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Abstract. Boreal peatlands store substantial soil carbon and differ strongly in greenhouse gas exchange depending on factors 

such as hydrology and vegetation. Understanding these differences is increasingly important because many boreal peatlands 15 

are undergoing fen-to-bog transitions, potentially altering ecosystem carbon cycling and greenhouse gas exchange. We 

compared active-season (May–October) carbon dynamics between an oligotrophic sedge fen and an ombrotrophic patterned 

bog located 1.2 km apart within the Siikaneva wetland complex, southern Finland. We analysed fluxes of carbon dioxide (CO2) 

and methane (CH4) at diurnal, seasonal, and interannual scales, using eddy covariance measurements from 2011–2016. These 

fluxes were related to abiotic and biotic drivers, including soil temperature, photosynthetically active radiation, water table 20 

depth, and vascular plant leaf area index (LAI), with a focus on aerenchymatous LAI (LAIAer). 

Across the six-year period both ecosystems acted as CO2 sinks during the active-season and the fen was generally a stronger 

sink (mean±std NEE -80.8±42.1 g C m-2 season-1) than the bog (-72.2±22.5 g C m-2 season-1). The fen also exhibited higher 

gross primary production (GPP) and light-use efficiency, consistent with its higher total LAI, indicating vegetation structure 

and phenology as key drivers of the CO2 sink difference under shared climate. CH4 emissions were substantially higher at the 25 

fen (mean±std CH4 10.8±2.3 g C m-2 season-1) than the bog (7.9±1.4 g C m-2 season-1). CH4 fluxes scaled positively with total 

LAI and LAIAer, supporting the role of substrate supply and plant-mediated transport.  

The contrasting carbon dynamics between these adjacent peatland types suggest that ongoing fen-to-bog transitions may alter 

active-season carbon exchange by reducing CO2 uptake and CH4 emissions as vegetation composition and hydrological 

conditions shift toward bog-like states. Our results additionally indicate greater temporal variability in carbon fluxes at the fen 30 

than the bog. These findings highlight the importance of representing vegetation composition and canopy development in 

peatland models, rather than relying solely on peatland type. 
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1 Introduction 

Peatlands exchange large amounts of carbon (C) with the atmosphere through the uptake and emission of carbon dioxide (CO2) 

and the release of methane (CH4) (Saunois et al., 2025; Limpens et al., 2008). Peatlands in the boreal and subarctic regions are 35 

of particular interest because, despite covering only approximately 3% of the global land surface (Rydin et al., 2013), they 

represent one of the largest terrestrial carbon reservoirs and play a significant role in carbon cycling (Yu, 2012; Gorham, 1991). 

Carbon accumulation in peatlands results from slower decomposition than photosynthetic carbon uptake. Water table depth 

(WTD) strongly influences oxygen availability in peat soils. When the WTD is close to the surface, oxygen diffusion into the 

peat profile is limited, creating anoxic conditions that slow decomposition, thereby promoting long-term C accumulation 40 

(Blodau et al., 2004). Fresh root litter and exudates provide key substrates for methanogenic microbes, and a substantial 

proportion of CH4 production originates from this labile organic matter rather than from older, more recalcitrant peat 

(Koelbener et al., 2010). Consequently, CH4 fluxes are strongly and positively correlated with CO2 uptake (Rinne et al., 2018). 

Boreal peatlands are a major natural source of atmospheric CH4, contributing approximately 12% of global CH4 emissions 

(Gorham, 1991; Wuebbles and Hayhoe, 2002), while wetlands as a whole account for about 24% of the global CH4 emission 45 

budget (Saunois et al., 2025). Because peatland carbon exchange is tightly linked to hydrology and vegetation, understanding 

how peatlands with contrasting ecosystem characteristics respond to environmental variability is essential for predicting their 

carbon-cycle feedbacks under global change. 

Bogs and fens are the two principal types of boreal peatlands, distinguished by their hydrology, nutrient status, and vegetation 

composition. Bogs are ombrotrophic systems that receive water inputs exclusively from precipitation, making them nutrient-50 

poor. Fens, by contrast, are minerotrophic; in addition to rainfall, they are fed by mineral-rich groundwater, resulting in higher 

nutrient availability and typically higher pH than in bogs. These contrasting environmental conditions shape their plant 

communities. Bogs are typically dominated by Sphagnum mosses and are often characterised by a microtopographical variation 

between dry hummocks dominated by ericaceous shrubs and sedge-dominated wet hollows. Fens have typically spatially more 

homogeneous and sedge-dominated flora, at times Sphagnum mosses being accompanied by brown mosses (Charman, 2002). 55 

These differences between fens and bogs strongly influence ecosystem functioning, including CH4 dynamics and net ecosystem 

exchange (NEE) of CO2 (e.g. Limpens et al., 2008; Rinne et al., 2020; Riutta et al., 2007). Because bogs and fens differ in key 

ecological characteristics, they are likely to respond differently to environmental variability and long-term change. This makes 

it essential to understand how CO2 sequestration and CH4 emissions vary between these peatland types. 

Fens can transition into bogs through time, as plant litter accumulates and thickens the peat layer, progressively reducing the 60 

influence of mineral-rich groundwater and shifting the system toward increasingly ombrotrophic conditions. This successional 

process, known as a fen-bog transition (FBT), may occur during natural peatland development but can also be accelerated by 

changes in catchment hydrology or climate warming (Kolari et al., 2022; Kolari and Tahvanainen, 2023; Tahvanainen, 2011). 

As FBT progresses, vegetation composition shifts toward Sphagnum dominance, while sedges and other fen-characteristic 

plant communities decline, with consequences for peatland carbon cycling and greenhouse gas exchange. Consistent with these 65 
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vegetation and hydrological changes, FBT has been shown to alter peatland carbon cycle feedbacks, for example by increasing 

carbon sequestration (Loisel and Yu, 2013) and reducing CH4 emissions (Zhang et al., 2021). Seasonal CO2 exchange in boreal 

peatlands is largely controlled by plant community composition and phenology, as different functional groups peak in 

productivity at different times during the growing season. Carbon exchange in fens is generally more temporally variable than 

in bogs, as vascular plant productivity drives pronounced seasonal fluctuations, whereas Sphagnum dominated bogs typically 70 

exhibit more stable CO2 dynamics (Leppälä et al., 2009). This stability can be linked to the functional role of Sphagnum species 

which suppresses decomposition by acidifying the peat environment, enhancing mineral soil organic carbon interactions, and 

inhibiting microbial activity under aerobic conditions. As a result, Sphagnum-dominated systems tend to exhibit lower 

decomposition rates and greater carbon stability (Zhao et al., 2026). Future changes in vegetation structure and composition 

driven by FBT may therefore alter peatland ecosystem functioning and their response to climatic variability. The FBT can be 75 

accelerated under climate warming (Kolari and Tahvanainen, 2023; Tahvanainen, 2011), highlighting the need to better 

understand how shifts from fen to bog communities influence contrasting greenhouse gas emission patterns. 

Fens generally exhibit higher CH4 emissions than bogs (Juottonen et al., 2005; Saarnio et al., 2009; Turetsky et al., 2014; 

Webster et al., 2018), reflecting differences in key environmental controls. One important factor is pH: bogs are typically more 

acidic, whereas fens have higher, more neutral pH conditions. CH4 production in peatlands often increases with pH due to 80 

enhanced methanogenic activity under less acidic conditions, with maximum production reported at approximately pH 5.5 

(Kusin et al., 2025; Ye et al., 2012). Vegetation is another major control on CH4 emissions. Methanogenesis is strongly 

influenced by the availability of labile carbon substrates derived from fresh plant litter and root exudates (Koelbener et al., 

2010). Plant community composition is also closely linked with CH4 emissions, with higher emissions observed in sedge-

dominated fens where vascular plant biomass and associated carbon inputs are greater (Abdalla et al., 2016; Järvi-Laturi et al., 85 

2025). Aerenchymatous plants both provide labile substrates and facilitate CH4 transport from peat to the atmosphere via 

aerenchyma (Jentzsch et al., 2024; Koelbener et al., 2010; Korrensalo et al., 2022; Leppälä et al., 2011), a specialised plant 

tissue characterised by extensive intercellular air-filled spaces or channels in roots, stems, and/or leaves, which facilitate 

internal gas transport between aerial and submerged parts. These spaces reduce resistance to diffusion and help plants tolerate 

hypoxic or anoxic conditions by enabling oxygen diffusion to roots (Evans, 2004). The aerenchyma tissue also provides 90 

pathways for CH4 to bypass the oxic layers, where oxidation could otherwise reduce the CH4 emission (van den Berg et al., 

2020; Turner et al., 2020). 

Vegetation mediated processes may also influence the temporal coupling between CO2 uptake and CH4 emissions. CH4 fluxes 

can exhibit time lags and hysteretic relationships relative to gross primary productivity (GPP) and temperature (Chang et al., 

2020; Kettunen et al., 2000; Rinne et al., 2018). These hysteretic relationships likely reflect delayed belowground transfer of 95 

assimilated carbon, microbial processing, and transport through peat and plant tissues, with fens often showing more 

pronounced hysteresis than bogs (Chang et al., 2021). These dynamics may contribute to differences in temporal CH4 

variability between fen and bog ecosystems. 
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Currently, there is not a clear consensus regarding whether fens or bogs function as stronger CO2 sinks. While many studies 

have suggested that fens are weaker CO2 sinks than bogs (Leppälä et al., 2009; Turunen et al., 2002; Webster et al., 2018), 100 

others have reported fens to be a bigger sink of CO2 (Bubier et al., 1998; Humphreys et al., 2006; Sulman et al., 2010). The 

contrasting results of these studies indicate that peatland carbon dynamics are strongly influenced by local ecosystem 

characteristics, such as vegetation and hydrology. Paired measurements from adjacent peatland ecosystems experiencing 

similar climatic conditions provide a valuable opportunity to isolate the role of ecosystem characteristics in controlling carbon 

exchange. However, direct comparisons of carbon flux dynamics between adjacent fen and bog ecosystems exposed to similar 105 

climatic conditions remain limited.  

The aim of this study is to examine differences in CO2 and CH4 flux dynamics between adjacent boreal fen and bog ecosystems, 

which are therefore exposed to similar climatic conditions. Specifically, we investigated whether these fluxes differed at 

seasonal, annual, and diurnal scales within the active-season (May–Oct), and which abiotic and biotic variables were the main 

drivers of these differences. We hypothesise that the fen exhibits a (i) smaller active-season CO2 net uptake, (ii) higher CH4 110 

emissions, and (iii) greater temporal variability in CO2 and CH4 fluxes than the adjacent bog. 

2 Materials and Methods 

2.1 Measurement Sites 

Siikaneva wetland complex is located in Southern Finland (61°50’ N, 24°12’ E, 162 m a.s.l.) and comprises a 12 km2 boreal 

peatland, where the peat depths range from 2–6 m (Mathijssen et al., 2016). The complex includes both minerotrophic aapa 115 

mire areas and ombrotrophic bog areas. Our study sites were located 1.2 km from each other (Fig. 1) within an oligotrophic 

sedge fen and an ombrotrophic patterned bog.  

The climate is boreal and with an annual temperature of 3.3°C and rainfall of 710 mm for the period 1971–2000 (Drebs, 2002). 

Snow cover typically persists from November–December until April–May (Rinne et al., 2018). We analysed data obtained 

simultaneously from both sites during the active seasons (May–October) of 2011–2016. 120 

 

Figure 1: Aerial photo from Siikaneva showing locations of Eddy covariance flux measurement towers in Siikaneva fen and bog 

sites. Background imagery from Esri World Imagery | Powered by Esri, visualised in QGIS v3.36.2 
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The Siikaneva fen site has a relatively flat topography and a homogeneous surface structure with minimal hollow, lawn, and 

hummock patterning. The vegetation is dominated by peat mosses (Sphagnum balticum (Russow) C.E.O. Jensen, Sphagnum 125 

majus (Russow) C.E.O. Jensen, Sphagnum papillosum Lindb.), sedges (Carex rostrata Stokes, Carex limosa L., Eriophorum 

vaginatum L.), and Rannoch rush (Scheuchzeria palustris L.). A more detailed description of the site’s vegetation composition 

is provided by Riutta et al. (2007) and Laine et al. (2012).  

The Siikaneva bog site is characterised by distinct microtopography and heterogeneous vegetation. Lower lying areas within 

the site consist of hollows and lawns, moss free mud bottoms, and open-water ponds, with pond depths ranging from 0 to 2 m. 130 

The site exhibits considerable spatial variability in vegetation composition and WTD, resulting in a highly heterogeneous 

ecosystem (Korrensalo et al., 2018). A clear microtopographic gradient is apparent with elevated hummocks dominated by 

dwarf shrubs, Sphagnum species (S. rubellum (Ehrh.) Hedw., S. papillosum, S. fuscum (Schimp.) H.Klinggr.), and occasional 

Scots pine (Pinus sylvestris L.), while hollows support vegetation more typical of ombrotrophic conditions, including sedges 

and species such as Rhynchospora alba (L.) Vahl. Other species at the bog site include Andromeda polifolia L., Calluna 135 

vulgaris (L.) Hull, and Rubus chamaemorus L. Some areas contain open-water surfaces or naturally bare peat with only sparse 

vegetation cover (mud bottoms) (Korrensalo et al., 2022). The bog site is relatively wet and with less shrubs or small trees 

when compared with many other previously studied bogs, the shrub dominated hummocks are a minority (Korpela et al., 2020). 

Further details on the vegetation composition and microform structure are available in Korrensalo et al. (2016, 2017). 

2.2 Flux measurements 140 

The eddy covariance (EC) method (e.g. Aubinet et al., 2012) was used to measure CO2 and CH4 fluxes. Measurements at the 

bog site were conducted during 2011–2016. Electricity at the site was provided by solar panels, therefore data were available 

only during the active-season. The bog EC system was mounted at 2.4 m height above the ground and consisted of a METEK 

USA-1 three-dimensional sonic anemometer (METEK GmbH, Germany) for measuring wind velocity components and the 

sonic temperature, a LI-7700 open-path CH4 analyser, and a LI-7200 enclosed-path CO2 and H2O analyser (LI-COR 145 

Biosciences, USA). Detailed descriptions of the EC instrumentations and setup is available in Alekseychik et al. (2021). 

Measurements at the fen site began in 2004, but only data from 2011–2016 were used in this study to match the period available 

from the bog site. The EC system, located at 2.75 m height above the ground, included an ultrasonic anemometer (METEK 

USA-1 GmbH, Germany) to measure the three wind velocity components and the sonic temperature, closed path gas analysers 

to measure CH4 and H2O concentrations (Picarro Inc, USA and Los Gatos Research, USA)  and a LI-7000 infrared gas analyser 150 

(LI-COR Biosciences, USA) to measure CO2 and H2O concentrations. Detailed descriptions of the EC instrumentations and 

setup are given in Rinne et al. (2018).  

2.2.1 Flux processing and gapfilling 

EC data processing and flux calculation were done by using EddyUH software (Mammarella et al., 2016), following standard 

methods and processing pipelines. CO2 and CH4 flux data were quality flagged according to the Mauder and Foken (2004) 155 
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system, with three quality flag classes and only data with quality flags 0 and 1 were used. Fluxes were also storage corrected 

and filtered for low turbulence conditions (friction velocity lower than 0.1 m/s). Data availability at both sites for each year is 

presented in Appendix A. 

Both CO2 and CH4 fluxes were gapfilled using XGBoost machine learning, as described in Vekuri et al. (Vekuri et al., 2023). 

Environmental variables for the training of the method for gapfilling of CO2 were PAR, global radiation, soil temperature at 5 160 

cm depth, air temperature, and WTD. The environmental variables used for the gapfilling of CH4 were soil temperature at 5 

cm depth and WTD. The gapfilled flux data were only used for estimating the active-season carbon balance; all other analyses 

were based on measured values. 

Finally, we partitioned NEE into Terrestrial Ecosystem Respiration (TER) and GPP by using nighttime based flux partitioning 

approach (Reichstein et al., 2005), where TER was estimated from nighttime NEE and extrapolated to daytime. GPP was then 165 

calculated as TER minus NEE. 

2.3 Ancillary measurements 

Ancillary measurements at both sites included air temperature, relative humidity, soil temperature, WTD, Leaf area index 

(LAI) and photosynthetically active radiation (PAR).  

Air temperature and relative humidity were measured by Campbell CS215 sensor at the bog site and Rotronic HC2 sensor at 170 

the fen site. During the study period, WTD was measured using a PDCR1830 pressure transducer (DRUCK & TEMPERATUR 

Leitenberger GmbH, GERMANY) at the fen and a CS 451 pressure transducer (Campbell Scientific, UK) at the bog.  

Soil temperature was measured at lawn microsites using Campbell 107 thermistors installed at both the fen and bog sites at 

several depths (5, 20, and 35 cm), within the footprint of the EC tower.  

LAI data were obtained from manual measurements conducted during 2014–2016 at the fen and 2012–2016 at the bog, for 175 

further information on the method of manual measurements for the fen in Männistö et al. (2023) and the bog in Korrensalo et 

al. (2018). For our study, LAI data were separated into total vascular plant LAI (LAITot) and the LAI of aerenchymatous species 

(LAIAer), which facilitate gas transport. The following species were classified as aerenchymatous in both sites; Carex spp., 

Eriophorum vaginatum, Scheuchzeria palustris and Rhynchospora alba.  

PAR was measured at the fen site using a Li-190R quantum sensor (LI-COR, Inc., USA). PAR from the fen site was used for 180 

both ecosystems due to better data availability than at the bog site. In 2011–2012 PAR measurements at the fen site were 

affected by instrument failure, and missing values from that time or other gaps in the data were filled using PAR data from the 

nearby Hyytiälä forest research station. 

Vapor pressure deficit (VPD) was calculated from air temperature (T, °C) and relative humidity (RH, %) following the Tetens 

equation. First, saturation vapor pressure (SVP, Pa) was computed as: 185 

𝑆𝑉𝑃 =  0.611 ×  𝑒𝑥𝑝 (
(17.2694 × 𝑇)

(𝑇 + 237.3) 
 )         (1) 

VPD was obtained as the difference between saturation and actual vapor pressure: 
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𝑉𝑃𝐷 =  𝑆𝑉𝑃 ×  (1 −  
𝑅𝐻

100
)          (2) 

2.4 Temporal variability of CO2 and CH4 fluxes 

2.4.1 Diurnal variability 190 

Previous studies at Siikaneva fen have shown that CH4 fluxes do not exhibit a consistent diurnal cycle when examined over 

July–September (Rinne et al., 2007) or the full year (Rinne et al., 2018). To investigate whether diurnal patterns might emerge 

over shorter time scales, we analysed the data on a monthly basis (May–October). 

For each month, 30 min flux observations were grouped by hour of day, and mean ± standard error were calculated to provide 

an average representation of daily patterns. Diurnal variability was assessed using a Kruskal-Wallis test across hourly bins. 195 

We further fitted a 24 h cosinor model to hourly mean fluxes, and the joint significance of sine and cosine terms was used to 

test for rhythmicity. 

To quantify differences between sites, hourly median fluxes were compared between fen and bog, and differences in the 

absolute magnitudes of NEE and CH4 fluxes were calculated for each hour. Daytime (06:00–18:00) and nighttime (18:00–

06:00) periods were defined, and the maximum and minimum differences within each period were identified for each month. 200 

2.4.2 Seasonal variability 

To explore the main patterns in ecosystem carbon fluxes at different seasonal stages, between the two peatland site types and 

in relation to their environmental controls, we performed a principal component analysis (PCA) using R (version 4.3.2) with 

the vegan package (Oksanen et al., 2015). The PCA was conducted on measured non-gapfilled daily flux variables (CH4, NEE, 

GPP, and TER).  205 

Environmental variables (soil temperature at 5, 20, and 35 cm depth, PAR, air temperature, VPD, WTD, LAITot and LAIAer) 

were fitted passively onto the ordination using the envfit function inside the vegan package (Oksanen et al., 2015). The 

significance of fitted vectors was assessed using 999 permutations, and only variables with p ≤ 0.05 were retained. 

Observations were grouped by ecosystem type (fen and bog) and season (early, mid, and late active-season). Group centroids 

were calculated as the mean ordination position for each site–season combination, and group dispersion was visualised using 210 

68% confidence ellipses based on a multivariate t distribution. 

Availability of LAI data from the fen site restricted the PCA to the years 2014-2016. To assess the influence of this limitation, 

we repeated the analysis excluding LAI, thereby including the full 2011–2016 dataset. The overall structure of the ordination 

and relationships among flux variables remained consistent between analyses, and we thus display and base our interpretations 

on the analysis including LAI.  215 

For visualisation, flux (species) scores were rescaled relative to the range of site scores to improve comparability of vector 

lengths while preserving their direction in ordination space. Environmental vectors were plotted according to their fitted 
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directions. The proportion of variance explained by each principal component was calculated from eigenvalues and is reported 

on the corresponding axes. 

2.4.3 Interannual variability 220 

To examine interannual variability in active-season CO2 exchange, cumulative gapfilled NEE was calculated separately for 

the fen and bog ecosystems for each study year. It was integrated over the active-season and expressed as cumulative carbon 

balance in grams of carbon per square metre. The year 2011 was excluded from the carbon balance estimates for the bog, as 

measurements commenced in July 2011 and there was a lack of soil temperature data at 5cm depth, resulting in insufficient 

data for reliable gapfilling. Cumulative NEE was then plotted as a function of day of year for each year, allowing differences 225 

in the seasonal development, timing, and final magnitude of carbon uptake to be compared among years and between 

ecosystems.  

2.5 Driver analysis 

2.5.1 Soil temperature 

CH4 flux (Kübert et al., 2026; Rinne et al., 2018; Kim et al., 1999) and TER (Chen et al., 2022; Bond-Lamberty and Thomson, 230 

2010) have been shown to have an exponential relationship with soil temperature. Therefore, the temperature dependence of 

CH4 flux and nighttime NEE was analysed for the active-season, with nighttime conditions of NEE defined as PAR <10 µmol 

m-2 s-1. The response to soil temperature measured at 5, 20, and 35 cm depth was visualised using the exponential model 

described in Eq. (3), where only positive flux values were included in model fitting to ensure compatibility with the exponential 

formulation.  235 

𝑦 = 𝑎𝑒𝑏𝑥            (3) 

where 𝑦 represents the flux, 𝑥 the soil temperature, 𝑎 the fitted intercept corresponding to the baseline flux at 𝑥 = 0, and 𝑏 the 

apparent response coefficient. Model parameters were estimated using non-linear least squares regression.  

The coefficient of determination (R2) was used to assess the model fit, and statistical significance was evaluated from the linear 

regression of ln(y) against temperature. Temperature sensitivity was further expressed using the Q10 coefficient, which 240 

describes the multiplicative change in flux associated with a 10 °C increase in temperature, calculated as: 

𝑄10 = 𝑒10𝑏            (4) 

2.5.2 Vegetation 

To assess how vascular plant development influenced CH4 fluxes, we quantified relationships between CH4 exchange and LAI.  

For each combination of ecosystem type (fen/bog) and LAI metric (LAITot / LAIAer), we fitted a linear regression of the form 245 

𝑦 =  𝛽0 +  𝛽1𝑥            (5) 
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where 𝑦  represents CH4 flux (µmol m-2 s-1) and 𝑥  the LAI (m2 m-2). We reported the slope, intercept, coefficient of 

determination (R2), and p-value for each relationship. 

In order to obtain continuous seasonal LAI trajectories, we fitted low-order polynomials (3 degree) to each year of observations 

separately. The resulting per-year fitted series was used for visualisation and to gapfill missing observations of daily values 250 

for further analysis. Linear mixed-effects models were used to evaluate the relationship between LAI and ecosystem fluxes. 

Four models were fitted with either CH4 flux or GPP as the response variable and either total LAITot or LAIAer as the predictor. 

Site type (fen vs bog), LAI, and their interaction were included as fixed effects to test whether the slope of the relationship 

differed between site types. Seasonal periods (May–June, July–August, September–October) were included as a random 

intercept. 255 

2.5.3 Seasonal response of CH4 

Seasonal differences in the relationships between CH4 fluxes, soil temperature at 5 cm depth, and GPP were examined using 

exponential response functions. Relationships between CH4 fluxes and GPP were analysed to assess potential links between 

vegetation productivity and CH4 emissions during the active season. To facilitate seasonal comparison, the data were divided 

into two periods (May–July & August–October). Daily CH4 fluxes were plotted against soil temperature at 5 cm depth and 260 

GPP separately for the fen and bog ecosystems. Exponential relationships between CH4 fluxes and explanatory variables were 

fitted separately for each ecosystem and seasonal period using the model described in Eq. (3), allowing seasonal differences 

in CH4 responses to temperature and productivity to be quantified. 

2.5.4 Seasonal response of photosynthetic parameters 

To quantify the photosynthetic response to light availability, we constructed light response curves for GPP across the 265 

measurement period. PAR from the fen site was used as the incoming light metric, and air temperature from each site included 

as a modifying factor. We only used PAR values > 10 µmol m-2 s-1, to remove near dark conditions. Each site was fitted 

independently, and the resulting curves were evaluated across 0–2000 µmol m-2 s-1 PAR, grouped into 250 µmol m-2 s-1 bins. 

Mean GPP and standard deviation were calculated and plotted as error bars on top of the fitted line. 

Light use efficiency (LUE) was calculated as the ratio of GPP (µmol CO2 m-2 s-1) to PAR (µmol photons m-2 s-1) during daylight 270 

periods. Daily LUE was computed from summed daily GPP and PAR and subsequently averaged by month. Maximum gross 

photosynthetic capacity (Pmax) was derived from the fitted light response curves. For each ecosystem and for each year-month 

combination during the active-season, the light response model was fitted to GPP observations using PAR values > 10 µmol 

m-2 s-1. The fitted model was then evaluated across a PAR range of 0–2000 µmol m-2 s-1, and Pmax was defined as the maximum 

value of the modelled photosynthetic response within this range. Monthly mean Pmax values were calculated separately for the 275 

fen and bog sites, and variability was expressed as the standard error of the mean across years. 
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2.5.5 Hysteresis and lag time correlation 

Monthly hysteresis relationships between CH4 flux and GPP were analysed using monthly mean values derived from measured 

daily flux datasets for fen and bog sites separately. Analyses focused on the years 2012, 2014, and 2016, due to data availability. 

Monthly hysteresis plots were constructed by plotting monthly mean CH4 fluxes against monthly mean GPP, with months 280 

connected sequentially within each year to illustrate seasonal trajectories. For visualisation continuity, missing bog monthly 

values were linearly interpolated for line segments only (July 2012, explicitly), while markers and month labels were shown 

exclusively for observed data points. 

To assess the temporal coupling between CH4 fluxes and GPP, a lag-correlation analysis was performed using daily mean 

values. Pearson correlation coefficients were calculated between absolute daily CH4 fluxes and lagged absolute daily GPP 285 

values over lag periods ranging from 0 to 50 days, where positive lags indicate GPP leading CH4 flux responses. Correlations 

were computed after removal of missing values independently for each lag step. The resulting lag-response curves were used 

to identify temporal offsets associated with the strongest CH4–GPP coupling. 

3 Results  

3.1 Abiotic and biotic conditions 290 

WTD was strongly correlated between the two sites (Pearson’s r = 0.88) but fluctuated more in the fen than in the bog (Fig. 

2a). The fen generally exhibited lower WTD during the middle of the active-season, whereas it remained relatively stable at 

the bog. In the fen, WTD ranged from a maximum of 8.2 cm (2016) to a minimum of -37.2 cm (2011), with a mean of -7.4 cm 

(±8.3). In the bog, WTD ranged from 2.8 cm (2012) to -17.4 cm (2014), with a mean of -10.4 cm (±3.0). Because only one 

WTD logger was installed at each site, mean WTD reflects local conditions rather than overall site wetness. 295 

Air temperature was highly consistent across the sites (r = 0.98) (Fig. 2b). Soil temperature was also highly correlated between 

sites (r = 0.94), with the fen having soil temperatures at 35 cm depth ranging from 3.1 to 16.4 °C, while at the bog it ranged 

from 1.4 to 16.6 °C (Fig. 2c). Weekly mean PAR values ranged from 10.2 to 696.1 μmol m-2 s-1 (Fig. 2d).  

Compared to the bog, the fen had consistently higher LAITot and LAIAer (Fig. 2e-f). The maximum daily LAITot reached 0.68 

m2 m-2 at the fen, compared with 0.49 m2 m-2 at the bog, whereas maximum LAIAer values were 0.50 m2 m-2 at the fen and 0.26 300 

m2 m-2 at the bog. Across monthly averages, mean LAITot and LAIAer were significantly higher in the fen than in the bog 

(Wilcoxon signed-rank test, p < 0.001 for both variables). On average, LAITot was 55% higher and LAIAer was 138% higher in 

the fen relative to the bog. 
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 305 

Figure 2: Weekly means from the years 2011 – 2016 of potential drivers of CO2 and CH4 fluxes from fen (blue) and bog (orange), 

with shaded 95% confidence interval. The active season (May–Oct), our study period, is shaded grey. WTD, water table depth; AirT, 

air temperature; SoilT, soil temperature (5 and 35 cm depth); PAR, photosynthetically active radiation; LAITot, total leaf area index; 

LAIAer, aerenchymatous leaf area index. For LAI, points represent measurements and lines the polynomial fit.  

3.2 Temporal variability in CO2 and CH4 fluxes 310 

The bog had a narrower range of weekly mean values for all studied carbon flux variables. Weekly mean CH4 fluxes ranged 

from 0.014 to 0.097 μmol m-2 s-1 at the bog and from 0.003 to 0.153 μmol m-2 s-1 at the fen. At both sites the minimum CH4 

flux occurred in October 2014, whereas maximum fluxes were observed in July 2014 (Fig. 3a).   

Weekly mean NEE ranged from -2.20 to 0.19 μmol m-2 s-1 in the bog and from -3.40 to 0.47 μmol m-2 s-1 in the fen. The 

strongest CO2 uptake (minimum weekly mean NEE) occurred in July at both sites, in 2013 at the fen and 2014 at the bog, 315 

while the highest NEE values were recorded in October (2016 at the fen and 2012 at the bog; Fig. 3b).  
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Figure 3: Weekly means of carbon flux at the fen (blue) and bog (orange) during 2011–2016. Shaded areas indicate the 95% 

confidence interval, and the active season (May-Oct), our study period, is shaded in grey. Mean for all years can be seen on the far 

right. CH4, methane flux; NEE, net ecosystem exchange; GPP, gross primary production; TER, total ecosystem respiration. 320 

Weekly mean GPP ranged from 0.05 to 5.25 μmol m-2 s-1 in the fen and from 0.10 to 4.49 μmol m-2 s-1 in the bog. Minimum 

values at both sites occurred in late October 2014, whereas maximum GPP was observed in July at both sites, in 2011 at the 

bog and 2016 at the fen (Fig. 3c).  

TER showed a similar seasonal range, varying from 0.37 to 3.19 μmol m-2 s-1 at the fen and from 0.16 to 2.79 μmol m-2 s-1 at 

the bog. Maximum TER occurred concurrently with maximum GPP at both sites, July 2011 at the bog and July 2016 at the 325 

fen, whereas the minimum TER occurred in September 2015 in the bog and late October 2014 at the fen (Fig. 3d). 

When averaged across years, both sites showed similar seasonal timing of CH4 fluxes, with maxima in late July. Minima 

occurred in late October at the fen and in mid-October at the bog. NEE followed a similar seasonal trajectory, with strongest 

CO2 uptake (most negative values) occurring in July, approximately one week earlier at the fen than at the bog, while peak 

emissions (most positive values) occurred in October at both sites, earlier at the fen and later at the bog. 330 

GPP peaked in July at both sites, with the peak occurring about two weeks later at the bog than at the fen. TER exhibited a 

similar seasonal pattern, also peaking in July but happening approximately three weeks later at the bog relative to the fen. 
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3.2.1 Diurnal variation 

NEE displayed strong and consistent diurnal cycles throughout the active-season (Fig. 4). Both the fen and bog sites showed 335 

highly significant differences among hours in every month from May to October (p < 0.001) and cosinor analysis confirmed a 

robust 24-hour periodicity. Amplitudes were highest during mid active-season (Jul–Aug), when photosynthetic activity was 

maximal. The NEE at the fen had a more pronounced diurnal amplitude than at the bog, acting as a stronger CO2 sink during 

the day, but also releasing more CO2 at night. Differences between sites generally scaled with flux magnitude. The maximum 

relative difference between sites in median daytime (06:00–18:00) NEE occurred in July (-3.76 μmol m-2 s-1 at the fen and -340 

2.25 μmol m-2 s-1 at the bog), while the maximum nighttime (18:00–06:00) difference occurred in August (2.51 μmol m-2 s-1 

at the fen and 0.98 μmol m-2 s-1 at the bog). Consistently, the smallest differences were observed in October for daytime (0.12 

μmol m-2 s-1 at the fen and -0.002 μmol m-2 s-1 at the bog) and nighttime (0.43 μmol m-2 s-1 at the fen and 0.28 μmol m-2 s-1 at 

the bog).  

 345 

Figure 4: Monthly diurnal courses simultaneous measurements of net ecosystem exchange (NEE) and methane flux (CH4) at the fen 

(blue) and bog (orange). Lines show medians and shaded areas the interquartile range (2011–2016). Hours are in UTC+2. 

CH4 fluxes showed weaker and less consistent diurnal variability than NEE for both sites (Fig. 4). At the bog site, significant 

diurnal cycles were observed in all months (p < 0.05), and cosinor models indicated periodicity from May through October. 

Median nighttime fluxes ranged from a minimum in May (0.01 μmol m-2 s-1 at the fen and 0.02 μmol m-2 s-1 at the bog) to a 350 

maximum at the fen in August (0.09 μmol m-2 s-1) and at the bog in July (0.06 μmol m-2 s-1). During daytime, the CH4 median 

fluxes were highest at the fen in July and August (0.09 μmol m-2 s-1) and at the bog in July (0.07 μmol m-2 s-1). The daytime 

median CH4 values reached a minimum in May (0.02 μmol m-2 s-1 at both sites). The fen CH4 fluxes were on average higher 

than the bog fluxes both for daytime and nighttime, and they did not show a statistically significant diurnal pattern, except in 

May and July. The largest differences between sites were observed in August both for daytime (at the fen 0.09 μmol m-2 s-1 355 

and 0.06 μmol m-2 s-1 at the bog) and nighttime (0.09 μmol m-2 s-1 at the fen and 0.05 μmol m-2 s-1 at the bog). The smallest 

daytime difference was in May (0.025 μmol m-2 s-1 at the fen and 0.019 μmol m-2 s-1 at the bog), while the smallest nighttime 

difference was in October (0.027 μmol m-2 s-1 at the fen and 0.019 μmol m-2 s-1 at the bog). 
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3.2.2 Seasonal variation 

The largest variation in the daily C flux values was found between the stages of the active-season, and in both sites, mid-season 360 

(Jul-Aug) had the highest daily fluxes of GPP, TER and CH4 and strongest CO2 sink (most negative NEE fluxes) (Fig. 5). In 

the principal component analysis (PCA) the first axis (PC1, eigenvalue = 0.728) separated the daily C flux values by season, 

whereas the second axis (PC2, eigenvalue = 0.199) distinguished between ecosystems and their within-season variability. The 

C fluxes of the fen site had higher within-season variability than at the bog site, as displayed by the larger ellipses around the 

fen centroids along both gradients. Between- and within-season variability in GPP and NEE were more pronounced in the fen 365 

than in the bog, as reflected by greater separation of its centroids along the corresponding environmental arrows.  

 

 

Figure 5: Principal component analysis (PCA) of Carbon fluxes and environmental variables in the fen and bog sites. The first two 

axes explain 72.8% (PC1) and 19.9% (PC2) of the total variance. Points represent site × season centroids (Early: May–Jun, Mid: 370 
Jul–Aug, Late: Sep–Oct), and ellipses indicate the 68% confidence intervals for each site–season grouping. Arrows show the 

direction and relative strength of correlations for measured fluxes (brown) and environmental variables (green). LAI data from the 

fen was only available from 2014–2016, therefore the PCA is limited to those years.  
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3.2.3 Interannual variation 375 

As shown in Fig. 6 and Table 1, CO2 exchange at the fen exhibited larger interannual variability than at the bog. Overall, the 

fen functioned as a stronger CO2 sink, although this pattern was disrupted during the anomalous year 2016. Across all study 

years, both the fen and the bog acted as sinks of CO2 during the active-season. The fen was generally a stronger CH4 source to 

the atmosphere (Table 1). 

 380 

Figure 6: Active-season (May-Oct) cumulative NEE at the Siikaneva fen (top) and bog (bottom) sites for different years. Lines 

represent gapfilled cumulative sums for individual years plotted against day of year. Years shown in fen are 2011-2016, but for bog 

2012-2016. 

In 2016, the fen exhibited the highest GPP, TER, and CH4 cumulative sum, along with the lowest cumulative NEE of all study 

years. The strongest CO2 uptake at the fen occurred in 2013 (−118.2 g C m-2) and the smallest in 2016 (−10 g C m-2). The bog 385 

had its smallest CO2 uptake in 2012 (−45.3 g C m-2) and its strongest in 2013 (−104.3 g C m-2). 

On average, the fen sequestered 80.8 g C m-2, compared to 72.2 g C m-2 at the bog, showing that the fen was on average a 

stronger carbon sink over the active-season.  

The fen generally exhibited greater interannual variability in cumulative NEE during the early active-season, whereas 

variability in the bog became more pronounced later in the season. This pattern was supported statistically when the anomalous 390 

fen year 2016 was excluded (Wilcoxon test, p < 0.001).  
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Table 1: Active-season sums (g C m-2) of GPP, TER, NEE and CH4 flux for each year and their mean ± standard deviation values 

over 5 years. 

 

3.3 Drivers 395 

3.3.1 Temperature response 

The temperature dependence of daily CH4 flux across soil depths (5 – 35 cm) indicated that the bog site exhibited relatively 

stable temperature sensitivity (Q10 = 3.38 – 4.44), whereas the fen showed a broader range of responses (Q10 = 2.21 – 7.65). 

Furthermore, at the fen site the temperature dependence of CH4 flux increased with soil depth (Fig. 7, a-c). 

A similar pattern was observed for nighttime NEE. The temperature dependence increased with soil depth at the fen site, 400 

whereas no clear depth related pattern was observed at the bog site. In addition, Q10 values for nighttime NEE were more stable 

at the bog (Q10 = 3.95 – 4.07) then at the fen (Q10 = 3.28 – 5.00) (Fig. 7, d-f). 

 

 

 405 
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Figure 7: Temperature dependence of daily methane (CH4) flux as a function of soil temperature at depths of 5 (a), 20 (b) and 35 cm 

(c) and 30-min nighttime (NT) net ecosystem exchange (NEE) on soil temperature at depths of 5 (d), 20 (e) and 35 cm (f) at the fen 

(blue) and bog (orange) sites during the active-season (May–Oct). Nighttime NEE was defined as CO2 flux observations measured 

under low-light conditions (PAR < 10 µmol m-2 s-1). Boxplots show the distribution of fluxes within 1 °C soil temperature bins; boxes 410 
represent the interquartile range, the horizontal line indicates the median, and whiskers extend to 1.5 times the interquartile range. 

Exponential models were fitted to flux observations for each site (lines). 

3.3.2 Vegetation structure 

CH4 fluxes had positive linear relationships with both LAITot (Fig. 8a) and LAIAer (Fig. 8b) in both ecosystems (p < 0.0001). 

Similarly, GPP increased with both LAITot (Fig. 8c) and LAIAer (Fig. 8d) across both ecosystems (p < 0.001). Linear mixed-415 

effects models confirmed significant positive LAI effects on CH4 fluxes, whereas LAI × ecosystem interactions were not 

significant (p = 0.15–0.91), indicating similar response slopes between the fen and bog ecosystems.  

However, models including LAIAer explained CH4 variability better than models based on LAITot alone. Partial correlation 

analysis further demonstrated that the relationship between CH4 flux and LAITot disappeared after accounting for LAIAer, 
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whereas LAIAer remained significantly correlated with CH4 flux after accounting for LAITot, indicating that aerenchymatous 420 

vegetation rather than total vegetation density primarily explained CH4 variability. 

 

Figure 8: Top panels: CH4 flux as a function of total LAI (a) and aerenchymatous LAI (b). Bottom panels: GPP as a function of total 

LAI (c) and aerenchymatous LAI (d). Points represent monthly mean values, and different marker shapes indicate May-Jun, Jul-

Aug and Sept-Oct. Years shown from bog are 2012–2016 (orange) and from fen 2014–2016 (blue). Solid lines and shaded areas 425 
represent site-specific linear regressions and their 95% confidence intervals, respectively. 

3.3.3 Seasonal variation of CH4 exchange 

CH4 fluxes increased exponentially with both soil temperature and GPP in the fen and bog sites (Fig. 7 & Fig. 9). However, 

the relationships differed between the two periods (May–Jul & Aug–Oct) within the active-season. Consistent with the broader 

seasonal spread of the fen centroids in the PCA (Fig. 5), this was particularly apparent in the fen where CH4 fluxes were 430 

consistently higher during the late active-season at a given soil temperature or GPP, resulting in a clear seasonal hysteresis 

pattern. In contrast, the bog exhibited a weaker seasonal separation and a more consistent response throughout the season. 

Seasonal divergence between early- and late-season relationships was apparent for GPP, although the separation was more 

pronounced in the fen.  
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 435 

Figure 9: Relationship between daily mean CH4 flux and soil temperature at 5 cm depth in the fen (a) and bog (b), and between daily 

mean CH4 flux and GPP in the fen (c) and bog (d) during the active-season (May–Oct). Points are coloured by month. Lines show 

exponential fits fitted separately for the early season (May–Jul; solid line) and late season (Aug–Oct; dashed line). Stronger 

separation between early- and late-season fits indicates a more pronounced seasonal hysteresis in both the temperature and GPP 

response of CH4 flux. 440 

Monthly mean CH4 flux and GPP exhibited hysteretic seasonal trajectories at both sites (Fig. 10a), with CH4 fluxes lagging 

behind changes in GPP during the seasonal cycle. The hysteresis patterns were more pronounced in the fen, which showed 

larger seasonal excursions and higher CH4 fluxes than the bog. Lag-correlation analysis further demonstrated delayed coupling 

between GPP and CH4 emissions (Fig. 10b), with maximum correlations occurring at lag times of 11 days in the fen and 7 

days in the bog.  445 
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Figure 10: (a) Relationship between monthly mean CH4 flux and monthly mean GPP for the fen and bog sites. Lines connect monthly 

means within each year, with solid lines representing the fen and dotted lines representing the bog; colours indicate individual years. 

Month labels indicate the seasonal progression. (b) Pearson correlations between daily CH4 flux and GPP across lag times from 0 to 450 
50 days for each site. 

3.3.4 Seasonal variation of photosynthetic parameters 

Seasonal variation in CO2 exchange differed between ecosystems, with the fen exhibiting stronger seasonal shifts in GPP and 

NEE than the bog, consistent with the broader separation of fen centroids along the corresponding flux vectors in the PCA 

(Fig. 5). Daily GPP, TER and NEE all peaked during the mid-season at both sites, but seasonal amplitudes were larger at the 455 

fen, with greater centroid separation and broader within-season ellipses for the fen indicated stronger seasonal variability in 

CO2 exchange compared with the bog (Fig. 5). 

To further examine seasonal differences in photosynthetic functioning we fitted light-response curves that indicated higher 

modelled maximum GPP at the fen than at the bog (Fig. 11a). The seasonal peak in Pmax occurred earlier in the sedge-dominated 

fen, where maximum values were typically observed during July, whereas Pmax at the moss- and shrub-dominated bog generally 460 

peaked later, during August (Fig. 11b). Across years, peak Pmax at the fen occurred either earlier than or concurrently with the 

bog, but never later. Mean active-season Pmax was 55.1% higher at the fen than at the bog, while peak Pmax values at the fen 

exceeded those at the bog by 54.6%. The fen also exhibited consistently greater seasonal amplitudes and steeper rates of 

seasonal increase in Pmax, indicating more rapid early enhancement of photosynthetic capacity compared to the bog. Rates of 

seasonal Pmax increase were consistently greater at the fen across all years. The fen also exhibited higher LUE throughout the 465 

active-season, although LUE reached maximum values in July at both sites (Fig. 11c). Mean active-season LUE exceeded bog 

values by 77.6%, while peak LUE values at the fen were 102.7% higher than those observed at the bog. 
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Figure 11: (a) Light response curves of gross primary production (GPP) as a function of photosynthetically active radiation (PAR). 

Solid lines show fitted light response curves estimated using nonlinear least squares with air temperature fixed at the mean observed 470 
value for each site. Error bars represent ±1 standard deviation of GPP within 250 μmol m-2 s-1 PAR bins. Only non-zero GPP values 

and PAR > 10 μmol m-2 s-1 were included. (b) Seasonal variation in maximum photosynthetic capacity (Pmax), defined as the modelled 

maximum GPP derived from the fitted light response curves evaluated across the full PAR range (0–2000 μmol m-2 s-1). Monthly 

Pmax values were estimated for each year, month and ecosystem and averaged across years; error bars denote ±1 standard error. (c) 

Seasonal variation in light-use efficiency (LUE), calculated as the ratio of daily GPP to PAR, excluding PAR < 10 μmol m-2 s-1. Values 475 
were averaged by month across all study years (2011–2016); points represent monthly means and error bars ±1 standard error. 

Interannual variability in Pmax differed between ecosystems and across the active-season. The highest variability occurred in 

May at the fen (SD = 1.23) and in August at the bog (SD = 1.00). Overall seasonal variability in Pmax was greater at the fen 

than at the bog (mean SD = 0.79 and 0.68, respectively). Relative variability in Pmax was highest in May at both sites and lowest 

in July, while the bog exhibited higher relative variability than the fen from July onwards, particularly during October. 480 

Linear mixed-effects modelling revealed significant seasonal variation in Pmax, with higher values during June–August relative 

to May. Significant ecosystem × month interactions during June and July indicated differing seasonal trajectories between 

ecosystems. Seasonal trajectories of Pmax diverged most strongly during June and July, whereas ecosystem differences 

weakened later in the active-season. 
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In contrast to Pmax, seasonal trajectories of LUE did not differ significantly between ecosystems. Linear mixed-effects 485 

modelling revealed significant effects of both ecosystem type and month on LUE, whereas the ecosystem × month interaction 

was not significant. This indicates that although LUE remained consistently higher at the fen throughout the active-season, the 

temporal pattern of seasonal development was broadly similar between ecosystems. 

4 Discussion 

4.1 Vegetation structure and productivity drive stronger CO2 uptake in the fen  490 

Our results demonstrate significant differences in carbon dynamics between the fen and bog sites despite shared climate 

conditions. In contrast to our hypothesis (i) and several previous studies (e.g. Saarnio et al., 2009; Turetsky et al., 2014; 

Turunen et al., 2002), the fen acted as a stronger CO2 sink than the bog during the active-season. This difference was 

accompanied by consistently higher total and aerenchymatous LAI at the fen, indicating that vegetation structure and 

phenology were important controls on the ecosystem scale carbon assimilation. Given the shared climate at the sites, these 495 

observed differences are most plausibly explained by ecosystem characteristics such as vegetation composition, productivity 

and microtopography, rather than climate.  

The fitted light response curves further supported this interpretation, indicating higher modelled maximum GPP at the fen than 

the bog (Fig. 11a). In addition, the fen exhibited higher LUE (Fig. 11b), suggesting more efficient use of incoming radiation 

for carbon assimilation. Together, these results indicate that the greater abundance of photosynthetically active vegetation at 500 

the fen contributed to its higher CO2 uptake. Although WTD fluctuated more at the fen, the ecosystem maintained higher GPP 

and remained a stronger CO2 sink during the active-season, suggesting that higher productivity buffered the effects of 

occasional water table drawdown.  

Previous comparisons of adjacent fens and bogs have reported contrasting patterns of CO2 exchange compared with our 

findings. For example, Humphreys et al. (2006) reported similar summer NEE between adjacent poor fen and bog sites in 505 

Ottawa. A key difference is that LAI was higher at the bog than at the fen in that study, whereas the Siikaneva fen consistently 

exhibited higher LAI. This contrast in vegetation structure may partly explain why active-season CO2 uptake was greater at 

the fen in our study. Furthermore, the Ottawa bog was shrub dominated, likely supporting greater photosynthetic biomass than 

the Siikaneva bog. In addition, the Ottawa study was based on a single summer, the longer observational period in our study 

captured substantial interannual variability, which may not be resolved in shorter datasets. These findings suggest that 510 

assumptions of fens as universally weaker CO2 sinks than bogs may lead to underestimation of their carbon sequestration 

potential under certain conditions. 
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4.2 Vegetation drives stronger CH4 emissions in the fen 

Consistent with our hypothesis (ii), the fen emitted substantially more CH4 than the bog, likely reflecting a combination of 

higher primary productivity providing labile carbon substrates for methanogenesis and greater abundance of aerenchymatous 515 

vegetation facilitating plant-mediated CH4 transport (Jentzsch et al., 2024; Korrensalo et al., 2022).  

Soil temperature was strongly correlated between the two ecosystems. Because temperature conditions were similar, 

differences in CH4 flux dynamics between the sites are unlikely to be explained by temperature alone. Instead, differences in 

vegetation abundance, species composition, and microtopography likely contributed substantially to the contrasting CH4 flux 

dynamics observed at the fen and bog, supporting the mechanism underlying hypothesis (ii).  520 

The stronger seasonal development of vascular vegetation in the fen may explain the more pronounced hysteresis observed 

between CH4 emissions and GPP compared to the bog (Fig. 10a). Similar hysteretic relationships have previously been reported 

across peatlands, where CH4 emissions respond to seasonal changes in productivity (Chang et al., 2020; Rinne et al., 2018) 

and temperature (Chang et al., 2021, 2020) with a temporal lag. This lag is commonly attributed to microbial substrate-

mediated CH4 production hysteresis, whereby CH4 production depends not only on concurrent environmental conditions, but 525 

also on the seasonal accumulation and delayed microbial processing of recently assimilated carbon substrates (Chang et al., 

2020). As photosynthetic activity increases during the active-season, plant-derived carbon is transferred belowground and can 

stimulate methanogenesis after a delay, resulting in seasonal offsets between peak productivity and peak CH4 emissions.  

The more pronounced hysteresis observed in the fen may reflect stronger seasonal development of vascular vegetation, which 

likely increased the supply of recently assimilated carbon and stimulated methanogenesis through greater substrate availability. 530 

This interpretation is consistent with Chang et al. (2020), who linked seasonal CH₄ hysteresis to delayed microbial processing 

of plant-derived substrates and temporal lags between photosynthesis and methane production. 

4.3 CO2 and CH4 fluxes of the fen exhibit stronger temporal dynamics than the bog  

Consistent with hypothesis (iii), the fen exhibited greater temporal variability in both CO2 and CH4 fluxes compared to the bog 

(Fig. 3), also supporting previous findings that bogs tend to have more stable temporal variability than fens (Leppälä et al., 535 

2009). Seasonal NEE varied more strongly at the fen, and CH4 emissions spanned a wider range. Moreover, a more pronounced 

hysteresis behaviour between CH4 flux and GPP was observed in the fen than the bog (Fig. 10a). In addition, temperature 

sensitivities (Q10) for both CH4 and nighttime NEE showed greater variability across soil depths in the fen when compared 

with the bog (Fig. 7). This suggests that temperature control of both methanogenesis and ecosystem respiration becomes 

stronger with depth at the fen peat profile, indicating stronger coupling between deep peat processes and temperature in the 540 

fen, whereas temperature sensitivity remains more uniform across depths in the bog. 

Together, these patterns indicate that carbon exchange at the fen is more responsive to environmental variability, while the 

bog is comparatively buffered. This supports the view of bogs as more stable systems dominated by Sphagnum and evergreen 

shrubs, while fens, driven by vascular plant productivity, exhibit stronger temporal dynamics. These patterns are consistent 
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with the multivariate relationships revealed by the PCA (Fig. 5), which integrates fluxes and environmental variables across 545 

sites and seasons. The ordination showed a clearer separation of fen site–season centroids compared to the bog, as well as 

larger within-season variability in the fen. In addition, vectors for GPP and CH4 were oriented towards the fen centroids, 

confirming that higher productivity and methane emissions characterise this ecosystem. In contrast, bog centroids were more 

tightly clustered, indicating more constrained flux dynamics across seasonal phases. 

Seasonal flux dynamics differed between the ecosystems. The bog showed weaker seasonal variability in both CO2 and CH4 550 

fluxes than the fen. This difference likely reflects contrasting vegetation structure. The bog vegetation is dominated by 

evergreen shrubs and Sphagnum mosses while the fen is dominated by sedges that develop new aboveground biomass each 

year. These phenological differences provide a consistent explanation for the stronger seasonal variability observed in C fluxes 

at the fen, consistent with hypothesis (iii). 

The stronger diurnal amplitude in CO2 exchange at the fen further supports hypothesis (iii). This pattern likely reflects the 555 

higher productivity and greater LAI at the fen. Higher photosynthetic uptake during daytime increases the availability of 

recently assimilated carbon, which can subsequently enhance ecosystem respiration during nighttime periods.  

CH4 fluxes showed weak or less consistent diurnal variability than CO2 fluxes. Previous studies at the Siikaneva fen have 

similarly reported an absence of a consistent diurnal cycle when examined over longer periods, such as July–September (Rinne 

et al., 2007) or the full annual record (Rinne et al., 2018). However, when the data were analysed month by month, some 560 

diurnal variability became apparent, particularly in May and July. This variability may partly reflect plant-mediated methane 

transport, as the abundance of aerenchymatous plants can facilitate CH4 transport from peat to the atmosphere and contribute 

to short term variability in emissions (van den Berg et al., 2016). On the other hand, measurement related effects related to air 

density correction (Webb et al., 1980; Jentzsch et al., 2021) may also contribute to apparent diurnal patterns, especially for the 

bog site where an open path CH4 analyser was used. These effects should therefore be considered when interpreting short term 565 

CH4 flux variability.  

Vegetation phenology differed between the ecosystems, as peak Pmax occurred earlier in the sedge-dominated fen (July) than 

in the moss- and shrub-dominated bog (August, Fig. 11c). Consistent with this pattern, the fen exhibited more interannual 

variability in NEE during the early active-season, whereas the bog showed greater variability later in the season (Fig. 6). This 

likely reflects earlier seasonal development of vascular plant productivity in the fen, in agreement with the findings of Leppälä 570 

et al. (2009), who showed that sedges tend to peak earlier in the active-season than shrubs and mosses.  

Interannual variability was particularly evident in 2016, which stood out as an anomalous year at the fen. During that year, the 

fen exhibited the weakest net CO2 uptake and the highest cumulative CH4 emissions of the study period. Notably, it was also 

the only year in which the fen acted as a weaker CO2 sink than the bog, consistent with hypothesis (i). Previous work has 

attributed anomalously high spring CO2 emissions in 2016 to warm deep soil temperatures combined with frozen surface layers 575 

restricting gas diffusion during the previous winter months (Särkelä et al., 2025). 

Previous work within the Siikaneva peatland complex has shown strong spatial variation in carbon fluxes across plant 

communities and surface types associated with hydrological gradients (Korrensalo et al., 2020; Männistö et al., 2019; Riutta 

https://doi.org/10.5194/egusphere-2026-3323
Preprint. Discussion started: 24 June 2026
c© Author(s) 2026. CC BY 4.0 License.



25 

 

et al., 2007), whereas temporal variability at the ecosystem scale is less strongly explained by water table depth alone (Rinne 

et al., 2018). These spatial differences arise because microtopography and vegetation structure create persistent differences in 580 

WTD between microsites. This interpretation is further supported by the PCA (Fig 6.), where GPP aligned closely with PAR, 

indicating a strong light limitation of photosynthesis, while CH4 showed a weaker but consistent association with WTD. The 

shorter vector length of WTD suggests that, although hydrology influences fluxes, it explains less of the overall variability 

than radiation and productivity-related factors. 

4.4 Implications of ongoing fen-to-bog transition for carbon cycling 585 

Recent evidence from the Siikaneva wetland complex suggests that ongoing ombrotrophication is already shifting parts of the 

fen system toward more bog-like vegetation (Korrensalo et al., 2025). In the context of fen-to-bog transition, our findings 

suggest that shifts toward bog-like vegetation and structure may reduce CH4 emissions and dampen temporal variability in 

carbon fluxes, consistent with previous understanding of peatland succession. However, the effect on CO2 uptake appears less 

predictable. While bogs are often assumed to function as stronger CO2 sinks, our results show that fens can exceed bogs in 590 

carbon uptake under certain conditions, particularly where vascular plant productivity is high. This highlights the need for 

caution when generalising peatland carbon dynamics across ecosystem types and suggests that vegetation composition and 

phenology play a more important role in regulating carbon exchange than peatland classification alone.  

5 Conclusion 

Overall, our results demonstrate that fens can, under certain conditions, act simultaneously as stronger CO2 sinks and stronger 595 

CH4 sources than adjacent bogs. In the Siikaneva wetland complex, the fen exhibited greater photosynthetic capacity, higher 

LAI and LUE than the bog, resulting in stronger active-season CO2 uptake, despite greater variability in hydrological 

conditions. At the same time, the fen emitted substantially more CH4 than the bog, likely reflecting both greater primary 

productivity and the higher abundance of aerenchymatous plants that facilitate CH4 transport.  

These findings highlight the importance of vegetation structure and phenology in regulating peatland carbon exchange. Models 600 

that assume fixed carbon flux patterns based solely on peatland type may therefore underestimate the role of vegetation 

composition in determining ecosystem carbon balance. In the context of fen-bog transitions, shifts towards bog like vegetation 

may reduce CH4 emissions, but do not necessarily imply stronger CO2 sequestration. Incorporating vegetation dynamics into 

peatland carbon models will therefore be essential for improving predictions of peatland climate feedbacks under future 

environmental change.  605 
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Appendix A 

Table A1: Data availability from May-Oct of CO2 and CH4 flux in the fen and bog 
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