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Abstract 
Zackenberg Valley is a key site in the high-Arctic for research on carbon cycling and 
monitoring environmental change with systematic observations since 1995. Compared to CO2, 
methane (CH4) has been given less attention at the site during the past 25 years, despite being an 
important greenhouse gas that requires detailed studies to estimate accurately on a landscape 
scale. 

Methane has been monitored since 2006 at a single site and during several campaigns in 
different parts of the valley. However, high spatial variation in methane emissions makes it 
challenging to calculate an accurate estimate of the average methane emission in the valley. 
Relatively few measurements represent a very small part of a heterogeneous landscape, making 
methane emission estimates subject to significant uncertainties. This thesis presents new 
findings showing large spatial and temporal variations in methane emissions in Zackenberg 
Valley. These findings are reported in four papers describing variability methane emissions at 
different scales. 

Paper 1 documents how two examples of extreme precipitation in 2015 and 2018 in 
Zackenberg Valley triggered abrupt changes to the carbon balance in the landscape, both 
through loss to the atmosphere and via the release of organic matter from a thermokarst erosion 
gully to the Zackenberg River. The gully developed relatively fast over ~6 weeks and caused a 
large burst of methane to the atmosphere. 

Paper 2 applies methane emission data from monitoring efforts and previous studies in 
Zackenberg Valley to compile a 14-year time series (2006 to 2019) of July and August 
landscape fluxes. Methane uptake and emission were measured in detail in the erosion gully 
area in 2019. These data were combined to investigate how erosion could impact the average 
landscape methane emissions under large-scale erosion in a warmer future climate. The key 
finding is that large-scale erosion would have less impact on the landscape emissions than the 
projected increasing temperatures. 

Paper 3 describes measurements with an unmanned aerial vehicle (UAV) setup for methane 
concentration mapping. Previous studies in the central fens in Zackenberg Valley had 
documented high variations in methane emissions within the same vegetation class and 
ecosystem. The UAV was combined with a high-precision analyzer to detect methane 
concentration hot spots. Areas with high average concentrations could be indicating local hot 
spots with high methane emissions. The paper communicates the initial findings and 
suggestions for further developments that could improve the process of selecting representative 
measurement sites in future studies. 

Paper 4 presents early results showing that the recent fen ecosystems in Zackenberg Valley 
developed into areas with considerable methane emissions after only ~100 years. The study 
applied a combination of soil core analysis and UAV maps to find spatial patterns in the 
characteristics of peat. Rapid early development of the methane emissions indicates that the fens 
could become a net source of greenhouse gases after only 100 to 200 years of development. 
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Resumé 
Zackenbergdalen har en nøgleposition i Højarktis inden for forskning i kulstofkredsløb og 
monitorering af miljøforandringer med systematiserede observationer siden 1995. 
Sammenlignet med CO2 har metan (CH4) været genstand for mindre opmærksomhed i løbet af 
de sidste 25 år, på trods af at være en vigtig drivhusgas, der kræver detaljerede målinger for at 
estimere nøjagtigt på landskabsniveau.  

Metan har været monitoreret på et enkelt sted siden 2006, men har også været undersøgt i 
adskillige enkeltstående studier forskellige steder i dalen. Store rumlige variationer i 
metanudledning gør det dog udfordrende at beregne et retvisende estimat for hvor meget metan 
der overordnet bliver udledt. Relativt få målinger repræsenterer nemlig en meget lille del af et 
forskelligartet landskab og derfor bliver estimater af metanudledningen behæftet med store 
usikkerheder. Denne afhandling præsenterer nye resultater, der viser forskellige rumlige og 
tidsmæssige ændringer i metanudledninger i Zackenbergdalen. Resultaterne er rapporteret i fire 
artikler, der beskriver variationer i metanudledninger på forskellige skalaer. 

Artikel 1 dokumenterer hvordan to eksempler på ekstrem nedbør i 2015 og 2018 i 
Zackenbergdalen forårsagede bratte ændringer i landskabets kulstofbalance, både gennem tab til 
atmosfæren og via afstrømning af organisk materiale fra en termokarst erosionskløft til 
Zackenbergelven. Kløften udviklede sig relativt hurtigt over cirka 6 uger, hvilket gav anledning 
til en kortvarig, kraftig udledning af metan til atmosfæren. 

Artikel 2 anvender metandata fra den årlige monitorering og tidligere studier i Zackenbergdalen 
til at sammensætte en 14 år lang tidsserie (2006 til 2019) over udledningerne af metan for juli 
og august. Målinger af metanoptag og -udledning blev i 2019 koncentreret omkring 
erosionskløften. Alle metandata blev kombineret for at undersøge, hvordan metanudledningen 
kan blive påvirket på landskabsniveau i tilfældet af ekstrem erosion i et varmere fremtidigt 
klima. Konklusionen er at erosion i stor skala vil have en mindre betydning for den samlede 
udledning af metan dalen i sammenligning med de temperaturstigninger, der er projekteret for 
fremtiden. 

Artikel 3 beskriver kortlægninger af metankoncentrationer foretaget med en drone. Tidligere 
studier i de centrale kærområder i Zackenbergdalen har dokumenteret stor variation i 
metanudledninger inden for den samme vegetationstype i det samme økosystem. Dronen blev 
forbundet med en højpræcisions-metananalysator for at detektere områder med særligt høje 
metankoncentrationer. Områder med høje koncentrationer kan være en indikator for områder 
med høje udledninger af metan. Artiklen beskriver foreløbige resultater og rapporterer 
forbedringsforslag, der kan gøre det nemmere at vælge repræsentative måleområder i fremtidige 
studier. 

Artikel 4 præsenterer tidlige resultater, der viser at de unge kærøkosystemer i Zackenbergdalen 
udviklede sig til områder med betragtelige metanudledninger efter bare cirka 100 år. Studiet 
anvendte en kombination af boreprøver af de øverste jordlag og kortlægning fra en drone til at 
finde rumlige sammenhænge i egenskaberne ved det tørv, der blev indsamlet. Den hurtige 
tidlige stigning i metanudledningen betyder, at kærene kan have ændret sig fra at have et 
nettooptag af drivhusgasser til at være en nettokilde efter bare 100 til 200 års udvikling. 
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Putting methane on the map 
 

1 Introduction 
Methane is an important greenhouse gas, and the increase in atmospheric concentration has 
caused almost a quarter of global warming since pre-industrial times (Etminan et al., 2016; 
Saunois et al., 2020). This thesis focuses on methane emissions from high-Arctic wetlands, a 
significant source of methane (Saunois et al., 2016), which is expected to increase during this 
century (Schuur et al., 2015; Oh et al., 2020). However, current estimates of the size of this 
source are associated with large uncertainties due to large temporal and spatial variability in 
emissions and relatively sparse measurements (McGuire et al., 2012; AMAP, 2015). 

This thesis presents recent findings, which add to the scientific field by identifying temporal and 
spatial variability in emissions in Zackenberg Valley in high-Arctic northeastern Greenland. The 
following sections set out the climatic and environmental context for the Arctic, the role of 
methane in the atmosphere, and a brief description of the permafrost and methane processes 
taking place in the Arctic, relevant within the scope of the thesis. 

1.1 Methane in the atmosphere 
The Arctic climate is changing, and observational records from the past 50 years show an 
increase in air temperatures and precipitation (Box et al., 2019). The increases in temperatures 
are happening faster than the global average and have significant consequences on ecosystems 
and human activities (AMAP, 2017). 

Increased emissions of greenhouse gases from human activities, most prominently carbon 
dioxide (CO2), methane (CH4), and nitrous oxide (N2O), have caused these changes to the Arctic 
climate. Global and Arctic warming trends are expected to continue in the future due to 
anthropogenic emissions and a series of associated feedback mechanisms (IPCC, 2021). The 
source of methane from boreal and Arctic ecosystems takes up a highly uncertain ~4 % to ~15 
% of natural emissions globally (Kuhn et al., 2021). However, increasing temperatures could 
increase the importance of this source (Knoblauch et al., 2018). 

In 2019, the global mean concentration of methane in the atmosphere was 1887 parts per billion 
(ppb) (IPCC, 2021), a concentration nearly 2.3 times higher than the pre-industrial levels of 830 
ppb in 1850 (Kirschke et al., 2013). Currently, more than half (~50 to 60 %) of methane 
emissions globally come from human activities, including fossil fuels, domesticated animals, 
and landfills and waste. The remaining natural part consists mainly of wetland emissions, 
including Arctic wetlands (AMAP, 2015; Saunois et al., 2020). During the past 50 years, the 
estimated wetland contribution of methane has mainly remained unchanged due to high 
variability in emissions (Ehhalt, 1974; Christensen, 2014). 

The increased methane concentration in the atmosphere traps more heat from the Earth than 
previously. While methane is much less common than CO2 in the atmosphere (~0.5 % in 2019), 
its per-unit impact on atmospheric warming is ~80 times higher than CO2 when calculated over 
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a 20-year period. However, the impact is lower (~28 times that of CO2) on a 100-year timescale 
because the lifetime of methane is shorter than CO2 (Forster et al., 2021). 

Methane has an average lifetime of ~9 years in the atmosphere (Prather et al., 2012), and it can 
be removed from the atmosphere through several processes. The dominant removal process 
(~80%) occurs when methane reacts with hydroxyl radicals (–OH) in the troposphere, the 
lowest layer of the atmosphere. Microorganisms also remove methane in dry soils to a smaller 
degree (~5 %) (AMAP, 2015). The microorganisms, methanotrophs, are also common in the 
high-Arctic, limiting methane emissions from wetlands and acting as methane sinks in dry soils. 

1.2 Warming permafrost landscapes 
Permafrost is common in the Arctic and has a significant impact on ecosystem processes on 
land. Permafrost is ground that remains below 0 °C for two consecutive years or more, and 
these areas are sensitive to changes in air temperatures (Biskaborn et al., 2019; Farquharson et 
al., 2019). Covering more than a fifth of the land areas in the Northern Hemisphere (Gruber, 
2012), the permafrost region contains substantial carbon stocks in the ground.  

Over the past centuries and millennia, the carbon uptake by vegetation has exceeded the slower 
decomposition of organic matter in the soils due to waterlogging and low temperatures, 
particularly in wetlands. This surplus has led to a net accumulation of carbon in the soils in the 
Arctic (Hugelius et al., 2013). 

Permafrost temperatures rose by an average of ~0.4 °C between 2007 and 2016 in the Arctic 
continuous permafrost zone (Farquharson et al., 2019). Continued warming could lead to a 
larger release of the stored carbon by microbial breakdown (Schuur et al., 2015) and increased 
erosion and subsidence of thawing ice-rich permafrost. Such changes could lead to higher 
methane emissions (Hugelius et al., 2020; Turetsky et al., 2020). 

Thawing permafrost can alter vegetation and surface hydrology and expose deeper layers to 
thaw and decomposition. Depending on the topography and the characteristics of the permafrost 
landscape, thawing permafrost can lead to many different erosion landforms, including ponds 
and lakes, or slides and gullies, ranging from a few meters to hundreds of meters in scale 
(Kokelj and Jorgenson, 2013). 

Thermokarst is the umbrella term for a range of landforms caused by permafrost degradation 
(Jorgenson et al., 2008). An estimated ~20 % of land areas in the northern permafrost zone are 
either currently characterized by thermokarst landforms or likely develop thermokarst landforms 
in the future (Olefeldt et al., 2016). The development of thermokarst landforms can lead to 
increased methane emissions from permafrost landscapes (Walter Anthony et al., 2018; 
Turetsky et al., 2020; Wickland et al., 2020), but the emissions depend on the thermokarst type, 
carbon stocks, and local conditions (Abbott and Jones, 2015).  

Ponds and lakes represent significant sources of methane to the atmosphere in the boreal and 
Arctic zone. Continued permafrost thaw could lead to more extensive coverage of lakes and 
ponds in the Arctic, accelerating the mobilization of ancient carbon (Walter Anthony et al., 
2018). An estimate based on a collection of studies from the 1980s–2015 shows that ponds and 
lakes are likely the largest sources of methane in the boreal and Arctic zone (Wik et al., 2016). 
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Increasing temperatures could also change the speed of methane-related biogeochemical 
processes in natural wetland ecosystems in the Arctic. The main processes controlling methane 
from natural ecosystems, focusing on wetlands, are described in the following sections.   

1.3 Methane emissions from Arctic wetlands 
Wetlands are a significant source of methane to the atmosphere in the Arctic (McGuire et al., 
2012). Methane is produced under water-saturated, oxygen-poor conditions when specialized 
microbial communities, methanogens, consume organic matter (Conrad, 1996). In permafrost 
soils, the metabolism is dominated by reduction of CO2 to methane, using H2, and fermentation 
of acetate (Wagner et al., 2003). Other microbial communities, e.g., methanotrophs, consume 
methane in soils near the surface when oxygen is available. The balance between production 
and consumption determines the net emission of methane to the atmosphere (Olefeldt et al., 
2013). 

Several factors influence the emissions from wetlands. The quality and abundance of organic 
matter, temperature, and residence time affect methane production by methanogens (Ström et 
al., 2003; Olefeldt et al., 2013). Further, water table level, root exudates, soil acidity, and the 
coverage and primary production of vascular plants are important variables controlling the 
release of methane into the atmosphere (Bosse and Frenzel, 2001; Tuovinen et al., 2019; Ström 
and Christensen, 2007). These vascular plants feature air channels in their tissues (aerenchyma), 
which allow methane to escape from deeper, oxygen-poor soils to the atmosphere, bypassing 
zones of methane consumption (AMAP, 2015). 

These factors can result in very local differences in methane emissions and uptake, leading to 
substantial differences in emissions from one year to the next. It is challenging to quantify 
methane emissions because the spatial and temporal variability requires repeated measurements 
every year and spatially distributed measurements representing different sites. Additionally, 
significant subsurface storage of methane can be released sporadically as bubbles or as a late-
season burst (Walter et al., 2007; Mastepanov et al., 2008), which adds to the complexity of 
measuring emissions. 

A combination of the vast extent of terrestrial ecosystems in the Arctic, a relatively sparse 
number of measurements (Kuhn et al., 2021), and large spatial and temporal variability mean 
that methane emission estimates from Arctic wetlands remain highly uncertain (AMAP, 2015). 

1.4 Methane measurements 
The exchange rates of methane between the land surface and the air are quantified as flux. The 
methane flux is the methane flow rate per unit area between soils and air. For easier comparison, 
all fluxes reported in this thesis are converted to a standardized unit, milligrams of methane per 
square meter per hour (mg m–2 h–1). Two primary methods are used, either flux chambers or 
micrometeorological towers. 

Flux chambers can be either manual or automatic. Both are installed on the ground and can 
measure the methane emissions at very local scales (~1 m2), largely isolated from their 
surroundings. Micrometeorological towers measure minor differences in methane 
concentrations in air masses moving freely around a free-standing tower installation at an 
ecosystem scale (100s to 10,000s m2) (Kuhn et al., 2021). 
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Scaling these fluxes outside the measurement area introduces significant uncertainties due to 
large spatial variability in methane fluxes. Furthermore, both flux chambers and 
micrometeorological installations require regular maintenance and high-cost instrumentation 
with access to line power. These two widely used methods do not offer a complete solution to 
reliably measuring landscape methane fluxes (McGuire et al., 2012). Alternatively, modeling 
approaches (e.g., Tagesson et al. 2013) combining environmental parameters, chamber 
measurements, and satellite imagery have been used for estimating methane fluxes at landscape 
scales. These methods can capture some of the variability in methane emissions, but 
environmental variables cannot fully explain the variability, which still leads to considerable 
model uncertainty (Tagesson et al., 2013). 

Recent developments in sensor and unmanned aerial vehicle (UAV) technologies mean that 
methane sources can now be identified also in localized settings with strong emissions (Burgués 
and Marco, 2020; Shaw et al., 2021). Typically, wetland emissions are spread over a larger area, 
requiring high methane sensor precision and a sophisticated measurement setup to limit sources 
of uncertainty during flights. 

The use of UAV could reduce the impacts from pedestrian traffic through sensitive ecosystems, 
increase the areal coverage of methane measurements, and point out probable methane hot 
spots. Under ideal circumstances, this type of data collection could be used to produce a map to 
select sampling sites for either flux chambers or micrometeorological towers. Ultimately, this 
could improve the representativeness of measurement sites, narrowing the uncertainty range of 
landscape flux estimates. 

 

2 Thesis aim and objectives 
This Ph.D. thesis focuses on Arctic wetland ecosystems, with Zackenberg Valley in 
northeastern Greenland as the study area. The presented work contributes to an overarching goal 
within the Arctic ecosystem science field of identifying and mapping the methane variability at 
the landscape scale, here representing scales larger than 1 km2. Therefore, these single-site 
studies extend outside the specific geographical setting, presenting findings and methods that 
can be applied in a broader Arctic context. Increased knowledge of the emission size and the 
causes for spatial and temporal variability in Arctic landscapes is the key to: 

 increasing the accuracy of ecosystem modeling validation efforts 

 understanding the current trends in atmospheric methane variation 

 estimating possible future changes in Arctic wetland emissions and their contribution to 
permafrost carbon-climate feedbacks 

The Ph.D. thesis aims to investigate the patterns in methane emissions in a high-Arctic 
landscape by pinpointing hot spots and estimating the upscaled methane balance for the valley. 
With a long history of observations in Zackenberg Valley, existing measurements are combined 
with new ones to create new time series and maps, providing new insights into the spatial and 
temporally dynamic landscape. Specifically, the objectives were to answer the following 
research questions: 



8 
 

 How does erosion affect the surface and its methane fluxes in a tundra ecosystem on 
local and landscape scales? (Papers 1 and 2) 

 How do methane fluxes change on a landscape scale between years? (Paper 2) 

 Do spatial variations in the near-surface methane concentration reveal spatial patterns in 
methane fluxes? (Paper 3) 

 What is required to improve the methods for methane concentration detection with 
UAVs? (Paper 3) 

 Does ecosystem age determine spatial variability in the source of greenhouse gases? 
(Paper 4) 
 

3 Study area 
All four papers are based on observations from Zackenberg Valley 74.47° N, 20.55° W in 
northeastern Greenland (Fig. 1, a). Mountains surround the ~40 km2 valley to the north, east, 
and west, and Young Sound to the south. The valley is located ~90 km east of the Greenland ice 
sheet on the mostly ice-free Wollaston Foreland (Fig. 1, b).  

Environmental monitoring began in Zackenberg Valley in 1995 and is a part of the Greenland 
Ecosystem Monitoring (GEM) program, which encompasses monitoring of more than a 
thousand variables across a range of scientific disciplines (Meltofte et al., 2008). In addition, 
many scientific campaigns have since the 1990s used the access and the ongoing monitoring 
effort, which means that the valley has been studied extensively. 

Data collection for all studies took place on the valley floor inside a 16 km2 area covering the 
core research area of the GEM program below 200 m above sea level. This delimitation was 
used earlier in a study of upscaled CO2 landscape fluxes (Søgaard et al., 2000).  
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Figure 1: a) Zackenberg in NE Greenland, located 74.47° N, 20.55° W. b) Zackenberg is located on the 
Wollaston Foreland peninsula, downstream from the A.P. Olsen Ice Cap in the northwestern part of the 
map. c) oblique view of the valley, looking north, showing the topography (× 1.75) in the area and the 
approximate study sites of Papers 1 to 4. Grid cells in the oblique map are 1 km × 1 km. Image sources: © 
OpenStreetMap contributors 2021, ESRI 2021, SDFE 2021. Projections: WGS84 UTM 22N (a) and 27N (b and 
c). 

The climate is high-Arctic (Meltofte and Rasch, 2008), with temperatures peaking in July at 7 to 
9 °C (López-Blanco et al., 2020). The annual mean temperature is –8.6 °C, and the mean 
precipitation is 253 mm (2008–2018), with most of the annual precipitation falling as snow 
during winter (López-Blanco et al., 2020). The amount of snow and the timing of snowmelt has 
a substantial impact on the functioning of the ecosystems (Lund et al., 2012; Stiegler et al., 
2016). 
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During the short Arctic summers, the upper soils thaw to a maximum depth of 58 to 85 cm at 
the ZEROCALM-1 site in the central valley. The depth of thaw has been monitored since 1996, 
showing a 0.74 cm y−1 increase in thaw depth (1996–2019) (Christensen et al., 2020). 
Continuous permafrost underlies the valley, extending to 200 to 300 m depth below the valley 
floor (Christiansen et al., 2008). 

Five main types of vegetation cover the valley floor, and the vegetation depend on very local 
conditions influenced by the topography. Fens are common in the bottom of the valley, where 
soils are saturated by water. Grasslands cover sloping terrains, mainly where water availability 
is high in the early growing season and lower in the late growing season. The Salix snowbeds 
are primarily found in sloping areas with extended snow cover, while Cassiope and Dryas 
heaths are common in dry areas on flat ground (Bay, 1998; Elberling et al., 2008). 

The landscape at the bottom of the valley (Fig. 1, c) is characterized by glacial and glaciofluvial 
processes and several phases of delta formation (Gilbert et al., 2017). Vegetation covers many 
of the deltaic, fluvial, and alluvial landforms in the central valley. The central fen, Rylekærene, 
is situated on alluvial fans, covering ~1.3 km2. The peat formation began in the fens within the 
last ~1,000 years, and the thickness of the peat is shallow (~20 cm) (Palmtag et al., 2015; Cable 
et al., 2018). 

The fens are fed by meltwater from Aucellabjerg that runs from northeast to the Zackenberg 
River via Rylekærene. The river typically runs from June to October each year, discharging 
between 10 to 60 m3 s–1 (Søndergaard et al., 2015), with meltwater from the A. P. Olsen ice cap 
as the primary contributor (Ladegaard-Pedersen et al., 2017). Glacier lake outburst floods 
(GLOFs) from the ice cap or extreme rain and snowmelt cause large-scale episodical erosion 
events along the banks of the river (Tomczyk et al., 2020). Erosion of the riverbank and the 
melting of a large snowpack likely caused a backward erosion gully connected to the bank of 
the river ~500 m northeast of Zackenberg Research Station in 2018. 

 

4 Research setting  
Zackenberg Valley is particularly well-suited for methane studies of complex high-Arctic 
natural ecosystems, as time series across several disciplines are available for analysis. 
Compared to the northeastern Greenland region in general, which contains just over 1 % fen 
areas and wet grasslands, the study area includes a large fraction of fens (~13 % of the valley 
floor) (Jørgensen et al., 2015). 

The first methane studies took place in Zackenberg in 1997 (Christensen et al., 2000; Friborg et 
al., 2000). Since then, a monitoring program and several campaigns have studied methane 
processes on different temporal scales. The current methane monitoring efforts started in 2005–
2006 with a system of six automated chambers (Mastepanov et al., 2013). The system was later 
expanded to 10 chambers in 2012 (Mastepanov et al., in prep., 2021). 

Figure 2 depicts the scientific context for this thesis in Zackenberg. It shows the length and the 
scale of the different studies carried out in the valley. Several studies, e.g., Joabsson and 
Christensen (2001); Falk et al. (2014); Falk et al. (2015); Ström et al. (2015), made control plots 
measurements in connection with manipulation studies. The colors indicate the general type of 
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the studies. A majority reported methane on plot scale, either studying the seasonal variability 
or changes between two to four years. 

    

Figure 2: Previous methane flux studies in Zackenberg Valley, plotted on temporal and spatial scales. Dots 
indicate the approximate position on the scales. 

Ecosystem scale fluxes were calculated using EC methods near the center of Rylekærene 
(Friborg et al., 2000; Tagesson et al., 2012). Landscape scale fluxes were upscaled using 
chamber measurements using the relative vegetation cover in the valley (Christensen et al., 
2000; Tagesson et al., 2013). Tagesson et al. (2013) modeled several years of landscape fluxes 
using a combination of chamber fluxes, vegetation cover, and environmental and satellite data. 
Jørgensen et al. (2015) combined existing data with additional data from the dry surface plots in 
Zackenberg Valley and upscaled their findings to the northeastern Greenland region using 
satellite imagery. 

While the fieldwork for all these studies was carried out within a relatively small area (2 km2) in 
ecosystems that may look homogenous, some considerable variability becomes visible when 
comparing fluxes between different years and sites. 

These differences add to the uncertainty of methane fluxes and make upscaling particularly 
difficult. The approximate temporal and spatial scales of the previous studies are shown in 
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Figure 2, and two gaps are identified. The papers in this thesis add significant new knowledge to 
fill these gaps, presenting results on methane fluxes in the context of future climate change 
(Papers 1, 2, and 4), fluxes over the past decades (Paper 2), and new approaches to scaling and 
identifying hot spots (Paper 3). 

 

5 Methods 
Figure 3 shows a conceptualization of the different spatial and temporal scales covered by the 
methods described in this thesis. These scales range from hours to centuries and from plot scale 
to the pan-Arctic scale. Each method contributes to new findings on concentration mapping, 
fluxes, and physical changes in the environment. Together, those three focus areas help localize 
new sources, understand their variability and improve estimates of the upscaled methane fluxes 
on the landscape scale. The typical scales of some established methods are shown in gray in the 
background for context. 

All four papers use data from the extensive and freely available collection of data gathered 
every year by the GEM program. Detailed descriptions of these datasets are found in the online 
database (data.g-e-m.dk). In the following, short descriptions of the methods used directly in the 
context of methane and landscape development components are described, emphasizing the 
most important methods and how these methods reveal new insights into the spatial variability 
of methane. 
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Figure 3: Conceptual diagram showing the different time scales and spatial scales relevant in the papers in 
this thesis. Colors show three different focus areas used to understand the variability of methane, while the 
shapes show the scales of each method. Gray shapes show other commonly used methods for context. 

5.1 UAV mapping 
Maps produced from UAV images are used in Paper 1 and 4. Paper 1 describes the formation 
and development of a thermokarst erosion gully near the Zackenberg Research Station, formed 
adjacent to the Zackenberg River in the weeks following the melting of an unusually large 
snowpack in 2018. The scale of the erosion was quantified using images of the site recorded 
from UAVs. The UAV-based maps revealed physical changes that are used to understand 
spatial differences in methane from plot to ecosystem scales over weeks to years. 

As the gully development was not anticipated, UAV imagery from the area before and during 
the gully formation had to be gathered from several sources. As a result, the data included 
images recorded at different heights, using different platforms and sensors during August 2014 
and on three days in late June to early September 2018 (see Paper 1 supplementary materials 
for details). However, the datasets are comparable because they were all processed in the same 
way. 
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Each image dataset was processed with the photogrammetry software Pix4Dmapper (Pix4D, 
2019). Pix4D and similar types of software use an automated workflow, applying the structure-
from-motion technique (SfM) to extract 3D surfaces from 2D images by matching similar 
features in images captured from different positions and angles (Strecha et al., 2012; Westoby et 
al., 2012). The outputs consist of an orthomosaic, a geometrically corrected image, and a digital 
elevation model (DEM) with the surface topography of the area. The volume of change in the 
gully area was calculated after subtracting the DEMs from a common reference, in this case, a 
DEM based on images from 7 August 2018. The volume change calculation was done using R 
and QGIS (R Core Team, 2021; QGIS.org, 2021). 

From May to September 2019, after the erosion event, the site was monitored approximately 
every two weeks with an updated setup, using the same sensor and flight plan throughout the 
season. Despite some sinking along the edges of the gully, the improved and simplified UAV 
configuration showed very limited further erosion, indicating that the ground ice at this specific 
site had melted. 

An SfM approach is also used in Paper 4. A ~0.5 km2 area of the southern part of Rylekærene 
was recorded in early August 2020. The surface flow directions over the DEM were estimated 
in ArcMap (Strahler, 1952; ESRI, 2020). The main streams were compared with flux 
measurements from previous studies and soil cores showing the basal peat age in the area. 

SfM has become a widely-used method for mapping topography and detecting landscape 
changes over the past ~10 years (Cook, 2017) because of its easy and fast data collection, 
requiring only a consumer-grade UAV and a smartphone. The surface models can become 
highly accurate and georeferenced representations of the landscape when using high-precision 
GPS. The method is well-suited for this purpose and provides valuable information about the 
impacts of erosion when combined with soil profile data. 

5.2 Flux chambers 
Manual and automatic flux chambers are used in Paper 2 and 3. The flux chamber method has 
been widely used in the boreal and Arctic region (Kuhn et al., 2021) since early studies in the 
1970s and 1980s (Svensson, 1980; Whalen and Reeburgh, 1988) and can provide data on the 
variability of methane fluxes on scales ranging from days to decades. The spatial scale is limited 
to plots, but the method is also used at larger scales when combined with vegetation maps. 
Recent examples of upscaling from flux chamber measurements include Hartley et al. (2015), 
Andresen et al. (2017), and Morozumi et al. (2019). This approach does, however, assume that 
chamber measurements are representative of the entire study area. 

Automatic flux chambers can open and close using small electrical motors and switch 
measurements between chambers at set intervals using a system of valves and tubes. With line 
power available and regular maintenance, automatic chambers can cover extended periods at 
relatively little workload compared with manual flux chamber measurements. However, manual 
chambers are both cheaper and more flexible. The high flexibility means that a single chamber 
and analyzer can cover tens of plots in a diverse study site under most climate conditions. Still, 
compared to micrometeorological techniques, chambers are less suited for spatially integrated 
flux measurements (McGuire et al., 2012). 
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In Zackenberg Valley, methane fluxes have been used in at least 12 different studies. Most of 
them used manual or automatic flux chambers. While there are variations in the measurement 
setups (see Paper 2, Table 2 for details), all the flux chamber studies used the closed chamber 
approach for gas exchange rates (e.g., Livingston and Hutchinson, 1995; Goulden and Crill, 
1997). 

When using the closed chamber approach, fluxes from manual and automatic chambers follow 
the same central principle: A collar is typically inserted into the ground at the selected plots 
days or weeks before the first measurements. Then, a chamber is placed on the collar in the 
ground, isolating the plot and the air inside the chamber. The methane concentration will change 
over a few minutes if methane in the chamber headspace is released or taken up. The change in 
concentration is detected using a methane gas analyzer in the field or a laboratory after 
collecting air samples from the chamber at known intervals. 

The change in methane concentration will often be almost linear, and a linear regression model 
can be fitted to the data to calculate the rate of change over time. The rate of change is used 
when calculating the uptake or emission, along with variables including the air pressure, 
temperature, and chamber volume. 

While easy to use, there are some limitations with using the closed chamber approach and linear 
regression models. For instance, closed chambers alter the microenvironment during 
measurements. They may also disturb soils during the installation of collars (Olefeldt et al., 
2013). In addition, the methane concentration change rate can vary over time due to changes in 
the vertical concentration gradient (Livingston et al., 2006) or due to wind-driven leakages from 
the chamber (Pirk et al., 2016a). 

5.3 UAV concentration mapping 
Arctic wetlands are particularly difficult to measure because the soils and vegetation are easily 
disturbed, which can cause temporary changes in methane emissions. Low accessibility could 
lead to the under-representation of areas that are important for the average landscape fluxes. 
Recent developments in methane gas analyzer instruments and UAVs have paved the way for 
the method developments presented in Paper 3. These methods were used to detect variability 
in methane emission ranging from days to weeks at plot and ecosystem scales. 

High-precision methane laser analyzers, such as the LI-COR LI-7810 Trace Gas Analyzer (LI-
COR Biosciences, 2020), rely on optical feedback cavity-enhanced absorption spectroscopy to 
achieve a precision of 0.6 ppb at 1 Hz under ambient concentrations. This type of laser analyzer 
is combined with a UAV to detect slightly elevated methane concentrations over wetlands in 
Zackenberg under calm conditions. 

The methane analyzer measured air via a long tube, fastened to a small quadcopter UAV (Fig. 
4). The inlet of the tube was ~30 cm above the surface. The movements of the quadcopter were 
controlled via a remote controller, allowing for continuous adjustments during flights. All 
flights took place in the southern part of Rylekærene, covering the measurement sites of several 
previous studies (Joabsson and Christensen, 2001; Ström et al., 2012; Tagesson et al., 2012; 
Mastepanov et al., 2013; Tagesson et al., 2013; Falk et al., 2014; Pirk et al., 2016b). Five flights 
were used in the study, with measurements covering ~20 m to each side of a boardwalk 
connecting monitoring sites in the area. A telescopic pole instead of a UAV was used to collect 
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data that could identify potential impacts from the UAV on the measurements, including 
propeller wash and inconsistent measurement height. The reach with the telescopic pole was 
shorter than that of the UAV, and the potential coverage would therefore be too small for the 
telescopic pole to be an alternative to the UAV. 

 

Figure 4: The measurement setup during fieldwork near the automatic chambers in Rylekærene. The 
image has been marked up for improved clarity. Image credit: Maria Scheel, 2020. 

The method shares some common features with studies from high-emission environments, 
where the differences between the concentrations in the source area and the ambient 
concentrations are much larger (e.g., Emran et al., 2017; Oberle et al., 2019; Rutkauskas et al., 
2019). Nevertheless, measurements in relatively low-emission environments in the fens in 
Zackenberg put very high requirements on the setup and the environmental conditions during 
data collection. 

5.4 Soil cores 
In Papers 1 and 4, soil cores were collected in the gully and the fen study sites covered by 
UAV imagery. The soil cores add an important component to the analyses. They reveal the 
development of different sites and their characteristics in terms of methane production. 

In Paper I, three soil cores were collected at the gully site in 2018 while the gully was still 
developing. The cores were analyzed for organic matter content and 14C age in five layers, 
ranging from 0 to 60 cm depth. Additionally, samples of a segregated ice layer and the free air 
in recently formed cracks in the ground were analyzed for their content and isotopic 
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composition of methane. In Paper 4, five soil samples were cored in Rylekærene. The deepest 
centimeter of peat, the basal peat, was analyzed for organic matter content and 14C age. 
Additionally, the peat was analyzed for the abundance of the methanogenetic metabolism gene 
mcrA. 

The composition and age of the samples gave a sparse but valuable understanding of the 
processes taking place at plot to landscape scales in the valley over decades to millennia. The 
peat and methane-related processes acting on longer timescales can also indicate the direction of 
recent Arctic peatlands in the future. 

 

6 Key findings 
An overarching finding is that the methane emissions in Zackenberg Valley show substantial 
variability in net emission over time and significant spatial differences in methane emissions. 
The importance of Zackenberg Valley as a methane source is likely to increase over time. The 
increase in methane emissions in the future will most likely outbalance increases in methane 
uptake in a warmer climate in the study area. 

6.1 Gully erosion and methane 
Paper 1 showed abrupt changes in high-Arctic ecosystems following a 9-day intensive rain 
event in 2015 and an erosion event with an extremely large snowpack in 2018. In Zackenberg 
Valley and northeastern Greenland, increasing temperatures are expected to lead to more 
precipitation and more frequent extreme events (Bintanja and Selten, 2014; Vihma, 2014; 
Walsh et al., 2020), similar to what was presented in the paper. The rain event in 2015 led to 
substantial export of organic matter via the Zackenberg River and a strong reduction in the CO2 
uptake in the central valley. 

The erosion gully developed adjacent to the Zackenberg River, eroding a ~219 m2 area of barren 
and vegetated surfaces over 74 days. The erosion led to a ~360 m3 total loss of mineral and 
organic soils to the river and the atmosphere through oxidation. Most of the erosion occurred in 
41 days between late June and early August 2018. Organic matter and a segregated ice layer at 
30 to 60 cm depth were exposed while the gully developed. The segregated ice was rich in 
methane (~11 parts per million, ppm). The air in recently formed cracks had a methane 
concentration of ~30 ppm. In comparison, the ambient methane concentration was ~2 ppm 
nearby the Zackenberg Research Station during the measurement period. 

The gully likely formed due to increased soil temperatures, high meltwater runoff, and 
riverbank erosion. Until 2018, the area was most likely a minor methane sink, with an average 
uptake of circa –0.03 mg m–2 h–1 based on measurements in similar areas from Christensen et al. 
(2000), Tagesson et al. (2013), and Jørgensen et al. (2015). While the gully developed, the sinks 
had turned into a significant source, but the emissions could not be quantified with the available 
data. 

In Paper 2, the total area directly affected by the erosion was ~720 m2. The larger extent 
includes areas around the gully area that had settled or in other ways disturbed by the erosion. 
Measurements in late August 2019 showed that the eroded areas were a small source 0.05 mg 
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m–2 h–1, while the undisturbed areas surrounding the gully remained a sink. The gully may 
remain a minor source for the next decades until the area again becomes vegetated. 

Higher temperatures in the future will most likely lead to an increase in average methane 
emissions in Zackenberg Valley during the growing season. The average valley flux was 
estimated for the 21st century using a simple methane–temperature relationship (Geng et al., 
2019), finding that the projected increase in temperature leads to a substantial increase (+141%) 
in methane emissions in the late 21st century. The flux measurements from the erosion gully 
were used in a sensitivity study, which showed that even substantial erosion of up to 10 times 
the size of the eroded area in 2019 would have a very limited impact (~5 % reduction) on the 
average methane flux in the valley. 

Erosion caused loss of organic matter and increased draining, resulting in a mineral-rich and 
relatively dry gully with low methane emissions in 2019. Abrupt erosion can result in a diverse 
range of landforms (Kokelj and Jorgenson, 2013) and affect methane fluxes differently, 
depending on how erosion impacts drainage patterns and the lateral movement of sediments 
(Olefeldt et al., 2016). For instance, thermokarst lakes, which erode without draining, can result 
in considerable methane emission (Wik et al., 2016; Walter Anthony et al., 2018; Engram et al., 
2020). 

Paper 1 and 2, when combined, show that a warmer climate in Zackenberg Valley could 
develop into a larger source of methane than it was in the past decades. While erosion may be 
more widespread, their impacts on methane emissions may be relatively small. Still, large-scale 
erosion could also drain fens more efficiently, changing methane processes in the fen soils. 

6.2 Interannual methane variability at landscape scales 
In Paper 2, two 14-year methane flux time series are presented (Fig. 5). The time series show 
average landscape fluxes from 2006–2019 in the ~16 km2 valley floor and the ~1.3 km2 
Rylekærene study areas. A combination of automatic chamber measurements and a collection of 
the available methane flux data from previous studies in the valley were used to calculate the 
two time series. 

Figure 5 shows the calculated interannual variability. In Rylekærene, the extensive coverage of 
fens contributes the most to the average methane flux. The drier fen fringes, a 10 m transition 
zone along the edges of the fen areas, demonstrate more considerable relative changes between 
years. The fen fringes can change between relatively dry and wet conditions between years, 
explaining the higher variability in fluxes in those areas. 
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Figure 5: The landscape methane fluxes were calculated for two areas in the central Zackenberg Valley in 
Paper 2. Methane emissions from the fens and fen fringes are the main contributors to the average fluxes in 
Rylekærene, while other surface types are offsetting some of the emissions through methane uptake in 
heaths, Salix snowbeds, and fell and barren areas. Rylekærene is a part of the larger valley floor study 
area, which explains that the temporal patterns look similar. 

A larger proportion of drier surface classes, including grasslands, heaths, Salix snowbeds, and 
fell and barren, reduce the average methane flux in the valley floor study area. However, the 
variability is still driven by the changes in the fen and fen fringes, which explains the similar 
patterns in average flux over 14 years. 

Similar upscaled fluxes from other parts of the Arctic and boreal zone are in good agreement 
with the findings in this paper, e.g., North America (e.g., Bartlett et al., 1992; Roulet et al., 
1994; Andresen et al., 2017), Scandinavia (Christensen et al., 2004; Hartley et al., 2015), and 
Russia (Bosse and Frenzel, 2001; Morozumi et al., 2019). However, these landscape flux 
studies have limited temporal coverage. In comparison, Paper 2 presents the variability over 
more than a decade, firmly based on measurements in the field, which is unique in the Arctic. 

6.3 Near-surface methane concentrations 
Paper 3 presents a new UAV-based approach, which could be applied before installing methane 
flux chambers or micrometeorological towers to represent fluxes in a landscape better. The 
near-surface methane concentration (NSMC) could only be mapped under calm conditions (less 
than ~4 m s–1) in Rylekærene. The relatively simple setup could be used to detect minor 
differences of a few ppb in the methane concentration above the vegetation. 
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Although the differences were small, the NSMC were significantly higher over fen areas than 
over dry tundra (heath and Salix snowbeds) during five flights in August 2020. The higher 
methane concentration over the fens indicated higher methane fluxes in these areas. Higher 
NSMC were generally observed over three plots (heath, fen fringe, and fen), where methane 
fluxes were measured close to the same time as the flights. The median NSMC showed 
differences between the three plots ranging from 1 to 8 ppb, even though the differences in 
methane fluxes were significant between the plots ranging from a small uptake of less than –0.1 
mg CH4 m–2 h–1 to emissions of up to 3.86 mg CH4 m–2 h–1 over the fen. 

The UAV flights covered the southern part of Rylekærene, where most previous methane flux 
measurements had been carried out. Some concentration maps showed areas with high NSMC, 
which appeared to agree with the earlier studies in the area, and indicated new hot spots. 
However, these hot spots could not be validated by, e.g., mobile flux chamber measurements. 
Data from other flights contradicted the hypothesized link between NSMC and methane fluxes, 
when low NSMC were measured over the fens and high NSMC were measured over the dry 
tundra areas.  

Small differences in NSMC combined with changing wind directions and uncertainties 
introduced from the UAV and methane analyzer are the likely reasons for these inconclusive 
results. Measurements of the free air introduced several uncertainties. The propellers of the 
UAV caused significant disturbances to the environment below it, particularly during 
movement. Topography also influenced the measurements because the air inlet had to be located 
at a set distance close to the ground. As a result, it was challenging to maintain a steady 
measurement height above the surface during flights. 

The paper suggests several improvements to the method and shows what precision is required 
for future flights. A high-precision analyzer mounted on a larger UAV could increase the reach 
of the measurements and limit delay and disturbances introduced from the tube. Higher flight 
altitude could limit wind effects from the UAV propellers at the inlet close above the 
vegetation. Additionally, point measurements and the use of a miniature elevation logger near 
the inlet could limit variations in measurement height during flights and provide valuable data 
for subsequent analysis. Further, 1 Hz (or similar) wind measurements onboard the UAV could 
provide wind direction and speed data, which would help understand the spatial patterns in 
NSMC. 

This area of research is very new and currently in an early phase, meaning that the experience 
and suggestions featured in Paper 3 contribute to the field with new findings. Still, further work 
is needed to reliably predict hot spots, including onboard sensors and more detailed information 
on the methane sources. 

6.4 Emerging peatlands 
Paper 4 presents the hypothesis that the age and development stage of young peatlands have a 
large impact on methane fluxes. Based on a combination of analyses of the landscape 
topography, previous methane studies, and soil cores from Rylekærene, early results show that 
the fen ecosystems in Zackenberg Valley reach large methane fluxes after only ~100 years of 
peat development. While these fen ecosystems are CO2 sinks with high carbon sequestration in 
the fen vegetation, rapid initial development in methane emissions may have caused the fens to 
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become a net source of greenhouse gases on 100-200 year timescales, when considering the 
larger impact per unit on warming from methane than from CO2 (Forster et al., 2021). 

The results from the analysis showed high gene counts of methanogenetic bacteria in the basal 
peat. Relatively old basal peat was found near the central stream flow lines in the fen. The 
central flow lines indicate the areas where the peat formation originated. Initial results show that 
the abundance of methanogens was high in the oldest and deepest of the basal peat samples. 
This could indicate that the significant differences in the amount of peat formation in different 
areas of the fens could explain the significant spatial variability in methane fluxes. 

 

7 Conclusions and future directions 
The emphasis of this thesis was to gain a better understanding of the spatial and temporal 
variability in methane fluxes in Zackenberg Valley. Until now, the main focus of methane 
studies in the valley has been to understand seasonal variability within limited spatial areas. The 
work presented here shows that a broader spatial and temporal perspective is necessary to 
understand the sources of methane, both in Zackenberg Valley and elsewhere in the Arctic. 

The projected increases in extreme precipitation and thaw depths can cause large impacts on the 
carbon exchange in the Arctic, exemplified by two recent examples from Zackenberg Valley, 
described in Paper 1. An event in 2015 caused a significant reduction in CO2 uptake in the 
valley, while a 2018 event led to local erosion and rapid changes to the land-atmosphere 
exchange of methane. The two examples illustrate how short-term events in a more extreme 
future climate could cause sudden changes to the carbon exchange in high-Arctic ecosystems. 

Erosion events can occur on timescales of weeks and cause a short-term, local burst of methane 
to the atmosphere. The same events can change the surface fluxes and hydrology, impacting the 
local emissions for decades to come. However, concluding from Paper 2, on a landscape scale 
and in the context of climate change, the impacts of erosion are limited in Zackenberg Valley, as 
generally higher temperatures are projected to increase methane fluxes more than the changes in 
emission introduced from erosion.  

While the methane fluxes on a landscape scale are projected to increase substantially, a 
surprising finding was the scale of variability between different years in Zackenberg Valley. In 
the valley floor study area, average fluxes ranged from 0.18 to 0.67 mg m−2 h−1 during the 14 
year-long time series. 

The observed variability in methane fluxes only accounts for July and August. Limited by the 
length of earlier field campaigns, the duration of the study is restricted to a limited part of the 
year. In recent years, the methane fluxes outside the peak growing season have gained more 
attention, but methane flux data on different vegetation types during winter and the shoulder 
seasons are still sparse. Future studies on methane flux on the landscape scale should include 
flux measurements on different surface types for a larger part of the year, particularly the late-
season onset of freezing (Mastepanov et al., 2008), to gain a more comprehensive understanding 
of the interannual variation. 
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The spatial variability in methane fluxes was considerable, particularly in the fen areas, even 
when considering the different timing of measurements. This variability could partly be 
understood by separating these transitional areas of the fens in a separate surface cover 
category, fen fringes. Still, significant differences in fluxes remained further out in the fens. 

Therefore, future studies should focus on adding measurements covering the full topographical 
gradient from fen to the drier Cassiope and Dryas heaths. These measurements would add 
valuable knowledge of the fluxes in surface classes that experience large seasonal fluctuations 
in moisture, e.g., in grasslands that generally dry out during the growing season. 

Even with longer temporal and spatial coverage of methane flux measurements, the average flux 
in the fen areas would remain uncertain due to the large variability within the fen areas. Paper 3 
presented a simple approach to UAV-based methane concentration mapping. In its present state, 
several potential methane hot spots could be detected with the setup. Minor differences in 
concentration meant that disturbances from several sources were often greater than the 
measured differences. 

Paper 3 addressed these challenges by suggesting several suggestions to improve both the flight 
strategy and the UAV setup. The extra weight from a changed setup would require a larger 
UAV. However, it could drastically improve the coverage of measurements, potentially making 
it useful as a decision-making tool in connection with chamber placement in fen areas. 

In a larger perspective, further developments in methane concentration mapping could improve 
the validation of ecosystem models, which are currently limited by sparse data from the field. 
Detection of hot spots in areas with abrupt erosion is another use case for this type of UAV, 
which could help quantify the emissions during a methane burst. 

Paper 4 showed initial results indicating that the methane fluxes in wetlands increases rapidly 
with age. The age of the peat varies in the ecosystem, which could explain the high spatial 
variability in fluxes. On a larger scale, the rapid increase in methane fluxes could mean that 
Arctic peatlands turn into net sources of methane earlier than expected.  

Future work could include more detailed studies of methane flux on plot level, and 
accompanying soil cores, covering several transects over the main stream flow lines in 
Rylekærene. Such detailed measurements would be necessary to document this process and 
significantly increase the understanding of spatial variability in methane fluxes on the landscape 
scale over several centuries. 
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Figure S1. Incoming and outgoing (a) shortwave (SW) and (b) longwave (LW) radiation 

in Zackenberg during 1 June – 30 September 2015. Grey area indicates the rain event 

period 
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Synoptic conditions 

The synoptic conditions during the rain event in August 2015 in Greenland are illustrated 

by daily 500 mbar geopotential height, derived from NCEP reanalysis data (Figure S2). 

 

 

Figure S2. Geopotential height (500 mbar) covering central Greenland during the period 

8-15 August 2015. Images provided by Physical Sciences Division, Earth System 

Research Laboratory, NOAA, Boulder, Colorado, retrieved from their web site at 

http://www.esrl.noaa.gov/psd/.  
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Drone imagery 

Each image dataset is processed in Pix4Dmapper version 4.3.31. Pix4D offers an 

automated workflow, which utilizes structure-from-motion principles to extract 3D 

information from 2D images, by matching features between images captured from 

different positions and angles (Strecha, Küng, and Fua 2012; Westoby et al. 2012). 

Processed image datasets are exported as digital elevation models (DEMs), each 

containing detailed information about the elevation in the thermokarst area at the time of 

image capture. Information about the development of the thermokarst is extracted by 

tracking the changes in elevation in the DEMs between the four days. 

 

 

Table S1 – Summary of the specifications for each of the four flights. GSD is ground-

sampling distance, the maximum resolution of the orthophotos and digital elevation map 

products. GCPs is ground control points. 

Date Platform Sensor GSD 
(cm) 

Elev. 
(m) 

GCPs 
(#) 

Area 
(ha) 

Images 
(#) 

2014-08-23 Sensefly eBee Canon S110 9.4 ~ 300 NA 253 215 

2018-06-28 Sensefly eBee Parrot 
Sequoia 4.0 

4.7 ~ 50 3 7.6 556 

2018-08-07 DJI Phantom 
4 Pro 

Built-in 
sensor 

1.3 ~ 45 5 3.3 127 

2018-09-09 DJI Mavic 
Pro 

Built-in 
sensor 

1.0 ~ 30 5 1.7 150 
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Chemical analysis of segregated ice 

Three ice samples were collected within the segregated ice layer (30-60 cm depth) of the 

thermokarst soil profile for chemical analysis. The ice was melted in the laboratory at the 

Zackenberg Research Station and filtered through 0.22 µm Millipore GVWP filters 

within 24 hours of sample collection. Alkalinity was determined by Gran Titration within 

24 hours.  

Major cations (K, Na, Ca, Mg, S, Mn, Fe) were measured on a Varian 720 ICP-OES. 

Trace element (Si, Li, Ba, Sr) concentrations were determined on a Varian 820 ICP-MS. 

Samples were calibrated against synthetic multi-elemental standards. The accuracy of the 

measurements was assessed by repeat measurements of natural water certified reference 

materials SLRS-4 and TMDA-70. Measured values were within 5 % of certified values 

for Na, Ca, Mg, and Fe, and within 10 % for K, Mn, Li, Ba and Sr. 

Table S2. 
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Abstract 

Methane is an important greenhouse gas, and emissions are expected to rise in Arctic wetland 
ecosystems when temperatures increase due to climate change. However, current emission 
estimates are associated with large uncertainties because methane shows high spatial variability. 
A central problem is that existing methods are often spatially restricted due to limitations in 
access, cost, power availability, and in need of high maintenance levels. Our study explores how 
a setup consisting of an unmanned aerial vehicle and a high-precision trace gas analyzer can 
complement well-established methods, like mobile flux chambers and eddy covariance towers, 
by providing independent maps of spatial variability in emissions at the landscape scale. 

In Zackenberg Valley, Northeast Greenland, we mapped concentration measurements from a 
high-precision trace gas analyzer with a reported precision of 0.6 parts per billion in a high-
Arctic tundra fen ecosystem. We connected the analyzer via a long tube to a consumer-grade 
quadcopter, finding that the combined setup could differentiate near-surface methane 
concentrations of less than 5 parts per billion within a few meters under favorable weather 
conditions. Five of ten campaigns showed that relative methane concentration hot spots and 
cold spots significantly correlated with areas showing relatively high and low emissions 
(ranging from 1.40 to 7.4 mg m–2 h–1) during study campaigns in previous years. Concurrent 
measurements in a stationary automated chamber setup showed comparatively low methane 
emissions (~0.1 to 3.9 mg m–2 h–1) compared to previous years, indicating that a further 
improved UAV-analyzer setup could demonstrate clear differences in an ecosystem where 
methane emissions are generally higher. Calm conditions with some degree of air mixing near 
the surface were best suited for the mapping. Windy and wet conditions should be avoided, both 
for the reliability of the mapping and for safely navigating the unmanned aerial vehicle. 

1 Introduction 

Methane is a greenhouse gas produced in anaerobic, carbon-rich environments, including Arctic 
wetlands (Canadell et al., 2021), covering 3.7 ± 0.5 million km2 (Hugelius et al., 2020). Overall, 
wetland emissions play an important role in the atmospheric budget of methane (Kirschke et al., 
2013; Treat et al., 2018; Saunois et al., 2020), but only very sparse observations of methane 
emissions exist in the Arctic. High logistical demands, limitations in power availability, and 
high maintenance cost limit the coverage of observations, meaning that only ~7 % of methane 
observations are located north of 50° N in the global FLUXNET network (Morin 2019). 
Methane emissions are highly spatially variable (Olefeldt et al., 2013; Davidson et al., 2016; 



83 
 

Kuhn et al., 2021), which requires a careful selection of measurement plots to represent 
composite ecosystems accurately. Methane emissions are usually measured by two common 
methods: flux chambers (Bartlett et al., 1992; Christensen et al., 2004; Tagesson et al., 2013) 
and micrometeorological (eddy covariance, abbreviated EC, and related) methods (Fan et al., 
1992; Friborg et al., 2000; Wille et al., 2008; Jackowicz-Korczynski et al., 2010; Parmentier et 
al., 2011; Tagesson et al., 2012). These methods each have their strengths and limitations. 
Manual flux chambers are highly flexible and relatively cost-efficient. They can be installed on 
numerous plots over a relatively large area, covering different vegetation classes and 
environmental conditions within these classes (Christensen et al., 2000; Kuhn et al., 2021). 
However, manual flux chamber measurements require moving a methane analyzer and chamber 
equipment from plot to plot through a field season, which may cause biases in terms of temporal 
and spatial coverage, and soil disturbances at the plots (Wang et al., 2013; Oberle et al., 2019). 
Flux chamber measurements can also be automated (Mastepanov et al., 2013), but this approach 
trades flexibility and areal coverage of the manual chambers for continuous measurements at a 
few plots. The EC systems are mostly stationary, but statistical analyses allow for the spatial 
allocation of methane fluxes. (Reuss-Schmidt et al., 2019; Tuovinen et al., 2019). Tower-based 
EC systems cause minimal disturbance to the site and require comparatively little maintenance, 
making year-long measurements series possible (Zona et al., 2016; Taylor et al., 2018), but do 
not provide the specific source identification of the fluxes that the chamber systems do. 

Landscape flux estimates can be based on flux measurements using flux chambers or EC towers 
covering different surface classes, which are combined with a surface classification map or 
satellite data for upscaling (Tagesson et al., 2013; Hartley et al., 2015; Andresen et al., 2017; 
Davidson et al., 2017; Morozumi et al., 2019; Tuovinen et al., 2019). Such landscape fluxes 
may be based on measurements covering relatively small areas, which may not accurately 
represent the full range of fluxes in the landscape. High spatial variability in methane fluxes, 
including variability within surface classes, may lead to studies over or underestimating the 
upscaled flux. Hill et al. (2017) argued that several EC towers could make larger ecosystem 
estimates statistically more robust, but the installation of several low-cost EC towers may still 
be suited for Arctic field sites. 

UAVs and airplanes are alternative ways to increase the spatial coverage of methane flux or 
concentration measurements at either landscape or regional scales. While fluxes from arctic 
ecosystems have been measured using EC methods from airplanes (Dobosy et al., 2017; 
Kohnert et al., 2017; Sayres et al., 2017), the same has not yet been the case for UAVs, 
primarily due to high sensitivity to disturbances of propeller wash from UAVs (Shaw et al., 
2021). 

UAVs have been used to measure methane concentrations and fluxes in several studies, most of 
which over high-emission sites. Shaw et al. (2021) provide an overview of the current state of 
UAV-based methane measurements. This field of study has developed rapidly over the recent 
years, and studies include measurements over actively eroding coastal terrain (Oberle et al., 
2019), natural gas from controlled release experiments (Golston et al., 2018; Shah et al., 2019b; 
Rutkauskas et al., 2019) and landfills and sludge deposits (Emran et al., 2017; Allen et al., 2019; 
Gålfalk et al., 2021). Few published studies focus on methane measurements over undisturbed 
natural terrains in the Arctic (Berman et al., 2012). Still, the current developments in sensors 
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and platforms allow for UAV-based measurements to make spatial upscaling of fluxes more 
robust, including arctic ecosystems. 

While UAVs can cover whole ecosystems, detailed flux estimates derived from only a UAV 
may be challenging to reach currently. Here we suggest an alternative approach using UAVs for 
mapping methane concentrations in a remote high-Arctic landscape. The near-surface methane 
concentration (NSMC), here referring to the lowest 0.5 m above ground, is elevated in methane-
producing environments under calm conditions. In this study, we investigate the relationships 
between NSMC and methane flux. The hypothesis is that this approach can correctly identify 
areas of relatively high flux. Furthermore, the application of this method may direct future 
methane flux studies into selecting measurement plots that better represent the range of methane 
fluxes in an ecosystem and further improve the scaling of methane fluxes to the landscape level. 

2 Materials and methods 

2.1 Site description 

This study took place in Rylekærene (74.48° N, 20.56° W), the central fen in the high-Arctic 
(Meltofte and Rasch, 2008) Zackenberg Valley, northeast Greenland. The fen covers an area of 
approximately 1.3 km2, crossed by a southwest flow of water running from the slopes of 
Aucellabjerg to the adjacent Zackenberg River (Tagesson et al., 2013). Lateral moraines and 
heaths confine the fen to the north and south (Cable et al., 2018). Rylekærene is located ~1.5 km 
northeast of the Zackenberg Research station and ~1 km north of the climate station. During the 
short Arctic summer, mean temperatures reach 7 to 9 °C in July, and the annual mean 
temperature was –8.6 °C, and the yearly total precipitation was 253 mm in 2008–2018 (López-
Blanco et al., 2020). The fen is located on continuous permafrost with thaw depths reaching 0.4 
to 0.55 m in August (Mastepanov et al., 2013). Rylekærene consists of wetland areas, including 
both continuous and hummocky fens, dominated by Dupontia psilosantha and Eriophorum 
scheuchzeri, and high, drier tundra areas covered in Salix arctica and Cassiope tetragona (Bay, 
1998). 
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Figure 2: Left: Map of the study area (black box) and its location in Zackenberg Valley in northeast Greenland, north 
of the Zackenberg research station and the climate station. Right: Detailed map of the study area covering a range of 
ecosystems in the fen. The spatial coverage and the number of repeated measurements (#) with the telescopic pole 
setup (hatched hexagons) and the UAV setup (filled hexagons) are shown. Image sources: Esri 2021 ©, GEM 2014 
and 2020. 

 

Rylekærene has been the primary site for methane flux measurements in Zackenberg Valley 
since the earliest studies in 1997 (Scheller et al., in press). The first two campaigns by 
Christensen et al. (2000) and Friborg et al. (2000) took place in the center of the fen, north of 
the inset in Fig. 1. Several studies have since then used the two permanent monitoring sites 
marked in Fig. 1; the automated chambers (AC) and the MicroMet2 (MM2) EC site for methane 
measurements (Mastepanov et al., 2008; Ström et al., 2012; Tagesson et al., 2012; Mastepanov 
et al., 2013); Falk et al. (2014); (Pirk et al., 2016; Mastepanov et al., in prep., 2021). Methane 
fluxes were also measured during campaigns elsewhere in the fen during studies by Joabsson 
and Christensen (2001), Tagesson et al. (2013), and Ström et al. (2015). 



86 
 

The measurements for this study took place in early to mid-August 2020, during five UAV 
flights and five walks using a telescopic pole in the study area covering the southernmost part of 
Rylekærene. The area covered by the two methods was ~400 m in the north-south direction, 
mainly concentrated along the boardwalks between the AC and MM2 sites, as the reach from 
the boardwalks limited the coverage of concentration data. 

2.2 Measurements 

We collected data on NSMC during calm and dry weather and primarily during the daytime to 
avoid stable conditions with a layer of relatively cold air near the ground (see Fig. S1). These 
requirements limited the collection of data during the fieldwork for several reasons: 

 Calm weather was required for detecting differences in methane concentration, as 
strong winds would dilute the NSMC in the fen. 

 The UAV proved challenging to maneuver in winds >3 m s–1 with the setup described 
here. 

 Rainy conditions and wet vegetation increased the risk of damaging both the gas 
analyzer and the UAV. 

 Strong layering of the air near the surface during stable conditions would result in 
highly elevated methane concentrations in some areas. 

2.2.1 Methane measurements using Unmanned Aerial Vehicle 

We used the UAV setup during five campaigns (see Table S1) during relatively calm, near-
neutral/unstable conditions on 9, 10, 12, 13, and 16 August, based on the categorization of 
Rodrigo et al. (2015). We used the UAV for another flight during extremely stable conditions 
on the night of 16 August, when the area was covered in the shade from the surrounding 
mountains. Cooling of near-ground air and strong air layering meant temporary very high 
methane concentrations over both heath and fen areas, which appeared to be decoupled from the 
surfaces below. The results are omitted from the analysis, but it suggests a limitation of the 
methods described here. 

We measured the NSMC close to the surface, within ~0.3 m from the top of the vegetation. The 
vegetation in the area mainly consists of Cassiope tetragona and Salix heath on the drier fluvial 
deposits and mixed Dupontia psilosantha, Carex sp., and Eriophorum scheuchzeri underlain by 
mosses (Ström et al., 2015) in the low-lying fens.  

We used a LI-COR LI-7810 Trace Gas Analyzer (LI-COR Biosciences, 2020) connected to a 
DJI Phantom 4 Pro quadcopter via a 2.5 mm diameter unreinforced PVC tube. The analyzer 
uses optical feedback cavity-enhanced absorption spectroscopy with a precision of 0.6 ppb at 1 
Hz at ambient methane concentrations and a listed 0.25 L min–1 flow rate of air (LI-COR 
Biosciences, 2020). The tube was 97 m long during the 9 and 10 August flights but was later 
shortened to 27 m to improve maneuverability and control of the UAV while flying. We 
connected the tube to the base of the UAV 3.2 m above the inlet. This length was a compromise 
between improving maneuverability, limiting the weight of the tube, and limiting propeller 
wash from the UAV. The vertical wind speed from the UAV while hovering was measured with 
a handheld anemometer to ~1 m s–1. The UAV setup required two people; one was flying the 
UAV and carrying the ~11 kg analyzer strapped to a pack frame, while another assisted with 
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keeping the tube organized during flights and helping during take-off and landing on the narrow 
boardwalks in the fen. 

We operated the UAV at low speeds (~0.5 m s–1) without a preprogrammed route, allowing 
continuous adjustments to adapt to topographical differences, wind gusts, and friction from the 
tube running over the vegetation. The tethered UAV could reach ~20 m on each side of the 
boardwalk, with each of the five batteries allowing 16 to 18 min of measurements. In addition, 
we took systematic measurements over three surfaces with known methane fluxes at the 
beginning of each flight: the heath, with fluxes based on previous studies (Christensen et al., 
2000; Tagesson et al., 2013; Jørgensen et al., 2015), and the mean daily flux at the inner and 
outermost AC chambers (herein called the Fen fringe plot and the Fen plot). We measured the 
NSMC ~30 cm above the vegetation with the UAV for ~2 min. 

2.2.2 Methane measurements using a telescopic pole 

In addition to measurements with a UAV, we measured NSMC with a telescopic pole during 
five campaigns on 3, 6, 9, and 16 August at different times of the day during calm weather. This 
setup was used to identify and discuss how the current UAV setup may affect the measured 
concentrations, and the details on the campaigns are listed in Table S2. One additional 
campaign took place during stable conditions, which rendered the collected data unsuited for 
analysis. The analyzer was connected to a 10 m polyurethane tube with an inner diameter of 5 
mm. The tube ran inside a 9 m telescopic pole, protruding from the outer end of the pole and 
pointing towards the ground. We could not utilize the entire pole length, but it gave an extended 
reach of ~5 m. A hex nut tied to a string was connected to the end of the pole as a makeshift 
visual guide, ensuring that measurements took place at a relatively consistent height (~0.2 to 0.3 
m) above the vegetation. We collected time and position data on an Android smartphone 
strapped to the pole end running the BasicAirData GPS Logger app. The reported accuracy of 
the spatial data was 4 m, logged at 1 Hz using the Galileo network, but is estimated to <1 m 
when compared to the details on the map of the area. 

The campaigns took place along existing boardwalks in the fen in the vicinity of the two 
existing flux measurement sites, AC and MM2, along the edge of the fen while walking on the 
dry tundra, with walking speeds varying between ~0.1 to 0.5 m s–1. Point measurements were 
done over the same three surfaces, as described earlier for the UAV setup. 

2.2.3 Flux measurements from stationary instrumentation 

We calculated fluxes from the Fen fringe and Fen plots at AC with the methods described in 
Mastepanov et al. (2013). At the AC site, a total of 10 chambers were connected via tubes to a 
cavity-ring down laser spectrometer LGR Greenhouse Gas Analyzer model 907-0010 (Los 
Gatos Research, 2018), measuring changes in methane concentration over 5 min. Each chamber 
repeats the measurement every 1.5 h. For this study, the mean daily flux was calculated for the 
Fen fringe and Fen plots. The fluxes measured at the Fen fringe and the Fen plots were 
compared with the NSMC measurements. Meteorological data during the campaigns were 
collected at MM2 (Tables S1 and S2), following the ICOS protocol (Rebmann et al., 2018), and 
processed using the EddyPro software (Li-COR Biosciences, 2019) in 5-min intervals. 

2.3 Data processing 
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2.3.1 Data preparation 

We processed the encrypted flight records from the five UAV flights with the software 
CsvView (Datfile.net, 2021). The estimated spatial accuracy of the UAV was <2 m when 
compared to a detailed orthophoto of the area. We estimated the measurement height by 
subtracting the length of the hanging tube from the elevation data from the UAV. Only 
measurements obtained in the interval from –0.2 m to 1 m were processed further. We included 
slightly negative heights because the tube would not always stay directly beneath the UAV but 
instead trail behind it due to the wind. Changing topography and patchy vegetation meant that 
measurements of up to 1 m were included, although the actual height over the vegetation was 
<0.5 m. The time lag from air moving through the tube was measured directly in the field as 113 
s (97 m tube) and 26 s (27 m tube). We subtracted the time lags from the UAV data to match the 
analyzer data and combined the data into a single dataset. 

We filtered data further to increase the reliability of the measurements. We excluded the first 
and last 30 s because this data could have been contaminated during take-off and landing. In 
addition, we omitted measurements taken while the UAV was moving at speeds faster than 0.3 
m s–1 vertically and 1.5 m s–1 horizontally to limit the most pronounced effects from changes in 
air movement caused changes in the propeller wash from the UAV.  

The telescopic pole provided a dataset in 1 Hz resolution, but the spatial data contained no 
information on the height above the surface. So instead, we carefully held the inlet at a near-
constant height during the campaigns. We filtered and processed data with R (R Core Team, 
2021) and QGIS (QGIS.org, 2021). Position logs and gas analyzer data were combined in a 
single table based on the shared timestamps while compensating for the time lag from air 
moving through the tube (44 s). 

We treated the spatial concentration data from the UAV and telescopic pole campaigns 
identically during data processing. In addition, the nearby MM2 tower provided data on the 
meteorology in 5-min resolution during the campaigns, summarized in Table S1 and Table S2. 
Which is shorter than typically used in EC calculations, e.g., (Lund et al., 2012; Tagesson et al., 
2012)). 

2.3.2 Data analysis 

We split the concentration data from each campaign into two groups based on their location in 
the study area. Most of the collected data would fall into one of two simplified surface cover 
types in the area, either fen (continuous and hummocky fen) or dry tundra (heath types, 
grasslands, and Salix snowbeds). We compared data from each surface type according to their 
location, following the hypothesis that the fen areas, a methane source, would show different 
and higher concentrations than the dry tundra areas, which are often methane sinks (Christensen 
et al., 2000; Tagesson et al., 2013). We treated all the campaigns by themselves, using boxplots 
and the nonparametric Mann-Whitney U significance test, as the background levels of methane 
would fluctuate over time. 

We collected NSMC data at the beginning of each campaign over a heath area and the relatively 
dry Fen fringe and wet Fen plots. We compared pairs of groups again using the Mann-Whitney 
U test. Here, we measured NSMC while the methane fluxes were measured in two of the 10 
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automated chambers. Fluxes measured in previous studies in the area (Christensen et al., 2000; 
Tagesson et al., 2013; Jørgensen et al., 2015) provided us with an estimate of the methane flux 
on the heath. These point measurements assisted us in identifying if NSMC increases with 
higher methane fluxes, which may be found elsewhere in the study area, and if we could detect 
those differences over relatively short distances (15 to 25 m). 

Using QGIS (QGIS.org, 2021), we grouped spatial data of methane concentrations from each 
campaign into grids of 10 m regular hexagons. Only hexagons containing more than 10 point 
observations were used. The median methane concentration inside each hexagon is a suitable 
measure of the local concentration, as it is less sensitive to extreme values. However, methane 
concentration levels and their range vary between campaigns, which prevents a direct 
comparison between the campaigns. Instead, we grouped the hexagons into five quantiles, 
which allowed us to identify areas with relatively high and relatively low methane 
concentrations. 

Several studies and monitoring efforts have documented the spatial variability in methane fluxes 
in Rylekærene (Scheller et al., in press). Using data from the AC between 2006 and 2019 as 
baseline (Fbaseline) and the measured methane flux in other areas of Rylekærene during the same 
periods (Fcampaign), we calculated a flux index (Fi) by dividing the mean flux measured in each 
study with the mean methane fluxes measured at the AC, i.e., Fi = Fcampaign / Fbaseline. 

All studies provided a beginning and end date for the flux measurements. We filtered data from 
the automated chambers to fit the exact period where both measurements took place. Dividing 
the campaign fluxes with the AC fluxes gave a result that showed the spatial variability of 
methane flux while limiting the impact from temporal variability. 

The flux index allows us to estimate the relative spatial variability in fluxes in an ecosystem 
when the driving climatic factors are roughly equal. The mean value is used if the same site was 
measured over several years or covered in several studies. The calculated flux index represents 
an area covering the site of each study, 30 m in diameter. The circle is adjusted to fit the 
boundaries of the fen. The flux index at the dry tundra is set to zero. We tested the correlation 
between NSMC and the flux index using the nonparametric Kendall’s τB (Tau-B) correlation 
test, which compares parameters on an ordinal scale. 

3 Results  

3.1 Variability over fen and dry tundra surfaces 

UAV-based campaigns over the fens generally showed higher methane concentrations than over 
dry tundra (Fig. 2). For all flights, methane concentrations did not show normal distribution. 
The lowest concentrations were either equal to or higher than the background concentration of 
methane during the flights. Several flights showed highly elevated methane concentration, with 
a small percentage of measurements reaching almost twice the background concentration (3865 
ppb). Measurements over 1990 ppb are considered outliers. These measurements were typically 
found in small groups scattered over the fen, which were omitted from further analysis. The data 
showed some overlap between groups, and the size of the groups is very different. The median 
concentration was, however, persistently higher over fen areas. 
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The spatial variability of NSMC is shown in Fig. 2, both within and between the two surface 
types, but it also indicates variability over time. The median concentration over fen areas 
fluctuated by up to 7 ppb between flights. The lowest concentrations were identical between the 
two groups for each day and corresponded to the measured ambient concentration on those 
days, varying between 1938 and 1944 ppb. 

Statistical differences between dry tundra and fen are tested nonparametrically with the Mann-
Whitney U test. The distribution of the measurements over the two surface types differed during 
the first three flights. During the two first flights, the variability is relatively small for the dry 
tundra group. The variability of measurements over the dry tundra is higher for Flights 4 and 5, 
which also show a comparable distribution of measurements between the two surface types. The 
difference in concentration mean ranks between groups is highly significant (Mann-Whitney U 
Test, p ≤ 0.0001, equal to ****). The similar distribution of the data collected during Flight 4 and 
Flight 5 further shows that the medians during these two flights differ significantly over the two 
surface types. 

 

Figure 2: Near-surface methane concentration (NSMC) measured using the UAV setup over two surface types during 
five flights. The NSMC is measured every second and shown here as a point, while the overlapping boxplots show 
summary statistics. The mean value is shown as a white dot. Measurements higher than 1990 ppb are considered 
outliers and excluded from the plots. Asterisks indicate the level of significance between pairs of the datasets using 
the Mann-Whitney U test. 
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The NSMC data from the campaigns using the telescopic pole summarized in Fig. 3 appear 
similar to the UAV campaigns, but the differences in concentrations are larger between 
campaigns, with median concentrations over the fen areas fluctuating by up to 27 ppb. 
Distributions are non-normal, but the distributions of measurements are relatively narrow over 
the dry tundra, except for Walk C. The measurements over the fen have a wider range than over 
the dry tundra. The mean ranks are significantly different (****), but the marked difference in the 
dispersion of the data pairs limits interpretations on the difference in medians. The fen data is 
generally positively skewed, but the concentration plots in Walk C indicate two different 
distributions within the groups. The telescopic pole observations showed fewer outliers than the 
UAV campaigns. 

 

 

Figure 3: Near-surface methane concentrations (NSMC) measured using a telescopic pole setup on two surface types 
during five campaigns on four different days. Each observation is shown as a point, and boxplots show summary 
statistics and white dots show the mean values. Outliers above 1990 ppb are excluded from the plots. All pairs of 
observations are significantly different (Mann-Whitney U). 
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3.2 Variability over three plots 

Measurements of NSMC using the UAV setup are shown in Fig. 4 over the three plots, but no 
data were available for the Fen fringe during Flight 2. The UAV hovered over the plots for 
approximately 2 min (ranging from 1:27 to 3:40 min). The measurements consistently show low 
concentrations over the heath, with higher concentrations measured over the Fen fringe and the 
Fen plots. The data collected while hovering do not show normally distributed concentrations. 
During Flight 5, concentrations were higher over the Fen fringe than over the Fen. 
Concentration data from the Fen fringe and Fen plots show relatively high variability, and the 
groups overlap during most flights. Still, the mean ranks are significantly different between the 
three plots, ranging from p ≤ 0.01 (**) to p ≤ 0.0001 (****). Methane fluxes measured at the 
chambers show a substantial difference from a minor uptake to daily mean emissions ranging 
from 0.10 to 0.17 mg CH4 m–2 h–1 at the Fen fringe and from 1.60 to 3.86 mg CH4 m–2 h–1 at the 
Fen plot. The differences in median NSMC range from 1 to 8 ppb between measurements in the 
heath and the fen areas, even though the methane flux is relatively high at the Fen plot. During 
Flight 5, the Fen fringe plot showed higher NSMC than the Fen, even though the flux was lower 
at the Fen fringe. 

 

Figure 4: Stationary NSMC measurements over three plots are compared. The daily mean methane fluxes are shown 
for comparison. All the flights show significantly different concentrations (Mann-Whitney U) at p ≤ 0.05 (*), but the 
concentration did not increase with the higher flux during Flight 5. 
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Measurements of NSMC, measured using the telescopic pole, are shown in Fig. 5 over the same 
three plots as shown in Fig. 4. The measurements show minimal variability in the concentration 
over the heath area during all five campaigns, with measurements ranging ~2 ppb. The 
measured concentrations, and their variability, are higher for the Fen fringe and Fen plot 
measurements. The mean ranks differ significantly between all three groups during Walks A, B, 
C, and D. During Walk E, the overlapping data between concentrations from the Fen fringe and 
the Fen plots did not show a significant difference (p = 0.57, ns). Both the NSMC and the 
methane flux were higher over the Fen site, but the large difference in flux between the plots 
between the heath, Fen fringe and Fen plots was limited to differences in mean concentrations 
ranging from 4 to 20 ppb. 

 

Figure 5: Stationary NSMC measurements over three plots during the five pole-based surface concentration walks 
and the mean methane flux on the day of the walks. In most cases, datasets differ significantly (Mann-Whitney U), 
but this was not the case during Walk E (p > 0.05, ns) at the Fen fringe and the Fen plots. 

 

3.3 Flux index map 

In Fig. 6, areas were colored according to their flux index. For each site, the flux index changes 
from one year to the next. In Tagesson et al. (2013), the fluxes measured east of MM2 in 2007 
were 1.6 times higher than the fluxes at AC in the original six chambers. The flux index was 1.7 
in Ström et al. (2012), measured at MM2 in 2007, but the mean flux index at this site was higher 
because of the relatively high flux index calculated for Falk et al. (2014), which ranged from 4.2 
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to 13.5 between 2009–2012. The original six chambers at AC have a defined flux index of 1, 
while the more recent four chambers at AC range from 1.5 to 7, lowest in 2017, and the highest 
in 2014. The flux index on the dry tundra is estimated to be ~0, based on measurements from 
1997, 2007, and 2012. The mean flux index estimates how one site ranks relative to another, 
used in Kendall’s τB test. 
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Figure 6: The mean flux index for different parts of the study area in the southern part of Rylekærene. Compared with 
the original six chambers, all other studies found higher methane fluxes. This map shows how much higher or lower 
the relative fluxes were in different areas compared to the AC data during the growing season, using the same time 
intervals in the study area. The fluxes in the uncolored land areas are unknown. Image source: GEM 2020. 
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The correlation values between the median NSMC for the five UAV campaigns and the flux 
indexes are shown in Table 1, where the two datasets intersect. Most hexagons with high 
median concentrations were in the fen, and some of these occurred around MM2, where the flux 
index was also highest. Most of the lower NSMC areas were found in the dry tundra, but some 
lower measurements were found in the fens. 

The median concentrations correlated significantly (Kendall’s τB test: p ≤ 0.01, ** and p ≤ 0.01, 

***) with the flux index for the polygons shown in Fig. 6 during three of the five flights (see 
maps in Figure S2). The datasets only partly overlapped, but the NSMC indicate that the study 
area contains relative methane hot spots, which have not yet been identified in flux 
measurements. Although the coverage of the NSMC measurements was generally smaller 
during the five walks using the telescopic pole setup, a similar significant correlation was found 
for two of the five walks. Non-significant correlation was found during Flight 4 and 5 and 
during Walk B, C, and E. During these campaigns, relatively low NSMC were measured near 
MM2, and high NSMC were measured over the heath. 

Table 1: The five UAV flights and the five telescopic pole walks partly overlapped areas, where flux measurements 
have taken place during previous studies. Kendall’s τB tests show that NSMC increased significantly over likely 
methane hot spots during three of the five flights and during two of the five walks. 

Campaign Total hexagons Intersecting hexagons Kendall’s τB Significance level 

Flight 1 72 36 0.42 *** 

Flight 2 86 31 0.48 *** 

Flight 3 108 37 0.4 *** 

Flight 4 205 82 0.09 ns 

Flight 5 141 47 0.06 ns 

Walk A 38 19 0.54 ** 

Walk B 31 13 0.3 ns 

Walk C 19 14 0.32 ns 

Walk D 100 66 0.29 *** 

Walk E 87 57 0 ns 
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4 Discussion 

Complex biotic and abiotic interactions drive wetland methane fluxes, including plant 
composition (Bridgham et al., 2013; Ström et al., 2015), organic matter quality (Wagner et al., 
2005), microbial communities (McCalley et al., 2014), soil temperature, water table level, and 
permafrost characteristics (Moore et al., 1994; Lai, 2009; Olefeldt et al., 2013). This complexity 
will cause variability in methane fluxes over short distances, even in a seemingly homogenous 
ecosystem. With the technique presented in this study, even minor differences in NSMC could 
reflect hot and cold spots, despite continuously changing conditions from winds, stability, and 
surface characteristics. We argue that this method, with further refinement, could assist in 
improving spatial upscaling of methane measurements through direct measurements of the 
variability of methane concentrations in wetland areas. 

4.1 Methane concentration differences over fen and dry tundra 

Measurements of NSMC over two generalized surface classes are shown in Fig. 2 and Fig. 3. 
These classes differ in several ways, most notable being their vegetation type and water table 
level. The dry tundra class in this study area consists of mixed Salix snowbeds, Dryas heaths, 
and grasslands. The methane flux is relatively low in these three surface classes compared to the 
fen areas, and both Salix snowbeds and Dryas heaths are shown to have a low net methane 
uptake. 

We expected very little change in NSMC compared to the background concentration, given the 
small size of the uptake on the dry tundra. Similarly, we expected higher concentrations over the 
fen because of the higher flux in this area. The results show the expected outcome, but with only 
slightly higher methane concentrations over the fens than over the dry tundra. Several special 
conditions impact this overall pattern. 

In several instances, e.g., during Flight 3 and 4, sequences with very high concentrations 
appeared, and many of them were treated as outliers, although they may hold signals of locally 
higher emissions. However, typically after a rapid increase in NSMC, the concentration in the 
following measurements gradually decreased to a level within the normal measurement range. 
In such cases, it could not be excluded that the reason for the rapid change was shallower 
measurement height, as the higher concentrations coincided with a slight reduction in recorded 
flight elevation, combined with a memory effect, caused by methane adsorbing to the inner 
walls of the PVC tube. Variations in vegetation height and the 0.1 m resolution of the UAV 
altitude measurement show a limitation of the method, which could be solved by mounting a 
small optical distance sensor near the inlet, logging its height above the ground. 

We observed a vertical gradient in methane concentrations during measurements. This gradient 
is likely smaller in the fen than in the dry tundra areas because of a larger roughness length over 
the taller fen vegetation. The smaller gradient may have increased the NSMC in the fen areas, 
but the effect could not be quantified in the field. The primarily unstable conditions during 
flights, combined with propeller wash, and variable wind speed direction, may have diminished 
the impact of roughness length differences.  

Apart from the very high concentrations covered above, variations in measurement height 
during the flights appear to cause 5 to 10 ppb variability over the fen areas. Elevation changes 
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impact the measurements over the dry tundra less. Meanwhile, it is also more challenging to 
maneuver the UAV at a constant elevation over fens with taller vegetation and more complex 
topography than the relatively smooth fluvial deposits of the dry tundra. The elevation was more 
consistent during the campaigns using the telescopic pole, explaining the generally lower 
variability in those measurements over both surface types.  

Both measurement setups show high NSMC over dry tundra downwind from fen areas. 
Similarly, low NSMC were observed in fen areas downwind from dry tundra, indicating that 
measurements from ~0.3 m above the vegetation were still affected by calm winds (<4 m s–1). 
This issue could partly be solved by measuring only during very calm weather. A further 
improvement would be high-frequency measurements (e.g., 1 Hz) of wind speed and direction. 
Such measurements could enable estimates of the source area of the measured air. 

Hugenholtz et al. (2021) reported a minor drift (<1 s during 5 h) in the internal clock of the 
same model of the LI-COR analyzer. The drift and the memory effect could have offset the 
concentration and location data by up to 10 s for the UAV. This time difference corresponds to 
~5 m spatial offset. However, the slower movements and the shorter tube mean that these issues 
are negligible for the telescopic pole setup. 

4.2 Detection of local differences in methane concentration 

Stationary measurements over the Heath, Fen fringe, and Fen plot show significant differences 
between the concentration measurements in 9 of 10 flights and walks (Fig. 4 and 5). The 
variability over the Fen fringe and the Fen plots is high, compared with the measurements over 
the Heath plot. Several boxplots in Fig. 4 and 5 show similar concentrations over the Fen fringe 
and the Fen plots, indicating similar fluxes at these two sites. However, the flux measurements 
at the two chambers show large differences, with low methane fluxes at the Fen fringe plot and 
fluxes ranging nearly 11 to 26 times higher at the Fen plot. The variability is higher during the 
UAV flights, which indicates that propeller wash from the quadcopter adds to the mixing of air 
underneath it. We measured downward wind speeds of ~1 m s–1 near the surface under the 
UAV, which is less than estimated in other studies, e.g., (Villa et al., 2016; Brosy et al., 2017; 
Lampert et al., 2020), both because the quadcopter in this study is relatively small, and the 
measurement took place at a greater distance from the UAV. 

Several detailed studies of methane fluxes have taken place in Rylekærene, but few of these 
studies have occurred in the same year. Environmental conditions change between years, e.g., 
date of snowmelt (Pedersen et al., 2016), soil temperatures (Christensen et al., 2020), air 
temperature, precipitation, and photosynthetic activity (López-Blanco et al., 2020). These 
temporal changes significantly impact fluxes, e.g., Scheller et al. (in press) found landscape-
integrated fluxes in Rylekærene ranging from 0.98 to 3.26 mg CH4 m−2 h−1 in the 2006–2019 
period suggesting that temporal variability may exceed spatial differences in fluxes. Despite the 
variability in the flux index between years, a pattern emerges in Rylekærene, showing that some 
areas are likely to have a relatively high methane flux compared to others. 

The size of the polygons representing the flux index was chosen as a compromise between two 
considerations; the areas needed to be small enough to be a good representation of methane 
fluxes and large enough to cover some of the observations from the pole and UAV data. Some 
methane flux studies in Zackenberg Valley are not included in Fig. 6 (Christensen et al., 2000; 
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Friborg et al., 2000; Joabsson and Christensen, 2001; Tagesson et al., 2012; Falk et al., 2015; 
Ström et al., 2015). The timing of the studies needed to be concurrent with monitoring at the AC 
to identify the relative increase or decrease in fluxes, and we included only studies using flux 
chambers to limit biases introduced from differences between the EC and chamber methods. 
Additionally, we only included studies carried out close to the MM2 and AC sites shown in Fig. 
1. 

The concentration data summarized as hexagons show a significant correlation (Kendall’s τB) 
with the flux index during half of the campaigns. Even though different parts of the fen were 
covered at different times during the campaigns, some areas appear to have generally higher 
NSMC than others. For example, methane concentrations increased in some areas near the 
MM2 tower during Flights 2 to 4 and Walks C to E. Relatively high fluxes were observed here 
by Ström et al. (2012) and Falk et al. (2014). UAV and pole-based measurements repeatedly 
show high NSMC (i.e., Flights 3 to 5, and Walks A to D) in the area halfway between AC and 
MM2, which could be a possible methane hot spot not yet documented in chamber studies. 
Meltwater runs through this area upstream from the Fen plot at AC, where the methane flux is 
also relatively high. Low NSMC hexagons are found primarily over the dry tundra. Still, several 
hexagons containing low NSMC measurements were found over fen areas during the flights. In 
contrast, high concentration hexagons show up over the dry tundra (Flight 4), and along the 
edges of the dry tundra area during Walk D and E. Several UAV flights show an area of high 
NSMC south of AC, where Joabsson and Christensen (2001) found high methane fluxes during 
the growing seasons of 1999 and 2000. This area is not included on the flux index map as it 
predates the AC. However, a high mean methane flux was recorded two years in a row (6.5 and 
8.3 mg CH4 m−2 h−1) compared with the methane fluxes found at AC (Scheller et al., in press), 
which may be connected to locally more developed peat in this area (Christensen et al., in 
prep.).  

4.3 Future directions and suggestions 

We identify several possibilities but also limitations for further use and advances in mapping 
NSMC from a UAV setup. In Zackenberg Valley, we detected minor differences of only a few 
ppb between low and high emission sites. This level of precision has only recently been possible 
to achieve during field measurements. The telescopic pole setup, causing less disturbance to the 
measurements, showed more consistent results with lower variability, but changes in wind 
speed and direction affected the results. 

Further improvements in the UAV setup and sampling strategy are required to lower the 
uncertainties and increase comparability across different flights. UAV-based concentration 
maps could contribute to the planning of future landscape flux studies, providing a valuable 
overview of the likely spatial variability of a site. Based on these maps, the placement of 
measurement plots, chambers, or an EC tower could be decided, which ideally could lead to 
improved ecosystem or landscape flux estimates. 

  



100 
 

 

Table 2: Suggested improvements to future UAV-based concentration mapping measurements. 

Category Suggestion Advantages Disadvantages 

Platform 

 Multicopter: 5 kg payload capacity 

 Methane analyzer: <5 ppb at 1 Hz 

 Tube: >5 m tube, 2 mm diameter 

 Large reach and 
coverage 

 High maneuverability 

 High stability 

 Fast response (<5 s) 

 Shorter tubes limit 
memory effects 

 High cost 

 Heavy 

 Setup time 

 Propeller downwash 

 High operator skill 
level is required 

 Legal issues (UAV 
flight permit) 

 

Environment 

 Location: Flat, few obstacles 

 Weather: Calm, dry, no layering 
close to the ground 

 Wildlife: Observe if the area hosts 
nesting birds 

 Line of sight 

 Less disturbance 
from wind 

 Less risk of 
damaging 
instruments 

 Reduced risk of stress 
and damage to 
wildlife 

 Limited use across 
sites with many trees 

 No measurements 
during windy or rainy 
days 

 The study area is 
closed for other 
activities when flying 

 Birds and wildlife 
can appear suddenly 

 

Strategy 

 Movement pattern: Grid, with 
point measurement spaced 10 to 20 
m apart 

 Duration of measurements: Hover 
for 20-30 s over a single spot with 
inlet at constant height (0.3 m) 

 Ancillary data: Background 
concentration every 5 min at >10 
m inlet height to limit control 
changes in ambient methane 
concentration 

 Consistent collection 
with extensive 
coverage 

 Detect temporal 
variability 

 Constant inlet height 
is easier to achieve 

 Reduced risk of 
impact from drift in 
ambient 
concentration 

 Automatic flights 
with the option of 
manual override 
depend on the UAV 
brand 

 No coverage between 
points 

Ancillary 
instruments 

 Height detection: LIDAR elevation 
logger near inlet 

 Wind measurement: Compact 
anemometer on top of UAV 

 Protection from water: Water 
sensor near the inlet 

 Precise information 
on measurement 
height 

 Known instantaneous 
wind speed and 
direction 

 Protects methane 
analyzer from water 

 Higher weight 

 Higher power 
consumption 

 Added cost 

 

 

Table 2 presents an improved method for future NSMC mapping efforts, with advantages and 
disadvantages listed in bullets. Below, we describe some of the considerations behind the 
critical elements in the table. 
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Our data analysis found that only a minor increase in NSMC (1 to 8 ppb) was detected over 
areas of relatively high flux compared to the heath. Therefore, the precision of a UAV setup 
needs to be very high to detect differences in the low end of this range, with 5 ppb as a 
reasonable target precision to aim for. 

Such a high precision setup, coupled with a fast instrument response time of maximum 5 s and a 
maximum weight of ~5 kg, limit the current options (Shaw et al., 2021) for suited analyzer 
technologies to off-axis integrated cavity output spectroscopy (Shah et al., 2020). The LI-COR 
7810 is highly accurate, but it is too heavy to fit most commercially available multicoptors. 
While Shah et al. (2019a) and Brosy et al. (2017) used similar approaches with an analyzer on 
the ground connected to the UAV via a long tube, this approach introduced several uncertainties 
and limited the coverage of the measurements in our study. 

In their recent reviews, Burgués and Marco (2020) and Shaw et al. (2021) highlight several 
other sensor technologies that can be fitted onto UAVs for methane detection. However, several 
of these technologies are either too heavy, e.g., (Berman et al., 2012), lack the required 
precision, e.g., (Shah et al., 2019b), or measurements are susceptible to high drift, e.g., (Smith et 
al., 2017). We observed a vertical gradient in methane concentration, with concentrations in the 
study area lowering rapidly with measurement height, which requires a pressurized system 
mounted to an inlet at the end of a tube, similar to the one presented in Burgués et al. (2021). 
The need for a pumped system makes onboard open-path systems less suitable for near-surface 
measurements, even though they show a high measurement precision under ideal measurement 
conditions (Golston et al., 2017; Martinez et al., 2020). 

Even though a setup using a tube has its disadvantages (measurement delay, the risk of memory 
effect, and propeller wash underneath the UAV), alternative path-integrated methane 
measurement methods can currently not resolve differences within the 5 ppb range (Emran et 
al., 2017; Yang et al., 2018; Oberle et al., 2019). 

While hovering at the same position at three different locations, we observed relatively large 
changes with time in methane concentrations near the surface. Some of that variability can be 
attributed to changing wind directions and speeds, and therefore different source areas. This 
approach makes it easier to keep the inlet stationary at a constant over the vegetation and keep 
the impact from propeller wash as close to constant as possible, limiting the variability 
introduced from horizontal and vertical adjustments of the UAV. Therefore, instead of 
continuous measurements while flying, point measurements at regular intervals (Burgués and 
Marco, 2020), e.g., 30 s with 10 to 20 m spacing, could be a preferred alternative method for 
certain applications. Interpolation techniques could be applied to produce a concentration map, 
which was explored earlier by, e.g., Emran et al. (2017) and Rutkauskas et al. (2019). Further, a 
lightweight anemometer mounted on the UAV would enable an improved understanding of the 
variability in methane concentrations with real-time measurements during the flights. Wind data 
collection simultaneously with concentration data could reveal further insights into the 
variability and assist analysis into the source area of the methane measured during flights. 

5 Conclusions 

This study demonstrates that a UAV can extend the reach of NSMC measurements in an Arctic 
wetland without causing disturbances to the fragile fen vegetation and soil structures. Still, 
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further improvements are needed to increase the sensitivity to the relatively small differences in 
NSMC. With concentration maps as a decision-making tool, chambers or EC towers may be 
placed in an optimized way capturing the spatial variability of a tundra ecosystem. A current 
key challenge is accurately scaling methane flux measurements from plot and ecosystem scales 
and further up to regional or even panarctic scale. Emissions can vary by more than a factor of 
ten over a few meters, and hot spot areas can be challenging to identify in the field. Flux 
measurements covering only a small fraction of an ecosystem can lead to significant 
overestimations and underestimations of upscaled methane fluxes. Furthermore, an improved 
understanding of the spatial variability in fluxes, e.g., inferred from these concentration maps, 
can improve the accuracy of ecosystem modeling validation efforts. With generally sparse data 
from the field, this could lead to inaccurate estimates of the tundra contribution to atmospheric 
methane. Further developments into UAV-based mapping of NSMC could improve spatial 
upscaling by mapping the variability of fluxes before installing flux chambers or an EC tower, 
narrowing the uncertainties related to the representativity of flux measurements. 
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Supplementary material 

 

 

Figure S1: Measurements with the UAV setup (left) and the telescopic pole setup (right) from the boardwalks in the 
central fen under calm conditions in Zackenberg Valley during August 2020. 

 

Table S1: Summary of the five flights using the UAV setup. Batteries needed replacement every ~15–20 min. The 
MM2 station provided air temperature, pressure, atmospheric stability, wind data at 5-min intervals. 

ID 
Start of 

campaign 
Duration (min) n 

Coverage 

(m2) 
Tair (°C) Pair (hPa) 

Atmospheric 

stability 
Wind direction 

Wind speed 

m s–1 (range) 

Flight 1 
2020-08-09 

12:03 
97 3446 5547 11 1007 Unstable SE 3.0 (2.1–3.5) 

Flight 2 
2020-08-10 

10:50 
57 2316 6153 10 1008 Very unstable SE 1.2 (0.6–1.7) 

Flight 3 
2020-08-12 

20:25 
55 2696 7454 7 1006 Near-neutral SSW 4.2 (2.8–5.0) 

Flight 4 
2020-08-13 

10:12 
107 4699 14214 4 1005 Very unstable SSW 2.0 (1.0–3.6) 

Flight 5 
2020-08-16 

11:40 
59 3089 10314 14 1007 Unstable SE 1.8 (1.3–2.4) 
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Table S2: Data summarized from the five walks using the telescopic pole setup for measurements, with 
environmental data from the nearby MM2 micrometeorological tower. 

ID 

Start of 

campaign Duration (min) n 

Coverage 

(m2) Tair (°C) Pair (hPa) 

Atmospheric 

stability Wind direction 

Wind speed 

m s–1 (range) 

Walk A 

2020-08-03 

10:02 71 4240 3293 13 1007 Unstable SE 

2.3 (1.6 to 

2.8) 

Walk B 

2020-08-03 

20:50 65 3913 2687 10 1005 Near-neutral ESE 

2.0 (1.5 to 

2.4) 

Walk C 

2020-08-06 

10:30 96 4263 1647 12 1008 Near-neutral SSW 

2.7 (1.7 to 

3.9) 

Walk D 

2020-08-09 

14:36 64 3867 8667 12 1007 Unstable ESE 

3.1 (2.6 to 

3.6) 

Walk E 

2020-08-16 

15:07 94 2829 8407 14 1007 Unstable SE 

2.6 (1.5 to 

4.0) 
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Figure S2: The 10 maps show the near-surface methane concentration (NSMC) measurements as hexagons, colored 
according to their relative size in a subsection of the Rylekærene study area. The upper five maps show the coverage 
during of the UAV flights, and the lower five maps show the coverage of the telescopic pole walks. The polygons 
show areas where the flux index, a measure for the relative size of fluxes, are known. Areas fully or partly covered by 
both NSMC measurements and a flux index polygon are hatched. Image source: GEM 2020. 
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Rapid shift in greenhouse forcing of emerging arctic peatlands 
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3Greenland Institute for Natural Resources, Greenland 

Abstract 

In this study, we hypothesized that in young high northern peatlands the actual development stage 

i.e. current age of the ecosystem is a determining factor for the scale of methane production and 

emissions. We document how the earliest development of peat soil imposes a sink to source shift 

in the greenhouse warming potential of emerging peatlands in response to climate change that 

may hold feedback mechanisms of importance for short-term (100 yr) warming. 

----------- 

Methane emissions from high northern latitudes represent a substantial atmospheric source which 

will see changes as climate related driving factors such as the expected temperature and 

precipitation increase over time1. One contributor to this arctic atmospheric methane source is 

found in northern peatlands and it is important within those to understand the factors leading their 

observed significant spatial variability in emissions. Variability of microclimate and plant species 

composition are key factors known to influence the scale of net emissions2 but they do not explain 

it all. 

We investigated multiple sources of data from a peatland located in NE Greenland that has been 

subject to a large number of previous methane flux studies3 as well as a wide range of related 

experiments and process-based modeling effortse.g.4–6. Despite different foci in these studies, 

comparable control measurements show considerable differences over relatively short distances3. 

Although part of the change in studies can be explained by interannual variability, a substantial 

variation in base fluxes remains when the temporal aspect is excluded. Base flux is here defined 

as fluxes measured in undisturbed (by experimental treatments i.e. control plots) locations of the 

fen peatland, at comparable times of year and day and obtained using similar methodology3.  
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The spatial distribution of several complementary studies in the Zackenberg fen peatland area is 

shown in Figure 1 and Table 1. Amongst these, the variability between 12 published flux studies 

conducted over the time period 1997–2021 was investigated. Over all these studies span a range 

of base fluxes within the fen peatland area ranging from <1 mg CH4 m–2 hr–1 to >8 mg CH4 m–2 

hr–1. This wide range calls for a better foundation of understanding the underlying mechanisms 

for spatial variability. 

 

 

Figure 1: Angled view of the DEM-based orthophoto illustrating the Zackenberg fen site across a 400 m x 450 m area. 

The map includes the locations of all cores (Table 1a) and flux study sites (Table 1b) and an indication of the main 

surface water flow direction. Additionally, a NDVI map (August 2020) characterizing the local plant greenness overlays 

the map. The areas surrounding the main flow are found to hold the older, deeper peat deposits and hence higher 

methane emissions. In support of this, the older peat age determinations at C3, C6, C7, and C8 are all located centrally 

to the hydrological flow lines and coincide with vicinity to high gene counts (for C3) and fluxes measured. F3 and F6 

are both located circa 300 meters from the edge of the map. Note that the surface topography, infrastructure, and 

subsurface processes are not to scale. Image sources: Greenland Ecosystem Monitoring, 2020.      
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Beside direct physical drivers such as temperature and soil moisture, vascular plant species 

composition and density are known to be capable of causing significant differences in base 

fluxes2.  Detailed information from multispectral analyses of the vascular plant density (and 

possibly species level recognition) are emerging tools for extrapolation purposes taking into 

account the part of the methane flux variability relating to this factor (Figure 1). However, the 

variability observed in Figure 1 and Table 1 comes from periods with similar microclimatic 

conditions but also sharing a homogeneous vegetation cover (dominated by Dupontia psilosantha 

and Eriophorum scheuchzeri wet tundra peatland). Therefore, other factors such as the soil/peat 

development stage may also contribute to explaining the documented flux variability. 

Table 1: Parameter tables for a. location analysis including basal peat 14C age, gene counts and b. location of multiple 

years comparable flux study sites. Site codes refer to Figure 1. Radiocarbon ages are given in years in BP (before 

present = AD 1950) from 1650 to 1950 and in fM (fraction modern) for samples younger than 1963 (post-bombing). 

 

a. 

Site 14C age (BP and fM) Age (year AC) mcrA [pM] Reference(s) 

C1 100 ± 30 1850 0.013 This study 

C2 1.492 ± 0.0006 fM (1972) 0.013 This study 

C3 180 ± 30 1770 0.067 This study 

C4 60 ± 35 1890 0.000 This study 

C5 210 ± 30 1740 0.027 This study 

C6 375 ± 30 1575 - Palmtag et al. (2015)16  

C7 1170 ± 35 780 - Palmtag et al. (2015)16 

C8 840 ± 30 1110 - Palmtag et al. (2015)16  
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b.  

Site Studies Study years Mean flux (mg CH4 m–2 h–1) Reference(s) 

F1 1 14 1.3 Mastepanov et al. (20138; in prep.) 

F2 1 8 3.2 Mastepanov et al. (20138; in prep.) 

F3 1 3 3.4 Ström et al. (2015)5 

F4 2 5 5.8 Ström et al. (2012)17; Falk et al. (2014)18 

F5 1 1 6.8 Tagesson et al. (2013)19 

F6 1 1 6.9 Christensen et al. (2000)20 

F7 1 2 7.4 Joabsson and Christensen (2001)21 

 

The fen peatland in Zackenberg has been reported as a consistent CO2 sink (except for a year 

associated with a substantial late snowmelt period) as measured through more than 10 years using 

the eddy covariance technique6. The central part of the fen is now also included as a certified site 

in the Integrated Carbon Observing System (ICOS) and 2021 also included the first-ever complete 

winter season. The annual C uptake is higher than another more southern tundra fen site in SE 

Greenland due to its documented nutrient richer conditions6. The annual CO2 uptake is seen to 

vary between –90 g CO2 m–2 yr–1 and +21 g CO2 m–2 yr–1, with an average of –50 g CO2 m–2 yr–1 
6 over a decadal scale of measurements. Therefore, the consideration of methane as a key 

component of the greenhouse gas (GHG) balance of fen peatland ecosystems needs to be aligned 

with the significant variability of the CO2 sink functioning. 

We hypothesized that the early stages of organic soil and peat formation and development could 

initiate rapid initial increase in methane emissions. The spatial difference depending on basal peat 

age could then also be a factor determining the observed local-scale differences in base fluxes. 

We furthermore pose the question, if the abundance of methanogenic microorganisms increases 

with the onset of early organic layer/peat development. The abundance of key genes for 

methanogenesis is a proxy to quantify the potential impact of methanogenic bacteria and archaea 

for methanogenic process rates in peatland ecosystems9. 
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The above described independent lines of evidence suggest a pattern where hydrological flow 

lines crossing the fen (Figure 1) are associated with the presence of methane released from     

vascular plants but also the presence of peat forming mosses in the ground layer that in turn 

stimulates the initiation of peat development. All these factors combined then lead a spatial pattern 

to develop corresponding with higher gene counts in the basal peat of methanogenic bacteria 

further contributing to the spatial pattern of methane fluxes. We noted that relatively older 

samples are situated close to the main hydrological flow lines. This led us to assume that these 

flow lines were the likely initiation centers for the onset of the fen peatland development. 

These datasets together provide the possibility to evaluate the total GHG balance associated with 

the early development stages over a few hundred years of an emerging peatland ecosystem in the 

high Arctic. This process also bears the potential development towards conditions already 

prevailing at lower latitudes. The observed and predicted trends towards warmer and wetter 

conditions in the Arctic will lead to more widespread wet tundra peatland developments also 

associated with the “greening” of the tundra10. The development of the greenhouse gas balance 

of these changing landscapes will, therefore, also hold implications for the further climate 

development and hence warrant inclusion in coupled climate and dynamic ecosystem models. 
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Figure 2: Annual methane emissions plotted against basal peat dating from closest vicinity locations (red dots, left 

axis). Furthermore, calculation of GHG balance using a standard GWP calculation (100 yr GWP CH4: 28) for methane 

in CO2-equivalents combined with annual fen CO2 flux range from 11–year eddy covariance dataset (upper +23 g CO2-

C m–2 yr–1, lower – 90 g CO2-C m–2 yr–1, respectively) (light and dark green dots, right axis). Note the age range (0–

100 yrs) depending on CO2 sink strength where the fen ecosystem shifts from being a sink to a source of warming. 

The results presented in Table 1 and Figure 2 show how a relationship appears between vegetation 

cover (as proxy from plant greenness), basal peat age and base flux of methane. Our data suggest 

that the oldest parts of the fen peatland complex are not only closer to the flow lines but also 

associated with higher fluxes. Similarly, our results indicate especially higher methanogen 

abundance in the two oldest and similarly deepest basal peat samples. An analysis of the flux 

emission magnitude as a function of the age of the peatland development shows a rapid increase 

in methane emissions towards a base level obtained after 100 years (Figure 2). By further 1) 

combining our data with the range of contemporary observed CO2 balance from the same 

ecosystem6 and 2) applying a standard global-warming potential (GWP) conversion of CH4 

emissions to CO2-equivalents11, our analysis reveals that the GHG balance likely shifted from an 

initial sink to a source of C as the methane emissions strengthened up already after less than 100 

yrs. The reverse shift (from source to sink) is well documented for subarctic fen peatland 

ecosystems over timescales from 1000–9000 yre.g.12 but we find here the initial sink-to-source 

shift may take place at much faster pace and within a timeframe on present-day climate 
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projections. Therefore the important positive feedback mechanism shown here at the centennial 

time scale shaped by the combined climate and peatland development will be replaced over time 

at a millennial scale by a gradual cooling effect as the peatlands develop and accumulate greater 

amounts of peat12,13. 

This initial study has clear limitations in number of age determinations versus available flux data 

locations and more. However, assuming the documented process will be applicable to widespread 

greening and wetting of natural high arctic tundra areas, this rapid conversion over just 100 years 

points to a highly dynamic shift in greenhouse forcing from a natural ecosystem with significant 

implications for climate projections.  

Methods: 

Spatial mapping. Maps of the Stream Order was done using ESRI ArcMap 10.8. An unmanned 

aerial vehicle (UAV) recorded the data on 3 August 2020 at a spatial resolution of 5x5cm. In 

addition the normalized difference vegetation index (NDVI) map based on multispectral data 

indicate variability in plant photosynthetic activity, while the natural color orthophoto serves as 

an overview of the study area.  

Fen core sampling & physical soil analyses. In 2020, five fen cores were sampled of which the 

deepest 2 cm were separated and stored at 4°C until later laboratory analyses. The weight-based 

relative soil organic matter and water content were determined by loss on ignition was performed 

at the Department of Ecoscience, Risø, Aarhus University, and radiocarbon dating was performed 

at the Department of Geology, Lund University, as described before14. 

mcrA quantitative gene abundance. Genomic DNA from the methanogen Methanosarcina barkeri 

DSM 8687 (Leibniz Institute DSMZ - German Collection of Microorganisms and Cell Cultures 

GmbH, Germany) and the five fen cores was extracted according manufacturer’s instructions in 

triplicates with DNeasy ® Powerlyzer ® Microbial Kit (Qiagen, Hilden, Germany) and quantified 

with Qubit ® 2.0 Fluorometer (Thermo Fisher Scientific, Life Technologies, Roskilde, Denmark). 

Simultaneously, the mcrA (alpha unit of methyl-coenzyme M reductase) gene copy numbers were 

determined by counting cells (100x1,30 plan-neofluar Zeiss oil immersion) of an anaerobic 

Methanosarcina barkeri culture, after cells of known optical density were fixated in 4 % 

formaldehyde solution and stained 1:10 diluted Acridine Orange. With the M. barkeri DNA 

extracts as standard, the samples’ mcrA gene abundance was measured with a qPCR utilising 10 

µM primers mlas (5’-GGTGGTGTMGGDTTCACMCARTA-3’) and mcrA-rev (5’-

CGTTCATBGCGTAGTTVGGRTAGT-3’)16, 5x HOT FIREPol® EvaGreen® qPCR Supermix 
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Polymerase (Solis Biodyne, TAG Copenhagen A/S, Copenhagen, Denmark) at 95 °C for 12 min., 

followed by 35 cycles of 15 s at 95 °C, 30s at 55 °C and 30 s at 72 °C. 

Methane flux studies. The data presented in the top two rows (F1 and F2) of Table 1b report mean 

values measured from automatic chambers between July–August in each year during the 2006–

2019 period. F1 shows the inner 6 chambers, and F2 the outer 4 (Mastepanov et al., in prep.). The 

rest studies (F3-6) used unmanipulated chamber measurements during June–August in different 

years. All studies used the closed-chamber technique, although with different setups (i.e. gas 

analysis, chamber design, sample time, plot number, and measurement frequency; see Table 2 in 

Scheller et al.3). 

Net ecosystem exchange (NEE) of CO2. The available CO2 data from the Zackenberg fen consist 

of high-temporal-resolution measurements between 2008 and 2016 using the Eddy Covariance 

(EC) technique6. The EC system was equipped with a closed-path infrared gas analyser LI-6262 

and 3-D sonic anemometer Gill R2 until August 2012, when it was upgraded to an enclosed-path 

LI-7200 and Gill HS. The sonic anemometer in Zackenberg was installed at a height of 3 m (and 

the air intake was attached at the same level). High-frequency (10Hz) CO2 concentration and wind 

components data were processed according to FLUXNET/ICOS community technique 

standards6. The aggregated 30 min NEE fluxes were further quality-checked and post-processed 

using a gap-filling technique based on marginal distribution sampling from the ReddyProc R 

tool15. Detailed information on EC system setup, flux pre-processing, quality checks of the 

systems, and data post-processing (NEE gap-filling) can be found in reference 5. The CO2 fluxes 

reported in this paper follow the standard micrometeorological sign of convention, this is CO2 

uptake and release as negative and positive fluxes, respectively. 

To examine the flux variability in more detail we collected five soil cores randomly from the fen 

peatland area and analyzed for 14C age, and key methanogenic metabolism gene (mcrA) 

abundance (Table 1a). Additional earlier published 14C ages from the same fen area were also 

included.  

This particular fen peatland reveals a recent ecosystem development only dating back 

approximately one thousand years and with large areas only emerging as peatland (wet tundra) 

ecosystems since the Little Ice Age. As a result, this cold period has left a very short time for 

actual peat development. Most northern peatlands date back much further (averaging 4–5k years7) 

and include deeper peat deposits. Yet, current growing season methane emission in several parts 

of the Zackenberg fen are already comparable in emission strength to deeper peatlands southern 

parts of the Arctic8. 
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