1631 calAD (30.6%)
988-1054 calAD (57.0%),
990 ± 30
1079-1154 calAD (38.4%)
953 ± 30 1023-1155 calAD (95.4%)
988-1054 calAD (57.0%),
990 ± 30
1079-1154 calAD (38.4%)
323 ± 30 1479-1645 calAD (95.4%)
1449-1529 calAD (50.1%),
363 ± 30
1544-1634 calAD (45.3%)
84-263 calAD (83.8%),
1814 ± 44
277-330 calAD (11.6%)
1690-1730 calAD (25.2%)
81 ± 30
1809-1926 calAD (70.2%)
1046-1094 calAD (16.0%)
865 ± 33 1120-1141 calAD (5.3%)
1147-1257 calAD (74.2%)
965 ± 30 1018-1155 calAD (95.4%)
898-920 calAD (7.7%)
1040 ± 31
945-1033 calAD (87.7%)
955 ± 30 1022-1155 calAD (95.4%)
986-1053 calAD (63.3%)
995 ± 30
1080-1154 calAD (32.1%)
1081 ± 32 894-1018 calAD (95.4%)
1093 ± 31 891-1051 calAD (95.4%)
991-1059 calAD (49.2%)
984 ± 31
1067-1155 calAD (46.2%)
452 ± 30 1413-1477 calAD (95.4%)
1430-1522 calAD (83.0%)
410 ± 30 1577-1582 calAD (0.5%)
1591-1620 calAD (11.9%)
1328-1341 calAD (4.3%)
506 ± 32
1395-1448 calAD (91.1%)
1299-1370 calAD (63.9%)
581 ± 31
1381-1419 calAD (31.5%)
1225-1300 calAD (90.5%)
722 ± 32
1368-1382 calAD (4.9%)
737 ± 32 1220-1296 calAD (95.4%)
487 ± 30 1405-1451 calAD (95.4%)
1310-1360 calAD (40.3%)
550 ± 30
1386-1435 calAD (55.1%)
342 ± 30 1468-1639 calAD (95.4%)
489 ± 30 1404-1450 calAD (95.4%)
1489-1604 calAD (71.2%)
305 ± 30
1610-1650 calAD (24.2%)
1430-1290 calBC (93.9%)
3086 ± 30
1280-1270 calBC (1.5%)

and periodical abbreviations as in Table 2.
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Period a

study

ME
ME

I, II, IV
I, II, IV

LIA

I, II, IV

ME*

I, II, IV

ME

I, II, IV

ME

I, II, IV

PME

I, II, IV

PME

I, II, IV

LIA

I, II, IV

PME

I, II, IV

ME

I, II, IV

LIA

I

LIA

I

LIA

I

PME*

I

PME*

I

EIA

I

MO*

I

LIA

III

LIA
LIA

III, IV

LIA
LIA

III, IV

LIA
LIA
LIA*

III, IV
III

ME

III, IV

ME*

III, IV

ME

III, IV

ME

III, IV

III, IV

III, IV

III

ME

III, IV

ME
ME

III, IV
III

ME

III

PME
ME

III, IV
III, IV

PME

III, IV

EBA

section
3.9

3.2.2 Contemporary data
The contemporary data for the study was mainly collected from previously published research
available on GenBank (Appendix 1 and 2). Study III published in 2013 included 94 modern
samples previously analysed for different mtDNA D-loop positions and microsatellites (Tapio
et al., 2006, Tapio et al., 2010). Studies I and II published in 2015 and 2016 relied solely on
publicly available reference data. For study IV, new DNA samples were collected from the
living ‘gene bank’ conservation stocks of Western, Eastern and Northern Finncattle
maintained by the Ahlman Institute (Tampere, Finland). From 34 Ahlman cattle, hair sample
DNA was extracted and analysed for MC1R gene marker in order to provide a local reference
data for the reconstruction of the population demographic history (IV, Sections 3.3.3 and 3.8).
The resolution and coverage of sequences with aDNA analysed in this study was
prioritised when contemporary reference data was collected from the GenBank database and
previous studies (I-IV, Appendixes 1 and 2). Sequences shorter than analysed in aDNA were
included with caution to enhance temporal and geographical coverage of the data (I-IV,
geographical analyses presented here, see 4.12). The contemporary sheep data collected from
the GenBank for Study III contained 1360 mtDNA samples (Hiendleder et al., 2002, Guo et
al., 2005, Pereira et al., 2006, Meadows et al., 2007, Pedrosa et al., 2007, Wang et al., 2007,
Koban et al., 2010) and 1713 samples for Y-chromosomal marker (Meadows et al., 2006,
Kijas et al., 2012). In Studies I and II, publicly available reference data contained 2094
contemporary mtDNA sequences (Achilli et al., 2008, Achilli et al., 2009, Kantanen et al.,
2009, Bonfiglio et al., 2010, Bonfiglio et al., 2012), 1692 Y-chromosomal and 2512
genotyped MC1R samples (Klungland et al., 2000, Rouzaud et al., 2000, Maudet and Taberlet,
2002, Götherström et al., 2005, Russo et al., 2007, Svensson and Götherström, 2008, Edwards
et al., 2011, Telldahl et al., 2011, Svensson et al., 2014). Sheep data in IV combined the
NEBSR contemporary and ancient sheep data (Study III and Rannamäe et al., 2016a,
Rannamäe et al., 2016b). In addition to the contemporary reference data described above and
that used in Papers I-IV, MDS analysis and geographical analyses for sheep presented here
(Sections 3.7, 3.4.1, 4.5, and 4.12) also used data from studies (Demirci et al., 2013, Lancioni
et al., 2013) (see Appendix 1 and 2).
The alignment with modern NEBSR cattle mtDNA sequences was one third (36.7 %, 245
bp) from what was initially designed by the author and analysed from ancient cattle samples
(667 bp, see Section 3.1). Therefore, the phylogenetic analyses for 667 bp (combined mtDNA
D-loop and ND5 gene sequences) in Study I were conducted using the encompassing reference
data of European cattle (Achilli et al., 2008, Achilli et al., 2009) instead of contemporary
NEBSR data. The analyses of the NEBSR (Papers I, II, IV) were conducted using data
encompassing 245 bp from contemporary native NEBSR cattle breeds (Kantanen et al., 2009)
publicly available in the GenBank database. The effect of resolution differences in mtDNA
between studies is a very important aspect for the results gained and their interpretations,
presented, demonstrated and discussed further in many Sections in this thesis (see Sections
3.1, 3.4.5, 3.7, 3.8, 4.2, 4.3 and 4.5).
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3.3 Laboratory environments and methods
The authenticity of the ancient DNA data (see Section 1.6) was ensured in several ways:
1.) The aDNA analyses were conducted in sterile laboratories dedicated for aDNA work
(Section 3.3.1). 2.) Separate laboratory space and sterile equipment were used for sample
preparation, DNA extraction and post PCR work (Sections 3.3.1-3.3.4). 3.) Amplified
fragments were designed to be short and not to anneal human DNA (Section 3.1). 4.) Nuclear
markers were analysed for samples analysed and verified for mtDNA as well (Sections 1.7,
3.1) 5.) Negative controls were included in every step of the laboratory workflow: in DNA
extraction, PCR and sequencing (Sections 3.3.2-3.3.4). Positive controls of modern animals
were not used. 6.) DNA extraction and PCRs for all samples were repeated at least twice for
each marker and sequenced in both forward and reverse directions (Sections 1.3, 1.7, 3.3.4).
7.) The repetitions in independent aDNA laboratories were conducted for all cattle samples
and a quarter of the sheep samples. 8.) aDNA sequences were evaluated for reasonable
molecular behaviour using statistical and genetic population analysis methods (Sections 3.4.5,
3.4 - 3.8). The laboratory and statistical methods used were effective in detecting
contamination (Section 1.6, see the case study in Section 3.9).
3.3.1 Laboratories
Three aDNA laboratories participated in the aDNA analyses: 1.) Department of Forensic
Medicine, University of Helsinki, Helsinki, Finland, (I, II), 2.) Stockholm University,
Stockholm, Sweden (I, III), and 3.) Agrifood Research Finland, MTT, currently Natural
Resources Institute Finland, Jokioinen, Finland (I, III). Only samples showing identical
sequences between amplicons and aDNA laboratories were included in the final statistical
analyses. The contributions of the three aDNA laboratories to each successfully analysed
ancient sample in the study are summarised in Tables 2 and 3. Analyses of modern samples
in IV were conducted at the Natural Resources Institute Finland.
Each of the participating aDNA laboratories followed general guidelines for sterile aDNA
work such as a separate space for sample preparation and ancient DNA work, separate preand post-PCR areas, air-controlled sterile aDNA laboratory space. Ancient DNA work was
conducted using disposable tools, pipettes with aerosol-resistant filter tips, protective wholebody suits, masks and disposable nitrile gloves. The working surfaces of sample preparation
and the ancient DNA laboratory was frequently treated with bleach and ultra-violet irradiation.
3.3.2 Sample preparation
In order to avoid possible contaminants on the surface of samples, the outer layers of the bone
tissue (ca. 0.5-1.5 mm) were removed by polishing with a dentist drill. The DNA samples
were then taken from ca. 1-3 mm depth (Figure 8). The bone powder was collected in sterile
exposable tubes. All equipment was sterilized and the sterile drill tip changed between
sampling each bone. Sampling does not usually destroy the whole specimen, unless the sample
is exceptionally fragile. Effort was made to restrict damages caused by DNA sampling to one
or a few small areas, leaving the rest of the sample surface untouched for possible future
studies (see Figure 8). Each bone was also photographed before and after sampling.
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3.3.3 DNA extraction
The DNA extraction of ancient samples was conducted as described in (Yang et al., 1998).
The bone powder was digested in 900 μl 0.5M EDTA, 100 μl 10M urea and 5 μl proteinase K
(20 mg/ml), while being constantly shaken at 55 ºC over night. After sedimentation (2000 rpm
for 5 min), a supernatant was concentrated, and DNA was extracted with the QIAquick PCR
Purification Kit (Qiagen, Sverige) according to the manufacturer’s instructions. To extract
DNA from hair samples of contemporary animals, five hair roots per individual were lysed in
a volume of 25 µl of MgCl free lysis buffer (2.5 µl 10× MgCl free PCR buffer (Dynazyme
DNA polymerase, Finnzymes), 0.2 µl of Proteinase K (20 mg/ml) and 22.3 µl sterile mQH2O) at 55 °C for 60 min followed by an inactivation step of Proteinase K at 98 °C for 10 min.
3.3.4 Amplification and sequencing methods
The PCR for ancient DNA was performed in volumes of 25 μl, which contained 2.5 μl 1 x10
Buffer, 2 x 0.5 μl of 10 μM primer, 0.5 μl of dNTP (20 mM), 1 μl of MgCl (25 mM), 0.25 μl
of Uracil DNA Glycosylase (UNG) (Sigma-Aldrich) and 5 - 10 μl of DNA extraction solution.
The PCR programme used started with initial steps of 37 °C for 10 min (to activate UNG) and
95 °C for 15 min (to inactivate UNG and activate polymerase enzyme) followed by 55 threestep cycles of 94 °C for 30s, AT ºC for 40s and 72 °C for 1min and 10 min at 72 °C. AT stands
for the annealing temperature specific to each set of primers (see Table 1 for primers and
ATs). To detect possible PCR errors, every mtDNA fragment was sequenced from at least two
different PCR reactions. All steps in aDNA extraction and amplification were controlled by
negative controls of pure water.
PCR products were purified using the ExoSAP-IT enzyme (GE Healthcare Life sciences,
UK). Sequencing reactions were performed using the DYEnamic ET Terminator Kit (GE
Healthcare Life sciences, UK). The sequencing products were purified with ethanol
precipitation and separated using the MegaBACE1000TM (Amersham Biosciences, UK) (III)
and 3500xL Genetic Analyzer (Applied Biosystems) (I-IV). Each fragment was sequenced on
both strands, and the same primers were used for the sequencing as with the fragment
amplification. Sequence data from MegaBACE were base-called with Cimarron 3.12
basecaller using the MegaBACE Sequence analyzer v. 3.0.0111.1603 (Amersham
Biosciences, UK).
3.3.5 DNA sequence analyses
Raw sequence data was analysed using Sequencher 4.6 (Gene Codes, Ann Arbor, MI) (I, III)
and Mega (v 4, 5 and 6 (Tamura et al., 2007, Tamura et al., 2013)) (I, II, IV). For ancient
samples, the alignments of amplicons were checked and overlapping mtDNA fragments were
combined using Sequencer 4.6 (I, III) and Mega (I, II). The consensus sequences of ancient
samples are available in GenBank (accession numbers given in Tables 2 and 3).
Sequences analysed in this study and reference data collected from literature (Section 3.2.2
and Appendixes 1 and 2) were aligned with CLUSTALW (Thompson et al., 1994, Chenna et
al., 2003) (penalties for gap opening, gap extension, gap distances were 10, 0.20 and 5
respectively, Papers I-IV). Primer sites (see Table 1) and alignment gaps (three gaps for sheep
data (III, IV), no gaps in cattle data (I, II, IV) were excluded from the statistical analyses.
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3.4 Statistical methods
3.4.1 Classical genetic diversity estimates
The number of nucleotide differences between sequences in and between populations is the
base for classical genetic population estimates (Watterson, 1975, Kimura, 1983, Nei, 1987,
Tajima, 1989). Classical genetic population diversity estimates (π, S, K, θS, θπ and pdistances) are all derivations of the number of nucleotide differences between sequences in a
population. The number of segregating sites (S, total number of variating nucleotide
positions), nucleotide diversity (π, the average number of nucleotide differences between pairs
of sequences in a population or cohort (Nei, 1987)), number of haplotypes (h, number of
haplotypes), haplotype diversity (Hd, measurement of uniqueness of haplotypes in a
population or cohort,
=
1−∑
, where N is the sample size, and χ is haplotype

frequency (Nei, 1987), were calculated for each population and ancient cohort (Papers I, III
and IV), Tajima’s D (D (Tajima, 1989)), and average number of nucleotide differences (K
(Tajima, 1989)) (I, III). The classical genetic diversity estimates for mtDNA D-loop sequences
were calculated using DnaSP v.5 (Librado and Rozas, 2009). In addition, estimates of the
expected level of diversity, θS and θπ (θ=2Neµ for haploid data) derived from S and π
(Watterson, 1975, Tajima, 1983), were calculated using Arlequin v.3.5 (III). The level of bias
caused by heterochrony in the datasets when pooling samples of different ages was calculated
from nucleotide diversity for cattle (I, IV) and sheep (IV, Section 3.4.2).
The proportion of observed pairwise nucleotide distances (p-distances) summarises the
number of nucleotide differences between two sequences averaged for the number of
nucleotide positions compared (i.e. sequence length in bp). Observed p-distances take
identical sequences (i.e. results of zero distances for identical sequences) into account but
summarizes the number of nucleotide differences between all other non-identical sequences
(i.e. ignores DNA positions where the differences occur, e.g., ignores haplotypes). The
product is a matrix of p-distances between each pair of sequences that can further be averaged
for each pair of populations. The p-distance matrix (for individuals or populations) may then
be visualised by cluster analysis, e.g., by Multidimensional scaling (MDS, Section 4.5),
among others. P-distances can be used to find most similar and dissimilar populations within
a dataset, thereby giving a good overview of the variation within and between a group of
animals, e.g., breeds.
Multidimensional scaling (MDS) between breed mtDNA p-distances were conducted in
order to compare the average genetic distances between ancient cohorts and contemporary
Eurasian breeds and to define whether the genetic distances between ancient cohorts would
correspond to distances found between contemporary breeds. The p-distances were calculated
using Mega 6 (Tamura et al., 2013) with a pairwise deletion of gaps between and within
populations. The multidimensional scaling representation (MDS) for p-distances under the
Euclidean distance model was conducted using SPSS v.22.0.0.0 (IBM corporation) (Figures
13-15, Sections 4.5.1, 4.5.2 and 4.10.1).
The usefulness of classical summary statistics for the comparison between populations and
cohorts depends on the dataset (e.g. resolution, Section 3.1.1) but also species-specific genetic
features of mtDNA. For cattle and other species with relatively short phylogenetic branches
between haplogroups and haplotypes, classical summary statistics provided useable figures
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for the comparison between populations and cohorts (I, see Sections 4.2, 4.5). For sheep and
other species with deep phylogenetic divisions between haplogroups (considerably more
SNPs between than within haplogroups, see Section 4.2, 4.5), values of π, S, K, θS, θπ are
always considerably higher for populations having sequences from more than one haplogroup
(Sections 4.2, 4.5, 4.11). As a result, summary estimates π, S, K, θS, θπ for sheep are heavily
influenced by the number and proportion of haplogroups in each cohort, making populations
less comparable with each other and more prone to the sampling effect (see also Section 4.11).
From the classical population genetic estimates, the number of haplotypes, h, and haplotype
diversity, Hd, are not as propone to deep haplogroup divisions (see Section 4.11). However,
h and Hd do not take into account whether the haplotypes between populations are the same
or different. P-distances contain a bit more phylogenetic information than π, S, K, θS, θπ, h or
Hd, as p-distances take identical sequences (i.e. zero distances between sequences of the same
haplotype, see also Section 3.4.2) into account. The product of p-distances is a matrix instead
of a one summary value, thus needing further visualization and large reference data, but more
suitable for the comparison of populations with deep phylogenetical divisions than π, S, K, θS,
θπ and giving more information than h and Hd alone. The visualisation of p-distances for
cattle and sheep are now provided in Figures 13 and 14, discussed further in Section 4.5.
3.4.2 Heterochrony corrections for cohorts pooling samples of different ages
The classical population genetic tools (genetic diversity estimates, e.g., π, S, Hd, Section
3.4.1) are initially designed for samples of the same age. Genetic diversity estimates may be
overestimated and biased in cohorts combining samples of different ages (Depaulis et al.,
2009). The heterochrony-corrected estimates were calculated for cattle data in Study I
according to Depaulis et al., 2009 (Equation 1).
Heterochrony correction πhµ for nucleotide diversity estimate (Depaulis et al., 2009):

=

Equation [1]

− ̂

,

,

! !"#
$

,

where π0 is the contemporaneous nucleotide diversity estimator, τi- τj is the time lapse
between i and j sequence in generations, ̂ is the mean mutation rate, and n is the number of
sequences.
Inspired by the work of Depaulis et al., 2009, the heterochrony correction was derived again
(IV) in order to expand the equation (equation 1) for populations (or cohorts), where several
individuals from the same haplotype exist (i.e. identical sequences for two or more
individuals) (Equation 2, for detailed model derivation, see SI from IV).
N

∑
Equation [2] π
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∑
= π 0 − Hd µˆ

τi −τ

j

i , j =1 ,i > j

N (N − 1 ) / 2

,

where di,j is the number of differences between sequences i and j, ̂ is the mutation rate (from
four combined MCMC), π0 is the contemporaneous nucleotide diversity estimator, τi-τj is the
time in generations between sequences, N is the number of sequences, fk is the frequency of
haplotype k, and Hd is the haplotype diversity estimate.
3.4.3 Estimating the risk for allele drop out for DNA marker
Allelic drop-out may occur in low template DNA samples (e.g. with ancient and Forensic
samples) in genetic analyses of nuclear DNA (Hahn et al., 1998). Allelic drop-out may lead
to false diagnostic of a genetic marker, if the other one of the real alleles is not recorded in
conducted genetic analyses (Hahn et al., 1998). A method to estimate the risk of wrong
diagnosing is essential.
The probabilities of correct diagnosing and estimation of the allele drop-out risk was
calculated at two phases, prior and after the genetic analyses were conducted (see the full
model derivation in SI from Study II). The prior genetic analyses model (Equation 3) helps to
design the research and estimate the time, materials and costs needed to conduct the analyses
with a sufficient level of certainty for correct diagnosing. The after model (Equation 4)
estimates the risk of allelic drop-out from results gained from genetic analyses. Prior and after
models enable on-time recording of progress in genetic analyses individually for each sample,
suspending further analyses after a satisfying level of certainty is reached.
The models presented here are tailored for one nuclear marker (MC1R), that was the
nuclear DNA marker studied in II, but the models can be tailored to any diploid genetic marker
and expanded for several DNA markers. The prior model (Equation 3) gives the prior
probability of erroneous genotyping for any sample before genetic analyses. If no prior
information of the data is available, the probability of false genotyping (E-locus of MC1R
gene) in repeated experiments is:
Prior model, Equation [3]
% &'()* +* ,-./ + = % 0112 3 /2 5 ∪ % 0112 5 /0 ∪ % 0112 3 /0
= % 0112 3 /2 5 + % 0112 5 /0 + % 0112 3 /0
= % 2 3 /2 5 × % 011296 # + % 2 5 /0 × % 011310 $ + % 2 3 /0
× [% 011296 # + % 011310 $ − % 011296 # × % 011310 $ ]
C

= @ × AB@D
BFD

$

#

#

+ B@D E + @ × ABFD

C

− AB@D

#

#

+ B@D E × ABFD

$

$

$

C

+ BFD E + @ × GB@D
$

+ BFD EH

#

+ B@ D

#

+ BFD

$

+

where % refers to probability and % 011 to probability of allelic drop-out for heterozygote
genotypes (ED/E+, E+/e and ED/e) and diagnostic sites (296 and 310), I ≥ 1, I ≥ 1, I and
I are the number of repetitions for two diagnostic positions (296 and 310), respectively, and
probabilities for erroneous typing in sites 296 (T or C) and 310 (G or deletion, see Table 5)
are:

57

% 011296

% 011310

#
$

= % K/K ∪ L/L

= % M ∪ 0N

$

#

= % K/K

=% M

#

+%

$

+ % L/L

0N

$

#

= BFD

C

= B@D

$

+B D
F

#

+ B@D

$

#

,

,

% 011296 → 0 , and % 011310 → 0, when I → ∞ and I → ∞.

After a number of repeated experiments (n1 ≥ 1 and n2 ≥ 1) the probability of false diagnosing
due to allelic drop-out for the detected genotypes (6 genotypes; 3 heterozygotes and 3
homozygotes for the three-allele system of MC1R gene, see Table 5) are:
After model, Equation [4] for each recorded genotype is:
for recorded genotype ED/e, [equation 4.1]
% QRNS0 2 3 /0 = 0 (variation in both diagnostic positions, 296 and 310, detected, no
further combinations exist),
for recorded genotype E+/e, [equation 4.2]
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#

for recorded genotype ED/E+, [equation 4.3]
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for recorded genotype ED/ED, [equation 4.4]
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for recorded genotype e/e, [equation 4.5]
% QRNS0 0/0 = % 2 5 /0 × % QRNS0310T * V*( V*-*W-*V $ + % 2 3 /0
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and for genotype E+/E+, [equation 4.6]
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Table 5 Genotypes and their nucleotide combinations in sites 296 and 310 referred to in equations 3-4 above.
The probabilities of each genotype (Probability) and the false genotypes in the case of allelic drop-out (in one or
both sites 296 and 310, Possible error). Probabilities are same as the Hardy-Weinberg proportions for the three
allele model.

Genotype
e/e
E+/E+
ED/ED
E+/e
ED/E+
ED/e

Site 296
T/T
T/T
C/C
T/T
C/T
C/T

Site 310
del/del
G/G
G/G
G/del
G/G
G/del

Probability
1/9
1/9
1/9
2/9
2/9
2/9

Possible error
no effect
no effect
no effect
E+/E+, ED/e, or e/e
ED/ED , E+/E+ or ED/e
All possible genotype combinations

Heterozygotes E+/e, ED/E+ and ED/e also refer to their complements e/E+, E+/ED and e/ED, respectively.

3.4.4 DNA substitution models
The most appropriate model of DNA substitution for Maximum Likelihood (ML) tree of cattle
and sheep mtDNA data was selected among 88 candidate models using jModeltest v.2.1
(Posada, 2008) according to the Akaike Information Criterion (AIC), (I, III), corrected AIC(c)
(I) and the Bayesian Information Criterion (BIC) (I, IV). The models best fit for sheep was
the Hasegawa-Kishino-Yano model (HKY, Hasegawa et al., 1985) with invariant sites
(HKY+I) (III, IV), and for cattle, the same model with the gamma shape (HKY+I+G) (for
combined data of D-loop and ND5, 667 bp, I) (HKY+G) (for 486 bp of D-loop data, IV).
Further, HKY+G and HKY+I nucleotide substitution models were used in the reconstruction
of effective cattle and sheep populations (IV, Section 3.8.1).
3.4.5 Phylogenetic trees and networks
The Maximum Likelihood analysis (ML) using the best fit substitution models (Modeltest
v.2.1, Section 3.4.4) with 1000 replicates were conducted with PhyML v.3.0 (Guindon and
Gascuel, 2003) in Studies I and III. The ML tree topologies were confirmed with NeighborJoining (NJ) trees with 1000 bootstrap replications using MEGA v.5 (Tamura et al., 2007) in
Study III and with four independent Bayesian Markov Chain Monte Carlo (MCMC) with three
million generations in each using MrBayes v.3.2 (Ronquist et al., 2012) in Study II. MCMC
run for 90 million iterations using BEAST v.1.7.5 (Drummond et al., 2012) produced 135000
phylogenetic trees, further used in temporal reconstruction with the Extended Bayesian
Skyline model (Section 3.8.1) and analysed with the Maximum clade credibility tree using
TreeAnnotator v.1.7.5 (Drummond et al., 2012) to provide date estimates for the clade
divisions. All phylogenetic methods described above produced highly similar tree topologies,
with main clade divisions strongly supported in all statistical phylogenetic approaches (I-IV).
Based on the Maximum clade credibility (MCC) tree, the estimated date of the most recent
common ancestral type of cattle mtDNA macro-haplogroup T1’2’3 dates to 11.3 thousand
years ago (ky) and T1, T2, T3 and T3b – to 10.5, 6.6, 7.5 and 7.3 ky, respectively (resolution
of 523 bp of cattle mtDNA D-loop, Section 3.1.1). Date estimates for major haplogroup
divisions are dependent on the dataset and resolution of mtDNA and, therefore, are a bit
younger here than detected in the complete D-loop (912 bp) and whole mtDNA (16 338 bp
(Achilli et al., 2008, Achilli et al., 2009)). None the less, taking into account the differences
in resolutions, the estimates for 523 bp are relatively well in line with haplogroup divisions
detected from the whole D-loop (912 bp) and whole mtDNA (16 338 bp), where T1’2’3, T1,
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T2 and T3 date to 12.0, 9.4, 10.5 and 11.3 ky (Achilli et al., 2008). For cattle, for the UTY19
sequence (110 bp), the estimated division of Y1/Y2 date to 8.0 ky and for MC1R (68-69 bp),
alleles recessive red e and dominant black ED division from wild type E+ dates to 9.6 ky and
4.3 ky, respectively. For sheep, mtDNA D-loop (523 bp), the estimated division between A
and B haplogroup dates to 11.6 ky and the division of the Y-chromosomal oY1 (86 bp)
haplotypes A-oY1 and G-oY1 – to 6.1 ky.
The Reduced Median-joining Networks (RMN) were conducted using NETWORK 4.6.0.0
(Bandelt et al., 1999) (in I and III), and the distribution of haplotypes into temporal cohorts
were given as pie slices (for Study I). For an alternative visualization of mtDNA lineages
trough time in the NEBSR, networks of ancient and contemporary cattle and sheep data
(Figures 11 and 12, Tables 2 and 3, Appendix 1 and 2) were conducted in R 2.10.1 using ape
and pages libraries from Cran and R-script TempNet (Prost and Anderson 2011, available at
http://www.stanford.edu/group/hadlylab/tempnet/#Cmd). Due to limits in resolution of
modern cattle (Section 3.1.1), mtDNA visualization was conducted separately for two
alternative datasets: 245 bp including 45 ancient and 49 contemporary samples from five
NEBSR native cattle breeds and 486 bp including the same 45 ancient but only 7
contemporary Eastern Finncattle samples (Figure 11, Section 4.2). The mtDNA haplogroups
were defined by including known reference sequences (Hiendleder et al., 1998, Achilli et al.,
2008, Achilli et al., 2009) to the phylogenetic analyses (I, III). For cattle, the further division
into the known sub-haplogroups was defined using the diagnosing map of mtDNA main and
sub-haplogroups provided by Achilli et al., 2009.

3.5 Mutation rate
To calculate the mutation rate of mtDNA D-loop data, Markov Chain Monte Carlo (MCMC)
was conducted separately for cattle and sheep D-loop datasets in BEAST 1.7.5 (Drummond
et al., 2012) under the best fit nucleotide substitution model (HKY+G and HKY+I for cattle
and sheep, Section 3.4.4), a strict molecular clock model and using radiocarbon dates or the
mean of the context date (Tables 2-4) as tip calibration points. MCMC chains were then run
for 90 million with parameters written to file every 500 cycles. The first 25% were discarded
as a burn in. The MCMC Trace Analysis Tool Tracer version 1.5 (Tracer 1.5, Rambaut and
Drummond 2003-2009, available on http://beast.bio.ed.ec.uk) was used to evaluate
convergence and mixing, calculate the Effective Sample Sizes (ESS values) and combine four
independent MCMCs for cattle and sheep mtDNA D-loop data. The mean mutation rates from
four MCMCs were 8.23×10-7 (95% Highest Posterior Density (HPD) intervals 7.94×10-9 2.27×10-6) and 1.59×10-6 (95% HPD 3.69×10-7 - 2.80×10-6) for cattle and sheep, respectively.
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3.6 Estimations for effective population sizes
The estimates for effective population sizes were calculated based on two genetic approaches
(Sections 3.6.1 and 3.8.1) and one statistical approach (Section 3.6.2). The first approach
(Section 3.6.1) estimates the effective sizes for each temporal cohort from the mtDNA
nucleotide diversity Neπ (Equation 5). The statistical approach (Section 3.6.2) uses statistics
collected from the modern period for cattle to calculate Nes (Equation 6). The third method to
estimate effective sizes, the Bayesian Skyline reconstruction, uses phylogenetic relationships
and multiple loci, simultaneously providing a temporal reconstruction of population
demographic history, will be presented later (in Section 3.8.1).
Estimates of effective population sizes vary greatly in literature, depending on the dataset
and method used. The topic is complex, as each approach has different underlying
assumptions, resolution and in some cases different types of data (genetic or statistic data);
they all give slightly different figures. For example, the effective size for contemporary
Finnsheep varies from 119 to 122 (as calculated from pedigree information (Li et al., 2009))
to 795 (as calculated from a genome-wide analysis (Kijas et al., 2012). For comparison, the
Finnsheep effective size as calculated from mtDNA in Study IV ranged from 383 to 802, using
Equation 5 and the generation length 2 and 4 and from 209 to 1400 using the Bayesian
approach (HPD 50 %) (IV). The Ne estimates calculated here were used to explore temporal
trends that may be detectable from a variety of approaches despite methodological differences
causing quantitative differences in values of present-day Ne estimates. If several approaches
show similar results, they can be used to validate the figures obtained and trends.
3.6.1 Ne from nucleotide diversity (Neπ)
A rough estimate of effective population sizes can be made using nucleotide diversity
calculated for a group of sequences (Equation 5). When population θ is estimated based on
nucleotide diversity estimate π, the effective population size Ne (here called Neπ, where π
stands for “as estimated from π”) ] = 2^0μ (Tajima, 1996), resulting in:
Equation [5]

^*` =

`

,

where π is either contemporaneous or heterochrony corrected nucleotide diversity π (Nei,
1987) for contemporary samples or πhµ H (Equation 2, Section 3.4.2) for cohorts containing
ancient samples; µ is the mutation rate in one generation.
The mutation rate µ was calculated in Study IV from four combined MCMC using BEAST
(Drummond et al., 2012) (Section 3.5). As the mutation rate (in Equation 5) is dependent on
given generation lengths, a range of generation lengths was used (IV, mean generation length
of 3 and 6 years for sheep and cattle, ±1 year). The results for ancient and modern cohorts are
given in Appendix Table A2 of study IV and discussed in Section 4.1.

61

3.6.2 Population Growth Models and Ne as estimated from Statistics (Nes)
The statistics for the total number of cattle and sheep in Finland were collected first in 1571
(silver tax (Nummela, 2003)) and with increasing frequency and details since 1805 (OSF and
historical inventories (Soininen, 1974, Rasila et al., 2003, Markkola, 2004, Peltonen, 2004)).
In order to provide a general view of Finnish cattle breeds over the modern periods (1800 –
present, Figure 6), population growth models were applied on existing statistics in order to
estimate missing values and fill the observation gaps in OSF statistics (years before 1972) by
breed. The exponential models to estimate breed divisions for years 1805-1971 (Figure 6)
were fitted separately for Ayrshire, Friesian and Finncattle cows based on the total number of
cows by breed in 1972-1998 AD (OSF, lower left panel in Figure 6). For Ayrshire, the
exponential model was used between the years 1847, when the first Ayrshires were imported
(Rasila et al., 2003), and 1972-1974, when the first recorded number of Ayrshire cows is
available (OSF, Figure 6). For Ayrshire, a starting population of 50 individuals in 1847 was
used, but the exponential model curve is highly similar (R2=0.9999) in anywhere between 10300 starting individuals. For Friesian, the increasing exponential curve (best fit for years 19721980, R2=0.9893) detected was extended for years before 1972 (Figure 6). The exponential
model estimated the Friesian population size of 48-1053 for years 1955-1965, that agrees well
with the introduction of Friesian to Finland in around 1950-1960 (Hiemstra et al., 2010). The
exponential trend detected for Finncattle was decreasing (i.e. increasing to infinity backward
through time). The upper boundary for the Finncattle model was set to the total amount of
OSF recorded cows. The exponential curve (best fit for years 1972-1982, R2=0.9807)
decreased for years before 1972 and then followed the upper limit of the total amount of OSF
recorded cows (years 1860-1971, Figure 6). All in all, the exponential population growth
models for Ayrshire, Friesian and Finncattle agreed very well with each other, with the total
number of cows from recorded statistics (OSF) and with known breed histories in Finland
(Section 1.4.2). The total number and breed divisions of cows in Finland used in estimations
(Figure 6) are from OSF (1980-2013), as reported by Rasila et al., 2003, Markkola, 2004,
Peltonen, 2004, and yearbooks of Farm Statistics 1983, 1999 and 2014) and historical
inventories (1805-1879, Soininen 1974). For the years 1998-2013, the statistics were collected
and the proportion of Finncattle was estimated based on farms participating in milk recording
(OSF, years 1995-2013 AD, lower left panel in Figure 6).
The effective population sizes can be estimated from the information about the number of
breeding animals using the classical population genetics theory (Wright, 1931) as follows:
Equation [6]

C a b
,
a5 b

where ^c , ^& are the number of breeding males and females, respectively.
^c and ^& were calculated from statistics for years when available. For cattle, the number
of adult males and females was available for some years from 1855 and yearly in 1877-1907
and 1940-2013 (OSF and from historical inventories). The adult males in the Finnish cattle
population have been in the minority in the modern period (1855-2013 AD, Nyears = 109, mean
proportion of adult males = 0.0597 ± 0.0003, σ2 = 0.0014). A small proportion of adult males
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(ca. 6 % from the total population) is expected, as only a minority of males are kept for
breeding purposes. All adult males recorded in statistics were considered breeding animals.
Dairy cows reproduce yearly for milk production, but a majority of calves produced will not
be breeding animals. Cows having at least one calf raised to adulthood (over 2-year age) were
considered a breeding animal. In order to estimate the number of breeding cows for each year,
the number of heifers was used to estimate the number of cows succeeding in producing one
nearly adult female. The number of heifers was available from statistics for years 1945-2013
AD. The proportion of heifers from young cattle under the age of 2 years was around 30 %
(for years 1945-2013 AD, Nyears =69, mean = 0.2969 ± 0.0008, σ2 = 0.003).
For earlier years of the modern period, the missing values in the statistics were estimated
based on available records. The sum of young cattle under 2 years (i.e. the sum of calves,
heifers and young bulls) is available for years 1855-1907 AD. Assuming a steady age structure
for adolescent cattle in the modern period, the proportion of heifers (0.2969 as above) was
used to estimate the number of heifers from young cattle for the years 1855-1907 AD. Finally,
the estimate was contrasted with the proportion of Finncattle cows with all cows (Figure 6).
The final form of Equation 6 was derived to estimate the effective Finncattle size and match
the statistics available for this study as follows:
Equation [7]

^*) =

where ^c , ^ , ^W , and ^&
Finncattle cows, respectively.

W

C a d b !e
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,

are the number of breeding males, heifers, all cows and

The accuracy of the Nes estimate is better for recent years, where statistics for the number
of bulls, cows, heifers, calves and breeds are available (from OSF for years 1945-2013 and
for breed divisions of cows 1972-2013). There is a gap in the statistics for the years 19081939 AD, when the figures needed to calculate Nes are not available. Moreover, the
reproduction success between individuals and the rate of natural loss of heifers before
reproduction are not known, thus, not considered. Due to limitations in the available statistics,
Nes in the early modern times (1800-1945 AD) is somewhat higher than it would be with
complete statistics. Nonetheless, the temporal coverage of statistics from OSF and historical
records usable for Equation 7 is over 200 years, which is relatively long compared to, e.g.,
pedigee records available for some tens of years (e.g. 20 years since 1989 (Li et al., 2009)).
The most valuable information from Nes is the temporal trend that can be calculated with
Equation 7 and compared to effective sizes calculated based on genetic data with two other
approaches (Neπ and NeB, Sections 3.6.1 and 3.8.1).
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3.7 Geographical analyses
For geographical analyses, large reference data of contemporary cattle and sheep were
collected from public databases covering western Eurasia (Appendix 1 and 2, Section 3.2.2).
Ancient NEBSR mtDNA, Y-chromosomal and MC1R markers were compared against this
reference data in order to reveal the geographical origin of ancient and modern NEBSR cattle
and sheep (Section 4.12). New approaches for more effective utilisation of aDNA in
geographical analyses were also developed (Section 3.7.2).
For contemporary data, geographical and temporal analyses are conducted practically in
the same analysis, when phylogenetically old divisions of mtDNA haplogroups and Ychromosomal markers are drawn on the map to explore the domestication and expansion
routes that happened 10000 – 4000 years ago (Sections 1.2, 3.7.1, 4.12). Phylogenetic
divisions are frequently used for geographical analyses, because it is the only dating method
that can be provided for datasets containing only contemporary samples. Ancient data,
however, provides temporal checkpoints for the geographical fluctuation of genetic markers,
possibly having a significant effect on the geographical analysis (Sections 3.7.1, 3.7.2). More
details can be found in combined ancient and modern data through proper statistical analyses
(Sections 3.7.1, 3.7.2, 3.8).
3.7.1 Limits in mtDNA haplogroup frequency approaches in respect of time
and space
Geographical comparisons between mtDNA haplogroups focus on phylogenetically very old
divisions (Sections 1.5.3.1, 3.4.5). Therefore, it is limited in respect of geographical and
temporal changes it can reveal. Haplogroup frequencies can be used to explore the expansion
of domestic animals, e.g., from the Near East across Europe (Section 1.5.3.1). It is also a
convenient way to combine datasets of different resolutions, as major haplogroup divisions
can usually be detected from a variety of mtDNA sequence lengths (e.g. Lv et al., 2015), but
see also the effect of resolution on haplogroup diagnoses, e.g., T3 and T3b in Section 4.2 and
Figure 16). However, divisions by haplogroups may work poorly for more recent and locallevel data. Zooming into a small geographical region (e.g. NEBSR for the past 2000 years)
may not work properly, when the resolution of the method is limited at the continental level,
and phylogenetic divisions are older than domestication (domestication ca. 10000 years ago
vs. major haplogroup divisions ca. 10000 - 16000 and 310000 - 800000 years ago for cattle
and sheep, respectively (Achilli et al., 2008, Lv et al., 2015).
The NEBSR cattle and sheep populations likely originate from lager European parental
populations, where typical European haplogroup distribution was already formed before cattle
and sheep reached NEBSR (Bollongino et al., 2006, Demirci et al., 2013 see Sections 1.2,
1.5.3.1 and 4.12). Therefore, it makes sense that haplogroups and their frequencies detected
in the NEBSR for the past 2000 years (I,III, Rannamäe et al., 2016a, Rannamäe et al., 2016b)
are similar to those in Europe since the Neolithic period (Bollongino et al., 2006, Demirci et
al., 2013). Haplogroup frequencies in the NEBSR can be used to confirm or challenge patterns
detected in a wider context (e.g. at a whole continental level, Section 1.2), but they may have
very little to tell about more recent temporal changes within the NEBSR. Unless some of the
expected haplogroups are missing or unexpectedly appearing (e.g. T1 and Q in Finnish ancient
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cattle, I and Section 4.3), the haplogroup method is too rough to detect temporal changes
within the NEBSR (the analytical problem resolved for cattle in Study I, Section 3.7.2 and
another solutions for cattle and sheep in Paper IV, Section 3.8.1).
3.7.2 Improved frequency-based approach for geographical analyses
The geographical coverage of ancient studies is sparse. Contemporary samples however are
intensively researched, and wide reference data collections are publicly available (Appendix
1 and 2). Grouping contemporary data using the information gained from aDNA analyses
enables focusing on prehistorical and historical geographical movements. Focusing on the
time scale of the ancient samples may suit the study question about the origin of certain
populations better than the phylogenetically very old divisions of haplogroups dating before
domestication.
The new approach for geographical analyses of grouping contemporary European mtDNA
haplotypes into three groups based on their frequency in ancient data was conducted first in
Study I. The three groups formed were: 1. the most common haplotype present in ancient and
modern cattle that is the phylogenetically oldest central T3 haplotype, 2. other haplotypes
found in ancient data and 3. modern haplotypes not found in ancient data (I). A statistical
analysis (χ2 -test, as implemented in SPSS v11.5.0) was included to test for differences in
haplotype frequencies between geographical regions (I). Geographical visualization was
conducted based on ancient haplotypes instead of haplogroups (I). With this approach, the
geographical fluctuation of haplotypes known as old types in the NEBSR could be followed,
giving more detailed results compared to haplogroup frequencies (Section 4.12). The same
approach was conducted for NEBSR sheep by the author and published together with Estonian
ancient sheep data (in resolution of 213 bp), where it revealed the same significant increasing
geographical pattern of ancient haplotypes from the Near East to the NEBSR and other
northern regions (Rannamäe et al., 2016a). This north-south and west-east genetic gradient
over Europe is also well-known from geographical analyses of mtDNA haplogroups and other
genetic markers (Sections 1.2, 1.5.5, 4.12).
The final geographical analysis for sheep was conducted for this thesis (presented in Figure
16, Section 4.12). Geographical analysis was taken further by the usage of whole designed
mtDNA resolution of 523 bp (Section 3.1) and applying the three groupings (central, other
ancient and modern haplotypes) separately for A and B haplogroups. Although only A and B
haplogroups are present in NEBSR sheep, geographical distribution for the remaining
haplogroups C, D, E and X found in the Near East and South Europe are also interesting and
given in Figure 16, Section 4.12. The geographical coverage in the map presentation (Figure
16) was completed by the inclusion of Eastern European regions for the common resolution
of 284 bp. Finally, in order to ease the comparisons between contemporary and ancient
datasets, the proportion of the same groupings for four ancient cohorts and four contemporary
NEBSR sheep breeds is given (based on 523 bp, right side of the map in Figure 16, Section
4.12).
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3.8 Temporal fluctuation
Temporal fluctuation was approached by several analyses (I-IV), all with a different resolution
depending on datasets and selected methods but also on the species themselves (see also
Section 3.1.1). The statistical methods for the temporal analyses were constantly under
development throughout the thesis work in order to focus on meeting the features of the data,
i.e., to study the temporal fluctuation within the past ca. 1000 - 3500 years in the restricted
geographical region of the NEBSR (I-IV). The final combination of datasets and results are
provided here (Sections 4.2, 4.5 - 4.12). Study III applied statistical methods designed for
contemporary data. Soon it was observed that in order to explore temporal fluctuation within
the time span of the data in the restricted geographical region of the NEBSR, statistical
analyses must have been redesigned (I, II and IV, Sections 3.7.1, 3.8.1).
In Paper III, temporal fluctuation was analysed based on mtDNA nucleotide diversity
estimates (Section 3.4.1) and their extensions (θπ-θS) and visually compared to European Ychromosomal haplogroup frequencies (III) that were, as later shown, not very informative in
detecting temporal trends within the timeframe of the data (timeframe in Paper III – ca. 1000
years vs. haplogroup divisions over 310000 years, Sections 3.7.1, 4.1, 4.11). The study on
cattle (I) took a new approach for the temporal analysis of mtDNA haplotypes by grouping
mtDNA haplotypes into two groups formed according to the frequency of haplotypes: 1. the
most common haplotype present in ancient and modern cattle that was the phylogenetically
oldest central T3 haplotype and 2. other haplotypes (I). By forming the compared groups by
haplotype frequencies instead of haplogroups, the method matched the temporal coverage of
the data better (Section 3.1.1). A statistical analysis (χ2 -test as implemented in SPSS v11.5.0)
was included to test for differences in haplotype frequencies between temporal cohorts (I).
Visualization was conducted based on haplotypes instead of haplogroups to match a similar
approach of geographical analyses (I, Section 3.7.2). In Study II, cattle mtDNA and Ychromosomal haplotype frequencies were compared in parallel with the MC1R allele
frequencies between temporal cohorts (χ2 -test in SPSS).
The same approach of grouping temporal cohorts based on mtDNA haplotype frequencies
(most common haplotype in B haplogroup vs. other haplotypes) was conducted for NEBSR
sheep, the paper was published later, together with ancient Estonian sheep (Rannamäe et al.,
2016a). However, for temporal analyses of sheep data, the method struggled from a high
diversity in the D-loop region, revealing another problem in temporal analyses related to
special genetic features of species. Most analytical problems were caused by the high
proportion of unique and low-frequency haplotypes, typical and frequent for sheep breeds
globally. For example, for European sheep breeds, 365 out of 511 (71.4 %) haplotypes are
detected only once for one single individual and a further 7.2 % – only within one breed,
leaving only 21.3 % of haplotypes shared between two or more breeds (contemporary data in
523 bp resolution, Appendix 2). The haplotype frequency based analysis could not reveal
temporal fluctuation for NEBSR sheep (Rannamäe et al., 2016a), although visually detectable
(Figure 12, Section 4.2) and working for fewer variable NEBSR cattle (I).
Ancient and modern NEBSR sheep data was reanalysed for temporal fluctuation with more
powerful Bayesian statistical methods in Study IV along with NEBSR cattle and recorded
farm statistics (OSF, historical inventories) and placed in the context of known events in the
history of the NEBSR (IV, Section 3.8.1).

66

Materials and Methods: Geographical and temporal analyses
3.8.1 Reconstruction of Ne trough time using Bayesian Skyline modelling (NeB)
The Bayesian Skyline analyses for ancient and modern cattle and sheep data were conducted
in order to provide more powerful analyses to explore the temporal fluctuation in the NEBSR,
to follow the changes in effective population sizes NeB, compare it to other temporal trends of
other effective population estimates (Nes and Neπ, Sections 3.6.1, 3.6.2) and, further, to
reconstruct the past population dynamics for long temporal coverage (up to 3500 years) to be
combined and compared to known events in human history in the NEBSR (IV).
The Bayesian Skyline Plot (BSP) model for heterochronous data provides a method to
estimate past population dynamics, considering the phylogeny of the sequences and the age
of the samples simultaneously (Drummond et al., 2005). The BSP estimates effective
population size directly from a set of aligned sequences under any specified nucleotide
substitution model (Drummond et al., 2005). The BSP model is based on the generalized
skyline plot (GSP (Strimmer and Pybus, 2001)) allowing grouped coalescent intervals and
thus smoother estimates of effective sizes. By defining two intervals, one associated to
coalescent events and another for the age of samples (sample tips) (Drummond et al., 2005),
the BSP model for heterochronous data (Drummond et al., 2005) was extended from the GSP
model (Strimmer and Pybus, 2001). The BSP model uses standard Markov chain Monte Carlo
(MCMC) to generate a posterior distribution from where the effective population sizes (θi),
the number of coalescent events (ai), the substitution model parameters
[transition/transversion ratio (κi), the gamma shape parameter (αi), the proportion of invariant
sites (Pinv)], the genealogy (gi) and the mutation rate (µ i) in each grouped interval are sampled
(Drummond et al., 2005). From the parameters above, BSP uses the genealogy and vectors of
demographic parameters (θ, A, g) to calculate θ(ti) as a piecewise function of time (t) with i
distinct levels of grouped adjacent coalescent intervals (measured at the end point of each
interval, in a backward direction through time) (Drummond et al., 2005). From these marginal
posterior distributions (selected parts of the posterior distribution at t times), the BSP method
calculates mean and median estimates for effective sizes through time with the credibility
intervals (95 % highest posterior density, HPD) representing both phylogenetic and coalescent
uncertainty.
The BSP model was extended for multiple loci, Extended Bayesian Skyline plot (EBSP)
by Heled and Drummond, 2008. EBSP allows for the analysis of any number of loci, as long
as they are independent with an appropriate distance to prevent recombination between loci
(unlinked loci, e.g., located at different chromosomes) (Heled and Drummond, 2008). As
additional improvements to BSP, the EBSP uses Bayesian stochastic variable selection
(BSVS) to estimate the number of population steps i and uses the piecewise linear
demographic function instead of the piecewise constant function better suited for real life
population dynamics that tend to be continuous (Heled and Drummond, 2008). EBSP and BSP
are written into the BEAST software package (v. 1.7.5 (Drummond et al., 2012) through
which the BSP and EBSP models were conducted for cattle and sheep data in Study IV.
The NEBSR cattle mtDNA and Y-chromosomal UTY19 (Study I) and MC1R (study II)
markers were combined and reanalysed with the EBSP model (Heled and Drummond, 2008)
conducted using BEAST 1.7.5 (Drummond et al., 2012) in Study IV. The Estonian sheep data
published later by Rannamäe et al., 2016a, Rannamäe et al., 2016b relied on the design
conducted by the author (III, Table 1). Finnish sheep data (III) and Estonian sheep data
(Rannamäe et al., 2016a, Rannamäe et al., 2016b) were combined and reanalysed with BSP
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and EBSP in Study IV. The MCMC was run for 90 million iterations for cattle and sheep
under the best fit nucleotide substitution models (Section 3.4.4) and unlinked strict molecular
clock models with the sample written to file in every 900 cycles and the first 25 % being
discarded as a burn in (for more detailed information, see IV). The figures were drawn using
the ggplot2 v.2.1.0 (Wickham, 2009) package through R v.3.3.1 (R Core Team, 2016).
The output plot of the EBSP model was improved in IV by calculating additional credibility
intervals of 50, 75 and 90 % HPD from the marginal posterior distribution of EBSP generated
by BEST 1.7.5 (Drummond et al., 2012) using R v.3.3.1 (R Core Team, 2016). The median,
mean and 95 % HPD were provided by the BEAST1.7.5 software. The figures were drawn
using the ggplot2 v.2.1.0 (Wickham, 2009) package through R v.3.3.1 (R Core Team, 2016).
The EBSP model suited the data in this study well due to the following reasons:
1) In order to gain more accurate estimates for effective sizes through time with narrower
credible intervals (HPD), it is more profitable to increase the number of independent loci
sampled from the same population instead of increasing the number of sampled individuals
for one locus (Heled and Drummond, 2008). That is because the additional coalescent
events gained from a larger sample for one locus occur inside a small stretch of time giving
a limited amount of new information (Heled and Drummond, 2008). Instead, including
another independent locus sampled from the same population will lead to far better results,
as independent loci share the same demographic history (Heled and Drummond, 2008).
The markers used in this study fulfil the EBSP assumptions of independence and origin;
all used markers for cattle and sheep (D-loop, UTY19, MC1R and D-loop, SRY,
respectively) are located in different chromosomes (mtDNA, Y-chromosome and Bos
chromosome 18), confirming the assumption of distant loci with no recombination between
markers sampled from the same NEBSR populations.
2) The analytical problems caused by the high diversity for sheep D-loop (Section 3.8) are
less of a problem for the EBSP model. The demographic EBSP analysis suits the data here
particularly well, because the EBSP model combines the age of each sample to the total
phylogenetic information gained from all sequences in the data. In other words, EBSP
needs no prior grouping of samples based on phylogeny (e.g. haplogroups, Section 3.7.1
or frequencies of most frequent central haplotype, Section 3.7.2) or grouping conducted by
the age of the samples (e.g. periodical groupings: Bronze, Iron, Medieval etc.), that caused
analysis problems in other approaches from the same data, particularly for sheep (Sections
3.7.1, 3.7.2, 7,1 and 4.11). No prior assumptions for the dispersal history of haplotypes or
haplogroups (see Section 1.2) are needed; the EBSP model includes ancient samples at the
time they appear in the data (see Point 3, below). In addition, EBSP combines the
information of several loci into one analysis and provides a smoothened estimate through
time in calendar years, enabling the comparison of historical events of known dates to the
reconstruction of temporal fluctuation (Study IV).
3) Samples in this study are relatively recent compared to phylogenetic divisions of mtDNA
and Y-chromosomal haplogroups and three MC1R alleles (Section 3.7.1). Therefore, the
division of haplogroups and MC1R alleles should clearly predate sample ages. The EBSP
model produces good phylogenetic trees that place the haplogroup divisions and MC1R
gene allele divisions clearly before the oldest samples in the NEBSR dataset (by 3000-9400
years, IV, Sections 3.4.5 and 4.10.2), thus, acceptably repeating the order of major
phylogenetic divisions and sample ages.
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3.9 Authenticity of aDNA: The case of the Nakkila cattle tooth
Working with aDNA is not straightforward. A good example of the unpredictability of aDNA
work is the case of the Nakkila cattle tooth. This case study provides an excellent example of
the strength of repeated aDNA analyses and statistical methods following the guidelines of
aDNA work (Cooper and Poinar, 2000, Gilbert et al., 2005) to detect any oddities and errors,
but on the other hand, it also shows how difficult it is to get around extraneous DNA when it
is already present in the sample.
The Nakkila cattle tooth (Figure 9) dating back to
the Early Bronze Age (3086 ± 30 BP, 1430-1270 calBC
(Bläuer and Kantanen, 2013)) is the oldest unburnt
cattle sample found in Finland to date. It was initially
found during archaeological excavations of a Bronze
Age monumental cairn in Selkäkangas in Viikkala,
Nakkila, western Finland (Blauer et al., 2013) in 19781981. Two features made the Nakkila cattle tooth more
challenging initially than any other ancient sample
analysed for aDNA (I-III). Firstly, the Nakkila cattle
tooth is approximately 2400 and 600 years older than
the oldest Finnish and Estonian cattle samples
(BtHame1, 985±30 BP, 990-1155 calAD, Table 4 and
BtRid1, 800-700 BC, Table 2) successfully analysed for
Figure 9
Nakkila cattle tooth.
aDNA (II). Secondly, it was known beforehand that the
Photo by M. Niemi.
Nakkila cattle tooth had been handled by numerous
people: archaeologists, researchers and students, during
the 35 years after the initial discovery.
Two bone powder samples were drilled from the tooth root, the first one from ca. 1-3 mm
and second ca. 10 mm. After the first PCR products showed a positive band on electrophoresis,
negative controls were clear, and sequencings resulted in readable sequences, the initial results
seemed promising.
One of the authenticity criteria of ancient DNA work is reasonable molecular behaviour
(Cooper and Poinar, 2000). The sequences from ancient specimens should make good
phylogenetic sense (Cooper and Poinar, 2000). Phylogenetic analyses based on 486 bp from
the first extraction of the Nakkila cattle tooth did not make any sense with 20 SNPs separating
Nakkila cattle from other domestic cattle (Bos taurus) and close relatives like the Zebu (Bos
indicus) and the wild ox (Bos primigenius). All of the 20 SNPs causing distance in phylogeny
were within 219 bp of fragment 2 (Figure 10). The mystery was resolved with nucleotide
BLAST searches (https://blast.ncbi.nlm.nih.gov), showing a 100% match to cattle mtDNA Dloop region for fragments 1 and 3, but fragment 2 showed a 100 % match to the domestic pig
(Sus scrofa) mtDNA D-loop. The second bone powder sample was drilled as deep inside the
tooth root as possible, with the hope that the contamination had not reached the centre of the
tooth root. From the second extraction of the Nakkila cattle tooth, the cattle mtDNA D-loop
sequence was retrieved for the first time for fragment 2 (Figure 10). However, the repetition
PCR for fragment 2 again showed pig sequence identical to the one detected in the first DNA
extraction, indicating absorption of pig DNA deep inside the tooth (Figure 10). All extraction
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controls of sterile water (tested 25 times in PCR) and PCR controls (14 times) were clear.
Other ancient samples extracted simultaneously with the Nakkila cattle tooth (1 sheep and 5
cattle samples) contained retrievable mtDNA confirmed by two and three independent aDNA
laboratories, respectively (I, III). No pig DNA was detected in 1117 PCRs (270 PCRs for
fragment 2) from the 77 ancient cattle samples analysed in three participating aDNA
laboratories (I). Thus, the second extraction from the Nakkila tooth and all efforts made with
other ancient samples in three independent laboratories confirmed together that the pig
contamination present in the Nakkila cattle tooth occurred before the tooth entered the aDNA
laboratory, but further than that, the origin of contamination was impossible to track down.
site

Frag. Ext. PCR

Ref. B.taurus
frag1 ext1 pcr1
frag1 ext1 pcr2

Ref. S.scrofa
Frag. Ext. PCR

Ref. B.taurus
frag1 ext1 pcr1
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frag2 ext2 pcr3

Ref. S.scrofa
frag2 ext1 pcr4
frag2 ext1 pcr5
frag2 ext2 pcr6
Frag. Ext. PCR

Ref. B.taurus
frag2 ext2 pcr3
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frag2 ext1 pcr5
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frag2
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frag2 ext1 pcr4
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Ref. S.scrofa

Figure 10.
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Contamination in an ancient sample as detected from two DNA extractions and nine PCR
amplifications. Sequences derived from a single cattle tooth (Nakkila, Viikkala) sampled and DNA
extracted twice (from 1 mm and 10 mm depth, extr1 and extr2, respectively) and repeated in nine
PCRs and sequencings (PCR number) for three D-loop fragments (frag1-3). Reference sequences
for cattle (Bos taurus, V00654.1) and for pig (Sus scrofa, KT279760.1). Alignment for sites 1-487
is shown with 100 sites per row. Only varying bases compared to Bos taurus reference sequence
are shown, while a dot (.) indicates bases similar to reference. Primer sites for fragment 2 are
indicated in grey for cattle and pig reference sequences. Variation in sites 30, 45, 90 and 478
discussed in the text are indicated in black.

Contamination from another domestic species in an ancient sample is not exceptional. For
example, DNA extracted from cattle bone has been reported to contain extraneous DNA from
pig (Svensson, 2010) and goat (Bollongino et al., 2008) and contamination originating from

70

Materials and Methods: Authenticity of aDNA, a case study
cow, pig and chicken is also reported (Leonard et al., 2007). Here, the pig DNA was
amplifying only for fragment 2, because the target regions for forward and reverse primers in
cattle and pig mtDNA are conserved enough, so that the pig DNA, once present in the DNA
extract, was amplifying (primer regions for fragment 2 highlighted in grey in Figure 10).
One of the authenticity criteria in aDNA work is the repeatability of the sequences (Cooper
and Poinar, 2000). A comparison of the sequences from the Nakkila cattle tooth revealed three
and one nucleotide dissimilarities for fragments 1 and 3, respectively (Figure 10). For
fragment 1, the insertion of cytosine at site 30 in Figure 10 is one of a kind and may result
from an error in Sanger sequencing. However, SNPs at sites 45, 90 and 478 in Figure 10 are
known to vary in modern European cattle, suggesting that, in addition to pig, there were two
different maternal cattle lineages, and thus, two cattle individuals were present in the DNA
extracts from the tooth (Figure 10). From all 316 contemporary cattle sequences used for
diagnosing (Steinborn et al., 1998, Achilli et al., 2008, Achilli et al., 2009, Bonfiglio et al.,
2010, Seroussi and Yakobson, 2010), only for one Iranian cattle sequence (EU177860.1
(Achilli et al., 2008)) were both nucleotides (A and G) reported for site 478 (Figure 10).
Bayesian modelling to estimate the possibility for deamination using BypassR-degr (Mateiu
and Rannala, 2008) confirmed the quite obvious result; the reason for the differences was not
due to deamination, thus, leaving contamination as the only option to explain the results
obtained. Detecting two cattle mtDNA lineages in addition to pig DNA was the final reason
to give up on further aDNA analyses on the Nakkila cattle tooth. It was obvious at this point
that even with further laboratory or statistical efforts, the repeatability criteria for the
authenticity of aDNA work (Cooper and Poinar, 2000) for this specimen will never be
fulfilled. From a methodological point of view, the case study of the Nakkila cattle tooth
provides an important example that along with other similar studies, e.g. Malmström et al.,
2005, helps to evaluate the efficiency of laboratory trials for aDNA work and to develop the
field in the future.
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4 RESULTS AND DISCUSSION
4.1 Diversity estimates of cattle and sheep
MtDNA diversity estimates (π, S, K, θS, θπ) and the value of Neπ calculated from π were more
informative for cattle than for sheep (IV, see Section 3.4.1). For cattle, diversity estimates and
Neπ showed a decreasing trend from the Late Iron Age and historical periods to the present,
supported by a similar trend detected using alternative approaches (Nes, as calculated from
official statistics and historical inventories, Figure 6, Section 1.4.2.1 and the Bayesian EBSP
approach NeB, IV and Section 3.8.1, see also Sections 4.6-4.12). For NEBSR native cattle
breeds, Neπ varied between 137 and 1509 as calculated with the generation length ranging
from five to seven years (SI in IV, Equation 5). For Finnish native breeds, Neπ was
approximately twice and four times higher for Western Finncattle (mean 785, range 622-1027)
than for Northern (mean 485, range 384-635) and Eastern Finncattle (mean 173, range 137226, SI in IV). In the historical and Late Iron Age periods, Neπ was equal and/or higher (ranges
575-1020 and 869-1436, respectively) than in contemporary Finncattle. For sheep, the
comparison of π, S, K, θS, θπ and Neπ between temporal cohorts and contemporary sheep
breeds was relatively uninformative, because the sensitivity of diversity estimates and,
consequently, Neπ to the deep phylogenetic divisions between sheep haplogroups (Section
3.4.1, discussed further in Section 4.11).

4.2 Population mtDNA haplotype structure from prehistory to
the present
Cattle and sheep have similarities in their population structure through time. From prehistory
to the present, the phylogenetically oldest central haplotypes (T3 and T3b for cattle and B for
sheep) are more frequent than other haplotypes in the NEBSR (Figures 11 and 12). Similarly,
the number of other traceable haplotypes (found in more than one period) increases from the
Late Iron Age to the modern period (Figures 11 and 12). The proportion of these traceable
haplotypes in 94 cattle and 180 sheep samples is 27.6 and 28.8 %, representing 74.5 and 51.1
% of individuals in contemporary NEBSR populations, respectively. The traceability of
haplotypes and frequencies for each period separately and for cattle in two alternative
resolutions is given in Figure 11. The temporal increase of the central T3 haplogroup is
significant for cattle (Study I and Figure 11a, resolution 245 bp). The same pattern of
increasing central B haplotype seen in sheep is visible (Figure 12) but not statistically
significant (Rannamäe et al., 2016a) because of the high diversity (for further discussion and
alternative analyses, see Sections 3.8, 4.11).
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Figure 11

Network of NEBSR cattle mtDNA haplotypes based on two alternative resolutions of 245 bp for 94
samples (A) and 486 bp for 53 samples (B) and their distribution into temporal periods. Panel A
shows 29 haplotypes found in 45 ancient (Finland, Vyborg and Estonia) and 49 contemporary native
NEBSR cattle (Eastern, Northern and Western Finncattle, Estonian Red and native). Panel B shows
the same 45 ancient cattle and 7 Eastern Finncattle for the whole designed length of 486 bp of Dloop (Section 3.1), revealing 31 haplotypes and the presence of the sub-haplogroup T3b. Coloured
circles stand for haplotypes present in each period with circle size proportional to sample size and
frequency given. The prehistory cohort combines samples from the Late Iron (in red) and Late
Bronze Age (in pink). Small empty circles and dotted lines mark the position of haplotypes and
linkages in the total data. Black dots stand for hypothetical haplotypes. The haplotypes found in the
following periods are connected with vertical lines. The number of samples in each period is given
after the period names. The proportion of traceable haplotypes (found in two or more periods) and
the proportion of individuals they represent in each cohort, respectively, are given for each period
below the period names (traceability figures for only the modern haplotypes, see the main text,
Section 4.2). Six 486 bp haplotypes collapsed into the central T3/T3b haplotype in 245 bp alignment
(Panel A) are indicated by bolded haplotype borders (in Panel B). The network based on 486 bp
shows that the central T3b haplotype has been present in the NEBSR from the Late Iron Age to the
present. The central T3 have certainly been present from the Late Iron to the Post-Medieval period
and likely also to modern times, although due to the shortage of modern reference samples, this
cannot be confirmed (Panel B, see the main text, Section 4.2 and 3.1.1).

Both 245 bp and 486 bp alignments of cattle mtDNA are given side by side in Figure 11. The
difference in resolution of 245 bp vs. 486 bp for cattle phylogeny is obvious (Figure 11). For
the 486 bp alignment of ancient data designed here, the sub-haplogroup T3b is separable from
T3 (Figure 11b), while T3/T3b division is undefinable from 245 bp alignment. However, a
lower resolution of 245 bp was also used, because it formed the majority of contemporary
NEBSR cattle mtDNA data available for this study (Figure 11a and Section 3.1.1). In total,
six haplotypes (three T3 and three T3b) in the 486 bp alignment (bolded haplotypes in Figure
11b) were collapsed into central T3/T3b in the 245 bp alignment (Figure 11a). From a higher
resolution of 486 bp analysed from ancient cattle and seven from Eastern Finncattle (Bonfiglio
et al., 2010), the presence of T3 and T3b haplogroups can be confirmed in the NEBSR cattle
population since the Late Iron Age (Figure 11b). In addition, the central T3b haplotype has
continuum in the NEBSR cattle from Iron Age to the present (Figure 11b). The presence of
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central T3 haplotype (in resolution of 486 bp) in contemporary NEBSR is thus not certain but
based on the distribution of T3 and T3b haplotypes in the ancient and contemporary NEBSR
(Figure 11a and 11b) and other European breeds (Appendix 1); it is likely that the central T3
haplotype is also present in modern NEBSR cattle. Divisions for T1 and T2 can be seen in
both resolutions (Figure 11, Appendix 1). For phylogenetic analyses of ancient NEBSR cattle
with a resolution of 667 bp (mtDNA D-loop and ND5 gene) and available reference data in
the corresponding resolution from southern, western and central European breeds, see Study
I and Appendix 1. From the resolution of 667 bp (+77 bp, including most important diagnostic
position for Q, Table 1), haplogroup Q1 can be confirmed for one Post-Medieval sample.
Based on typical Q1 SNPs within a resolution of 245 bp (Appendix 1), there are no other Q
haplotypes in NEBSR cattle (Section 4.3).

Figure 12.

Network of NEBSR sheep mtDNA between 59 haplotypes and their distribution into five temporal
periods (Late Bronze Age to Middle Iron Age, Late Iron Age, Medieval, Post-Medieval and modern
periods). The network is based on the alignment of 523 bp of mtDNA D-loop sequences (180
samples from Finland and Estonia in total). A coloured ellipsis stands for haplotypes present in
each period with the size proportional to sample size and frequency given. Small empty ellipsis
marks the position of haplotypes in the total data. Black dots stand for hypothetical haplotypes. Ten
mutations (black dots) separate haplogroup B (left) from haplogroup A (right). The haplotypes found
in the following periods are indicated with vertical lines. The modern cohort combines five
contemporary native NEBSR breeds (Finnsheep, Finnish grey landrace, Åland, Viena and Kihnu,
Appendix 2). The proportion of traceable haplotypes (found in two or more periods) and individuals
they represent in each period, respectively, are given below the period names. The central B
haplotype, that is the only haplotype found in all periods, covers 21.7 % of all ancient and modern
sheep in the dataset. 17 (13 and 4 in following and discrete periods) out of 59 haplotypes (28.8 %)
representing 92 (51.1 %) individuals in total are found in two or more periods.
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Part of the modern haplotypes can be traced back to the ancient periods. The frequency of
temporally traceable haplotypes is twice as high for cattle (57.1-66.7%, Figure 11) than for
sheep (29.6 %, Figure 12). Similarly, the proportion of contemporary animals that these
temporally traceable haplotypes represents is remarkably higher for cattle (57.1-83.7 %,
Figure 11) than for sheep (32.6 %, Figure 12). For cattle, the 83.7 % is a bit overestimated due
to limited resolution of only 245 bp (Figure 11a), and 57.1 % is an underestimate due to the
shortage of contemporary reference samples (only 7 modern samples, Figure 11b). Assuming
the same proportional frequency and temporal continuity of six collapsed haplotypes in
modern 245 bp (central T3/T3b, Figure 11a) as in the resolution of 486 bp (bolded six
haplotypes, Figure 11b), the proportion of traceable modern individuals would be 76.2 %.
Nonetheless, the “ancient roots” can be confirmed for the majority of contemporary NEBSR
cattle and for one third of contemporary NEBSR sheep populations, both traced down mainly
to the Post-Medieval and Medieval periods (Figures 11 and 12).

4.3 Rare haplogroups found in ancient cattle
Haplogroup Q was found for the first time in Post-Medieval cattle from Tornio, Finland (I) in
Northern Europe. A recent study of ancient cattle remains from South-Eastern Europe have
shown a high frequency of haplogroup Q (50% and 29% in 5500-5000 BC and 2700-2200
BC) (Scheu et al., 2015), while currently, the proportion of haplogroup Q is much lower (1.52 %) (Scheu et al., 2015). It is possible that prior modern times, haplogroup Q was more
common in Europe in general than it is currently, which could also explain the new finding of
haplogroup Q in Post-Medieval Finland. Based on previous studies and analyses of Q typical
SNPs for short resolution datasets (Appendix 1), there are no Q haplotypes in contemporary
northern, western or central European cattle populations. The geographically closest Q
haplotypes are found in South Europe, in five Italian cattle breeds and, as detected here for
the first time, in one west Russian breed, Yaroslavl (Appendix 1).
One medieval Finnish T2 haplotype found to be unique among 2094 contemporary
Eurasian cattle (I) used to be more common in Neolithic Iran (700-5000 BC, frequency 2/10)
and in Middle/Late Neolithic South-Eastern Europe (5500-5000 BC, frequency 3/21) (Scheu
et al., 2015). Currently, other T2 haplotypes are present in the minority (0.5- 20.0 %) in a few
European breeds: two NEBSR and one Scandinavian, two Western and 12 Southern European
breeds (Appendix 1) and relatively frequently (23.3-57.1 %) in two Near Eastern and two
Eastern European breeds (Appendix 1).
Another unique haplotype (among 2094 samples, I) belonging to the very rare subhaplogroup T1f was found in Bronze Age Estonia (with frequency 1/5) while the current
frequency of T1f is less than 4/2000 among European, African and American cattle breeds
(Bonfiglio et al., 2012). The sub-haplogroups T1a, T1c and T1f (Bonfiglio et al., 2012) are
also definable from a lower resolution of 245 bp (Appendix 1). None of the NEBSR or
Scandinavian contemporary cattle show T1f or any other T1 types (5 and 13 NEBSR and
Scandinavian breeds, 144 individuals in total, Appendix 1). The geographically closest T1 are
found in Southern Europe and the Near-East (Appendix 1). The only other T1f haplotype was
found in three Italian Podolian individuals (Appendix 1). It seems that haplogroup T1 has
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become very rare or has vanished altogether from North European cattle during the past 2600
years.
In the most frequent T3 haplogroup in Europe (Appendix 1, Section 1.2), two Bronze Age
Estonian and one Medieval Finnish T3 haplotypes were unique among 2094 Eurasian cattle
(I). Thus, from a total of five Prehistoric NEBSR cattle samples (I), two samples belong to the
phylogenetically oldest central T3 and T3b haplotypes, while three samples are unique to the
Prehistoric cohort (Figure 11b, Section 4.2). Currently, nearly all Eurasian breeds analysed
with a sufficient resolution, have both sister clades, T3 and T3b, with a frequency of T3b
ranging from 10 to 66.7 % (Appendix 1). Only one and three breeds are fixed for T3 and T3b,
respectively (in ≥ 486 bp resolution, Appendix 1). The total frequencies in the European
continent for T3 and T3b are 55.2 and 31.7 % (from 1778 samples with a resolution ≥ 486 bp,
Appendix 1), suggesting that both T3 and T3b were likely already present in the ancient
founder populations of European cattle (for further discussion, see Section 4.12). As central
T3 and T3b are phylogenetically oldest from all T3 haplotypes, it makes phylogenetic and
evolutionary sense that they are found in the NEBSR since prehistory (Figure 11b, Section
4.2).
The presence of rare haplogroups in relatively high frequency shows that the ancient
NEBSR cattle population was much more versatile than contemporary cattle in the NEBSR
or in Northern Europe in general. Ancient NEBSR cattle likely have multiple origins due to
several introductions, and the populations have changed trough time (for further discussion,
see Section 4.12). Seven ancient NEBSR cattle samples were molecularly defined as males
with the amplification of the Y-chromosomal UTY19 marker (Tables 1, 2). Paternal lineages
of bulls in the NEBSR have changed from Y2 to Y1 during the Post-Medieval and modern
periods (I), indicating increased import of breeding bulls and strengthened selection (see
Section 4.10).

4.4 Unique set of ancient sheep haplotypes
The ancient NEBSR sheep population shows unique haplotypes not found in modern
populations. Geographical analyses conducted here (Sections 3.7.2, 4.12) reveal 19 out of 43
ancient haplotypes that are no longer found among 1042 sheep sampled from 69 contemporary
Eurasian breeds (in a resolution of 523 bp in Appendix 2, Figure 16, Section 4.12). The
proportion of these ancient unique haplotypes is higher for Bronze to Late Iron Age cohorts
compared to later periods (Figure 16, Section 4.12). This is in accordance with a similar
temporal pattern of the higher frequency of unique haplotypes in the Iron Age detected for
cattle (I, Sections 4.2, 4.3), although with the presence of rare haplogroups and nuclear
markers, the pattern is more strongly supported for cattle than for sheep. Two haplogroups A
and B were found in ancient sheep that was also present in contemporary NEBSR breeds
(Sections 4.2 and 4.5.2).
At first sight, the loss of nearly half of the ancient sheep haplotypes in the NEBSR seems
outstanding. However, high mtDNA variation and breed-specific haplotypes are typical for
sheep (e.g. 159 haplotypes out of 210 haplotypes found among 406 samples from 48 Eurasian
breeds were detected only once (Tapio et al., 2006)). Therefore, the frequency of unique
ancient haplotypes must be considered in the perspective of breed-specific haplotypes found
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in contemporary samples. In total, 24 haplotypes were found among 76 contemporary NEBSR
samples (Finnsheep, Åland, Finnish Grey Landrace and Kihnu sheep, respectively); that is
less than in ancient samples from the same region (43 haplotypes in 95 ancient samples,
Appendix 2). Ten NEBSR-specific haplotypes (2, 2, 2 and 4 breed-specific haplotypes for
Finnsheep, Åland, Finnish Grey Landrace and Kihnu, respectively) were found among 1042
Eurasian samples (in a resolution of 523 bp, Appendix 2), while the corresponding figure for
ancient sheep was nearly twice as high (19 unique ancient haplotypes). Thus, it seems that the
NEBSR population used to be more varied than it currently is in the same geographical region
(for further discussion about temporal fluctuation, see 4.6-4.12).
Occasionally, only one haplotype can be informative for prehistory research and the
exploration of temporal trends within a population. The oldest sheep samples from Finland
dating to the Late Iron (Viking) Age were from the Mulli site with four out of five samples
belonging to the same unique ancient haplotype (unique among 1543 contemporary Eurasian
samples, Appendix 1 and data from Tapio et al., 2006) were found. Based on this finding, it
was concluded that the Late Iron Age Mulli site in Raisio in Western Finland was occupied
by one family breeding their own stock of closely related animals for more than 90 years (III).
The same unique Mulli haplotype is found in Estonian medieval sheep (data from Rannamäe
et al., 2016b), as reported here for the first time. Detecting the same extremely rare haplotype
from ancient samples on both sides of the Gulf of Finland suggests that this haplotype used to
be more frequent in the NEBSR in prehistoric and historic periods. Further, it supports close
cultural connections between Finland and Estonia from the Viking to the Medieval Age.
During the Post-Medieval and modern periods, the frequencies of this and 18 other unique
ancient haplotypes have likely decreased, as they were no longer found in comprehensive
samples of contemporary NEBSR or in other Northern European or Eurasian breeds (1543
contemporary samples from 107 Eurasian breeds in total, Appendix 2 and data from Tapio et
al., 2006).
Based on the first ancient sheep DNA studies in the Baltic Sea region (III, Rannamäe et
al., 2016a), it was confirmed that the paternal lineage G-oY1 was present in the ancient sheep
population in historical periods. Six ancient rams to date successfully analysed for oY1 in
Baltic Sea region are all G-oY1 type (III, Rannamäe et al., 2016a). The G-oY1 type was found
in Finland in the Post-Medieval and Medieval periods (III) and in the Medieval and Bronze
Ages in Estonia (Rannamäe et al., 2016a). So far, this dataset is the only genotyped data for
ancient rams in the N-E Baltic Sea region.
Currently, both A-oY1 and G-oY1 are found in contemporary native NEBSR sheep breeds
with G-oY1 dominating (III, Meadows et al., 2006, Kijas et al., 2012). The frequency of AoY1 may have increased in past, as it would be more likely to randomly sample at least one
A-oY1 (probability 0.85) instead of six G-oY1 (probability 0.15) from a population with
current frequencies of 67 and 24 for G-oY1 and A-oY1, respectively. However, as G-oY1 is
still the dominating type in contemporary NEBSR sheep (76.7 %, n=73 and 61.1 %, n=18 for
Finnsheep, Finnish Grey Landrace and Russian Karelian breeds: Viena and Vepsia) and the
ancient sample size is small (only six individuals), the increasing A-oY1 trend is not
statistically significant (χ2-test, n=97, df=2, p=0.136) despite 100 % of ancient NEBSR rams
being G-oY1 type. The sample size for ancient rams should be at least twice bigger in order to
provide enough statistical power. More aDNA studies are needed to confirm the temporal
increasing trend for A-oY1 in the NEBSR.
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4.5 Different variants in different periods? Comparison of
ancient animals to contemporary breeds
4.5.1 Cattle mtDNA
Figure 13 summarises the average mtDNA diversity between 62 modern Eurasian breeds and
three ancient NEBSR cattle cohorts (description of the data in Appendix 1). Most of the
European and North Asian cattle breeds and ancient NEBSR cattle are clustered together in
multidimensional scaling representation (grey square in panel A, Figure 13). Each ancient
cohort appears in different sub-clusters (CL2, CL3 and CL4, Figure 13) along with at least
one contemporary native NEBSR and several other European breeds. Most of the variation
that can be found in contemporary and ancient NEBSR and European cattle is within the T3
haplogroup (Figure 13, Appendix 1).

Figure 13

Multidimensional scaling (MDS) plot of pairwise distances (p-distances) of mtDNA D-loop (245-bp)
visualizes the average nucleotide differences between ancient NEBSR cohorts (shown in red) and
modern European cattle breeds. The total data is shown in Panel A. Panel B gives an enlargement
of the tight cluster (frequency of T3 > 72 %) of Eurasian cattle breeds (Grey Square in Panel A).
The geographical regions of breeds are coded with colours and shapes (see the key on the right).
The plot size in Panel B is proportional to the sample size. The most diverged breeds (Ala-Tau,
Bushuev, Iraqi, Iranian, Ukrainian Whitehead, Bulgarian Grey, Panel A) are breeds where zebu
haplotypes (I1 and I2) exist. Further, four sub-clusters of cattle breeds with frequencies of T (T, T1,
T2, T3 and T4) and R haplogroups are visualized in Panel B (CL1-CL4, see the key at the top). A
few individuals in a rare R haplogroup were found in four breeds in CL4 (see the main text). T, T5
and Q haplogroups are collapsed in a 245 bp resolution (for un-collapsed haplogroup frequencies,
see Appendix 1).
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Variation between cattle T haplogroups (T, T1, T2, T3 and T4) does not stand out from the
variation within T3 haplotypes in the MDS presentation of cattle p-distances (Figure 13); that
is because Bos taurus haplogroups T, T1, T2, T3 and T4 are defined only by one to three
diagnostic SNP positions (within a resolution of 245 bp, Figure 13). Several haplotypes in the
T3 haplogroup have one to three and more SNPs (Figure 13). The low number of SNPs
between T haplogroups is also why most classical genetic population estimates are quite fit
for comparisons between cattle breeds and temporal cohorts, despite the variation in
haplogroup frequencies between populations (see Sections 3.4.1, 4.5.2, 4.11). Four breeds
with a few individuals in a rare haplogroup R (15 SNPs in 245 bp resolution, Marchigiana 1,
Agerolese 2, Cinisara 4 and Romagnola 6) cluster to CL4 (Figure 13), but due to the vast
majority of common T3 haplotypes within these breeds (76.1- 87.8 %, Appendix 1), the mean
p-distances between breeds remains low despite R sequences, and they cluster relatively near
other European breeds in MDS presentation (Figure 13). The most clearly differentiating
breeds are the breeds having Zebu (Bos indicus) haplotypes (I1 and I2, defined by 29 SNPs
within 245 bp) (Figure 13). For cattle haplogroup frequencies and haplogroup-based analyses,
see Sections 4.2, 4.3, 4.12, Appendixes 1 and, e.g., Troy et al., 2001, Mannen et al., 2004,
Bollongino et al., 2006).
The most important information from the MDS plots for ancient NEBSR cattle (prehistory,
Medieval and Post-Medieval cohorts) is that they cluster near contemporary NEBSR,
Scandinavian and European breeds (Panel A, Figure 13) yet show a level of variation, based
on contemporary reference data (Panel B, Figure 13), that is found between separate cattle
breeds.
4.5.2 Sheep mtDNA
A multidimensional scaling representation presented here for the first time visualizes the
average mtDNA p-distances between ancient NEBSR sheep in respect of 62 contemporary
Eurasian sheep breeds (Figure 14, the data used is the 523 bp resolution data in Appendix 2).
Haplogroup frequencies are clearly reflected in the MDS plot (Figure 14). Dimension 1 is
explained by the frequency of haplogroups A and B (Figure 14). Fixed and nearly fixed breeds
for haplogroup B cluster on the left (CL1, Figure 14). The frequency of haplogroup A
increases from left to right (from zero for breeds on the left with dimension 1 value ≤ -1 to
73.3% in Anatolian mouflon, Figure 14). The remaining genetic distances explaining
Dimension 2 reflect the frequency of other haplogroups, particularly haplogroup C
(Dimension 2, Figure 14). The frequency of haplogroup C increases from down to up (from
zero in CL1 and CL4 to 14-25% in CL2 and 20-50% in CL3, Figure 14). One Turkish breed,
Karakas, has equal frequencies for A, B and C (33.3 % each) and is located in the centre of
the plot (Figure 14). As haplogroups E and D are phylogenetically close to C and low in
frequency (Appendix 2), their contribution to p-distances between breeds is relatively low and
reflect on dimension 2 with haplogroup C (Figure 14). One exceptionally diverse breed,
Morkaraman from Turkey, having A, B, C, E and D haplogroups with haplogroup A slightly
dominating (39.5 %), is located at furthest right from the rest of the domestic sheep breeds
(Figure 14). Anatolian mouflon (Ovis gmelinii anatolica) has two species-specific haplotypes,
one in both haplogroups A and X, explaining the Anatolian mouflon location at the furthest
end of the plot with the longest genetic distance compared to other populations (Figure 14).
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Figure 14

Multidimensional scaling (MDS) plot visualizes the average nucleotide pairwise distances (pdistances) of mtDNA D-loop (523-bp) between populations of seven ancient NEBSR (Late Bronze
Age to Middle Iron Age (LBA-MIA), Late Iron Age (LIA), Medieval (ME) and Post-Medieval (PME)
cohorts separately for Finland and Estonia) and 62 modern European sheep breeds (1137
individuals in total, see Appendix 2). The total data is shown in Panel A. Panel B gives an
enlargement of the central part of the plot, including ancient sheep (Grey Square in Panel A). The
geographical regions of breeds are coded with colours and shapes (see the upper key on the right).
The plot size in Panel B is proportional to the sample size. Haplogroup frequencies and their
geographical distribution are reflected in the plot (CL1-CL4, see the lower key on the right).
European, especially Iberian, breeds are characterised by a high frequency of haplogroup B (CL1),
while in some Central and Northern European breeds, haplogroup A is also common (25 – 50 %,
CL4). Breeds from S-E Europe and the Near East with a relatively high frequency of haplogroup C
clusters on top (CL2 and CL3).

The correlation between haplogroup frequencies and the geographical origin of sheep
breeds is shown in Figure 14. Iberian breeds with a high frequency of haplogroup B cluster
on the left (in orange, CL1, Figure 14). Central, Western and Northern European breeds with
a high frequency of B (and also A for CL4) cluster in the middle (in green and blue, CL1 and
CL4, Figure 14). Breeds close to the domestication centre show higher diversity (Turkey, Iran
and Iraq, CL2 and CL3) compared to other regions (CL1 and CL4, Figure 14). However, there
are individual breeds clustering with other region breeds (CL1-CL4, Figure 14, Appendix 2);
that is because genetic distances between sheep breeds reflect the frequency of haplogroups
(Figure 14). The sheep mtDNA haplogroup frequencies are distributed geographically
(Sections 1.2, 1.5.3.1 and, e.g., Tapio et al., 2006, Lv et al., 2015), but individual breeds may
display haplogroup frequencies untypical for their geographical region (see also Sections
3.4.1, 3.7.1).
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From the classical genetic population estimates, p-distances make the best estimates to
compare sheep populations, because p-distances reflect haplogroup frequencies and also
considers identical sequences (i.e. zero distances) between populations (Figure 14, see
Sections 3.4.1, 3.4.2, 3.7.1, 4.11). Due to deep phylogenetic divisions between sheep
haplogroups (e.g. 10 SNPs between A and B haplogroups, see Figure 12 and Section 4.2),
other classical estimates are heavily influenced by the frequency of haplogroups and gives no
information about the relatedness between populations (Sections 3.4.1, 4.11). Unique breedspecific haplotypes common in sheep (Section 4.4) are also considered with p-distances and
reflected in MDS as a smaller scale variation (e.g. note how much variation is captured in
CL1, where the frequency of haplogroup B > 90 %, and 25 out of 35 breeds are fixed for B,
Figure 14). Two most similar ancient cohorts are Estonian Medieval and Post-Medieval
cohorts, where all sequences belong to haplogroup B, and 50% of sequences (five out of 24
haplotypes) are identical between periods.
The most important information of MDS plots for ancient NEBSR sheep is that ancient
cohorts cluster with contemporary European breeds, yet show as much variation as modern
breeds sampled in comparable volume, supporting changes in the NEBSR population through
time (Figure 14). The temporal fluctuation and the origin of NEBSR breeds are discussed in
detail in Sections 4.6 - 4.12.

4.6 Genetic population changes reflect historical events
Historical events like wars, famines, epidemics, development of societies and changes in
cultural connections (see Sections 1.3.2- 1.3.5) have definitely effected domestic populations,
causing local population reduction, bottlenecks and migration throughout history. The most
severe or widespread historical events are stored in the genetic population composition and
can be revealed using ancient DNA (I, II and IV, Section 1.5.2.2). The Bayesian reconstruction
of the effective population sizes (IV) uplifts three events coinciding with the changes in the
effective sizes of cattle and sheep: 1) Crusades, spread of Christianity and the establishment
of the church in the early Medieval period (1200-1323 AD), 2) the era of Sweden as a great
power, The Swedish Empire (1617-1721 AD), including wars (1618-1648, 1700-1721 AD)
and severe starvation (1695-1697 AD), and 3) World Wars I and II (in Finland in 1914-1918
and 1939-1945 AD) in modern times.
For both cattle and sheep populations, the timing of major changes in populations dates
back to the Crusades and spread of Christianity (IV). The increase of effective sizes stagnated
and simultaneously turned to decreasing in both cattle and sheep populations (IV). The
response in the effective population sizes for other events (Swedish Empire and World Wars
I and II) is detectable but less dramatic. A slightly faster turn towards a decrease of effective
sizes is seen coinciding with the era of the Swedish Empire and World Wars I and II (IV). For
cattle, the slight temporary increase in total population and effective size between World Wars
I and II (IV) is likely due to efforts to replace lost stocks after World War I, followed by a loss
of stocks during World War II. In total, World Wars I and II caused a short faster temporal
depletion in the effective sizes of cattle and sheep, detectable from genetic data, although it
did not strongly affect the prevalent decreasing trend continued since the end of the Viking
Age to the Modern times (IV). The decreasing trend and bend in effective population sizes
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during World Wars I and II are supported by statistics-based estimates of effective population
size (Nes, Section 3.6.2), covering the modern period (Figure 6, Section 1.4.2.1). The latest
increase in effective size as seen from EBSP reconstruction for cattle dates to the
establishment conservation programmes for endangered Finncattle breeds in 1990 AD (IV).
However, due to the technical limits of the method for the most recent years, the results of the
increased cattle effective size during the past 20 years should be confirmed with other
approaches and with more data (IV).

4.7 Genetic dating for the transition from hunting-gathering to
animal husbandry
The first evidence of domestic animals in Finland dates back 3000 – 4500 years ago (Bläuer
and Kantanen, 2013, Cramp et al., 2014). Early Animal husbandry in Finland on the southern
coastal regions of the Baltic Sea was a side livelihood for a long time, thousands of years after
the arrival of the first few domestic animals (Tourunen, 2008, Bläuer and Kantanen, 2013,
Cramp et al., 2014, Bläuer, 2015, Section 1.3.1). Within the timeframe of thousands of years,
the transition from hunting-gathering to farming and livestock rearing obviously happened,
but little is known about the dynamics of the process. The transition from hunting-gathering
to agriculture may have been a slow and continuous process, with constantly increasing
utilization and size of livestock populations from the Neolithic onwards, moving back and
forth with leaps in progress and disappearance of livestock or perhaps brushed suddenly from
a marginal to the main source of livelihood within a relatively short period.
The combination of genetic and statistical analyses conducted here provides new evidence
to dating the transition from hunting-gathering to animal husbandry in the NEBSR. The
genetic evidence (IV) records a relatively low effective population size for the earliest periods
(Bronze to Middle Iron Age), agreeing well with the slow beginning and small prehistoric
population sizes (Tourunen, 2008, Bläuer and Kantanen, 2013, Cramp et al., 2014, Bläuer,
2015). The genetic results suggest that livestock rearing exploded around the Middle and Late
Iron Ages (IV). This was likely the time when animal husbandry grew from a side to the main
source of livelihood in the region.
The increase of the Ne:s of cattle and sheep in the Middle and Late Iron Age reflects the
expansion of cattle and sheep populations and import of large numbers of new animals to
Finland (IV). This urgent need and import of new animal stocks could result from a relatively
fast transition to farming and livestock rearing during Middle and Late Iron Ages. The increase
of the ED allele of colour coding MC1R gene from the Middle to Late Iron Ages suggests that
the imported cattle had a high proportion of black colour (II, Svensson et al., 2007, Telldahl
et al., 2011). The increase of the Ne:s of livestock (IV, Sections 3.6, 4.1) dates back to the
period when permanent agrarian settlements grew denser on the coast of Finland, and a second
cultivated area occurred around large inland lakes in the Häme province in central Southern
Finland (Orrman, 2003).
The genetic evidence for the increased of agrarian way of life in the Middle and Late Iron
Ages (IV) are in line with and supported by the observations of a higher number of domestic
animal bones found on excavation sites (Bläuer, 2015, Rannamäe et al., 2016b) and frequent
finds of cultivated plants in pollen studies (Lahtinen and Rowley-Conwy, 2013). Together,
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these findings suggest that after a long co-existence of both livelihoods in Finland, farming
and livestock rearing finally replaced hunting-gathering as the main source of livelihood
relatively fast, and this transition likely dates back to the Middle and Late Iron Ages in
Southern Finland. Animal husbandry and cultivation enabled the increase in human
population. After adopting the agrarian way of life, the human population increased
inextricably with the domestic animal populations throughout history (IV). The strong
correlation between the total human and animal population sizes was not broken until the
industrial revolution in the middle of the 20th century in the modern period (IV, Section 1.3.5).
The genetic dating for the rise of agriculture in the Middle and Late Iron Ages in Finland,
as presented above, is not in conflict with the earliest archaeological signs of domestic animals
(Lõugas et al., 2007, Bläuer and Kantanen, 2013, Cramp et al., 2014). The genetic evidence
suggests the timing for the explosion in domestic populations but does not predict the timing
of the first domestic animals in the area (IV).

4.8 Loss of Viking livestock – Replacement of populations after
the Iron Age
A replacement of NEBSR domestic populations with a new type of animal after the Iron Age
was first detected for cattle (I, II). The three-marker system (mtDNA, Y-chromosomal and
nuclear MC1R gene markers) suggests that the Baltic Sea region cattle population was
replaced after the Iron Age (I, II). Following research has supported the population changes
for cattle (IV, Weldenegodguad et al., 2016) and found a similar trend for sheep as well (IV).
For sheep, a stagnation in effective population sizes dating back to the early Medieval period
was detected on both sides of the Gulf of Finland, in Finland and in Estonia, in agreement
with a similar and simultaneous stagnation in the effective population size detected for
NEBSR cattle (IV). Both cattle and sheep had a higher proportion of unique ancient mtDNA
haplotypes in the prehistoric period compared to later periods (I and Figure 16, Section 4.12).
Historical events causing the replacement of cattle population after the Iron Age (I, II, IV,
Section 4.6) may also have replaced part of the sheep population (IV and Figure 16, Section
4.12).
The replacement of the Iron Age livestock dates correlate with major changes in society.
The Late Iron (Viking) Age culture was suppressed and the new Christian religion and culture
adopted (Sections 1.3.3, 4.6). New inhabitants from Sweden in the early Medieval period
(between 1293-1350 AD) formed new farmer communities between the old settlement cores
on the coastal regions of Finland (Huurre, 2003). The coastal regions of agriculture in the
Medieval period spanned from ca. 64°N in the middle of the Gulf of Bothnia to the Turku
region and further to the east, along the shores of the Gulf of Finland all the way to the Vyborg
region in the Karelian Isthmus, where Vyborg castle was established (Huurre, 2003, Section
1.3.3). Immigration from Sweden in the early half of the Medieval period was frequent, and
the main language on the shores of Finland became Swedish (Huurre, 2003, Section 1.3.3).
New stock arriving with Swedish immigrants may have replaced the old animal type entirely
or partially by mixing into the local populations and changing them. The new cattle brought
after the Iron Age was likely dominated by red-coloured individuals, while the Viking Age
cattle had a remarkably higher proportion of black colour (II and Svensson et al., 2007,
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Telldahl et al., 2011). The old Viking age type of animals may have been replaced by the new
Medieval type of animals perhaps in a similar manner as seen in contemporary native cattle
breeds with the global dairy breed Ayrshire in the modern period (Figure 6, Section 1.4.2.1).
A decrease in the migration rate can result in further stagnation in the effective population
sizes (IV). In the Late Iron (Viking) Age, the NEBSR was along important trading routes from
Western Europe and Scandinavia across the Baltic Sea and the Gulf of Finland to west Russia,
further connected to South-Eastern Europe and the Near East through rivers of Dnieper and
Volga, ending up in the Black Sea and Caspian Sea, respectively (Orrman, 2003, Roesdahl
and Meulengracht Sørensen, 2003, Sawyer, 2003). In the Medieval period, old Viking trading
routes along Dnieper and Volga had lost their importance. The direction of trading changed
towards Sweden and Western Europe, with more merchandise exported as taxes than imported
(Orrman, 2003). The loss of the importance of the Gulf of Finland as a trading route and
changes in the trading direction more toward Scandinavia and Western Europe may have
decreased the gene flow (immigration) in the NEBSR and may increase genetic drift within
now more isolated domestic populations. Restricted gene flow, genetic drift and selection
would result in stagnation in the effective population sizes, as detected (I, IV). In the long
term, restricted gene flow between populations together with an increased genetic drift and
selection within partially isolated populations leads to the development of local variants
(Sections 1.5.1, 1.5.2, 1.5.4, 1.5.5, 4.12). Genetic drift due to isolation and small population
sizes would also increase unfavourable characteristics like inherited diseases as suggested by
two Finnish ancient cattle samples (BtM2 and BtViip4, see Table 2) from the Late Iron Age
and the Medieval period in the preliminary results of an ongoing follow up study
(Weldenegodguad et al., 2016).

4.9 Major changes in the Medieval period (1200-1550 AD)
Genetic analyses of the ancient cattle and sheep populations show a stagnation and decrease
in effective population sizes in the Medieval period in Finland and in Estonia (IV). A highly
similar and simultaneous decreasing trend from the Medieval period onwards supports a
similar population history for cattle and sheep in the NEBSR (IV). Interestingly, the
osteological and stable isotope study supports the results from genetic analyses that during the
Medieval period, major changes occurred in the cattle and sheep populations. Osteological
analyses have indicated that the withers heights of sheep diminished in Medieval Finland and
also in Estonia (Tourunen, 2008, Rannamäe et al., 2016b). In Finland, the diminishing size
has been suggested to result from animal famine due to difficulties in winter feeding
(Tourunen, 2008). Starvation may be one explanation for the diminishing body size of sheep
in the Medieval period as suggested also based on elevated δ15N values, which could be due
to starvation (Bläuer et al., 2016).
The simultaneously diminishing body sizes in Medieval Finland and in Estonia (Tourunen,
2008, Rannamäe et al., 2016b) may also suggest a similar geographically wider pattern.
Interestingly, the currently very rare or vanished phenotype of four-horned sheep is known
from Medieval Turku, Finland (478±30 BP, III), and in two cases from Medieval Tallinn,
Estonia (Rannamäe, 2016). The simultaneous changes in morphological characteristics
(diminishing body size, polled, horned and four-horned animals) and shared maternal and
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paternal lineages (III, Rannamäe et al., 2016a, Rannamäe et al., 2016b, Figures 12 and 16)
could refer to related sheep populations at least in the coastal areas of Finland and Estonia
connected by the best transportation at the time, through water roads of the Baltic Sea.
The shortest distance between Finland and Estonia is ca. 60 km straight across the Gulf of
Finland (Helsinki-Tallinn 82 km). The water roads in the Medieval period were faster and
easier compared to travel by land (Rian, 2016). The present-day nation borders between
Finland and Estonia did not exist in the Viking Age but were established for the first time
when Finland was joined to the Swedish Kingdom in 1581 AD (Rian, 2016). Considering
history, the spread of agriculture, the similar language of Finnish and Estonian, osteological
and genetic results, it is not surprising that the livestock populations were related in Estonia
and Finland. The similar populations on both sides of the Gulf of Finland suggest that the
coastal regions used to be in close contact with regular gene flow between Southern Finland
and Estonia.

4.10 Selection and beginning of selective breeding
A population increasing in total population size with a simultaneously decreasing effective
population size is under selection (natural, artificial and/or culture-environmental selection,
see Section 1.5.1). The larger the difference between the total and effective population sizes
is, the more intensive selection is for breeding animals. The increase in the total number of
animals (until the 20th century, Figure 1, Section 1.3.5) with a simultaneous decrease of the
effective population sizes (IV) suggest continuously growing selection among breeding
animals from the late Medieval period onwards. The decreasing temporal trend of effective
population sizes (IV) was confirmed with statistical and genetic approaches here (for cattle,
Nes and Neπ, Figure 1, Sections 1.3.5, 3.6.1, 3.6.2, 4.1) and also detected with other genetic
and pedigree approaches (Tapio, 2006, Li et al., 2009, Iso-Touru et al., 2016), suggesting that
the detected decreasing trend in the effective size of NEBSR cattle and sheep from the
Medieval period to the present is rather valid.
Based on the comparison between the effective population size and the total number of
animals, the selection of NEBSR cattle and sheep populations started in the late Medieval
period, around 500-700 years ago (Section 4.8), and continued with increasing intensity
throughout the Post-Medieval period until the present (II, IV). Change in male lineages from
the Medieval (Y2) to the modern (Y1) periods indicates import and increased selection of Y1type breeding bulls from the Post-Medieval period onwards (I). Dominance of the new Y1type in contemporary Northern European cattle indicates strong male-mediated selection
during the modern period (from 1800 to present), leading to the replacement of historic and
prehistoric Y2 bulls with Y1 bulls in all other NEBSR breeds except Eastern Finncattle (I).
Apart from Eastern Finncattle, only two other Northern European cattle breeds, Norwegian
Doela and Telemark cattle, are reported to have a high proportion of Y2-type bulls (I, Edwards
et al., 2011). Genetic drift along with selection may also have decreased effective sizes further
from the Medieval period onwards, eventually leading to the development of local variants
(Sections 1.5.1, 1.5.2, 1.5.4, 4.8, 4.9, 4.12).
Genetic drift as caused by external population events should not be confused with random
genetic drift. Both historical events and randomness that caused genetic drift could show a
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similar decrease in the effective size of one population. However, random genetic drift would
cause different temporal signatures between independent populations and especially for the
neutral markers like mtDNA and Y-chromosomal markers (Section 1.5.2). On the contrary,
historical events that caused genetic drift will show simultaneous changes for several
populations and markers (II, IV, Sections 1.5.2, 4.6). Similar and simultaneous temporal
trends for independently analysed cattle and sheep populations offer compelling support for
each other, suggesting that the temporal fluctuation in populations is not random but
coinciding with historical events (I, II, IV, Section 4.6). Balance between selection and genetic
drift may also change through time (Sections 1.5.1, 1.5.2). Genetic drift may have had more
significance in the Medieval period, but since the Post-Medieval period, selection has shaped
populations with constantly increasing intensity until the present (IV, Sections 1.4.2.1, 1.5.1
and 4.10). The signatures for the selection and decrease in effective population sizes were
detected in previous genetic studies based on contemporary samples (Tapio et al., 2005, Tapio,
2006, Iso-Touru et al., 2016) and are known based on written history (Sections 1.3.4, 1.4.2.1).
Neutral markers useful to study the changes in population histories cannot reveal the
characteristics that were actually selected. Nuclear markers are needed in order to reveal genes
under selection. The colour of animals is one of the most important characteristics defining
modern breeds (Section 1.4, Hiemstra et al., 2010). Defining the colour of ancient animals
and comparing it to contemporary breeds may date the time when Finnish native cattle reached
their current breed-typical form (Section 4.10.1). Other characteristics under selection are
discussed in Sections 1.3.4, 1.4.2.1, 1.5.1.3.
4.10.1 Ancient Finnish cattle were multi-coloured
Genetic results from ancient cattle indicate that the pigmentation of cattle has been colourful
in historical periods (II). Genetic analyses showed the presence of all three main MC1R alleles
in historical period (II) as still found in native Finncattle breeds (IV) but with altered allele
frequencies. Red pheno- and genotypes (e allele of MC1R gene) have grown more frequent,
while the frequency of dominant black ED allele has decreased during the past 100 years since
the establishment of Finncattle herdbooks (II, IV, Section 1.4.2). Selective breeding against
the black coat colour is especially effective, because the dominant ED allele is visible from all
homo- and heterozygote individuals, and recessive red e/e parents will produce red-coated e/e
calves (but for a rare exception, see Klungland and Våge, 1999). Wild type E+ allele allows
several coat colours, but in North European breeds, it is often associated with a red coat colour
(IV, Klungland et al., 2000).
The stage of homozygosity within breeds reflects the intensity of selection for a specific
coat colour (II). Long-lasting and intensive selection for coat colour increases the proportion
of homozygotes (e/e, E+/E+ and ED/ED) within a breed (II). Northern European breeds show
higher levels of heterozygosity (E+/e, ED/E+ and ED/e, Figure 15), suggesting a less intensive
and/or a more recent selection for coat colour compared to South, Central and West European
breeds (II, Figure 15). High heterozygote levels are also detected in modern native Finncattle
breeds (IV) in agreement with similar results in other Northern European breeds (Klungland
et al., 2000). The closest match for ancient Finnish cattle among existing genotyped
contemporary breeds would be the native Norwegian multi-coloured breed Western Fjord
Cattle (Figure 15). The combined cohort of Western, Eastern and Northern Finncattle also
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gets a relatively good match with ancient cattle (IV). The famous painting “Lehmisavu” 1891
by Eero Järnefelt (Figure 7, Section 1.4.2.2) describes a stock of colourful cattle with
suggested MC1R allele frequencies (Section 1.4.2.2), matching well with the genetic results
from ancient cattle (II). Genotyped and estimated frequencies for red (genotypes e/e and e/E+)
and black (genotypes ED/ED, ED/e and ED/E+) were 56 and 33 % for genotyped ancient cattle
(II) and 61 and 35 % based on the visual estimation method (Kantanen et al., 2000, updated
with II, IV and Klungland et al., 2000) from the painting (Figure 7, Section 1.4.2.2). As the
painting is dated before breed formation and matches with genotyped ancient Finnish cattle,
it provides perhaps the best visual illustration of the likely appearance of the ancient Finnish
cattle population (Figure 7, Section 1.4.2.2). Compared to the phenotype of the painting,
ancient cattle were multi-coloured and horned, yet these characteristics were bred out from
native Finnish cattle during the past 100 years. Nonetheless, rare horned type and historical
colour variants still exist in low frequencies (Figures 3-5, Section 1.4.2).

Figure 15

Multidimensional scaling plot of the genetic distances of MC1R alleles (ED, E+ and e, defined by
sites 296 and 310 in U39469.2) visualizes the distances between genotyped populations of ancient
Finnish and 42 modern European cattle breeds (A). The genotypes in each population are given
(see the key). Panel B offers an enlargement of the tight cluster of fixed or nearly fixed wild E+ type
breeds (Grey Square in Panel A). Note that breeds (11, 11 and 2 breeds) fixed for one allele (FIX
e, FIX E+ and FIX ED, respectively) are indistinguishable from each other in the MDS. Abbreviations
for the rest of the breeds are as follows: Northern Europe: FINAN, Finnish ancient, WFC, Western
Fjord Cattle, TRNOR, Black-sided Tronder and Nordland Cattle, TELE, Telemark cattle, WRP,
Western Red Polled, SWRW, Swedish Red and White, DAR, Danish Red, ICEL, Icelandic Cattle,
DOE, Doela Cattle, Western Europe: HOLS, Holstein, JER, Jersey, Central and Southern Europe:
SIM, Simmental, CHI, Chianina, VALD, Valdostana, ROMA, Romagnola, PIED, Piedmontese,
ITBR, Italian Brown, MOD, Modenese, and REND, Rendena. The Figure is from Supporting
Information in Study II.
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4.10.2 Red evolved earlier than black
The phylogenetic divisions of recessive red (e) and dominant black (ED) alleles both evolved
by one mutation from the wild type (E+) allele, dating back to approximately 9 600 BP and 4
300 BP, as estimated using Bayesian EBSP modelling in BEAST v1.7.5 (IV, Sections 1.7.2.2
and 3.4.5). The most recent estimated common ancestor (MRCA) of recessive red and wild
type is relatively close to domestication (around 10000 BP) and predates the expansion of
domestic cattle from the Near Eastern domestication centre in Europe at around 8800 BP
(Lõugas et al., 2007) (Section 1.2). At the time of the estimated MRCA of black ED allele and
wild type (ca. 4300 BP, Section 3.4.5), domestic cattle already expanded to Southern and
Central Europe (Lõugas et al., 2007). Thus, it is possible that the first cattle in Southern and
Central Europe were red or wild type, while the dominant black colour may have appeared
some 2000 – 4000 year later.
By the time cattle reached the northern Baltic Sea region at around 4500 – 3000 BP (NoeNygaard et al., 2005, Lõugas et al., 2007, Bläuer and Kantanen, 2013, Cramp et al., 2014), it
likely had all three main MC1R alleles (II and Svensson et al., 2007, Telldahl et al., 2011,
Svensson et al., 2014). The presence of dominant black ED in the northern Baltic Sea region
has been recorded since the Iron Age (400-700 AD, II and Svensson et al., 2007, Telldahl et
al., 2011). The red coat colour was likely already present in the Middle (Germanic) Iron Age
(Svensson et al., 2007, Telldahl et al., 2011) and certainly since the Late Iron Age (II), due to
genotyping the recessive red e allele. The oldest and only Iron Age sample in Study II was
heterozygote ED/e. The second oldest sample in ancient Finnish cattle carried wild type E+
allele (heterozygote ED/E+ from the Early Medieval period, Study II). Thus, the two oldest
ancient samples genotyped for the three main MC1R alleles to date in the NEBSR already
carried the three main MC1R alleles (e, E+ and ED, II). Further, the presence of red, black and
wild type alleles in the NEBSR suggests that ancient parental populations of NEBSR cattle
(see Section 4.12) already had the three main MC1R alleles.
Ancient European cattle samples analysed for MC1R alleles between estimated MRCA of
e and ED (ca. 7600 – 2000 BC) would be particularly interesting in order to follow the
expansion of the early colour variants across Europe. So far, four Neolithic cattle samples are
genotyped for one MC1R SNP position (1600-1700 BC Hungary, Svensson et al., 2007) and
is dated soon after the estimated MCRA of ED and wild type alleles. Dominant black ED was
not detected in four Hungarian samples (Svensson et al., 2007), thus they were wild type E+
or recessive red e (genotypes either E+/E+, e/e or E+/e). However, as also pinpointed by the
authors (Svensson et al., 2007), the sample size is too small to draw conclusions about allele
frequencies in Neolithic Hungarian or in Neolithic Central European cattle in general. More
aDNA research on Neolithic Southern and Central European cattle would definitely be needed
in order to find the geographical origin and follow the spread of the dominant black colour
over the Europe.
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4.11 Re-evaluating the changes in the NEBSR sheep
population
Since the first ancient DNA study in Finland (III), data has increased, and more sophisticated
analyses have been performed on ancient data (I, II, IV). The follow up studies have provided
new evidence for the temporal fluctuation of livestock populations in Finland, the Baltic Sea
Region and Nordic countries (I, II, IV). In addition, the availability of ancient Estonian sheep
mtDNA and Y-chromosomal sequences (Rannamäe et al., 2016a, Rannamäe et al., 2016b)
has increased the amount of data available for more powerful temporal analyses with Bayesian
modelling-based reconstructions (IV, Sections 3.8.1, 4.6-4.10). In light of new evidence, some
conclusions in Study III should be reconsidered.
One of the main conclusions in Study III was as follows: “Our study did not reveal any
sign of major population replacement of native sheep in Finland since the Iron Age. Variations
in the availability of archaeological remains may explain differences in genetic diversity
estimates and patterns within the cohorts rather than demographic events that occurred in the
past.” The statement was based on assumed heterochrony within pooled ancient cohorts, the
presence of A and B haplogroups in both ancient and modern cohorts, results obtained from a
comparison of classical genetic population estimates of ancient and contemporary cohorts and,
finally, narrower geographical coverage of archaeological sites in the Medieval compared to
Post-Medieval cohorts (III). Based on the new evidence from more data and more powerful
statistical methods (IV), the above statement needs to be reconsidered.
Heterochrony in the ancient data was assumed as one reason for the differences between
temporal cohorts in Study III without any tests to support the conclusion. Later studies (I, IV)
calculated the possible effect of heterochrony using heterochrony correction (I, equation 1) by
Depaulis et al., 2009 and its expansion (Equation 2, derived in Study IV). The results show
only a small bias (ranging from 0.007 to 1.67 %) for ancient Finnish sheep and cattle cohorts
(IV). The maximum biases obtained, assuming a generation length of two years, were 0.5, 0.9
and 1.3 % for Finnish Post-Medieval, Medieval and Late Iron Age sheep, corresponding to
negligible differences (< 0.0001) between the corrected and uncorrected heterochrony
diversity estimates (IV). The temporal frames in historical periods are relatively narrow
(around 300 years each). As discussed in detail in I, these time frames are too short to be
significantly biased by the heterochrony in the data (I, IV). This is also the case for ancient
Finnish sheep (IV). Thus, another explanation is needed for the differences detected in the
temporal cohorts of Finnish sheep.
The presence of haplogroups A and B in the ancient Finnish population was interpreted as
evidence for an unchanged sheep population in Finland since the Iron Age (III). However, the
haplogroup distribution measures very old phylogenetic divisions for sheep, dated long before
domestication (divisions of four major haplogroups 310000 – 800000 years ago (Lv et al.,
2015)) and, thus, very old demographic events (Sections 1.5.3.1, 3.4.5, 3.7.1, 3.8, 4.5.2). The
frequency of haplogroups was already settled in Europe before domestic animals expanded to
the NEBSR (Sections 1.5.3.1, 1.5.5, 3.7.1). Thus, although the presence of A and B
haplogroups in ancient Finnish sheep is a very interesting result, it supports the founder
population theory and initial sheep expansion over the European continent (Section 1.5.3.1)
more than giving much information about the temporal fluctuation within the NEBSR during
the past 1000 years, the sample coverage in III.
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The conclusions in III were mostly drawn from classical genetic population estimates
(Sections 3.4.1, 4.1). However, classical genetic population estimates (π, S, θπ-θS, Sections
3.4.1, 4.1) for sheep are heavily influenced by frequencies of haplogroups and the number of
rare haplotypes (Sections 3.4.1, 4.1), therefore, they are not the best estimates to detect
temporal fluctuation. For example, ten SNPs found between haplogroup A and B (see Figure
12, Section 4.2) will result in huge differences in π, S and K estimates between populations
(Sections 3.4.1, 4.5.2, 4.1). A reduction in population sizes was only suggested for three
Finnish sheep cohorts: Medieval sheep, Finnish Grey Landrace and Åland sheep (III). The
interpretation of expanding populations of contemporary Finnsheep and Post-Medieval sheep
(III) disagrees with the constantly decreasing effective population size from the Medieval
period to the present (IV), the increased inbreeding and the relationship coefficients of
Finnsheep (Li et al., 2009), the recent exponential decrease of the total sheep population (OSF,
see Figure 1, Section 1.3.5) and with the known recent history. Due to a dramatic loss of 87
% of the sheep population in 1950-1968 AD (Figure 1), there was actually a temporary
concern about the possible extinction of the Finnsheep population (Niemelä, 2004a, Section
1.3.5). A parallel re-analysis of ancient Finnish and Estonian sheep supports the decrease in
population sizes from the Medieval period to the present on both sides of the Gulf of Finland
(IV) and are in good accordance with a previous study detecting past reduction in effective
population sizes for all northern European sheep, including native Finnish sheep breeds (Tapio
et al., 2005, Tapio, 2006), and increased inbreeding in Finnsheep (inverse to a decrease in
effective population size (Li et al., 2009)).
A sample taken from a small geographically restricted area may, due to inbreeding and
genetic drift, display lower genetic diversity compared to a sample taken from a wide
geographical region. Finnish Medieval samples from the Turku region displayed maximum
haplotype diversity of 1.0, indicating that each of the seven Finnish Medieval samples
represented different maternal lineages (III). The Post-Medieval cohort sampled from a wider
geographical region from southern, northern, western and central parts of Finland showed a
bit lower haplotype diversity of 0.98, corresponding to 12 haplotypes found in 14 individuals
(III). Moreover, π and K indicated higher nucleotide variation for geographically more
restricted Medieval Turku region compared to the geographically wider Post-Medieval sample
(III). The sampling effect, if significant, should result in lower (not higher) genetic diversity
(Hd, π and K) for the small (Medieval) Turku region compared to the sample covering half of
the (Post-Medieval) country. In addition, haplotype diversities for contemporary breeds in the
study area were 0.75-0.93 and even when summarised, of the five native breeds in Finland,
Estonia and Russian Karelia, haplotype diversity was lower (Hd = 0.93, III) than in the
Medieval Turku region sample (Hd = 1.0, III). Thus, the conclusion that “the origin and
availability of archaeological materials could explain these differences in estimates rather than
demographic events that occurred in the past” (III) seems to be incorrect. Based on genetic
diversity estimates presented in Study III, the Medieval cohort is (at least) as a representative
sample of Finnish ancient population as the Post-Medieval cohort. The sample from the Turku
region is likely representative because Turku, the oldest city in Finland, was the biggest and
most important city in the Medieval and Post-Medieval periods, the centre of merchandise
and its surrounding areas were the most densely inhabited regions in Finland from the Iron
Age to the early modern times (Orrman, 2003a).
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The dataset of ancient and contemporary Finnish sheep was not, in the end, “uninformative
in terms of unfolding geographic origin or origins of native sheep in Finland or the dispersal
of sheep husbandry to Finland”, as claimed in Study III. On the contrary, geographical
analyses based on ancient NEBSR sheep samples gives support to and further information
about the expansion theories presented in Maijala, 1988, later explored based on contemporary
sheep DNA samples (Tapio, 2006) and explored here with statistical re-analysis of sheep
aDNA samples (IV), further discussed in the following section.

4.12 Origin of contemporary native breeds
Two expansion routes for Northern European sheep have been suggested: the western route
from the Near East to Europe, where the European type of sheep formed and then were brought
further north to Northern Europe along the Baltic Sea, and a second, the eastern expansion
route, from the Near East, between the Black and the Caspian Sea, to the Steppe in the Middle
Volga region in western Russia and further east to Northern Europe (Maijala, 1988, Tapio,
2006). The eastern expansion route is suggested to have possibly gone along Vikings trading
routes through the river of Volga (Tapio, 2006). The ancient cattle and sheep data analysed
from the NEBSR covers the Late Iron (Viking) Age and the following Medieval and PostMedieval periods, now combined with contemporary and ancient (III, Tapio, 2006, Rannamäe
et al., 2016a, Rannamäe et al., 2016b, Appendix 2) data, provides a dataset to study the
proposed migration routes more closely. The geographical analyses for cattle is conducted in
Study I and for sheep, it is provided here for the first time (Figure 16, details of analytical
methods in Section 3.7.2).
Interestingly, the same geographical pattern for cattle and sheep is revealed when the
ancient NEBSR mtDNA haplotypes are searched among contemporary European populations.
The highest number of ancient NEBSR cattle and sheep haplotypes is found in contemporary
Southern European populations, suggesting a European origin for NEBSR cattle and sheep
(Figure 2 in Study I and Figure 16). In total, nine out of 17 (53 %, Study I) and 10-13 out of
23 (43-57 %, regions 10-14 in Figure 16) of those haplotypes found in modern cattle and sheep
populations are found in Italy and Iberia. However, in Italy and Iberia, the ancient NEBSR
cattle and sheep haplotypes are in the minority (25 %, Figure 2 in Study I and 11-34 % in
Figure 16). Contemporary populations closer to and in the NEBSR region share fewer
haplotypes with ancient NEBSR cattle and sheep (4-8 out of 17, (24-47 %) Study I, and 4-9
out of 23, (17-39%) Figure 16), but these ancient haplotypes form a considerably larger
proportion of contemporary populations (60-96 %) in Finland, west Russia, the Volga region
and Scandinavia compared to Southern Europe (Figure 2 in Study I and Figure 16). This
phenomenon can be explained by the founder population effect during the initial expansion
and stabilizing effect of the meta-population structure over the geographical genetic gradients
thereafter (Sections 1.2, 1.5.3 and 1.5.5). Also, selection and genetic drift may have caused
the disappearance of some ancient lineages (Sections 1.5.1, 1.5.2). For Estonia, both cattle
and sheep data suggest a severe decrease in diversity during the modern period (1800 AD present) with the resemblance to the ancient population based namely on the central T3 and B
haplotypes, respectively (Figure 2 in Study I and Figure 16).
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Figure 16

Distribution of ancient NEBSR mtDNA haplotypes among contemporary European sheep.
Predominant European haplogroups A and B (in red and blue, respectively) are further divided into
three groups: phylogenetically oldest central A and B haplotypes (solid colour), other ancient
NEBSR haplotypes (dotted) and remaining haplotypes not found in ancient NEBSR sheep (striped)
are given separately (see key). Domestic sheep haplogroups C-D and Anatolian mouflon
haplogroup X (see key). Unique ancient A and B refers to haplotypes only found in the NEBSR
ancient data (Panel B). Plot sizes are proportional to the sample size (see key). When possible, the
comparisons are conducted based on a resolution of 523 bp as was analysed from ancient sheep.
The geographical coverage of the plot is completed for Eastern European regions, relying on the
maximum common sequence length of 284 bp indicated by (*). For regions 3, 25, 31 and 32
(marked with rectangles), two alternative resolutions are given: the smaller plot is based on a longer
sequence (523 bp) from 8-9 samples, and the larger plot on a shorter sequence (284 bp) from 1553 samples. Panel B gives ancient data for four temporal periods separately, with a comparison to
contemporary NEBSR breeds. The regions are: 1 Finland, 2 Åland, 3 Russian Karelia, 4 Estonia, 5
Poland, 6 Germany, 7 Norway, 8 UK, 9 South France, five groups of Iberian sheep types: 10 Churro
trunk, 11 Bordaleiro type, 12 Merino trunk, 13 Iberian trunk and 14 Entrefino trunk, 15 Italy, 16
Sicily, 17 Serbia, 18 South-East Europe, three type of domestic and one wild sheep in Turkey: 19
thin tailed, 20 Anatolian mouflon (wild), 21 semi-fat tailed and 22 fat tailed, 23 Near-East, 24 Egypt,
25 South Caucasus, 26 North Caucasus, 27 Stavropol, 28 Caspian Depression, 29 East of Caspian
Sea, 30 Ukraine, 31 West Russia, 32 Volga-Kama region, 33 Middle Volga and 34 Altay region.
Data for the resolution of 523 bp is given in Appendix 2. Data for 284 bp are the encompassing
regions from 432 bp analysed partially from different mtDNA regions in Tapio et al., 2006.

The results from mtDNA analyses of ancient NEBSR sheep support the western expansion
route and a European origin of the ancestral population of contemporary native NEBSR breeds
(see above), but the eastern expansion route (Maijala, 1988, Tapio, 2006) is also possible. For
both cattle and sheep populations, ancient NEBSR haplotypes are found in high frequencies
in Volga-Kama and Middle Volga regions in western Russia (Figure 2 in Study I and Figure
16), giving compelling support for the old connections between populations. Further, sheep
haplogroup A is suggested to originate from the eastern expansion route a long time ago,
perhaps in the Viking era (Late Iron Age), arriving to the NEBSR perhaps through Viking
trading roads along the river of Volga (Tapio, 2006). The distribution of ancient sheep
haplotypes, especially the phylogenetically oldest central A haplotype (solid red in Figure 16),
supports the hypothesis of the eastern expansion route and a Volga-Kama origin for
haplogroup A and also for some B haplotypes frequent in the Volga region (Regions 31-33 in
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Figure 16). The first arrival of haplogroup A to the NEBSR dates back further in time than the
Vikings era, as it is first detected in the Bronze Age cohort and, on the other hand, may have
been brought again or accumulated by drift into Åland, Kihnu and Finnish Grey Landrace,
where haplogroup A is more frequent than it was in historic periods (Figure 12, Section 4.2).
Nonetheless, the Late Iron Age was a time when a lot of new animals arrived to the NEBSR
(IV, Figures 12 and 16b), and it was an important period for the development of agrarian
culture in the NEBSR (Section 4.7). Microsatellite and Y-chromosomal studies of human
populations have indicated an eastern influence on Northern European people and also
suggested eastern and western expansion routes for human populations (Zerjal et al., 1997,
Kittles et al., 1998). Ancient DNA studies of the Northern Baltic Sea region human
populations suggests that early farmers arrived from Central Europe to Southern Sweden at
around 5000-4000 BC and from the Pontic Steppe to Baltic countries at around 3000 BC
(Malmström et al., 2015, Mittnik et al., 2017). Livestock arriving at around the same time
(4500-3000 BC) Lõugas et al., 2007, Bläuer and Kantanen, 2013, Cramp et al., 2014, Sections
1.2, 1.3.1.2) could reach the NEBSR from these two directions as well, possibly with human
migration. Perhaps the eastern and western expansion routes are directed by the geography of
the European continent in general, as these routes have also been detected in aDNA analyses
of wild animals (e.g. beavers (Horn et al., 2014)).
Short (167 bp) aDNA sequences from Caucasus sheep published recently show the
presence of A, B, C, D and E haplogroups in 29 samples dating to 3900-2300 BP (Schroeder
et al., 2017). A comparison to contemporary sheep (Appendix 2 and Tapio et al., 2006)
revealed three ancient Caucasian haplotypes identical to unique contemporary sheep (two
Ivesi and one Gorno Altay Local sheep, Regions 22 and 34 in Figure 16). The low resolution
of ancient Caucasian sheep sequences (167 bp) caused the collapse of many haplotypes from
many regions being less informative. However, the most common central A (9/29), central B
(1/29) and central C (2/29) haplotypes were likely present in the Caucasus in 3900-2300 BP.
None of the ancient Caucasian haplotypes (Schroeder et al., 2017) give support that the
ancestral population of NEBSR sheep would be that far in the Caucasus or the Near Eastern
regions.
Another recently published study of ancient sheep samples of the Altai region at Russia
(Dymova et al., 2017) in comparison with Schroeder et al., 2017, datasets of ancient and
contemporary NEBSR sheep (Appendix 2) provides more support for the eastern expansion
route of the NEBSR sheep. Based on the maximum resolutions of 316-523 bp for each ancient
Altai sheep sequences provided in Dymova et al., 2017, and analysed from the common Dloop region (523 and 284 bp, Appendix 2), the ancient Altai population resembled most of the
Eastern European and Near Eastern contemporary sheep. Identical sequences for 5 out of 17
(29.4 %) ancient Altai sequences were found in Turkish, South Caucasian and Near Eastern
contemporary sheep (regions 19, 22, 23 and 25 in Figure 16) and one in Iberia (5.9 %, Regions
10 and 14 in Figure 16). The central B haplotype common in present day Altai (region 34,
Figure 16) and many other populations in Europe (Figure 16) was found in eight (47.1 %)
while the remaining three (17.6 %) sequences were unique to ancient Altai sheep. Compared
to the ancient Caucasus (Schroeder et al., 2017), the proportion of central B likely increased
when sheep spread from the Caucasus to the Altai region (3.4 % in ancient Caucasus compared
to 47.1 % in ancient Altai), but noteworthy is that for the Caucasus, the frequency of central
B may be even lower due to resolution limits (for the effect of resolution, see Sections 3.1.1
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and Figure 11, Section 4.2). Interestingly, among ancient Altai mtDNA sequences, two
identical matches are found with ancient NEBSR sheep (based on the maximum common
resolution of 522 and 345 bp). Two Altai Early Bronze Age (2025-1075 BC) sheep, one in
both A and B haplogroups, are found in Finnish Medieval sheep. The A haplotype (522 bp) is
also found in Near Eastern breeds Morkaraman, Akkaraman and Assaf, while the B haplotype
(345 bp) – in Iberian breeds Churra and Rasa Aragonesa. The frequency of these two
haplotypes is low in contemporary sheep (0.29 and 0.28 %, Appendix 2), giving further
significance to the observation. The A haplotype in particular gives support for the eastern
expansion route, while the B haplotype may have also arrived from the western direction.
For ancient cattle DNA, studies also provide support for western and eastern expansion
routes. One medieval Finnish T2 haplotype found to be unique among 2094 contemporary
Eurasian cattle (I) used to be more common in prehistoric western Eurasia, as it is found in
Neolithic Iran (700-5000 BC, frequency 2/10) and in Middle/Late Neolithic South-Eastern
Europe (5500-5000 BC, frequency 3/21) (Scheu et al., 2015). In addition, three currently rare
Post-Medieval T3-haplotypes, H22, H25 and H30 (Study I) have counterparts (based on 206
bp and 146 bp common sequences) in Neolithic and Bronze Age German samples (Bollongino
et al., 2006) and Early Medieval Scandinavian settlements in Dublin, Ireland (MacHugh et
al., 1999), supporting the idea of a European origin for Medieval and Post-Medieval NEBSR
cattle.
Geographical analyses based on ancient and contemporary cattle and sheep mtDNA
suggest that cattle and sheep spread from the Near Eastern domestication centre first to the
west and north, where they formed the European and Steppe type populations, respectively.
The first domestic animals in the NEBSR likely originate from these European and Steppe
populations that come into contact and mixed in the peripheral areas of the NEBSR. The
results are in line with the genetic population structure of early farmers in Europe and west
Russia and with the earliest farmer population migrations (Haak et al., 2015, Mittnik et al.,
2017). Ancient human DNA analyses show closely related Corded Ware farmer populations
in Central Europe (8000 – 5000 years ago) and another distinctive human population of
Yamnaya pastoralists (6000 – 5000 years ago) in the Steppe region north from the Caspian
Sea (Haak et al., 2015, Mittnik et al., 2017). The massive migration of the Yamnaya
pastoralists population around 4500 years ago from the Steppe region west to Europe and
north to the NEBSR (Haak et al., 2015, Jones et al., 2017, Mittnik et al., 2017) fits with the
results obtained from cattle and sheep, suggesting that the first domestic animals in the
NEBSR likely originate from animals migrating with the Corded Ware people from the
western migration route from Europe and with the Yamnaya pastoralists from the eastern
migration route from the Steppe in the Volga-Kama region in Russia.
Nuclear Y-chromosomal and autosomal markers can reveal more recent population history
compared to maternally inherited mtDNA (Section 1.5.2.1). For cattle, the paternal line in the
NEBSR has changed from Y2, dominating in the Iron and Medieval Ages, to Y1 during the
Post-Medieval and modern periods (I). For sheep, the increase of A-oY1 during the PostMedieval and modern periods is possible (Section 4.4). Y-chromosomal analysis shows that
breeding males have been imported since the Post-Medieval period, with increasing intensity
during the modern periods, resulting in the replacement of Y2 with Y1 type of bulls from the
Medieval period to the present (I). The origin of contemporary paternal lineages is likely in
Western and Central Europe (e.g. UK, Germany, Denmark, The Netherlands), where the
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cultural connections were strong and also based on the stepwise increase of Y1 haplotype (of
UTY19) and ED allele of the MC1R gene, as first detected in Southern Sweden and Gotland
from the Medieval to Post-Medieval periods, followed in Finland soon after, from the PostMedieval to the modern periods (II).
Out of contemporary NEBSR native sheep breeds, the most similar breeds to ancient
NEBSR sheep, based on mtDNA, are Finnsheep, while other native sheep breeds, namely
shared the most common central B haplotype common in many European populations and
ancient NEBSR sheep (Figure 16), or did not share haplotypes with ancient sheep (Åland
sheep). All NEBSR sheep have lost their variation (Tapio, 2006, Section 1.4.1) in the modern
period and particularly so during the past 100 years. In modern times, Finnsheep have been
the most numerous breed, while other NEBSR breeds have been restored from a few tens of
individuals during the past 35 years (Section 1.4.1). Out of NEBSR cattle, the most similar
breed to ancient cattle, based on mtDNA and Y-chromosomal haplotypes, was Western and
Eastern Finncattle, respectively, followed by Northern Finncattle while Estonian breeds,
which were nearly fixed for the central T3 haplotype also frequent in ancient NEBSR cattle
and several other European breeds (Figure 2 in Study I).
Status of Åland sheep is interesting, as based on its morphological characteristics, it is
classified as a primitive breed, belonging to the Norther European short tailed sheep type
(Tapio, 2006, Chessa et al., 2009), but it did not share mtDNA haplotypes with ancient sheep
(Finnish nor Estonian, Study III and Rannamäe et al., 2016b). Medieval and Post Medieval
period samples from near the island of Kökar resemble the mainland population more than
modern Åland sheep (data from III). Åland sheep differ in looks and has many primitive
characteristics, like a double layer of wool, horns and a smaller body size compared with other
Finnish native breeds, Finnsheep and Finnish Grey Landrace (Figure 2). The differentiation
is also seen at the genetic level (Tapio et al., 2005, Tapio et al., 2005, Figure 14). DNA
analyses reveal that even though modern Finnsheep and Finnish Grey Landrace have
separated from each other (Tapio et al., 2005, Tapio et al., 2005, Figure 14), they both share
haplotypes between each other as well as ancient Finnish sheep (III). The presence of ancient
mtDNA haplotypes in Finnsheep and Finnish Grey Landrace suggests that at least part of the
maternal lineages descend from historical Finnish sheep populations. However, this may not
be the case for the third local Finnish breed – the Åland sheep (Figure 14). Genetic evidence
from modern sheep microsatellite data shows that the Åland sheep is closer to Swedish
Gotland and Forest sheep than to Finnsheep, Finnish Grey Landrace or Viena sheep from
Russian Karelia (Tapio et al., 2005). Åland sheep likely originate in 18th century Swedish
population, who brought returning Åland evacuees from Sweden after the Great Northern War
(1700 – 1721 AD) (Bomansson and Reinholm, 1856, Kuvaja, 1999, Aminoff-Winberg, 2007).
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5 CONCLUSIONS
In this thesis, I have shown that genetic data collected from ancient samples can be most useful
in reconstructing genetic population history, revealing the origin and development of local
variants and studying the co-evolution of domestic species in contact with human cultural
development. In combination with known written history and archaeological research, the
genetic data was interpreted to gain further understanding of the beginning and development
of animal husbandry in the northernmost latitudes of agriculture. The genetic changes in
animal populations reveal interesting aspects in history, cultural contacts and development of
human communities, including the earlier periods for which the historical records are scarce.
Genetic aspects: Genetic analyses of ancient NEBSR cattle and sheep provided plenty of
new findings. Several ancient mtDNA haplotypes of cattle and sheep were defined here for
the first time. Globally rare cattle haplogroups T1f and Q were detected in ancient NEBSR
cattle for the first time in Northern Europe. Y-chromosomal markers targeting UTY19 and
SRY genes were successfully sequenced from ancient cattle and sheep. The colour-defining
MC1R gene was analysed for the first time at the resolution of three main alleles. All in all,
the resolution of genetic analyses of ancient samples conducted here was good, well
comparable to other ancient and many other studies conducted using contemporary samples.
For the first time, the sub-haplogroup T3b was detected in ancient cattle samples. The
resolution of genetic studies varies, thus T3b cannot always be separated from T3. Based on
datasets of those studies with sufficient resolution, the sub-haplogroup T3b is currently as
widespread in the European continent as T3. The continuum of T3 and T3b in ancient and
contemporary NEBSR data and their current geographical gradient suggest that both T3 and
T3b were already present in the founder populations of the European type of cattle. Further, I
have demonstrated here that T3b makes as good a population genetic marker for geographical
and temporal analyses as T3 and that a design of research to cover the diagnostic positions for
T3b is recommendable. In fact, for the majority of European cattle breeds, the division into
T3 and T3b makes up most of the variation that can be captured at a haplogroup level because
the frequency of other haplogroups varies from low to marginal in most European cattle
breeds.
Expansion and origin: Ancient NEBSR cattle and sheep data provides support for the
initial expansion theory of domesticates from the Near Eastern domestication centre across
the European continent. Here, I have demonstrated the utility of phylogenetically oldest
central haplotypes for the geographical analyses of mtDNA. According to the coalescent
theory, central haplotypes within a haplogroup are the phylogenetically oldest haplotypes
surrounded by later evolved, younger haplotypes in a star-like pattern. Each haplogroup is
considered to descend from an independent domestication event captured from the wild
ancestral population. The results from this study support these evolutionary theories well. The
phylogenetically oldest central haplotypes were the most frequent and widespread haplotypes
within each haplogroup in ancient and contemporary Eurasian cattle and sheep. Central
haplotypes (T3 and T3b for cattle, B for sheep) are also the only haplotypes to have a clear
temporal continuum from prehistory to the present in the NEBSR as well as in other Eurasian
regions. The phylogenetic and geographical results suggest that the central haplotypes were
likely well-presented within the first founder populations taken from the Near Eastern parental
population. The phylogenetically younger, less frequent haplotypes evolved later and some of

96

Conclusions
them, perhaps after the initial expansion process, had already started. Geographical patterns
of mtDNA haplogroups typical for European cattle and sheep were present in Central and
South-Eastern Europe already in the Neolithic and Bronze Ages (6000-4000 BC and 18001600 BC, respectively), which dates before domestic animals arrived to the NEBSR ca. 1000
BC. In European cattle and sheep, haplogroups T3 and B are dominant, while T2 and A are
present in the minority, as they are in the ancient and contemporary NEBSR. The metapopulation structure may explain why later movements known to happened frequently
throughout history have not significantly changed the geographical genetic gradients of
mtDNA haplogroups occurred during the initial expansion. After the initial expansion and the
network of populations had occurred, the meta-population structure over the continent would
conserve the most frequent (central) haplotypes in each region, while rare haplotypes that
evolved or migrated later are at a higher risk of vanishing from a population due to genetic
drift. The disappearance of rare cattle Q and T1f haplogroups found in ancient NEBSR is
likely caused by genetic drift.
It was found that geographical divisions of mtDNA haplogroups suits for exploring initial
expansion ca. 8000 - 3000 BP over the European continent while to study more recent
migration and population history younger phylogenetic divisions of mtDNA haplotypes suits
better. The origin of NEBSR cattle and sheep was explored by comparing NEBSR mtDNA
haplotypes with comprehensive datasets collected from western Eurasia. Geographical
comparisons based on ancient and contemporary samples suggest a dual origin for the
ancestral population of NEBSR cattle and sheep, Central Europe and the Volga region in
Western Asia. The ancient NEBSR population shares haplotypes with both Central European
and West Asian Steppe populations but less so with ancient or contemporary Near Eastern
populations. This may be because partly different initial founder populations were taken west
from Near East towards Europe and north towards Pontic Steppe that then differentiated
further during the expansion process that lasted thousands of years. The animals arriving from
the western and eastern expansion routes throughout Sweden and Baltic countries in
prehistory likely came into contact again and mixed in the peripheral areas of the NEBSR.
Since the first prehistoric founder populations appeared in the NEBSR, populations have been
constantly changing due to culture-environmental, natural and later artificial selection and as
a consequence of historical events.
The development of local domestic populations and co-evolutionary aspects. The
formation of local populations was followed from the genetic data, which showed that
although contemporary native breeds are related to historic animal populations, they also are
different. Temporal continuity for less than one third of haplotypes shows the relationship
between temporal cohorts. However, periods next to each other shared more maternal and
paternal lineages than cohorts temporally further away. It was found that genetic distance
caused by time can be as large as genetic distance caused by geographical distance and breed
divisions between modern European populations. The ancient DNA studies (I, II, IV) suggest
that major changes in the NEBSR cattle population have happened at least twice: during the
end of the Late Iron Age and the early Medieval period co-occurring with a major change in
society, and in the modern period, when native cattle have almost been replaced by global
commercial dairy breeds.
The selection in breeding animals is well-known for the past 100 years since the
establishment of herdbooks of Finnish native breeds in the early 20th century. In the past 60
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years since the industrial revolution, cattle and sheep have lost genetic diversity due to the
strict selection of breeding animals and also as a consequence of a fast decrease in total
population sizes. Ancient data shows that selection started already in the late Medieval period
and continued with constantly increasing skill and intensity throughout the Post-Medieval and
modern periods to the present. Increased import and selection in breeding bulls from the PostMedieval period to the present resulted in the replacement of paternal Y2 lineage with Y1 in
nearly all Northern European cattle breeds except Eastern Finncattle, where some of the
ancient Y2-type bulls have remained. The paternal Y1 lineage likely arrived from western
Europe, as Y1 gradually increased in the southwest-northeast direction along the Baltic sea
from the Medieval to the modern period. Selection in Medieval Finland was likely more due
to isolation of local stocks in newly established villages and provinces, i.e., due to the founder
effect, genetic drift and culture-environmental selection favouring animal types adapted best
for the harsh conditions and poor fodder. Artificial selection, if conducted in the Iron Age and
the Medieval period, was likely defined by versatile desires of individual farmers undetectable
from genetic data. From the Post-Medieval period onwards, historical records describe more
goal-directed breeding efforts, also supported by genetic data. The decrease in effective
population size simultaneously with an increase in total size indicate that fewer and fewer
animals from the total population were selected for breeding purposes in the Post-Medieval
and modern period, finally resulting in native breeds as they are today. The origin of native
breeds would then be in the Post-Medieval and Medieval populations, while prehistoric
populations were more different. The loss of genetic diversity has been heavier for cattle,
while sheep have retained a somewhat higher diversity. This may be due to stronger artificial
selection pressure for cattle than for sheep and, also, due to a smaller herd, male and total
population sizes result in a stronger genetic drift for cattle rather than for sheep.
Historical cattle used to be multi-coloured. A high heterozygosity level and the presence
of all allele combinations of recessive red, dominant black and wild type suggest that all types
of colours were mixed frequently in historical periods. Native cattle breeds achieved their
current typical breed appearance with relatively settled colours during the past 100 years.
Because the selection for coat colour is relatively recent, the heterozygosity stage in the MC1R
gene is still high in Finncattle and comparable to other Northern European native breeds. The
rarer untypical colour variants occasionally occurring in purebreed stocks can be echoes from
the past before the ideal colour for each Finncattle breed was defined, and they may now
appear again, when animals from different lineages are crossbred in order to maximise the
genetic diversity of combinations. From a historical perspective, coat colour has not been an
important selection criterion in the ancestral population of Finncattle breeds.
For conservation purposes. The results show under which unique circumstances the local
native breeds have evolved. The genetic composition accumulated in native breeds is a result
of hundreds of years of culture-environmental selection, making the animals adapt to survive
in the primitive conditions of pre- and historical periods, later modified due to artificial
selection. Native breeds still store genetic variation and characteristics that can be useful for
future breeding in changing environments. It is in the best interest of native breeds to harbour
the remaining genetic variation still found in contemporary stocks.
Historical aspects: The genetic data and radiocarbon dates were combined in Bayesian
modelling in order to reconstruct the genetic population history and compare the timing of
genetic changes with known written history. The rearing of cattle and sheep increased strongly
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in the Middle and Late Iron Age, which is approximately 3000 years later than the first signs
of domesticates in Finland. The explosion in animal husbandry in the Middle and Late Iron
Age corresponds with frequent findings in fossil cereals pollen in lake sediments, further
linking animal rearing and cereal cultivation. The increase of animal population concurrently
with cereal cultivation could result in generalising use of manure to fertilize fields. Thus, after
a slow initial beginning and long co-existence of hunting-gathering and farming livelihoods,
agriculture replaced hunting-gathering as the main economy relatively fast; this transition
possibly dates to the Middle and Late Iron Age in Southern Finland. In Estonia the explosion
in animal husbandry may have happened a bit earlier, already during the Early Iron Age. The
fast increase in total and effective population sizes suggests a lot of new animals were brought
to Southern Finland in the Late Iron Age. A massive migration of Vikings occurred in
Northern Europe in the Late Iron Age, when new colonies were founded in several parts of
Northern Europe all the way to Iceland and Greenland. At this time, new immigrants arrived
to Southern Finland. New animals may have arrived with new farmer immigrants and perhaps
also due to active trade along the shores of the Baltic Sea. The transition to agriculture enabled
an increase in human population. The reconstruction of population sizes based on official farm
statistics and historic inventories shows a strong positive correlation between human, cattle
and sheep populations, that was not broken until the industrial revolution in the middle of the
20th century in the modern period. The replacement of the cattle population in the Early
Medieval dates after the crusades, when Finland was combined with the Swedish kingdom,
and a massive immigration of Swedish farmers to coastal Finland occurred. The import of
new cattle types, possibly together with Swedish immigrants, may have caused the detected
replacement of the old prehistoric type of cattle. From the late Medieval period onward,
genetic data suggests a reduction in gene flow that may be due to more isolated human and
consequently domestic animal populations in the historical periods compared to the Late Iron
Age. Breeding bulls were likely brought from the western direction, suggesting close cultural
connections to Sweden and further to western Europe in historic periods. The historical events
of the Swedish empire (1617-1721 AD), including the Thirty Years War (1618-1648 AD),
severe famine (1695-1697 AD), the Great Northern War (1700-1721 AD) and World Wars I
and II (in Finland 1914-1918 and 1939-1945 AD) shows up as faster temporary decreases in
effective and total population sizes of cattle and sheep populations.
Methodological and Archaeological aspects: In this study, sex and phenotypic
characteristics and several maternal lineages from the mtDNA was diagnosed from
archaeological cattle and sheep specimens. Regions analysed from mtDNA are also used in
medical applications for individual identification and parental testing and can further be used
to separate osteological elements deriving from different individuals e.g. within one
excavation site. A genetic marker targeting the MC1R gene reveals the coat colour of each
archaeological sample that cannot be retrieved from osteological material by any other
method. In addition, I have derived mathematical models to calculate the probability for
analytical errors and heterochrony bias of the genetic approaches in order to validate results
obtained for each individual sample as well as for temporally grouped cohorts. The
mathematical modelling provided can be further used to optimise laboratory procedures and
improve the efficiency of genetic analyses for archaeological samples.
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8 APPENDIXES
Appendix 1 Summary of cattle mtDNA, Y-chromosomal and MC1R data in Europe and Western Asia. Number of animals
sampled (N), mtDNA and Y haplogroup frequencies (%), original publication reference (Ref, footnotes). The
resolutions of datasets from different studies are indicated with superscripts. For the lowest resolution of 245
bp (indicated with L), T, Q and T5 are inseparable from each other and marked here as T*. Q haplogroups Q1
and Q2 are diagnosable from resolutions of 744 bp or whole mtDNA (indicated H), but for lower resolutions of
245 and 486 bp, the likely Q1 typing based on Q1-typical positions is also given (indicated with L). For datasets
with sufficient resolution (≥ 486 bp), T3 and T3b are given separately (indicated with H). For lowest resolution
of 245 bp, sub-haplogroup T3b is inseparable from T3 (indicated L). Three out of six T1 sub-haplogroups (T1a,
T1c and T1f) are diagnosable from all D-loop resolutions, while others (T1b, T1d and T1e) are named here as
T1 (sub-haplogroups indicated for each row). Haplogroups T2, T4, R, I1 and I2 are diagnosable from all
resolutions. Y-chromosomal UTY19 Y1 and Y2 haplotype frequencies are given when analysed from the same
breeds. For full UTY19 data of 1692 samples from 131 cattle breeds, see the original papers (Ref, foot notes)
or the summary from Supporting Information Table E in Study I. Resolutions for MC1R in each dataset are:
ED for dominant black only, M for the three main MC1R alleles (dominant black ED, wild type E+ and recessive
red e) and F for four MC1R alleles (three main and E1 with unclear effect on phenotype).

T (T*)
(Q2,T5)

NEBSR

Ancient

Q1
Ancient NEBSR: Finland
(N=38), Estonia (N=7)
Ancient Sweden
Ancient Bern, Switzerland
Ancient Hungary
Northern Finncattle
Western Finncattle

2.2

H

mtDNA haplogroups (%)
T3 L
R, T4,
H
T1 T2 T3
T3b H I1, I2

Eastern Finncattle

South Europe

Western Europe

Scandinavia
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0.3 H
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[9,10] 12 M

[13]

10 [9,10] 3 ED

[12]

5

[9,10]

ED

[12]

F

[14]

3 ED

[12]

[10]
[10]

6F

[14]

4

80.0H 10.0 H
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4 [9]
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22 [10]
[3]
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46 [10]

T 2.9 H
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[3,5]
100 7

[10]

T 4.8 H

7.0 61.9 H 19.0 H
T1a 8.0
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8.9 48.0 H 33.9 H
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T1 16.4 1.5 47.8 H 28.4 H R 6.0
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[3,4]
[3,5]

100 2

[10]
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[3-5]

78

[3-5]

Q2 1.6 H

N

[6-7] 124 ED [7,12]
[8]
[6]
[9]
4M
[13]
[9,10] 18 M [13]

80.0
100 L
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93.3 L

60 H

L

Ref. Y1 Y2

18 82 57
7 13 14
100 1
[2] 100
3
[2] 100
9

L

20.0

N

[1] 14 86 7

71.4H 28.6 H

Estonian Red
Estonian Native
Swedish Mountain Cattle

Cinisara (Sicily, Italy)
Charolais (France)
Flamande (France)
Gascogne (France)

31.1

H

MC1R data

45

T1f 2.2 2.2 62.2

14.3

H

Y chromosomal
UTY19 haplotypes
(%)

108

18

32 F [16]
348 F [14,17]

100 F [14]
83 F [16,17]
32 F [16]
76 F
5F
33 F
8F

[16,17]
[16]
[16,17]
[16]

100 22 [10]

12 F

[14,16]

100 37 [10]

80 F
4F
68 F

[14,16,17]
[16]
[16,17]

Appendixes

Grey Alpine (Italy)
Italian Brown (Switzerland)

Q1
8.5 H

Italian Podolian
Italian Red Pied

1.6 H

South Europe (continued..)

Limousin (France)
Marchigiana (Italy)
Maremmana (Italy)
Modicana (Sicily, Italy)
Mucca Pisana (Italy)
Maine Anjou (France)
Montbeliard (France)
Modenese (Italy)
Ottonese (Italy)
Pettiazza (Italy)
Pezzata Rossa d’Oropa (Italy)
Pezzata Rossa Italiana (Italy)
Piedmontese (Italy)
Reggiana (Italy)
Rendena (Italy)
Romagnola (Italy)

North Asia

Near East

East Europe

Balkans

Valdostana (Italy)
Bianca Val Padana (Italy)
Salers (France)
Swiss Brown
Simmental (Switzerland)
Tarentaise (France)
Villard de Lans (France)
Vosgienne (France)
Valdostana (Italy)
Valdaostana Pezzata Rossa
(Italy)

mtDNA haplogroups (%)
T3 L
T (T*)
R, T4,
(Q2,T5)
T1 T2 T3 H T3b H I1, I2
H
H
4.3 48.9 38.3
T1 11.1
77.8 H 11.1 H
T1 6.6
3.9 63.2 H 22.4 H
T1f 3.9
T5 0.8 H T1 0.8 7.9 53.2 H 35.7 H
T1 4.0
2.0 52.0 H 40.0 H
T1c 2.0
T1 7.9 3.6 64.7 H 23.0 H R 0.7
T1 16.0 12.0 56.0 H 16.0 H
53.8 H 46.2 H
84.8 H 15.2 H

42.9 H 57.1 H
100 H
T5 1.5

1.8 H

H

H

T1 5.3

1.5 44.8 52.2
81.6 H 13.2 H

T1 3.6
8.5 49.6 H 32.1 H R 2.7
T1c 0.4
T5 14.8 H
1.9 55.6 H 27.8 H
100 H

Q2 1.3 H

33.3

H

66.7

H

N
45
10

Ref. Y1 Y2
[3]
[3,5]

N

Ref.

MC1R data
N

Ref.

6F
[14]
248 F [14]

76

[3]

126

[3,5]

53

[3,5]

100 26 [10]

52 F

[16,17]

150
28
14
33

[3,5]
[3-5]
[3-5]
[3]

100 11 [10]
100 19 [10]

9F
5F

[14,16]
[16]

100 6

4F
32 F
76 F

[16]
[16]
[14]
[14]
[14]
[14,16]
[14]
[14,16]

[14]

[10]

7
36

[3]
[3,4]

67
40

[3,4]
[3,5]

100 17 [10]
100 4

[9]

2F
5F
11 F
297 F
87 F

231

[3,5]

100 4

[9]

15 F

54
4

[3,4]
[3]

9

[3]

5

95 20 [10]
100 14 [10]
100 18 [10]

73 F
213
32 F
20 F
12 F
6F

[14,16,17]
F

5F

Busha (Serbia)

100

L

8

[2]

30

[3]

54.5 L

11

[2]

100 L
100 L
50.0 L

8
8
I1 20.0 10

23.3 63.3 H 13.3 H

Bulgarian Grey
Podolian (Serbia)

H

Y chromosomal
UTY19 haplotypes
(%)

T* 45.5 L

Byelorussian Red
Ukrainian Grey
Ukrainian Whitehead
Black and White (Lithuania)
Commercial Red (Lithuania)
Latvian Blue (native)
Latvian Brown (commercial)
Kholmogory (West Russia)
Yaroslavl (West Russia)
20.0 L
Iraqi
T5 22.2 H T1 11.1
Iranian
Grey Steppe (Turkey)
T1 5.6
Anatolian Black (Turkey)
Damascus (Syria)
East Anatolian Red (Turkey)
South Anatolian Red (Turkey)
Turkish Grey
Ala-Tau (Kazakhstan)
Bushuev (Uzbekistan)
Istoben (Middle Russia)
Pechora type (Middle Russia)
Suksun (Middle Russia)
Yakutian Cattle (Siberia,
Russia)
Yurino (Middle Russia)
Total

30.0

100 L
14
80.0 L
10
11.1 33.3 H
I1 22.2 9
57.1 28.6 H
I2 14.3 7
11.1 50.0 H 33.3 H
19

4.2

60.0 L
50.0 L
100 L
100 L
100 L

I2 40.0 5
I1 50.0 4
9
9
10

75.0 L

T4 20.8 24

100 L

4
2083

100 5

[2]
[2]
100 5
[2] 45 55 11
10
10
9
8
[2] 100
6
[2] 100
3
[4]
[4]
[3,5]
100 5
33 67 3
100 4
100 5
100 3
[2]
[2] 100
4
[2] 100
9
[2] 100
7
[2] 80 20 5

[2]

[14,16]
[16]
[16]
[16]
[14]
[16]

[10]

[10]
[10]
[6]
[6]
[10]
[10]
[10]
[10]

[9]
[10]
[9]
[9]
[10]
[10]
[10]
[10]
[10]

100 23 [10]

[2]
703

2057

References: 1: Study I, Niemi et al., 2015, 2:(Kantanen et al., 2009), 3: (Bonfiglio et al., 2010), 4: (Achilli et al., 2008), 5: (Bonfiglio
et al., 2012), 6: (Svensson and Götherström, 2008), 7: (Telldahl et al., 2011), 8: (Svensson et al., 2014), 9: (Götherström et al.,
2005), 10: (Edwards et al., 2011), 11: study II, Niemi et al., 2016, 12: (Svensson et al., 2007), 13: study IV, Niemi et al., 2018, 14:
(Russo et al., 2007), 15: (Klungland et al., 2000), 16: (Mateiu and Rannala, 2008), 17: (Rouzaud et al., 2000).
Resolutions of mtDNA alignments are: 245 bp for data from Kantanen et al., 2009 [2] and 486 bp for D-loop sequences from
Bonfiglio et al., 2010 [3]. For complete mtDNA sequences in Achilli et al., 2008, Bonfiglio et al., 2010 and Bonfiglio et al., 2012 [35], the length of alignment is the maximum resolution of 667 bp (and 744 bp for one ancient sample in Q1 haplogroup) in Study I,
Niemi et al., 2015 [1]. For breeds sampled in two resolutions of 245 and 486 bp (Eastern Finncattle and Swedish Red Polled),
haplogroup definitions and the number of sample sizes are given in both resolutions and indicated with L and H, respectively. For
these two breeds, low resolution also includes samples from high resolution, trimmed into the common length of 245 bp.
Diagnostic positions for mtDNA haplogroups are according to Achilli et al., 2008, 2009, Bonfiglio et al., 2010, 2012.
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South-East Europe (Turkey)

East
Europe

Iberia

South Europe

N-W
Europe

NEBSR

NEBSR
ancient

Appendix 2 Sheep mtDNA, Y-chromosomal haplogroup frequencies in Europe and Western Asia. Haplogroup frequencies
(%) in 7 NEBSR ancient cohorts and 96 Eurasian sheep breeds. Sheep mtDNA haplogroups are definable
from two resolutions, 523 bp and 284 bp indicated with (H) and (L) after the number of samples (N),
respectively. The region number (Reg no.) refers to geographical analysis (Figure 16). Y-chromosomal oY1
haplotypes are given when analysed from the same breeds/cohorts. For full oY1 data from 1716 samples from
110 sheep breeds, see the original papers (Ref, foot notes) also combined in Table S3 in III.
mtDNA Haplogroups
Y-chromosomal SNP oY1
mtDNA G-oY1 A-oY1 N oY1
Reg
Breed
NRES
%
%
A% B% C%
E%
D%
Ref.*
Ref*
No.
LIA, Finland
100
5H
[1]
H
ME, Finland
28.6 71.4
7
[1]
100
1 [1]
PME, Finland
14.3 85.7
14 H
[1]
100
2 [1]
[2,3]
100
1 [2]
LBA-MIA, Estonia
12.5 87.5
8H
[2,3]
LIA, Estonia
100
9H
ME, Estonia
100
34 H
[2,3]
100
2 [2]
[2,3]
PME, Estonia
100
18 H
H
1
Finnsheep
100
15
[1]
76.7
23.3
73 [13,14]
1
Finnish Grey Landrace
50
50
8H
[1]
57.1
42.9
7 [14]
2
Åland
33.3 66.7
9H
[1]
60.0
40.0
5 [14]
3
Viena
100
15 (9 H, 6 L) [1]
100
6 [14]
3
Vepsia
11.1 88.9
9L
[4]
20.0
80.0
5 [14]
4
Kihnu
22.7 77.3
44 H
[3]
H
5
Olkuska
44.4 55.6
9
[1]
6
Milchschaf
40
60
10 H
[5]
7
Norwegian Shorttailed breeds 12.5 87.5
8L
[4]
61.4
38.6
44 [13]
8
Oxford Down
100
9H
[1]
9
Lacaune
100
24 H
[5,6]
47.4
52.6
97 [13]
15
Gentile Di Puglia
100
3H
[6]
15
Sopravissana
100
4H
[6]
16
Comisana
66.7 33.3
9H
[6]
H
17
Pramenka
33.3 66.7
9
[1]
L
18
RussianTsigai
100
10
[4]
18
SerbianTsigai
100
9L
[4]
14
Alcarrena
100
26 H
[5]
12
Bordaleira
100
9H
[5]
H
10
Bragancana
100
12
[5]
H
[7]
11
Campanica
100
20
14
Castellana
100
23 H
[5]
100
18 [13]
[5]
100
108 [13]
10
Churra
100
26 H
10
Churra Algarvia
2.9 91.4 5.7
35 H
[7]
[7]
10
Churra Badana
3.8 92.3 3.8
26 H
10
Churra Da Terra Quente
4.2 95.8
24 H
[7]
H
10
Churra Lebrijana
100
11
[5]
H
10
Latxa
100
15
[5]
100
12 [14]
14
Manchega
9.5 90.5
21 H
[5]
100
10 [14]
12
Merino Branco
15.4 84.6
13 H
[5]
12
Merino Beira Baixa
100
10 H
[5]
13
Merino Grazalema
7.7 92.3
13 H
[5]
H
12
Merino Preto
100
20
[5,7]
H
10
Mondegueira
7.1 92.9
14
[7]
13
Montesina
92.3 7.7
13 H
[5]
[5]
7.1
92.9
14 [13]
13
Ojalada
90.9 9.1
11 H
14
Rasa Aragonesa
100
14 H
[5]
7.1
92.9
14 [13,14]
11
Saloia
9.4 90.6
32 H
[7]
H
14
Segurena
100
15
[5]
14
Serra Da Estrela
8.3 91.7
12 H
[5]
12
Spanish Merino
100
11 H
[5]
10
Xalda
100
16 H
[5]
27
Caucasian
25.0 75.0 0.0
4L
[4]
27
North Caucasus Mutton Wool
100
10 L
[4]
L
27
Stavropol
100
5
[4]
L
30
Carpathian Mountain
100
11
[4]
100
2 [14]
30
Sokolsk
100
12 L
[4]
22
Akkaraman
23.7 31.6 34.2 2.6
7.9
38 H
[8,9,10]
22
CineCapari
25
43.8 31.3
16 H
[8]
H
22
Daglig
26.1 34.8 34.8
4.3
23
[8,9,10]
H
[8]
19
Gokceada
45.5 54.5
11
21
Hemshin
26.5 58.8 14.7
34 H
[8,9]
21
Herik
33.3 53.3 13.3
15 H
[8]
[8]
22
Ivesi
30.8 26.9 42.3
26 H
22
Karagul
35
40
15
10
20 H
[8]
H
22
Karakas
33.3 33.3 33.3
6
[11]
20.0
80.0
10 [13]
H
19
Karayaka
31.3 37.5 21.9
9.4
32
[8,9]
19
Kivircik
80
20
10 H
[8,10]
22
Morkaraman
39.5 18.6 27.9 4.7
9.3
43 H
[8,11,9]

110

Appendixes
Y-chromosomal SNP oY1
mtDNA G-oY1 A-oY1 N oY1
%
%
Ref*
A% B% C%
E%
D%
Ref.*
[8]
100
10 [13]
22.7 22.7 50
4.5
22 H
H
73.3
**
30
[8]
[8]
100
11 [13]
10.5 68.4 21.1
19 H
26.7 66.7 6.7
15 H
[9]
87.5 12.5
8L
[4]
63.6 36.4
11 (9 H, 2 L) [1] [4]
100
5 [14]
L
57.1 28.6 14.3
7
[4]
L
38.5 53.8 7.7
13
[4]
42.9 57.1 0.0
7L
[4]
[4]
31.3 56.3 12.5
16 L
[4]
50.0 10.0 40.0
10 L
60.0 40.0 0.0
10 L
[4]
[4]
20.0 50.0 30.0
10 L
L
37.5 50.0 0.0
12.5
8
[4]
L
58.3 16.7 25.0
12
[4]
10.0 60.0 30.0
10 L
[4]
16.7 83.3
6L
[4]
100
11 L
[4]
20.0 80.0
10 L
[4]
L
45.5 27.3 27.3
11
[4]
100
2 [14]
33.3 41.7 25.0
12 L
[4]
100
4 [14]
27.3 72.7
11 L
[4]
11.8 88.2
17 (8 H, 9 L) [1,4]
[4]
100
3L
100
10 L
[4]
L
18.2 81.8
11
[4]
19.0 81.0
21 (9 H, 12 L) [1,4]
8.3 91.7
12 L
[4]
30.0 70.0
10 L
[4]
100
5 [14]
66.7 33.3
9L
[4]
L
50.0 25.0 25.0
12
[4]
100
9L
[4]
25
50
25
4H
[12]
25
45.8 20.8
8.3
24 H
[5,11] 0.0
100
10 [14]
[5]
100
6H
H
18.2 81.8
11
[5]
14.3 71.4 14.3
7H
[5]
1492
33.1
66.9
478
17.9 71.8 8.4
0.3
1.0
(1137 H,355 L)
* References: 1: Study III, Niemi et al., 2013, 2: (Rannamäe et al., 2016a), 3: (Rannamäe et al., 2016b), 4: (Tapio et al., 2006), 5:
(Pedrosa et al., 2007), 6: (Lancioni et al., 2013),7: (Pereira et al., 2006), 8: (Demirci et al., 2013), 9: (Pedrosa et al., 2005), 10:
(Hiendleder et al., 2002), 11: (Meadows et al., 2007), 12: (Reicher et al., 2012), 13: (Kijas et al., 2012), 14: (Meadows et al., 2006).
** 26.7 % of Anatolian mouflon (Ovis g. anatolica) corresponding to 0.5 % of the total data display haplogroup X not present in
domestic sheep [8].

mtDNA Haplogroups

NRES

North-West Asia

Caucasus

Reg
Breed
No.
22
Norduz
20
Anatolian mouflon (wild)
21
Sakiz
22
Tuj
25
Azerbaijan Mountain Merino
25
Bozakh
25
Gala
25
Karabakh
25
Mazekh
25
Tushin
26
Andi
26
Dagestan Local
26
Dagestan Mountain Merino
26
Karachai
26
Lezgian
28
Aksaraisk Type
28
Grozny
28
Soviet Merino
28
Volgograd
29
Edilbai
29
Karakul
31
Kuchugur
31
Romanov
31
Russian Romney Marsh
32
Komi Local
32
Mari Local
32
Oparin
32
Udmurtian Local
33
Kuibyshev
33
Mordovian Local
34
Gorno Altay Local
34
Kulunda
23
Assaf
Near
23
Awassi
East
23
Spanish AssafMix
N-E 24
Ossimi
Africa 24
Rahmani
Grand Total
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