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Abstract: Arctic permafrost-affected soils are expected to influence the global greenhouse gas (GHG) budget, although the
magnitude of this impact remains uncertain. Methane (CHy) and carbon dioxide (CO,) cycling in these environments is
15 largely mediated by soil microorganisms. Cryoturbated soil structures, leading to frost patterned ground phenomena such as
unsorted circles, palsas, ice wedges and earth hummocks, are widespread in Arctic landscapes and have been linked to
altered GHG fluxes. However, the role of cryoturbated earth hummocks and especially of their microbial community in
regulating GHG fluxes remains unexplored. We present one of the first comprehensive assessments of GHG fluxes of
cryoturbated earth hummocks in West Greenland, integrating gas flux measurements, soil chemistry and molecular
20 biological analyses. In comparison to less cryoturbated tundra, all investigated earth hummocks exhibited higher CH, uptake.
Molecular data further revealed an enhanced genetic potential for CH, oxidation in hummocks, characterized by a higher
relative abundance of atmospheric (high affinity) methanotrophs, while the nearby non-hummocky tundra was dominated by
low- and medium-affinity methanotrophs. Consistently, elevated copy numbers of the methanotrophy marker gene pmoA
indicate that earth hummocks function as hotspots for bacterial methanotrophy. The relatively low pH in the upper horizons
25 of the earth hummock suggests a hydrological decoupling from the minerogenic groundwater, which appears to create
favorable conditions for high-affinity atmospheric methanotrophs. Overall, our results identify cryoturbated earth hummocks
as strong localized methane sinks and highlight the importance of microtopography in shaping methanotrophic communities
and GHG fluxes. These findings underscore the need for a better representation of Arctic tundra microtopography in
upscaling GHG fluxes and for an improved mechanistic understanding of methane uptake in cryoturbated tundra soils,

30 particularly about the coupling of hydrology, CH, supply, nutrient regime, and pH in regulating methanotrophic activity.
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1 Introduction

Permafrost landscapes in the northern hemisphere are storing an estimated 1,000 Pt of organic carbon (OC) in the upper 3 m
35 (Hugelius et al., 2014). With the Arctic warming nearly four times faster than the global average (Rantanen et al., 2022),
permafrost-affected areas are projected to shrink by over 40 % by the end of the century (Chadburn et al., 2017). This way,
the stored OC can be made available for the metabolism of the soil microbiome, potentially metabolized into greenhouse
gases (GHGs), and released into the atmosphere. Arctic landscapes are characterized by extreme small-scale heterogeneity
driven by cryoturbation caused by cryopedogenic processes, which are related to the repeated freezing and thawing of the
40 active layer (Burn 1998, Vandenberghe 2007). Cryoturbated permafrost soils (7urbic Cryosols according to the World
Reference Base for Soil Resources (IUSS Working Group WRB,2022)) are estimated to cover 31 % of permafrost soils and
to store 44 % of soil organic carbon in the Arctic (Hugelius et al., 2014). These cryoturbation processes can create
pronounced microtopography, alter soil hydrology, disturb horizontal soil layering and redistribute soil organic matter
(SOM) throughout the soil profile (Van Vliet-Lanog, 1998; Koven et al., 2009; Ping et al., 2015). Cryoturbation is often
45 accompanied by “frost patterned-ground” features, including sorted and non-sorted circles, stripes and polygons (Washburn,
1956; Lundqvist, 1962; Peterson & Krantz, 2003; Frost et al., 2013; French, 2017). Frost-derived microtopography has
already been reported to alter landscape GHG fluxes: mud boils/frost boils in Greenland have shown a potential of methane
(CH,) uptake, albeit lower than other investigated sites in the same area (Jorgensen et al., 2024). Ice wedges in Siberia have
been found to be a GHG source, which is explained by altered microbial activity in these microtopographic structures (Park

50 et al., 2024). Other very common non-sorted circles are earth hummocks (hereafter “hummocks”; Mackay, 1980; Washburn

1980). These dome-shaped structures, typically less than one meter high and one to two meters wide, are formed in fine-
grained, water-rich soil materials, which expand during freezing cycles pushing sediment and organic material upwards
(Mackay, 1980; Kokelj, 2007). The formation of segregated ice and ice lenses is the primary driver of differential frost
heave, which provides the mechanical force necessary to physically uplift, mix, and shape the soil into an earth hummock
55 (Peterson & Krantz, 2008). The micro-topography of hummocks creates a strong physical contrast between the inter-
hummock hollows, the top soils of which often remain wet and anoxic, and the uplifted earth hummock crest, the top soils of
which are well-drained and aerated (Ruiz-Fernandez et al. 2020). The cryoturbation in hummocks results in a relocation of
SOM, which leads to increased organic carbon (OC) contents within the hummock soils structures (Wang et al., 2021),
through relocation of SOM into deeper soil horizons (Kaiser et al., 2007) with lower microbial activity potentially leads to
60 lower decomposition in the surface-near top soils (Gillespie et al., 2014) and therefore lower GHG release. Crucially, this
pronounced topographic and hydrological micro-structure does not only alter substrate burial, but directly dictates the
ecological niches available for microorganisms. In particular, bacteria capable of CH,4 oxidation, i.e. methanotrophs, are
regulated by environmental constraints. Favorable conditions for aerobic methanotrophy are the availability of oxygen (O),
low to moderate pH, and sufficient supply of nutrients such as nitrogen (N) and copper (Cu) (Semrau et al. 2010; D’Imperio
65 et al., 2023). Anoxic conditions and low redox values on the other hand typically favor anacrobic archaea capable of
methane production (methanogenesis) (Fetzer et al., 1993; Angel et al., 2011). In waterlogged Arctic soils in Siberia, aerobic
methanotrophy was limited to top soil horizons, with only very little methanotrophic activity below (Knoblauch et al., 2008;
Murase et al., 2020). The elevated structure of hummocks may, however, expand the aerobic zone of the soil, creating

favorable conditions for methanotrophs.

70 We hypothesize that the physical uplift of the hummock creates a distinct aerobic environment that is well suited for
methanotrophic communities, thereby enhancing CH, uptake compared to the surrounding tundra. To test this hypothesis, we
conducted a comparative field study in the valley Kuup Ilua (Blesedalen) on Qegertarsuaq (Disko Island), Western

Greenland. We employed an integrative approach combining in-situ methane flux measurements throughout the growing
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season (July, August, September) with physico-chemical soil profile analysis. Additionally, metabarcoding of the 16S rRNA
75 gene allowed for taxonomic evaluation of the microbial community, particularly the methanotrophic community.
Quantitative Polymerase Chain Reaction (QPCR) of the functional genes pmoA (coding for a subunit the particulate methane
monooxigenase, a marker gene for CH, oxidation) and mcr4 (coding for the methyl coenzyme M reductase, a gene needed

for CH, production) was used to estimate gene copy numbers of the microbial community driving soil CH, fluxes.
2. Material and Methods
80 2.1 Sampling Locations

Fieldwork was conducted in the glacial valley of Kuup Ilua (Blesedalen) on Qeqertarsuaq (Disko Island), Western
Greenland (69°16' N, 53°28' W). Qeqertarsuaq forms the northern boundary of Disko Bay, a major marine bay on Western
Greenland’s coast (Kelley et al. 2013), characterized by a Precambrian gneiss ridge overlain by Paleocene basalt flows
(Geoffroy et al. 1998; Yde & Knudsen, 2007). The climate is Arctic-maritime, with a mean annual air temperature of -2.7 +
85 1.7°C (1992-2021) and annual precipitation of 439 + 134 mm (2012-2021), according to Hermesdorf et al. (2024).
Vegetation is dominated by dwarf shrubs and moss tundra (Hollesen et al. 2015). In late June 2023, the soil of a cryogenic
earth hummock (hereafter referred to as H*) was sampled and a vertical soil profile (0-80 cm depth) was described at the
earth hummock crest. The soil profile was established in a completely frozen state, preserving frozen soil structures and
permitting the in-situ description of solid ice components of the soil. The soil of the adjacent inter-hummock hollows was
90 classified as a Skeletic Cryosol (Endic). The "Skeletic" designation (IUSS Working Group WRB, 2022) refers to the
dominance of coarse rock fragments (>40 % by volume) in the substrate, while the "Endic" qualifier denotes in this
context the extremely shallow nature of the soil development on top of larger rock fragments. Extensive soil sampling and
detailed characterization were not feasible in this area due to the Skeletic and Endic characteristics of the soil. A comparison
site (non-hummocky tundra or NH) was selected from the surrounding heterogeneous area based on similar soil texture but
95 absence of earth hummock microtopography. This site was characterized as Mollic Cryosol. The soil from the non-
hummocky tundra NH was previously characterized and described by Peplau et al. (2025). For this study, samples from the

NH for biogeochemical analysis were collected one day after the collection of H* samples.

In addition to the H* samples, three more earth hummocks and the directly adjacent inter-hummock hollows were
investigated for land-atmosphere methane fluxes without soil sampling, i.e. they were left intact (hereafter “H” for the
100  hummock crests and “IH” for the inter-hummock hollows). All sampling locations are shown in Fig. 1. According to the
regional vegetation classification (Figure 1), the study area is characterized as dry fo moist and moist tundra (Gottuk et al.,
2025). All gas flux measurement (NH and H) as well as the hummock soil profile (H*) were specifically established within
the moist tundra reference area. Consequently, differences in methane fluxes and microbial communities can be directly
attributed to the specialized physical and chemical niches created by cryogenic hummock formation. All earth hummocks
105 were characterized by a diverse dwarf-shrub community dominated by Dryas octopetala, Salix glauca, and Salix arctica.
The ground layer included minor patches of the mosses Tomentypnum nitens and Sphagnum spp., along with sporadic
occurrences of Empetrum hermaphroditum, Dryas integrifolia, Vaccinium uliginosum, and Betula nana. In contrast, the NH
was dominated by a dense, uniform moss carpet, primarily consisting of Tomentypnum nitens with some Sanionia uncinata.
Vascular plant cover was sparse, limited to very minor occurrences of Carex chordorrhiza, Equisetum arvense, Empetrum

110  hermaphroditum, and Betula nana.
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Figure 1: Map of research site Qeqertarsuaq. (a) Map of Greenland with location of island Qeqertarsuaq (Disko Island)
(red dot), (b) Location of Kuup Ilua (Blesedalen, red dot) from ©OpenStreetMap (contributors, 2026), (c) Location of

115 research sites, including hummock (H) and inter-hummock hollow (IH) sites, and H* (pink diamond) and non-hummocky
tundra (orange dot) on topographic map from Google Earth, July 15, 2022 (©Google Earth, 2026) and (d) Circumarctic Land
Cover Map (Bartsch et al., 2024), adapted from Gottuk et al. (2025).

2.2 Land-Atmosphere Greenhouse Methane Fluxes

120  Land-atmosphere fluxes of CH, were measured using static closed chambers with closed-loop air circulation. The chambers
were deployed on 25-cm-diameter PVC collars, installed at the three H and three IH sites, and the NH site, which harbored
three replicate collars (Figure 2). Gas concentrations during chamber deployment were monitored in real-time at 1 Hz
frequency for 3—5 minutes per measurement using a portable Trace Gas Analyzer (LI-COR LI-7810 CH4/CO,/H,0, LI-COR
Environmental, Lincoln, USA). Soil temperature was manually measured next to each of the three collars at a depth of 10 cm

125 (DET3R, Voltcraft, Wernberg-Kéblitz, Germany). Measurements were conducted weekly between mid-July and late
September 2023. To determine the most accurate CH, flux, we employed a modified MATLAB script (Holl et al., 2026) that
simultaneously evaluates both linear and exponential regression for each measurement. Model selection was performed by
comparing the Corrected Akaike Information Criterion (AICc) and relative prediction errors, a method that ensures the most
suitable model for fitting the data to account for non-linarites caused by chamber saturation (Holl et al., 2026). The final flux

130 was calculated by applying the Ideal Gas Law to the selected rate of concentration change over time, considering measured
chamber volume, collar surface area, barometric pressure, and air temperature (Holl et al., 2026). Processes CH,4 flux

measurements and soil temperature data, used in this study, is made accessible in supplements (Original data).
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Figure 2: Research Sites. (a) Exemplary earth hummock site, showing one of the three earth hummocks studied for gas
135 fluxes with a measurement collar installed on the crest (example for H), and one on the adjacent inter-hummock hollow

(example for IH). (b) Non-hummocky tundra (NH) site (Mollic Cryosol), equipped with 3 replicate collars.

2.3 Chemical Soil Analysis

140 The samples for chemical analyses from NH and H* were frozen at -20 °C immediately after sampling for storage and
shipping. At the Leibniz University Hannover, the samples were thawed, freeze-dried, and sieved (< 2 mm) to separate the
fine-earth fraction from coarse fragments. The gravimetric water content was determined by relating the mass of the frozen

samples to the mass of the freeze-dried samples. All described chemical analyses utilized the fine-earth fraction.

145 2.3.1 Carbon content and pH

Total carbon (TC) and nitrogen (TN) were quantified using a solid TOC analyser and a nitrogen and protein analyser
(soliTOC cube and rapid MAX N, Elementar, Langenselbold, Germany). For samples with TOC > 15%, oxygen dosage was
increased to ensure complete combustion. Soil pH was measured in a 1:2.5 (soil:solution by volume) suspension with both
distilled water and 0.01 M CaCl,. For organic-rich horizons, the ratio was adjusted to 1:5 or 1:10 to ensure proper

150 suspension.
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2.3.2 Water extractable ions

To assess bioavailable nutrients, freeze-dried samples (1-10 g, depending on organic content) were extracted with 20 ml of
0.01 M CacCl, (1 hour shaking at 200 revolutions per minute and centrifuged at 2500 x g afterwards). The supernatant was

155 analyzed for dissolved organic carbon (DOC) and nitrogen (DN) (LiquiTOC, Elementar Analysesysteme GmbH,
Langenselbold, Germany), nitrate (NOs), sulfate (SO4) and phosphate (PO,4) via Ion Chromatography (IC, 930 IC Flex,
Deutsche METROHM GmbH & Co KG, Filderstadt, Germany), and arsenic (As), cadmium (Cd), copper (Cu), iron (Fe),
potassium (K), magnesium (Mg), manganese (Mn), and sodium (Na) using inductive coupled plasma optical emission
spectroscopy (ICP-OES, Varian 725 ES, Agilent Technologies, Santa Clara, USA).

160

2.4 Molecular Analysis

For molecular analyses, the NH soil samples were taken from three replicate plots at the same site, approximately 1 m apart
from each other. Hummock H* samples were only taken from one plot. The frozen samples were superficially thawed, and
smudged sample material was removed from the surface to reveal fresh sample material that was used for subsampling. To
165 account for differences among soil horizons, material was sampled over the full depth of each horizon and pooled into a
single Eppendorf tube as an integrated horizon sample. The sample material was either further processed right away or

frozen at -60 °C to be processed within two days after sampling.

2.4.1 DNA Extraction

170 DNA was extracted from approx. 250-290 mg of wet soil using the ZymoBIOMICS MagBead DNA/RNA Kit (Zymo
Research, USA). DNA concentration and quality were verified using a Qubit dsSDNA BR Assay (Invitrogen; Waltham

Massachusetts, USA) and agarose gel electrophoresis before further processing.

2.4.2 Quantitative PCR

175 The abundance of total bacteria, methanogens, and methanotrophs was quantified using specific qPCR assays, each
performed in technical triplicates. For total bacteria, the target gene of the qPCR reaction was the bacterial 16S rRNA gene
(primers: Eub341-F/Eub534-R, Muyzer et al., 1993). The graphs for the full analysis of all samples can be viewed in the
Supplement. To simplify the presentation of the graphs, we focused on the NH replicate that exhibited the highest 16S rRNA
gene copy numbers. This way, functional gene abundances of the NH site were rather overestimated than underestimated,

180 allowing a conservative assessment of gene copy numbers of the H* site in comparison. For methanogens, the mcrd gene
(coding for the methyl coenzyme M reductase, primers.: mlas-F/mcrA-R, Steinberg & Regan, 2009) was examined. Primers
for detecting aerobic methanotrophs via the pmoA gene (coding for a subunit of the particulate methane monooxigenase)
have been reported to show different results (Bourne et al., 2001, Knief et al., 2015). For this reason, two primer pairs,
pmoA189-F/mb650-R (Bourne et al., 2001) and pmoA189-F/mb661-R (Costello & Lidstrom, 1999), were used and

185 compared with respect to their resulting copy numbers.
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2.4.3 16S rRNA Gene Metabarcoding

190  Amplicon libraries were prepared using the barcoded universal primers Uni515-F and Uni806-R (Caporaso et al., 2011)
targeting the V3-V4 regions of the prokaryotic 16S rRNA gene. The barcoded amplicons were purified with a magnetic bead
clean-up step using HighPrep PCR — DX (MagBio Genomics Inc., Gaithersburg, USA) according to the manufacturer’s
protocol. Paired-end sequencing was performed on the Illumina platform (Eurofins, Germany).

Sequencing data was demultiplexed using cutadapt version 3.4 (Martin, 2011) with the parameters -¢ 0.2 -q 15,15 -m 150 --

195  discard-untrimmed. The sequences were filtered for chimeras, and amplicon sequence variants (ASVs, a proxy for species)
were generated with trimmed reads and the DADA?2 package version 1.20 (Callahan et al., 2016) in R version 4.4.2 (R Core
Team, 2024). For this, the pseudo-pooled approach with the parameters maxN=10, truncQ=2, rm.phix=TRUE and
minLen=80 were used. Taxonomic assignment of the ASVs was done using DADA2 and the SILVA database version 138.1
(Quast et al., 2013). Further data processing was performed in R with the help of RStudio (version 2024.09.1+394, Posit

200 team, 2024) and the packages effects (Fox & Weisberg, 2019), ggplot2 (Wickham, 2016), phyloseq (McMurdie & Holmes,
2013), plyr (Wickham, 2011), and vegan (Oksanen et al., 2026). ASVs that were assigned to chloroplasts or mitochondria, as
well as low abundance ASVs (singletons and doubletons) were filtered out before normalizing the data to 100 %. The
resulting ASVs were then screened for microorganisms reported to be able to pursue methane oxidation or methane

production.

205
3. Results
3.1 Soil Classification and Chemical Analysis

The earth hummock H* soil profile was classified as an Umbric Turbic Cryosol (Loamic, Endic, Eutric, Folic) with 9
horizons, according to the World Reference Base for Soil Resources (individual description of horizons: see Appendix Table
210 Al). Morphologically, the profile is defined by active frost churning (Turbic), which has created a heterogeneous mineral
subsoil and subducted organic material deep into the profile (Figure 3). The active layer was notably deep (Endic), extending
beyond 50 cm, with fine crystalline ice crystals observed at the interface between organic and mineral horizons. Larger and
thicker ice lenses accumulated below bigger rock fragments in these soil zones. The top soil was characterized by a well-
developed and aerated organic layer profile (Folic, OC > 20 %), exhibiting a distinct decomposition gradient: a relatively
215 undecomposed layer (Oi), a moderately decomposed layer (Oe), and a highly decomposed humic layer (Oa). The organic
soil material of the folic horizon was mostly derived from shrub roots and moss remnants. The NH profile was classified as a
Mollic Cryosol (Loamic, Epic, Hypereutric, Folic, Humic), by Peplau et al. (2025). This soil represents a clearly stratified
system with a significantly shallower permafrost table (Epic) and a moss-dominated organic layer. Unlike the H* soil, the
NH soil shows no evidence of cryoturbation and maintains an undisturbed regular soil stratigraphy with horizontal

220 orientation of soil horizons.
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Figure 3, Soil Profile of Earth Hummock (a) Soil profile of the H* profile soil with horizon symbols and description
according to the World Reference Base for Soil Resources. (b) Occurrence of segregated ice lenses between organic and

225 mineral layers. (c) Formation of segregated ice lenses at the bottom of a stone of 10 cm diameter.

The pedological analysis of the earth hummock (H*) and non-hummocky tundra (NH) profiles reveal notable differences
between soil moisture and chemical properties, specifically acidity and organic matter contents (Figure 4). Despite
differences in moisture regimes and pH gradients, both soils exhibit striking similarities in their C and N contents, as well as
230 C:N ratio (Figure 4c, d, e). The surface organic horizons (Oi, Oe, and Oa) of both sites contained nearly identical elemental
concentrations. Total C in the organic layers was measured at 34.43 +12.14 % for H* and 39.61 £7.75 % for NH (Figure 4c).
Similarly, total N concentrations (Figure 4d) were comparable, with H* at 1.41 £ 0.21 % and NH at 1.59 + 0.33 %. Both
profiles displayed a characteristic sharp decline of organic content with depth. In the buried mineral horizons, total C
decreased to 2.12 + 0.79 % in H* (in ~47 cm depth) and 5.68 + 1.12 % in NH (in ~31 c¢m depth), while N concentrations
235 followed a similar gradient (0.16 + 0.06 % and 0.36 + 0.06 %, respectively).
In contrast to the similar trends in C and N contents, soil moisture diverged sharply especially in deeper horizons depth.
While volumetric water content (VWC), seen in Fig. 4b, in the upper organic layers was high for both H* (73.78 = 5.96 %)
and NH (82.16 + 4.02 %), in H* the mineral subsoil shows a rapid decline in VWC (20.66 + 1.16 %) below the buried
AhBwI horizons (in 47 cm depth). Conversely, the NH soil was significantly more saturated in the lower mineral horizon
240 (44.64 £ 8.29 %) (Figure 4b). The most pronounced divergence in the dataset was observed in soil pH. The H* profiles
displayed a strong vertical acidity gradient, transitioning from highly acidic surface horizons (pH 4.54 + 0.24) to
circumneutral values in the underlying mineral layers (pH 6.71 £+ 0.16). In contrast, the NH soil exhibited a consistently

moderately acidic profile (pH 5.6-5.9) with negligible vertical variation (see also Appendix Table A1).
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Figure 4: Comparison of vertical soil profiles of physical and chemical properties of Hummock (H*) and Non-
Hummocky Tundra (NH). Panels display (a) soil pH (H,0), (b) gravimetric water content [%], (c) total carbon [%], (d) total
nitrogen, and (e) C/N Ratio. Hummock profiles are indicated by pink diamonds and solid lines, and Non-Hummocky Tundra

profiles by orange dots and dashed lines).
250

3.2 Microbial Functional Potential and Community Composition
3.2.1 Vertical distribution of methanotrophs and bacterial abundances

All three plots of NH exhibited similar patterns. To streamline the presentation, only one of the NH plots is shown in detail,

but the graphs of the remaining plots are provided in the Appendix (Appendix B Figures B1, B2, B3). The quantitative
255 assessment of the bacterial 16S rRNA gene (a general marker for bacterial abundance) showed more bacteria in all NH plots,

while the H* profile had overall fewer bacteria (Figure 5a and d). For example, while the highest 16S rRNA gene count was

observed in the Oa horizon of H* at 3.7¢™° copies/g dry weight (Figure 5a, 10-11 cm depth), the highest measured copy

number from the NH profiles reached 7.4¢™'* (plot 1), 9.7¢"'* (plot 2), and 8.85¢™° (plot 3, Figure 5d) copies/g dry weight.

All profiles (NH and H*) had the tendency of higher 16S rRNA gene copy numbers in upper horizons with the highest count
260  being in the Oe horizon of plot 3 of the NH profile (0-3 cm depth).

The qPCR of the functional gene pmoA, quantifying methanotrophs, had contrasting distribution patterns. Here, the different
primer combinations either resulted in roughly the same copy numbers in the NH and H* profiles (primer combination
pmoA189-F/mb661-R), or in higher pmoA copy numbers in the H* profile (primer combination pmoA189-F/mb650-R).
265 Generally, the primer combination pmoA189-F/mb650-R resulted in copy numbers/g dry weight about two orders of
magnitude higher than the primer combination pmoA189-F/mb661-R. Still, both primer combinations resulted in similar
patterns: the Oa horizon of the H* profile (10-11 cm depth) had the highest pmoA counts of all measured samples with a
highest measurement of 7.1¢"” copies/g dry weight (pmoA189-F/mb661-R) and 2.5¢"” copies/g dry weight (pmoA189-
F/mb650-R, Figure 5b), respectively. The NH profile, on the other hand, had its highest copy numbers in the Ahg horizon
270  (15-29 cm depth) for the primer combination pmoA 189-F/mb650-R with 2.9¢"® copies/g dry weight (Figure 5f). The primer
combination pmoA189-F/mb661-R resulted in the much lower pmoA peak of 5.6¢™° copies/g dw in the lower Ahgf horizon
(Figure 5e, 29-44 cm depth). Generally, the gene pmoA was only detected in the upper horizons of the H* profile, i.e. in the



https://doi.org/10.5194/egusphere-2026-3054
Preprint. Discussion started: 15 June 2026
(© Author(s) 2026. CC BY 4.0 License.

275

280

285

290

O-horizons (0-11 cm depth) and the Ah@]1 horizon (11-25 cm depth), while it was detected throughout most of the active
layer of the NH profile, reaching down to its Ahgf horizon (29-44 cm depth).

The methyl coenzyme M reductase gene mcr4, an indicator for methanogenesis, was only found in plots 1 and 2 of the NH

site, with its highest amount reaching up to 2.3¢™”’ copies/g dry weight in the Oa horizon (see Appendix B Table B1).
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However, all other mcr4-containing samples had much lower values, at or below 2.7¢ ™ copies per gram dry weight. It was

not detected at all in the H* profile.
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Figure 5: Quantitative PCR results on the bacterial 16S rRNA gene and particulate methane monooxygenase (pmoA)
gene copy numbers. For H* profile, plot 3 (a, b and c) and the NH profile (d, e and f), gene copy numbers are calculated per
g soil dry weight. The bacterial 16S rRNA gene is depicted in panels a and d, while pmoA4 copy numbers are shown derived
from two different analyses: with the primer combination pmoA189-F/mb661-R (b and e) and the primer combination

pmoA189-F/mb650-R (¢ and f). Extensive graphs of all plots and primer combinations can be viewed in the Supplement.

3.2.2 Community composition of methane oxidizers and methane producers

After processing and filtering the data, a total of 3,996 prokaryotic ASVs (a proxy for phylogenetic taxa) across a total of 13
samples (four samples along a depth gradient for NH and nine for H¥*) were identified. Of these, only 11 ASVs were
identified as Archaea, with the remainder belonging to the domain of Bacteria. The alpha diversity (Shannon Diversity
Index, calculated after filtering, but before removal of singletons and doubletons) was comparable between the NH and H*

profile, with the values ranging from 5.49 (H*, Oa horizon) to 6.48 (NH, Ahgf horizon).
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Four taxa belonging to aerobic methane-oxidizing bacteria were found in all samples (Figure 6). The obligate methanotroph
Methylobacter was found in lower horizons of the NH soil profile (Figure 6b). The upper horizons of the H* profile mostly
harbored the facultative methanotrophs Methylocapsa and Methylocella. The dominant methanotroph of the NH profile was
the obligate methanotroph Methylobacter in lower soil horizons. Additionally, two families - Methylacidiphilaceae and
Methyloligellaceae - were detected that have been reported to contain methanotrophs before (e.g. Vekeman et al., 2016,
Awala et al., 2023). It was not possible to confirm that methanotrophs belonging to this family were present in the analyzed
samples, which is why they are only shown as potentially methanotroph-containing taxa. The H* profile had the highest
relative abundance of confirmed methanotrophs in the relatively shallow Oe horizon (5-10 cm depth), reaching up to
approximately 1.3 % of all reads (Figure 6a). The NH profile reached a maximum of approximately 0.8 % methanotrophs
among all reads (Figure 6b) in the much deeper Ahg horizon (15-29 cm depth). Metabarcoding did reveal the presence of
methanogens. In particular, one ASV assigned to the methane-producing archaeal order Methanomassilicoccales was
detected in low relative abundance (below 0.1 % of all reads) in the horizons AhBwl@1, AhBwl@2, and BWIAh@f, i.e. 42
cm depth and below, of the H* profile.The metabarcoding results of the remaining NH replicates also showed consistently
lower relative abundances of methanotrophs and specifically more facultative methanotrophs in lower soil horizons (see

Appendix B Figure B4).
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Figure 6: Relative abundance of potential methanotrophs and methanogens. Shown are methane-relevant prokaryotes
found in the H* (a) and in NH (b). ASVs were filtered from mitochondria, eukaryotes and chloroplasts, as well as low
abundance ASVs before normalizing the samples to 100 % total.
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3.3 Greenhouse Gas Flux Dynamics

Methane flux measurements showed distinct differences in greenhouse gas exchange dynamics among the three study sites
H, IH, and NH. The H site consistently functioned as a net methane sink, exhibiting the highest mean uptake rate of -77 + 74

320 pg CH,m™h™' (n=44). The distribution of instantaneous fluxes was characterized by high variability and a distinct negative
skew (Figure 7a). In contrast, the NH site functioned as a weaker sink, with a mean flux of -18 + 10 pg CHs m™ h™! (n=68).
The flux distribution for the NH site was narrower and clustered closer to zero compared to the H site. The IH site mean
fluxes near the instrumental detection limit of 0.9 CHs pg m™ h™! (0.8 £ 0.28 ng CHs m™ h™!, n=44) fluctuating between
negligible uptake and emission with no distinct directional trend. This resulted in cumulative budget trends over the

325 measurement period that varied significantly across the study sites (Figure 7b). The H site displayed a linear accumulation of
negative fluxes, resulting in a total seasonal uptake of -130 + 8 mg CH, m™. The linearity of the cumulative curve indicates
that uptake rates remained relatively constant throughout the measurement period, without a pronounced seasonal maximum
or minimum. The NH site accumulated a total uptake of -31 + 0.8 mg CH, m™2, representing approximately 24 % of the sink
strength observed at the H site. For the IH site, no distinct sink or source behavior was detectable.

330 Despite seasonal fluctuations in abiotic conditions, methane uptake rates in the H site appear barely influenced by standard
meteorological drivers. Mean monthly soil temperatures at 10 cm depth followed a seasonal progression, rising from 3.9 °C
in July to a maximum of 6.6 °C in August, before declining to 2.1 °C in September. This thermal variation did not
correspond to a significant change in methane flux rates (p > 0.05, n = 47). Similarly, the deepening of the active layer,
which reached a maximum thaw depth of 74 cm by late August, showed no significant linear relationship with the observed

335  fluxes (p > 0.05, n=25). Neither a significant linear correlation was observed between instantaneous methane fluxes and air
temperature and photosynthetically active radiation (PAR). Also, methane exchange in the NH site displayed also no
dependence from seasonal environmental drivers. Although mean soil temperatures at 10 cm depth followed a typical
seasonal trend, peaking at 4.0 °C in August before dropping to 1.0 °C in September, this thermal variation did not influence
methane flux rates (p > 0.05, n=62). The development of the active layer was notably shallower than in H, reaching a

340 maximum thaw depth of only 41 cm by late August.
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Figure 7: Methane flux dynamics (a) Methane flux measurements distribution for the hummock site (H, pink), the inter-
hummock hollow (IH, brown) and the non-hummocky tundra (NH, orange) with horizontal lines indicating the hourly
345 median methane flux (ug CHs m™ h™"). Individual field measurements are overlaid as black points, and the total sample size

(n) is indicated above each plot. (b) Cumulative carbon sink strength over growing season (mg C m™), calculated by
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integrating linearly interpolated daily mean fluxes measurement period. Shaded bands represent the cumulative propagated

standard error of the mean (SEM).

350 4. Discussion
4.1 Micro-topographical regulation of spatial methane sink heterogeneity

While the release of CH4 from thawing organic-rich permafrost has garnered significant attention, the compensatory
potential of non-watersaturated cryosols of dry and moist tundra ecosystems to oxidize CH,4 still remains frequently
underestimated in Arctic carbon budget assessments (Zhuang et al., 2013; Oh et al., 2020). The spatial distribution of CH,4
355 fluxes across our study area confirms that microtopography is an important regulator of methane sink strength in Arctic
tundra (D’Imperio et al., 2017; Voigt et al., 2026). In our research area Kuup Ilua, we found strong differences in
methane sink strengths between earth hummock tundra (Umbric Turbic Cryosol), which acted as robust methane sinks (-77 =
74 ug CHy m™ h™!, n=44), compared to non-hummocky tundra (Mollic Cryosol; -18 + 10 ug CH4 m™2 h™!, n=68). The inter-
hummock depressions adjacent to the elevated hummocks (Skeletic Cryosol) IH fluctuated near the gas flux detection limit
360 with no directional trend, and is thus considered negligible for the net methane budget of this specific landscape feature. The
magnitude of uptake observed in the cryoturbated earth hummocks aligns well with values reported for other High Arctic
mineral soils, such as the -92 ng CH, m™2 h™!, reported across West Greenland and western Canadian Arctic (D'Imperio et
al., 2023; Voigt et al., 2023). Weekly measurements between July and September 2023 reveal that the earth hummock sites
accumulated a substantial growing season sink of -97 + 6 mg C m™, placing them among the more active tundra landscape
365 features of methane oxidation in the Arctic (Jorgensen et al., 2015; Voigt et al., 2026). In contrast, the non-hummocky tundra
represented only ~24% of the hummock's growing season sink strength (-23 + 0.6 mg C m™2), supporting the hypothesis that

mineral soils provide a widespread but variable background sink (Lau et al., 2015; D'Imperio et al., 2023).

We attribute this difference to the elevated microrelief of the hummock, where cryogenic uplift provides an elevated and
370 well-aerated soil column (Trotsenko & Khmelenina, 2005), lowering the water table depth relative to the soil surface and
exposing a larger volume of porous soil to atmospheric infiltration (Hermesdorf et al., 2022; Lee et al., 2023). This structural
elevation increases the vertical effective diffusivity of the soil column, allowing atmospheric methane to penetrate deep into
the horizons where high-affinity methanotrophic communities are concentrated (Knoblauch et al., 2008; D'Imperio et al.,
2023). Further, the association of strong uptake with shrub-covered hummocks aligns with findings that vascular plant cover,
375 particularly dwarf shrubs like Dryas and Salix, facilitates methane oxidation (Lee et al., 2023; Voigt et al., 2026). We
propose that these shrubs restructure the soil through extensive root systems that create wider pore spaces, thereby enhancing
gas transport (Wilcox et al., 2019; Voigt et al., 2023). Furthermore, the transpiration activity of shrubs actively lowers the
water table within the hummock core, expanding the aerated vadose zone available for microbial activity (Lee et al., 2023,
Voigt et al., 2026). This creates a stable hydrological regime where the micro-topography allows for rapid runoff during
380 heavy rainfall, preventing the saturation that inhibits aerobic oxidation (D'Imperio et al., 2017, Hermesdorf et al., 2022).
Conversely, the thick moss carpet (Tomentypnum) observed in the non-hummocky tundra appears to act as a dual physical
and thermal barrier for CH4 uptake (Gornall et al., 2007). These moss carpets have a strong insulating effect that can delay
active layer thaw and maintains the underlying soil in a colder, wetter state, which limits the metabolic rates of
methanotrophs (Gornall et al., 2007; D'Imperio et al., 2017). Furthermore, the dense moss structure likely inhibits the intake
385 of atmospheric methane by reducing surface diffusivity (Knoblauch et al., 2008; Hermesdorf et al., 2022). The almost

complete lack of uptake in the saturated inter-hummock depressions further supports a "lid effect”", where water-logging
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prevents atmospheric interaction and limits the colonization of high-affinity methanotrophic organisms (Knoblauch et al.,

2008; Martineau et al., 2014).
390 4.2 Influence of soil pH and microbial community structure on methane uptake potential

On a global scale, atmospheric CHy levels are primarily regulated by tropospheric oxidation, yet the terrestrial soil sink
remains the second-largest removal pathway, accounting for approximately 5-10 % of the total CH,4 budget (Conrad, 2009;
Saunois et al., 2020; Folberth et al., 2025). However, the strength of this biotic sink is not a static global constant; rather, it is
395  highly sensitive to localized soil properties, which govern the interaction between the atmosphere and the soil microbiome
(Oh et al., 2020; Lee et al., 2023). In Arctic tundra ecosystems, this sensitivity is particularly pronounced due to extreme
landscape heterogeneity. While broad-scale models often rely on regional thermal drivers, such as air temperature, to predict
fluxes, these variables frequently fail to explain the dramatic variations in CH4 exchange observed across small spatial scales
(Knoblauch et al., 2008; Zhuang et al., 2013).
400
The difference in CHy4 uptake capacity between the hummocks and non-hummocky tundra that we observed is likely a result
of cryogenic microtopography. The significant pH disparity between the hummock and the non-hummocky tundra is
primarily driven by the decoupling from lateral flow of groundwater or soil interflow water along the slopes facilitated by
the elevated microrelief of the hummocks. The elevation of the hummock crest above the mean water table reduces the
405 influence of groundwater, which otherwise provides a replenishing effect against acidification through the lateral or upward
flux of minerogenic base-rich water (Tarnocai and Zoltai, 1978). In contrast, the inter-hummock hollows remain at near-
neutral pH because they stay saturated longer and maintain closer contact with minerogenic soil or ground water or
meltwater from thawing ground ice containing dissolved cations (Peplau et al., 2025). In the well-drained hummock crest,
the accumulation of organic matter leads to the active production of organic acids during decomposition. This acidity is
410 further reinforced by the leaching of base cations, which are washed out of the aerated upper horizon by rainfall, resulting in
a localized drop in pH to approximately ~4.5. However, these features do not reach full ombrotrophication, the state of
receiving nutrients solely from rain, because the organic layer remains thin and cryoturbation constantly mixes mineral soil
back into the organic horizon, counteracting total isolation of water and nutrient flows from the subsoil. In contrast, the non-
hummock tundra maintains higher moisture with higher lateral water throughflow and retains a more moderate pH of ~6.0.
415
Further, in our study, the pmoA gene (targeting a subunit of the particulate methane monooxygenase, pMMO) was
significantly more abundant in the upper horizons of the hummock, despite the non-hummocky tundra having a higher
overall microbial biomass (measured via 16S rRNA gene copies). This indicates that the hummock top soils are an optimized
habitat for methanotrophs, whereas the non-hummocky tundra hosts a larger, but more generalist, microbial community.
420 This disparity aligns with findings that coarser, better-drained soils facilitate aerobic methane oxidizers necessary for CH,
oxidation (Dutaur & Verchot, 2007; Knoblauch et al., 2008, Voigt et al., 2026). The resulting pH gradient acts as the primary
driver of microbial community assembly, a phenomenon defined as "pH-based ecological coherence" (Zhao et al., 2020; Yao

etal., 2023).

425 Without sequencing of the pmoA gene, definitive methane affinities of the found methanotrophs remains difficult. However,
the metabarcoding-based taxonomic identification, combined with the environmental parameters and gas fluxes, strongly
suggest the oxidation strategies of the detected methanotrophs. Methylocapsa, the dominating methanotrophic genus found
in the hummock, is reported to contain several high-affinity methanotrophic species (Tveit et al., 2019). The second most

dominant methanotroph in the hummock is Methylocella, which is often isolated from high CHg-environments (Dedysh et
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430 al., 2005; Haque et al., 2019). However, due to its versatility in carbon sources, it is most likely a low- to moderate-affinity
methanotroph. The Type-IIB methanotrophs Methylocapsa and Methylocella are often obligate acidophiles whose enzymatic
systems are specifically optimized for sub-atmospheric CH4 concentrations of approximately 1.9 ppm (Dedysh et al., 1998;
Tveit et al., 2019). To survive in acidic, nutrient-poor hummocks, the methanotrophic community utilizes significant
metabolic plasticity. High-affinity methanotrophs, including Methylocapsa, supplement their energy by oxidizing

435  atmospheric hydrogen (H,) and carbon monoxide (CO) (Tveit et al., 2019; Bay et al., 2021). Furthermore, their ability to fix
dinitrogen (N;) allows them to bypass the nitrogen limitations typical of leached acidic soils (Tveit et al., 2019; Voigt et al.,
2026). Furthermore, Methylocella was not targeted by the qPCR analyses carried out in this study targeting the pmoA gene,
because it exclusively utilizes the soluble methane monooxygenase (sMMO) for methane oxidation (Fenibo et al., 2023).
This is why we conclude that the total genetic potential for methane oxidation in this profile was very likely underestimated

440  with the qPCR approach.

The most dominant methanotroph of the non-hummocky tundra is Methylobacter, which is a low- to medium-affinity
methanotroph (Smith et al., 2018). Methylobacter is reported to be an obligate methanotroph, who is typical of more
moderate pH conditions (Smith et al., 2018), can likely use either sMMO or pMMO for methane oxidation, but certainly has
the pmoA gene (Knief, 2015). The method bias for the non-hummocky tundra was therefore likely smaller than for the

445 hummock. Former findings of Methyloglobulus, the second-most-dominant methanotroph of the non-hummocky tundra,
show no clear kinetic data for CH4 oxidation. However, its limited choice of electron donors (methane and methanol) and
initial cultivation from a high-CH4 environment (Deutzmann et al., 2014) suggest a tendency towards low-affinity
methanotrophy. Martineau et al. (2014) further segregated methanotrophic communities by pH, reporting high-affinity
methanotrophs in acidic soils and low-affinity methanotrophs in neutral soils, which is in line with our findings. The

450 hummock is therefore a habitat for high-affinity and atmospheric methanotrophs in contrast to the non-hummocky tundra,
which mostly contains low- to medium-affinity methanotrophs. This suggests that the methanotrophs in the non-hummocky
tundra presumably offset methane from lower, anoxic soil horizons, while the hummock was able to oxidize atmospheric
methane.

Interestingly, we detected sequences of the order Methanomassiliicoccales in the lower hummock horizons in very low

455 relative abundances, yet no mcrd gene was detected via qPCR. It is likely that the detected member of the
Methanomassiliicoccales was so low in abundance that the qPCR simply failed to detect. Overall, our data indicate that

methanogenesis is negligible in hummocks.

4.3 Implications on the Arctic Carbon Budget

460  The integration of our findings into the broader Arctic carbon budget highlights the critical importance of microtopography
for upscaling. Zhuang et al. (2013) and Oh et al. (2020) argue that process-based models frequently overestimate net
methane emissions because they fail to adequately parameterize the sink strength of dry, mineral soils. Our data highlight a
significant scaling error inherent in landscape homogenization. If a regional model treats the tundra as a uniform pixel based
on the non-hummocky tundra average, it would underestimate the potential methane sink capacity by approximately 75 %

465 relative to the actual contribution of earth hummocks. Conversely, if the landscape is classified broadly as "wet tundra"
based on the characteristics of inter-hummock hollows, the persistent sink function of these mineral features is ignored
entirely in favor of assumed net emissions. This supports the claim by Martineau et al. (2014) and Voigt et al. (2026) that
accurate mapping of microbial community distribution and their associated soil classification is a prerequisite for accurate

global budgets.
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470 The ongoing "greening" of the Arctic, characterized by the expansion of deciduous shrubs, may introduce a significant
negative feedback mechanism into the regional carbon cycle (Wilcox et al., 2019; Voigt et al., 2026). We observed the
highest methane uptake rates in hummocks dominated by dwarf shrubs like Dryas and Salix, whose root systems likely
facilitate gas transport and active soil aeration (Lee et al., 2023; Voigt et al., 2026). If continued warming promotes shrub
expansion, the resulting increase in evapotranspiration and soil structural complexity could broaden the area extent of these

475  high-affinity methane sinks (Wilcox et al., 2019; Lee et al., 2023). This suggests that as the climate warms, the capacity of
the soil to take up atmospheric methane may increase.

However, the stability of this Arctic methane sink is critically threatened by geomorphological degradation driven by
accelerating permafrost thaw (RoBger et al., 2022). The warming induced ground subsidence, could lead to the rapid collapse
of elevated, dry hummocks into water-saturated depressions. Our results indicate that the conversion of an earth hummock to

480 an inter-hummock depression does not simply result in a marginal reduction of sink strength, but rather a total omission of
methane uptake. In this scenario, the loss of specialized acidic, well aerated niches and the onset of anaerobic conditions
would weaken the region's ability to bind atmospheric methane. Therefore, the future trajectory of the Arctic methane
balance depends less on uniform temperature responses and more on the structural evolution of the frost-patterned landscape.
Accurate predictions of the Arctic’s role in the global methane cycle must, therefore, account for the delicate balance

485 between the expansion of shrub-driven sinks and the loss of these niches through warming-induced permafrost degradation

and subsidence.

5. Conclusion

Our study demonstrates that methane CH4 exchange in the Arctic tundra is strongly regulated by cryogenic microtopography
490  affecting soil chemistry and microbial community assembly. Our measurements reveal a strong divergence in methane sink
capacity of Arctic landscape features: while inter-hummock hollows remain biogeochemically inert, cryoturbated earth
hummocks can function as substantial atmospheric methane sinks, especially when compared to non-hummocky tundra. The
mechanism driving this high-intensity methane sink is the cryopedogenesis of the earth hummock. Cryogenic uplift creates
an elevated micro-environment characterized by deep drainage and an expanded vadose zone, physically isolating the soil
495  column from the surrounding water table and lateral water flows. This structural separation facilitates the leaching of base
cations and the relative accumulation of organic acids from shrub litter, leading to significant localized soil acidification (pH
~4.5). We identify this acidic, oligotrophic niche as the primary selective filter for the soil microbiome, inhabiting
specialized high-affinity methanotrophs. Particularly, the genus Methylocapsa dominates these acidic upper organic soil
horizons, utilizing particulate methane monooxygenase (pMMO) to enduringly metabolize methane at trace atmospheric
500 concentrations. Further, our data also reveals a decoupling of methane uptake rates from seasonal soil warming. This
indicates that in these well-drained mineral soils, the metabolic activity of the methanotrophic community is constrained by
substrate availability and physical transport mechanisms rather than standard thermal kinetics. Ultimately, this study
identifies cryoturbated earth hummocks as critical, micro-topography-driven, highly effective methane sinks whose

functional capacity is determined by the synergy of physical aeration, localized acidification, and taxonomic specialization.
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Appendix A

Table A1: Soil depth and chemical analyses Hummock H* and Non-hummocky tundra NH

SITE HORIZON  AVERAGE PH WATER C((%) N((%) CN
DEPTH (CM) (H.0) CONTENT (%)
HUMMOCK | Oi 2.5 4.6 68.1 44.19 132 335
Oe 7.5 43 73.2 3825 1.65 232
Oa 10.5 4.8 80.0 20.84 125 16.7
Ah@]1 18.0 6.0 54.8 9.82 0.72 136
Ah@?2 28.5 6.0 57.3 12.62  0.87 145
AhBwl@! 47.0 6.6 20.6 2.34 0.17 138
AhBwl@?2 57.5 6.6 19.3 2.44 0.19 128
AhBwl@3 67.0 6.6 22.1 2.72 021 13.0
BwlAh@f 85.0 6.9 20.6 0.96 0.07 137
NON- Oe 5 5.7 85.0 45.09 136 332
HUMMOCKY | Oa 16 5.8 79.3 3413 1.83 187
TUNDRA Ahg 31 5.6 38.8 6.47 04 16.0
Ahgf 50 59 50.5 4.89 032 152
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Appendix B

Appendix Table B1: mcr4 copy numbers in the different NH replicates. nd=not detected, nm =not measured
NH REPLICATE DEPTH (CM) QPCR_MCRA COPY NUMBERS PER G DW
1 0-7 nd

1 7-12 nd

1 12-19 112114.95

1 19-37 nd

1 37-39 271768.944

2 0-8 108101.061

2 8-21 22919927.9

2 21-34 nd

2 34-47 70871.1733

3 0-3 nm

3 3-15 nm

3 15-29 nm

3 29-44 nm
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Appendix Figure B1: Bacterial 16S rRNA gene qPCR results of all replicates of NH in comparison with H*.
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Appendix Figure B2: pmoA qPCR results of all replicates of NH in comparison with H*, achieved with the primer
combination pmoA 189-F/mb650-R.
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Appendix Figure B3: pmoA qPCR results of all replicates of NH in comparison with H*, achieved with the primer

combination pmoA 189-F/mb650-R.
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Appendix Figure B4: Amplicon-results of potentially methane relevant prokaryotes in all NH replicates. Replicate #2 was
the only
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