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1 Introduction 

The current climate change alters the Earth’s carbon (C) cycle, and ecosystems must adapt to the 

changing environmental conditions. A small energy balance difference between the incoming 

shortwave solar radiation and the outgoing longwave and reflected shortwave radiation leads to global 

warming until a new radiative equilibrium is reached (IPCC, 2018). This energy imbalance is caused 

by the changes in the Earth’s albedo, atmospheric aerosols and, most notably, by the increased 

greenhouse gas (GHG) concentrations in the atmosphere. The two most important GHGs inducing 

anthropogenic climate change are carbon dioxide (CO2) and methane (CH4). These gases are also the 

main components in the C exchange between the atmosphere and biosphere, but the exchange fluxes 

vary strongly among the ecosystems and the plant community types (PCTs) within ecosystems 

(Chapin et al., 2011).  

Northern Fennoscandia is located in the northern boreal vegetation zone and is part of the subarctic 

climate zone, where sporadic permafrost can be found in the northern parts of the region (Fronzek et 

al., 2010). This is the region of interest of this thesis and is referred to as the subarctic, a region that 

is located north of the Arctic Circle but still south of the Arctic region. The subarctic landscape 

consists mainly of forests, peatlands and lakes. The larger boreal zone stores vast amounts of C, 

approximately 1000 Gt C, in its soils, plants and sediments with most of the C stored in peatlands 

(Bradshaw and Warkentin, 2015); in comparison, the atmosphere contains ca. 860 Gt C 

(Friedlingstein et al., 2020). The Fennoscandian boreal region has been estimated to store a total of 

24 Gt C, of which 3, 8 and 13 Gt C is in plants, mineral soils and peat, respectively (Bradshaw and 

Warkentin, 2015). The biological processes controlling the ecosystem-atmosphere fluxes of CO2 and 

CH4 are sensitive to changes in meteorological conditions, such as temperature and precipitation 

(Lupascu et al., 2012; Wang et al., 2014; von Buttlar et al., 2018), but there are also indirect effects 

due to changing water table level, phenology and vegetation composition, for example (Lindroth et 

al., 2008; Strachan et al., 2015; Peichl et al., 2018). The understanding of how the large subarctic C 

storage is affected by the current climate change and how the changes in C cycle further impact 

climate change is of paramount importance.  

The subarctic region in northern Fennoscandia is warming at a rate of two to three times the global 

average (Rantanen et al., 2022), and the natural CO2 and CH4 sources and sinks driven by ecosystem 

functioning are affected by changes in the regional climate. As a consequence of climate change, the 

region is experiencing higher temperatures and more precipitation, an increase in the frequency of 

extremely warm weather events and a decrease in extremely cold events (Kivinen et al., 2017; 

Caloiero et al., 2018). The mean annual temperature has been observed to have risen by 2.1 ºC in 

1961–2018 (Ruosteenoja and Räisänen, 2021). The most noticeable warming has been observed 

during December–March, by 2.9–4.3 ºC, and also the spring months April and May have warmed (by 

2.1–2.5 ºC), which has decreased the length of the cold season. The warm spring weather with earlier 

snowmelt advances the growing season start (Pulliainen et al., 2017), and it has been predicted that, 

assuming a moderate, stabilising GHG emission scenario, in 2040–2069 the thermal summer will be 

30–40 days longer and the thermal winter 30–50 days shorter than in 1971–2000 (Ruosteenoja et al., 

2020). The snowpack affects the freeze-thaw cycle of soil by insulating it during the cold months; 

however, no change in snow depth has been observed in northern Finland in recent decades 
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(Luomaranta et al., 2019). Furthermore, the frequency and intensity of heatwaves are predicted to 

increase during summertime (Kim et al., 2017).  

The warming temperature trend and changes in water balance lead to gradual changes in vegetation 

composition as ecosystems gradually adapt to new conditions (Johansson et al., 2006). However, the 

changes in plant communities can be abrupt in peatlands that have sporadic permafrost if the ice 

formations thaw (Olefeldt et al., 2021). The dwarf shrub expansion towards the Arctic region, also 

known as shrubification, has been suggested to lead to positive climate warming feedback if the 

shrubification is driven by deciduous plants, but to negative feedback if driven by evergreen plants 

(Vowles and Björk, 2019). As the climate warms in Fennoscandia, insect herbivory can increase 

affecting vegetation composition and the C sequestration of plants (Vanhanen et al., 2007). The 

vegetation shift linked to warmer conditions and longer growing seasons could, in some cases, be 

slowed down by the herbivory pressure. The local reindeer herding can also alter the rate of 

shrubification and vegetation composition in intensely grazed areas (Verma et al., 2020). 

In this thesis, field measurements of CO2 and CH4 exchange and ancillary environmental variables 

were conducted in subarctic ecosystems. The ecosystem-atmosphere fluxes were measured both on 

the ecosystem level with the eddy covariance (EC) technique and on the plant community and 

treatment level with the flux chamber technique. The use of these two techniques together allowed a 

better temporal and spatial scope in the studies than a single technique alone.  

The general aim of this thesis is to utilise the aforementioned measurements to gain knowledge of the 

changes in the C cycle of subarctic ecosystems as the environmental conditions change. The more 

specific research questions that the thesis aims to answer are: 

1) How do meteorological conditions affect the CO2 and CH4 fluxes of subarctic ecosystems during 

two contrasting years? (Papers I, II and IV). 

2) What is the contribution of different ecosystems to the landscape-scale CO2 and CH4 balance? 

(Papers I and IV). 

3) How do the current CO2 and CH4 fluxes of the fen compare to the reconstructed fluxes during the 

Holocene peatland development? (Papers I and III). 

Additionally, the methodological issues considering suboptimal data coverage of flux measurements 

are addressed. Specifically, a method was developed to stabilise the light response fits when the 

amount of chamber-based CO2 flux data is limited. Furthermore, the uncertainties due to the inherent 

gaps in EC flux data are discussed.  
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2 Carbon cycle in subarctic ecosystems 

2.1 Biotic processes driving CO2 and CH4 exchange 

The subarctic landscape consists of upland forests, fells, open and forested peatlands and water bodies. 

Each of the ecosystems displays distinctive C fluxes (Fig. 1). The net ecosystem exchange of CO2 

(NEE) and CH4 (𝐹CH4) is driven by biotic processes that produce and consume the gases. This leads 

to fluxes in both directions between the atmosphere and ecosystems. The main process for ecosystem 

uptake of CO2 is photosynthesis by plants. On the other hand, CO2 is released from the ecosystem to 

the atmosphere through autotrophic plant respiration and heterotrophic soil respiration, which form 

the total ecosystem respiration (ER). In lake ecosystems, the CO2 emissions are due to the release of 

the CO2 dissolved in water and the CO2 produced in sediments. The sum of total GPP and ER defines 

NEE: 

NEE = GPP + ER (1) 

Micrometeorological sign convention is used here, with GPP being negative to denote carbon flux 

from the atmosphere to ecosystems and ER positive to denote carbon flux from ecosystems to the 

atmosphere. By integrating NEE over time, for example a year, the CO2 balance of ecosystem is 

obtained. 

In the subarctic landscape, forests have larger annual GPP and ER than peatlands, due to higher 

greenness, biomass and leaf area of vegetation (Aurela et al., 2015; Virkkala et al., 2021). Lakes and 

other water bodies have generally the smallest GPP of the three ecosystems highlighted in Fig. 1. 

However, the CO2 emissions can be relatively large especially in streams, where turbulent water flow 

enhances the gas exchange, but their area coverage is small (Wallin et al., 2018). 

The ecosystem-atmosphere C balance is also regulated by the production and consumption of 

methane. The CH4 production process is run by methanogenic archaea and is part of the 

decomposition of organic matter. In turn, the CH4 consumption in soils is carried out by 

methanotrophic bacteria through oxidation as they use CH4 as their energy source assimilating C. CH4 

production and consumption occur in different environmental conditions as methanogenesis requires 

anoxic conditions while methanotrophy occurs in oxic conditions.  

Waterlogged conditions with the input of labile C through GPP make the peatlands potent ecosystems 

for substantial CH4 production, and thus they have the largest CH4 emissions of the subarctic 

ecosystems. However, the favourability of conditions for methanogenesis varies among peatland plant 

communities (e.g. Davidson et al., 2016). Lakes can emit CH4 in similar magnitudes to peatlands 

depending on the lake size and depth and the amount of available C in the sediments (Bastviken et 

al., 2004). Additionally, part of the CH4 emissions can be oxidised as the gases diffuse through the 

water column, thus turning the C flux into CO2 emissions at the surface. In upland soils, both the 

production and consumption of atmospheric CH4 are low, making the balance close to neutral 

(Korkiakoski et al., 2022). 

The balance between the production and consumption processes determines if the ecosystem acts as 

a sink or a source of CO2 and CH4. The rates of biological processes are controlled by environmental 
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and meteorological conditions, with temperature, irradiance and moisture conditions being the main 

drivers. For example, earlier snow melt and soil thaw due to warm spring weather have been observed 

to increase the annual CO2 uptake of subarctic peatlands, as soil frost does not inhibit water uptake of 

plants and bud break begins earlier (Aurela et al., 2004; Sagerfors et al., 2008).  

 

2.1.1 Photosynthesis 

Plants gain the energy required for growth through chemical reactions in photosynthesis, where CO2 

and water are synthesised with the aid of solar radiation into chemical energy and oxygen. The 

resulting chemical energy is in the form of carbohydrates that are used for cell formation and 

maintenance. In the boreal vegetation zone, the majority of the plants use C3 photosynthesis 

mechanism (Still et al., 2003). Atmospheric CO2 enters the plant through stomata, which are small 

openings on the leaf surface that can be regulated by the plant, while water and nutrients enter the 

plant through the roots. The dissolved CO2 and nutrients are transported into chloroplasts, where a 

light-absorbing pigment known as chlorophyll captures solar energy and photosynthesis occurs. 

(Chapin et al., 2011) 

The rate of photosynthesis depends on the amount of solar radiation, atmospheric CO2 concentration, 

temperature, water and nutrient availability and atmospheric water vapour pressure deficit (VPD). 

Plants are adapted to grow in differing environmental conditions depending on these drivers and thus 

can manifest differing levels of light-use efficiency and photosynthetic capacity (Chapin et al., 2010). 

In general, increasing solar radiation increases the rate of photosynthesis, but this rate levels out at 

higher radiation levels partly due to high VPD (e.g. Whiting, 1994). The total GPP of an ecosystem 

or a plant community is strongly dependent on the amount and greenness of vegetation, with e.g. 

forests typically having a larger leaf area index (LAI) than peatlands (Lindroth et al., 2008; Räsänen 

et al., 2020). Sufficient soil moisture allows the stomata to stay open, as the plants can replenish the 

transpired water from the soil, to optimise CO2 uptake in the leaves (Lawson and Blatt, 2014). 

However, in drought conditions plants regulate the stomatal exchange to reduce water loss, and 

simultaneously the CO2 uptake is reduced (Chapin et al., 2011). 

 

2.1.2 Ecosystem respiration 

Total ecosystem respiration (ER) is an integrated result of autotrophic (Ra) and heterotrophic 

respiration (Rh) (e.g. Kuzyakov, 2006): 

ER = Ra + Rh (2) 

The CO2 released in Ra of plants is due to mitochondrial processes where carbohydrates produced in 

photosynthesis are turned into metabolic energy. The metabolic energy is further utilised for plant 

growth and plant tissue maintenance (Chapin et al., 2011). In boreal forests, more than 60% of the 

CO2 fixed by photosynthesis can be released in autotrophic respiration (Ryan et al., 1997).  

In Rh of soils, CO2 is released in the decomposition of dead organic matter. Decomposition occurs 

through leaching, fragmentation and chemical reactions by soil microbes. Most of the decomposition 

takes place in the topmost layers of the soil. In upland soils, leaching transfers soluble compounds 
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from the surface layers into deeper parts of the soil. Soil animals metabolise and fragment the 

available organic matter in the topmost layers creating a more favourable environment for soil 

microbes. The soil microbes (i.e., bacteria and fungi) break down the organic matter into nutrients, 

CO2 and complex organic compounds. Additionally, CO2 is released from soils through root and 

rhizosphere respiration, which is driven by the available carbohydrates formed in photosynthetic 

processes. (Chapin et al., 2011) 

Ecosystem respiration is observed to increase exponentially with temperature (Lloyd and Taylor, 

1994), while soil water content has a more complex relationship with the respiration rate depending 

on soil properties and vegetation (Moyano et al., 2012; Du et al., 2020). Additionally, substrate 

availability has a seasonal cycle due to vegetation activity, and the amount of available C for 

decomposition varies among ecosystems, also affecting the ER rates (Wang et al., 2010). 

In boreal lake ecosystems, most of the CO2 emissions originate from the release of dissolved CO2 that 

is either produced by Ra of algae and aquatic plants or Rh via decomposition in sediments, or 

transported from surrounding ecosystems (Kortelainen et al., 2006). High C content of sediments has 

been observed to increase the CO2 emissions (Sepulveda-Jauregui et al., 2015). 

 

2.1.3 Microbial CH4 production and consumption 

Peatlands with high water table level and substrate availability provide conditions that are suitable for 

CH4 production by methanogenic bacteria. The primary substrates used in methanogenesis are the 

organic compounds that are available in peat soils through root exudates produced by plants and 

decomposition of dead plant matter (Lai, 2009). The majority of methanogenesis occurs in the zone 

below the water table level (WTL), with optimal WTL being 5 to 25 cm below the peat surface, where 

plant roots and the recently deceased plant matter supply C compounds (Le Mer and Roger, 2001; 

Rinne et al., 2018). In the oxic soil above the WTL, methanotrophic bacteria use the diffused CH4 in 

their metabolism, oxidising CH4 to CO2 (Bastviken et al., 2002). However, there has been evidence 

that methanogenesis can also occur in oxic layers of wetland soils and water (Angle et al., 2017), 

which can lead to oversaturation of dissolved CH4 in the water column (Günthel et al., 2020). Besides 

diffusion, the other pathways for CH4 emissions from soils to the atmosphere are related to internal 

gas transport in plants and ebullition (bubbling). In the plant-mediated transport, CH4 diffuses through 

vascular plants, thus bypassing the methanotrophic zone (Joabsson et al. 1999). Thus, CH4 emissions 

can show large spatial variation within a peatland ecosystem if there is variation in the occurrence of 

sedges that are effective in plant transport (McEwing et al., 2015).  

Boreal upland forests have been observed to be a globally important CH4 sink due to CH4 oxidation 

in soils by methanotrophs, as the forested areas cover a vast region (Kirschke et al., 2013; Saunois et 

al., 2016). Additionally to the uptake of CH4, methanogenesis can occur in anoxic microenvironments 

within oxic upland soils (Vainio et al., 2021), and trees have been observed to emit CH4 from stems 

and shoots especially in wet areas of the forest (Machacova et al., 2016). However, the magnitude of 

CH4 fluxes per unit area in upland forests is typically small compared to the peatland fluxes.  

The CH4 production in lake ecosystems occurs in the sediments in anoxic conditions, where 

methanogenic microbes reduce CO2 and other organic compounds to CH4. CH4 is released from the 

sediments through diffusion, ebullition and plant transport, and during diffusive transport it can be 
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oxidised to CO2 in the water column. Similarly to the CO2 emissions, the CH4 emissions of boreal 

lakes have been observed to be larger from smaller, shallower lakes (Juutinen et al., 2009). 

 

2.2 Physical transport mechanisms 

2.2.1 Molecular diffusion 

Gas transport occurs at molecular scales via diffusion from higher to lower concentration. The 

diffusion rates are larger in air than in water, with CO2 and CH4 diffusion rates being ca. 10,000 times 

larger in air (e.g. Massman, 1998; Moradi et al., 2020). The low O2 diffusion rates in water lead to 

anoxic conditions in the waterlogged ecosystems and allow the suitable conditions for methanotrophy. 

Within ecosystems, molecular diffusion of CO2 and CH4 occurs in the pore space of soils, plant leaves 

and water columns of ecosystems (Chapin et al., 2011). Near the surfaces (soil, leaf and water), the 

atmospheric flow slows down creating a thin laminar boundary layer where molecular diffusion is the 

main transport mechanism, but above it, turbulent transport dominates in the vertical direction. 

The diffusive flux of CO2 from soils originates from heterotrophic and root respiration. CH4 is 

transported through the soil structure from the zone where methanogenesis occurs to the surface (Sect. 

2.1.2 and 2.1.3). Soil properties affect the diffusive transport of these gases, with large soil porosity 

and pore connectivity increasing the diffusivity (McCarter et al., 2020). Compression, water 

saturation and freezing of the soil reduce air-filled porosity and thus diffusive transport. On the other 

hand, it has also been observed in areas with permafrost that soil freezing in autumn can push out 

trace gases that have been trapped inside the pores (Tagesson et al., 2012). 

In plant leaves, CO2 molecules diffuse through the stomata into the intercellular air cavities, where 

they dissolve into the cell surfaces (Sect. 2.1.1). The regulation of stomatal openings and the stomatal 

geometry control the rate at which the gases can be exchanged between the leaves and the atmosphere 

(Chapin et al., 2011). 

In water bodies, the dissolved CO2 and CH4 gases are transported to the water surface through both 

molecular diffusion and turbulent transport. Turbulent transport has a larger effect in streams and 

other flowing water bodies than in lakes and ponds, where turbulent water flow is minimal and the 

diffusive transport is more pronounced (Lundin et al., 2013). As the dissolved gases rise closer to the 

surface, they pass through the turbulent surface mixed layer. At the surface, the dissolved gas 

exchange rate is controlled by the gas concentration difference between water and the atmosphere, 

convection in the water column and the turbulence at the air-water interface (MacIntyre et al., 2010; 

Read et al., 2012). 

 

2.2.2 Ebullition 

The CH4 produced by methanogens in the sediments of aquatic ecosystems and waterlogged peat soils 

can get trapped and accumulate into small bubbles in the pore spaces (Ramirez et al., 2016). The 

bubbles are formed as CH4 supersaturation is reached in the water. The bubbles grow as they 



18 

 

accumulate more CH4, until the buoyancy force of the bubble overcomes the weight of the 

surrounding sediment or peat layers. The bubbles can be released if atmospheric or hydrostatic 

pressure changes or the soil temperature increases and if the surface is disturbed (Strack et al., 2005). 

The CH4 enclosed in bubbles is not as susceptible to oxidation in the water column as dissolved CH4 

is. Therefore, ebullition can contribute a significant part of the total CH4 emissions from aquatic 

ecosystems (Wik et al., 2013). High CH4 emissions through ebullition have been observed to coincide 

with the amount of coarse detritus in the lake bottom, including redeposited peat and submerged 

aquatic vegetation (Wik et al., 2018). 

 

2.2.3 Plant mediated transport 

Sedges and other aerenchymous plants have adapted to the high WTL conditions persisting in 

peatlands. In particular, they have air channels connecting leaves and roots to transport oxygen down 

into the submerged anoxic conditions around the roots (Pedersen et al., 2021). However, at the same 

time, these air channels create a path for CH4 to escape from the soil to the atmosphere. As CH4 is 

transported through the plants, the emissions cannot be oxidised by the methanotrophs on the way to 

the atmosphere. The amount of CH4 plant-mediated emissions of total emissions from boreal 

peatlands depends on plant species and was observed to vary between 20–35% in bogs and fens 

(Korrensalo et al., 2022). The contribution of this pathway to the total CH4 emissions has been 

observed to be larger in fens than bogs, as aerenchymous plants are more common in wet peatlands 

(Turetsky et al., 2014).  

 

2.3 Turbulent gas transport in the atmosphere 

Turbulent flow can be described as random velocity fluctuations in a wide range of temporal and 

spatial scales (Mathieu and Scott, 2000). Turbulence manifests itself as eddies, which break the 

laminar flow. In atmospheric turbulence, large-scale eddies generate smaller eddies as they move. 

This continues to smaller scales until the remaining energy is turned into heat due to the viscosity of 

air. 

Compared to molecular diffusion (Sect. 2.2.1), atmospheric turbulence is very effective in 

transporting momentum, energy and mass, including GHGs, and is generally the dominant 

mechanism for vertical transport. Such turbulent transport occurs in the lower parts of the atmosphere 

in the so-called atmospheric boundary layer (ABL). In the ABL, the air flow is directly influenced by 

the characteristics of the underlying surface. The turbulent flow in ABL is created by the drag that 

unevenly slows down the flow above the surface. The aerodynamic roughness of the underlying 

surface affects the magnitude of eddies, with more intense turbulence typically observed over forests 

than lakes, for example (Fig. 1). Additionally, the atmospheric stability can either amplify or attenuate 

the intensity of mechanically generated turbulence. (Kaimal and Finnigan, 1994) 

Atmospheric stability is controlled by the energy input from solar radiation. As the sun rises, the 

surfaces begin to warm and so does the air above them. The warm air has a lower density than the 

colder air above it, and thus the buoyancy difference forces the warm air to rise. This results in an 
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unstable ABL where rising warm air creates turbulent eddies (Kaimal and Finnigan, 1994). This adds 

to the drag-induced turbulence enabling more efficient vertical transport. During daytime, the ABL 

height typically increases to 1–2 km, at which height a stable layer separates the well-mixed ABL 

from the free atmosphere (Fig. 2). However, large eddies can break through the entrainment zone 

allowing transfer between ABL and the free atmosphere. As the sun sets, the convective turbulence 

dissipates leaving a residual layer above a shallow nocturnal boundary layer. The lack of incoming 

solar energy leads to stable stratification, where air temperature increases with height. These 

conditions can occur during night-time and cold winter days. The low turbulence conditions during 

stable stratification decreases the rate of vertical transport, and non-turbulent, i.e. advective horizontal 

transport may become significant especially in sloped environments (Aubinet et al., 2005). 

In the turbulent surface layer (Fig. 2), which reaches from the surface to 20–50 m height during 

unstable conditions and lower in stable conditions, the vertical fluxes are approximately constant 

throughout the layer. Hence, the measurements of surface exchange fluxes can be conducted in this 

layer with the eddy covariance method that is based on observing the fluctuations in wind velocities 

and, for example, gas concentration, i.e. the turbulent eddies involved in the vertical flux (e.g. 

Baldocchi, 2014). 

 

Figure 2. Idealised diel evolution of the atmospheric boundary layer over land. Adapted from Stull 

(1988). 
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3 Materials and methods 

3.1 Measurement sites 

 

Figure 3. Location of the Kaamanen and Kevo flux measurement sites. The vegetation zone borders 

are approximated based on Lindholm and Heikkilä (2010). 

The ecosystems that were studied in Papers I–IV are located in Northern Finland within the Arctic 

Circle (Fig. 3). They belong to the subarctic climate zone and the northern boreal vegetation zone. At 

Kaamanen (69°08’ N, 27°16’ E; 155 m a.s.l.), we studied the ecosystem-atmosphere C fluxes of a 

fen, upland pine forest, lake and pine bog ecosystems and ecotones (Papers I, III and IV). At Kevo 

(69°45′N, 27°01′E; 104 m a.s.l.), a flux study was conducted at a mountain birch forest-tundra ecotone 

with the interest in the impact of warming and insect herbivory on the C exchange (Paper II). The 

studies at Kevo were conducted on a plot scale with an experimental set-up, while at Kaamanen the 

studies were done in natural conditions employing both ecosystem- and plot-scale measurements.  

The long-term (1981–2010) mean annual temperature is below zero at both sites, -0.4 °C at Kaamanen 

and -1.3 °C at Kevo, while the mean annual precipitation sum is higher at Kaamanen (472 mm) than 

at Kevo (354 mm) (Pirinen et al., 2012). The sites are located within the sporadic permafrost zone. 

No permafrost has been found anymore in recent decades within the Kaamanen area (Fronzek et al., 

2010), but palsa mires can still be found nearby the more northern Kevo site. At the sites, the 
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maximum snow depth in winter is between 0.5 and 1 m. The thermal growing season (daily average 

temperature exceeds 5 ºC) is short in the region as it lasts only 115–135 days (Finnish Meteorological 

Institute). On the other hand, there is plenty of light during the growing season as the region 

experiences the midnight sun from late May to late July. 

The peatland studied at Kaamanen is a mesotrophic flark fen that has distinctive microtopography 

(Paper I). Between the wet flarks sprawl string formations that are elevated 0.5–1 m from the flark 

surface. The strings have ice lenses that stay frozen until July and refreeze again in October–

November. The string formations have been formed and are maintained by the peat soil-thaw cycle, 

snow cover and the waterflow through the fen (Seppälä and Koutaniemi, 1986). As the string tops are 

separated from the water table, they are considered to be ombrotrophic and thus can be described as 

nutrient-poor bog-like islands within the fen. The differences in water table depth and nutrient 

availability creates a diverse environment for different plant community types (PCTs). Two different 

PCTs can be found in the wet flarks, with the vegetation dominated by either sedges (Carex spp.) or 

Trichophorum, and brown mosses. These PCTs are hereafter named flark (F) and Trichophorum 

tussock (TT), respectively. The bog-like string tops (ST) are populated by dwarf shrubs (Ledum 

palustre, Empetum nigrum), herbs (Rubus chamaemorus), mosses and lichens. The string margins 

(SM) are covered with dwarf birch (Betula nana) and other dwarf shrubs, sedges and Sphagnum 

mosses. The fifth main PCT, riparian fen, is found on the banks of a stream that runs through the fen 

and riparian areas; it is populated by tall sedges, deciduous shrubs and forbs.  

The fen is located between two lakes in the catchment, and a stream flows through it from north to 

south. Some of the incoming water comes from the surrounding eskers and upland mineral soils. The 

water table level is highest in May as the spring flooding occurs. The water flows through the fen on 

the peat surface. As the bedrock under the fen slopes towards the south, the peat thickness is lowest, 

ca. 1 m, in the northern parts of the fen and increases southwards, where it is up to 4 m. Most of the 

aboveground biomass consists of shrubs and mosses. The deciduous forbs and graminoids contribute 

increasingly to the total leaf area in the mid and late growing season.  

The Kaamanen upland forest has Scots pine (Pinus sylvestris) as the dominant tree species with some 

downy birch (Betula pubescens) trees also present (Paper IV). The pine forests in the area are old-

growth forests with uneven age distribution, with parts that have been logged about 50 yr ago. The 

average tree height at the study site is about 8 m. On the sandy podsol soil, evergreen dwarf shrubs 

(e.g. Vaccinium vitis-idaea and Calluna vulgaris), mosses and lichens are thriving. The tree biomass 

in the forest is about 3200 g dry matter m-2 and the one-sided LAI is 2 m2 m-2. The field and ground 

layer vegetation contributed 15% to the total aboveground biomass. 

The size of the water bodies varies greatly in the Kaamanen catchment, from small ponds and streams 

to lakes larger than 25 ha (Paper IV). The lakes are shallow, from less than 1 m to a few metres deep, 

and the aquatic vegetation is sparse. The vegetation of macrophytes, mainly horsetail (Equisetum 

fluviatile), sedges (Carex spp.) and Menyanthes trifoliata, and benthic algae is mostly found near the 

shores. Two types of lakes can be distinguished in the Kaamanen study area. One type is located 

downstream next to the peatland areas with the majority of incoming water flowing from the peat 

soils. These lakes have peaty sediment bottoms (referred to as organic sediment lakes, ‘OS lake’). 

The other lake type receives its water from surrounding upland mineral soils and have sandy sediment 
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bottoms (referred to as mineral sediment lakes, ‘MS lake’). The lakes thaw typically in May and 

freeze over in October, with the smaller lakes and ponds freezing to the bottom. 

The ecotone between the upland forest and fen ecosystems can be defined as a pine bog ecosystem, 

where Scots pine trees are growing on peat soil (Paper IV). The trees are fewer and shorter than in 

the upland forest. The pine bog land cover type can also be found in the driest areas of the peatland. 

The trees growing in this area are even more sparse and smaller than in the ecotone between the 

upland forest and fen. Compared to the upland forest, the tree biomass is less than 20% in the sparsely 

treed pine bog and about 50% in the treed pine bog ecotone. The field layer vegetation is similar to 

the bog-like string top PCT of the fen, with evergreen (Ledum palustre) and deciduous (Vaccinum 

uligirosum and Betula nana) shrubs, herbs (Rubus chamaemorus) and a few graminoids (Carex spp.). 

The ground layer is formed by mosses and a few lichens. 

The Kevo study site was set up in a mountain birch forest-tundra ecotone on upland mineral soil 

(Paper II). Adult mountain birches were removed from the experiment area. Twenty birch plantlet 

plots (0.75 m × 1 m) were established with the original field layer vegetation, and 12 plantlets were 

planted into each plot. The plantlets were of four birch species: local Betula nana and Betula 

pubescens ssp. czerepanovii, and the currently more southern species Betula pendula and Betula 

pubescens. Three genotypes per species were included. The plots were divided into four treatment 

categories: control, 3 ºC warming, reduced insect herbivory, and both warming and reduced 

herbivory. 

 

3.2 Flux measurement techniques 

3.2.1 Eddy covariance method 

The C exchange between ecosystems and the atmosphere can be measured with the EC method, which 

is based on the previously described turbulent transport of trace gases in the ABL (Sect. 2.3). The 

theory of EC method is derived from the conservation of mass and Reynolds averaging (e.g. 

Baldocchi, 2003; Foken et al., 2012). For the trace gas s, such as CO2, CH4 and H2O, the surface flux 

(𝐹s) can be expressed as  

𝐹s = 𝜌𝑑̅̅ ̅ ∫ (
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where 𝜒s is the mass mixing ratio of s, 𝜌d is the dry air density, here assumed to be constant, u, v and 

w are the along-wind, cross-wind and vertical wind speed, respectively, x, y, and z are the 

corresponding coordinates, and t is time. The overbar denotes temporal averaging, and the prime 

represents turbulent deviations around the mean. In Eq. (3), Terms I, II and III are related to mass 

storage change, advection and flux divergence, respectively. Under the assumption that the 

underlaying surface is horizontally homogeneous and vertical advection is negligible, the advection 

term II can be ignored. Also, the horizontal components in Term III can be ignored as the horizontal 

flux divergence is significantly smaller than the vertical flux divergence in the measurement layer. 
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Introducing these assumptions and integrating the vertical divergence term, the vertical mass flux (net 

ecosystem exchange) of a trace gas can be expressed as 

𝐹s = 𝜌𝑑̅̅ ̅𝑤′𝜒′s̅̅ ̅̅ ̅̅ ̅|
z
+ 𝜌𝑑̅̅ ̅ ∫

𝜕𝜒s̅
𝜕𝑡
𝑑𝑧

𝑧

0

= 𝐹s
EC + 𝐹s

STO (4) 

which indicates that the net ecosystem exchange can be estimated from the vertical turbulent flux 

(𝐹s
EC) measured at z and the flux due to the storage change below this height (𝐹s

STO). A positive 𝐹s 

indicates a mass flux from the ecosystem to the atmosphere, and vice versa. 

For calculating the w-𝜒s covariance (𝑤′𝜒′s̅̅ ̅̅ ̅̅ ̅), vertical wind speed and trace gas mass mixing ratio are 

measured with high frequency (~10 Hz) above the studied ecosystem (Fig. 4). High frequency 

measurements with fast-response sensors are needed for capturing also the smallest eddies that 

contribute to the vertical turbulent transport. A sonic anemometer is most commonly used for 

detecting the wind velocity variations, while the mixing ratio measurement requires a fast-response 

gas analyser, the inlet of which must be located next to the anemometer to observe the smallest 

turbulent eddies. The fluxes are usually averaged over 30-min periods, which extends the frequency 

range included in 𝐹s
EC to cover also the large eddies observed in the ABL. (Munger et al., 2012) 

 

Figure 4. Eddy covariance flux measurement station at the Kaamanen fen, with a sonic anemometer 

and sample air intake at the top of a 5-m tall tower. The gas analysers and compressor pump used in 

EC measurements are housed in the cabin. Incoming and reflected solar radiation and longwave 

radiation are measured on the tower to the left. Photo: Tarmo Virtanen. 

The storage flux accounts for the mass storage changes in the air column below the measurement 

height, i.e. the ecosystem-atmosphere exchange not observed as turbulent flux at the EC measurement 
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height (Finnigan, 2006). When measuring 𝐹s
EC at a relatively low height (3–5 m) or over long periods 

of time, the cumulative storage flux is typically close to zero (Loescher et al., 2006). However, the 

short-term storage flux can be significant (Nicolini et al., 2018), especially around sunrise and sunset, 

when in low turbulence conditions CO2 uptake and emissions take place but are not observed as 𝐹s
EC. 

This can occur, for example, in forests, where a thick canopy and diminished turbulence can cause 

build-up or depletion of gases close to the surface. 𝐹s
STO can be estimated with measurements of the 

vertical gas mixing ratio profile, from which the storage change can be calculated (Montagnani et al., 

2018).  

The flux observed with the EC method originates from a large, relatively narrow area that stretches 

upwind from the measurement tower. This area, which typically covers a few hectares, is known as 

the flux footprint (Rannik et al., 2012). The flux footprint depends on the measurement height, wind 

direction and speed, surface roughness and atmospheric stability. In unstable turbulence conditions, 

the cumulative footprint area is smaller and located closer to the measurement tower than in neutral 

and stable conditions. The dimensions of flux footprint increase with increasing measurement height 

and decreasing surface roughness.  

During stable atmospheric conditions, predominantly at night-time when there is no energy input from 

solar radiation, vertical turbulent transport diminishes and the measurement may underestimate the 

true respiration flux at the surface, even when accounting for 𝐹s
STO (Baldocchi, 2003). Thus, the data 

collected under nonoptimal turbulence conditions are commonly discarded based on a threshold set 

for the friction velocity (𝑢∗) that describes the intensity of mechanically generated turbulence 

(Aubinet et al., 2012). The data gaps caused by discarded data due the 𝑢∗ condition, possible footprint 

limitations and other quality control filtering, and by the data losses due to equipment failures can be 

gap-filled with parametric and statistical methods. 

 

3.2.2 Flux chamber method 

The CH The flux chamber technique is a method for detecting trace gas fluxes based on the mass 

balance within an enclosure, or a chamber, of a known volume (Livingston and Hutchinson, 1995). 

The mass balance is derived from the measurement of gas concentration in the chamber after 

enclosing in it the studied surface, across which the gas exchange occurs. Depending on the chamber 

design, this surface can represent the ground with short vegetation, as in the present study, or, 

individual plants or parts of plants (e.g. leaves and stem). In the case of soil chambers, fixed collars 

are commonly inserted into the soil to prevent leakages between the chamber and ground surface, and 

to facilitate repeated measurements at the same location.  

The CO2 and CH4 fluxes from ground-layer vegetation and soil are usually measured by utilising a 

closed static chamber, a closed dynamic chamber or an open dynamic chamber (e.g. Pumpanen et al., 

2004). In closed systems, the flux is derived from the concentration change in the chamber air space 

after the chamber is closed. With the closed dynamic method, the sampled air is sucked from the 

chamber air space to a gas analyser and released back to the chamber, creating a closed loop. In the 

closed static method, the concentration change can be measured by taking air samples during the 

closure or by monitoring the trace gas concentration inside the chamber. In the closed chambers, 

compensation air can be introduced to the chamber if the measurement would otherwise cause 

pressure changes inside the chamber. In the open chamber method, the flux is calculated from the 
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concentration difference between the inflowing ambient air and outflowing chamber air. In closed 

systems, the chamber air is typically not replaced with ambient air as in the open chambers, and thus 

in long closures (e.g. > 30 min, depending on flux magnitude) the trace gas concentration in the 

chamber can increase to a level that affects the flux rate to be measured (Heinemeyer and McNamara, 

2011). However, with the current fast-response gas analyser technology the closure time can be 

reduced so that long closure times are not needed for obtaining a sufficient number of measurements. 

In turn, in an open chamber the measurement can be biased by the pressure difference caused by too 

strong inflow or outflow, in which case air is either pushed back to or drawn out of the soil (Fang and 

Moncrieff, 1998; Lund et al., 1999).  

The flux chamber closures can be conducted either manually or automatically (e.g. Görres et al., 

2016). In practice, an automated set-up increases the amount of flux measurements compared to 

manual operation, as it can be programmed to close at desired time intervals continuously throughout 

the year. For measuring the light response of CO2 fluxes multiple shading elements can be used to 

gain data from a large range of light conditions. In Papers I–IV, closed static and dynamic chambers 

were used, and the chambers were operated manually (Fig. 5). 

Compared to the EC technique summarised above (Sect. 3.2.1), a key advantage of the flux chamber 

technique is its high spatial resolution, which allows measurements at the scale of individual plant 

communities (Papers I–IV). Additionally, the effect of different treatments on soil properties, 

temperature and moisture conditions, for example, can be administered in a natural habitat. However, 

the temporal resolution of EC technique with half-hourly sampling is superior to manually operated 

chambers. Moreover, the flux measured with EC originates from a large area (typically a few 

hectares), thus representing an average over the studied ecosystem, while with flux chambers the 

spatial representativeness depends on the sampling strategy, i.e. the number and location of the 

measurement plots. 

The concentration change over time inside the chamber can be calculated either with linear or 

exponential regression (e.g. Forbrich et al., 2010). The change is not exactly linear due to the change 

in the gradient between the soil and/or plants and air, if the saturation concentration of the trace gas 

is reached in the chamber. The exponential regression takes into account this saturation effect when 

long chamber closure times are necessary, for example for dark respiration and CH4 emission 

measurements, but can result in less robust results than linear regression when measuring low fluxes 

(Korkiakoski et al., 2017). However, with the short closure times of 2–7 min used in Papers I–IV, it 

was not necessary to take the saturation effects into account and linear regression fits were used. 

In Papers I–IV, the mass flux of a trace gas (𝐹s) at the enclosed ground and vegetation surfaces was 

calculated as 

𝐹s = 
𝑝 × M × V

R × 𝑇 × A
×
dc

dt
, (5) 

where 𝑝 [Pa] is atmospheric pressure, M is the molecular mass of CO2 (44.01 g mol-1) or CH4 (16.04 

g mol-1), R is the universal gas constant (8.314 J mol-1 K-1), 𝑇 [K] is the mean air temperature during 

chamber closure, V [m3] is the chamber volume, A [m2] is the chamber base area, and 
dc

dt
 [mol mol-1 s-

1] is the mean CO2 or CH4 molar mixing ratio change in time calculated with linear regression based 

on ordinary least squares. 
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Figure 5. Closed dynamic, manually operated chamber set-up at the Kaamanen fen. Photo: Lauri 

Heiskanen. 

 

3.3 Flux measurements 

3.3.1 Eddy covariance measurements 

The ecosystem-atmosphere exchange of CO2 and CH4 in the Kaamanen fen and upland pine forest 

(Sect. 3.1) were measured with the EC method (Papers I, III and IV). The measurements at the fen 

have been running since 1997 (Aurela et al., 2001), while the measurement system in the upland pine 

forest site was set up in June 2017 and run until the early 2020. 

At the fen (Paper I), the EC measurements were conducted on a tower at 5 m above the mean fen 

surface. The EC system consisted of a three-dimensional anemometer (USA-1, METEK 

Meteorologische Messtechnik GmbH, Germany), a closed-path infrared gas analyser for CO2 and 

H2O mixing ratios (LI-7000, LI-COR Biosciences, USA) and a laser-based gas analyser for CH4 

mixing ratio (RMT-200, Los Gatos Research, USA). The heated 6-m inlet tubes for the gas analysers 

were mounted 0.3 m below the centre of the anemometer sound paths. The inner tube diameter and 

the flow rate were 3.1 mm and 6 L min-1, and 8 mm and 15 L min-1 for the LI-7000 and RMT-200, 

respectively.  

The EC data were sampled at 10Hz, and standard methods were used to calculate half-hourly turbulent 

fluxes (Sect. 3.2.1). Block averaging and a double rotation of the coordinate system were applied first 

(McMillen, 1988). Water vapour fluctuations affecting CO2 mixing ratios were compensated for 

(Webb et al., 1980), but a similar procedure was not necessary for temperature (Rannik et al., 1997). 

Flux losses due to high-frequency signal attenuation were corrected for using the transfer function 

method (Moore, 1986; Laurila et al., 2005). The half-hourly averaged data were screened accepting 

data on the basis of the following criteria: relative stationarity < 100% (Foken and Wichura, 1996), 

number of recorded data per 30 min > 17 400, number of signal spikes per 30 min < 360, mean CO2 

mixing ratio within 340–550 ppm. A western wind direction sector (260º–315º), within which the 
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ecosystem changed from fen to pine forest at a distance of 100 m, was excluded. In addition, periods 

of insufficient turbulence were discarded with the friction velocity limit of 0.1 m s-1. 

In the Scots pine forest (Paper IV), the EC measurements were conducted on a 14-m-tall tower that 

was located on the southern edge of the forest so that in the wind sector 250°–65° the forest coverage 

was higher than 80%. This EC system consisted of a three-axis sonic anemometer (USA-1, METEK 

Meteorologische Messtechnik GmbH, Germany) and a closed-path infrared gas analyser for CO2 and 

H2O mixing ratios (LI-7200, LI-COR Biosciences, USA). The inlet tube for the gas analyser was 18 

m long and had an inner tube diameter of (3.1) mm. The same methods and screening criteria were 

used as for the fen EC data, with the exception of the friction velocity limit that was set at 0.24 m s-1 

for the pine forest data. 

 

3.3.2 Flux chamber measurements 

The CO2 and CH4 fluxes between the atmosphere and the four main PCTs of the Kaamanen fen were 

measured with the flux chamber method (Papers I, III and IV). A total of 17 chamber flux 

measurement plots were chosen to represent the four PCTs. Eight of the 17 aluminium collars (60 cm 

× 60 cm) were installed during the first days of June 2017, when the soil thawed, to accompany the 

collars that were already installed in 2006. The collars were positioned within 50 m from the 

instrument booth, a distance limited by the inlet tubing length. The CO2 and CH4 fluxes were 

measured biweekly during the growing seasons of 2017 and 2018: six times between 12 June and 11 

October 2017, and seven times between 31 May and 4 September 2018. Transparent polycarbonate 

chambers (height 30 cm in 2017 and 40 cm in 2018) equipped with a battery-driven fan were used for 

these measurements. The manual chamber was connected with a 50-m-long inlet tube (Teflon, inside 

diameter 3.1 mm) to a closed-path laser-based gas analyser (G2401, Picarro Inc, USA) to measure the 

changes in CO2, CH4 and H2O mixing ratios inside the chamber. The chamber closure time during 

each measurement was 2 min. The mixing ratio changes were measured first in ambient light, then in 

one or two reduced light conditions and lastly in complete darkness; the amount of incoming solar 

radiation was reduced by 40–50%, 75–90% and 100%, respectively. The photosynthetic photon flux 

density (PPFD) was measured during the chamber closures with a PQS1 PAR Quantum sensor (Kipp 

& Zonen, Delft, the Netherlands) on top of the chamber. Air temperature inside the chamber and soil 

temperature were measured at each plot on the chamber flux measurement days with IKES Pt100 

sensors. Additionally, soil moisture was measured at the plots with an ML3 ThetaProbe sensor (Delta-

T Devices Ltd., England). 

To remove potential disturbance in flux due to the placing of the manual chamber, a maximum of 30 

s from the start of the 2 min closure was excluded from the flux calculation. After the exclusions, all 

chamber CO2 flux measurements were eligible for robust linear regression fits. The CH4 measurement 

data were screened to ensure that they were unaffected by CH4 ebullition events and disturbances 

induced by a closing chamber. The criteria for discarding measurements were as follows: CH4 mixing 

ratio was > 5 ppm at the start of the closure, or the normalised root mean square error of the linear 

regression fit was > 0.02, or there was an obvious non-linearity in the time series. The number of 

accepted/total CH4 measurements for each PCT was 121/148 (F), 146/150 (TT), 147/188 (SM) and 

143/147 (ST). 

Similar manual flux chamber methods to those used at the Kaamanen fen were employed at Kevo for 

measuring the CO2 fluxes of birch plantlets (Paper II). The aluminium collars (60 cm × 60 cm) were 
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assembled to include nine birch plantlets. Transparent polycarbonate chambers (heights 50 cm and 

40 cm) equipped with a battery-driven fan were used for these measurements. Moist fine-grained sand 

was used to prevent air flow between the collar and chamber edges. The measurements took place 

between 31 May and 22 October during four and seven measurement days in 2017 and 2018, 

respectively. A CARBOCAP GMP343 (Vaisala Oyj, Finland) gas analyser was fitted to the roof of 

the chamber to measure the CO2 concentration, and during one and five days during the first and 

second measurement year, respectively, a G2401 (Picarro Inc., CA, USA) online gas analyser was 

used with the same set-up as with the Kaamanen fen measurements. The chamber closure time was 7 

min with the GMP343 and 2 min with the G2401. For calculating the flux, minimum of 6 min and 1.5 

min of the closure periods were used to avoid disturbances to the flux due to placing the chamber so 

that the linear fits were adequate (Sect. 3.2.2). The temperature inside the chamber was 

simultaneously measured with an IKES Pt100 probe, and PPFD was measured on top of the chamber 

with a PQS1 sensor (Kipp & Zonen). From each plot, CO2 flux was measured at ambient irradiance, 

and the ER rates were measured by using a dark hood over the chamber. Additionally, meshes that 

reduced the incoming irradiance by 30% and 70% were used for measuring NEE at two different 

irradiance levels. Both soil temperature (IKES Pt100) and moisture (ML3 ThetaProbe sensor, Delta-

T Devices Ltd., England) were measured from the plots during the measurement days. 

In addition to terrestrial ecosystems, the diffusive fluxes of CO2 and CH4 were measured on the 

intermediate-size (1.5 ha) mineral-sediment Lake Jänkälampi (MS lake) at Kaamanen by utilising the 

flux chamber method (Paper IV). The fluxes were measured with a floating opaque aluminium 

chamber (60 cm × 60 cm × 30 cm) at 20 m from the north shore on five days between June and 

October in 2017 and other five days between June and September 2018. The chamber air was mixed 

with a battery driven fan. The closure time was 7 min, after which the chamber was ventilated for 3 

min. The changes in CO2, CH4 and H2O mixing ratios inside the chamber were measured using a 

closed-path laser-based gas analyser (G2401, Picarro Inc, USA) connected to the chamber via a 50-

m-long inlet tube (Teflon, inside diameter 3.1 mm). The flux data were screened to reject cases with 

a non-linear concentration change and disturbances due to chamber leakage and ebullition events. The 

number of accepted/total data of lake fluxes was 54/56 in 2017 and 62/75 in 2018.  

 

3.4 Parametrisation of the fluxes 

The CO2 flux components and CH4 emissions can be parametrised by estimating their dependence on 

environmental variables that have been observed to control the variation in each flux component. 

Together with a continuous time series of environmental variables, the parametrisation allows gap-

filling of flux time series that takes into account also rapid changes in environmental conditions. 

Additionally, parametrisation helps the normalisation of measurements to common conditions so that 

measurements and responses of different ecosystems, plant communities and/or treatments can be 

compared. 

The respiration flux (FR) was parametrised as exponential dependence on temperature in Papers I–

IV. The dependence is based on the increase in both plant respiration and litter decomposition with 

increasing temperature (e.g., Chapin et al., 2011). The empirical respiration-temperature relationship 

was utilised (Lloyd and Taylor, 1994): 

𝐹R = R10 × e
E0(

1
T0
−

1
𝑇𝑥−T1

)
, (6) 
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where R10 is the base respiration rate at 10 ºC, E0 [K] is the activation energy, T0 = 56.02 K, T1 = 

227.13 K, and Tx [K] is either soil or air temperature.  

The rate of photosynthesis by plants has been observed to increase rapidly in a low irradiance range 

and to reach saturation at high irradiance levels (e.g., Whiting, 1994). This relationship can be 

parametrised with a rectangular hyperbola: 

𝐹GPP = 
𝑃𝑃𝐹𝐷 × α × GPmax
𝑃𝑃𝐹𝐷 × α + GPmax

, (7) 

where PPFD [µmol m-2 s-1] is the measured photosynthetic photon flux density, α is the initial slope 

between 𝐹GPP and PPFD, and GPmax is the theoretical maximum gross photosynthesis rate. 

The CH4 flux (FCH4) has been observed to have an exponential dependence on soil temperature, 

reflecting the increasing methanogenic activity (e.g. Marushchak et al., 2016). Additionally, a 

dependence of FCH4 on water table level can be added to the parametrisation (e.g. Brown et al., 2014), 

but it was left out in the present study as it did not improve the model. Thus, the FCH4 parametrisation 

is based on the temperature sensitivity of chemical reactions alone: 

𝐹CH4 = a10 × Q10
(Ts,10−T10)/T10 , (8) 

where a10 is the CH4 flux at T10 = 10 ºC, Q10 is the temperature coefficient and Ts,10 [ºC] is soil 

temperature at 10 cm depth. 

 

3.5 Flux gap-filling 

3.5.1 Eddy covariance data 

The EC flux time series of the upland pine forest and fen ecosystems at Kaamanen had gaps due to 

wind sector exclusions, equipment failures and quality control filtering applied during the post-

processing of the data (Papers I and IV). The gaps in CO2 flux data were filled by GPP and ER flux 

values that were modelled with environmental response functions (Eqs. 6 and 7). For the ER flux 

parameterisation for the pine forest, air temperature was used during the growing season, while Ts,10 

was used for the other periods; for the fen, Ts,10 was used for the whole year. 

The fitting of the GPP function was performed in a moving time window covering a minimum of 3 

days and 30 half-hourly observations of the daytime flux (PPFD > 30 µmol m-2 s-1). For fitting the 

parameters of the ER function, night-time data were used (PPFD < 30 µmol m-2 s-1). The respiration 

activation energy parameter (E0) was fitted first with a 91-day moving window, after which the base 

respiration rate at 10 ºC (R10) was fitted to the data within a moving window of at least 7 days. For 

the pine forest data, a long gap due to equipment failure from 12 May to 27 June 2018 was gap-filled 

by utilising the parameters obtained from the measurements during same period the previous year. 

Similarly, for the gaps in spring 2019 (March–April), the parameters of the previous year were 

utilised. The long gaps in winter were gap-filled by utilising interpolated response parameters.  

In total, 86% and 91% of the forest CO2 flux data were gap filled in the time series of the first and 

second study year (11 June – 10 June), respectively. During the growing seasons, i.e. in 11 June – 31 

October, the gap-filling percentage was 77% and 84%, respectively. The wind direction screening 
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contributed 35% of the missing data. In total, 62% and 63% of the annual CO2 flux data of the fen 

ecosystem were based on gap-filling in 2017 and 2018, respectively, with wind direction screening 

contributing 8% of the gaps. 

For gap-filling of the missing CH4 fluxes at the fen, a simple moving average interpolation of the half-

hour fluxes was used. A moving average window of ±1, 2, 4, 8, 16 or 32 days was used depending on 

the length of the gaps in the collected data. In total, 69% and 70% of the CH4 flux data were gap-

filled in the time series of 2017 and 2018, respectively. 

 

3.5.2 Flux chamber data 

The growing season balances of NEE, ER, GPP and CH4 flux of the four main PCTs were estimated 

from the manual flux chamber measurements and ancillary continuous environmental measurements 

performed at the Kaamanen fen (Paper I). The balances were obtained by parametrising the flux 

chamber data with environmental response functions similar to those used for the EC data and gap-

filling the periods between the flux measurement dates. 

Continuous GPP flux time series were calculated over the growing seasons of 2017 and 2018 for each 

of the 17 chamber measurement plots. The dependence of the photosynthesis rate on solar radiation 

was based on Eq. (7). To apply this relationship for the GPP flux using the data from the six and seven 

measurement days in 2017 and 2018, respectively, a time-invariant, PCT-specific 
𝛼

𝐺𝑃𝑚𝑎𝑥
 parameter 

was estimated first. The common parameter ratio was used to stabilise the flux response fits that relied 

on the small amount of data available on a plot level, so that the fits would follow the rectangular 

hyperbola curve similarly to the pooled data (Sect. 4.4). This was done by pooling the daily data from 

all plots of the same PCT, including only those data sets of different shading levels in which the 

highest PPFD exceeded 800 µmol m-2 s-1, and fitting the light response curve to these data. The PCT-

specific 
𝛼

𝐺𝑃𝑚𝑎𝑥
 was calculated from the fitted α and GPmax values as the variance-weighted mean, 

discarding the fits that had a relative error greater than 100%. The 
𝛼

𝐺𝑃𝑚𝑎𝑥
 values obtained were typical 

for mesotrophic boreal fens (Bubier et al., 1999). After determining the PCT-specific 
𝛼

𝐺𝑃𝑚𝑎𝑥
, GPmax 

was estimated for each plot measurement by fitting Eq. (7) (modified to incorporate 
𝛼

𝐺𝑃𝑚𝑎𝑥
) to the 

corresponding CO2 flux and PPFD data. GPmax was then linearly interpolated between the 

measurement days assuming GPmax = 0 at the start and end of the growing season (see Sect 3.8 for 

definition of growing season). Finally, the half-hourly GPP time series were calculated for each plot 

from the PCT-specific 
𝛼

𝐺𝑃𝑚𝑎𝑥
 parameter and the time series of the plot-specific GPmax parameter and 

PPFD measurements. 

The ER flux time series were calculated for both growing seasons, separately for each PCT, by 

adopting the dark chamber measurements of CO2 flux as respiration data and relating them to Ts,10 

measured simultaneously at the plot. The PCT-specific E0 values were obtained by fitting Eq. (6) to 

all respiration and temperature data of each PCT. The PCT-specific R10 values were then calculated 

for each measurement day by using Eq. (6) with the PCT-specific E0 values, respiration data and the 

corresponding half-hour mean soil temperatures. Since the chamber-based CO2 flux measurements 

did not cover the growing season start and end days, the R10 values for those days were estimated 

from the EC fluxes measured during a 2-week period around the growing season start and end dates. 
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Continuous time series of half-hourly R10 for each PCT were obtained by linear interpolation. Finally, 

the ER flux time series over the growing seasons were calculated for each plot from the PCT-specific 

E0 parameter and the time series of the PCT-specific R10 and the plot-specific Ts,10 time series. 

The CH4 flux time series collected with chambers were gap-filled separately for each PCT by 

assuming an exponential temperature dependence (Eq. 8). The Q10 coefficient was determined for 

each PCT from the data set of measured daily CH4 fluxes and Ts,10 from each plot. For each of the 

measurement days, the PCT-specific a10 values were estimated with Eq. (8) with the previously 

determined Q10 and measured Ts,10. For the days in the growing season start and end, when there were 

no chamber measurements, the a10 values were estimated from the EC flux data measured during a 2-

week period in the start and end of the growing season. The a10 data were linearly interpolated between 

the measurement days. A time series of half-hourly CH4 fluxes during the growing seasons was 

calculated for each PCT by using the time-invariant Q10 coefficients, a10 time series and the 

continuously measured soil temperature at each plot. 

 

3.6 Normalising fluxes to common light and temperature conditions 

The CO2 flux components were normalised to common radiation and/or temperature conditions to 

study the environmental factors explaining the spatial and temporal variation in fluxes of ecosystems 

and between different treatments in Papers I, II and IV.  

In Paper I, the environmental factors controlling the C exchange of the Kaamanen fen were studied 

with the linear mixed effects (LME) model and for that purpose the chamber-based NEE and GPP 

flux data were normalised to a common irradiance level. The temperature-normalised ER and CH4 

fluxes were also tested, but the original data were used in the final version as the normalisation did 

not have an impact on the results. The NEE and GPP fluxes were normalised to a common PPFD 

level of 1200 μmol m−2 s−1, which represents near-optimal photosynthesis conditions in northern 

ecosystems (Laurila et al., 2001). The NEE1200 and GPP1200 fluxes were calculated with the PCT-

specific 
𝛼

𝐺𝑃𝑚𝑎𝑥
 ratios (Sect. 3.5.2) and free GPmax parameters based on modified Eq. 7.  

The effects of insect herbivory and warming to the CO2 fluxes of birch plantlets were studied in Paper 

II. The NEE and GPP fluxes were normalised to a common irradiance level to make them comparable 

between treatments and control plots. The treatments included ambient and 3ºC warmer-than-ambient 

conditions and natural and reduced levels of insect herbivory. The NEE and GPP fluxes were 

normalised to PPFD levels of 300, 800 and 1200 μmol m−2 s−1, of which 800 μmol m−2 s−1 was chosen 

for the final statistical analysis representing average daytime conditions at Kevo during the growing 

season. There were no marked differences in the results of statistical analysis between the three 

irradiance levels. The normalisation was done by first estimating the parameters α and GPmax by fitting 

the CO2 flux measurements that had at least three light levels available and at least one data point 

with PPFD > 800 μmol m−2 s−1 to Eq. 7. The control, warming, reduced herbivory, and warming and 

reduced herbivory plots had 20, 15, 16 and 17 fits each, respectively. The median 
𝛼

𝐺𝑃𝑚𝑎𝑥
 ratio was 

calculated from those fits and then used as a common ratio for all plots and measurement days, leaving 

GPmax as a free parameter. There were no statistically significant differences in the 
𝛼

𝐺𝑃𝑚𝑎𝑥
 ratios among 

the treatments.  



32 

 

The environmental factors controlling the Kaamanen upland pine forest CO2 flux components were 

tested with a linear regression model in Paper IV. The GPP1200 and ER fluxes normalised at 10 ºC 

were derived from the EC data as 5-day averages during the growing seasons (April-October) and 

used as the response variables of the model. The minimum number of data for valid 5-day fits was 30 

for both flux components. For the two growing seasons, there were 38 and 36 valid 5-day fits for GPP 

and ER, respectively.  

 

3.7 Flux uncertainties 

Both the measured and modelled fluxes are affected by systematic and random errors. Systematic 

errors bias the data towards one direction and thus accumulate linearly, while random errors are 

stochastic resulting in scattered data around the mean and accumulate in quadrature (root sum of 

squares). Systematic errors can be caused by too infrequent instrument calibration, violation of the 

underlying assumptions of the measurement method, data processing procedures and insufficient 

quality control of the data. Random errors largely result from instrument noise and, with the EC 

method, from the stochastic nature of turbulence that induces inherent uncertainty in the observed w-

𝜒s covariance. (Richardson et al., 2012; Savage et al., 2008) 

The systematic errors related to the underlying assumptions of the EC method can affect the surface 

flux estimates if the measurement area is not homogeneous and flat or if there is not enough turbulence 

to induce vertical transport. The low turbulence conditions that would lead to underestimating the flux 

can be effectively removed with 𝑢∗ filtering. Regular calibrations for gas analysers are required to 

prevent calibration drift errors, which can cause 5% difference in measured flux just in one week of 

EC measurements without calibration (Ocheltree and Loescher, 2007). Systematic errors due to high 

frequency losses are mainly due to limited sensor response time, sensor separation, line averaging and 

signal dampening in the sampling tube. These losses, when unaccounted for, vary between 

measurement set-ups, but can change the annual CO2 balance by up to 11% (Järvi et al., 2009) 

effecting daytime flux by less (< 5%) than nighttime flux (< 12%) (Berger et al., 2001). However, 

with spectral correction based on co-spectra and transfer functions the error can be reduced 

significantly (Berger et al., 2001). The remaining error is due to the uncertainties on transfer function 

and co-spectra shape. If the sonic anemometer is misaligned, coordinate rotation can mitigate the error 

on fluxes to about 3% per degree of tilt (Dyer et al., 1982). The spikes in data due to instrumentation 

has been estimated to alter the annual CO2 balance of forests by less than 10 g C m-2 yr-1 (Papale et 

al., 2006), which can be mitigated nearly completely by removing the spikes from the data in quality 

control filtering. The quality control procedures applied to reduce systematic errors in the EC data of 

this thesis are described in Sect. 3.3.1. 

The systematic errors related to flux chamber methods can arise if the soil-air concentration gradient 

is altered in long closures as the saturation concentration of the trace gas is reached in the chamber, 

or if pressure changes generate artifacts when closing the chamber. Additionally, the low 

representativeness of the chosen chamber plots and low temporal resolution within diel and seasonal 

cycles can create systematic errors (Davidson et al., 2002). These error sources can be mitigated by 

proper measurement design, set-up and post-processing of the data. 

The uncertainty of the monthly and annual CO2 and CH4 balances obtained from the EC-based fluxes 

was estimated by taking into account the most significant random error sources (Papers I and IV). 
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The estimate of random errors included the statistical measurement error (𝐸meas) and the error caused 

by gap-filling of missing data (𝐸gap). These were calculated based on root mean square deviation 

between the observed and modelled fluxes, which was accumulated by multiplying with the square 

root of the number of observed (nobs) or gap-filled (ngap) data within the period considered (Räsänen 

et al., 2017): 

𝐸meas/gap = √∑
(𝐹obs,𝑖 − 𝐹mod,𝑖)

2

nobs𝑖
× √nobs/gap, (9) 

where Fobs is the half-hourly CH4 or CO2 flux that remained after all the filtering procedures, Fmod is 

the corresponding fitted value. This provides a conservative error estimate for 𝐸meas and for 𝐸gap 

includes the effect of random variability on the model fits (Aurela et al., 2002). 

Additionally, the annual error due to 𝑢∗ filtering (𝐸ustar) was estimated by recalculating the annual 

EC-based CO2 and CH4 balances with modified data sets that were screened with two additional 

friction velocity limits set at the optimal 𝑢∗ +/− 0.05 m s-1 (Aurela et al., 2002). 𝐸ustar was calculated 

as the average deviation from the annual balance calculated with the optimal 𝑢∗ limit (Sect. 3.5.1).  

The total uncertainty of the annual EC-based CO2 and CH4 balances was calculated as  

𝐸tot = √𝐸meas
2 + 𝐸gap

2 + 𝐸ustar
2 , (10) 

The uncertainty of the PCT-specific chamber-based fluxes measured at the fen, needed for the balance 

estimations, were calculated by combining the uncertainty due to the estimated parameters (GPmax, 

R10 and a10) and the flux variation among the plots of each PCT. The uncertainty of NEE was 

calculated assuming that the uncertainties of GPP and ER were independent. The uncertainty estimate 

was calculated for each half-hour flux in the time series and further for the monthly, growing season 

and annual balances.  

We assumed that random errors in the response function fitting parameters were independent, so the 

standard error of the function f (either GPP, ER and FCH4) was calculated as  

σf = √(
∂f

∂a
)
2

σa
2 + (

∂f

∂b
)
2

σb
2 , (11) 

where a and b denote the parameters R10 and E0 for ER, GPmax and 
𝛼

𝐺𝑃𝑚𝑎𝑥
 for GPP, and a10 and Q10 for 

FCH4, respectively, and σa and σb denote the standard errors of a and b, respectively.  

 

3.8 Abiotic and biotic environmental measurements 

A variety of ancillary environmental data were gathered during the flux measurement campaigns at 

Kaamanen and Kevo. The data were used both to characterise the measurement sites and to study 

the environmental drivers of the measured fluxes.  
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Meteorological variables included air temperature and humidity measurements (with Vaisala HMP 

230 sensors), global and reflected radiation (Kipp & Zonen CM7), and downward and upward 

PPFD (Kipp & Zonen PQS 1), measured at the pine forest and fen sites at the heights of 14 m and 3 

m, respectively. Also, measurements of air temperature, precipitation sum and snow depth at the 

Inari Kaamanen weather station of the Finnish Meteorological Institute, located between the pine 

forest and fen EC measurement sites, were utilised (Paper I and IV). Water vapour pressure deficit 

(VPD) was calculated from air temperature and relative humidity according to Jones (2013). As a 

climatological reference for the measurement campaign and especially the drought severity in 2018, 

we utilised the Standardised Precipitation Evapotranspiration Index (SPEI), which takes into 

account both precipitation and potential evapotranspiration in determining the soil water surplus or 

deficit (Vicente-Serrano et al., 2010). 

Forest soil temperature was measured at the 5 and 10 cm depths (Onset, HOBO Pendant) and soil 

moisture at the 10 cm depth (Delta-T Devices ML3) (Paper IV). At the fen, temperature profiles 

were measured both from a string (at 10, 30, 50, 75 and 105 cm depth) and a flark (at 10, 30 and 

50 cm depth) (IKES Pt100 sensors) (Paper I). A soil temperature time series was generated for each 

chamber plot by adopting the flark Ts,10 for F, TT and SM, and the -10 cm and -30 cm string soil 

temperatures for ST, and adjusting these to match the plot-specific soil temperatures on the chamber 

flux measurement days. At the fen, WTL was measured from perforated tubes placed next to each 

chamber measurement plot during the chamber flux measurements. Additionally, the lake water 

temperature (Onset, HOBO Pendant) and WTL (Onset, HOBO U20) were measured during the ice-

free periods in 2017 and 2018 (Paper IV). The chemical soil properties were measured from the 

ecosystems and ecotones in Kaamanen, including bulk density, C and N concentrations and pH 

(Papers I and IV). 

At the fen, the coverage and mean height of different plant species were visually measured biweekly 

in each chamber plot (Paper I). Additional vegetation samples were collected across the fen during 

the peak growing season in 2017, and LAI was measured from the collected samples with an A4 

scanner. The LAI in chamber plots was estimated by utilising empirical relationships between the 

measured LAI and plant species coverage and height with ordinary least squares linear regression 

(Juutinen et al., 2017). The phenology of the fen vegetation was also tracked utilising daily 

phenocam images taken with a StarDot Netcam SC 5 digital camera (Linkosalmi et al., 2022). The 

pine forest and pine bog LAI and biomass were calculated for the trees and field layer based on field 

measurements (Paper IV). LAI was calculated from photographed samples, field layer biomass was 

measured from dried samples and tree biomass was calculated with allometric equations (Repola, 

2009). 

The time period referred to as the growing season in this thesis differs from the definition of thermal 

growing season. The growing season was defined to be the period when the soil was not frozen and 

not covered with snow. The use of this unfrozen period for estimating and modelling CO2 and CH4 

fluxes allowed capturing the entire period of plant and microbial activity from the early spring to the 

late autumn. The growing season start dates at the fen were determined based on the Ts,10 in strings 

and flarks, with the temperature rise over 3 °C indicating the start. The end dates were defined in the 

strings from the timing of soil freezing at the 10 cm depth and in flarks from the appearance of 

continuous snow cover observed from the daily phenocamera images. For the pine forest, the 

growing season start and end dates were determined similarly to the fen, but using the Ts,10 

measured in the forest. The ice-free period of the lakes was determined from air temperature data 

and the daily phenocam images of the fen site. 
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For the statistical tests determining the effects of the warming and reduced herbivory treatments at 

Kevo, environmental conditions were surveyed on each plot (Paper II). The air temperature of the 

warmed and control plots was measured at 30 cm above the ground (IKES Pt100 sensor). The soil 

temperature and moisture at the 5 cm depth were measured throughout the growing seasons (IKES 

Pt100 and Delta-T Devices SM150T). The field layer vegetation coverage was visually estimated 

from each plot during the study, and during the peak growing seasons the chlorophyll content of the 

plantlet leaves was measured with a non-destructive CCM300 meter (Opti-Sciences, USA). The 

progression of autumn senescence was measured every three days until most of the plants were 

leafless. The soil organic matter was sampled from each plot. The leaf damage due to herbivory of 

all leaves was measured during August 2017 based on a Schreiner-type method (e.g. Prittinen et al., 

2003). 

 

3.9 Methods for reconstructing pine bog and historical peatland fluxes 

In Paper III, the CO2 and CH4 fluxes of the Kaamanen fen were reconstructed based on present-day 

flux measurements as part of a study that focused on the peatland development and radiative forcing 

during the Holocene. Flux measurements carried out as part of this thesis were used to estimate the 

fluxes of the non-patterned sections of the fen. The non-patterned fen consisted of Trichophorum 

tussock (TT) and flark (F) plant community types that covered the majority of the peatland area during 

6000–1000 yr BP. An equal areal coverage of these two PCTs was assumed for the flux 

reconstruction.  

For the flux data employed here, both EC- and chamber-based measurements were utilised (Paper I). 

The chamber-based GPP and ER estimates for the four main PCTs were scaled to match the EC 

measurements based on the coverage percentages within a 200 m radius around the EC tower. The 

scaling was done separately for the growing seasons of 2017 and 2018, and the growing season 

balances were calculated with the scaled fluxes of TT and F. Outside the growing season, the EC-

based CO2 fluxes were allocated proportionally to the TT and F sections based on the chamber ER 

fluxes that were measured during the last two weeks of each growing season.  

The annual CH4 balance of the non-patterned fen was estimated by comparing the proportion of the 

CH4 emissions of TT and F with the total fen emissions, and scaling the annual EC-based balances 

with the corresponding proportions within the non-patterned fen. 

In Paper IV, the current pine bog CO2 fluxes were modelled so that they could be taken into account 

in the landscape scale upscaling of fluxes. The pine bog fluxes were modelled assuming that the total 

flux consisted of a flux component accounting for the trees and another component for the ground 

layer. The measured pine forest and fen string top fluxes were combined with the data on the tree 

biomass of the pine forest and the two pine bog ecosystems to estimate the CO2 fluxes of pine bogs. 

The pine forest fluxes were utilised in estimating the contribution of trees as Scots pine dominated 

both the forest and pine bogs. The string top vegetation resembled the ground-layer vegetation of pine 

bogs, with similar species composition and LAI, and thus the ST fluxes were used for estimating the 

ground-layer flux component. The GPP and ER fluxes of forest were scaled based on the tree biomass 

ratio between the forest and pine bogs. The chamber-based ST fluxes were scaled with the EC data, 

similarly to the TT and F plant community fluxes in the reconstruction of fen fluxes described above, 

to obtain continuous time series over the two study years.  
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3.10 Upscaling CO2 and CH4 fluxes to landscape level 

In Paper IV, the effect of changing meteorological conditions on the landscape level fluxes was 

studied. The 7 km2 study area consisted of upland pine forest (29.2% of the area), treed and sparsely 

treed pine bog (9.1% and 13.5%, respectively), open peatland (26.1%) and lakes (20.3%) (Fig. 6). 

The ecosystem coverages were utilised in upscaling the ecosystem fluxes to the landscape level. The 

lakes were divided into two categories based on the sediment type: the lakes surrounded by and 

downstream from peatlands had peaty bottoms (7.8% of the study area), while the lakes that received 

the majority of their water from mineral upland soils had sandy bottoms (12.5%).  

The CO2 and CH4 fluxes were upscaled by summing the half-hourly area-weighted NEE, GPP, ER 

and CH4 flux estimates of each ecosystem. CO2 and CH4 flux measurements were available for the 

open peatland and lake ecosystems and CO2 flux measurements were available for the upland pine 

forest. For the pine bog ecotone, CO2 fluxes were modelled, separately for the two pine bog types 

(Sect. 3.9). The CH4 flux estimates for pine forest and pine bogs were taken from the literature (Bubier 

et al., 2005; Dinsmore et al., 2017).  

 

 
Figure 6. The study area in Kaamanen with land cover type classification and flux measurement site 

locations. Adopted from Paper IV.  
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4 Results and discussion 

4.1 Meteorological responses of CO2 and CH4 fluxes 

The meteorological responses of CO2 and CH4 fluxes of a fen ecosystem and CO2 fluxes of an upland 

pine forest were studied at Kaamanen (Sect. 3.1) (Papers I and IV). The studies span the time period 

of January 2017 – June 2019, with the forest flux measurements starting in June 2017. During the 

study period, the annual average air temperature was close to the 30-yr average of -0.4 °C (-0.6 °C 

and 0.4 °C in 2017 and 2018, respectively), and the annual precipitation sum was greater than the 30-

yr average (472 mm) in 2017 (499 mm), while the annual sum in 2018 (473 mm) was close to the 

long-term average.  

The early growing season 2017 was cooler than the long-term average, with May and June being 1.9 

°C and 1.4 °C cooler, respectively (Fig. 7). The high annual precipitation sum in 2017 was due to the 

rainy June–August period, when there was 32% more precipitation than on average. Even though the 

annual average temperature and precipitation sum in 2018 were close to the long-term average, this 

year included a heatwave and drought period in July, and May and November were clearly warmer 

in 2018 than in the reference period (by 4.4 and 6.5 °C, respectively). A meteorological drought, 

defined here as the daily maximum VPD exceeding 20 hPa, occurred in 2 July – 1 August 2018 (Fig. 

8a). During this period, the average air temperature was 5.4 °C higher than in 1981–2010 and the 

precipitation sum (34 mm) was less than half of the long-term average (72 mm). The 20 hPa limit was 

exceeded on 13 days during this period. The effects of drought were also recorded as reductions in 

WTL in the fen and soil moisture in the upland forest (Fig. 8b,d), which showed a lagged response to 

the lack of precipitation. The 2018 drought was the eighth most severe drought event in the month of 

July in Kaamanen since 1950, according to the Standardised Precipitation Evapotranspiration Index 

(Vicente-Serrano et al., 2010). The month-long drought period was followed by a rainy August and 

September. In 2019, April was 3.7 °C warmer than the long-term average and was followed by a 

relatively rainy May and June.  

 

Figure 7. Monthly precipitation sum and mean air temperature at Kaamanen, and the corresponding 

30-yr averages (Pirinen et al., 2012) measured at the Ivalo weather station (68°36’ N, 27°25’ E; 59 

km south of Kaamanen). Adapted and modified from Paper IV. 
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Meteorological conditions control the timing of the growing season start and end in conjunction with 

the amount of incoming solar radiation. Because of the cool early summer of 2017 and warm spring 

of 2018, the growing season started 18 days earlier in the latter year (27 April vs. 15 May), which was 

reflected in the growing season length (160 and 179 days, respectively). 

 

Figure 8. (a) Daily maximum vapour pressure deficit. (b) Mean water table level at the main plant 

communities of the fen. Error bars represent the standard deviation. (c) Soil temperature at 10 cm 

depth measured in string and flark PCTs. (d) Forest soil moisture and (e) soil temperature at 10 cm 

depth and snow depth. Adapted from Papers I and IV.  

 

The fen C fluxes were studied in Paper I, which showed that there were two distinctive periods when 

the C fluxes of the fen ecosystem clearly differed between the study years. First, the earlier growing 

season start in 2018 led to a higher cumulative CO2 uptake by 30 g C m-2 by early July (Fig. 9), as the 

higher temperatures in the early summer advanced plant phenology (Jones, 2013). Most of this 

difference resulted from the larger GPP from 11 to 30 June in the latter year (-27.6 ± 3.9 and -49.2 ± 
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7.3 g C m-2 in 2017 and 2018, respectively). The increased CO2 uptake could be allocated to the plant 

communities of strings that are also the first patches of the fen where the snow melts. The earlier 

snowmelt and warm spring weather has been previously reported to increase the net CO2 uptake of 

northern peatlands (Aurela et al., 2004; Sagerfors et al., 2008). The differing timing of snowmelt also 

affected the timing of the springtime CH4 emission pulse (Fig. 9e), which has been observed to occur 

in northern peatlands, where the CH4 stored in the soil is released during thaw (Panikov and Dedysh, 

2000). At Kaamanen, a week-long pulse occurred in May in both 2017 and 2018 but two weeks earlier 

in the latter year. In 2019, the pulse was observed even earlier in April due to warm weather and early 

thawing of the fen. Similar spring thaw CH4 emissions have been observed in many subarctic mires 

and can account for 3–11% of the annual CH4 balance (Friborg et al., 1997; Panikov and Dedysh, 

2000; Hargreaves et al., 2001; Gažovic et al., 2010). At the Kaamanen fen, the emission pulses in 

2017 and 2018 amounted to 0.5 g C m−2, which was 6–7% of the annual CH4 emissions. 

The second period when meteorological conditions at the fen had a pronounced effect on C fluxes 

was the heatwave and drought event in July–August 2018. The higher cumulative CO2 uptake due to 

the earlier growing season start in 2018 was offset by the drought, as the water stress of plants 

decreased GPP and the high temperatures increased ER. NEE was significantly affected by the 

drought from 20 July to 9 August 2018 turning the fen into a small CO2 source towards the end of the 

period (Fig. 9a). The fen ecosystem showed a lagged response to the drought as the increase in VPD 

did not have an immediate effect on the CO2 fluxes, while the lowered WTL coincided with the 

reduced GPP (Figs. 8b and 9d). The drought affected the plant communities of the fen differently, the 

flarks and Trichophorum tussocks displaying the effects of water level drawdown more immediately 

and the drier string communities being overall less affected in their CO2 fluxes than the other PCTs.  

 

Figure 9. Daily average fluxes at the Kaamanen fen. (a) CO2 flux, (b) cumulative CO2 flux, (c) 

respiration flux, (d) gross primary productivity flux, (e) CH4 flux and (f) cumulative CH4 flux in 2017, 

2018 and 1 January –10 June 2019. Adapted from Papers I and IV. 
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The drought also reduced the CH4 emissions from the fen, and this effect lasted longer than the period 

when CO2 fluxes were affected. The CH4 emissions were 0.8 g C m-2 lower during 21 July – 28 August 

in 2018 than in the previous year (Fig. 9e). The decreased CH4 emission rates were likely due to both 

the lowered WTL, which increased the oxic zone in the peat soil, and the decreased substrate input 

from the plant root exudates, which led to a higher CH4 oxidation and lower CH4 production rate in 

the soil (Strack and Waddington, 2008; White et al., 2008; Deppe et al., 2010). The lower CH4 

emissions, persisting after the WTL had returned to pre-drought levels, were most likely associated 

with the still recovering photosynthesis, as lower GPP reduced the production of plant root exudates, 

which decreased methanogenesis. 

In the upland pine forest, there were three periods during which CO2 fluxes were affected by differing 

meteorological conditions between the two study years, which substantially impacted the annual 

balances. The first period of dissimilarity was 15 June – 15 August, when the ER rates were higher in 

2017 than in 2018 (Fig. 10c). This was due to the high precipitation during that period in 2017 that 

kept the soil almost constantly saturated with water, which enhanced the heterotrophic soil respiration. 

The heterotrophic soil respiration of upland forests has been observed to increase as the soil moisture 

approaches water saturation (Orchard and Cook, 1983; Moyano et al., 2012; McElligott et al., 2017; 

Du et al., 2020). 

 

Figure 10. Daily average fluxes at the Kaamanen pine forest. (a) CO2 flux, (b) cumulative CO2 flux, 

(c) respiration flux, (d) gross primary productivity flux during June 2017 – June 2019. Adapted from 

Paper IV. 

Similarly to the fen fluxes, the drought had an effect on the pine forest ecosystem. The Scots pine 

trees have been observed to start to adjust their stomata when VPD reaches approximately 8 hPa and 

totally close them at 28 hPa (Büker et al., 2012). This directly affects the CO2 exchange of the trees 

(Martín-Gómez et al., 2017), in combination with the reduced water availability in the soil. The effect 

of the drought was observed as reduced GPP rates in 22 July – 17 August and as lower ER rates in 26 

July – 15 August, in comparison with 2017 with no water stress (Fig. 10c,d). Notably, there was a 

clear discrepancy between the period of meteorological drought and the period when the fluxes were 

reduced as the lower fluxes persisted after the soil moisture conditions had recovered to pre-drought 

levels. The lagged recovery could have been due to embolism, defoliation or root degradation of the 

pines (Aguadé et al., 2015), or the drought could have harmed the mycorrhiza that live in symbiosis 

in the soil with the pines (Muilu-Mäkelä et al., 2015). 
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The third period noteworthy for differing fluxes occurred during the cold spells in the autumn of 2018 

(25 September – 12 October and 17–30 October), when the ER fluxes of the pine forest ecosystem 

were substantially reduced turning the ecosystem momentarily to a net CO2 sink (Fig. 10a,c). During 

the first cold spell, the soil temperature decreased from 8 to 1 ºC and during the latter one from 5 to 

0 ºC. 

The effects of warming and insect herbivory on CO2 fluxes of a mountain birch forest-tundra ecotone 

at Kevo were studied in Paper II. A main finding, obtained by examining the NEE and GPP rates 

normalised at the common irradiance level of PPFD = 800 µmol m-2 s-1, was that a warming of 3 ºC 

above the ambient temperature increased plant growth and the net CO2 uptake of the ecotone (Fig. 

11). However, the increase in CO2 uptake gained from warming conditions could be significantly 

dampened by the damage to the plants if also insect herbivory increases.  

It was observed that the 2018 drought event extended to Kevo, the more northern site studied in this 

thesis, and reduced the CO2 uptake rate (Fig. 11b,e). In fact, the study plots had to be watered after 

the first two weeks of the drought, as otherwise the birch plantlets were going to wither and die. The 

watering allowed the NEE and GPP rates to recover to pre-drought levels, even though VPD was still 

high. Overall, these results show that a multitude of interconnected environmental variables should 

be taken into account when examining the C cycle. 

 

Figure 11. (a-c) NEE800 and (d-f) GPP800 fluxes within a mountain birch forest-tundra ecotone in 

different treatments: ambient temperature and herbivory (dark blue), ambient temperature and 

reduced herbivory (light blue), warming and ambient herbivory (dark red) and warming and reduced 

herbivory (light red). Shaded area represents the meteorological drought period. Adopted from Paper 

II. 
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4.2 CO2 and CH4 balances of ecosystems and ecotones 

4.2.1 Open peatland 

The Kaamanen fen has been on average an annual CO2 sink and a CH4 source during the past decades. 

The magnitude of annual CO2 sink has been on average -22 ± 10 g C m-2 (from -4 to -53 g C m-2) 

during 1997–2002 (Aurela et al., 2004). During the two measurement years studied in more detail in 

this thesis (Sect 4.1), the annual CO2 balance was -8.5 ± 4 g C m-2 and -5.6 ± 3.7 g C m-2 in 2017 and 

2018, respectively (Paper I). The magnitude of annual CH4 emission has been on average 5.8 ± 1.0 

g C m-2 (from 5 to 8 g C m-2) during 2011–2016 (Paper III). The annual CH4 balance was 7.6 ± 0.2 

g C m-2 and 6.2 ± 0.1 g C m-2 in 2017 and 2018, respectively (Paper I). The average annual ecosystem-

atmosphere exchange of the fen has been ca. -16 ± 10 g C m-2 and was close to neutral -1.2 ± 4.0 g C 

m-2 and 0.6 ± 3.7 g C m-2 in 2017 and 2018, respectively (Paper I). 

We studied the fen plant community-scale fluxes of CO2 and CH4 in Paper I. The CO2 dynamics 

varied among the PCTs due to different vegetation compositions that resulted from adaptation to the 

varying environmental conditions prevailing along the fen microtopography. The vegetation 

composition was largely controlled by the WTL that ranged from the peat surface in flarks to the 

depth of 0.5 m in string tops. The LAI was higher in the drier PCTs, especially in mid to late growing 

season when the deciduous leaves were fully developed (Fig. 12). This gradient in vegetation 

characteristics was observed to drive the spatial variation in CO2 fluxes. The driest PCTs had higher 

GPP and ER rates than the wettest ones (Figs. 8b, 13a,b). However, we did not observe significant 

spatial variation in NEE.  

The CH4 emissions were largest from the string margin, flark and Trichophorum tussock PCTs, which 

contributed 98% of the total fen emissions, as WTL in these locations was high creating anoxic 

conditions for methanogenesis in the peat soil (Figs. 8b, 13d). The WTL was slightly lower in string 

margins (Fig. 8b), but the slightly less optimal conditions were possibly counterbalanced by the larger 

substrate availability due to the higher GPP. The CH4 emissions from the string tops were minimal as 

the larger distance from WTL lead to oxic peat conditions suitable for methanotrophy. 

 

Figure 12. Leaf area index (LAI) of the fen plant community types in (a) 2017 and (b) 2018. Shaded 

area represents the meteorological drought period. Adopted from Paper I. 
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Figure 13. Mean growing season sums of (a) ecosystem respiration, (b) gross primary productivity, 

(c) net ecosystem exchange and (d) CH4 flux of the flark (F), Trichophorum tussock (TT), string 

margin (SM) and string top (ST) plant communities. Negative NEE denotes an ecosystem CO2 sink. 

Error bars represent the 95% confidence intervals. Adopted from Paper I. 

 

4.2.2 Upland pine forest 

The CO2 balances of an upland Scots pine forest at Kaamanen was determined in Paper IV. The pine 

forest was an annual net CO2 sink of -78 ± 51 and -119 ± 27 g C m-2 in the first and second study 

years (Fig. 10b). The annual NEE of other evergreen forests in northern Fennoscandia has been 

observed to vary among the sites: the Scots pine forest at Värriö in northern Finland was a CO2 sink 

in 2012–2014 (-48 to -7 g C m-2) and a small source in 2015 (14 g C m-2) (Kulmala et al., 2019), while 

the Norway spruce forest at Kenttärova in northern Finland has a close-to-neutral balance (on average 

-2 g C m-2) (Aurela et al., 2015).  

The Kaamanen forest is an old-growth forest that has an uneven age distribution and is thus expected 

to act as a net CO2 sink also in the future, barring loggings, fires and other major disturbances to the 

ecosystem. However, great interannual variation in the CO2 fluxes within a site has been observed for 

other evergreen forests in the region, with the Kenttärova spruce forest varying between an annual 

CO2 sink of -49 g C m-2 and a source of 73 g C m-2 during 2003–2013 (Aurela et al., 2015), which 

highlights the effect of varying meteorological conditions. 
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4.2.3 Lakes 

The CO2 and CH4 fluxes of two lakes within the Kaamanen catchment were studied in Paper IV. The 

lakes were net CO2 sources to the atmosphere during the ice-free period with minimal GPP due to the 

lack of aquatic vegetation (Sect. 3.1). The organic sediment lake (OS lake) had sixfold emissions 

compared to the mineral sediment lake (MS lake); in 2017, the estimated net CO2 emissions during 

the ice-free period were 75 ± 28 and 11 ± 4 g C m-2, respectively. The difference in the emission 

magnitude can be explained by the OS lake location immediately downstream from the fen and the 

consequent higher C content in the sediment and supply of DOC and PC in the stream flow. The 

estimated net CO2 emissions from the MS lake during the ice-free period in 2018 were similar (14 ± 

2 g C m-2) to the previous year. Similarly to the CO2 fluxes, the CH4 emissions during the ice-free 

period in 2017 were larger from the OS lake (2.4 ± 0.2 g C m-2) than MS lake (0.4 ± 0.2 g C m-2). In 

2018, the CH4 emissions from the MS lake were estimated to amount to 0.8 ± 0.3 g C m-2. 

The daily average summertime CO2 emissions from the OS lake (0.2–0.8 g C m-2 d-1) were similar to 

those from another northern boreal lake also located downstream from a mire, namely Lake Stortjärn 

in northern Sweden (0.3–1.4 g C m-2 d-1) (Denfeld et al., 2020). The diffusive component of the daily 

average CH4 flux (0.014 g C m-2 d-1 in the OS lake and 0.003 g C m-2 d-1 in the MS lake) was withing 

the range reported for 224 boreal lakes in Canada (0.008 ± 0.020 g C m-2 d-1) (Rasilo et al., 2015). 

We estimated that about 21% of the total CH4 emissions originated from ebullition. Previous studies 

of northern boreal lakes have estimated ebullition to contribute 40–80% of the total flux (Bastviken 

et al., 2004; Wik et al., 2013; Jansen et al., 2020). However, the magnitude of total annual CH4 

emissions of these lakes (1.0–8.3 g C m-2; Bastviken et al., 2004; Thornton et al., 2015; Jammet et al., 

2017) was similar to those from the OS lake (3.1 g C m-2) and larger than from the MS lake (0.5–0.8 

g C m-2). The estimated total annual C emissions from the MS lake were similar in magnitude to those 

from the nearby Lake Kipojärvi (15 g C m-2 yr-1), which is surrounded by an esker and a peatland 

(Juutinen et al., 2013). 

 

4.2.4 Pine bog 

For estimating the landscape-level fluxes, the pine bog ecosystem fluxes were modelled by using the 

measured fluxes from the upland pine forest and the bog-like string top of the fen (Paper IV). Thus, 

the CO2 balances were between those of the forest and fen. The estimated balances depended on the 

tree biomass in the pine bog ecosystems and were -57 ± 109 g C m-2 yr-1 for the treed bog and -26 ± 

140 g C m-2 yr-1 for the sparsely treed pine bog. The large uncertainties resulted from the upscaled ST 

chamber fluxes and the long gaps in the pine forest EC data. 

 

4.2.5 Subarctic landscape 

The EC and chamber flux measurements covered the ecosystem-atmosphere C fluxes of the main 

ecosystems at Kaamanen (Sect. 3.3) and thus the fluxes could be upscaled to a 7-km2 study area (Sect. 

3.10) (Paper IV). The EC measurements of fen and pine forest span the whole studied ecosystem, 

while the chamber measurements covered the four main PCTs of the fen increasing information about 

the spatial variability within the ecosystem. The lake ecosystem was measured with flux chambers on 
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two different lakes in the catchment. The uncertainties of the upscaled fluxes for calculating the 

landscape-level balances are not directly comparable, as the lake flux uncertainties do not include 

gap-filling uncertainty, but they give an approximate estimate. 

The ecosystems differed greatly in their contribution to the C cycle mediated through the ecosystem-

atmosphere exchange (Table 1). The fen acted as a small but clear CO2 sink and a large CH4 source. 

The pine forest was an effective CO2 sink compared to the other ecosystems, and its CH4 fluxes can 

be assumed to be close to neutral or to represent a small sink (Dinsmore et al., 2017). The lakes were 

sources of both CO2 and CH4 to the atmosphere. The studied ecosystems each covered roughly an 

equal proportion of the landscape (Sect. 3.10). The upland pine forest had the largest impact on the 

landscape-scale CO2 uptake, while the lakes in the area were estimated to release 20% of the C that 

the landscape sequestered during the study period. The CH4 emissions from the fen determined the 

majority of the CH4 exchange within the landscape. The lateral transport of C, which was not 

measured in the present studies, has been observed to be between 3 and 9 g C m-2 yr-1 for various 

catchments in Finland with peatland coverage of 10–87 % (Kortelainen et al., 1997). Based on these 

estimates, the studied landscape in Kaamanen acted as a CO2 sink, a CH4 source and an overall C 

sink. 

During the peak growing season in July 2017, the pine forest ecosystem was a notably larger net CO2 

sink than the fen, which is reflected in the steeper PPFD response of the CO2 flux (Fig. 14). The forest 

sequesters more CO2 when irradiance is high, but in low light conditions (PPFD < 200 µmol m-2 s-1) 

the fen had a higher net CO2 sink rate or a lower emission rate (below 100 µmol m-2 s-1). The higher 

maximum CO2 uptake was due to the higher LAI in the forest (trees 1.97 m2 m-2 and ground layer 

0.41 m2 m-2, fen 0.59 m2 m-2). In terms of the NEE-PPFD relationship, the Kevo birch forest-tundra 

ecotone (studied in Paper II) was between the response observed for the fen and pine forest 

ecosystems, as it had a slightly larger net CO2 uptake rate than the four fen PCTs and as high ER as 

the string PCTs (Fig. 15).  

Table 1. Estimated average annual flux sums for different land cover types within a 7-km2 area in 

Kaamanen during a two-year period (11 June 2017 – 10 June 2019). The flux sums of the first and 

second year are given in parentheses. Negative values denote a C sink and positive values a C source. 

For pine forest and pine bog, the CH4 flux estimates were adopted from literature. Based on data used 

in Paper IV. 

 Average annual flux sum [g C m-2 yr-1] 

Ecosystem NEE GPP ER CH4 flux 

Fen -14 (-21, -8) -291 (-300, -283) 276 (277, 275) 6.7 (7.0, 6.3) 

Upland pine forest -99 (-78, -119) -800 (-839, -761) 699 (758, 641) -0.2 ± <0.1 a 

Treed pine bog -57 (-39, -75) -613 (-631, -595) 554 (590, 519) 1.6 ± 1.4 b 

Sparsely treed pine bog -26 (-10, -42) -472 (-475, -470) 446 (465, 427) 1.6 ± 1.4 b 

Mineral sediment lake 13 (11, 14)   0.6 (0.5, 0.8) 

Organic sediment lake* 75   3.1 

Landscape -34 (-26, -41) -425 (-440, -409) 391 (414, 368) 2.4 (2.4, 2.3) 

* Only one measurement year.  a From Dinsmore et al. (2017). b From Bubier et al. (2005). 
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Figure 14. Net ecosystem exchange as a function of photosynthetic photon flux density based on the 

EC data of the Kaamanen fen and pine forest in July 2017. The lines show the fitted PPFD response 

(Eqs. 1 and 7). The shaded areas indicate the 95% confidence intervals. 

 

Figure 15. Net ecosystem exchange as a function of photosynthetic photon flux density based on the 

chamber data of the Kaamanen fen plant communities and the Kevo birch shrub from 26 July to 16 

August 2017. The lines show the fitted PPFD response (Eqs. 1 and 7). The shaded areas indicate the 

95% confidence intervals. 
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The larger net CO2 sink observed in the EC data (Fig. 14) compared to the corresponding fluxes 

recorded from individual PCTs (Fig. 15) was due to the fact that the EC-based ER rates were 

determined from night-time fluxes with lower temperatures while the chamber-based ER rates were 

measured during daytime with higher temperatures, so the two figures are not fully comparable.  

 

4.3 Comparing historical and current peatland fluxes 

The peatland initiation in Kaamanen began in the early Holocene after the last glacial period ca. 

10,000 yr BP (Piilo et al., 2020). Peat started to form on top of the mineral soil in the northern parts 

of the current fen area, while in other parts of the area aquatic and limnotelmic Equisetum vegetation 

was the dominant land cover type after peatland initiation. Over time, the Equisetum habitats 

transformed into sedge-dominated habitats in ca. 4000 yr BP, at which point the peatland area had 

expanded to encompass almost the current peatland area. These sedge-dominated habitats were non-

patterned, i.e. they had no significant microtopographical features unlike the current fen, which has a 

clear wet flark – dry string pattern encompassing the majority of the peatland area (Sect. 3.1). 

However, as the vegetation compositions of the current flark and Trichophorum tussock plant 

communities were similar to the sedge-dominated non-patterned fen of the past, current CO2 and CH4 

flux measurements were utilised in Paper III for reconstructing the historical fluxes within the fen. 

As a result of the peatland area expansion and vegetation succession from Equisetum to non-patterned 

fen, the peatland was estimated to reach its maximum C uptake period in 4000–1000 yr BP (Fig. 16). 

The CH4 emissions per unit area from the previous mix of Equisetum and non-patterned fen habitats 

remained approximately constant (7–8 g C m-2 yr-1) (Table 2), but the total emissions increased with 

peatland expansion. However, the substantial CO2 sequestration of the non-patterned fen plant 

communities (-48 g C m-2 yr-1) led to a higher-than-present C uptake within the total peatland area. 

The current microtopography with dry string formations in the midst of wet flarks was formed during 

the last 1000 years. Concurrently, due to the formation of flark-string microtopography, the estimated 

CO2 sink decreased and also the CH4 emissions decreased.  

Sporadic permafrost occurs in the region of the two study sites of this thesis, Kaamanen and Kevo, 

with Kaamanen being located just south of the current edge of sporadic permafrost (Fronzek et al., 

2010). The northern location manifests itself in the string formations of the Kaamanen fen. Thawing 

of palsas has been observed in the sporadic permafrost zone (Christensen et al., 2004), but palsas 

differ from the string formations in their dynamics. The current string-flark microtopography is 

somewhat self-sufficient, as during winter wind keeps the string tops clear of snow, reducing the 

insulation effect of snow and allowing the strings to cool more than the flarks. Additionally, during 

summer the thawing is influenced more by the water balance than air temperature, as dry peat insulates 

the ice lenses well and heat transfer through water is needed for effective thawing (Olefeldt et al., 

2021). Also, enhanced vegetation growth and possible shrubification due to higher temperatures 

reduce the solar radiation that penetrates the peat, heating the soil. Thus, it requires changes in many 

meteorological and environmental variables controlling the freeze-thaw cycle to bring the fen back to 

the non-patterned state.  
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Table 2. Flux densities adopted for different peatland vegetation assemblages. Values for the non-

patterned fen are obtained from measurements of the current flark plant communities. Patterned fen 

represents the current peatland ecosystem. The table is adopted from Paper III. 

 Flux density [g C m-2 yr-1] 

 CO2 CH4 C 

Sandy Equisetum * -10 -0.4 -10 

Peaty Equisetum * 18 5 23 

Mix of non-patterned flark fen & peaty Equisetum -15 7 -8 

Non-patterned flark fen -48 8 -39 

Patterned fen -18 6 -12 

* Values from Juutinen et al. (2013). 

 

Figure 16. Reconstructed CO2 and CH4 flux scenarios integrated over the peatland area in Kaamanen 

since the peatland initiation. Scenario 1 depicts early peatland development with peaty Equisetum and 

Scenario 2 with sandy Equisetum habitats. Adopted from Paper III. 

 

Even without changes in vegetation composition of the plant communities, the C cycle is affected by 

the changing climate. The warmer conditions lengthen the growing season, but the effects on the CO2 

fluxes depend on the timing of warm weather. Warm early summers have been observed to increase 
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the net CO2 uptake of northern peatlands, but if the warm weather occurs in late summer, the net CO2 

uptake decreases (Helbig et al., 2022). The net C uptake of the peatlands in northern Fennoscandia 

has been projected to remain roughly similar compared to the present net uptake in simulated low- 

and high-warming climate change scenarios by the year 2100, but overall the net C uptake in the pan-

Arctic region has been projected to increase until 2050, after which it substantially decreases 

(Chaudhary et al., 2020). As there are multitude of environmental variables that are affected by the 

ongoing climate change, long-term continuous measurements of these subarctic peatlands are needed 

so that the impacts on the C fluxes can be observed. 

 

4.4 Methodological challenges  

4.4.1 Stabilising chamber-based CO2 flux light response fits 

The connection between the photosynthesis rate and irradiance can be determined by conducting CO2 

flux measurements in multiple light conditions (Sect. 3.4). The more measurements there are with 

different light levels, the more reliable response fits can be achieved. In practice, the number of 

shading elements used in flux chamber measurements to change the incoming irradiance is limited. 

In the measurements of Papers I and II, a maximum of two intermediate shading levels in addition 

to ambient light and dark conditions were used. Additionally, the data should include at least one flux 

measurement in high irradiance (PPFD > 1000 μmol m−2 s−1) to obtain a representative estimate for 

the maximum photosynthesis rate, but in overcast conditions the maximum irradiance is much lower 

(PPFD < 500 μmol m−2 s−1). One way of resolving the irradiance limitation is to pool the 

measurements from the same PCT or treatment so that the data used for fitting the light response (Eq. 

7) is more likely to include measurements in high irradiance. The downside of this approach is that 

the information on the possible plot-to-plot variation is lost. 

The rectangular hyperbola curve (Eq. 7) with two fitting parameters, i.e. α and GPmax, has been shown 

to approximate the relationship between the photosynthesis rate and the amount of solar radiation 

(e.g. Whiting et al., 1994). For the chamber data collected within the present study, most PPFD 

response curves fitted for individual plots were very similar to the fits to the pooled data (Fig. 17 a,d), 

especially for those plots that included flux measurements in a wide range of light conditions (Fig. 17 

b,e). In some cases, the fit with both α and GPmax as a free parameter led to plant physiologically 

erroneous solutions that either resembled a linear dependence on PPFD (Fig. 17c) or represented too 

sharp an increase in the low irradiance range with too quick saturation of CO2 sink (Fig. 17f) compared 

to the data pooled for the same PCT during the same day (Fig. 17 a,d).  

To address the data limitation issue, we developed a methodology that utilises a constant parameter 

ratio, which stabilises the flux response fits when only a small number of data is available (Sect. 3.6). 

Instead of discarding the measurements from these plots, these data can be utilised by estimating a 

PCT-specific 
𝛼

𝐺𝑃𝑚𝑎𝑥
 parameter ratio. This can be assumed to represent the common behaviour of each 

PCT, while the temporal and plot-to-plot variation can still be captured in the fits with the remaining 

free parameter. The method was utilised for maximising the data set used for estimating the growing 

season CO2 balances and for calculating reliable normalised fluxes even when extrapolation was 

necessary due to the relatively low maximum irradiance levels available. 



50 

 

 

Figure 17. Two examples of the light response model fits to chamber-based CO2 flux data (Eq. 7). 

The black line shows the model fit to pooled PCT data (a, b); the yellow line is the fit to data from a 

single chamber plot with both α and GPmax as free parameters; the red line is the corresponding fit 

with a PCT-specific 
𝛼

𝐺𝑃𝑚𝑎𝑥
 ratio and a free GPmax parameter (c, d, e, f). The same data points in (a), 

(c) and (e), and in (b), (d) and (f) are coloured red and blue. The data are from all string top plots (a), 

string top plot #3 (c), string top plot #2 (e), all Trichophorum tussock plots (b), Trichophorum tussock 

plot #2 (d) and Trichophorum tussock plot #4 (f) in the Kaamanen fen. 

 

In Paper I, the PCT-specific parameter ratios were used for estimating the growing season CO2 

balances of different PCTs of the Kaamanen fen, which were further utilised in Paper III (Sect. 4.2 

and 4.3). Additionally, this approach was employed for calculating the NEE1200 and GPP1200 rates of 

each plot, used for analysing the environmental controls of the fluxes. The constant parameter ratio 

method produced GPP values that were very similar to the observed GPP fluxes (Fig. 18). 

In Paper II, a common 
𝛼

𝐺𝑃𝑚𝑎𝑥
 ratio was assumed when calculating the NEE800 and GPP800 rates, as 

some of the chamber measurements were conducted on cloudy days, and thus the observed PPFD 
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response had to be extrapolated to the radiation level of 800 μmol m−2 s−1 used for normalization. 

Also, the chamber data sets with no intermediate light conditions had too few data points for reliable 

fits if both GPmax and α were considered free parameters. However, using a common 
𝛼

𝐺𝑃𝑚𝑎𝑥
 ratio for 

all fits produced acceptable results (Fig. 19). The obtained NEE800 and GPP800 rates and ER fluxes 

were further utilised to study the effect of insect herbivory and warming on the birch forest-tundra 

ecotone (Sect. 4.1).  

 

Figure 18. The observed GPP versus the calculated GPP using the PCT-specific 
𝛼

𝐺𝑃𝑚𝑎𝑥
 ratios and the 

GPmax parameter determined for each irradiance response of the chamber closures at the Kaamanen 

fen. 

 

Figure 19. The observed GPP versus the calculated GPP using the common 
𝛼

𝐺𝑃𝑚𝑎𝑥
 ratio and the GPmax 

parameter determined for each irradiance response of the chamber closures at Kevo. 
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As demonstrated above, the constant parameter ratio method proved sufficiently accurate and can 

thus be considered a useful extension of standard data analysis techniques when the available data set 

is inherently limited by the amount and range of irradiance data. 

 

4.4.2 Low eddy covariance data coverage 

In the present study, the temporal coverage of EC flux data was compromised due to necessary wind 

sector exclusions and equipment failures (Sect. 3.5.1), which led to challenges in gap-filling of the 

data. The gap-filled data were modelled based on the CO2 flux responses to temperature and irradiance 

observed throughout the year. However, for very long gaps exceeding a month the usual parameter 

interpolation (Sect. 3.5.1) can produce significant uncertainties in the CO2 balances calculated from 

the gap-filled data (Richardson and Hollinger, 2007). 

The landscape in the Kaamanen area is a mosaic of forests, peatlands and lakes with roughly equal 

areal coverage (Sect. 3.10), with most of the forests growing on the relatively narrow eskers. The 

patchy nature of the landscape made the EC set-up challenging for the forest ecosystem 

measurements. The pine forest EC tower was located at the south-eastern edge of the forest (Fig. 6) 

so that the footprint coverage was >80% over the forest wind sector. This led to the exclusion of 48% 

of the measured flux data that originated from the wind sector that was facing the peatland and lake 

ecosystems. The peatland EC tower set-up was located towards the middle of the fen, at about 100 m 

from the closest forest edge in the west. The western wind sector 260º–315º was excluded from the 

fen measurements as in this sector forests and lakes contributed excessively (up to 30%) to the 

measured flux. Other forested and lake areas were located at least 450 m away from the fen EC tower 

and thus had only a minor effect on the flux footprint. 

The longer the gaps in the measurements are the larger the uncertainty due to gap-filling becomes. In 

the fen EC measurements, there was one long gap of 54 days in December 2017 – January 2018 (Fig. 

20a). Unfortunately, there were three relatively long data gaps in the pine forest EC measurements 

due to equipment failures: first in the winter 2017–2018, then in May–June 2018 and finally in the 

spring of 2019 (Fig. 20b).  

To reduce the uncertainty of the estimated annual balance, the gap-filling of the May–June 2018 and 

spring 2019 data gaps was conducted with parameters obtained from the measurements during the 

same period in the previous year (Sect. 3.5.1). This way, periods with a relatively high data coverage 

could be utilised for the periods with little or no data, as we assumed that the light and temperature 

response of the forest fluxes remained the same in consecutive years. However, the CO2 fluxes are 

not solely controlled by meteorological conditions, and thus using parameters of the previous year 

needs to be done with consideration of the overall environmental conditions and dynamics. The plant 

and microbial activity are also controlled by e.g. soil moisture and nutrient conditions that can vary 

interannually. The data gap from 12 May to 27 June in the pine forest data partly coincided with the 

observed difference in the ER rates during 15 June–15 August between 2017 and 2018. The ER rates 

in summer 2017 were high due to the soil being close to water saturation, which was assumed to 

increase the microbial activity and decomposition rate in the soil (Sect. 4.2.2). Therefore, the ER rates 

during the data gap in mid-June 2018 could have been overestimated as the parameters were obtained 

from the previous year. However, the potential overestimation would have decreased the difference 

in ER rates between the years, so the observation of higher ER rates during summer 2017 should stay 
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valid. The long gaps in winter could be justifiably gap-filled with regular methods, i.e. with 

interpolated response parameters, as there was minimal plant and microbe activity for most of the 

period, with the temperatures staying continuously below 0 ºC and the irradiance being virtually zero 

during the polar night.  

The uncertainties in the CO2 flux data contribute the most to the annual balances when the flux 

magnitude is largest (Richardson and Hollinger, 2007), i.e. during the growing season. In the data sets 

collected for the present study, the coverage of valid data was highest during those periods (Fig. 20). 

The lower temporal coverage of the pine forest EC flux data compared to the fen was reflected in the 

larger uncertainty estimates of the balances (Sect. 4.2). The uncertainty associated with the 

measurements was estimated similarly for the fen and pine forest CO2 fluxes, but the gap-filling 

uncertainty of the pine forest fluxes was probably underestimated due to the long gaps. The gap-filling 

methods need to be further developed to better take into account the long gaps, as the non-linear 

regression on temperature and irradiance works well for short gaps but less so for the long gaps 

(Moffat et al., 2007). In the future the uncertainties linked to data gaps can be reduced by a data-

driven approach that utilises machine learning in combination with remote-sensing data or reanalysis 

of the data obtained from weather station networks (e.g. Vuichard and Papale, 2015; Kang et al., 2019; 

Zhu et al., 2022). 

 

Figure 20. Weekly ER and GPP fluxes of the fen (a) and pine forest (b) ecosystems and the 

corresponding weekly EC data coverage. 
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5 Conclusions 

The subarctic landscape in northern Fennoscandia is a mosaic of forests, peatlands, fells and lakes. 

Additionally, the environmental conditions varying with topography, even with microtopographical 

features, create habitats for a multitude of different plant communities within an ecosystem. Here, 

two flux measurement techniques were used for studying the subarctic ecosystem-atmosphere C 

exchange to capture both the ecosystem-scale and plant community-scale variation in CO2 and CH4 

fluxes.  

The first aim of this thesis was to study how these fluxes respond to changing environmental 

conditions by comparing data collected in two consecutive years. It was found that there were two 

periods when the fluxes measured in a mesotrophic flark fen at Kaamanen clearly differed between 

the study years due to differing meteorological conditions. The warmer-than-average spring weather 

in 2018 led to an earlier snow melt and growing season start. This increased the net CO2 uptake of 

this ecosystem, and the GPP sum nearly doubled during the latter half of June compared to the 

previous year. However, the increase in net CO2 uptake was counterbalanced by the heatwave and 

drought event that occurred in July 2018, which decreased the CO2 sink and momentarily turned the 

fen to a net CO2 source to the atmosphere. The drought also decreased the CH4 emissions by lowering 

the water table level thus diminishing the anoxic zone in the peat.  

In an upland pine forest at Kaamanen, a pronounced meteorologically driven effect on CO2 fluxes 

could be detected during three periods. First, the rainy summer of 2017 led to increased ER fluxes 

compared to the second year, as the soil was continuously close to water saturation. Second, the 

drought event in the next summer decreased the GPP and ER fluxes and led to lower CO2 uptake. 

Lastly, a cold spell in autumn 2018 decreased the ER fluxes, which turned the ecosystem momentarily 

from a small source to a small sink of CO2. 

At the other study site, i.e. a mountain birch forest-tundra ecotone at Kevo, it was found that 

experimental warming increased net CO2 uptake. However, it was also concluded that the 

strengthening of CO2 sink caused by rapid warming can be substantially dampened by insect 

herbivory that may increase in the region. Similarly to the ecosystems at Kaamanen, the birch ecotone 

was affected by the 2018 drought, which decreased CO2 sequestration.  

The drought in 2018 impacted the C cycle at Kaamanen and Kevo right after midsummer. In fact, the 

timing of high temperatures and low precipitation is important; if they occur during the early growing 

season, water availability will not decrease as much as if the drought occurred in mid- to late summer, 

as the melting snow provides plants with water. Droughts and heatwave events are predicted to 

increase in frequency and length also in high latitudes, which could decrease the CO2 uptake and CH4 

emissions of subarctic landscapes.  

The drought was observed both as a meteorological drought in terms of high atmospheric VPD and 

as a lowered soil moisture content. However, these two indicators did not coincide, with VPD reacting 

more immediately to the changing weather conditions while soil moisture lagged 10–20 days behind. 

However, both variables affected the C fluxes of the fen and upland pine forest decreasing both GPP 

and ER rates, with a larger effect observed when the soil water content was reduced. Furthermore, the 

CO2 fluxes of forest were decreased for two weeks after the meteorological drought ended and even 

two to four days after the soil moisture levels recovered, which could be due to drought-induced 

damage to the plants or mycorrhiza. Similarly, the reduced GPP and ER flux rates at the fen occurred 
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20 days after the meteorological drought had started, but the flux recovered to a normal level nine 

days earlier than in the forest. Notably, the CH4 emissions from the fen did not revert back to the pre-

drought level until the end of August. The timing of CH4 flux recovery only after the GPP recovery 

suggests that methanogenesis relied on the availability of plant root exudates.  

This work showed that the Kaamanen fen was an annual CO2 sink and CH4 source during the study 

years, and previously it has been shown to act as a small net C sink during the past decade. The fluxes 

of the four main plant communities that populated the flark-string microtopography continuum were 

measured separately. These measurements showed that the magnitude of GPP and ER were controlled 

by the vegetation composition and LAI, which followed the WTL gradient, with the driest PCTs 

having larger fluxes than the wet ones. However, a similar relationship was not observed between 

NEE and WTL. In total, 96% of the CH4 emissions originated from the three wettest PCTs, each 

contributing roughly equally to the total CH4 emissions of the fen. The upland pine forest ecosystem 

at Kaamanen was an effective annual CO2 sink during the study period. However, the uncertainties 

of the annual balance estimates were large due to the large proportion of gaps in the collected data.  

The lakes in the Kaamanen landscape acted as CO2 and CH4 sources to the atmosphere. Notably, lake 

characteristics impacted the magnitude of C emissions: of the two lakes studied in this thesis, the 

organic sediment lake located downstream from the fen had sixfold CO2 and CH4 emissions compared 

to the mineral sediment lake next to an esker. The observed difference between lake fluxes highlights 

the need to capture the variability in lake characteristics even within a single catchment. 

The second aim of this thesis was to study the contribution of different ecosystems to the landscape-

level CO2 and CH4 balances. The subarctic Kaamanen landscape consisted of about equal parts of 

upland pine forest, fen, pine bogs and lakes. The 7-km2 study area was estimated to be a CO2 sink and 

a CH4 source to the atmosphere but an overall C sink. The upland pine forests were estimated to have 

the largest annual GPP and ER sums, and also the largest annual net CO2 uptake. In low irradiance 

conditions, however, the fen ecosystem acted as a stronger CO2 sink than the forest. The fen 

contributed most to the landscape-level CH4 balance, as expected from the prevailing anoxic 

conditions promoting methanogenesis. The estimated annual CO2 uptake of pine bogs was between 

the forest and fen balances. The lakes were estimated to release 20% of the total C that the landscape 

had sequestered. During the peak growing season, the GPP and ER rates of the birch plantlets at Kevo 

were smaller than those in the upland pine forest but slightly larger than those observed at the fen. 

The third aim of this thesis was to compare the current CO2 and CH4 fluxes of the fen to the 

reconstructed historical fluxes during the peatland development. It was found that peatland expansion 

and vegetation shift have led to largely differing C fluxes within the present Kaamanen fen area since 

the peatland initiation around 10,000 yr BP. Palaeoecological studies have indicated that the peatland 

started as an aquatic ecosystem, which was estimated to vary between a small sink and a small source 

of CO2 and to have low CH4 emissions. As the peatland expanded and more of the area was covered 

with flark habitats, the reconstruction of fluxes suggested that the net CO2-C uptake increased faster 

than the CH4-C emission. The peatland remained a non-patterned flark fen until 1000 yr BP, when 

the strings formed, raising part of the peat surface further away from the water table. The net CO2 

uptake and CH4 emissions were estimated to be higher in the non-patterned era than in the current 

state characterized by the microtopography of wet flarks and dry strings. This microtopography is 

expected to persist in the near future, as the environmental controls maintaining the string formations 

are somewhat self-sufficient. However, the fen can still be susceptible to changes in vegetation 

composition, such as shrubification, as the growing season lengthens and water balance is altered if 
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precipitation increases. In addition to the fen, similar vegetation composition changes can occur in 

other subarctic ecosystems. However, the possible increases in biomass and CO2 uptake in the region 

can be suppressed by reindeer herding and insect herbivory. 

The results presented in this thesis highlight the interannual variation in meteorological conditions 

that can have significant impacts on the ecosystem-atmosphere C exchange. The collected CO2 and 

CH4 flux data on both the plant community and ecosystem scale and the improved understanding of 

flux responses to environmental conditions can be further utilised in ecosystem and land surface 

models, for example to optimise model parameters. As the subarctic region is facing increasing 

temperatures and precipitation and probably more frequent extreme weather events, continuous 

measurements of exchange fluxes are invaluable for tracking the consequent changes in the C cycle. 

Additionally, thorough environmental measurements are needed to ensure that the connections 

between fluxes, vegetation, soil properties and herbivory in the changing climate can be observed. 

Such integrated measurements enable effective monitoring of the large C storage of the subarctic 

region and more accurate future projections of climate change. 
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Abstract. The patterned microtopography of subarctic mires
generates a variety of environmental conditions, and car-
bon dioxide (CO2) and methane (CH4) dynamics vary spa-
tially among different plant community types (PCTs). We
studied the CO2 and CH4 exchange between a subarc-
tic fen and the atmosphere at Kaamanen in northern Fin-
land based on flux chamber and eddy covariance measure-
ments in 2017–2018. We observed strong spatial variation
in carbon dynamics between the four main PCTs studied,
which were largely controlled by water table level and dif-
ferences in vegetation composition. The ecosystem respira-
tion (ER) and gross primary productivity (GPP) increased
gradually from the wettest PCT to the drier ones, and both
ER and GPP were larger for all PCTs during the warmer
and drier growing season 2018. We estimated that in 2017
the growing season CO2 balances of the PCTs ranged from
−20 g C m−2 (Trichophorum tussock PCT) to 64 g C m−2

(string margin PCT), while in 2018 all PCTs were small
CO2 sources (10–22 g C m−2). We observed small grow-
ing season CH4 emissions (< 1 g C m−2) from the driest
PCT, while the other three PCTs had significantly larger
emissions (mean 7.9, range 5.6–10.1 g C m−2) during the
two growing seasons. Compared to the annual CO2 balance
(−8.5± 4.0 g C m−2) of the fen in 2017, in 2018 the an-
nual balance (−5.6± 3.7 g C m−2) was affected by an ear-
lier onset of photosynthesis in spring, which increased the
CO2 sink, and a drought event during summer, which de-
creased the sink. The CH4 emissions were also affected
by the drought. The annual CH4 balance of the fen was

7.3± 0.2 g C m−2 in 2017 and 6.2± 0.1 g C m−2 in 2018.
Thus, the carbon balance of the fen was close to zero in both
years. The PCTs that were adapted to drier conditions pro-
vided ecosystem-level resilience to carbon loss due to water
level drawdown.

1 Introduction

Northern mires have sequestered substantial amounts of at-
mospheric carbon (C) since the last glacial period. The
C storage of these peat soils has been estimated to be
415± 150 Pg of C (Hugelius et al., 2020), which adds up to
about 30 % of the global soil C. This C storage has accumu-
lated through the photosynthetic fixation of carbon dioxide
(CO2) by mire vegetation, which in the long term has been
larger than the release of C through plant respiration and peat
decomposition. In the short term, however, the C balance of a
mire can switch from a sink to a source, as the annual C accu-
mulation rate is sensitive to variations in moisture conditions
and temperature (Alm et al., 1999; Bubier et al., 2003; Lin-
droth et al., 2007; Olefeldt et al., 2017) and to the length of
the snow-free period (Aurela et al., 2004; Lund et al., 2012).
Understanding the annual variability in peatland C dynamics
is essential, as the subarctic and arctic regions warm rapidly,
2–3 times as fast as the rest of the world (Masson-Delmotte
et al., 2018). This is projected to result in increased evapo-
transpiration and altered precipitation patterns, affecting in
turn the C balance of mires (Tarnocai, 2006).
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Subarctic mires endure long winters and relatively short
growing seasons and have near-zero mean annual air tem-
peratures. The net response of ecosystem C exchange to an-
nual weather conditions depends on multiple processes and
is thus hard to predict. In particular, the timing of soil thaw
and snowmelt has been shown to impact the growing sea-
son length and consequently the annual net CO2 uptake of
mires, because earlier springs advance the timing of bud
burst (Aurela et al., 2004; Grøndahl et al., 2008). In ad-
dition, warm springs increase microbial activity, ecosystem
respiration (Lafleur et al., 2005) and, where anoxia prevails,
methanogenesis and methane (CH4) emissions to the atmo-
sphere (Kim et al., 1999).

Ecosystem respiration, gross primary production and net
CH4 production in mires depend strongly on water table level
(WTL), which determines the depth of oxic and anoxic lay-
ers in the peat. Microforms with varying WTL, e.g. hum-
mocks and hollows, create different habitats for plant and
microbe communities (Wieder et al., 2006). Peat decompo-
sition is greater in the oxic layer above the WTL (Silvola
et al., 1996), and deeper oxic layers also enhance plant pro-
duction as roots require aeration (Bubier et al., 2003). Con-
sequently, the net CO2 exchange in northern mires not only
varies among different sites (Bubier et al., 1998; Frolking
et al., 1998; Lindroth et al., 2007) and from year to year
(Aurela et al., 2004; Lund et al., 2012) but also among the
microforms and plant communities within a site (Bubier et
al. 1998; Alm et al. 1999; Heikkinen et al., 2004). However,
there does not seem to be a clear universal spatial pattern in
relation to changing moisture conditions (Alm et al., 1999;
Waddington and Roulet, 2000; Laine et al., 2007a; Strack and
Waddington, 2007; Maanavilja et al., 2011; Korrensalo et al.,
2019). In contrast, CH4 emissions are generally larger from
wet than dry plant communities, as they depend on the bal-
ance between microbial production in anoxic conditions and
oxidation above the WTL (Saarnio et al., 1997; Segers, 1998;
Alm et al., 1999; Heikkinen et al., 2004; Wieder et al., 2006;
Laine et al., 2007b), but there is additionally marked small-
scale spatial variation related to nutrient and substrate avail-
ability and plant species composition (Svensson and Ross-
wall, 1984; Kettunen, 2003; Christensen et al., 2004; Dorod-
nikov et al., 2011).

High temperatures with water level drawdown have been
reported to decrease CO2 uptake (Chivers et al., 2009; Mu-
nir et al., 2014) and CH4 emissions (Peltoniemi et al., 2016;
Olefeldt et al., 2017) of mires. During the summer of 2018, a
large-scale heatwave and drought took place in north-western
Europe, including northern Finland (Lehtonen and Pirinen,
2019a, b). Rinne et al. (2020) found that this drought reduced
CO2 uptake and CH4 emissions, as compared to a reference
year, on most of the Fennoscandian mires studied. However,
the magnitude of this effect varied among the mires, as did
the duration and severity of the drought.

In this study, we examine the CO2 and CH4 exchange be-
tween the subarctic Kaamanen fen and the atmosphere dur-

ing two contrasting years (2017 and 2018). The site was in-
cluded in the synthesis of Rinne et al. (2020) that applied
spatially averaged eddy covariance (EC) data. However, the
annual variation in the plant-community-scale C exchange
has not been investigated previously, and it is unknown how
different communities react to water level drawdown during
drought events. Thus, our specific objective is to study the
small-scale CO2 and CH4 flux variation in response to mois-
ture conditions and compare this to the ecosystem-scale re-
sponse. We (1) utilise the EC flux measurement technique to
detect the ecosystem-scale variation in C exchange, (2) study
how C exchange varies spatially and temporally among dif-
ferent plant communities by using manual flux chamber mea-
surements and (3) determine the main environmental factors
controlling the C fluxes by means of a linear mixed-effects
model. We will also put our results in the context of the ear-
lier gas exchange data from this measurement site.

2 Materials and methods

2.1 Study site

The study took place at a patterned mesotrophic fen at
Kaamanen in northern Finland (69◦8.435′ N, 27◦16.189′ E;
155 m a.s.l.). The average annual mean temperature at the
Inari Ivalo weather station, 59 km south of Kaamanen, dur-
ing the 30-year reference period of 1981–2010 was −0.4 ◦C,
and the corresponding mean annual precipitation sum was
472 mm (Pirinen et al., 2012). A major part of the fen is pat-
terned with strings and flarks (or hummocks and hollows, re-
spectively). Hummocks of a few metres’ width surround wet
flarks and form strings, up to a few tens of metres in length
that sprawl through the fen. The strings are elevated from the
water table by 0.3–0.8 m and contain ice lenses that can re-
main frozen until late summer (Aurela et al., 2001). The site
has no permafrost, even though it is located 300 km north of
the Arctic Circle, and the nearest isolated permafrost palsas
are currently about 50 km north of the site. The peat depth
within the study area is 1–2 m (Piilo et al., 2020).

The vegetation within the patterned fen, which is the fo-
cus of our measurements, can be divided into four main
plant community types (PCTs): (1) Ericales–Pleurozium on
the dry string tops (ST), (2) Betula nana–Sphagnum on the
string margins (SM), and (3) Trichophorum tussock (TT) and
(4) flark (F) communities in the wet hollows (Fig. 1, Table 1)
(Maanavilja et al., 2011). The areal coverage of different land
cover types at the site has been estimated with high spatial
resolution remote sensing by Räsänen and Virtanen (2019)
(Table 1). In addition to the low vegetation, a few sporadic
Betula pubescens and Pinus sylvestris trees are growing on
the driest parts of the fen.

A stream flows through the fen from north to south, but
there is also nearly continuous surface water flow across the
peatland along the elevation gradient. The fen is flooded dur-
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ing the spring thaw, but the magnitude of flooding varies an-
nually. The string tops, however, are separated from the water
table of rest of the fen (Fig. 1) and therefore mainly receive
nutrients from precipitation instead of the lateral inflow.

The C exchange of the fen has been studied extensively
during the past few decades (Aurela et al., 1998, 2001, 2002,
2004; Hargreaves et al., 2001; Laurila et al., 2001; Heikkinen
et al., 2002; Maanavilja et al., 2011; Kross et al., 2016; Rinne
et al., 2020; Piilo et al., 2020). The ecosystem–atmosphere
CO2 exchange has been measured with the EC technique
continuously since 1997 and CH4 exchange since 2010. On
average, the fen has been estimated to be a small (approx-
imately −15 g C m−2 yr−1) atmospheric C sink during the
measurement periods 1997–2002 and 2011–2016 (Aurela et
al., 2004, and unpublished data), but the C exchange varies
among the microforms: the driest plant communities act as
the weakest net CO2 sink (Heikkinen et al., 2002; Maanav-
ilja et al., 2011) and CH4 source (Heikkinen et al., 2002).

2.2 Flux measurements

2.2.1 Chamber measurements

A total of 17 chamber flux measurement plots were chosen to
represent the four PCTs: five plots for the SM communities
and four plots each for the ST, TT and F communities. Eight
of the 17 aluminium collars (60 cm× 60 cm) were installed
during the first days of June 2017, during the soil thawing, to
accompany the collars that were already installed previously
in 2006. The overall vegetation condition and species com-
position inside the old collars were checked to match the new
study plots. The collars were positioned within 50 m from the
instrument booth (marked with a star in Fig. 1).

The CO2 and CH4 fluxes between the ecosystem and at-
mosphere were measured with manual flux chambers bi-
weekly during the growing seasons of 2017 and 2018: six
times between 12 June and 11 October 2017, and seven times
between 31 May and 4 September 2018. All chamber mea-
surements were conducted between 09:00 and 16:00 local
standard time.

The measurements were conducted with a transpar-
ent polycarbonate chamber (width× depth× height of
60 cm× 60 cm× 30 cm in 2017 and 60 cm× 60 cm× 40 cm
in 2018). The chamber was connected with a 50 m long in-
let tube (Teflon, inside diameter 3.1 mm) to a closed-path in-
frared gas analyser (Picarro G2401, Picarro Inc, USA) to de-
tect the changes in CO2, CH4 and H2O mixing ratios in its
airspace. The chamber air was mixed with a battery-driven
fan. The chamber closure time for each measurement was
2 min. Air temperature inside the chamber and soil tem-
perature at the 10 cm depth was measured at each plot on
the chamber flux measurement days with IKES Pt100 sen-
sors. Soil moisture was measured at the plots with a ML3
ThetaProbe sensor (Delta-T Devices Ltd., England) simulta-
neously with the chamber flux measurements. Photosynthetic

photon flux density (PPFD) was measured during the cham-
ber closures with PQS1 PAR Quantum sensor (Kipp&Zonen,
Delft, the Netherlands) on top of the chamber.

The flux was determined by measuring the CO2 and CH4
mixing ratio change within the chamber, first in ambient
light, then in one or two reduced light conditions and lastly
in complete darkness; the amount of incoming solar radiation
was reduced by 40 %–50 %, 75 %–90 % and 100 %, respec-
tively. The chamber was lifted off the collar between the mea-
surements to restore the ambient gas concentration inside the
chamber. Due to a small lag, until the data can be accepted
for CO2 and CH4 flux calculation, only the data from the fi-
nal 1.5 min of the 2 min closure time were used.

The CO2 and CH4 fluxes were calculated as

Fx =
p×Mx ×V

R× T ×A
×

dcx
dt
, (1)

where p is atmospheric pressure, Mx is the molecular mass
of CO2 (44.01 g mol−1) or CH4 (16.04 g mol−1),R is the uni-
versal gas constant (8.314 J mol−1 K−1), T is the mean air
temperature during chamber closure, V is the chamber vol-
ume, A is the chamber base area, and dcx

dt is the mean CO2
or CH4 mixing ratio change in time calculated with linear re-
gression based on ordinary least squares. The mixing ratio is
expressed with respect to dry air, so no correction for water
vapour dilution was necessary. A micrometeorological sign
convention was used: a positive flux indicates a flux from the
ecosystem to the atmosphere (emission), and a negative flux
indicates a flux from the atmosphere into the ecosystem (up-
take).

For estimating the PCT-specific CH4 flux time series from
the chamber measurements, a mean flux was calculated for
each of the 17 chamber plots from the two to four cham-
ber closures that were conducted during each measurement
day. The measurement data were screened to ensure that
they were unaffected by CH4 ebullition events and distur-
bances induced by a closing chamber. The criteria for dis-
carding measurements were as follows: CH4 mixing ratio
was > 5 ppm at the start of the closure, or the normalised
root mean square error of the linear regression fit was> 0.02,
or there was an obvious non-linearity in the time series. The
number of rejected/total data for each PCT was 27/148 (F),
4/150 (TT), 41/188 (SM) and 4/147 (ST).

2.2.2 Eddy covariance measurements

The EC measurements were conducted on a tower 5 m above
the mean fen surface. The EC system consisted of a three-
dimensional anemometer (USA-1, METEK Meteorologische
Messtechnik GmbH, Germany), a closed-path infrared gas
analyser for CO2 and H2O mixing ratios (LI-7000, LI-COR
Biosciences, USA) and a laser-based gas analyser for CH4
mixing ratio (RMT-200, Los Gatos Research, USA). The
heated 6 m inlet tubes for the gas analysers were mounted
0.3 m below the centre of the anemometer sound paths. The
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Table 1. Vegetation composition of the four main fen plant communities and their areal coverage inside a 200 m radius around the eddy
covariance tower.

Plant community type Dominant species Coverage [%]

String top (ST) Vaccinium spp., Empetrum nigrum,
Lichens, Pleurozium schreberi,
Rubus chamaemorus

15

String margin (SM) Carex spp., Eriophorum vaginatum,
Sphagnum warnstorfii, Betula nana

13

Trichophorum tussock (TT) Trichophorum cespitosum,
Campylium stellatum

9

Flark (F) Scorpidium scorpioides,
Carex limosa

34

Figure 1. The four dominant plant communities (Table 1) within the main eddy covariance source area and the other land cover types at the
Kaamanen site. The land cover map is centred at the EC tower. The schematic cross section of the fen microtopography shows the average
position of the studied plant community types (based on Maanavilja et al., 2011).

inner tube diameter and the flow rate were 3.1 mm and
6 L min−1, and 8 mm and 15 L min−1 for the LI-7000 and
RMT-200, respectively.

The EC data were sampled at 10 Hz, and standard methods
were used to calculate half-hourly turbulent fluxes (Aubi-
net et al., 2012). Block averaging and a double rotation of
the coordinate system were applied first (McMillen, 1988).
Water vapour fluctuations affecting CO2 mixing ratios were
compensated for (Webb et al., 1980), but a similar proce-
dure was not necessary for temperature (Rannik et al., 1997).
Flux losses due to high-frequency signal attenuation were
corrected for using methods detailed by Moore (1986) and
Tuovinen et al. (1998).

The half-hourly averaged data were screened, and the data
were accepted on the basis of the following criteria: relative

stationarity < 100 % (Foken and Wichura, 1996), number of
recorded data per 30 min> 17 400, number of signal spikes
per 30 min< 360, mean CO2 mixing ratio of 340–550 ppm.
A western wind direction sector (260◦–315◦), within which
the ecosystem changed from fen to pine forest at a distance
of 100 m, was excluded. In addition, periods of insufficient
turbulence were discarded with the friction velocity limit of
0.1 m s−1.

2.2.3 Abiotic and biotic environmental measurements

Additional meteorological variables measured close to the
EC tower included air temperature and humidity at 3 m
height (Vaisala HMP 230), global and reflected radiation
(Kipp&Zonen CM7), and downward and upward photo-
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synthetic photon flux density (Kipp&Zonen PQS 1). Water
vapour pressure deficit (VPD) was calculated from air tem-
perature and relative humidity according to Jones (2013).
Soil temperature profiles were measured in both a string (at
−10,−30,−50,−75 and−105 cm) and a flark (at−10,−30
and −50 cm) (IKES Pt100 sensors). The data were collected
continuously by data loggers as 30 min averages. A soil tem-
perature time series was generated for each chamber plot by
adopting the −10 cm flark temperatures for F, TT and SM
and the −10 and −30 cm string temperatures for ST, and ad-
justing them to match the plot-specific soil temperatures on
the chamber flux measurement days.

The water table level relative to the peat surface was mea-
sured from perforated tubes placed next to each chamber
measurement plot. During early summer, when there were
still ice lenses inside strings, the WTL of string tops was
measured as the depth of an ice lens or the meltwater over-
laying the lens. These measurements were conducted simul-
taneously with the chamber flux measurements.

Plant species coverage and mean height were measured bi-
weekly in each collar for estimating the leaf area index (LAI).
Harvested samples of different species groups (deciduous
shrubs, evergreen shrubs, forbs, graminoids and mosses)
were collected during peak summer 2017 in 57 sampling
plots of 50 cm× 50 cm, and LAI was measured from these
samples with an A4 scanner. With the help of the samples,
empirical relationships between LAI and species group cov-
erage and height were established with ordinary least squares
linear regressions (Juutinen et al., 2017). Biweekly LAI was
then estimated for the collars with these empirical relation-
ships.

The phenology of the fen vegetation was also tracked util-
ising daily phenocamera images taken with StarDot Net-
cam SC 5 digital camera. The camera was placed at 3 m
in a weather-proof housing on a pole facing the north, and
the viewing angle of the camera was adjusted to 45◦. Images
were automatically taken every 30 min, and daytime images
during the growing season were used for the image analysis.
The processing of the images was executed with FMIPROT,
a software designed for image processing for phenological
and meteorological purposes (Linkosalmi et al., 2016; Ta-
nis et al., 2018). The green chromatic coordinate (GCC) was
used as a greenness index and calculated as

GCC=
6G

6G+6R+6B
, (2)

where 6G, 6R and 6B are the sums of green, red and
blue channel indices, respectively, of all pixels compris-
ing a region of interest (ROI). In addition to a more gen-
eral view, ROIs were defined separately for flark and string
PCTs by grouping F and TT areas and SM and ST areas to-
gether, respectively. The growing season start dates were de-
termined based on soil temperatures measured at 10 cm depth
in strings and flarks, with temperatures rising over +3 ◦C in-
dicating the start of the growing season. The end dates were

defined in the strings from the timing of soil freezing at 10 cm
depth and in flarks from the appearance of continuous snow
cover seen in the daily phenocamera images.

To estimate peat bulk density and C and N concentrations
for the different PCTs, peat samples were collected from 40
typified plots placed at distances of 25 to 150 m from the
EC tower in cardinal, intercardinal and secondary intercar-
dinal directions (placement of plots is described in Räsänen
and Virtanen, 2019). At each plot, a sample of approximately
5 cm× 5 cm× 5 cm was cut out of the peat at 0–5 cm depth
(i.e. straight under the litter layer, where plant structures are
still discernible) and at 15–20 cm depth. The samples were
dried for bulk density estimates and ground using a ball mill,
and their C and N concentrations were analysed using a CNS-
2000 analyser (LECO Corporation, Saint Joseph, MI, USA).
Peat C and N content (mg cm−3) was then calculated using
the bulk density and C and N concentrations. The pH was
measured in the field using a sample of water collected from
the bottom of a 30 cm deep hole at each plot.

2.3 Partitioning and gap filling of CO2 fluxes

2.3.1 Environmental response functions

To fill the gaps in the collected CO2 flux data, both EC and
chamber based, and to analyse the processes controlling net
ecosystem exchange (NEE), the CO2 fluxes (FNEE) were par-
titioned to two opposite flux components:

FNEE = FGPP+FR, (3)

where FGPP is the negative flux due to gross primary produc-
tivity (GPP), which represents the CO2 uptake by the veg-
etation through photosynthesis, and FR is the positive flux
due to ecosystem respiration (ER), which describes the re-
lease of CO2 to the atmosphere through autotrophic and het-
erotrophic processes.

Gaps in the FNEE time series were filled with parame-
terised values that were estimated separately for FGPP and
FR. The dependence of FGPP on solar radiation was parame-
terised by a rectangular hyperbola (e.g. Whiting, 1994):

FGPP =
PPFD×α×GPmax

PPFD×α + GPmax
, (4)

where PPFD is the measured photosynthetic photon flux den-
sity, α is the initial slope between FGPP and PPFD, and
GPmax is the theoretical maximum gross photosynthesis rate.

The respiration flux was parameterised by an exponential
dependence on temperature (Lloyd and Taylor, 1994):

FR = R10× e
E0

(
1
T0
−

1
Ts−T1

)
, (5)

where R10 is the base respiration rate at 10 ◦C, E0 is the ac-
tivation energy, T0 = 56.02, T1 = 227.13, and Ts is the soil
temperature at the 10 cm depth.
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The calculations and analyses were made with the
Python programming language (Python Software Founda-
tion, version 2.7, https://www.python.org, last access: 1 Oc-
tober 2020) with the NumPy (http://www.numpy.org/, last
access: 1 October 2020) and SciPy (http://www.scipy.org/,
last access: 1 October 2020) libraries.

2.3.2 Gross primary productivity parameterisation for
chamber-based fluxes

For each of the chamber measurement plots, the GPP flux
time series was calculated over the two growing seasons by
utilising the dependence of photosynthesis rate on solar radi-
ation. To estimate the FGPP time series from the data from the
six and seven measurement days in 2017 and 2018, respec-
tively, a time-invariant, PCT-specific k = α/GPmax parame-
ter was estimated. This was done by pooling the daily data
from all plots of the same PCT, including only those data
sets of different shading levels in which the highest PPFD
exceeded 800 µmol m−2 s−1, and fitting the light response
curve (Eq. 4) to these data. The PCT-specific k was calculated
from the fitted α and GPmax values as the variance-weighted
mean k, discarding the fits that had a relative error greater
than 100 %. The k values obtained were around 0.002 (Ta-
ble 2), which is a typical value for mesotrophic boreal fens
(Bubier et al., 1999).

After determining the PCT-specific k values, GPmax was
estimated for each plot measurement by fitting Eq. (4) (mod-
ified to incorporate k) to the corresponding CO2 flux and
PPFD data. GPmax was then linearly interpolated between the
measurement days assuming GPmax of 0 at the start and end
of the growing season. Finally, the half-hourly FGPP time se-
ries were calculated for each plot from the PCT-specific k
parameter and the time series of the plot-specific GPmax pa-
rameter and PPFD measurements.

2.3.3 Respiration parameterisation for chamber-based
fluxes

A respiration flux time series was calculated for both grow-
ing seasons, separately for each PCT, by adopting the dark
chamber measurements of CO2 flux as respiration data and
relating them to the Ts measured simultaneously at the plot.
The PCT-specific E0 values were obtained by fitting Eq. (5)
to all respiration and temperature data of each PCT (Table 3).

The PCT-specific R10 values were then calculated for each
measurement day by using Eq. (5) with these E0 values, res-
piration data and the corresponding half-hour mean soil tem-
peratures. The chamber-based CO2 flux measurements did
not cover the growing season start and end days. Therefore,
the R10 values for those days were estimated with Eq. (5)
by utilising the CO2 fluxes measured with the EC technique
during a 2-week period around the growing season start and
end dates. Continuous time series of half-hourly R10 for each
PCT were obtained by linear interpolation. Finally, the FR

time series over the growing seasons were calculated for each
plot from the PCT-specific E0 parameter and the time series
of the PCT-specificR10 and the plot-specific soil temperature
time series.

2.3.4 Gap filling of CO2 eddy covariance fluxes

The EC flux measurement time series had gaps due to equip-
ment failures and quality control filtering applied during the
post processing of data. The gaps in the CO2 flux data were
filled by modelled FGPP and FR values, calculated with pa-
rameterised Eqs. (4) and (5), respectively, which were fit-
ted to measurements. The fitting was performed in a mov-
ing window of at least 5 and 15 d, for FGPP and FR, respec-
tively, long enough to result in at least 30 half-hourly obser-
vations. The modelling was performed in two steps. First,
the FR was parameterised with the nighttime data (PPFD
< 30 µmol m−2 s−1), and second, by utilising obtained res-
piration parameters (E0 and R10) the GPP parameters (α and
GPmax) were obtained by fitting FNEE to all available data. In
total, 62 % and 63 % of the CO2 flux data were gap filled in
the time series of 2017 and 2018, respectively.

2.4 Gap filling of CH4 fluxes

The CH4 flux (FCH4 ) time series collected with cham-
bers were gap filled separately for each plant community
type by assuming an exponential temperature dependence
(Marushchak et al., 2016):

FCH4 = a10× Q
(Ts−T0)/T0
10 , (6)

where a10 is the CH4 flux at 10 ◦C, Q10 is the tempera-
ture coefficient, Ts is soil temperature at 10 cm depth, and
T0 = 10 ◦C. Including water table level as an additional ex-
planatory variable to the model did not improve the model.

TheQ10 coefficient was determined for each PCT from the
data set of measured daily CH4 fluxes and soil temperatures
from each plot that included both growing seasons (Table 4).

For each of the measurement days, the PCT-specific a10
values were calculated by using Eq. (6) with the previously
determinedQ10 coefficients and measured soil temperatures.
For days in the growing season beginning and end, where
there were no chamber measurements, the a10 values were
estimated by using the CH4 fluxes measured with the EC
technique during a 2-week period in the start and end of
the growing season. The a10 data were linearly interpolated
between the measurement days to obtain a continuous half-
hourly time series. The CH4 flux time series for each PCT
were calculated for both growing seasons by using the time-
invariant Q10 coefficients, a10 time series and the continu-
ously measured soil temperature at each plot.

For filling gaps in the filtered EC time series of CH4 fluxes,
a simple moving average interpolation of the half-hour fluxes
was used. A moving average window of ± 1, 2, 4, 8, 16 or
32 d was used depending on the length of the gaps in data. In
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Table 2. PCT-specific k = α /GPmax parameter (± standard error).

Plant community type k No. of daily fittings No. of data points
after screening (total) after screening (total)

String top (ST) 0.00186± 0.00057 5 (8) 47 (75)
String margin (SM) 0.00262± 0.00061 5 (7) 65 (84)
Trichophorum tussock (TT) 0.00177± 0.00029 7 (7) 66 (66)
Flark (F) 0.00155± 0.00042 5 (7) 52 (66)

Table 3. PCT-specific activation energy (E0) (± standard error).

Plant community type E0 No. of
data points

String top (ST) 273.0± 45.5 50
String margin (SM) 430.7± 52.8 65
Trichophorum tussock (TT) 527.9± 67.7 52
Flark (F) 1047.7± 101.6 52

Table 4. PCT-specific Q10 coefficient (± standard error).

Plant community type Q10 No. of
data points

after screening
(total)

String top (ST) 1.40± 0.38 49 (50)
String margin (SM) 4.50± 1.10 52 (65)
Trichophorum tussock (TT) 5.46± 1.24 52 (52)
Flark (F) 8.33± 1.86 48 (52)

total, 64 % and 70 % of the CH4 flux data were gap filled in
the time series of 2017 and 2018, respectively.

2.5 Estimating flux uncertainty

The uncertainty of the annual CO2 and CH4 balances ob-
tained from the EC-based fluxes were estimated by taking ac-
count of the most significant error sources. The random error
estimate included the statistical measurement error (Emeas)
and the error caused by gap filling of missing data (Egap)
(Räsänen et al., 2017):

Emeas/gap =

√∑
i

(
Fi,obs−Fi,mod

)2
nobs

√
nobs/gap, (7)

where Fobs is the half-hourly CH4 or CO2 flux that remained
after all the filtering procedures, Fmod is the corresponding
fitted value and nobs/gap is the number of observed or gap-
filled data. This provides a conservative error estimate for
Emeas, and for Egap it includes the effect of random variabil-
ity on the model fits (Aurela et al., 2002).

Additionally, the annual error due to friction velocity fil-
tering (Eustar) was estimated by recalculating the annual EC-
based CO2 and CH4 balances with modified data sets that

were screened with two additional friction velocity limits
(0.05 and 0.15 m s−1). Eustar was calculated as the average
deviation from the annual balance calculated with the opti-
mal friction velocity limit (0.1 m s−1) (Aurela et al., 2002).

The total uncertainty of the annual EC-based CO2 and
CH4 balances was calculated as

Etot =

√
E2

meas+E
2
gap+E

2
ustar. (8)

The uncertainties of the PCT-specific chamber-based fluxes
(FGPP, FR and FCH4 ) were estimated by combining the un-
certainty due to the estimated parameters (GPmax, R10 and
a10) and the flux variation among the plots of each PCT. The
uncertainty of FNEE was calculated assuming that the uncer-
tainties of FGPP and FR are independent. The uncertainty es-
timate was calculated for each half hour in the time series
and further for the monthly and growing season sums.

We assumed that random errors in the response function
fitting parameters are independent, so the standard error of
the function f (either FGPP, FR or FCH4 ) was calculated as

σf =

√(
∂f

∂a

)2

σ 2
a +

(
∂f

∂b

)2

σ 2
b , (9)

where a and b are R10 and E0 for FR, GPmax and k for FGPP
and a10 and Q10 for FCH4 , and σa and σb denote their stan-
dard errors, respectively.

2.6 Linear mixed-effects models

The effect of environmental variables on ER, GPP, NEE
and CH4 fluxes was evaluated with the linear mixed-effects
(LME) model that was fitted by maximum likelihood. The
chamber flux measurement data of the 13 measurement days
from both years were used in this analysis, and all four PCTs
were pooled together. Both logarithmically transformed and
non-transformed response variables were tested, and the fi-
nal model was chosen based on model residual plots. The
FR data were transformed logarithmically. Normalisation of
FR to 10 ◦C was tested, but it did not improve the model
performance. The FNEE and FGPP data were normalised to
a common radiation level of PPFD of 1200 µmol m−2 s−1

(denoted as FNEE1200 and FGPP1200), which represent a near-
optimal radiation level for photosynthesis in northern ecosys-
tems (Laurila et al., 2001). For the CH4 fluxes, daily mean
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values were used with a logarithmic transformation. Normal-
isation of FCH4 to 10 ◦C was tested, but it did not improve the
model.

The following fixed explanatory variables were tested in
the models for FR and FNEE1200: Ts, WTL, GCC and to-
tal vascular LAI; for FGPP1200: WTL, GCC, daily maximum
VPD and vascular LAI; and for CH4 flux: soil temperature (at
−10 cm), WTL, GCC and LAI divided into four plant groups
(deciduous shrubs, evergreen shrubs, forbs and graminoids).
Highly cross-correlated explanatory variables (Pearson cor-
relation coefficient r > |0.7|) were excluded from the mod-
els (Table A5), and the number of variables for the final
model was reduced with a backward stepwise procedure by
minimising Akaike’s information criterion value. In all re-
gressions, the measurement plot was included as a random
effect. To evaluate the relative impact of each explanatory
variable, the standardised regression coefficients were calcu-
lated, while the marginal coefficient of determination (R2

m)
was used to quantify how much the fixed effects explain of
the variance of the response variable. Data analyses were
conducted in R (R Core Team, 2019) with the packages nlme
(Pinheiro et al., 2019), MASS (Venables and Ripley, 2002)
and reghelper (Hughes, 2020).

3 Results

3.1 Environmental conditions

Compared to long-term statistics measured at the Inari Ivalo
weather station, the growing season of 2017 at Kaamanen
fen had an average temperature but high precipitation sum,
while the growing season 2018 was warm and dry (Fig. 2).
The annual average temperature was close to the long-term
value (−0.4 ◦C) in both years (−0.6 ◦C in 2017 and 0.4 ◦C
in 2018), but in 2018 the monthly means of May, July
and November were clearly higher than the reference val-
ues by 4.4, 5.4 and 6.5 ◦C, respectively (Fig. 2a). On aver-
age, the April–October period was considerably warmer in
2018 (7.7 ◦C) than in 2017 (5.5 ◦C) (Figs. 2 and 3a). In 2018,
the daily mean temperatures rose to 10 ◦C already in early
May, while in 2017 such temperatures were not recorded un-
til early June. In 2018, the daily mean exceeded 20 ◦C on
12 d, and the maximum daily mean temperature of 25.9 ◦C
was recorded on 18 July. In comparison, the daily mean tem-
peratures never rose over 20 ◦C during 2017, the maximum
being 19.3 ◦C (28 July). In August, September and October,
the differences between the years were not as large as in July.

The annual precipitation sum was higher in 2017
(499 mm) than the long-term average (472 mm) and the pre-
cipitation in 2018 (473 mm). However, there were large dif-
ferences in the monthly precipitation sums between the years
(Fig. 2b). In 2017, there was hardly any rain in May, while
the precipitation sum of the summer months of June–August
was 32 % higher than the 30-year average. On the other hand,

Figure 2. Monthly (a) mean air temperature and (b) precipitation
sum in 2017 and 2018 at the Kaamanen fen, and 30-year aver-
ages (Pirinen et al., 2012) measured at the Ivalo weather station
(68◦36′ N, 27◦25′ E; 59 km south of Kaamanen). The monthly val-
ues measured at Ivalo in 2017 and 2018 are marked with diamonds.

the precipitation sum of July 2018 was only 34 mm, which is
less than half of the 30-year average. This dry spell was fol-
lowed by a rainy August and September.

A marked difference between the study years was ob-
served in VPD (Fig. 3b), which serves as an indicator for
drought events (Lindroth et al., 2007; Aurela et al., 2007). We
defined drought as the period during which the daily maxi-
mum VPD exceeded 2 kPa. In 2017, this limit was not ex-
ceeded, while in 2018 it was exceeded in total on 13 days
between 2 July and 1 August, with a maximum of 3.1 kPa
observed on 18 July (Fig. 3b). The average daily maximum
VPD during this period was 1.69 kPa, while during the same
period in 2017 it was 0.94 kPa. The corresponding mean air
temperatures were 18.5 and 14.2 ◦C, respectively (Fig. 3a).

Soil temperatures (Fig. 3c) varied from day to day less than
the air temperature. The temperatures measured within the
string top (ST) communities were lower than those of flark
(F), Trichophorum tussock (TT) and string margin SM un-
til late summer due to the presence of ice lenses in strings.
In F, TT and SM, the average soil temperature during May–
September was 9 ◦C in 2017 and 11 ◦C in 2018, while in ST
it was 6 ◦C in 2017 and 8 ◦C in 2018. The difference in the
maximum daily soil temperatures between the years, about
2 ◦C for F, TT and SM and 3 ◦C for ST, was not as prominent
as in the air temperatures.

The growing season, as defined by the 3 ◦C soil temper-
ature limit, began 2 weeks earlier in 2018 than in 2017
(Sect. 2.2.3) (Table 5). In spring, when the snow is melting,
the string plant communities (SM, ST) are first exposed to di-
rect sunlight, and therefore the growing season began a few
weeks earlier in those plant communities. The growing sea-
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Table 5. Growing season start and end dates.

Plant community type Growing Growing
season season
start end

Flark and 28 May 2017 22 Oct 2017
Trichophorum tussock 14 May 2018 23 Oct 2018

String margin and 15 May 2017 22 Oct 2017
String top 27 Apr 2018 23 Oct 2018

son ended as the peat soil froze and continuous snow cover
was established in October.

The greenness index GCC showed a clear seasonal pat-
tern (Fig. 3d). The GCC variation during May–June 2017
and in May 2018 coincided with the soil temperature rise
and snowmelt. The flark plant communities (F and TT) with
mostly sedge and moss vegetation had a lower GCC than the
string plant communities (SM and ST), which had a more di-
verse vegetation composition (Table 1). The drought impact
on vegetation was clearly visible in the field in July 2018, and
accordingly a higher maximum GCC was recorded in 2017
than in 2018.

There were significant microtopography-related differ-
ences among the PCT-specific WTL data (Fig. 4a, b). The
peat surface of flarks was usually barely submerged, while
the Trichophorum tussocks stuck out a few centimetres from
the water. While WTL rose somewhat inside the strings, it
remained at a depth of about 10 and 50 cm in the SM and
ST communities, respectively. During the early growing sea-
son, the water table depth in ST was bounded by the ice lens
depth. During July 2018, WTL dropped in all communities,
which matched the drought period observed as an increased
VPD. The LAI was systematically lowest in the wettest plant
community type (i.e. F) and highest in the ST community
type (Fig. 4c, d).

3.2 Ecosystem-level CO2 and CH4 fluxes

During the winter (October–April), the ecosystem respira-
tion determined the magnitude of CO2 exchange and the fen
was a source of CO2. As the spring advanced in April and
May GPP gradually got started, but respiration still domi-
nated the NEE, and the switch to a CO2 sink took place on
16 June 2017 and 30 May 2018, the difference in timing re-
flecting the onset of the growing season (Fig. 5a, c, d, Ta-
ble 5).

The largest difference between the years in the cumulative
CO2 balance was recorded in early July, when the fen had ac-
cumulated 30 g C m−2 more in 2018 than in 2017 (Fig. 5d).
This difference was generated in June, mostly due to the
larger GPP in 2018. However, the increased cumulative up-
take was offset later between 20 July and 9 August 2018,

when GPP decreased and the fen momentarily became a CO2
source at the end of the drought period (Fig. 5a).

In both years, the fen turned from CO2 sink to a source in
early September (Fig. 5a) even though the plants kept pho-
tosynthesising until October (Fig. 5d). After this switchover,
the trajectories of the cumulative CO2 balances were similar
in 2017 and 2018 (Fig. 5d), leading to a small annual sink
(< 10 g C m−2) in both years (Table 7).

The fen acted as a CH4 source throughout the year (Fig. 5e,
f). In winter, emissions were low (0.006 g C m−2 d−1), after
which a distinctive CH4 emission pulse was observed in May
of both years. This pulse lasted about 1 week and took place
2 weeks earlier in 2018 than in 2017 due to the different time
of the snowmelt (Fig. 5e).

The drought period in July 2018 reduced the CH4 emis-
sions compared to the previous year (Fig. 5e, f). However,
the drought did not affect the CH4 fluxes until 22 July, i.e.
21 d since the drought started. The reduction in CH4 emis-
sions continued until the end of August, when the drought
was already over.

The annual carbon balance of the fen, estimated with the
EC measurements of CO2 and CH4 fluxes, was close to zero
in both years (Table 7).

3.3 Factors affecting CO2 and CH4 exchange

According to the LME models, the main environmental
factors controlling the C exchange at the fen were WTL,
GCC and vascular LAI for FNEE1200 and FGPP1200, i.e. the
radiation-normalised FNEE and FGPP (Table 8). Increases in
GCC and vascular LAI were associated with larger CO2 sink,
and the positive regression coefficient of WTL indicated that
drier growing locations were larger CO2 sinks. FR increased
with increasing soil temperature, GCC and vascular LAI, and
reduced with increasing WTL. Higher CH4 emissions were
associated with wetter and warmer conditions, and higher
GCC and graminoid LAI. Only the total vascular LAI was
needed to explain the variation in CO2 flux components,
while for the CH4 flux LAI had to be partitioned, because
the graminoid and forb LAIs showed an opposite effect on
the flux.

Soil temperature was highly correlated with air tempera-
ture (R2

m = 0.88) and VPD (R2
m = 0.78), GCC was highly

correlated with air temperature (R2
m = 0.76) and VPD (R2

m =

0.74), while WTL was highly correlated with evergreen LAI
(R2

m = 0.75) (Table A5).

3.4 Plant-community-level CO2 and CH4 exchange

The growing season ecosystem respiration sums varied
among the PCTs (Fig. 6a, Table A2): it was smallest in flarks
and increased with the microtopographical altitude of the
PCT. The growing season respiration sums differed signifi-
cantly between the years, with the exception of SM (Fig. 6a),
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Figure 3. (a, b) Daily mean air temperature, (c, d) daily maximum vapour pressure deficit, (e, f) PCT-specific daily mean soil temperatures
at 10 cm (F indicates flark, TT indicates Trichophorum tussock, and SM indicates string margin) or 20 cm depth (ST indicates string top), and
(g, h) greenness index of the flark (F, TT) and string (SM, ST) areas. The drought period (2 July–1 August 2018) is denoted with shading.
In the green chromatic coordinate (GCC) plots (g, h), the “s” boxes indicate the start of growing season dates and the “e” boxes the growing
season end.

Figure 4. (a, b) Mean water table level and (c, d) average vascular leaf area index in the chamber plots in 2017 and 2018. F indicates flark,
TT indicates Trichophorum tussock, SM indicates string margin, and ST indicates string top. Error bars represent the standard deviation
within a plant community type. The drought period in July 2018 is denoted with shading.
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Table 6. Mean (± standard deviation) peat pH measured at 30 cm depth and bulk density, C and N content and C : N ratio within the top
20 cm peat layer (measured from 0–5 and 15–20 cm depth) for each plant community type.

Plant community type pH Bulk density Soil C content Soil N content C : N ratio No. of
[g cm−3] [mg cm−3] [mg cm−3] sample plots

String top (ST) 4.6± 0.4 0.095± 0.030 50.9± 15.9 1.5± 0.8 38.9± 10.5 20
String margin (SM) 5.7± 0.5 0.094± 0.046 44.7± 21.5 2.5± 1.9 24.3± 13.0 16
Trichophorum tussock (TT) 5.9± 0.2 0.133± 0.042 57.2± 11.3 3.4± 0.8 17.1± 1.8 18
Flark (F) 5.8± 0.2 0.098± 0.017 44.2± 8.6 2.7± 0.6 16.5± 2.2 18

Figure 5. (a) Daily CO2 flux, (b) cumulative CO2 flux, (c) respiration flux, (d) gross primary productivity, (e) CH4 flux and (f) cumulative
CH4 flux measured with the eddy covariance technique during 2017 and 2018. Negative values denote an ecosystem sink and positive values
denote a flux to the atmosphere.

being higher in 2018 than in 2017 in the F (by 52 g C m−2),
TT (by 79 g C m−2) and ST (by 109 g C m−2) communities.

Similarly to ER, the GPP sums increased gradually from
the wettest F to the dry SM and ST communities (Fig. 6b,
Table A2). The growing season GPP sum increased signifi-
cantly from 2017 to 2018 in the F (by 33 g C m−2), SM (by
108 g C m−2) and ST (by 137 g C m−2) communities but not
in TT.

Neither the PCTs nor the years differed significantly in
their net ecosystem exchange of CO2 (Fig. 6c). Additionally,
the growing season NEE balances were similar in 2017 to
2018, because ER and GPP sums had a similar increase. This
was also observed in the ecosystem-scale fluxes (Table 7).
It appears that the flark communities (F and TT) shifted to-
wards being a CO2 source to the atmosphere, while the string

Table 7. Annual CO2, CH4 and carbon (CO2+CH4) balances mea-
sured with the eddy covariance technique in 2017 and 2018.

Year Annual CO2 Annual CH4 Annual C
balance balance balance

[g C m−2] [g C m−2] [g C m−2]

2017 −8.5± 4.0 7.3± 0.2 −1.2± 4.0
2018 −5.6± 3.7 6.2± 0.1 0.6± 3.7

communities (SM and ST) shifted towards being a sink of
CO2.

The ST communities had distinctly the lowest CH4 emis-
sion. The growing season CH4 balance of the F, TT and SM
communities were similar in 2018, but in 2017 SM had a
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Table 8. Standardised regression coefficients (± standard error) for
the explanatory variables produced by linear mixed-effects models
for chamber-based FNEE1200, FGPP1200, FR and FCH4 .

FNEE1200 (R2
m = 0.34) Regression p value

coefficient

(Intercept) −0.0004± 0.067 0.9949
WTL 0.185± 0.071 0.0102
GCC −0.381± 0.070 < 0.0001
Vascular LAI −0.142± 0.080 0.0801

FGPP1200 (R2
m = 0.64)

(Intercept) −0.001± 0.076 0.9928
WTL 0.269± 0.062 < 0.0001
GCC −0.529± 0.046 < 0.0001
Vascular LAI −0.136± 0.059 0.0209

FR (R2
m = 0.62)

(Intercept) −2.966± 0.094 < 0.0001
Soil temperature 0.342± 0.045 < 0.0001
GCC 0.156± 0.053 0.0034
Vascular LAI 0.300± 0.051 < 0.0001
WTL −0.177± 0.061 0.0042

FCH4 (R2
m = 0.58)

(Intercept) −0.692± 0.093 < 0.0001
Soil temperature 0.325± 0.050 < 0.0001
GCC 0.158± 0.055 0.0048
Graminoid LAI 0.194± 0.054 0.0004
Forb LAI −0.169± 0.053 0.0018
WTL 0.194± 0.068 0.0048

slightly larger CH4 emission than F and TT (Fig. 6d, Ta-
ble A2). CH4 emissions differed significantly between the
years only in the F communities, where the growing season
balance was 2.2 g C m−2 higher in 2018 than in 2017.

Seasonal variation in the ER, GPP and CH4 fluxes was
observed for all PCTs, with the maximum monthly exchange
consistently taking place in July (Fig. 7). For NEE, however,
the timing of the largest monthly exchange varied among the
PCTs.

With the exception of October, the monthly mean respi-
ration rates were higher in 2018 than in 2017, even though
the difference for the TT, SM and ST communities was not
significant (at the 5 % significance level) during the middle
of the growing season (Fig. 7a, b, Table A3). The monthly
mean GPP rates in the early growing season (May–June, and
for the F community also in July) were also higher in 2018
than 2017 for all PCTs (Fig. 7c, d, Table A3).

The difference between the years was less clear in the
monthly NEE. No significant differences were observed for
F, whereas the NEE of TT and SM was higher in 2018 in May
and April, respectively. In ST, a higher net emission could be

detected in April and September 2018, and a higher net up-
take in June and October 2018 (Fig. 7e, f, Table A3).

The differences in the monthly CH4 emissions between
2017 and 2018 were not significant (Fig. 7g, h, Table A3).
However, it seems that, while the flark plant communities
F and TT had higher CH4 emissions in 2018 than in 2017
in the first half of the growing season (May–July), the SM
community had a lower CH4 emission in 2018 than in 2017
in the latter part of the season (August–October).

4 Discussion

Using the C flux measurements with the EC technique
in 2017 and 2018, we conclude that there were two phenom-
ena that had a substantial effect on the annual C balance of
the Kaamanen fen: the 2-week difference in the growing sea-
son start and the 1-month drought period in 2018. Addition-
ally, with the chamber measurements, we could capture the
variation in C exchange among different plant communities.

4.1 Spatial variation of C exchange among plant
communities

Vegetation composition of plant communities is adapted to
the prevailing moisture and nutrient conditions, which can
vary greatly across the fen microtopography (Tables 1 and
6, Fig. 4). The separation of string tops from the water ta-
ble is reflected in their shrub-dominated plant community
composition, which in turn creates a soil of low pH and high
C : N ratio. The ST PCT had the lowest pH of 4.6 (Table 6),
i.e. a value approaching those found in bogs (pH< 4.2),
while the three other PCTs had a pH (5.7–5.9) typical of
mesotrophic fens (Wieder et al., 2006). Similarly, the C : N
ratio was higher in the string than flark communities. Thus,
the strings can be described as nutrient-poor bog-like islands
within a mesotrophic fen (Aurela et al., 1998; Maanavilja
et al., 2011). The string plant communities (SM, ST) with
woody ericaceous shrubs had a relatively large LAI, while
the flark communities dominated by graminoids (F, TT) had
a smaller LAI (Fig. 4c, d). As expected, we found that GPP
closely followed the quantity of photosynthesising plant ma-
terial (Figs. 6 and 7, Table A4) (e.g. Alm et al., 1999; Bubier
et al., 2003; Munir et al., 2014; Korrensalo et al., 2019). This
was the case both for respiration and GPP: flarks with the
highest WTL had the lowest exchange rates, which gradu-
ally increased along with increasing height above the water
table (Figs. 4 and 6a, b, Table 7). This dependence was also
confirmed by statistical modelling (Table 8), and the obser-
vation is in accordance with previous findings for northern
fens with microtopography (Alm et al., 1997; Strack et al.,
2006; Maanavilja et al., 2011). Maanavilja et al. (2011) esti-
mated the growing season respiration sums of the Kaamanen
fen to be approximately 50, 100, 250 and 225 g C m−2 for F,
TT, SM and ST, respectively, and the growing season GPP
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Figure 6. Mean growing season flux sums of (a) ecosystem respiration, (b) gross primary productivity, (c) net ecosystem exchange
and (d) CH4 flux of the flark (F), Trichophorum tussock (TT), string margin (SM) and string top (ST) plant communities. Negative NEE
denotes an ecosystem CO2 sink. Error bars represent the 95 % confidence intervals.

sums to be approximately 100, 140, 290 and 250 g C m−2 for
F, TT, SM and ST, respectively, which were in general lower
than our estimates (Fig. 6a, b, Table A2).

In general, the differences in NEE balances between the
PCTs were less clear than those in ER and GPP (Fig. 6c,
Tables A2 and A4). NEE balances have earlier been found
to vary substantially in mires with a hummock-hollow mi-
crotopography, with either hollow (Maanavilja et al., 2011;
Schneider et al., 2012) or hummock (Bubier et al., 2003; Ri-
utta et al., 2007) communities being larger net CO2 sinks,
or all communities being small CO2 sinks (Strack et al.,
2006). Maanavilja et al. (2011) estimated that in the Kaa-
manen fen the ST communities acted as the smallest grow-
ing season CO2 sink (−10 g C m−2), while F, TT and SM
were fairly similar sinks (−50, −40 and −40 g C m−2, re-
spectively). This differs from our finding that in 2017 the
CO2 balances ranged from −20 g C m−2 (TT) to 64 g C m−2

(SM), while in 2018 all PCTs were small CO2 sources (10–
22 g C m−2), which could be due to differing meteorologi-
cal conditions. During the measurements of Maanavilja et
al. (2011) in 2007, the growing season was not as rainy as in
2017 nor had drought events similar to 2018, and the monthly
air temperatures and precipitation sums were close to the 30-
year averages (Fig. 2).

In our data, CH4 emissions were significantly higher from
F, TT and SM than ST. In F and TT, the high emissions can
be explained by the anoxic conditions that derive from the
high WTL and are favourable for CH4 production by archaea

as well as by the graminoids of these communities that al-
low effective CH4 transfer to the atmosphere (Ward et al.,
2013). In SM, WTL is not as high, and a possible explana-
tion for its high CH4 emission is the higher plant biomass,
which provides higher substrate availability for CH4 pro-
duction (Korrensalo et al., 2018). The low CH4 emissions
from the ST communities reflect the low WTL, inefficient
CH4 production and the lack of CH4 transport routes through
graminoid plants, which leads into higher CH4 oxidation
(Saarnio et al., 1997; Marushchak et al., 2016). Heikki-
nen et al. (2002) estimated that the monthly average CH4
fluxes at this site from mid-June to the end of Septem-
ber 1995 were 2.3 g C m−2 on flarks, 2.0 g C m−2 on lawns
(corresponding to TT) and 0.18 g C m−2 on strings. These
values are at the high end of the range of our estimates
for F (mean 1.5, range 0.7–3.1 g C m−2 month−1) and TT
(mean 1.7, range 0.8–3.3 g C m−2 month−1) for the same
months. Heikkinen et al. (2002) did not report high CH4
emissions for SM (mean 2.1, range 1.0–3.5 g C m−2 month−1

in the present study), most likely due to a different clas-
sification of string communities and lacking measurements
from the margins. Our data for string tops (mean 0.11, range
0.08–0.14 g C m−2 month−1) are closer to the string emis-
sions measured by Heikkinen et al. (2002). The vastly dif-
fering emissions from SM and ST suggest that the division
between string margin and top is important for correctly es-
timating the ecosystem-scale CH4 emissions as both PCTs
cover a notable area of the fen (Table 1).
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Figure 7. Mean monthly flux sums of (a, b) ecosystem respiration, (c, d) gross primary productivity, (e, f) net ecosystem exchange and (g,
h) CH4 flux of the flark (F), Trichophorum tussock (TT), string margin (SM) and string top (ST) plant communities. Negative NEE denotes
an ecosystem CO2 sink. Error bars represent the 95 % confidence intervals.

4.2 Temporal variation of C exchange

4.2.1 Annual variation

We estimated that the annual carbon balance of our fen was
similar in 2017 and 2018 (Table 7), even though the meteo-
rological conditions differed considerably between the years.
The effect of an earlier onset of growing season in 2018 on
the CO2 balance was counterbalanced by the drought event
later in that year. Aurela et al. (2004) have reported a mean
annual CO2 balance of −22 g C m−2 (1997–2002) for the
same fen, with variation between −4 and −53 g C m−2. Our
annual CO2 balances were −8.5 and −5.6 g C m−2 in 2017
and 2018, respectively, which are on the low side compared
to Aurela et al. (2004). We assume that these differences
mostly arise from the timing of snowmelt and spring tem-
peratures. Hargreaves et al. (2001) estimated the annual CH4
emissions of the fen to be 5.5 g C m−2 (measurements con-
ducted in 1995, 1997 and 1998), while our estimates of 7.3
and 6.2 g C m−2 in 2017 and 2018, respectively, are slightly
higher. These balances do not include the lateral aquatic
transfer of dissolved organic C and particulate C through the

fen ecosystem. Aurela et al. (2002) estimated, based on Sal-
lantaus (1994) and Kortelainen et al. (1997), that the leaching
of total organic carbon was 7.5 g C m−2 yr−1.

Considering the different PCTs, we found higher growing
season sums of both ER and GPP in 2018 than in 2017 for
all PCTs (Fig. 6a, b; Table A2). However, we did not observe
significant changes in the growing season NEE (Fig. 6c, Ta-
ble A2). CH4 emissions differed significantly between the
years in F only, with the growing season balance being
2.2 g C m−2 higher in 2018 than in 2017 (Fig. 6d, Table A2).

Differences in ER, GPP and CH4 emission sums between
the years are in the same direction in all plant communities,
i.e. higher values in 2018 especially during the early grow-
ing season months. From July onward, however, the changes
in CH4 exchange (Fig. 7, Table A3) were not as uniform.
For most of these differences between the years, the spring
weather emerges as a potential explanation.

4.2.2 Effects of spring timing

The higher ER and GPP rates during the early growing sea-
son of 2018, observed at both the ecosystem (Fig. 5c, d)
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and plant community (Fig. 7a–d, Table A3) level, were most
likely due to the higher temperatures and earlier growing sea-
son start in April–June 2018 (Fig. 2a, Table 5), which ad-
vanced the activity of both plants and soil microbes (Jones,
2013). We observed the effect of earlier warm conditions
in soil temperatures, GCC and LAI (Figs. 3e–h and 4c, d),
which were in turn found to explain the variation in ER and
GPP fluxes (Table 8). Warmer temperatures have been re-
ported to increase soil respiration in boreal mires, while the
impacts on GPP and NEE have varied more (Chivers et al.,
2009; Ward et al., 2013). Early snowmelt and warm spring
temperatures have been suggested to increase the annual net
CO2 uptake of northern mires (Aurela et al., 2004; Sager-
fors et al., 2008), and our results support this observation:
net CO2 uptake increased during the early growing season at
both the ecosystem (Fig. 5a) and plant community (Fig. 7e,
f) scale. Of the PCTs, the string top communities showed a
particularly large increase (Table A3).

The springtime increase of CH4 emissions started dur-
ing the thaw in May with a pulse of CH4 that was stored
below the snowpack (Fig. 5e), as has been commonly ob-
served in subarctic mires (Friborg et al., 1997; Panikov
and Dedysh, 2000; Hargreaves et al., 2001; Gažovič et al.,
2010). The spring pulse in May, with a peak magnitude of
0.05 g C m−2 d−1, accounted for approximately 0.5 g C m−2

of CH4 emissions in both years, but it occurred a few weeks
earlier in 2018 (Fig. 5e). This pulse occurred simultaneously
with the soil temperature rise in the flarks (Fig. 3e, f). The
pulses correspond to 6 %–7 % of the annual emissions, which
is within the range of 3.5 %–11 % found in previous stud-
ies on subarctic fens (Friborg et al., 1997; Hargreaves et al.,
2001) but larger than the proportion of < 3 % that Rinne et
al. (2007) observed at a boreal fen. Even though the springs
differed and the flark plant communities F and TT seemed to
have higher CH4 emissions in May–July in 2018 than in 2017
(Table A3), the differences in the monthly CH4 balances be-
tween 2017 and 2018 remained small (Fig. 7g, h, Table A3).
This suggests that, unlike the CO2 exchange responses, the
spring weather variation mostly affects the timing but not the
magnitude of CH4 exchange in northern mires.

4.2.3 Effects of summer drought

Our results show that the C exchange of the fen was signif-
icantly affected by the drought that took place in July 2018
(Fig. 3b, d). The drought was observed as a water level draw-
down by 5–20 cm, higher-than-average temperatures and an
elevated VPD. These anomalies likely caused drought stress
in plants (Alm et al., 1999). The EC measurements suggest
that this event decreased net CO2 uptake by decreasing GPP
rapidly (Fig. 5a, d), most likely because the plants regulated
their stomatal openings and gas exchange as water availabil-
ity decreased.

The drought impact was less obvious in chamber measure-
ments, i.e. at the PCT level, but a bit surprisingly it appears

that CO2 uptake decreased in the wet flark communities F
and TT and increased in the dry string communities SM and
ST during the drought. The CH4 emissions from SM also
seemed to decrease following the reduced methanogenesis in
the newly formed oxic layer (Deppe et al., 2010), but this
took place after the drought in August–October (Fig. 7g,
h, Table A3). In spring, a lack of precipitation would not
affect water availability as much as in midsummer, as the
meltwater from snow maintains a high water table level.
While it is known that respiration depends on WTL (Alm
et al., 1997; Christensen et al., 1998; Bubier et al., 2003),
it appears that the effect of WTL on temporal ER variation
is specific to a mire and a microform type. For instance,
Strack et al. (2006) reported a significant increase in ER
during drought events on a poor fen with microtopography,
while Deppe et al. (2010) found no significant effect of WTL
fluctuations on CO2 exchange on an ombrotrophic bog and
alpine wetland, and Aurela et al. (2007) found a nonmono-
tonic link between ER fluxes and WTL on a sedge fen.

The drought decreased the ecosystem-scale CH4 emis-
sions temporarily (Fig. 5e). The drought-induced decrease is
likely due to the reduced volume of anoxic peat, while the
oxic zone increased correspondingly, thus reducing CH4 pro-
duction and increasing CH4 oxidation (Strack and Wadding-
ton, 2008; White et al., 2008; Deppe et al., 2010). How-
ever, we also observed differences among the PCT-specific
responses; the SM communities reacted most to the drought,
with smaller August emissions in 2018 than in 2017 (Fig. 7g,
h, Table A3). In F, the growing season CH4 emissions were
higher in 2018 than in 2017, most likely due to the higher
soil temperatures in 2018, as CH4 emissions increase with
increasing peat temperature until an optimal methanogene-
sis temperature within 20–30 ◦C (e.g. Dunfield et al., 1993;
Laine et al., 2007b). In the other PCTs, no systematically
higher emissions were observed in 2018, probably since the
temperature-induced enhancement was offset by the lower
WTL during the drought. At the ecosystem level, the dif-
ference in the annual CH4 balance remained minor (7.3 vs.
6.2 g C m−2). This indicates that the microtopography typical
to northern mires may be a factor that increases the stability
of their CH4 emissions with respect to abrupt environmental
changes such as drought and heatwaves.

In an earlier study, the timing of snowmelt was shown to
be a key parameter controlling the annual CO2 balance of the
Kaamanen fen (Aurela et al., 2004). In our study, however,
the higher C sequestration during the longer growing sea-
son in 2018 was offset by the drought in July. This indicates
that extreme weather events can substantially affect the an-
nual C balance of northern fens through affecting their CO2
and CH4 exchange. However, the drought, which covered all
of north-western Europe, did not affect the CO2 and CH4
exchange at Kaamanen as much as it did at more southern
mires during the same period (Rinne et al., 2020). The water
availability of fens that have more or less continuous flow
through them have greater resilience to water level draw-
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down during droughts than ombrotrophic bogs. Also, here
the fen microtopography seems to increase the resistance to
C loss at the ecosystem scale, as each of the plant commu-
nities are adapted to different environmental conditions. This
could be seen with the string plant communities that acted
as CO2 sinks during the drought, thus decreasing the overall
drought impact on the fen, which most likely is a direct con-
sequence of string top species being already adapted to drier
environments.

Heatwaves are predicted to become more frequent in the
subarctic region as the climate warms (Masson-Delmotte
et al., 2018). However, the impact of heatwaves on the C
exchange of northern mires strongly depends on local soil
moisture conditions. While drought leads to diminished C
sequestration, warming accompanied by sufficient precipita-
tion is likely to support the long-term peat accumulation in
the subarctic, non-permafrost mires (Loisel et al., 2020). On
the other hand, the vegetation composition and biomass pro-
duction on these fens are susceptible to lowering water table
level (Mäkiranta et al., 2018). Therefore, the functioning of
subarctic fens may undergo substantial changes if the water
balance changes concurrently with the warming climate.

5 Conclusions

We studied CO2 and CH4 exchange of a subarctic fen and
found both sensitivity and inherent resilience in their re-
sponse to meteorological variation. Even though meteorolog-
ical and environmental conditions differed in many ways be-
tween the two measurement years, our EC data showed that
the annual C balance of the fen did not differ markedly be-
tween the years. While the relatively early onset of the grow-
ing season in 2018 strengthened the CO2 sink, this gain was
counterbalanced by a later drought period. Variations in wa-
ter table level, soil temperature and vegetation characteristics
(leaf area and greenness) explained the majority of the vari-
ation in the ecosystem-level C exchange. These environmen-
tal factors also varied among the PCTs, which was reflected
in their widely differing CO2 and CH4 fluxes. The flark and
Trichophorum tussock communities had lower ER and GPP
than string margins and tops. Even though the string mar-
gin and top PCTs were similar in terms of CO2 exchange,
CH4 emissions from string margins were notably larger than
those from string tops. In 2017, they even clearly exceeded
the emissions from flarks and Trichophorum tussocks. The
mean ER and GPP fluxes of all PCTs were higher during the
warmer 2018 growing season than in 2017, while the changes
in NEE and CH4 fluxes were lesser.

The characteristic microtopography present at the Kaama-
nen fen generates a wide range of environmental conditions.
This sustains a diversity of adapted plant and microbe com-
munities, making the fen resilient to C loss during extreme
meteorological events. However, if drought events become
more common, the long-term impacts on ecosystem func-

tioning may be more drastic than what was observed in our
study.
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Appendix A: Abbreviations, statistical tests and analysis

Table A1. List of abbreviations.

Abbreviation Definition

EC Eddy covariance
ER Ecosystem respiration
F Flark
GCC Green chromatic coordinate
GPP Gross primary productivity
LAI Leaf area index
LME Linear mixed effects
NEE Net ecosystem exchange
PCT Plant community type
PPFD Photosynthetic photon flux density
ROI Region of interest
SM String margin
ST String top
TT Trichophorum tussock
VPD Vapour pressure deficit
WTL Water table level

Table A2. PCT-specific growing season sums of ER, GPP, NEE (the difference between ER and GPP) and CH4 flux. Statistically significant
differences between 2017 and 2018 are indicated with an asterisk (Z test, p < 0.05).

PCT 2017 2018 Change

ER [g C m−2]

F 56.4± 13.6 108.5± 25.8 52.1∗

TT 116.5± 34.3 195.0± 32.5 78.5∗

SM 289.2± 75.4 343.7± 28.1 54.5
ST 272.3± 62.3 381.1± 54.8 108.9∗

GPP [g C m−2]

F 53.9± 16.6 86.5± 10.0 32.6∗

TT 136.4± 36.7 178.2± 32.1 41.8
SM 225.4± 65.2 333.4± 33.7 108.0∗

ST 226.7± 59.0 363.8± 74.8 137.1∗

NEE [g C m−2]

F 2.6± 21.5 22.0± 27.7 19.4
TT −19.9± 50.2 16.8± 45.7 36.7
SM 63.8± 99.7 10.3± 43.9 −53.5
ST 45.5± 85.8 17.2± 92.7 −28.3

CH4 exchange [g C m−2]

F 5.6± 1.4 7.8± 1.6 2.2∗

TT 6.7± 2.0 8.3± 1.9 1.6
SM 10.1± 1.7 9.0± 2.4 −1.1
ST 0.6± 0.3 0.6± 0.2 0.0
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Table A4. Comparison of the growing season ER, GPP, NEE and CH4 flux sums between the plant community types. Statistically significant
differences (Z test, p < 0.05) are indicated with an asterisk.

ER absolute difference [g C m−2]

2017 TT SM ST 2018 TT SM ST

F 60.1∗ 232.8∗ 215.8∗ F 86.5∗ 235.2∗ 272.6∗

TT 172.7∗ 155.8∗ TT 148.7∗ 186.1∗

SM 16.9 SM 37.4

GPP absolute difference [g C m−2]

2017 TT SM ST 2018 TT SM ST

F 82.5∗ 171.5∗ 172.9∗ F 91.7∗ 246.9∗ 277.3∗

TT 89.0∗ 90.3∗ TT 155.2∗ 185.7∗

SM 1.3 SM 30.4

NEE absolute difference [g C m−2]

2017 TT SM ST 2018 TT SM ST

F 22.5 61.2 43.0 F 5.2 11.8 4.7
TT 83.7 65.4 TT 6.5 0.5
SM 18.3 SM 7.0

CH4 exchange absolute difference [g C m−2]

2017 TT SM ST 2018 TT SM ST

F 1.1 4.5∗ 5.0∗ F 0.5 1.2 7.2∗

TT 3.4∗ 6.1∗ TT 0.7 7.7∗

SM 9.5∗ SM 8.4∗
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Insect herbivory dampens Subarctic birch forest
C sink response to warming
Tarja Silfver 1,2✉, Lauri Heiskanen 3, Mika Aurela 3, Kristiina Myller 4, Kristiina Karhu5,

Nele Meyer 5,6, Juha-Pekka Tuovinen 3, Elina Oksanen4, Matti Rousi7 & Juha Mikola 1,2

Climate warming is anticipated to make high latitude ecosystems stronger C sinks through

increasing plant production. This effect might, however, be dampened by insect herbivores

whose damage to plants at their background, non-outbreak densities may more than double

under climate warming. Here, using an open-air warming experiment among Subarctic birch

forest field layer vegetation, supplemented with birch plantlets, we show that a 2.3 °C air and

1.2 °C soil temperature increase can advance the growing season by 1–4 days, enhance soil N

availability, leaf chlorophyll concentrations and plant growth up to 400%, 160% and 50%

respectively, and lead up to 122% greater ecosystem CO2 uptake potential. However, com-

parable positive effects are also found when insect herbivory is reduced, and the effect of

warming on C sink potential is intensified under reduced herbivory. Our results confirm the

expected warming-induced increase in high latitude plant growth and CO2 uptake, but also

reveal that herbivorous insects may significantly dampen the strengthening of the CO2 sink

under climate warming.
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Temperature is one of the key factors that control CO2

exchange between the ecosystem and the atmosphere. In
high latitude ecosystems, climate warming directly stimu-

lates plant production by providing a warmer environment
and longer growing season for CO2 fixation1,2, but also indirectly
by accelerating decomposition and nutrient release for plant
uptake3,4. If plant growth is enhanced more than decomposition,
ecosystems become stronger C sinks5. Avian6–9 and
mammalian10,11 grazers are known to significantly suppress gross
primary production (GPP) in Arctic ecosystems by consuming
plant photosynthetic tissues and changing plant community
structure. Grazing can limit the positive response of plant pro-
duction and CO2 uptake to climate warming in grazed areas7,10,
although the ecosystems in general may be greening12,13 and their
growing season C uptake increasing13,14. Recent evidence further
suggests that when occurring at outbreak densities, herbivorous
insects can dramatically suppress GPP in the Arctic15. Herbivor-
ous insects are ubiquitous however, and even at their background,
non-outbreak densities, can annually consume 1–15% of plant
foliage16–18 and contribute to nutrient cycling in ecosystems19.
Minor chronic herbivory can reduce plant growth20,21 and in the
long-term, background herbivory may have a stronger effect on
woody plant growth than the devastating, short-term
outbreaks22,23. However, while there are studies of the effects of
insect herbivory on leaf chlorophyll fluorescence and

photosynthesis rates at high latitudes22,24, no study has yet
examined how background insect herbivory influences
ecosystem–atmosphere CO2 exchange in these areas.

Both paleontological data from past intervals of significant
climate change25 and observations along latitudinal16,26–29 and
elevational30 gradients indicate increasing insect herbivory with
warming. The positive association between the warmest summer
month temperature and the level of herbivore damage seems to
be particularly strong in cold-limited, high latitude
ecosystems16,26–29. Here, we provide evidence that background
insect herbivory can significantly weaken the CO2 uptake
potential of a Subarctic mountain birch forest ecosystem and off-
set the strengthening of C sink under climate warming (Fig. 1).
Our results are from an open-air warming experiment, estab-
lished at the Kevo Subarctic Research Institute, North Finland
(69°45.4′N, 27°00.5′E) in 2016 when 20 plots (1 × 0.75 m2), each
containing intact field layer vegetation but no adult trees, were
created. Twelve Betula plantlets (including local Betula nana and
Betula pubescens subsp. czerepanovii and currently slightly more
southern Betula pendula and B. pubescens) were planted within
field layer vegetation in each plot to include Subarctic woody
species in the experiment and to have controlled and well
replicated plant material to accurately follow treatment respon-
ses. During the periods of warming (May–November), green
metal plates (mimicking plant leaves) were heated to

0

0.1

0.2

0.3

0.4

18
 M

ay
1 

Ju
n

15
 J

un
29

 J
un

13
 J

ul
27

 J
ul

10
 A

ug
24

 A
ug

7 
S

ep
21

 S
ep

5 
O

ct
19

 O
ct

g

0

0.1

0.2

0.3

0.4

18
 M

ay
1 

Ju
n

15
 J

un
29

 J
un

13
 J

ul
27

 J
ul

10
 A

ug
24

 A
ug

7 
S

ep
21

 S
ep

5 
O

ct
19

 O
ct

h

–0.7

–0.5

–0.3

–0.1

0.1e

–0.7

–0.5

–0.3

–0.1

0.1d

–0.5

–0.4

–0.3

–0.2

–0.1

0

0.1

N
E

E
80

0

(m
g 

C
O

2 
m

–2
 s

–1
)

G
P

P
80

0

(m
g 

C
O

2 
m

–2
 s

–1
)

R
e

(m
g 

C
O

2 
m

–2
 s

–1
)

2017a

–0.5

–0.4

–0.3

–0.2

–0.1

0

0.1
2018b

–0.4

–0.3

–0.2

–0.1

0f

–0.2

–0.15

–0.1

–0.05

0c

2017 2018
0

0.05

0.1

0.15

0.2i

Mean

Fig. 1 Warming and reduction in herbivory increase GPP and ecosystem CO2 uptake potential. Left hand and middle panels show the variation in daytime
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(blue) field plots of Subarctic mountain birch forest field layer vegetation (supplemented with cloned birch plantlets) during growing seasons 2017 and
2018 (dots are estimated marginal means ± s.e.m. produced by the fitted statistical model in Table 2; n= 5 field plots). Right hand panels show seasonal
means ± s.e.m. of c NEE800, f GPP800, and i Re (means are estimated marginal means produced by the fitted statistical model in Table 2, n= 5 field plots
examined over 5 [year 2017] or 12 [year 2018] repeated measures). Light tone dashed lines, symbols, and bars denote plots, where herbivory was reduced
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data are provided as a Source Data file.
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approximately 3.3 °C above ambient temperature in half of the
plots, using infrared ceramic heaters. Heating was controlled by
real-time, replicated temperature measurements in the control
and heated plots, and led to approximately 2.3 °C warmer
moving air and 1.2 °C warmer soil in the heated plots. Following
a fully factorial 2 × 2 set-up (two levels of warming and two levels
of herbivory yielding four warming × herbivory combinations
with n= 5 for each), half of the plots were also sprayed weekly
using an insecticide to reduce insect herbivory. We measured the
ecosystem–atmosphere CO2 fluxes in each plot with static
chambers through two remarkably different growing seasons,
and to explain the observed patterns in fluxes, we surveyed: the
phenology, shoot growth, leaf chlorophyll content, and damage
of Betula plantlets; soil microbial biomass and mineral N avail-
ability; and abiotic attributes such as air and soil temperature and
moisture. Our results reveal that warming increases the CO2

uptake potential in Subarctic ecosystems, but also that the gen-
erally minor background insect herbivory can strikingly control
the CO2 exchange, in both present and future climates. Thus, the
CO2 uptake of high-latitude ecosystems in the future likely
depends not only on the magnitude of temperature rise, but also
on the levels of insect herbivory.

Results and discussion
Warming, insect herbivory, and CO2 fluxes. At high latitudes, the
level of background insect herbivory is typically low26,29. In
accordance with this, the herbivore damage of our experimental
Betula plantlets was only 2–20% of the damage earlier observed ca.
1000 km south of our site20,21. On average, 26% of all Betula leaves
in our control plots with natural herbivory were wounded by insects
in 2017 (Supplementary Table 1). The observed damage index was
low (Fig. 2d) as most of the damaged leaves had only 1–4% of their
leaf area damaged (Supplementary Table 1). This finding corre-
sponds well with earlier estimates of 1–2% of Betula leaf area
damaged due to background herbivory at high latitudes26,29.
However, despite such a low level of damage, the 67% reduction in
mean leaf damage index (Fig. 2d and Table 1), achieved by the
insecticide treatment in our study, had a remarkably strong effect
on the ecosystem C uptake potential. The estimates of daytime CO2

fluxes showed that reducing leaf damage by two-thirds increased
the ecosystem C sink potential by, on average, 26% and 52% in 2017
and 2018, respectively (i.e., the potential net ecosystem exchange
[NEE800] of CO2 was more negative with reduced herbivory;
Fig. 1a–c and Table 2). These values are similar to the 22 and 107%
increase in C sink potential due to the experimental warming
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+ and NO3
−) capture

(Supplementary Table 5; n= 5 field plots) under warming and reduced herbivory, apparently explain the increased g relative growth of birch plantlets
(Supplementary Table 3; for each mean n= 57–60 plantlets growing in 5 replicate field plots) under these treatments, which in turn likely explains the
patterns observed in the CO2 exchange of the entire field layer vegetation (Table 2 and Fig. 1). All means are estimated marginal means (±s.e.m.) produced
by the fitted statistical models in Table 1 and Supplementary Tables 3–5. Means and errors for MBC were back-transformed from square root-transformed
data and those for leaf damage index, plant growth, and total soil mineral N from log-transformed data. Source data are provided as a Source Data file.
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(Fig. 1a–c and Table 2) and provide, to our knowledge, the first
evidence that the seemingly low background herbivory can sig-
nificantly affect CO2 uptake in Subarctic ecosystems.

Warming and herbivory effects on NEE800 increased with time:
the warming effect was more pronounced in the late rather than
the early growing season in 2017 (significant date × warming
interaction; Table 2 and Fig. 1a), and in 2018, warming increased
ecosystem C sink throughout the season, except during the heat
wave (Figs. 1b and 3b). Increased treatment effects likely originate
from the cumulative size differences between the plants in control

and treatment plots (Fig. 2g). Supporting earlier studies with
avian7,8 and mammalian10,11 herbivores, we found that shifts in
NEE800 were mainly driven by shifts in GPP800 (Fig. 1a–f),
although ecosystem respiration (Re) was also affected by the
treatments (Table 2 and Fig. 1g–i).

Earlier observations in Fennoscandia show that B. pubescens
foliar damage increases from 1–2 to 5–7% of leaf area eaten along
a latitudinal gradient from 70°N to 60°N26. This gradient
climatically roughly equals the predicted warming in the next
100 years31. A similar gradient of increasing leaf damage has also
been found for B. pendula26, and together these observations
suggest that leaf damage may more than double in northern birch
forests during the expected warming. Mathematical simulations
produce similar trends, but with a wide range of magnitude: for a
Betula glandulosa–nana complex a 20% increase in leaf damage is
predicted along a 3 °C increase in temperature in the Arctic29 and
for B. pubescens a 30–450% increase along a 1.7 °C increase in
Scandes and a 50–200% increase along a 3.5 °C increase in
Northern Russia32. Based on these observations and predictions,
we expected higher leaf damage in our warmed plots, but
warming did not increase leaf damage (Fig. 2d), except for B.
pubescens under reduced herbivory (a significant warming ×
herbivore reduction × Betula species interaction effect in Table 1).
Even this interaction effect is likely coincidental, since we found
no main or interaction effects of warming on leaf damage when
we repeated the damage survey in 2019 (Supplementary Table 2).

Although our results seem to suggest that earlier predictions of
increasing herbivory with warmer climate16,25–30,32 would not
hold when tested experimentally, this interpretation needs to be
treated cautiously as treatment plots in field experiments are
vulnerable to both congregation and avoidance of freely moving
animals and may therefore tell little about the responses of
herbivore abundances under large-scale climatic changes33. While

Table 2 Statistics of warming and herbivory effects on NEE800, GPP800, and Re in 2017–2018.

NEE800 F NEE800 P GPP800 F GPP800 P Re F Re P

2017
Soil OM content 0.2 0.687 6.8 0.026 41.0 <0.001
Vascular plant cover 9.3 0.014 29.2 <0.001 42.6 <0.001
Lichen cover 20.5 0.001 8.4 0.015 27.4 0.001
Moss cover 1.8 0.211 0.1 0.712 7.6 0.024
Date (D) 46.5 <0.001 121 <0.001 136 <0.001
Warming (W) 2.0 0.190 4.6 0.062 3.1 0.119
Herbivory reduction (H) 5.7 0.043 13.2 0.006 11.6 0.010
W×H 1.0 0.352 3.5 0.094 7.0 0.030
W×D 2.9 0.029 1.3 0.282 1.3 0.286
H ×D 1.1 0.355 1.6 0.188 0.8 0.541
W ×H × D 0.2 0.916 0.5 0.766 0.3 0.891

2018
Soil OM content 0.02 0.895 2.4 0.153 10.2 0.011
Vascular plant cover 0.7 0.411 8.8 0.014 26.6 0.001
Lichen cover 8.2 0.016 3.5 0.085 2.0 0.185
Moss cover 5.2 0.046 7.6 0.018 2.8 0.125
Date (D) 31.5 <0.001 60.8 <0.001 87.4 <0.001
Warming (W) 13.2 0.006 13.9 0.004 1.6 0.239
Herbivory reduction (H) 8.3 0.020 13.1 0.006 7.3 0.033
W×H 0.4 0.534 1.3 0.280 1.7 0.238
W×D 1.5 0.129 1.2 0.264 2.4 0.008
H ×D 1.3 0.215 1.3 0.223 0.4 0.944
W×H × D 1.5 0.154 1.4 0.158 0.7 0.775

Treatment effects on net ecosystem exchange (NEE800), gross primary production (GPP800), and ecosystem respiration (Re) were tested using repeated measures linear mixed models and Type I
ANOVA (with two-sided significance tests), where the variance is allocated to explanatory variables in the order of their appearance. Soil organic matter (OM) content and cover of vascular plants,
lichens, and mosses are continuous variables that describe the variation among the experimental plots prior to the establishment of the experiment. They were used in the models as covariates to remove
plot-to-plot variation that might otherwise confound the treatment effects. Years were analyzed separately (N= 100 for 2017, N= 240 for 2018). Date was treated as a repeated measure, warming and
herbivory reduction as fixed effects, and treatment block (not reported) as a random effect. F and P indicate F-statistics and P-values respectively; P < 0.05 are in bold.

Table 1 Statistics of warming and herbivory effects on leaf
damage index.

F P

Soil OM content 0.3 0.563
Vascular plant cover 0.0 0.970
Lichen cover 2.8 0.096
Moss cover 0.8 0.362
Warming (W) 3.1 0.079
Herbivory reduction (H) 42.7 <0.001
Betula species (S) 5.6 0.023
W×H 3.5 0.062
W× S 0.8 0.471
H × S 0.5 0.662
W×H × S 3.5 0.016

The data collected in 2017 was log-transformed and analyzed using linear mixed models and
Type I ANOVA (with two-sided significance tests). OM content and the areal cover of vascular
plants, mosses, and lichens were treated as covariates and added to models to remove plot-to-
plot variation that might otherwise confound the treatment effects. Field replicate block and
birch genotype (nested within species) were included in the models as random effects, but are
not reported. N= 234 experimental birch plantlet. F and P indicate F-statistics and P-values
respectively; P < 0.05 are in bold.
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this bias precludes reliable predictions of warming effects on
future herbivory in our and other plot-level experiments33,
experimental herbivory treatments, as the one in our study, can
be used to predict and disentangle the effects of future changes in
herbivore pressure on CO2 fluxes from those deriving directly
from increasing temperatures.

Mechanisms behind the changes in CO2 fluxes. Our results
reveal how warming and reduction in herbivory affected many of
those plant traits and ecosystem properties that can control
ecosystem C sink capacity through their effects on plant photo-
synthesis and growth. We found 1–4 days earlier bud break
(Fig. 2a and Supplementary Table 3) and significantly later
autumnal decline in leaf chlorophyll content in the warmed
compared to control Betula plantlets (a significant date × warm-
ing interaction effect for both years; Supplementary Table 4 and
Fig. 2b, c). This was expected, and accords with the satellite
observations of prolonged growing seasons in high latitude eco-
systems during the recent decades of warming2. More surpris-
ingly, we also found a bilateral extension of the growing season in
plantlets that had reduced herbivore load (Fig. 2a–c and Sup-
plementary Tables 3 and 4). These results show that both
warming and insect herbivory can have an impact on the length
of the period when plants are able to grow and fix CO2 from the
atmosphere. Considering the key role of N deficiency in limiting
primary production at high latitudes4, another major finding
from our study is that warming and herbivore reduction, alone
and in combination, increased the availability of mineral N (sum
of NH4

+ and NO3
−) in the soil by nearly 8-fold by the end of the

second, full, growing season (Fig. 2f). Unexpectedly, reduced
herbivory had a stronger effect on N mineralization than
warming, and warming increased N availability under natural
herbivory only (a significant warming × herbivore reduction
interaction effect; Supplementary Table 5).

Warmer soil (Fig. 3a, b) can, as such, enhance microbial activity
and nutrient mineralization34, but why would plant release from

herbivory also lead to higher soil N availability? We propose here
that the observed positive effects of both warming and herbivory
reduction were, for the most part, linked to the 30% and 50%
increase in plant growth, respectively, under these treatments
(Fig. 2g). Recent evidence from a subalpine forest suggests that in
N-limited environments, trees can sustain greater growth under
warming by increasing fine root production and release of root
exudates, which stimulate microbial activity and N mineralization
in the soil35. As greater shoot growth is likely associated with
higher belowground C allocation, such a feedback loop through
priming of organic matter decomposition could logically explain
our findings of improved mineral N availability in the plots with
reduced herbivory and enhanced plant growth. Supporting this
interpretation, we found greater microbial biomass in the soil in
response to both warming and reduced herbivory (Fig. 2e and
Supplementary Table 5). While these effects were not fully
additive as microbial biomass and N availability were not highest
in the combined warming-herbivory reduction treatment with the
greatest plant growth (Fig. 2g), it is likely that the improved N
availability in the soil led to higher chlorophyll content in summer
leaves (Fig. 2b, c and Supplementary Table 4), which in turn
enhanced the ecosystem C sink through greater GPP800 under
warming and reduced herbivory (Fig. 1a–f).

Our results add to earlier findings, which suggest that plant
growth in the Arctic is heavily controlled by low air and soil
temperatures. For instance, in a study with comparable shrub
dominated field layer vegetation, B. glandulosa had a 2.5-fold
growth increase with 2.5 °C warmer air and 2.3 °C warmer soil36.
Our study provides evidence that plant growth and C sink
potential also seem to be heavily controlled by background insect
herbivory. The availability of mineral N was negligible in our
control plots (Fig. 2f), suggesting that plants at our site should be
unable to compensate for losses in leaf mass. This was exactly the
case; despite the low level of herbivory, the growth of Betula
plantlets was remarkably slower under natural than reduced
herbivory (Fig. 2g). One potential explanation for the extensive
growth and GPP responses to herbivory reduction is that the leaf
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ambient [blue] plots, n= 3 field plots), soil temperature (dots are mean ± s.e.m. of warmed [red] and ambient [blue] plots, n= 10 field plots, each
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moisture (dots are means ± s.e.m. of warmed [red] and ambient [blue] plots, light tone dashed lines and symbols denote plots, where herbivory was
reduced using insecticide; n= 5 field plots, each examined through 3–5 within-plot measurements) and daily precipitation (thin black bars). Precipitation
and VPD data are from the Kevo weather station (Finnish Meteorological Institute), located 200m from the experimental site. The pale yellow background
stripe stands for the period of severe hydrological stress (2nd July–1st August, 2018). Source data are provided as a Source Data file.

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-16404-4 ARTICLE

NATURE COMMUNICATIONS |         (2020) 11:2529 | https://doi.org/10.1038/s41467-020-16404-4 | www.nature.com/naturecommunications 5

www.nature.com/naturecommunications
www.nature.com/naturecommunications


area where photosynthesis is deleteriously affected by folivory can
be 6-fold in comparison to the actual consumed area37,38, possibly
due to suppression of the efficiency of photosystem II in the
remaining leaf tissue39. In northern deciduous trees, herbivory
also commonly induces production of defence compounds such as
phenolics40 and when herbivory is reduced, resources allocated to
induced defence are likely to be used for growth. Reducing
herbivory may also simultaneously reduce leaf pathogens41,42,
leading to a more positive effect on GPP than could be predicted
by purely measuring the reduction in herbivory damaged leaf area.

Insect herbivory impact under typical weather and heat wave.
In line with the 50% increase in plant growth with herbivory
reduction (Fig. 2g), we found that the relative increase in GPP800,
NEE800, and Re due to warming was higher when herbivore
pressure was reduced (Fig. 4a), although statistically significant
warming × herbivory interaction effects were observed for Re only
(Table 2 and Fig. 1g). In 2017, warming elevated GPP800 and
NEE800 by, on average, 22% and 30%, respectively, when her-
bivory was reduced, but only by 6% and 12% under natural
herbivory (Fig. 4a). These results suggest that plants were rela-
tively better able to utilize the benefits of warming when insect
herbivory was reduced, and as a result, the ecosystem acted as a
stronger C sink. A similar pattern was not, however, observed for
NEE800 in 2018, but instead, the mean relative increase in NEE800
was higher under natural herbivory (Fig. 4b). This change in the
pattern seems to be related to differences in weather conditions
between 2017 and 2018.

There was a month-long period of intense heat wave during the
peak growing season in 2018. In July, the mean temperature was
5 °C higher and the total precipitation 10% lower than the long-
term averages (Supplementary Table 6), soil moisture was low
(Fig. 3d), and the daily maximum atmospheric water vapor
pressure deficit (VPD) was frequently above 2.5 kPa (Fig. 3b),
indicating severe moisture stress43. Of all our Betula plantlets,
19% died during the warmest days (July 18–20) despite irrigation
(the amount of water given to plots each of the 3 nights
corresponded to precipitation during a heavy thunderstorm).
Notably, the drought was more extreme in plots with warming
and reduced herbivory as shown by the lower soil moisture under
these treatments (Fig. 3d; a marginally significant [P= 0.054]
date × warming × herbivory reduction interaction effect in Sup-
plementary Table 7), which likely resulted from the larger size
and higher transpiration of plants in these plots.

As plant photosynthesis can be severely constrained by low soil
moisture44 and high VPD43, we suggest that the hot and dry
period in 2018 explains why the mean relative increase of NEE800
due to warming was not higher under reduced rather than natural
herbivory in 2018 (Fig. 4b) as was the case in 2017 (Fig. 4a). In
fact, this phenomenon becomes very clear when the effects of
warming and reduced herbivory on CO2 fluxes in 2018 are
portrayed separately for the period of typical humid conditions
(i.e., when VPD was clearly lower than 2.5 kPa) and the period of
hydrological stress (Fig. 4c, d). Under typical conditions (Fig. 4c),
warming increased NEE800 more under reduced rather than
normal herbivory, as in 2017, whereas during hydrological stress
(Fig. 4d), warming barely elevated GPP800 and reduced NEE800
under reduced herbivory. Meanwhile, under natural herbivory,
the effects of warming on GPP800 and NEE800 remained positive
also during the heat wave (Fig. 4d). These results show that
although insect herbivores seem to generally dampen the positive
effect of warming on ecosystem CO2 uptake in our Subarctic
ecosystem, they can simultaneously preserve CO2 uptake during
heat waves due to their cumulative negative effects on plant
biomass accumulation. Since plants at high latitudes are poorly
adapted to dry conditions45,46, such unforeseen regulatory factors
may be important during the extreme heat waves that are
becoming more abundant under climate warming47.

Conclusions. Our results indicate that the generally minor
background insect herbivore pressure in high latitude ecosystems
can have a strikingly important role in plant resource acquisition
and ecosystem–atmosphere CO2 exchange, both in the present
and future warmer climates. It also appears that while warming
has a clear positive influence on ecosystem CO2 uptake potential,
through many simultaneous aboveground and belowground
mechanisms, with less herbivory this effect would be greater. As
the background insect herbivory is predicted to increase under
climate warming16,25–30,32, these results imply that insects may
significantly dampen the strengthening of CO2 sink at high lati-
tudes. A final testimony to the significance of insect herbivores is
their ability to influence the way plants and ecosystem CO2

exchange respond to extreme weather patterns, such as the
intense heat wave we observed in our study. Altogether, these
observations suggest that background insect herbivory should be
raised among the key factors in the modeling and empirical
research of the responses of high latitude ecosystems to climate
warming.
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Methods
Field site and treatment plots. The experiment was established in the mountain
birch forest-tundra ecotone at the Turku University Kevo Subarctic Research
Institute (69°45.4′N, 27°00.5′E; altitude 104 m a.s.l., mean annual temperature
−1.3 °C, mean annual precipitation 354 mm in reference years 1981–2010; data
from Finnish Meteorological Institute) in 2016. Adult mountain birches were
trimmed in the experimental area, but field layer vegetation was left intact and
twenty experimental plots (each 0.75 m × 1m) with no mountain birch stumps
were established. To include Subarctic woody species in the experiment and to have
controlled and properly replicated plant material to accurately follow treatment
responses in plants, plantlets of four birch species (local B. nana and B. pubescens
subsp. czerepanovii and currently slightly more southern B. pendula and B. pub-
escens) were planted, 20 cm apart, amongst the field layer vegetation in each plot
(12 plantlets in each plot, three genotypes per species).

Plant material and plot properties. Birch material was collected from natural
Subarctic populations growing between 67°43′N and 69°01′N with mean annual
temperatures varying from −1.2 to −1.9 °C (reference years 1981–2010; data from
Finnish Meteorological Institute). The plantlets were cloned from the collected twig
material using the micropropagation technique at the Haapastensyrjä Unit of the
Natural Resources Institute Finland (Luke) at the end of 2015, potted into nursery
peat (Kekkilä OPM 420 W) in May 2016 and planted to the field site in mid-July
2016. Mean plantlet height was 6.2 cm (SD 4.5, range 1–29 cm) at the time of
planting and 15.6 cm (SD 11.0, range 1.5–66 cm) at the end of the growing season
2018. Birches can produce thousands of seeds m−2 in Subarctic areas48 and our
planting density of 16 plantlets m−2 is well within the natural variation of density
in young birch seedling patches49. Birches were chosen as test species due to their
high abundance in Subarctic Fennoscandia.

Variation in soil and vegetation properties among the experimental plots was
recorded after planting birches. Two to three soil cores (diameter 3 cm, depth 10 cm,
or to the nearest rock) were taken from each plot, the samples were pooled, dried
(70 °C, 48 h), and the organic matter (OM) content was measured as a loss on ignition
(550 °C, 4 h). Lichens and plants were identified to species or genus level and their
areal cover was visually estimated for the area inside the flux chamber collar (55 cm×
55 cm). Estimates of soil OM (range 9–38% of soil dry mass among the plots) and the
cover of vascular plants (29–83% of area covered; Empetrum nigrum, Vaccinium
uliginosum, and Vaccinium vitis-idaea as common species; cover of planted birches
was on average 7% of the cover of all vascular plants), mosses (3–85%, Pleurozium
schreberi and Hylocomium splendens) and lichens (0–23%, Nephroma arcticum and
Cladonia arbuscula) were later used as covariates in the statistical models to control
the effects of soil and plant plot-to-plot variation on response variables.

Experimental design and treatments. Treatments included two levels of warming
(ambient, +3 °C) and two levels of insect herbivory (natural, reduced) in a fully
factorial 2 × 2 design. In the field, the 20 treatment plots were first divided into five
replicate blocks and then in each block, the four treatment combinations were
randomly allocated to the plots. The distance between adjacent plots was >1.2 m,
which was sufficient to avoid thermal effects between warmed and control plots
(ensured using a thermal camera Flir E8; Flir Systems AB, USA).

Warming was realized using two 240 mm × 60 mm ceramic heaters (Elstein-
Werk M. Steinmetz GmbH & Co., Germany; dummy heaters in ambient plots),
installed 80 cm above the ground and controlled using a microprocessor-based
feedback system. The feedback system maintained a fixed temperature differential
between the ambient and heated plots using real-time temperature data from
Pt100 sensors (Gräff GmbH, Germany) attached to a RMD680 multichannel
transmitter (Nokeval Oy, Finland). The sensors were installed 30 cm above the
ground (i.e., on the top of the vegetation layer) within green metal plates,
mimicking plant leaf surfaces, in five ambient and five heated plots. The ceramic
heaters warm surfaces more than the air, so using the temperature of the green
metal plates for controlling heating we ensured that vegetation was not overheated.
Warming was turned on in spring when the snow-cover melted below 20 cm, and
turned off in late autumn when mean daily air temperatures in ambient plots
remained permanently below −3 °C. While warming was on, air temperatures were
continuously recorded using Pt100 sensors installed under white plastic plates 30
cm above the ground in three control and three warmed plots. Soil temperature
and moisture were regularly, but not continuously, measured in 3–5 spots in each
plot at the depth of 5 cm using SM150T soil moisture kit (Delta-T Devices Ltd.,
UK) and Testo 735 thermometer (Testo SE & Co., Germany) attached to a
Pt100 sensor. On average, the plates mimicking plant leaves were 3.3 °C, the air
2.3 °C and the soil 1.2 °C warmer in heated than ambient plots across the warming
periods in 2016–2018 (in 2016, warming did not cover the entire growing season
but was turned on in early July).

The herbivore treatment was started in the beginning of the 2017 growing
season and was accomplished by spraying the herbivore reduction plots with 0.1%
solution of synthetic pyrethrin (Decis EC25, Bayer Crop-Science, Germany) and
the control plots with tap water weekly, using two portable garden sprayers and a
protective tent to eliminate wind drift. Decis EC25 has not found to have side-
effects on plant growth or chemistry50 and although deltamethrin, the active
ingredient, contains N, the quantities of N that could enter soil during sprayings
are negligible. In our experimental plots, the instantaneous top soil (0–10 cm)

mineral N (sum of NH4
+–N and NO3

−–N) availability is, on average, 1.5 µg N per
g dry soil (soil sampled in summer 2017). If all N in one spraying of a plot (69 µg
N) entered the soil, the instantaneous mineral N availability in the soil would be
increased by 0.1%. Similarly, the yearly maximum rate of N addition through
sprayings is only 0.1% of the rate (1 g Nm−2 yr−1) that was not found to affect B.
glandulosa growth in a tundra experiment with comparable shrub vegetation36.

Warming and herbivore treatments were also carried out through the 2019
growing season, which allowed us to provide supplementary leaf damage data for
2019 (Supplementary Tables 2 and 3).

Measuring and calculating CO2 fluxes and VPD. Aluminum collars (outside
dimensions 60 cm × 60 cm) were assembled in each plot to enable CO2 exchange
measurements using the closed chamber technique with transparent polycarbonate
chambers (59 cm × 59 cm × 50 cm and 59 cm × 59 cm × 40 cm)51. As the collars
were squares and the birch plantlets were planted 20 cm apart in three rows and
four columns (following the shape of the plot), nine plantlets (3 × 3) were always
included in the collars and three excluded (with the exception of one plot, where
only six plantlets were included due to difficulties in the placement of the collar
into the rocky soil surface). Each collar had grooves that were filled with moist
quartz sand to provide an airtight seal between the collar and the chamber. The
CO2 concentration and air temperature inside the chamber were recorded con-
tinuously during measurements. A Vaisala CARBOCAP GMP343 (Vaisala Oyj,
Finland) and a Picarro G2401 (Picarro Inc., CA, USA) online gas analyzer were
used for taking CO2 concentration measurements. The chamber closure time was 6
min for the GMP343 (used during 4 and 7 days in 2017 and 2018, respectively) and
2 min for the G2401 (1 day in 2017, 5 days in 2018). In all cases, the net CO2

exchange was measured under the prevailing light conditions and with a dark
hood. To determine the radiation response of photosynthesis, one or two addi-
tional shading levels were generated using meshes with 30 and 70% transparency
when possible (160 of the 340 cases). The air inside the chamber was mixed with a
battery-driven fan.

The solar radiation levels were measured with a photosynthetically active
radiation (PAR) sensor (PQS1, Kipp & Zonen) on top of the chamber. In the
GMP343-based system, there was a lid, made of the chamber material, above the
PAR sensor to emulate the conditions inside the chamber, while the sensor was
uncovered in the G2401-based system. The influence of the chamber wall on the
measured PAR was tested afterwards with a similar transparent chamber, which
indicated that the difference between the measurements taken inside and outside
the chamber was <2%. In addition, it is important to note that the measurements
used in the present study were each day conducted with the same system for all the
chamber collars, so no systematic error was introduced into the comparison of
treatments.

The CO2 flux, i.e., the net ecosystem exchange (NEE), was calculated as

NEE ¼ p ´ M ´ V
R ´ T ´ A

´
dc
dt

; ð1Þ

where p is atmospheric pressure, M is the molecular mass of CO2 (44.01 g mol−1),
R is the universal gas constant (8.314 J mol−1 K−1), T is the mean air temperature
during chamber closure, V is the chamber volume, A is the chamber base area, and
dc
dt is the mean CO2 mixing ratio change in time calculated with linear regression
(see Supplementary Figs. 1 and 2). To allow for the stabilization of the CO2 flux
after the chamber closure, the last 5 and 1.5 min of the data series recorded with the
GMP343 and G2401, respectively, were included. A micrometeorological sign
convention was used: a positive flux indicates a flux from the ecosystem to the
atmosphere (emission), and a negative flux indicates a flux from the atmosphere
into the ecosystem (uptake).

The measured NEE was partitioned into gross primary productivity (GPP) and
ecosystem respiration (Re):

NEE ¼ GPPþ Re ð2Þ
Re was obtained from the measurements with a darkened chamber. GPP was

modeled by a rectangular hyperbola52:

GPP ¼ PAR ´ α ´GPmax

PAR ´ αþ GPmax
; ð3Þ

where a is the initial slope between GPP and PAR, and GPmax is the theoretical
maximum gross photosynthetic rate. The parameters α and GPmax were first
estimated for those light response measurements that had at least three light levels
available and at least one data point with PAR > 800 μmol m−2 s−1 (n= 68 with 20,
15, 16, and 17 measurements from control, warming, herbivory reduction, and
warming × herbivory reduction treatment plots, respectively). Using these
parameter values, GPmax/α ratios were calculated and the median value of 203
μmol m−2 s−1 was chosen to be used as a common GPmax/α ratio. This fixed value
was employed in all GPP calculations, while α (or, equally, GPmax) was available as
a free parameter. The reason for introducing a common GPmax/α was to obtain
consistent data also for those days when irradiance was limited and the saturation
level of photosynthesis was not attained. Furthermore, there were no statistically
significant differences in GPmax/α among the treatment combinations (P= 0.094
for the Mood’s median test). Using the common GPmax/α, the α parameter was
fitted separately for each light response measurement (i.e., for each chamber collar
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in each day, n= 340), and NEE800 and GPP800, i.e., NEE and GPP at PAR=
800 μmol m−2 s−1, were calculated. NEE800 and GPP800 represent the CO2

exchange in conditions typical of the daily maximum PAR and serve as
standardized metrics that allow comparison of the ecosystem carbon sink potential
among different days and treatments. The different steps of the fitting procedure
described above are validated in Supplementary Figs. 3–6. We also standardized
NEE at a lower (300 μmol m−2 s−1) and higher (1200 μmol m−2 s−1) PAR level,
but there were no marked differences in the outcome of the statistical analysis
(Supplementary Table 8).

The water vapor pressure deficit, VPD (kPa), was calculated as

VPD ¼ 0:6107 ´ 107:5T=ð273:3þTÞ ´ 1� RH
100

� �
; ð4Þ

where T is air temperature in °C and RH is relative humidity in %.

Soil N and microbial biomass C. Plant availability of mineral N (NH4
+ and NO3

−)
was estimated in the soil organic layer (at 3 cm depth) using ion-exchange resin bags
(UNIBEST Ag Manager™). Three resin bags were placed in each plot in July 2016
and in the following autumns one (2017) or two (2018) bags were transferred from
each plot to the laboratory for N extraction in 50ml of 2M KCl. The KCl solution
was filtered through a glass microfiber filter (Whatman, Germany) and NH4

+ and
NO3

− concentrations were analyzed using a Lachat QuikChem 8000 analyser
(Zellweger Analytics, Lachat Instruments Division, USA).

Microbial biomass samples were collected with an auger (diameter 2.5 cm) from
three (or more if the soil was shallow) spots within each plot in August 2018. Three
layers (organic layer, 0–5 cm layer of mineral soil, >5 cm layer of mineral soil) were
separated from each soil core. Within each plot, the samples collected from the
same layer were pooled and sieved through a 2-mm (mineral soil) or 6-mm mesh
(organic soil) before analyzing microbial biomass carbon (MBC) using the
chloroform-fumigation extraction method53. In 2018, we further tested whether the
insecticide sprayings could have direct effects on soil microbes. Soil from 10
random spots outside the experimental area was collected in early spring,
homogenized (largest roots and rocks removed), and placed into ten 1.5-L pots.
The pots were buried in the ground and covered with a 1–2 cm layer of dead, oven-
dried (70 °C for 20 h, 100 °C for 4 h) Sphagnum moss to mimick the insulating
moss layer in the experimental plots (where the mean moss depth was 1.2 cm).
Along with the sprayings in the experimental plots, five of the pots were then
sprayed with water and five with the insecticide. Soil was collected from the pots
along with the microbial biomass C sampling and analyzed accordingly. No
difference (t8= 0.389 and P= 0.708) between the mean MBC in soils sprayed with
water (546.3 ± 85.0 mgMBC kg−1 soil; mean ± SE) and insecticide (494.3 ± 103.4)
was found (source data are provided as a Source Data file).

Phenology and growth of Betula plantlets. For estimating treatment effects on
plant spring phenology, all birch plantlets were surveyed daily in spring 2017 and
2018. The date of the first bud of a plantlet opening was considered as the start of
the growing season for that plantlet. A bud was considered open once the pro-
tective bud scales were completely separated and the emerging leaf was visible54.
During the peak growing season, plant performance was estimated two (2017) to
three (2018) times by measuring the chlorophyll content of five full-grown topmost
leaves in several branches in each plantlet, using the CCM300 non-destructive
optical chlorophyll content meter (Opti-Sciences, USA). The autumn phenology
was in turn estimated through chlorophyll breakdown: the chlorophyll content of
the five topmost leaves of each plantlet was measured approximately every 3 days
using the CCM300 until most of the plantlets had shed their leaves.

To assess plantlet shoot growth, their height was measured at planting and
thereafter each autumn following growth cessation. The relative growth was then
calculated as a height increment relative to the initial height.

Leaf herbivore damage of Betula plantlets. To estimate treatment effects on
herbivore load, all leaves in each birch plantlet were surveyed for herbivore damage in
the middle of August 2017. Leaf damage was illustrated using a Schreiner-type
method20,21,55 in which a damage index, ranging from 0 to 100, is produced for each
plant individual by multiplying two scores, A and B. The score A is the plantlet mean
of values (ranging from 0 to 25) that illustrate the size of the damaged area in a single
leave: 0= no damage, 1= small damaged area (1–4% of leaf area damaged), 5=
medium damaged area (5–20%) and 25= large damaged area (>20%). The score B
(ranging from 0 to 4) tells the percentage of leaves of a plantlet that are damaged: 0=
0%, 1= 1–25%, 2= 26–50%, 3= 51–75%, and 4= 76–100%. As no data was
obtained for 2018, we repeated the leaf damage survey in August 2019 to ensure that
results from 2017 can be generalized across years.

Statistical analysis. Treatment effects on response variables were tested using
mixed models and Type I ANOVA (IBM SPSS Statistics 21), where the variance is
allocated to explanatory variables in order of their appearance (in tables of sta-
tistics, order of explanatory variables follows their order in respective models). Soil
OM content and the areal cover of vascular plants, lichens, and mosses were treated
as covariates and included in the models first to remove plot-to-plot variation that
might otherwise contribute to treatment effects. Warming and herbivory

treatments were treated as fixed effects and field block as a random effect. For birch
variables, species was included as a fixed effect and genotype, nested within species,
as a random effect. Date, year, and soil layer (MBC was measured for three adjacent
soil layers) were treated as repeated measurements and compound symmetry was
used as a repeated covariance structure. Those response variables that were mea-
sured multiple times during a growing season were tested separately for 2 years.
ANOVA assumptions were checked from the residuals and transformations were
used where necessary (reported in table and figure legends).

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability
The authors declare that the data supporting the findings of this study are available
within the paper and its Supplementary Information files. Source data for Figs. 1–3,
Supplementary Figs. 1–6, and Supplementary Tables 2 and 8 are provided as a Source
Data file.
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Supplementary Figure 1. The distribution of R2 values of linear regressions used in the CO2 flux calculation. Online, 

fast-response (~1 Hz) sampling of concentration changes in the chamber facilitates the calculation procedure due to a 

large number of data points, resulting in a small measurement error. The vast majority of R2 values for the Picarro 

G2401-based measurements were >0.95. With the Vaisala GMP343-based system, the R2 values were lower, especially 

with the low fluxes during autumn. However, the lower R2 values were mostly due to the random analyzer noise and 

only 12 of the 1020 linear regressions fitted to the data had a P > 0.05 (with two-sided significance tests). All of these 

cases were related to a small CO2 flux (–0.009 to 0.004 mg CO2 m-2 s-1). Source data are provided as a Source Data 

file. 
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Supplementary Figure 2. Scatterplots of net ecosystem exchange NEE fluxes with and without 

dilution correction in the data recorded using the Vaisala GMP343 analyzer for a negative and b 

positive fluxes. The CO2 mixing ratios measured using the Picarro G2401 are internally corrected 

for water vapour. In the GMP343-based system, we measured the relative humidity inside the 

chamber, but the sensor broke down during the measurement period. As shown here, the dilution 

effect is very limited and no correction was applied to these data. Source data are provided as a 

Source Data file. 



 

 

Supplementary Figure 3. Measured gross primary production GPP versus the GPP calculated 

using the fitted 𝛼 and GPmax values. These values were used for determining the constant GPmax/𝛼 

ratio, which was then used for standardizing the fluxes at PAR = 800 µmol m-2 s-1. The ratio was 

determined as the median from those 𝛼 and GPmax values estimated from the PAR response 

measurements that included three or four light levels and had the highest PAR > 800 µmol m-2 s-1. 

The four-level cases are shown in the figure. Source data are provided as a Source Data file. 

 

 

 

 

 

 

 



 

 

Supplementary Figure 4. The measured GPP versus the GPP calculated using the constant 

GPmax/𝛼 ratio (of 203 µmol m-2 s-1) and the 𝛼 parameter estimated for each PAR response 

measurement. The figure shows all cases in which three or four light levels were available. Source 

data are provided as a Source Data file. 

 

 

 

 

 

 

 

 



 

 

Supplementary Figure 5. Measured GPP versus the predicted GPP at the highest radiation level, 

based on a response function fit in which this data point was excluded when estimating the 𝛼 

parameter. This illustrates the uncertainty related to extrapolation of the PAR response beyond the 

highest light level observed. All data with at least three light levels and the highest PAR within 

500–1100 µmol m-2 s-1 were included. Source data are provided as a Source Data file. 

 

 

 

 

 

 

 

 

 

 



 

 

 

Supplementary Figure 6. GPP800 calculated with fits based on two free parameters (α and GPmax) 

versus the GPP800 calculated with fits based on one free parameter (α) and a fixed α/GPmax ratio. 

This illustrates the uncertainty related to using a constant α/GPmax in flux standardization. The data 

include the cases that were used for determining the fixed α/GPmax. Source data are provided as a 

Source Data file. 
 

 

 

 

 

 

 

 

 



Supplementary Table 1. The mean percentage (s.e.m.) of leaves that belonged to the four 

damage categories (0, 1–4, 5–20 and > 20% of leaf area damaged) in Betula plantlets and 

the mean damage index (s.e.m.) calculated from these values in the four treatment 

combinations in 2017 (n = 57–60 per treatment) and 2019 (n = 44–55).  
 

  0% 

damaged 

1–4% 

damaged 

5–20% 

damaged 

> 20% 

damaged 

Damage 

index 

2017      

 Control 74.3 (3.41) 22.9 (3.24) 2.2 (0.53) 0.5 (0.34) 0.38 (0.12) 

 Herbivory reduction (H) 89.1 (2.30) 10.5 (2.27) 0.3 (0.21) 0.1 (0.08) 0.07 (0.04) 

 Warming 76.6 (3.47) 18.9 (2.93) 2.9 (0.86) 1.7 (0.77) 0.38 (0.12) 

 Warming + H 87.0 (2.14)) 10.4 (1.81) 2.4 (0.66) 0.1 (0.11) 0.18 (0.07) 

2019      

 Control 83.3 (2.76) 10.9 (2.30) 2.2 (0.63) 3.6 (1.04) 0.34 (0.11) 

 Herbivory reduction (H) 91.3 (1.51)   6.8 (1.12) 1.5 (0.72) 0.4 (0.31) 0.08 (0.04) 

 Warming 83.9 (2.91) 10.0 (1.70) 3.4 (0.89) 2.8 (1.09) 0.29 (0.10) 

 Warming + H 88.6 (1.66) 10.0 (1.48) 0.9 (0.41) 0.5 (0.40) 0.18 (0.07) 
Source data are provided as a Source Data file. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Supplementary Table 2. Statistics of 

warming (ambient and +3 °C) and 

herbivory (normal and reduced) effects 

on leaf damage index in the additional 

2019 survey (N = 193).  

 F P 

Soil OM content 0.7 0.392 

Vascular plant cover 13.6 <0.001 

Lichen cover 0.4 0.509 

Moss cover 0.5 0.494 

Warming (W) 0.8 0.376 

Herbivory reduction (H) 16.4 <0.001 

Betula species (S) 5.6 0.022 
W×H 3.1 0.078 

W×S 0.7 0.577 

H×S 3.0 0.034 

W×H×S 0.2 0.922 
The data was log-transformed and analyzed using linear 

mixed models and Type I Anova (with two-sided 

significance tests). Soil OM content and the areal cover 

of vascular plants, mosses and lichens were treated as 

covariates and added to the model to remove plot-to-plot 

variation that might otherwise confound the treatment 

effects. Field replicate block and birch genotype (nested 

within species) were included in the model as random 

effects, but are not reported. Values of P < 0.05 are in 
bold.  

  



 

Supplementary Table 3. Statistics of warming (ambient and 

+3 °C) and herbivory (normal and reduced) effects on bud 

break timing and the relative growth of the experimental 

birch plantlets in 2017 and 2018 (N = 232–239 for each year).  
 
 Bud break timing Relative growth 

 F P F P 

Soil OM content 0.6 0.434  

Vascular plant cover 9.0 0.003  

Lichen cover 0.4 0.560 5.2 0.023 

Moss cover 40.0 <0.001   

Year (Y) 4835 <0.001 225.1 <0.001 

Warming (W) 39.5 <0.001 4.0 0.046 

Herbivory reduction (H) 15.8 <0.001 10.4 <0.001 

Betula species (S) 1.5 0.283 0.1 0.940 

W×Y 11.1 <0.001 2.5 0.113 

H×Y 3.0 0.083 10.1 0.002 

S×Y 8.3 <0.001 6.0 0.001 

W×H 1.8 0.185 0.6 0.434 

W×S 7.0 <0.001 0.1 0.964 

H×S 1.2 0.319 1.2 0.293 

W×H×Y 2.8 0.095 0.0 0.955 

W×S×Y 5.3 0.001 0.4 0.781 

H×S×Y 1.4 0.254 0.9 0.439 

W×H×S 0.1 0.955 1.6 0.201 

W×H×S×Y 0.4 0.734 0.3 0.847 
The data were analyzed using repeated measures linear mixed models and Type I 

Anova (with two-sided significance tests). Year was treated in the models as a 

repeated measure. Soil OM content and the areal cover of vascular plants, mosses and 

lichens were treated as covariates and added to models to remove plot-to-plot 

variation that might otherwise confound the treatment effects (but omitted from the 

final model if redundant). Field replicate block and birch genotype (nested within 

species) were included in the models as random effects, but are not reported. Relative 
growth was log-transformed before analysis. Values of P < 0.05 are in bold.  

  



 

Supplementary Table 4. Statistics of warming (ambient and +3 °C) and herbivory (normal 

and reduced) effects on the summer and autumn leaf chlorophyll content of the 

experimental birch plantlets in 2017–2018.  

 

 Summer 2017 Summer 2018 Autumn 2017 Autumn 2018 

 F P F P F P F P 

Soil OM content 0.3 0.600 0.9 0.354 2.2 0.142 0.5 0.506 

Vascular plant cover 1.1 0.290 10.5 0.001 1.2 0.267 9.0 0.003 

Lichen cover 0.0 0.965 0.0 0.834 2.3 0.129 8.3 0.005 

Moss cover 16.4 <0.001 50.8 <0.001 42.7 <0.001 70.8 <0.001 

Date (D) 14.1 <0.001 575.7 <0.001 657.4 <0.001 602.0 <0.001 

Warming (W) 5.1 0.025 19.7 <0.001 33.4 <0.001 83.3 <0.001 

Herbivory reduction 

(H) 13.3 <0.001 26.5 <0.001 10.9 0.001 24.1 <0.001 

Betula species (S) 3.2 0.083 1.6 0.274 12.2 0.003 17.5 0.001 

W×D 3.3 0.071 6.8 0.001 15.1 <0.001 18.7 <0.001 

H×D 1.9 0.173 7.5 0.001 2.3 0.010 1.5 0.131 

S×D 3.8 0.011 1.8 0.100 19.6 <0.001 11.1 <0.001 

W×H 0.5 0.465 4.1 0.043 0.0 0.903 6.2 0.014 

W×S 0.2 0.868 0.8 0.506 8.2 <0.001 13.8 <0.001 

H×S 0.5 0.717 2.4 0.066 1.4 0.246 2.4 0.073 

W×H×D 0.4 0.549 2.1 0.129 2.0 0.026 0.6 0.812 

W×S×D 0.8 0.490 0.6 0.736 6.2 <0.001 14.7 <0.001 

H×S×D 0.3 0.803 1.0 0.455 0.6 0.975 0.9 0.617 

W×H×S 0.1 0.979 1.5 0.213 0.3 0.834 1.5 0.227 

W×H×S×D 1.4 0.256 0.6 0.700 0.5 0.986 0.7 0.907 
The data were analyzed using repeated linear mixed models and Type I Anova (with two-sided significance tests). Date was treated 

in the models as a repeated measure (2–3 dates for summers, 12–10 dates for autumns, N = 234–235 for 2017, N = 181–235 for 

2018). Soil OM content and the areal cover of vascular plants, mosses and lichens were treated as covariates and added to models 

to remove plot-to-plot variation that might otherwise confound the treatment effects. Field replicate block and birch genotype 
(nested within species) were included in the models as random effects, but are not reported. Values of P < 0.05 are in bold. 

  



Supplementary Table 5. Statistics of 

warming (ambient and +3 °C) and 

herbivory (normal and reduced) effects 

on (a) the resin capture of soil mineral N 

(sum of NH4
+

 and NO3
−) and (b) soil 

microbial biomass carbon (MBC).  
 
(a) Mineral N F P 

Soil OM content 3.0 0.116 

Vascular plant cover 4.5 0.065 

Lichen cover 21.1 0.001 

Moss cover 5.6 0.041 

Year (Y) 5.6 0.030 

Warming (W) 2.3 0.167 

Herbivory reduction  (H) 12.1 0.008 

W×H 5.3 0.050 

W×Y 0.04 0.849 

H×Y 1.2 0.285 

W×H×Y 0.03 0.872 

   

(b) MBC F P 

Soil OM content 0.9 0.370 

Vascular plant cover 5.3 0.045 

Lichen cover 4.9 0.049 

Moss cover 1.4 0.259 

Soil layer (L) 3951 <0.001 

Warming (W) 0.2 0.649 

Herbivory reduction (H) 3.8 0.085 

W×H 12.0 0.008 

W×L 1.2 0.325 

H×L 4.4 0.020 

W×H×L 0.3 0.772 
Data were analyzed using repeated measures linear mixed 

models and Type I Anova (with two-sided significance 

tests). Year (mineral N data, n = 20 for each year) and soil 

layer (three layers, MBC data, n = 20 for each layer) were 

treated in the models as repeated measures. Soil OM 

content and the areal cover of vascular plants, mosses and 

lichens were treated as covariates and added to models to 

remove plot-to-plot variation that might otherwise 

confound the treatment effects (but omitted from the final 

model if redundant). Field replicate block was included in 

the models as a random effect, but is not reported. Mineral 

N was log-transformed and MBC square-root 

transformed before analysis. Values of P < 0.05 are in 
bold. 

  



Supplementary Table 6. Monthly mean air temperature and precipitation 

during the May–November warming period in the study years 2017 and 2018 

and in the reference years 1981–2010. 

 
 Mean temperature (°C) Precipitation (mm) 

 2017 2018 1981–2010 2017 2018 1981–2010 

May 1.9 7.2 3.7 11 13 19 

June 7.8 9.4 9.6 49 52 42  

July 13.6 18.1 13.1 161 56 62 

August 10.4 11.4 10.7 63 111 48 

September 6.5 7.1 5.7 34 70 30 

October 0.7 -1.2 -0.5 12 15 33 

November -8.2 -1.7 -8.3 42 23 24 
Data from Kevo weather station (Finnish Meteorological Institute), ca. 200 m from the study site. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Supplementary Table 7. Statistics of warming (ambient 

and +3 °C) and herbivory (normal and reduced) on soil 

moisture in 2017 and 2018.  
 
     2017 2018 

 F P F P 

Soil OM 1.0 0.337 0.1 0.325 

Vascular plants 3.9 0.071 69.1 0.001 

Lichens 1.1 0.321 12.0 0.037 

Mosses 1.8 0.204 4.1 0.282 

Date (D) 57.1 <0.001 166 <0.001 

Warming (W) 1.6 0.303 4.4 0.272 

Herbivory reduction (H) 0.0 0.969 0.0 0.674 

D×W 0.9 0.440 4.2 0.499 

D×H 0.2 0.878 0.5 0.982 

W×H 0.0 0.993 1.8 0.500 

W×H×D 0.3 0.816 4.4 0.054 
The data were analyzed using repeated measures linear mixed models and Type 

I Anova (with two-sided significance tests). Date was treated in the models as 

a repeated measure (four and six dates for 2017 and 2018 respectively, n = 20 

for each date). Soil OM content and the areal cover of vascular plants, mosses 

and lichens were treated as covariates and added to models to remove plot-to-

plot variation that might otherwise confound the treatment effects. Field 

replicate block was included in the models as a random effect, but is not 

reported. Values of P < 0.05 are in bold. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Supplementary Table 8. Statistics of herbivory (normal and reduced) and warming 

(ambient and +3 °C) effects on net ecosystem CO2 exchange (NEE) using different 

PAR levels for standardizing the fluxes.  

Treatment effects on net ecosystem exchange (NEE1200, NEE800, NEE300) were tested using repeated measures linear mixed 

models and Type I ANOVA (with two-sided significance tests), where the variance is allocated to explanatory variables in 

the order of their appearance. Soil organic matter (OM) content and cover of vascular plants, lichens and mosses are 

continuous variables that describe the variation among the experimental plots prior to the establishment of the experiment. 

They were used in the models as covariates to remove plot-to-plot variation that might otherwise confound the treatment 

effects. Years were analyzed separately (N = 100 for 2017, N = 240 for 2018). Date was treated as a repeated measure, 

warming and herbivory reduction as fixed effects and treatment block (not reported) as a random effect. F and P indicate 

F-statistics and P-values respectively; P < 0.05 are in bold. As GPP1200 and GPP300 are proportional to GPP800, they produce 
the same results as GPP800 (Table 2). Values of P < 0.05 are in bold. Source data are provided as a Source Data file. 

  NEE1200 NEE800 NEE300 

  F P F P F P 

2017       

 Soil OM content 0.3 0.585 0.2 0.687 0.1 0.764 

 Vascular plant cover 10.4 0.011 9.3 0.014 4.8 0.057 

 Lichen cover 19.7 0.001 20.5 0.001 24.3 0.001 

 Moss cover 1.6 0.230 1.8 0.211 2.6 0.140 

 Date (D) 51.5 <0.001 46.5 <0.001 27.6 <0.001 

 Warming (W) 2.2 0.175 2.0 0.190 1.3 0.277 

 Herbivory reduction (H) 6.1 0.037 5.7 0.043 3.7 0.091 

 W×H 1.1 0.323 1.0 0.352 0.4 0.525 

 W×D 2.8 0.034 2.9 0.029 3.3 0.016 

 H×D 1.2 0.337 1.1 0.355 0.9 0.458 

 W×H×D 0.3 0.907 0.2 0.916 0.2 0.957 

2018        

 Soil OM content 0.1 0.811 0.02 0.895 0.2 0.680 

 Vascular plant cover 1.0 0.333 0.7 0.411 0.0 0.967 

 Lichen cover 7.8 0.018 8.2 0.016 10.3 0.009 

 Moss cover 5.4 0.042 5.2 0.046 4.2 0.070 

 Date (D) 32.7 <0.001 31.5 <0.001 28.0 <0.001 

 Warming (W) 13.3 0.006 13.2 0.006 12.2 0.008 

 Herbivory reduction (H) 8.7 0.018 8.3 0.020 6.2 0.038 

 W×H 0.5 0.507 0.4 0.534 0.2 0.687 

 W×D 1.5 0.142 1.5 0.129 1.7 0.076 

 H×D 1.3 0.208 1.3 0.215 1.2 0.269 

 W×H×D 1.5 0.149 1.5 0.154 1.4 0.191 
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a b s t r a c t

High latitude peatlands act as globally important carbon (C) sinks and are in constant interaction with
the atmosphere. Their C storage formed during the Holocene. In the course of time, the aggregate effect
of the C fluxes on radiative forcing (RF) typically changes from warming to cooling, but the timing of this
shift varies among different peatlands. Here we investigated Holocene peatland development, including
vegetation history, vertical peat growth and the lateral expansion of a patterned subarctic fen in northern
Finland by means of multiple sampling points. We modelled the Holocene RF by combining knowledge
on past vegetation communities based on plant macrofossil stratigraphies and present in situ C flux
measurements. The peatland initiated at ca. 9500 calibrated years Before Present (cal yr BP), and its
lateral expansion was greatest between ca. 9000 and 7000 cal yr BP. After the early expansion, vertical
peat growth proceeded very differently in different parts of the peatland, regulated by internal and
external factors. The pronounced surface microtopography, with high strings and wet flarks, started to
form only after ca. 1000 cal yr BP. C accumulation within the peatland recorded a high degree of spatial
variability throughout its history, including the recent past. We applied two flux scenarios with different
interpretation of the initial peatland development phases to estimate the RF induced by C fluxes of the
fen. After ca. 4000 cal yr BP, at the latest, the peatland RF has been negative (cooling), mainly driven by C
uptake and biomass production, while methane emissions had a lesser role in the total RF. Interestingly,
these scenarios suggest that the greatest cooling effect took place around ca. 1000 cal yr BP, after which
the surface microtopography established. The study demonstrated that despite the high spatial het-
erogeneity and idiosyncratic behaviour of the peatland, the RF of the studied fen followed the general
development pattern of more southern peatlands. Holocene climate variations and warm phases did not
seem to induce any distinctive and consistent peatland-scale patterns in C accumulation, whereas our
data suggests that the changes in vegetation related to autogenic succession were reflected in the C
accumulation patterns and RF more clearly.

© 2020 Elsevier Ltd. All rights reserved.
Environment Research Pro-
ersity of Helsinki, P.O. Box 65,
1. Introduction

Northern peatlands are an important element in the global
carbon (C) cycle and act as a C sink, representing ca. 90% of the 545
(475e620) Gt C stored in peatlands globally (Yu et al., 2010). A more
recent estimate of the global peatland C store is 1055 Gt C (Nichols
and Peteet, 2019). Northern peatlands are globally essential C stores
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with ca. one third of all soil C stored in them due to the slow
decomposition in waterlogged conditions and low temperatures
(Gorham, 1991). Due to recent climate change, the C storage accu-
mulated during the Holocene may be compromised. High latitudes
are warming at a rate twice the global average (IPCC, 2013), the
Arctic has already warmed by 2e3 �C since the late 19th century
(Post et al., 2019) and precipitation has increased by 6% during the
past ca. 50 years (Box et al., 2019). High uncertainties are especially
related to future precipitation (Box et al., 2019; Collins et al., 2013),
which will together with the temperature rise, affect peatland
moisture conditions and thus vegetation assemblages and C accu-
mulation capacity especially in northern regions (McGuire et al.,
2018; Helbig et al., 2020).

Post-glacial peatland initiation in high latitudes overall was
triggered by rising growing season temperatures and the avail-
ability of excess water (Morris et al., 2018) peaking in the early
Holocene 11,000e9000 calibrated years before present (cal yr BP;
present ¼ 1950 Common Era (CE)) (MacDonald et al., 2006; Ruppel
et al., 2013; Yu et al., 2010). As interpreted from peat archives,
Holocene climate variations are reflected in peatland dynamics
(Charman et al., 2013; Yu et al., 2009). For example, during the
warmMedieval Climate Anomaly (MCA; 1000e700 cal yr BP (Mann
et al., 2009)) and Holocene thermal maximum (HTM;
8000e4800 cal yr BP (Renssen et al., 2012)), increased net primary
productivity (NPP) exceeded peat decomposition, leading to
accelerated peat accumulation (Charman et al., 2013; Yu et al.,
2009). In contrast, over the climate transition from the MCA to
the Little Ice Age (LIA; 500e100 cal yr BP (Wilson et al., 2016)), C
sequestration rates of northern peatlands declined, possibly
because of the lower temperatures combined with increased
cloudiness, which suppressed NPP (Charman et al., 2013).

Peatlands exchange greenhouse gases (GHG) with the atmo-
sphere, which generates radiative forcing (RF) with climatic im-
plications. A negative (cooling) RF results from net uptake of carbon
dioxide (CO2), while the methane (CH4) emissions have an opposite
(warming) impact associated with positive RF (Frolking and Roulet,
2007; Yu, 2011). In general, peatlands simultaneously sequester
and release C, the balance associated with the peatland surface
microtopography (Alm et al., 1999; Waddington and Roulet, 2000).
During its succession, a peatland may act as both a C sink and a
source, depending on various autogenic and allogenic forcing fac-
tors (Korhola et al., 1996; Yu, 2011). While the net RF depends on
the balance between CO2 and CH4 fluxes, it is important to note that
these two gases differ greatly in their radiation efficiency and
residence time in the atmosphere (Myhre et al., 2013). Therefore,
the initial net RF effect of a newly developed peatland is mainly
warming, due to the dominance of CH4 emissions. Over the course
of time, however, the negative RF due to sustained CO2 sequestra-
tion exceeds the CH4 -induced positive forcing, which leads to a
negative net RF, i.e. cooling effect (Frolking and Roulet, 2007;
Mathijssen et al., 2014).

The Holocene C dynamics of subarctic permafrost-free fens have
received less attention (Juutinen et al., 2013; M€akil€a et al., 2001;
M€akil€a and Moisanen, 2007; Mathijssen et al., 2014) than the C
dynamics of permafrost peatlands (e.g. Gałka et al., 2018; Pelletier
et al., 2017; Sannel et al., 2017; Zhang et al., 2018a) or boreal bogs
(e.g. Korhola et al., 1996; Mathijssen et al., 2016; Turunen et al.,
2001; Van Bellen et al., 2011). Fens, however, respond to changes
in the environment, especially moisture conditions, more strongly
and faster than bogs (Gong et al., 2013; Jaatinen et al., 2007;
Kokkonen et al., 2019; Tahvanainen, 2011; Wu and Roulet, 2014).
Moreover, a pronounced decline in C accumulation over the warm
and dry mid-Holocene climate phase (ca. 8000e5000 cal yr BP (e.g.
Eronen et al., 1999; Sepp€a et al., 2009)) has been recorded for
subarctic fens (M€akil€a and Moisanen, 2007; Mathijssen et al., 2014;
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Robinson, 2006). This contradicts the patterns reported by Yu et al.
(2009) for northern peatlands, where an overall slowdown of C
accumulation after 4000 cal yr BP was connected to climate cooling
following the high accumulation rates during the warm mid Ho-
locene. As motivated by the current highly pronounced warming in
the subarctic region, there is a need to deepen our understanding of
the connections between climate and the ecosystem processes, C
dynamics and atmospheric forcing of subarctic fens.

Here, we aim to link the long-term history of the subarctic
Kaamanen peatland to its present-day C dynamics. To contribute to
the understanding of the future peatland-climate interactions and
scenarios, we explored how the Holocene warm climate phases, i.e.
HTM, MCA and recent warming since the 1980s, are reflected in
peatland physical and biological dynamics and what was the
consequent radiative forcing effect. To reconstruct C flux dynamics
since the peatland initiated we combined paleoecological datawith
contemporary measurements, and took advantage of the present-
day GHG flux measurements conducted at the site and within its
catchment. At the site, the ecosystem-atmosphere exchange of CO2
has been measured using the eddy covariance (EC) technique since
1997 (Aurela et al., 2004, 2002, 2001, 1998), and plant community
specific GHG fluxes have been measured by chambers (Maanavilja
et al., 2011; Heiskanen et al., 2020). Under the current climate
conditions, the peatland is a weak C sink of ca.�20 g C m�2 yr�1 on
average (Aurela et al., 2004; Hargreaves et al., 2001; Heiskanen
et al., 2020). Reconstruction of the peatland development history,
initiation and subsequent lateral expansion, allowed us to use these
flux data tomodel the RF of the fen from its initiation to the present.
2. Material and methods

2.1. Site description

Our study peatland (Kaamanen, 69� 8.440 N, 27� 16.190 E, 155 m
a.s.l.) is a subarctic patterned flark fen (ca. 43 ha) characteristic of
the northern aapa mire region (Fig. 1). The long-term (1981e2010
CE) mean annual air temperature and precipitation sum are�0.4 �C
and 472 mm, respectively (Pirinen et al., 2012). Direction of water
flow is from north to south, and spring flooding is typical. Strings
(hummocks) and flarks (hollows) with a dimension of few metres
create a patterned mosaic of surface microtopography. Ombro-
trophic strings are typically lower than 1 m, but extend clearly
above the surrounding water table, and can remain frozen inside
until late summer (Maanavilja et al., 2011). The Kaamanen peatland
is located within the sporadic permafrost zone, the so-called palsa
mire zone (Fig. 1), but has no permafrost. The inundated flarks close
to a small stream, lining the east of the studied fen area, are
mesotrophic. The prevailing vegetation varies greatly among
different parts and microtopographic features of the fen. Flark
vegetation is mainly composed of sedges Carex spp., Trichophorum
cespitosum and Eriophorum angustifolium, the forb Menyanthes tri-
foliata and brown mosses (typically Scorpidium scorpioides). Tall
sedge vegetation fringes the stream. Strings are dominated by
forest and hummock mosses such as Dicranum spp. and Pleurozium
schreberi, lichens, and Rhododendron tomentosum, Empetrum nig-
rum, Vaccinium uliginosum, V. vitis-idaea and Rubus chamaemorus.
Andromeda polifolia, Betula nana and Salix spp. and peat mosses
(Sphagnum fuscum and S. capillifolium) are found at the margins of
the strings (Maanavilja et al., 2011).Wet lawnswith S. lindbergii and
low hummocks characterized by S. fuscum and dwarf shrubs
dominate the south-west part of the study area. Pinus sylvestris
forest and small lakes surround the peatland. Peat thickness in the
northern part of the fen is ca. 1 m, but in the south, closer to the
lake, it is up to 4 m (Fig. 1).



Fig. 1. Study area located in northern Finland (A). The black star shows the location of the study site and the coloured lines indicate the distribution of raised bogs (ombrotrophic
peatlands), aapa mires (peatland complexes with minerotrophic fen conditions in the central parts) and palsa peatlands (fens with frozen peat mounds) in Finland. (B) Isochrone
map of the studied peatland area and the peat thickness. Coring locations are shown with dots and white stars with the number or the name of the location and calibrated basal
ages (cal yr BP). White line with Pa ecodes indicates a coring transect. (C) The microtopographic variation of flarks and strings.
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2.2. Peat thickness measurement and sampling

We selected the coring locations based upon a ground-
penetrating radar (GPR, Malå GeoScience ProEx) survey of the
peat thickness and the underlying topography, conducted during
the snow cover period in April 2018. The total length of measure-
ment transects was 9.6 km which were measured using a snow-
mobile to pull the antennae (50 MHz, approximate velocity
5 m s�1). The measurement transects and the data analysis were
performed using the ReflexW (Version 8.0, Sandmeier, 2016) pro-
gramme. Measured subsoil, peat and sediment thickness data were
used as validation of the radar data.

To address initial and long-term development, twenty basal
peat samples, representing the first peat deposited upon the top of
the minerogenic sediment were collected with a Russian peat corer
(3 � 50 cm). A long core recovered from a location where the
current surface vegetation comprises Sphagnum-Trichophorum
(STLong 393 cm) was collected in September 2018 and a second
long core was recovered from a microform where Ericales-Pleuro-
zium comprise the surface vegetation at the crest of a string
(EPLong 228 cm) in 2010 (Fig. 1). An additional short transect of
basal samples was collected in 2009 from the northern part of the
peatland (Fig. 1). To address more recent development, an addi-
tional four short cores were collected with a box corer
(7 � 4 � 65 cm) in September 2016. To cover the spatial variability,
the short cores were collected from string margins with Betula-
Sphagnum vegetation (K1BS, K3BS) and from the dry strings (K1EP,
K3EP) with Ericales-Pleurozium vegetation. Short cores were
collected from the northern part of the peatland, where the surface
microtopography is more pronounced. Cores were wrapped in
plastic and transported, avoiding compaction, inside plastic tubes
3

to the University of Helsinki. Cores were cut to 1 or 2 cm slices and
the subsamples were stored in plastic bags at 6 �C.

2.3. Plant macrofossil analysis

Plant macrofossil analysis was conducted to detect and to
reconstruct changes in vegetation assemblages. In the short cores,
the analysis was performed at 2 cm resolution and in the EPLong
long core at every 10 cm and in STLong core at every 20 cm.
Volumetric samples (5 ml) were inspected following Mauquoy and
van Geel (2007) as modified by V€aliranta et al. (2007). Samples
were rinsed with water using a 140-mm sieve and the residue was
analysed for proportions of main peat components. A stereomi-
croscope was used to estimate percentages for the total sample
volume and a light microscope for further species level identifica-
tion (for identification: e.g. Laine et al., 2009a; Eurola et al., 1992
and a reference collection at the University of Helsinki). Seeds
and leaves were counted as exact numbers (Figure A1). Percentage
of unidentified organic material (UOM) was estimated if the
organic remains were unidentifiable for the vegetation type. Dia-
grams were created using software C2 (Juggins, 2007) and Tilia
2.0.41 (Grimm, 1991).

2.4. Chronology

A total of 33 samples were sent for accelerator mass spec-
trometry (AMS) 14C analysis to the Poznan Radiocarbon Laboratory
(Poznan, Poland), 19 samples to the Finnish Museum of Natural
History (LUOMUS, Helsinki, Finland) and 3 samples were dated in
the A. E. Lalonde AMS Laboratory (University of Ottawa) (Tables A1
and B1). Either bulk peat, cleaned from rootlets (Holmquist et al.,



Table 1
Flux densities (g C m�2 yr�1) adopted for different peatland vegetation assemblages
and used for the radiative forcing modelling. Values for “non-patterned fen” are
obtained from Trichophorum and of Carex-Scorpidium dominated surface measure-
ments. “Patterned fen” represents the current peatland spatially averaged estimate
based on the EC data. * Values from Juutinen et al. (2013).

Flux density (g C m�2 yr�1)

CO2 CH4 CO2þCH4

Sandy Equisetum* �10 �0.4 �10
Peaty Equisetum* 18 5 23
Mix of non-patterned fen & Peaty Equisetum �15 7 �8
Non-patterned fen �48 8 �39
Patterned fen �18 6 �12
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2016), or identified plant macrofossils were selected for dating
(Table B1). Basal samples were 14C dated to reconstruct the lateral
expansion of the peatland following the procedure introduced in
Korhola (1994). To depict changes in vegetation type, two long
cores and four short surface cores were 14C dated. The two long
cores taken from a wet Sphagnum e Trichophorum flark (STLong)
and dry Ericales e Pleurozium string (EPLong) were dated only by
14C. For both long cores, basal ages from the nearest basal peat
sampling points, a few tens of metres away, were used instead of
the original bottom-most ages of the cores, because the obtained
ages show inconsistencies with different materials dated. Dated
Equisetum remains provided consistently younger ages than
selected terrestrial plant macrofossils (Carex spp. seeds, Betula
seeds, Potentilla palustris seeds, Salix sp., bark and woody remains)
(Table B1) (Howard et al., 2009; V€aliranta et al., 2014). For the
STLong, the bottom-most age was from a basal peat sample from
the coring point 3 and for EPLong from coring point 11 (Fig. 1).

The four surface cores were additionally 210Pb dated at the
University of Exeter, UK, using alpha-spectrometry at 2 cm in-
tervals. 0.2e0.5 g of dried and ground peat from each depth were
analysed and spiked with a209Po yield tracer (Kelly et al., 2017;
Estop-Aragon�es et al., 2018 for the method). The Constant Rate of
Supply model (CRS) was applied to obtain the 210Pb ages (Appleby
and Oldfield, 1978). Age-depth models, combining both the 14C
results and 210Pb dates were created with BACON v2.3.3 package
(Blaauw, 2010; Blaauw and Christen, 2011) in R version 3.4.3 (R
Development Core Team, 2016).

2.5. Peat properties and C accumulation

To determine dry bulk density (g cm�3) of the subsamples, we
measured the dry mass (g) of peat based upon a fresh volume of
5 cm3. For the short cores, C and nitrogen (N) content at 4 cm in-
tervals was measured using a LECO TruSpec micro Elemental
Determinator, at the University of Helsinki, and these results were
applied to calculate average values for the layers between the
measurements. For the two long cores, loss on ignition (LOI) was
measured at 10 cm intervals, following Heiri et al. (2001) and C
content was estimated assuming 50% of C in organic matter (LOI x
0,5) (Loisel et al., 2014). Apparent C accumulation rates (CAR, g C
m�2 yr�1) were calculated by multiplying the C mass of each 1 cm
increment (g m�3) by the corresponding peat growth rate (m yr�1)
(Tolonen and Turunen, 1996), derived from the age-depth models
(Fig. 2).

2.6. Annual CO2 and CH4 balances

In order to model the RF due to peatland development at Kaa-
manen, we estimated the ecosystem-atmosphere exchange of CO2
and CH4 for different vegetation assemblages based on present-day
flux measurements. These assemblages were classified as aquatic
(‘Sandy Equisetum’), Equisetum-dominated fen communities (‘Peaty
Equisetum’, i.e. on organic sediments), non-patterned fens and their
composites, which occurred during different development phases
before the present patterned fen phase. We reconstructed the
successional development areas for these different paleovegetation
types. For estimating the paleovegetation types and the timing of
the main changes, we applied dating results (Tables A1 and B1,
Fig. 2) and the reconstructed vegetation history, interpreted from
plant macrofossils, and extrapolated the changes to the surround-
ing areas (Fig. 1). QGIS (3.0.0) was used to measure the estimated
non-overlapping areas of each paleovegetation assemblage on
1000-yr intervals. The fluxmeasurements weremade bothwith the
eddy covariance (EC) and chamber techniques, the former
providing areally averaged and the latter plant-community-specific
4

data. To calculate the mean annual flux densities (Table 1), the
measurement time series were first gap-filled either based on
empirical response functions, with temperature and irradiance as
the key explanatory variables, or using linear interpolation (Aurela
et al., 2002; Juutinen et al., 2013; Laine et al., 2009b).

The EC data (Aurela et al., 2004; Heiskanen et al., 2020) were
used for the latest phase, i.e. the past 1000 yr, when the peatland
has exhibited pronounced microtopographical heterogeneity and
been dominated by four vegetation habitats: (1) Trichophorum
tussock flarks, (2) wet Carex-Scorpidium flarks, (3) Sphagnum-Betula
nana stringmargins and (4) Ericales-Pleurozium string tops, defined
in Maanavilja et al. (2011). The areal coverage of these habitats was
determined by drone imaging with very high spatial resolution
within a 200-m radius from the EC measurement tower (R€as€anen
et al., 2019). The EC data cover eight years for both CO2
(1997e2002, 2017e2018) and CH4 (2011e2018) fluxes.

Both EC measurements and flux chamber data of the Tricho-
phorum and Carex-Scorpidium communities (Heiskanen et al., 2020)
were used to reconstruct the past C exchange of the Cyperaceous
fen during a phase when the present microtopographical features
were not yet developed. During the growing season, the relative
difference between the EC- and chamber-based data was used to
scale the chamber-based CO2 fluxes to match the EC fluxes sepa-
rately for the ecosystem respiration and gross primary production
estimated from the data (Aurela et al., 2002; Heiskanen et al., 2020).
Outside the growing season, the EC-based CO2 fluxes were allo-
cated proportionally to the Trichophorum and Carex-Scorpidium
communities based on the respiration fluxes measured with
chambers during the last two weeks of the growing season. The
annual ecosystem-scale CH4 balance was partitioned to these plant
communities similarly to the CO2 balance, i.e. the EC data were
allocated according to the chamber-based plant-community-spe-
cific fluxes. An equal areal coverage of Trichophorum and Carex-
Scorpidium communities was assumed for the flux reconstruction.

In addition to the local fluxes, we included flux data measured
with chambers (year around estimate complemented by snow-
gradient measurements) across the Kiposuo peatland e Kipoj€arvi
lake continuum, located within the same catchment ca. 6 km
northeast of Kaamanen (Laine et al., 2009b; Juutinen et al., 2013).
These data represent aquatic vegetation communities in shallow
water conditions (Equisetum fluviatile, mixed E. fluviatile and Carex
spp.) and were here adopted for an early Equisetum-limnotelmatic
phase of the study peatland. Two different vegetation types were
included: (1) littoral vegetation patches on sandy sediments
(‘Sandy Equisetum’), with net uptake of C, and (2) littoral vegetation
on organic sediments (‘Peaty Equisetum‘), with net release of C.

These two data sets make it possible to assess how the likely
release of excess CO2 from the peatland-lake ecotone to the at-
mosphere affects the RF simulation. In other words, we assumed
that the current peatland, at places where it developed from a
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limnic system, has been a temporary net C source due to release of
CO2 from the net heterotrophic littoral zone.

Two alternative simulation scenarios were outlined for the Eq-
uisetum fluxes. In Scenario 1, we used the flux measurements from
the ‘Sandy Equisetum’ habitat for the earliest phase of the peatland,
since underneath the paleo-vegetation layer lies mineral ground
and thus this paleo-habitat resembles littoral sand conditions. For
the peatland development phases following this, we adopted ‘Peaty
Equisetum’ as the representative habitat. In Scenario 2, we used the
fluxes from littoral sand for the first 1000 yr and linearly interpo-
lated between them and the fluxes of ‘Peaty Equisetum’ for the
following four millennia, assuming that this represents the change
from littoral conditions to peat-forming vegetation. For the vege-
tation assemblage ‘Mix of non-patterned fen and Peaty Equisetum’,
inferred from the plant macrofossil analysis, we used the average of
the corresponding fluxes.

2.7. Radiative forcing modelling

The areas of different vegetation assemblage classes defined
above and listed in Table 1, were multiplied by the corresponding
flux densities (g m�2 yr�1) (Table 1) to obtain the total CO2 and CH4
fluxes (g yr�1) for the Kaamanen peatland during each 1000-yr slot
from 10,000 cal yr BP to the present. These fluxes were used as
input to the calculation of radiative forcing, i.e. the change in Earth’s
radiative balance due to the perturbations to atmospheric GHG
concentrations that resulted from peatland development. RF was
calculated in annual time steps with a sustained impulse-response
model (Lohila et al., 2010; Mathijssen et al., 2017).

CO2 and CH4 are long-lived GHGs that can be assumed to be
instantaneously and completely mixed in the atmosphere (Myhre
et al., 2013). Therefore, the atmospheric composition change due
to surface exchange fluxes of these GHGs, even if occurring at a
local scale, was calculated in the RF model simply as a change in the
total mass of each GHG assuming globally uniform concentration
distribution. Uptake fluxes were treated as negative emissions.

The atmospheric GHG pulses were modelled to decay according
to characteristic time scales related to the global biogeochemical
cycles of each GHG (Frolking et al., 2006). For CO2, this was
implemented as a weighted sum of four exponential functions,
where the fastest perturbation time scale was 4.3 yr and the
slowest decay effectively corresponded to a permanent atmo-
spheric change for 22% of each annual pulse. This
impulseeresponse function for CO2 decay was derived by Joos et al.
(2013) from a multi-model ensemble of simulations with coupled
carbon cycleeclimate models. The corresponding function for CH4
was defined as a first-order decay with a single perturbation time
scale of 12.4 yr (Myhre et al. (2013), i.e. a short-term atmospheric
response to CH4 emission in comparison to CO2 uptake.

The annual emission pulses were integrated in such a way that
in each year the effect of all preceding pulses and their decay with
time was accounted for in the atmospheric GHG concentration
change. As a major part of the CH4 decay results from atmospheric
oxidation of the emitted CH4 molecules to CO2, this conversion was
included in the RF model. The additional CO2 generates an indirect
RF effect that was allocated to the CH4 emissions. An efficiency of
80% was assumed for the CH4-to-CO2 conversion (Boucher et al.,
2009).

The instantaneous RF (W m�2) resulting from the modelled CO2
and CH4 concentration changes was calculated with a radiative
efficiency parameterization that was derived by Etminan et al.
(2016) from simulations with a detailed radiation transfer model.
These parameterizations relate the RF of each GHG to the concen-
tration change taking into account the spectral interactions be-
tween the key GHGs, i.e. CO2, CH4 and nitrous oxide (N2O). The RF
5

due to peatland fluxes was calculated as a marginal change with
respect to a specified background concentration (Lohila et al.,
2010). The variation of background concentrations of CO2, CH4
and N2O during the Holocenewas adopted fromK€ohler et al. (2017).

3. Results

3.1. Age-depth models and peat growth rates

Peat growth rate in EPLong (Ericales e Pleurozium string), was,
on average, 0.2 mm yr�1 from ca. 9270 cal yr BP (227 cm) to ca.
95 cal yr BP (43 cm). The average and the highest peat growth rates
in STLong (Sphagnum e Trichophorum flark) were 0.4 and 0.6 mm
yr�1 (between ca. 8330 cal yr BP (325 cm) and 6070 cal yr BP
(190 cm)), respectively (Figs. 2 and 3).

Based on the established age-depth models using 14C and 210Pb
dating results, peat growth rates had not been constant during the
shorter time scale either (Figs. 2 and 4). For K1EP, the peat growth
rate was fast between ca. 1290 (58 cm) and ca. 1050 (30 cm) cal yr
BP, on average 1.2 mm yr�1. Between ca. 1050 and ca. 120 cal yr BP,
peat growth rates slowed down to an average of 0.2 mm yr�1 and
then accelerated to 1.1 mm yr�1 to the present day (Fig. 2). For
K1BS, average peat growth ratewas first 0.5mmyr�1 (from ca.1980
(57 cm) to 1420 (30 cm) cal yr BP) and then decreased to an average
of 0.09 mm yr�1 (until ca 270 cal yr BP (20 cm)). Towards the sur-
face, the average peat growth rate increases to 0.7 mm yr�1

(ca. �60 cal yr BP (5 cm)) and for the top-most layers it reached
6 mm yr�1.

For the K3 short cores, peat growth rates were more consistent
over time than in the K1 short cores and showed two distinct
phases of low and higher rates (Figs. 2 and 4). For K3EP, a low
average peat growth rate of 0.2 mm yr�1 was detected between ca.
1270 (59 cm) and ca. 450 (40 cm) cal yr BP, after which the peat
growth rate increased to 0.8 mm yr�1 lasting until the present. For
K3BS, the low average peat growth rate phase of 0.1 mm yr�1

started from ca. 2690 cal yr BP (57 cm) and lasted until ca. 370 cal yr
BP (35 cm), followed by an average peat growth rate of 1.6 mmyr�1

with higher rates in the top-most layers.

3.2. Plant community changes and peat properties

STLong: The early assemblages dated to ca. 9500 cal yr BP
contained remains of aquatic taxa such as Charophyta oospores and
Nymphaeaceae together with wet indicating bryophytes. After the
initial aquatic state, Equisetum and Cyperaceae with some woody
remains dominated the plant community (Fig. 3, Figure A1).
Menyanthes trifoliata, Potentilla palustris and Potamogeton seeds
were detected at ca. 8650 cal yr BP (340 cm) with some Sphagnum
teres. Between ca. 9640 to 6360 cal yr BP (388e207.5 cm) the
organic content (LOI) varied between 40% and 74%. Between ca.
6230 and 3850 cal yr BP (200e120 cm) the peat forming vegetation
was a mixture of Equisetum and Cyperaceae. From ca. 6200 cal yr BP
(197.5 cm), organic content sharply increased with a marked
decrease in peat dry bulk density. Organic content varied between
86% and 97% (characteristic for sedge-dominated peat) to the top of
the core with a decrease in dry bulk density towards the surface
(Fig. 3). After ca. 4490 cal yr BP, the vegetation changed towards fen
vegetation mainly composed of Cyperaceae such as Carex spp.
Eriophorum sp. prevailed between ca. 1220 and 570 cal yr BP (40 cm
and 20 cm). Sedges and Sphagnum warnstorfii dominated the sur-
face. The average dry bulk density was 0.14 g cm�3.

EPLong: The assemblage was first dominated by Equisetum re-
mains with some Cyperaceae and woody remains (Fig. 3,
Figure A1), mineral material was also abundant. LOI first fluctuated
between ca. 9270 and 8000 cal yr BP with values ranging from 43%



Fig. 2. BACON derived age-depth models. In green: 210Pb age-ranges (for K1 and K3 cores), and in violet: 14C dates (cal yr BP). The grey shading with the darkest grey demarks most
likely age-range and the thin red line shows the weighted mean age based on the model. In red are 14C outliers (K1EP, EPLong and STLong). Notice the differences in the x and y-axis
scales. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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(199 cm) to 85% (209 cm) (Fig. 3). After ca. 8000 cal yr BP (199 cm),
LOI values stayed high between 74% and 95%, typical for fen peat.
Between ca. 8960- 6200 cal yr BP (220e160 cm) Menyanthes tri-
foliata and Potentilla palustris seeds were present. Carex spp. seeds
and Betula nana remains were abundant from ca. 7580 to
3430 cal yr BP (190e100 cm). Roughly, after 7070 cal yr BP (179 cm),
6

vegetation composition became dominated by Cyperaceae with
occasional Sphagna and other bryophytes. Equisetum remains dis-
appeared after ca. 3380 cal yr BP (99 cm). Eriophorum vaginatum
remains appeared around 3430 cal yr BP and were present until ca.
1060 cal yr BP (100e60 cm). Sphagnum fuscum and S. warnstorfii
dominated the top part, which was not inspected in further detail,



Fig. 3. Abundance of selected vegetation assemblages (%). Organic content as loss on ignition (LOI%), dry bulk density (BD g cm�3), peat growth rate (mm yr�1), apparent C
accumulation rate (g C m�2 yr�1). Climate phases (approximate cal yr BP), Recent warming (RW), Little Ice Age (LIA) and Medieval Climate Anomaly (MCA) are indicated with
different colours. Red and purple colours indicate warmer and grey, green and blue cooler climate phases. Gradual changes of the climate phases are reflected by shaded colour
changes. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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from 40 cm (ca. �20 cal yr BP). Relatively even dry bulk density
values were observed throughout the core with an average of
0.17 g cm�3. Dry bulk density slightly decreased towards the surface
of the core, i.e. during the last ca. 150 years.

K1EP and K3EP (string top sections): Both sites experienced a
7

change fromwetter fen vegetation to dry string conditions: K1EP at
ca. 1020 cal yr BP and K3EP at ca. 430 cal yr BP (Fig. 4, Figure A1), i.e.
there was a 600-year difference between the two sites only ca.
100 m away from each other. In K1EP, the plant assemblage of the
wet fen phase was highly humified (high proportion of UOM)



Fig. 4. Short string margin records K1BS, K3BS and string top records K1EP, K3EP. Abundance of selected vegetation assemblages (%). Black lines for K1 and grey lines for K3 records.
Organic content as loss on ignition (LOI%), dry bulk density (BD g cm�3), peat growth rate (mm yr�1), apparent C accumulation rate (g m�2 yr�1). Climate phases (approximate cal yr
BP) are indicated with different colours: Recent warming (RW) with orange, Little Ice Age (LIA) with blue and Medieval Climate Anomaly (MCA) with red. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Cyperaceae peat with Eriophorum starting from ca. 1290 cal yr BP
(58 cm). After ca. 1020 cal yr BP (29 cm), plant composition changed
to dwarf shrub roots, bark and leaves. At ca. 90 cal yr BP (13 cm),
Hylocomium splendens and Dicranum fuscenscens emerged. In the
top-most 5 cm, Empetrum nigrum leaves were abundant. The wet
fen section of the K3EP profile was also dominated by Cyperaceae
(from ca. 1270 cal yr BP, 59 cm) with Betula periderm. The plant
assemblages changed through a Betula-Sphagnum string margin
type (ca. 430 cal yr BP, 39 cm) into Ericales-Pleurozium string top
vegetation (ca. 290 cal yr BP, 28 cm) with dwarf shrub roots and
Hylocomium splendens and Pleurozium schreberi. Betula nana and
Ericales leaves and bud scales were abundant from the Betula-
Sphagnum string margin phase throughout the string vegetation
8

development. Average dry bulk density for both string top sections
was 0.16 g cm�3. Bulk densities decreased towards the surface
taking place between ca. 400 and 100 cal yr BP. The centennial-
scale declining trend was less pronounced in the string top K1EP,
where a decrease occurred only during the recent decades (Fig. 4).

K1BS and K3BS (string margin sections): String margins
showed similarities in the changes of plant assemblages and in the
timing of the changes. K1BS core was first (ca. 1980 cal yr BP, 57 cm)
dominated by Cyperaceae with Eriophorum vaginatum and Carex.
From ca. 1820 cal yr BP (45 cm) to ca. 1190 cal yr BP (28 cm)
Sphagnum section Acutifolia dominated and Andromeda polifolia
seeds were found (Fig. 4, Figure A1). Eriophorum vaginatum was
dominant for a ca. one-hundred year period (28e27 cm) and
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Empetrum nigrum leaves were present. Sphagnum fuscum domi-
nated between ca. 380 and 90 cal yr BP (21e13 cm). A species
composition which is typical for string top vegetation i.e., dwarf
shrub roots, Dicranum sp. and Pleurozium shreberi was abundant
between ca. 50 and �60 cal yr BP (12e5 cm), after which the plant
assemblages returned to S. fuscum domination until the surface of
the core. K3BSwas at first dominated by Cyperaceae (Carex spp. and
Eriophorum vaginatum) and Scorpidium scorpioides from ca. 2690
(57 cm) until ca. 380 cal yr BP (35 cm). At ca. 350 cal yr BP (34 cm),
the plant assemblage changed and was dominated by S. fuscum and
S. capillifolium, but towards the surface was solely S. fuscum
dominated. Dwarf shrub roots and leaves were also found. Average
dry bulk density for both string margin sections was 0.11 g cm�3.
Bulk densities decreased towards the surface between ca. 600 and
450 cal yr BP.

3.3. Plant community changes and lateral expansion through
peatland development

In addition to the four community types of the prevailing
vegetation inside the EC footprint, we identified three other plant
community types from the historical assemblages. Peat started to
form in the basin ca. 10,000 cal yr BP (Fig. 5). Based on plant
macrofossil analyses and sediment properties overall, the southern
part of the present peatland area represented an aquatic habitat in
the beginning. Limnotelmatic Equisetum fluviatile dominated
vegetation prevailed in the middle section, but in a small ca. 2.5 ha
area in the north, peat started to form directly on top of the mineral
soil (Fig. 5). Between ca. 9000 and 8000 cal yr BP aquatic habitats
changed to Equisetum - Cyperaceae dominated habitats and the
total area of the peatland increased from 27 ha and to 31 ha (Fig. 5).
Between ca. 5000 and 4000 cal yr BP the peatland extent was ca. 40
ha. Equisetum habitats disappeared after ca. 4000 cal yr BP, after
which Cyperaceous fen habitats dominated the entire peatland for
ca. 3000 years. The northernmost part of the peatland established
via primary paludification which took place ca. 2000 cal yr BP.
Young and shallow peat was also found in the south, close to the
basal peat coring point number 17, where the peat initiated be-
tween 4000 and 3000 cal yr BP. Peat area reached the current 43 ha
between ca. 2000 and 1000 cal yr BP. Surface microtopography
with high strings and wet flarks formed after ca. 1000 cal yr BP
creating the present day strongly patterned features.

3.4. Carbon accumulation

Peat C content, measured from the short sections, was on
average 47% and varied between 35% and 53% (Fig. 4). The average
N content was 2.2% with minimum and maximum contents of 0.9%
and 3.5% (Fig. 4). C and N contents were stable for the top-most
20 cm for all peat records but fluctuated more in the deeper
layers (Fig. 4). The diverging C content trends between the deeper
sections of K1EP and K3EP was especially conspicuous, considering
the close proximity of the coring sites to each other.

C accumulation was, on average, 21 and 15 g C m�2 yr�1 in the
long cores STLong and EPLong, respectively. For the STLong, the
CAR continuously increased from the core bottom peaking to the
highest values of ca. 29 g C m�2 yr�1 between ca. 6000e7900 cal yr
BP (Fig. 3). A marked CAR decline of about 15 g C m�2 yr�1 was
observed thereafter around 6000 cal yr BP. Only minor CAR changes
were detected for the EPLong over time. However, the CARwas low:
7e8 g C m�2 yr�1 for the surface parts.

CAR varied markedly in the short surface cores, but the overall
trend was mainly increasing towards the surface. In the string top
cores, CAR averages were 65 g C m�2 yr�1 (K1EP) and 43 g C m�2

yr�1 (K3EP) and in the string margin cores, they were 37 g C m�2
9

yr�1 (K1BS) and 29 g C m�2 yr�1 (K3BS). In contrast to the long
cores, CAR was highest over the recent 20 years, 210 g C m�2 yr�1

(K1BS) and ca.100 g Cm�2 yr�1 (K1EP). In K1EP core, highest values
of ca. 120 g C m�2 yr�1 occurred at ca. 1100 cal yr BP (Fig. 4).

3.5. Radiative forcing

While the estimated instantaneous RF varied during the peatland
history, according to both flux scenarios the studied site has had a
net cooling impact over the 10,000-yr period after the peatland
initiation (Figs. 6 and 7). This can be observed from the cumulative
RF at the end of the period, which is proportional to the total addi-
tional energy in the atmosphere. In both scenarios, for the first ca.
1000 years the total (sum of CO2 and CH4) instantaneous RF was
close to zero (Fig. 7), in Scenario 1 marginally positive and in Sce-
nario 2 negative. In Scenario 1, the total RF was positive (warming
impact) approximately between 9000 and 4000 cal yr BP. The total
RF turned to negative (cooling impact) after ca. 4000 cal yr BP and
reached the level of strongest cooling (ca.�10� 10�8Wm�2) before
1000 cal yr BP. In Scenario 2 that allowed the aquatic Sandy Equi-
setum gradually turn into a peat-forming littoral Equisetum vegeta-
tion, the total RF was marginally negative between ca. 10,000 and
7000 cal yr BP, close to zero between ca. 7000 and 6000 cal yr BP, and
at ca. 6000 cal yr BP it turnedmarginally positive for ca. 400 yr. Since
ca. 5500 cal yr BP, the total RF was negative, reaching the minimum
of �14 � 10�8 W m�2 between ca. 1000 and 200 cal yr BP.

4. Discussion

4.1. Peatland initiation and development

The Kaamanen area deglaciated approximately 11,000 cal yr BP
(Kujansuu, 1992; Kujansuu et al., 1998), which left behind several
melt water lakes that were gradually filled in by organic sediments,
some rapidly changing to peatlands via terrestrialization. Our data
suggest that the studied peatland formed soon after the ice margin
withdrawal. In the southern part of the peatland, open water con-
ditions with aquatic vegetation persisted until at least approxi-
mately 9500 cal yr BP, after which lake infilling took place. In the
middle section of the present peatland area, limnotelmatic peat
with abundant Equisetum suggests terrestrialization of the shallow
littoral lake areas. In the north, peat started to form directly on top
of the mineral soil, as indicated by a sharp transitional contact from
sand to peat. It appears that post-glacial lake e stream landscape
processes triggered and regulated the peatland development and
expansion. The peatland development in Kaamanen follows
acknowledged theories (e.g. Foster andWright Jr., 1990) of peatland
formation beginning at several locations, later combining into a
single complex and simultaneously growing both vertically and
laterally.

The intensive development and expansion of the studied peat-
land during the early Holocene agrees with earlier studies from the
high latitudes, which have revealed that the most rapid expansion
period of peatlands occurred during ca. 10,000e8000 cal yr BP
(M€akil€a and Moisanen, 2007; Weckstr€om et al., 2010). After the
rapid early Holocene paludification, the lateral growth continued at
a slow rate following landscape topography, including peat for-
mation directly on mineral soil. This agrees with Weckstr€om et al.
(2010), who found only modest lateral expansion from 8000 to
4000 cal yr BP.

Peat started to accumulate relatively simultaneously all over the
studied area, but the vertical peat growth rate differed greatly. The
landscape is sloping from the north towards the lake in the south,
and this may have created the current pattern where the peat de-
posit thickness is 1e2 m in the north, while it is up to 4 m in the
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south. The original altitudinal difference of 3 m has been evened to
a 1 m difference, as the peat growth rate has been twice as high in
the south as it is in the north. In the northern part, measured from
EPLong, the long-term average CAR of 15 g C m2 yr�1 is in line with
the average estimated for subarctic fens in Finland, 16.9 g C m2 yr�1

(Turunen et al., 2002). In the southern part, however, the CAR
average of 21 g C m2 yr�1 from STLong is more comparable with the
average accumulation of raised bogs in southern Finland, 23.4 g C
m2 yr�1 (Turunen et al., 2002). Probably the initial infilling lake
received more nutrients from the surrounding catchment resulting
in higher peat and C accumulation rates in the southern core (cf.
M€akil€a and Moisanen, 2007). Overall, the long-term CAR values are
of the same magnitude as the mean Holocene values of northern
peatlands, 18.6 g C m2 yr�1 (Yu et al., 2009), 22.9 g C m2 yr�1 (Loisel
et al., 2014) and of west Siberian peatlands 17.2 6 g C m2 yr�1

(Turunen et al., 2011). Considerable spatial variation in the average
long-term CAR within a peatland is not unprecedented as sug-
gested by studies with multiple study points (Mathijssen et al.,
2017, 2016; Pelletier et al., 2017; Piilo et al., 2019; Watson et al.,
2015; Zhang et al., 2018a). Our data thus highlight the need for
multiple study points per site, instead of the common single study-
point approach, to reconstruct peatland development and CAR
comprehensively and properly estimate basin-wide average rates.

4.2. Holocene climate variations and concurrent peatland dynamics

In northern Fennoscandia, the early Holocene (ca.
11,700e8000 cal yr BP) was relatively warm (Luoto et al., 2014;
V€aliranta et al., 2015). In Kaamanen, during the early Holocene, the
initial aquatic littoral habitat changed into a peat forming Equise-
tum habitat. The CARs between 20 and 28 g C m2 yr�1 and
12e18 C m2 yr�1 determined for STLong and EPLong, respectively,
are in line with previous studies (M€akil€a and Moisanen, 2007;
Mathijssen et al., 2014). For the early limnotelmatic habitat type, we
applied two CO2 and CH4 flux scenarios to create RF trajectories.
Here, we were able to apply the fluxes measured on nearby lim-
notelmatic Equisetum-dominated subarctic fen assemblages
(Juutinen et al., 2013), but it should be noted that only a few flux
measurements from such ecosystem transitions are available and
this uncertainty in our assumptions needs to be taken into account
when interpreting the created RF scenarios. It appeared that the
CO2 and CH4 fluxes reconstructed for the Kaamanen peatland were
relatively low during the first millennium, and thus both scenarios
suggested a negligible RF for this period. The system was a small C
sink when there were sandy sediments and a net source of C to the
atmosphere when organic sediments were deposited. We interpret
the latter to result from the release of excess C relative to the on-site
C fixation, potentially due to lateral transport of organic matter at
the peatland-lake edge (i.e. particulate and dissolved organic C
(DOC) transfer from the peatland). This results in a discrepancy:
peat record indicates C accumulation, while the applied C exchange
rates, which we cannot retrospectively verify, indicate a release of C
also in the form of CO2. This is a feature found within littoral
vegetation (Larmola et al., 2003) and, at a larger scale, material of
terrestrial origin may turn lakes into net heterotrophic and CO2
sources (Cole et al., 1994).

The Mid-Holocene (ca. 8000e5000 cal yr BP) was warm and
dry (Eronen et al., 1999; Sepp€a et al., 2009). The STLong record
showed strongly decreased C accumulation rates (from 33 to 15 g C
m2 yr�1) after 6000 cal yr BP with a simultaneous change from the
Fig. 5. Successional development of habitat distribution in patterned flark fen of Kaamanen
year time-windows. The areas marked with grey are currently part of the peatland. Coring
mineral-peat transition. The graph in the bottom right corner displays the development of
interpretation of the references to colour in this figure legend, the reader is referred to the
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Equisetum characterized assemblages to non-patterned fen vege-
tation. Similar mid-Holocene decrease in the peat and C accumu-
lation (from 26 to 9 g C m2 yr�1) and lateral expansion rates have
been detected in western Finnish Lapland (M€akil€a and Moisanen,
2007; Mathijssen et al., 2014). The RF Scenario 1, which allowed
the aquatic habitat to prevail only for the first 1000-yr period,
showed awarming impact starting from ca. 9000 cal yr BP. Scenario
2, with interpolation from the sandy littoral habitat to the littoral
peaty Equisetum peat habitat, suggested a consistent cooling impact
apart from a 400-yr-long period of marginal warming at around
6000 cal yr BP. Our results show a notable decrease in lateral
expansion already after 7000 cal yr BP, and both RF scenarios
suggest that the highest positive forcing took place at 6000 cal yr
BP, after which RF turned to a decreasing trend, with a negative
forcing in Scenario 2.

Between 5000 and 3000 cal yr BP, i.e. in the cooler andmoister
late Holocene (Sepp€a and Birks, 2001), our results suggest only
minor changes in the vegetation, lateral expansion and CAR. Yet,
the RF Scenario 1 suggests positive forcing changing to negative
only after 4000 cal yr BP. The overall RF pattern, however, supports
the prevailing understanding of a peatland ecosystem first having a
warming impact, which later turns to cooling. The switchover to
cooling should be inevitable at some point, as part of the cooling
effect due to sustained CO2 uptake accumulates monotonously
while the positive RF due to a continuous CH4 emission converges
to a constant level in a few decades.

In contrast to the prevailing consensus and our results, the
reconstructed RF of another subarctic fen, located ca. 180 km
southeast of our study site, suggested a slight warming effect
throughout its 10,000-yr development, even though it has contin-
uously accumulated C (Mathijssen, 2016). Compared to our study
site, that fen is shallower, with amaximum peat depth of 2.5 m, and
has a more even surface topography, it supports different (tall
sedge) vegetation and differs in its historical vegetation succession
(Mathijssen et al., 2014). The RF scenarios for a southern Finnish
boreal bog suggested a positive forcing for the first 7000 yr
resembling our Scenario 1, even though with a longer phase of
positive forcing, reflecting its long-lasting succession from a fen to a
bog (Mathijssen et al., 2017).

While the STLong record revealed C accumulation features and
changes in vegetation assemblages that seemed to reflect Holocene
climate variations, especially mid-Holocene decreased CAR, the
other Holocene section EPLong record indicated much more subtle
changes in vegetation and accumulation patterns. In other words,
no clear and consistent peatland-scale response to warm climate
was detected. However, this is possibly due to the topographic
differences between the two peat profiles, differences in vegetation
succession, but also due to the age-depth models, of the two long
cores, where the compromised dating accuracy might cause inac-
curacies for the results.

The detected vegetation succession, from Equisetum to Cyper-
aceae dominated vegetation and further to patterned fen, is also
reported for other northern fens (M€akil€a et al., 2001; M€akil€a and
Moisanen, 2007). The formation of surface microtopography with
strings and flarks has been dated to the late Holocene
3000e2000 cal yr BP, elsewhere in Lapland (M€akil€a and Moisanen,
2007; Sepp€al€a and Koutaniemi, 1985). The current understanding is
that the origin of microtopography of the raised bogs and fens in
Fennoscandia is probably a large-scale cooling of the climate and a
related increase in effective humidity (Aartolahti, 1967; Karofeld,
peatland. The different colours indicate the main vegetation assemblages in thousand-
points with black fill indicates limnotelmatic basal conditions and white fill indicates
the reconstructed peatland area (ha) from the peatland initiation to 0 cal yr BP. (For
Web version of this article.)



Fig. 6. Reconstructed CH4 and CO2 flux ( � 103 kg CH4 yr�1; � 103 kg CO2 yr�1) scenarios integrated over the total peatland area in Kaamanen peatland over time. Two alternative
scenarios were created, which differ in their early development from sandy Equisetum habitats to peaty Equisetum.
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1998; M€akil€a and Moisanen, 2007; Sepp€al€a and Koutaniemi, 1985).
The irregular string and flark pattern, now characteristic of the
Kaamanen peatland, was formed only after ca. 1000 cal yr BP. These
formation processes were dated to both thewarmMCA (Diaz et al.,
2011; Linderholm et al., 2018) and the cool LIA (Cook et al., 2004;
Hanhij€arvi et al., 2013). While the MCA and LIA temperature pat-
terns for European high-latitudes are relatively well resolved, the
perception of hydrological conditions for these climate phases vary
more (Diaz et al., 2011; Linderholm et al., 2018). Recent peatland
hydrological reconstruction for Finnish Lapland, however, suggest
relatively dry conditions for both periods (Zhang et al., 2018b),
although these data originate from permafrost peatlands, which are
more complicated systems to interpret as the permafrost dynamics
may complicate the interpretation of hydrological changes. The dry
string top in K1EP formed during the onset of the MCA at ca.
1000 cal yr BP with a simultaneous decrease in CAR. However, the
formation of string margin conditions in K1BS, K3BS and K3EP and
the following change to dry Ericales-Pleurozium community of
K3EP occurred during the LIA. The changes dated to the LIA could
reflect ice- and frost-related winter processes, which cause move-
ment of unstable landforms (Koutaniemi, 1999). String formation
reduced the CO2 uptake of the fen and halted the decreasing RF
trend, as CO2 exchange is associated with fen microtopography and
the related variability in plant communities: minerotrophic com-
munities act as effective sinks, while net CO2 fluxes are smaller in
ombrotrophic string top communities (Heikkinen et al., 2002;
Maanavilja et al., 2011; Heiskanen et al., 2020).

In our string top and string margin records, CAR was consis-
tently low during the MCA, a pattern also reported for other
permafrost-influenced subarctic fens (Zhang et al., 2018a). In the
string top K3EP and stringmargin K3BS records, CAR and Sphagnum
prevalence seemed to increase during the LIA, which contradicts
previous observations of decreased CAR in more southern
12
peatlands during the LIA period (Charman et al., 2013). However, in
subarctic permafrost fens higher CAR was detected during the LIA
corresponding to our results (Zhang et al., 2018a) and highlighting
the importance of Sphagna in peatland C dynamics by enhancing
the C sink capacity (e.g. Loisel and Yu, 2013). The long records
suggested decreasing CARs for the LIA period, but for these two
records, the chronology without 210Pb dating is less reliable for the
recent centuries. The CARs of the past decades, including the
recent warming since the 1980s, are high, which is at least partly
due to the incomplete decay process, and thus they cannot be
directly compared with the older sections (Alm et al., 1999; Clymo
et al., 1998; Tolonen and Turunen, 1996; Young et al., 2019). How-
ever, a modelling exercise for permafrost-influenced fens suggests
that the recent warming has increased the peatland C sink capacity
possibly through vegetation changes and increased net primary
productivity, even when the decomposition processes are consid-
ered (Zhang et al., 2018a). High peat and C accumulation rates were
also detected before theMCA for the K1EP and K1BS records (ca.110
and 80 g C m2 yr�1, respectively). This pattern was not related to
incomplete decay, nor especially warm climate, but probably re-
flects a vegetation succession from a wet fen habitat to string
margin (K1BS) and string top vegetation (K1EP); this change was
then followed by a decrease in CAR.

4.3. Implications for future peatland dynamics

In the future, warmer springs with earlier snowmelt will prob-
ably benefit annual CO2 uptake of the peatland (Aurela et al., 2004).
However, recent ecosystem-scale field experiments have shown
that, instead of a direct impact of temperature per se, peatlandwater
table is the major driving factor for fen CO2 dynamics (Laine et al.,
2019) and CH4 emissions (Peltoniemi et al., 2016) as well as for
vegetation composition and biomass production (M€akiranta et al.,



Fig. 7. Radiative forcing (RF) due to the ecosystem-atmosphere fluxes of CO2 and CH4 that resulted from the development of the Kaamanen peatland. Positive RF corresponds to a
warming effect and negative RF to a cooling effect. ‘Total’ RF equals the net RF due to both CO2 and CH4 fluxes. Scenarios 1 and 2 refer to the flux scenarios shown in Fig. 6, which
differ in the assumed changes within the Equisetum habitats.
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2018). High water tables support peat accumulation by maintaining
anoxic conditions in the peat profile, thus slowing decomposition
(e.g. Belyea, 1996), while temperature and light conditions, in turn,
may restrict net C accumulation (Charman et al., 2013). The overall
balance between gross ecosystem productivity and C loss through
decomposition and DOC (Roulet et al., 2007) is a complexmixture of
forcing factors and, as it is also strongly influenced by site-specific
characteristics, the differentiation is challenging. Our study sup-
ports the prevailing understanding of northern peatlands acting as
important long-term C sinks with climate cooling feedbacks. How-
ever, a widespread drying of European peatlands over the recent
past has been suggested (Swindles et al., 2019; Zhang et al., 2020,
2018b). Water level drawdown experiments have shown that in
high latitudes shrubs benefit over forbs andmosses as belowground
production increases under drier conditions (M€akiranta et al., 2018).
In addition, changes in vegetation composition may occur fast:
drainage of a boreal fen resulted in a rapid shift of Carex dominated
fen vegetation to Sphagnum dominated ombrotrophic communities
(Tahvanainen, 2011). Consequently, should the future warming be
accompanied by summer water deficiency (Charman, 2007) and
lowered water levels, significant changes in fen plant functional
types (M€akiranta et al., 2018) and thus in C accumulation and the
related RF may occur.
5. Summary

In this study, we reconstructed peatland succession in a sub-
arctic fen in Finland throughout the Holocene. Changes in
13
vegetation and peat accumulation showed marked spatiotemporal
differences over the studied area. The peatland started to form
simultaneously on a wide area and lateral expansion was greatest
during the early Holocene. Radiative forcing scenarios suggest that
the net atmospheric effect of the peatland development is cooling.
However, depending on the applied scenario, during the early and
mid-Holocene the peatland also had a temporary warming impact
due to CH4 emissions. The current microtopography with strings
and flarks formed only after ca. 1000 cal yr BP. The warm climate
periods during the Holocene, did not seem to result in uniform
responses in carbon accumulation rates (CAR) nor vegetation pat-
terns, while vegetation succession in general appeared to drive
changes in CAR and RF more.
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Figure A.1. Supplementary plant diagrams, selected taxa. Percentage (%) of the total plant assemblage (100%) and (#) 

number. Ages (Cal yr BP) are yielded from the age-depth models and rounded to the nearest ten.  

 

 

 

 

 

 



 

 

 



 

 

Table A.1. Radiocarbon dating results from 2009. pMC: percentage modern carbon, BP: before present (i.e. 1950). AD: 

anno Domini, BC: before Christ, cal: calibrated. C: Carex, Eq: Equisetum, B: Bryales, Pr: Phragmites S: Sphagnum.  

 Sample ID  Depth (cm) Lab ID 
Radiocarbon 

age BP 

 Calibration 

curve 
Material, peat 

2 σ calibrated age ranges 

95.4% probability 

Pa16 75-80 Hel-3820 5570±140 IntCal13 C, H6     4721BC (91.4%) 4148BC 

          4135BC ( 4.0%) 4054BC 

Pa16 85-90 Hel-3821 6940±120 IntCal13 Eq-C     6029BC (95.4%) 5630BC 

Pa17 107-112 Hel-3822 5400±110 IntCal13 B-C     4450BC (95.4%) 3990BC 

Pa17 117-122 Hel-3823 5410±  80 IntCal13 C     4444BC ( 1.7%) 4420BC 

          4396BC ( 0.6%) 4386BC 

          4374BC (93.1%) 4042BC 

Pa18 85-90 Hel-3842 4860±100 IntCal13 Eq-B-C     3938BC ( 5.5%) 3868BC 

          3812BC (80.9%) 3494BC 

          3466BC ( 9.0%) 3374BC 

Pa18 95-100 Hel-3843 5780±110 IntCal13 Eq-B-C     4896BC ( 1.6%) 4866BC 

          4851BC (90.4%) 4438BC 

          4426BC ( 3.3%) 4370BC 

Pa19 120-125 Hel-3844 5640±110 IntCal13 B-C     4728BC (93.8%) 4318BC 

          4296BC ( 1.6%) 4264BC 

Pa19 130-135 Hel-3845 7060±110 IntCal13 Pr-Eq-C     6206BC ( 1.7%) 6168BC 

          6162BC ( 1.1%) 6141BC 

          6109BC (92.5%) 5723BC 

Pax3 135-140 Hel-3846 5280±100 IntCal13 S-C     4341BC (94.1%) 3942BC 

          3856BC ( 0.6%) 3842BC 

          3837BC ( 0.7%) 3820BC 

Pax3 145-150 Hel-3847 7250±120 IntCal13 S-C      6391BC (91.2%) 5966BC 

          5958BC ( 4.2%) 5904BC 



 

Table B.1. Summary of radiocarbon dating results. pMC: percentage modern carbon, BP: before present (i.e. 1950). 

AD: anno Domini, BC: before Christ, cal: calibrated, F14C: fraction modern 14C. 

 

Sample ID Lab ID Radicarbon age BP 2 σ calibrated age ranges Calibration curve 

K1BS 19. Hela-4197 98,84  ± 0,41 pMC     1682.74AD (26.7%) 1736.9AD Bomb 13 NH1 

       1758.16AD ( 0.4%) 1761.3AD  

       1804.64AD (68.2%)1936.84AD  

          1954.56AD ( 0.1%) 1955.04AD   

K1BS 29. Hela-4196 1420  ± 33     576AD (95.4%) 662AD IntCal 13 

K1BS 45. Hela-4195 1939  ± 30     20BC ( 1.0%) 12BC IntCal 13 

          1BC (94.4%) 130AD   

K1BS 58. Poz-97658 1745 ± 30 BP     231AD (95.4%) 385AD IntCal 13 

K1EP 29. Hela-4198  1209  ± 32     694AD (13.3%) 746AD IntCal 13 

          762AD (82.1%) 892AD   

K1EP 41. Poz-108018 1235 ± 30 BP     686AD (95.4%) 880AD IntCal 13 

K1EP 59. Poz-97659 1025 ± 30 BP     902AD ( 1.9%) 919AD IntCal 13 

       966AD (91.0%) 1044AD  

       1099AD ( 2.3%) 1120AD  

          1143AD ( 0.2%) 1146AD   

K3BS 34. Hela-4199 251 ±  25     1525AD ( 8.7%) 1558AD IntCal 13 

       1631AD (65.3%) 1670AD  

       1779AD (19.4%) 1800AD  

          1942AD ( 1.9%) ...   

K3BS 58. Poz-97660 2840 ± 35 BP     1111BC (95.4%) 914BC IntCal 13 

K3EP 5. Hela-4201 121,33 ±  0,45 F14C     1959.8AD (37.1%) 1961.8AD Bomb 13 NH1 

          1983.76AD (58.3%) 1985.9AD   

K3EP 37. Hela-4200 258 ±  24    1522AD (15.8%) 1571AD IntCal 13 

       1630AD (66.9%) 1670AD  

          1780AD (12.7%) 1800AD   

K3EP 60. Poz-97657 1585 ± 30 BP     406AD (95.4%) 544AD IntCal 13 

EPLong1. 42-40 cm UOC‐6045 1.0023 ± 0.005      1695.56AD (15.5%) 1726.82AD Bomb 13 NH1 

  F14C     1813.3AD (11.0%) 1838.1AD  

       1842.68AD ( 2.2%) 1853.7AD  

       1868.08AD ( 1.0%) 1874.06AD  

       1875.72AD (51.0%) 1918.72AD  

          1954.84AD (14.6%) 1957.56AD   

EPLong2. 100-98 cm UOC‐6046 3161 ± 40 BP     1511BC (86.6%) 1375BC IntCal 13 

          1346BC ( 8.8%) 1304BC   



EPLong3. 230-228 cm UOC‐6047 5582 ± 41 BP     4491BC (95.4%) 4346BC IntCal 13 

KaLa1. 195-193 cm Poz-108028 8430 ± 50 BP 7584BC (86.5%) 7447BC IntCal 13 

   7412BC ( 8.9%) 7360BC  

KaLa1. mtr 215-211 cm Poz-108029 8470 ± 50 BP 7592BC (95.4%) 7472BC IntCal 13 

KaLa2. 144-142 cm Poz-108030 8420 ± 50 BP 7580BC (81.3%) 7445BC IntCal 13 

   7437BC ( 1.7%) 7424BC  

   7414BC (12.4%) 7357BC  

KaLa2. mtr 163-159 cm  Poz-108031 8760 ± 100 BP 8204BC (18.3%) 8034BC IntCal 13 

(I)   8016BC (77.1%) 7597BC  

KaLa2. mtr 163-159 cm  Poz-108032 8830 ± 40 BP 8203BC (21.8%) 8104BC IntCal 13 

(II)   8095BC ( 8.9%) 8036BC  

   8013BC (64.7%) 7754BC  

KaLa3. 204-202 cm Poz-108033 8180 ± 50 BP 7328BC (95.4%) 7064BC IntCal 13 

KaLa3. mtr 234-238 cm  

(II) 
Poz-108034 6790 ± 50 BP 5762BC (95.4%) 5620BC IntCal 13 

KaLa3. mtr 234-238 cm 

(II) 
Poz-108035 8730 ± 50 BP 7941BC (95.4%) 7604BC IntCal 13 

KaLong3. 390.5-393 cm Poz-108041 5870 ± 70 BP 4928BC ( 0.2%) 4924BC IntCal 13 

   4909BC (95.2%) 4548BC  

KaLa4. 201-199 cm Poz-108036 8170 ± 50 BP 7320BC (95.4%) 7061BC IntCal 13 

KaLa4. mtr 261-257 cm  Poz-108038 6950 ± 40 BP 5970BC ( 3.0%) 5954BC IntCal 13 

(I)   5911BC (92.4%) 5736BC  

KaLa4. mtr 261-257 cm  Poz-108040 8780 ± 40 BP 8167BC ( 3.1%) 8123BC IntCal 13 

(II)   7976BC (92.3%) 7658BC  

KaLa5. 352-350 cm Poz-108042 7180 ± 50 BP 6209BC (10.8%) 6136BC IntCal 13 

   6122BC (83.6%) 5982BC  

   5940BC ( 1.0%) 5930BC  

KaLa6. 172-170 cm Poz-108043 7870 ± 50 BP 7026BC ( 6.5%) 6962BC IntCal 13 

   6951BC ( 1.5%) 6932BC  

   6918BC ( 5.1%) 6878BC  

   6846BC (82.3%) 6598BC  

KaLa7. 308-306 cm Poz-108044 8220 ± 50 BP 7448BC ( 3.6%) 7412BC IntCal 13 

   7362BC (91.8%) 7076BC  

KaLa8. 243-241 cm Poz-108045 8680 ± 50 BP 7934BC ( 0.2%) 7930BC IntCal 13 

   7911BC ( 0.6%) 7900BC  

   7838BC (94.6%) 7587BC  

KaLa9. 78-76 cm Poz-108046 4495 ± 30 BP 3347BC (95.4%) 3094BC IntCal 13 

KaLa10. 293-291 cm Poz-108048 8650 ± 50 BP 7787BC ( 2.0%) 7766BC IntCal 13 

   7761BC (93.4%) 7581BC  

KaLa11. 177-175 cm Poz-108069 8350 ± 35 BP 7516BC (95.4%) 7340BC IntCal 13 

KaLa12. 149-147 cm Poz-108070 8480 ± 50 BP 7592BC (95.4%) 7482BC IntCal 13 



KaLa13. 110-108 cm Poz-108071 6570 ± 35 BP 5612BC ( 9.3%) 5588BC IntCal 13 

   5566BC (86.1%) 5476BC  

KaLa14. 55-53 cm Poz-108072 1605 ± 30 BP 396AD (95.4%) 538AD IntCal 13 

KaLa15. 131-129 cm Poz-108073 8730 ± 50 BP 7941BC (95.4%) 7604BC IntCal 13 

KaLa16. 106-104 cm Poz-108074 6770 ± 40 BP 5726BC (95.4%) 5626BC IntCal 13 

KaLa17. 46-44 cm Poz-108075 3145 ± 30 BP 1498BC (84.4%) 1381BC IntCal 13 

   1341BC (11.0%) 1308BC  

KaLa18. 155-153 cm Poz-108077 8730 ± 50 BP 7941BC (95.4%) 7604BC IntCal 13 

KaLa19. 62-60 cm Poz-108078 7010 ± 40 BP 5990BC (95.4%) 5794BC IntCal 13 

KaLa20. 95-93 cm Poz-108079 8380 ± 35 BP 7531BC (95.4%) 7354BC IntCal 13 

STLong 325 cm Hela-4352 7480± 27BP 95.4% probability IntCal 13 

   6426BC (63.8%) 6332BC  

   6316BC (31.6%) 6253BC  

STLong 185 cm Hela-4353 5206± 25BP 95.4% probability IntCal 13 

   4044BC (95.4%) 3968BC  
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Abstract 

The subarctic landscape consists of a mosaic of forest, peatland and aquatic ecosystems and their ecotones. The carbon (C) 

exchange between ecosystems and the atmosphere through carbon dioxide (CO2) and methane (CH4) fluxes varies spatially 

and temporally among these ecosystems. Our study area in Kaamanen in northern Finland covered 7 km2 of boreal subarctic 

landscape with upland forest, open peatland, pine bogs and lakes. We measured the CO2 and CH4 fluxes with eddy covariance 15 

and chambers between June 2017 and June 2019 and studied the C flux responses to varying meteorological conditions. The 

landscape area was an annual CO2 sink of -25.9 ± 65.7 and -41.3 ± 64.9 g C m-2, and a CH4 source of 2.4 ± 0.7 and 2.3 ± 0.7 

g C m-2 during the first and second study year, respectively. The pine forest had the largest contribution to the landscape-level 

CO2 sink, -78.3 ± 50.8 and -118.9 ± 26.8 g C m-2, and the fen to the CH4 emissions, 7.0 ± 0.2 and 6.3 ± 0.3 g C m-2, during the 

first and second study year, respectively. The lakes within the area acted as CO2 and CH4 sources to the atmosphere throughout 20 

the measurement period, with an organic sediment lake located downstream from the fen showing sixfold fluxes compared to 

a mineral sediment lake. The annual C balances were affected most by the rainy peak growing season of 2017 and the heatwave 

and drought event in July 2018. The rainy period increased the ecosystem respiration of the pine forest due to continuously 

high soil moisture content. A similar flux response to abundant precipitation was not observed for the fen ecosystem, which is 

adapted to high water table levels. During the heatwave and drought period, similar responses were observed for all terrestrial 25 

ecosystems, with decreased gross primary productivity and net CO2 uptake, caused by the unfavourable growing conditions 

and plant stress due to the soil moisture and vapour pressure deficits. Additionally, the CH4 emissions from the fen decreased 

during and after the drought. However, the timing and duration of drought effects varied between fen and forest ecosystems, 

as C fluxes were affected sooner and had a shorter post-drought recovery time in the fen than forests. The differing CO2 flux 

response to weather variations showed that terrestrial ecosystems can have a contrasting impact on the landscape-level C 30 

balance in a changing climate, even if they function similarly most of the time. 
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1 Introduction  

A typical boreal subarctic landscape consists of a mosaic of land cover types including forests, open and forested peatlands 

and water bodies, with each ecosystem acting as a source or sink of atmospheric carbon (C) depending on its characteristics 

and weather conditions. To grasp a full picture of the C balance at the landscape scale, the carbon dioxide (CO2) and methane 35 

(CH4) exchange between the main ecosystems and the atmosphere needs to be assessed. This is also because part of the C 

fixed in terrestrial systems can be emitted back to the atmosphere via aquatic ecosystems or transported out from the catchment. 

The net atmosphere-ecosystem CO2 exchange is a result of gross primary production (GPP) of plants and ecosystem respiration 

(ER), which is composed of autotrophic and heterotrophic respiration (Chapin et al., 2011). The CH4 emissions from 

ecosystems are mainly produced by methanogens in the waterlogged anaerobic zone in soils, while the CH4 uptake is caused 40 

by oxidation by methanotrophs in aerobic soil conditions (Le Mer and Roger, 2001).  

As a result of the ongoing climate change, the subarctic regions warm rapidly, two to three times as fast as the rest of the world 

(Masson-Delmotte et al., 2018). The higher temperatures affect the C cycle of subarctic ecosystems by lengthening the growing 

season and shortening the snow and ice cover periods. Higher temperatures and a longer growing season enable greater CO2 

uptake through photosynthesis (Aurela et al., 2004; Silfver et al., 2020), but they also allow greater CO2 emissions due to the 45 

increased heterotrophic and autotrophic respiration (Kätterer et al., 1998). However, the variation in ecosystem C dynamics is 

also highly dependent on water balance, as too low a moisture content in soils decreases GPP and decomposition of organic 

matter (Jones, 2013; Meyer et al., 2018), and methanogenesis requires anoxic soil conditions (Chapin et al., 2011). In aquatic 

ecosystems, the longer ice-free periods, with increased C input from surrounding terrestrial ecosystems, lead to higher annual 

C emissions to the atmosphere (Cole et al., 2007, Guo et al., 2020). In a longer than one-year timespan, the effects of climate 50 

change are observed as vegetation composition shifts, such as Arctic shrubification that enhances CO2 uptake and alters 

ecosystem respiration and nutrient availability (Mekonnen et al., 2021). Concurrently, the potential of severe weather events, 

such as heatwaves and droughts, to affect the C cycles increases within the region (Masson-Delmotte et al., 2018).  

Boreal upland forests have been shown to act as either annual net sinks or sources of atmospheric CO2, depending on species 

composition, climatic conditions and the occurrence of extreme weather events, fires, and herbivories and pathogens (Bond-55 

Lamberty et al., 2007; Kljun et al., 2007; Lindroth et al., 2008; Aurela et al., 2015; Hadden and Grelle, 2017), and these 

ecosystems usually act as small CH4 sinks (Dinsmore et al., 2017). Undrained boreal peatlands have been, in a long term, net 

CO2 sinks via accumulation of organic C, but similarly to forests their annual CO2 balance is sensitive to environmental 

conditions (Bubier et al., 1998; Aurela et al., 2004; Lindroth et al., 2007). Additionally, these peatlands release CH4 into the 

atmosphere (Chapin et al., 2011). Peatlands have more C stored in the soil, but less C in living plant matter compared to upland 60 

forests, and thus the same disturbances on the ecosystems can lead to differing effects on the C balance. 

Globally, inland waters act as net CO2 and CH4 sources to the atmosphere (Tranvik et al., 2009). Boreal lakes vary greatly in 

their area and depth, input of organic and inorganic C from the terrestrial ecosystems, ice-free period duration and the amount 

of C in sediments and aquatic vegetation, which all affect the magnitude of the C exchange with the atmosphere (Bastviken et 
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al., 2004; Wik et al., 2018; Denfeld et al., 2020). Additionally, water bodies provide paths for lateral flow of water, C and other 65 

matter between ecosystems (Cole et al., 2007). 

The landscape-level C balance comprised of diverse ecosystems is evidently dependent on the ecosystem composition, and the 

regional effect of an environmental change or disturbance depends on the integrated response of individual ecosystems. As an 

example of such a disturbance, a heatwave and drought event encompassed north-western Europe during the summer of 2018 

(Lehtonen and Pirinen, 2019 a, b). The drought conditions had different effects on the CO2 exchange of boreal forests and 70 

peatlands in the area (Rinne et al., 2020; Lindroth et al., 2020; Matkala et al., 2021). There was large variation in how different 

forests reacted to the heatwave and drought, some showing a substantial decrease and some no change or even an increase in 

CO2 uptake (Lindroth et al., 2020; Matkala et al., 2021). Most of the studied peatlands turned momentarily into CO2 sources 

during the drought, which lowered their annual CO2 uptake significantly, and simultaneously the CH4 emissions decreased 

(Rinne et al., 2020). Thus, the landscape-level C balance depends on multiple responses, whose net effect are not easily 75 

predictable. 

In this study, we assess the ecosystem-atmosphere exchange of CO2 and CH4 within a subarctic landscape based on eddy 

covariance and chamber measurements. The studied area in Kaamanen in northern Finland include an upland pine forest, pine 

bogs, a mesotrophic flark fen and shallow lakes of glacial origin. We focus on the temporal variation of C exchange during 

two full years (June 2017 – June 2019). The meteorological conditions during the first year were similar to the long-term 80 

average, with the exception of the higher-than-average precipitation sum in summer. The second year included the above-

mentioned heatwave and drought period. Motivated by the plant community-level study of Heiskanen et al. (2021), who found 

that the diversity of plant communities constrained C loss from the Kaamanen fen during the 2018 drought, we study if a 

similar pattern can be observed at the ecosystem level. 

Here, we address questions how sensitive the C fluxes of different ecosystems are to changes in environmental conditions and 85 

how this is reflected on the landscape-level C exchange. The more specific scientific questions addressed are: (1) What are the 

contributions of each ecosystem to the landscape-level CO2 and CH4 fluxes? (2) Do the CO2 and CH4 fluxes of different 

ecosystems show similar responses to varying meteorological conditions? 

2 Materials and methods 

2.1 Study site 90 

The studied landscape is in Kaamanen in northern Finland (69°8’ N, 27°16’ E; 155 m a.s.l.) within the subarctic climate zone 

and the northern boreal vegetation zone. The annual mean temperature in the region was -0.4 °C and the mean annual 

precipitation sum 472 mm in 1981–2010 (Pirinen et al., 2012). Even though the study area is located within the sporadic 

permafrost zone, no permafrost has been found there anymore in recent decades (Fronzek et al., 2010). The growing season is 

short and lasts for 150–180 days (Aurela et al., 2002). The study area covers 7 km2 around the flux measurement sites (Fig. 1) 95 

and consists of five main ecosystem types: upland pine forest, patterned mesotrophic flark fen, treed pine bog, sparsely treed 
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pine bog, and lakes and a connecting stream (Fig. 2). The ecosystems within the study area are homogeneous in their species 

composition and provide a representative sample of the landscape.  

The areal coverage of different ecosystem types in the landscape was estimated with a land cover classification utilizing remote 

sensing data and field observations following the methodology described by Räsänen and Virtanen (2019). An aerial 100 

orthophoto was segmented, 55 features for each segment were calculated from multi-source remote sensing data, including 

orthophoto, aerial laser scanning and satellite imagery, and a supervised random forest classification (Breiman 2001) was 

carried out using field data for model training and validation (Supplement S.1). The pine forest, pine bog, fen and lake 

ecosystems each encompass roughly an equal area (Table 1). The ecosystems in the area are pristine with the exception of 

some forest loggings, thinning and selective removal of birches in part of the pine-dominated forests. 105 

The mesotrophic flark fen is an open peatland ecosystem characterised by a mosaic of string and flark microforms, with the 

0.5–1 m high string formations can remain frozen until the late summer (Aurela et al., 2001). The fen has a clear patterning 

and can be partitioned to five distinct plant community types (PCTs) that differ in their vegetation composition, water table 

level and carbon fluxes (Maanavilja et al., 2011; Räsänen et al. 2019; Heiskanen et al., 2021). In the flarks, the plant 

communities are dominated by sedges, including Trichophorum tussocks, and brown mosses. The top of the strings act as 110 

ombrotrophic bog surfaces within the fen and are covered mainly by dwarf shrubs, herbs, mosses and lichens, while string 

margins are populated by dwarf birch (Betula nana) and other dwarf shrubs, sedges and Sphagnum mosses. The fifth PCT, a 

tall sedge fen that is covered by tall sedges, deciduous shrubs and forbs, can be found in the riparian areas of lakes and small 

streams. The species composition of these PCTs was described in detail by Maanavilja et al. (2011) and Räsänen et al. (2019), 

and paleorecords by Piilo et al. (2020). The bedrock under the peatland slopes towards the south. The average peat thickness 115 

increases from 1 m in the northern part of the fen towards the south, where it is up to 4 m (Piilo et al., 2020). Most of the 

aboveground biomass of the peatland resides in shrubs and mosses, and forbs and graminoids contribute increasingly to the 

total leaf area in the mid and late growing season (Table A1). 

The dominant tree species in the upland mineral soil forest is Scots pine (Pinus sylvestris) with a few downy birch (Betula 

pubescens) trees also present. The forest around the flux measurement site was logged about 50 yr ago, but most of the pine 120 

forests within the study area are pine-dominated old-growth forest with an uneven age distribution. The average height of all 

trees and the main canopy were approximately 8 and 11 m, respectively (Table A2). The field layer is dominated by evergreen 

dwarf shrubs (e.g. Vaccinium vitis-idaea and Calluna vulgaris), and the ground layer is covered by mosses and lichens. The 

soil type in the forest is sandy podzol, which has higher bulk density, lower N content and higher C:N ratio than the soil in the 

peatlands (Table A3). Mosses and lichens contribute about 10 % to the total aboveground biomass (Table A1). 125 

The tree height and density decrease from the upland pine forest to the pine bog ecosystems. The average tree height in the 

pine bog was 5 m, and in treed pine bog and sparsely treed pine bog the above-ground tree biomass was about 50 % and 16 %, 

respectively, of the biomass in pine forest (Tables A2, A4). The field layer vegetation of the pine bog ecosystems is similar to 

that of the string tops (Table A1), with evergreen (Ledum palustre) and deciduous (Vaccinium uliginosum and Betula nana) 

shrubs, herbs (Rubus chamaemorus) and graminoids (mostly Carex spp.). The pine bog ground layer is formed by mosses and 130 
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a few lichens. The soil carbon content is higher in the sparsely treed bog patches within the fen than in bog vegetation with 

thinner organic layer at the forest edge. Soil N content and C:N ratio are similar to those found in pine forest and string tops 

(Table A3). 

The water bodies within the study area vary in size from small streams and ponds to lakes larger than 25 ha (Lake Ulkujärvi 

in the northwest and Lake Jänkäjärvi in the south, Fig. 1). The lakes in the area are shallow, the depth ranging from less than 135 

1 m to a few metres and have a sandy or organic sediment bottom. Most water bodies in the study area belong to the same 

catchment, with water flowing from north to south. The aquatic vegetation is sparse, near the shore consisting of macrophytes, 

mainly horsetail (Equisetum fluviatile), sedges (Carex spp.), Menyanthes trifoliata and benthic algae. A few-metre-wide stream 

flows though the peatland and connects Lake Ulkujärvi to Lake Jänkäjärvi. Additionally, water flows on the surface across the 

fen and through the peat layers and eskers. Each year, during the spring thaw, the fen and partially the pine bogs become 140 

flooded.  

 

Figure 1. The study area in Kaamanen with land cover type classification and flux measurement site locations. 
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Table 1. Relative areal coverage of the land cover types within the study area. 145 

Land cover type Areal coverage [%] 

Upland forest 29.2 

Pine bog, more trees 9.1 

Pine bog, less trees 13.5 

Open peatland 26.1 

Water body, mineral sediment 12.5 

Water body, organic sediment 7.8 

Non-vegetated 1.8 

 

 

Figure 2. (a) Scots pine forest, (b) treed pine bog, (c) sparsely treed pine bog, (d) fen and (e) lake ecosystems. Photo: (a) Lauri Heiskanen, 

(b)-(e) Tarmo Virtanen. 
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2.2 Flux measurement methods 150 

2.2.1 Pine forest flux measurements  

The CO2 flux measurements in the Scots pine forest were set up in the beginning of the growing season in 2017, and data 

acquisition was started on 8 June 2017. The eddy covariance (EC) measurements were conducted on a 14 m tall tower that 

was located on the southern edge of the forest so that in the wind sector 250°–65° the forest coverage was higher than 80 %. 

The EC system consisted of a three-axis sonic anemometer (USA-1, METEK Meteorologische Messtechnik GmbH, Germany) 155 

and a closed-path infrared gas analyser for CO2 and H2O mixing ratios (LI-7200, LI-COR Biosciences, USA). The inlet tube 

for the gas analyser was (~18) m long and had an inner tube diameter of (3.1) mm. The flow rate was (5-6) L min−1. 

The sampling frequency for the EC flux data was 10 Hz. Standard methods were used for calculating the half-hourly turbulent 

fluxes (Aubinet et al., 2012), with block averaging and a double rotation of the coordinate system (McMillen, 1988). The high-

frequency signal attenuation flux losses were taken into account using an experimental transfer function with a half-power 160 

frequency of 1.9 Hz (Laurila et al., 2005).  

The half-hourly averaged data were accepted based on the following screening criteria: relative stationarity < 100 % (Foken 

and Wichura, 1996), number of recorded data per 30 min > 17 400, number of signal spikes per 30 min < 360, mean CO2 mixing 

ratio within 340–550 ppm. A friction velocity limit of 0.24 m s-1 was used for screening the periods of insufficient turbulence.  

Data from the wind direction sector 250°–65° were used to calculate the CO2 balances of the forest. 165 

As the net ecosystem exchange of CO2 in forests (𝑁𝐸𝐸forest) can be significantly affected by the flux due to storage change 

below the measurement height, this was estimated according to Montagnani et al. (2018) and added to the measured eddy flux 

(𝐹CO2
):  

𝑁𝐸𝐸forest = 𝐹CO2
+ 𝜌𝑑̅̅ ̅

∆CO2̅̅ ̅̅ ̅̅

∆𝑡
ℎ           (1) 

where 𝜌𝑑̅̅ ̅ is the mean dry air density, 
∆CO2̅̅ ̅̅ ̅̅

∆𝑡
 is the change of CO2 dry molar fraction at the EC measurement height during the 170 

30 min averaging period, and ℎ is the measurement height. The CO2 concentration profile below the measurement height was 

assumed to be constant. 

2.2.2 Fen flux measurements 

The CO2 and CH4 fluxes of the Kaamanen fen were measured with both the EC and flux chamber methods. The EC 

measurements were used for the fen ecosystem flux analysis here, and the PCT-specific chamber-based data were used for 175 

estimating the CO2 fluxes of the pine bog ecosystems. Even though the fen is comprised of a mosaic of different PCTs, the 

contribution of each type is similar in all wind directions within a 100–150 m radius, and thus the footprint variation is not 

expected to bias the ecosystem balances derived from EC measurements. The measurements were conducted on a 5 m tall 

tower with a three-axis sonic anemometer (USA-1, METEK Meteorologische Messtechnik GmbH, Germany), a closed-path 

infrared gas analyser for CO2 and H2O mixing ratios (LI-7000, LI-COR Biosciences, USA) and a laser-based gas analyser for 180 
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CH4 mixing ratio (RMT-200, Los Gatos Research, USA). The same flux calculation and data processing methods were used 

as with the pine forest EC data, except for the discarded wind direction sector (260°–315°) and the friction velocity limit (0.1 

m s-1). 

The manual chamber measurements of the main plant communities were conducted during the growing season in 2017 and 

2018. For modelling the string top CO2 fluxes for the time span from June 2017 to June 2019, to be used for pine bog (Sect. 185 

2.4), the chamber-based fen ecosystem fluxes were scaled to match the EC-based fen fluxes. This was done similarly to Piilo 

et al. (2020) by upscaling the chamber fluxes of the main PCTs of the fen to the ecosystem scale according to their relative 

areas within 200 m from the EC tower (Table 2). The PCT-specific fluxes were presented in more detail by Heiskanen et al. 

(2021). 

Table 2. Area coverage of the plant community types of the peatland inside a 200 m radius around the eddy covariance tower. 190 

Plant community type Area coverage [%] 

Flark 37 

Trichophorum tussock 10 

Tall sedge fen 17 

String margin 14 

String top 16 

Pine bog 6 

 

The mean ratio between the fen ecosystem-scale chamber-based ER and GPP fluxes and the fen EC fluxes were used for 

scaling the chamber fluxes calculated from the data measured during the manual chamber measurement days (Table 3). The 

ER ratio was calculated by using the 24 h data, while the GPP ratio was calculated by using only the daytime data from 6 a.m. 

to 6 p.m. local standard time.  195 

Table 3. The scaling coefficients used for scaling ER and GPP chamber fluxes. 

Time period ER ratio GPP ratio 

June 2017 – October 2017 1.367 1.620 

November 2017 – April 2018 1.142 1.387 

May 2018 – June 2019 0.918 1.154 

2.2.3 Eddy covariance data gap-filling 

The EC flux time series of the pine forest and fen ecosystems had gaps due to equipment failures, wind sector exclusions and 

quality control filtering applied during the post-processing of data. The gaps in the CO2 flux data were filled by GPP and ER 

flux values modelled with environmental response functions, as described by Heiskanen et al. (2021). A rectangular hyperbola 200 

was used to model the dependency of GPP on photosynthetic photon flux density (PPFD), while the exponential Lloyd-Taylor 
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(1994) model was used for ER. For the pine forest flux parameterisation, air temperature was used during the growing season, 

while soil temperature (Ts) at the 10 cm depth was used for the other periods, while for the fen, Ts at the 10 cm depth was used 

for the whole year. 

The fitting of the GPP function was performed in a moving window with a minimum of 3 days and 30 half-hourly observations 205 

of the daytime flux data (PPFD > 30 µmol m-2 s-1). For fitting the parameters of the ER function, night-time data were used 

(PPFD < 30 µmol m-2 s-1). The respiration activation energy parameter (E0) was fitted first with a 91-day moving window, 

after which the base respiration rate at 10 ºC (R10) was fitted to the data within a moving window of at least 7 days. 

A long gap in the pine forest EC flux data in April–June 2019 was filled by utilizing the response function parameters estimated 

for the same period in 2018. In total, 86 % and 91 % of the forest CO2 flux data were gap filled in the time series of 11 June 210 

2017 – 10 June 2018 and 11 June 2018 – 10 June 2019, respectively. During the growing seasons, i.e. in 11 June – 31 October 

2017 and 11 June – 31 October 2018, the gap-filling percentage was 77 % and 84 %, respectively. The wind direction screening 

created 43 percentage points of the missing data. 

The EC CO2 fluxes of the fen were gap-filled similarly to the pine forest fluxes. In total, 64 % and 63 % of the fen CO2 flux 

data were gap-filled in the time series of the first and second year, respectively. For gap-filling the CH4 fluxes, a simple moving 215 

average interpolation of the half-hour fluxes was used. A moving average window of ± 1, 2, 4, 8, 16 or 32 d was used depending 

on the length of the gaps in data. In total, 69 % and 70 % of the CH4 flux data were gap-filled in the time series of the first and 

second year, respectively. 

2.2.4 Lake flux measurements 

The diffusive fluxes of CO2 and CH4 were measured on the intermediate-side (1.5 ha) mineral sediment Lake Jänkälampi (Fig. 220 

1), hereafter referred to as the MS lake, during the ice-free periods in 2017 and 2018. The diffusive fluxes of these glasses and 

the CH4 ebullition flux were measured at the larger, organic sediment Lake Jänkäjärvi (Fig. 1), hereafter referred to as the OS 

lake, during summer 2017. The MS lake fluxes were measured on five days between June and October in 2017 and other five 

days between June and September 2018. The OS lake was measured biweekly during June – August 2017. The second year of 

the organic sediment (OS) lake were estimated by using the first year’s measurements. The estimated second year OS lake 225 

fluxes were used for assessing the landscape level fluxes. 

The flux measurements were conducted with floating flux chambers, while the CH4 ebullition was determined from both 

chamber and floating bubble collector data. The diffusive fluxes of the MS lake were measured with an opaque aluminium 

chamber (60 cm × 60 cm × 30 cm) at 20 m from the north shore. The chamber air was mixed with a battery-driven fan. The 

closure time was 7 min, after which the chamber was ventilated for 3 min. The changes in CO2, CH4 and H2O mixing ratios 230 

inside the chamber were measured using a closed-path infrared gas analyser (Picarro G2401, Picarro Inc, USA) connected to 

the chamber via a 50 m long inlet tube (Teflon, inside diameter 3.1 mm). On the OS lake, floating chambers with a volume of 

8 L and an area of 0.05 m2 were applied, using a 30-60 min closure. Four samples (30 mL) of gas space were drawn using 

polyethene syringes, and the samples were stored in 12 mL glass vials flushed with sample air. Samples were analysed within 
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a month using a gas chromatograph equipped with EC, TC and FI detectors (Agilent 7890B, with Gilson GX271 autosampler). 235 

We tested CO2 concentrations and fluxes against those measured using an on-line CO2 sensor (K33 ELG CO2 module, 

Senseair) in one of the chambers, and obtained similar flux values. In all, five to ten chambers were deployed at the time. The 

chambers were lined with a rope, anchored in both ends, so that they captured a water segment extending from about 20 m 

from near shore towards the lake centre. The chambers captured some ebullition events, and these were accounted as bubble 

flux. In addition, funnel bubble collectors with an area of 0.03 m2 were floated. The auxiliary flux measurements from three 240 

lakes outside the study area was conducted with the same method as for OS lake. These measurements were utilised to assess 

the representativeness of the flux data collected on the MS and OS lakes. 

The CO2 and CH4 diffusive fluxes were calculated from the change in CO2 and CH4 mixing ratios inside the closed chamber. 

The rate of change was calculated with linear regression based on ordinary least squares, similarly to the fen ecosystem 

chamber measurements by Heiskanen et al. (2021). 245 

The measurement data of diffusive fluxes were screened to reject cases with non-linear concentration change and disturbances 

due to chamber leakage and ebullition events. The number of accepted/total data of the MS lake fluxes was 54/56 in 2017 and 

62/75 in 2018. The number of accepted/total data of the OS lake diffusive CO2 fluxes was 42/50 and diffusive CH4 fluxes 

49/50. There were ebullition events in 7 % of the individual flux measurements on the OS lake in 2017. This ebullition 

frequency was used to estimate the total ebullition-induced flux over the ice-free period. 250 

2.3 Abiotic and biotic environmental measurements 

In addition to the C flux measurements, meteorological and environmental variables were measured continuously at and close 

to the flux measurement locations in the pine forest, fen and lake ecosystems. Air temperature, precipitation sum and snow 

depth were measured at the weather station of the Finnish Meteorological Institute, located between the pine forest and fen EC 

measurement sites. Air temperature and humidity (Vaisala HMP 230), global and reflected radiation (Kipp&Zonen CM7), and 255 

downward and upward PPFD (Kipp&Zonen PQS 1) were measured at the forest and fen sites at heights of 14 m and 3 m, 

respectively. Water vapour pressure deficit (VPD) was calculated from air temperature and relative humidity according to 

Jones (2013). Forest soil temperature (Ts) was measured at 5 and 10 cm depths (Onset, HOBO) and soil moisture at 10 cm 

depth (Onset, HOBO). Ts profiles at the fen were measured from a string (at 10, 30, 50, 75 and 105 cm depth) and flark (at 10, 

30 and 50 cm depth) (IKES Pt100 sensors). The water table level (WTL) was measured manually from the flux chamber 260 

positions at the fen and OS lake, while the WTL of the MS lake was measured with a pressure sensor (Onset, HOBO U20) at 

the floating flux chamber position. Lake water temperature (Onset, HOBO Pedant) was measured at the same position at 10 

cm from the lake bottom. 

The ice-free period of the flux measurement lakes was determined from air temperature data and repeat digital photographs at 

the fen site. In October 2018, the lake freezing was recorded with a temperature and pressure logger (Onset, HOBO). The 265 

freezing occurred after air temperature remained continuously below 0 °C for three days with no subsequent exceedances. The 

timing of thaw was determined from the snowmelt and ice thaw at the fen. 
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We defined meteorological drought on the basis of the atmospheric VPD as the period during which the daily maximum VPD 

(VPDmax) exceeded 20 hPa (Lindroth et al., 2007; Aurela et al., 2007). 

The Standardised Precipitation Evapotranspiration Index (SPEI), which takes into account both precipitation and potential 270 

evapotranspiration in determining drought conditions (Vicente-Serrano et al., 2010), was used as a climatological reference 

for the study period. Monthly SPEI data covering the years 1950–2018 for the 0.5º × 0.5º grid cell including Kaamanen were 

extracted from the global SPEI database (SPEIbase v2.6, https://spei.csic.es/database.html, last access 19 October 2021). 

2.4 Estimating pine bog flux 

In the subarctic aapa mires, pine bogs typically form narrow zones bordering forests and peatlands. Conducting direct EC flux 275 

measurements on them is challenging, as the fetch is too limited for the EC method. Thus, the fluxes of the two pine bog 

ecosystems within the study area were not directly measured but, to enable regional upscaling, were modelled based on the 

fluxes measured in the forest and fen ecosystems. The use of forest and fen fluxes was considered appropriate, as the tree 

species composition in pine forest and pine bog is similar and the peat soil ground layer vegetation of pine bog is similar to 

that of the string top PCT at the fen (Table A1).  280 

For estimating the pine bog fluxes, the total forest flux was assumed to consist of the flux of trees and the flux of the other 

forest ecosystem elements, 

𝐹forest = 𝐹forest,trees + 𝐹forest,other           (2) 

and similarly for the pine bog ecosystem: 

𝐹pine bog = 𝐹pine bog,trees + 𝐹pine bog,other.         (3) 285 

The ‘trees’ fluxes were assumed to be proportional to tree biomass, i.e. 

𝐹pine bog,trees = a × 𝐹forest,trees,           (4) 

where a is the tree biomass ratio between pine bog and pine forest (a = 0.52 and 0.16 for treed and sparsely treed pine bog, 

respectively; Table A4; see Supplement for biomass measurements and maps). Assuming further that the ground layer (‘other’) 

fluxes in both forest and pine bog equal the flux of the fen’s driest PCT, i.e. string top, 290 

𝐹forest,other = 𝐹pine bog,other = 𝐹string top,           (5) 

Eqs. (2)–(5) show that the GPP and ER fluxes for the pine bog can be estimated as 

𝐹pine bog = a × 𝐹forest + (1 − a) × 𝐹string top,         (6) 

where 𝐹forest and 𝐹string top are obtained from measurements. 

2.5 Upscaling fluxes to landscape-level 295 

The CO2 and CH4 fluxes of different ecosystems were upscaled to landscape-level by taking into account the areal contributions 

inside the 7 km2 study area (Table 1) and summing the half-hourly area-weighted NEE, GPP, ER and CH4 flux estimates of 

each ecosystem. The pine forest and pine bog daily average growing season CH4 flux estimates were taken from literature 
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(Bubier et al., 2005; Dinsmore et al., 2017), which were further calculated for 180 day long growing seasons at Kaamanen. 

The annual balances of the OS lake were estimated for the second study year from the previous year’s measurements by scaling 300 

with the ice-free period length. 

2.6 Estimating flux uncertainty 

The uncertainty of the EC-based CO2 and CH4 flux sums of the pine forest and fen ecosystems were estimated by taking into 

account the most significant error sources similarly to the method described in Heiskanen et al. (2021). The random error was 

estimated for the statistical measurement error and the error caused by gap-filling of missing data (Räsänen et al., 2017). 305 

Additionally, the annual error due to friction velocity filtering was estimated by recalculating the annual EC-based CO2 and 

CH4 balances with modified data sets that were screened with two additional friction velocity limits (pine forest: 0.19 and 0.31 

m s-1, fen: 0.05 and 0.15 m s-1). This error was calculated as the average deviation from the annual balance calculated with the 

optimal friction velocity limit (pine forest: 0.24 m s-1, fen: 0.1 m s-1) (Aurela et al., 2002).  

For the flux chamber-based monthly CO2 and CH4 flux sums of the lake ecosystem, the measurement uncertainty was estimated 310 

from the standard deviation of the flux data from the repeated chamber closures. The uncertainty of the annual CO2, CH4 and 

C flux sums were accumulated as the root sum square of individual uncertainties. 

For the modelled pine bog fluxes, both for treed and sparsely treed bogs, the uncertainty was combined from the pine forest 

string top flux uncertainties proportionally to their contribution to the derived flux. The string top flux uncertainty was 

estimated by combining the uncertainty due to the estimated parameters of environmental response functions and the flux 315 

variation among the chamber plots (Heiskanen et al., 2021).  

The landscape-level flux uncertainty was calculated by combining the total uncertainties of each ecosystem proportionally to 

their areal coverages (Table 1). 

2.7 Statistical analysis  

The estimates of monthly ER, GPP, NEE and CH4 exchange of each ecosystem were compared between the two growing 320 

seasons using Welch’s t test for the lake data, which comprised a sample of measured fluxes, and the Z test for the other 

ecosystems, for which we produced full flux time series with uncertainty estimates.  

For identifying the main environmental drivers of the pine forest CO2 flux, a linear regression model was estimated to explain 

the 5-day averaged GPP and ER fluxes derived from the EC data. The FR data were normalised to 10 °C (denoted as FR10), 

while the FGPP data were normalised to a near-optimal PPFD level of 1200 µmol m-2 s-1 (denoted as FGPP1200) (Laurila et al., 325 

2001). 

The following fixed explanatory 5-day variables were tested in the models: precipitation sum, average VPDmax, soil moisture 

and temperature at a depth of 10 cm, air temperature and daily maximum PPFD. Ts was included in the final analysis while air 

temperature was excluded, because these variables were strongly correlated (Pearson’s R = 0.96 in the FR data and R = 0.93 

in the FGPP1200 data) and Ts showed higher absolute correlation with the response variables. The MODIS Normalised Difference 330 
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Vegetation Index was also tested as an explanatory variable, but it was excluded from the final analysis, as it strongly correlated 

with Ts (Pearson’s R = 0.87 in the FR data and R = 0.89 in the FGPP1200 data). For the final models, the explanatory variables 

were chosen with a stepwise procedure to both directions by minimising Akaike’s information criterion value. To evaluate the 

relative impact of each explanatory variable, the standardised regression coefficients were calculated. Data analyses were 

conducted in R (R Core Team, 2021) with the packages MASS (Venables and Ripley, 2002) and MuMIN (Barton, 2020). 335 

3 Results and discussion 

3.1 Environmental conditions 

We studied CO2 and CH4 fluxes across different ecosystem types in Kaamanen from June 2017 to June 2019. The growing 

seasons (May–October) of 2017 and 2018 differed from each other in terms of their meteorological conditions, which affected 

the CO2 and CH4 exchange between the atmosphere and ecosystems. The early growing season in 2017 was colder than the 340 

corresponding period in 1981–2010 on average (Pirinen et al., 2012), with May being 1.9 °C and June 1.4 °C colder (Fig. 3). 

The summer months June–August were rainy in 2017, which was reflected in cloudiness that decreased the incoming solar 

radiation, with July in particular being cloudy (Fig. 4). In contrast, the spring of 2018 was warm, with May being 3.8 °C 

warmer than the 30-yr May average. In July 2018, a widespread drought and heatwave event in north-west Europe reached 

Kaamanen and caused the monthly mean air temperature to rise to 18.6 °C, which was 5.3 °C higher than the 30-yr July 345 

average. Additionally, the monthly precipitation sum was less than half of the 30-yr average (34 and 72 mm, respectively). 

After the drought, the following August and September were also warmer than the corresponding 30-yr averages, by 1.5 and 

1.9 °C, respectively, but precipitation sum was then double the 30-yr average. The spring 2019 was characterised by a dry and 

warm April (3.7 °C above the long-term average) and rainy weather in May and June. Lake water levels were visibly lower in 

2018 exposing the shoreline sediments of shallow lakes, for instance in the MS lake of this study.  350 

 

Figure 3. Monthly precipitation sum and mean air temperature at Kaamanen, and the corresponding 30-yr averages (Pirinen et al., 2012) 

measured at the Ivalo weather station (68°36’ N, 27°25’ E; 59 km south of Kaamanen). 
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Figure 4. Weekly average photosynthetic photon flux density (PPFD) measured at Kaamanen. 355 

The forest soil freeze and thaw occurred each year in the end of October and mid-May, respectively (Fig. 5a). In late autumn 

2018, the forest Ts decreased from 8 °C to 1 °C in just 20 days between 23 September and 13 October, which was due to the 

lack of snow cover. In the fen, the surface peat of the strings froze concurrently with the forest soil (Fig. 5b). However, the 

thaw occurred slightly earlier in the strings than in the forest, where trees shaded the surface. The continuous water saturation 

in the flark peat led to weaker peat temperature responses to changing air temperature than in the dryer strings. The lake water 360 

temperature, measured only during the ice-free periods of 2017 and 2018 (Fig. 5c), was affected, in addition to air temperature, 

by the incoming flow to the lake and by the water level. Following the air temperatures, the forest soil, fen peat and lake water 

temperatures were higher in July 2018 than in 2017.  
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Figure 5. Daily average (a) forest soil temperature measured at 10 cm depth and snow depth, (b) fen peat temperature measured from strings 365 
and flarks at 10 cm depth and (c) MS lake water temperature at of the floating chamber position 10 cm from the bottom. 

The ice-free period of the measured lakes lasted for 167 and 176 days (from May to October) during the first and second study 

year, respectively (Table 4). 

Table 4. Estimated ice-free period start and end dates of the studied lakes. 

Period start Period end 

25 May 2017 26 October 2017 

10 May 2018 30 October 2018 

5 May 2019 19 October 2019 

 370 

The meteorological drought lasted from 2 July to 1 August 2018 (Fig. 6a). The drought limit of daily VPDmax  20 hPa was 

exceeded on 13 days in total in 2018, while no exceedances took place in 2017. The average daily maximum VPD in 2 July – 

1 August 2018 was 16.9 hPa, while during the same period in 2017 it was 9.4 hPa. The corresponding daily air temperatures 

were 18.5 and 14.2 °C, respectively. The highest daily maximum VPD of 31 hPa was observed on 18 July 2018. VPD 

responded rapidly to the reduced amount of water in the environment, while the water table level in the fen, the water depth of 375 

lakes and the forest soil moisture decreased gradually as the drought developed (Fig. 6). 
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Within the fen, WTL varied strongly among the plant community types (Fig. 6b). In the flark and Trichophorum tussock PCTs, 

WTL was most of the time close to or at the peat surface, while in elevated strings it was deeper from the peat surface, 

fluctuating between -10 and -20 cm in string margins and between -30 and -70 cm in string tops. The drought decreased the 

WTL in all plant communities simultaneously, and by mid-August WTL had recovered to a normal level except for the string 380 

tops. 

The water depth of the MS lake was within 30–40 cm (Fig. 6c) and it dropped in June–July 2018 to less than 20 cm in the 

centre of the lake. This drawdown was associated with a shoreline retreat of 6 to 8 m. However, after the first rainfall in 3–5 

August, the water depth quickly reverted to the pre-drought level. Our field observations and visual interpretation of satellite 

and drone imagery suggest that the water level drop magnitude was uniform in the waterbodies within the study area. 385 

The annual cycle of the soil moisture measured in the pine forest showed a low moisture content (< 0.1 m3 m-3) during winter 

and fluctuations after the soil thaw (Fig. 6d). During both springs, the water availability in soil was at its maximum in 10–14 

May due to melting snow. The drought during summer 2018 was clearly indicated by the soil moisture data that showed a 

drastic drop from 0.2 to 0.1 m3 m-3 between 23 June and 22 July. After the rainfall in the beginning of August, soil moisture 

rose in a few weeks to the average growing season level. Thus, even though the meteorological drought was already over in 390 

the beginning of August, the water availability to vegetation was not yet fully recovered.  

In terms of the drought index (SPEI), the drought event in July 2018 was the eighth most severe drought in Kaamanen between 

January 1950 and December 2018 (Fig. 7). However, the drought event was relatively short, and the five-month SPEI between 

May and September was close to neutral.  
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 395 

Figure 6. (a) Daily maximum vapour pressure deficit. (b) Mean water table level at the main plant communities of the fen. Error bars 

represent the standard deviation. (c) Water table level at the floating chamber position in Lake Jänkälampi. (d) Forest soil moisture at 10 cm 

depth.  
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Figure 7. One month (July) and five-month (May-September) Standardised Precipitation Evapotranspiration Index (SPEI) time series at 400 
Kaamanen 1950 – 2018. Positive SPEI values denote moist conditions and negative values drought conditions. Years 2017 and 2018 are 

marked with shading.  

3.2 Ecosystem CO2 and CH4 fluxes 

3.2.1 Pine forest fluxes 

The pine forest acted as a net CO2 sink during both study years. The annual CO2 balances during the first and second study 405 

year were -78.3 ± 50.8 and -118.9 ± 26.8 g C m-2, respectively (Fig. 8b, Table A5). Notably, the Kaamanen site is located 

about 150 km north to the other studied evergreen needleleaf forests in the region. Observations have shown that such forests 

in northern Fennoscandia region have acted as small annual CO2 sinks (Aurela et al., 2015). The growing season (11 June – 

31 October) GPP and ER sums were larger during the first measurement year than the second one (Table A6).  

There were three distinct periods during which the CO2 fluxes diverged between the years, resulting in the difference in the 410 

annual balance. The first dissimilarity was that ER rates were larger during 15 June – 15 August 2017 compared to the same 

period in 2018 (Figs. 8c, A1). This was caused by the higher-than-average precipitation sum in 2017 (Fig. 3), which saturated 

or nearly saturated the soil with water throughout the peak growing season. As the forest soil moisture was continuously close 

to the maximum water holding capacity, the effect of abundant precipitation emerged as increasing lake water table levels (Fig. 

6c-d). We suspect that the higher ER in 2017 was caused by enhanced heterotrophic soil respiration, which is known to increase 415 

with soil moisture until near water saturation (Orchard and Cook, 1983; Moyano et al., 2012; McElligott et al., 2017; Du et 

al., 2020).  

The second period of dissimilar CO2 fluxes was observed when the drought and heatwave discussed above limited fluxes in 

2018. Compared to the previous year, GPP was reduced in 22 July–17 August and ER in 26 July–15 August 2018 (Fig. 8c-d). 

The daily maximum VPD surpassed the 20 hPa limit, indicating meteorological drought, for the first time on 2 July and the 420 

last time on 1 August 2018 (Fig. 6a), during which period the average air temperature was 5 °C higher than in the previous 
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year (Fig. 3). In July 2018, the forest soil moisture at 10 cm depth also dropped by 50 % from the normal growing season level, 

reaching 0.1 m3 m-3 on 22 July (Fig. 6d). Soil moisture recovered to a normal level three weeks later on 13 August.  

There is evident discrepancy between the timing of meteorological drought and reduced ecosystem CO2 fluxes. The response 

to drought in plants occurs both in roots, where water availability through soil is a key factor, and in the stomatal openings in 425 

leaves, where the gas exchange is affected by stomatal control due to VPD. The tighter stomatal control due to high VPD limits 

C assimilation (Martín-Gómez et al., 2017), and in Scots pine trees this has been estimated to occur at a VPD of 8 hPa while 

at approximately 28 hPa the stomata are fully closed (Büker et al., 2012). The drought seemed to have an effect on the CO2 

exchange until 18 August, even though soil moisture and VPD hardly had any direct effect anymore, as only after this date the 

magnitude of ER and GPP fluxes were not continuously lower compared to the previous year. This lagged effect could be 430 

caused by embolism, defoliation or root degradation (Aguadé et al., 2015), or by weakened mycorrhizal symbiosis in the roots 

(Muilu-Mäkelä et al., 2015). Gao et al. (2017) also found that the GPP of a southern boreal Scots pine forest was suppressed 

during a severe soil moisture drought in the summer of 2006 as the plants regulated their stomata due to high VPD.  

The third period of dissimilarity was observed in autumn between 25 September and 12 October and in a smaller scale within 

17–30 October, when the ER fluxes were lower in 2018 than 2017. This was due to the soil temperature decrease from 8 ºC to 435 

1 ºC between 23 September and 12 October and again from 5 ºC to 0 ºC within 15–30 October. Due to the drop in ER fluxes 

in 2018, the forest ecosystem momentarily turned into a CO2 sink. 

According to the linear regression model, the main environmental factors affecting the radiation-normalised GPP flux 

(FGPP1200) of the pine forest were Ts, VPDmax and soil moisture (Table 5). The magnitude of FGPP1200 increased with increasing 

Ts and soil moisture and decreased with increasing VPDmax. The positive correlation with soil moisture originated from the 440 

anomalously low moisture levels during the 2018 drought (Fig. 6d). The temperature-normalised respiration (FR10) was 

affected by Ts, VPDmax, soil moisture and precipitation sum (Table 5). FR10 increased with increasing Ts, soil moisture and 

precipitation sum, and decreased with increasing VPDmax. 
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Figure 8. Pine forest fluxes. Weekly averaged (a) and cumulative (b) CO2 flux, and weekly averaged ecosystem respiration (c) and gross 445 
primary productivity (d). 

 

Table 5: Standardised regression coefficients (± standard error) for the explanatory variables of the linear regression model for EC-based 

FGPP1200 and FR10. The adjusted coefficient of determination (R𝑎
2 ), normalised root mean square error (nRMSE; RMSE divided by the range 

of response variable values) and degrees of freedom (df) are also shown. 450 

 Regression coefficient df 

FGPP1200 (R𝑎
2  = 0.78, nRMSE = 0.12)  

Ts (-10cm) -1.02 ± 0.11 34 

VPDmax 0.28 ± 0.11 34 

Soil moisture (-10cm) -0.17 ± 0.08 34 

FR10 (R𝑎
2  = 0.68, nRMSE = 0.15)   

Ts (-10cm) 0.87 ± 0.18 31 

VPDmax -0.78 ± 0.18 31 

Soil moisture (-10cm) 0.24 ± 0.12 31 

Precipitation sum 0.21 ± 0.11 31 
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3.2.2 Fen fluxes 

The fen ecosystem was a net CO2 sink during both study years. The annual CO2 balance was -20.6 ± 3.6 and -7.6 ± 3.7 g C m-

2 during the first and second year, respectively (Fig. 9b, Table A5). There were two periods during which the CO2 fluxes 

diverged between the years: the start of the growing season and a drought and heatwave event in 2018.  

The earlier start of the growing season in 2018 resulted in a higher CO2 uptake in 11–30 June compared to the previous year 455 

(Fig. 9, Table A6); the balances were -4.8 ± 6.4 and -21.0 ± 10.1 g C m-2 in 2017 and 2018, respectively. This was due to the 

nearly doubled GPP, which was 27.6 ± 3.9 and 49.2 ± 7.3 g C m-2 in 2017 and 2018, respectively. The increase of net CO2 

uptake in northern mires due to earlier snowmelt and warm spring temperatures has been reported previously by e.g. Aurela 

et al. (2004) and Sagerfors et al. (2008). The differences in CO2 exchange between the microforms of the fen were studied in 

more detail by Heiskanen et al. (2021), who found that the magnitude of ER and GPP increased gradually from the wettest 460 

PCT, i.e., flark, to the driest one, i.e., string top. However, the variation in net CO2 uptake among the microforms was weaker 

than in the two flux components. The increased GPP due to warm spring weather was observed in all main microforms. 

However, the simultaneous increase in ER led to a significantly (p < 0.05) higher net CO2 uptake only in string tops, when 

comparing the early growing seasons of 2017 and 2018 (Fig. A2). 

The higher CO2 uptake during the early growing season of 2018 was offset by the decreased uptake due to the drought and 465 

heatwave event in 20 July – 9 August 2018. As discussed above, the drought was observed as higher-than-average temperatures 

(Fig. 3), an elevated VPD (Fig. 6a) and water level drawdown by 5–20 cm at the fen microforms (Fig. 6b). These anomalies 

likely caused drought stress in the mire plants (Alm et al., 1999). The drought stress reduced GPP and the high temperatures 

increased ER compared to the previous weeks and the same time period during the previous year (Fig. 9c,d). The CO2 uptake 

decreased during this period, and at the end of the period the fen ecosystem even turned into a CO2 source. Unlike the increased 470 

CO2 uptake during the early growing season, which could be allocated largely to the string plant communities, the drought 

affected plant communities in all microforms (Heiskanen et al., 2021). The CO2 exchange in flarks including Trichophorum 

tussocks was immediately affected by the lowering WTL in July and August 2018 (Fig. 6b), while the drier string communities 

were affected to a lesser extent.  

While the fen was an annual net CO2 sink it also acted as a CH4 source to the atmosphere during both study years. The annual 475 

CH4 balance was 7.0 ± 0.2 and 6.3 ± 0.3 g C m-2 during the first and second study year, respectively (Fig. 9f). The flark, 

Trichophorum tussock and string margin PCTs contributed 98 % of the emissions, with string margins accounting for 44 % of 

the emissions during the growing season of 2017 and all three having similar emissions in 2018 (Heiskanen et al., 2021).  

The drought decreased the annual CH4 emissions, mostly during 21 July – 28 August 2018, when the emissions were 0.8 g C 

m-2 lower than during the same period in the previous year (Fig. 9e). Notably, the decrease in CH4 emissions occurred a few 480 

weeks after the meteorological drought begun and continued well after the WTL had reverted to the pre-drought level. The 

decrease in CH4 emissions is likely due to both reduced release of carbon compounds by plant roots and increased oxic soil 

zone, which reduced CH4 production and increased CH4 oxidation (Strack and Waddington, 2008; White et al., 2008; Deppe 

https://doi.org/10.5194/bg-2022-69
Preprint. Discussion started: 6 April 2022
c© Author(s) 2022. CC BY 4.0 License.



22 

 

et al., 2010). The lagged recovery of CH4 flux coinciding with the GPP recovery indicates the link between methanogenesis 

and plant root exudates. Unfortunately, the uncertainties of the monthly CH4 balances derived from the manual chamber 485 

measurements were large and the lower emissions could not be allocated to any specific PCT. However, the CH4 emissions 

from flarks were larger in 2018 than 2017, which suggests that the drought-induced decrease in emissions occurred on the 

Trichophorum tussock and string margin PCTs that had lower WTL (Fig. 6b) (Heiskanen et al., 2021). The drought, which 

covered large parts of north-western Europe, did not affect the CO2 and CH4 exchange at Kaamanen as much as it did at more 

southern mires, where the drought duration was longer, although the water level draw down was similar in magnitude (Rinne 490 

et al., 2020). 

The total carbon balance, i.e. the sum of the CO2 and CH4 fluxes, showed that the fen was an annual carbon sink of -13.6 ± 3.6 

g C m-2 and carbon neutral, -1.3 ± 3.7 g C m-2, in the first and second study year, respectively (Table A5). The lower CO2 

uptake during the drought period contributed most of the difference between the years. Previous studies at the Kaamanen fen 

show that the ecosystem has been on average a larger annual CO2 sink: −22 g C m-2 (from -4 to -53 g C m-2) during 1997–495 

2002 (Aurela et al., 2004), and similar average annual CH4 source: 6 g C m-2 for 1995, 1997–1998 and 2011–2016 (Hargreaves 

et al. 2001; Piilo et al., 2020).  
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Figure 9. Fen fluxes. Weekly averaged CO2 (a), ER (c), GPP (d) and CH4 (e) flux, and cumulative CO2 (b) and CH4 (f) flux. 

3.2.3 Lake fluxes 500 

The annual CO2 and CH4 balances of the study lakes were estimated from the fluxes measured during the ice-free period 

assuming no flux in winter. During the first study year starting on 11 June 2017, the lakes were free of ice in 11 June – 26 

October 2017 and 10 May – 10 June 2018 and during the second year in 11 June – 30 October 2018 and 5 May – 10 June 2019 

(Table 4). The C fluxes were measured during both years only on the mineral sediment (MS) lake, while the second-year 

balances of the organic sediment (OS) lake, needed for landscape-level upscaling, were estimated from the first year’s 505 

measurements. The estimated CO2 emissions were 11.1 ± 3.5 and 14.2 ± 2.0 g C m-2 from the MS lake during the first and 

second ice-free period, respectively, and 74.7 ± 28.4 g C m-2 from the OS lake during the first year. This can be explained by 

the fact that the OS lake is situated immediately downstream from the fen (Fig. 1), and thus has a higher C content in the 

sediment (30.3 % C of dry mass) than in the MS lake (5.5 – 22.6 % C of dry mass, depending on location) (Table A7) and 

receiving the transported OC in the stream flow.  510 
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Both lakes showed largest CO2 emissions in early June, right after the thaw (Fig. 10a), which were likely associated with the 

turnover caused by the break-down of thermal stratification. At the MS lake, the flux measurements covered also the autumn 

turnover mixing in September, when CO2 emissions increased compared to the previous month. While the CO2 emissions were 

influenced by the turnover mixing, a similar effect was not observed for CH4 on either of the lakes. The daily CO2 emissions 

of the OS lake (0.2–0.8 g C m-2 d-1) were similar in magnitude, for instance, to those (0.3–1.4 g C m-2 d-1) observed for Lake 515 

Stortjärn in Krycklan, Sweden, which is a northern boreal lake and also adjacent to a mire (Denfeld et al., 2020). In a similar 

shallow subarctic lake next to a fen at Abisko, Jammet et al. (2017) found high CO2 emissions of 33.3 g C m-2 during the spring 

period of 41 days, but photosynthesis during summer reduced the net emission of the ice-free period to 8.9 g C m-2. Lohila et 

al. (2015) estimated an annual CO2 balance of 33 g C m-2 for the shallow parts of the large subarctic Lake Pallasjärvi and 

recorded small CO2 uptake during midday in the summer months. This shows that the CO2 balance of lakes varies substantially 520 

from lake to lake in the subarctic region. In Kaamanen, we did not observe notable CO2 uptake by either of the lakes studied.  

The annual CH4 emissions through diffusive flux were 0.4 ± 0.2 and 0.7 ± 0.2 g C m-2 from the MS lake during the first and 

second ice-free period, respectively, and 2.4 ± 0.2 g C m-2 from the OS lake during the first year. We estimated that the CH4 

emissions through ebullition were 0.7 ± 0.2 g C m-2 from the OS lake during the first year and 0.1 ± 0.1 and 0.2 ± 0.1 from the 

MS lake during the first and second ice-free period, respectively. On the MS lake the CH4 emission were higher in September 525 

2018 than 2017 (Fig. 10b), likely due to warmer sediments and lower WTL (Figs. 5c, 6c). 

The average daily diffusive CH4 fluxes in Kaamanen (OS lake 0.014 g C m-2 d-1, MS lake 0.003 g C m-2 d-1) were similar to 

those reported in previous studies of boreal lakes (Fig. 10). Denfeld et al. (2020) observed a range of 0.001–0.008 g C m-2 d-1 

for Lake Stortjärn during the open-water period, while Rasilo et al. (2014) found spatially highly variable CH4 diffusive fluxes 

of 0.008 ± 0.020 g C m-2 d-1 across 224 boreal lakes in Canada during summer.  530 

Our estimate of ebullition was 21 % of the total CH4 emission from the Kaamanen lakes. Ebullition has been estimated to 

contribute 40–80 % of the total CH4 emissions from open subarctic lakes (Bastviken et al., 2004; Wik et al., 2013; Jansen et 

al., 2020). The magnitude of annual CH4 emissions of these lakes was 1.0–8.3 g C m-2 (Bastviken et al., 2004; Thornton et al., 

2015; Jammet et al., 2017, to which range the Kaamanen lakes fall (OS lake 3.1 g C m-2, MS lake 0.5–0.8 g C m-2).  

The estimated ebullition percentage of total emissions of Kaamanen lakes is conservative when comparing to other studies of 535 

boreal lakes, considering that the lakes in the Kaamanen area are mostly shallow (< 2 m deep) and thus likely to show more 

frequent CH4 ebullition than deep lakes (Bastviken et al., 2004). In general, there is high temporal and spatial variation in 

ebullition as there are seep and non-seep areas where CH4 bubbles emerge at the lake bottom, which complicates the ebullition 

estimation (Walter et al., 2006). Wik et al. (2018) found that the spatial ebullition potential was affected by the coarse detritus, 

buried aquatic vegetation and redeposited peat rather than the amount of total organic carbon or CH4 in the sediment. The OS 540 

lake in our study had five times as much C as the MS lake (Table A7) and a layer of redeposited peat, which led to sevenfold 

CH4 emissions compared to the MS lake. 

The water level of the lakes decreased by about 15 cm during June–July 2018 as a result of drought and recovered to a normal 

level, similar to in 2017, quickly after the first rainfall in August (Fig. 6c), which changes could have affected the C fluxes. 
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The monthly CO2 flux on the MS lake was lower in July 2018 than in 2017 (p = 0.01), but no significant changes were observed 545 

in the CH4 fluxes during the drought period. 

Both lake types emitted 96 % of the total C efflux as CO2 (Table 6). For comparison, in an extensive study of Alaskan subarctic 

lakes, the non-yedoma lakes emitted about 85 % as CO2 and 15 % as CH4 (Sepulveda-Jauregui et al., 2015), and in the above-

mentioned 224-lake study the CH4 diffusive fluxes contributed 8 ± 23 % to the total lake C emissions (Rasilo et al., 2014). The 

MS lake emissions (Table 6) were very similar to those from Lake Kipojärvi, a nearby small (9.6 ha) lake surrounded by an 550 

esker and a peatland, for which an annual balance of 15 g C m-2 has been determined (Juutinen et al., 2013).  

 

Figure 10. Weekly average lake CO2 (a) and CH4 (b) diffusive fluxes. Error bars represent the standard deviation of individual chamber 

measurements in each week. 

 555 

Table 6. Estimated CO2 and CH4 fluxes [g C m-2] of the MS and OS lakes and during the ice-free periods within the study years. 

 11 June – 26 October 2017  

& 10 May – 10 June 2018 

11 June – 30 October 2018  

& 5 May – 10 June 2019 

Mineral sediment lake   

CO2 flux 11.1 ± 3.5 14.2 ± 2.0 

CH4 diffusive flux 0.36 ± 0.20 0.65 ± 0.20 

CH4 ebullition flux 0.10 ± 0.06 a 0.18 ± 0.06 a 

Total C flux 11.6 ± 3.5 15.0 ± 2.0 

Organic sediment lake   

CO2 flux  74.7 ± 28.4  
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CH4 diffusive flux  2.44 ± 0.16  

CH4 ebullition flux 0.66 ± 0.16  

Total C flux  77.8 ± 28.4  

a Estimated from the ratio between CH4 diffusive and ebullition fluxes of the organic sediment lake. 

3.2.4 Pine bog fluxes 

The treed pine bog ecosystem between the forest and fen ecosystems covers 9.1 % of the studied landscape, and the sparsely 

treed pine bog covers 13.5 % and is located within the fen ecosystem in the driest parts of peatland. The annual CO2 balance 560 

of the treed pine bog ecosystem in the first and second study year was -39.1 ± 107.6 and -75.0 ± 111.2 g C m-2, respectively 

(Fig. 11b, Table A5). While the annual CO2 balance of sparsely treed pine bog ecosystem in the first and second study years 

was -9.8 ± 135.4 and -42.1 ± 145.3 g C m-2, respectively (Fig. 12b, Table A5). The larger uncertainties of these balances 

compared to the forest and fen ecosystems were due to the contribution of the modelled string top fluxes, which were based 

on a limited number of chamber measurements (Sect. 2.4).  565 

For both pine bog ecosystems, from mid-June to mid-July, the ER rates were slightly lower in 2018 than in 2017 (Figs. 11c, 

12c), and at the same time the GPP rates were higher during the latter year (Figs. 11d, 12d). This led to larger net CO2 uptake 

during the first part of growing season in 2018 than in 2017 (Figs. 11a,b, 12a,b, Table A6). However, this difference in fluxes 

was more prominent in the sparsely treed pine bog. The drought event decreased the magnitude of GPP rate similarly in both 

ecosystems between mid-July and mid-August 2018 to a lower level compared to the previous two summer months and the 570 

same period in 2017 (Figs. 11d, 12d, Table A6). 

The pine bog ecosystem fluxes were derived from the pine forest and fen ecosystem fluxes. String tops, which were used as a 

proxy for a treeless pine bog, are relatively dry microsites with a typical water table depth of 40–60 cm (Fig. 6b). As part of 

the bog ecosystems are wetter than typical string tops, and as the flark PCTs at Kaamanen had lower CO2 fluxes than the string 

tops (Heiskanen et al., 2021), the proxy approach may bias the pine bog flux estimates. However, the use of string margin 575 

fluxes instead of the string top fluxes would not make any significant difference. The fluxes of the pine bog ground layer have 

been studied previously within a nearby Kipojärvi catchment by Juutinen et al. (2013), who found that in 2006 the ground 

layer was an annual CO2 sink of -130 ± 91 g C m-2, with an annual GPP sum of -456 ± 77 g C m-2 and ER sum of 326 ± 48 g 

C m-2. The ER sum was similar to that measured at the Kaamanen fen on the string top and margin PCTs (Heiskanen et al., 

2021), but the magnitude of GPP sum was greater for the Kipojärvi catchment, which led to the annual CO2 sink being smaller 580 

than for the Kipojärvi cathcment (Fig. A2b). This suggest that our pine bog flux model results might underestimate the 

ecosystem CO2 sink. 
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Figure 11. Treed pine bog fluxes. Weekly averaged CO2 flux (a), and cumulative CO2 flux (b), and weekly averaged ER (c) and GPP (d) 

flux. 585 

 

Figure 12. Sparsely treed pine bog fluxes. Weekly averaged CO2 flux (a), and cumulative CO2 flux (b), and weekly averaged ER (c) and 

GPP (d) flux. 
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3.3 Upscaled landscape-level fluxes 

By upscaling the ecosystem balances to our study area of 7 km2, we obtained an annual landscape CO2 balance of -25.9 ± 65.7 590 

and -41.3 ± 64.9 g C m-2 for the two study years. The corresponding CH4 balances were 2.4 ± 0.7 and 2.3 ± 0.7 g C m-2, and 

the total C balances were -23.5 ± 65.7 and -39.0 ± 64.9 g C m-2, respectively (Fig. 13 b,f, Table A5). The pine forest ecosystem 

contributed to the total landscape C balance with a large CO2 sink and a minimal CH4 sink. In the evergreen forest ecosystem, 

CO2 uptake period was longer than that of the fen ecosystem: by 12 days in the beginning of the growing season and by 30 

days at the end of the growing season (Figs. 8d, 9d), and during the first half of growing season the magnitude of CO2 uptake 595 

was larger in the forest (Figs. 8a, 9a). The lake ecosystem was a complete opposite with substantial CO2 and CH4 emissions, 

while the fen ecosystem balances were between forest and lake with annual net CO2 uptake and CH4 emissions, although the 

fen had larger CH4 emissions per unit area than the lake ecosystem. The pine bog ecosystems, which were modelled using pine 

forest and fen fluxes, most likely acted as CO2 sinks and CH4 sources. The magnitude of ecosystem-specific CH4 emissions 

was much smaller than the magnitude of CO2 exchange, with the exception of the fen ecosystem. The fen CH4 fluxes largely 600 

determined the landscape-level CH4 emissions (Fig. 14). The average annual C uptake of the landscape was -274 ± 169 t C of 

which 20 % (55 ± 16 t C) was released back to the atmosphere by the lakes (Fig. 14). 

The studied landscape consisted of roughly and equal area of pine forest, pine bog, open peatland and lakes (Table 1). Aurela 

et al. (2015) estimated an annual landscape-level CO2 balance of -5 g C m-2 for a 1963 km2 area in Pallas in north-western 

Finland that was comprised of 71 % pine forest, 12 % open wetland, 6 % water surfaces and 2 % treeless fell tops. Within this 605 

area, the 105 km2 Lake Pallasjärvi catchment that included less forests and peatlands, but more lake and fell area, the annual 

landscape-level CO2 balance was estimated to be 15 g C m-2. The annual CO2 uptake in Pallas was lower than in Kaamanen in 

spite of the much larger proportion of forests. In a study temporally overlapping our study, Chi et al. (2020) reported landscape-

level C balances for a typical northern boreal forest landscape in Svartberget, Sweden, where forests covered 87 % of the area; 

the annual landscape-level CO2 balance was -37 g C m-2 in October 2016 – September 2017 and -108 g C m-2 in October 2017 610 

– September 2018. The latter year showed a drought response similar to Kaamanen: a higher annual CO2 uptake was observed 

in the forest, while the mire ecosystem (9 % of the area) turned from an annual CO2 sink to source. The annual CO2 balances 

of Svartberget were comparable to Kaamanen, whose pine forest had an annual CO2 balance of -78 and -119 g C m-2 during 

the first and second study year (Fig. 8d). In a synthesis by Virkkala et al. (2021), the mean annual NEE of 41 boreal biomes 

was on average -46 g C m-2 (uplands -47 g C m-2 and wetlands -38 g C m-2); i.e. the CO2 sink was lower in uplands and larger 615 

in wetlands than the mean landscape-scale sink in Kaamanen. These results show that there is large spatial and temporal 

variation in C exchange among boreal landscapes, but a major part of this derives from the ecosystem composition. 

The temporal variation of the landscape-level CO2 flux (Fig. 13) obviously depended on the flux variation of individual 

ecosystems. However, different ecosystems showed different environmental responses, and during the two study years there 

were four periods the ecosystem-specific fluxes deviated from each other and that were reflected in the landscape-level C 620 

balance. First, the warmer-than-average early growing season in 2018 increased the CO2 uptake of the fen ecosystem (Fig. 9a) 
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and probably also the pine bog fluxes (Figs. 11a, 12a), or conversely the colder-than-average early growing season 2017 led 

to lower CO2 uptake by these ecosystems. However, equally large variation in the early growing season CO2 uptake was not 

observed in the pine forest fluxes as the evergreen pine forest phenology differs from the largely deciduous mire phenology. 

Second, the rainy peak growing season 2017 increased the ER of pine forest ecosystem compared to the same period the next 625 

year, which decreased the net CO2 uptake (Figs. 8, A1). This was also reflected in the estimated pine bog fluxes (Figs. 11, 12), 

but not observed at the fen due to the inherently different water balance between uplands and peatlands. Third, the drought 

period in summer 2018 decreased CO2 uptake in both pine forest and fen ecosystems (Figs. 8b, 9b), and the pine bogs likely 

showed similar response. Finally, the cold spell in autumn 2018 reduced ER causing the forest to revert to a CO2 sink (Fig. 8), 

but a similar effect was not observed for the fen. However, the effect of the cold spell was sufficiently strong to be discernible 630 

in the modelled pine bog ER fluxes (Figs. 11, 12).  

As the pine forest and pine bog CH4 fluxes used for upscaling were adopted from literature (Dinsmore et al., 2017; Bubier et 

al., 2005), only the fen and lake ecosystem CH4 fluxes affect the annual variation in the upscaled landscape-level fluxes. The 

CH4 emissions from the fen decreased due to the drought in 2018 (Fig. 9e), thus decreasing the annual emissions compared to 

the first study year (Table A5). However, as the emissions from lakes increased due to a longer ice-free period in the second 635 

year (Table 6), there was only a minor difference in the annual landscape-level CH4 balance (Fig. 13f, Table A5). 

During the two study years, the meteorological conditions were not optimal for C sequestration, as indicated by the lower fen 

ecosystem CO2 sink than in some previous years (Aurela et al., 2007). Thus, the landscape-level CO2 uptake would probably 

be higher in more optimal conditions. However, the conditions favouring C sequestration differ between ecosystems, as all 

terrestrial ecosystems are likely to sequester more CO2 during longer growing seasons, but mires can simultaneously emit 640 

more CH4, and lakes emit more both CO2 and CH4. 

For estimating the relative radiative impact of the CO2 and CH4 exchanges in Kaamanen, the CH4 flux was translated to CO2-

equivalent flux by multiplying it by the Sustained Global Warming Potential (SGWP) coefficient (Neubauer and Megonigal, 

2015; Neubauer, 2021). If the CO2 and CH4 observed during the two study years continued for the next 500 yr (SGWP = 14 g 

CO2-eq./g CH4), the net CO2-equivalent flux of the fen would be positive. However, in longer time scales the fen will eventually 645 

have a negative radiative balance even with a low annual CO2 uptake. In addition to the time-dependent contribution of fens, 

the annual net CO2-equivalent flux of the landscape was affected by uptake of both CO2 and CH4 by forests, i.e. a systematically 

negative CO2-equivalent flux, and emissions of both CO2 and CH4 from lakes, i.e. a systematically positive CO2-equivalent 

flux. Assuming the present-day fluxes for each ecosystem, upscaling suggests that the net CO2-equivalent flux of the landscape 

would be initially positive but turn negative soon after 100 yr (SGWP = 45 g CO2-eq./g CH4). 650 
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Figure 13. Landscape-level fluxes. Weekly averaged CO2 (a), ER (c), GPP (d) and CH4 (e) flux, and cumulative CO2 (b) and CH4 (f) flux. 
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Figure 14. Annual CO2, CH4 and C flux sums for different ecosystems and the landscape (Fig. 1) scaled with the corresponding area. The 655 
CH4 flux estimate for forest is from Dinsmore et al. (2017) and for pine bog from Bubier et al. (2005). The error bars denote the 95 % 

confidence interval. 

4 Conclusions 

We estimated the ecosystem-atmosphere exchange of CO2 and CH4 for the main ecosystems in a subarctic landscape during 

two full years. The 7 km2 study area consisted of pine forest, open peatland, two pine bog ecosystems and two lake types. For 660 

the terrestrial ecosystems, C exchange was most sensitive to changes in temperature and moisture conditions, while on the lake 

it depended on the amount of available carbon in sediment and the length of the ice-free period. 
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The lakes in the study area released 20 % of the C that was sequestered by the landscape during the study period, and there 

was a sixfold difference in the CO2 emissions between organic- and mineral-sediment lakes. Thus, more measurements are 

needed to determine the role of lake emission variability. Similarly, the CH4 fluxes were much greater from the organic 665 

sediment lake, but the overall impact of lake fluxes on the landscape-scale was smaller than for CO2. Obviously, the great 

difference in the observed C fluxes between the lake types should be considered when estimating regional-scale fluxes in a 

heterogeneous environment such as a northern boreal landscape.  

There were four periods when the C fluxes of the terrestrial ecosystems were clearly different between the two study years due 

to meteorological conditions. In the pine forest, the CO2 fluxes were affected by the rainy weather in summer 2017, as the high 670 

ER rates decreased the CO2 uptake. The warmer-than-average early growing season in 2018 advanced the plant growth at the 

fen thus increasing the ecosystem CO2 uptake. All terrestrial ecosystems were affected by a short but severe drought event in 

July 2018, which decreased the GPP rates and thus CO2 uptake. However, both the onset of drought effect and the recovery 

from drought occurred more rapidly at the fen than in the pine forest. Additionally, during the drought the CH4 emissions from 

the fen decreased due to water level drawdown and possibly also due to decreased plant root carbon input. Later, a cold spell 675 

in autumn 2018 reduced ER rates in the pine forest ecosystem. The CO2 flux responses to changing environmental conditions 

were reflected in the landscape-level CO2 fluxes, even though only the short and severe drought event affected the CO2 fluxes 

of all terrestrial ecosystems similarly. For this reason, none of the ecosystems alone controlled the changes in the landscape-

level CO2 exchange. In contrast to the CO2 fluxes, it appears that the landscape-level CH4 flux and its variation can almost 

entirely be estimated based on the fen data. 680 

Both study years had periods of nonoptimal C sequestration conditions, but still the landscape remained as a CO2 sink, which 

indicates that the multitude of ecosystems contribute positively the landscape resilience.  
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Appendix A: Ancillary environmental information, flux and statistical tests 685 

Table A1. Ground layer biomass and leaf area index (mean ± standard deviation) and the number of field measurement points. 

Ground layer Biomass [g dry matter m-2] Leaf area index [m-2 m-2] n 

Land cover class Shrubs 
Forbs and 

graminoids 

Mosses and 

lichens 
Total Shrubs 

Forbs and 

graminoids 
Total 

 

Pine forest 144.1 ± 73.0 3.2 ± 7.8 398.1 ± 200.7 545.4 ± 189.5 0.39 ± 0.15 0.02 ± 0.04 0.41 ± 0.17 75 

Pine bog 284.9 ± 225.6 38.2 ± 30.2 398.4 ± 172.9 721.6 ± 324.5 0.51 ± 0.22 0.22 ± 0.16 0.73 ± 0.25 36 

Fen 149.4 ± 90.9 69.6 ± 36.9 146.7 ± 169.1 365.6 ± 231.2 0.21 ± 0.10 0.37 ± 0.19 0.59 ± 0.21 223 

String top a 247.5 ± 147.4 39.5 ± 29.9 261.8 ± 263.7 548.8 ± 318.8 0.50 ± 0.20 0.21 ± 0.14 0.71 ± 0.19 49 

a String top CO2 fluxes were used in pine bog flux estimation for the ground layer flux part, as the two ground layers resemble one another. 

 

Table A2. Average tree height (mean ± standard deviation) and the number of field measurement points. 

Ecosystem Average tree height [m] n 

Pine forest 7.7 ± 2.0 43  

Pine bog 4.9 ± 2.0 17  

 690 

Table A3. Soil and peat properties (mean ± standard deviation) for pine forest, pine bog and fen ecosystems. Except the pine forest organic 

layer, pH was always measured at 30 cm depth. In pine bog and fen ecosystems, bulk density, C and N content and C:N ratio are the mean 

of 0–5 and 15–20 cm peat layers. 

Ecosystem pH 
Bulk density 

[g cm-3] 

Soil C content 

[mg cm-3] 

Soil N content 

[mg cm-3] 
C:N ratio 

No. of 

sample plots 

Pine forest  6.0 ± 0.4     11 

  Organic layer 4.6 ± 0.2 0.136 ± 0.101 52.9 ± 44.9 1.2 ± 0.9 43.5 ± 8.4  

  Eluvial layer   1.037 ± 0.265 20.6 ± 11.9 0.5 ± 0.3 45.7 ± 11.2  

  Illuvial layer top  1.219 ± 0.110 16.5 ± 10.4 0.5 ± 0.4 36.4 ± 9.3  

  Illuvial layer bottom  1.337 ± 0.145 5.0 ± 4.1 0.2 ± 0.2 43.8 ± 40.1  

  50 cm below organic layer  1.511 ± 0.124 2.1 ± 3.3 0.1 ± 0.2 42.4 ± 30.6  

  100 cm below organic layer  1.588 ± 0.100 1.1 ± 0.9 0.01 ± 0.02 256 ± 506  

Pine bog 5.0 ± 0.3 0.146 ± 0.246 43.8 ± 29.6 1.2 ± 1.1 44.0 ± 11.8 8 

Fen       

  String top 4.6 ± 0.4 0.095 ± 0.030 50.9 ± 15.9 1.5 ± 0.8 38.9 ± 10.5 20 

  String margin 5.7 ± 0.5 0.094 ± 0.046 44.7 ± 21.5 2.5 ± 1.9 24.3 ± 13.0 16 

  Trichophorum tussock 5.9 ± 0.2 0.133 ± 0.042 57.2 ± 11.3 3.4 ± 0.8 17.1 ± 1.8 18 

  Flark 5.8 ± 0.2 0.098 ± 0.017 44.2 ± 8.6 2.7 ± 0.6 16.5 ± 2.2 18 
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Table A4. Tree biomass and leaf area index derived from field and remote sensing measurements. 695 

Ecosystem 
Tree biomass  

[g dry matter m-2] 

Tree leaf area index 

[m-2 m-2] 

Pine forest 3165 1.97 

Treed pine bog 1649 1.02 

Sparsely treed pine bog 514 0.32 

 

Table A5. Annual CO2, CH4 and C flux balances of the five ecosystems and landscape. The lake flux balances of the second year include 

scaled estimates using the previous year’s measurements on the organic sediment lake. Statistically significant differences between 2017 

and 2018 are indicated with an asterisk (Z test, **: p < 0.05, *: p < 0.10 and ¨: p < 0.20). 

 11th June 2017 – 10th June 2018 11th June 2018 – 10th June 2019 Difference 

CO2 balance [g C m-2]    

Pine forest -78.3 ± 50.8 -118.9 ± 26.8 -40.6 ¨ 

Treed pine bog -39.1 ± 107.6 -75.0 ± 111.2 -35.9 

Sparsely treed pine bog -9.8 ± 135.4 -42.1 ± 145.3 -32.3 

Fen -20.6 ± 3.6 -7.6 ± 3.7 13.0 ** 

Lakes 35.6 ± 11.2 (39.0 ± 11.3) 
 

Landscape -25.9 ± 65.7 -41.3 ± 64.9 -15.4 

CH4 balance [g C m-2]    

Pine forest -0.2 ± <0.1 a -0.2 ± <0.1 a 
 

Pine bog 1.6 ± 1.4 b 1.6 ± 1.4 b 
 

Fen 7.0 ± 0.2 6.3 ± 0.3 -0.7 ** 

Lakes 1.5 ± 0.2 (1.8 ± 0.2) 
 

Landscape 2.4 ± 0.7 2.3 ± 0.7 -0.1 

C balance [g C m-2]    

Pine forest -78.5 ± 50.8 -119.1 ± 26.8 -40.6 ¨ 

Treed pine bog -37.5 ± 107.6 -73.4 ± 111.2 -35.9 

Sparsely treed pine bog -8.2 ± 135.4 -40.5 ± 145.3 -32.3 

Fen -13.6 ± 3.6 -1.3 ± 3.7 12.3 ** 

Lakes 37.1 ± 11.2 (40.8 ± 11.3) 
 

Landscape -23.5 ± 65.7 -39.0 ± 64.9 -15.5 

a From Dinsmore et al. (2017). 700 

b From Bubier et al. (2005). 
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Figure A1. Pine forest ER temperature response curves. Nighttime EC data 15 June – 15 August 2017 and 2018. The lines show the fitted 705 

temperature response ER = R10 × 𝑒
E0(

1

56.02
−

1

T−227.13
)
, with E0= 400 K-1 (Lloyd and Taylor, 1994). The shaded areas indicate the one sigma 

confidence intervals. 

 

Figure A2. String top fluxes. Weekly averaged (a) and cumulative CO2 flux (b), and weekly averaged ER (c) and GPP (d) flux, used for 

estimating pine bog ecosystem fluxes. 710 
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Table A7. Average bulk density, C and N content and C:N ratio (± standard deviation) in the top 20 cm of lake sediments. 

Lake 
Bulk density 

[g cm-3] 

Soil C content of 

dry mass [%] 

Soil N content of 

dry mass [%] 
C:N ratio 

No. of core 

samples 

Jänkäjärvi (organic sediment lake) 0.13 ± 0.03 30.3 ± 1.6 1.6 ± 0.1 18.4 ± 1.0  1 

Jänkälampi (mineral sediment lake)      

  Northern basin  0.91 ± 0.47 5.5 ± 5.4 0.3 ± 0.3  19.9 ± 6.2 4 

  Southern basin  0.13 ± 0.10 22.6 ± 3.1 1.4 ± 0.4 15.6 ± 2.7  1 
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Supplement 

S.1 Land cover classification 

The land cover classification into ten land cover types (LCTs) was conducted following a geographic object-based image 

analysis approach (for class descriptions see Räsänen and Virtanen 2019). A 0.5 m spatial resolution aerial orthophoto acquired 

by National Land Survey of Finland on 27 June 2016 was segmented with an average and minimum segment size of 50 and 15 

10 m2, respectively, using full lambda schedule segmentation in Erdas Imagine (Hexagon Geospatial, Stockholm, Sweden). 

For each segment, a total of 55 spectral, topographic and vegetation structure features were calculated from the following 

remote sensing data sources: aerial orthophoto, aerial laser scanning data by National Land Survey of Finland, WorldView-2 

satellite imagery (Digital Globe, Westminster, CO, USA), and four PlanetScope satellite images (Planet Labs, San Francisco, 

CA, USA). A training data for the classification was obtained with transect-based field inventory (see Räsänen and Virtanen 20 

2019 for details) and visual interpretation of drone and aerial orthophotos. The data were classified into land cover classes with 

random forest classification (Breiman 2001) with package randomForest in R (Liaw and Wiener 2002). The classification 

accuracy was calculated using a plot-based field inventory as validation data (see Räsänen and Virtanen 2019 for details) and 

the overall classification accuracy was 69 %. 

For the purposes of this study, five open peatland microforms were merged into one open peatland LCT class and two forest 25 

classes were merged into one forest LCT. Conversely, the pine bog LCT was divided into two treed and sparsely treed pine 

bog LCTs by utilising aerial laser scanning data. The pine bog area that had mean tree height < 0.5 m was classified into 

sparsely treed class and the area with mean tree height > 0.5 m into treed pine bog. The treed pine bog ecosystem is mainly 

located between the forest and fen continuum, while sparsely treed pine bog is observed as patches surrounded by the fen 

ecosystem. Additionally, the lakes in the landscape were divided into two categories based on their sediment type, namely to 30 

organic and mineral sediment lakes. Both information about the water flow in the area and the notion that sandy and peaty 



2 

 

bottoms have a different albedo were used to distinguish between the lake types. Organic sediment lakes are located 

downstream of the surrounding peatland areas, while the mineral sediment lakes are found adjacent to sandy podzol soils, 

through which the water flows to the lakes. Due to the shallowness of the water bodies in the area, the sediment type could be 

visually distinguished from aerial orthophoto and Planetscope satellite images, with the sandy bottoms showing up as light-35 

coloured and the peaty bottoms as dark-coloured segments. 

S.2 Soil and sediment samples and analyses 

In the pine bog and fen ecosystems, peat samples of approximately 5 cm × 5 cm × 5 cm were cut out of the soil at 0–5 cm (i.e., 

straight under the litter layer) and 15–20 cm depth in June 2017. The samples were dried for bulk density estimates and ground 

in a ball mill to measure their C and N concentrations using a CNS-2000 analyser (LECO Corporation, Saint Joseph, MI, 40 

USA). Sample C and N contents (g dm-3) were then calculated using the bulk density and C and N concentrations of the 

samples. The pH was measured in the field using water collected from the bottom of a 30 cm deep hole.  

In the pine forest ecosystem, soil cores (diameter 3 cm) were collected from the organic layer, eluvial layer, top and bottom of 

illuvial layer, and 50 cm and 100 cm below the organic layer in June 2017. The cores from the organic and eluvial layer were 

vertical and their length was the depth of the layer. The other cores were horizontal and their length was 5 cm. Soil cores were 45 

dried, weighed and their bulk density and C and N content analysed as described above for peat samples. Soil C and N contents 

were corrected by stone volume, i.e., the estimates are for entire soil layers including the stones. For pine forest soil, the pH 

was measured in the laboratory in water solution with 10 ml distilled water and 0.5 g (organic layer sample) or 2 g (mineral 

layer sample at 30 cm depth) fresh mass soil. 

In the lake ecosystem, 20 cm long surface cores of sediments were collected in March 2017 (MS lake southern basin), August 50 

2017 (MS lake northern basin) and June 2018 (OS lake) using a HTH gravity corer (tube diameter 8.5 cm). The MS lake 

northern basin cores were cut into 0–5, 5–10, 10–15 and 15–20 cm layers, dried, weighted and their bulk density and C and N 

content analysed as described above for peat samples. The other surface cores were subsampled immediately after retrieval at 

0.25 to 1 cm intervals and placed into Minigrip® bags, and subsequently transported to the laboratory and freeze-dried. 

Elemental contents of these lake sediments were analysed at 2 cm intervals with an elemental analyser at the dating laboratory 55 

of LUOMUS, University of Helsinki. 

S.3 Vegetation sampling and measurement methods 

Biomass and leaf area index (LAI) were calculated and modelled based on field measurements. Specifically, field data was 

collected in 130 circular plots with 5 m radius (71 random plots, 59 plots in transects). In these plots, percentage coverage and 

average height of different plants and plant functional types (PFT) in ground and field layer were measured. For mosses and 60 

lichen, only percentage coverage was measured. The number of trees in each plot, and their average height, canopy percentage, 

and diameter at breast height were also measured. 
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Ground and field layer samples in quadrats with 50 cm side lengths were harvested to measure biomass and LAI. Vascular 

plant samples in 57 plots, moss samples in 18 plots, and lichen samples in 13 plots were collected. The plots were located both 

in peatland and upland areas. Biomass was measured from oven-dried samples and LAI was measured from photographed 65 

samples. Ground and field layer biomass and LAI for the 130 circular plots were then predicted separately for different plant 

functional types (evergreen dwarf shrubs, evergreen tall shrubs, deciduous dwarf shrubs, deciduous tall shrubs, herbaceous 

plants, graminoids, mosses, and lichens) using linear regressions. In the regressions, biomass or LAI was the dependent 

variable, and four different independent variable options were tested: (1) %-coverage, (2) height, (3) %-coverage and height, 

(4) volume (%-coverage × height). The best regression model was chosen by minimising the root mean square error (RMSE) 70 

value. PFT-specific biomass and LAI estimates were then summed to get the total ground and field layer biomass or LAI in 

each plot. Pine biomass was calculated with an allometric equation (model 2a in Repola 2009). 
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