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Abstract 15 

High latitude peatlands act as globally important carbon (C) sinks and are in constant interaction with the atmosphere. 16 

Their C storage formed during the Holocene. In the course of time, the aggregate effect of the C fluxes on radiative forcing 17 

(RF) typically changes from warming to cooling, but the timing of this shift varies among different peatlands. Here we 18 

investigated Holocene peatland development, including vegetation history, vertical peat growth and the lateral expansion 19 

of a patterned subarctic fen in northern Finland by means of multiple sampling points. We modelled the Holocene RF by 20 

combining knowledge on past vegetation communities based on plant macrofossil stratigraphies and present in situ C flux 21 

measurements. The peatland initiated at ca. 9500 calibrated years Before Present (cal yr BP), and its lateral expansion 22 

was greatest between ca. 9000 and 7000 cal yr BP. After the early expansion, vertical peat growth proceeded very 23 

differently in different parts of the peatland, regulated by internal and external factors. The pronounced surface 24 

microtopography, with high strings and wet flarks, started to form only after ca. 1000 cal yr BP. C accumulation within 25 



the peatland recorded a high degree of spatial variability throughout its history, including the recent past. We applied two 26 

flux scenarios with different interpretation of the initial peatland development phases to estimate the RF induced by C 27 

fluxes of the fen. After ca. 4000 cal yr BP, at the latest, the peatland RF has been negative (cooling), mainly driven by C 28 

uptake and biomass production, while methane emissions had a lesser role in the total RF. Interestingly, these scenarios 29 

suggest that the greatest cooling effect took place around ca. 1000 cal yr BP, after which the surface microtopography 30 

established. The study demonstrated that despite the high spatial heterogeneity and idiosyncratic behaviour of the 31 

peatland, the RF of the studied fen followed the general development pattern of more southern peatlands. Holocene 32 

climate variations and warm phases did not seem to induce any distinctive and consistent peatland-scale patterns in C 33 

accumulation, whereas our data suggests that the changes in vegetation related to autogenic succession were reflected in 34 

the C accumulation patterns and RF more clearly.   35 

Keywords: aapa mire, carbon dynamics, lateral expansion, autogenic succession, paleoecology, vegetation dynamics, 36 

climate variation, high latitudes  37 



1. Introduction 38 

Northern peatlands are an important element in the global carbon (C) cycle and act as a C sink, representing ca. 90% of 39 

the 545 (475–620) Gt C stored in peatlands globally (Yu et al., 2010), A more recent estimate of the global peatland C 40 

store is 1055 Gt C (Nichols and Peteet, 2019). Northern peatlands are globally essential C stores with ca. one third of all 41 

soil C stored in them due to the slow decomposition in waterlogged conditions and low temperatures (Gorham, 1991). 42 

Due to recent climate change, the C storage accumulated during the Holocene may be compromised. High latitudes are 43 

warming at a rate twice the global average (IPCC, 2013), the Arctic has already warmed by 2–3°C since the late 19th 44 

century (Post et al., 2019) and precipitation has increased by 6 % during the past ca. 50 years (Box et al., 2019). High 45 

uncertainties are especially related to future precipitation (Box et al., 2019; Collins et al., 2013), which will together with 46 

the temperature rise, affect peatland moisture conditions and thus vegetation assemblages and C accumulation capacity 47 

especially in northern regions (McGuire et al., 2018; Helbig et al., 2020). 48 

Post-glacial peatland initiation in high latitudes overall was triggered by rising growing season temperatures and the 49 

availability of excess water (Morris et al., 2018) peaking in the early Holocene 11,000–9000 calibrated years before 50 

present (cal yr BP; present = 1950 Common Era (CE)) (MacDonald et al., 2006; Ruppel et al., 2013; Yu et al., 2010). As 51 

interpreted from peat archives, Holocene climate variations are reflected in peatland dynamics (Charman et al., 2013; Yu 52 

et al., 2009). For example, during the warm Medieval Climate Anomaly (MCA; 1000–700 cal yr BP (Mann et al., 2009)) 53 

and Holocene thermal maximum (HTM; 8000–4800 cal yr BP (Renssen et al., 2012)), increased net primary productivity 54 

(NPP) exceeded peat decomposition, leading to accelerated peat accumulation (Charman et al., 2013; Yu et al., 2009). In 55 

contrast, over the climate transition from the MCA to the Little Ice Age (LIA; 500–100 cal yr BP (Wilson et al., 2016)), 56 

C sequestration rates of northern peatlands declined, possibly because of the lower temperatures combined with increased 57 

cloudiness, which suppressed NPP (Charman et al., 2013). 58 

Peatlands exchange greenhouse gases (GHG) with the atmosphere, which generates radiative forcing (RF) with climatic 59 

implications. A negative (cooling) RF results from net uptake of carbon dioxide (CO2), while the methane (CH4) emissions 60 

have an opposite (warming) impact associated with positive RF (Frolking and Roulet, 2007; Yu, 2011). In general, 61 

peatlands simultaneously sequester and release C, the balance associated with the peatland surface microtopography (Alm 62 

et al., 1999; Waddington and Roulet, 2000). During its succession, a peatland may act as both a C sink and a source, 63 

depending on various autogenic and allogenic forcing factors (Korhola et al., 1996; Yu, 2011). While the net RF depends 64 

on the balance between CO2 and CH4 fluxes, it is important to note that these two gases differ greatly in their radiation 65 

efficiency and residence time in the atmosphere (Myhre et al., 2013). Therefore, the initial net RF effect of a newly 66 



developed peatland is mainly warming, due to the dominance of CH4 emissions. Over the course of time, however, the 67 

negative RF due to sustained CO2 sequestration exceeds the CH4 –induced positive forcing, which leads to a negative net 68 

RF, i.e. cooling effect (Frolking and Roulet, 2007; Mathijssen et al., 2014). 69 

The Holocene C dynamics of subarctic permafrost-free fens have received less attention (Juutinen et al., 2013; Mäkilä et 70 

al., 2001; Mäkilä and Moisanen, 2007; Mathijssen et al., 2014) than the C dynamics of permafrost peatlands (e.g. Gałka 71 

et al., 2018; Pelletier et al., 2017; Sannel et al., 2017; Zhang et al., 2018a) or boreal bogs (e.g. Korhola et al., 1996; 72 

Mathijssen et al., 2016; Turunen et al., 2001; Van Bellen et al., 2011). Fens, however, respond to changes in the 73 

environment, especially moisture conditions, more strongly and faster than bogs (Gong et al., 2013; Jaatinen et al., 2007; 74 

Kokkonen et al., 2019; Tahvanainen, 2011; Wu and Roulet, 2014). Moreover, a pronounced decline in C accumulation 75 

over the warm and dry mid-Holocene climate phase (ca. 8000–5000 cal yr BP (e.g. Eronen et al., 1999; Seppä et al., 76 

2009)) has been recorded for subarctic fens (Mäkilä and Moisanen, 2007; Mathijssen et al., 2014; Robinson, 2006). This 77 

contradicts the patterns reported by Yu et al. (2009) for northern peatlands, where an overall slowdown of C accumulation 78 

after 4000 cal yr BP was connected to climate cooling following the high accumulation rates during the warm mid 79 

Holocene. As motivated by the current highly pronounced warming in the subarctic region, there is a need to deepen our 80 

understanding of the connections between climate and the ecosystem processes, C dynamics and atmospheric forcing of 81 

subarctic fens.  82 

 Here, we aim to link the long-term history of the subarctic Kaamanen peatland to its present-day C dynamics. To 83 

contribute to the understanding of the future peatland-climate interactions and scenarios, we explored how the Holocene 84 

warm climate phases, i.e. HTM, MCA and recent warming since the 1980s, are reflected in peatland physical and 85 

biological dynamics and what was the consequent radiative forcing effect. To reconstruct C flux dynamics since the 86 

peatland initiated we combined paleoecological data with contemporary measurements, and took advantage of the present-87 

day GHG flux measurements conducted at the site and within its catchment. At the site, the ecosystem-atmosphere 88 

exchange of CO2 has been measured using the eddy covariance (EC) technique since 1997 (Aurela et al., 2004, 2002, 89 

2001, 1998), and plant community specific GHG fluxes have been measured by chambers (Maanavilja et al., 2011; 90 

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 91 

average (Aurela et al., 2004; Hargreaves et al., 2001; Heiskanen et al. 2020). Reconstruction of the peatland development 92 

history, initiation and subsequent lateral expansion, allowed us to use these flux data to model the RF of the fen from its 93 

initiation to the present.  94 

2. Material and methods 95 



2.1 Site description 96 

Our study peatland (Kaamanen, 69° 8.44´ N, 27° 16.19´ E, 155 m a.s.l.) is a subarctic patterned flark fen (ca. 43 ha) 97 

characteristic of the northern aapa mire region (Figure 1). The long-term (1981–2010 CE) mean annual air temperature 98 

and precipitation sum are -0.4°C and 472 mm, respectively (Pirinen et al., 2012). Direction of water flow is from north to 99 

south, and spring flooding is typical. Strings (hummocks) and flarks (hollows) with a dimension of few metres create a 100 

patterned mosaic of surface microtopography. Ombrotrophic strings are typically lower than 1 m, but extend clearly above 101 

the surrounding water table, and can remain frozen inside until late summer (Maanavilja et al., 2011). The Kaamanen 102 

peatland is located within the sporadic permafrost zone, the so-called palsa mire zone (Figure 1), but has no permafrost. 103 

The inundated flarks close to a small stream, lining the east of the studied fen area, are mesotrophic. The prevailing 104 

vegetation varies greatly among different parts and microtopographic features of the fen. Flark vegetation is mainly 105 

composed of sedges Carex spp., Trichophorum cespitosum and Eriophorum angustifolium, the forb Menyanthes trifoliata 106 

and brown mosses (typically Scorpidium scorpioides). Tall sedge vegetation fringes the stream. Strings are dominated by 107 

forest and hummock mosses such as Dicranum spp. and Pleurozium schreberi, lichens, and Rhododendron tomentosum, 108 

Empetrum nigrum, Vaccinium uliginosum, V. vitis-idaea and Rubus chamaemorus. Andromeda polifolia, Betula nana and 109 

Salix spp. and peat mosses (Sphagnum fuscum and S. capillifolium) are found at the margins of the strings (Maanavilja et 110 

al. 2011). Wet lawns with S. lindbergii and low hummocks characterised by S. fuscum and dwarf shrubs dominate the 111 

south-west part of the study area. Pinus sylvestris forest and small lakes surround the peatland. Peat thickness in the 112 

northern part of the fen is ca. 1 m, but in the south, closer to the lake, it is up to 4 m (Figure 1).  113 



   114 

Figure 1. Study area located in northern Finland (A). The black star shows the location of the study site and the coloured 115 

lines indicate the distribution of raised bogs (ombrotrophic peatlands), aapa mires (peatland complexes with 116 

minerotrophic fen conditions in the central parts) and palsa peatlands (fens with frozen peat mounds) in Finland. (B) 117 

Isochrone map of the studied peatland area and the peat thickness. Coring locations are shown with dots and white stars 118 

with the number or the name of the location and calibrated basal ages (cal yr BP). White line with Pa –codes indicates a 119 

coring transect. (C) The microtopographic variation of flarks and strings.  120 

2.2 Peat thickness measurement and sampling 121 

We selected the coring locations based upon a ground-penetrating radar (GPR, Malå GeoScience ProEx) survey of the 122 

peat thickness and the underlying topography, conducted during the snow cover period in April 2018. The total length 123 

of measurement transects was 9.6 km which were measured using a snowmobile to pull the antennae (50 MHz, 124 

approximate velocity 5 m s-1). The measurement transects and the data analysis were performed using the ReflexW 125 

(Version 8.0, Sandmeier, 2016) programme. Measured subsoil, peat and sediment thickness data were used as 126 

validation of the radar data.  127 



To address initial and long-term development, twenty basal peat samples, representing the first peat deposited upon the 128 

top of the minerogenic sediment were collected with a Russian peat corer (3 x 50 cm). A long core recovered from a 129 

location where the current surface vegetation comprises Sphagnum-Trichophorum (STLong 393 cm) was collected in 130 

September 2018 and a second long core was recovered from a microform where Ericales-Pleurozium comprise the surface 131 

vegetation at the crest of a string (EPLong 228 cm) in 2010 (Figure 1). An additional short transect of basal samples was 132 

collected in 2009 from the northern part of the peatland (Figure 1). To address more recent development, an additional 133 

four short cores were collected with a box corer (7 x 4 x 65 cm) in September 2016. To cover the spatial variability, the 134 

short cores were collected from string margins with Betula-Sphagnum vegetation (K1BS, K3BS) and from the dry strings 135 

(K1EP, K3EP) with Ericales-Pleurozium vegetation. Short cores were collected from the northern part of the peatland, 136 

where the surface microtopography is more pronounced. Cores were wrapped in plastic and transported, avoiding 137 

compaction, inside plastic tubes to the University of Helsinki. Cores were cut to 1 or 2 cm slices and the subsamples were 138 

stored in plastic bags at 6 °C. 139 

2.3 Plant macrofossil analysis 140 

Plant macrofossil analysis was conducted to detect and to reconstruct changes in vegetation assemblages. In the short 141 

cores, the analysis was performed at 2 cm resolution and in the EPLong long core at every 10 cm and in STLong core at 142 

every 20 cm. Volumetric samples (5 ml) were inspected following Mauquoy and van Geel (2007) as modified by Väliranta 143 

et al. (2007). Samples were rinsed with water using a 140-μm sieve and the residue was analysed for proportions of main 144 

peat components. A stereomicroscope was used to estimate percentages for the total sample volume and a light 145 

microscope for further species level identification (for identification: e.g. Laine J. et al. 2009; Eurola et al. 1992 and a 146 

reference collection at the University of Helsinki). Seeds and leaves were counted as exact numbers (Figure A.1). 147 

Percentage of unidentified organic material (UOM) was estimated if the organic remains were unidentifiable for the 148 

vegetation type. Diagrams were created using software C2 (Juggins, 2007) and Tilia 2.0.41 (Grimm, 1991).  149 

2.4 Chronology  150 

A total of 33 samples were sent for accelerator mass spectrometry (AMS) 14C analysis to the Poznan Radiocarbon 151 

Laboratory (Poznan, Poland), 19 samples to the Finnish Museum of Natural History (LUOMUS, Helsinki, Finland) and 152 

3 samples were dated in the A. E. Lalonde AMS Laboratory (University of Ottawa) (Tables A.1 and B.1). Either bulk 153 

peat, cleaned from rootlets (Holmquist et al., 2016), or identified plant macrofossils were selected for dating (Table 154 

B.1). Basal samples were 14C dated to reconstruct the lateral expansion of the peatland following the procedure 155 

introduced in Korhola (1994). To depict changes in vegetation type, two long cores and four short surface cores were 156 



14C dated. The two long cores taken from a wet Sphagnum – Trichophorum flark (STLong) and dry Ericales – 157 

Pleurozium string (EPLong) were dated only by 14C. For both long cores, basal ages from the nearest basal peat 158 

sampling points, a few tens of metres away, were used instead of the original bottom-most ages of the cores, because 159 

the obtained ages show inconsistencies with different materials dated. Dated Equisetum remains provided consistently 160 

younger ages than selected terrestrial plant macrofossils (Carex spp. seeds, Betula seeds, Potentilla palustris seeds, 161 

Salix sp., bark and woody remains) (Table B.1) (Howard et al., 2009; Väliranta et al., 2014). For the STLong, the 162 

bottom-most age was from a basal peat sample from the coring point 3 and for EPLong from coring point 11 (Figure 1).  163 

The four surface cores were additionally 210Pb dated at the University of Exeter, UK, using alpha-spectrometry at 2 cm 164 

intervals. 0.2−0.5 g of dried and ground peat from each depth were analysed and spiked with a 209Po yield tracer (Kelly 165 

et al., 2017; Estop-Aragonés et al., 2018 for the method). The Constant Rate of Supply model (CRS) was applied to 166 

obtain the 210Pb ages (Appleby and Oldfield, 1978). Age-depth models (Figure 2), combining both the 14C results and 167 

210Pb dates were created with BACON v2.3.3 package (Blaauw, 2010; Blaauw and Christen, 2011) in R version 3.4.3 168 

(R Development Core Team 2016). 169 

2.5 Peat properties and C accumulation  170 

To determine dry bulk density (g cm−3) of the subsamples, we measured the dry mass (g) of peat based upon a fresh 171 

volume of 5 cm3. For the short cores, C and nitrogen (N) content at 4 cm intervals was measured using a LECO TruSpec 172 

micro Elemental Determinator, at the University of Helsinki, and these results were applied to calculate average values 173 

for the layers between the measurements. For the two long cores, loss on ignition (LOI) was measured at 10 cm intervals, 174 

following Heiri et al. (2001) and C content was estimated assuming 50% of C in organic matter (LOI x 0,5) (Loisel et al., 175 

2014). Apparent C accumulation rates (CAR, g C m−2 yr−1) were calculated by multiplying the C mass of each 1 cm 176 

increment (g m-3) by the corresponding peat growth rate (m yr−1) (Tolonen and Turunen, 1996), derived from the age-177 

depth models (Figure 2). 178 

2.6 Annual CO2 and CH4 balances 179 

In order to model the RF due to peatland development at Kaamanen, we estimated the ecosystem-atmosphere exchange 180 

of CO2 and CH4 for different vegetation assemblages based on present-day flux measurements. These assemblages were 181 

classified as aquatic (‘Sandy Equisetum’), Equisetum-dominated fen communities (‘Peaty Equisetum’, i.e. on organic 182 

sediments), non-patterned fens and their composites, which occurred during different development phases before the 183 

present patterned fen phase. We reconstructed the successional development areas for these different paleovegetation 184 

types. For estimating the paleovegetation types and the timing of the main changes, we applied dating results (Tables A.1 185 



and B.1, Figure 2) and the reconstructed vegetation history, interpreted from plant macrofossils, and extrapolated the 186 

changes to the surrounding areas (Figure 1). QGIS (3.0.0) was used to measure the estimated non-overlapping areas of 187 

each paleovegetation assemblage on 1000-yr intervals. The flux measurements were made both with the eddy covariance 188 

(EC) and chamber techniques, the former providing areally averaged and the latter plant-community-specific data. To 189 

calculate the mean annual flux densities (Table 1), the measurement time series were first gap-filled either based on 190 

empirical response functions, with temperature and irradiance as the key explanatory variables, or using linear 191 

interpolation (Aurela et al., 2002; Juutinen et al., 2013; Laine A. et al., 2009).  192 

Table 1. Flux densities (g C m-2 yr-1) adopted for different peatland vegetation assemblages and used for the radiative 193 

forcing modelling. Values for “non-patterned fen” are obtained from Trichophorum and of Carex-Scorpidium dominated 194 

surface measurements. “Patterned fen” represents the current peatland spatially averaged estimate based on the EC data. 195 

* Values from Juutinen et al. (2013). 196 

 
Flux density (g C m-2 yr-1) 

 
CO2 CH4 CO2+CH4 

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 

 197 

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 198 

peatland has exhibited pronounced microtopographical heterogeneity and been dominated by four vegetation habitats: 199 

(1) Trichophorum tussock flarks, (2) wet Carex-Scorpidium flarks, (3) Sphagnum-Betula nana string margins and (4) 200 

Ericales-Pleurozium string tops, defined in Maanavilja et al. (2011). The areal coverage of these habitats was 201 

determined by drone imaging with very high spatial resolution within a 200-m radius from the EC measurement tower 202 

(Räsänen et al., 2019). The EC data cover eight years for both CO2 (1997–2002, 2017–2018) and CH4 (2011–2018) 203 

fluxes. 204 

Both EC measurements and flux chamber data of the Trichophorum and Carex-Scorpidium communities (Heiskanen et 205 

al., 2020) were used to reconstruct the past C exchange of the Cyperaceous fen during a phase when the present 206 



microtopographical features were not yet developed. During the growing season, the relative difference between the 207 

EC- and chamber-based data was used to scale the chamber-based CO2 fluxes to match the EC fluxes separately for the 208 

ecosystem respiration and gross primary production estimated from the data (Aurela et al., 2002; Heiskanen et al., 209 

2020). Outside the growing season, the EC-based CO2 fluxes were allocated proportionally to the Trichophorum and 210 

Carex-Scorpidium communities based on the respiration fluxes measured with chambers during the last two weeks of 211 

the growing season. The annual ecosystem-scale CH4 balance was partitioned to these plant communities similarly to 212 

the CO2 balance, i.e. the EC data were allocated according to the chamber-based plant-community-specific fluxes. An 213 

equal areal coverage of Trichophorum and Carex-Scorpidium communities was assumed for the flux reconstruction. 214 

In addition to the local fluxes, we included flux data measured with chambers (year around estimate complemented by 215 

snow-gradient measurements) across the Kiposuo peatland – Kipojärvi lake continuum, located within the same 216 

catchment ca. 6 km northeast of Kaamanen (Laine A. et al., 2009; Juutinen et al., 2013). These data represent aquatic 217 

vegetation communities in shallow water conditions (Equisetum fluviatile, mixed E. fluviatile and Carex spp.) and were 218 

here adopted for an early Equisetum-limnotelmatic phase of the study peatland. Two different vegetation types were 219 

included: (1) littoral vegetation patches on sandy sediments (‘Sandy Equisetum‘), with net uptake of C, and (2) littoral 220 

vegetation on organic sediments (‘Peaty Equisetum‘), with net release of C.  221 

These two data sets make it possible to assess how the likely release of excess CO2 from the peatland-lake ecotone to 222 

the atmosphere affects the RF simulation. In other words, we assumed that the current peatland, at places where it 223 

developed from a limnic system, has been a temporary net C source due to release of CO2 from the net heterotrophic 224 

littoral zone. 225 

Two alternative simulation scenarios were outlined for the Equisetum fluxes. In Scenario 1, we used the flux 226 

measurements from the ‘Sandy Equisetum‘ habitat for the earliest phase of the peatland, since underneath the paleo-227 

vegetation layer lies mineral ground and thus this paleo-habitat resembles littoral sand conditions. For the peatland 228 

development phases following this, we adopted ‘Peaty Equisetum’ as the representative habitat. In Scenario 2, we used 229 

the fluxes from littoral sand for the first 1000 yr and linearly interpolated between them and the fluxes of ‘Peaty 230 

Equisetum’ for the following four millennia, assuming that this represents the change from littoral conditions to peat-231 

forming vegetation. For the vegetation assemblage ‘Mix of non-patterned fen and Peaty Equisetum’, inferred from the 232 

plant macrofossil analysis, we used the average of the corresponding fluxes. 233 

2.7 Radiative forcing modelling 234 



The areas of different vegetation assemblage classes defined above and listed in Table 1, were multiplied by the 235 

corresponding flux densities (g m-2 yr-1) (Table 1) to obtain the total CO2 and CH4 fluxes (g yr-1) for the Kaamanen 236 

peatland during each 1000-yr slot from 10,000 cal yr BP to the present. These fluxes were used as input to the calculation 237 

of radiative forcing, i.e. the change in Earth’s radiative balance due to the perturbations to atmospheric GHG 238 

concentrations that resulted from peatland development. RF was calculated in annual time steps with a sustained impulse-239 

response model (Lohila et al., 2010; Mathijssen et al., 2017).  240 

CO2 and CH4 are long-lived GHGs that can be assumed to be instantaneously and completely mixed in the atmosphere 241 

(Myhre et al., 2013). Therefore, the atmospheric composition change due to surface exchange fluxes of these GHGs, even 242 

if occurring at a local scale, was calculated in the RF model simply as a change in the total mass of each GHG assuming 243 

globally uniform concentration distribution. Uptake fluxes were treated as negative emissions. 244 

The atmospheric GHG pulses were modelled to decay according to characteristic time scales related to the global 245 

biogeochemical cycles of each GHG (Frolking et al., 2006). For CO2, this was implemented as a weighted sum of four 246 

exponential functions, where the fastest perturbation time scale was 4.3 yr and the slowest decay effectively corresponded 247 

to a permanent atmospheric change for 22% of each annual pulse. This impulse–response function for CO2 decay was 248 

derived by Joos et al. (2013) from a multi-model ensemble of simulations with coupled carbon cycle–climate models. 249 

The corresponding function for CH4 was defined as a first-order decay with a single perturbation time scale of 12.4 yr 250 

(Myhre et al., (2013), i.e. a short-term atmospheric response to CH4 emission in comparison to CO2 uptake. 251 

The annual emission pulses were integrated in such a way that in each year the effect of all preceding pulses and their 252 

decay with time was accounted for in the atmospheric GHG concentration change. As a major part of the CH4 decay 253 

results from atmospheric oxidation of the emitted CH4 molecules to CO2, this conversion was included in the RF model. 254 

The additional CO2 generates an indirect RF effect that was allocated to the CH4 emissions. An efficiency of 80% was 255 

assumed for the CH4-to-CO2 conversion (Boucher et al., 2009). 256 

The instantaneous RF (W m-2) resulting from the modelled CO2 and CH4 concentration changes was calculated with a 257 

radiative efficiency parameterization that was derived by Etminan et al. (2016) from simulations with a detailed radiation 258 

transfer model. These parameterizations relate the RF of each GHG to the concentration change taking into account the 259 

spectral interactions between the key GHGs, i.e. CO2, CH4 and nitrous oxide (N2O). The RF due to peatland fluxes was 260 

calculated as a marginal change with respect to a specified background concentration (Lohila et al., 2010). The variation 261 

of background concentrations of CO2, CH4 and N2O during the Holocene was adopted from Köhler et al. (2017). 262 

3. Results 263 



3.1 Age-depth models and peat growth rates 264 

Peat growth rate in EPLong (Ericales – Pleurozium string), was, on average, 0.2 mm yr-1 from ca. 9270 cal yr BP (227 265 

cm) to ca. 95 cal yr BP (43 cm). The average and the highest peat growth rates in STLong (Sphagnum – Trichophorum 266 

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 (Figures 267 

2 and 3). 268 

Based on the established age-depth models using 14C and 210Pb dating results, peat growth rates had not been constant 269 

during the shorter time scale either (Figures 2 and 4). For K1EP, the peat growth rate was fast between ca. 1290 (58 cm) 270 

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 271 

down to an average of 0.2 mm yr-1 and then accelerated to 1.1 mm yr-1 to the present day (figure 2). For K1BS, average 272 

peat growth rate was first 0.5 mm yr-1 (from ca. 1980 (57 cm) to 1420 (30 cm) cal yr BP) and then decreased to an average 273 

of 0.09 mm yr-1 (until ca 270 cal yr BP (20 cm)). Towards the surface, the average peat growth rate increases to 0.7 mm 274 

yr-1 (ca. -60 cal yr BP (5 cm)) and for the top-most layers it reached 6 mm yr-1.  275 

For the K3 short cores, peat growth rates were more consistent over time than in the K1 short cores and showed two 276 

distinct phases of low and higher rates (Figures 2 and 4). For K3EP, a low average peat growth rate of 0.2 mm yr-1 was 277 

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 278 

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 279 

yr BP (57 cm) and lasted until ca. 370 cal yr BP (35 cm), followed by an average peat growth rate of 1.6 mm yr-1 with 280 

higher rates in the top-most layers.    281 



    282 



Figure 2. BACON derived age-depth models. In green: 210Pb age-ranges (for K1 and K3 cores), and in violet: 14C dates 283 

(cal yr BP). The grey shading with the darkest grey demarks most likely age-range and the thin red line shows the weighted 284 

mean age based on the model. In red are 14C outliers (K1EP, EPLong and STLong). Notice the differences in the x and 285 

y-axis scales. 286 

3.2 Plant community changes and peat properties  287 

STLong: The early assemblages dated to ca. 9500 cal yr BP contained remains of aquatic taxa such as Charophyta 288 

oospores and Nymphaeaceae together with wet indicating bryophytes. After the initial aquatic state, Equisetum and 289 

Cyperaceae with some woody remains dominated the plant community (Figure 3, Figure A1). Menyanthes trifoliata, 290 

Potentilla palustris and Potamogeton seeds were detected at ca. 8650 cal yr BP (340 cm) with some Sphagnum teres. 291 

Between ca. 9640 to 6360 cal yr BP (388–207.5 cm) the organic content (LOI) varied between 40% and 74%. Between 292 

ca. 6230 and 3850 cal yr BP (200–120 cm) the peat forming vegetation was a mixture of Equisetum and Cyperaceae. 293 

From ca. 6200 cal yr BP (197.5 cm), organic content sharply increased with a marked decrease in peat dry bulk density. 294 

Organic content varied between 86% and 97% (characteristic for sedge-dominated peat) to the top of the core with a 295 

decrease in dry bulk density towards the surface (Figure 3). After ca. 4490 cal yr BP, the vegetation changed towards fen 296 

vegetation mainly composed of Cyperaceae such as Carex spp. Eriophorum sp. prevailed between ca. 1220 and 570 cal 297 

yr BP (40 cm and 20 cm). Sedges and Sphagnum warnstorfii dominated the surface. The average dry bulk density was 298 

0.14 g cm-3. 299 

EPLong: The assemblage was first dominated by Equisetum remains with some Cyperaceae and woody remains (Figure 300 

3, Figure A.1), mineral material was also abundant. LOI first fluctuated between ca. 9270 and 8000 cal yr BP with values 301 

ranging from 43% (199 cm) to 85% (209 cm) (Figure 3). After ca. 8000 cal yr BP (199 cm), LOI values stayed high 302 

between 74% and 95%, typical for fen peat. Between ca. 8960- 6200 cal yr BP (220–160 cm) Menyanthes trifoliata and 303 

Potentilla palustris seeds were present. Carex spp. seeds and Betula nana remains were abundant from ca. 7580 to 3430 304 

cal yr BP (190–100 cm). Roughly, after 7070 cal yr BP (179 cm), vegetation composition became dominated by 305 

Cyperaceae with occasional Sphagna and other bryophytes. Equisetum remains disappeared after ca. 3380 cal yr BP (99 306 

cm). Eriophorum vaginatum remains appeared around 3430 cal yr BP and were present until ca. 1060 cal yr BP (100–60 307 

cm). Sphagnum fuscum and S. warnstorfii dominated the top part, which was not inspected in further detail, from 40 cm 308 

(ca. -20 cal yr BP). Relatively even dry bulk density values were observed throughout the core with an average of 0.17 g 309 

cm-3. Dry bulk density slightly decreased towards the surface of the core, i.e. during the last ca. 150 years. 310 

K1EP and K3EP (string top sections): Both sites experienced a change from wetter fen vegetation to dry string 311 

conditions: K1EP at ca. 1020 cal yr BP and K3EP at ca. 430 cal yr BP (Figure 4, Figure A.1), i.e. there was a 600-year 312 



difference between the two sites only ca. 100 metres away from each other. In K1EP, the plant assemblage of the wet fen 313 

phase was highly humified (high proportion of UOM) Cyperaceae peat with Eriophorum starting from ca. 1290 cal yr BP 314 

(58 cm). After ca. 1020 cal yr BP (29 cm), plant composition changed to dwarf shrub roots, bark and leaves. At ca. 90 cal 315 

yr BP (13 cm), Hylocomium splendens and Dicranum fuscenscens emerged. In the top-most 5 cm, Empetrum nigrum 316 

leaves were abundant. The wet fen section of the K3EP profile was also dominated by Cyperaceae (from ca. 1270 cal yr 317 

BP, 59 cm) with Betula periderm. The plant assemblages changed through a Betula-Sphagnum string margin type (ca. 318 

430 cal yr BP, 39 cm) into Ericales-Pleurozium string top vegetation (ca. 290 cal yr BP, 28 cm) with dwarf shrub roots 319 

and Hylocomium splendens and Pleurozium schreberi. Betula nana and Ericales leaves and bud scales were abundant 320 

from the Betula-Sphagnum string margin phase throughout the string vegetation development. Average dry bulk density 321 

for both string top sections was 0.16 g cm-3. Bulk densities decreased towards the surface taking place between ca. 400 322 

and 100 cal yr BP. The centennial-scale declining trend was less pronounced in the string top K1EP, where a decrease 323 

occurred only during the recent decades (Figure 4). 324 

K1BS and K3BS (string margin sections): String margins showed similarities in the changes of plant assemblages and 325 

in the timing of the changes. K1BS core was first (ca. 1980 cal yr BP, 57 cm) dominated by Cyperaceae with Eriophorum 326 

vaginatum and Carex. From ca. 1820 cal yr BP (45 cm) to ca. 1190 cal yr BP (28 cm) Sphagnum section Acutifolia 327 

dominated and Andromeda polifolia seeds were found (Figure 4, Figure A.1). Eriophorum vaginatum was dominant for 328 

a ca. one-hundred year period (28–27 cm) and Empetrum nigrum leaves were present. Sphagnum fuscum dominated 329 

between ca. 380 and 90 cal yr BP (21–13 cm). A species composition which is typical for string top vegetation i.e., dwarf 330 

shrub roots, Dicranum sp. and Pleurozium shreberi was abundant between ca. 50 and -60 cal yr BP (12–5 cm), after 331 

which the plant assemblages returned to S. fuscum domination until the surface of the core. K3BS was at first dominated 332 

by Cyperaceae (Carex spp. and Eriophorum vaginatum) and Scorpidium scorpioides from ca. 2690 (57 cm) until ca. 380 333 

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. 334 

capillifolium, but towards the surface was solely S. fuscum dominated. Dwarf shrub roots and leaves were also found. 335 

Average dry bulk density for both string margin sections was 0.11 g cm-3. Bulk densities decreased towards the surface 336 

between ca. 600 and 450 cal yr BP. 337 
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Figure 3. Abundance of selected vegetation assemblages (%). Organic content as loss on ignition (LOI%), dry bulk 339 

density (BD g cm-3), peat growth rate (mm yr-1), apparent C accumulation rate (g C m-2 yr-1). Climate phases (approximate 340 

cal yr BP), Recent warming (RW), Little Ice Age (LIA) and Medieval Climate Anomaly (MCA) are indicated with 341 

different colours. Red and purple colours indicate warmer and grey, green and blue cooler climate phases. Gradual 342 

changes of the climate phases are reflected by shaded colour changes. 343 

 344 

Figure 4. Short string margin records K1BS, K3BS and string top records K1EP, K3EP. Abundance of selected vegetation 345 

assemblages (%). Black lines for K1 and grey lines for K3 records. Organic content as loss on ignition (LOI%), dry bulk 346 

density (BD g cm-3), peat growth rate (mm yr-1), apparent C accumulation rate (g m-2 yr-1). Climate phases (approximate 347 

cal yr BP) are indicated with different colours: Recent warming (RW) with orange, Little Ice Age (LIA) with blue and 348 

Medieval Climate Anomaly (MCA) with red. 349 



3.3 Plant community changes and lateral expansion through peatland development 350 

In addition to the four community types of the prevailing vegetation inside the EC footprint, we identified three other 351 

plant community types from the historical assemblages. Peat started to form in the basin ca. 10,000 cal yr BP (Figure 5). 352 

Based on plant macrofossil analyses and sediment properties overall, the southern part of the present peatland area 353 

represented an aquatic habitat in the beginning. Limnotelmatic Equisetum fluviatile dominated vegetation prevailed in the 354 

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 (Figure 355 

5). Between ca. 9000 and 8000 cal yr BP aquatic habitats changed to Equisetum - Cyperaceae dominated habitats and the 356 

total area of the peatland increased from 27 ha and to 31 ha (Figure 5). Between ca. 5000 and 4000 cal yr BP the peatland 357 

extent was ca. 40 ha. Equisetum habitats disappeared after ca. 4000 cal yr BP, after which Cyperaceous fen habitats 358 

dominated the entire peatland for ca. 3000 years. The northernmost part of the peatland established via primary 359 

paludification which took place ca. 2000 cal yr BP. Young and shallow peat was also found in the south, close to the basal 360 

peat coring point number 17, where the peat initiated between 4000 and 3000 cal yr BP. Peat area reached the current 43 361 

ha between ca. 2000 and 1000 cal yr BP. Surface microtopography with high strings and wet flarks formed after ca. 1000 362 

cal yr BP creating the present day strongly patterned features. 363 



 364 

 365 



Figure 5. Successional development of habitat distribution in patterned flark fen of Kaamanen peatland. The different 366 

colours indicate the main vegetation assemblages in thousand-year time-windows. The areas marked with grey are 367 

currently part of the peatland. Coring points with black fill indicates limnotelmatic basal conditions and white fill indicates 368 

mineral-peat transition. The graph in the bottom right corner displays the development of the reconstructed peatland area 369 

(ha) from the peatland initiation to 0 cal yr BP. 370 

3.4 Carbon accumulation 371 

Peat C content, measured from the short sections, was on average 47% and varied between 35% and 53% (Figure 4). The 372 

average N content was 2.2% with minimum and maximum contents of 0.9% and 3.5% (Figure 4). C and N contents were 373 

stable for the top-most 20 cm for all peat records but fluctuated more in the deeper layers (Figure 4). The diverging C 374 

content trends between the deeper sections of K1EP and K3EP was especially conspicuous, considering the close 375 

proximity of the coring sites to each other. 376 

C accumulation was, on average, 21 and 15 g C m-2 yr-1 in the long cores STLong and EPLong, respectively. For the 377 

STLong, the CAR continuously increased from the core bottom peaking to the highest values of ca. 29 g C m-2 yr-1 378 

between ca. 6000–7900 cal yr BP (Figure 3). A marked CAR decline of about 15 g C m-2 yr-1 was observed thereafter 379 

around 6000 cal yr BP. Only minor CAR changes were detected for the EPLong over time. However, the CAR was low: 380 

7-8 g C m-2 yr-1 for the surface parts. 381 

CAR varied markedly in the short surface cores, but the overall trend was mainly increasing towards the surface. In the 382 

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, 383 

they were 37 g C m-2 yr-1 (K1BS) and 29 g C m-2 yr-1 (K3BS). In contrast to the long cores, CAR was highest over the 384 

recent 20 years, 210 g C m-2 yr-1 (K1BS) and ca. 100 g C m-2 yr-1 (K1EP). In K1EP core, highest values of ca. 120 g C m-385 

2 yr-1 occurred at ca. 1100 cal yr BP (Figure 4). 386 

3.5 Radiative forcing  387 

While the estimated instantaneous RF varied during the peatland history, according to both flux scenarios the studied site 388 

has had a net cooling impact over the 10,000-yr period after the peatland initiation (Figures 6 and 7). This can be observed 389 

from the cumulative RF at the end of the period, which is proportional to the total additional energy in the atmosphere. 390 

In both scenarios, for the first ca. 1000 years the total (sum of CO2 and CH4) instantaneous RF was close to zero (Figure 391 

7), in Scenario 1 marginally positive and in Scenario 2 negative. In Scenario 1, the total RF was positive (warming impact) 392 

approximately between 9000 and 4000 cal yr BP. The total RF turned to negative (cooling impact) after ca. 4000 cal yr 393 



BP and reached the level of strongest cooling (ca. -10 ×10-8 W m-2) before 1000 cal yr BP. In Scenario 2 that allowed the 394 

aquatic Sandy Equisetum gradually turn into a peat-forming littoral Equisetum vegetation, the total RF was marginally 395 

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 396 

yr BP it turned marginally positive for ca. 400 yr. Since ca. 5500 cal yr BP, the total RF was negative, reaching the 397 

minimum of -14 ×10-8 W m-2 between ca. 1000 and 200 cal yr BP.  398 

 399 

Figure 6. Reconstructed CH4 and CO2 flux (×103 kg CH4 yr-1; ×103 kg CO2 yr-1) scenarios integrated over the total 400 

peatland area in Kaamanen peatland over time. Two alternative scenarios were created, which differ in their early 401 

development from sandy Equisetum habitats to peaty Equisetum.  402 



 403 

   Figure 7. Radiative forcing (RF) due to the ecosystem-atmosphere fluxes of CO2 and CH4 that resulted from the 404 

development of the Kaamanen peatland. Positive RF corresponds to a warming effect and negative RF to a cooling 405 

effect. ‘Total’ RF equals the net RF due to both CO2 and CH4 fluxes. Scenarios 1 and 2 refer to the flux scenarios 406 

shown in Fig. 6, which differ in the assumed changes within the Equisetum habitats.   407 

4. Discussion 408 

4.1 Peatland initiation and development 409 

The Kaamanen area deglaciated approximately 11,000 cal yr BP (Kujansuu 1992; Kujansuu et al., 1998), which left 410 

behind several melt water lakes, which were gradually filled in by organic sediments, some rapidly changing to peatlands 411 

via terrestrialization. Our data suggest that the studied peatland formed soon after the ice margin withdrawal. In the 412 

southern part of the peatland, open water conditions with aquatic vegetation persisted until at least approximately 9500 413 

cal yr BP, after which lake infilling took place. In the middle section of the present peatland area, limnotelmatic peat with 414 

abundant Equisetum suggests terrestrialization of the shallow littoral lake areas. In the north, peat started to form directly 415 

on top of the mineral soil, as indicated by a sharp transitional contact from sand to peat. It appears that post-glacial lake 416 

– stream landscape processes triggered and regulated the peatland development and expansion. The peatland development 417 



in Kaamanen follows acknowledged theories (e.g. Foster and Wright Jr., 1990) of peatland formation beginning at several 418 

locations, later combining into a single complex and simultaneously growing both vertically and laterally. 419 

The intensive development and expansion of the studied peatland during the early Holocene agrees with earlier studies 420 

from the high latitudes, which have revealed that the most rapid expansion period of peatlands occurred during ca. 10,000 421 

to 8000 cal yr BP (Mäkilä and Moisanen, 2007; Weckström et al., 2010). After the rapid early Holocene paludification, 422 

the lateral growth continued at a slow rate following landscape topography, including peat formation directly on mineral 423 

soil. This agrees with Weckström et al. (2010), who found only modest lateral expansion from 8000 to 4000 cal yr BP. 424 

Peat started to accumulate relatively simultaneously all over the studied area, but the vertical peat growth rate differed 425 

greatly. The landscape is sloping from the north towards the lake in the south, and this may have created the current 426 

pattern where the peat deposit thickness is 1 to 2 m in the north, while it is up to 4 m in the south. The original altitudinal 427 

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 428 

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 429 

average estimated for subarctic fens in Finland, 16.9 g C m2 yr-1 (Turunen et al., 2002). In the southern part, however, the 430 

CAR average of 21 g C m2 yr-1 from STLong is more comparable with the average accumulation of raised bogs in southern 431 

Finland, 23.4 g C m2 yr-1 (Turunen et al., 2002). Probably the initial infilling lake received more nutrients from the 432 

surrounding catchment resulting in higher peat and C accumulation rates in the southern core (cf. Mäkilä and Moisanen 433 

2007). Overall, the long-term CAR values are of the same magnitude as the mean Holocene values of northern peatlands, 434 

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-1 435 

(Turunen et al., 2011). Considerable spatial variation in the average long-term CAR within a peatland is not unprecedented 436 

as suggested by studies with multiple study points (Mathijssen et al., 2017, 2016; Pelletier et al., 2017; Piilo et al., 2019; 437 

Watson et al., 2015; Zhang et al., 2018a). Our data thus highlight the need for multiple study points per site, instead of 438 

the common single study-point approach, to reconstruct peatland development and CAR comprehensively and properly 439 

estimate basin-wide average rates. 440 

4.2 Holocene climate variations and concurrent peatland dynamics 441 

In northern Fennoscandia, the early Holocene (ca. 11,700-8000 cal yr BP) was relatively warm (Luoto et al., 2014; 442 

Väliranta et al., 2015). In Kaamanen, during the early Holocene, the initial aquatic littoral habitat changed into a peat 443 

forming Equisetum habitat. The CARs between 20-28 g C m2 yr-1 and 12-18 C m2 yr-1 determined for STLong and 444 

EPLong, respectively, are in line with previous studies (Mäkilä and Moisanen, 2007; Mathijssen et al., 2014). For the 445 

early limnotelmatic habitat type, we applied two CO2 and CH4 flux scenarios to create RF trajectories. Here, we were 446 



able to apply the fluxes measured on nearby limnotelmatic Equisetum-dominated subarctic fen assemblages (Juutinen et 447 

al., 2013), but it should be noted that only a few flux measurements from such ecosystem transitions are available and 448 

this uncertainty in our assumptions needs to be taken into account when interpreting the created RF scenarios. It appeared 449 

that the CO2 and CH4 fluxes reconstructed for the Kaamanen peatland were relatively low during the first millennium, 450 

and thus both scenarios suggested a negligible RF for this period. The system was a small C sink when there were sandy 451 

sediments and a net source of C to the atmosphere when organic sediments were deposited. We interpret the latter to 452 

result from the release of excess C relative to the on-site C fixation, potentially due to lateral transport of organic matter 453 

at the peatland-lake edge (i.e. particulate and dissolved organic C (DOC) transfer from the peatland). This results in a 454 

discrepancy: peat record indicates C accumulation, while the applied C exchange rates, which we cannot retrospectively 455 

verify, indicate a release of C also in the form of CO2. This is a feature found within littoral vegetation (Larmola et al., 456 

2003) and, at a larger scale, material of terrestrial origin may turn lakes into net heterotrophic and CO2 sources (Cole et 457 

al., 1994). 458 

The Mid-Holocene (ca. 8000-5000 cal yr BP) was warm and dry (Eronen et al., 1999; Seppä et al., 2009). The STLong 459 

record showed strongly decreased C accumulation rates (from 33 to 15 g C m2 yr-1) after 6000 cal yr BP with a 460 

simultaneous change from the Equisetum characterized assemblages to non-patterned fen vegetation. Similar mid-461 

Holocene decrease in the peat and C accumulation (from 26 to 9 g C m2 yr-1) and lateral expansion rates have been 462 

detected in western Finnish Lapland (Mäkilä and Moisanen, 2007; Mathijssen et al. 2014). The RF Scenario 1, which 463 

allowed the aquatic habitat to prevail only for the first 1000-yr period, showed a warming impact starting from ca. 9000 464 

cal yr BP. Scenario 2, with interpolation from the sandy littoral habitat to the littoral peaty Equisetum peat habitat, 465 

suggested a consistent cooling impact apart from a 400-yr-long period of marginal warming at around 6000 cal yr BP. 466 

Our results show a notable decrease in lateral expansion already after 7000 cal yr BP, and both RF scenarios suggest that 467 

the highest positive forcing took place at 6000 cal yr BP, after which RF turned to a decreasing trend, with a negative 468 

forcing in Scenario 2.  469 

Between 5000 and 3000 cal yr BP, i.e. in the cooler and moister late Holocene (Seppä and Birks, 2001), our results 470 

suggest only minor changes in the vegetation, lateral expansion and CAR. Yet, the RF Scenario 1 suggests positive forcing 471 

changing to negative only after 4000 cal yr BP. The overall RF pattern, however, supports the prevailing understanding 472 

of a peatland ecosystem first having a warming impact, which later turns to cooling. The switchover to cooling should be 473 

inevitable at some point, as part of the cooling effect due to sustained CO2 uptake accumulates monotonously while the 474 

positive RF due to a continuous CH4 emission converges to a constant level in a few decades. 475 



In contrast to the prevailing consensus and our results, the reconstructed RF of another subarctic fen, located ca. 180 km 476 

southeast of our study site, suggested a slight warming effect throughout its 10,000-yr development, even though it has 477 

continuously accumulated C (Mathijssen, 2016). Compared to our study site, that fen is shallower, with a maximum peat 478 

depth of 2.5 m, and has a more even surface topography, it supports different (tall sedge) vegetation and differs in its 479 

historical vegetation succession (Mathijssen et al., 2014). The RF scenarios for a southern Finnish boreal bog suggested 480 

a positive forcing for the first 7000 yr resembling our Scenario 1, even though with a longer phase of positive forcing, 481 

reflecting its long-lasting succession from a fen to a bog (Mathijssen et al., 2017). 482 

While the STLong record revealed C accumulation features and changes in vegetation assemblages that seemed to reflect 483 

Holocene climate variations, especially mid-Holocene decreased CAR, the other Holocene section EPLong record 484 

indicated much more subtle changes in vegetation and accumulation patterns. In other words, no clear and consistent 485 

peatland-scale response to warm climate was detected. However, this is possibly due to the topographic differences 486 

between the two peat profiles, differences in vegetation succession, but also due to the age-depth models, of the two long 487 

cores, where the compromised dating accuracy might cause inaccuracies for the results. 488 

The detected vegetation succession, from Equisetum to Cyperaceae dominated vegetation and further to patterned fen, is 489 

also reported for other northern fens (Mäkilä et al., 2001; Mäkilä and Moisanen, 2007). The formation of surface 490 

microtopography with strings and flarks has been dated to the late Holocene 3000–2000 cal yr BP, elsewhere in Lapland 491 

(Mäkilä and Moisanen, 2007; Seppälä and Koutaniemi, 1985). The current understanding is that the origin of 492 

microtopography of the raised bogs and fens in Fennoscandia is probably a large-scale cooling of the climate and a 493 

related increase in effective humidity (Aartolahti, 1967; Karofeld, 1998; Mäkilä and Moisanen, 2007; Seppälä and 494 

Koutaniemi, 1985). The irregular string and flark pattern, now characteristic of the Kaamanen peatland, was formed only 495 

after ca. 1000 cal yr BP. These formation processes were dated to both the warm MCA (Diaz et al., 2011; Linderholm et 496 

al., 2018) and the cool LIA (Cook et al., 2004; Hanhijärvi et al., 2013). While the MCA and LIA temperature patterns for 497 

European high-latitudes are relatively well resolved, the perception of hydrological conditions for these climate phases 498 

vary more (Diaz et al., 2011; Linderholm et al., 2018). Recent peatland hydrological reconstruction for Finnish Lapland, 499 

however, suggest relatively dry conditions for both periods (Zhang et al., 2018b), although these data originate from 500 

permafrost peatlands, which are more complicated systems to interpret as the permafrost dynamics may complicate the 501 

interpretation of hydrological changes. The dry string top in K1EP formed during the onset of the MCA at ca. 1000 cal 502 

yr BP with a simultaneous decrease in CAR. However, the formation of string margin conditions in K1BS, K3BS and 503 

K3EP and the following change to dry Ericales-Pleurozium community of K3EP occurred during the LIA. The changes 504 

dated to the LIA could reflect ice- and frost-related winter processes, which cause movement of unstable landforms 505 



(Koutaniemi, 1999). String formation reduced the CO2 uptake of the fen and halted the decreasing RF trend, as CO2 506 

exchange is associated with fen microtopography and the related variability in plant communities: minerotrophic 507 

communities act as effective sinks, while net CO2 fluxes are smaller in ombrotrophic string top communities (Heikkinen 508 

et al., 2002; Maanavilja et al., 2011; Heiskanen et al., 2020). 509 

In our string top and string margin records, CAR was consistently low during the MCA, a pattern also reported for other 510 

permafrost-influenced subarctic fens (Zhang et al., 2018a). In the string top K3EP and string margin K3BS records, CAR 511 

and Sphagnum prevalence seemed to increase during the LIA, which contradicts previous observations of decreased CAR 512 

in more southern peatlands during the LIA period (Charman et al., 2013). However, in subarctic permafrost fens higher 513 

CAR was detected during the LIA corresponding to our results (Zhang et al., 2018a) and highlighting the importance of 514 

Sphagna in peatland C dynamics by enhancing the C sink capacity (e.g. Loisel and Yu, 2013). The long records suggested 515 

decreasing CARs for the LIA period, but for these two records, the chronology without 210Pb dating is less reliable for the 516 

recent centuries. The CARs of the past decades, including the recent warming since the 1980s, are high, which is at least 517 

partly due to the incomplete decay process, and thus they cannot be directly compared with the older sections (Alm et al., 518 

1999; Clymo et al., 1998; Tolonen and Turunen, 1996; Young et al., 2019). However, a modelling exercise for permafrost-519 

influenced fens suggests that the recent warming has increased the peatland C sink capacity possibly through vegetation 520 

changes and increased net primary productivity, even when the decomposition processes are considered (Zhang et al., 521 

2018a). High peat and C accumulation rates were also detected before the MCA for the K1EP and K1BS records (ca. 110 522 

and 80 g C m2 yr-1, respectively). This pattern was not related to incomplete decay, nor especially warm climate, but 523 

probably reflects a vegetation succession from a wet fen habitat to string margin (K1BS) and string top vegetation (K1EP); 524 

this change was then followed by a decrease in CAR.  525 

4.3 Implications for future peatland dynamics  526 

In the future, warmer springs with earlier snowmelt will probably benefit annual CO2 uptake of the peatland (Aurela et 527 

al., 2004). However, recent ecosystem-scale field experiments have shown that, instead of a direct impact of temperature 528 

per se, peatland water table is the major driving factor for fen CO2 dynamics (Laine et al., 2019) and CH4 emissions 529 

(Peltoniemi et al., 2016) as well as for vegetation composition and biomass production (Mäkiranta et al., 2018). High 530 

water tables support peat accumulation by maintaining anoxic conditions in the peat profile, thus slowing decomposition 531 

(e.g. Belyea, 1996), while temperature and light conditions, in turn, may restrict net C accumulation (Charman et al., 532 

2013). The overall balance between gross ecosystem productivity and C loss through decomposition and DOC (Roulet et 533 

al., 2007) is a complex mixture of forcing factors and, as it is also strongly influenced by site-specific characteristics, the 534 



differentiation is challenging. Our study supports the prevailing understanding of northern peatlands acting as important 535 

long-term C sinks with climate cooling feedbacks. However, a widespread drying of European peatlands over the recent 536 

past has been suggested (Swindles et al., 2019; Zhang et al., 2020, 2018b). Water level drawdown experiments have 537 

shown that in high latitudes shrubs benefit over forbs and mosses as belowground production increases under drier 538 

conditions (Mäkiranta et al., 2018). In addition, changes in vegetation composition may occur fast: drainage of a boreal 539 

fen resulted in a rapid shift of Carex dominated fen vegetation to Sphagnum dominated ombrotrophic communities 540 

(Tahvanainen, 2011). Consequently, should the future warming be accompanied by summer water deficiency (Charman, 541 

2007) and lowered water levels, significant changes in fen plant functional types (Mäkiranta et al., 2018) and thus in C 542 

accumulation and the related RF may occur. 543 

5. Summary 544 

In this study, we reconstructed peatland succession in a subarctic fen in Finland throughout the Holocene. Changes in 545 

vegetation and peat accumulation showed marked spatiotemporal differences over the studied area. The peatland started 546 

to form simultaneously on a wide area and lateral expansion was greatest during the early Holocene. Radiative forcing 547 

scenarios suggest that the net atmospheric effect of the peatland development is cooling. However, depending on the 548 

applied scenario, during the early and mid-Holocene the peatland also had a temporary warming impact due to CH4 549 

emissions. The current microtopography with strings and flarks formed only after ca. 1000 cal yr BP. The warm climate 550 

periods during the Holocene, did not seem to result in uniform responses in carbon accumulation rates (CAR) nor 551 

vegetation patterns, while vegetation succession in general appeared to drive changes in CAR and RF more.  552 
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