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ABSTRACT 

The high-latitudes are warming at more than twice the rate of the global average. Warming 

and the consequent changes in hydrology affect peatland functioning, especially through 

changes in vegetation and carbon dynamics. The majority of the world’s peatlands are found 

in the Northern Hemisphere, forming a globally significant carbon storage and they are in 

constant interaction with the atmosphere through carbon uptake and release. The global 

importance of peatlands is widely recognised; however, the role played by high-latitude 

peatlands in changing climates is still unclear. It is not thoroughly understood how warmer 

future climates and hydrological changes will affect peatland vegetation and carbon 

processes. These uncertainties result from the complexity of peatlands and from the manifold 

future trajectories that are affected by different forcing factors from climate to local 

conditions.   

In this dissertation, I aim to increase our knowledge of high-latitude peatland 

vegetation and carbon dynamics under changing climatic conditions. My approach is 

palaeoecological, because I use peat records as an archive to reconstruct the response of high-

latitude peatlands to known changes in climate. Peatlands function as important archives, 

since under anoxic and acidic conditions, peat-forming plant remains are well preserved. By 

identifying these plant remains, we can reconstruct past vegetation compositions. The various 

peat-forming plants have their own ecological niche, since they prefer and require specific 

hydrological or nutritional conditions and thus are good indicators for past hydrological 

changes and conditions.   

For this dissertation, I collected, in total, 47 peat records from eastern Canada, northern 

Sweden and Finland, the Kola Peninsula and the northeast of European Russia. I investigated 

how peatland habitats, carbon accumulation and cycling of our study sites have changed in 

response to changes in climate. For this, I used plant macrofossils, peat geochemical 

measurements and dating methods. In addition, I statistically inspected the change in 

vegetation compositions over time and used a model of carbon accumulation that considered 

peat decay aspects to determine whether carbon accumulation has been higher or lower than 

what we would otherwise predict, based on carbon accumulation models.   

My results show that during recent centuries, the vegetation compositions of the 

microhabitats examined have mostly changed from typical wet sedge fen vegetation to 

Sphagnum moss-dominated intermediate surfaces and dry moss- and dwarf shrub-dominated 

surfaces. During recent decades, these vegetation compositions have remained rather stable, 

with no major changes in vegetation. However, the spatiotemporal variation within and 

between the study sites was prominent, and thus to detect any large-scale signals from the 

data it was essential to use multiple samples and sampling points. Based on my data, it was 

plausible to consider that if high-latitude peatland vegetation changes from sedge fen 

vegetation to more hummocky vegetation types, high-latitude peatland carbon accumulation 

and sink capacity may remain significant or even increase. To better predict the role of 

peatlands under changing climates, it is crucial that peatland vegetation responses, carbon 

dynamics and their linkages with climate are more thoroughly understood. My data also 

support the prevailing understanding that peatlands are important carbon sinks and storages 

and thus preserving ecosystems that form a nature-based solution to the problem of mitigating 

the effects of climate warming is highly important.    
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ABSTRACT IN FINNISH – TIIVISTELMÄ 

Pohjoinen pallonpuolisko lämpenee yli kaksi kertaa nopeammin kuin maapallo keskimäärin. 

Lämpeneminen ja sen aiheuttamat muutokset hydrologisessa kierrossa vaikuttavat soiden 

toimintaan, etenkin kasvillisuuteen ja hiilen kiertoon. Suurin osa maapallon soista sijaitsee 

pohjoisilla alueilla ja ne ovat maailmanlaajuisesti merkittävin hiilen varasto ja jatkuvasti 

vuorovaikutuksessa ilmakehän kanssa hiilen sitoutumisen ja vapautumisen kautta. Soiden 

maailmanlaajuinen merkitys on laajalti tunnustettu, mutta on kuitenkin edelleen epäselvää, 

mikä niiden rooli on muuttuvassa ilmastossa ja miten lämpeneminen muuttaa kasvillisuutta ja 

hiilen kiertoa. Syynä tähän on suoekosysteemien monimutkaiset ja toisiinsa liittyvät yhteydet, 

jotka ohjaavat niiden toimintaa, ilmastosta paikallisiin olosuhteisiin.  

Tässä työssä pyrin lisäämään tietoa pohjoisten soiden kasvillisuuden ja hiilen kierron 

vasteesta muuttuviin ilmasto-olosuhteisiin. Lähestymistapani on paleoekologinen eli käytän 

turvekerrostumia arkistona, jonka pohjalta pyrin rekonstruoimaan ja ymmärtämään soiden 

vastetta muuttuviin ilmasto-oloihin menemällä ajassa taaksepäin. Suot ovat tunnustetusti 

hyviä ja tärkeitä arkistoja, sillä hapettomissa, happamissa olosuhteissa esimerkiksi turvetta 

muodostavien kasvien jäänteet säilyvät hyvin. Tunnistamalla nämä kasvien jäänteet saamme 

käsityksen suolla aiemmin vallinneesta kasviyhteisöstä. Eri suokasveilla on oma ekolokeronsa 

eli ne suosivat ja vaativat tietynlaisia kosteus- tai ravinteisuusoloja ja siksi ne toimivat hyvinä 

indikaattoreina kosteusolojen muutoksista.  

Olemme keränneet yhteensä 47 turvenäytettä Itä-Kanadasta, Ruotsin ja Suomen 

pohjoisosista, Kuolan niemimaalta sekä Euroopan puolisen Venäjän koillisosasta tätä 

väitöskirjaa varten. Väitöskirjassani selvitin miten tutkimusalueiden soiden kasvillisuus, 

hiilen kertyminen ja kierto ovat muuttuneet ajassa ja linkitin nämä muutokset tunnettuihin 

muutoksiin ilmastossa. Tätä varten tutkin turpeen kasvimakrofossiileja, geokemiallisia 

ominaisuuksia sekä ajoitin turvekerroksia. Lisäksi tarkastelin tilastollisesti kasviyhteisöjen 

muutosta ajassa ja mallinsin hiilen kertymistä turpeen maatumisprosessi huomioiden, jotta 

saimme käsityksen siitä vaikuttaako hiilen kertyminen olleen suurempaa vai pienempää kuin 

mallien perusteella voisi olettaa.   

Aineistoni osoittaa, että viimeisten satojen vuosien aikana lähes poikkeuksetta soiden 

pienmuotojen kasvillisuus on muuttunut pohjoisten soiden tyypillisestä märästä 

saravaltaisesta kasvillisuudesta kohti rahkasammalvaltaista välipintojen ja kuivien pintojen 

sammaleista ja varpuista kasvillisuutta. Viime vuosikymmenien aikana näytekohtiemme 

kasvillisuudessa ei ole tapahtunut suuria muutoksia. Kasvillisuuden muutos heijastuu myös 

hiilen kertymiseen, joka osoittaa ensin pienenevää signaalia, mutta suurenee ilmaston 

lämmetessä pienen jääkauden jälkeen. Näytekohtainen ja soiden sisäinen vaihtelu 

kasvillisuuden ja hiilen kertymisen osalta on kuitenkin huomattavaa ja siksi tarvitsemme 

paljon näytteitä laajempien maantieteellisten signaalien havaitsemiseksi ja todentamiseksi. 

Tuloksieni perusteella on mahdollista, että kasvillisuuden muuttuessa kosteasta saravaltaisesta 

kohti kuivempaa mätäshabitaattia, pohjoisten soiden hiilen varastokapasiteetti voi jopa kasvaa 

tai ainakin pysyä merkittävänä. Kasvillisuuden ja hiilen kierron muutoksien parempi 

ymmärtäminen on tärkeää, jotta voimme luoda parempia ennusteita soiden roolista ja 

tulevaisuudesta ilmaston muuttuessa. Tutkimukseni myös tukevat vallitsevaa ajatusta siitä,  

että suot ovat merkittävä hiilen varasto ja sitä kautta, niiden säilyttäminen on merkittävä 

luontopohjainen keino hidastaa ilmaston lämpenemistä.
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1. INTRODUCTION 

Peatlands are wet peat-forming ecosystems in areas where there is a surplus of water 

compared to evapotranspiration. Peatlands are globally important carbon stores and in 

constant interaction with the atmosphere through the exchange of greenhouse gases. Even 

though only about 3% of Earth’s land area is covered by peatlands (Xu et al., 2018), they 

account for almost one third of all soil carbon (C) (530 ±160 Pg C) (Hugelius et al., 2020; Yu 

et al., 2010), which equals twice the amount of carbon stored in the world’s forests (Pan et al., 

2011). Northern peatlands account for approx. 80% of the global peatland carbon storage 

(Hugelius et al., 2020). In the northern permafrost region, permafrost peatlands are a 

fundamental component of the landscape accounting for approx. one third of the total 

peatland carbon stock (185 ± 70 Pg C) (Hugelius et al., 2020).  

Anthropogenic carbon dioxide (CO2) emissions have induced climate warming (Myhre et 

al., 2013), which has been especially pronounced at the high-latitudes during recent decades 

(Huang et al., 2017; Post et al., 2019). The ongoing warming and consequent changes in 

hydrology affect high-latitude peatland dynamics by altering the peatland vegetation, carbon 

cycle and permafrost conditions (e.g. Loisel et al., 2020). The global importance of peatlands 

is widely acknowledged, but fundamental gaps still remain in our knowledge and 

understanding of peatland dynamics and on how these ecosystems will react to future changes 

in climate (Loisel et al., 2020). Currently, estimations are being made to predict how 

peatlands will react to future warming (e.g. Gallego-Sala et al., 2018), but the actual high-

resolution data from high-latitude peatland vegetation and associated carbon dynamics are 

scarce. In addition, recent studies highlight the heterogenic response of these systems to 

previous climatic changes (Gałka et al., 2017; Sim et al., 2021; Zhang et al., 2018a), which 

further complicates predictions of how these ecosystems will respond to future climate 

change. Understanding the responses of these ecosystems to changes in climate is essential 

for better prediction of the future trajectories of these ecosystems – a task for peatland 

researchers.  

1.1 NORTHERN PEATLAND DYNAMICS IN THE GLOBAL CARBON CYCLE 

Peatlands provide globally important and valuable ecosystem services, such as active 

sequestration of carbon as CO2 from the atmosphere through photosynthesis of peat-forming 

plants and a massive carbon storage, storing carbon for thousands of years and cooling the 

climate for most of the Holocene, i.e. circa (ca.) 11 700 years (Frolking et al., 2006). 
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However, they have also emitted methane (CH4) since their formation and are an important 

source of CH4 (Korhola et al., 2010; Petrescu et al., 2015; Turetsky et al., 2014).  

Peatlands are found in various climatic zones from the Tropics to the Arctic regions when 

there is a surplus of moisture. The low mean annual temperature (MAT) has induced peat 

formation, and the presence of permafrost has promoted the preservation of the accumulated 

carbon, especially in the high-latitudes. Many high-latitude peatlands are fens (aapa mires: 

peatland complexes with minerotrophic wet fen conditions in the central parts, also including 

palsa peatlands: fens with frozen peat mounds, representing ombrotrophic conditions), that 

receive nutrients from the surrounding catchment as minerotrophic runoff and are 

characterised by wet sedge-dominated vegetation (Wheeler and Proctor, 2000). Fens typically 

have higher CH4 emissions than rainwater-fed ombrotrophic bogs (Alm et al., 1999; Drewer 

et al., 2010; Tolonen and Turunen, 1996; Turetsky et al., 2014).   

Permafrost aggradation in palsa and peat plateau peatlands changes the local 

microtopography, hydrology, vegetation and thus carbon dynamics by uplifting the surface 

from the surrounding peatland (Christensen, 2004; Seppälä, 2011, 2006). Permafrost 

aggradation processes can cause not only slow peat and carbon accumulation (Sannel et al., 

2018; Seppälä, 2006), but also low CH4 emissions (Turetsky et al., 2014). However, high 

nitrous oxide emissions have been reported from the bare surfaces of permafrost peatlands 

(Marushchak et al., 2011).  

Peatland plants and microbial decomposition determine the balance of carbon uptake and 

release in peatlands. Peatlands emit greenhouse gases, mainly CO2 and CH4 through 

decomposition, respiration and anaerobic processes. Dissolved organic carbon is also released 

from peatlands to their surrounding areas via water flow (e.g. Juutinen et al., 2013). The 

seasonally thawed layer on top of the permafrost (the active layer) is important for ecological 

and biogeochemical processes. The net uptake of CO2 generates a cooling (negative) impact, 

while CH4 emissions create a warming (positive) impact (Frolking and Roulet, 2007; Yu, 

2011). The net effect of these gas fluxes to the atmosphere can be expressed as radiative 

forcing (RF), which is dependent on the balance between the CO2 and CH4 fluxes. However, 

CO2 and CH4 differ in their radiation efficiency and atmospheric residence time (Myhre et al., 

2013). Usually, peatlands both sequester and release carbon and through peatland succession 

they may act both as carbon sinks and sources, the processes associated with allogenic and 

autogenic driving factors such as surface microtopography and hydrological conditions (Alm 

et al., 1999; Korhola et al., 1996; Waddington and Roulet, 2000; Yu, 2011). The initial net RF 

of a peatland is often warming, later turning to cooling when sustained CO2 sequestration 

exceeds the effect of CH4-induced positive forcing (Frolking and Roulet, 2007; Mathijssen et 

al., 2014). 
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Vegetation is a key element in peatland functioning and carbon dynamics, but to date it 

has been largely ignored or considered as a stable element (Loisel et al., 2020; Zhuang et al., 

2020); see however Chaudhary et al. (2017a, 2017b). Peatland vegetation reflects changes in 

the hydrological habitat conditions of the various microhabitats, and their greenhouse-gas flux 

dynamics vary (Heiskanen et al., 2021; Maanavilja et al., 2011; Waddington and Roulet, 

2000). The differences in peatland plant species and species compositions, their productivity 

and litter decomposability strongly define the CO2 and CH4 fluxes and carbon accumulation 

(Laine et al., 2012; Leppälä et al., 2011). The hydrological conditions and temperature, in 

turn, control the vegetation compositions and associated carbon dynamics (e.g. Belyea and 

Malmer, 2004; Charman et al., 2013; Loisel et al., 2012; Tuittila et al., 2007). The effect of 

hydrology on peatland vegetation composition, biomass production and vegetation-associated 

CO2 and CH4 emissions is, however, a stronger driver than temperature alone (Evans et al., 

2021; Laine et al., 2019; Mäkiranta et al., 2018; Peltoniemi et al., 2016). Changes in 

hydrological conditions and temperature can be expected, due to climate warming. 

1.2 RESPONSE OF HIGH-LATITUDE PEATLANDS TO CLIMATE CHANGE 

The Arctic area is warming at twice the rate of the global average (Post et al., 2019), with 

increased annual precipitation (Box et al., 2019). Peatlands are sensitive to environmental 

changes (e.g. Strack et al., 2006; Turetsky et al., 2014), and it is uncertain how high-latitude 

peatland vegetation and associated carbon dynamics will react to climate change and whether 

the overall impact will enhance or reduce warming (Loisel et al., 2020; Swindles et al., 2015). 

Given the vast carbon storage of high-latitude peatlands, it is a global concern how these 

ecosystems will respond to climate change.  

Both carbon uptake by plant production and release by decomposition are expected to 

increase, due to climate warming, but it remains uncertain which process will predominate 

and what will be the ultimate consequence that climate warming will have on future peatland 

carbon budgets (Loisel et al., 2020). Due to the profound differences between fens and bogs, 

these peatland types are expected to respond differently to changes in climate (Gong et al., 

2013; Weltzin et al., 2000). Northern fens respond to environmental changes, especially 

changes in moisture conditions, more quickly and prominently than bogs that may be more 

resistant to drying (Gong et al., 2013; Kokkonen et al., 2019; Tahvanainen, 2011; Wu and 

Roulet, 2014). 

Changes in peatland vegetation composition, following warming temperatures and 

changes in moisture condition, affect carbon dynamics and the carbon accumulation capacity 

of northern peatlands (Charman et al., 2013; Helbig et al., 2020). Warming and associated 



 

14 

increase in evapotranspiration may result in drying of northern peatlands (Helbig et al., 2020; 

Swindles et al., 2019). However, abrupt permafrost thawing is expected to result in wet 

conditions (e.g. Turetsky et al., 2020). Since hydrological conditions generally control 

peatland dynamics and affect the prevailing vegetation and carbon dynamics (Laine et al., 

2019; Tuittila et al., 2007; Waddington and Roulet, 2000), future changes in hydrology are 

expected to greatly influence the vegetation compositions of high-latitude peatlands, and the 

changes may be manifold with both wetting and drying of the ecosystems. 

There are different scenarios for the future response of high-latitude peatlands to climate 

change, and uncertainties remain in the high-latitude permafrost dynamics and in the ultimate 

fate of these ecosystems and their peaty carbon storage (Loisel et al., 2020). The impact of 

permafrost dynamics and degradation is recognised as a key uncertainty and a knowledge gap 

for future peatland carbon balance (Loisel et al., 2020). Permafrost peatlands may eventually 

turn into a source of carbon (mainly in the form of CH4), while the southern sporadic and 

discontinuous permafrost regions may become the most vulnerable to permafrost thawing-

associated carbon losses, e.g. of old carbon from degraded thawing peat (Hugelius et al., 

2020; Jones et al., 2017; Turetsky et al., 2020). As the MAT rises, the strength of the CO2 

sinks and the CH4 sources will both increase, leading to a potential net-warming effect, due to 

the increased CH4 emissions (Hugelius et al., 2020). However, the increased plant and litter 

productivity driven by warmer conditions, longer growing seasons, CO2 surplus in the 

atmosphere and thawing induced wetter conditions may enhance the carbon sink capacity and 

carbon sequestration of northern peatlands (Charman et al., 2013; Gallego-Sala et al., 2018; 

Loisel et al., 2020). Regardless of the future pathway, peatlands have important nature-based 

climate mitigation potentials as carbon sinks and, more importantly, carbon storages, thus 

limiting carbon losses (Loisel et al., 2020). The currently ongoing climate warming with 

precipitation changes encourages us to deepen our understanding of the connections between 

climate and high-latitude peatland ecosystems, vegetation dynamics and carbon cycling.  

1.3 PEATLANDS AS ARCHIVES OF PAST CHANGES 

Peat accumulates over time as peatland plants form litter of which approx. 10 % or less is 

preserved in the form of peat under anoxic, water saturated and often acidic catotelm 

conditions, and the rest decomposes in the oxygen-rich surface acrotelm (Figure 1) (Clymo, 

1984). Here, the high-latitude peatlands examined have formed peat since the last 

deglaciation between 11 000 and 8000 years ago (Beaulieu-Audy et al., 2009; Dyke and Prest, 

1987; Kujansuu et al., 1998; Sannel et al., 2018). The accumulated peat layers act as legacies 

from the past and store information from the time of peat deposition, thus covering the entire 
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peat deposition history. These peat layers provide an archive that scientists can use to 

reconstruct past conditions. Field experiments and measuring campaigns provide valuable 

contemporary insight into peatland functioning and dynamics, but only for limited time 

periods, usually covering a maximum of two to three decades. Thus, palaeoecological 

approaches are supplementary and provide us tools for understanding the long-term changes 

of these systems and for assessing the potential peatland-climate interactions and response 

processes and thus future carbon dynamics (Birks, 1993; Charman et al., 2013; Mauquoy and 

van Geel, 2007; Väliranta et al., 2007). Having a thorough knowledge of the past is critically 

important, especially when upscaling or making future predictions.  

 

 

Figure 1. Schematic illustration of permafrost-affected peatland featuring the main vegetation 
gradient and the gradient from dry ombrotrophic conditions to wetter minerotrophic, through 

intermediate conditions. Sample photos of the peat cores collected indicate the coring 

locations from dry (1.) and intermediate (2.) surfaces. The permafrost ice layer beneath the 

dry surfaces is indicated, as is the peatland water table, which illustrates the boundary 
between the aerobic acrotelm and the anaerobic catotelm.  

 

The study areas have experienced notable changes in climate, during the past. For 

example, warm temperatures prevailed during the early and mid-Holocene (Kaufman et al., 

2004; Luoto et al., 2014; Renssen et al., 2012; Seppä et al., 2009; Väliranta et al., 2015), the 

Medieval Climate Anomaly (MCA; 950–1250 Common Era (CE)) (Mann et al., 2009) and 

the recent warming, since the 1980s (Huang et al., 2017). Cold temperatures prevailed e.g. 

during the Little Ice Age (LIA; 1450–1850 CE) (Naulier et al., 2015; Wilson et al., 2016). 

These past climate changes provide us an opportunity to reconstruct and investigate peatland-

climate response mechanisms. 

Peat archives are examined, using the means of different proxies, especially those of plant 

remains, i.e. plant macrofossils, which have been widely used as proxies to reconstruct 
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peatland dynamics (Barber et al., 2003; Charman et al., 2006; Swindles et al., 2015; Väliranta 

et al., 2012, 2007). They represent local vegetation compositions and can often be identified 

to species level (Mauquoy and van Geel, 2007). Reconstructed vegetation compositions 

reflect past hydrological (Väliranta et al., 2012, 2007), nutrient (Tuittila et al., 2012) and 

climate (Charman et al., 2009) conditions.  

Peat depositions can be used to reconstruct and quantify carbon dynamics (accumulation, 

decomposition and storages) by measuring peat dry bulk density (BD), carbon content and the 

age of different peat layers (Clymo, 1984; Tolonen and Turunen, 1996). The changes in 

peatland carbon dynamics can also be linked with climate feedbacks (Charman et al., 2015). 

However, increasing concerns in recent years have arisen from the use and misuse of apparent 

carbon accumulation rates (ACARs) (Young et al., 2021, 2019). Comparison of various time 

periods with each other is misleading, due to the differences in peat decomposition rates, 

especially in the topmost incompletely decayed young peat layers (Young et al., 2021, 2019). 

To account for the bias and to reduce the uncertainties in incomplete decay, various modelling 

approaches have been developed (Clymo, 1984; Loisel and Yu, 2013a; Zhang et al., 2020, 

2018a). 

Reconstructions of lateral peatland areal expansion, vegetation and carbon dynamics 

through peatland development can be coupled with contemporary field measurements of CO2 

and CH4 gas fluxes. By reconstructing past greenhouse gas fluxes, it is possible to estimate 

the overall atmospheric RF impact through peatland succession (Mathijssen et al., 2014; 

Myhre et al., 2013).  

During the recent years, the number of high-latitude palaeo peatland studies of vegetation 

and carbon dynamic has increased (Kjellman et al., 2018; Oksanen, 2006; Oksanen et al., 

2001; Sannel et al., 2018; Swindles et al., 2015). However, there are not many well-dated 

high-resolution studies from high-latitude peatlands incorporating both past vegetation and 

carbon dynamics (see however Sim et al., 2021; Zhang et al., 2018a), while larger data 

combinations are especially scarce (Magnan et al., 2022). What studies are left suggest 

inconsistent responses, with the presence of ice often complicating the interpretation of 

hydrological changes (Sim et al., 2021; Swindles et al., 2015; Zhang et al., 2018a). 

1.4 OBJECTIVES OF THE STUDY 

This dissertation adds to our knowledge of science and our understanding of high-latitude 

peatland vegetation and related carbon dynamics from the early Holocene to the present day 

and in response to changes in climate. Recognising the responses of these ecosystems to past 

changes in climate may help us understand future peatland-climate feedbacks. 
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The research articles of this dissertation (I–III) were part of two Academy of Finland-

funded research projects, differing in objectives. However, my part in both of these projects 

focused on high-latitude peatlands and their vegetation and carbon dynamics; thus, they form 

a coherent basis for this dissertation. In both projects, my approach was palaeoecological, but 

the time frames differed, starting from the early Holocene (II) to the more recent past (I, III).   

I examined 47 peat records, in total, from 20 high-latitude peatlands. I produced high-

resolution data on peat property variations. Peat plant compositions and hydrological changes 

were reconstructed by analysing plant macrofossils. Chronological data supplemented the 

peat property analyses. I also calculated and modelled carbon accumulation and investigated 

how these reflected the changes in climate. I compared the data from different regions to 

depict large-scale high-latitude climate signals on both sides of the North Atlantic. 

More specifically, in this dissertation, I seek for answers to the questions: 

 How have high-latitude peatland habitats changed from the past to the present day 

through changes in vegetation communities and consequent carbon dynamics?  

 Has the climate warming of recent decades induced a change in these high-latitude 

peatland habitats?  

 Can we depict any clear climate-related signals from the data? 
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2. MATERIAL AND METHODS 

The study materials used in this dissertation were collected by me and my co-authors.  

2.1 STUDY SITES 

The studies presented in this thesis were located in the areas of northeast Canada (NE 

Canada) (I), northern Fennoscandia (N Fennoscandia) (II, III) and northeast of European 

Russia (NE Russia) (III) (Figure 2, Tables 1 and 2). I visited all the study sites, except Indico 

(Figure 2). 

 
 

Figure 2. The study site locations are indicated with yellow dots in NE Canada: Radisson 

(Rad), Kuujjuarapik (Kuu), in northern Fennoscandia: Abisko (Abi), Tavvavuoma (Tav), 

Kilpisjärvi (Kil), Kaamanen (Kaa), Kevo (Kev), Lovozero (Lov), Teriberka (Ter), and in 

northeast of European Russia: Indico (Ind), Rogovaya (Rog) and Seida (Sei). The permafrost 

distribution (blue shading) is adapted from Brown et al. (1998). 

 

The study sites are located within sporadic or discontinuous permafrost zones (Figure 2) 

and represent northern boreal, subarctic or tundra ecoregions. The study sites were selected to 

represent high-latitude peatlands with and without permafrost and by reasonable accessibility. 

In total, 20 peatlands were selected for this study (Figure 3).  

The MAT and mean annual precipitation of the study sites range from –5.6 °C (Seida and 

Rogovaya) to 0.3 °C (Abisko) and from 697 mm (Radisson) to 345 mm (Abisko), 

respectively (Table 1). The main peatland type of those examined was the fen (aapa mires, 

palsa peatlands and permafrost plateau peatlands), and a few were bogs (Figure 3). Typical 

northern peatland vegetation dominated the peatlands examined (Figure 3). The dry areas 

were dominated by dwarf shrubs, e.g. Betula nana, Empetrum nigrum, Rubus chamaemorus 

and mosses such as Dicranum spp, Polytrichum spp. and lichens, e.g. Cladonia spp. The 
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intermediate areas were dominated by Sphagnum fuscum. Other species occurring under the 

intermediate hydrological conditions included e.g. Mylia anomala, Rubus chamaemorus, 

Andromeda polifolia, Betula nana, Rhododendron tomentosum, Vaccinium uliginosum, V. 

oxycoccos, V. myrtillus, V. vitis-ideaea and Eriophorum spp. Wet areas of the study peatlands 

were dominated by species or species groups of Carex spp, Eriophorum spp, Salix spp, flark 

Sphagnum species and other bryophytes inhabiting wet habitats, such as Warnstorfia spp. and 

Scorpidium scorpioides. 

 

Figure 3. Photos of the study sites: A: Radisson, B: La Grande, C: Kuujjuarapik (K2), D: 

Kuujjuarapik (K1P), E: Abisko (Abi1), F: Abisko (Abi2), G: Tavvavuoma (Tav1), H: 

Tavvavuoma (Tav2), I: Kilpisjärvi (Kil), J: Kilpisjärvi (Iitto), K: Kevo, (Kevo2P), L: Kevo 

(Kev2), M: Kaamanen, N: Lovozero (Lov1), O: Lovozero (Lov2), P: Lovozero (Lov3), Q: 

Teriberka, R: Indico, S: Rogovoya and T: Seida. A, B and N represent bogs. D, G, H, I, J, K, 

L, P and T are palsa peatlands. There is only seasonal frost and no permafrost in the peatlands 

of A, B, C, M, N, O and Q. The photo of R was taken by M. Väliranta and the others by S. 

Piilo. 

 

Table 1. Study site information. The site names and countries with core codes are listed with 

the coordinates. BS = Basal sample. Metres above sea level (m a.s.l) denotes the altitude. The 

key climatological statistics of mean annual temperature (MAT) and mean annual 

precipitation (MAP) are from the nearest weather stations. The data for Radisson and 

Kuujjuarapik are from Environment Canada (http://climate. weather.gc.ca/climate_normals/). 
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The data for Abisko covering 1989–2018, for Tavvavuoma and for the Kilpisjärvi Iitto study 

sites covering 1995–2019 are from the Swedish Meteorological and Hydrological Institute 

(http://opendata-catalog.sm hi.se/explore/). For the Kilpisjärvi Peera site, the weather data are 

from the Enontekiö Kilpisjärvi Kyläkeskus Meteorological Station, for the Kevo site from the 

Utsjoki Kevo Meteorological Station and for the Kaamanen from the Inari Ivalo Airport for 

the period 1981–2010 (Pirinen et al., 2012). The data for Lovozero (Lovozero Weather 

Station) and Teriberka (Murmansk Weather Station) cover the period 1966–2015 (Marshall et 

al., 2016). The data for Indico are from the Indiga Meteorological Station covering the period 

1981–2010 ("Weather and Climate" http://www.pogodaiklimat.ru/history/22292.htm) and for 

Seida and Rogovaya from the Vorkuta Meteorological Station covering the period 1977–2006 

(Marushchak et al., 2011). The frost depth (cm) denotes the seasonal or permafrost depths for 

the cores collected. The water-table depth (WTD, cm) ranges are also listed. NA indicates the 

absence of frost or WT or that they were not reached with the coring equipment. 

 
Site Core codes Latitude 

(°N) 

Longitude  

(°E) 

Elevation 

(m a.s.l) 

MAT 

(°C) 

MAP 

(mm) 

Frost 

depth 

(cm) 

WTD 

(cm) 

Radisson 

(Canada) 

Rad1, Rad2, Rad3 53°39'38.60" –077°44'51.90" 170 –2.9 697 40 14−23 

  LG2.1, LG2.2, LG2.3  

53°39'09.40" 

–077°44'00.20" 180     35 18−21 

Kuujjuarapik 

(Canada) 

K1P1, K1P2, K1P3 55°13'35.80" –077°41'41.20" 100 –4 661 30−40 13−18 

  K2.1, K2.2, K2.3 55°13'38.60" –077°42'18.40" 110     35 20−27 

Abisko 

(Sweden) 

Abi1.2, Abi1.3 68°21'27.00" 019°03'12.30" 350 0.3 345 40−45 20 

  Abi2.2 68°21'01.86" 018°52'22.62" 350     45 13 

Taavvavuoma 

(Sweden) 

Taav1.1, Taav1.2, Taav1.3 68°27'51.96" 020°54'26.64" 550 –1.7 455 44−55 17−20 

  Taav2.1, Taav2.2 68°28'38.10" 021°01'06.66" 610     45−55 22−24 

Kilpisjärvi 

(Finland) 

I1V, I1M, I2V, I2M 68°43'25.68" 021°25'19.62" 400 –1.7 455 55−60/ 

NA 

14–25/ 

NA 

  Kil2 68°53'04.37" 021°03'10.31" 460 −2.6 420 35 NA 

Kevo 

(Finland) 

Kevo2 69°48'35.22" 027°11'48.21" 280 −1.9 410 35 NA 

  Kevo2P2 69°49'26.10" 027°10'20.70" 290     35 NA 

Kaamanen 

(Finland) 

K1EP, K1BS, K3EP, K3BS, 

STLong, 

69°08'22.92" 027°16'17.88" 140 –0.4 470 NA 16−20/ 

NA 

  EPLong, 1-20 BS               
Lovozero 

(Russia) 

Lov1.3 67°58'45.84" 035°03'49.56" 160 –1.2 480 NA 35 

  Lov2.2 68°01'10.44" 034°58'15.60" 180     NA 30 

  Lov3.1, Lov3.2, Lov3.3 68°01'10.44" 034°58'15.60" 160     NA 32−38 

Teriberka 

(Russia) 

Ter2.1 68°52'27.12" 034°28'48.96" 220 0.4 490 NA 17 

Indico 

(Russia) 

Ind4, Ind5 67°16'01.00" 049°52'59.90" 50 –2.3 420 50 20 

Rogovaya 

(Russia) 

Rog2, Rog4, Rog8, Rog11, 

Rog14 

67°19'39.72" 062°36'28.26" 120 –5.6 500 35–50/ 

NA 

12−27 

Seida (Russia) Sei2 67°07'00.12" 062°57'00.00" 100 –5.6 500 40 45 
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2.2 PEAT SAMPLING, SAMPLE TREATMENT AND CHRONOLOGICAL 

CONTROL 

For the studies presented in this thesis, a total of 47 cores from 20 peatlands were collected 

between 2015 and 2018 and analysed (Tables 1 and 2). The number of intermediate lawn 

surfaces (Figure 1) was highest (n = 37), since those microhabitats are considered to readily 

reflect hydrological variations and consequent changes in peatland vegetation (De 

Vleeschouwer et al., 2010; Väliranta et al., 2007). Additionally, the dry surfaces were 

sampled (n = 8) (Table 2; Figure 1) to reconstruct the permafrost dynamics and potential 

changes in precipitation and evaporation. For the purposes of the study (II), basal samples (n 

= 20) and long cores (n = 2) were also collected (Table 2). The Ind4, Ind5, Sei2 and EPLong 

cores (Table 2) were collected by M. Väliranta but all the other cores were collected by me. 

The peat cores and samples were collected with a box corer, Russian peat corer or by 

hand-sawing technique, wrapped in plastic and transported to the University of Helsinki 

avoiding compaction. At the sampling site, pH, frost depth (cm) and WTD (cm) were 

measured (Table 1) and the prevailing vegetation described. Only the thawed active layers 

were sampled. The samples were stored in either a freezer or a cold room, defrosted, and 

sliced in 1-cm-thick subsamples.  

Table 2. Core-specific information on microhabitats, core lengths (cm) and the methods used. 

The dating methods were both lead 210 (210Pb) and radiocarbon 14 (14C) dating or 14C alone. 

The number (n) of 14C dates per core is listed. The plant macrofossils (PMs), the measured 

dry bulk density (BD), carbon and nitrogen (N) ratios (C%, N%) and loss-on-ignition (LOI%)  

are marked with ticks for  those cores that were analysed respectively. Roman numerals I-III 

indicate in which publication the data for each core are presented. The blue shading indicates 

the cores that I collected and for the methods, shows which analyses I personally conducted.  

The other analyses were conducted by PhD colleague H. Zhang and Master of Science 

students M. Kärppä, R. Hyppölä and V. Ahonen under my supervision. 

Site Peat cores Microhabitat Core 

length 

(cm) 

Dating 

methods 

14C 

dates 

(n) 

PM BD C%; 

N% 

LOI% Article 

Radisson (Canada) LG2.1 Lawn 34 210Pb; 14C 2 √ √ √   I 

  LG2.2 Lawn 33 210Pb; 14C 2 √ √ √   I 

  LG2.3 Lawn 34 210Pb; 14C 2 √ √ √   I 

  Rad1. Lawn 38 210Pb; 14C 1 √ √ √   I 

  Rad2. Lawn 37 210Pb; 14C 1 √ √ √   I 

  Rad3. Lawn 36 210Pb; 14C 1 √ √ √   I 

Kuujjuarapik 

(Canada) 

K1P1 Lawn 39 210Pb; 14C 2 √ √ √   I 

  K1P2 Lawn 35 210Pb; 14C 3 √ √ √   I 
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  K1P3 Lawn 31 210Pb; 14C 1 √ √ √   I 

  K2.1 Lawn 32 210Pb; 14C 1 √ √ √   I 

  K2.2 Lawn 31 210Pb; 14C 1 √ √ √   I 

  K2.3 Lawn 33 210Pb; 14C 2 √ √ √   I 

Abisko (Sweden) Abi1.2 Lawn 39 210Pb; 14C 3 √ √ √   III 

  Abi1.3 Lawn 35 210Pb; 14C 3 √ √ √   III 

  Abi2.2 Lawn 40 210Pb; 14C 2 √ √ √   III 

Tavvavuoma 

(Sweden) 

Tav1.1 Lawn 43 210Pb; 14C 3 √ √ √   III 

  Tav1.2 Lawn 49 210Pb; 14C 3 √ √ √   III 

  Tav1.3 Lawn 40 210Pb; 14C 2 √ √ √   III 

  Tav2.1 Lawn 36 210Pb; 14C 2 √ √ √   III 

  Tav2.2 Lawn 50 210Pb; 14C 3 √ √ √   III 

Kilpisjärvi 

(Finland) 

I1M Dry palsa  55 210Pb; 14C 2 √ √ √   III 

  I1V Lawn 55 210Pb; 14C 4 √ √ √   III 

  I2M Dry palsa 50 210Pb; 14C 4 √ √ √   III 

  I2V Lawn 59 210Pb; 14C 4 √ √ √   III 

  Kil2 Dry palsa 33 210Pb; 14C 3 √ √ √   III 

Kevo (Finland) Kev2 Dry palsa 32 210Pb; 14C 2 √ √ √   III 

  Kevo2P2 Dry palsa 32 210Pb; 14C 3 √ √ √   III 

Kaamanen 

(Finland) 

K1EP Dry string 59 210Pb; 14C 3 √ √ √   II & III 

  K1BS Lawn 57 210Pb; 14C 4 √ √ √   II & III 

  K3EP Dry string 59 210Pb; 14C 3 √ √ √   II & III 

  K3BS Lawn 57 210Pb; 14C 2 √ √ √   II & III 

  EPLong Long core 229 14C 3 √ √   √ II 

  STLong Long core 390 14C 4 √ √   √ II 

  1-20 BS Basal sample 15–40 14C 26 √ √   √ II 

Lovozero (Russia) Lov1.3 Lawn 50 210Pb; 14C 3 √ √ √   III 

  Lov2.2 Lawn 48 210Pb; 14C 3 √ √ √   III 

  Lov3.1 Lawn 51 210Pb; 14C 3 √ √ √   III 

  Lov3.2 Lawn 45 210Pb; 14C 3 √ √ √   III 

  Lov3.3 Lawn 50 210Pb; 14C 3 √ √ √   III 

Teriberka (Russia) Ter2.1 Lawn 27 210Pb; 14C 2 √ √ √   III 

Indico (Russia) Ind4 Lawn 35 210Pb; 14C 2 √ √ √   III 

  Ind5 Lawn 45 210Pb; 14C 3 √ √ √   III 

Rogovaya (Russia) Rog2 Lawn 40 210Pb; 14C 3 √ √ √   III 

  Rog4 Lawn 60 210Pb; 14C 3 √ √ √   III 

  Rog8 Lawn 35 210Pb; 14C 2 √ √ √   III 

  Rog11 Lawn 49 210Pb; 14C 3 √ √ √   III 

  Rog14 Lawn 41 210Pb; 14C 2 √ √ √   III 

Seida (Russia) Sei2 Dry palsa 24 210Pb; 14C 3 √ √ √   III 

 
To establish chronological control for the cores, 145 samples were radiocarbon 14 (14C) 

dated with accelerator mass spectrometry (AMS). Each peat record has one to five 14C dates 
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and all surface peat sections were additionally dated with lead 210 (210Pb) except for the 

Kaamanen long cores (Table 2). The samples for 14C analysis were cleaned of roots and 

rootlets (Holmquist et al., 2016). In all, 80 samples were sent for 14C analysis to the Poznan 

Radiocarbon Laboratory (Poznan, Poland), 57 samples to the Finnish Museum of Natural 

History (LUOMUS, Helsinki, Finland) and 8 samples were dated in the A. E. Lalonde AMS 

Laboratory (University of Ottawa) by me. The 14C dating results are published in articles I-III. 

210Pb dating was conducted for dried and ground subsamples at every second cm or every cm 

(12M, K3M, Sei2, Kev2 and Kil2) at the University of Exeter, UK. I participated in these 

210Pb analyses, analysing its activity with alpha spectrometry after spiking the subsamples 

with a polonium 209 (209Po) yield tracer (for detailed procedure, see Estop-Aragonés et al., 

2018; Kelly et al., 2017).  

To develop the age-depth models for the cores, the 14C results and the 210Pb data (Bq/kg) 

were combined into a single chronology using packages “Bacon” (Blaauw, 2010; Blaauw and 

Christen, 2011) (I, II) and “Plum” (Aquino-López et al., 2018; Zhang et al., 2020) (III) in R 

versions 3.4.3 and 3.6.0 (R Core Team, 2014). To develop the Bacon age-depth models, a 

Constant Rate of Supply model was first applied to obtain the 210Pb ages (Appleby and 

Oldfield, 1978). Plum uses Bayesian methodology for 210Pb dating without the need to 

remodel the 210Pb dates, thus increasing the more realistic measurement of uncertainty 

(Aquino-López et al., 2018). The peat addition (accumulation) rates (mm/yr) were retrieved 

from the age-depth models. The 14C results of the basal peat samples were calibrated with 

OxCal online, using the INTCAL13 calibration curve (Reimer, 2013).  

2.3 PLANT MACROFOSSIL AND VEGETATION ANALYSES  

Plant macrofossils analysis was performed to detect and reconstruct the changes in the peat-

forming vegetation assemblages at every second cm, and the inspection was increased to 

every cm when profound changes in the plant compositions occurred (I-III). For the long 

cores, the resolution was every 10 to 20 cm (II). In all, plant macrofossils of more than 1000 

samples were analysed. 

 Plant macrofossil analysis was conducted, following established procedures (Mauquoy et 

al., 2010; Mauquoy and van Geel, 2007; Väliranta et al., 2007) to detect the percentage 

proportions of main peat components out of a total sample volume (100%) and to identify the 

remains to the lowest possible taxonomic level, using microscopes. Seeds and leaves, for 

example, were counted as exact numbers. For species-level identification, literature (e.g. 

Eurola et al., 1992; Laine et al., 2009) and a reference collection at the University of Helsinki 
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were applied. Diagrams were created, using C2 software (Juggins, 2007) and Tilia 2.0.41 

software (Grimm, 1991). 

To present and visualize the hydrological changes based on the vegetation data analysed, 

the plant macrofossil data were classified into different functional groups (III) (Figure 4). To 

detect robust hydrological signals from the plant macrofossil data, the functional types were 

further grouped into two categories of wet and intermediate/dry. Functional types with no 

clear hydrological preference were excluded from this classification. A locally estimated 

scatterplot smoothing (LOESS) curve was fitted to the data (Figure 5) in R version 3.4.3, and 

these diagrams were created with GraphPad Prism and R. 

 

 

Figure 4. Workflow illustrating the process from identifying the peat-forming plant 

assemblages and species, classifying them into vegetation groups representing different 

hydrological conditions to reconstructing and visualizing the vegetation changes over time. 

The grey colours indicate no clear hydrological signals, the blue colours wet conditions and 

the yellowish to brownish colours intermediate and dry conditions (III). 

The similarity and dissimilarity of the vegetation between different selected points of time 

was tested with nonmetric multidimensional scaling (NMDS) (III). The Bray-Curtis distance 

was applied to test the dissimilarity in the NMDS and to statistically test the dissimilarity in 

the ordination space, the function Adonis with Vegan package in R Studio version 1.3.1093 

was applied (III). 
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Figure 5. Simplified workflow illustrating the process from peat sample collection to the final 

data. On the left and on the bottom row, Roman numbers from I to III indicate in which of the 

publications presented in this thesis the methods and analyses are applied. C = carbon, N = 

nitrogen, LOI% = loss-on-ignition, 210Pb = lead 210, 14C = radiocarbon 14, LOESS = locally 

estimated scatterplot smoothing, NMDS = nonmetric multidimensional scaling, RF = 

radiative forcing, CAR = carbon accumulation rate. 
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2.4 CARBON ACCUMULATION  

To calculate the apparent carbon accumulation (ACAR: g C m−2 yr−1) of the peat records, the 

BD (g cm-3) was first measured. Fresh peat volumes of 2–5 cm3 were measured at 4-cm 

intervals and the samples freeze-dried. The C and N contents were measured from the dried 

and homogenised samples with a LECO TruSpec micro Elemental Determinator (LECO 

Analytical Instruments, St. Joseph, MI, USA) at the University of Helsinki. For the long 

cores, the LOI% (Heiri et al., 2001) was measured at 10-cm intervals and the C content was 

estimated, assuming 50% of C in organic matter (Loisel et al., 2014). The peat growth 

(accumulation) rates (mm yr-1) were retrieved from the age-depth model that provided 

weighted mean ages of the individual peat records. For the ACAR calculation, we multiplied 

the BD of each 1-cm-thick subsample by its C content and peat growth rate (Tolonen and 

Turunen, 1996). The complete chronologies of the short peat sections collected were 

presented (I), the C calculations spanning the period from peatland initiation to the present 

day are given (II) and in the third paper, we focused on the past 2000 years and thus the 

ACAR values do not account for the older sections (III). 

To account for the bias of incomplete decay in the topmost peat layers (Young et al., 

2021, 2019), a simple modelling approach was undertaken (III). Clymo’s exponential decay 

model (Clymo, 1984) was fitted to the cumulative peat mass data of each peat record to 

retrieve the peat addition rates and decay coefficients for the peat records (Figure 5). These 

parameters with measured carbon content were then used to calculate the modelled ACAR for 

each peat record. The difference between the modelled ACAR and the calculated ACAR was 

compared as Z-scores to determine whether the variation in the calculated ACAR was 

explained by long-term decay (III). A LOESS curve was fitted to the Z-score data to illustrate 

the trends in the data (III).       

2.5 RADIATIVE FORCING RECONSTRUCTIONS 

For the RF exercise (II) (Figure 5), annual CO2 and CH4 balances for the study peatland were 

provided by the co-authors (Aurela et al., 2004, 2002; Heiskanen et al., 2021) and literature 

(Juutinen et al., 2013), based on both the eddy covariance technique and chamber 

measurements (II). The balances for the various vegetation assemblages were based on the 

dominating local vegetation habitats (Maanavilja et al., 2011) and on the assemblages 

identified in the plant macrofossil analysis. To estimate and reconstruct the past vegetation 

succession and aerial development of these various assemblages, the dating results, plant 

macrofossils and the Quantum Geographic Information System (QGIS) (3.0.0) were used to 

estimate the areas of each palaeovegetation assemblage at 1000-year intervals from the 

initiation of the peatland to the present day. Two alternative scenarios were outlined for the 

early peatland development associated with the CO2 and CH4 fluxes, since the initial 

vegetation assemblages are not currently present in the study peatland, and thus the flux data 

were adopted from another peatland within the same catchment (II). 

The RF modelling was conducted at 1000-year slots by multiplying the flux densities by 

the defined vegetation assemblage areas to obtain the total CO2 and CH4 fluxes. These fluxes 

were then used as input data to calculate the RF caused by peatland development, including 
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the horizontal and vertical peat accumulation and deposition, calculated in annual steps with a 

sustained impulse-response model (Lohila et al., 2010; Mathijssen et al., 2017).  
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3. RESULTS AND DISCUSSION 

The results of the articles presented in this thesis increase our understanding of and further the 

data available for the growing interest in peatland responses to changes in climate (Loisel et 

al., 2020). I focused on the palaeo-aspect of vegetation changes and carbon dynamics in the 

peatlands examined, especially those of the past two millennia (III) and recent centuries (I–

III), but also investigated Holocene-scale changes of a specific study peatland in N 

Fennoscandia (II). I conducted the studies, using fine resolution together with robust 

chronologies, which is especially valuable for the discussion of changes in the recent past. I 

also examined larger-scale changes in N Fennoscandia and NE Russia to depict trends in the 

data and to evaluate possible similarities and differences over the study transect in multiple 

sample locations and records (III). 

3.1 HABITAT CHANGES INDICATED BY PLANT MACROFOSSILS 

I inspected the plant abundances and compositions from two different microhabitats: 

intermediate (n = 37) and dry surfaces (n = 8) (I–III). Additionally, I studied two long peat 

cores to resolve Holocene-scale vegetation habitat changes (II). Most of the study locations 

showed similar patterns of wetter habitat conditions changing to intermediate or dry 

conditions, as interpreted by their vegetation assemblages. A minority of the intermediate 

records (9 out of 37) consistently showed vegetation assemblages adapted to intermediate 

hydrological conditions (I, III). The vegetation succession of the Holocene cores followed a 

trajectory from aquatic conditions, through Equisetum spp. and a Cyperaceae-dominated 

phase to the fen vegetation mainly composed of Cyperaceae, such as Carex spp. and 

Eriophorum spp., finally forming a patterned microtopography with strings and flarks 

characteristic of the peatland today (II). This succession pattern has also been observed in 

other high-latitude peatlands in N Fennoscandia (Mäkilä et al., 2001; Mäkilä and Moisanen, 

2007). 

Between the study regions, the identified species, species families and genera of the plant 

macrofossil assemblages were highly similar, since many peatland taxa are cosmopolitan or 

typical for northern peatlands (e.g. Laine et al., 2009). Some regional differences were 

detectable between certain taxa in NE Canada and the other sites. For example, from my 

study sites, Kalmia polifolia and Larix laricina are only present in NE Canada. Rhododendron 

groenlandicum is found in NE Canada and R. tomentosum in N Fennoscandia and NE Russia. 

Successional habitat change indicating drying in my data was reflected by vegetation 

change in the Cyperaceae and/or bryophytes thriving in wet habitats to the presence of dwarf 

shrubs and hummock-adapted mosses, such as Sphagnum fuscum. For the driest surfaces, 

lichens, dry forest/feather mosses and dwarf shrubs were dominant. More specifically, my 

plant macrofossil assemblage data from NE Canada showed a change over recent decades 

from Cyperaceae or wet Sphagnum spp. assemblages (7 of the 12 records) to intermediate 

conditions dominated mainly by Sphagnum fuscum. In contract, for less than half of the NE 

Canada study records, the vegetation assemblages remained mostly unchanged for the entire 

inspection period (I). A few of the records showed a phase dominated by dwarf shrubs before 
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the Sphagnum dominance in the topmost layers of the records (I). Similar successional drying 

trends have also been more broadly reported from non-permafrost peatlands, from NE Canada 

(Magnan et al., 2022; Robitaille et al., 2021) and elsewhere in the high-latitude peatlands of 

North America (e.g. Loisel and Yu, 2013a; Magnan et al., 2018; Taylor et al., 2019). The 

short cores from the Kaamanen, N Fennoscandia study site, also showed a succession from 

typical wetter fen conditions to intermediate and dry-string microhabitat conditions. However, 

the timing of these changes varied by hundreds of years, despite the proximity of the coring 

points within the peatland (II). Other intermediate records from N Fennoscandia and NE 

Russia (n = 21) predominantly showed a change from vegetation assemblages indicating 

wetter habitat conditions to intermediate conditions dominated by Sphagnum fuscum (III). 

However, the magnitude and timing of this change varied between ca. 800 and 2000 CE. The 

abundance of Sphagnum mosses has increased during the last 200 years (III). Similar 

increases in Sphagnum abundance and vegetation composition have also been detected e.g. in 

NE Russia (Zhang et al., 2018b) and Sweden (Gałka et al., 2017; Sim et al., 2021). Peat 

records collected from currently dry surfaces indicated a change from wetter conditions to 

currently dry conditions between ca. 900 and 1800 CE (III) with few (n = 4) exceptions in N 

Fennoscandia and NE Russia (III). Overall, it seemed that the change towards drier conditions 

occurred later in the cores from currently intermediate surfaces and the variation was greater 

than in the currently dry surfaces, which could have resulted from permafrost aggradation and 

surface uplift of the currently dry surfaces from the surrounding peatland (III).  

In NE Canada, almost half of the cores (5 out of 12) showed prominent habitat changes in 

the recent past, i.e. the past 50 years (I). In contrast to NE Canada, the habitat conditions 

during recent decades in N Fennoscandia and NE Russia, have remained relatively stable, 

with persisting intermediate or dry indicating vegetation (II, III) with only a few cores 

showing changes during this time (5 out of 33). Since the cores were collected from 

intermediate or currently dry surfaces to represent their environmental sensitivity, no recent 

reversal patterns with final wet conditions could be detected in my study material. There is 

also, however, a need to understand recent vegetation changes in currently wet depressions 

that are formed by permafrost thawing, although these wet microhabitats are more demanding 

to sample.  

With the NMDS analysis, I detected no statistically significant differences in the 

vegetation compositions between the cores from N Fennoscandia and NE Russia. However, 

the vegetation compositions from the currently intermediate and dry surfaces differed in a 

statistically significant manner for the time windows inspected (III). Thus, it is necessary to 

separate the vegetation change of the cores from currently dry and currently intermediate 

surfaces, because they reflect different hydrological conditions and mechanisms. The 

prevailing dry-surface vegetation in palsas reflects a legacy of permafrost aggradation and 

permafrost conditions, since the intermediate surfaces more readily reflect changes in the 

surrounding peatland and environment.  

Generally, my data are in line with some recent studies from high-latitude peatlands (e.g. 

Gałka et al., 2017; Magnan et al., 2022; Sim et al., 2021). Heterogeneity was shown in the 

results as variations in the timing, type and magnitude of changes in the plant macrofossil 

assemblages. Other studies from high-latitude peatlands have also detected heterogeneity as 

changes in the vegetation assemblages inspected (e.g. Sim et al., 2021; Zhang et al., 2018a). 

However, the trends in my vegetation data are visible when large amounts of data are 
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inspected as a whole (III). This emphasizes the importance of having multiple peat sections 

and as large data compilations as possible to capture larger trends.  

Fires can affect peatland habitat succession especially in boreal peatlands (Benscoter and 

Vitt, 2008; Magnan et al., 2012), but in my data, fires were only detected in half (6 out of 12) 

of the NE Canada cores and in one record from the Kola Peninsula. Thus, the effect of fires 

on the historical plant assemblages has been negligible, especially at the N Fennoscandia and 

NE Russia sites. In NE Canada, however, fires are an important and frequent factor affecting 

peatland functioning and need to be taken into account whenever the mechanisms affecting 

peatland vegetation succession and carbon dynamics are inspected (Benscoter and Vitt, 2008; 

Turetsky et al., 2015). 

Some of the changes in hydrology and vegetation may also be driven by long-term 

peatland succession from fen to bog, leading to ombrotrophic conditions driven by internal 

and external forcing (Väliranta et al., 2017; Yu et al., 2009). Changes in the hydrology of the 

catchment area may also quickly (in two decades) alter the northern fen vegetation towards 

ombrotrophic Sphagnum-dominated plant communities (Tahvanainen, 2011). In addition, 

observations have evidenced rapid change over 20 years and dramatic habitat change from 

minerotrophic fen to hummocky Sphagnum-dominated communities, despite no change in 

WT being detected (Kolari et al., 2021). Thus, it is also worth considering whether the 

changes observed in the vegetation, reflecting intermediate or dry conditions, indicates drying 

per se. If, and as in my case, the change in WTD has not been continuously measured, 

vegetation change could also result from enhanced plant productivity following high peat 

growth rates that apparently cause drying (e.g. Belyea and Clymo, 2001; Magnan et al., 2022; 

Van Bellen et al., 2018). Climate as a driving factor for vegetation change is further discussed 

in chapter 3.4. 

3.2 PEAT PROPERTIES, CHRONOLOGY AND CARBON DYNAMICS 

The inspected peat properties of my study records were mainly in line with previous studies. 

In NE Canada, the peat carbon content was on average approx. 46%, corresponding to an 

average of approx. 47% reported for northern peatlands (Loisel et al., 2014) (I). The core-

specific BD of the NE Canada cores was between 0.05 and 0.11 g cm−3, and the C/N ratio 

varied between 14 and 63 (average 36), which is mainly within the range of 30–62 reported 

for northern peatlands (Treat et al., 2016) (I). The BDs of the two long Holocene cores from 

the N Fennoscandia fen were on average 0.17 and 0.14 g cm−3 (II). The carbon content of the 

short peat records in the fen was on average 47%, varying between 35% and 53% (II). 

Overall, the BD values were in line with previous studies (Loisel et al., 2014) and tended to 

increase towards the older peat layers, reflecting compaction of peat. The average BDs in N 

Fennoscandia and NE Russia significantly differed between the records collected from the 

currently dry and intermediate surfaces (III). The BD values from the currently dry surfaces 

were significantly higher than from the intermediate surfaces (III), due e.g. to the differences 

in vegetation, especially the low BDs of Sphagnum moss peat (Chambers et al., 2011; Loisel 

et al., 2014). However, I detected no significant differences between the study regions of N 

Fennoscandia and NE Russia (III), the values being comparable to those from NE Canada (I).  

The spatiotemporal variation in my data was prominent (I–III). Vertical chronologies 

from the age-depth models showed that peat accumulation had not been constant over the 
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accumulation histories and that the ages in peat records from the same dated depths could 

differ even by thousands of years (I–III). However, the inspection periods in the studies 

presented in this thesis were restricted from the early Holocene (II) to the past two millennia 

(III) and the past few centuries (I, III). The youngest two of the short peat cores covered the 

time periods from ca. 1960 CE and were both 33 cm long and collected from NE Canada. The 

oldest short peat core ages presented were from NE Canada and N Fennoscandia, covering ca. 

2500 calibrated years before the Present (cal. yr. BP) at depths of 35 cm (NE Canada) and 55 

cm (N Fennoscandia). The analysis was restricted to the past 2000 years, and thus the older 

peat layers from the short cores were not presented (III). 

The peat and carbon accumulations at my study sites have not been consistent during the 

periods examined (I–III). For the Holocene time frame, the results showed average peat 

accumulation rates from 0.2 to 0.4 mm yr−1 (II), corresponding to previous studies (Gorham, 

1991; Mäkilä and Moisanen, 2007; Mathijssen et al., 2014). Other time frames within the 

short cores, representing more recent histories, cannot be compared with the older sections, 

due to differences in decomposition (Young et al., 2019). Instead, other evaluations of the 

accumulation rates are viable. For example, the average peat accumulation rates in N 

Fennoscandia and NE Russia, similarly to BD values, showed currently dry surfaces with 

significantly lower peat accumulation rates than those from the currently intermediate 

surfaces (III). This could have reflected different peat accumulation capacities of Sphagnum 

moss-dominated intermediate surfaces compared with the drier vegetation communities (e.g. 

Belyea and Clymo, 2001; Loisel and Yu, 2013a; Tuittila et al., 2012) and the overall slower 

peat accumulation in permafrost environments (e.g. Robinson and Moore, 1999). In NE 

Canada, I focused on the recent past and determined that the ACARs for time the periods 

1850 CE, 1900 CE and from 1950 CE to the present day had clearly all increased, due to the 

incomplete decay, but the highest increase has occurred in the northernmost study region 

(Figure 1). This could have been linked with growing season lengthening, which has been 

more prominent in the north and is associated with permafrost thawing (I). High ACARs have 

been reported from the same region in other studies (e.g. Lamarre et al., 2012; Van Bellen et 

al., 2011). However, contrasting results with low recent accumulation have also been obtained 

(e.g. Bunbury et al., 2012). Overall, my results indicate high ACARs for the recent decades 

(I–III), which is partly explained by the incomplete decay process of the topmost peat layers 

(Clymo, 1984; Young et al., 2021, 2019). The data, however, do not enable comparison of 

different time periods (Young et al., 2019) without using modelling approaches (III) to 

account for the incomplete decay (Clymo et al., 1998; Tolonen and Turunen, 1996; Young et 

al., 2019). Thus, only spatio-temporal comparison of comparable time frames and assessment 

against previously published data conducted with comparable methods from similar 

microhabitats is reasonable, and generally my results are comparable with other studies using 

robust chronologies for recent decades and centuries (I, II). 

Peat and carbon accumulation patterns and dynamics are driven by multiple factors from 

autogenic to allogenic. Often, it is difficult to distinguish which environmental variables are 

driving peat and carbon accumulation and whether the drivers are allogenic or autogenic 

(Loisel and Garneau, 2010; Loisel and Yu, 2013b; Tuittila et al., 2007, 2012; Zhang et al., 

2018a). Vegetation community structures strongly influence peat and carbon accumulation. 

For example, Sphagnum establishment promotes peat accumulation (Loisel and Yu, 2013b; 

Tuittila et al., 2012), since Sphagnum moss litter is more resistant to decay than liverwort, 
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lichen or vascular plant litter (Lang et al., 2009). There are also differences between 

microhabitats; intermediate microforms tend to have higher vertical peat accumulation rates 

than high and dry hummocks (Belyea and Clymo, 2001), which was also evident in my data 

(III). Photosynthetically active radiation and growing season length are also associated with 

Sphagnum net primary productivity (NPP) (Gallego-Sala et al., 2018; Loisel et al., 2012). 

Temperature, growing degree-days above 0 (Charman et al., 2013; Clymo et al., 1998; Loisel 

et al., 2014), and moisture are important controlling factors for peat and carbon accumulation 

and peatland dynamics (Gałka et al., 2017; Swindles et al., 2015) and could explain the 

changes detected in my data.  

To assess the effect of incomplete decay on carbon accumulation in the topmost peat 

layers, a modelling approach was applied (Figure 5) (III). Other modelling exercises have 

suggested increased carbon sink capacity, due to the recent warming-induced vegetation 

changes and increased NPP, even when decomposition processes are considered (Zhang et al., 

2018a). My results support this with larger datasets suggesting increased carbon accumulation 

during the past approx. 200 years (III), and is likely driven by allogenic forcing, since the 

model accounts for the expected autogenic-driven increase in accumulation (Clymo, 1984; 

Zhang et al., 2020). 

3.3 LATERAL EXPANSION AND RADIATIVE FORCING OF A 

SUBARCTIC FEN 

For the Kaamanen fen examined in N Fennoscandia, four main plant community types 

(aquatic, Equisetum & limnotelmatic, Equisetum & fen, fen and patterned fen) were identified 

from historical vegetation assemblages. The majority of the current peatland area was formed 

through lake infilling (terrestrialization), while a smaller area of the study site represented 

peat formation on mineral ground (primary paludification). Lateral expansion of the peatland 

was the quickest since peatland initiation ca. 9500–7000 cal. yr. BP, agreeing with previous 

studies from N Fennoscandia (Mäkilä and Moisanen, 2007; Weckström et al., 2010). 

Equisetum, which characterised assemblages during the early development phase, changed to 

typical fen vegetation ca. 4000 cal. yr. BP. Fen communities dominated the peatland for the 

next approx. 3000 years, and after ca. 1000 cal. yr. BP the current microtopography with high 

strings and wet flarks formed (II). On the spatial scale, vertical peat growth (i.e. peat 

accumulation rate) greatly differed, possibly driven by topographical differences and sloping 

ground. Considerable spatial variation in peat and carbon accumulation within a peatland is 

not uncommon and highlights the need for multiple study points per site (Mathijssen et al., 

2017, 2016; Watson et al., 2015; Zhang et al., 2018a).    

  Based on vegetation succession, lateral expansion and the measured greenhouse gas-

fluxes, the initial RF effect of the peatland was nearly zero. Depending on the RF scenario 

modelled, the RF effect was positive (warming) between ca. 9000 and 4000 cal. yr. BP, due to 

CH4 emissions or marginally negative (cooling) for this period. Later, negative RF prevailed 

to the present day, creating a net cooling impact for the peatland. However, only a few flux 

measurements were available for Equisetum-dominated habitats (see (Juutinen et al., 2013), 

which results in uncertainty for the reconstructed RF estimates. String formation ca. 1000 cal. 

yr. BP onwards reduced the CO2 uptake of the peatland and halted the decreasing RF cooling 

trend (II), because minerotrophic fen vegetation communities act as effective carbon sinks, 
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while ombrotrophic string communities have smaller net CO2 fluxes (Heikkinen et al., 2002; 

Heiskanen et al., 2021; Maanavilja et al., 2011). Overall, RF reconstructions involve a 

number of uncertainties. Models are always simplifications with assumptions, and the input 

data are also simplified and classified in such a manner, that the actual variability is not fully 

captured (Frolking et al., 2006; Frolking and Roulet, 2007; Mathijssen et al., 2017), but 

reconstructions should be treated as possible trajectories and depictions of past events only.  

3.4 RESPONSES TO CLIMATE VARIATION  

I examined whether past climate changes have affected the habitats examined and consequent 

carbon dynamics. Thus, the majority of the samples were collected from intermediate surfaces 

that readily reflected the changes occurring in a peatland. On both sides of the North Atlantic 

Ocean (NE Canada, N Fennoscandia and NE Russia), there has been notable variation in past 

climates with both colder and warmer periods (e.g. Mann et al., 2009; Wilson et al., 2016). 

Other studies of high-latitude peatlands have detected inconsistent responses to changes in 

climate (e.g. Sim et al., 2021; Zhang et al., 2018a). My data also show heterogeneity, but in 

the large datasets trends became apparent (III).  

My data from the N Fennoscandia fen did not suggest a uniform response in carbon 

dynamics nor vegetation patterns to the warm early Holocene climate (II). However, during 

the warm, dry mid-Holocene (Eronen et al., 1999; Seppä et al., 2009) the other long sediment 

section examined showed strongly decreased ACAR values from 33 to 15 g C m2 yr-1 with a 

simultaneous change from Equisetum dominance to a non-patterned fen vegetation (II). 

Similar decreases in carbon accumulation have been detected in western Finnish Lapland 

(Mäkilä and Moisanen, 2007; Mathijssen et al., 2014). However, the other long sediment 

section showed no clear changes corresponding to climatic variations, and thus no clear and 

consistent peatland-scale responses to warm climate phases could be detected (II). The 

changes detected were more linked with changes in vegetation compositions and most 

probably with autogenic vegetation succession (II). However, more rigorous chronologies 

could have provided further detailed information on the long-term changes.  

In N Fennoscandia and NE Russia, I examined whether the warm MCA (II, III), the cool 

LIA and post-LIA warming in all the study regions (I–III) had any notable effect on the 

habitats and their associated carbon dynamics. The perception of hydrological conditions 

during the warm MCA and the cool LIA in N Fennoscandia and NE Russia varies and is 

locally less well-resolved than temperature (Diaz et al., 2011; Linderholm et al., 2018). In NE 

Canada, however, the LIA was reported to have been relatively wet (Ladd et al., 2018). 

Previous studies have suggested that the MCA may have caused permafrost thawing and 

establishment of moist fen-type communities or Sphagnum mosses in N Fennoscandia and 

NE Russia (Routh et al., 2014; Zhang et al., 2018b). These communities were subsequently 

replaced by shrubs and drier habitat conditions (Zhang et al., 2018b), possibly due to 

increased drainage (Wilson et al., 2017) or increased evaporation (Swindles et al., 2015). 

However, no large-scale wetting during the MCA was detected in my results. The carbon 

accumulation response to past warm climate phases has reportedly varied, while contrasting 

effects have also been detected, with lowered accumulation during the MCA (Zhang et al., 

2018a) and higher accumulation in more southern peatlands (Charman et al., 2013). The 

modelled carbon estimations from N Fennoscandia and NE Russia suggested that the carbon 
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accumulation observed was lower than expected by the model following the MCA, ca.1300 

CE, corresponding to simultaneous habitat change from wet towards drier, as inferred from 

the vegetation (III). 

During the LIA in NE Russia, a vegetation composition change from Sphagnum to a dry 

dwarf shrub community was observed (Zhang et al., 2018b). These samples were collected 

mainly from currently dry palsa surfaces, while the changes dated to the LIA probably 

reflected permafrost aggradation. Moreover, various response patterns in the hydrological 

conditions and also no changes have been reported from N Fennoscandia during the LIA 

(Gałka et al., 2017). My studies add to our understanding of peatland dynamics by also 

including intermediate surfaces, from where my data consistently suggested a change towards 

plant assemblages indicating drier habitat conditions during recent centuries and decades. By 

the end of the LIA ca. 1850 CE, the calculated carbon accumulation in N Fennoscandia and 

NE Russia was higher than expected by the model, suggesting increased carbon accumulation 

together with increasingly drier habitat conditions (III), possibly driven by post-LIA warming. 

These trends are more subtle when the intermediate records are inspected separately from the 

currently dry records, which is probably explained by permafrost aggradation (Seppälä, 2011) 

and the fact that some of the intermediate records showed intermediate conditions throughout 

the periods examined, but also because the variation in the hydrological signal and carbon 

data is wider than in the dry records (III). In the N Fennoscandia fen, microtopography 

formation of the patterned strings and flarks was dated to both the warm MCA and cool LIA 

(II), which is later than reported in other studies where string formation was associated with 

cooling about 2000–3000 cal. yr. BP (Mäkilä and Moisanen, 2007; Seppälä and Koutaniemi, 

1985). The string top and string margin cores showed low carbon accumulation during the 

MCA (II). During the LIA, carbon accumulation seems to have increased together with 

Sphagnum prevalence (II), which has also been reported from other subarctic peatlands (Gao 

and Couwenberg, 2015; Zhang et al., 2018a).  

Accumulation data from N Fennoscandia and NE Russia during recent decades and post-

LIA warming suggest an increased apparent carbon sink capacity as related to general habitat 

changes from wet to drier (III). My observation of the increased recent peat accumulation 

contradicts some previous suggestions, in which drying permafrost is associated with low peat 

and carbon accumulation rates (Swindles et al., 2015). However, there are also other studies 

supporting increased carbon sink capacity, possibly driven by longer and warmer growing 

seasons (Gallego-Sala et al., 2018; Zhang et al., 2018a). My data suggest not only increased 

carbon sink capacity for both currently dry and intermediate surfaces (III), but also that 

peatland plant communities can remain stable under environmental forcing, based on 

continuous habitat conditions observed after the LIA in N Fennoscandia and NE Russia. 

Resilience of peatland vegetation composition to recent warming was also suggested by 

another study from northern Sweden (Sim et al., 2021). In NE Canada, however, the more 

northern study peatlands showed increased distinctive and synchronous vegetation changes 

resulting in Sphagnum lawn microform establishment during recent decades, possibly linked 

with changes caused by thawing permafrost dynamics (I). The two more southern peatlands 

showed hardly any changes, and those changes detected seemed to correspond to fire events 

(I). 
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3.5 EMERGING UNCERTAINTIES 

As in all scientific research, there are some methodological and data-related uncertainties that 

need to be considered when the results and conclusions presented here are inspected and 

evaluated. In the palaeosciences, there are some underlying and built-in factors that increase 

the uncertainty in interpreting the results and reconstructions from species identification to 

chronological aspects, some of which I will raise here to further discussion. 

Preservation of the various plant taxa and their remains in palaeo peat samples is not 

identical in every case, due to differences in respective decomposition rates (Birks, 2017; 

Johnson and Damman, 1991; Mauquoy and van Geel, 2007; Turetsky et al., 2008), while 

absence of the taxon and its remains does not as such indicate that these taxa were not locally 

present. However, it is considered that the identifiable plants and species groups do give us a 

rather comprehensive view of past habitat conditions (Birks, 2017, 2008; Mauquoy and van 

Geel, 2007; Väliranta et al., 2007), and here in the studies presented in this thesis, I was most 

interested in changes in the habitat types. Most of the plant macrofossil and peat property 

samples were analysed by me, but an additional error source yields from the peat records that 

were analysed by other people involved in these projects (Table 2). However, in these cases, I 

consider that the main changes were detected, in spite of who analysed the peat records. In 

addition, my supervisor or I supervised the work of the other people involved in these 

analyses. The detailed plant macrofossil results are provided as supplementary information (I, 

II), but for clarity of the diagrams illustrating the simplified vegetation groups, it is important 

how the identified plant macrofossils are classified. In retrospect, this could have been done 

better (I) by representing hydrological changes in the profiles, not only the species group 

changes. This especially pertains to Sphagnum mosses and other peat-forming mosses, since 

they are often identifiable to species level, and the various species indicate different moisture 

conditions and/or nutrient status (e.g. Johnson et al., 2014; Laine et al., 2009). Hence, a 

vegetation group of Sphagnum mosses is rather non-informative per se if we are really 

interested in knowing how the habitat conditions have changed. I approached this by grouping 

various identified moss species into categories representing different habitat moisture 

conditions (III) (Figure 4). Nevertheless, it should be acknowledged that grouping of the 

plants is also a simplification of the true ecosystem dynamics, since some species are 

indifferent to the habitat conditions (e.g. Laine et al., 2009; Robroek et al., 2007).  

Another important source of uncertainty in palaeostudies is chronological uncertainties. 

The chronologies provided by the dating methods and age-depth models are never perfect, nor 

are they true representations of past and in any case additional peat layers could always be 

dated if there were no financial restrictions. However, in the studies presented here, two 

dating methods were combined to be cosupportive and to increase the reliability of the 

established chronology (Turetsky et al., 2004). In addition, a new approach to age-depth 

modelling was applied, as soon as it was published, to decrease the uncertainty in combining 

the 14C and 210Pb dates without a need to remodel the latter (III) (Aquino-López et al., 2018).  

To assess the representativeness of the samples collected and analysed is also important. 

For the studies presented in this thesis, we aimed for collecting multiple peat records from 

each peatland and/or region. Some of the peatlands had only single cores analysed (III), but in 

these cases, they were part of a larger spatial inspection to decrease the uncertainty created, 

using only the single-core approach (III) (Mathijssen et al., 2017, 2016; Pelletier et al., 2017; 
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Watson et al., 2015). Furthermore, currently wet-indicating habitats were not collected for 

this study, since I was most interested in the intermediate habitat conditions reflecting the 

hydrological dynamics of the peatlands examined. However, to obtain a more comprehensive 

picture of peatland ecosystem dynamics, currently wet habitats should be included in 

inspection — a task for future research.  

The uncertainties of carbon dynamics in the undecomposed topmost layers have been 

discussed in previous chapters. I tried to tackle this uncertainty (III), using modelling 

approaches. However, models are always radical simplifications of complex ecosystem 

interactions. This needs to be taken into account when the modelled carbon accumulation 

results and the RF modelling results are interpreted. Models do provide us ideas and 

simplifications of complex systems based on measured and analysed data, but modelled 

results should not be interpreted as true representations of past dynamics. They rather provide 

us possible scenarios and point out plausible pathways for understanding past dynamics. 

Another shortcoming in this study was that my results do not account for permafrost thawing-

induced losses of old carbon, nor do they account for whether the increased apparent carbon 

accumulation would offset this loss (III). Further research is needed to account for this 

shortcoming. However, a recent study from western Canada suggested relatively small losses 

of old carbon from thawed permafrost combined with newly accumulated carbon that could 

offset major proportions of the lost carbon (Treat et al., 2021). 

3.6 FUTURE SCENARIOS 

The overall effect of climate change on high-latitude fen vegetation and consequent carbon 

dynamics is not clear, and the future net effects of high-latitude peatlands have been and are 

being debated. Differing future responses are predicted when temperatures rise and peatland 

hydrology changes (Figure 6). 

While the temperatures rise, permafrost thawing and degradation are expected and have 

been observed (e.g. Borge et al., 2017; Luoto et al., 2004; Olvmo et al., 2020; Payette et al., 

2004; Zuidhoff and Kolstrup, 2000) It is predicted that all of Fennoscandia will already have 

become climatically unsuitable for permafrost in peatlands by 2040 (Fewster et al., 2022). 

The permafrost in the sporadic and discontinuous permafrost zones is warming (Biskaborn, 

2019) and is susceptible to gradual thawing and active layer deepening (Hugelius et al., 2020; 

Swindles et al., 2015) or to abrupt thawing (Turetsky et al., 2020). Abrupt thawing and 

consequent wet habitat conditions are expected to increase carbon release (Turetsky et al., 

2020), even though the re-growing vegetation may partially offset the carbon released (Jones 

et al., 2017; Treat et al., 2021; Turetsky et al., 2020) (Figure 6). Gradual thawing may also 

increase carbon emissions in the form of CH4, due to increased wetness and CO2 from 

increased peat decay caused by active layer deepening (Hugelius et al., 2020). However, the 

thawing-induced wet condition may be followed by desiccation, due to drainage (Jones et al., 

2017; O’Donnell et al., 2012; Wilson et al., 2017) and/or increase in evapotranspiration 

(Swindles et al., 2015; Zhang et al., 2018b). In addition, neither of these estimations has taken 

into account vegetation change followed by thawing and climate change (Figure 6). 

Permafrost thawing may create wetter habitat conditions, but warming may increase 

evapotranspiration, resulting in drying of northern peatlands (Helbig et al., 2020), despite the 

increased precipitation of recent decades (Box et al., 2019). The increased evapotranspiration 
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may enhance peatland drying, even if the permafrost gradually thaws (Figure 6). However, 

the increased evapotranspiration may first have more pronounced impact on the vegetation of 

moss-dominated peatlands such as bogs, compared with fens dominated by vascular plants 

that can regulate their ecophysiology through stomatal activity that buffers them against dry 

periods (Helbig et al., 2020). Even so, some studies have shown that wet nutrient-rich fen 

vegetation is more sensitive to long-term drying than nutrient-poor fens and bogs (Kokkonen 

et al., 2019). A widespread recent drying of European peatlands (Swindles et al., 2019) and a 

northern boreal peatland has been reported (Zhang et al., 2020). If the increased precipitation 

falls as snow, this may enhance permafrost thawing, because thick snow cover insulates the 

permafrost and prevents it from being refrozen during winter (Olvmo et al., 2020; Seppälä, 

1994). In addition, the unevenness of the seasonal precipitation may induce more severe 

summer droughts (Helbig et al., 2020). Some studies have estimated a catastrophic loss of 

carbon associated with peatland drying (Ise et al., 2008). However, my data suggest that if the 

vegetation would change more towards bryophyte domination over sedges and the 

hydrological conditions remain suitable, high-latitude peatland carbon sink capacity could 

remain significant, and this development could be enhanced with climate warming (Gallego-

Sala et al., 2018). If future warming is accompanied by summer water deficiency (Helbig et 

al., 2020) and consequently lowered WTs, significant changes in fen plant communities and 

thus carbon dynamics can be expected (Charman, 2007; Mäkiranta et al., 2018) (Figure 6). In 

high-latitude water level drawdown experiments, shrubs reportedly benefitted over forbs and 

mosses under drier conditions (Mäkiranta et al., 2018). On the other hand, northern fen 

vegetation reportedly changed towards hummocky Sphagnum dominance (Kolari et al., 

2021). Even though sedges have higher production rates due to higher rates of photosynthesis 

(Leppälä et al., 2008),  Sphagnum litter decomposes more slowly than sedge litter, due to the 

recalcitrant properties and acidic conditions of Sphagnum mosses, which decreases 

decomposition and thus enhances peat accumulation (Turetsky et al., 2008). 

Observed and predicted warmer temperatures and increased precipitation could be 

beneficial for peat and carbon accumulation (Payette et al., 2004), following a potential 

increase in carbon storage (Gallego-Sala et al., 2018; Holmquist et al., 2014). However, the 

effect of increased decomposition under warmer climates may threaten the climate-cooling 

effect of increased carbon sequestration (Chaudhary et al., 2017a) (Figure 6). The magnitude 

of warming may also determine the vegetation response to warming and increased CO2 

fertilization (McGuire et al., 2018). Northern permafrost soils could act as carbon sinks under 

moderate warming, but under more prominent warming, substantial soil carbon losses can be 

expected after year 2100 (McGuire et al., 2018). However, recent ecosystem-scale field 

experiments have shown that hydrology is the main driving factor over the direct impact of 

temperature for fen vegetation composition and biomass production (Mäkiranta et al., 2018) 

and consequently CO2 and CH4 dynamics (Evans et al., 2021; Laine et al., 2019; Peltoniemi et 

al., 2016). Similarly, vegetation composition together with seasonal variation in the thickness 

of the aerobic peat layer seem to control decomposition more than temperature as such 

(Philben et al., 2015). However, prolonged severe summer droughts may be detrimental to 

peatland carbon sink capacity and lead to changes in vegetation (Bragazza et al., 2016; Fenner 

and Freeman, 2011; Rinne et al., 2020). Furthermore, the increasing number of wildfires can 

significantly affect peatland vegetation succession, permafrost thawing and especially carbon 

dynamics, because substantial amounts of carbon stored in the peat layers can be released to 
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the atmosphere through fires and droughts that are expected to increase in warmer future 

climates (Fenner and Freeman, 2011; Turetsky et al., 2015). 

As my data and other studies suggest, high-latitude peatland habitats may, to some extent, 

remain relatively stable and have a strong buffering capacity against future changes in climate 

(Sim et al., 2021). It has also been suggested that there are alternative responses of permafrost 

peatlands to climate change (Swindles et al., 2015; Zhang et al., 2018a). Overall, high-latitude 

and permafrost peatland vegetation and carbon dynamics are complex and may spatially and 

distinctly vary, and thus the future trajectory of peatland vegetation and carbon dynamics has 

not yet been resolved (Figure 6).  

 

Figure 6.  Examples of high-latitude peatland response-scenarios to climate warming and 

hydrological changes regarding different vegetation habitats (numbers 1–3) and their 

functioning. The yellow arrows indicate change, and the processes causing it are enclosed in 

yellow boxes. The red upward arrows indicate a net increased warming effect, the purple 

horizontal arrows a neutral effect or no net change and the blue downward arrows a 

decreasing net effect (i.e. a cooling effect) driven by the various forcing factors. WT = water 

table, NPP = net primary productivity, CH4 = methane.
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4. CONLUSIONS 

This thesis contributes to the growing interest in the role of peatlands under a changing 

climate. High-latitude peatlands are prone to changes in hydrology and consequent changes in 

carbon dynamics that are linked not only with changes in climate but also with autogenic 

processes. The results of this thesis suggest a multi-centennial trend of drying and habitat 

change, as interpreted from plant macrofossils, and consequent increased apparent carbon 

sink capacity over high-latitude peatlands on both sides of the North Atlantic Ocean. The 

microhabitats examined have changed from wet fen-type habitats to Sphagnum moss- and 

hummocky vegetation-dominated habitats. The warming of recent decades has not yet 

induced a clear and uniform change in vegetation compositions of the habitats examined. All 

of the studies presented in this thesis highlight the need for high-resolution chronologies and 

multiple cores to capture regional-scale changes and possible climate signals to exclude the 

influence of internal peatland variability. Since vegetation ultimately mediates future carbon 

dynamics, it is necessary to consider the response of vegetation composition to the ongoing 

climate change, even though current vegetation compositions indicated resilience against it. 

However, a clear multi-centennial habitat change was detected in my data.   

I also highlight the uncertainties associated with changes and interpretation of carbon 

dynamics and future estimations. The results indicate that habitat changes will play an 

important role in future peatland dynamics. To further increase our understanding of high-

latitude peatland dynamics in changing climates, currently wet habitat conditions will also 

require further emphasis. These advancements in our understanding of peatland dynamics 

may lead to more accurate predictions of the state and role of peatlands in future climates and 

may enable peatland conservation and influence our understanding of the climate mitigation 

potential of these peatlands. My results also support the prevailing understanding that high-

latitude peatlands act as important long-term carbon storages. 
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