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Methane emissions from high latitude
peatlands: Controls of their spatio-temporal
dynamics across a mire complex

Abstract

Northern peatlands are significant natural sources of atmospheric methane (CHy),
yet high uncertainties remain in estimates of global CHs budgets. A key source of
this uncertainty is a limited understanding of spatial variations at the mesoscale of
peatland complexes. Current estimates typically rely on single-site measurements at
the local scale. This thesis utilized the Kulbicksliden Research Infrastructure (KRI)
in northern Sweden, comprising four eddy covariance tower stations across a
peatland complex, with the overall aim to investigate and predict mesoscale
variations in CHy fluxes (FCHs). The research first documented the infrastructure's
unique configuration with replicated ecosystem-scale measurements and detailed
mapping of vegetation (Paper I), then developed the Hummock-Hollow-Lawn
(HuHoLa) model for peatland microtopography classification (Paper II). Using data
from the KRI, spatial patterns in FCH4 across the mire complex and their
environmental controls were investigated (Paper III), followed by the development
of data-driven approaches for upscaling single-site measurements (Paper IV). Key
findings demonstrated that replicated ecosystem-scale measurements are essential
for understanding spatial heterogeneity in peatland processes and developing
upscaling approaches. The HuHoLa model advanced peatland surface
characterization beyond traditional binary classifications by identifying three
distinct microform classes and providing proxies for mapping water table depth and
soil temperature (Ts). Spatial variability in FCH4 within the mire complex matched
that typically observed among geographically distant mire systems, with C:N ratio
setting the baseline for spatial variations while Ts and plant productivity controlled
temporal dynamics. The developed upscaling approaches reduced uncertainty in
mire complex FCHs estimates by up to 50% compared to simple single-site
extrapolation. These advances provide new understanding and tools for reducing
uncertainties in global CH4 budget estimates, crucial for predicting peatland-climate
feedbacks under changing environmental conditions.

Keywords: methane flux, eddy covariance, peatland, microtopography, upscaling,
machine learning, C:N ratio, footprint analysis, research infrastructure.



Metanemissioner fran nordliga myrar:
Reglering av spatio-temporala dynamik over
ett myrkomplex

Sammanfattning

Nordliga myrar ar viktiga naturliga kéllor till atmosféarisk metan (CHs), men det finns
betydande osédkerheter kring hur stor denna killa &r, vilket paverkar globala CHs-
budgetskattningar. En viktig kélla till denna osékerhet dr begrdnsad forstaelse for
rumsliga variationer inom myrkomplex pd mesoskalan. Nuvarande skattningar
forlitar sig ofta pa4 empiriska métningar fran enstaka platser, som sedan antas vara
representativa for ett stdrre omrade. Denna avhandling anvdnde Kulbackslidens
Forskningsinfrastruktur (KRI) i norra Sverige, som omfattar fyra eddy covariance-
stationer spridda dver ett myrkomplex, for att undersoka variationer i CHs-floden
(FCH4) pé mesoskala. Forst dokumenterades infrastrukturens unika konfiguration
med replikerade ekosystemmaitningar och kartering av vegetationen (Artikel I).
Sedan utvecklades HuHoLa modellen for klassificering av torvmarksmikrotopografi
(Artikel II). Vidare undersoktes rumsliga monster i FCH4 6ver myrkomplexet och
faktorer som reglerar CHs-utbytet (Artikel IIT). Slutligen utvecklades datadrivna
metoder for uppskalning av métningar fran enstaka platser till ett storre geografiskt
omréde (Artikel I'V). Resultaten visade att replikerade ekosystem-skaliga mitningar
ar nodvéandiga for att forstd rumslig variation och utveckla uppskalningsmetoder.
HuHoLa forbéattrade karakteriseringen av myrelement, bortom traditionella binéra
klassificeringar, genom att identifiera tre mikroformklasser och tillhandahélla
indikatorer for kartldggning av grundvattenniva och marktemperatur (Ts). Rumslig
variation i FCH4 inom myrkomplexet motsvarade den som vanligtvis observeras
bland geografiskt avlagsna myrlokaler, diar C:N-férhallandet sétter utgangspunkten
for rumsliga variationer medan Ts och vixtproduktivitet reglerade tidsvariationer.
De utvecklade uppskalningsmetoderna minskade osdkerheten i uppskattningar av
FCH,4 fran myrkomplex med upp till 50% jamfort med enklare extrapolering fran
enstaka lokaler. Resultaten bidrar till ny forstdelse och verktyg for att minska
osikerheter i skattningen av den globala CHs-budgeten, vilket 4r avgérande for att
forutsdga myrar-klimat aterkopplingar under miljofordndringar.

Nyckelord: metanflode, eddy covariance, torvmark, mikrotopografi, uppskalning,
maskininldrning, C:N forhallande, footprint-analys, forskningsinfrastruktur.
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1. Introduction

1.1 The role of northern peatlands in the global carbon
cycle

Carbon storage and methane emissions

Northern peatlands are key ecosystems in the global carbon cycle, storing
approximately one-third of the world's soil carbon despite covering less than
3% of the global land area (Frolking et al., 2011; Limpens et al., 2008). These
ecosystems have accumulated carbon over millennia through the imbalance
between primary production and decomposition under cold, waterlogged
conditions (Frolking et al., 2011; Gorham, 1957). This high carbon density
makes them the most efficient carbon storing ecosystem type on Earth on a
per area basis (Joosten and Couwenberg, 2008). At the same time, the
anaerobic conditions that preserve carbon also promote methane (CHa)
production, making northern peatlands significant natural sources of
atmospheric CHa, contributing between 9 and 53 Tg CHs-C annually to
global emissions (Peltola et al., 2019; Saunois et al., 2020; Yuan et al., 2024;
Zhuang et al., 2006). This emission from northern peatlands represents
approximately 5 to 25% of recent multi-model estimates of global wetland
CH4 emissions (Zhang et al., 2025). The production, oxidation and emission
of CHs in peatlands is controlled by complex interactions between
hydrology, vegetation, and microbial communities (Lai, 2009; Yuan et al.,
2022), which are increasingly sensitive to the impacts of climate change.

Feedbacks between peatland CHy exchanges and the global climate

The importance of northern peatlands in global CHs dynamics is
amplified as high-latitude regions are experiencing warming at more than
twice the global average rate (Rantanen et al., 2022; Walsh, 2014). This
amplified warming affects peatland carbon cycling through multiple
pathways, including direct temperature effects on microbial activity and
enhanced vegetation productivity, which increases CH4 emissions by
providing substrates for methanogens and pathways for gas transport
(Hefternan et al., 2022; Hopple et al., 2020). Given that CHs4 is a potent
greenhouse gas with approximately 28 times the warming potential of carbon
dioxide (CO») over a 100-year period (IPCC, 2023), these warming-induced
changes represent a positive feedback loop that will further accelerate
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climate warming (Dean et al., 2018; Yuan et al., 2024). Beyond temperature
effects, changes in precipitation patterns and increasing evaporative demand
are altering peatland water balances (Helbig et al., 2020), which can
significantly impact both their carbon storage capacity (Kettridge et al.,
2016) and CH4 emissions. However, quantifying these complex interactions
and their impacts on CH4 emissions remains challenging.

Current uncertainties in global CH, budgets

Despite the critical role of northern peatlands in the global CH4 cycling,
significant uncertainties remain in quantifying their contribution to global
CH,4 budgets. The wide range in estimated annual CHs4 emissions (9-53 Tg
CH4-C) reflects challenges in accurately measuring and upscaling CH fluxes
(FCH4) across heterogeneous peatland landscapes (Ingle et al., 2023;
McNicol et al., 2023). Such uncertainties stem from multiple sources,
including limitations in mapping wetland extent, structural and parametric
uncertainties in biogeochemical processes, and limited observational
constraints that make it difficult to capture CH4 flux (FCH,) variations across
different spatial scales (Knox et al., 2019; Zhu et al., 2025). While plot-scale
(1-10 m?) measurements are relatively common, there is a notable scarcity
of replicated ecosystem-scale measurements at the mesoscale (0.5-20 km?;
Rydin and Jeglum, 2013) and landscape level (> 20 km?), creating a critical
gap in our understanding of CH4 dynamics at these intermediate scales (Zhu
et al., 2025). Improving our understanding of these multi-scale dynamics is
crucial for better predicting the role of peatlands in future climate feedbacks
and for incorporating these processes into land surface models.

1.2 Spatio-temporal dynamics of peatland methane
fluxes

Plot-scale variability (microtopography)

Peatland FCH4 exhibit substantial spatial variability at the microform
level (1-10 m?), driven by variations in microtopography. These fine-scale
differences create distinct microenvironments with varying water table depth
(WTD), soil temperature (Ts), and vegetation composition (Bubier et al.,
1993; Granberg et al., 1997; Juottonen et al., 2015; Perryman et al., 2022).
Higher CH,4 emissions typically occur in wetter microforms such as hollows
and lawns, while elevated hummocks generally show lower emissions
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(Bubier et al., 1993; Waddington and Roulet, 1996; Welpelo et al., 2024).
These differences stem from varying oxygen availability at the different
microforms and the related methanogenic (i.e., CHs production) and
methanotrophic (i.e., CH4 oxidation) activity, but is also influenced by the
presence of vascular plants which provide substrate for methanogenesis, and
direct transport channels for CHy4 to the atmosphere (Bellisario et al., 1999;
Oquist and Svensson, 2002; Welpelo et al., 2024).

Ecosystem-scale patterns

At the ecosystem scale (~0.1-0.5 km?), FCH4 flux patterns emerge from
the integration of multiple microforms and their associated biogeochemical
processes (Juottonen et al., 2015). Ecosystem-scale FCH4 are determined by
both the relative abundance of different microforms and their related
characteristics across the site (Méittd and Malhotra, 2023; Webster et al.,
2018). Site-level gradients in vegetation, hydrology, and nutrient availability
create distinct zones of high and low emissions that contribute to the overall
ecosystem pattern (Rydin and Jeglum, 2013; Zhang et al., 2020). These site-
level patterns of FCH4 then integrate into higher-order dynamics across large
peatland complexes.

Mesoscale variation within peatland complexes

At the mesoscale (0.5-20 km?), additional patterns emerge as large
peatlands, or peatland complexes, can contain peatland types with distinct
characteristics. Fen and bog sections within the same peatland complex can
exhibit markedly different FCH4 patterns (Euskirchen et al., 2024; Zhang et
al., 2021). Even peatland complexes containing only a single peatland type
can exhibit varying properties and FCH4 at different locations. These
variations arise from the position in the landscape, catchment properties, and
nutrient inputs from surrounding areas, which create distinct zones with
varying biogeochemical functioning (Arsenault et al., 2023; Ehnvall et al.,
2023; Zhang et al.,, 2020). The interaction between local topography,
hydrology, and vegetation creates complex spatial patterns that can result in
substantial variations in FCH,4 across a peatland complex. For example, areas
receiving greater mineral-rich groundwater inputs often show enhanced
FCH4 compared to more isolated sections, with different gradients along the
transitions between these hydrological zones (Bubier et al., 1995).
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Temporal dynamics and spatial interactions

The spatial patterns of FCH4 in peatlands are not static but interact
dynamically with temporal variations in environmental conditions
(Armstrong et al., 2015). Seasonal changes in Ts and WTD can amplify or
diminish spatial differences in FCH4 (Feng et al., 2020), with FCH4 often
exhibiting hysteresis relationships with both WTD and Ts fluctuations
(Chang et al., 2021; Goodrich et al., 2015), which complicate the
understanding and quantification of FCH4 patterns in relation to these
drivers. During wet periods, microtopographic differences become more
pronounced as biomass and nutrients might concentrate on higher
microforms, enhancing the contrasts in FCH4 among microforms (Diamond
et al., 2020). Warming conditions modify spatial patterns by accelerating
methanogenesis in water-saturated areas while enhancing methanotrophy in
oxic layers, often resulting in lower FCHy in drier years (Rinne et al., 2020).
Additionally, interannual variations in climate can alter the relative
importance of different spatial controls on FCHa, making it essential to
consider both spatial and temporal dynamics when understanding peatland
FCHa.

1.3 Methods for quantifying peatland methane fluxes

Plot-scale measurements

Chamber measurements have long been used to study plot-scale
variations in methane fluxes (Bubier et al., 1993; Perryman et al., 2022;
Turetsky et al., 2014) and continue to provide valuable insights into the
controls on emissions at the microform scale. These measurements offer high
spatial resolution and the ability to isolate specific processes and controls at
fine plot scales (1-10 m?) or for comparing FCHs between different
microforms across a peatland. However, scaling these measurements to
larger areas remains challenging due to the high spatial heterogeneity of
peatland landscapes and the labor-intensive nature of chamber-based
sampling.

Ecosystem-scale measurements

The eddy covariance (EC) technique has emerged as the state-of-the-art
method for measuring ecosystem-scale greenhouse gas fluxes, providing
continuous measurements at high temporal resolution (Baldocchi, 2014;
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Burba and Anderson, 2010; Knox et al., 2019). EC measurements integrate
fluxes over footprint areas of several hectares (Kljun et al., 2002; Vesala et
al., 2008), thereby capturing the combined effect of different microforms and
vegetation types (Kowalska et al., 2013). However, in large peatland
complexes, the representativeness of FCHs measurements from a single
location remains uncertain due to potential variations in vegetation,
hydrology, and biogeochemical conditions across the peatland complex.

Challenges in estimating mire complex-scale CHy budgets

Quantifying FCH4 across peatland complexes presents significant
methodological challenges. Due to the high cost and maintenance
requirements of EC systems, most studies are limited to measurements at a
single location within a peatland complex (Lees et al., 2018). This constraint
creates uncertainty in regional and global estimates of peatland methane
emissions, as single-site measurements may not capture the full range of
spatial variations across large mire systems (McNicol et al., 2023). This
limitation of single-site measurements emphasizes the need for approaches
that can account for this variability when only single-site measurements are
available. Bottom-up modelling approaches for estimating wetland CHy4
emissions have evolved to address these challenges through three
predominant methodologies (Zhu et al., 2025): (1) empirical biogeochemical
modelling that combines relationships between wetland CH4 emissions and
environmental variables; (2) process-based biogeochemical modelling that
explicitly represents CHs production, consumption, and transport processes;
and (3) data-driven machine learning approaches trained against field
observations. These different bottom-up approaches can differ by up to 80
Tg CH, yr~! in their global estimates (Zhu et al., 2025), reflecting differences
in model assumptions and parameterizations. To improve and validate these
models at regional scales, there is a critical need for spatially well-replicated
observations across larger scales.

1.4 Research infrastructure for studies of peatland
biogeochemistry

Historical context
Understanding how peatlands respond to global change requires research
infrastructures that can capture both long-term dynamics and spatial
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variations across heterogeneous peatland complexes. Historically, peatland
research has concentrated around accessible sites that could support long-
term monitoring, resulting in research hubs (e.g., Deger6é Stormyr or SE-Deg
(Nilsson et al., 2008), Siikaneva or SE-Sii (Rinne et al., 2007) and Mer Bleue
or CA-Mer (Roulet et al., 2007)) where intensive studies have built up
detailed understanding of local processes over decades. While these long-
term research sites have been crucial in establishing our fundamental
understanding of peatland functioning, they have traditionally focused on
single locations within larger peatland complexes. There is therefore a
critical need to upscale our understanding from these intensively studied
areas to capture the cross-scale feedbacks that govern peatland development
and carbon accumulation across entire peatland systems (Belyea and Baird,
2006). The complex nature of peatlands demands research infrastructures
equipped for studying biogeochemical processes at both temporal and spatial
scales. Despite this need, such infrastructures remain scarce, limiting our
ability to understand how local variations in ecosystem characteristics
influence ecosystem responses to environmental change across different
scales.

Value of replicated ecosystem measurements

Research infrastructures with replicated ecosystem-scale measurements
are crucial for understanding spatial variations in processes across peatland
complexes. Such facilities enable investigation of how biogeochemical
processes and their drivers vary across peatland landscapes, providing
insights that cannot be obtained from single-site studies. While there remains
a significant gap in our understanding of how well single-site measurements
represent the spatial variations of biogeochemical processes across entire
peatland complexes (Desai et al., 2022; Tuovinen et al., 2019), replicated
measurement infrastructures can provide unique opportunities to develop
and validate upscaling approaches. This is particularly important given the
increasing need for accurate estimation of peatland FCH4 at regional and
global scales for climate change prediction and mitigation strategies.

Development of the Kulbdcksliden Research Infrastructure (KRI)

The Kulbicksliden Research Infrastructure (KRI) in northern Sweden
was established to address fundamental questions about peatland
biogeochemistry and their responses to environmental change. Building
upon research at SE-Deg that dates back to the early 1900s, this site has
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provided valuable insights into carbon cycling (Granberg et al., 1997;
Jarveoja et al., 2020; Nilsson et al., 2008; Peichl et al., 2014), vegetation
dynamics (Jarveoja et al., 2018; Koebsch et al., 2020; Peichl et al., 2018),
and hydrological processes (Campeau et al., 2017; Nijp et al., 2017). The
KRI currently includes four research sites within a 7.6 km? peatland
complex: SE-Deg, Hilsingfors Stormyran (SE-HfM), Halmyran (SE-Hmr),
and Stortjdrn (SE-Srj). The unique configuration of the KRI, with its
replicated  ecosystem-scale measurements, creates unprecedented
opportunities for developing and testing new approaches to understand and
upscale ecosystem processes such as FCH4 dynamics to the peatland
complex scale (Noumonvi et al., 2023).
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2. Aim and Objectives

The main aim of this thesis was to advance our understanding of FCH4
dynamics and their spatio-temporal variability across a boreal peatland
complex. By leveraging a unique research infrastructure with replicated
ecosystem-scale measurements, this was achieved through studies describing
the research infrastructure (Paper I), developing a novel approach for
characterizing peatland surface structure (Paper II), investigating
ecosystem-scale FCH4 variations and their drivers (Paper III), and
developing a data-driven scaling approach to estimate FCH4 across a mire
complex based on single-site measurements (Paper IV). A conceptual
overview of the four studies carried in this thesis are shown in Figure 1.

The specific objectives were:

I. To provide a first description of the Kulbédcksliden Research
Infrastructure (KRI), including a review on research history,
description of site characteristics and measurement instrumentation,
highlighting the value of replicated ecosystem-scale measurements
for studies of peatland biogeochemistry (Paper I).

II. To develop a hydrological model (HuHoLa, for Hummock-Hollow-
Lawn) based on digital elevation models (DEMs) that can classify
peatland microtopography and provide proxies for WTD and Ts
(Paper II).

III. To explore the spatio-temporal variability of ecosystem-scale FCH4
and the hierarchy of underlying environmental and biogeochemical
controls across four sites within a boreal mire complex (Paper III).

IV. To develop and assess a data-driven approach that incorporates
detailed site characteristics and dynamic EC footprint modelling to
upscale single-site measurements to the mire complex (Paper IV).
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Figure 1. Overview of studies carried out in this thesis (Papers I-IV) at the peatland
complex of the Kulbédcksliden Research Infrastructure (KRI, shape on the left). The
background image in the peatland complex is the soil moisture map (Agren et al., 2021).
“RF” means random forests.
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3. Methods

3.1 Study sites

The four studies were conducted at the Kulbicksliden Research
Infrastructure (KRI) in northern Sweden, which encompasses a peatland
complex with four peatland research sites located less than 3 km apart:
Degeré Stormyr (SE-Deg), Hélsingfors Stormyran (SE-HfM), Halmyran
(SE-Hmr), and Stortjarn (SE-Stj) (Figure 2). The sites are situated on an
elevated land between two major rivers (Umedlven and Vindeldlven),
spanning latitudes 64°9'22.3"N to 64°11'22.7"N and longitudes 19°31'30"E
to 19°34'24 4"E, approximately 10 km from Vindeln municipality.

720000 721000 722000 723000
N,
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~
Y
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3
S
3

000€2TL

Peatland complex  Microtopography

A ECtowers Lawns
EC footprints Hollows.

9
50 to 80% B Hommodks

] 90%

721000 722000 723000

720000

Figure 2. Location of the study sites in northern Sweden (A), and within the
Kulbidcksliden Research Infrastructure (KRI) (B). The four side panels (C to F) provide
close-ups into the 50 to 80% footprint climatologies and microtopography classes in the
background for each site, i.e. SE-Deg (C), SE-Stj (D), SE-HfM (E), SE-Hmr (F). The
footprint climatologies were calculated from all half-hour eddy covariance (EC) data
available in June to August 2022 with the flux footprint prediction model (Kljun et al.,
2015), while the microtopography was classified using the HuHoLa model (Noumonvi
et al., 2025 - in review).
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The mire complex represents a minerogenic and oligotrophic fen system
underlain by paragneiss bedrock dating to the Svecokarelian orogeny (1.92—
1.87 billion years ago). This geology contributes to the nutrient-poor
characteristics of the system. Quaternary deposits consist primarily of till-
based ridges of moraine, with peat accumulation in depressions. The
catchment areas range from 30 ha at SE-Srj to 273 ha at SE-Deg, with
varying proportions of mire coverage (46—76% of catchment area, Table 1).

Table 1. Coordinates of eddy covariance towers and basic catchment characteristics at
each site.

Variable SE-Deg SE-HfM SE-Hmr SE-Srpj
Longitude (°E) 19.55654 19.55150 19.56924 19.56381
Latitude (°N) 64.18203 64.15956 64.16000 64.17498
Altitude (m a.s.1.) 266 292 290 269
Catchment area (ha) 273 65 33 30
Mire/Catchment (%) 72 65 76 46

The climate is classified as subarctic (Dfc) according to the Koppen-
Geiger classification. The annual mean air temperature (Ta) was +3.0°C for
the long-term period 1991-2020 (2020-2023: +3.6°C), with total
precipitation of 645 mm (2020-2023: 700 mm). The average January
temperature and precipitation were -7.2°C (2020-2023: -5.8°C) and 44 mm
(2020-2023: 58 mm), while the respective averages for July were +15.4°C
(2020-2023: +15.3°C) and 89 mm (2020-2023: 94 mm).

3.2 Data collection

3.2.1 Eddy covariance measurements of CO, and CH4

Each of the four study sites was equipped with an eddy covariance (EC)
system for measuring ecosystem-scale CO», water vapour (H>O) and CH4
fluxes. The EC setup at SE-Deg, which has been operational since 2001, is
currently equipped with a LI-7200 gas analyzer for CO, and H,O
measurements and a LGR FGGA 911-0010 analyzer for CH4 measurements.
The other three sites, established in 2019-2020, are currently operating
Picarro G2311-f analyzers for CO,, CH4, and H,O measurements. For
measuring wind speed components and wind direction, all sites featured 3D
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sonic anemometers (Gill HS-50 at SE-Deg, Metek uSonic-3 Class A at other
sites) mounted at heights of 3.07 m (SE-Deg) or 2.75 m (other sites). Air
inlet tubes were positioned near the anemometers with minimal separation
(<5 cm vertical, <18 cm northward). For the LGR analyzer, the tube was 20
m long with a 5.3 mm diameter and maintained a flow rate of 12 1 min™,
while the Picarro analyzers used 6.9 m long tubes with 4.3 mm diameter and
5 1 min™' flow rate.

Raw EC data was processed using the EddyPro flux calculation software
version 7.0.9 (LI-COR Biosciences, 2022) and followed best practices
following Nemitz et al. (2018) and Sabbatini et al. (2018). Processing
included compensation for time lags between wind velocity and gas
concentration measurements through automatic time lag optimization with
narrow search windows (typically <10 s) based on preliminary assessment.
A double rotation was applied to the anemometer axes for tilt correction
(Wilczak et al., 2001), and turbulent fluctuations were extracted from high-
frequency time series using 30-minute block averaging. CH4 concentrations
from the LGR analyser were first converted to mixing ratios (readily
available for CH4 measurements from the Picarro analyzer) before flux
calculations, eliminating the need for Webb-Pearman-Leuning (WPL)
corrections. WPL corrections were only performed for the short period of
measurement with an open path analyser (Li-7700) at SE-HfM from June to
December 2020. Spectral attenuation was corrected following Fratini et al.
(2012).

Quality control and filtering of the processed fluxes was performed in R
v. 43.1, and was organized into the "PostEddyPro" package (v.0.1.0,
available at https://github.com/bravemaster3/PostEddyPro). The quality
control protocol included removing measurements taken during low
instrument signal strength and filtering out data collected during non-steady
state or low turbulent conditions (Mauder and Foken, 2004). Additionally,
fluxes measured under low friction velocity conditions (threshold of 0.1 m s’
!, determined using the method described by Reichstein et al., 2005) were
excluded. After all quality control steps, approximately 55-62% of the
original flux data remained for analysis, with seasonal variations in data
coverage between 20—75% depending on site and year.

Gap-filling of missing flux data was performed using machine learning
approaches. For FCH4, random forests were employed following Irvin et al.
(2021), while NEE was gap-filled using XGBoost following Kdmériinen et
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al. (2022). The models were trained using environmental variables including
air temperature (Ta), Ts, WTD, incoming photosynthetically active radiation
(PARin), air pressure, relative humidity, vapor pressure deficit (VPD), and
precipitation, along with temporal indicators (yearly sine, cosine, and time
delta). Model performance was evaluated through 10-fold cross-validation,
yielding R? values of 0.88—0.95 for CH4 and 0.90-0.93 for NEE, depending
on the site. Gap-filled NEE was further partitioned into gross primary
production (GPP) and ecosystem respiration (Reco) using the nighttime
partitioning approach implemented in the REddyProc R package v. 1.3.2
(Wutzler et al., 2018). Flux uncertainties were estimated using Monte Carlo
simulations following Richardson and Hollinger (Richardson and Hollinger,
2007).

3.2.2 Environmental variables

At each EC flux tower, a standard suite of instrumentation was installed
to monitor meteorological and soil environmental variables. Ta and relative
humidity (RH) were measured at 2 m height using Rotronic MP102H-
331000 sensors at SE-Deg and HC2S3 sensors at the other sites. Incoming
and outgoing shortwave/longwave radiation were measured using a CNR4
net radiometer at SE-Deg and a NRO1 net radiometer at the other sites.
Additionally, photosynthetically active radiation (PAR) was monitored using
LI-190 quantum sensors at all sites.

Ts was measured at multiple depths (2, 10, 15, 30, and 50 cm, with an
additional 5 cm measurement at SE-Deg), using Fischer Pt100 sensors at SE-
Deg and TR03 TOJO Skogsteknik sensors at the other sites. WITD was
monitored using CS450 pressure transducers at SE-Deg and CS451 sensors
at the other sites. Ts and WTD were replicated at six locations at SE-Deg,
and two locations at the other sites. Precipitation was measured using
Lambrecht Rain[e]H3 gauges at SE-Deg and ARG100 tipping bucket rain
gauges at the other sites. VPD was calculated from RH and Ta measurements
following standard methods (Antezana-Vera and Marenco, 2022; Buck,
1981). Gaps in all environmental data were filled using linear regressions
between sites when data were missing at a site and available at other
locations within the mire complex.

NDVI data used in our studies were obtained from two sources. The first
data source was Sentinel-2 multispectral instrument (MSI) satellite imagery
processed through Google Earth Engine (GEE, 2024), providing NDVI at 10
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m spatial resolution for the period 2020-2022 (Paper III). For the dynamic
footprint modelling (Paper 1V), this was complemented with a second data
source: monthly unmanned aerial vehicle (UAV) surveys (May to September
2022-2023) using a DJI Phantom 4 equipped with a five-band multispectral
camera, producing orthomosaics at 3 cm resolution. These two data sources
were combined through arithmetic averaging to create fused NDVI maps that
leveraged both the relatively higher temporal resolution of satellite data and
the fine resolution of UAV imagery.

3.2.3 Data for mapping vegetation and microtopography (Paper | and
Paper ll)

Mapping of vegetation (Paper I)

Ground-based vegetation data were collected through detailed field
surveys conducted in November 2021, with over 50 inventory points at each
of the four mire sites. At each point, vegetation composition was recorded
following an adapted version of the Finnish mire classification system (Paper
I supplementary materials 4; Eurola et al., 2015, 1995, 1984). The
classification accounts for vegetation types across different microforms,
ranging from lawns and carpets to hummocks and forested areas.

For spatial classification of vegetation, high-resolution (6.5 cm) RGB
imagery derived from a Riegl VQ-1560i-DW LiDAR scan of September
2019 was used. This dual wavelength (532 nm green, 1064 nm NIR) scanner
provided both spectral and elevation data with an average point density of 20
points/m*>. The RGB imagery was combined with a microtopography
classification layer (an early version of the HuHoLa microtopography
classification presented in Paper II) as an additional band. The observation
points from the field survey were used to delineate regions of interest (ROI)
representing different vegetation groups for training the random forest
classification model.

Mapping of Microtopography (Paper II)

Using elevation data from the September 2019 Riegl VQ-1560i-DW light
detection and ranging (LiDAR) scan, DEMs were produced at 30 X 30 cm
and 50 x 50 cm spatial resolutions. Additionally, higher resolution DEMs (3
x 3 cm) were produced using Structure-from-Motion based on the September
2023 unmanned aerial vehicle (UAV) imagery. The UAV-based DEM was
also resampled to coarser resolutions (6, 10, 20, 30, 40, 50, 60, 70, 80, 90
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and 100 cm) and used to evaluate the sensitivity of the microtopography
classification to the DEM resolution.

For validation of the HuHoLa microtopography classification, 260
reference points were collected at the SE-Deg site using a high-precision
ground positioning system (RTK-GNSS). These points were positioned 2
meters away from the boardwalk.

For calibrating the HuHoLa model's secondary outputs, time series of Ts
measured with HOBO MX2303 loggers and manual WTD measurements
were collected from four distinct microtopographic locations at each site.
These measurements were used to evaluate the relationships between model-
derived proxies and actual field measurements of Ts and WTD.

3.2.4 Peat physical and chemical properties

Core sampling and analysis

Three peat cores, 50 cm deep, were collected from lawn areas at each site
in autumn 2020, and preserved by freezing until laboratory analysis.
Following thawing, the samples were dried and analyzed for their physical
and chemical properties. Carbon and nitrogen content were determined using
a Thermo Fischer Scientific Flash EA 2000 elemental analyzer. From these
measurements, C:N ratios were calculated. Bulk density was calculated as
the ratio of dry mass to volume. For each site, bulk density and C:N ratio
values were averaged from the three cores.

Peat CHy concentration profiles

During the summer of 2022, vertical profiles of peat pore space CHa
concentrations were sampled. At each site, samples were collected from two
hollows and two hummocks at five depths (5, 15, 25, 35, and 45 cm) and
repeated four times (May, June, July, and August) in 2022. For sampling the
air-filled pore system above the water table, 5 ml of pore gas was injected
into 22 ml glass vials. For sampling peat pore water in the saturated zone, 5
ml pore water was injected into 22 ml glass vials (with N, at ambient
pressure) containing 5 ml phosphoric acid (H3PO4, 85%), and preserved with
a drop of ZnCl. CH4 concentrations were analyzed by gas chromatography
using a PerkinElmer Clarus 580 GC-FID equipped with a methanizer.
Separation was carried out on an Elite-PLOT Q column (30 m, 0.53 mm ID,
20 um df, PerkinElmer) at 30°C with N as carrier gas (10 psi).
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3.3 Data analysis
3.3.1 HuHoLa model development (Paper II)

The HuHoLa model is based on depression-filling in a DEM (Lindsay,
2016), and involves a four-step process (Figure 3): (1) filling depressions in
the original DEM to identify hollows, (2) filling depressions in the inverted
DEM to identify hummocks, (3) subtracting the filled DEMs to produce the
hollow-hummock-depth-height (HHDH) layer used for classifying the
microforms, or used as proxy for WTD and Ts, and (4) classification into
three or five classes. To determine the optimal classification threshold, two
analyses were performed: first, areas containing single classes were visually
delineated to analyze the frequency distribution of fill depths in each
microtopography class; second, different thresholds were tested and
validated against ground truth data, with the optimal threshold identified at
the equal error rate (where precision and recall curves intersect).
Additionally, model sensitivity to DEM resolution (3 ¢cm to 1 m) and fill
threshold (0—-10 cm) was systematically analysed using the UAV-derived
resampled DEM.
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Figure 3. Workflow of the HuHoLa model. Green rectangles represent the inputs of the
model, blue rectangles represent intermediary outputs not used directly, red rectangles
represent exported outputs, yellow diamonds represent operations performed in the
model, and ellipses represent classification rules. Numbers represent the four sub-
sections of the HuHoLa model: 1- filling the Digital Elevation Model (DEM), 2- filling
the inverted DEM, 3- Subtracting the filled DEM from the filled inverted DEM to
produce the hollow-hummock-depth-height (HHDH) proxy for water table depth (WTD)
when “fix flats” is applied during subsection 1, 4- Classification into the different
microforms. Classes 0, 1, 2, 3, and 4 in step 4 are respectively lawns, hollows,
hummocks, lower level lawns, and upper level lawns.
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3.3.2 Flux footprint analysis

The spatial source area of FCH4 based on EC measurements was
determined using the two-dimensional Flux Footprint Prediction (FFP)
model (Kljun et al., 2015). The model inputs included roughness length (zo),
measurement height above displacement height (z-d), friction velocity (u*),
Obukhov length (L), standard deviation of lateral wind speed (o), and
boundary layer height (h). Most parameters were derived directly from EC
measurements, while boundary layer height was obtained from ERAS
reanalysis data (Hersbach et al., 2020).

For Papers I and III, footprint climatologies representing cumulative
source areas (50% to 90%) were calculated using aggregated data from May
2020 to April 2021 to characterize the typical spatial extent of flux
measurements. For Paper IV, half-hourly footprints were calculated to
enable dynamic weighting of spatially-explicit environmental variables
based on their contribution to each flux measurement.

3.3.3 Estimation of mire complex FCH4 (Paper IV)

A random forest model was developed to scale FCH4 across the mire
complex using footprint-weighted and spatially-explicit environmental
information. This approach integrated dynamic EC flux footprint analysis
with comprehensive spatial mapping of key FCH4 drivers (footprint-based
model). Environmental variables were characterized through two pathways:
spatially-explicit variables (microtopography, vegetation classes, Ts, WTD,
and NDVI) were mapped and weighted by area contributions within each
half-hourly EC flux footprint, while meteorological measurements were
maintained as spatially-fixed time series (Figure 4). For comparison, a
standard random forest model using only environmental measurements from
fixed sensor locations (biomet model) was also developed. Both models were
trained using data from individual sites to predict fluxes at the remaining
sites, with predictions adjusted using site-specific C:N ratios to account for
underlying biogeochemical differences between sites. The footprint-based
approach allowed for dynamic integration of spatial heterogeneity in both
static (e.g., microtopography) and temporally varying (e.g., Ts) drivers of
FCH4 within the EC measurement footprint.
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Figure 4. Summary of the methodology for combining spatially-resolved variables
(through footprint analysis) and spatially-fixed time series into the modelling framework
of the footprint-based, and the biomet models. “RF” means random forests.

3.3.4 Statistical approaches

Several complementary statistical methods were employed to analyze
FCHa drivers and patterns (Paper IIT). Wavelet coherence analysis was used
to examine the temporal relationships between FCH4 and environmental
variables across multiple time scales simultaneously. This method, originally
developed for signal processing and time series analysis in both time and
frequency domains (Weng and Lau, 1994), is particularly valuable for
revealing non-stationary patterns and phase relationships that might
otherwise be missed by traditional correlation analyses (Campeau et al.,
2024; Cazelles et al., 2008). Commonality analysis (Newton and Spurrell,
1967) was used to partition the explained variance in FCH4 into unique and
shared components among different predictor variables. This technique helps
understand how environmental variables interact in explaining flux
variations. Path analysis, using multiple linear regression pathways (Streiner,
2005), helped quantify the direct and indirect effects of different drivers on
FCHa. Statistical difference in annual FCHs between our sites and other
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peatland systems was assessed using the Kruskal-Wallis test followed by
post-hoc Dunn tests with Bonferroni correction (Srinivasan et al., 2013)
(Paper III).

The accuracy of microtopography classification was assessed using
precision, recall, F1 score, overall accuracy and kappa statistics (Paper II),
while model performance in Paper IV was evaluated with root mean square
error (RMSE) and bias metrics.
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4. Results and discussion

4.1 Vegetation patterns across the mire complex (Paper

)

The vegetation at the mire complex was categorized into six broad
categories based on microtopography and plant species:

I. Lawns dominated by short sedges, including species such as
Eriophorum  vaginatum, Trichophorum cespitosum, Carex
pauciflora, Sphagnum angustifolium, S. balticum, S. medium, S.
rubellum, S. compactum, and S. papillosum, Andromeda polifolia
and Oxycoccus palustris.

II. Carpets composed predominantly of similar short sedges as in
the lawns, but also Sphagnum subg. Cuspidata (S. balticum, S.
majus, S. lindbergii, S. jensenii), as well as S. papillosum or S.
compactum.

III. Mud and loose bottoms, and tall-sedge fens: with species like
Scheuchzeria palustris, Carex limosa, Trichophorum cespitosum,
Drosera longifolia, and Menyanthes trifoliata, Sphagnum subg.
Cuspidata, S. fallax, and Warnstorfia spp.

IV. Hummocks and sparsely treed areas: vegetation includes Pinus
sylvestris, Betula nana, Andromeda polifolia and Calluna vulgaris,
Sphagnum angustifolium, S. fuscum, S. medium, and S. rubellum,
Pleurozium schreberi, Cladonia mitis, and C. stygia.

At the edges of the mire complex, a “mire forest” vegetation type with
more trees occurs, while “forests on mineral soils” occur on rock outcrops,
with the following vegetation species:

V. Mire forests: with species like Pinus sylvestris, Betula
pubescens, Picea abies, Betula nana, Andromeda polifolia,
Empetrum hermaphroditum, Ledum palustre, Oxycoccus spp.,
Vaccinium myrtillus, Erviophorum vaginatum, Carex globularis,
Dactylorhiza maculata, Rubus chamaemorus, Sphagnum
angustifolium, Polytrichum commune, Pleurozium schreberi,
Hylocomium splendens, Dicranum spp., Cladonia spp.

VI. Forests on mineral soils with species like Pinus sylvestris,
Betula pubescens, Picea abies, Calluna vulgaris, Empetrum
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hermaphroditum, Linnaea borealis, Vaccinium vitis-idaea, V.
myrtillus, Deschampsia flexuosa, Dicranum spp., Polytrichum
spp., Hylocomium splendens, Pleurozium schreberi, Ptilium crista-
castrensis, Barbilophozia lycopodioides, Cladonia spp.

The vegetation composition varied substantially across the mire complex
(Figure 5, Table 2). At SE-Srj, lawn communities dominated by short sedges
and Sphagna (Group I) covered nearly half (48%) of the footprint area, i.e.
the highest proportion of lawn vegetation among all sites. In contrast, at SE-
HfM, carpet vegetation (Group II, 35%) and mud bottoms/tall-sedge fens
(Group 111, 19%) were most prevalent, indicating generally wetter surface
conditions. At SE-Hmr, lawn vegetation (Group I, 34%) and hummock
vegetation (Group 1V, 34%) covered equal portions of the 90% EC footprint
area, with hummock coverage reaching its highest proportion among all
sites. At SE-Deg, vegetation was more evenly distributed between lawns
(33%), carpets (31%) and hummocks (20%), though wetter microform
vegetation (Groups II and III combined) covered 43% of the area, i.e. a two
times higher proportion than at SE-Hmr and SE-Stj. Mire forest vegetation
(Group V) occupied only a small fraction (0.7-7%) of the EC footprints
across all sites, while vegetation typical of mineral soil forests (Group VI)
was nearly absent (0-2%). This distribution confirms that the EC towers
primarily captured fluxes from the mire vegetation rather than forested areas.

The distinct vegetation patterns observed across our sites reflect the
complex spatial organization typical of boreal mire complexes (Laitinen et
al., 2005; Rydin and Jeglum, 2013). The notable differences in the
proportions of lawn, carpet, and hummock vegetation communities have
direct implications for the mire complex’s FCHs patterns, as wetter
microforms with carpet and hollow vegetation typically show higher CH4
emissions compared to drier hummock areas (Bubier et al., 1993;
Waddington and Roulet, 1996; Welpelo et al., 2024).
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Figure 5. Vegetation classification map of the mire sites of the Kulbécksliden Research
Infrastructure with a focus on a 300 m radius from eddy covariance (EC) towers at SE-
Deg (A), SE-S1j (B), SE-HfM (C), SE-Hmr (D) and an overview of all four catchments
(E). The footprint climatologies were calculated from one-year data of wind speed and
wind direction (May 2020 to April 2021) based on (Kljun et al., 2015). The vegetation
groups layer is blended with a hillshade derived from a 0.5 m resolution digital elevation
model.
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Table 2. Percentage share of the different vegetation groups within the 90% tower
footprint area.

Percentage (%) of total area

L Total area
Mire site (ha) Group Group Group Group Group  Group
I I I v \% VI
SE-Deg 15 33 31 12 20 4 0
SE-HfM 10 27 35 19 20 0.7 0
SE-Hmr 7 34 18 4 34 7 2
SE-Stj 8 48 21 2 21 5 1

4.2 Microtopography patterns across the mire complex
(Paper II)

The validation of microtopography in delineated reference areas (i.e.,
areas containing a single microtopography class) revealed that lawns are not
completely flat, with their elevation fluctuating up to £6 cm and +4 cm for
30 cm and 50 cm resolution DEMs, respectively (Figure 6). This natural
variation in lawn elevation had important implications for microtopography
classification with the HuHoLa model, suggesting the use of a resolution-
adapted threshold for accurate microtopography classification. The
systematic testing of different threshold values revealed a trade-off between
precision and recall, and the optimal thresholds (at equal error rate) were 5
cm for the 30 cm resolution DEM, and 4 ¢m for the 50 cm resolution DEM.
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Figure 6. Histogram of fill depth per class, for small polygons considered purely as lawns
(left panels), hollows (middle panels), and hummocks (right panels). Negative and
positive fill depths are fill depths in the digital elevation model (DEM) and inverted
DEM, respectively. Top panels represent frequency distribution with a 30 cm DEM
resolution and bottom panels represent frequency distribution with a 50 cm DEM
resolution. The vertical dashed lines represent the 99% percentiles of the fill depth per
class. Note the different y-axis ranges for each panel.

The sensitivity of the microtopography classification to the fill threshold
based on UAV-derived DEM at different resolutions revealed that higher
thresholds (> 4 cm) were needed for finer resolutions (i.e., 330 cm) while
coarser resolutions (i.e., 70—100 cm) required lower thresholds (~2 cm). This
relationship reflects how finer resolution DEMs capture more surface detail,
requiring larger thresholds to distinguish true microforms from subtle surface
roughness within lawns. Conversely, coarser resolution DEMs inherently
smooth minor surface variations, allowing for smaller thresholds to
distinguish between microtopography classes.

The application of the model with a 4 cm threshold on a 50 cm resolution
DEM effectively captured diverse microtopographic patterns across the mire
complex (Overall accuracy = 0.94, Kappa = 0.81). The elevation profiles
across different locations demonstrated the model's ability to distinguish
between various microform combinations: from pronounced string-flark
patterns (alternating “hummocks” and “hollows” in patterned mires) with
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clear elevation differences (Figure 7-A and B), to subtle transitions between
hummocks and lawns, and areas dominated by lawns with minimal elevation
fluctuations (Figure 7-C and D).
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Figure 7. Elevation profiles of a few locations in the microtopography map. The fill
threshold is 4 cm, for a digital elevation model (DEM) resolution of 50 cm. The locations
were chosen to represent different microforms: (A) Strings and flarks; (B) hummocks
and lawns; (C) Lawns; (D) and (E) hummocks, hollows and lawns. At each location, a
horizontal (left to right) and a vertical (top to bottom) arrow indicates the orientation of
the elevation profiles. The Y axis graduation is variable, and a spaced Y axis as in panel
C indicates little amplitude in the elevation fluctuation at the lawn.

The detection of the intermediary lawn class through the threshold
approach represents an advance over previous methods that typically
produced binary hummock-hollow classifications (Brubaker et al., 2013;
Graham et al., 2020; Kalacska et al., 2021; Lovitt et al., 2017; Moore et al.,
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2019; Stovall et al., 2019). Due to the hydrological basis of the model, rooted
in surface flow and relative elevation differences, rather than site-specific
characteristics or training data, it is generalizable across different peatland
systems. Moreover, the model provides secondary outputs that act as proxies
for WTD and Ts through its HHDH secondary output (Figure 8). Despite the
limited number of data points per site, the good agreement (R? > 0.68)
between the proxies and observed Ts and WTD makes HuHoLa applicable
for spatializing these variables in peatland landscapes.
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Figure 8. Correlation between (A) measured average soil temperature (Ts) at 10 cm depth
and Ts proxy (i.e. the hollow-hummock-depth-height, or HHDH) using a 30 cm
resolution digital elevation model (DEM), with no site distinction as HHDH is
independent of site surroundings when no "fix flats" is applied, and (B-E) measured
average water table depth (WTD) and 30 cm DEM-based WTD proxy (HHDH with “fix
flats”) from the HuHoLa model for different sites: SE-Deg (B), SE-HfM (C), SE-Hmr
(D), and SE-Stj (E), using a 30 cm resolution DEM. Statistical significance is indicated
as * (p <0.05), ** (p <0.01), or ns (not significant).
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4.3 Environmental controls on methane fluxes (Paper Ill)

4.3.1 Spatio-temporal variations of environmental variables across
the mire complex

Given the close proximity of the four sites (< 3 km apart), meteorological
conditions were remarkably similar across the mire complex. Air
temperature and photosynthetically active radiation showed minimal spatial
variation, with differences between sites remaining within instrument error
(< 0.4°C and < 25 pmol m™, Figure 9-A and B). This spatial uniformity in
meteorological conditions provided an ideal setting for examining how site-
specific characteristics influence FCH4 patterns.

Despite meteorological similarities, soil environmental conditions
exhibited some site-specific differences, likely due to contrasting surface
characteristics. Specifically, while average annual differences in Ts between
sites were generally small (< 1°C), SE-Srj showed delayed warming after
snowmelt (by approximately 12 days) compared to other sites during 2020
and 2022 (Figure 9-C). This delay was observed at the 10 cm depth but not
at other measurement depths, suggesting local differences in soil thawing
dynamics. WTD differences were consistent among sites during 2020-2023,
with SE-Srj maintaining lower WTD (averaging -8.6 cm) compared to SE-
Deg (-6.1 cm) (Figure 9-D).

Vegetation activity, as indicated by NDVI, showed systematic differences
between sites despite their spatial proximity (Figure 9-E). Specifically,
during the peak growing season 2022, SE-Srj showed consistently lower
NDVI values (peaking at 0.6) compared to other sites like SE-Hmr and SE-
Deg (peaking at 0.7). Such variations in vegetation indices can reflect
differences in both plant productivity and vegetation water content, as water
in plant tissues affects near-infrared reflectance and directly influences
NDVI values in peatland ecosystems (Bubier et al., 1997; Simanauskiené et
al., 2019).
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Figure 9. Daily means of environmental variables at the SE-Deg, SE-HfM, SE-Hmr, and
SE-S1j sites during 2020-2023: (A) incoming photosynthetically active radiation
(PARIin), (B) air temperature at 2 m height (Ta), (C) soil temperature at 10 cm depth (Ts
10cm), (D) water table depth (WTD), and (E) Sentinel-2 derived normalized difference
vegetation index (NDVI). Solid lines represent a 15-day running average.

4.3.2 Spatio-temporal variations of methane fluxes across the mire
complex
The magnitude of FCH4 varied substantially across the mire complex
(Figure 10-A), with annual FCH4 ranging from 7 to 11 g C m™ during 2020—
2023 (Figure 11). Consistent spatial patterns were observed, with SE-Srj
exhibiting the lowest FCH4 across all four years (averaging 7.6 + 1.4 g C
m2), while SE-Deg typically showed the highest emissions (averaging 11.9
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+2.1 gCm™). Annual GPP ranged from 272 to 434 g C m? during the same
period (Figure 10-B), with SE-Hmr consistently showing the highest values
(averaging 409 + 28 g C m2) and SE-HfM the lowest (averaging 286 + 13 g
C m™). The coefficient of variation of ~16% across the mire complex was
particularly noteworthy as it matched the variability typically observed
among geographically distant mire systems (Figure 11). This suggests that
mesoscale variations within mire complexes can be as significant as
differences between geographically distant mire systems in the boreal region.
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Figure 10. Daily sums of (A) methane fluxes (FCH4) and (B) gross primary production
(GPP) at the SE-Deg, SE-HfM, SE-Hmr, and SE-Sij sites during 2020-2023. Solid lines
represent a 15-day running average.
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Figure 11. Annual sums of methane flux (FCHs) at the Kulbdcksliden Research
Infrastructure (KRI) compared to data from eddy covariance (EC) Fluxnet-CHy sites
(Table 2) split by mire type (Bog vs. Fen). Point symbols (dots for data processed in this
thesis, triangles for data obtained from Fluxnet-CH4) represent individual years. The
boxplots show the first quartile (Q1), the median (Q2) and the third quartile (Q3) of the
available FCH4 data per site. The whiskers stop at 1.5 x (Q3-Q1). Statistical significance
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(highly significant, p < 0.01). Site names on the X axis are Degerd Stormyr (SE-Deg),
Halsingfors Stormyran (SE-HfM), Halmyran (SE-Hmr), Stortjarn (SE-Srj), Scotty Creek
Bog (CA-SCB), Siikaneva-2 Bog (FI-Si2), Bonanza Creek Thermokarst Bog (US-BZB),
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Bonanza Creek Rich Fen (US-BZF).

The frost-free season contributed over 90% to annual FCH4 (Table 3), as
it is the case generally in northern peatlands (Knox et al., 2019). Historic data
(2014-2019) from SE-Deg revealed that annual and frost-free season FCH4
were mostly in range with more recent data (2020-2023), though extreme
events like the 2018 drought could substantially impact FCH4 (Rinne et al.,
2020).
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Table 3. Frost-free season (i.e. period when soil temperature at 10 cm was consistently
above 1°C for at least five consecutive days) and annual sums (+standard deviation) of
methane fluxes (FCH4) and gross primary production (GPP) at the four mire sites SE-
Deg, SE-HfM, SE-Hmr and SE-Srj. Standard deviations were calculated using a Monte

Carlo approach.

Frost-free season Annual
FCH4 GPP FCH4 GPP
Site Year
(g Cm?) (g C m?) (g C m?) (g Cm?)
2014 10.1 £0.03 292 +6 13.7+0.03 304 +5
2015 9.4+0.02 277+6 11.2+0.03 278 +£5
2016 9.4+0.02 206 £ 3 11.2+0.03 207 £3
2017 9.3+0.03 221+4 10.8 +0.03 22243
2018 7.8+£0.02 116 £1 9.4+£0.02 117£1
SE-Deg
2019 8.8+ 0.05 272 +6 10.2 £ 0.06 208 +5
2020 8+0.04 3175 9.3+£0.04 320+5
2021 10.2 £ 0.06 342 + 8 11£0.06 344 +7
2022 12.2 +0.06 362+4 13.9+0.06 366 +4
2023 10.9 +0.03 327+8 13.3+0.05 328 +£8
2020 9.8+0.07 295+ 14 11+£0.07 298 £21
2021 7.7+0.03 275+6 8.4+0.03 277+6
SE-HfM
2022 9.2 +0.03 200+ 6 10.7 £0.03 206 +5
2023 8+0.03 268 +£8 10.2 £ 0.03 272 £ 10
2020 8.3+0.03 431+7 9.4+0.03 4357
2021 8.3+0.03 405 +8 9+0.03 406 £ 8
SE-Hmr
2022 10.8 +£0.03 418+7 12.1 £0.04 424 +7
2023 8.9+0.03 368 +8 10.5+0.03 371+9
2020 5.6 +£0.02 351+6 6.4 +£0.02 354+ 6
SE-Sri 2021 5.7+£0.02 330+ 7 6.5+£0.02 333+7
-Sr
o202 79+0.03 38738 9.4 +0.03 39249
2023 6.1 £0.04 320+ 26 7.8 £0.04 322 +29

4.3.3 Drivers of the temporal variations in methane fluxes

Wavelet coherence analysis revealed a consistent hierarchy of temporal
controls on FCH4 across the mire complex (Figure 12). At the daily
timescale, a strong coherence was observed between Ts and FCHs
throughout the frost-free season at all sites (Figure 12-A to D), particularly
at SE-Deg where it persisted from June through September (Figure 12-A).
The inconsistent phase relationships (lead/lag) between FCH4 and T's suggest
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complex interactions in CHs production and transport processes, aligning
with previous findings about temperature sensitivity of methanogenic and
methanotrophic activities (Bergman et al., 1998; Chang et al., 2021).

Similar to Ts, a strong coherence was observed between GPP and FCH4
at daily to five-day timescales, especially during summer months at SE-Deg
(Figure 12-E) and SE-HfM (Figure 12-F). The phase relationships revealed
some differences between sites, with FCH4 generally in phase with GPP at
SE-Deg but lagging behind GPP by 4-6 hours at SE-HfM. This close
coupling between GPP and FCH4 depending on the site is likely related to
the role of vegetation in both substrate provision for methanogenesis, and
transport of the produced CHs into the atmosphere (Salmon et al., 2022;
Wang et al., 2013).

While the coherence between WTD and FCH4 was not strong at daily
timescales, stronger relationships emerged at multi-day to bi-weekly scales,
particularly during mid-summer and autumn periods (Figure 12-I to L). The
weak coherence likely results from seasonal dynamics, where wettest
conditions occur during spring and autumn when temperatures are lower,
while WTD shows irregular fluctuations throughout the growing season.
These temporal patterns create potential confounding effects that make it
challenging to isolate the distinct impact of WTD on FCH4 (Koebsch et al.,
2015).
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Figure 12. Wavelet coherence between half-hourly methane fluxes (FCH4) and soil
temperature at 10 cm depth (Ts) (A-D), gross primary production (GPP) (E-H), and water
table depth (WTD) (I-L) in 2021, with each row representing one site (SE-Deg, SE-HfM,
SE-Hmr, SE-Srj). Shaded areas at the bottom-right and bottom-left of each panel indicate
areas outside the cone of influence, i.e. impacted by edge effects. Arrows indicate the
phase relationship between the two variables during high coherence periods (in red): in-
phase (rightward), in anti-phase (leftward), variable x leading y (upward), or lagging y
(downward) (Grinsted et al., 2004). Note the different x-axis for panels I-L, where WTD
is limited to the frost-free season.

Path analysis further clarified these relationships by quantifying the
relative importance of different drivers (Figure 13). GPP had the highest
direct effect size (0.43—0.64) on FCHa, reflecting its role in both substrate
provision for methanogens and regulation of plant-mediated transport
pathways (Lai, 2009; McEwing et al., 2015; Oquist and Svensson, 2002).
WTD consistently showed the lowest effect size (<0.15) across all sites,
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suggesting that within the observed range of water table fluctuations, other
factors (e.g., vegetation and Ts) were more important in controlling the
temporal variations in FCHs. Furthermore, the high second-order GPP-
mediated Ts effect (43—50% of explained variance) and significant third-
order effects involving GPP, Ts and WTD (37-49%), as revealed by the
commonality analysis, indicate that these drivers operate interactively rather
than independently. This supports the understanding that FCHs are
controlled by complex interactions between biotic and abiotic factors rather
than single dominant controls (Lhosmot et al., 2023).

Methane
Fluxes

Figure 13. Path diagram showing the paths and effect sizes of soil temperature, incomings
photosynthetically active radiation (incoming PAR), gross primary production and water
table depth, in explaining daily methane fluxes. Colors correspond to site names (SE-
Deg, SE-HfM, SE-Hmr, and SE-Stj) shown in the legend.

4.3.4 Drivers of the spatial variations in methane fluxes

Physical and chemical peat properties emerged as key factors explaining
spatial variations in FCH4 across the mire complex, with higher annual CH,4
emissions observed at sites with higher C:N ratios and lower bulk density
(Figure 14). Specifically, the site SE-Deg with the highest C:N ratio (43 + 3)
and lowest bulk density (75 + 10 kg/m?), exhibited the highest average CH4
emissions over the period 2020-2022 (11.4 + 1.3 g C m™ year™), while the
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site SE-Stj, which had the lowest C:N ratio (34 & 2) and the highest bulk
density (96 £ 9 kg/m?®) also had the lowest average CH4 emissions over the
same period (7.4 £ 1.0 g C m? year™"). A significant relationship was found
between annual FCH4 and C:N ratio (positive) or bulk density (negative) in
both 2021 and 2022, while the relationship was not significant in 2020 and
was only significant with C:N ratio when averaging FCH4 over the three
years (i.e. 2020, 2021, and 2022). These patterns suggest that peat
decomposition stage influences both substrate quality for methanogenesis
and physical gas transport pathways (Kriiger et al., 2015; Leifeld et al.,
2020), hence regulating FCH4 across the mire complex. C:N ratios typically
decrease during decomposition due to preferential loss of carbon while
nitrogen is retained in these nitrogen-limited systems (Biester et al., 2014;
Watmough et al., 2022), while the higher bulk density at more decomposed
sites could further limit gas transport due to collapsed pore networks (Baird
et al., 2004; Kleimeier et al., 2017).

While the mire-to-catchment ratio showed a positive trend with FCHa,
this relationship was not statistically significant. Interestingly, while NDVI
showed significant correlation with FCH4 in 2021 and when averaged across
years, sedge biomass and GPP did not correlate significantly with FCHa. This
discrepancy between NDVI and both GPP and sedge biomass suggests that
NDVI might be capturing broader ecosystem properties beyond vegetation
productivity, potentially including variations in water regime and nutrient
status that affect spectral properties of different Sphagnum moss species
(Bubier et al., 1997).

Differences in peat pore CH4 concentrations were observed across sites,
mirroring those observed in FCHy. In fact, CH4 averaged across all depths (5
to 45 cm) was highest at SE-Deg (2389 + 824 ppm), and lowest at SE-Srj
(873 £ 239 ppm), with differences persisting through the peat profile,
suggesting fundamental differences in CH4 production and/or oxidation,
rather than differences in only transport processes.
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Figure 14. Correlation between annual methane fluxes (FCHy; for each year 2020-2022,
and averaged for all three years) with site characteristics, i.e. mire/catchment ratio, bulk
density and C:N ratio at 0-50 cm depth, and vegetation metrics, i.e. the normalized
difference vegetation index (NDVI), gross primary production (GPP) and above-ground
biomass (AGB) of sedges. The grey horizontal lines represent the standard errors across
the spatial replicates. The black lines represent linear regression fit lines. The “*’
represents p-values <0.05 and “**’ represents p < 0.01, i.e. the significance levels of the
linear relationships. Panels without ‘*’ means no significant linear relationship.

4.4 Upscaling FCH4 to the mire complex (Paper IV)

441 Variability within footprint

The analysis of spatially-resolved information for each of the half-hourly
EC flux footprints revealed substantial spatio-temporal variations in
environmental conditions within individual flux footprints, as illustrated by
four example 80% footprints at SE-Deg (Figure 15). These variations arose
both from the spatio-temporal heterogeneity of surface properties and from
changes in wind properties that define the source area of measured fluxes.
The microtopography proportions showed relatively consistent patterns
across the mire complex, with lawns comprising 85-95% of footprint areas
while hollows and hummocks cover smaller proportions (< 10%). However,
vegetation composition exhibited greater variability depending on the site
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and footprint, with SE-Srj dominated by lawns with short sedges (80-90%
of footprint area), while SE-HfM showed higher proportions of carpet
vegetation (50-80%).

After removing temporal trends, NDVI variations remained within
+0.025 during 2022 but showed larger deviations from spatially-fixed values
(+0.025 to -0.05) during 2023. Ts variations were generally small (+2°C) but
reached up to +4°C above spatially-fixed values during June and July 2023.
WTD showed site-specific patterns of variation, with the largest footprint-
related deviations from spatially-fixed values (up to +8 cm) observed at SE-
HfM, while remaining within +2 cm at other sites. These patterns highlight
the complex spatial heterogeneity captured by EC measurements,
demonstrating why footprint analysis is crucial for correctly interpreting flux
measurements in heterogeneous landscapes (Peltola et al., 2015; Vesala et
al., 2008) and for improving EC flux upscaling approaches (Ingle et al., 2023;
Tuovinen et al., 2019).
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Figure 15. Example 80% footprints weights (A) at the site SE-Deg for four sample half-
hours, 1: 2022-09-15 10:30 to 11:00, 2: 2022-06-11 10:30 to 11:00, 3: 2022-07-05 10:30
to 11:00, 4: 2022-06-15 10:30 to 11:00 (The similar footprint shapes are selected for
visualization, but in reality, they vary with wind conditions). The extracted thematic
layers for the same half-hours and footprint areas represent microtopography classes (B);
vegetation classes as defined in section 4.1: I for “lawns dominated by short sedges”, 11
for “carpets with short sedges and Sphagnum subg. Cuspidata”, III for “mud and loose
bottoms/tall-sedge fens”, IV for “hummocks and sparsely treed areas”, V for “mire
forests”, and VI for “forests on mineral soils” (C); soil temperature (D); water table depth
with negative values below surface (E); and the normalized difference vegetation index
(NDVI) (F).
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4.4.2 Model performance and uncertainty

The two random forest approaches showed comparable overall
performance but with some differences. Depending on the site used for
training the random forest, the biomet model achieved RMSE values ranging
from 0.39 to 0.78 mg C m™ 30 min™!' (mean: 0.60), while the footprint-based
model showed RMSE from 0.46 to 0.80 mg C m? 30 min™' (mean: 0.61).

Estimating FCH4 across the entire mire complex based on a simple
extrapolation from a single measurement location (i.e. assuming
representativity over the entire mire complex) would have introduced
substantial uncertainty in mire complex FCHs estimates. In fact, direct
extrapolation from any individual site would have resulted in under- or
overestimation of actual mire complex average FCH4 by up to 22% in 2022
and 32% in 2023 (Figure 16). On the other hand, both random forest
modelling approaches reduced this uncertainty, with the footprint-based
model achieving under- or overestimation up to 8% in 2022 and 25% in 2023,
while the biomet model showed under- or overestimation up to 11% and
30%, respectively. The larger uncertainties observed in 2023 for both
approaches reflect the challenges of such models during drier conditions,
suggesting potential limitations as climate extremes become more frequent.

While the footprint-based model showed marginally better performance
in estimating mire complex FCH4 compared to the biomet model (8-25% vs
11-30% deviation from observed average, respectively), the biomet model
offers practical advantages through simpler implementation and continuous
temporal coverage. The footprint-based approach requires extensive spatial
data collection and processing, including mapping the spatio-temporal
dynamics of different environmental variables. It also depends on wind-
related variables for footprint calculations, which inherently creates temporal
gaps in estimates as these variables cannot be reliably gap-filled over long
periods. In contrast, the biomet model's reliance on fixed sensor
measurements allows for continuous estimates through gap-filling. These
make the biomet model a more efficient choice over larger areas where the
spatial data might be more difficult to acquire.

The accuracy of our random forest models (RMSE = 0.61 mg C m2 30
min! or approximately 0.03 g C m2 d™) is similar to results achieved using
the process-based CoupModel at SE-Deg, which showed prediction errors of
about 0.02 g C m2 d! (Duan et al., 2025 - in review). This comparable
performance suggests that machine learning approaches may offer a viable
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alternative to process-based modelling for estimating FCHs. Nevertheless,
their broader applicability needs further testing, particularly at multiple mire
complexes with different characteristics or environmental conditions.
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Figure 16. Comparison of mire complex methane flux (FCH4) estimates using different
measurement and modelling approaches in 2022 (A) and 2023 (B). For each site (SE-
Deg, SE-HfM, SE-Hmr, SE-Srj), coloured squares show the measured flux at that
training site, while coloured circles show model-predicted fluxes for the other three sites.
The orange and blue bars represent the mean values across all sites (one measured, i.e.
square, and three predicted, i.e. circles) when using the biomet model and footprint-based
model respectively. The horizontal grey bar represents the observed mire complex
average based on measurements from all four sites, with black vertical error bars showing
standard errors of the means.

Variable importance analysis revealed NDVI as the strongest predictor
across both models (30-55% and 45-65% increase in MSE for biomet and
footprint-based models, respectively), followed by air pressure (30-45%), Ts
and WTD (both 20-40% increase in MSE across sites). This relative
importance supports the long-known drivers of FCHs, i.e. substrate supply
(Strom et al., 2015; Turner et al., 2020), Ts and WTD (Rinne et al., 2022;
Turetsky et al., 2014), while highlighting air pressure's importance due to its
role in regulating CHy4 transport, particularly ebullition processes in
peatlands (Ménnistd et al., 2019; Tokida et al., 2007). The significant
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improvement (up to 42% reduction in RMSE at some sites) in both models
following C:N ratio adjustment suggests that C:N ratio sets a baseline for
FCHj; across the mire complex due to its reflection of organic matter quality
and decomposition stage (Kriiger et al., 2015; Leifeld et al., 2020). These
findings suggest that while meteorological and hydrological variables drive
temporal patterns, landscape-scale biogeochemical properties significantly
constrain spatial variations in FCHa.

61



Photo: Andreas Palmén




5. Conclusions

This thesis investigated mesoscale variations in FCH4 dynamics and their
drivers across a boreal peatland complex using replicated ecosystem-scale
measurements. Through four interconnected studies, this work developed
new approaches for characterizing peatland surface structure, explored
ecosystem-scale FCH4 variations and their drivers, and developed a
framework for comprehensive upscaling of single-site measurements to the
mire complex scale. Results revealed substantial spatial variability in FCH4
across the mire complex, with differences between sites comparable to those
typically observed among geographically distant mire systems. These spatial
variations were primarily controlled by peat properties (particularly C:N
ratios) which set a baseline for FCHs; across the mire complex, while
temporal variations were driven by soil temperature and plant productivity.
The Kulbicksliden Research Infrastructure (KRI) with its replicated
ecosystem-scale measurements enabled the development of data-driven
approaches for estimating mire complex FCHi4, with implications for
improving bottom-up regional emission estimates.

A specific summary of findings from each study is given below:

Paper I:

e A comprehensive description of the KRI was provided, including
its unique configuration with replicated ecosystem-scale
measurements, detailed mapping of vegetation, and research
history across the peatland complex

e This research infrastructure enables new opportunities for
understanding spatial heterogeneity in peatland biogeochemical
processes, and for developing scaling approaches.

Paper II:
e The novel HuHoLa model was developed for classifying peatland
microtopography based on DEMs
e The model advances beyond typical binary (hollow-hummock)
classifications by identifying three microform types (lawns,
hollows, and hummocks) and providing proxies for mapping WTD
and Ts
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The model's hydrological basis makes it generalizable across
different peatland systems with the potential for advancing our
ability to characterize and understand peatland surface structure at
landscape scales.

Paper III:

The observed spatial variability in FCH4 within the mire complex
was comparable to the variability typically observed among
geographically distant mire systems, suggesting that current
bottom-up FCH4 estimates based on single EC towers may have a
high uncertainty

Peat properties (particularly C:N ratio and bulk density) set the
baseline for spatial variations in FCH4, while Ts and GPP acted as
inter-annual drivers of FCHs. This suggests that incorporating peat
properties into process-based models and upscaling approaches
could capture mesoscale variability in FCH4 and reduce
uncertainties in regional and global methane budgets.

Paper IV:

Data-driven machine learning approaches were developed to
estimate mire complex FCHs based on single site EC
measurements

These approaches reduced uncertainty in mire complex FCHs4
estimates by more than 50% in a normal year, compared to when a
single site measurement is considered representative of the mire
complex

These approaches provide a framework for improving FCH4
estimates from large peatland complexes where measurements are
limited to single locations.



6. Future perspectives and implications

The research presented in this thesis has enhanced our understanding of
FCH4 dynamics across peatland complexes through a unique dataset on
mesoscale FCH4 and drivers and the development of new approaches for
characterizing peatland surface structure and upscaling FCHs measurements.
However, several key questions and challenges remain.

As highlighted in Paper I, the Kulbédcksliden Research Infrastructure
with replicated ecosystem-scale measurements provides unique insights into
mesoscale variations in peatland processes. While the replication of such
research infrastructure over many peatland complexes could improve
bottom-up FCH,4 estimates, the high costs and logistical complexities of
maintaining multiple eddy covariance systems limit the feasibility of
replicating such setups widely. Exploring more cost-effective approaches to
capture spatial heterogeneity in peatland complexes, such as mobile EC
systems, could help address uncertainties in regional and global CH4 budget
estimates.

The HuHoLa model developed in Paper II is based on hydrological
principles of surface flow that make it applicable across different peatland
types, and advances beyond traditional binary hollow-hummock
classifications. However, its secondary outputs providing proxies for WTD
and Ts need to be validated at larger scales and in diverse peatland systems,
to confirm their broader applicability.

The strong relationship between C:N ratios and FCH4 observed across our
study sites in Paper III suggests that this easily measurable indicator of peat
properties could be valuable for predicting FCHs more broadly. Testing
whether this relationship holds across other peatland complexes, particularly
those with different nutrient status or peat formation histories, could provide
a simple yet powerful tool for improving regional FCHs estimates.
Furthermore, an exploration of how additional physical and chemical peat
properties beyond C:N ratio (e.g., pH, redox potential, specific organic
matter composition) and the relative abundance and activity of methanogens
and methanotrophs influence FCH4 could help identify additional drivers of
the mesoscale variations in FCHa.

The upscaling approaches developed in Paper IV demonstrated
substantial improvement in mire complex FCH,4 estimates compared to the
simple extrapolation of single site measurements to the mire complex.

65



However, their reduced performance during dry conditions highlights the
need to better understand how FCH4 patterns may shift under the extreme
weather events which are predicted to become more frequent in northern
regions under climate change. Furthermore, testing the transferability of
these approaches at other peatland complexes would help evaluate how
landscape position, catchment characteristics, and different peatland types
influence upscaling effectiveness and further contribute to reducing
uncertainty in global wetland FCHs estimates, and to reducing the
discrepancy between bottom-up and top-down CH4 budget estimates.
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Popular science summary

Global warming and associated climate change due to increasing
greenhouse gas concentrations in the atmosphere is one of the major crises
for humans to solve in the coming decades. Methane (CH,4) is a powerful
greenhouse gas that, over a 20-year time frame, traps 86 times more heat in
the atmosphere relative to carbon dioxide.

Northern peatlands are a major natural source of CHs4 and therefore play
a crucial role in our climate system. Emissions of CH4 from peatlands occur
because microbial communities in the deeper water-saturated oxygen-free
peat layer produce more CHy than is consumed in the upper oxygen-rich peat
layers. Currently, however, we face considerable challenges in accurately
estimating how various factors regulate these CHs production and
consumption processes across space and time. These factors include water
table depth, soil temperature, and plant productivity. Due to the complex
interactions between these factors and their high spatial variability, estimates
of total CH4 emissions from northern peatlands, and their associated climate
impact, are highly uncertain.

One main constraint for estimating the total CH4 emissions from northern
peatlands is that we typically rely on measurements from small areas
(typically < 5 ha) which provide limited understanding of the extent of their
variations across large mires (mire complexes). This is problematic because
peatland characteristics and CH4 emissions can vary considerably across
even relatively small distances.

To better understand these variations, we used a unique research setup in
northern Sweden, where four measurement towers were installed across a
peatland complex covering about 7.6 km?. Each tower is equipped with
sensors that continuously measured CHs emissions within a distance of
typically less than 200 meters.

To understand the drivers of the variations in these measurements, we
created detailed maps of the peatland's surface features, including different
vegetation types and microtopography, that is, small-scale elevation
differences. We developed a new microtopography model called HuHoLa
that not only helped with mapping the microtopography but also provided
information about spatial variations in the water table depth and soil
temperature across the peatland.
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Using these multiple measurement towers, we discovered that some areas
consistently released more CHj4 than others even within a single mire
complex, with the highest-emitting site releasing about 50% more CH4 than
the lowest-emitting site. Interestingly, we reveal that these differences were
mainly linked to the underlying peat properties, as areas with higher carbon-
to-nitrogen ratios and less decomposed peat consistently produced more
CHs4. We conclude that these peat properties set the baseline for spatial
differences in CH4 emissions, whereas day-to-day variations were mainly
controlled by soil temperature and plant activity.

Building on these findings, we developed approaches to estimate peatland
complex CH4 emissions using measurements from a single tower. These
methods significantly improved our estimates compared to assuming that
measurements from one location represent the entire peatland, reducing
uncertainty by up to 50%. This offers a practical way to better estimate CH4
emissions from large peatland areas where measurements are limited to
single locations.

Overall, findings from this research help us better understand how CH4
emissions vary across peatlands and provide practical tools for scientists to
improve regional estimates of peatland CH4 emissions. This is particularly
important as we work to understand how these ecosystems might respond to
climate change and how they influence our global climate system.
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Popularvetenskaplig sammanfattning

Global uppvdrmning och klimatférdndringar som foljd av oOkande
koncentrationer av vixthusgaser i atmosfdren &r ett av de storsta hoten
ménskligheten maste 16sa under de kommande &rtiondena. Metan (CH4) &r
en kraftfull vixthusgas, som Over en 20-arsperiod, fingar 86 ganger mer
varme i atmosféren jamfort med koldioxid.

Nordliga myrar 4r en stor naturlig metankélla och spelar dirfor en
avgorande roll i jordens klimatsystem. Utslédpp av CH4 frén myrar sker i
huvudsak d& mikroorganismer i de djupare, vattenméttade och syrefria,
torvlagren producerar mer CH4 dn vad som konsumeras i de 0vre syrerika
torvlagren. For narvarande star vi dock infor betydande utmaningar nir det
géller att korrekt uppskatta hur olika faktorer reglerar produktion och
konsumtion av CH4 i tid och rum. Dessa faktorer &r bland annat
grundvattenniva, marktemperatur och véxtproduktivitet. P4 grund av de
komplexa interaktionerna mellan dessa faktorer och deras hoga rumsliga
variation &r uppskattningar av totala CHs-utsldpp frén nordliga myrar, och
deras tillhorande klimatpaverkan, mycket osékra.

En central begriansning for att uppskatta de totala CHs-utsldappen fran
nordliga myrar &r att vi vanligtvis forlitar oss pd méitningar fran sma omraden
(vanligtvis < 5 ha) vilket ger begrinsad forstaelse for omfattningen av
variationer over storre omraden. Detta dr problematiskt dd myregenskaper
och CHy-utsldpp kan variera avsevért dven over relativt korta avstand.

For att battre forstd dessa variationer anvinde vi en unik
forskningsinfrastruktur i norra Sverige, déir fyra maétstationer installerades
over ett torvmarkskomplex, som ticker cirka 7.6 km? Varje station
utrustades med sensorer som kontinuerligt métte CHs-utsldpp inom ett
avstand pa vanligtvis mindre 4n 200 meter.

For att forstd drivkrafterna bakom variationerna i dessa maétningar
skapade vi detaljerade kartor over myrens ytegenskaper, inklusive olika
vegetationstyper och mikrotopografi, det wvill sdga smaskaliga
hojdskillnader. Vi utvecklade en ny mikrotopografimodell kallad HuHoLa
som inte bara hjilpte till med kartliggning av mikrotopografin, utan ocksa
gav information om rumsliga variationer i grundvattennivin och
marktemperaturen dver myrkomplexets yta.

Da vi kunde jamfora flera métstationer ndra varandra upptéckte vi att
vissa omrdden i myrkomplexet konsekvent slédppte ut mer CH4 dn andra.
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Platsen med hogst utslépp sléppte ut cirka 50% mer CH4 @n platsen med lagst
utsldpp. Vi kan visa att dessa skillnader huvudsakligen var kopplade till de
underliggande torvegenskaperna, eftersom omraden inom ett myrkomplex
med hogre kol-till-kvaveforhallanden och mindre nedbruten torv konsekvent
producerade mer CH4. Vi drar slutsatsen att dessa torvegenskaper &r
utgédngspunkten for rumsliga skillnader i CHs-utslédpp, medan dag-till-dag-
variationer huvudsakligen styrdes av marktemperatur och vaxtaktivitet.

Baserat pa dessa resultat utvecklade vi metoder for att uppskatta CHa-
utslédpp fran myrkomplex baserat pd mitningar fran endast en métstation.
Dessa metoder forbattrade avsevért vara uppskattningar jimfort med att anta
att métningar fran en plats representerar hela torvmarken, vilket minskade
osidkerheten i1 berdkningarna med upp till 50%. Detta erbjuder ett praktiskt
sdtt att béttre uppskatta CHy-utslépp fran stora myromraden dir métningar ar
begréinsade till enstaka platser.

Resultaten fran denna forskning har gett oss en battre forstielse av hur
CHy-utslépp varierar 6ver myrmarker och har lett till utvekclingen av
praktiska verktyg som forskare kan anvidnda for att forbittra regionala
uppskattningar av CHs-utslépp fran myrar. Detta ar sarskilt viktigt i arbetet
att forstd hur myrar badde kan reagera pd klimatfordndringar och hur de
paverkar jordens klimatsystem.
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Boreal peatlands represent a biogeochemically unique and diverse environment in
high-latitude landscape. They represent a long-term globally significant sink for
carbon dioxide and a source of methane, hence playing an important role in
regulating the global climate. There is an increasing interest in deciphering
peatland biogeochemical processes to improve our understanding of how
anthropogenic and climate change effects regulate the peatland
biogeochemistry and greenhouse gas balances. At present, most studies
investigating land-atmosphere exchanges of peatland ecosystems are
commonly based on single-tower setups, which require the assumption of
homogeneous conditions during upscaling to the landscape. However, the
spatial organization of peatland complexes might feature large heterogeneity
due to its varying underlying topography and vegetation composition. Little is
known about how well single site studies represent the spatial variations of
biogeochemical processes across entire peatland complexes. The recently
established Kulbacksliden Research Infrastructure (KRI) includes five peatland
study sites located less than 3 km apart, thus providing a unique opportunity to
explore the spatial variation in ecosystem-scale processes across a typical boreal
peatland complex. All KRI sites are equipped with eddy covariance flux towers
combined with installations for detailed monitoring of biotic and abiotic variables,
as well as catchment-scale hydrology and hydrochemistry. Here, we review
studies that were conducted in the Kulbacksliden area and provide a
description of the site characteristics as well as the instrumentation available at
the KRI. We highlight the value of long-term infrastructures with ecosystem-scale
and replicated experimental sites to advance our understanding of peatland
biogeochemistry, hydrology, ecology, and its feedbacks on the environment
and climate system.

KEYWORDS

greenhouse gas fluxes, global change, manipulation experiments, mercury, stream
carbon export, boreal biome, biogeochemistry, wetland
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1 Introduction

Boreal peatlands represent a biogeochemically unique and diverse
environment providing a long-term globally significant carbon (C) sink
and an important methane (CH,) source (Frolking and Roulet, 2007).
Specifically, they are the most C dense terrestrial ecosystem in the world
(Joosten and Couwenberg, 2008; Dunn and Freeman, 2014). Covering
less than 3% of land area (Limpens et al., 2008; Frolking et al,, 2011),
boreal peatlands store C in excess of all the fossil fuels burnt since 1870
(Le Quéré et al., 2018; Ratcliffe et al., 2020). Peatlands are characterized
by a high water table which strongly regulates their ecology and
biogeochemistry (Mulqueen, 1986), including the production and
consumption of greenhouse gases (GHG) such as carbon dioxide
(CO,) and CH, (Moore and Dalva, 1993; Shen et al., 2022). The
current C and GHG balances of peatlands are however susceptible to
ongoing climate change and our knowledge on their responses to these
perturbations remains limited.

Peatlands are natural examples of complex adaptive systems
(Rydin and Jeglum, 2013). Peatland types show both a latitudinal
(zonal) and longitudinal (azonal) differentiation (Ruuhijirvi, 1960;
Rydin et al., 1999; Masing et al., 2010) indicating that they respond
to thermic and hygric changes in the climate. However, the relative
importance of the various components combined with the role of
local topographical conditions has demonstrated that responses to
climate or nutrient forcing may be elusive (Belyea and Baird, 2006).
Peatlands have spatially variable feedbacks which contribute to their
iconic ‘surface patterning’ but importantly also results in a spatial
heterogeneity of response to climate and nutrients changes (Eppinga
et al, 2007), potentially confounding up-scaling of studies
performed at only plot-scales. The response of peatlands to
external forcing can also be slow, potentially over the course of
centuries (Swindles et al., 2012), as seen in peatlands which have
undergone spontaneous recovery after mining or drainage many
centuries earlier (Swindles et al., 2016). The considerable complexity
of the peatland response to external perturbations necessitates both
a long-term and spatially inclusive approach to research.

One common feature of most peatland research settings is that they
are focused either on the small-scale variation between different
microforms, i.e.,, hummocks, lawns and hollows (Bubier et al.,, 1993;
Granberg et al, 1997; Korrensalo et al, 2018), or on large-scale
variations between clearly distinct peatland systems (Turetsky et al,
2014; Abdalla et al, 2016; Peltola et al, 2019). However, northern
peatlands often occur as an ensemble of patches which form
peatland with  distinct and yet
hydrologically connected units (Pakarinen, 1995; Laitinen et al,

heterogeneous complexes,
2007). These complexes represent an intermediate spatial scale which
is almost completely overlooked in current peatland research. Instead,
peatlands are often implicitly studied as homogeneous entities,
ie, assuming that a small area is representative of the entire
peatland complex. Specifically, micrometeorological studies of land-
atmosphere exchanges (e.g., from eddy covariance, or EC, towers) are
often limited to a single site assuming that the footprint of a single flux
tower represents large areas surrounding the tower, with little or no
validation (Desai et al.,, 2022). However, upscaling of flux measurements
should be done with footprint awareness, ie., considering the local
conditions such as vegetation type and microtopography, that affect the
representativeness of EC measurements at the surrounding areas (Chu
et al, 2021). Across an entire peatland complex, local conditions on

Frontiers in Earth Science

02

10.3389/feart.2023.1194749

vegetation type, microtopography and hydrology are prone to variation
and thus can be expected to affect biogeochemical processes.

At present, only few studies have explored the effects from varying
local conditions across peatland complexes. For instance, research in the
Siikaneva mire complex in Finland revealed that its fen and bog sections
had similar net ecosystem exchange (NEE), but the fen section exhibited
higher gross primary production (GPP) and ecosystem respiration
(Reco), as well as higher CH, emissions compared to the bog section
(Alekseychik et al., 2021). A study in a freshwater wetland in California
United States combining a stationary and a roving EC tower to compare
CH, fluxes at three sites within the same wetland system, found
substantial heterogeneity in CH, fluxes due to spatial variations in
air temperature (Ta), friction velocity, and vegetation composition
(Matthes et al,, 2014). The spatial variability of CH, emissions in an
agricultural peatland was also observed through the use of EC towers
installed at different heights in the Netherlands, which integrated
different local conditions as the footprint increased from short
towers (6 m height) to taller towers (20 and 60 m height) (Peltola
et al, 2015). Different non-coordinated EC towers are in operation in
the sub-arctic Stordalen Palsa bog in Abisko, Sweden, with more focus
on C fluxes in link with permafrost thawing (Jammet et al, 2017;
Lakomiec et al, 2021). Other efforts exist, but mostly limited to short-
term  infrastructures and other land wuses, such as the
CHEESEHEADI9 cluster of 20 EC towers investigating the
variability of a forested landscape in the upper Midwest
United States during 2019 (Desai et al,, 2022).

To our knowledge, no coordinated research infrastructures with the
aim of investigating ecosystem-scale processes at multiple sites within the
same peatland complex in the boreal biome exist. Despite the need for
establishing replication, the complex nature and limited accessibility of
peatlands encourages the concentration of research within relatively
small, dedicated areas, resulting in confined peatland research hubs
around the globe. One of these peatland research hubs with long-
term records is Degerd Stormyr, Northern Sweden (64° 10" 55.3" N,
19° 33’ 235" E) where research on peatland biogeochemistry has been
carried out since 1909, with intense contemporary research since
1995 including ongoing EC measurements since 2001. Building on
this experimental site, the Kulbacksliden Research Infrastructure (KRI)
was established, including today five peatland study sites located less than
3 km apart within the same peatland complex, to facilitate replicated
studies of ecosystem-scale processes. Here, we first present a review of the
research history at Degerd Stormyr starting in the early 1900s followed by
a comprehensive description of the site characteristics and
instrumentation at KRI. We further emphasize the relevance of such
replicated ecosystem-scale infrastructures for a better understanding of
the biogeochemistry of peatland systems and how they interact with the
environment and climate.

2 Review of the infrastructure research
history

The research history at Kulbécksliden is more than a century old,
starting in the beginning of the 19th century with the overall aim to
provide science-based knowledge on how to manage forests in Sweden.
At that time, forest products were one of the fundaments of the Swedish
economy. One of the believed major threats to forest growth was
paludification, i.e., vertical expansion of mires with the peat mosses
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FIGURE 1

Research topics covered at Degerd Stormyr from 1990 to present (A) Cumulative frequencies per research topic, note the logarithmic Y-axis; and (B)
relative share in the research topic "greenhouse gases and energy exchange”

transforming soils to conditions that are unsuitable for tree growth. To
investigate if this assumption had any scientific support, a study on
general mire hydroecology was started in 1909 at Degerd Stormyr,
Kulbécksliden. This study resulted in one of the very first doctoral thesis
on general mire ecology and concluded that paludification has halted
and that the peat-forming vegetation was mostly connected to sites with
shallow groundwater during most of the year (Malmstrom, 1923). In
1923, Kulbicksliden was incorporated as part of the Vindeln
Experimental Forests, where research has continued until today
(Grip, 2015; Laudon et al,, 2021).

Most of the historic research was carried out at Degerd Stormyr,
the primary hub of the present KRI. After a temporary halt in
research activities following these initial investigations during the
early 20th century, active research resumed in the late 1990s and has
steadily grown until today. A keyword search (“Degers”, “Degerd
Stormyr”, “Kulbacksliden”, “Krycklan+C18”) both on the Web of
Knowledge and Google Scholar (on 2 February 2022) generated a
database of 142 peer-reviewed articles based on research at Degerd
Stormyr either as a single-site study, regional projects or within
global synthesis studies. These research articles can be broadly
classified into six research topics: peat stratigraphy; mercury;
hydromorphology and microclimate; stream C export; global
change (mainly temperature, nitrogen, N, and sulphur, S) impact
on vegetation development, peat stoichiometry and microbiology;
greenhouse gases and energy exchange (Figure 1). A list of all papers
included in this review as well as their categorization can be found at
https://slughg.github.io/Kulbacksliden-Publications.

Since 2001, research in the area is dominated by studies of the C and
greenhouse gas balances (Figure 1A). The number of investigations of the
impact of global change on vegetation development, peat stoichiometry
and microorganisms has been growing as well, while peat stratigraphy
has, to date, been limited to three studies. Within the topic “greenhouse
gases and energy exchange”, CO, exchange was the most studied gas
species (61%), followed by CH, emissions (25%) (Figure 1B).
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2.1 Peat stratigraphy

An early description of peat stratigraphy at Deger6 Stormyr was
made through multiple cores from a 1,200 m long transect in the
direction North-South (Malmstrom, 1923; Kulczynski, 1949) which
were dated using the spruce pollen horizon. However, it was only in
2009 that a high-resolution peat composition and age were
investigated with the collection and analysis of a 314 cm long
peat core for elemental composition and '*C-dating (Larsson
2017). It was found that organic matter started
accumulating prior to 8,300 calendar years BP (i.e. 8300 years
before 1950 AD), which was in agreement with the earlier
conclusions of Malmstrom (1923) and Kulczynski (1949). The
long-term accumulation rates for C and N were 13.7 + 5.5 and

et al,

0.28 £ 0.14 g m? yr', respectively. °C content increased with depth
and the content in '°N was higher at lower C:N ratios, likely due to
preferential utilization of lighter isotope compounds during
decomposition (**C) and plant nutrient uptake (**N). It was also
apparent that changes in vegetation species composition over time
were reflected in the peat C and N content and had a major impact
on the degree of organic matter decomposition, thereby also
affecting peat growth and decay (Larsson et al., 2017).

2.2 Mercury

Peatlands are considered as hotspots of methylmercury (MeHg)
production due to their low redox status and high C content (St.
Louis et al., 1996; Bishop and Lee, 1997; Hu et al., 2020). Highly toxic
MeHg can be transported to lakes that are hydrologically connected
to peatlands (Bergman et al, 2012) and bioaccumulate in its
foodwebs (Akerblom et al., 2014). Given that sulphate-reducing
bacteria are one of the primary methylators of reactive mercury
(Hg"), investigations of the effect of long-term S deposition on the
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methylation of Hg" revealed a linear relationship between MeHg
content in pore water and sulphate additions (Branfireun et al., 2001;
Akerblom et al., 2020). However, the effect of increased S loading on
MeHg net production was counteracted by increased temperature,
most likely due to increased loss of S at higher temperature
(Akerblom et al, 2013). The availability of Hg" in peat that
potentially transforms to MeHg also depends on the input of
atmospherically deposited Hg by rain (Hg") and vegetation
uptake (Hg’) as well as the output of Hg via re-emission (Hg")
(Bishop et al., 2020). Full-year land-atmosphere emission of Hg’
from Deger6 Stormyr was 2.4 times greater than inputs by rain and
7.2 times greater than output with runoff (Osterwalder et al., 2017).
This finding indicates that Hg’ re-emissions from peatlands
prolongs the cycling of anthropogenic Hg in the environment,
but will decrease Hg contamination of downstream aquatic
ecosystems locally. In another study, dynamic flux chambers
measurements helped investigate the effect of S and N deposition
as well as greenhouse treatments on the net Hg’ flux (Fritsche et al.,
2014). The data revealed that net Hg® re-emission was significantly
sulphate These
investigations on Hg cycling at Degerd Stormyr have important
implications for future human consumption of freshwater fish in the
region.

reduced by long-term additions. recent

2.3 Hydromorphology and microclimate

When research started at Deger6 Stormyr in order to investigate
the possible paludification of northern Sweden, it consisted of soil
sampling for groundwater particle flow (tracer experiment),
hydraulic  conductivity, permeability  in
undisturbed soil cores, mechanical and chemical analysis. In

porosity, water
addition, dissolved compounds (including oxygen) were analysed
on groundwater samples (Malmstrom, 1923). During the last
two decades, hydromorphology studies mainly investigated topics
such as hydraulic conductivity (Nijp et al.,, 2017a), peat volume
change in relation to microtopography (Nijp et al., 2017b; 2019), and
N cycling from mires to surface waters (Sponseller et al., 2018).
Efforts have been made also towards modelling (Nijp et al., 2017b),
gapfilling and upscaling meteorological variables like water table
level (WTL) (Granberg et al., 1999) using remote sensing (Bechtold
et al, 2019; Burdun et al, 2020) but also soil temperature (Ts)
(Granberg et al., 1999; Vuichard and Papale, 2015; Lembrechts et al.,
2021).

2.4 Stream carbon export

Part of the large C stock in mires (Yu, 2012) is continuously
transported in different aquatic forms (e.g., dissolved organic or
inorganic C) by streams to nearby lakes and other freshwaters. The
extent of this phenomenon and its controls have been investigated at
Degerd Stormyr and its main draining stream (Agren et al.,, 2008;
Berggren et al,, 2009; Giesler et al., 2009; Campeau et al.,, 2017),
suggesting total C exports in the range from 6 to 18 g C m? yr™' with
a 12 years (2003-2014) average of 122 g Cm?yr' (Leach et al,
2016). Stream and freshwater C support for bacterial growth has also
been studied (Berggren et al., 2007; 2009).
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2.5 Global change impacts on vegetation
development, peat stoichiometry and
microorganisms

Response data from plot scale N and S amendments and
temperature treatments (Granberg et al, 2001) have been used in
several studies which were unanimous on the substantial change in
growth, production and competition of plants in response to changes in
environmental conditions. One such change is the progressive
replacement of the moss carpet by vascular plants with increased N
deposition and warming (Gunnarsson et al.,, 2004; Wiedermann et al.,
2007; 2009b; 2009a; Limpens et al., 2011; 2012; Wiedermann and
Nilsson, 2020). In the long-term, C input and accumulation was
increased by N addition, reduced by S addition, and significant
interactions were found between the different factors, ie., N, S and
temperature (Nilsson and Eriksson, 2011; Olid et al., 2014).

The water regime of different mires was found to regulate
nutrient allocation, with more nutrients being available in
hollows than in hummocks in discharge-dominated mires,
compared to evapotranspiration-dominated mires (Eppinga et al.,
2010). Increasing Ta and N and S deposition was found to alter the
peat geochemistry with an increased retention of Ca, Fe, P, and Zn in
the surface peat (Olid et al., 2017).

Microclimate and microtopography control plant (Wiedermann
and Nilsson, 2020) and microbial community composition (Okland,
1990; Nilsson et al., 2011; Robroek et al, 2014). Consequently,
changes in the local conditions could induce substantial changes in
the abundance and activity of microorganisms as observed for the
altered activity of methanogens with increased temperature, N and S
(Marti et al,, 2015; 2019) or the dominance of fungal or bacterial
activity depending on the management regime of peatlands (Grof3-
Schmélders et al., 2020). Increased vascular plant disease occurrence
due to parasitic fungi has been observed with increased N deposition
which may have important implications for CO, and CH, exchange
between mires and the atmosphere (Wiedermann et al., 2007).

2.6 Greenhouse gas and energy land-
atmosphere exchanges

The long-term EC measurements at Degerd Stormyr since
2001 show that the peatland is an annual CO, sink with a 12-year
mean of 58 + 21 g Cm™”yr" (Peichl et al, 2014). However, during the
unusual drought year of 2018, the mire acted as a net C source (152 g
Cm?yr') for the first time in the measurement record (Rinne et al,,
2020). Accounting also for C fluxes via CH,, total organic C in
precipitation and stream C export to estimate the net ecosystem C
balance (NECB), suggested a net C sink of 24 + 49 ¢ Cm™ yr' during
2004 and 2005 (Nilsson et al., 2008). Early studies suggested that among
the abiotic variables, Ta and WTL explain most of the variance in NEE
(Yi et al., 2010), GPP and Reco (Lindroth et al., 2007; Yurova et al.,
2007). The length of the growing season (Lund et al.,, 2010) and light
availability (Nijp et al, 2015) are important variables driving
summertime GPP and Reco.

Several studies demonstrated that plant development is the
dominant control of C fluxes (Jirveoja et al., 2018; Peichl et al.,
2018; Koebsch et al., 2020). Some cross-seasonal biotic effects have
been observed as well, as reflected for instance by strong correlations
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between growing season GPP and subsequent winter CH, emissions
(Zhao et al., 2016b). Continuous automated chamber measurements
revealed a divergent diel temperature sensitivity of Reco (Jarveoja
et al, 2020). A synthesis study found that higher heterotrophic
respiration will occur with increased temperature, decreased
precipitation and lower WTL as observed during a severe
drought in 2018 (Fu et al., 2020). Another global synthesis also
reported that their CO, sink strength shows a seasonal divergence to
increasing temperature, with warmer early summers causing an
increased net CO, uptake and warmer late summers connected to
decreased net CO, uptake (Helbig et al., 2022).

Lab incubations have revealed that microbial activity in the peat
proceed also when the peat is frozen (Segura et al, 2019). The
photosynthesizing biomass of different plant functional types was
also important to consider in NEE (Laine et al, 2012). This
motivated the use of different satellite-derived vegetation indices
(Schubert et al., 2010; Wif3kirchen et al., 2013; Zhou S. et al., 2016) or
digital repeat photography based chromatic coordinates (Peichl
et al, 2015) to explain phenology effects on C fluxes. Remote
sensing land surface temperature products were also used to
estimate Reco (Ai et al, 2018). Some modelling exercises

10.3389/feart.2023.1194749

simulated the sensitivity of Degerd Stormyr and other mires to
global change (Wania et al., 2009; Wu et al., 2012; Wu and Roulet,
2014; Metzger et al., 2016).

CH, fluxes across global peatlands (including Degero Stormyr)
have been reported to be mainly controlled by WTL, peat
temperature and atmospheric pressure (Knox et al, 2021).
Investigations of the short- and long-term effects of plot-scale N
addition and increased temperature on CH, emission at Degerd
Stormyr revealed a positive effect of temperature and a negative
effect of N addition in the short-term with the opposite effects in the
long-term (Granberg et al., 2001; Eriksson et al., 2010a). S pollution
was found to reduce CH, emissions in peatlands (Gauci et al., 2004).
In fact, S treatment seemingly altered the vertical distribution of
methanogens and sulfate-reducing bacteria, hence inhibiting CH,4
production only close to the surface while no effect was observed at
the depth of maximum production (Eriksson et al., 2010b). CH,
oxidation has been measured with two new in situ approaches at
Degero Stormyr, one using a two-source isotope mixing model
(Nielsen et al., 2019), the other based on passive "*CHy-pulse
labelling through diffuse chambers (Dorodnikov et al, 2022).
Several studies modelled CH, emissions (Zhu et al., 2014; Zhou
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TABLE 1 Coordinates and altitudes of the EC towers and catchment areas for the Kulbécksliden Research Infrastructure sites.

Site attributes Stortjarn Halmyran Halsingfors-mire Halsingfors-forest
Longitude (E) 19.556543 19.563810 19.569240 19.551496 19.549071
Latitude (N) 64.182029 64.174977 ‘ 64.159996 64.159555 64.153794
Altitude (m asl.) 265.659 268.890 ‘ 290.117 291.752 287.137
Area (ha) 273 30 ‘ 33 65 14+ 12°
“The area for Hilsingfors-forest is decomposed into areas of the dense section (14 ha) and the open section (12 ha).
, 0-2 1 4-6 Ms-10
Wind Speed (m/s
peed (M/S) 1 > 4 M 6-5 M >10
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FIGURE 3

Windrose at the different peatland sites, i.e., Degerd Stormyr, Stortjarn, Halmyran, Halsingfors-mire and Halsingfors-forest. The windrose is based on
one year wind speed and direction data from May 2020 to April 2021.

Y. etal,, 2016; Peltola et al.,, 2019; Ueyama et al., 2023), making use of
global flux datasets (Delwiche et al,, 2021).

Studies on the exchanges of water and energy revealed that
plant functional type composition, precipitation, radiation

amount and timing were the major drivers of the partitioning
of mire energy and water budgets at Degero Stormyr (Peichl et al.,
2013). Peatlands have a great climate warming mitigation

potential due to some of their biophysical properties such as
their relatively higher growing season albedo compared to forests
(Helbig et al., 2020a). It has also been reported that the increased
sensitivity of peatland evapotranspiration and vapour pressure
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deficit, relative to boreal forests, puts them at particular risk to

increasing air dryness (Helbig et al., 2020b).

3 Description of the Kulbacksliden
Research Infrastructure (KRI) sites

3.1 Geographical situation

In 2018, Degero Stormyr was extended with 3 more mire sites
and a drained peatland forest site to form the KRI. The KRI is
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FIGURE 4

Quaternary deposits map of KRI blended with a hillshade derived from a 2 m resolution digital elevation model (A) Zoomed-out view of the
quaternary deposits map showing the catchments and the highest postglacial coastline (B) zoomed-in view of the catchments with their relative share of

different quaternary deposits.

located near the municipality of Vindeln, northern Sweden
(Figure 2A), on an elevation between two major rivers:
and Vindeldlven (Figure 2B). The research
infrastructure at the peatland complex includes four natural
mire catchments (Degerd Stormyr, Stortjarn, Halmyran and
Hailsingfors) and a drained peatland forest site (Halsingfors-
forest), the latter divided
encompassing an open and a dense tree canopy section
(Figure 2C). To limit the EC footprint to the mires, the natural
mire sites were selected based on the size of the open areas in the

Umeilven

into two sub-catchments

mire complex. The few large open areas were examined to verify
that they belonged to the same fen system, and that there were no
apparent disparities in vegetation type or local conditions. Wind
direction was considered while determining the tower location at
each site, ensuring that flux measurements originate only from the
mire and not the neighbouring forests. The footprints of the EC
towers altogether cover comprehensively any heterogeneity in the
mire complex.

The Degero Stormyr and Stortjirn sites are located at slightly lower
altitudes (265 and 268 m a.s.l, respectively) compared to Halmyran,
Halsingfors-mire and Hélsingfors-forest (290, 291 and 287 m asl,

Frontiers in Earth Science

respectively). The catchment areas range from 25 ha for Halsingfors-
forest to 273 ha for Degerd Stormyr (Table 1). The prevalent winds
originate from the north-west, the south and south-southeast except at
Hélmyran, where the predominant wind direction is from the south,
reflecting the north-south orientation of the open area created by the
forested ridges at the east and west (Figure 3).

3.2 Geology, soils and historic land use

The bedrock consists of paragneiss resulting from the
Svecokarelian orogeny (1.92-1.87 billion years ago) (SGU, 1963;
Ladenberger et al., 2013). Soils formed from this parent material are
often among the most nutrient poor in Fennoscandia (Ivarsson and
Bjarnason, 2009; Ruuhola et al., 2016). The peatland complex is
situated above the highest postglacial coastline in the area,
~257-259 m above current sea level (Laudon et al, 2021)
(Figure 4) and has therefore never been inundated by the sea.
However, the highest coastline is located near the edge of the
peatland complex and it has been hypothesised that sea level
isostatic rebound, influenced the

retreat, associated with
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TABLE 2 Fractional cover (%) of the quaternary deposits and land uses at the different catchments. Areal covers of the different combinations of quaternary
deposits and land use are available in Supplementary Table S1, APPENDIX A.

Degero Stortjarn Halmyran Halsingfors- mire Halsingfors-forest

Dense section Open section

Quaternary deposits Till 28 54 20 24 26 47
Rock outcrops 0 0 1 9 17 31
Peat 72 46 76 65 58 22
Land use Forests 58 72 49 47 100 100
Open lands 42 28 48 50 0 0
Lakes 0.2 0.1 3 3 0 0
hydrology of the peatland in its early development phase, possibly Soil types are dominated by histosols and podzols (depending on

resulting in erosion (Kulczyniski, 1949). The quaternary deposits are  the hydrology) on the till deposits. Forests cover between 47% and
dominated by till forming ridges of moraine, on which peat has  72% of each mire catchment (Figure 5; Table 2). All open lands in
formed for significant areas of the different catchments filling up  the catchments are peatlands, whereas forests have developed on the
many of the small depressions (SGU, 1990). till and to some extent on the peat covered areas (e.g., at Halsingfors-
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forest) (Figure 5). Detailed fractional covers of the quaternary
deposits and land use classes for the different catchments are
presented in Table 2.

Drainage history at the peatland complex is limited to spatially
restricted attempts at the edge of Degerd Stormyr back in the end of
the 19th century (Malmstrom, 1923), in addition to the Hilsingfors-forest
site which was drained by a network of ditches (still visible today)
estimated to ~130 years ago based on unpublished tree ring analysis data.

3.3 Hydrology

Flow accumulation modelling based on a digital elevation
model (DEM) provided detailed output information on
modelled flow directions at KRI (Figure 5C). More details on
the flow accumulation modelling can be found in APPENDIX
B of Supplementary Materials. Apart from a few ditches and
small streams, most of the water movements in the catchments
are surficial groundwater movements in the upper parts of the
soil where the peat is less decomposed or where the till is
less compacted (Agren et al., 2008). As the peatland complex
is situated at the apex of a wide and shallow ridge between
two rivers, the different parts drain in different directions;
Degero and Hilmyran drain to the north, Stortjirn to the
north-east, while Hilsingfors (mire and forest) drains south/
south-west.

3.4 Climate

Several meteorological stations exist in the vicinity of the study

area (Supplementary Table S2, Supplementary Materials

10.3389/feart.2023.1194749

APPENDIX C). A selection of the four closest stations
(Figure 2B) give a representation of the span of temperature and
precipitations (Table 3) in the surroundings of the study area (SLU,
2021; SMHI, 2021). Locally, topography can have a strong influence
on microclimate with large differences between south and north
slopes and cooler heavier air draining into the valleys and hollows.

The climate in the area can be defined as subarctic (Dfc) after
Koppen-Geiger (Peel et al, 2007), or more specifically a cold
temperate humid climate with mean annual precipitation and
temperature of 645 mm and +3°C, respectively, with the mean
temperatures in July and January being +15.4°C and -7.4°C,
respectively (Figure 6). These climate descriptors are 30 years
average (1991-2020) from the SLU reference climate station
Kulbécksliden.

3.5 Vegetation classification

The vegetation at the mire sites can be grouped into six
broad (group I VI) depending the
microtopography (hummocks, lawns, carpets, loose-bottoms and
pools) and vegetation types (Table 4). Detailed information on
vegetation types as well as the classification methodology and
results are available in Supplementary Materials APPENDIX D.

The percentage share for each of the different groups per catchment

categories to on

and footprint area (Table 5) shows that their cover vary considerably
from one catchment to the other. Within the 90% footprint area, there is
almost no forest on mineral soils (group VI) at any of the sites. It is also
noticeable that the wettest vegetation groups (groups III and II)
represent the dominant vegetation at Degerd Stormyr and
Halsingfors in the 90% footprint area whereas the drier lawn
communities (group I) prevail at Stortjarn and Halmyran.

Air Temperature (°C)
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o o o o o
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FIGURE 6

Climograph from the SLU reference climate station Kulbacksliden (1991-2020)
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TABLE 4 V. ion groups (visuali

G

p

I: Lawns dominated by short sedges
and Sphagna

II: Carpets dominated by short sedges
and Sphagnum subg. Cuspidata

III: Mud/loose bottoms, tall sedge fens

IV: Hummocks and sparsely treed
mires

V: Mire forests including high
hummocks

VI: Forests on mineral soils

Carex

Eriophorum
pauciflora, Andromeda polifolia, Oxycoccus palustris, Sphagnum
angustifolium, S. balticum, S. medium, S. rubellum, S. compactum,
S. papillosum

Trichophorum

Eriophorum vaginatum, Trichophorum cespitosum, Scheuchzeria
palustris, Andromeda polifolia, Oxycoccus palustris

A closed carpet of Sph subg. Cuspidata (S. balti S.
majus, S. lindbergii, S. jensenii) + S. papillosum or S. compactum

Scheuchzeria palustris, Carex limosa, Trichophorum cespitosum
(tussocky), Drosera longifoli subg. Cuspid.

Spi
P

10.3389/feart.2023.1194749

d in Figure 7), vegetation types, important plant species, and some comments on ecology (see APPENDIX D for details).

Comments

Dominant in the peripheral areas of the open mire

The Trichophorum-S. compactum type indicates unstable
hydrology. Other short sedge-S. papillosum types indicate stable
hydrology

Includes both ombrotrophic (S. papillosum absent) and
minerotrophic (oligotrophic) vegetation types

Characterize string flark fens in central patterned aapa mires, and
flarks in string mixed mires

For S. compactum and S. papillosum types see 1. Only oligotrophic
types

Characterize extensive wet flarks in central string-flark

Cladopodiella fluitans

Menyanthes trifoliata

Carex rostrata, Sphagnum fallax, Warnstorfia spp.

Pinus sylvestris, Betula nana, Andromeda polifolia, Calluna
vulgaris, Empetrum nigrum. E. hermaphroditum, Oxycoccus
microcarpus, Vaccinium uliginosum, V. vitis-idaea, Eriophorum

Rubus ch us, Sph ifoli S.
fuscum, S. medium, S. rubellum, Pleurozium schreberi, Cladonia
mitis, C. stygia

Pinus sylvestris, Betula pubescens, Picea abies, Betula nana,
Andromeda polifolia, Empetrum hermaphroditum, Ledum
palustre, Oxycoccus spp., Vaccinium myrtillus, V. uliginosum, V.
vitis-idaea, Eriophorum vaginatum, Carex globularis, Dactylorhiza

lata, Rubus ch us, Sph ifolium, S.
divinum, S. giergensohnii, S. russowii, Polytrichum commune,
Pleurozium schreberi, Hylocomium splendens, Dicranum spp.,
Cladonia spp.

Carex rostrata, Sph
riparium

ifoli S. fallax, S. flexuosum, S.

Pinus sylvestris, Betula pubescens, Picea abies, Calluna vulgaris,
Empetrum hermaphroditum, Linnaea borealis, Vaccinium vitis-
idaea, V. myrtillus, V. uliginosum, Deschampsia flexuosa,
Dicranum spp., Polytrichum spp., Hylocomium splendens,
Pleurozium schreberi, Ptilium crista-castrensis, Barbilophozia
lycopodioides, Cladonia spp.

(Sph flark fen) and flark fens (S. majus flark fen)

Declining Sphagna and Trichophorum tussocks replaced by
liverworts indicate unstable hydrology

The Menyanthes type border ponds with stable hydrology

C. rostrata-S. fallax type extensive stands in central stringless fens
(Hilsingfors, Deger6), also slightly mesotrophic (Warnstorfia-
type)

Various Sphagnum fuscum bogs (Andromeda-, Calluna-,
Empetrum nigrum-, E. hermaphroditum-types) as islands in
island mixed mires and strings in string mixed mires

The dominance of Calluna types are characteristic for the area
Combination types, short-sedge pine fens, dominate the
transition from open mire to mire forest, due to outflow of

minerogenic groundwater

Various pine- and spruce mires characterized by minerotrophic
influence.

Pine-birch fens (Eriophorum and C. globularis types)
characteristic for areas with stronger groundwater influence.

Ombrotrophic areas of limited importance except for the higher
strings in mixed mires.

Wet combination types with tall sedges, Carex rostrata, and
covering Sphagna in areas with groundwater outflow, in outlet
areas and at brooks, both oligo- and mesotrophic

Situated outside the mire system although within the catchment
area

Species poor heath forests of Cladina type, Empetrum-Calluna
type, Empetrum-Vaccinium type, Vaccinium-Mpyrtillus type

Only a few low-herb species do occur

Vegetation classification based on the previous grouping illustrates the spatial distribution of the vegetation types in a radius of 300 m from each eddy covariance tower (Figure 7). A higher
resolution map is available at https://gis-slu.maps.arcgis.com/apps/View/index.html?appid=7d485f469233422a298a5d49¢031fdd4.

At the forested site (Halsingfors-forest), Pinus sylvestris
is dominant (90%) in the open forest section, while Picea abies
and Betula pubescens are dominant (37% and 56%, respectively) in
the dense forest section. The understorey in the open section is
composed of dwarf-shrub species such as Andromeda polifolia,
vulgaris, ~Empetrum  hermaphroditum, — Oxycoccus
microcarpus, the graminoid Eriophorum  vaginatum
Sphagnum spp. (Sphagnum angustifolium, Sphagnum  fuscum)
together with Pleurozium schreberi. The understorey in the dense
forest section, a mesic-moist dwarf-shrub type, is dominated by

Calluna
and

Frontiers in Earth Science
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Vaccinium myrtillus and Vaccinium vitis-idaea together with Rubus
chamaemorus and forest mosses Hylocomium splendens, P. schreberi
and Dicranum spp.

4 Instrumentation and experiments
The main instrument installations at KRI (Supplementary Table

S4, Supplementary Materials APPENDIX E) are almost all located
within the 90% footprint of the EC towers (Figure 8).

frontiersin.org



Noumonvi et al.

10.3389/feart.2023.1194749

721000 721200 721400 721600

721000 721200 721400 721600
721000 721200 721400

721000 721200 721400

720000 721000 722000 723000
o
(=]
S| E
~
o
8
a +
o
I
o
(=]
? +
of
IS
o
(=]
& +
=
~
glo
Sl . EPSG:3006
o~
= 720000 721000 722000 723000

002SCTL 00¥SZTL

000SZTL

000£2TL 000bCTL 000SZTL 00092TL

00022TL

7210 721600 721800 722000
B. Stortjarn

009%2TL

00bH2TL

00ZHCTL

721400 721600 721800 722000

721800 722000 722200 72240
D. Hilmyran|

721800 722000 722200 722400

Legend
4 Eddy covariance towers
50 to 80% EC footprints
[190% EC footprints
7771100 m and 300 m radius from EC tower
Non-vegetation
I Boardwalks and huts
B Lakes
[ catchment borders
Vegetation groups
[l 1. Lawns dominated by short sedges and Sphagna
I1. Carpets dominated by short sedges and
Sphagnum subg. Cuspidata
III. Mud/loose bottoms and tall-sedge fens
I 1v. Hummocks and sparsely treed mire
I V. Mire forest including high hummocks
Il V1. Forested mineral soils
22X Ombrotrophic vegetation

FIGURE 7

Vegetation classification map of the mire sites of the Kulbacksliden peatland research infrastructure with a focus on a 300 m radius from EC towers
at (A) Deger6 Stormyr, (B) Stortjarn, (C) Halsingfors-mire, (D) Halmyran, and (E) an overview of all four catchments. The footprint climatologies were
calculated from 1-year data wind speed and wind direction (May 2020 to April 2021) based on Kljun et al. (2015). The vegetation groups layer is blended

with a hillshade derived from a 0.5 m resolution digital elevation model
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TABLE 5 Percentage share of the different groups of vegetation per catchment, 80% and 90% footprint climatology area. The same information for 50%, 60% and

70% footprint cli

logy areas is

ilable in | y Table S3 of

Mire site Total
EICENGE)]
Group | Group Il

Catchments Degerd 273 16 8

Stormyr

Stortjarn 30 14 7

Halmyran 33 23 7

Halsingfors 65 20 11
Footprint 90%  Degerd 15 33 31

Stormyr

Stortjarn 8 48 21

Halmyran 7 34 18

Hilsingfors 10 27 35

4.1 Eddy covariance flux towers for
monitoring land-atmosphere exchanges of
CO2, CH4, water vapour, energy and Hg°

An EC flux tower is located in the centre of each of the sites
within KRI (Figure 8). The EC tower at Degerd Stormyr was
established in 2001, and has since then provided near-continuous
measurements of CO, and water vapour (H,O) (Nilsson et al,
2022). The EC towers at the remaining sites were established during
2019 and are in operation since 2020. The instrumental setup is
consistent at the new sites, whereas the need for standardisation
across the Integrated Carbon Observation System (ICOS) was
considered at the ICOS Deger6 station. Specifically, the EC setup
at Degeré initially included a LI-6262 gas analyser which was
replaced by a LI-7200 gas analyser in 2014. Since 2013 an
additional combined CO,/H,O and CH, analyser (Los Gatos
Research, LGR FGGA 911-0010) was added to the EC system at
Degeré Stormyr. The three new mire stations Stortjarn, Halmyran
and Halsingfors-mire are equipped with a CO,-CH,-H,O Picarro
G2311-f analyser. At the Hilsingfors-forest site, the EC system
includes a LGR CO,-CH4-H,O analyser (LGR FGGA 908-0010).
As part of the above described EC systems, a 3D ultrasonic
anemometer has been installed at each site to measure wind
speed and wind direction. Current installations consist of a Gill
HS-50 anemometer installed at a height of 3.07 m at Deger6 Stormyr
in conformity with ICOS standards, and a Metek uSonic-3 Class A
anemometer was mounted at the other KRI sites, at 2.75 m height at
the other three mire sites and at 20.2 m height at the Halsingfors-
forest. The current installations are closed path systems so the air
inlet is mounted at the same height as the anemometer at each site.

The land-atmosphere exchange of gaseous elemental mercury
(Hg") is measured using the EC technique at Degerd Stormyr and
Halsingfors-forest sites with two new Eddy Mercury 2.0 systems
installed in October 2021. The systems were developed based on the
first Eddy Mercury system that measured grassland-atmosphere
exchange of Hg’ at the Swiss FluxNet site Chamau (CH-CHA) in
2018 (Osterwalder et al, 2020). In short, the Eddy Mercury

Frontiers in Earth Science
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Percentage (%) of total area

Group . Group IV Group V. Group VI Board- Water
walks
4 23 21 28 02 02
0.6 11 10 58 0.1 0.1
2 31 14 21 0.1 3
5 18 13 32 0 3
12 20 4 0 05 0.1
2 21 5 1 0.2 2
4 34 7 2 02 0
19 20 0.7 0 0.1 0

2.0 consists of a Metek uSonic-3 Class A MP anemometer to
record wind data and of a Lumex RA-915 a.m. mercury monitor
(Lumex Ltd.) to measure ambient Hg’ concentration. The uSonics
and air inlets for both closed-path systems were mounted at 2.75 m
height at Deger6 Stormyr and at 20.2 m height at Hilsingfors-forest.
Specific  software was
concentrations at a frequency of 16 Hz and to achieve real-time
merging of high resolution data from both the uSonic and the RA-
915 am. The Hg’ fluxes are calculated into 30 min averages and flux
data quality control procedures are established based on data quality
control information from the concurrently running CO,-CH,-H,0O
EC system to retain or reject Hg" fluxes. In addition, long-term
ambient Hg" concentration measurements using Mercury Passive
Air Sampler (MerPAS, Tekran Instruments Corporation) were
initiated at Deger6 Stormyr in 2022. At Degerd Stormyr, ambient
Hg’ concentration and peatland-atmosphere exchange of Hg’ have
been measured intermittently with diverse methods since 2009
(Fritsche et al., 2014; Osterwalder et al., 2016; 2017; 2018).

implemented to measure the Hg®

4.2 Ancillary meteorological and soil
environmental measurements

Each flux tower is equipped with a standard suite of instrumentation
for measuring meteorological variables to support the EC data. At the
Hilsingfors-forest site, meteorological sensors are installed on the flux
tower as well as on a separate flagpole to monitor the dense and open
forest parts of the study site, respectively. At each site, the current
instrumentation includes.

e Ta and humidity sensors (Rotronic MP102H-331000 at
Degeré Stormyr and HC2S3 at the other sites),

« Rain gauges (Lambrecht Rain [e]H3 at Degerd Stormyr and
ARG100 at the other sites except Halsingfors-forest which has
no precipitation sensor),

« Global radiation sensors (CMP21, Kipp and Zonen only at
Deger6 Stormyr),
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FIGURE 8

Location of the main installations and experiments at the Kulbacksliden Research Infrastructure (KRI). The footprint climatologies were calculated
from one year data wind speed and wind direction (May 2020 to April 2021) based on Kljun et al. (2015)

« Incoming and outgoing shortwave/longwave radiation sensors
(CNR4, Kipp and Zonen at Degeré Stormyr
NRO1 Campbell Scientific (CS) at the other sites),

« Photosynthetically active radiation (PAR) sensors (LI-190 at
all sites).

and

In addition, Ts at 2, 10, 15, 30, and 50 cm depth and WTL
measurements are carried out at replicated plots (six at Degerd
Stormyr, twoat each of the other sites). The instrumentation
includes Ts sensors (Fischer Pt 100 at Degeré Stormyr and
TR03 TOJO Skogsteknik at the other sites) and WTL sensors
(CS450 at Deger6 Stormyr and CS451 at the other sites).

4.3 Phenology observations

To monitor the phenology of the vegetation at each of the
peatland sites, digital repeat photography is applied through the
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installation of phenology cameras (Figure 8). At Degero Stormyr, a
Canon A480 operated from 2011 to 2014, substituted by a Canon
PowerShot A810 between 2014 and 2022, itself replaced in 2022 by a
Mobotix Mx-M26B-6D. In addition since 2016, a Stardot Netcam
SC camera was in operation at Deger Stormyr as part of ICOS and a
Mobotix Mx-M26B-6D061 as part of the Swedish Infrastructure for
Ecosystem Sciences (SITES)-Spectral. SITES-Spectral also supports
the monitoring of plant vegetation indices (NDVI, SWIR, PRI) as a
proxy for vegetation development using fixed spectral sensors
(SKYE; SK-1860) mounted to a 20 m flagpole. At each of the
other mire sites, a Canon PowerShot A810 camera was in
operation since 2020, replaced by Stardot Netcam SC cameras in
2022. At Hilsingfors-forest, two Wingscapes Timelapse cameras
were in operation from 2020 to 2022, monitoring each the dense and
open areas of the forest. In 2022, they were replaced with Stardot
Netcam SC cameras. The phenology cameras record images with a
1-h time resolution and oversee the northern parts of the main EC
footprint. In addition to the phenology cameras, NDVI is also
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monitored using fixed-spectral sensors (Decagon SRS) at the new
KRI sites.

4.4 Multispectral UAV images at the mire
sites

Since 2021, aerial images were collected over the four mire sites,
covering at least the 80% footprint of the EC tower at each site. The
campaigns were conducted towards the end of each month, from
May to September. In 2021, a MAIA multispectral camera mounted
on a DJI matrice UAV was used at a flight height of 60 m for the
campaigns except in July when a Parrot Sequoia multispectral
camera mounted on a 3DR Solo UAV was used instead at a
height of 30 m. In 2022, a DJI Phantom 4 multispectral UAV
was flown at ~55m height. In either case, the resulting
orthomosaics had ~3 cm pixel resolution on the ground.

4.5 Continuous vegetation inventory plots

In order to assess the growth of vascular plants and mosses,
continuous measurement plots (CP) have been installed at each of
the mire sites (Figure 8), consisting of 60 x 60 cm squares. In total,
16 CPs were installed at Degerd Stormyr and four CPs at each of the
other three mires, spanning both lawn and hummock locations. At
each CP, five subplots of 8 x 8 cm are marked in which vegetation
height is measured every second week at the CP level, i.e., the average
height of the ten tallest individuals in the CP. Green area index and
above ground biomass are also estimated at the species level in the
subplots using a combination of non-destructive methods within the
subplots and destructive methods outside the CP, with specific
approaches depending on the plant functional type. More
specifically, for mosses a brush wire is inserted into the peat, and
moss growth is derived from the height difference of the visible part
of the brush at beginning and end of the growing season. In addition,
the number of living moss stems (moss stem density) is counted per
species in the subplots at the end of the growing season, and samples
of the moss carpet that have grown out of a mesh placed at the
beginning of the growing season are taken for dry weight calculation.
For vascular plants, the number of leaves and stems of individuals is
counted inside the CP and the average leaf area and dry weight are
calculated on the samples collected outside the CP. All
measurements are carried out following the ICOS protocol for
mire vegetation monitoring (ICOS, 2020).

4.6 Manual and automated chambers for
measuring CH4 and CO, land-atmosphere
exchanges

Fluxes of CH, and CO, have been measured using manual
chambers (Figure 8) at Degerd Stormyr between 2004 and 2014 at
the original six CPs, as well as at experimental N-S-addition,
warming and snow exclusion plots (Eriksson et al., 2010a; Zhao
etal, 2016a). The CO, fluxes were quantified in situ with a custom-
made portable infrared gas analyzer system (with a PP Systems
measurement cell), while repeated air samples drawn with a syringe
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were analyzed in a gas chromatograph in the lab to determine CH,
fluxes. Between 2014 and 2018, a LGR UGGA analyzer was used to
measure both CH, and CO, fluxes in the field.

Since 2018, forest floor CO, and CH, fluxes have been measured
every second week at Hilsingfors-forest with the closed dynamic
chamber technique during snow-free seasons. Measurements are
taken at 12 spatially equally distributed plots (Figure 8) in the open
and dense forest sections, where two measurement frames (48.5 x
48.5 cm) were inserted into the soil, one in a natural setting and the
other in an area where all aboveground plant and moss vegetation
was clipped and removed within the measurement frame in order to
estimate heterotrophic respiration. The fluxes were determined with
a LGR UGGA (model 915-0011) in 2018 and with a Picarro
GasScouter” G4301 since 2019.

A custom-made automated chamber system has been in operation
at Deger6 Stormyr since 2014 (Jarveoja et al., 2018; 2020; Nielsen et al.,
2019). This system includes 12 chambers connected in a closed loop to
originally a CO,-CH; LGR analyzer (model GGA-24EP). The
chambers are located within the EC footprint (Figure 8) and
distributed in four replicate groups over natural and trenching/
vegetation removal plots to partition the hourly to 2-hourly
resolution NEE into GPP, net primary production, and Reco,
i.e, both autotrophic respiration and heterotrophic respiration, using
a mass balance approach (Jirveoja et al, 2018). In 2017, the LGR
analyzer was replaced by a Picarro isotope analyzer (Picarro G1101-1.)
that also determines the '*"*C stable isotope ratios for both CO, and
CH,. Combined with the experimental plot setup, this allows for
quantifying CH, oxidation (Nielsen et al., 2019). In 2020, additional
moss-only plots were established by clipping all vascular plants to
separate the contributions from vascular plants and mosses. At each
chamber, headspace Ta and PAR, Ts (2 and 10 cm depth) and WTL are
recorded. Additionally, vegetation inventory conducted every second
week and seasonal brush wire measurements deliver chamber-specific
information on plant and moss production, respectively.

In 2022, a second automated chamber system was installed at the
Halmyran mire within the EC flux footprint. This system also
12 chambers 8) the latest
experimental set up at Degerd Stormyr to estimate NEE, GPP

includes (Figure and mirrors
and Reco at natural and moss-only plots, and Rh at vegetation
removal plots. Additionally, the same abiotic (Ta, Ts, PAR and
WTL) and vegetation data (vascular plants and moss growth) are
collected at each chamber. In contrast to the custom-built Degero
Stormyr system, the Halmyran system is equipped with Eosense
chambers (model eosAC-LT/LO) and the CO,-CH, concentrations
are determined with a LGR UGGA analyzer (model 915-0011).

4.7 Continuous measurements of water
discharge and water chemistry

A weir has been installed at the outlet of each catchment and
equipped with sensors for recording hourly average water height, partial
pressure of CO, (pCO,), water and Ta (Figure 5). The weir at Degero
Stormyr is located inside a small house set-up on a flume and heated
during winter, hence allowing for year-round measurements. The weirs
at the other sites are a V-Notch type set-up in open-air, causing
discontinuous measurements during winter and so the wintertime
data is derived through regressions with the nearby heated and non-
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heated weirs. In addition to the sensor measurements at the weirs, water
samples are collected once to three times a week during the freshet,
i, spring flood, once a month during winter and every second week
the rest of the time. The collected samples are analyzed for pH, total
organic C (TOC), dissolved inorganic C (DIC), CH,-C, '*O, nutrients,
anions, cations, methylmercury, total mercury and the dissolved organic
C absorbance and fluorescence properties (Leach et al,, 2016).

4.8 Warming, nitrogen and sulphur addition
and snow exclusion plot-scale experiments

In order to investigate the response of mire vegetation to global
changes, a 21-plots factorial experiment with warming effect
(greenhouse treatment) as well as N (as ammonium nitrate,
i.e, NH;NO;) and S (as sodium sulfate, i.e., Na,SO,) additions
was set up in 1995, and is still maintained at Deger6 Stormyr. The
greenhouse enclosure increases the average yearly temperature by
3.6 °C. N and S are added at rates of 30 and 20kgha yr',
respectively as compared to their background levels or controls
of2and 3 kg ha” yr' for Nand S, respectively. The full experimental
setting was described by Granberg et al. (2001).

Snow exclusion plots were set up since 2003 in order to study the
effects of an enhanced soil frost regime (which could happen
naturally as a consequence of snow reduction induced by the
ongoing climate change) on different biogeochemical processes.
In total, six plots (3 x 3 m each) separated by a 1.5m buffer
zone were created and snow is excluded via a temporary
enclosure every winter from three of the plots, while the other
three plots remain uncovered and serve as controls (Zhao et al.,
2016a).

4.9 Replicated ecosystem-scale N addition
experiment

Starting in 2024, a unique ecosystem-scale N-fertilization
experiment will be carried out at the Stortjirn and Halmyran
catchment sites. Specifically, N in the form of pellets will be spread
via helicopter over the entire catchment and EC footprint areas once per
year before mid-summer, at a rate of ~10kgha' yr'. Dedicated
subplots will be covered during the helicopter N application and
manually fertilized to ensure consistent N addition rate for
experimental plot-scale studies. This experiment will provide an
exceptional opportunity to study the ecosystem-scale responses of
the water and energy balances to N addition, and how these interact
with changes in mire biogeochemistry and land-atmosphere exchanges
of GHGs, water and energy.

4.10 LiDAR data

The Kulbécksliden area has been scanned with LiDAR
the LiDAR by
Lantmiteriet; in 2010 with a point density of 0.5 points m™

repeatedly, twice in national scans
and in 2019 with a point density of one to two points m™?. In
addition, the area has been scanned twice during different

research campaigns, allowing for high resolution DEMs down
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to 0.5 m resolution and providing detailed ground- and tree-level
data. The first specific scanning was conducted in 2006 by Blom
Geomatics at a flight elevation of 1,100 m with a point density of
up to 10 points m™. In 2019, the area was scanned with a Riegl
VQ-1560i-DW 532 nm (green) and 1,064 nm (NIR) with an
average point density of 20 points m™.

4.11 Ground penetrating radar (GPR) data
and other peat depth measurements

During winter in 2016, a campaign was conducted to
measure peat thickness at Degerd Stormyr using a MALA
ground-penetrating radar (MALA Geosciences, Sweden) with a
100 MHz  shielded
Traces (16 stacks each) were spaced 0.1 m and a time window of
790 ns provided a maximum detection depth of 13m, and a
resolution of ~25cm. In total, twenty parallel transects (each
500-2,500 m long) with 100 m spacing were surveyed, making it
a total length of 25 km. Prior to the GPR campaign, 15 manual peat
depth measurement points along the main boardwalk were surveyed
as well, and 250 additional control points were manually measured
with a probe to validate the GPR data. The peat depth at Deger6
Stormyr ranges between 3 and 4 m in average, with some areas
having up to 8 m peat thickness. At the Hilsingfors-forest site, peat
depth was measured manually with a probe at 81 locations organised
in a regular grid of 9 x 9 points with 50 m spacing showing a mean
depth of 142 + 13 cm and 65 + 7 cm in the open and dense sections
of the forest, respectively (C.H.M. Tong, personal communication,
12 April 2022).

antenna towed using a snowmobile.

4.12 Forest inventory at Halsingfors-forest

A forest inventory was conducted within a 10 m radius around each
of the 12 chamber measurement plots at the Hilsingfors-forest in May
2018. The average stem volume was 52 m* ha" in the open section and
131 m’ha” in the dense section of the forest. In November 2020,
increment cores collected from 147 sample trees across the range of tree
diameters at Hilsingfors-forest were examined to reconstruct annual
series of the individual tree growth using standard dendrochronological
methods (Cook and Kairiukstis, 1990). The average biomass production
was 55 g Cm™yr in the open section and 114 g C m? yr" in the dense
section of the forest during the years 2019 and 2020.

5 Global relevance of KRI

Deger6 Stormyr is one of the most studied mires in the boreal
biome, and its global relevance has grown during the last decade
(Figure 9). The increasing importance further results from the
labelling of Degerd Stormyr as an ICOS ecosystem station in
2019, and from contributing data to several international flux
networks and databases: FLUXNET (Papale et al, 2012), the
COSORE  soil respiration and other soil-atmosphere fluxes
database  (Bond-Lamberty et al, 2020), FLUXNET-CH,
(Delwiche et al., 2021), the arctic-boreal CO,-flux (ABC-flux)
database (Virkkala et al., 2022).
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involving Degerd Stormyr throughout years

The recently established KRI extends Degerd Stormyr with
four additional peatland research sites which creates a unique
of
biogeochemistry and hydrology, including their responses to

setting for replicated plot-to ecosystem-scale studies
global changes across northern peatland complexes. Thus, this
setup overcomes the traditional spatial limitations in field-based
studies, thereby enabling investigations of key drivers regulating the
observed spatial differences in processes and refining budget
estimates for heterogeneous peatland landscapes.

We hypothesize that the nutrient status of the different sites
within the peatland complex would be influenced by their catchment
sizes and how much nutrient come from the surrounding mineral
soils. Additionally, the orientation of the peatland complex in the
landscape and the distinct hydrological pathways around each site
would affect water table dynamics and lead to unique vegetation
communities, resulting in differences in biogeochemical processes at
each site, despite their apparent similarities. Measurements at the
research infrastructure will facilitate the investigation of any
eventual differences between sites.

The location of KRI, i.e., in the middle boreal zone in a transition
area where more southern peatland types are gradually replaced by
and co-exist with northern types (Ruuhijirvi, 1983; Laitinen et al.,
2007) further provides an attractive platform for northern peatland
studies. In fact, within KRI, different mire types (aapa mires, bogs
and intermediate types) co-occur in a sort of dynamic equilibrium
with the prevailing abiotic conditions (i.e., climate, geology, nutrient
levels), and the sites are easily accessible within a limited area.
Supported by long-term data records, the KRI therefore offers
unique possibilities to study how global changes in, eg,
temperature, precipitation and nutrient availability as well as
their interactions may affect species composition and ecosystem
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processes related to peatland biogeochemistry and hydrology. The
KRI is embedded in the national infrastructures of ICOS and SITES
which support several of the routine data collection activities as well
as the general site maintenance (i.e., physical and technical
infrastructure components). Thus, the KRI provides a research
hub to support collaborations and interdisciplinary research in
order to advance our understanding of northern peatland
functioning and feedbacks with the environment and climate.
Apart from the advantages offered by the KRI, its main
limitation is the considerable effort in terms of funding and
labour that are required to coordinate and maintain such a
research infrastructure. The general support from national
infrastructures (SITES, ICOS) helps this
challenge. In addition, while the KRI settings are typical for
boreal nutrient-poor fen systems, the spatial variability within

to overcome

the KRI peatland complex system could still be specific and thus
difficult to generalize across other forms of peatland complexes
within the boreal biome. This highlights the need for more
peatland complex infrastructures, which will reduce the
uncertainties related to upscaling of fluxes from single towers
or plot level measurements.
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1. APPENDIX A: Areal cover of different combinations of quaternary deposits and land
use

In the main article, percentage shares of the different quaternary deposits and land use are
presented separately. Here in Table S1, different combinations of the 2 themes are presented
separately.

Table S1: Areal cover (in ha) of different combinations of quaternary deposits and land use.

Landuse
Sites Quaternary deposit Forests Open lands Water
Peat 82.68 112.32
Rock outcrops 0.13
Deger6 Stormyr
Till 76.15 0.71
Water 0.50
Peat 5.44 8.11
Stortjarn Till 15.83 0.16
Water 0.03
Peat 9.28 15.89
, Rock outcrops 0.31 0.00
Halmyran
Till 6.49 0.21
Water 0.88
Peat 10.17 32.03
) ~ Rock outcrops 5.67
Halsingfors-mire
Till 14.80 0.47
Water 1.67
Halsingfors- Peat 785
forest dense Rock outcrops 2.26
section Til 354
Halsingfors- Peat 263
forest open Rock outcrops 3.64
section Till 5.60

2. APPENDIX B: Catchment delineation details

In order to illustrate the groundwater movements, the 0.5 m DEM was aggregated to 2 m and
6 m resolution DEMs to smooth out the micro-topography. In fact, in high resolution DEMs
hummocks and hollows might act as “dams” and route the water in the wrong direction in the
model, while the water actually drains perpendicularly to these features and underneath the
surface of the mire. The DEMSs were pre-processed using the optimal method for the Swedish
landscape (Lidberg et al., 2017), using the Breach function in WhiteboxTools 2.0 and the
modelled stream lines indicate where the flow accumulation is larger than 1 ha. Two different
watershed delineations were calculated for each catchment based on the different resolution
DEMs. The delineation was overall similar for the two DEM resolutions, and at locations



where the delineation depended on the DEM resolution, additional field survey was conducted
to verify the flow direction and correct the delineated catchment borders.

3. APPENDIX C: Climate stations

Several climate stations exist in the vicinity of the study area. In a radius of 30 km from the
common centroid of all catchments, this includes nine climate stations of the Swedish
Meteorological and Hydrological Institute (SMHI, 2021) and two reference climate stations of
the Swedish University of Agricultural Sciences (SLU, 2021) (Table S2).

Table S2: Air temperature and precipitation data availability in a radius of 30 km from the
peatland complex. The data is provided by the Swedish University of Agricultural Sciences
(SLU) and the Swedish Meteorological and Hydrological Institute (SMHI)

Data Distance to Air
Station name provider  study area (km)  Time span temperature  Precipitation
Kulbéacksliden SLU 1.84 1990 - Ongoing Yes Yes
Vindeln-Sunnansjonéas SMHI 10.99 1989 - Ongoing Yes Yes
Hélln&s-Lund SMHI 11.3 1961 - 1989 Yes Yes
Svartberget SLU 13.1 1990 - Ongoing Yes Yes
Grano D SMHI 14.48 2008 - Ongoing No Yes
Harrsele SMHI 17.2 1961 - 1998 No Yes
Malkélen D SMHI 25.28 1989 - Ongoing No Yes
Pengfors SMHI 27.37 1961 - 1975 No Yes
Ortrésk SMHI 27.67 1973 - 2012 No Yes
V&annas SMHI 29.3 1961-1976 Yes No
Tavelsjo D SMHI 29.59 1989 - Ongoing No Yes

4. APPENDIX D: Mire vegetation classification workflow

4.1. Introduction

The present classification of mire vegetation is mainly based on the Finnish mire system
(Eurola et al., 1984, 1995, 2015) with some additions. The Finnish system also has some
similarities with the system utilized in the Swedish Wetland Survey for northern Sweden
(Forslund et al., 1993), which in large is based on a system finally published in
Vegetationstyper i Norden (Pahlsson, 1994). The latter however covers all Nordic countries
and as a result the marked regional differences in the mire vegetation and its response on
various directions of variation have been difficult to grasp. One advantage with the Finnish
system is that it is easily applicable for mires in boreal Sweden. In order to enable
comparisons, naming utilized in other classification systems are sometimes given.

Classification of forest vegetation also follows the Finnish system as outlined by (Kalela,
1961) which shows great similarities with the forest site types described by (Ebeling, 1978)
for northern Sweden. In accordance with the Finnish system forests on moist and wet sites
(“swamp forests”) are here included in the mire vegetation. As a consequence also thin-peated
forest types are included among the mire sites, and the border of the mire massif is set by the
mineral soil. Where to draw the limit depends upon focus. In vegetational-ecological studies



mire is often preferred, while peatland sets the limit at a peat depth of 30 cm thus including
drained peatland (Joosten and Clarke, 2002).

Mire terminology follows Eurola et al. (1984, 1995, 2015), Laitinen et al. (2005, 2007), Rydin
et al. (1999), and Rydin and Jeglum (2013).

4.2. Mire types

KRI is located in the middle boreal zone, an area where the gradual, latitudinal, transition
from southern to northern mire types has received much attention in Finland (Laitinen et al.,
2007; Ruuhijarvi, 1983) while until recently less so in Sweden due to its more complicated
topography (Gunnarsson and Lofroth, 2009; Rydin et al., 1999). The extensive interest for
zonal, climatic, vegetation systems in Finland, has demonstrated a zonal, climatic mire system
continuum from ordinary raised bog systems (in temperate and south boreal areas), to a
northward gradually increasing proportion of fens compared to bogs within the aapa mire
zone (Laitinen et al., 2007; Ruuhijarvi, 1983). Thus aapa mires are mixed peatland complexes
where the central fen areas, with patterned and unpatterned fens, are surrounded by marginal
areas also including bogs close to the divides (Laitinen et al., 2007; Ruuhijérvi, 1983). A bog
is a convex to flat structure under ombrotrophic influence while an aapa mire is a concave
structure under minerotrophic influence. An aapa mire is a mire system (complex) where the
central parts are characterized by minerotrophy, and that these parts (as well as the marginal
areas) may receive supplementary nutrients also from snow-melt water; the definition is
vegetational-ecological (Eurola et al., 1995). Aapa mires (according to the present broad
concept) are morphologically variable and three main types have been described (Laitinen et
al., 2007; Ruuhijérvi, 1983): (1) a lawn aapa mire where lawns dominate but the flark level
often occurs in form of longitudinal soaks (e.g. the westernmost part of Stortjarn); (2) a lawn-
flark aapa mire where peripheral lobes and different flark fens (string flark fens, stringless
flark fens, flark outlets) dominate (e.g. Halmyran); (3) a flark aapa mire where the mire
massif is dominated by the flark level (e.g. Halsingfors-mire). However, there are at least two
intermediate massif types (Laitinen et al., 2007). First, an aapa mire—raised bog intermediate
with the morphology of a hummaock ridged raised bog but with minerotrophic hollows/flarks;
a string mixed mire (Sw. strangblandmyr) often easy to identify on air photos (e.g.
Halsingfors-mire). Second, an aapa mire—raised bog intermediate with the morphology of a
lawn aapa mire although with ombrotrophic vegetation (e.g. some central parts of Degero
Stormyr approach this situation; extremely poor fen (Sjérs and Gunnarsson, 2002).

A characteristic feature of KRI is the nutrient poor conditions. Most fens are oligotrophic, and
the result is a remarkably species poor mire vegetation. For example, many common mire
plants indicating mesotrophic conditions, e.g. Molinia caerulea, Carex chordorhiza, C. livida,
do not occur or are very rare. This species poverty implies that the dichotomy ombrotrophic-
minerotrophic may be elusive when focusing on species composition as stressed by
(Ruuhijarvi, 1960, p. 35). For that reason areas that are judged to represent ombrotrophic
vegetation have been specifically marked in Figure 6. Here belongs two flat bog areas of
northern type (Rydin et al., 1999); unpatterned bog/Fuscum bog in (Eurola et al., 1995) at
Deger6 and Halsingfors, one area with the structure of reticulate bog (Gunnarsson and
Lofroth, 2009) at Halsingfors, and several sloping, clearly patterned mires in the marginal
areas close to the divides (northern eccentric bog in (Eurola et al., 2015)). However the
species poor biota in combination with that several minerotrophic indicators tend to show a
northward increasing occurrence in bog communities (Jkland, 1990; Pakarinen and
Ruuhijarvi, 1978; Rydin et al., 1999) should be kept in mind. The issue of how well species



composition, and particularly so scattered occurrences of fen indicators, mirrors the
movement of minerotrophic water was already treated by (Sjors, 1948). The winter
conditions, the duration and magnitude of snowpack and timing of snowmelt may play a role
here.

The following are some major characteristics of mire vegetation at KRI:

e The area is characterized by aapa mire — raised bog complexes; central patterned and
unpatterned fens + bogs in marginal areas

e The presence of different aapa mire types: lawn type (Stortjarn), lawn-flark type
(Hélmyran), flark type (Halsingfors)

e The presence of intermediate types: with the morphology of a hummock ridged raised
bog with minerotrophic hollows/flarks; or morphology of a lawn aapa mire with
ombrotrophic vegetation (approaching nutrient availability similar to ombrotrophic
conditions)

e A very species poor flora as most fens are oligotrophic and only a few slightly
mesotrophic which makes the ombrotrophic — minerotrophic dichotomy elusive

e Vegetation types indicate important differences in hydrology, from unstable to stable (in
the order Stortjarn —Halmyran —Hélsingfors —Degero)

e A strong groundwater outflow from surrounding mineral soils resulting in dominance of
minerotrophic pine and spruce mire forests

4.3. Vegetation types

The Finnish mire system distinguishes four main types (Eurola et al., 1984; Ruuhijérvi, 1983):
letto (L) eutrophic fens, which does not occur in the area; neva (N) fens, remaining open wet,
ombrotrophic (Om), oligotrophic (Ol) and mesotrophic (Me) mires, dominated by graminoids
and Sphagna; korpi (K) spruce and birch-dominated minerotrophic (Mi) mires; and rame (R)
ombrotrophic pine mires and hummocks characterized by dwarf shrubs and Sphagna.
However, due to extensive groundwater influence from the mineral soil in the area, most pine-
dominated mires have a clear minerotrophic influence. It should be noted that the open
treeless neva mire has no sharp border between ombrotrophy and minerotrophy; thus the
transition may be gradual. Another important feature of the system is the identification of a
large number of combination site types. For occurrence of ombrotrophic vegetation and wet
combination types see Figure S2 and for different mire-forest and forest types see Figure S3.

The information in the below text has the following structure:
Numbering and acronyms refer to unpublished field notes.

E 84/95: Naming mainly following Eurola et al. (1984, 1995, 2015), if not otherwise stated.
Acronyms refer to the Finnish names

ViN 1994: Naming in Vegetationstyper i Norden (Pahlsson, 1994)
E 1978: Naming (in Swedish) in (Ebeling 1978) for forest site types
F 1993: Naming (in Swedish) in (Forslund et al., 1993)

M 1923: Naming in (Malmstrém, 1923). Note that “mosse” (bog) at that time was used for
Sphagnum-dominated vegetation types.



Short information on species composition and environmental conditions

The four mires are referred to as follows: De Degeré Stormyr, H Halmyran, Ha Halsingfors-
mire, St Stortjarn.

Minerotrohic communities

Flark level types have been split up into several smaller units as it is assumed that these are
likely to be particularly sensitive to global change (Granlund et al., 2022; Sallinen et al.,
2022). Also note that Trichophorum cespitosum dominated fens with Sphagnum compactum
(i.e.n® 2, 4, and 8) are indicative of an unstable hydrology (Laitinen et al., 2007) — in contrast
to the different Sphagnum papillosum fens. These two types are distinguished in (Eurola et al.,
1995) while treated more collectively in (Eurola et al., 2015). As they differ in hydrology they
are separated here.

1b EvCpSa

E 84/95: oligotrophic true short-sedge fen, OIVLKN; oligotrophic ordinary low-sedge fen,
OILKN (Eurola et al., 1995, 2015)

ViN 1994: Carex pauciflora-Eriophorum vaginatum-Sphagnum angustifolium-var., 3.2.3.1.a
F 1993: taggstarr-S. angustifolium-var. av fastmattekéarr av tuvull-vitmosstyp

An oligotrophic lawn of peripheral lobes characterized by Carex pauciflora and Eriophorum
vaginatum and the rich occurrence of Sphagnum angustifolium and a regular occurrence of S.
fuscum, S. medium and S. rubellum, Often only as a narrow border towards the surrounding
mire forest; important type in sparsely treed pine fens or in combination with pine hummocks.
Often mapped as a combination type, oligotrophic short-sedge pine fen (n° 40, see further
below).

1 EvCp

E 84/95: true Sphagnum papillosum short-sedge fen, OlKaN; oligotrophic Papillosum low-
sedge fen, OlKaN (Eurola et al., 2015)

ViN 1994: Eriophorum vaginatum-Sphagnum papillosum-type, 3.2.3.1
F1993: fastmattekarr av tuvull-vitmosstyp
M 1923: Eriophorum vaginatum-Sphagnum balticum-mosse (Sw. tuvdunmosse)

An oligotrophic lawn of peripheral lobes characterized by Eriophorum vaginatum, Carex
pauciflora and Trichophorum cespitosum and a closed Sphagnum layer with S. balticum and
S. papillosum as most important species. Dwarf shrubs, Andromeda polifolia and Oxycoccus
palustris, of limited importance.

2 TcEv

E 84/95: oligotrophic true Sphagnum papillosum-S. compactum short-sedge fen, OlKaN
(Eurola et al., 1995); poor Sphagnum compactum fen (Laitinen et al., 2005). The Compactum
fens are included among the Papillosum fens in (Eurola et al., 2015) although | prefer to keep
them separated.

ViN 1994: Eriophorum vaginatum-Sphagnum papillosum-S. compactum-var., 3.2.3.1.b
F 1993: tuvsav-S. papillosum-S. compactum-variant av fastmattekarr av tuvull-vitmosstyp



M 1923: Scirpus austriacus-Sphagnum balticum-mosse (Sw. “jamn” tuvsavmosse).
Malmstrom differs between “jamn” (“smooth”) and “tuvig” (“tussocky”) Scirpus austriacus-
mosse (see further n° 4 below).

An oligotrophic lawn, characterized by the dominance of Trichophorum cespitosum.
Eriophorum vaginatum of regular although variable occurrence. Replaces the preceding type
on sites with a stronger water flow from surrounding mire forests (fen type). Key indicator in
the bottom layer Sphagnum compactum, otherwise similar species composition as in n° 1.
Characterized by unstable hydrology (as n° 4, 8 and 9; cf. (Laitinen et al., 2005; Ruuhijarvi,
1960)). A dominant community of peripheral lobes in the western half of St; also important at
Ha and Ha.

At St, northern side, also “short-sedge pine fens dominated by S. compactum”, LkNR
(Laitinen et al., 2005) in the transition to surrounding mire forest. This combination type is
also mentioned by Malmstrém (1923) as: tradbevuxen Sphagnum fuscum-rismosse-Scirpus
austriacus-mosse.

3 EVS

E 84/95: oligotrophic true Sphagnum papillosum short-sedge fen (with small flarks), OlKaN;
oligotrophic Papillosum low-sedge fen, OlKaN (Eurola et al., 2015)

ViN 1994: included in Eriophorum vaginatum-Sphagnum papillosum-type, 3.2.3.1
F 1993: Mjukmattekarr av starr-vitmosstyp starr-S. papillosum-variant
M 1923: included in Eriophorum vaginatum-Sphagnum balticum-mosse (Sw. tuvdunmosse)

Eriophorum vaginatum lawns and carpets, often with Carex pauciflora, and a closed
Sphagnum carpet (S. papillosum and S. subgenus Cuspidata). Characteristic in gently sloping
peripheral lobes, in stringless central flark fens with a stable hydrology (De, H&) or in string
flark fens as mosaic with n° 5.

4 Tc(Ev)Sb(p+co)

E 84/95: oligotrophic true Sphagnum papillosum-S. compactum short-sedge fen with larger
flarks (>1/5 of the area), OIRiKaN (Eurola et al., 1995); oligotrophic Papillosum fen with
flarks (around % the area), RiKaN (Eurola et al., 2015). Sphagnum compactum Weissmoor
((Ruuhijarvi, 1960), Tab. 9).

ViN 1994: included in Eriophorum vaginatum-Sphagnum papillosum-S. compactum-var.,
3.23.1b

F 1993: included in “tuvsdv-S. papillosum-S. compactum-variant av fastmattekarr av tuvull-
vitmosstyp” (see n° 2 above).

M 1923: Scirpus austriacus-Sphagnum compactum-S. balticum-mosse (Sw. “tuvig”
tuvsdvmosse).

An oligotrophic lawn-carpet community dominated by Trichophorum cespitosum and linked
to an unstable water regime (cf. (Laitinen et al., 2005, 2007; Ruuhijérvi, 1960) indicated by
the presence of Sphagnum compactum in the bottom layer. A more “smooth” type often
occurs in the transition between hummock strings and loose-bottom flarks, or dominates flark
carpets on slightly sloping mires; it is characterized by a continuous cover of S. subgenus



Cuspidata and fits the description of ORiKaN (H&). On more sloping mires forming narrow
strings (with S. balticum, S. compactum, S. rubellum, S. papillosum) alternating with narrow
flarks (with different S. subgenus Cuspidata) (H&) which corresponds more to OlKaN. At
stronger slopes (particularly at St north of the small lake) clear string-flark fen structure
characterized by a mixture of liverworts (Cladopodiella fluitans), Sphagna and lichens (e.g.
Cetrariella delisei, Cladonia mitis, and C. squamosa (the mire ecotype)) with features similar
to moist heath vegetation (e.g. Empetrum nigrum; see also n° 15), indicating regular
occurrence of longer drought periods.

5 Schs

E 84/95: oligotrophic Sphagnum flark fen, OISphRiN; oligotrophic Sphagnum flark fen,
OIRsRIN (Eurola et al., 2015)

ViN 1994: Carex spp.-Scheuchzeria palustris-Sphagnum spp.-var., 3.2.4.1c

F 1993: kallgras-vitmoss-varianten av mjukmattekarr av starr-vitmosstyp

An oligotrophic carpet community characterized by Scheuchzeria palustris and a closed layer
of Sphagnum subgenus Cuspidata (S. balticum, S. majus, S. lindbergii, and some S. jensenii);
scanty occurrence of Eriophorum vaginatum and Trichophorum cespitosum. Forms extensive
flarks in central string flark fens (De, H3, H&, St). Also a frequent component forming small
carpets in soaks (in combination with n° 3 and 12).

6 (Sch)s

E 84/95: ~Sphagnum dusenii (=S. majus) flark fen, OISphRiN (Eurola et al., 1984);
oligotrophic Sphagnum flark fen, OIRsRiN (Eurola et al., 2015).

ViN 1994: included in Carex spp.-Scheuchzeria palustris-Sphagnum spp.-var. (see n° 5
above).

F 1993: Mjukmattekarr av starr-vitmosstyp, 3.6.2.1; similar to alpin starr-S lindbergii-variant.
M 1923: included in Scheuchzeria-Sphagna Cuspidata-mosse (Sw. kallgrds-mosse)

The name is here used for very wet areas (loose bottoms) in stringless central flark fens with a
stable hydrology and a covering Sphagnum subgenus Cuspidata carpet with S. majus as
dominant, and with scanty occurrence of vegetative Scheuchzeria palustris (large areas at De,
Ha, Ha).

7CIS

E 84/95: oligotrophic Sphagnum flark fen, OISphRiN, Rimpiartiges Weissmoor in (Eurola et
al., 1984), Oligotrophes moos-armes Rimpiweissmor in (Ruuhijérvi, 1960)

ViN 1994: included in Carex spp.-Scheuchzeria palustris-Sphagnum spp.-var. (see n° 5
above).

F 1993: kallgras-vitmoss-varianten av mjukmattekarr av starr-vitmosstyp

M 1923: Carex limosa-Sphagna Cuspidata-mosse (Sw. Carex limosa-mosse),



A loose-bottom community characterized by Carex limosa (and vegetative Scheuchzeria
palustris) and Sphagnum subgenus Cuspidata (particularly S. majus, S. lindbergii and S.
jensenii) of variable cover. Regular occurrence of Drosera longifolia. Best developed in
central stringless flark fens with a stable water regime (De); may form small flarks in soaks
(together with n° 12). Often seen with suffering, loose-lying Sphagna, transitional to n° 9 (see
below).

8 Tctuss

E 84/95: poor mud-bottom flark fen (Rimpiartiges Weissmoor), OIRuRiN (Eurola et al.,
1984); Oligotrophes moos-armes Rimpiweissmoor in (Ruuhijérvi, 1960)

ViN 1994: included in Carex spp.-Gymnocolea inflata-Sphagnum spp.-type, 3.2.4.2 (Sw.
fattig mossfattig torvslamtyp)

F 1993: most likely included in “losbottenkérr av oligotrof typ” (oligotrophic loose-bottom
fen)

M 1923: may be included in his Carex limosa-dykarr

Characterized by the occurrence of scattered Trichophorum cespitosum tussocks (sometimes
also Eriophorum vaginatum tussocks), suffering loose-lying Sphagna, often replaced by the
liverwort Cladopodiella fluitans. The occurrence of Sphagna and liverworts varies between
years depending on precipitation (and growth of green algae). Tussock dieback affected by
frost heave and formation of needle ice during severe cold spells during dry autumns.
Unstable hydrology. Important community at St and H&. Forms the transition between n° 4
and n° 9.

A few larger flarks with Rhynchospora alba tussocks in a string mixed mire occur at St and
are included in this type.

9 Clad
E 84/95: poor mud-bottom flark fen, OIRURIN

ViN 1994: included in Carex spp.-Gymnocolea inflata-Sphagnum spp.-type, 3.2.4.2 (Sw.
fattig mossfattig torvslamtyp)

F 1993: léshottenkarr av oligotrof typ
M 1923: referred to as “vegetationslosa flarkar” (flarks without any vegetation)

Mud-bottom flarks (St, Ha, H4, less so at De) with a more or less covering dark brown
liverwort carpet (that is Cladopodiella fluitans), which typically show large between-year
variations in cover due to variation in precipitation with marked declines in rainy years.

10 (mud)
E 84/95: poor mud-bottom flark fen

Here used for flark pools with more or less permanent water.



11 Crsf

E 84/95: oligotrophic true tall-sedge fen, OIVSN; oligotrophic ordinary tall-sedge fen, OISN
(Eurola et al., 2015); mesotrophic true tall-sedge fen, MeVSN; mesotrophic ordinary tall-
sedge fen, MeSN (Eurola et al., 2015).

ViN 1994: Carex spp.-Sphagnum fallax-var., 3.2.4.1a
F 1993: Starr-S. fallax-variant av mjukmattekérr av starr-vitmosstyp
M 1923: Carex rostrata-mosse

Forms extensive carpet/loose bottom stands, in the wettest parts of central, stringless flark
fens (De in northeast, Ha in northwest), characterized by vigorous Carex rostrata and a
bottom layer with Sphagnum fallax (dominant), S. angustifolium, and sometimes S. lindbergii
and S. majus. In the wettest areas (at De, H&) with increasing occurrence of Drepanocladus
fluitans (Warnstorfia f.), indicating more mesotrophic conditions. Also important in various
combination types (see n° 45-47 below), as well as in old ditches (see n°® 62 below) at the
mire margin (De, Ha).

12 (CnS

E 84/95: oligotrophic Sphagnum papillosum tall-sedge fen, OIKaSN; also with some weak
mesotrophic influence, MeKaSN; oligotrophic Papillosum tall-sedge fen, OlKaSN, and
mesotrophic Papillosum tall-sedge fen, MeKaSN, respectively in (Eurola et al., 2015)

ViN 1994: Carex spp.-Sphagnum papillosum-var., 3.2.4.1b

F 1993: Starr-S papillosum-variant of “mjukmattekéarr av starr-vitmosstyp” (Eng. fen carpet of
Carex-Sphagnum-type)

M 1923: Carex rostrata-Sphagnum papillosum-Sphagna Cuspidata-mosse

A tall sedge community (Carex rostrata, often with scattered, in the area vegetative,
Eriophorum angustifolium, Carex lasiocarpa) and a closed Sphagnum carpet (S. papillosum +
S. subgenus Cuspidata). Inhabits somewhat drier sites compared with n° 11, often bordering
ponds in stringless flark fens, in longitudinal soaks in lawn aapa mires, in soaks or areas of
strong groundwater influence (H& eastern part) in marginal lobes (in combination with n° 5
and 7), or in bogs. Similar communities around small lakes and ponds are classified as n° 14
(see below).

13 MeT = Menyanthes type

E 84/95: Sphagnum flark fen (Eurola et al., 1984), poor oroarctic flark fen (Eurola and
Virtanen, 1991), oligotrophic mud-bottom flark fen, OIRuRiN (Eurola et al., 2015)

ViN 1994: Menyanthes trifoliata-Sphagnum spp.-var., 3.2.4.1d (Sw. vattenkldver-vitmoss-
variant)

F 1993: -
M 1923: Menyanthes-Sphagna Cuspidata-mosse (vattenklévermosse)

10



Forms a characteristic border around small pools both in central stringless flark fens (De, St)
and where groundwater discharges from the surrounding mineral forest (H4, the eastern side).
Covering Sphagna (S. balticum, S. lindbergii, S. majus) and Menyanthes trifoliata together
with Carex rostrata, C. magellanica, C. lasiocarpa, and Eriophorum angustifolium, indicative
of slight mesotrophic influence. Stable hydrology in contrast to n° 9.

14 Cr

This classification was used for the Carex rostrata stands that frequently border small ponds
and water- covered flarks in stringless central flark fens. In the area often together with the
Menyanthes type (n° 13) and the two may be united. See also the comment on quagmires
under n° 15 below.

M 1923: Carex limosa-C. rostrata dykarr
15 SSquag

A short-sedge quagmire with a mosaic of carpets (Carex limosa) and lawns (Trichophorum
cespitosum) with dying Sphagna (S. compactum, S. lindbergii, S. medium, S. papillosum, S.
rubellum) colonized by liverworts (Cladopodiella fluitans), lichens (Cetrariella delisei,
Cladonia squamosa, the mire ecotype) and dwarf shrubs (Empetrum nigrum, Calluna
vulgaris). As quagmire only seen around the small lake at St. Similar vegetation types in
lawns in the outlet area at Ha. Here interpreted as a drought effect due to unstable hydrology.
Eurola et al. (1984 p. 80) suggests that the floating moss carpets overgrowing the water
surface of pond and lakes, with a mixture of swampy and tall-sedge fens, flark fens, and short-
sedge lawns (that is n° 13, 14, 15), can be united under the name “poor fen marginal to a
pool”. This pragmatic view is suitable for vegetation mapping.

Malmstrom (1923, Tab 3:1-5): describes the quagmire vegetation around ponds as a zonation
from a Menyanthes-Sphagna Cuspidata-mosse, over a Carex limosa-Sphagna Cuspidata-
mosse, to a Scheuchzeria-Sphagna Cuspidata-mosse.

Ombrotrophic communities

Hollow communities

16 EvSb

E 84/95: ombrotrophic short-sedge flark-level bog, KuN; ombrotrophic low-sedge bog,
OmLKkN (Eurola et al., 2015)

ViN 1994: Eriophorum vaginatum-Sphagnum balticum-type, 3.1.3.5

F 1993: included in ”mjukmattemosse av vitag-kallgras-S.balticumtyp” (ombrotrophic carpet
of Rhynchospora alba-Scheuchzeria palustris-Sphagnum balticum-type)

M 1923: Eriophorum vaginatum-Sphagnum balticum-mosse

Carpet community characterized by Eriophorum vaginatum and Trichophorum cespitosum
and covering Sphagna with S. balticum (dominant), S. tenellum and S. rubellum.
Characteristic for the driest bog hollows. Differs from n° 3 due to the absence of S.
papillosum.

11



17 SchScu

E 84/95: ombrotrophic flark-level bog, SphKuN; Scheuchzeria-Sphagnum balticum-
Weissmoor (Eurola, 1962). Schlenken Weissmoor (Ruuhijérvi, 1960); ombrotrophic hollow
bog, KuN (Eurola et al., 2015)

ViN 1994: Rhynchospora alba-Scheuchzeria palustris-Sphagnum balticum-type, 3.1.4.1
F 1993: Mjukmattemosse av vitag-kallgrés-S.balticumtyp
M 1923: Scheuchzeria-Sphagna Cuspidata-mosse

Very characteristic for flarks (hollows) in bogs or transitional mires. Carpet community
characterized by Eriophorum vaginatum, Scheuchzeria palustris, Trichophorum cespitosum,
Carex limosa and covering Sphagnum balticum, S. lindbergii, and S. tenellum. The absence of
S. papillosum (and S. majus) is diagnostic towards oligotrophic flark communities. In the area,
Rhynchospora alba does not occur in this type (however see the comment under n° 8 above).

18 SchSm

E 84/95: S. dusenii (=majus) flark-level bog (Eurola 1962), SphKuN

ViN 1994: Rhynchospora alba-Scheuchzeria palustris-Sphagnum majus-type, 3.1.4.4
F 1993: mjukmattemosse av vitag-kallgras-S.majustyp

A carpet/loose-bottom community with scattered Scheuchzeria palustris and Carex limosa
and covering Sphagna (S. balticum, S. lindbergii, S. tenellum and S. majus) that is very close
to n° 17. Confined to the lowest flarks of bogs/transitional mires in the transition to
unpatterned central flark fens. Most likely transitional between ombrotrophic and
minerotrophic and maybe best united with n° 5. As to Rhynchospora alba see the comment
under n° 17.

Lawn communities
20 EvSb

E 84/95: short-sedge intermediate-level bog, OmLKN; Sphagnum balticum-Weissmoor
(Eurola, 1962); ombrotrophic low-sedge bog, OmLKN (Eurola et al., 2015)

ViN 1994: Eriophorum vaginatum-Sphagnum balticum-type, 3.1.3.5

F 1993: Fastmattemosse av tuvull-S.balticumtyp; Fastmattemosse av tuvull-
S.angustifoliumtyp

M 1923: Eriophorum vaginatum-Sphagnum balticum-mosse

A species poor lawn community characterized by Eriophorum vaginatum, the occurrence of
Andromeda polifolia, Oxycoccus palustris, Rubus chamaemorus, and a closed Sphagnum
carpet (S. balticum, S. angustifolium, S. rubellum, and some S. fuscum). Often in mosaic with
n° 24 (see below).
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Comment: occurs often together with the close “short-sedge intermediate-level bog”,
OmLKkN; Sphagnum parvifolium-Weissmoor (Eurola, 1962); ViN 1994: Eriophorum
vaginatum-Sphagnum angustifolium-type, 3.1.3.4. This type differs through the dominance of
S. angustifolium. The two types have been treated collectively.

Hummock communities

21 Anfu

E 84/95: Andromeda-Sphagnum fuscum bog, OmLKNR (Eurola, 1962).
ViN 1994: Eriophorum vaginatum-Sphagnum fuscum-type 3.1.3.1

F 1993: Fastmattemosse av tuvull-S.fuscum-typ; Fastmattemosse av tuvull-S.angustifolium-
typ.

M 1923: shows similarities with his “Andromeda-rik tradbevuxen Fuscum-mosse” except for
the absence of a tree canopy.

The driest lawn/hummock community dominated by Eriophorum vaginatum and dominant S.
fuscum in the bottom layer; often with some S. medium and S. rubellum. Other regular
species in this species poor community are Andromeda polifolia, Drosera rotundifolia,
Oxycoccus spp. Often as mosaic and particularly so together with n° 1. May be difficult to
separate from n° 20 and n° 24.

22 Empfu = Empetrum nigrum-Sphagnum fuscum bog

E 84/95: Empetrum-Sphagnum fuscum bog pro parte, VmRaR; Empetrum-Fuscum bog pro
parte, VaRaR (Eurola et al., 2015); Eigentliches Empetrum-Sphagnum fuscum Reisermoor
(Eurola, 1962)

The two Empetrum species differ in their ecology. E. nigrum is a species of vitally growing
Sphagnum fuscum, while E. hermaphroditum is a species of stagnant Sphagnum growth
(Eurola, 1962), mirroring their differences in shoot growth.The above name is here used for
the Sphagnum fuscum hummocks with Empetrum nigrum that form a characteristic feature in
island mixed mires. Frequently co-occurring species are Andromeda polifolia, Oxycoccus
microcarpus, Rubus chamaemorus, and Eriophorum vaginatum. The circumscription accords
with the true Empetrum—Sphagnum fuscum bog (Eurola, 1962) and with the comment by
(Ruuhijarvi, 1960), p. 151, concerning his Empetrum — Sphagnum fuscum — Reisermoor,
namely that E. nigrum is light demanding (“Lichtplanze™) and thus a species of the mire
expanse. These E. nigrum-Sphagnum fuscum hummocks of island mixed mires form a
characteristic feature in the area (and throughout the boreal forest land). Here, they are not
included in the broader Empetrum-Sphagnum fuscum bog in Eurola et al. (1984, 1995, 2015)
which also includes hummaocks at the mire margin (and on open concentric bogs) with
stagnant Sphagnum growth where Empetrum hermaphroditum prevails. E. nigrum is also a
characteristic species in hummock communities of raised bogs in temperate and south boreal
areas (Eurola, 1962; Sjors, 1948) with vitally growing Sphagna. The hybrid can be found on
hummocks at the mire edge. For E. hermaphroditum see also n° 23-25 further below.

23 Ulfu
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E 84/95: Empetrum-Sphagnum fuscum bog, VmRaR; Empetrum-Fuscum bog, VaRaR
(Eurola et al., 2015)

ViN 1994: Calluna vulgaris-Empetrum spp.-Sphagnum fuscum-type, 3.1.2.2
F 1993: Rismosse av Sphagnum fuscum-typ
M 1923: included in his “rismossestriangar” (hummock strings)

In the field notes referred to Ulfu, Uliginosum-Sphagnum fuscum-type, in order to avoid
confusion with n°® 22.

A characteristic community for open bogs and higher strings and higher hummock islands in
mixed mires. Dwarf-shrubs dominate (Andromeda polifolia, Empetrum hermaphroditum,
Ledum palustre, Vaccinium uliginosum, V. vitis-idaea) together with Rubus chamaemorus,
and Betula nana; regular occurrence of low pines. Sphagnum fuscum gradually replaced by S.
angustifolium, lichens (Cladonia mitis, C. stygia, and various cup lichens) and forest mosses
(Pleurozium schreberi).

24 Cvfu

E 84/95: Calluna-Sphagnum fuscum bog, KrRaR (Eurola et al. 1984); Calluna-Fuscum bog,
KaRaR (Eurola et al., 2015)

ViN 1994: Calluna vulgaris-Empetrum spp.-Sphagnum fuscum-type, 3.1.2.2
F 1993: included under n°® 23

M 1923: included in his “Calluna-rik tradbevuxen Fuscum-mosse” (see n° 26 below) forming
the transition between his Andromeda- and Ledum-types

The most important bog community in the area, both fringing the open mire areas and on
lower hummock strings and islands. Differs from n° 23 through the dominance of Calluna
vulgaris (and co-dominant E. hermaphroditum). Sphagna (S. fuscum, S. angustifolium)
dominate the bottom layer together with Pleurozium schreberi. Whether the striking
dominance of Calluna in the area may mirror an unstable hydrology (Laitinen et al., 2005) or
a more local continental climate, or both, resulting in a reduced peat growth remains to be
understood.

The type merges gradually over to n° 26 — the most important pine bog community fringing
the open mire in the area.

25 Lifu = Lichen-Sphagnum fuscum bog

E 84/95: Similar to the following descriptions: Calluna - Sphagnum fuscum - Cladonia
Reisermoor (Eurola, 1962); Dicranum-Sphagnum fuscum bog, KsRaR (Eurola et al., 1984);
Oroarctic dwarf-shrub bog vegetation (Eurola and Virtanen, 1991)

ViN 1994: Empetrum hermaphroditum-Vaccinium microcarpum-Sphagnum fuscum-type,
3.1.21

F 1993: -
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The driest hummock community on treeless bogs, characterized by declining dwarf-shrubs
(most important Empetrum hermaphroditum) and Sphagna (S. fuscum, S. angustifolium, S.
medium, S. rubellum) overgrown by liverworts (e.g. Mylia anomala), crustaceous (e.g.
Ochrolechia frigida) and mat-forming lichens (e.g. Cladonia mitis, Cetraria nivalis (syn.
Flavocetralia n)), and mosses (Dicranum undulatum, Polytrichum strictum, Pleurozium
schreberi). Confined to the driest hummocks on open treeless, wind-exposed bogs typically
with thin snow cover; only present at Ha.

Dwarf-shrub pine bogs
26 PCv

E 84/95: Pine-Calluna bog; Dwarf-shrub pine bog, Calluna variant, RalR, OmIR; Dwarf-
shrub pine mire, VIR (Eurola et al., 2015)

ViN 1994: Pinus sylvestris-Vaccinium uliginosum-type, Calluna var., 3.1.1.3
F 1993: included in “tallmosse av ristyp” (Eng. Pine bog, dwarf-shrub-type)
M 1923: Calluna-rik tradbevuxen Fuscum-mosse (trédbevuxen ljung-mosse)

A sparsely treed pine bog community forming the transition between the open mire and the
surrounding mire forest. Due to the marked minerotrophic influence from surrounding
mineral soils, the bog community inhabits smaller areas only, while it is frequently present as
a combination type: low sedge pine fen (see n° 40 further below).

27 PLe

E 84/95: Pine-Ledum bog; Dwarf-shrub pine bog, Ledum variant, RalR, OmIR; Dwarf-shrub
pine mire, VIR (Eurola et al., 2015)

ViN 1994: Pinus sylvestris-Ledum palustre-type, 3.1.1.2
F 1993: Tallmosse av skvattramtyp (Eng. Pine bog, Ledum-type)
M 1923: Ledum-rik tradbevuxen Fuscum-mosse (tradbevuxen skvattram-mosse)

Similar to n° 28 (see below) but Ledum palustre, Vaccinium uliginosum, Betula nana
dominate the forest floor. Sphagna of decreasing and Pleurozium schreberi (and lichens) of
increasing importance.

Pine bog communities, with a rather closed tree canopy, approaching this type have a limited
occurrence in the area. A few smaller patches close to small lakes (Ha at the western side of
the small lake, St north of the small lake), not in the mire forest fringing the open mire,
approach this vegetation type. However, Ledum does not reach that dominance characteristic
for areas closer to the Bothnian coast. In the area Ledum is a characteristic species on higher
strings in mixed mires (see n° 23 above), in the true spruce pine mire (see n° 34 below), in
Pine-Uliginosum bogs (see n° 28 below) and in many heath forest types (see n° 51-52 below).

28 PUI

15



E 84/95: Pine-Uliginosum bog; Dwarf-shrub pine bog, Uliginosum variant, RalR, OmIR;
Dwarf-shrub pine mire, VIR (Eurola et al., 2015)

ViN 1994: Pinus sylvestris-Vaccinium uliginosum-type, Vaccinium uliginosum-var., 3.1.1.3
F 1993: Tallmosse ristyp

M 1923: included in his Ledum-rik trédbevuxen Fuscum-mosse (tradbevuxen skvattram-
mosse); se n° 27 above

Characterized by the dominance of Empetrum hermaphroditum, Vaccinium uliginosum, V.
vitis-idaea, and rich occurrence of Calluna vulgaris, Ledum palustre, and Betula nana. Well-
developed bottom layer with dominant Sphagna (S. fuscum, S. angustifolium, S. divinum, S.
russowii) and Pleurozium schreberi.

A more densely treed pine bog replacing n° 26, although with limited areal extension in the
area, mirroring the minerotrophic influence from surrounding mineral forests.

The following three pine bog communities (Eurola et al., 2015) (mentioned in Forslund et al.,
1993) do not occur in any of the four study areas: Pine-Betula hana bog, OmVKkR (for a close
type see n° 37), Pine-Vaginatum bog, OmTR (for a close type see n° 38), Pine-Carex
globularis bog, OmPsR (for a close type see n° 36). However, they may occur within KRI,
although all close vegetation types observed were minerotrophic.

Forest vegetation included in the mire series

In Finnish classification, these communities are included in the mire vegetation, while in
Swedish classification (Ebeling, 1978) they are generally included in forest vegetation as
“swamp forests”. The paludified types (n° 30 and 31) are transitional between heath (moor)
and mire (peat) forests; the remaining with peat formation. In classification of mire forest
types the occurrence of, and relative proportion of, heath-forest and hummock-level species
play an important role. The forest types are mapped in Figure S3.

30 moistP

E 84/95: Paludified pine forest

ViN 1994: Picea abies-Vaccinium spp.—Sphagnum spp.-type, 2.1.2.3

E 1978: fuktig ristyp (moist dwarf-shrub type)

F 1993: included in sumptallsskog av ristyp

M 1923: risbevuxna Sphagnum acutifolium-tuvor (syn. S. capillifolium)

Heath forest species (Calluna vulgaris, Empetrum hermaphroditum, Vaccinium myrtillus, V.
vitis-idaea) dominate over hummock level species. However, Sphagna (S. capillifolium, S.
angustifolium, S. russowii) of regular occurrence. Of fragmentary occurrence in the area due
to rather steep forest slopes.

31 moistS
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E 84/95: Paludified spruce forest

ViN 1994: Picea abies-Vaccinium spp.—Sphagnum spp.-type, 2.1.2.3
E 1978: fuktig ristyp (moist dwarf-shrub type)

F 1993: granskog av lagortstyp sumpvariant, 2.1.2.3

M 1923: blébars-rik gransumpskog (see also n° 33 below)

Similar to n° 30, heath forest species dominate over hummock level species. A closed bottom
layer of forest mosses Dicranum majus, Hylocomium splendens, Barbilophozia lycopodioides,
and in slight depressions Sphagna (S. girgensohnii, S. angustifolium and S. russowii).
Scattered occurrence of deciduous shrubs (Alnus incana). Of limited occurrence in the four
areas although common within KRI.

32 wetP

E 84/95: Thin-peated pine mire, KgR; the type is close to dwarf-shrub pine bogs, IR, n° 26-
28, and transitional types can be named minerotrophic dwarf-shrub pine bog, MilR.

ViN 1994: Pinus sylvestris-Vaccinium uliginosum-type, 2.1.1.3 (Sw. sumptallskog av ristyp);
cf. Pinus sylvestris-Vaccinium uliginosum-type, 3.1.1.3 (Sw. tallmosse av ristyp, Eng. dwarf
shrub pine bog) close to n° 28 (see above).

E 1978: vat ristyp (wet dwarf-shrub type)
F 1993: included in sumptallskog av ristyp
M 1923: -

A mosaic type where hummaock level species dominate over heath forest species. Important
species in the bottom layer besides ordinary heath forest mosses are Polytrichum commune,
Sphagnum angustifolium, S. fuscum, S. capillifolium (syn. S. nemoreum), S. russowii.
Scattered Carex globularis tussocks are characteristic. Very limited occurrence in the area,
often only as a narrow border of a few m.

33 wetS

E 84/95: Thin-peated spruce mire, KR (if including pine spruce forest, KgKR); divided in two
types: thin-peated Myrtillus spruce mires, MKgK; thin-peated Vitis-idaea spruce mires,
PKgK.

Note: The thin-peated spruce mires are close to true spruce mires which are diveded in the
following four types: Myrtillus spruce mire, MK; Vitis-idaea spruce mire, PK; Rubus
chamaemorus spruce mire, MrK; Equisetum sylvaticum spruce mire, MkK. Due to their
fragmentary occurrence in the four areas they are here treated collectively, in spite of the
quantitative differences in species composition.

ViN 1994: Picea abies-Vaccinium spp.—Sphagnum spp.-type, 2.1.2.3; Picea abies-Equisetum
sylvaticum-var., 2.1.2.3b
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E 1978: vat ristyp (wet dwarf-shrub type)
F 1993: Sumpgranskog av ristyp, hjortronvariant + skogsfrakenvariant.

M 1923: describes the following types: hjortron-rik (Rubus chamaemorus) gransumpskog;
Equisetum silvaticum-rik gransumpskog; blabars-rik gransumpskog (which also seems to
include n° 31 above)

In common with n° 32 is that hummock level species dominate over heath forest species. In
the field layer Rubus chamaemorus, Equisetum sylvaticum and Carex globularis together with
Vaccinium spp., particularly V. myrtillus. A closed bottom layer with rich occurrence of
Sphagnum giergensohnii, S. russowii and S. angustifolium together with Dicranum majus,
Hylocomium splendens, Ptilium crista-castrensis, Polytrichum commune and Barbiolophozia
lycopodioides. The true spruce mire types differ through the marked dominance of Sphagna
(also with the rare S. wulfianum) and Polytrichum commune. The remaining two variants,
with Rubus chamaemorus, often with covering Polytrichum commune, and Equisetum
sylvaticum, both have a more marked mosaic where the intermediate and flark level dominate.
In the latter case often with scattered Alnus incana and Salix lapponum, S. phylicifolia, S.
myrsinifolia. Small fragments of the Chamaemorus type, with abundant Eriophorum
vaginatum at the flark level, are found close to discharging brooks (Ha). Otherwise, all types
only occur as fragments in the four areas, while they are important vegetation types in more
gently sloping terrains within KRI.

34 wetDws
E 84/95: Ordinary spruce pine mire, VKR;

ViN 1994: Lists the following swamp forest types: Pinus sylvestris-Vaccinium uliginosum-
type, 2.1.1.3 (KgR, IR), Pinus sylvestris-Ledum palustre-type, 3.1.1.2 (OmIR), and Pinus
sylvestris-Vaccinium uliginosum-type, 3.1.1.3 (RalR); Picea abies-Vaccinium spp.-Sphagnum
spp.-type, 2.1.2.3

E 1978: vat ristyp (wet dwarf-shrub type).
F 1993: Sumptallskog av ristyp

M 1923: Tradbevuxen Sphagnum russowii-rismosse may include this type, although the rich
occurrence of Carex globolaris points towards n°® 35 (see below).

Tall dwarf shrubs (Ledum palustre, Vaccinium uliginosum) of about equal importance as
Vaccinium myrtillus and V. vitis-idaea; tall-growing Betula nana and regular occurrence of
Carex globularis present. A closed bottom layer as in n° 33 although with particularly rich
occurrence of Sphagna (S. angustifolium often most important, S. giergensohnii, S. divinum,
S. russowii) and Polytrichum commune. A very characteristic type in marginal pine and
spruce mires.

Comment: The type is close to ombrotrotrophic pine bog communities but the minerotrophic
influence is shown by the occurrence of minerotrophic species such as Carex globularis,
Dicranum majus, Sphagnum giergensohnii and Polytrichum commne. An alternative name
would be: minerotrophic dwarf-shrub spruce-pine mire, MilR.

35 wetCglS
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E 84/95: Carex globularis spruce-pine mire, PsKR

ViN 1994: seems to be included under Picea abies—Vaccinium ssp.—Sphagnum spp.-type,
2.1.2.3; (Sw. sumpgranskog av ristyp)

E 1978: vat ristyp (wet dwarf-shrub type); included in n° 34 (above)
F 1993: Sumptallskog av ristyp, Klotstarrvariant

M 1923: tradbevuxen Sphagnum russowii-rismosse (klotstarr-rik gransumpskog); the
placement here based on the rich occurrence of dwarf shrubs.

Similar to n° 34 (see above) but differs in the following respects: Tall dwarf shrubs (Ledum
palustre, Vaccinium uliginosum) dominate over Vaccinium myrtillus and V. vitis-idaea. Carex
globularis of increasing importance. Increasing role of S. angustifolium, S. divinum, S.
russowii, and Polytrichum commune in the bottom layer. A transitional type approaching n°
36.

36 wetCglP

E 84/95: Carex globularis pine mire, PSR

ViN 1994: Pinus sylvestris-Carex globularis-type, 3.2.1.1

F 1993: tallkarr av klotstarrtyp

M 1923: tradbevuxen Sphagnum russowii-rismosse (tradbevuxen klotstarrismosse)

Tall dwarf shrubs of limited importance, Carex globularis dominant together with
Eriophorum vaginatum and Carex pauciflora in the depressions. Sphagnum angustifolium and
S. fuscum dominant in the bottom layer. Of limited occurrence in the four studied areas except
for the southern part of St.

37 wetBn

E 84/95: close to Betula nana pine bog, OmVKR; in the area best characterized as ”Betula
nana pine mire”, MiVKR, VKR (Eurola et al., 2015)

ViN 1994: listed as a transitional type towards sumptallskog ristyp, 2.1.1.3; vét ristyp (wet
dwarf-shrub type)

E 1978: vat ristyp (wet dwarf-shrub type)

In the area this type is best characterized as ”Betula nana pine mire”; a sparsely treed type,
fringing the open mire, characterized by a rich occurrence of Betula nana; under strong
mineroptrophic influence from surrounding mire forest. Also a characteristic type of strings
and hummocks and particularly so in the mire cross area in the wet central parts of H&.

Combination types

38 wetEv
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E 84/95: Eriophorum vaginatum birch fen, TK ; Sometimes approaching minerotrophic
Eriophorum vaginatum bog, MiTR

ViN 1994: Pinus sylvestris —Eriophorum vaginatum-type, 3.1.1.4

F 1993: Tallmosse av tuvulltyp (with minerotrophic features) often in mosaic with
tallrismosse

M 1923: Tradbevuxen Eriophorum vaginatum-mosse (tradbevuxen tuvdunmosse),

Characterized by dominant, tall Eriophorum vaginatum tussocks, often together with Carex
pauciflora, and the low importance of dwarf shrubs (mostly only Andromeda polifolia and
Oxycoccus palustris). Insignificant role of forest and hummock level species, except close to
discharging brooks. Strong minerotrophic influence from surrounding mineral soil. In the area
mostly in birch/pine mires (Ha, St), more fragmentary in spruce mires.

40 EvCvP

E 84/95: oligotrophic short-sedge pine fen, OILKNR

F 1993: Tallkérr av fattig vitmosstyp

M 1923: tradbevuxen Sphagnum fuscum-rismosse—Eriophorum vaginatum-mosse

In the field notes named Eriophorum vaginatum-Calluna pine mire (EvCvP).

The most important transition type between the open mire and surrounding mire forest. A
combination type between true short-sedge fen (n° 1b and 1) and dwarf-shrub pine bog (n°
26). The hummocks may either form islands or strings; in the latter case resulting in a

pronounced patterning parallel to the slope (Ha in the south; Ha in the north). The fen (lawn)
and hummock areas easily separated on aerial photos.

45 CrB

E 84/95: oligotrophic tall-sedge birch fen, OISK; sometimes slightly mesotrophic MeSK

M 1923: Tradbevuxen Carex rostrata-mosse

A combination type with low hummocks (abundant Betula nana) and tall-sedge communities
(Carex rostrata). Sphagnum angustifolium and S. fallax in general most important Sphagna.
Confined to ground water discharge in small forest islands on the open mire (De in the north;
Ha in north-west). Also with slight mesotrophic influence (Potentilla palustris, Salix
lapponum, S. myrtilloides). Occurrences marked with asterisk on Figure S2.

46 Crmes

E 84/95: poor birch fen NK; around some discharging brooks swampy birch fen, LUNK

ViN 1994: Gran-bjorkkarr av fattig vitmoss-type, 3.2.1.3; Picea abies-Betula pubescens-
Sphagnum spp.-type

F 1993: Gran-bjorkkérr av fattig vitmosstyp
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M 1923: Tradbevuxen Carex rostrata-mosse, tradbevuxen Eriophorum vaginatum-mosse

A combination type with tall hummaocks, lawns and carpets (Eriophorum vaginatum) and wet
depressions (loose-bottoms) with tall sedges (Carex rostrata and covering Sphagnum
angustifolium, S. fallax, S. flexuosum, S. riparium). Mesotrophic indicators: Dactylorhiza
maculata, Potentilla palustris, Calamagrostis phragmitoides, Carex echinata, C. nigra and
low willows (Salix phylicifolia, S. lapponum, S. myrtilloides). Ground water discharge from
the mineral soil, brooks at mire margin (Ha in north-east, although outside catchment; St in
the south). Occurrences marked (hatched) on Figure S2.

47 Cr3

E 84/95: Oligotrophic tall-sedge pine fen OISR, (incl. oligotrophic short-sedge pine fen
OILKNR)

M 1923: seems to be included in “tradbevuxen Carex rostrata-mosse”

A combination type, mostly 3-level type, with large wet flarks of tall sedges (Carex rostrata)
with covering Sphagnum riparium, S. angustifolium, S. fallax, S. flexuosum). Characteristic
for brook outlets and groundwater discharge close to mineral soil (Ha in south-east;) and in
outlet areas (Hé in south-west). Occurrences marked (hatched) on Figure S2.

48CnJf
E 84/95: Carex nigra birch fen, NigNK

Was not observed in the four areas but occurs within KRI. Confined to small depressions
under strong ground water influence.

Forest vegetation on mineral soil

Naming follows (Kalela, 1961) and (Ebeling, 1978). Ebeling stresses the danger of judging
moisture and nutrient status only on forest site type as the moor layer may have disappeared
due to past intense fire history resulting in a lichen-dominated vegetation, supposed to mirror
dry, as well as nutrient poor, site conditions. To accurately judge hydrological conditions one
also need to know the thickness of the E-horizon (which was ignored during the field survey).
That means that moisture conditions for lichen-dominated CIT (n° 50) may in fact vary from
very dry to mesic. The regular occurrence of Vaccinium uliginosum (and also Ledum palustre)
in heath forests is a northern zonal feature due to increasing humidity (Kalela, 1961). In the
area Norway spruce normally dominates in VMT and Scots pine dominates in the other types.
The forest types are mapped in Figure S3.

50 CIT
(Kalela, 1961): Cladina type, CIT

(Ebeling, 1978): lavtyp (lichen type), skarp-frisk lavtyp (very dry-mesic lichen type), skarp
lav-ristyp (very dry/very poor lichen — dwarf-shrub type)

ViN 1994: Pinus sylvestris-Cladonia spp.-typ, 2.1.1.1, tallskog av lav-ristyp
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Calluna vulgaris (scattered) is the most important species in the field layer, while the bottom
layer is dominated by lichens (Cladonia spp.) and small acrocarpous mosses. Scattered Salix
starkeana shrubs are relicts from past forest fires; also in n° 51 and 52 below.

51 ECT

(Kalela, 1961): Empetrum-Calluna type, ECT

(Ebeling, 1978): Krékris-ljungtyp (Empetrum-Calluna-type; mesic Empetrum-Calluna-type),
Lavristyp (ljungtyp and krakristyp (dry and mesic lichen—dwarf-shrub-type; both Calluna and
Empetrum type)

ViN 1994: Pinus sylvestris-Calluna vulgaris-Empetrum spp.-type, 2.1.1.2 (tallskog av ljung-
krakris-typ)

Field layer dominated by Empetrum hermaphroditum and Calluna vulgaris. Bottom layer
dominated by lichens (Cladonia spp.), acrocarpous mosses (Dicranum spp., Polytrichum spp.)
while pleurocarpous mosses are of low importance.

52 EVT

(Kalela, 1961): Empetrum-Vaccinium type, EVT

(Ebeling, 1978): lingon-ristyp (Vitis-idaea-type; mesic Vitis-idaea—dwarf-shrub-type); torr
lavristyp (dry lichen—Vitis-idaea-type), torr-frisk ristyp (semi dry dwarf-shrub type).

ViN 1994: Pinus sylvestris-Vaccinium vitis-idaea-type, 2.1.1.4; tallskog av lingonris-typ

Field layer dominated by Empetrum hermaphroditum and Vaccinium vitis-idaea. Pleurozium
schreberi and acrocarpous mosses (Dicranum polysetum, D. scoparium, Polytrichum
juniperinum) dominate the bottom layer and some Cladonia lichens. The first herbs may
appear.

53 VMT
(Kalela, 1961): Vaccinium-Myrtillus type, VMT

(Ebeling, 1978): frisk blabarsristyp (mesic dwarf-shrub type, mesic Myrtillus-type), frisk
ristyp.

ViN 1994: Picea abies-Vaccinium myrtillus-type, 2.1.2.1; granskog av blabarsristyp
Vaccinium myrtillus and V. vitis-idaea dominate together with a closed bottom layer of forest
mosses (Dicranum spp., Hylocomium splendens, Pleurozium schreberi, Ptilium crista-

castrensis) and liverworts (Barbilophozia lycopodioides). More frequent herbs: Luzula pilosa,
Maianthemum bifolium, Melampyrum pratense, Trientalis (Lysimachia) europaea.

Others

60 flark pools with open water
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61 Phragmites swamp (RuRl in Eurola et al., 2015), loose-bottom, mesotrophic, surrounded
by n° 46 (only at Ha, in north-east, although outside the catchment area; see Figure S3).

62 Ditches

Carex rostrata tall-sedge fen. Loose bottoms with Sphagnum fallax dominant, S.
angustifolium, S. flexuosum, S. riparium (De, Ha).

4.4. Vegetation classification workflow

The vegetation classification involved microtopography identification/classification, ground
truth handling and model training to finally achieve the actual classification (Figure S1)

Ground truth &

A- Microtopography B- Image classification - L
model training

Fin E gy
_ mi | RGB+
DEM filled Inv. filled Microtopo
—
—_

Filled-Orig. - RE Model +
: Filled-Inv classilisation Confusion matrix

Reclassify
0-0.01-0.5>
Classified image

Inventory points
=> Polygons

0:non-hollow
1:hollow

0:non-hummock
2:hummock

0:~Lawns / 1:hollow /
2:hummocks /
3:depression on hummocks

Figure S1. Mire vegetation classification workflow. The classification includes
microtopography identification/classification (A), ground truth and model training (C) and
image classification (B).

4.4.1 Mire microtopography modelling

Microtopography was included in the vegetation classification as it is an important factor in
the differentiation of mire vegetation. The classification of microtopography as considered in
this study is a mere simplification of its complexity. We only distinguished 4 classes: (i)
lawns, (ii) hollows (i.e. flarks and carpets/loose-bottom), (iii) hummocks and strings, and (iv)
small depressions on hummocks. The process for microtopography classification consisted of
two steps. Hollows were identified by subtracting a digital elevation model (DEM) from a
filled DEM (filled using the fill algorithm in ArcGIS Desktop). Hummocks and strings are
identified by preceding a similar process as for the identification of hollows by the inversion
of the DEM (by subtracting the DEM from the maximum value of the DEM). By
reclassifying, encoding and finally summing up hollow-non hollow and hummock-non
hummock layers, a microtopography classification is obtained (Figure S1-A).

4.4.2 Ground truth and model training

In November 2021, a vegetation inventory was conducted at over 50 points at each of the 4
mires considered in this study. Field controls were performed in September-October 2022.
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The identified vegetation types follow the classification in APPENDIX B, section 3.3. Since it
was not possible to discriminate between individual vegetation types with the limited spectral
information available, these were further grouped as follows:

- Group I: Lawns, dominated by short sedges and Sphagna (vegetation types 1, 2, 3, 4
and 20)

- Group Il: Carpets dominated by short sedges and Sphagnum subg. Cuspidata
(vegetation types 5, 6, 12, 15, 16, 17, and 18)

- Group IIl: Mud/loose bottoms, tall-sedge fens,(vegetation types 7, 8, 9, 10, 11, 13,
14, and 15)

- Group IV: hummocks and sparsely treed mire (vegetation types 21, 22, 23, 24, 25, 26
and 40)

- Group V: Mire forests, including high hummocks (vegetation types 27-28, 30-38, 45-
48)

- Group VI: Forests on mineral soils, outside of the mire system although within the
catchment area. (vegetation types 50-53)

Group VI in the above grouping, i.e. forests on mineral soils was first clipped out before the
image classification and appended to the final classification results. The observation points
from the field survey were used to draw polygons or regions of interest (ROI) of the different
groups abovementioned. The microtopography classification was stacked with the 6.5 cm
resolution RGB image as an additional band. The RGB+microtography image was then
trained using the random forest classifier in OrfeoToolbox v. 8.0.1 integrated into QGIS v.
3.22.6 (Figure S1-C). This training created the model that was then used for the classification.
During the training, 80% of the pixels of the ROI were used for the actual training, and the
remaining 20% were used for validation, i.e. computation of the confusion matrix and
Cohen’s kappa coefficient.

4.4.3 Image classification

In this step, the same image used during training (RGB + microtography) was classified with
the random forest classifier based on the model obtained during the training stage (Figure S1-
B). The resulting raster layer was then sieved and clusters with less than 100 pixels were
merged with their surrounding class in order to reduce the normal fragmentation that occurs
during image classification.

4.4.4 Classification results

The kappa coefficients obtained during validation were 0.76 for Degerd Stormyr and Stortjarn
together, 0.82 for Halmyran, and 0.75 for Halsingfors, indicating a good classification
performance overall. The mire vegetation classification results are presented in Figure S2.
The vegetation in the area is essentially minerotrophic, but there are some areas where the
vegetation has ombrotrophic characteristics. These areas are located essentially outside of the
footprint of the EC towers, although small portions occur within the 90% footprint at all sites.
These areas were visible on the orthomosaic and were drawn manually (Figure S2).
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Figure S2. Vegetation classification map of the mire sites of the Kulbacksliden peatland
research infrastructure with a focus on a 300 m radius from EC towers at Degerd Stormyr (A),
Stortjarn (B), Halsingfors-mire (C), Halmyran (D) and an overview of all four catchments (E).
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The footprint climatologies were calculated from one-year data wind speed and wind
direction (Mai 2020 to April 2021) based on (Kljun et al., 2015). The vegetation groups layer
is blended with a hillshade derived from the 0.5 m resolution digital elevation model. Visit
https://qis-
slu.maps.arcgis.com/apps/View/index.html?appid=7d485f469233422aa98a5d49e031fd44 for
an online version of this map.

The share of the different groups per catchment and footprint area is presented in table S3.

Table S3: Percentage share of the different groups of vegetation per catchment, 50%, 60%
70%, 80% and 90% footprint climatology area. The groups are those defined above in section
4.4.2.

Total Percentage of total area
Zone Mire site A& Group Group Group Group Group Group

(ha) | 1l 1] \Y \ VI  Boardwalks Water

Degerd Stormyr  272.93 155 81 44 230 206 279 0.2 0.2
Catchments Stortjérn 2964 139 6.6 06 114 98 575 0.1 0.1
Halmyran 3311 227 70 16 310 138 212 0.1 2.6
Halsingfors 6483 202 105 47 175 125 320 0.0 2.6

Degerd Stormyr 038 121 396 377 73 00 00 3.3 0.0

Footprint ~ Stortjém 019 953 25 00 07 00 00 1.4 0.0
50% Halmyran 020 396 275 247 59 00 00 2.3 0.0
Halsingfors 025 181 716 03 90 00 00 1.0 0.0

Degerd Stormyr 067 118 408 383 70 00 00 2.1 0.0

Footprint ~ Stortjérn 033 925 52 00 13 00 00 1.0 0.0
60% Halmyran 035 460 301 168 54 00 00 1.7 0.0
Halsingfors 044 150 689 09 144 00 00 0.7 0.0

Deger6 Stormyr 132 145 425 359 5.7 0.0 0.0 15 0.0

Footprint  Stortjérn 065 910 60 00 21 02 00 0.7 0.0
70% Halmyran 067 489 303 116 80 00 00 1.2 0.0
Halsingfors 086 123 654 56 161 00 00 0.5 0.0

Degerd Stormyr 329 159 491 272 70 00 00 0.9 0.0

Footprint  Stortjérn 165 829 125 00 33 10 00 0.4 0.0
80% Halmyran 161 486 265 81 158 03 00 0.7 0.0
Halsingfors 215 140 544 192 121 01 00 0.3 0.0

Footprint D°9e Stormyr 1512 327 309 115 199 43 00 0.5 0.1
90% Stortjérn 824 476 214 22 209 50 09 0.2 17
Halmyran 723 339 182 41 342 72 21 0.2 0.0
Halsingfors 997 267 349 187 188 07 00 0.1 0.0
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Figure S3. Simplified vegetation classification map of forests types on mineral soil, mire
forests, sparsely treed mires, and various wet combination types including Phragmites
swamps. For explanation see text. This simplified map is limited to a 300 m radius from EC
towers at Degerd Stormyr (A), Stortjarn (B), Halsingfors-mire (C), Halmyran (D).
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