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1. Introduction 
 

Ongoing climate change, global warming, is a great concern. The response of different ecosystems to 

global warming has become an important subject of scientific investigation. Estimated by various 

climate change scenarios, the most dramatic changes will happen in the arctic and subarctic areas 

(Luoto et al. 2004). Considerable part of land area in the North is covered by various types of 

peatlands. Recent arctic peatland studies suggest that we can expect changes in both hydrological- 

and trophic balances and overall peatland dynamics (e.g. Oksanen & Väliranta 2006, Sannel et al. 

2016, Sannel et al. 2017). 

 

Often peatlands are open, treeless landscapes. The vegetation consists mainly of mosses, sedges and 

grasses, or dwarf or low growing shrubs. Peatlands also usually have ponds and pools, or other smaller 

open water areas. These features result in higher ability to reflect radiation, albedo, than closed canopy 

forests. Due to the high albedo, in northern regions peatlands reflect more incoming solar radiation 

and are therefore an important factor, when considering the climate cooling effects (Charman et al. 

2008). Peatlands are formed by incomplete decomposition of local peat forming vegetation. Most of 

the decomposition occurs in the oxygen-rich acrotelm (i.e. top layers of the peat stratum) before the 

detritus sinks down to anaerobic catotelm, where decomposition is very slow and the where the dead 

plant litter transforms into peat. Peat deposition is due to water-saturated, oxygen-poor circumstances 

maintained by suitable climate in combination with effective moisture balance. Peatlands form in 

areas where precipitation is greater than evaporation, creating an excess in water content of the soil. 

Besides climate, hydrology is affected by landscape elevation gradients, soil permeability and in the 

permafrost zone by the permafrost dynamics (Johansson et al. 2006). 

 

In general, peatlands can form in three different ways: 1) through primary peatland formation, which 

usually happens on soils newly arisen up from the sea, or exposed from under ice 2) through lake or 

pond infilling or overgrowing, 3) by secondary paludification, where changes in the hydrology of a 

forest cause peatland vegetation to take over. This can happen for instance after a forest fire. Lateral 

peatland expansion is another form of secondary paludification. All of these processes are ongoing, 

albeit peatland areas can also decrease in size. It is approximated that peatlands cover about 4´106 

square kilometres of the northern regions (north from 30°N) and this accounts ca. 80% of the peatland 

areas on whole earth (Yu et al. 2010). In Fennoscandia, peatlands cover approximately 25% of land 

surface (Parviainen & Luoto 2007). The formation of present peatlands started as primary peatland 
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formation ca. 11 000 years ago, following the withdrawal of the Fennoscandian Ice Sheet (Sannel et 

al. 2017). 

 

 

1.1 Peatland dynamics 
 

Peatland dynamics are driven by various auto- and allogenic processes. Autogenic factors are internal 

to a peatland, such as vegetation composition, determined by peatland succession through time, 

whereas allogenic processes consist of external factors such as climate, human activities and fires. 

(Tuittila et al. 2007) Other factors contributing to peatland dynamics are topography and associated 

hydrological features and water quality. 

 

Vegetation composition is an important factor determining peatland dynamics and defining 

photosynthetic efficiency and overall productivity. The species composition determines the quality 

and decomposition properties of the continuously forming litter and thus contributes to accumulation 

rates of peat and carbon emissions (Li et al. 2016). Based on the vegetation, peatlands in Finland are 

divided into open peatlands and tree-covered / forested peatlands, but morphologically and 

hydrologically northern peatlands are separated into two main types; fens and bogs (Laine et al. 2012). 

The source of water differentiates these two main types. Fens receive water as precipitation, as runoff 

from the surrounding mineral soils and from groundwater. Fen vegetation consists usually of 

Cyperaceae- and brown mosses together with minerotrophic Sphagnum species. The concave shape 

supports formation of wet flarks and low strings. The pH of fens is relatively high, pH >4 and there´s 

nutrients are readily available (Sjörs & Gunnarsson 2002). Bogs on the other hand receive water only 

from precipitation, because of their dome shape (Väre & Laine 2014). Dome shape allows alternating 

surface topography from open pools to hollows and intermediate lawns to dry hummocks. Bogs are 

covered by habitat-specific Sphagna- and dwarf shrubs. They are ombotrophic (i.e. nutrient poor) 

with low pH (4). The circumpolar permafrost peatlands typically have features of both of these main 

types.     

 

The vast amount of accumulated peat forms a massive carbon storage (Charman et al. 2008). Through 

photosynthesis and continuous sequestration peatlands contain approximately 6´1015 grams of carbon 

(600 Gt) which is about 30% of the carbon accumulated in all terrestrial soils together (Yu et al. 2010). 

Peatlands act as an important interacting ecosystem with the global geochemical cycle, up-taking and 

thus storing atmospheric carbon, but also releasing it back to the atmosphere as carbon dioxide (CO2) 
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and methane (CH4). These fluxes are mainly controlled by peatland hydrology which again 

determines the prevailing vegetation (Laine et al. 2012). Carbon dioxide deposited from atmosphere 

to the peat storage has a net cooling effect on the climate. However, the yearly carbon emissions from 

peatlands comprise about 20-30% of the natural carbon emissions and peatlands are the biggest 

natural emitter of methane to the atmosphere (Yu et al. 2009). Factors that either speed up or slow 

down the carbon sequestration have a warming or cooling impact on the global climate. Climate 

warming endangers the persistence of permafrost peatlands (Fronzek et al. 2006)  

 

 

1.2 Permafrost peatlands 
 

Permafrost peatlands are found around the northernmost hemisphere, in the arctic and subarctic 

climate zones (between 70°‒50°N). In the high arctic the permafrost is continuous, in the subarctic 

discontinuous and sporadic (Fig. 1). Palsas, palsa complexes and peat plateaus are typical permafrost 

peatland formations. 

 

 

Figure 1. Circumpolar permafrost zones, modified from Brown et al (1997). 

 

Palsa peatlands are found in the discontinuous and sporadic permafrost zone and they consist of 

features bogs (high and dry palsa mounds), and fens (wet areas between palsas) (Luoto et al. 2004). 

Palsa is a peat mound with a frozen core. The size and the shape can vary, depending of the of the 

surrounding areas. Normally palsas are about 2‒4 meters high, but can grow up to 7‒10 meters high 

(Seppälä 2006). So called peat plateaus are typical formations for continuous permafrost zones. The 
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plateaus are formed in the same way as hummocks, when the soil under the peat freezes. Plateaus are 

can rise several metes above the surrounding terrain and can cover vast areas, several km2 (Oksanen 

& Väliranta 2006). Thermokarst ponds and lakes are typical features of permafrost peatland landscape 

and natural palsa succession (Oksanen & Väliranta 2006; Seppälä 2006). Depressions and hollows 

are a continuum of the permafrost thaw and are filled by the water that earlier formed the ice. It is 

estimated that majority of permafrost peatlands developed from marshes to wet meadows and finally 

to wet nutrient poor fens (Bihry & Robert 2006). Finally, the bog-like conditions enabled the 

formation of ice (Bihry & Robert 2006).  This kind of succession has been also reported from northern 

Sweden, the study locations of my thesis (e.g. Sannel & Kuhry 2011; Sannel et al. 2015). Sannel & 

Kuhry (2011) report that the formation of permafrost has occurred in some of the northern peatlands 

two or three times, while thawing has occurred in between. In general, in Fennoscandia the permafrost 

formation started roughly 2500 years ago corresponding so called neoglacial climate cooling 

(Oksanen 2006). The late 20th century rise in the temperatures resulted in reduction of permafrost 

extent in Fennoscandia (Luoto et al 2004, Charman et al. 2008). 

 

 

1.3 Peatlands and the climate change 
 

Generally, permafrost peatlands store essential amounts of carbon, that has been accumulating since 

the Ice Age and during the Holocene; approximately 11 700 years (Yu et al. 2009). Even though the 

permafrost peatland extent is rather limited (approx. 4 million km2 according to Yu et al. 2010) when 

compared to the global surface area (510 million km2), their relevance in C storing is important: 

approximately 14% of the global carbon is stored in permafrost peatlands (Swindles et al. 2015) and 

roughly 90% of the carbon stored in the peatlands is in these peatlands (Yu et al. 2010). 

 

Permafrost extent in peatlands has decreased in the past years locally (Fronzek et al. 2006). Especially 

in the discontinuous and sporadic permafrost zones, during the past 50 years the distribution of 

permafrost has decreased in its southernmost limits where only sporadic permafrost occurs (Oksanen 

& Väliranta 2006, Sannel & Kuhry 2011, Swindles et al. 2015). Climate and local mean temperatures, 

especially summer mean temperature, significantly affect the depth of the active layer and thus 

permafrost thaw, while impact of precipitation is annual. Dry peat acts as an insulating layer during 

the summer. If the peat is wet, the insulating effect decreases thus letting the ice core of the palsa 

more susceptible to thawing (Seppälä 1989). During winter precipitation happens mostly as snow. A 

thick snow cover isolates the peat effectively from the cold air temperatures, preventing the 
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progressive freezing of the palsa core (Seppälä 1989; Sannel et al. 2015). 

 

Methane emissions from permafrost formations are generally smaller than emissions from iceless wet 

parts of peatlands. Also, the permeability of Sphagnum mosses to methane is reported to be smaller 

than for example of Carex ‒spp. (Li et al. 2016). However, carbon dioxide emissions from dry (and 

thus aerobic) palsa mounds can be relatively similar to those of mineral soils (Biasi et al. 2019). If 

the permafrost is to thaw, and based on already detected and increasing thaw of permafrost (Fronzek 

et al. 2006), it is assumed that the emissions from permafrost peatlands are going to correspond more 

to iceless bogs and fens in the future. Emissions of CO2 increase, when carbon formerly stored in ice, 

becomes available for soil microbial activity (Biasi et al. 2019). On the other hand, when water 

saturated thermokarst pools grow in number, together with temperature rise, the emissions of methane 

to atmosphere are likely to increase (Tarnocai et al. 2009; Sannel & Kuhry 2011). 

 

Due to climate change permafrost peatlands are thawing and may disappear entirely, which can lead 

to either positive climate feedback if the direction is towards wetter conditions with large CH4 

emissions or negative feedback if drier and more productive peatland systems. Ongoing slow overturn 

from wet fens to drier bogs, which in Northern Sweden started ca. 600‒100 cal. BP (Sannel et al. 

2017), can accelerate bringing a negative, climate cooling feedback. Other future changes of 

permafrost peatlands could include the spatial growth or shrinkage of peatlands, changes in the plant 

composition and thus in carbon fluxes and / or increase in frequency of peatland fires. 
	

 

1.4 Using past as key to future 
 

Climate is defined as average conditions over time. Climate is in constant change and no stable states 

have been recorded. Over the last 11,500 years, i.e. time after deglaciation some significant changes 

in global and regional scales have been recorded (Bradley 2015). Some of these changes have been 

abrupt rather than gradual long-term shifts. Many of the existing peatlands begun to grow after the 

last glacial maximum, when the climate warmed (Ruppel et al. 2013). MacDonald et al. (2006) 

mention that boreal peatlands started growing as early as 16,500 BP, but the extensive peat growth 

did not begin until 12,000-11,000 BP because of the extended retreat of the ice sheet (Mäkilä 2006). 

Once started, the rapid development and expansion of circum-arctic peatlands affected to the 

decreasing CO2 -levels of the atmosphere, but at the same time contributed to the rising CH4 -levels 

(MacDonald et al. 2006). 



 

6 

 

Generally, the varying climate conditions over the Holocene have influenced on the peatland 

conditions; series of changes from dry to wet and back have been recorded in many peatlands (Barber 

& Charman 2003). Ljungqvist (2010) utilized various paleoclimatological records of proxies to 

reconstruct a large-scale Holocene temperature patterns with a decadal resolution. In this 

reconstruction, for the first time, it could be verified that the Roman Warm period 1‒300 cal. AD 

actually was warm on hemispheric scale. Dark Age Cold Period 300‒800 cal. AD followed the Roman 

Warm period. The study also supported a clearly distinct Medieval Warm Period (or MCA = Medieval 

Climate Anomaly) 800‒1300 cal. AD and Little Ice Age (LIA) 1300‒1900 cal. AD (Ljungqvist 2010). 

In a more recent study Ljunqvist (2016) found the hydrological conditions to follow the warm and 

cold periods of MCA and LIA, being generally wetter when climate was warmer. However, in their 

review Linderholm et al. (2018) argue that hydroclimate proxies are not clear, due to different target 

seasons and existing regional differences, yet trends in all seasons are positive. Hydrology anyway is 

a key driver of peatland dynamics and is the most frequently recorded response to past long-term 

climate change (Charman et al. 2008). During the LIA the initiation of permafrost occurred widely in 

Fennoscandia (Oksanen 2006, Oksanen & Väliranta 2006). LIA was followed by a rapid twentieth 

century warming, when the average temperatures have exceeded the both other warm periods (Roman 

and MCA) (Ljungqvist 2010). Towards recent decades this warming reflects the human-induced 

effect. 

 

The changes have consequently affected the peatland diversity, carbon accumulation and methane 

emissions, thus peatlands contain an archive of their own growth, ecological and hydrological 

conditions. Due to water-saturated conditions, the decomposition slows down and enables the 

detection of accumulated biological remains. Analyses of peat properties biological, chemical and 

geological components allows the reconstruction of the past conditions (Charman et al. 2008) using 

transfer function-based approaches exploiting knowledge of current habitat requirements of various 

species. 

 

The past changes in the climate can also be reconstructed by investigating permafrost dynamics. The 

changes in vegetation of a permafrost peatland represent the alterations of permafrost aggradation 

underneath the peat; the vegetation composition changes conforming with the stages of the 

development of permafrost (Oksanen & Väliranta 2006). Changing vegetation composition and the 

carbon accumulation through time compared to climate data relate the history of peatland’s transition. 

Finding conformity between the different results and proxies confirms, that peat archives can be used 



 

7 

as a model for predicting the future responses to changes (Bihry & Robert 2006). Consequently, 

(permafrost) peatlands can serve as records, revealing the past conditions and the response of the 

peatlands to the changes. By investigating the past, we might get cues to predict the future changes. 

 

-- 

 

This research project combines peatland hydrology, carbon dynamics, geochemical analysis- and 

vegetational composition data, to reconstruct past conditions in Northern Sweden. The proxy data is 

compared with the past climate reconstructions and meteorological data. I am investigating 

relationships between detected changes in peatlands and climate and my time window mainly 

includes the last millennium. The material collected is from four different permafrost peatlands 

located in Swedish Lapland. I have focused on plant species compositions. This Master´s thesis is a 

part of Academy of Finland funded project coordinated by docent Minna Väliranta from 

Environmental Change Unit (ECRU) at the University of Helsinki. The international project studies 

Arctic peatlands and their past and present climate-induced changes. Doctoral student Sanna Piilo has 

provided an irreplaceable taxonomical help. My fellow Master student Veronica Ahonen studied the 

same peatlands focusing on moisture conditions, and she used testate amoebae communities as a 

proxy.  

 

My research question is: 

- How did climate warming in the past affect vegetation composition and carbon balance of the 

studied peatlands? 

My hypotheses were: 

- Warm climate phases in the past has affected carbon balance of these high-latitude peatlands through 

changes in the vegetation.  

- Plant macrofossil data reflects the peatland hydrological conditions as follows: warmer period is 

wet and cold period is dry.  

 

2. Material and methods 
 

For this study four peat columns were collected at the end of August 2017 during a week trip to 

Swedish Lapland. The coring locations were located in Tavvavuoma and Abisko, two in each. 
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Accordingly, I have replicate peat cores for both study sites. This procedure ensured the sufficient 

amount of sample material and the possibility of regional-scale comparison of the data coming from 

different cores. Water-table depth (WTD) was measured from every coring plot. The aim was to 

collect the samples from similar habitat, with similar water depth, in this case WTD was 

approximately 20 cm. Prevailing vegetation around every coring spot was visually surveyed again for 

to verify comparability of the selected spots. The coordinates of each coring spot were registered, pH 

measured and the elevation from the sea level was recorded.  

 

 

2.1 Study sites 
 

The two study sites, Abisko and Tavvavuoma are located in northern Sweden (Fig. 2) in the 

discontinuous permafrost zone (Kokfelt et al. 2009). Permafrost plateaus and palsas, especially in 

Tavvavuoma reach several meters of height. The peatlands are characterised by ombotrophic dry 

hummocks and minerotrophic wet depressions. During the last century the area has experienced rapid 

warming of climate and thus permafrost in the area has diminished. The annual threshold temperature 

for continuous permafrost to sustain is 0°C, but the annual rising temperatures have led to permafrost 

thaw and thus the active layer deepening, causing increased surface wetness and collapses of palsa 

mounds and -plateaus into thermokarst lakes in both sites. (Åkerman & Johansson 2008, Swindles et 

al. 2015) 

Figure 2. The two study sites (red circles) in the Swedish Lapland. Abisko on the left and 

Tavvavuoma on the right. (Picture modified from Google Maps.) 
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2.1.1 Abisko 
 
Abisko is an actively studied area (e.g. Åkerman & Johansson 2008, Kokfelt et al. 2009, Swindels et 

al. 2015) and long-term climate record from the biological station managed by 

Polarforkningsekretariatet. Abisko lies between the Abiskojaure (lake) and lake Torneträsk in the 

Abisko valley, quite close to eastern coast of Norway. The annual mean air temperature exceeded 0°C 

threshold after 2006, before it was -0,6°C (Åkerman & Johansson 2008). The oceanic climate in 

Abisko differs from other locations from the similar latitudes where climate is dry. The Abisko valley 

is receiving the warmth from the North Atlantic Drift when the Norwegian mountains are acting as 

protective barrier from the Atlantic rains. The mean annual precipitation in Abisko valley is 

approximately 300mm, while in Norway mountains it reaches 900mm / yr (Åkerman & Johansson 

2008: Abisko Scientific Research Station). 

Stordalen peatland is a 25ha treeless permafrost peatland, located 10 km East from Abisko. The 

elevation from the sea level is ca. 370 m. Stordalen mire consists of ombotrophic elevated areas, 

permafrost plateaus or palsas with small depressions and larger minerotrophic wet depressions and 

pools. The peatland has waterfronts on two sides formed by thermokarst lakes and it lies in the direct 

proximity of the lake Torneträsk. The coring spot is located at N 68° 21.408’ E019° 03.051’ and 351 

m above the sea level. Prevailing vegetation consists mainly of Sphagnum fuscum, Rubus 

chamaemorus, Empetrum nigrum, Andromeda polifolia, Betula nana and Vaccinium uliginosum, with 

pH 4 and permafrost found in the depth of 40 cm. The samples taken from Stordalen were coded as 

ABI 1.3. 

The other study site in Abisko which does not have an official name, is a small (1 ha) permafrost bog, 

quite near human settlements, about 1km East from the town of Abisko. This bog has small elevated 

permafrost hummocks. The coring location is N 68° 21.031’ E018° 52.377’ and 349 m above sea 

level. pH was 5. Active layer depth was of 45 cm. Prevailing vegetation included also Spahgnum 

fuscum, Rubus Chamaemorus, Empetrum nigrum, Andromeda polifolia, Betula nana and Vaccinium 

uligosum. Samples from this peatland were labelled ABI 2.2. 

2.1.2 Tavvavuoma 
 
Two of the peatlands under study are found in Tavvavuoma nature reserve / national park, 80-90km 

to northeast-east from Abisko in Tsáktso tundra in the proximity of Pulsujärvi. The nearest human 

settlements lie 6‒7km from the study sites and are inhabited only seasonally by reindeer herders. The 

closest reliable climate records are from Karesuando (68°27´N, 22°30´E, 327m above sea level) 

situated approximately 65km east from the location. Mean annual air temperature in Karesuando has 



 

10 

been -1,9°C during years 1971‒2000 (SMHI, Swedish Meteorological and Hydrological Institute), 

and when compared to Abisko, it is more variable during seasons. The total mean annual precipitation 

(1971-2000) was 451mm. In general, in Tavvavuoma the variation between seasons is higher, making 

the Tavvavuoma climate less oceanic. 

One of the permafrost plateaus of Tavvavuoma under study is located on the west side of a shallow 

Tavvajaure lake with direct waterfront. This peatland is one of the most extensive permafrost peat 

plateaus (~ 2 km²) in Fennoskandia and has numerous small thermokarst lakes and fens. The coring 

spot is located at N68°27.898´ E20°54.207´ rising 554 m above sea level. Vegetation is mainly formed 

by shrubs and lichens on low palsas and with dominant Sphagnum fuscum, Andromeda polifolia and 

Rubus chamaemorus. The active layer depth at the time was 40 cm and the pH 5. Samples from this 

location in Tavvavuoma are named as TAV 1.3. 

The other sampling plateau lies few kilometres northeast from the lake Tavvajaure on higher ground 

and has up to 5m high palsa mounds, as well as larger permafrost plateaus, thermokarst lakes and 

fens. Coring plot is located in N68°28.575´ E21°00.848´ and 611 m above sea level. The pH on this 

site was 5, and permafrost was found at the depth of 55 cm. The vegetation consisted mainly of Betula 

nana, Rubus chamaemorus, Sphagnum mosses and lichens. Samples are named TAV 2.2. 

 

2.2 Sample collection 
 

Coring spots were selected in an arbitrary manner; all samples were cored from wet lawn habitats, 

between hummocks and hollows, where vegetation was mainly composed of Sphagnum fuscum. 

Samples were taken with a 1 m box-shaped corer (Figs. 3 and 4), with ca. 10 cm diameter chamber 

and one entirely opening wall. 
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Figure 3. The box sampler ready for the pullout of the sample. Ó Sanna Piilo. 

 

 

 

Figure 4. Views of Tavvavuoma. Ó Sanna Piilo. 

The length of the collected cores varied from 40-50 cm, depending of the active layer thickness and 

always including the top living layer, i.e. present vegetation. I made notes of all distinctive changes 

visible in the peat stratigraphy and the colour and texture were roughly approximated in the field.  
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Figure 5. Peat profiles and field notes of the contents of the freshly-collected samples.  

Ó Sanna Piilo. 

 

2.3 Sample analysis 
 

2.3.1 Plant macrofossil analysis 
 

The peat cores collected from the study sites were frozen before cutting them into uniform 1cm slices. 

A volume of 5ml of every other layer was examined under a stereo- and light microscopes for 

taxonomic identification and abundancies. If the analysis indicated a rapid change the analysis 

resolution was increased to contiguous i.e. into 1cm resolution. 
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Figure 6. View of a sample through stereomicroscope, with 10´ magnification.  

Sample consists mainly of Sphagnum fuscum (seen light brown and feather-like)  

and darker woody shrub parts and roots. 

 

The plant macrofossil analysis was done using macro- and microscopic examination of the peat plant 

remains. The aim was to obtain a visible understanding of the changes in dominion in the plant 

assemblages through time.  

 

First, the sample was rinsed under water with a 100‒140 ɥm sieve to remove humus -material. 

Retained macrofossils were examined under low-power stereo-zoom microscope for occurrence and 

thus coverage of each of the components with a scale paper under the Petri dish. Mean coverages (%) 

of each of the components in the sample were given. The protocol follows Väliranta et al. (2007). 

High-power microscope was used to confirm the moss species identification from sub-samples and 

thus percentage value for each of the species. In the deeper layers where remains were disintegrated, 

various guide books (e.g. Eurola et al. 1992, Laine et al. 2016, Laine et al. 2018) and collected guide 

materials helped in the identification. The coverage of the taxon in question was then approximated 

visually. Other fragments like seeds, leaves, bugs and charcoal were counted and identified always 

when possible. The data was tabulated and Tilia -software was used to create diagrams. In the 

diagrams only in the most important taxa are represented concentrating on the apparent changes in 

the vegetational succession. 
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Figure 7. Left; Sphagnum fuscum stem leaf, right; Dicranum elongatum 

through high resolution microscope. 

 

2.3.2 Bulk density 
 

Bulk density analyses were carried out in 1 cm intervals. The used volume was 5ml (≈ 5 cm3). In total 

38‒50 samples / column, were analysed. From some of the samples only 2.5ml was measured due to 

deviations in cutting the frozen cores, resulting in small amount of sample material in some slices. 

Samples were freeze-dried and the sample containers sealed with perforated parafilm. Bulk density 

was then calculated dividing the mass of each of the freeze-dried sample by the fresh volume of the 

sample, using the following equation: 

in which 

d = bulk density of peat (g cm-3) 

m = dry mass (g) 

V = fresh volume (cm3) 
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2.3.3 C/N ratio 
 
To investigate the organic carbon contents of the peat, C/N analysis was performed at the Department 

of Environmental Sciences at the University of Helsinki. The measuring was done by using a LECO 

TreSpec Elemental Determinator. Every other sample (first used in the bulk density determination) 

was manually ground to get the fine homogenised sample of 0.015 g needed in the C/N ration 

determination. 

The carbon / nitrogen (C/N) ratio is relevant to paleopeatland research, as it serves as a proxy for 

nitrogen limitation of plants and provides supporting information in distinguishing between peatland 

types and interpreting the decomposition level of the peat. The C/N ratio of Sphagnum peat compared 

to other peat types is a bit higher and so is the ratio of permafrost peat compared to permafrost-free 

peat and bogs compared to fens. The ratio is calculated between the absolute mass of carbon divided 

by the absolute mass of nitrogen in a sample. (Loisel et al. 2014, Treat et al. 2016) 

 

2.3.4 Peat and carbon accumulation rates 
 

The productivity of plants depends on various factors including the prevailing climate, hydrology and 

plant assemblage. As my main study question was “how did climate warming in the past affect 

vegetation composition and carbon balance of the studied peatlands?” and the study concentrates on 

plant macrofossils, the peat composition and peat and carbon accumulation rates are relevant; peat is 

mainly formed of material produced by plants. I calculated the average long-term carbon 

accumulation rates (g m-2 yr-1) (LORCA), peat accumulation rate (m yr-⁻1), bulk density (g m⁻³) and 

carbon content data of the samples was used in the following multiplication: 

Carbon accumulation = peat accumulation rate ´ bulk density ´ carbon content 

Carbon content was obtained from the C/N analysis, while peat accumulation rate was calculated 

dividing the peat thickness (mm) by the age difference of the layers. 

 

2.3.5 Radiocarbon 14C dating 
 

Radiocarbon dating is based on the known decaying rate of carbon 14 isotope. The half-life time of 
14C is 5730 ± 40 years (Godwin 1962). Plants sequester carbon through photosynthesis throughout 

their life. When plant dies carbon assimilation ends and the existing carbon in the plant starts to decay. 

As peat is formed mainly by decomposed plant material it makes radiocarbon dating very justified 

method for dating the age of the peat (Nilsson et al. 2001). According to the rate of decay, this method 
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can be used only until the age of approximately 50 000 years (Taylor 2000). Specific statistical 

analysis based on a calibration curves is needed to convert the radiocarbon years (BP) to be calendar 

years (cal. BP) (Bronk Ramsey 2009). As the zero year in radiocarbon dating is AD (Anno Domini) 

year 1950, younger samples need to be calibrated with another calibration curve. Because the 

decomposition and compaction of peat is an ongoing process, the depth is not generally linearly 

related to the age of the peat.  

 

Radiocarbon dating was done by extracting 1‒4 ml sample from the inner parts of the peat profiles at 

the deepest layer of each of the four cores to investigate the age of the active layer profile above the 

permafrost. Carefully, avoiding contamination of modern carbon by washing and cleaning the 

sampling equipment throughout, the samples were moved into 5 ml cups. The cups were then covered 

with perforated aluminium foil and dried in an oven in 50°C overnight and for six hours in 105°c to 

avoid microbial growth. Dating was done using the AMS (Accelerator mass spectroscopy). Part of 

the samples were dated at the University of Ottawa, Canada, at the Canadian Centre for AMS and 

environmental radionuclide research laboratory by doctoral student Sanna Piilo. Rest of the samples 

were sent to Poznan Radiocarbon Laboratory, in Poland. 

 

2.3.6 Lead 210Pb dating 
 

All dating methods have disadvantages, e.g. because they only point single timeframes, but used 

together they can provide more reliable data (Turetsky et al. 2004) as is done here. Lead dating is 

based on decay series of nuclide uranium 238U that has been dry or wet deposited from the air to the 

peat surface. The decay series consists of 238U, which decays into 226Ra (radium), then to 222Rn (radon), 

and finally to 210Pb (lead) with half-life time of 22.3 years. Through lead 210 dating it is possible to 

obtain a continuous record from the present (date of core collection) to ca. 150‒200 years back in 

time (Appleby & Oldfield 1978). 

 

Dome-shaped, ombotrophic peatlands and palsas receive water and inorganic nutrients solely as 

depositions from the atmosphere and this makes them very reliable archives of the fallout. Moreover, 

the peat formed by Sphagnum moss in bogs and poor fens has a high potential for cation exchange; 

Sphagnum moss cell walls have negatively charged polyuronic acids (with carbonyl and carboxylic 

functional groups) which may immobilize cations like Pb2+ in the peat. (Turetsky et al. 2004) The 

dating consists of examination of the 210Pb content of the peat from surface to the depth where no 
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more 210Pb is detected and thus makes it possible to calculate the age-depth relation (Appleby & 

Oldfield 1978). Lead 210 dating is an accurate contributing method for the recent few hundred years, 

which carbon 14 cannot reliably date. Due to some uncertainties in lead 210 method, such as lead 

moving up and down in the peat columns (Shotyk et al. 2015) it is thus recommendable to use various 

methods of dating, whenever it is possible to apply overlapping sampling (Turetsky et al. 2004). 

 

A sub-sample from every fourth sample for C/N prepared samples (starting from sample 1, 5, 9 etc. 

accounting into total of 64 samples from all the four columns altogether), was extracted and dried. A 

small amount of the already dried material was grinded to dust. The rest of sample preparation and 

the actual dating process was conducted in June 12‒14th 2018 at the University of Exeter, UK, 

personally by me and my fellow student Veronica Ahonen, with guide and help of Dr. Matthew 

Amesbury.  

 

The 210Pb is a radiometric method that compares the number of remaining isotopes of the series (238U, 
226Ra, 222Rn, 210Pb) to the daughter isotopes 210Bi (bismuth) and 210Po (polonium) present in the 

samples. Final decay state of lead 210 is alpha-emitting polonium 210, which can be dated through 

alpha spectrometry, and can be used as proxy of 210Pb activity in peat (Turetsky et al. 2004). Peat 

samples were acid-digested and plated on silver discs with a 1ml spike of polonium 210. The 

procedure consists of stages of adding of nitric acid, hydrogen peroxide and hydrochloric acid, which 

all are added separately and dissipated until dry in between. Finally, the samples are put through 

centrifuge and dissolved in hydrochloric acid with ascorbic acid and left to be plated on the identified 

silver discs. The alpha count from the discs after the explained procedure was performed by Dr. Matt 

Amesbury.  The lead data gained from the 210-procedure was transformed into age-depth curves that 

makes the decrease of the lead 210 visual over the decay time. Lead210 -procedure is developed by 

Nicole Sanderson and further discussed in the articles Estop-Aragonés et al. (2018) and Kelly et al. 

(2017).  

 
Figure 8. Ascorbic acid bath of the silver discs. 



 

18 

3. Results 
 
3.1 Chronologies 
 

3.1.1 14C chronologies 
 

All together 8 samples were sent to the radiocarbon dating (Table 1). 

 

Table 1. Radiocarbon dating results. pMC = percent Modern Carbon, BP = before present, where 

zero-year 1950. 

Sample Depth 

(cm) 

14C Age (BP) Median  

cal. BP age 

Cal. curve Lab. number 2σ cal. age ranges  
 
(95,4%probability) 

ABI 
1.3 

16-17 116.07 ± 0.35  
pMC 

modern Bomb13 
NH1 

UOC-6051 1957.82‒1958.82 
cal. AD (15.3%) 
1988.8‒1990.98 cal. 
AD (80.1%) 

ABI 
1.3 

38-39 1145 ± 40 1063 IntCal13 Poz-97616 775‒981 cal. AD 
(95.4%) 

ABI 
2.2 

20-21 156 ± 40 173 IntCal13 UOC-6048 1664‒1891 cal. AD 
(77.8%) 
1909… cal. AD 
(17.6%) ǂ 

ABI 
2.2 

39-40 835 ± 30 794 IntCal13 Poz-97617 1157‒1264 cal. AD 
(95.4%) 

TAV 
1.3 

18-19 1064 ± 40 991 IntCal13 UOC-6052 891‒1027 cal. AD 
(95.4%) 

TAV 
1.3 

39-40 2380 ± 30 2416 IntCal13 Poz-97636 726‒720 cal. BC 
(0.7%) 
704‒695 cal. BC 
(1.0%) 
541‒392 cal. BC 
(93.6%) 

TAV 
2.2 

12-13 70 ± 40 241 IntCal13 UOC-6049 1682‒1736 cal. AD 
(25.9%) 
1805‒1935 cal. AD 
(69.5%) ǂ 

TAV 
2.2 

49-50 7250 ± 40 8075 IntCal13 Poz-97635 6218‒6034 cal. BC 
(95.4%) 

 

 

In general, a big difference can be seen in the bottom ages of the two different sites (approx. 80‒90 

km in between). The bottom most peat in Abisko at the depth of 40 cm is seemingly younger (1063 

for ABI 1.3 and 794 cal. BP for ABI 2.2) than the bottom layers (2416 for TAV 1.3 and 8075 cal. BP 

for TAV 2.2 respectively) in Tavvavuoma. For example, between the ABI 2.2 bottom layer and TAV 
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1.3 bottom layer there is nearly two thousand years difference in the 14C ages, at the same depth. 

When comparing differing bottom depths: ABI 2.2 (40 cm) and TAV 2.2 (50 cm) there is more than 

six thousand years of difference in age. Additionally, in between the bottom layers of the cores of 

Tavvavuoma, collected only few kilometres apart, there is a 10 cm difference in the active layer 

thickness but a remarkable 5.7 thousand years difference in age. Within the core TAV 2.2, 37 cm of 

difference in depth equals 7000 years difference in age. (Fig. 9) 

 

 
Figure 9. Radiocarbon bottom ages (cal. BP) of the peat cores. Ó Sanna Piilo. 

 

 
Figure 10. Views of Tavvavuoma. Ó Sanna Piilo. 

 
3.1.2 ²¹ºPb chronologies 
 

The lead dating results consistent pattern in contrast to the radiocarbon dating. 
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Figure 11. Lead dating curves of ABI 1.3. Left: the activity of 210Pb as Bq/kg. 

Right: Curves in Anno Domini years. 

 

Figure 12. Lead dating curves of ABI 2.2. Left: the activity of 210Pb as Bq/kg. Right: Curves in 

Anno Domini years. 
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Figure 13. Lead dating curves of TAV 1.3 core. Left: the activity of 210Pb as Bq/kg. 

Right: Curves of Anno Domini years. 

 

 

Figure 14. Lead dating curves of TAV 2.2 core. Left: the activity of 210Pb as Bq/kg. 

Right: Curves of Anno Domini years. 
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The zero activity or background level in Abisko was found in ABI 1.3 at 27 cm and at 25 cm in ABI 

2.2 core. This suggests that in ABI 1.3 the layers above this depth have accumulated after 1800 AD, 

while in ABI 2.2 the 25 cm of peat seems to have started to accumulate in 1810 AD. The radiocarbon 

supports lead chronology, the 14C dating of ABI 1.3 overlaps at the depth of 17 cm, where we the lead 

dates correspond to 1950 AD, which is the zero year in the calibration of the carbon dating. The 

radiocarbon dating at 21 cm in ABI 2.2 gave an estimate of 1664‒1891 AD (77.8%), which coincides 

and includes the lead210 date, making it relatively reliable source of data. 

 

The zero-activity level of 210Pb was found at the depth of 15 cm in TAV 1.3 with no overlapping 

carbon dates, which makes the carbon dating results below 15 cm only tentative. In TAV 2.2, the zero-

activity level was found at 21 cm corresponding the 1860 AD. Radiocarbon dating overlapped at 13 

cm, giving an age range of 1805‒1935 AD (69.5%), which coincides with the lead date outcome, so 

the two approaches are supportive. 

 

3.1.3 Age-depth models 
 

The chronologies obtained from both carbon and lead dating were combined with R-software Bacon 

that models the age-depth. The model compares the overlapping ages when available to obtain the 

most reliable outcome (Figs. 15-18). The top left small graph is Markov Chain Monte Carlo iteration, 

top middle graph contains information on accumulation rate that estimates accumulation rates years 

/ cm and top right is a “memory” of accumulation rate, where high curve implies a constant 

accumulation history, whereas low curve indicates variable environmental conditions over time. The 

curve that is the most relevant to this study is the lowest panel age-depth curve, which combines both 

carbon (14C) and lead (210Pb) dating. This age-depth model shows phases when peat accumulation 

has been rapid or slow. The X -axis is time, while the Y -axis displays the depth. The more vertical 

the curve is the faster the accumulation rate is: more peat is deposited over short period of time, while 

slow accumulation rates can be seen as more horizontal curve slope. The age-depth models show 

seemingly higher accumulation rates for the upper parts of the cores, i.e. more recently accumulated 

sections. 
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Figure 15. Abisko core 1.3 age-depth model. Carbon dated levels are seen in dark blue and lead 

chronology in green. The greyscale curve indicates the probability range of the age-depth model 

and the grey dotted lines show 95% confidence intervals. A thin red dotted line shows the best age-

depth model based on the weighted mean age for each depth. 

-- 

In ABI 1.3 the peat accumulation from the bottom 40 cm to the approximately 20 cm the accumulation 

rate has been relatively slow, it has taken nearly one thousand years to accumulate 20 cm. From 20 

cm upwards, peat is accumulating more rapidly. Yet this peat is still incompletely decayed and cannot 

straightforwardly be interpreted as increased accumulation rate.  
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Figure 16. Abisko core 2.2 age-depth model. Carbon dated levels are seen in dark blue and lead 

chronology in green. The greyscale curve indicates the probability range of the age-depth model 

and the grey dotted lines show 95% confidence intervals. A thin red dotted line shows the best age-

depth model based on the weighted mean age for each depth. 

-- 

The bottom age of the ABI 2.2 core is dated to approximately 600 cal. BP, equalling year ~1350 AD. 

Between 600‒200 cal. BP the accumulation has been relatively slow. Between 200‒100 cal. BP cm 

the accumulation rate increases, but in comparison, during both of these time ranges approximately 

10 cm of peat has accumulated, making the latter year range more productive period when considering 

the peat accumulation. After cal. ~100 BP the rate slows down again before reaching modern times 

(0 cal. BP) when accumulation is faster due to incompletely decayed peat. 

 



 

25 

Figure 17. Age-depth model of TAV 1.3 core. Carbon dated levels are seen in dark blue and lead 

chronology in green. The greyscale curve indicates the probability range of the age-depth model 

and the grey dotted lines show 95% confidence intervals. A thin red dotted line shows the best age-

depth model based on the weighted mean age for each depth. 

-- 

In the TAV 1.3 core the carbon and lead dating depths do not overlap, making the core age more 

unreliable below 15 cm. The core all in all shows three distinctive phases in the accumulation of peat. 

The bottom most approximately 16 cm have accumulated during a time period of eight hundred years 

(2500‒1700 cal. BP), after which the accumulation rate is very slow between 1700‒400 cal. BP. In 

1300 years, only about 4 cm of peat has accumulated. After 400 cal. BP the rate increases, and when 

reaching modern times and lead data the accumulation rate accelerates as explained before. 
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Figure 18. TAV 2.2 age-depth model. Carbon dated levels are seen in dark blue and lead 

chronology in green. The greyscale curve indicates the probability range of the age-depth model 

and the grey dotted lines show 95% confidence intervals. A thin red dotted line shows the best age-

depth model based on the weighted mean age for each depth. 

-- 

TAV 2.2 core reaches the depth of 50 cm from the peatland surface. This core also dated distinctively 

old age to the bottom most layers, over 8000 years and even when compared with the other peat cores 

at the depth of 40 cm, over 3000 years. The bottom most 25 cm of this core has accumulated during 

that long period of time, between ca. 7000 cal. BP 129 cal. BP and the rest 25 cm during the mostly 

modern times. 
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3.2 Plant macrofossil data 
 

In total 37 taxa were identified. The tree / shrub species included Betula nana and Salix sp. and the 

other identified vascular plant species were Vaccinium oxycoccos, V. uliginosum and V. vitis-idaea, 

Empetrum nigrum subsp. hermafphroditum (referred in graphs solely as E. hermafphroditum), 

Andromeda polifolia, Rubus chamaemorus, Equisetum fluviatile and Menyanthes trifoliata. From the 

Cyperaceae family various Carex spp. seeds were found and Eriophorum vaginatum was identified 

to species level. The rest of the identified species were mosses, 25 taxa (Table 2.).  

 

Table 2. Identified mosses. 

Bryophyte taxon Sphagnum fuscum 
 cf. Sphagnum russowii 
 Sphagnum subfulvum 
 Sphagnum warnstorfii 
 Sphagnum balticum 
 Sphagnum aongstroemii 
 Sphagnum compactum 
 Sphagnum angustifolium 
 Sphagnum capilliflium 
 Dicranum elongatum 
 Dicranum groenlandicum 
 Polytrichum strictum 
 Mylia anomala 
 cf. Trematodon ambiguus 
 Warnstorfia fluitans 
 Scorpidium scorpioides 
Sphagnum subgenera Acutifolia 
 Cuspidata 
 Subsecundum 
Other bryophytes Bryopsida 
 Bryum 
 Exannulatum 
 Drepanocladus 
 Warnstorfia 
 Hypnum 
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3.2.1 Abisko plant data 
 

In ABI 1.3 core (Fig. 19) the bottom most approximately 20 cm are dominated by Dicranum 

elongatum 70‒95%. The presence of unidentified Cyperaceae remains varied from 5% to nearly 20%, 

is mainly limited to the existence of Dicranum elongatum, as well Eriophorum vaginatum tissues and 

spindles at the depth of 33 cm. At the depth of 17‒16 cm the dominating taxa abruptly changes. Above 

this changing point, Sphagnum fuscum becomes the dominating species (70‒90%). S. subfulvum was 

present solely in this precise changing point. Acutifolia sphagna (cf. S. capillifolium) were found at 

the depth of 30‒35 cm and in the top most 9 cm. Andromeda polifolia seeds and leaf fragments were 

found throughout the core in small amounts, as well as Empetrum hermafphorditum leaves. Woody 

shrub parts (e.g. Betula nana) appeared after the abrupt change (at 17‒16 cm) in considerable amounts 

5‒20%.  

 

 
 

Figure 19. ABI 1.3 Plant macrofossil profile. The y-axis represents the depth. The X-axis shows the 

relevant taxa and their abundances (%) or number of remains (#). Symbols + - ++ indicate relative 

presence of species, in which (+) = rare, (++) = occasional. Climatic phases: LIA yellow, MCA 
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grey. Visually placed red line shows the abrupt change in the plant assemblage at the depth of 17‒16 

cm. 

 

The ABI 2.2 core (Fig. 20) showed distinctive changes in the plant assemblages. Dicranum elongatum 

dominates the bottom layers (60‒95%), the bottom most layers being mainly unidentified organic 

matter. Along with Dicranum elongatum, Cyperaceae remains are found and appear until the depth 

of 10 cm. D. elongatum starts to disappear, at about 25 cm, Polytrichum strictum appears, only in few 

layers (approx. 25‒24 cm) and above, up from 24 cm S. fuscum dominates (80‒95%) the layers until 

13 cm. The change at 24‒23 cm is not so abrupt, alongside with S. fuscum there are some Cyperacea 

remains, but also dwarf shrubs and woody parts. At 11 cm dwarf shrubs make more than 20% of the 

coverage: woody parts, E. hermafphroditum and B. nana appear and D. elongatum emerges again. 

Warnstorfia fluitans, dominates (40‒90%) the layers from 11 cm until 6 cm, where S. fuscum becomes 

dominant again all the way to the top. Sphagnum angustifolium appears at the depth of 5 cm. All 

together three distinct turnovers are detected, where the dominating species change completely.       

 

 
 

Figure 20. ABI 2.2 Plant macrofossil profile. The y-axis represents the depth. The X-axis shows the 

relevant taxa and their abundances (%) or number of remains (#). Symbols + - ++ indicate relative 

presence of species, in which (+) = rare, (++) = occasional. Climatic phase: LIA yellow. Visually 

placed red lines show the abrupt changes in the plant assemblage. 
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3.2.2 Tavvavuoma plant data 
 

The TAV 1.3 core (Fig. 21) was the most species rich and showed no drastic changes, but a slow 

ongoing turnover can be seen throughout the core. In the bottom most 10 cm (from about 40‒30 cm) 

an unidentified Bryum species is detected (10‒20%), along with a varying number of Carex -spp. 

seeds and dwarf shrub remains, but mainly the bottom of the core is dominated by Cyperaceae -

species (30‒95%) mixed with highly humified unidentified organic matter (10‒50%). Starting from 

35 cm various mosses from groups Scorpidium (cf. scorpioides) 35‒27 cm, Hypnum / Hygrohypnum 

and Warnstorfia (35‒13 cm) are detected. At 35‒22 cm some remains of Subsecundum sphagna are 

found. Upwards from 20 cm, somewhat overlapping phases of varying Sphagnum species are 

followed. Starting from S. compactum at the depths of 18‒13 cm, S. aongstroemii at 15‒11 cm, with 

appearance of D. groenlandicum at 15‒7 cm. Sphagnum balticum from 13 cm until 9 cm of depth, 

then S. capillifolium with maximum appearance at 10 cm. Unidentified species of Sphagnum 

subgenus Acutifolia are found from 9 to 7 cm and finally the top most 7 cm are dominated by S. 

fuscum, along with P. strictum and the liverwort Mylia anomala. A shift in dwarf shrub remains can 

be followed throughout the core; the lower parts contain mainly leaves and woody parts, whereas the 

upper parts of the core contains more dwarf shrub roots. 

 

 
 

Figure 21. TAV 1.3 Plant macrofossil profile. The y-axis represents the depth. The X-axis shows 

the relevant taxa and their abundances (%) or number of remains (#). Symbols + - ++ indicate 

relative presence of species, in which (+) = rare, (++) = occasional. Climatic phases: LIA yellow, 

MCA grey, DCA orange, RWP purple. Visually placed red lines show the abrupt changes in the 

plant assemblage. 
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In TAV 2.2 core, the major change is detected at the depth of 34‒26 cm where previously dominated 

Cyperaceae -species give way to S. fuscum. Unidentified organic matter (10‒80 %) is mixed with 

Cyperaceae and with Cyperaceae -species, Equisetum fluviatile and unidentified Exannulatum 

moss is detected (47‒45 cm). With S. fuscum dominion in the upper parts of the core (33‒1 cm), 

various woody fragments are detected, branch parts, roots, bud scales, and some leaves from B. 

nana and E.  hermafphroditum.  

 

 
Figure 22. TAV 2.2 Plant macrofossil profile. The y-axis represents the depth. The X-axis shows 

the relevant taxa and their abundances (%) or number of remains (#). Symbols + - ++ indicate 

relative presence of species, in which (+) = rare, (++) = occasional. Climatic phases: LIA yellow, 

MCA grey, DCA orange, RWP purple. Visually placed red lines show the stage of change in the 

plant assemblage at the depth of 34‒28 cm. 

 

Only the ecologically relevant taxa, i.e. selected taxa, which indicate the habitat conditions, are 

presented in the graphs. 
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3.3 Peat properties and accumulation rates 
 

3.3.1 Abisko peat cores 
 

In ABI 1.3 (Fig 23. left) the peat accumulation rate has been fairly low until the end of LIA at the 

beginning of 1900´s AD, with an abrupt change in the prevailing vegetation (Dicranum à Sphagnum). 

The accumulation rate increases approximately 2.5 mm / yr up to 3.2‒3.3 mm / yr, for a period of ca. 

20 years. When reaching modern times (~1950 AD) the rate decreases equally rapidly back to below 

1, being approximately 0.9 mm / yr. In the turn of the decade 1980 to 1990, the rate again rapidly 

rises to over 2.5 mm /yr. The average rate, in ABI 1.3 core is ~1.1 mm / yr, varying from the lowest 

rate (0.16 mm / yr) when there is no notable accumulation at all to 3.3 mm / yr. ABI 2.2 core (Fig. 23, 

right) shows less variation, the average rate from the bottom of the core dated back to 1350 AD to 

year 2005 AD is ~0.8 mm / yr. Some changes can be detected; between approximately 1814 and 1844 

the rate nearly doubled from 0.7 mm / yr, to 1.3 mm / yr, but then declined back to 0.6 mm / yr until 

1929 where the rate again doubled to 1.2 mm / yr. The notable rise in the rate happens in the early 

21st century, from 2005 1,1 to 2007 thereafter the rate ascends to over 4 mm / yr. The date of this 

change in rate coarsely corresponds the change in dominion of the prevailing vegetation from 

Warnstorfia fluitans to S. fuscum. 

 
Figure 23. Peat accumulation rates of Abisko peat cores, mm / yr 
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In both Abisko cores the bulk density decreases towards the top of the core (Fig. 24), despite the rapid 

rise in the ABI 2.2 core at the depth of 11 cm, which reaches the highest density of the core; 0.18 g / 

ml. Maximum density in the ABI 1.3 core is only reached in the bottom most layers, from where the 

slow decline starts reaching the lowest value at the top layer (ca. 0.04 g / ml), which also is the lowest 

rate in the ABI 2.2 core on the topmost layer. The mean density for ABI 1.3 core is 0.114 g / ml, while 

for ABI 2.2 it is 0.098 g / ml. Where in ABI 1.3 core a rapid decrease is detected at the depth of 18‒

16 cm or at ~1910 AD, the ABI 2.2 core shows a bowl-like depression at the same depths starting 

from 26 cm to a general rising back up from 15 cm, corresponding the whole 19th century year range. 

 

 
Figure 24. Bulk densities of Abisko g / ml. 

 

The bulk density is declining toward the top layers, where the peat is incompletely decomposed. The 

long-term carbon accumulation rate temporarily increases in ABI 1.3, when approaching towards 

modern times, then decreases again. In ABI 2.2 the C accumulation rate increases more consistently 

(Fig. 24, right). In both peat sections a rise in the rate is detected from 1750´s onwards, the rate being 

higher in ABI 2.2 core. In ABI 1.3 the maximum rate occurs between 1750 and 1920 AD, when it 

reaches nearly 60 g m⁻² yr⁻¹. In turn, for ABI 2.2 the increase in carbon accumulation rate occurs 

between 1750 and 1860 AD, the highest rate is ~51 g m⁻² yr⁻¹. Relatively constant accumulation 

pattern continues in both cores until the 1900´s, from where onwards the increasing trend is mainly 
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explained by the nature of the peat properties; the bulk density indicates less humified peat for the 

top part of the section (issue discussed also in the results of age-depth diagrams Figs. 15-18). On 

average the long-term carbon accumulation rate was 42.75 g m⁻² yr⁻¹ in ABI 1.3, highest rate was 

153.19 g m⁻² yr⁻¹ at ca. 1946 AD, and respectively in ABI 2.2 long-term accumulation rate was 40.57 

g m⁻² yr⁻¹ and highest rate 101.37 g m⁻² yr⁻¹ at ca. 1954 AD. 

 

 
Figure 25. Long term carbon accumulation rates of Abisko, g m⁻² yr⁻¹. 

 

The average C/N ratio in ABI 1.3 core was 34.4 being highest (53.7) at the depth of 5 cm, which 

corresponds modern times ca. 1990 AD and lowest (23.3) expectedly at the deep end at 37 cm 

corresponding ca.1090 AD. For ABI 2.2 the mean ratio is 36.5, highest value being 45.3 at the top 

most layer and lowest (29.8) at 13 cm of depth, corresponding approximately the year 1935 AD. 
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Figure 26. C/N ratios of Abisko peat cores. 

 

Table 3. Summary of Abisko peat cores, mean values for each climate phase. 

 ABI 1.3 ABI 2.2 

Climatic 

phase 

LORCA Peat acc. Bulk 

density 

C/N LORCA Peat acc. Bulk 

density 

C/N 

Post LIA 68.272 2.012 0.073 40.606 61.865 1.850 0.087 35.28 

LIA 23.085 0.341 0.143 29.285 26.385 0.622 0.106 37.36 

MCA 12.957 0.134 0.189 23.323 - - - - 

DCA - - - - - - - - 

RWP - - - - - - - - 

 

 

3.3.2 Tavvavuoma peat cores 
 

Both Tavvavuoma cores were dated further back in time, than the Abisko cores. In TAV 1.3 the peat 

accumulation rate remains below 0.2 mm / yr from the bottom of the core (ca. 2481 AD), up until ca. 

1855 AD, where it rapidly increases up to ~0.8 mm / yr. This corresponds to the change in vegetation 

from Cyperaceae dominated habitat to Sphagnum moss dominated habitat. Another abrupt up rise in 
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the accumulation rate from approximately 0.8 mm / yr to 1.7 mm / yr, occurs from 1980´s to 1990´s. 

This change is also visible in the vegetation; S. fuscum becomes the dominating species with 

appearance of Polytrichum strictum and Mylia anomala. TAV 2.2 core presents the lowest peat 

accumulation rates. From the bottom up, until 25 cm of depth (corresponding to approximately 1821 

cal. AD), the rate is on average ~0.04 mm / yr. Onwards the rate increases up to 0.7 mm / yr forming 

a step like curve in the graph and stays constant until ca. 1890 AD. From ca. 1895 AD the rate 

increases, but varies between 1.2‒1.9 mm / yr, all of this corresponding the dominion of S. fuscum. 

Interestingly, the change in dominion of the vegetation from Cyperaceae to Sphagnum domination 

occurs earlier than any change in peat accumulation rates. However, the change is not abrupt at all 

and this might partly explain why the rate stays relatively constant during the transition starting 

already from approximately 50 AD.  

 
Figure 27. Peat accumulation rates of Tavvavuoma cores, mm / yr (cal. AD) 

 

The Tavvavuoma cores show similarly a decline in bulk density curves (Fig. 28) and an increase in 

carbon accumulation (Fig. 29). For TAV 1.3 core, average bulk density is ~0.2 g / ml, and of TAV 

2.2 ~0.1 g / ml (difference partly due to the length of TAV 2.2 core). These values are slightly 

higher than the averages of Abisko. In both of the Tavvavuoma cores there is a peak in the low 

depths: in TAV 1.3 at 29 cm corresponding year 68 AD, where the rate gets as high as 0.3 g / ml. In 

TAV 2.2 the highest peak is at 34 cm depth corresponding the year 50 AD, with rate 0.3 g / ml. Due 
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to uncertainties in the age-depth models, these peaks can be seen to correspond approximately the 

same age. In TAV 2.2 core a deeper and stepped decrease is noted after the peak values. In both 

cores, after the fall in bulk densities a small rise is detected at the depths of 27 in TAV 1.3 and at 29 

cm in TAV 2.2. According to the age-depth models these depths correspond to years 184 AD in TAV 

1.3 and 1203 AD in TAV 2.2, about thousand years apart. 

 
Figure 28. Bulk densities of Tavvavuoma, g / ml. 

 

The long-term carbon accumulation (Fig. 29) shows more variability for TAV 1.3 core. The rates in 

the core vary between 0‒25 g m⁻² yr⁻¹ during the early years, between ca. 2481 and ca. 1860 AD. 

After 1860´s, carbon accumulation peaks simultaneously with the bulk density rise. TAV 2.2 shows a 

relatively constant carbon accumulation rate before the 1800´s, only peaking at somewhere near the 

year 50 AD, which also corresponds a peak in bulk density at the same depth. The average C 

accumulation rate in TAV 1.3 is 27.7 g m⁻² yr⁻¹, maximum being 71.7 g m⁻² yr⁻¹ during year ~1994 

AD. The average accumulation in TAV 2.2 is 25.15 g m⁻² yr⁻¹, and the maximum rate 68.83 g m⁻² yr⁻¹ 

is detected AD year ~1973. Both of these maximums are detected during recent past. 
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Figure 29. Long term carbon accumulation rates of Tavvavuoma, g m⁻² yr⁻¹. 

 

The average C/N ratio in TAV 1.3 core is 18.7. Highest value (35.3) is again reached at the top layer 

and lowest value 11.8 at the depth 17 cm, dated to correspond approximately ca. 1740 cal. AD. 

TAV 2.2 mean C/N ration is 26.7. Highest value is at the top layer, while lowest ratio (16.8) was found 

at the bottom at the depth of 49 cm, dated to be as old as 7000 years. 

 



 

39 

 
Figure 30. C/N ratio curves of Tavvavuoma 

 

Table 4. Summary of Tavvavuoma peat cores, mean values for each climate phase. 

 TAV 1.3 TAV 2.2 

Climatic 

phase 

LORCA Peat acc. Bulk 

density 

C/N LORCA Peat acc. Bulk 

density 

C/N 

Post LIA 50.761 1.085 0.115 25.47 53.357 1.598 0.074 32.50 

LIA 26.624 0.373 0.171 16.14 19.051 0.582 0.077 25.84 

MCA 3.619 0.039 0.182 13.90 3.920 0.052 0.152 18.33 

DCA 3.310 0.040 0.162 - 2.816 0.040 0.134 - 

RWP 18.029 0.174 0.200 16.84 5.404 0.040 0.227 26.08 
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4. Discussion 
 

4.1 Changes in vegetation 
 

4.1.1 Abisko 
 

Abisko peat cores were collected roughly 9 km apart, so they are reasonably comparable when 

considering the regional climate conditions. Both cores are 40 cm long. For both Abisko sections the 

major changes in the species dominion occurred abruptly, instead of gradually (Figs. 19 & 20). The 

two most dominant species in both cores were Sphagnum fuscum (dry) and Dicranum elongatum 

(wet). S. fuscum is the most dominant sphagnum species in ombotrophic bogs (Laine et al. 2018). The 

core bottom of ABI 1.3 dates to as early as 967 cal. BP. Accordingly the bottommost peat deposited 

during the Medieval Warm period, which occurred between 800‒1300 cal. AD In these layers 

Cyperaceae abundancy is notable (10‒20%) afterwards their presence is notable only towards the 

change in dominion at 23‒17 cm at during 1800´s AD. While in ABI 1.3, only one big change in the 

prevailing vegetation was detected, in the core ABI 2.2 three notable changes occurred. In the case of 

the core ABI 1.3 at this point the habitat has changed probably from wetter D. elongatum and 

Cyperaceae (Eriophorum vaginatum) dominated to drier S. fuscum dominated hummock plant habitat, 

also including Ericaceae species. The age of change in for both Abisko peat sections correspond to 

the end of Little Ice Age, approximately 1900´s when after a cold climate phase, the climate warming 

started. This warming may have caused drying, making the habitat also favourable for shrubs. 

 

However, in the ABI 2.2 core, further plant assemblage changes were detected. According to the 

age-depth models the depth of 40 cm was dated to 1350 cal. AD. The change from unidentified 

organic matter to D. elongatum dominion occurs in a timeframe of 245 years that could be due to 

the decomposition process. From the depth of 25 cm until 22 cm (ca. 1807-1844 cal.AD), an 

increasing slope in the age-depth model (Fig.16) and a simultaneous a change in the vegetation 

occurs, which is similar to the change in the ABI 1.3 peat core. This change from D. elongatum to S. 

fuscum at 24‒23 cm is dated to correspond the turn of the decade 1830´s to 1840´s, which coincides 

with relatively cold climate of LIA, although already the end of it. Essentially the layers below that 

date to LIA and are dominated by D. elongatum, suggesting that the habitat was wet. At the 

beginning of 1900´s, in the core ABI 2.2 S. fuscum is replaced by cf. Warnstorfia cf. fluitans. This 

infers a change towards wetter conditions, even though the habitat stayed relatively poor in terms of 

nutrients. Before the depth (13‒12 cm) also traces of Cyperaceae -species are detected, which 
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would support the suspected conditions. The increasing amount of shrub remains and woody 

material may have been transported from surroundings. After about a hundred years of dominion, at 

the beginning of 1990´s, W. fluitans disappears before S. fuscum´s re-colonising the place. 

According to combined dating this last notable change in plant assemblages occurred somewhere in 

between AD years 2005‒2007. 

 

Both cores show a delicate drying trend regarding the vegetation towards the surface, which could to 

some extent be interpreted as an implication of permafrost aggradation during LIA (Seppälä 2011, 

Zhang 2018). Surface peat drying can occur due to the forming of ice inside the mound, which in turn 

elevates the surface from the surrounding peatland (Seppälä 2011). Swindles et al. (2015) suggest a 

robust trend of drying in northern Sweden over the last century. Loisel & Yu (2013) have suggested 

that the recent warming could cause changes in the peatland chemistry and hydrology, which in turn 

might cause Sphagnum establishment and thus increased carbon accumulation. In my data the 

suggested drying trend is visible in the vegetation chronologies as the change to Sphagnum fuscum 

dominated composition and in the increasing carbon accumulation of the most recent past. Further, 

Lloyd et al. (2003) and Epstein et al. (2004) suggest that various dwarf shrubs and trees are ultimately 

the beneficiary taxa of the climate warming and permafrost thawing, as they can better exploit the 

drier habitats. The living top layer of the peat cores in all places was similar, in addition to S. fuscum, 

including bigger vascular plants e.g. Rubus chamaemorus, and dwarf shrubs like Eriophorum 

hermafphroditum and Betula nana.  

 

 

4.1.2 Tavvavuoma 
 

The peat cores from Tavvavuoma, were collected roughly about 4‒5 km distance from each other, 

and compared to Abisko cores some ca. 200m higher above sea level. Especially TAV 1.3 core 

differs from the cores of Abisko due to the variability of taxa and thus emphasizes the importance of 

permafrost habitats. The core throughout was the most species rich with six different Sphagna sp. 

and three subgenera, two Dicranum- and Polytrichum -species and several different vascular plants, 

but also with the most varying repertory of invertebrates. Permafrost peatlands contain a mosaic of 

varying habitats in terms of hydrology and vegetation and consequently these habitats are able to 

sustain diverse organisms. For example, palsa formations are highly favoured by different migratory 

birds for nesting (Luoto et al. 2004). In addition, the Tavvavuoma sections contained generally more 

unrecognizable material, possibly due to their seemingly older age. 
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Until 1800´s (below the depth of approximately 16 cm), the TAV 1.3 peat core is dominated by 

Cyperaceae. No distinctive changes can be seen during Roman Warm Period, Dark Cold Age, nor 

MCA; the species composition stays relatively constant, though Helama et al. (2017) recorded 

distinctive fluctuations between wetter and drier conditions during DCA ca. 300-800 AD, that in my 

data corresponds the depths of 32-31cm where wet habitat indicating Scorpidium sp., S. scorpioides 

and Hypnum sp. are found to minor extent, affirming at least wet conditions. Generally, the species 

diversity corresponds predominantly to a wet habitat, most likely mesotrophic. An unidentified 

Subsecundum -species finding, alongside with Cyperaceae domination, supports the mesotrophic 

habitat speculation. Sannel et al. (2018) report similar findings from the same permafrost plateau in 

Tavvavuoma. One drier habitat species, S. compactum is detected in the first phase of the change of 

dominion, but it´s occurrence overlaps with S. aoengstroemii, a wet habitat mesotroph and 

Cyperaceae. Sphagnum balticum findings after, and partly alongside with S. aoengstroemii 

strengthens the likeliness of the wet habitat. Interestingly, all these sphagna -findings after 

Cyperaceae, coincide with the LIA in our data. Barber et al. (2000) report increases in moisture 

within European peatlands during LIA. Also, according to Väliranta et al. (2007) and Linderholm et 

al. (2018), the climate during LIA in Northern Finland is likely to have been humid. Though my 

study sites are not too far from Finland, and almost all vegetation findings support wetter 

conditions, for Sweden, four proxies used in the study of Linderholm et al. (2018) indicate also 

drier conditions. These variations may reflect the seasonality of the hydroclimate, and both MCA 

and LIA are recorded to fluctuate in hydrological terms (Linderholm et al. 2018). After S. balticum, 

S. capillifolium appears with growing dwarf shrub proportion (1- 20%), indicating drying of the 

habitat approximately 1920 AD onwards. Some unidentified Acutifolia -species are detected before 

the shared domination of Polytrichum strictum and Dicranum elongatum and after which S. fuscum 

appears ca. 1990 AD and suggests a dry ombotrophic habitat. Sphagnum fuscum seems to be a 

better competitor; the first mentioned two species appeared earlier, but nearly disappeared when S. 

fuscum got better settled. During the LIA the initiation of permafrost occurred widely in 

Fennoscandia (Oksanen 2006, Oksanen & Väliranta 2006). Drying of the habitat in this case 

however occurred after LIA i.e. after 1900´s, and more accurately, during the more recent warming 

of the climate, so this suggests that drying of the habitat in this case is not due to permafrost 

aggradation. LIA was followed by a rapid twentieth century warming, when the average 

temperatures have exceeded the both other warm periods (Roman and MCA) (Ljungqvist 2010), 

which could in part explain the dry conditions my vegetation data suggests. 
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In TAV 2.2, the core shows a similar succession towards a drier habitat. This change is gradual and 

happens over a period of ca. 1200 years, which includes the end of Roman Warm Period ca. 297 

AD, Dark Cold Age, MCA and the beginning of LIA ca. 1513 AD. It is not clear what causes the 

species abundances to vary and finally change to S. fuscum dominated dry habitat, but changes 

and/or fluctuations either in the climate (Linderholm et al. 2018) or in permafrost aggradation 

(Oksanen 2006) are possible. Fluctuations in the species abundances are seen around the end of 

Dark Cold Age ca. 796AD, where first only relatively low abundance of S. fuscum abruptly 

increases up to 90%, but then again decreases. After the definitive turnover to S. fuscum 

domination, during the rest of LIA the dominion stays constant. Towards the end of LIA, the 

proportion of dwarf shrubs increases, which could indicate recent habitat drying because of the 

warming climate, reported in earlier studies (e.g. Swindles et al. 2015; Ljunqvist 2010).     

 

 
 

Figure 31. Climatic phases – core depths. Arrows show drying trend starting points, approximated 

from change in vegetation to S. fuscum dominion. 
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Table 5. Summary of habitat hydrological conditions during climatic phases. 

Climatic phase Site  

ABI 1.3 ABI 2.2 TAV 1.3 TAV 2.2  

Post LIA 1900- Dry Wet / Drying Drying Dry  

LIA 1300-1900 AD Drying Drying Wet Drying  

MCA 800-1300 AD Wet No data Wet Wet  

DCA 300-800 AD No data No data Wet Wet / Dry  

RWP 1-300 AD No data No data Wet Wet  

 

 

4.2 Carbon accumulation  
 

4.2.1 Abisko 
 

It has been suggested that the vegetation composition, driven by climatic and local factors, could be 

the main contributor to the carbon accumulation rates (Mäkilä & Moisanen 2007). For example, 

Charman et al. (2013) report a decline in carbon sequestration rate along with lowering 

temperatures and change in light conditions during the transition from MCA to LIA. Yu et al. (2010) 

estimate the average carbon accumulation rate in the northern regions (north from 30°N) to be 18.6 

g m⁻² yr⁻1. Treat et el. (2016) report similar values; 18 g m⁻² yr⁻1 for bogs and 23 g m⁻² yr⁻1 for fens. 

The average values for Abisko cores were ~42.7 and ~40.6 g m⁻² yr⁻¹, but ABI 1.3 core covers the 

end of MCA, but the entire LIA and ABI 2.2 core covers only LIA. Swindles et al. (2015) discuss 

the varying C accumulation rate values of recent past, for three differing Abisko peatland sites. On 

desiccating permafrost bog decomposition losses caused very low rates of carbon accumulation 

(10‒20 g m⁻² yr⁻¹) between years 1850 and ca. 2010, while on fens they recorded rates under 50 g 

m⁻² yr⁻¹ until year ~1975 and a recent increase (50‒100 g m⁻² yr⁻¹) due to a collapse that happened 

approximately at that time. On collapsed permafrost peatland area, the accumulation rate on the 

contrary was high 50‒150 g m⁻² yr⁻¹, between years ca. 1900 and 2010, which was suggested to be 

caused by the warming after LIA. My highest long-term C accumulation rate value was from 

Abisko 1.3 core, 153.2 g m⁻² yr⁻¹, and was dated back to 1945 AD, corresponding to the latter 

suggestion of Swindles et al. (2015), both in time and accumulation rate.   

 

ABI 1.3 shows a constant accumulation until the 1749 AD from where on the trend is increasing, 

though quite variable if examined closely. From 1749 AD until ca. 1870´s the accumulation rises 
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from earlier ~10 g m⁻² yr⁻¹ to ~30 g m⁻² yr⁻¹, after which a rapid increase up to ~60 g m⁻² yr⁻¹ is 

seen in the crossover from 19th to 20th century. These changes in the long-term carbon 

accumulation data seem to coincide with the vegetation data; D. elongatum and Cyperaceae 

produce a constant carbon accumulation and when some sort of drying trend is thought to begin 

increases first E. vaginatum and after E. hermafphroditum and A. polifolia occurrence. Bigger plants 

increase the carbon build up faster, because the bigger the plant is, the more carbon it contains and 

thus more carbon will be forming litter after the plant dies. After the abrupt change to the dominion 

of S. fuscum and dwarf shrubs the carbon accumulation also increases drastically, but the nature of 

peat formation must be taken into account, when considering the data. According to the climatic 

phase mean values (Table 6), from MCA to LIA the C accumulation rate in ABI 1.3 nearly doubles 

from 12.9 to 23 g m⁻² yr⁻¹, the case being contrary to what Charman et al. (2013) reported. My 

suggestions to explain this are the fluctuations of climate and the permafrost aggradation occurred 

during LIA, raising the peat surface making the habitat suitable for Sphagnum to thrive, as Sannel & 

Kuhry (2008) state that Sphagnum peat has higher carbon accumulation rates than shrub-dominated 

peat.  

 

In my study no clear shrub dominated vegetation was detected, but the high values correspond to 

quite modern Sphagnum peat. The carbon accumulation on both Abisko peatlands is similar in the 

rate between LIA and post LIA, only in ABI 1.3 the increase in the rate is higher, rising 45 g m⁻² 

yr⁻¹, compared to 35 g m⁻² yr⁻¹ in ABI 2.2 respectively. ABI 2.2 data generally seems more 

fluctuating, starting from zero level rate up to 113.4 g m⁻² yr⁻¹ during recent times. The 

accumulation rate stays flow for a longer period and the distinctive peaks in the rate are relatively 

sharp, both of the highest peaks occurring during the modern times. An ascent in the data, rising to 

an average of ~41.8 g m⁻² yr⁻¹ is between 29‒20 cm, corresponding to years 1753‒1860 AD. This 

coincides roughly with the change from D. elongatum to S. fuscum with proportionally more shrubs, 

which could explain the rise in carbon accumulation. The next ascent is a short peak in the rate 

rising as high as ~101.4 g m⁻² yr⁻¹ dated to correspond to 1953 AD. This coincides with the change 

to W. fluitans, but also dwarf shrub root material is found in relatively large proportions up to 40%, 

which in part may explain this peak. The last and highest peak with the change back to S. fuscum at 

2010 cal. AD, indicating the potential of S. fuscum as a carbon accumulating species and the slope 

of the curve is increasing. 
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Table 6. Summary of long-term carbon accumulation and peat accumulation rates, mean values for 

the climate phases. 

 Long-term C accumulation g m⁻² yr⁻¹ Peat Accumulation mm/ yr 

ABI 1.3 ABI 2.2 TAV 1.3 TAV 2.2 ABI 1.3 ABI 2.2 TAV 1.3 TAV 2.2 

Core mean 42.7 40.6 27.7 25.2 1.077 1.182 0.483 0.727 

Post LIA 68.272 61.865 50.761 53.357 2.012 1.850 1.085 1.598 

LIA 23.085 26.385 26.624 19.051 0.341 0.622 0.373 0.582 

MCA 12.957 - 3.619 3.920 0.134 - 0.039 0.052 

DCA - - 3.310 2.816 - - 0.040 0.040 

RWP - - 18.029 5.404 - - 0.174 0.040 

 

4.2.2 Tavvavuoma 
 

Both of my Tavvavuoma study site average rates exceed the estimated average of Yu et al. (2010) 

and Treat et al. (2016), but in Tavvavuoma the average rates of the cores were significantly lower 

than in Abisko; 27.7 in TAV 1.3 and ~25.2 g m⁻² yr⁻¹ in TAV 2.2 (Table 6). In their study, Sannel et 

al. (2017) report an average rate of 12.3±2.4 g m⁻² yr⁻¹ for Tavvavuoma, for same peat plateaus I 

studied. Their study differs from mine though, the length of their cores varies from 95-230 cm so 

the mean value is calculated for longer period of time, average bottom age in their study being 9008 

cal. BP (-7058 AD = 7058 BC). However, they report lower rates for late Holocene, especially 

during Neoglacial period covering the last 4000-5000 years. In my Tavvavuoma data the mean C 

accumulation rate was higher during Roman Warm Period, ~18 g m⁻² yr⁻¹ for TAV 1.3 and ~5.4 g 

m⁻² yr⁻¹ for TAV 2.2, than during both DCA and MCA, during when the combined mean for both 

cores is 3.4 g m⁻² yr⁻¹. Similarly, as in Abisko, both TAV cores show a distinctive increase in the 

rate from MCA to LIA, the average during LIA being 26.6 for TAV 1.3 and 19.05 g m⁻² yr⁻¹ for 

TAV 2.2.  In TAV 1.3 core, the increase in the rate after the beginning of LIA is higher than in TAV 

2.2. When considering the plant macrofossil data this corresponds roughly to the depths 24‒20 cm, 

dominated mainly by Cyperaceae and an appearance of unidentified Subsecundum species, creating 

a wet, unproductive habitat. After this the accumulation rate rises throughout the varying Sphagnum 

phases, peaking at 4 cm (71.7 g m⁻² yr⁻¹) dated to 1993 AD, which in vegetation data stays in 

between a turnover phase from D. elongatum and P. strictum to S. fuscum. The peak maybe due to 

the rapid growth of S. fuscum after the habitat had already partly dried. The average rate in TAV 2.2 

stayed low, ca. 3.5 g m⁻² yr⁻¹ until the ends of LIA. The notable carbon accumulation in TAV 2.2 

site started right after the change in vegetation (Cyperaceae à S. fuscum, see Fig. 22) at ca.1513 
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AD and the rise was more than 40 g m⁻² yr⁻¹. During the dominion of Sphagnum, the rate has stayed 

relatively constant, some 47.5 g m⁻² yr⁻¹, peaking at some points, probably due to the appearance of 

dwarf shrubs. 

 

 

4.3 Peat accumulation, bulk density and C/N ratio 
 

Peat accumulation rates have varied throughout the Holocene (Charman et al. 2008). Kokfelt et al. 

(2010) report slow peat accumulation rates from Sweden during the last millennia. Our data shows 

an average rate of 1.1 mm / yr for ABI 1.3, 1.2 mm / yr for ABI 2.2 and in Tavvavuoma 0.5 mm / yr 

for TAV 1.3 and 0.7 for TAV 2.2.  Interestingly the accumulation rates in Abisko started to increase 

noticeably at ~1773 cal. AD (at 24cm) in ABI 1.3 and in ABI 2.2 at ~1753 cal. AD (at 29 cm). In 

Tavvavuoma the increase in rates occurred at ~1868 cal. AD (at 14 cm) in TAV 1.3 and in TAV 2.2 

~1835 cal. AD (at 24 cm) which coincide relatively well within the sites and nearly within 100 

years even in between the sites. In all the cores, the increasing rate is not that obvious in the plant 

macrofossil data, but at least in Tavvavuoma cores it is parallel to the gradual shift to S. fuscum 

domination. In the Abisko cores, minor changes are seen at discussed ages / depths; in ABI 1.3 the 

occurrence of E. hermafphorditum and A. polifolia increases and in ABI 2.2 strata S. fuscum 

appearance is detected. 

 

The trend in the bulk density for both Abisko cores is slightly descending. For example, the bulk 

density in ABI 1.3 decreases approximately to half from LIA average 0.14 g / ml, to post LIA 

average 0.07 g / ml. The lower decomposition rate in the top layers and the compaction of the peat 

in the deeper layers is most likely the main reason for higher bulk density values in the bottom 

layers of the peat cores (e.g. Seppälä 2005, Loisel et el. 2014), so the densities and accumulation 

rates are not comparable within the cores. The peat formation is an ongoing process, where the 

peatland vegetation keeps growing up while the older parts of the plants below the fresh surface 

slowly submerge, decompose and compress under the pressure forming peat. When the rate of net 

primary production at the surface exceeds losses, the peat accumulates (Turetsky et al. 2004). As a 

consequence, this naturally driven development makes a bias in the straight forward interpretation 

of the curves and thus must be considered. In permafrost peatlands, C accumulation rates can be 

high as a result of high bulk densities, even though the peat accumulation rate is low (Mäkilä & 

Moisanen 2007). In my study, the trend in peat accumulation rate was increasing in all sites, like the 

trend of carbon accumulation rates. Once again, it must be noted that the top layers are less 
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decomposed so this partly explains the higher rates of the top layers. Nevertheless, the bulk 

densities decreased and thus bulk density does not explain the increasing carbon accumulation rates. 

In vegetational patterns some diminutive correspondence could be noted, which also extends to the 

end of Little Ice Age. 

 

Table 7. Summary of bulk densities and C/N ratios, mean values for the climatic phases. 

 Bulk density g / ml C/N ratio 

ABI 1.3 ABI 2.2 TAV 1.3 TAV 2.2 ABI 1.3 ABI 2.2 TAV 1.3 TAV 2.2 

Core mean 0.119 0.098 0.172 0.134 34.4 36.5 26.7 26.7 

Post LIA 0.073 0.087 0.115 0.074 40.606 35.28 25.47 32.50 

LIA 0.143 0.106 0.171 0.077 29.285 37.36 16.14 25.84 

MCA 0.189 - 0.182 0.152 23.323 - 13.90 18.33 

DCA - - 0.162 0.134 - - - - 

RWP - - 0.200 0.227 - - 16.84 26.08 

 

Loisel et al. (2014) report highest C/N ratios for Sphagnum peat. In our data, generally higher C/N 

values were recorded in Sphagnum peat phases (mainly S. fuscum), whereas other vegetation 

assemblages, like wetter fen vegetation, Dicranum and Cyperaceae peat, gave lower ratios. 

Interestingly though, W. fluitans domination in ABI 2.2 core showed higher C/N ratio compared to 

previous and following S. fuscum domination. Data suggests that C/N ratio follows the prevailing 

vegetation composition and -assemblage, which is supported by previous similar studies (Mäkilä 

1997, Treat et al. 2016, Sannel et al. 2017). Bog vegetation mainly consists of Sphagnum species 

and shrubs. In permafrost containing peatlands commonly bog peat has higher C/N ratios than fen 

peat (Treat et al. 2016).  Sannel & Kuhry (2008) also suggest that generally higher C/N ratios 

recorded in permafrost peatlands are associated with lower degrees of decomposition due to the 

permafrost aggradation. The decay process intensifies in the depths and consequently the C/N ratio 

lowers (Treat et al. 2016), but this might be difficult to detect in cores covering longer periods. The 

C/N value cannot be interpreted as a clear signal of the differences in the grade of decomposition, 

though in the obtained data this trend is tentatively visible. Sannel et al. (2017) report 21.5 (±5.5) as 

mean C/N ratio for Tavvavuoma in their study, which coincides somewhat to our study average 

ratios 18.7 / 26.7. Bergner et al. (1990) report a range of 18‒22 of average ratios for northern 

Sweden peatlands, while Treat et al. (2016) consider that the average ratio for northern circumpolar 

is higher (mean 37 for bogs). Our average C/N ratio results second with this; 26.7 in Tavvavuoma 

and 34.4 / 36.5 in Abisko. 
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4.4 Potential sources of error 
 

Firstly, there is always a possibility of contamination of dating samples, especially when 

considering the 14C dating. To be dated, the samples were prepared by hand and by all means the 

contamination risk was minimized for example using gloves and changing them in between 

samples, thorough wash of all the equipment before and during the sample preparation etc. We also 

extracted the subsample for the dating from the core of each layer. Despite the precautions in the 

laboratory, the contamination could have happened already in the field, from the peatland surface 

when lifting the sample up, or from us touching the cores when examining the peat visually or when 

packing it for transport. Anyway, the samples were handled carefully in the field, avoiding excess 

touching and wrapping them up as soon as possible. 

 

Secondly, some errors could also happen in the 210Pb dating, but it is less likely to get extra lead 

from somewhere to contaminate the samples. Anyways during the dating procedure, one sample fell 

on the table, one of our laboratory containers broke, leaking the sample on the table, but finally 

these two accidents did not cause any at least visible deviations in the data. 

 

Thirdly, not being an expert, there is a possibility of false identification during the plant macrofossil 

examination. The risk is bigger in the beginning, when possessing only little experience, but gets 

smaller with every sample, repetition and growing knowledge. What makes this yet unlikely, was 

the help I got form Minna and Sanna, both very professional in this sense, but also from the plant 

biology unit Johannes and in the most difficult case even from Dr. Lars Hedenäs of the Swedish 

Museum of Natural History. After all, the aim of this study was not to recognize everything to 

species level, but rather to be able to name the habitats and conditions. There are not too many 

options from this point of view in permafrost peatlands, and the dominating species most of the 

times were easily identified. 
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5. Conclusions 
 
My research question was: 

How did climate warming in the past affect vegetation composition and carbon balance of the studied 

peatlands? 

- It seems that only the recent post LIA warming has affected the carbon accumulation rates, 

in other words they were higher in all study sites. This might be in part due to incomplete 

decomposition, however, it remains unclear if the net balance of carbon effects positively or 

negatively to the climate. Yet, because all the sample spots were covered by Sphagnum 

mosses this could possibly indicate a negative net flux of carbon, due to the carbon 

accumulating properties of sphagna, but also smaller permeability to methane from the peat 

to the atmosphere. 

 

My hypotheses were: 

Warm climate phases in the past has affected carbon balance of these high-latitude peatlands through 

changes in the vegetation.  

- I found no clear signs of RWP or MCA in my data, but at all sites studied, the recent warming 

after Little Ice Age, has shifted the vegetation towards a drier assemblage, mainly S. fuscum, 

and this at least has affected the carbon accumulation rate positively. In this study I did not 

examine the peat fluxes, but from the literature we know that different species vary in their 

ability to assimilate carbon from the atmosphere, but also in their permeability to methane 

transported from the catotelm. Moreover, the changes in the vegetation of studied peatlands 

during LIA were not too consistent, though the carbon accumulation did increase at all sites. 

The plant macrofossil data reflects the peatland hydrological conditions as follows: warmer period is 

wet and cold period is dry.  

- My data largely confirms this. However, it should be noted that the amount of data in this 

particular study is small and thus cannot be taken as a straightforward general implication. 

Yet my results correspond to previous studies. Increases in moisture occurred within 

European peatlands during the cooler Little Ice Age, and in my plant macrofossil findings 

the species composition seems to second this. It must be noted anyway that these transitions 

can also happen relatively rapidly over periods of decades rather than centuries, which 

makes it difficult to detect them from the stratigraphy.  
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- The most reliable constructions of past climate can only be obtained through examination of 

several peat sections from various sites. The changes in surface topography and thus 

vegetation, are partly a result of competition, random successional dynamics and in situ 

hydrological changes. These internal changes can challenge the assessment of the effects of 

climate. Nevertheless, the continued existence of peatlands and the changes in their 

character are due to both internal and external factors such as climate, which under natural 

conditions is the most determinant factor. 
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