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1. Introduction
1.1 Climate change in northern high latitudes
Climate has varied in northern high latitudes (60 – 90°N) during the Holocene, which began ca.
11700 years ago. At the onset of the Holocene, a warming climate trend prevailed in northern
high latitudes (Väliranta et al., 2015) peaking from approximately 8000 to 5000 years ago at
Holocene Thermal Maximum (HTM) (Renssen et al., 2012). Thereafter, excluding short-term
warmer phases (e.g. Medieval Climate Anomaly (MCA) approx. 1000–700 years ago (Mann et
al., 2009)), a cooling trend has persisted until recently (Marcott, 2013; Zhang, 2017). Since the
Industrial Revolution, the atmospheric greenhouse gas concentration – composed of
particularly carbon dioxide (CO2), but also methane (CH4), nitrous oxide (N2O), and
halocarbons – has increased due to anthropogenic emissions. This has resulted in a global rising
trend in the mean surface temperature (Myhre et al., 2013; Fyfe et al., 2013). The temperature
increase in northern high latitudes is twice as rapid as the global average and is expected to
continue faster than anywhere else on Earth: under RCP 4.5, the global annual mean
temperature is predicted to rise approximately 2°C, whereas, in northern high latitudes, the
annual mean temperature would rise over 5°C and winter temperatures up to 7°C (Najafi et al.,
2015; Overland et al., 2018). This warming is causing further changes, for instance, in
hydrological processes. As a consequence of the warming and associated increase in
evaporation, precipitation increases in the Arctic region. The mean precipitation is projected to
increase 35 – 60% compared to the period between 1986 and 2005, especially during the cold
season (Laîné et al., 2014; Lique et al., 2016; Vihma et al, 2016). The net effect of the future
warming and associated hydrological changes on northern ecosystems – such as peatlands –
remains unknown (Vihma et al., 2016; Helbig et al., 2020).
1.2 Northern peatlands in the global carbon cycle
Biologically peatland is defined as an ecosystem dominated by peat-producing plants, whereas
geologically peatland is defined by peat thickness, usually 30 – 40 cm (Vasander, 1998; Rydin
& Jeglum, 2006). Peat refers to soil formed by incompletely decomposed plant and animal
remains (Rydin & Jeglum, 2006). Peat accumulation requires a positive effective moisture
balance, so that soils may become water-saturated. This results in anoxia, which decelerates
decomposition and leads to the accumulation of peat. Cold temperatures further inhibit
decomposition (e.g. Gorham, 1991; Rydin & Jeglum, 2006). During the Holocene, climatic
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conditions favourable for peat formation have prevailed in northern high latitudes. Northern
peatlands have a diplotelmic structure, which means they consist of two layers. The upper layer
is well-aerated acrotelm, and the lower layer is permanently water-saturated, anoxic catotelm
(Ingram, 1978). The boundary layer between the two fluctuates following the water table depth.
The carbon dynamics of northern peatlands play an important role in the global carbon cycle.
Peatland plants sequestrate atmospheric CO2 in photosynthesis, part of which is stored in peat,
and part of which is released to the atmosphere as CO2 and CH4 via plant respiration,
decomposition of organic matter (Moore & Knowles, 1987; Gorham, 1991), and fires (Gibson
et al., 2018), or lost by leaching (Juutinen et al., 2013). Most of the organic matter is
decomposed in aerobic processes in the acrotelm, resulting in CO2 efflux (Warner et al., 1992).
In catotelm, decomposition is slow and conducted by methanogenic bacteria that produce CH4
(Clymo, 1984; Yrjälä et al., 2011). Peat accumulates when the ecosystem production exceeds
the rate of decomposition (Clymo, 1984; Turunen et al., 2002). Since peat consists of ca. 50%
carbon, peatlands have formed huge carbon storage over the Holocene (Loisel et al., 2014).
According to the most recent estimations, northern peatlands store currently approx. 436 Gt
carbon (Loisel et al. 2014), which is significant when compared to that of the atmosphere, which
is approx. 800 Gt (Ciais et al., 2013). Peatlands could be described as carbon hotspots: even
though they cover only 3% of the global land area, they store up to 30% of the global terrestrial
carbon (Scharlemann et al., 2014; Loisel et al., 2014; Xu et al., 2018).
Northern peatlands have contributed to the past changes in climate by regulating the
atmospheric greenhouse gas concentrations. As peatlands emit greenhouse gases – particularly
CH4 – and simultaneously accumulate carbon, the net climate impact of a peatland may be either
warming or cooling. The net impact depends on the strength of the greenhouse gas fluxes, i.e.,
the trade-off between carbon sequestration and CH4 effluxes, and the timescale considered
(Whiting & Chanton, 2001; Frolking & Roulet, 2007). CH4 has a stronger radiative forcing
effect than CO2 (Rodhe, 1990), but CO2 stays much longer in the atmosphere (Lelievald et al.,
1993). Considering the greenhouse gas fluxes and the properties of the greenhouse gases, most
northern peatlands have had a short-term warming impact on the climate at the beginning of
their succession, but the effect has eventually shifted into cooling on millennial timescales
(Whiting & Chanton, 2001; Mathijssen et al., 2017; Piilo et al., 2020). Northern peatlands
initiated during the early Holocene, approx. 10 000 – 8000 years ago (Ruppel et al., 2013) and
emitted lots of CH4, accelerating the orbital-driven early Holocene warming climate trend
(MacDonald et al., 2006; Frolking & Roulet, 2007). Simultaneously, peatlands accumulated
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peat and formed a carbon stock, which eventually shifted their net impact into cooling (Frolking
& Roulet, 2007). Peatland lateral expansion driven by the cool late Holocene climate increased
both carbon accumulation and CH4 emissions to the atmosphere (Korhola et al., 2010), and
northern peatlands remain a major natural source of atmospheric CH4 even today (Neef et al.,
2010). However, due to their large carbon storage, northern peatlands currently act as climate
cooling landscape elements (Frolking & Roulet, 2007; Mathijssen et al., 2014; Piilo et al. 2020).
1.3 Drivers of the peatland carbon cycle
The carbon cycle of a peatland is affected by both autogenic and allogenic drivers. Autogenic
drivers refer to internal peatland processes, whereas allogenic drivers are those external to the
peatland system (e.g Rydin & Jeglum, 2006; Tuittila et al., 2007). Despite this distinction,
autogenic and allogenic are interrelated as allogenic factors may affect the autogenic, or
autogenic factors override the impact of the allogenic (Rydin & Jeglum, 2006).
1.3.1

Autogenic processes

Autogenic drivers of peatland carbon dynamics include vegetation communities and
successional stage (Rydin & Jeglum, 2006). Northern peatlands are often divided into fens and
bogs, which differ in their hydrology, nutrient status, pH, vegetation, and carbon fluxes (e.g.
Weber 1902 ref. Tuittila et al., 2007; Korhola et al., 1998; Svensson, 1988; Tuittila et al., 2007;
Tuittila et al., 2013; Väliranta et al., 2017 and references therein). Peatlands usually initiate as
nutrient-rich fens. The peatland succession is related to vertical peat accumulation and typically
follows a transition from a nutrient-rich, sedge-dominated fen into a poor fen and eventually
into a Sphagnum-dominated bog (Rydin & Jeglum, 2006).
Minerotrophic fens receive water and nutrients from the surrounding and/or underlying mineral
soil, resulting in a system characterized by high nutrient availability, a high water table, and
high pH. Fen vegetation is typically dominated by sedges, minerotrophic Sphagna, and brown
mosses (Rydin & Jeglum, 2006). Fens tend to emit more CH4 than bogs (e.g. Alm et al., 1999;
Nykänen et al., 1998; Drewer et al., 2010). This is explained by several reasons. In general,
high CH4 efflux is related to high water table and associated anoxia. (Bergman et al., 1998;
Leppälä et al., 2011). Sedges have higher photosynthesis rates than bog vegetation, resulting
in higher primary production on fens compared to bogs (Leppälä et al., 2008). High primary
production ensures a constant supply of fresh organic matter – a prerequisite for CH4 production
6

– mainly easily decomposable sedge litter, part of which reaches the anoxic catotelm as sedge
roots (Nykänen et al., 1998; Bergman et al., 1998; Bellisario, 1999; Turetsky et al., 2014).
Thus, methanogenic microbes have more favourable conditions in terms of anoxia and nutrition
in fens compared to bogs. Besides, many fen species, such as Carex spp., have adapted to the
anoxic conditions with hollow aerenchyma-tissues that enable oxygen transport to the roots
(Koncalova, 1990). This aerenchyma also forms a pathway for CH4 to the atmosphere, which
prevents CH4 oxidation into CO2 while diffusing through the peat layers (Colmer, 2003).
The shift from a fen into a bog in the past can be detected from a peat stratigraphy as a change
from sedge peat into Sphagnum-dominated peat. Marginal areas of the peatland, however, often
maintain minerotrophic conditions (Rydin & Jeglum, 2006). The fen-bog transition occurs
when the peat stratum grows thicker, the peatland surface elevates and becomes isolated from
the surface- and groundwaters originated from the mineral soil. Thereafter, the peatland
receives water and nutrients only from precipitation. Thus, nutrient availability decreases,
finally leading to ombrotrophic bog conditions (Rydin & Jeglum, 2006). Typical bog vegetation
is dominated by ombrotrophic Sphagna but includes also shrubs and some graminoids. Sphagna
emit acidic compounds to their surroundings, which lowers the pH level down to 4.5 – 3.3
(Clymo, 1964). This further accelerates the success of Sphagna, as few other plants tolerate
such acidic conditions. The shift from a fen into a bog typically results in decreasing CH4
emissions and an increasing carbon accumulation rate (Turunen, 2003; Tuittila et al., 2013).
Unlike sedges characteristic for fens, Sphagnum litter only adds in the acrotelm. Thus, the
supply of fresh organic matter into the anoxic catotelm is smaller on bogs than on fens. In
addition, much of CH4 is oxidized into CO2 by methanotrophic bacteria that thrive on Sphagnum
(Larmola, 2010), and bog vegetation offers fewer emission pathways for CH4 than sedgedominated fen vegetation. This is why bogs emit less CH4 than fens. Due to the recalcitrant
composition of Sphagnum litter, its decomposition rate is slower than that of sedge litter, and
this explains higher peat accumulation in bogs (Turunen, 2003; Turetsky et al., 2008)
1.3.2

Allogenic processes

Allogenic drivers of the peatland carbon cycle include climate conditions and external
disturbances, such as fire and human activities (Rydin & Jeglum, 2006).
Climate is related to the peatland carbon dynamics mainly through temperature and hydrology.
An increase in temperature and longer growing seasons may, to some extent, increase carbon
7

sequestration. However, if plants are exposed to heat and drought stress, warm conditions may
also limit their photosynthesis capacity. In addition, ecosystem respiration may also increase in
warm conditions (Aurela et al., 2004; Aurela, 2009; Rinne et al., 2020; Heiskanen et al., 2021).
Temperature affects also peatland CH4 emissions by controlling the microbial activity related
to both CH4 production and oxidation (e.g. Bubier & Moore, 1994; Voigt et al., 2017), the latter
of which is known to be less temperature-dependent (Dunfield et al., 1993). However, it should
be noted that CH4 dynamics are affected by multiple autogenic and allogenic variables that
interact in a complex manner.
Water table level is impacted by climatic factors such as precipitation and, through evaporation,
temperature as well as human activity within the catchment. Recent experimental studies
indicate that the water table level is a major control of peatland vegetation and carbon dynamics
(Mäkiranta et al., 2018; Laine, 2019). Several experiments have shown increasing ecosystem
respiration and decreasing CH4 emissions as a response to the lowered water table, as acrotelm
deepens and more aerobic decomposition takes place (Nykänen et al., 1998; Riutta et al., 2007;
Ballantyne et al., 2014). High water tables, instead, may increase CH4 emissions to some extent
(Huttunen, 2003).
In general, higher centennial or millennial carbon accumulation rates on northern peatlands
have been associated with warm climate periods, such as warm and dry mid-Holocene and
MCA (Charman et al., 2013; Loisel et al., 2014). However, also contrasting results have been
reported from Northern Fennoscandia (Mäkilä & Moisanen, 2007; Mathijssen et al., 2014)
showing a decline in carbon accumulation rates during the HTM. Varying results of the past
carbon accumulation rates highlight the significance of spatially inconsistent climate patterns
and local factors affecting peat accumulation (Zhang et al., 2018a). For instance, moisture
conditions during MCA varied regionally (Linderholm et al., 2018).
During the warm and moist early Holocene, the climatic conditions were favourable for peat
formation and vast paludification occurred shortly after ice retreatment (Ruppel et al. 2013).
On the other hand, a period of intensive peatland lateral expansion occurred 5000 – 3000 years
ago, triggered by the late-Holocene cooling trend. Late Holocene cool climate phases also
resulted in permafrost formation on northern peatlands (Treat & Jones, 2018).
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1.4 Proposed peatland responses to the ongoing warming
Gallego-Sala et al. (2018) predict an increase in carbon uptake on northern peatlands in the
future, indicating a strengthening of the carbon sink and potential for mitigating the global
warming. This prediction is supported by an observation of a recent increase in carbon
accumulation in Alaska (Loisel & Yu, 2013).
However, carbon accumulation may increase only if the effective moisture remains high enough
(Mäkiranta, 2018; Laine, 2019). Laîné et al. (2014) predict that over the northern land regions,
precipitation will exceed evaporation during winters, and vice versa during summers. This
indicates decreasing soil moisture during growing seasons. Peatland surface drying has been
observed recently in many subarctic regions, including Northern Sweden (Galka, 2017),
Canada (Piilo, 2017; Bellen et al., 2018) Finland, and Russia (Piilo, 2017; Zhang, 2018b). In
addition to the subarctic sites, this trend has been observed also on peatlands in boreal and
temperate zones across Europe (Pedrotti et al., 2014; Swindles et al., 2019; Zhang, 2020). In
warmer and dryer conditions, ecosystem respiration increases, reducing peatland carbon sinks
or turning them into net carbon sources to the atmosphere. This would limit the capacity of
peatlands to mitigate future warming and potentially form a strong positive feedback loop that
accelerates the current warming (e.g., Gorham, 1991; Limpens et al., 2008). On the other hand,
dryer conditions are associated with lower CH4 emissions (Nykänen et al., 1998; Riutta et al.,
2020). Rinne et al. (2020) predicted that peatland drying would have a cooling climate impact
for the first 15 – 50 years due to the reduced CH4 emissions, after which the impact would turn
into warming due to increasing CO2 emissions.
Changes in cryosphere (e.g. permafrost thaw and decreasing snow cover duration), as well as
regional variation in both climate predictions and landscape characteristics, make hydrological
changes and associated carbon cycle changes challenging to predict (Laîné et al., 2014; Conner
et al., 2016). Furthermore, changes in vegetation as a response to altered climate and hydrology
complicate the predictions of the peatland carbon cycle and feedback mechanisms (Mäkiranta
et al., 2018). In addition to the direct impacts, water table decline may also trigger the autogenic
peatland processes and disturbance dynamics that may further alter the carbon cycle.
Ombrotrophication may be accelerated as lowering water table isolates the peatland surface
from minerotrophic water sources and the fen-bog transition has been observed to have
occurred within decades (Tahvanainen, 2011; Loisel & Yu, 2013; Bellen et al., 2018). The
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enhanced fen-bog transition could accelerate carbon accumulation and have a cooling climate
impact (Loisel & Yu, 2013).
1.5 Peatland plant macrofossils as paleoindicators
As peat accumulates in situ, a peat column forms a vertical archive of the local vegetation
history (Birks et al., 2013). Peat consists mainly of plant macrofossils: remains of plant material
visible to the naked eye. The minimum size of a plant macrofossil has been determined to 0.5
mm. Peatland plants are adapted to certain environmental conditions, thus their remains can be
used as indicators for past temperature (Kultti et al., 2004), moisture conditions (Väliranta et
al., 2007), and successional history (Tuittila et al., 2013) of the peatland. As plant communities
are associated with certain carbon fluxes, plant macrofossil data can also be used to infer the
past carbon dynamics and the radiative forcing effect of the peatland (e.g. Mathijssen et al.,
2014).
1.6 Research objectives and hypotheses
Changes in the global peatland carbon cycle have been recognized as a poorly understood
feature in the current climate models (Loisel et al., 2020). Peatlands contain a significant
amount of carbon, and they are capable of fixing, storing, and releasing it. Thus, peatlands have
a great potential for both mitigating and accelerating the current climate warming and they
require more attention from the scientific community. For a number of reasons, it is particularly
essential to gain a better understanding of how northern fens are responding to the ongoing
climate change. Firstly, fens remain a common peatland type in rapidly-warming subarctic
areas. Secondly, their contribution to the atmospheric CH4 concentrations is significant (Treat
et al., 2021). Thirdly, fens are more sensitive to climate changes than bogs (Gong et al., 2013;
Kokkonen et al., 2019).
The purpose of this project is to gain a better understanding of how the carbon cycle of northern
fens is changing due to the current climate change. My thesis contributes to several ongoing
projects, in which the response of the vegetation, moisture status, and carbon accumulation of
subarctic fens and boreal bogs to the recent climate change are investigated.
Finnish Meteorological Institute has conducted continuous greenhouse gas measurements on a
fen called Lompolojänkkä in Northern Finland since 2006. According to still unpublished data,
10

there is some indication of a slight decrease in the annual net CO2 uptake due to increased
respiration. This could potentially be attributed to the recent warming and/or changes in the
vegetation coverage and leaf area (Lohila et al., 2018). I will investigate whether there are recent
changes in the plant community and carbon accumulation rate at Lompolojänkkä mire margins,
which are known to be sensitive for changes in environmental conditions. My aim is to produce
a high-resolution reconstruction of recent paleovegetation and assess the drivers behind the
potentially found vegetational changes by comparing them with palaeoclimatological data from
the site.
My research questions are:
1) Has the vegetation changed at Lompolojänkkä mire margins during the past decades?
2) How has the carbon accumulation rate at Lompolojänkkä mire margins changed during
the past decades?
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2. Materials and methods
2.1 Study site and fieldwork
The study site is a subarctic fen called Lompolojänkkä. It is located in Finnish Lapland, 150
km north of the Arctic Circle, in Pallas-Yllästunturi National Park, near to Pallas-Ounastunturit
fell chain and in the catchment area of Lake Pallasjärvi (N67°59.835', E24°12.546') (Figure 1).
The area belongs to the northern aapa mire region. The average temperature in the area is
– 1.4°C (1981 – 2010) and the mean annual precipitation 484 mm (Pirinen et al., 2012).

Lake Pallasjärvi

.

Figure 1. The location of Lompolojänkkä.
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Lompolojänkkä is an open, eutrofic fen (Figure 2). Its hydrology is highly affected by a small
stream that flows through it. The peatland initiation began nearly 10 000 years ago. To the
present, 2.5 metres of peat has accumulated (Mathijssen et al. 2014). The current vegetation
varies according to the moisture gradient: Salix lapponum is highly abundant around the stream,
whereas most of the fen is dominated by Carex spp. (e.g. Carex. lasiocarpa, C. rostrata, C.
canescens) and herbs (e.g. Comarum palustre, Menyanthes trifoliata). The moss cover is
discontinuous, characterized by fine-scale variation, and dominated by minerotrophic peat
mosses, such as Sphagnum riparium, S. teres, S. warnstorfii, S. subsecundum, and S. fallax
(Aurela et al. 2009, Drewer et al. 2010, personal observation 2020). Some eutrophic brown
mosses, such as Scorpidium spp., are also found (personal observation, 2020). In marginal
areas, however, the species composition is different compared to the central fen area. As typical
to aapa mires, marginal areas dryer and more oligotrophic, characterized by shrubs, Sphagnum
fuscum and Sphagnum warnstorfii (Table 1; personal observation, 2020; Rydin et al., 1999).

Figure 2. General view of Lompolojänkkä fen and fell Lommoltunturi. (Photo: Olivia Kuuri-Riutta 2020).
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Table 1. Current vegetation on the coring points.

Coring
point

Feature

Water table depth
Species
(positive value =
below ground surface)

1 Hummock

26 cm

Andromeda polifolia
Empetrum nigrum
Equisetum palustre
Eriophorum vaginatum
Rhododendron tomentosum
Rubus chamaemorus
Sphagnum fuscum
Vaccinium oxycoccos

2 Lawn

9 cm

Andromeda polifolia
Carex pauciflora
Eriophorum vaginatum
Rubus chamaemorus
Sphagnum fuscum
Vaccinium uliginosum

3 Hummock

25 cm

Andromeda polifolia
Carex pauciflora
Empetrum nigrum
Eriophorum vaginatum
Rubus chamaemorus
Sphagnum fuscum
Sphagnum warnstorfii
Vaccinium uliginosum

4 Lawn

15 cm

Andromeda polifolia
Aulacomium palustre
Carex pauciflora
Empetrum nigrum
Eriophorum vaginatum
Equisetum palustre
Rubus chamaemorus
Sphagnum angustifolium
Sphagnum warnstorfii
Vaccinium oxycoccos
Vaccinium uliginosum
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The peat at the central fen was too wet and the peat matrix was too loose for coring. Instead,
four coring points were chosen from the marginal area of the peatland, where the peat was
suitable for coring (Figure 3). Therefore, all coring points were located in the aapa mire margin
that represents a transition between the fen and the forest edge. However, all four coring points
were cored from slightly different surfaces (Table 1). The use of multiple study points is often
necessary to capture any internal variation in the past vegetation (e.g. Mathijssen et al., 2014;
Piilo et al., 2020).

Figure 3. Coring site at Lompolojänkkä.

Coring points 1 and 2 were situated at a 120 cm distance from the edge of the central fen. Coring
point 1 represents a relatively high hummock. The current vegetation at the coring point is
characterized by Sphagnum fuscum and a relatively high abundance of shrubs, such as
Andromeda polifolia, Empetrum nigrum, Rhododendron tomentosum, and Vaccinium
oxycoccos. Rubus chamaemorus is also present (Table 1, Figure 4 a). Coring point 2 (Figure 4
b) was a high lawn dominated by a dense Sphagnum fuscum-carpet, near coring point 1. Shrubs
were present, but their coverage was scarcer compared to the coring point 1. Coring point 3
(Figure 4 c) is a low hummock situated a few metres from the edge of the surrounding forest.
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The moss layer consists of Sphagnum fuscum, and at the edge of the hummock, Sphagnum
warnstorfii. Empetrum nigrum and Rubus chamaemorus are the most abundant vascular plant
(Table 1, Figure 4 c). Coring point 4 (Figure 4 d) represents a high lawn situated near the coring
point 3. The moss layer is dominated by Sphagnum warnstorfii, however, some Aulacomium
palustre and Sphagnum angustifolium are also present. The most abundant shrub is Vaccinium
uliginosum.

a

b

c

d

Figure 4. Coring points from above. a: Coring point 1, b: Coring point 2, c: Coring point 3, d: Coring point 4.

The fieldwork took place in September 2020. I used a box corer to collect the peat samples
(Figure 5). The cores were visually analysed on the field, after which they were wrapped in
plastic and packed in plastic tubes for transportation.

Figure 5. A box corer was used to collect the peat profiles.
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2.2 Dating
Lead (Pb-210) dating method was used to establish the chronology for the peat profiles. Due to
the strict timetable for graduation, only Core 2 was dated. The peat core was dated at 1 – 2 cm
resolution. I prepared the samples by drying them at 80°C for 48 hours and then grinding them
for the Pb-210-analyses. I also assisted Susanna Salminen-Paatero at the Department of
Chemistry in preparing the samples for lead dating by performing polonium precipitations, as
spontaneous electrodeposition of Po on silver discs.
Pb-210 is a radioactive isotope of lead, forming naturally as a decay product of radon Rn-222
in decay series of uranium U-238. It is deposited on land from the atmosphere (Krishnaswamy
et al., 1971). Pb-210 decays into polonium Po-210 with a half-life of 22.3 years, and further
into stable lead isotope Pb-206. Pb-210 dating is based on measuring the activity of Po-210
throughout the peat profile (Krishnaswamy et al., 1971; Appleby & Oldfield, 1978; Turetsky et
al., 2004). Pb-210 dating is suitable for dating samples younger than 150 – 200 years.
Uncertainties in Pb-210 dating are related to post-depositional mobility i.e. vertical movement
of Pb-210 in the peat column (Turetsky et al., 2004).
2.3 Plant macrofossils
Plant macrofossils were analysed according to the Quadrat and leaf count protocol (QLC) first
introduced by Barber et al. (1994) and further developed by Väliranta et al. (2007). Each peat
core was analysed at 4 cm resolution, and 1 cm resolution where significant changes in plant
assemblages were detected. Subsamples of 5 cm3 were taken from each 1 cm thick slice and
cleaned with a 140 μm sieve. No chemical treatment was necessary. The retaining remnants
were placed in a transparent Petri dish with 2 – 3 mm water, and the proportion of each peat
component was determined by estimating the coverage of each plant group by examining the
samples systematically under a stereomicroscope. Sphagnum species were identified further to
species level using a light microscope: a random selection of approximately 100 Sphagnum
leaves was identified and the results expressed as percentages of the total proportion of
Sphagnum. Leaves and seeds were counted separately and expressed as counts. Examples of
plant macrofossils are presented in Figures 6 a – g.
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a

c

b

e

f

d

g

Figure 6. Examples of plant macrofossils. Photos a-d are taken through a light microscope and photos e-g through a stereo
microscope. a: Sphagnum warnstorfrii branches. b: Sphagnum warnstorfii branch leaves. c: Equistum sp. d: Empetrum nigrum
seed. e: Equisetum sp. cells. f: Eriophorum vaginatum cells. g: Carex sp. root cells.

2.4 Carbon accumulation
The carbon accumulation rate was calculated for Core 2 in a 1 cm interval. Apparent Carbon
Accumulation Rate (ACAR) (g/m2y1) can be calculated using the following function
ACAR = p x d x C x 1000
where p is peat accumulation (m/y1), d is peat bulk density (g/m3), and C is the carbon content
of peat (Turunen et al., 2001; Turunen et al., 2002). In addition, Recent Apparent Carbon
Accumulation Rate (RERCA) was calculated. The following function was applied:
RERCA = c/a
where c is cumulative carbon accumulation and a is the bottom age of the considered section.
The peat accumulation rate is achieved by dividing the peat thickness by years. For the bulk
density, I prepared volumetric samples of 5 cm3 of fresh peat, after which the samples were
dried at 90°C for four hours and weighted when fully dried. The weight of the plastic container
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was estimated based on the measured average weight of 100 containers, and the container
weight was subtracted from the total weight. The bulk density values were obtained by dividing
the dry weight with the fresh volume. Peat carbon content was investigated by conducting a
C/N (carbon/nitrogen) analysis with Leco TruSpec Micro CHNS at the Department of
Environmental Sciences, University of Helsinki. Carbon content was estimated only at a 2 cm
interval, so for every second centimetre, the C and N value was calculated as the mean of the
sample above and below. The carbon-nitrogen ratio (C/N-value) was calculated by dividing the
carbon content by nitrogen content in each sample.
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3. Results
3.1 The chronology
Core 2 was dated with the Pb-210 dating method. Lead activity in different depths is presented
in Figure 7. Detectable lead activity originating from atmospheric deposition was found until
the depth of 20 cm. Below that, only so-called supported lead activity, that occurs in soils
independently of atmospheric deposition, was detected. Therefore, samples below 20 cm have
no age. The oldest dated sample, at 18 – 20 cm, was dated to 245 years (Figure 8).
Between the years 1832 and 1922, only one cm of peat has been accumulated. It is notable that,
according to Figure 8, also between the years 1944 and 1946, one cm of peat was accumulated.
This is a rather unrealistic value for two years, particularly because it is not in the surface and
it differs from the general pattern.

Figure 7. Pb-210 activity (Bq/g) in different
depths in Core 2.

Figure 8. Depth and the corresponding year in
Core 2.
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3.2 Changes in the vegetation composition
The total number of the identified taxa was 22, most of which were identified to the species
level. However, there were some exceptions. For instance, sedge roots are impossible to identify
to the species level without any additional information. Sphagnum-mosses were identified to
the species level whenever stem leaves were present. Based on the branch leaves, colour, and
the overall habitus, two species were identified to the species level with uncertainty and thus
marked as “cf.”. All the taxa are listed in Table 2.
Table 2. All taxa identified in the data from all cores.

Plant group

Species

Mosses

Bryum sp.
Calliergon sp.
Mylia anomala
Pleurozium schreberi
Polytrichum sp.
Sphagnum angustifolium
Sphagnum fuscum
Sphagnum cf. capillifolium
Sphagnum cf. majus
Sphagnum warnstorfii
Straminergon stramineum

Cyperaceae

Carex spp.
Carex pauciflora
Carex cf. magellanica
Eriophorum vaginatum

Shrubs

Andromeda polifolia
Betula nana
Empetrum nigrum
Vaccinium oxycoccos
Vaccinium uliginosum

Others

Equisetum sp.
Rubus chamaemorus
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All four cores indicate a similar, rather rapid shift in the vegetation composition (Figures 9 –
12). The lower parts of all cores consist of sedge peat representing typical fen vegetation: the
peat is characterized by a high abundance of Cyperaceae -remains, and only a few moss and
shrub remains. The moss remains are mainly Sphagna, however, in Core 4 (Figure 12) the moss
species include Calliergon sp., Sphagnum cf. majus, and Straminergon stramineum. Also,
occasional Empetrum nigrum seeds were found, which indicates that hummocks without
prolonged waterlogging have been present (Mauquoy & van Geel, 2013). Between 20 and 5
cm, the share of mosses increases, whereas Cyperacea nearly disappears. The transition from
sedge peat to Sphagnum-peat occurs within 1 – 5 cm peat section, leading to the conclusion that
the change has likely been a rapid shift rather than a result of a gradual development (Figures
9 – 12). According to the dating results from Core 2, the vegetational shift occurs in the 1960s
(Figures 8 & 10).
Towards the surface, the peat is dominated by Sphagna and a few other moss taxa. In Core 1, a
Polytrichum-phase precedes the invasion of Sphagnum fuscum, and in Cores 1 and 2
Pleurozium schreberi appears shortly after with high abundance (Figures 9 & 10). In Core 2,
the Pleurozium schreberi -phase occurs from the 1980s to the 1990s. In Cores 1, 2, and 3, the
current dominant species is Sphagnum fuscum, whereas in Core 4 it is Sphagnum warnstorfii
(Figures 9 – 12). The proportion of unidentified organic matter (UOM) decreases towards the
surface, indicating a lower humification rate.
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Figure 9. Plant macrofossil stratigraphy in Core 1. Note the varying scale on the x-axis: 0-10% or 0-100%. The red line indicates the transition
from sedge peat to Sphagnum peat.

Figure 10. Plant macrofossil stratigraphy in Core 2. Note the varying scale on the x-axis: 0-10% or 0-100%. The red line indicates the
transition from sedge peat to Sphagnum peat.
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Figure 11. Plant macrofossil stratigraphy in Core 3. Note the varying scale on the x-axis: 0-10% or 0-100%. The red line indicates the
transition from sedge peat to Sphagnum peat.

Figure 12. Plant macrofossil stratigraphy in Core 4. Note the varying scale on the x-axis: 0-10% or 0-100%. The red line indicates the transition
from sedge peat to Sphagnum peat.
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3.3 Peat properties
In all four cores, peat bulk density is declining towards the surface (Figure 13), whereas the
C/N ratio increases following the vegetation change (Figure 14). Bulk densities vary between
approx. 0,03 and 0,14 g/cm3. In Core 1, a steep bulk density decline is visible from 5 cm to the
surface, which is 3 cm above the change in the peat type from sedge peat to Sphagnum peat. In
Core 2, a steep decline occurs between 9 and 7 cm, also a few centimetres above the peat type
change. In Core 3, such a rapid decline in the bulk density is not visible in the topmost 10 cm,
but the decline is more gradual and appears as a longer-term trend. In Core 4, a drastic decline
occurs between the depths 7 and 3 cm, covering the peat type change (at 5 cm) but beginning
already below it.

Depth (cm)

Figure 13. Bulk density (g/cm3) by depth in Cores 1-4. The red lines indicate the change from sedge peat to Sphagnum peat.

In all four cores, the C/N ratio increases towards the surface (Figure 14). The increase is rapid
and follows the change in the peat type. The sedge peat has a rather steady C/N ratio around
20, but when the peat type changes into Sphagnum-peat, the C/N ratio rises typically to 40 –
70.
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Figure 14. C/N ratio by depth in Cores 1-4. The red line indicates the change from sedge peat to Sphagnum peat.

3.4 Peat and carbon accumulation
The average peat accumulation rate from 1775 to 2020 was 2 mm/yr1. ACAR and peat
accumulation follow a similar pattern: there is an overall increasing trend, with particularly high
values between the years 1944 and 1963 as well as during the past few years (Figures 15 & 16).
However, the data point suggesting a sudden peak in the peat accumulation in 1944 – 1963 is
an outlier likely explained by an erroneous dating result (Figures 8, 15 & 16). RERCA for the
whole sequence 1775 – 2020 is 160 g C m2yr1. Prior to the change from sedge- to Sphagnumdominated vegetation, RERCA is 230 g C m2yr1, whereas after the change it is 412 g C m2yr1
(Table 3).
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Figure 15. Peat accumulation rate in Core 2. The red
line indicates the change from sedge peat (below) to
Sphagnum peat (above).

Figure 16. Apparent Carbon Accumulation Rate in Core 2.
The red line indicates the change from sedge peat (below)
to Sphagnum peat (above).

Table 3. Recent Apparent Carbon Accumulation Rate in Core 2.

RERCA (g C/m2/yr)
Total
Sphagnum peat
Sedge peat

161
414
230
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4. Discussion
4.1 The vegetation shift at Lompolojänkkä
Dryer and more oligotrophic conditions in the margins compared to central parts are typical for
aapa mires (Rydin et al., 1999). However, a clear shift in the vegetation community of the
marginal peatland area was detected in all four cores (Figures 9 – 12): the previous vegetation
community in the margins resembles the current community in the central areas of the fen. The
high share of Cyperaceae, as well as the presence of Calliergon sp. and Sphagnum cf. majus
(in Core 4), indicate that relatively wet conditions have persisted until around the early
1960s when the rapid change occurred (Figure 10). Accordingly, it seems likely that the shift
occurred only after the ongoing warming had begun. The expansion of Acutifolia-type Sphagna,
accompanied by a few other moss species and the disappearance of Cyperaceae, indicates a
shift towards dryer and/or more oligotrophic conditions, as if the vegetation typical for mire
margins was expanding towards the centre. Cores 1 and 2 show a Pleurozium schreberi – phase
from the 1980s to the beginning of the 1990s, which is a clear sign of dry conditions:
Pleurozium schreberi is commonly found in forests and occupies only the driest hummocks on
peatlands (Laine et al., 2018).
Sphagnum fuscum – the dominant species in Cores 1, 2, and 3 – is not only an indicator of dry
but also ombrotrophic conditions (Laine et al., 2018). Ombrotrophication is often detected as a
shift from sedge peat to Sphagnum peat within decades or centuries. Besides the vertical peat
growth, ombrotrophication may be triggered by a water table draw-down that isolates the
peatland surface from minerogenic water sources (Hughes & Barber, 2004; Tahvanainen,
2011). However, Sphagnum warnstorfii is highly abundant in the study site, dominating the
surface of Core 4 and surrounding the Sphagnum fuscum hummocks (Figure 12, personal
observation 2020). Sphagnum warnstorfii is an indicator of the presence of a minerogenic water
source (Laine et al., 2018). Even if a local lack of nutrients was prevailing at the marginal areas
of the peatland, ecosystem-scale ombrotrophication of Lompolojänkkä in the nearby future
seems unlikely, as there is currently a stream flowing through the peatland and the vegetation
shows no signs of the lack of nutrients in the central parts of the peatland. Thus, it seems likely
that the observed vegetation change has been triggered by at least one allogenic factor.
The ongoing warming trend began in Finnish Lapland after Little Ice Age (LIA), in the mid19th – early 20th century (Helama et al., 2009a; Luoto et al., 2017). Throughout the 20th century,
the warming climate trend has prevailed. 1920s and 1930s were particularly warm in Finnish
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Lapland, mostly due to increasing summer temperatures (Lee et al., 2000; Helama et al., 2009a;
Luoto et al., 2017). Even though the most drastic warming period ended prior to the observed
vegetation shift, the plant communities may have responded to the warmth with some delay.
Similar shifts from wet Sphagna and fen vegetation into a Sphagnum fuscum-community have
occurred during MCA (Zhang, 2018b), which was a relatively warm and dry period in Northern
Fennoscandia (Helama et al., 2009b; Linderholm et al., 2018). Thus, it is likely that the
vegetational shift occurring at the beginning 1960s is a response to the current warming.
The paleovegetation of Lompolojänkkä has been investigated by Niemelä (2012). Her findings
did not indicate such a drastic change in vegetation composition that was visible in my results.
On the contrary, she found the amount of Cyperaceae to increase towards the surface. However,
her samples were cored from the central parts of the fen, whereas those of this study were from
the marginal areas of the peatland. This supports the visual observations from the study site,
according to which the change is only occurring in the marginal areas. A similar, recent
expansion of hummock species – mainly Sphagna – has been observed in northern fens by
Pedrotti et al. (2014) in South-Eastern Sweden and by Kolari et al. (2021) in Eastern Finland.
Kolari et al. (2021) found a change in the vegetation of a fen margin within two decades in
repeated sampling. Interestingly, they did not find a notable overall decrease in the water table
level in repeated measurements – instead, the vegetation change was interpreted to be caused
by increased Sphagnum growth triggered by the warming climate. As they justified, Sphagna
may benefit from long and warm growing seasons as long as the moisture supply remains
sufficient (Bengtsson et al., 2021). It seems possible that also at Lompolojänkkä the vegetation
is responding directly to the increasing temperature rather than via changes in the local
hydrology. However, Sphagnum fuscum – the dominant species in 3 of 4 cores – is not capable
of taking the advantage of increased temperatures as efficiently as e.g. Sphagnum magellanicum
(Bengtsson et al., 2021). Therefore, a change in the local hydrology at Lompolojänkkä cannot
be ruled out with certainty.
4.2 Carbon dynamics at Lompolojänkkä
The Holocene-scale radiative forcing effect of Lompolojänkkä has been simulated by
Mathijssen et al. (2014). Due to high CH4 emissions, the net radiative forcing impact of
Lompolojänkkä was positive during the early phase of its succession but shifted into negative
as the total carbon accumulation exceeded the effect of CH4 5000 years ago or even earlier
(Mathijssen et al., 2014). Based on three years of on-site measurements, Aurela et al. (2009)
concluded that Lompolojänkkä functions as a net carbon sink and has a cooling impact on
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climate. However, between the years 2007 and 2016, a hint of an increasing trend in ecosystem
respiration has been observed, due to which the net annual carbon uptake has decreased (Lohila
et al., 2018). Despite the change towards drought-adapted communities in Lompolojänkkä
margins, the water table level remained high in the central parts of the fen even during the
extremely warm and dry summer of 2018. Together with the increased peat temperature, it
caused exceptionally high CH4 emissions (Rinne et al. 2020).
According to the plant macrofossil data, the shift towards Sphagnum-dominated plant
communities in the mire margins occurred already in the 1960s. Thus, the observed vegetation
shift does not directly explain the measured decrease in carbon uptake in 2007 – 2016.
However, even though no signs of drying have been detected from the central parts of the
peatland, one must bear in mind that the vegetation may respond to environmental changes with
some delay. Also, Lompolojänkkä is highly heterogenous and hosts several different plant
community types. Thus, should there be a very recent drying in the central areas of the peatland,
it may not have been visible yet in the previous field campaigns. As decreasing carbon
accumulation has been associated with past warm periods on Lompolojänkkä and other
subarctic fens (Borren et al., 2004; Jones et al., 2009; Mathijssen et al., 2014), the recently
decreased carbon uptake may be a response to the warming climate. However, according to the
peat analyses, the carbon accumulation seems not to have decreased at Lompolojänkkä fen
margins towards the present.
The lowest carbon accumulation rate was detected between the years 1832 and 1922 when only
1 cm of peat was accumulated in 90 years (Figure 8). This is possibly due to Little Ice Age
(LIA), a cool climate period that persisted until the early 20th century in Finnish Lapland
(Helama et al., 2009a; Luoto et al., 2017). Contrastingly, high peat and carbon accumulation
rates during LIA have been reported from other subarctic fens, but those have likely been
affected by permafrost dynamics and/or a shift to Sphagnum-dominated communities (Zhang,
2018a; Piilo et al., 2020). In permafrost-free peatlands, decreasing carbon accumulations during
LIA have been reported by Charman et al. (2013).
The carbon accumulation rates of Lompolojänkkä show an increasing trend towards the present.
RERCA for the whole dated peat section is 160 g C/m2/yr1. This is slightly higher compared to
most subarctic fens: Piilo et al. (2019) reported RERCA ranging from 50.7 to 149.1 g C/m2/yr1,
and Turunen (2003) from 30 to 120 g C/m2/y1. RERCA is notably higher for the Sphagnumdominated section compared to the sedge-dominated section (Table 3). This could result from
the shift into a Sphagnum-dominated community, as Sphagnum mosses are known to increase
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carbon accumulation rates (Turunen, 2003; Tuittila et al., 2013). However, it is also possible
that the increasing RERCA is simply due to incomplete decomposition processes of the fresh
peat (e.g. Young et al., 2019). Young et al. (2021) concluded that ACAR and RERCA are not
reliable proxies when comparing past and present carbon accumulation rates. This is because
of the incomplete decomposition, and the fact that these calculations ignore the processes that
may have occurred in deeper peat layers simultaneously with the accumulation on the surface.
Thus, it must be borne in mind that ACAR and RERCA do not fully describe the carbon balance
of the peatland at a given time. However, there is also a drastic increase in the C/N ratios
following the change in the peat type. This indicates that the changing vegetation type plays a
role in the observed carbon accumulation change.
4.3 Future research
My results together with the contrasting observations from Lompolojänkkä (Niemelä, 2012;
Mathijssen et al., 2014; Rinne et al., 2020) highlight that peatland climate responses may vary
even within an individual peatland. In this case, the vegetation on the fen margins has shifted
towards more drought-adapted and oligotrophic communities even though water table decline
or vegetation changes have not been observed in the central areas of the peatland. Similar
conclusions have been made by Zhang et al. (2018a), Piilo et al. (2020), and Kolari et al. (2021)
from other fens in Finland and Russia.
Peatland climate response depends on a complicated set of allogenic and autogenic drivers, and
as peatland coverage in the northern hemisphere is as high as 3.7 ± 0.5 million km2 (Hugelius
et al., 2020), this poses further challenges for forming a coherent understanding of their future.
Thus, more research is required before anything can be generalized for vast areas. There is a
need for both increasing spatial coverage of the data and the multi-core approach within an
individual peatland. The versatility of different methods should be considered when planning
future research approaches. Using a multi-proxy approach would increase the accuracy of the
results. For instance, it would be interesting to investigate testate amoebae communities in
Lompolojänkkä and see what kind of hydrological changes they indicate in both the peatland
margins and the central area. Testate amoebae are a powerful proxy for past water table
fluctuations, and they respond to environmental changes within a shorter time compared to
plants (Väliranta et al., 2012). Thus, were there any recent – even minor – hydrological changes
in the central parts of Lompolojänkkä, they could be reflected by testate amoebae, even though
the change is not visible in the plant community.
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4.4 Uncertainties and potential sources of error
The methods applied in this study are traditional and highly accepted by the scientific
community. The necessity of multiple coring points has been recognized in previous
palaeoecological studies (e.g. Piilo et al., 2020) as it significantly increases the reliability of the
results and benefits data interpretation. However, certain sources of uncertainty still exist. My
results represent only the marginal areas of Lompolojänkkä, thus I cannot generalise them for
the whole peatland. Currently, the vegetation of Lompolojänkkä peatland is highly
heterogeneous. My results prove that there have been some differences in the vegetation
communities also in the past. For instance, Core 4 seems to have been a relatively wet habitat
throughout the covered time, whereas the other three cores show a higher number of shrubs and
hummock mosses. However, despite the small differences, all four cores show a similar change
from a Cyperaceae -dominated fen into a Sphagnum-dominated hummock or lawn. Thus, I can
conclude with relatively high certainty that this change is truly occurring in the mire margins
of Lompolojänkkä.
I analysed plant macrofossils mainly at 4 cm resolution. This is high enough to capture major
changes in the vegetation. However, short-term variation in the vegetation might have been
unnoticed. Where a change was detected, I increased the sample resolution to one cm in order
to investigate the change more accurately. Besides, in the plant macrofossil analysis, misleading
results may originate from the roots of the modern vegetation penetrating into the deeper layers
and differences in the decay rates between plant species (Mauquoy & van Geel, 2013). At the
beginning of the analysis, my experience in plant macrofossil analysis was limited. However,
the first and the most challenging samples were analysed under supervision. I also tested my
skills by re-analysing the samples, which demonstrated to me that my skills had improved
during the process and also made me more confident about my results. It should also be borne
in mind that the visual estimation of the proportions of each species or plant type is always
somewhat subjective.
Only one core, Core 2, was dated and the lead isotope method was used. According to the dating
results, one cm of peat has been accumulated between the years 1944 and 1946 (Figure 8). This
is a rather unrealistic value when comparing to the general peat accumulation rate of the
peatland (Figure 8). No other explanation could not be thought of but an unfortunate error in
the dating procedure. Thus, also the timing of the vegetational shift must be considered
critically. The use of other, overlapping dating methods would be essential to improve the
reliability of the chronology and results. Caesium and radiocarbon isotope methods were
32

considered as supplementary dating methods, but the strict timetable did not allow those to be
performed. For the same reason, only one of the four cores was dated. The results would be
better comparable with each other if all four cores had robust chronologies. However, the shift
in the vegetation community is included in the dated section, and it occurs rather near the
surface in all cores, so it can be assumed that the change has occurred approximately
simultaneously in all four coring points and most likely only after the current warming began.
The dating resolution was one cm, which is a relatively high resolution.
5. Conclusions
Warmer and dryer summers are expected in northern high latitudes in the future (Najafi et al.,
2015; Overland et al., 2018). Peatland carbon dynamics are tightly connected to hydrology,
which is affected by both climate and autogenic development of the peatland. This implies that
further changes in the vegetation, hydrology, and carbon dynamics of northern peatlands are
likely. Due to the complexity of peatland ecohydrology and carbon dynamics, predicting the
future of the peatland carbon stock is challenging.
As shown in this thesis, peatland climate responses may vary even within a single peatland. To
answer my first research question; a shift from a sedge-dominated into a Sphagnum-dominated
community since the 1960s was detected in the marginal area of the peatland. However, the
central part of the peatland remains a wetter fen. To answer the second research question; the
shift into a Sphagnum-dominated community seems to have increased the carbon accumulation
at the peatland margins, even though a decreased carbon uptake has been observed in
ecosystem-scale measurements (Lohila et al., 2018). However, as explained by Young et al.
(2021), peatland carbon accumulation rates should be considered critically.
Both the increasing temperature and permanent water table drawdown may trigger an expansion
of Sphagna at the cost of sedges (e.g. Bengtsson et al., 2021). This change likely decreases CH4
emissions (Mäkiranta et al., 2018; Riutta et al. 2020) and possibly increases carbon
accumulation (Turunen, 2003; Tuittila et al., 2013), which would have a cooling climate impact.
In case peatlands are drying, several consequences are possible, and the net climate impact
depends on which of those are the most prominent. Drying and warming conditions may inhibit
photosynthesis and increase oxic decomposition, which would result in a smaller carbon sink
and increasing CO2 emissions (Aurela et al., 2009; Laine et al., 2019). The decrease of water
tables is also known to decrease CH4 emissions, which has a cooling impact on climate
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(Nykänen et al., 1998; Riutta et al., 2020). On the other hand, an increasing amount of CH4 may
be emitted from wet northern peatlands that have special hydrological features ensuring a
constant water supply even during extreme heatwaves and droughts (Rinne et al., 2020).
To conclude, multiple different changes are likely occurring simultaneously in northern fens.
Local topography and hydrology may play a central role in determining the development of a
peatland’s carbon dynamics, but the vegetation may also respond directly to the increased
temperature. Some consistency between sites has been detected: recent peatland drying has
been reported from Northern Fennoscandia (Galka et al., 2017; Piilo; 2017), Russia (Zhang et
al., 2018b), Canada (Bellen et al., 2018), and even boreal and temperate peatlands (Swindles et
al., 2019; Zhang et al., 2020). The expansion of Sphagna similar to this study was found to be
due to temperature increase in Eastern Finland by Kolari et al. (2021). To form a more coherent
understanding of the peatland climate responses, i.e., the fate of the remarkable carbon stock
they maintain, further research with high spatial coverage, multi-core approach, and versatile
methods is crucial.
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