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1. Introduction 

This PhD thesis focuses on genomic investigation of two species of seals 

that colonised the Baltic Sea and were the subject of intensive seal hunting 

during the mid-Holocene: the grey seal (Halichoerus grypus) and the harp seal 

(Pagophilus groenlandicus).  

Grey seals are still found in the Baltic Sea today, while harp seals are now 

only found in Subarctic regions. Both seal hunting and climatic changes have 

evidently affected the presence of these two species in the Baltic Sea through 

time. While other studies have provided insights into the modern and histori-

cal population genomics of these two species, little is known about their ge-

nomic prehistoric past. Therefore, this study seeks to investigate ancient DNA 

(aDNA) from a diachronic perspective: some of the earliest grey seal and harp 

seal remains from the Baltic Sea help shed light on their initial Baltic popula-

tions. Furthermore, an extensive collection of zooarchaeological data from the 

Baltic Sea allow the search for genetic changes in response to climatic events 

and hunting by humans through time.  

In order to understand the initial colonization history and presence of grey 

and harp seals through time in the Baltic region, chapter 2 gives an overview 

to the geological history of the Baltic Sea, and to the biology and genetics of 

the seal species and their first appearances in the archaeological records. Fo-

cusing on the Baltic Proper and the south-western Baltic Sea, where the ma-

jority of the ancient seal samples investigated in this thesis originate from, 

chapter 2 further gives a brief introduction to ancient Baltic human cultures, 

which relied on a marine subsistence. It also presents patterns of seal hunting 

in terms of hunting methods and use of seals, as evidenced from the archaeo-

logical records of many of these seal hunting human cultures as well as his-

torical data. Finally, this chapter outlines issues regarding the effects of hunt-

ing on the seal populations.  

Bone evidence of seal hunting has been preserved in the archaeological 

records. This extensive zooarchaeological material provides a unique time se-

ries, allowing us to address questions regarding the seal populations and how 

they were exploited by humans. As described in chapter 3, one analytical tool 

that can be applied to study such faunal remains, and which compliments the 

zooarchaeological analyses, is aDNA. Genetic studies can extend the possi-

bilities for species identifications and sex identification (Paper III), and allow 

for a higher resolution where a population genomic picture can be drawn from 

the zooarchaeological material (Paper IV and Paper V).  
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Ancient DNA is the main method applied in this thesis and its background, 

challenges, and general use are described in chapter 4. As summarized in Pa-

per I, aDNA can provide valuable insights into human-animal relations and 

changes in genetic diversity through time. However, the method has chal-

lenges that are primarily linked to the fragmented nature of aDNA and the 

generally low quantity of endogenous DNA. In a large-scale quantification 

study on aDNA preservation in Paper II, a subset of grey and harp seal sam-

ples were together with a data set of ancient walrus used to investigate the 

statistical relationships between various sample parameters and measures of 

ancient endogenous DNA content and DNA damage. Knowledge of sample 

preservation is important and can help in guiding sample selection. As a result 

of unfavourable DNA preservation, far from all processed samples make it 

through the aDNA retrieving process, or receive high enough DNA coverage 

to be included in the later data analyses (chapter 4).   

 

In this thesis, a total of 69 ancient Baltic grey seal control region sequences 

from the sites Stora Förvar (Sweden) and Neustadt (Germany) (Paper IV) and 

56 ancient harp seal near-complete mitogenomes from a larger range of an-

cient localities (Paper V) were generated to carry out population genomic 

analyses. These data sets, for grey and harp seals, separately, were used to 

investigate:  

 the genetic mitochondrial signature of the ancient Baltic seal pop-

ulations, and their relatedness to modern mitochondrial data.  

 whether the grey and harp seals had a continuous population 

throughout their occurrence in the Baltic Sea.   

 sex ratios among the data and whether sex-specific selective hunt-

ing is likely to have occurred. 

 population genomic changes of the Baltic seal populations, and 

whether these can be linked to climatic events and archaeological 

evidence suggesting intensive seal hunting.  

 

The main findings of the ancient Baltic grey seal study are further discussed 

in chapter 5, while chapter 6 presents the main findings of the ancient Baltic 

harp seal study.  
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2. The Baltic Sea and its inhabitants 

2.1 The formation of the Baltic Sea 

The Earth has gone through multiple warm and cold periods, affecting not 

only the climate but also the shaping of both land and sea. When the temper-

ature drops below zero degrees Celsius, the formation of freshwater ice sheets 

begins. At slightly lower temperatures even marine salt water can freeze, 

which may eventually result in a global drop in sea level (Siddall et al., 2003). 

Weighty ice formation on land can cause land depression followed by post-

glacial rebound, in which landmasses gradually rise after the ice sheets have 

disappeared. Such effects were determining for the fate of the Baltic region 

(Figure 1). Since the last glacial period, the formation and movement of glac-

iers, as well as their deglaciation, have resulted in geological changes that have 

affected both the sea level and the elevation of the landmasses of the Baltic. 

This in turn has had a significant influence on the ecological conditions expe-

rienced by the species living in and near, what today is known as the Baltic 

Sea.  

 

Figure 1. Map of the 

Baltic Sea, including a 

number of localities 

with relevance to the 

geological history of 

the Baltic Basin. See 

the text of chapter 2.  

  



4 

2.1.1 The Baltic Ice Lake (12,500–10,300 BP) 

During the last glacial period, the Weichselian continental glacier covered, 

at its greatest extent, most of Scandinavia as well as large parts of the entire 

Northern Europe. The southern ice-marginal positions reached just south of 

the present Baltic Sea (Winterhalter et al., 1981). The extent of the ice margin, 

at its largest range as well as during its retreat, is evident from the presence of 

end moraine ridges in the landscapes (Winterhalter et al., 1981). The pattern 

of end moraine ridges, in combination with radiocarbon dating and lumines-

cence dating of glacial sediments (Andrén et al., 2000; Fuchs & Owen, 2008), 

as well as analysis of varve thickness, and quantification of pollen and lichen 

(Burrows, 1973; Andrén et al., 1999), can therefore help to establish a climatic 

chronology.   

The deglaciation of the southern Scandinavian ice margin began about 

13,500 calibrated years (cal. yr) before the present (BP) (Berglund, 1979), and 

resulted in the formation of the Baltic Ice Lake, which is dated to about 12,500 

uncalibrated (uncal.) yr BP (Jensen, 1995). With a steady supply of melted 

freshwater from the Scandinavian ice sheet together with the effect of the be-

ginning land uplift (Björck, 1995), the water level in the Baltic Ice Lake even-

tually exceeded that of the sea level by several metres. The water level in the 

Baltic then suddenly decreased by approximately 25 metres within just a few 

years around 11,700 cal. BP, at the beginning of the Holocene (Jensen, 2001; 

Rasmussen et al., 2006; Jakobsson et al., 2007; Andrén et al., 2011). It is hy-

pothisized that this happened as a result of growing pressure from the water 

masses, which eventually led to a breakthrough corridor, most likely near Mt. 

Billingen in mid-Sweden, from where the Baltic Ice Lake was drained (Win-

terhalter et al., 1981; Björck, 1995; Jakobsson et al., 2007). This dramatic 

drainage of the Baltic Ice Lake at the same time marked a climatic shift from 

the arctic Younger Dryas to the temperate conditions of the Holocene, which 

also to some extent increased the rate of deglaciation and sedimentation 

(Björck, 1995). The northern part of the Baltic region, however, remained an 

arctic environment (Winterhalter et al., 1981).  
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2.1.2 The Yoldia Sea (10,300–9500 BP) 

The onset of the Holocene also marks the beginning of the transition to the 

Yoldia Sea stage, as salt water from the Atlantic Ocean slowly entered the 

Baltic Basin through the narrow Billingen channel, gradually turning the Bal-

tic Ice Lake water brackish (Björck, 1995; Jensen, 2001; Andrén et al., 2011). 

The oldest solid evidence of brackish/marine conditions in the Preboreal 

Yoldia Sea dates from 10,000 to 9900 cal. BP (Björck, 1995) and serves as an 

indirect measure of the salinity levels because of the presence of ma-

rine/brackish fossils, such as diatoms and the arctic marine mollusc Portlandia 

(Yoldia) arctica (Björck, 1995; Andrén et al. 2011). These species were intro-

duced from the North Sea to the western part of the Yoldia Sea (Winterhalter 

et al., 1981), a development that also allowed other marine species, such as 

the ringed seal (Pusa hispida), to colonize the Baltic region (Lepiksaar, 1986; 

Ukkonen, 2002). However, as the rate of the continuous glacio-isostatic land 

uplift of Scandinavia surpassed that of the eustatic sea-level rise, the influx of 

salt water into the Yoldia Sea gradually decreased, and eventually the Baltic 

waters, including the present Lake Vänern near Billingen, became isolated 

from the sea at approximately 9500 cal. BP (Winterhalter et al., 1981; Björck, 

1995). This led to the formation of the Ancylus Lake.  

It has long been hypothesized that a connection between the Baltic Basin 

and the White Sea existed, through a network of lakes and rivers during the 

Yoldia Sea stage (see, e.g., Paijkull, 1867; Hyvärinen & Eronen, 1979), such 

as during the Eemian, c. 0.12 million years ago (Ma) in the last interglacial 

period (Funder et al., 2002; Beckholmen & Tirén, 2009). Based on their in-

vestigation of the diatom stratigraphy in Lake Onega, including the species 

composition and the estimated sea level and height of Lake Onega during the 

Yoldia Sea stage, Saarnisto et al. (1995) conducted that the occasional find-

ings of marine diatoms in core samples most likely represent fossils of re-

worked sediment from the Eemian or older periods.  

 

2.1.3 The Ancylus Lake (9500–8000 BP) 

The separation of the Baltic Basin led to a change in salinity level trans-

forming it into a freshwater environment, with the fauna including the fresh-

water limpet, Ancylus fluviatilis, which has given its name to this stage (Win-

terhalter et al., 1981). Some marine species, including the landlocked ringed 

seal, became adapted to the freshwater conditions and continued to live in the 

Ancylus Lake (Storå, 2001; Ukkonen et al. 2014). 

In the early phase, the whole Ancylus Lake was dammed up at least 10 

metres above sea level, but then experienced a relative lowering to approxi-

mately the same level as the sea, at about 9000 cal. BP (Björck, 1995). The 

lowering of the Ancylus Lake, in combination with the continuous local land 
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uplift, also caused the isolation of Lake Vänern from the Baltic Basin (Björck, 

1995). These events therefore terminated the Ancylus Lake outlets near Mt. 

Billingen. At the same time, more water was led off southwards, resulting in 

the formation of the Dana River, which drained the Ancylus Lake along the 

east side of Langeland and through the Great Belt into Kattegat (Björck, 

1995). Initially, the length and narrowness of the Dana River channel made it 

impossible for marine water to enter the Baltic. However, the later ceasing of 

the uplift in this region, together with the rapidly rising sea level during the 

warm Atlantic Period (Jensen, 2001), eventually allowed salt water to gradu-

ally enter the Baltic Basin. This initiated the transition to the Littorina Sea 

stage.   

 

2.1.4 The Littorina Sea (8000–3800 BP) 

The re-established connection with the North Sea once again led to a rise 

in salinity and colonization of the Baltic Basin by new species, among others 

the brackish-water snail Littorina littorea, which gave its name to the Littorina 

Sea. For the coastal areas, the initial Littorina stage is sometimes referred to 

as the “Mastogloia Sea stage” (Rößler et al., 2011), so named after the diatom 

genus Mastogloia, which includes species adapted to weakly brackish condi-

tions (Hyvärinen, 1984).  

Previous studies have estimated the date for the onset of the Littorina Sea, 

but the estimates vary extensively. Sediment cores from the southern Baltic 

Basin have given approximate dates for the onset of the Littorina Sea stage 

ranging from c. 9950–9750 cal. BP in the Gotland Basin (Andrén, 2000; An-

drén et al., 2011) to c. 7200–7000 cal. BP in the Arkona Basin (Rößler et al., 

2011). Part of the explanation for these large differences could be that some 

of the dates, based on bulk sediment, may have been affected by old carbon 

from older sediments due to post-depositional mixing of the sediments, which 

can lead to age overestimation (Rößler et al., 2011). To investigate this poten-

tial problem, Rößler et al. (2011) radiocarbon dated mollusc shells, benthic 

foraminifers and bulk material from the transgression horizons of sediment 

cores from Mecklenburg Bay and the Arkona Basin. The results revealed a 

striking age difference, as the benthic foraminifers from Mecklenburg Bay 

cores were approximately 1,000 years younger than the dates based on the 

bulk material. The result is likely to reflect a strong degree of sediment mixing 

in Mecklenburg Bay. This emphasizes the potential problems of using bulk 

sediment for radiocarbon dating. The calcareous fossil dates suggest that ma-

rine water began to enter the westernmost part of the Baltic, Mecklenburg Bay, 

by approximately 8000 cal. BP (Rößler et al., 2011), which is also in accord-

ance with other studies based on marine calcareous fossils (e.g. Bennike et al., 

2004). With a delay of about 800 years, likely due to a barrier effect of the 

Darss Sill, marine waters entered the Arkona Basin around 7200 cal. BP 
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(Rößler et al., 2011), which is also when dates from shells in sediments reveal 

the first marine signal in the Odra Channel near the Pomeranian Bay (Kostecki 

et al., 2020). The diatom composition and changes in grain size etc in the sed-

iment core from the Odra Channel also give an indication of the depositional 

environment during the evolution of the Baltic Sea. The results suggest a shal-

low-water, brackish phase from 7200 to 6000 cal. BP and a transition to a 

phase of rising sea level, high-velocity bottom currents and high-salinity con-

ditions from 6000 to 3800 cal. BP, before the Post-Littorina phase (and the 

modern Baltic Sea), with decreasing salinity from 3800 cal. BP (Kostecki et 

al., 2020).  

The transition to marine conditions during the Littorina Sea stage initiated 

the migration of marine species, including marine fish and seals. Gradually, 

with the opening of the Danish straits, even larger animals such as seals could 

once again migrate to and from the Baltic Basin. Conditions also allowed the 

colonization of new species including the harbour seal (Phoca vitulina) (Lõu-

gas, 1992; Härkönen et al., 2005; Aaris-Sørensen, 2009) and harp seal (Pa-

gophilus groenlandicus) (Storå & Lõugas, 2005; Glykou, 2014; 2016; Glykou 

et al., 2021).  

 

2.2 Seals of the Baltic Sea – past and present 

The living conditions for seals in the Baltic Sea have in many ways been 

shaped by the changing stages of the Baltic region. The act of geological 

forces and climatic fluctuations through time brought drastic hydrological 

changes, with fluctuations between marine, brackish and freshwater environ-

ments. These had a great influence on the possibility of species to colonize the 

Baltic region and therefore affected the general species composition and the 

trophic dynamics of the Baltic. Climatic fluctuations further affected the sur-

vival and reproductive success of seal species in the Baltic region.  

During the transition to the Early Yoldia Sea, the waters of Skagerrak and 

Kattegat were still characterized by Arctic-Subarctic conditions with the last 

remains of pack and drift ice, and a fauna resembling that of the modern Low 

Arctic zone (Lepiksaar, 1986; Aaris-Sørensen, 2009). Sediment finds of such 

Low Arctic species include bowhead whale (Balaena mysticetus), white whale 

(Delphinapterus leucas), ringed seal (Pusa hispida), harp seal (Pagophilus 

groenlandicus), bearded seal (Erignathus barbatus) and polar bear (Ursus 

maritimus), which all had a lower latitude range after the last glacial maximum 

(Lepiksaar, 1986; Ukkonen, 2002; Aaris-Sørensen, 2009; Ukkonen et al., 

2014). From the onset of the Holocene, other marine species such as harbour 

porpoise (Phocoena phocoena), white-beaked dolphin (Lagenorhynchus al-

birostris), grey seal (Halichoerus grypus) and harbour seal (Phoca vitulina) 

occured in the Skagerrak-Kattegat area (Lepiksaar, 1986; Aaris-Sørensen, 
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2009; Aaris-Sørensen et al., 2010). The marine fauna represented near the 

western brink of the Billingen channel was therefore highly diverse. However, 

since the channel towards the Yoldia Sea was shallow near the Närke Sound, 

only the less pelagic species would have been able to colonize the Yoldia Sea 

(Lepiksaar, 1986). Species such as the ringed seal, which live near coastal 

areas and are even known to sometimes swim up along rivers (Ukkonen, 

2002), had this advantage, while whales and highly pelagic seals were unlikely 

to get near the shallow part of the colonization corridor. It has been debated 

whether it would have been possible for the grey seal to enter the Yoldia Sea 

through the Billingen channel (Lepiksaar, 1986; Sommer & Benecke, 2003), 

also as Lindqvist & Possnert (1997) radiocarbon dated a single subfossil spec-

imen of the species indicating that the grey seal was present in the Baltic Basin 

during the Ancylus Lake stage. The ringed seal, on the other hand, is the only 

seal species that colonized the Baltic Basin with certainty and managed to 

thrive under the freshwater conditions of the Ancylus Lake (Storå, 2001; 

Ukkonen et al., 2014). The transition to the Littorina Sea came with broader 

and deeper colonization corridors through the Danish straits, which enabled a 

larger set of marine mammals to inhabit the Baltic region than had been the 

case during the Yoldia Sea stage (Schmölcke, 2008; Aaris-Sørensen et al., 

2010).  

Along with the need for Baltic seals to adapt to repeated ecological and 

climatic changes, including salinity fluctuations, the increasing human impact 

also became a dominating factor influencing the Baltic marine fauna in these 

and later stages of the history of the Baltic Sea.  

 

The seal species that live, or have lived, in the Baltic Sea include the ringed 

seal, the grey seal, the harp seal and the harbour seal (Figures 2 and 3).  
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Figure 3. Baltic seals: (A) harp seal, mother and pup (Visit Greenland, 2013); (B) 

harbour seal, mother and pup (Nevit Dilmen, 2008); (C) grey seal (Steenbergs, 2011); 

(D) ringed seal (NOAA Fisheries, n.d.-b).  

 

 

 

Figure 2. Overview of the geological stages of the Baltic Basin with light blue indicating fresh-

water conditions (low salinity) and dark blue indicating marine or brackish conditions (high sa-

linity). The cultural and climatic periods are based on southern Scandinavian data (Winterhalter 

et al., 1981; Jensen, 2001; Andrén et al., 2011; Rößler et al., 2011; Astrup, 2020). The presence 

of Baltic seals is indicated by dashed lines, with light dashes signalling a likely absence of the 

species (Lõugas, 1992; Ukkonen, 2002; Glykou et al., 2021).  
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2.2.1 Ringed seal (Pusa hispida) 

Bone finds in Skagerrak and Kattegat show that ringed seals were present 

in that area during the last glacial period as well as during the time of the Baltic 

Ice Lake (Aaris-Sørensen, 2009; Ukkonen et al., 2014). Ringed seals colo-

nised the Baltic Basin during the Yoldia Sea stage and managed to survive as 

a population in the Baltic Basin during the Ancylus Lake stage (Ukkonen, 

2002; Ukkonen et al., 2014). The earliest presence of ringed seals in the Baltic 

dates to c. 9500 uncal. BP and is represented by a specimen from Nurmo, 

Finland (Ukkonen, 2002).  

The two subspecies of landlocked ringed seals in present-day south-eastern 

Finland and north-western Russia, the Saimaa ringed seal (Pusa hispida sai-

mensis) and the Ladoga ringed seal (Pusa hispida ladogensis), respectively, 

are living evidence of the long history of ringed seals in the Baltic Basin. They 

became landlocked as a result of the same geological forces that created the 

Ancylus Lake. Unlike the ringed seal population of the Ancylus Lake, the two 

sub-species of Lake Saimaa and Lake Ladoga remained isolated. Genetic stud-

ies indicate that only a small degree of geneflow would have existed between 

the Ladoga ringed seals and the Baltic ringed seal population (Nyman et al., 

2014). Like the Saimaa ringed seal and the Ladoga ringed seal, the ringed seals 

of the Ancylus Lake evolved into a separate subspecies: the Baltic ringed seal 

(Pusa hispida botnica), which still inhabits the Baltic Sea today. Through 

time, the Baltic ringed seal population have received recurrent genetic influx 

from ringed seals from the Arctic region (Palo et al., 2001); however, this has 

been limited enough to still consider them separate subspecies.  

Ringed seals are fairly stationary and mostly solitary and stay mainly near 

the coast, but can also make pelagic foraging movements (Yurkowski et al., 

2016). They are highly adapted to cold conditions and to snow and ice. They 

make breathing holes in the ice, during moulting they stay on top of the ice 

and during breeding season they make snow caves on top of the ice in which 

the pups are born and raised (McLaren, 1958). Ringed seals therefore require 

both good quality of ice and sufficient and stable snow cover during the breed-

ing season. Today, with an estimated population size of more than 2 million 

(NOAA Fisheries, n.d.-a), the Arctic ringed seal population constitutes the ab-

solute majority of the global ringed seal distribution. The population size of 

the Baltic ringed seals in the Bothnian Bay has been estimated to more than 

20,000 individuals (HELCOM, 2018), while the Saaima population was esti-

mated to consist of only approximately 400 individuals (Kunnasranta et al., 

2021) and the Ladoga population of a little more than 5,000 individuals 

(Trukhanova et al., 2013). 
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2.2.2 Grey seal (Halichoerus grypus) 

Archaeological evidence suggests that grey seals, together with ringed 

seals, were among the first seals to colonize the Baltic Sea, and have been part 

of the Baltic fauna for at least 8,000 years (Figure 3, Paper IV). Grey seals 

were fairly abundant along the west coast of Sweden during the Littorina Sea 

stage (Lepikasar, 1986), and there is zooarchaeological evidence of the exist-

ence of breeding populations near Gotland during the Mesolithic as well as 

the Bronze Age and Iron Age (Pira, 1926; Apel & Storå, 2017; Paper IV). 

Grey seals were rare in the more northern parts of the Baltic (Ukkonen, 2002), 

with the first evidence of grey seals on Åland not appearing before c. 6000 BP 

(Núñez & Storå, 1991), and were only found sporadically until the Bronze 

Age (Forstén, 1977). Today, the global grey seal population size is estimated 

to number 400,000 individuals (Kovacs & Lydersen, 2008), while the present 

Baltic population had reached a little more than 30,000 individuals by 2014 

(HELCOM, 2018).  

 Grey seals show a high degree of site fidelity during the breeding season. 

Females in particular tend to return to the same breeding sites where they were 

born (Smith, 1966; Twiss et al., 1994). Exceptions to this behaviour are newly 

founded populations or cases of migration from metapopulations that have 

reached carrying capacity (Gaggiotti et al., 2002). The generally strong site 

fidelity shown during the breeding season has contributed to some degree of 

genetic population structure among grey seals. The present global grey seal 

population covers three geographically isolated regions: the western Atlantic, 

the eastern Atlantic, and the Baltic Sea. These show strong genetic differenti-

ation based on mitochondrial D-loop and microsatellite variation (Klimova et 

al., 2014; Fietz et al., 2016). The North Sea population of grey seals (Halicho-

erus grypus atlantica) and the Baltic grey seals (Halichoerus grypus grypus) 

(Olsen et al., 2016) diverged around 4200 BP; however, a hybridization belt 

probably exists in their overlapping geographical region in Kattegat (Fietz et 

al., 2016).  

The grey seal populations generally show great diversity in terms of breed-

ing behaviour as they differ in both the timing of their breeding season and the 

habitat in which their pups are born and raised (Kovacs & Lydersen, 2008). 

Baltic grey seals are unique by breeding on pack ice, as well as land-fast ice. 

Though they are not strictly dependent on ice for breeding, but can breed on 

land without ice during mild winters (Ukkonen, 2002), their breeding success 

is generally lower on land than on ice (Jüssi et al., 2008).  

Grey seals show some degree of sexual dimorphism, with adult males and 

females in the Atlantic population reaching a length of up to 2.65 m and 2.20 

m, respectively (McLaren, 1993). The grey seal is therefore also by far the 

biggest of the Phocid species that inhabit the Baltic Sea.  

Presumably enabled by their large size, male grey seals are suspected to 

sometimes prey successfully on harbour porpoises (Haelters et al., 2012) and 
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harbour seals (van Neer et al., 2015). Other observations include male canni-

balism on grey seal pups (Brownlow et al., 2016) and male harassment of fe-

males (Boness et al., 1995), both of which directly or indirectly contribute to 

higher pup mortality, and may therefore act as factors to stabilize the grey seal 

population to some extent, by limiting further population growth.  

 

2.2.3 Harp seal (Pagophilus groenlandicus) 

As a highly pelagic species, the harp seal was present in Skagerrak and 

Kattegat and in the Lake Vänern Basin during the Yoldia Sea stage (Lepiksaar, 

1986; Sommer & Benecke, 2003; Aaris-Sørensen, 2009). However, the first 

findings of harp seals in the Baltic Basin date to the Littorina Sea stage 

(Schmölcke, 2008; Sommer & Benecke, 2003). The earliest harp seal speci-

men, a phalanx bone found in Närpiö, Findland (Ukkonen, 2002), was recently 

calibrated to c. 4800–4450 cal. BC, but the first evidence of established breed-

ing populations dates to after 4500 cal. BC (Figure 3) (Glykou et al., 2021).  

A sudden increase in salinity, observed between 4450 and 4050 cal. BC in 

the Littorina Sea (Andrén et al., 2011; Ning et al., 2017; Kostecki et al., 2020), 

correlated with the first colonization of harp seals and the establishment of 

local breeding populations (Glykou et al., 2021). The main reason for this was 

that the increase in salinity resulted in higher nutrient levels, and that new fish 

species entered the Littorina Sea, which initiated the colonization of harp seals 

(Forstén & Alhonen, 1975; Lepiksaar, 1986; Lõugas, 1997a; 1998; Apel & 

Storå, 2017). As shown by radiocarbon-dated bones, harp seals had, by 3950 

cal. BC at the latest, spread into the entire Baltic Basin, inhabiting even its 

northernmost parts (Ukkonen, 2002).  

From morphometric age analyses of skeletal remains retrieved from the 

Late Mesolithic/Early Neolithic site Neustadt, which identified young indi-

viduals including nearly newborn harp seal pups, it has been proved that a 

harp seal breeding population was established in the south-western Baltic Sea 

from the Late Atlantic Period (Glykou, 2014; 2016; Glykou et al., 2021). Dur-

ing the Early Subboreal Period, another breeding population was most likely 

located between Gotland and Åland (Storå, 2001; Storå & Ericson, 2004).  

Based on a long series of radiocarbon dates of harp seal bones, the occur-

rence of harp seals in the Baltic Basin has recently been divided into two 

phases separated by an almost 1,000 years’ hiatus between the Middle Neo-

lithic and the Bronze Age (Glykou et al., 2021). The youngest harp seal re-

mains in the Baltic Sea are from the Iron Age site Brömsängsbacken on Åland 

and date to approximately 1100 cal. AD. The Baltic harp seals became extir-

pated during the Medieval Warm Period that started in this region at c. 1000 

cal. AD (Glykou et al., 2021).  

Harp seals are highly migratory, and often travel into open pelagic waters 

during the foraging season (Sergeant, 1991). In the breeding season, they stay 
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close to pack ice and form large aggregations. They depend on pack ice to 

breed successfully, as the harp seal pups are born on the pack ice and stay on 

there until they develop a blubber layer and their moult has been completed 

(Ronald & Dougan, 1982). For this reason, the thickness and quality of the 

pack ice is essential for the survival of the pups (Johnston et al., 2012; Stenson 

& Hammill, 2014; Stenson et al., 2016).  

Today, harp seals are found only in Subarctic regions including the North-

west Atlantic around Newfoundland, the Greenlandic Sea around the Jan Ma-

yen Islands, and the White Sea. The largest breeding population is that of the 

Northwest Atlantic with an estimated 7.4 million individuals (Hammill et al., 

2015), while about 1.5 million individuals breed in the White Sea, and 0.4 

million in the Greenland Sea (ICES, 2019). Differences in skull morphology 

have been detected between the three groups (Iablokov & Sergeant, 1963). 

DNA-fingerprinting by Meisfjord & Sundt (1996) revealed significant differ-

ences between harp seals from Newfoundland and harp seals from the North-

east Atlantic (Greenland and the White Sea), which was later supported by 

analyses of the mitochondrial cytochrome b gene (Perry et al., 2000). The 

near-complete mitogenome analyses by Carr et al. (2015), on the other hand, 

only revealed significant differences between harp seals from the Greenland 

Sea and the White Sea.  

 

2.2.4 Harbour seal (Phoca vitulina) 

The harbour seal has been part of the Baltic fauna for approximately 8,000 

years (Lõugas, 1992; Härkönen et al., 2005; Aaris-Sørensen, 2009), but its 

past presence and distribution during the early stages of the Baltic Sea is dif-

ficult to trace, as so few finds exist (Figure 3) (Lõugas, 1997b). Throughout 

the mid-Holocene, the occurrence of harbour seals was extremely low, com-

pared with the other seal species. During the Late Mesolithic Ertebølle Cul-

ture, harbour seals were present in the south-western Baltic (Sommer & Be-

necke, 2003), while a single find indicate presence of harbour seals in the Gulf 

of Riga during the Neolithic Period (Lõugas, 1999). Today, harbour seals no 

longer occur in the northern part of the Baltic Sea, but are found in the areas 

of Kattegat (c. 10,000 individuals), southern Baltic Sea (c. 1,000 individuals), 

and Kalmarsund in the eastern Baltic Sea (c. 1,000 individuals) (HELCOM, 

2018). The present global population size of harbour seals was recently esti-

mated to approximately 600,000 individuals (Lowry, 2016).  

The harbour seal is a very widely distributed seal species, ranging from 

temperate to Arctic waters, and is found in both the North Atlantic and the 

North Pacific Ocean, ranging from the eastern Baltic Sea to the Sea of Okhotsk 

(Shaughnessy & Fay, 1977; Stanley et al., 1996; Mizuno et al., 2018). Its dis-

tribution area covers a great diversity in habitats, and harbour seals are known 
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to breed on both sandy and rocky terrain. Unlike most other seal species, har-

bour seals give birth to their pups during the summer and the pups shed the 

white lanugo fur in the uterus (Härkönen & Heide-Jørgensen, 1990).  

Harbour seals show strong site fidelity, both when it comes to breeding 

areas and when it comes to haul-out sites. The highest degree of site fidelity 

is observed in females, especially with increasing age, while the opposite ten-

dency is observed in males (Härkönen & Harding, 2001). These behavioural 

traits act to increase genetic differentiation between populations of harbour 

seals. Based on mitochondrial control region data, harbour seal populations 

across the global distribution area show significant differentiation in a pattern, 

reflecting largely geographical distance (Stanley et al., 1996). An even more 

fine-scaled local population structure was revealed by Olsen et al. (2014): the 

harbour seal population around Kalmarsund is characterized by unique mito-

chondrial haplotypes that, surprisingly, show a closer genetic relationship with 

the harbour seal populations from the central North Sea and Iceland than with 

the neighbouring harbour seal population in the western Baltic Sea (i.e. Kat-

tegat and Skagerrak) (Stanley et al., 1996).  

Analyses based on microsatellite DNA markers identified six genetically 

distinctive populations among European harbour seals (Goodman, 1998), but 

showed a lower degree of differentiation between the eastern Baltic and the 

other European populations than previously suggested by the mitochondrial 

diversity (Stanley et al., 1996). This suggests that some degree of male-biased 

gene flow to the east Baltic population has taken place, which is in accordance 

with the observations on movements of harbour seals by Härkönen & Harding 

(2001). Goodman (1998) has reported that the harbour seal populations in the 

eastern Baltic Sea and the East Wadden Sea have significantly lower hetero-

zygosity levels compared with other European harbour seal populations. Such 

low genetic diversity is likely to have resulted from the approximately 8,000 

years of isolation in the Baltic Basin, as well as stochasticity, and of the pop-

ulatons passing through hunting-induced bottlenecks in more recent history 

(Härkönen et al., 2005).  
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2.3 Humans and the Baltic Sea 

2.3.1 Subsistence transitions of human cultures in the Holocene 

2.3.1.1 The Maglemose culture 

The climatic transition from the Pleistocene to the Holocene, around ap-

proximately 9750 cal. BC, led to changes in the vegetation, when southern 

Scandinavia became largely covered with open forest, with birch and pine 

dominating the Preboreal Period (Jensen, 2001; Jessen et al., 2015).  

The Early Holocene also marks a cultural change to the Mesolithic Period, 

with the Maglemose culture (c. 9500-6400 cal. BC) becoming dominant in 

northern Europe (Jessen et al., 2015; Astrup, 2020). Archaeological finds from 

southern Scandinavia demonstrate a high dependence on ungulates during the 

Boreal Period, including mainly elk (Alces alces), aurochs (Bos primigenius), 

wild boar (Sus scrofa), red deer (Cervus elaphus) and roe deer (Capreolus 

capreolus). These animals were hunted for consumption and for their raw ma-

terials (e.g. bones for tools) (Leduc, 2012).  

Aquatic resources were also exploited by the humans of the Maglemose 

culture, presumably both during the Yoldia Sea stage and during the Ancylus 

Lake stage (Jensen, 2001). The Ancylus Lake had a faunal community includ-

ing freshwater fish such as pike and perch (Jensen, 2001), and findings of fish 

bones and fishing hooks suggest that the Maglemose culture made use of these 

aquatic resources (Jensen, 2001; Jessen et al., 2015). Furthermore, findings of 

harpoon spear points from various sites in Denmark and southern Sweden 

could have been used for hunting of seals (Jensen et al., 2020), for example 

ringed seals, although bones from marine mammals from these periods are 

scarce (Ukkonen, 2002). However, the use of Maglemose harpoons varied and 

since many of the harpoons have been found in dryed-up inland lakes, it has 

been hypothesized that they were used during the hunt for terrestrial animals 

(Andersen & Petersen, 2009; Sørensen & Casati, 2015), during which for ex-

ample elk or reindeer (Rangifer tarandus) were driven into lakes by domestic 

dogs, and there harpooned from a canoe while they were swimming. The sig-

nificance of marine subsistence relative to terrestrial subsistence is hard to 

quantify, and may also be partly biased by the fact that Early Mesolithic 

coastal sites in some areas now lie under water, as submerged sites that have 

been harder to access for archaeologists (Astrup, 2020).  
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2.3.1.2 The Kongemose culture 

The first clear evidence of a marine-based subsistence economy comes with 

findings from the so-called “Kongemose culture” located on the coast in 

southern Scandinavia (c. 6400–5400 cal. BC) (Astrup, 2020). This culture has 

its name from the site of its first recognition, in the Åmose on Zealand, Den-

mark, and is characterised by its roughly ornamented tools and trapeziod ar-

rowheads (Brøndsted, 1969; Grøn & Sørensen, 1993). At this time point, a 

global rise in sea level had initiated the transition to the Littorina Sea stage, 

which had allowed the colonization of new species, resulting in a rich marine 

fauna which could be used for subsistence. Large numbers of fish bones have 

for example been recovered from the Kongemose site Vedbæk in Denmark 

(Enghoff, 1994).  

 

2.3.1.3 The Ertebølle culture 

Evidence of the Ertebølle culture (5400–3900 cal. BC) has been found in 

southern Scandinavia, including Denmark south-western Sweden, and in 

northern Germany. The later Ertebølle sites show stronger evidence of fishing 

(Enghoff, 1994). Stable isotope data have further shown that both humans and 

their dogs in the Middle and Late Mesolithic Period consumed large amounts 

of marine food (Fischer et al., 2007; Tauber, 1981). The Ertebølle kitchen 

middens were primarily found in Denmark. They contained vast amounts of 

shellfish remains including oysters and other salt water muscles (Troells-

Smith, 1967; Larsson, 1990; Enghoff, 2004), and therefore demonstrate clear 

visual evidence of a high dependence on marine resources. Late Ertebølle 

sites, as well as Early Funnel-Beaker sites, also show evidence of seal hunting 

by the presence of bones mainly from harp, grey and ringed seal, while har-

bour seal is seen more rarely (Sommer & Benecke, 2003; Glykou, 2016).  

 

2.3.1.4 Neolithic cultures 

The transition to the Neolithic Period, from approximately 3900 BC in south-

ern Scandinavia, not only introduced a new type of subsistence (i.e. farming), 

but also brought the with migration of new people to the Baltic region, repre-

sented by the appearance of the Funnel-Beaker Culture (Trichterbecherkultur 

(TRB or TBK)) (Malmström et al., 2009; 2015). The hunter-gatherer societies 

of the coastal regions of the Baltic continued their “Mesolithic subsistence”, 

among them people of the Pitted Ware Culture, which appear in archaeologi-

cal records from approximately 3400–2400 BC (Lidén, 1995; Lidén et al., 

2004, Lidén & Eriksson, 2007; Fornander et al., 2008; Eriksson et al., 2008; 

Eriksson & Lidén, 2013; Eriksson et al., 2013; Howcroft et al., 2014). 

The independence of these two subsistence strategies is also evident from 

their distinctive burial traditions: the inhumation practice of the Pitted Ware 
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Culture and the passage grave burials of the Funnel-Beaker Culture (Lidén, 

1995; Lidén et al., 2004; Lidén & Eriksson, 2007). Genetic data from grave 

remains from Gotland also indicate very low levels of genetic admixture be-

tween the people of the Pitted Ware Culture and farming societies of the Fun-

nel-Beaker Culture (Fraser et al., 2018) and the later Corded Ware Culture, 

also known as “Battle Axe Culture” (Coutinho et al., 2020). Instead, a broad 

data set shows that the Pitted Ware Culture generally had a higher degree of 

genetic similarity with the Mesolithic hunter-gatherers of Scandinavia predat-

ing the introduction of farming as well as contemporary hunter-gatherer soci-

eties in the eastern Baltic (Malmström et al., 2009; 2015). The Pitted Ware 

Culture is mostly known from southern Scandinavia and the islands of Got-

land, Öland and Åland. Pitted Ware sites on Åland yielded large numers of 

seal bones. The importance of seals is further stated by what seems to be ritual 

depositing of seal skulls as well as zoomorphic clay figures, some of which 

have been identified as seals, and which were ritually broken before deposi-

tion (Storå, 2001), for example on Jettböle (Núñez & Lidén 1997; Göther-

ström et al., 2002b) – a practice that may have been links to the burial practice 

of removing the deceased’s body parts, for example the head or teeth, some-

times to be replaced with those of animals, such as seen in areas in Gotland, 

for example Ajvide (Larsson, 2009). 

 

2.3.2 Seal hunting through time 

2.3.2.1 Prehistoric seal hunting 

Assuming that the carcases or selected body parts of hunted seals were not 

transported over long distances, the geographical distribution of seal finds can 

reveal approximately when, and in which areas of the Baltic, seal hunting took 

place. For example, evidence of ringed seal in Lake Siljan in Sweden during 

the Ancylus Lake stage (Ekman & Iregren 1984) could indicate the hunting of 

a landlocked population of ringed seals that have since disappeared (Ukkonen, 

2002). Some of the most important locations for seal hunting are suggested by 

the vast number of bone finds, for example at the, now submerged, site Neu-

stadt (Germany), and various sites on Gotland (Sweden) and Åland (Finland) 

(Figure 4). The chronologies and relative abundance of different seal species 

represented by hunted seals in these areas have been thoroughly described in 

previous studies (Glykou, 2013; 2014; 2016; Storå, 2000; 2001; 2002a; 

2002b; Lindqvist & Possnert, 1997; Apel & Storå, 2017). 
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Figure 4. Map of the southern Baltic Sea 

and the Baltic Proper, with three im-

portant seal hunting sites indicated. 

Although ancient seal hunting can 

be characterized as subsistence hunt-

ing, which provided hunter-gatherer 

societies with the basics in the form 

of meat, hides and oil, the scale of 

such hunting could still have had a 

massive impact on the seal populations’ viability, especially when intensive 

hunting was carried out during the breeding season (Hertz & Kapel, 1986). 

The most striking example is that of grey seals, for which bone evidence from 

Stora Förvar (Gotland) during the Mesolithic reveals a pattern of seasonal 

hunting, largely of young individuals (Pira, 1926; Apel & Storå, 2017), and 

further reveals that a large number of grey seals were killed off during the 

course of only a few hundred years (Paper IV).  

The hunting methods were adapted to the different behaviours of the seal 

species. In areas where the breeding sites of gregarious seal species, such as 

grey seal and harp seal, could be accessed, clubbing was widely and effec-

tively used to kill seals (Storå, 2001; Glykou, 2013; 2014; 2016; Glykou et al., 

2021). Both the Late Mesolithic grey seal population near Gotland and the 

harp seal breeding colony near the German site Neustadt from c. 4400–3800 

cal. BC (Glykou, 2014; 2016; Glykou et al., 2021) were evidently exploited 

during the breeding seasons. Neolithic sites on Åland suggest that ringed seals 

were primarily hunted during the breeding season and were likely hunted in-

dividually on the ice as an adaptation to their breeding behaviour. Harp seals 

were likewise targeted during the breeding season, but the larger age span 

found in the data from Åland indicates that harp seals were primarily hunted 

as groups in open water (Storå, 2002a).  

During the seasons of open waters, other hunting tools were used, such as 

harpoons. Harpoons, typically made from whale bone or antlers (Andersen, 

1997; Glykou, 2013; 2016), have also been found in association with seal re-

mains at a number of archaeological sites dated to the Mesolithic and Early 

Neolithic periods in southern Scandinavia and northern Germany (Andersen, 

1997; 2013; Storå, 2001; Ickerodt 2013). Harpoons were probably also used 

on Åland to hunt both ringed and harp seals during the Neolithic Period (Storå, 

2002a). In the Late Holocene, the highly pelagic harp seal was mainly hunted 

during the late summer, as indicated by metric data from Åland and Estonia 

(Storå & Lõugas, 2005). Hunting of migrating seals using nets probably also 

took place in the Baltic Sea during these periods (Storå, 2001), such as de-

scribed for historical sealing in Disko Bay in Greenland (Meldgaard, 2010).  
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2.3.2.2 Seal hunting on Gotland 

The Swedish island of Gotland is located in the southern Baltic Proper and 

was already colonized by approximately 7250 cal. BC (Apel & Storå, 2017) 

during the time of the Maglemose culture. While at that time, big terrestrial 

herbivores were the main prey to humans on the Swedish mainland, Gotland 

did not sustain any such populations. Among the resources that were exploited 

was seals: the ringed seal that had been landlocked since the Yoldia Sea stage, 

and the grey seal that may first have colonized the Baltic in the Early Littorina 

Sea stage (Paper IV). During the second half of the Mesolithic, both ringed 

seals and grey seals left a substantial record in the archaeological faunal as-

semblages from Gotland, in particular at the site of the Stora Förvar cave on 

Stora Karlsö (Figure 4). The zooarchaeological material could give the im-

pression of a community based on massive seal hunting, but though seal hunt-

ing was intensive, it was mainly carried out on a seasonal basis, which is also 

evidenced by an overrepresentation of young grey seals (Apel & Storå, 2017). 

Apart from supplying meat, seals provide blubber that could be used for fuel 

(for example, after pottery was introduced, to light oil lamps) as well as cook-

ing (Lepiksaar, 1986). Perhaps more importantly, the use of seal skins for 

making clothing was crucial, since on Gotland, no big terrestrial animals ex-

isted. However, more options for supply of meat and skins etc became avail-

able with the introduction of domestic animals during the Neolithic Period.  

Seal hunting was an important part of the Pitted Ware Culture, which is 

also evident from the presence of large numbers of seal bones at Pitted Ware 

Culture sites on Gotland. Isotopic analyses carried out on skeleton remains 

from Västerbjers showed that people of the Pitted Ware culture relied heavily 

on seals as part of their diet, and while fish did not make a substantial contri-

bution to the human diet, they did contribute largely to the diet of dogs (Eriks-

son, 2004). Despite the vast number of pig bones found at the site of Väs-

terbjers, the isotope values did not suggest that pigs contributed largely to the 

human diet (Eriksson, 2004).  

 

2.3.2.3 Historical and modern seal hunting 

From Medieval times, the main economic value of seals came from their 

oil. Between 1300 AD and 1800 AD, the Baltic Sea was a main provider of 

seal oil, which was largely traded to Central Europe to be used in the leather 

industry as well as soap and paint production (Clark, 1946; Harding & Härko-

nen, 1999). However, when the price of seal oil dropped towards the late 19th 

century, seal hunting changed focus. No longer providing any economic value 

in themselves, seals became hunted to limit their predation on the fish stocks, 

which often resulted in destruction of passive fishing equipment and high eco-

nomic loss for the fishing industry (Harding & Härkönen, 1999; Olsen et al., 

2018). A system of bounty hunting was therefore developed in many areas to 
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ensure a direct economic interest in seal hunting. Bounty statistics and other 

historical documents show that all the seal species found in the Baltic Sea 

during that time, the ringed seal, the grey seal and the harbour seal, experi-

enced noticeable population decline and, in some cases even local extinctions. 

For example, as many as 10,000 ringed seals were killed near the Finnish coast 

in the years 1909–1918 (Härkönen et al., 1998). In the early 20th century, the 

Baltic harbour seal population of Kalmarsund was hunted to near extinction 

(Härkönen & Isakson, 2010), and the grey seal went locally extinct in the 

southern Baltic, Kattegat/Skagerrak, the Limfjord and the Wadden Sea 

(Härkönen et al., 2007; Fietz et al., 2016; Galatius et al., 2020). During the 

second half the 20th century, seal hunting became restricted and, in some areas, 

entirely prohibited (Harding & Härkönen, 1999; Lowry, 2016). The Baltic seal 

species have since been recovering from overhunting, and have recolonized 

some of the areas where they previously occured (Härkönen et al., 2007; Fietz 

et al., 2016). The growing seal populations have provided ground for more 

conflicts with fishermen. Also a high number of seals are caught as by-catch 

(Vanhatalo et al., 2014).  

Though seal hunting had a massive and quantifiable effect on the Baltic 

seal populations, the seals in the Baltic Sea have also suffered decline because 

of other factors such as environmental pollution by for example organochlo-

rines such as polychlorinated biphenyls (PCBs), which have been shown to 

cause decreased fertility among seals (Helle, 1980; Harding & Härkönen, 

1999; Bergman, 2007). Other factors include disease outbreaks, for example 

the Phocine Distemper Virus (PDV) outbreaks, which especially affected the 

harbour seal populations in the Atlantic Ocean, Kattegat, the Danish straits 

and the southern Baltic Sea in the 1980s and early 2000s (Duignan et al., 2014; 

HELCOM, 2018). In addition, climatic changes, with increasingly warmer 

winter temperatures, may threaten the continuous existence of the cold-

adapted ringed and grey seal populations in the Baltic Sea (Jüssi et al., 2008; 

HELCOM, 2013).  

Population-level effects of hunting and other human-induced effects in the 

most recent historic times are relatively more easy to quantify. However, 

knowledge is more limited when it comes to the state of prehistoric seal pop-

ulations: their presence and absence and relative frequencies, and in which 

way they were affected by hunting and climatic changes through time. Studies 

of past marine mammal populations rely largely on zooarchaeological evi-

dence, which represents those individuals that were hunted in the past. It is 

therefore important to be aware of the limitations that such data sets provide 

of the level at which interpretations about the past can be made. 
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3. Investigating marine mammals in the past 

3.1 Zooarchaeological data 

Zooarchaeology is the study of animal remains from archaeological con-

texts and can as such provide great insights into human-animal interactions in 

the past. Zooarchaeological material mainly consists of hard tissue specimens 

such as bone and teeth, but depending on the preservation condition soft tissue 

might also be available. Fortunately, animal bones and teeth alone can reveal 

much about the individual animals and the taphonomic processes that they 

have been through. The physical destruction of a bone is evidence of the treat-

ment and conditions it has been through, including biostratinomic taphonomic 

processes such as cut marks, marrow-bone breakage, burning and gnawing, 

and later diagenetic processes such as trampling, weathering, root etching, and 

damage during excavation (Binford, 1981; Fisher, 1995; O’Connor, 2000). 

Through morphological examination it is possible to identify which species 

and bone elements are represented in faunal records, which for example can 

reveal patterns of human consumption both in terms of species, and also to the 

level of different body parts of an animal (Binford, 1978; Lyman, 1992). Ex-

amination of certain bone parts can give an estimation of the sex and age 

groups represented in a faunal assemblage (Payne, 1973; Hatting, 1995), of 

which the latter can sometimes also reveal seasonality (e.g. Glykou, 2014), 

assuming a temporal continuity in the timing of the species’ breeding season. 

The presence of particular species in an area can also be used for palaeoenvi-

ronmental reconstructions, assuming that the ecological tolerance of a species 

was the same in the past as it is in present times (Lyman, 2017). As such, 

zooarchaeological material can provide information on individual specimen 

level, and in terms of patterns of past human-animal interactions, also on spe-

cies distribution, and can further assist in climatic reconstructions.  

However, zooarchaeological material only represents a small proportion of 

the biomass that lived at a point in time, and therefore only represents a sub-

sample of the past. Furthermore, variation in faunal and taphonomic history 

as well as in preservation and archaeological recovery rate among different 

faunal specimens can make the subsample of animals in archaeological as-

semblages deviate from a 1:1 representation of the past.  
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3.1.1 Absence of evidence is not evidence of absence 

Bones of a certain species or certain bone elements might not be recovered 

in an archaeological context because of the simple fact that they were never 

brought there. Hunted marine mammals such as large pinnipeds and cetaceans 

may in many cases have been butchered near the coast and it is possible that 

only some, if any, bone parts were brought to the settlement by the hunters. 

Similarly, a lack of zooarchaeological material from a particular hunted spe-

cies within a time interval (i.e. a hiatus) is not in itself evidence that the species 

was not present in the area, as the pattern might reflect a change in hunting 

patterns among humans.  

Reconstruction of species’ distributions, and determining whether a species 

is likely to have been absent from an area at a particular time interval, there-

fore requires extensive knowledge of the ecological niche of the species in 

question as well as the environmental conditions that prevailed at the time. 

Although abiotic factors such as climatic conditions are highly determining 

for species’ distribution, the fundamental niche of a species in terms of food 

sources and suitable habitats can also be highly limited by biotic interactions 

such as pathogen transmission, interspecies competition and predation 

(Kearney & Porter, 2004; Lyman, 2017), as well as intensive hunting by hu-

mans.  

 

3.1.2 Unequal patterns in bone taphonomy 

The recovery of bone material from archaeological contexts can vary 

highly between species and between different types of bone elements for a 

number of reasons: (1) bones differ in their robustness and therefore also their 

likelihood to survive; (2) bones might have been deposited under different 

conditions allowing better preservation of some bones than others; and (3) 

bones that are small in size (e.g. small species or young individuals) are less 

likely to be recovered during excavation, especially if certain measures to limit 

such a bias are not taken, by for instance implementing sieving. Incomplete 

recovery of smaller fish bones (Olson & Walther, 2007; Murray, 2008) can 

lead to an underestimation of the importance of marine resources in the past. 

Quantifying the bone material by simply counting the number of specimens 

per species can therefore lead to underrepresentation of some groups of ani-

mals and overrepresentation of others due to differences in recovery rate, but 

also simply due to differences in number of bones per animal, and to the same 

individual being represented by several specimens. To account for this bias, 

researchers often distinguish between total count of specimens (number of 

identified specimens (NISP)) and the minimum number of individuals (MNI), 

in which the element representation is taken into account (O’Connor, 2000).  
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3.1.3 Limitations in morphological identification 

Zooarchaeological quantifications are further limited by the fact that far 

from all bone finds show strong morphological species-specific characteris-

tics, and that fragmentation and damage of species-specific bone parts often 

hinder such identification. In most excavations, the majority of the bone mass 

might in fact be of unknown species origin, or only allow for identification to 

a taxonomic group higher than species. The identification of cetaceans in ar-

chaeological assemblages is further complicated by their large size, as they 

are often so highly fragmented and modified that morphological species iden-

tification is not possible (Huelsbeck, 1988).  

Seals bones are often hard to identify to species, and only some bone parts, 

including femur, humerus, mandibula and the auditory bulla, show consider-

able variation between species to allow identification (Storå, 2001; Ukkonen, 

2002). Collagen fingerprinting using zooarchaeology by mass spectrometry 

(ZooMS) has detected markers that can identify groups of marine mammals; 

however, the technique is unable to allow identification beyond the level of 

genus (Buckley et al., 2014), and therefore ZooMS is not a suitable method to 

further assist species identification of seals. Instead, ancient DNA can be 

sought as an additional method.  

 

3.2 Prospects of ancient DNA 

Challenges met in zooarchaeological research can in some cases be ad-

dressed by applying additional methods such as aDNA. For instance, aDNA 

can provide basic sample information such as species and sex identification 

(Paper III) in cases where zooarchaeological identification is not possible or 

reliable, for example because of lack of strong morphological identification 

markers for certain bone elements or because of damage of such.  

By generating genetic profiles, specimens can be either confirmed or dis-

confirmed as potentially originating from the same individual, which can be 

used to raise the measure MNI (Paper V). Genetic profiling can also be used 

to investigate individual genetic relatedness such as known from studies on 

human remains, for example to determine whether individuals from the same 

burial context are likely to be close family members (e.g. Buś et al., 2019).  

Genetic profiling on a larger scale can provide further insights into a range 

of population-level questions. Populations that over a large enough time scale 

do not have substantial gene flow between them will eventually turn into ge-

netically distinguishable units. Such populations can be compared through 

space and time to shed light on the general phylogenetic relationships, popu-

lation movements, levels of admixture between populations, identification of 

past bottlenecks and loss of genetic diversity, etc (Foote et al., 2012; Keighley 



24 

et al., 2019). For specimens that were traded, sometimes over large distances, 

aDNA can sometimes be used for geographic provenancing, if the particular 

species have distinguishable genetic profiles linked to certain geographic ar-

eas of that time period, such as for example walrus during the medieval trade 

with ivory (Star et al., 2018).  

Most aDNA analyses are carried out on individual bones, but bulk analysis 

of ancient environmental DNA (eDNA) can also be obtained from various 

other sources such as ice or sediment cores (sedimental DNA (sedaDNA)). 

Such studies can therefore be used as a supplement to help identify the hunted 

species, which could otherwise be underestimated based only on the faunal 

records. For example, Seersholm et al. (2016) identified several marine mam-

mals including walrus, narwhal and bowhead whale as well as ringed seal and 

harp seal based on sedaDNA from Greenlandic Paleo-Inuit midden deposits.  

 

Ancient DNA analyses have already been carried out successfully on a 

number of different marine mammal species, though so far not many aDNA 

studies focus on seals of the northern Atlantic (Foote et al., 2012; Keighley et 

al., 2019). Paper IV and Paper V present some of the first ancient population 

genomic results for prehistoric grey and harp seals.  

 

An immense advantage to aDNA research is that successfully generated 

ancient data can be stored, shared and used for multiple types of analyses, 

which increase in resolution as more and more data are being generated. 

Though the potentials are numerous, the same limitations apply to aDNA stud-

ies as to any other study, which is based on past faunal material, that the suc-

cess rate is limited by the preservation and the technical advance in recovering 

that limited share of the past. The fragmented nature of aDNA (molecular ta-

phonomy), like the fragmentation of the bones themselves, often makes it hard 

to acquire sufficient data for detailed inquiry. Focusing on specific regions of 

the genome might for example not be possible if only parts of these regions 

are preserved in the samples or if coverage of the regions is so low that it 

leaves doubts about the reliability of the extracted genetic sequences.  
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4. Ancient DNA analysis as a method 

4.1 From DNA to ancient DNA 

Ddeoxyribonucleic acid (DNA) is the 

inheritable code on which all life on Earth 

is based. It consists of nucleotides with 

paired nitrogenous bases forming the inner 

part of the double stranded DNA helix, as 

they pair up adenine (A) and thymine (T), 

and cytosine (C) and guanine (G) (Figure 

5).  

 

In animal cells, DNA is found in the 

cell’s nucleus and in the mitochondria 

(Figure 6). Although DNA is ex-

pressed differently in different parts of the body, forming bone cells, lung 

cells, muscle cells etc., the cells all contain the same fundamental DNA code. 

The nuclear genome is found in only two copies per cell, represented by each 

of the two DNA strands, and contains the majority of the operating instruction 

of the cell. The mitochondrial genome originated from an endosymbiotic 

event, after which the mitochondria cells lost or transferred major parts of their 

genome, as the host cell was now responsible for the vital cell functions (Gray 

et al., 1999). The mitochondrial genome is therefore much smaller than the 

nuclear genome. The mitochondrial genome is, however, found in more copies 

per cell, since each cell can contain thousands of mitochondria, as these cell 

organelles are crucial for cell respiration, but also because each mitochondria 

can contain more than just one mitochondrial genome (Gilkerson et al., 2013).  

  

Figure 5. The chemical composition of DNA 

Figure 6.  

Cell with nucleus and mitochondria. 

Mitochondrial DNA is circular, while 

nuclear DNA is linear. 
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4.1.1 Molecular taphonomy 

The death of a cell marks the beginning of a process that turns DNA into 

aDNA. While living, cells encapsulate and protect the DNA and have repair 

mechanisms which detect and correct errors that might occur in the DNA se-

quences during DNA replication or from exposure to internally generated re-

active molecules or to radiation or other external environmental elements such 

as microbial attacks (Alberts et al., 2010). When a cell dies, these repair mech-

anisms are no longer sustained and DNA damages remain. Furthermore, 

chemical alteration of the cell environment and fragmentation of the cell com-

ponents weaken the cell’s effect as a protective barrier to shield the DNA and 

make it vulnerable to further destruction, especially following cell lysis (Al-

lentoft et al., 2012; Latham & Miller, 2019). Following destruction of the cell 

membrane, DNA is highly vulnerable to destruction, not only from direct con-

tact with endogenous enzymes, but also indirectly through microbial bioero-

sion in which communities of bacteria, fungi and cyanobacteria digest for the 

bone matrix (Jans, 2008; Latham & Miller, 2019). In the case of bone remains, 

the composition of the initial microbial community affecting bone samples 

largely depends on the surrounding environment, but it also depends on 

whether the bones are part of a carcass with a microbiome of its own, or 

whether the bones were defleshed prior to deposition.  

Ancient DNA tends to be highly fragmented and prone to increasingly se-

vere damage from the accumulative effect of DNA degradation processes 

(Lindahl, 1993), which are particularly pronounced and fairly well understood 

among the non-enzymatic DNA degradation processes. Lesions of the DNA 

strands, such as the spontaneous loss of purine bases (adenine and guanine), 

known as depurination (Briggs et al., 2007), and hydrolysis of DNA compo-

nents creating abasic sites (Bennett et al., 2014), contribute to increasing frag-

mentation of aDNA resulting in smaller and smaller fragments. In addition, 

the fragmentation of the double-stranded DNA often leaves single-stranded 

DNA overhangs that are then more susceptible to further damage such as cy-

tosine deamination (Briggs et al., 2007; Bennett et al., 2014). In some cases, 

DNA can also unfold and leave single stranded nicks exposed to further dam-

age, which can also contribute to cross linkage between different trands of 

DNA. Both single-stranded nick formation and crosslinking are a problem in 

the laboratory process during the polymerase chain reaction (PCR), as they 

tend to block the DNA polymerase during the extension process of the DNA 

(Pääbo et al., 2004; Willerslev & Cooper, 2005). This results in only part of 

the fragments being amplified, and thus contributes to an even lower amount 

of output DNA, being obtained from the sampled ancient material.  
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4.1.2 Cytosine deamination  

Deamination is the process in which an amino group is spontaneously lost 

from any kind of molecule. When an amino group is removed from cytosine, 

the molecule transforms it into uracil (Alberts et al., 2010). Since uracil 

strongly resembles thymine, this can lead to mispairing of the bases, and an 

alteration of the genetic code from a C–G pair to a T–A pair in affected sites. 

In living cells, such errors can be vital and uracils are therefore removed, and 

the DNA sequence repaired, by replacement of new cytosines. In aDNA re-

search, the deaminated cytosine sites will be interpreted as thymine during 

sequencing, introducing sequencing errors, and since the original ancient 

strands are used as template for amplifying DNA during the laboratory PCR 

step, the error will result in incorrect thymine bases on one strand and guinine 

being replaced with adenine on the contemporary strand. Such errors can be 

problematic, as it can be hard to determine whether a genetic variant, sug-

gested by the data, is a result of actual evolutionary changes represented by 

the sampled individual, or just originates from sequencing errors. A variant 

therefore has to be supported by several sequenced DNA fragments (i.e. reads) 

before it is recognised as reliable. The number of DNA fragments that cover 

a nucleotide position in the genome is referred to as its “read depth”.  

 Despite its obvious challenges in aDNA research, the pattern of cytosine 

deamination has been turned into a methodological tool of great advantage. 

Since cytosine deamination occurs much more frequently in the single-

stranded overhangs (Bennet et al., 2014), and therefore towards the end of 

sequenced reads, it is a common 

trait in aDNA that the sequenc-

ing reads contain a higher pro-

portion of thymine and adenine 

near the ends of DNA fragments 

(Figure 7). Quantification of 

this pattern is therefore now a 

standardized method for authen-

tication of aDNA (Jónsson et 

al., 2013).  

Furthermore, deamination 

patterns have also allowed re-

searchers to investigate epige-

netics in ancient samples based 

on the estimated location of 

methylated cytosines (Orlando 

& Willerslev, 2014; Pedersen et 

al., 2014; Orlando et al., 2015). 

 

Figure 7. Cytosine deamination resulting in se-

quencing errors in the output reads, as visualised 

in the program Geneious. With an equal amount 

of cytosine (C) and thymine (T) the positions 

5549, 5552 and 5554 are undefined C/T (Y). 
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4.2 Retrieving ancient DNA 

4.2.1 Sample selection 

The diagenesis of dead cells and their DNA is inevitable, but the speed of 

this gradual degradation process is largely controlled by the external environ-

mental conditions, as well as the type of organic material itself. These are 

therefore important factors to bear in mind when it comes to choosing samples 

for paleogenetic studies (Lindahl, 1993; Bollongino et al., 2008; Latham & 

Miller, 2019; Paper I: Keighley et al., 2019; Paper II).  

In hard tissue, such as bone and teeth, DNA becomes largely stabilised by 

chemical binding to hydroxyapatite, the main inorganic component of bone 

tissue found together with the organic component collagen. Hence, DNA sur-

vives better in hard tissue and a strong relation exists between hydroxyapatite 

crystallinity and the presence of aDNA (Götherström et al., 2002a). Conse-

quently, the continued preservation of the DNA largely comes down to the 

preservation of the individual bone or tooth specimen as well as the level of 

hydroxyapatite diagenesis. The size, density and general rigidity of different 

bone elements are therefore also controlling factors in DNA preservation, as 

illustrated in Paper I (Keighley et al., 2019) and Paper II, and might also 

explain some of the variation in DNA preservation seen between species of 

different sizes.  

Ancient DNA generally survives best when conditions are cold, dry and 

stable. It is therefore no surprise that some of the oldest DNA so far retrieved 

is from permafrost conditions such as the approximately 560,000–780,000-

year-old horse bone from which DNA was extracted by Orlando et al. (2013). 

The comparative study conducted in Paper II also showed an overall higher 

endogenous content and lower damage rates in samples from Arctic condi-

tions; however, as to be expected in uncontrolled environments, other factors, 

accounted as well as unaccounted for in the study, also played a role in the 

DNA preservation.  

One of the most significant parameters for DNA preservation in the Paper 

II study was the effect of cave conditions, as both grey seal and harp seal 

samples from the Stora Förvar cave had a much higher endogenous DNA con-

tent than expected from their age. Caves offer a potentially good conditions 

for survival of aDNA mainly because of a stable, cold environment, which, 

often together with calcareous conditions, reduces the rate of chemical reac-

tion as well as microbial activity. But perhaps more importantly, cave condi-

tions often protect faunal material from contact with water (Bollongino et al., 

2008; Latham & Miller, 2019). Water is linked to several processes that in-

crease the level of DNA degradation, such as microbial growth and hydrolytic 

chemical reactions, which leads to modification and fragmentation of DNA 

molecules. Repeated wetting-drying cycles in particular have been shown to 
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increase the rate of subaerial weathering of bone (Pokines et al., 2018), 

thereby contributing to the overall degradation of bone components. Göther-

ström et al. (2002a) have proved experimentally that the presence of water 

influences bone collagen and the crystallinity in hydroxyapatite, and nega-

tively affects the amount of DNA that can be extracted from ancient bones. 

Sample preservation in fully anoxic water environments may be an exception, 

as it has been experimentally shown to yield higher amounts of endogenous 

DNA than samples from fully oxygenated environments (Eriksen et al., 2020), 

likely due to the limited effect of oxidative reactions on the DNA (Latham & 

Miller, 2019). Non-neutral pH of surrounding water or soil likewise has a neg-

ative effect on DNA preservation through loss of collagen (in alkaline condi-

tions) and bone mineral (in acidic conditions) (Collins et al., 2002; High et al., 

2015). 

Another significant correlation found in Paper II was that between colla-

gen content and both endogenous DNA content and DNA damage rates. Gö-

therström et al. (2002a) found signs of a relationship between collagen content 

and presence of DNA in ancient bones, suggesting that it was linked the effect 

of collagen to slow the rate of mineral solution reaction, which would other-

wise negatively affect hydroxyapatite and thereby the DNA preservation. A 

high collagen content in bone and tooth samples, for example retrieved as part 

of radiocarbon dating, might therefore be a good indicator of good DNA 

preservation.  

The correlations found between DNA sample success and the time since 

the faunal material was excavated could indicate that storing facilities are not 

always optimal for DNA preservation (Paper II).  

 

Although a number of parameters with strong effect on DNA preservation 

can be identified through case studies and experiments, it is hard, if not im-

possible, to fully quantify their individual effect, since none of these parame-

ters act alone and they are all linked together through multiple pathways. Fur-

thermore, many factors in the depositional environment, which might have 

had a tremendous effect on the DNA preservation, can often not be fully ac-

counted for throughout the taphonomic timeline, such is for example periodi-

cal exposure to water, ultraviolet (UV) light and temperature fluctuation in-

cluding freeze-thaw cycles (Shao et al., 2012; Pokines et al., 2016). All spec-

imens are unique taphonomic cases, but general patterns of favourable and 

unfavourable factors can still be identified and help to guide sample selection 

for aDNA studies.  
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4.2.2 Laboratory DNA retrieval 

The laboratory processes of aDNA research overall seek to isolate, tag, 

multiply, and then measure and digitalise the sampled DNA, after which data 

analyses can be carried out using different bioinformatic tools.  

Figure 8 shows the general workflow in a laboratory working with aDNA 

(Margulies et al., 2005; Meyer et al., 2012; Rizzi et al., 2012; Gansauge & 

Meyer, 2013; Bennet et al., 2014; Orlando et al., 2015): 

(1) Sampling, where, for example, bone powder is obtained.  

(2) Extraction, where cells are lysed and digested to release the DNA.  

(3) Purification, during which process the DNA is isolated. 

(4) DNA library building, where pieces of artificial DNA, adapters and 

sample-specific indexes, are attached to the DNA fragments. 

(5) Polymerase chain reaction (PCR) amplification, using the natural pro-

cess of DNA replication to increase the amount of DNA by making 

DNA polymerase and single nucleotides work on the DNA fragments 

through multiple cycles of heating. 

(6) High-throughput sequencing, in which the DNA fragments are at-

tached by complimentary binding of one adapter to a flow cell on which 

PCR amplification is carried out with separate rounds of four nucleo-

tides, each carrying a fluorescent tag that releases a light signal upon 

incorporation in the growing strand, while a sensitive detector registers 

the light to determine the nucleotide order of the fragment. 

(7) Hioinformatic data analysis, wich is enabled with the nucleotide order 

being translated into letter codes and saved as computer files. 

 

Figure 8. Workflow of ancient DNA research (modified from Keighley et al., 2019). 

   

The specific laboratory methods used for samples in this thesis are speci-

fied in the Appendix (Papers II–V).  
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4.2.3 DNA contamination  

Because of the generally low concentration and highly fragmented nature 

of ancient endogenous DNA (the DNA of the sampled individual), there is a 

great risk of contamination by exogenous DNA sources, which are often found 

in much higher concentration in the surrounding environment.  

The outer surface of bones might, for example, be at high risk of DNA 

contamination from microorganism that take part in the bone degradation, but 

also by other surrounding DNA (recent as well as ancient) in general. Subse-

quent exposure, if not before, then during excavation introduces a new range 

of potential contamination sources, not least that of humans. Yet another sub-

stantial contamination risk is posed by PCR-amplified DNA samples in the 

DNA laboratory work settings, which have artificially reached very high con-

centrations of DNA, and even microscopic droplets released by turbulence can 

therefore bring vast amounts of DNA molecules into the air. For that reason, 

the PCR and post-PCR laboratory stages are kept separate from the initial 

DNA sample processing, which instead takes place in dedicated aDNA labor-

atories with strict requirements for cleaning and wearing of protective gear 

(full body suits, masks, gloves, etc) in order to limit contaminating DNA from 

entering (Willerslev & Cooper, 2005).  

Because of the risk of prior contamination, the outer surface of a bone spec-

imen is usually removed before a sample is taken from the inner, more pro-

tected part of the bone structure. Many laboratory protocols also include a pre-

digestion of bone powder or bone chunks during the DNA extraction. This is 

done to remove the outer surface of the sampled material before the final di-

gestion is carried out.  

The risk of contamination, however, does not only come from the outside 

world. For the sake of optimization, lab work is usually carried out on a set of 

samples at the same time, thus introducing the risk of cross-contamination be-

tween samples, in which DNA from one sample is accidentally transferred to 

another if the necessary care is not taken. However once the DNA molecules 

have received individual tags (index), cross-contamination poses less of a 

problem.  

Although much is done to isolate and secure a high endogenous propor-

tion in the final sequencing output, endogenous aDNA (as recognized by map-

ping to a reference genome) rarely makes up a major part of the total number 

of sequenced DNA reads (see e.g., Hansen et al., 2017; Bro-Jørgensen et al., 

2018). The remaining proportion often consists of a great mix of various taxa 

including bacteria, archaea, eukaryotes, as well as unidentified DNA se-

quences (see e.g., Poinar et al., 2006) likely from species that have not yet 

been sequenced, but also artificial DNA fragments such as adapter dimers. 
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4.3 Analysing ancient DNA 

After sequencing, the raw data have to go through initial data processing, 

which includes de-multiplexing, where the sequenced DNA reads are sepa-

rated by their index code(s) into separate samples, as well as adapter removal 

to isolate the actual sequences of the DNA reads. Furthermore, sequencing 

reads (in FASTQ format) are evaluated. Some are eventually removed based 

on their Phred quality score, which is a measure of the likelihood that a base 

pair position obtained during sequencing is false.  

In the studies of this thesis (Appendix), the PALEOMIX pipeline (Schubert 

et al., 2014) was used to carry out initial read processing, as well as mapping 

and DNA authentication, after which more data-specific analyses were carried 

out, for example DNA quantification statistics (Paper I and Paper II), sex 

identification (Paper III) and population genomic analyses based on variation 

in the mitochondrial genome (Paper IV and Paper V). 

 

4.3.1 Ancient DNA authentication 

Authentication of aDNA can be carried out using mapDamage (Jónsson et 

al., 2013), which evaluates the patterns of DNA deamination towards the end 

of each unique (i.e. duplicates removed) sequencing read that is mapped to the 

reference genome. The results are summarized in a graphical representation, 

where a generally higher number of nucleotide substitutions to T and A, com-

pared with the reference genome, is indicative of ancient samples (Figure 9).

 

Figure 9. Authentication of aDNA. The proportion of sites that contain a nucleotide 

substitution compared with the reference (Y-axis), and the position along the fragment 

(X-axis.) The red line shows a C to T transition, the blue line shows a G to A transition. 
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4.3.2 Mapping to a reference genome 

If an ancient sample is known to originate from a certain species or species 

group, the endogenous aDNA can be isolated from the rest of the sequenced 

DNA by mapping to a reference genome or partial genome sequence. The 

reads that show a good match with the reference genome will be kept and 

assigned to a certain position of the genome, while the remaining reads will 

be discarded. The algorithm used in mapping is designed to keep a fine bal-

ance between allowing some differences between reads and reference in order 

to obtain individual genetic variation within species, on the one hand, and, on 

the other, keeping the mapping requirement strict enough to avoid mapping to 

multiple regions of the genome and also to avoid exogenous mapping.  

The preferred choice of reference genome is always that of the sampled 

species, since more variation will then be shared between the reference and 

the sampled individual. However, many species still lack a full reference ge-

nome (including both the mitochondrial and the nuclear genome), and of those 

that do exist, many are not fully annotated. In annotated reference genomes, 

many of the functional elements are described, which means that mapped 

reads can be assigned to certain chromosomes, and sometimes even to certain 

genes. This level of detail can sometimes be approached for species without 

annotated reference genomes, for example by turning to reference genome of 

a closely related species, since the mapping algorithm allows some variation 

in the reads compared against the reference. In genomic regions that are highly 

conservative, this can even allow the use of fairly distantly related species 

(Paper III), depending on the resolution required for the intended type of 

analysis. 

 

4.3.3 Genetic sex identification 

A great advantage of high-throughput sequencing is the vast amount of 

non-targeted endogenous data produced, which can later be used for a multi-

tude of analyses, including sex identification.  

Sex of a sample can be identified based on the relative representation of the 

X chromosome among the sequenced reads. As the sequencing reads largely 

represent the proportions of the individual’s genetic profile, the number of X 

chromosome reads, compared with autosomal chromosome reads, can reveal 

whether a sample had one or two X chromosomes and, therefore, whether it 

was a male (XY) or a female (XX) (see, e.g., Skoglund et al., 2013; Park et 

al., 2015; Pečnerová et al., 2017; Bro-Jørgensen et al., 2018; Ebenesersdóttir 

et al., 2018; Nistelberger et al., 2019). However, since this type of analysis 

requires an annotated reference genome in which both the X chromosome and 

an autosomal chromosome are defined, sex identification following this ap-
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proach has so far been restricted to species which either had their own anno-

tated reference genome, or for which the reference genome of a closely related 

species could be used.  

In Paper III, a modern data set of ringed seal was used to test sex identifi-

cation of pinnipeds using the reference genome of the dog (Canis lupus famil-

iaris), a fairly distantly related species, but yet at present among the closest 

annotated reference genomes that exist for pinnipeds. When using the dog ref-

erence genome, it was possible to determine the ringed seal samples to the 

same sex as had been determined by morphological examination during sam-

ling of the living seals. However, to make the comparison more applicable to 

aDNA studies, where the quantity of DNA is generally lower, a down-sam-

pling experiment was conducted where the minimum total number of reads 

mapped to the dog genome allowing an accurate sex identification was esti-

mated at 5,000 reads.  

Being able to use even fairly distantly related annotated genomes as refer-

ence in a quantification based analysis has great potential for future studies, 

not only of pinnipeds, but of a large range of other species for which closely 

or not even closely related annotated reference genomes still exist. Interest-

ingly, additional tests proved that even the genome of the house mouse (Mus 

musculus), which belongs to a different taxonomic order than pinnipeds, was 

sufficient for performing accurate sex identification of the modern ringed seal 

samples. 

 

4.3.4 Mitochondrial population genomics 

After sequencing reads are mapped against a mitochondrial genome, each 

position can be evaluated computationally to find the most likely base varia-

tion for all positions across the whole genome (i.e. to establish whether the 

positions have sufficient read coverage for evaluation). The final result is a 

consensus mitogenome, which can be used for population genomic analyses.  

While nuclear genomes are diploid, consisting of chromosome pairs that 

undergo recombination with every generation, mitochondrial genomes are 

non-recombinant, haploid genomes that are only inherited through the mater-

nal line. This makes mitochondrial variation a much simpler genetic marker 

to use in phylogenetic studies, but the disadvantage is that such studies only 

show a limited share of the genetic variation. Nevertheless, mitochondrial 

studies are very common, especially in ancient genetics, where nuclear studies 

are often limited because of low recovery rates. The small size of the mito-

chondrial genome and the high copy number of mitochondria per cell, on the 

other hand, make it much more likely that enough aDNA is preserved to gen-

erate at least partial mitogenomes from ancient samples. Mitochondrial DNA 

may even preserve relatively better in bone, tooth and baleen samples com-

pared with nuclear DNA, as experiments have shown that historical examples 
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of such hard tissues, compared with fresh tissues, contain 60-fold (bone and 

teeth) to 8,000-fold (baleen) higher ratios of mitochondrial to nuclear DNA 

(Morin et al., 2007).  

The mitochondrial genome contains both highly conserved regions and re-

gions that contain, for example, highly variable protein coding genes which 

undergo rapid evolution, and non-coding regions such as the highly variable 

mitochondrial control region, or D-loop (Strachan & Read, 2011). The highly 

variable parts of the genome are likely to have accumulated mutations, and 

selection and genetic drift over an evolutionary time scale result in genetic 

differentiation (structure), which can reflect geographic patterns of different 

populations. This sometimes makes it possible to infer relatedness between 

populations, and thereby also to potentially gain insights into population 

movements through more recent times. Based on mitochondrial genomes it is 

also possible to estimate genetic diversity of a population, such as haplotype 

diversity and nucleotide diversity, which might be used as an indicator of past 

bottlenecks, i.e. rapid loss of genetic variation, as well as the population’s po-

tential capability of adaptation, for example in response to environmental 

changes. 

Genetic studies can gain much higher resolution by also including data 

from previously published studies, such as modern data for comparison with 

an ancient population of the same species. The NCBI GenBank database is an 

open-access sequence database from which an abundance of genetic data can 

be downloaded, including reference genomes for various species. The full mi-

tochondrial reference genomes of grey seal (Arnason et al., 1993) and harp 

seal (Arnason et al., 2006) are available from GenBank; however, the majority 

of the grey and harp seal data published so far focus only on part of the mito-

chondrial genome. Previous genetic studies on grey seals have only published 

mitochondrial sequences including the D-loop control region (Fietz et al., 

2016) or only the D-loop (Klimova et al., 2014), while a study on harp seals 

has published partial mitogenomes excluding the D-loop control region (Carr 

et al., 2015). The mitochondrial data available for comparison determined the 

extent of the mitochondrial genome that became the focus of Papers IV and 

V. In many respects, the genetic comparisons that can be made in any genetic 

study are therefore highly limited by the available reference material. 
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5. The ancient Baltic grey seals 

5.1 Temporal changes in mitochondrial haplotypes 

The extensive zooarchaeological material from the Stora Förvar cave, on 

Stora Karlsö near Gotland, provides evidence for the location of the only 

known breeding site of grey seal in the Baltic Sea during the Middle Meso-

lithic Period. In the archaeological assemblages from Stora Förvar, however, 

there is a hiatus with no grey seal remains, previously estimated to range from 

approximately 8200 BC to 6200 BC (Lindqvist & Possnert, 1999; Apel et al., 

2018). This suggests that the hiatus coincided approximately with the 8.2-

kiloyear (8.2k) cold event (6200 BC). Following the 8.2k event, human occu-

pation on Stora Karlsö was interrupted, but the island was re-occupied shortly 

after (Lindqvist & Possnert 1997; Apel & Storå, 2017). Grey seals, however, 

do not reappear in the archaeological assemblage from Stora Förvar immedi-

ately after the cave was taken into use again. This could either represent a 

change in prey choice or it could mean that grey seals no longer occurred 

around Gotland. The latter could be due to previous overhunting or to the ef-

fect of climatic changes following the 8.2k event. Investigating the genomic 

profiles of grey seals before and after the Stora Förvar hiatus was therefore 

among the major initial goals of the research project presented in Paper IV.  

To place the genetic results in the right context, radiocarbon dating of the 

samples was also important, and, as part of this, accounting for the marine 

reservoir effect, which because of the influence of upwelling of old deep-sea 

water makes marine samples appear older than contemporary terrestrial sam-

ples (Ascough et al., 2005). The Mesolithic grey seal samples, chosen from 

among all the excavated layers in the Stora Förvar assemblage, were dated to 

approximately 7447–6631 cal. BC (Paper IV). These new dates suggest that 

the grey seals may have disappeared from Stora Karlsö even before the 8.2k 

event and, therefore, that factors other than climate may have played a role in 

their disappearance. The majority of the samples date from between 7100 BC 

and 6800 cal. BC, suggesting a relatively short period of intensive grey seal 

hunting on Stora Karlsö, lasting a minimum of 300 years. The intensive hunt-

ing of grey seals during this 300-year period can have been a contributing 

factor to the hiatus shortly after.  

The genetics results reported in Paper IV show that the two mitochondrial 

control region haplotypes with the largest representation in the Mesolithic 

Stora Förvar samples (n=57) are also represented in the Late Mesolithic/Early 
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Neolithic grey seal samples from Neustadt (n=6) (Figure 10). Radiocarbon 

dating of one Neustadt sample suggests that these samples were from c. 4,566–

4,056 cal. BC. This continuation of Mesolithic haplotypes until Neolithic 

times could therefore suggest that even though grey seals disappeared from 

the faunal assemblages in Stora Förvar, not all of the Mesolithic genetic vari-

ation was lost in the Baltic grey seals. It is likely that some of the genetic 

variation survived, with a smaller number of grey seals near Gotland or else-

where in the Baltic Sea, until grey seals re-appeared in the Neustadt samples. 

There is therefore no strong evidence for a major change in the genetic com-

position of the Baltic grey seal population that can be linked to before and 

after the hiatus in Stora Förvar.  

The haplotypes that the majority of the Mesolithic samples belong to, how-

ever, are not found among the Bronze Age/Iron Age samples from Stora 

Förvar (n=6) dating from between 1101–917 cal. BC and 688–784 cal. AD, or 

in any of the extensive historical and contemporary data sets available 

(Klimova et al., 2014; Fietz et al., 2016). These haplotypes are therefore con-

sidered to be extinct haplotypes today. Only two Mesolithic haplotypes are 

found in the historic and contemporary grey seal data sets. Further, the Bronze 

Age/Iron Age samples from Stora Förvar show a high degree of similarity 

with the historical and contemporary data. This could suggest that a new col-

onization of grey seals into the Baltic Sea took place between the Early Neo-

lithic and the Late Bronze Age, and that this new genetic variation has per-

sisted until modern times. The estimated divergence time of approximately 

4200 BP between the present Baltic grey seal population and the North Sea 

population, identified by Fietz et al. (2016), therefore likely represents such a 

new colonization event.  
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Figure 10. Temporal network of mitochondrial control region sequences for grey 

seals from (1) Mesolithic Stora Förvar; and (2) Neolithic Neustadt and Bronze 

Age/Iron Age Stora Förvar; as well as for (3) historical and contemporary Baltic grey 

seals (Fietz et al., 2016). For readability of the shared layer (2), Stora Förvar samples 

are coloured in yellow, while Neustadt samples are coloured in orange. Non-coloured 

circles indicate that the haplotype is missing in that layer. Lines indicate vertically 

the haplotypes that are shared between layers. 

 

5.2 Colonization of grey seals to the Baltic region 

It is still debated whether some of the Mesolithic samples of grey seal rep-

resent individuals that lived in the Ancylus Lake stage or the Early Littorina 

Sea stage of the Baltic Sea (Lindqvist & Possnert, 1997; Sommer & Benecke, 

2003). This is still unresolved, firstly, because the transition period from the 

Ancylus Lake to the Littorina Sea stage may have lasted long, while the dating 

of the duration of these stages may have a large degree of error. Secondly, the 

radiocarbon dates of the seal bones also contain a statistical uncertainty, which 

is further complicated by the influence of either the freshwater reservoir effect 

or the marine reservoir effect (Glykou et al., 2021).  

The isotope values of the Mesolithic grey seal samples from Stora Förvar 

demonstrate a brackish signature (Paper IV), and thereby suggest that these 

were early colonisers in the initial stage of the Littorina Sea.  

The clear genetic distinctiveness and low genetic diversity of the Meso-

lithic grey seal population, compared with the younger time periods, might 

indicate that the population was isolated for a long time. Many of the samples 
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cluster together and show a star-shaped diversification pattern, which could 

suggest that the genetic diversity of the Mesolithic Baltic grey seal originated 

from a small group of grey seals that had been isolated. It may be that the grey 

seals, which colonised the Baltic Basin, had previously been isolated in a gla-

cial refugium outside, but in the near vicinity of, the Baltic Basin. Compared 

with all present grey seals, the Mesolithic grey seal data suggest that these 

seals were also most closely related to the present Baltic grey seal population 

and, to a lesser extent, to the populations in the North Sea and Atlantic. 

 

5.3 Hunting of Mesolithic grey seals 

The majority of grey seals hunted on Stora Karlsö in the Mesolithic were 

young individuals, sub-adults younger than 2–3 years and pups at the age of 

0–3 months (Pira, 1926; Apel & Storå, 2017). This indicates that seal hunt-

ing took place mainly during the breeding season. As pups cannot dive into 

water until several weeks after birth they are vulnerable to hunting on land. It 

is possible that the distinctive breeding behaviour of the Baltic grey seals that 

prefer to breed on ice, may have been an adaptation to avoid human hunting 

during the breeding season.  

With the hunting season overlapping the breeding season of grey seals near 

Gotland, the approximately equal sex ratio among the Mesolithic grey seal 

samples (22 males (43%) and 29 females (57%)) may therefore largely reflect 

the birth rate of males and females in the population. Over the long term, kill-

ing off the younger generations of a population can be problematic if only few 

individuals are allowed to reach sexual maturity and reproduce. This hunting 

pattern would have had even more severe effects on the population if the low 

genetic diversity was also linked to reduced immune system diversity, which 

could potentially be investigated by recovering the major histocompatibility 

complex (MHC) regions in the genome. Unfortunately, the mapping of the 

ancient grey seal data set to a previously published grey seal MHC region 

sequence (de Assunção-Franco et al., 2012) was unsuccessful, as only very 

few positions were covered by the ancient data. 
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6. The ancient Baltic harp seals 

6.1 A cold-adapted species breeding in the Baltic  

The Middle Holocene Period was known as a warm climatic phase. Ar-

chaeological finds of harp seals in the Baltic Sea from that period (Storå, 2001; 

Storå & Ericson, 2004) therefore became a subject of controversy in the sci-

entific community because harp seals are cold-adapted (Ronald & Dougan, 

1982; Johnston et al., 2012; Stenson & Hammill, 2014; Stenson et al., 2016). 

Two hypotheses were developed to explain the presence of harp seals in the 

Baltic Sea during the mid-Holocene: 

(1) the “migration hypothesis”, stating that the bones belonged to occa-

sional harp seal visitors from of the Atlantic (Lepiksaar, 1964).  

(2) the “breeding population hypothesis”, stating that harp seals had a lo-

cal breeding population in the Baltic Sea.  

Since osteometric age determinations made it possible to document the 

presence of harp seal pups in archaeological layers from Pitted Ware Culture 

settlements, it has been recognised that the harp seal once did have a local 

breeding population in the Baltic Sea (Storå & Ericson, 2004; Storå, 2001).  

However, new questions have followed this discovery regarding the pop-

ulation history and fate of this Baltic harp seal population. It was only re-

cently documented, based on radiocarbon dating of harp seal bones, that harp 

seals occurred in two phases in the Baltic Sea. The highest frequency of ar-

chaeological harp seal remains has been assigned to the first phase, c. 4500–

2500 cal. BC, which was followed by a hiatus, with no harp seal remains. A 

second phase followed from c. 1545 cal. BC to c. 1100 cal. AD, with a rela-

tively lower frequency of harp seals compared with the first phase (Glykou et 

al., 2021). Simultaneously, aDNA analysis was applied to a large number of 

ancient harp seal samples in order to primarily investigate:  

(1) whether the Baltic harp seal population represents an isolated and ge-

netically separate population.  

(2) whether a genetically continuous population existed in the Baltic Sea 

or whether secondary colonization took place.  

(3) where the colonization of the Baltic Sea most likely took place from. 

(4) whether any signs of genetic depletion could be identified in the latest 

phase of harp seal presence in the Baltic Sea, before their final disap-

pearance. 
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6.2 Diversification of mitochondrial haplotypes 

The Baltic Sea is a relatively small, closed environment, which increases 

the likelihood that a species living in this area may become genetically iso-

lated, as a subpopulation with potential for local adaptations (see, e.g., the 

Baltic, Saimaa and Ladoga ringed seals). Based on mitochondrial data, as pre-

sented in Paper V, the Baltic harp seal population is not a separate genet-ic 

haplogroup. Ancient Baltic mitogenomes are highly represented in the clades 

F and C (Figure 11), within which they are also represented by entirely new 

mitogenome sub-haplogroups (F3 and C3). Even though most localities share 

clades, many samples from different localities represent different subclades 

(Figure 11). This is particularly true for the modern Greenland Sea and White 

Sea, which do not share any subclades (Carr et al., 2015). These results, there-

fore, indicate that even though the global past and present harp seal population 

is highly phylogenetically unstructured, diversification has been taking place 

at a sub-haplogroup level. 

 

 

 
 

Figure 11. Localities represented in each haplogroup defined by Carr et al. (2015). 

The colour codes in the pie charts show the location of the samples: ancient Baltic 

Sea (ABS, pink), modern Newfoundland (MNL, light grey), modern Greenlandic Sea 

(MGS, green), modern White Sea (MWS, dark blue), ancient White Sea (AWS, light 

blue), ancient West Greenland (AWG, dark grey). The locality representation within 

sub-haplogroups is shown in boxes next to the main haplogroups.  
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Statistical tests of pairwise genetic differentiation (KST and KST*) (Paper V) 

support the view that the modern White Sea (MWS) harp seal population is 

significantly different from the two contemporary populations in the Green-

landic Sea (MGS) and New Foundland (MNL), and that the ancient Baltic Sea 

(ABS) samples show significant levels of genetic differentiation to all modern 

populations. With a significant p-value, the null hypothesis of no genetic dif-

ferentiation can be rejected. A non-significant value, on the other hand, may 

not indicate a close genetic relationship, as it may be the result of low sample 

size, as was likely the case for the ancient samples from West Greenland (n=2) 

and the White Sea (n=5), which were also processed in this thesis. 

 

6.3 Colonization of harp seals to the Baltic region 

Since the discovery that the harp seal had a separate, and largely isolated 

(Glykou et al., 2018; 2021), breeding population in the Baltic Sea (Storå, 

2001; Storå & Ericson, 2004; Glykou et al., 2021), the question where the 

Baltic harp seal population originated from has been under discussion. Mod-

ern migrations of harp seals from the White Sea population down to Skager-

rak have been associated with harsh winter conditions (Ekman, 1922; Lepik-

saar, 1964; Forstén & Alhonen, 1975; Hodgetts, 1999), indicating that this 

could also have taken place in prehistory. The White Sea population has there-

fore been suggested as a likely founder population for the Baltic harp seals 

(Glykou et al., 2021). The mitochondrial data from Paper V support this hy-

pothesis, indicating that the Baltic harp seal samples have a relatively lower 

degree of genetic differentiation from the modern White Sea population (KST 

= 9.7%, KST* = 3.1%, 0.01<P<0.05). Furthermore, comparing the modern 

White Sea population and the Mesolithic Baltic harp seal samples only shows 

an even higher degree of genetic similarity (KST = 2.4 %, KST* = 1.2%, non-

significant difference). The closer genetic relationship that exists between 

these two populations could either suggest that they shared a more recent an-

cestral population, which later disappeared, or that the Baltic harp seal popu-

lation was founded by a migration directly from the White Sea population.  

A second question under discussion relates to colonization of harp seals 

into the Baltic Sea following the hiatus in the harp seal finds of the Baltic Sea 

from c. 2500 to c. 1545 cal. BC (Glykou et al., 2021). In Paper V, a Bayesian 

skyline plot shows the temporal quantification of the genetic variation among 

Baltic harp seals and demonstrates an increase in genetic diversity immedi-

ately following the hiatus. This suggests that a second colonization of the Bal-

tic Sea brought new genetic variation into the region. The statistical measures 

of genetic differentiation between the modern White Sea population and Bal-

tic Bronze Age samples (KST = 2.2%, KST* = 0.8%, non-significant difference) 
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further suggest that the second colonization most likely came from the White 

Sea.  

Viewing the mitochondrial haplogroup variation per locality (Figure 12) 

illustrates that the first Baltic representation of the B haplogroup in the Bronze 

Age during the second phase of harp seal presence in the Baltic. In the modern 

data set, haplogroup B has its largest representation in the White Sea, and it 

may be that this haplotype was introduced into the Baltic Sea as part of the 

second migration from the White Sea. However, since haplogroup B was only 

represented by one sample in the Baltic Sea, and since it was not recovered in 

ancient samples from the White Sea, it is not certain that these patterns can be 

linked to the second colonization into the Baltic Sea. A larger sample size will 

be required to determine whether this is a random observation.   

 

 

Figure 12. The haplogroup representation per locality and through time. Haplog-

roups are coloured orange (A), yellow (B), light green (C), red (D), brown (E) and 

dark green (F). Localities include: ancient Baltic Sea (ABS), modern Newfoundland 

(MNL), modern Greenlandic Sea (MGS), modern White Sea (MWS), ancient White 

Sea (AWS), ancient West Greenland (AWG). The ancient samples from the White Sea 

and West Greenland correspond in age to the Neolithic samples from the Baltic Sea. 
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6.4 Reduction in size, numbers and diversity  

The Baltic harp seal population shows a significant reduction in average 

adult body size from the warm period of the Atlantic to the cooler period of 

the Subboreal, i.e. towards the Middle/Late Neolithic Period (Storå, 2001; 

Storå & Ericson, 2004; Glykou, 2016). Measurements of a few ringed seal 

humeri indicate that, during the Neolithic, Baltic ringed seals were also 

smaller than their modern counterparts (Storå, 2002a).  

The smaller size of both harp seal and ringed seals, compared to modern 

seals, may have been the result of periods of suboptimal conditions, which 

prevented the seals from reaching their maximal growth potential. Studies of 

contemporary Canadian ringed seals (McLaren, 1958; Smith, 1973) suggest 

that smaller body size could stem from disrupted lactation periods, which have 

been shown to lead to smaller adult body size of the affected pups. The pro-

gression of the lactation period for both harp seals and ringed seals is highly 

dependent on sufficient snow and ice cover during winter. However, since the 

smaller body size of harp and ringed seals coincided with a cold period, it is 

not easy to link the reduced body size to unfavourable climatic conditions, 

unless winters were relatively warmer, or unless climatic changes affected 

general food availability.  

Intensive hunting by humans may also have either disturbed or terminated 

the lactation period, thereby affecting even the pups that survived the breed-

ing season. However, despite being intensively hunted the Baltic grey seal, by 

comparison, did not show a similar decrease in body size during prehistory. 

Alternatively, the observed reduction in average body size could also repre-

sent adaptation, for example following a reduction in prey size, to minimize 

the cost of larger body size. 

The observed reduction in body size has also been suggested to have pos-

sibly been the result of genetic isolation (Storå & Ericson, 2004). However, 

based on the mitochondrial data it was not possible to find any genetic change, 

or sign of adaptation, in the Neolithic Baltic harp seal samples, other than a 

minor drop in mitochondrial diversity towards the Neolithic (Paper V). It is 

possible that other genetic markers such as MHC genes could be linked to 

diminished growth and critically low genetic diversity; however, the attempt 

to generate MHC genetic data from the ancient harp seals in this thesis was 

not successful. The larger average adult body size of harp seals during the 

second phase of the Baltic harp seal population, on the other hand, was possi-

bly linked to the influx of new harp seals with larger body size during the 

Bronze Age (Glykou et al., 2021; Paper V).  

The drastic decline in nucleotide diversity in the Iron Age (Paper V) is 

almost certainly linked to reduced numbers of harp seals in the Baltic Sea 

(Glykou et al., 2021). However, no reduction in average adult body size, as a 

potential indicator of unfavourable conditions, has been observed for this pe-

riod.  
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7. Conclusions 

The aim of this thesis has been to investigate the population genomics of 

the ancient grey and harp seal populations in the Baltic Sea, as well as to de-

velop methods to facilitate aDNA analyses in general.  

Future studies might be guided in their sample selection criteria as a result 

of the extensive statistical quantification study (Paper II), which identified 

significant factors affecting DNA preservation and damage rates in a large 

sample set of ancient walrus, grey seal and harp seal. Among the strongest 

influence on DNA preservation identified was: type of bone element, the cave 

context, and the collagen content of the bone sample (Paper I; Paper II).  

Future studies might benefit from the description of a new sex identifica-

tion method for ancient shotgun-sequenced data. By testing genetic data from 

modern ringed seal data with known sex, we discovered that even distantly 

related annotated reference genomes can be used for sex identification by 

quantification of the relative representation of chromosome X compared with 

autosomal representation (Paper III). This requires that the coverage of the 

ancient sample must be sufficiently high (>5,000 total reads mapped to the 

reference genome), and that the calculated ratios do not occur as an outlier 

between the theoretical span of males and females. The method was tested for 

pinnipeds but is applicable to a larger set of species, which do not yet have 

annotated reference genomes of their own.  

The population genomic analyses of Baltic grey seals revealed that the ma-

jority of the Mesolithic samples belonged to haplotypes that have since gone 

extinct (Paper IV). The fact that the two haplotypes with the highest repre-

sentation among the Mesolithic samples from Stora Förvar are also found after 

a hiatus, among the Neolithic data from Neustadt, indicates that part of the 

Mesolithic mitochondrial variation survived. The mitochondrial haplotypes of 

the Stora Förvar samples from the Bronze Age/Iron Age are all found in both 

the modern and the historical data, indicating that a population turnover oc-

curred some time between the Early Neolithic, c. 4476–4322 cal. BC, and the 

youngest of the Bronze Age samples, c. 1101 cal. BC.  

The population genomic analyses of Baltic harp seals revealed significant 

genetic differentiation between the total pool of Baltic samples and all mod-

ern populations (Paper V). Lower genetic differentiation was found between 

the Baltic samples and the modern White Sea population, especially when 

only including the Mesolithic Baltic samples. It is therefore highly likely that 
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the Baltic breeding population of harp seal originated either directly from mi-

gration from the White Sea or from a recent shared founder population be-

tween the Baltic Sea and the White Sea. A large increase in mitochondrial 

diversity following immediately after the identified hiatus of Baltic harp seals, 

in c. 2500–1545 cal. BC, indicates that a second colonization must have taken 

place. The statistical measures of genetic differentiation indicate that this new 

influx of genetic variation most likely came from the White Sea.  

It is worth noting that both grey and harp seals had a second colonization 

to the Baltic Sea, which occurred during the time span from the Early Neo-

lithic to the Early Bronze Age. Despite the conclusion that different factors 

may have been involved in the exact timing of their recolonization, the inter-

esting observation is the coincidence of population reduction, if not even local 

extinction, of the two seal species, which must have occurred prior to the re-

colonizations. The hiatus among harp seals has been associated with the arid-

ification of the 4.2k-year BP event. Whether the Baltic grey seal population 

was similarly affected by this climatic event or whether other factors such as 

intensive hunting played a role, is still to be explored. 
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8. Sammanfattning 

Målet med avhandlingen har varit att, med hjälp av analyser av gammalt DNA, 

belysa förhistoriska populationer av gråsäl och grönlandssäl från Östersjön. 

Gråsäl finns fortfarande i Östersjön medan grönlandsälen har försvunnit och 

idag endast återfinns i subarktiska områden.  

Hur olika sälarter har koloniserat Östersjön har till stor del varit beroende av 

Östersjöns geologiska historia och olika faser speciellt med tanke på att 

Östersjön enbart periodvis haft förbindelse med Atlanten. Man anser att 

gråsälar har funnits i Östersjön i ca 8000 år, medan de första bevisen för en 

reproducerande population av grönlandssälar i Östersjön kan dateras till för ca 

6500 år sedan. Från slutet av Mesolitikum och framöver har de bägge 

sälarterna blivit intensivt jagade, för föda, tran och päls, av lokala jägar/sam-

largrupper. Det resulterande benmaterialet har bevarats i arkeologiska 

fyndlager och kan således ge tillgång till en detaljerad kronologi om de olika 

sälarternas förekomst i Östersjön. Baserat på det bevarade benmaterialet av 

säl har man observerat olika förekomst över tid av de två sälarterna, även peri-

oder med total avsaknad, kallat hiatus.  

Anledningen till att just dessa två sälarter har ananlyserats i avhandlingen 

är dels att undersöka några av de allra första representanterna av respektive art 

i Östersjön för att belysa deras genetiska sammansättning och deras relation 

till nutida släktingar. Dels huruvida det har varit några genetiska förändringar 

över tid och om det detta i så fall kan kopplas till eventuellt observerade hiatus 

i det arkeologiska materialet. 

Gammalt DNA extraherades från skelettmaterial från sälar från ett stort an-

tal arkeologiska lokaler, primärt från Östersjöområdet, varefter det ”shotgun” 

sekvenserades. Från gråsäl genererades allt som allt 69 sekvenser från 

kontrollregionen i mitokondrien, av vilka 57 prover från Stora Förvar var 

daterade till senmeoslitikum, sex prover från Neustadt daterade till Neo-

litikum och sex prover från Stora Förvar var daterade till brons/järnålder. Från 

grönlandssäl genererades mintogenom från 46 prover från ett stort antal 

platser i Östersjön omfattande ett ålderspann från senmesolitikum till jä-

rnålder, samt neolitiska prover från Vita havet (n=5) och Västgrönland (n=2). 

Unika mitokondriella haplogrupper kunde identifieras i merparten av de 

mesolitiska gråsälsproverna från östersjön, vilka saknades i det mycket om-

fattande datasetet från de historiska och moderna gråsälarna. Slutsatsen som 

drogs rörande detta var att dessa haplogrupper nu är utdöda. Då de två mest 
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frekventa haplotyperna bland de meoslitiska proverna även återfanns i de ne-

olitiska proverna (från Neustadt) går det inte, trots en observerad hiatus efter 

mesolitikum i Stora Förvar, att säga att de mesolitiska haplotypvarianterna 

dog under mesolitikum.  

Proverna daterade till brons/järnålder i Stora Förvar hade haplotypvarianter 

som alla också återfanns i gråsäldata från de historiska/moderna gråsälarna. 

Detta visar att det måste har varit en återkolonisation i Östersjön av gråsälar 

och att denna ägde rum någon gång runt tidigneolitikum/ bronsålder. Vidare 

observerades att gråsälspopulationen i Östersjön hade en mycket låg genetisk 

variation, jämfört med de efterföljande populationerna; neolitiska Neustadt, 

gråsälsbenen från Stora Förvar daterad till bronsålder/järnålder och de histor-

iska/moderna sälarna. 

I den fylogenetiska analysen av grönlandssälarna från Östersjön framgår 

det att deras haplotyper är väl representrade i den moderna proverna av grön-

landssäl. Grönlandssälarna från Östersjön utgör således inte en separat hap-

logrupp. Å andra sidan visar den statitistiska analysen av den genetiska differ-

entieringen mellan de moderna grönlandssälarna och den sammanlagda pop-

ulationen av grönlandssälar från alla tidsperioder, att Östersjöns grön-

landssälar är genetiskt signifikant skilda från de moderna populationerna. Den 

minst signifikant skilnaden återfinns mellan Östersjösälarna och grön-

landssälarna från Vita havet. Jämför man enbart de mesolitiska 

Östersjösälarna med de moderna grönlandssälarna från Vita havet är det ingen 

skillnad alls. Det är därför mycket troligt att grönlandssälpopulationen i 

Östersjön har sitt urspung, antingen genom en direkt migration av göns-

landssälar, från Vita havet eller genom att de två sälpopulationerna någon 

gång delades upp från en gemensam stampopulation. 

En Skyline plot, som visar hur den genetiska diversiteten förändras över 

tid, över grönlandssälarna i Östersjön visar att den genetiska diversiteten ökar 

kraftigt efter en observerad hiatus, dvs där fynd av grönlandssäl i de arkeolo-

giska fyndmaterialen saknas, hiatusen inträffar ca 2,500 – 1,545 cal BC. 

Ökningen av genetisk diversitet indikerar att en ny migration av grön-

landssälar till Östersjön inträffar någon gång under tidig bronsålder. Då det 

inte är någon signifikant genetisk skillnad mellan grönlandssälarna från 

Östersjön och de moderna sälarna från Vita havet tyder det igen på att grön-

landssälarna från Vita havet är ursprungspopulation till grönlandssälarna i 

Östersjön. Förekomsten av haplogrupp B i de grönländska sälarna i Östersjön 

kan också vara ett spegel av denna migration. 

Parallellt med de populationsgenomiska analyserna så användes den, i de 

arkeologiska fallstudierna, genererade rådatan också i två metoduveck-

lingsstudier. I den första studien påvisades ett statistiskt samband mellan ett 

stort antal parametrar och deras betydelse för bevaring av gammalt DNA, här 

mätt som mängden av endogent DNA samt hur stora skador man kunde se i 

det extraherade DNAt. Bland de parametrar som visade signifikant påverkan 
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på bevarande av DNA var; benelement, kontext (framförallt om benen åter-

funnits i en grotta), och mängden kollagen i benmaterialet. Den andra metod-

studien handlade om möjligheten att kunna könsbestämma pinnipeder utifrån 

gammalt DNA. Här användes DNA från redan könsbestämda moderna vikare, 

och användes ”shotgun” sekvensering för att testa om man kunde använda det 

redan publicerade och annoterade genomet från hund för att könsbestämma 

pinnipeder. Det visade sig fungera alldeles utmärkt under förutsättning att det 

totala antalet mappade sekvenser översteg 5000. Utfrån detta resultat anvä-

ndes sedan det annoterade hundgenomet för att könsbestämma förhistoriska 

benmaterial av valross, gråsäl och grönlandssäl, där man utgick från förekom-

sten av kromsom X i relation till kromosom 1. Studien visade klart och tydligt 

att man kan använda sig av referensgenom från ännu mer avlägsna arter för 

könsbestämningar och att metoden kan användas på betydligt fler grupper än 

pinnipeder. 

 

Svensk översättning: Kerstin Lidén 
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9. Resumé 

Det primære formål med denne Ph.d. afhandling var at kaste lys over de 

forhistoriske populationer af gråsæl og grønlandssæl i Østersøen ved hjælp 

analyse af fossilt DNA. Gråsælen findes stadig i Østersøen, mens 

grønlandssæler i dag kun lever i subarktiske egne.  

Østersøens geologiske historie var af stor betydning eftersom 

koloniseringen af sæler var begrænset under de skiftende faser, hvor 

Østersøen kun havde periodevis forbindelse til Atlanterhavet. Gråsælen menes 

at have levet i Østersøen siden for ca. 8000 år siden, mens de første beviser 

for en ynglepopulation af grønlandssæler i Østersøen daterer til for ca. 6500 

år siden. Fra slutningen af mesolitikum og frem blev begge sælarter jaget 

intensivt af jægersamlergrupper, som fødekilde samt til brug af tran og pels. 

Knoglemateriale fra disse jagter er blevet bevaret i de arkæologiske lag og 

giver således adgang til en veludbygget kronologi for sælernes tilstedeværelse 

i Østersøen. Ud fra det arkæologiske knoglemateriale er der blevet observeret 

perioder med højere eller lavere fremkomst af de to sælarter, og deciderede 

ophold i repræsentationen, kaldet et hiatus.  

Motivationen til at undersøge de to sælarter var dels at undersøge nogle af 

de første repræsentanter af arterne for at belyse deres genetiske 

sammensætning og generiske relation til deres nutidige slægtninge. Derudover 

at undersøge om der er sket genetiske forandringen gennem deres 

udbredelsesperiode i Østersøen, og om der kan kobles nogen genetiske 

tendenser til de observerede hiatus. 

Fossilt DNA blev ekstraheret for knogleprøver fra en lang række a 

lokaliteter, primært fra Østersøområdet. Prøverne blev sidenhen shotgun 

sekvenseret or databehandlet. For gråsæl blev der genereret i alt 69 

mitokondrielle kontrolregion sekvenser, hvoraf 57 prøver fra Stora Förvar 

blev dateret til sen mesolitikum, 6 prøver fra Neustadt blev dateret til neolitisk 

tid, og 6 prøver fra Stora Förvar blev daterer til bronzealder/jernalder. For 

grønlandssæl blev der genereret mitogenomer for 46 prøver fra et bredt udsnit 

af lokaliteter i Østersøen med et aldersspænd fra sen nesolitikum til jernalder, 

samt prøver fra Hvidehavet (n=5) og Vestgrønland (n=2) svarende til neolitisk 

tid.  

For den Baltiske gråsælspopulation blev det påvist at størstedelen af de 

mesolitiske prøver er identificeret ved mitokondrielle haplotyper som ikke 

findes blandt det ellers omfattende moderne og historiske data. Det må derfor 
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konkluderes at disse forhistoriske haplotypevarianter siden er uddøde. De to 

hyppigste haplotyper blandt de mesolitiske prøver går igen i det neolitiske data 

fra Neustadt. Selvom der er observeret et hiatus i de arkæologiske lag fra Stora 

Förvar, efter de mesolitiske prøver, kan dette derfor ikke umiddelbart 

associeres med uddøen af de pågældende mesolitiske haplotypevarianter.  

Stora Förvar prøverne fra bronzealder/jernalder havde haplotype varianter 

som alle er fundet blandt det moderne og historiske data. Dette viser at en ny 

kolonisation af gråsæler til Østersøen må have fundet sted, formentlig et sted 

i perioden fra tidlig Neolitisk tid til bronzealder. Det blev ydermere observeret 

at gråsælspopulationen fra mesolitikum havde meget lav genetisk diversitet 

sammenlignet med den neolitiske Neustadt-population, den senere Stora 

Förvar population og det moderne og historiske data.  

De Baltiske grønlandssælsprøver viste sig at være bredt repræsenteret i den 

fylogenetiske analyse med moderne data, og udgør derfor ikke en separat 

haplogruppe. Til gengæld viste statistisk analyse af den genetiske 

differensiering mellem populationerne, at den samlede 

grønlandssælspopulation i Østersøen (alle tidsperioder sammenlagt) er 

signifikant genetisk forskellig fra alle moderne populationer. Den mindst 

signifikante forskel findes mellem Østersø-populationen og den moderne 

population i Hvidehavet, og medtages kun de Mesolitiske prøver fra Østersøen 

er der ingen signifikant forskel mellem de to populationer. Det er derfor meget 

sandsynligt at Østersøpopulationen er grundlagt enten ved direkte migration 

fra Hvidehavet eller ved at de to populationer splittede ud fra en fælles stam-

population.  

Et genetisk Skyline Plot, som viser hvordan den genetiske diversitet foran-

drer sig over tid, viste en kraftig stigning i genetisk diversitet blandt 

grønlandssæler i Østersøen efter det observerede hiatus, ca. 2500-1545 cal. 

BC. Eftersom dette er en periode hvor der ikke er fundet grønlandssæl blandt 

det arkeologiske fundmateriale, tyder det på at en sekundær kolonisation af 

Østersøen fandt sted fra tidlig bronzealder. At der er en ikke-signifikant 

genetisk forskel mellem de Baltiske sæler fra bronzealderen og de moderne 

prøver fra Hvidehavet, tyder igen på at Hvidehavet har dannet fundament for 

kolonisationen af Østersøen. Denne migration er muligvis også afspejlet ved 

fremkomsten af haplogruppe B blandt de Baltiske prøver.  

Sideløbende med de populationsgenomiske analyser indgik det genererede 

rådata også i to metodeudviklingsstudier. Det første studie påviste statistiske 

sammenhænge mellem en række prøve faktorer og deres betydning for 

bevaring af fossilt DNA, målt som mængden af endogent DNA og hvor stor 

skade der er sket på DNAet. Blandt de signifikante faktorer var typen af 

knogleelement, kontekst (særligt grotte-effekt), og mængden af kollagen i 

knoglematerialet. Det andet metodestudie omhandlede muligheden for at 

kønsbestemme pinnipider ud fra fossilt DNA. Ud fra et moderne dataset af 

ringsæler, hvis køn var kendt, blev det påvist at shotgun sekvenserede DNA 

prøver kan kønsbestemmes ved brug af det annoterede hundegenom, hvis det 
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totale antal mappede sekvenser er 5000 eller derover. Ud fra denne standard 

blev forhistoriske prøver af hvalros, gråsæl og grønlandssæl kønsbestemt ud 

fra hver prøves repræsentation af X kromosom sekvenser relativ til kromosom 

1. Studiet påviste også at metoden med at benytte sig af et mere fjernbeslægtet 

referencegenom, kan udvides til endnu større genetiske afstande og vil også 

kunne udvides til andre artsgrupper ud over pinnipider. 
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