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Abstract Abrupt permafrost thaw events are projected to contribute up to 40% of permafrost carbon (C)
release to the atmosphere. They involve sudden hydrological shifts within the soil column; however, the exact
microbial functional pathway shifts induced by these events remain cryptic. To investigate how C and nutrient
cycling processes differ in thaw scenarios, we conducted metagenomic analyses in a pilot study on soil and
water subsamples (two replicates per depth group, and treatment) after experimental thaw of intact soil columns
(1 m tall mesocosms) and soil horizons in isolation (120 mL vial incubations). The microbial community
structure response was masked by high depth dependency, with large shifts in functional pathways within the
permafrost soil horizon under the “abrupt” treatment. Most pathways of C cycling remained similar under both
“abrupt” and “gradual” thaw, while denitrification and sulfate functional pathways were stimulated within the
“abrupt” treatment. This is likely caused by thaw water providing more energetically favorable terminal electron
acceptors for metabolic pathways such as denitrification, thus inhibiting the terminal stages of C degradation
that result in methane production. This is supported by the 90% decrease in CH, production under “abrupt” thaw
simulation. This pilot study of “abrupt” and “gradual” thaw simulations highlights the potential for abrupt thaw
to enhance carbon-nitrogen interactions by modifying redox conditions. Abrupt thaw events are expected to
increase in warming permafrost regions, and results from our study offer a novel perspective on the close
interactions that lowland permafrost soils have when cycling C and nutrients.

Plain Language Summary Palsas—a form of permafrost peatland that are small in size but rich in
soil C—can either transition slowly into wetlands (gradual) or collapse (abrupt) in thermokarst ponds fast. The
microbial response to the hydrological changes due to those two timelines is yet not fully understood. We
simulated abrupt and gradual thaw scenarios in a laboratory incubation and took subsamples from the incubated
soil (before and after the experiment). We found that the microbial community responded to thaw primarily in
the permafrost soil horizon. From a previous experiment, we knew that carbon dioxide emission increased in
abrupt thaw and that methane emission was negligible in “abrupt” in “gradual” thaw. By comparing the
functional potential of the microbes, we were able to see “who” may be behind the previously observed carbon
dioxide and methane patterns. These insights offer greater understanding, and promising future directions of
inquiry into better predicting how permafrost will contribute to the greenhouse warming effect and global C
cycle in our post-thaw future.

1. Introduction

Peatlands are major terrestrial carbon (C) sinks, primarily composed of partially decomposed organic matter
(OM). Northern peatlands store approximately 415 + 150 Pg of C, with 46% located in permafrost-affected
regions, which are estimated to store 185 Pg C (Hugelius et al., 2020). Decomposition of C is limited due to
frozen, and saturated soil conditions, allowing for large-scale C accumulation (Frolking & Roulet, 2007; Sannel &
Kuhry, 2009; Turetsky et al., 2000). These C-rich permafrost peatland soils are of particular interest as the Arctic
is warming three to four times faster than the global average, but the resilience of C to the conditions of a warming
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climate represents a large uncertainty in climate modeling efforts (Obu et al., 2019; Rantanen et al., 2022; Smith
et al., 2022).

Palsas—peat mounds elevated by ice layers in the permafrost and surrounded by mire—are characteristic
permafrost landforms of discontinuous permafrost zone lowlands (Seppild, 1986). These permafrost formations
hold cultural significance for local people, as well as varied ecosystem services, and particularly dynamic and C-
rich soils (Markkula et al., 2019). However by the year 2080, its predicted that in a high-emission scenario, 98% of
the current habitat that is suitable for palsa formation will no longer be able to maintain the environmental and
climatic conditions that allow for palsas (Leppiniemi, 2025), with all other forms of permafrost across the
discontinuous zone on a similar trajectory to extinction (Fewster et al., 2022; Leppiniemi, 2025).

Permafrost thaw sequences can be categorized as being “gradual” or “abrupt”. Abrupt thaw is typically defined by
its short timescale of thaw—days to years—compared to deepening of the active layer in gradual thaw, which
occurs over years to decades (Turetsky et al., 2020). Although less frequent, abrupt thaw could contribute up to
40% of permafrost C emissions as climatic conditions shift (Turetsky et al., 2020). The greater C release expected
during abrupt thaw could be partly explained by the high amount of organic C directly available to microbial
decomposition (Serikova et al., 2018; Turetsky et al., 2020; Vonk et al., 2013). Recently, Webb et al. (2025)
expanded the definition of abrupt thaw to include degradation within 30 years in ice-rich soils (>20%) and cases
leading to permanent ecological change, emphasizing the role of environmental and hydrological disturbances. In
palsas, the ice-rich soils and rapid degradation—leading to the formation of thermokarst ponds—monitored in
Fennoscandia suggest that abrupt thaw is the dominant process (Borge et al., 2017; Leppiniemi, 2025; Verdonen
et al., 2023). Hence, integrating hydrological processes into studies of abrupt thaw and C degradation is essential
for understanding better permafrost C dynamics in palsas.

In palsa mires, abrupt thaw processes are observed in the collapse of ice-rich permafrost domes into the sur-
rounding to thermokarst ponds, and post-thaw wetlands. These resulting post-thaw thermokarst ponds are known
to be biochemically complex (In *T Zandt et al., 2020; Leroy et al., 2025; Vonk et al., 2015) and potential
“hotspots” of methane (CH,4) and carbon dioxide (CO,) production, as found in recent flux measurement cam-
paigns (Kuhn et al., 2018; Walter Anthony et al., 2016). Permafrost thaw also re-introduces nitrogen (N), sulfur
(S), and iron (Fe). This represents a significant potential to stimulate microbial activity at all depths, particularly
in nutrient-limited wetland soils (Patzner et al., 2020; Reddy & DeLaune, 2008). However, rapid environmental
changes could also lead to a high stress for the microbial communities and therefore exterminate narrow guild
communities such as methanogens (Ernakovich et al., 2022). Microbial analysis offers insight into the biology
behind OM decomposition, and offers potential for mechanistic understanding to bridge this knowledge gap of
global C estimate uncertainties.

Studies investigating soil-microbe interactions along natural thaw gradients—from intact palsas to fens—have
measured shifts in methanogenic communities that drive increased CH, production and emissions in thawed
environments (Freire-Zapata et al., 2024; Patzner et al., 2022; Woodcroft et al., 2018). Recently, they have also
demonstrated a strong link between C release and parent vegetation (Baysinger et al., 2025). However, these
findings primarily reflect biological processes occurring over several decades in relatively stable environments. In
contrast, little is currently known about short-term microbial changes—both in community composition and
functional pathways—under conditions of abrupt thaw, even though such thaw events in permafrost peatlands (as
well as in other non-wetland permafrost regions like the ice-rich yedoma domain (Strauss et al., 2017; Strauss
et al., 2022, 2024) are considered potential C “hotspots”. These tiny organisms are adapted to the extreme
conditions of life for these high-latitude soils, but the open question remains as to how these communities respond
to the massive physiochemical shifts in their environment as frozen soil thaws abruptly to saturation (Mack-
elprang et al., 2016; Waldrop et al., 2025).

To compare C and nutrient cycling in gradual versus abrupt permafrost peatland thaw, we conducted two lab-
oratory experiments where we thawed permafrost soils. We used whole-core mesocosms and vial incubations and
simulated hydrological conditions of each thaw type. In line with Turetsky et al. (2020), “abrupt” thaw was
defined as the sudden inundation of soil by water from thermokarst ponds forming around thawing palsas. In early
work using vial incubations, removing vertical soil dynamics revealed a 90% reduction in CH4 emissions from
palsa permafrost soils under “abrupt” thaw, as compared to controls (Baysinger et al., 2025). In the companion
papers to this study, researchers observed that “abrupt” thaw simulations resulted in an increase in net CO,
emissions from palsa soils, but the dynamics driving this uptick in emissions was unclear (Laurent et al., 2025).
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These findings suggest that there are likely unrecognized mechanistic processes within abrupt thaw sequences
that differ from those associated with active layer thickening (gradual thaw). The formation of thermokarst ponds
due to permafrost degradation establishes a hydrological, chemical, and (potential) microbiological continuum
between intact permafrost soils and newly formed thermokarst ponds (Leroy et al., 2025; Peura et al., 2020). This
continuum represents in significant stressors and opening of new environmental niches in microbial community
structure (MCS). Recent studies have emphasized the critical role of this hydrological connection in mediating
interactions between C and nutrient cycles, which, in turn, shape MCS and influence GHG emissions (Leroy
et al., 2025; Patzner et al., 2020). However, to our knowledge, no research has yet investigated shifts in microbial
functional pathways in the context of the net emission of greenhouse gasses resulting from abrupt thaw. Here, we
use a metagenomic approach to sample all the microbial organisms within soil and water samples to understand
the abundance of species, and the functional potential of these organisms. By combining these methods (labo-
ratory incubations measuring GHGs, metagenomic analysis), we are able to test the hypothesis that the “abrupt”
and “gradual” thaw scenarios utilize distinct functional pathways to decompose OM, which can be reflected in
resulting GHG emissions. By exploring both thaw scenarios with metagenomic analysis from subsamples at each
depth, we aim to connect how the enhanced CO, fluxes measured in the above-mentioned “abrupt” simulation
may have been influenced by conditions that shifted in favor of alternative metabolic pathways.

2. Materials and Methods
2.1. Study Site

Samples were collected from a palsa-mire in a discontinuous permafrost area in Finnish Sapmi (Peera Palsa
—68.8778°N, 21.0793°E). The landscape is glacially imprinted; the topography is characterized by low-lying
orogenic zones, and depressions. The former are composed of moraines from the Pleistocene glaciations and
bedrock ridges, while the latter are occupied by palsa-mires (Borge et al., 2017). The peatland inception began in
8,000-10,000 cal.yr BP (Ruppel et al., 2013) followed by permafrost aggradation in 3,400-1,800 cal yr. BP
(P. O. Oksanen et al., 2003). The Peera palsa-mire-complex is composed of four palsas (Verdonen et al., 2023)
surrounded by fens. The active layer is up to 60 cm thick and the peat layer reaches 1.7 m depth. In this study, we
focused on the southernmost palsa plateau of this site (Figure 1). Aerial imagery was used to document the loss of
80% of Peera palsa's total area between 1960 and 2020 (Verdonen et al., 2023). The abrupt thaw sequence resulted
in the formation of small ponds and thaw slump on the edges the palsa, bordering the surrounding mire (Figure S1
in Supporting Information S1). The vegetation on the palsa is characterized by Betula nana subsp, Empetrum
nigrum subsp and Vaccinium myrtillus, and the surrounding mire is largely composed of floating mats of
Sphagnum mosses, Eriphorum angustifolium and Carex rostrata. For more detail on vegetation, refer to Karl-
gard (2008); Malmer et al. (2005). The mean annual air temperature measured at the Kilpisjdrvi station is —1.7°C
and the average precipitation per year is 546 mm (1991-2020, FMI, 2024).

2.2. Soil Sampling

In this study, we used soil samples collected in the fall of 2022 and winter of 2023. We used the samples from the
fall expedition to characterize the in situ MCS and functional pathways. The samples collected in winter were
incubated and analyzed for geochemical parameters (see Section 2.4) post-incubation. During the fall expedition,
soil cores were collected after the first frost of the year (mid-September 2022). Soil cores were brought to the
surface and subdivided into three soil horizons: surface horizon (0—10 cm) - middle horizon (30-50)—permafrost
(55-70). Henceforth, the depth groups referenced in this manuscript as defined as follows: the “Top” 10 cm from
the surface, the Permafrost Table (PT) “PT” for organic soils in the middle of the soil column directly above the
deepest soils—the PL “PL” with a max depth of 111 cm below surface (for more, see Table S2 in Supporting
Information S1). Three replicate cores were collected to account for the spatial heterogeneity of the palsa site. The
soils were largely organic histosols, with the top 20 cm composed of a Sphagnum-rich peat layer. For more
detailed descriptions of each horizon, see (Baysinger et al., 2025). Active layer (“Top” and “middle” soil hori-
zons) were carefully collected with a bread knife. The PL was sampled with a Snow, Ice, and Permafrost Research
Establishment (SIPRE) auger (Jon's Machine Shop, Alaska, USA).

Soil cores for mesocosm incubations were collected in mid-winter (March 2023). The expedition was scheduled
during winter to preserve in situ moisture conditions and prevent soil compaction by sampling when the ground
was fully frozen, thereby minimizing disturbance to interactions between soil horizons. We collected 12 replicate
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Figure 1. (a) Location of field site (Peera palsa—marked by large blue point) in relation to permafrost distribution across
Fennoscandia and Russia (b) Aerial view of Peera palsa in 2021. The red line delimits the aerial extend of Peera palsa in
2021, the orange squares indicate the soil samples collected in autumn 2022 and the light blue circle the coring location of
samples collected in winter 2023. (a) Source: GRID-Arendal; data from International Permafrost Association, 1998;

(b) Source: University of Eastern Finland Geosciences Lab 2021 (Verdonen et al., 2023).

cores of one m from the palsa—six of which were used in this study for mesocosm experiments—and one
additional long core extending to the mineral soil for sedimentary analysis. The cores were drilled using a SIPRE
corer, wrapped in specialized foil, and stored frozen at —20°C.

Additionally, we collected 45 L of water from a thermokarst pond adjacent to the palsa. The ice cover was drilled
using the SIPRE corer, and the water was stored in pre-cleaned 10-L canisters. Samples from both expeditions
were stored at —20°C at the Kilpisjérvi Research Station during the expedition. They were later shipped frozen to
AWI in Potsdam, Germany, in a refrigerated truck and stored at —20°C until the start of the experiment.

2.3. Incubation Setup

Soil cores in mesocosm columns were incubated under dark conditions at 10°C for 12 weeks in a custom-made
incubator. The headspace of the mesocosm columns was flushed with ambient air. The mesocosms were
sequentially thawed over the course of the incubation. To ensure fluxes between cores were comparable and not
influenced by potential dying plants, we removed the surface vegetation. Therefore, we did not include the in-
fluence of plants in this setup, and used dark incubation to prevent eventual plant growth and photosynthesis.

To experimentally replicate permafrost thaw, the mesocosoms were first thawed to 60 cm below soil surface
(active layer depth). The active layer (or thaw depth) was deepened every 4 weeks after by 20 cm at each step.
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Figure 2. Schematic of the mesocosm setup used for incubation and the sampling depths (Top: 0—10 cm; Permafrost Table:
30-50 cm; Permafrost Layer: 60-90 cm) for metagenomic analysis. “Gradual” thaw refers to samples incubated under in situ
soil moisture conditions, while “abrupt” thaw indicates samples that were flooded with thermokarst pond water. Microbial
samples were sampled exclusively from the mesocosm incubations, while C release data from both incubation types were
included in the discussion. For each microbial sampling layer (indicated in gray on the schematic), two biological soil
replicates were sampled for metagenomic analysis, for a total of 20 soil samples. The last two biological replicates from the
thermokarst lake are not shown here. Created with Biorender.

Temperature was monitored inside the incubator as well as along the soil profile. The temperature was recorded at
five depths (0-20-40-60-80 cm) every half an hour by using HoBo sensors (Hobo U12-008 data logger, USA).

To assess the shifts in MCS and functional groups during abrupt and gradual thaw, we exposed the mesocosms to
two treatments. We flooded a set of mesocosms to the surface with water from the thermokarst pond in order to
simulate the collapse of the palsa into the pond (abrupt thaw). To simulate gradual thaw, we incubated the
mesocosms at in situ soil moisture. For the “abrupt” treatment, the water was added from side at five depths (2—
25-50-75 cm). Water was added bi-weekly and after each experimental thaw step and each water sampling
(Laurent et al., 2025). Three replicate columns were used for each treatment, for a total of six mesocosms included
in this study. Details regarding the mesocosm setup, the water preparation, water addition, as well as the incu-
bation system are explained in Laurent et al. (2025). This work is linked to Baysinger et al. (2025). In Baysinger
et al. (2025), three spatial replicate cores from four stages of permafrost thaw (delineated from vegetation,
topography, and aerial imagery) were collected in the fall of 2023 from the same palsa sampled for this
experiment—Peera palsa. The soil in Baysinger et al., was then incubated for a year in different headspace,
temperature, and porewater treatments using 125 ml gas-tight vials of each soil horizon group (Figure 2). A
summary of the GHG production findings from the “intact permafrost” thaw step (comparable to the permafrost
collected for Laurent et al.’s mesocosms) can be found in Table 3.1.

2.4. Geochemistry Analysis

The sedimentary and geochemistry composition was analyzed (TOC, TN, electrical conductivity (EC), pH, water
content) for the palsa site using a replicate core. Pore water for pH, EC and Dissolved Organic Carbon (DOC) was
measured at every 10 cm. The pore water was extracted with a rhizon soil moisture sampler (Rhizon MOM 0.6 pm,
Rhizosphere Research product—Meijboom and van Noordwijk, 1991). EC and pH measurements were conducted
by a conductivity pocket meter with a reference temperature of 25°C (Cond 340i, WTW, Germany) and a
potentiometer (Multilab 540, WTW, 125 Germany). The water for DOC was stored in 20 mL glass vials
(WHEATON, Germany). To preserve the DOC, samples were acidified with 30% HCI (2 pL) and stored at 4°C
prior analysis. The Total Organic Carbon (TOC), Total Carbon and Total Nitrogen (TN) were analyzed before and
after incubation at five depths along the core (0-25-50-75-100 cm) with a Elementar soliTOC cube analyzer for
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TOC and a rapidMAX N for TN (both from Elementar Analysen system, Germany). Each subsample was
measured in duplicate, and standards and blanks were used to ensure reliable analytical measurements.

Pore water was collected at four depths (0-2 cm, 25 cm, 50 cm, and 75 cm) throughout the mesocosm incubation
using rhizon moisture samplers prior to each thawing step (Laurent et al., 2026). Due to limited water availability,
it was not always possible to collect sufficient volume for all chemical analyses (Table S5 in Supporting In-
formation S1); as a result, complete data for N analysis are not available for all depths. Additionally, in the
‘gradual’ thaw treatment, where mesocosms were incubated under in situ soil moisture conditions, the upper
60 cm remained dry. Consequently, pore water was only collected from the PL at 75 cm depth in this treatment.

The pore water samples were stored frozen and were shipped to the Helmholtz-Zentrum Heron (Department
Aquatic Nutrient Cycles, Geesthacht, Germany) for ammonium (NH}), nitrate (NO3) and nitrite (NO3) con-
centration analysis. Nitrite and NO3 were determined by a HPLC method (Jasco) at 225 nm (Meincke
etal., 1992). The detection limit was 0.5 pmol/L for NO; and NO3, respectively. Ammonium were determined by
a photometric method and 609 nm (Hansen & Koroleff, 2007), the detection limit was because a necessary
dilution 2 pmol/L.

2.5. Microbial Profile Analysis

Aliquots were taken for the metagenomic analysis both before (in situ) and after the mesocosm incubation. For
each treatment (in situ, gradual and abrupt), we collected two samples (biological replicates) for microbial
analysis in the top layer, at the PT and in the PL (Table S1 in Supporting Information S1). Our aim was to compare
microbial community and functional changes during permafrost thaw. Because of the mesocosm setup, cores
were collected in winter (see explanation above). As previous research shows strong microbial shifts between
winter and summer (Deslippe et al., 2012; Poppeliers et al., 2022) and we did not want to capture microbial
changes driven by seasonal thaw, we selected the cores collected in fall 2022 (when microbial communities had
already transitioned to summer conditions but were still underlain by permafrost) to serve as the baseline. The
other cores from winter 2023 were used for the permafrost thaw simulations.

Therefore for the “in situ” treatment, we analyzed samples from the homogenized soil horizons (n = 3 spatial
replicate cores included in the homogenate) at four different depths (0-10 cm; 30-50 cm; 55-70 cm; 87-111 cm).
Post-incubation samples were collected from the surface layer (0-2 cm), the transition layer between the active
and the PL (50-55) and the PL (75-90).

The DNA extraction involved 0.5 g of soil following the PowerSoil DNA isolation kit protocol (Qiagen, Hilden,
Germany). Before extraction, each biological replicate was homogenized individually to capture all variation
from the replicates. For each biological replicate, we extracted DNA associated with the soil matrix in duplicate
(DNA duplicates). DNA duplicates were mixed at the end of the extraction processes.

We generated 22 samples for DNA sequencing (Table S2 in Supporting Information S1). The quality and quantity
of DNA were assessed fluorometrically using Genomic DNA ScreenTapes and High-sensitive RNA ScreenTapes
on the Agilent 4150 TapeStation system (Agilent Technologies, USA) and Qubit 2.0 fluorometer (Thermo Fisher
Scientific, United States). For metagenomic sequencing, Novogene GmbH (Planegg, Germany) conducted library
preparation, and DNA sequencing on an [llumina NovaSegX platform, targeting 50 million paired-end reads with
a length of 150 nt.

2.6. Metagenome and Statistical Analyses

The metagenome data was processed using the ATLAS metagenome pipeline v2.12.0 (Kieser et al., 2020), which
includes an extended workflow for quality control, contig assembly, gene prediction, functional annotation.
Among the included tools are several standard tools, for example, metaSPAdes v3.15.3 for read assembly (Nurk
et al., 2017), eggNOG mapper v2.1 and eggNOG database v5.0 for functional gene annotation (Cantalapiedra
et al., 2021). Default parameters were used, except for RAM (up to 1.5 TB) and CPU/threads (up to 80 threads).
We did not use MAG (metagenome assembled genomes) data created by ATLAS. Instead, we used a gene-centric
approach and used all predicted and annotated genes for our analysis. The gene-centric approach usually gives a
more complete picture, because a higher fraction of the total reads is represented by all genes compared to only the
MAGs and its genes.
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Figure 3. Microbial community structure across depths (Top: 0-10 cm; PT: 30-50 cm; PL: 60-90 cm) for samples collected before (“in situ”: green), after incubation
(“Gradual”: yellow; “abrupt”: purple) and for the thermokarst pond water (Water: blue). (a) Relative abundances of archaea and bacteria, with bubble size representing
the relative abundance of each species and color indicating phylum identity. (b) Principal Coordinates Analysis based on relative species abundance. (c) Alpha diversity
metrics, including Observed species, Chaol, and Shannon indices. In panels (b) and (c), point shapes represent different sampling depths.

The functional annotation with eggNOG also annotates KEGG orthology IDs (KOs). Table S8 in Supporting
Information S1 includes all the corresponding genes and KO numbers that were part of the analysis corresponding
to enzymes involved in C, N, iron and sulfur cycles chosen based on previous studies (Woodcroft et al., 2018). To
create a general overview of the functional processes, we created a figure (4) similar to (Woodcroft et al., 2018).
The detailed procedure is the following: (a) Gene counts for were normalized by calculating TPMs (reads per
million mapped reads), where the total gene counts for each sample are the mapped reads. (b) TPMs for each
pathway are summed for different KOs and KEGG pathways (for each sample separately). (c) Different pathways
can have very different abundance, due to large range of genes involved and detected in each pathway. Thus, we
scaled (i.e., divided) each pathways (i.e., each row in Figure 4) by the maximum value of this pathways. Thus,
each row contains at least one value with 100% abundance. Please note, that we also considered using z-scale or
mean scaling methods but without satisfactory results. This is likely caused by the different abundance pattern of
different pathways (e.g., compare methanogenesis with only very few samples vs. glycolysis all samples showing
gene abundance, Table S6, Table S9 in Supporting Information S1).

The differential gene abundance analysis was performed with the DESeq2 package (v1.34) (Love et al., 2014) to
test whether gene counts differed significantly between sample groups. This analysis was done using the raw
counts that were summed up by KEGG KOs/modules/pathways. DESeq?2 fits a negative binomial model to the
raw read count data, from which log2fold changes (treatment vs. control) were estimated. Significance was
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determined using Wald tests with Benjamini-Hochberg correction, and features with an adjusted p-value <0.05
were considered differentially abundant.

Microbial community structure was characterized through taxonomic assignment for alpha- and beta-diversity
analyses. The quality-controlled reads (from ATLAS, see above) were mapped to the SILVA rRNA database
v138 (Quast et al., 2012) using Bowtie2 (Langmead & Salzberg, 2012) to quantify taxa in microbial communities
(Figure S11 and Figure S12 in Supporting Information S1). Between 0.05% and 0.51% of the quality-controlled
reads were successfully mapped to prokaryotic taxa in the SILVA database. To visualize beta-diversity, we
conducted Principal Coordinates Analysis analyses, with inter-sample distances calculated using the Bray-Curtis
dissimilarity metric from the vegan R package (J. Oksanen et al., 2020). We applied a PERMANOVA to test
differences within depth, thaw treatment groups.

We performed data analysis and plot generation using R version 4.0.5 (R Core Team, 2021). Graphics were
created using ggplot2 3.5 (Wickham et al., 2024).

3. Results
3.1. Greenhouse Gas Measurements From Multi-Scale Incubations

Over the incubation period (3 months), the mesocosms thawed under “abrupt” conditions emitted two-to three-
fold more CO, than those under “gradual” conditions (Table 3.1). Under both thaw simulations, CH, uptake was
observed, with no significant difference between treatments. N,O emissions were similar during the initial thaw
stages under both simulations (0.6 + 1.19 and 1.82 + 0.23 pg-N,O m~2 h™"). Although not statistically sig-
nificant, N,O emissions during the final thaw stage were higher under the “abrupt” thaw simulation.

The vial incubations exhibited a different pattern of GHG response, compared to the thaw simulations in the
mesocosms. CO, production in the top of the active layer (0—15 cm) and middle active layer (15-32 cm) was
similar under both thaw simulations. However, CO, production in the PL was reduced by 60% in the “abrupt”
thaw simulation when compared to samples in the “gradual” thaw simulation (Table 3.1). Similarly, CH, pro-
duction in the PL was reduced by a nearly 90% under the “abrupt” thaw simulation. In the 15-32 cm layer, the
“abrupt” thaw simulation appeared to trigger CH, production, with a cumulative CH,4 production of 0.056 + 0.1
mg-CH,-C g~! DW, compared to the absence of CH, under “gradual” thaw conditions (Table 3.1).

3.2. Microbial Community Structure

We generated 22 metagenomic libraries to characterize the MCS and the genetic functional potential. In total we
obtained 2,528,005,914 raw reads that resulted in 1,351,484 assembled contigs (set of DNA segments that
together represent the consensus pool of DNA) with 4,113,036,100 total bases (Table S7 in Supporting Infor-
mation S1) and 2,276,819 predicted genes.

The depth at which the soil subsamples were collected was a major determinant of MCS. Significant differences
were observed at both the phylum and family levels among the three depth groups (P < 0.001 for “Top” (0—10 cm)
versus PL “PL” (60-90 cm), P <0.001 for “Top” versus PT “PT” (30-50 cm), and P <0.001 for “PL” versus
“PT”; Figure 3b). The most prominent phyla within the soils of the active layer were Acidobacteriota, Actino-
bacteriota, Proteobacteria (20%—31%; Figure 3a, Table S3 in Supporting Information S1). In the lowest depth
group (PL), the Firmicutes phylum was most dominant and represented 30% of the observed community
(Figure 3a)

For both thaw simulations, the MCS from the ‘PT’ (30-50 cm depth) samples shifted toward the MCS of the
thermokarst pond water. However, the experimental permafrost thaw simulations did not result in significant
changes in the MCS between “gradual” and “abrupt” treatment groups (Figure 3b, Table S3 in Supporting In-
formation S1). Within the lowest depth group (PL (55-90 cm depth)), only the MCS from samples exposed to the
“abrupt” thaw simulation shifted toward the MCS of thermokarst pond water, while the MCS from samples
incubated under “gradual” thaw remained similar to the “in situ” samples (Figure 3b). For example, we did not
detect Bacteriodota in the permafrost layers prior to incubation, and Desulfobacterota were absent from all other
soil samples. However, we detected both Bacteriodota and Desulfobacterota in the thermokarst pond water, where
they accounted for 5% and 1.3% of the community, respectively. After the “abrupt” thaw simulation, we measured
a relative abundance of 20% for Bacteriodota and 4% for Desulfobacterota in the permafrost layers, compared to
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Figure 4. Heatmap showing the normalized abundance of KEGG Orthologs (KOs) associated with carbon (C), nitrogen (N),
iron (Fe), and sulfur (S) cycling pathways across different depths (Top: 0-10 cm; PT: 3050 cm; PL: 60-90 cm) for samples
collected before (“in situ”: green) and after incubation (“gradual”: yellow; “abrupt”: purple). The normalized abundances
were obtained by calculated TPMs for each gene and sample followed by summing up by KOs and scaling each KO to the
maximum of this KO (see methods for details).
just 1% and 0% under the “gradual” thaw simulation (Figure 3a, Table S3). Acidobacteriota was the most
abundant phylum in the thermokarst pond water and was 100-fold higher in the “abrupt” than in the “gradual”
thaw simulation (Figure 3a).
Phyla that had large shifts in abundance from “in situ” to the post-thaw simulation included the Bacteroida,
Patescibacteria and Verrucomicrobiota phyla. These groups measured a sixfold increase after thaw, relative to the
rest of the MCS (Figure 3a). Also notable was the Chloroflexi, which decreased by more than tenfold after both
LAURENT ET AL. 9 of 18
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Figure 5. Displayed in the left panel is this study's experimental setup. Subsamples for metagenomic analysis are represented
by the Eppendorf vials. Created with BioRender.

thaw treatments (Figure 3a, Table S3 in Supporting Information S1). No significant difference in MCS was
observed within the “Top” depth group post-thaw (Figure 3b, Table S3 in Supporting Information S1). Finally, in
the PL samples after the thaw simulations, Archaea were almost entirely absent (Figure 3a).

The thermokarst thaw water measured the highest biodiversity of any of the samples (see biodiversity indices
Figure 3c). Within the water samples, no phyla had a relative abundance larger than 20% and most phyla rep-
resented in Figure 3a presented a relative abundance of 5% or less. Soil samples thawed under “abrupt” conditions
had higher biodiversity indices independently of depths, with a stronger effect in the PL (Figure 3c). When the
thermokarst water was introduced to soil in the “abrupt” thaw simulation, it was only in the PL depth group that
the biodiversity indices increased (Figure 3c).

3.3. Functional Carbon Changes in the Permafrost Layer Following Thaw Simulations

Among the three layers analyzed for functional C cycle changes upon permafrost thaw, the “PL” layer was the
only depth group with a shift in gene abundance between the “abrupt” and “gradual” thaw treatments (Figure 4).
Methanogenesis genes using both the acetoclastic and hydrogenotrophic pathway were present in the “in situ”
“PL” samples (Figure 4; Table 3.1) However, methanogenesis genes were not detected within all soil cores post-
thaw treatment, but only within PL (Figure 4). The formation of acetate from pyruvate (acetogenesis) signifi-
cantly decreased by a Log2FC of 1 and 0.6 for “gradual” and “abrupt” thaw respectively, but were still detected (P
<0.001, Table S4 in Supporting Information S1), while hydrogenotrophic pathway was not (Figure 4). Overall,
acetoclastic pathway was detected in the post-thaw soil samples and thermokarst water. Both acetoclastic and
hydrogenotrophic methanogenesis were only detected in the “in situ” PL samples (Figure 5).

The C cycle did not show a marked increase or decrease in response to “abrupt” thaw, though it was not entirely
unaffected. From the metabolic functional data, we observed that a decrease in the genes associated with
methanogenesis was the only overall response to thaw from the C cycle, despite the observed stimulation of GHG
production (Table 3.1; P > 2 for all steps; Table S4 in Supporting Information S1). Glycolysis (pyruvate for-
mation from glucose lysis) indicated some increase and decreases in individual steps of this metabolic pathway
from the “abrupt” thaw simulation (Figure S9 in Supporting Information S1, p = 0.017) though the overall
metabolic pathway was not significantly affected in “abrupt” or “gradual” thaw. Genes coding for polysaccharide
degradation (degradation of polysaccharides such as cellulose or xylan to monosaccharides) were not affected by
the type of thawing. In respiration and fermentation pathways there was no observed shift in gene abundances.
Within the ‘abrupt’ thaw simulation, the gene abundances from the thermokarst water had a high correlation
throughout the C cycle within the PL (Figures S2 and S3 in Supporting Information S1).

In the active layer (“Top” and “PT”) soil depth groups, the metabolic pathways remained similar to those of the
“in situ” group (Figure 4). Figure 4 displays shifts induced by thaw simulations solely for the methanotrophy, with
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a overall increase in gene abundance under the “abrupt” thaw simulation. However, the TPM values (values
normalized to gene length, and sequencing depth) for methanotrophy was low compared to the other pathways
(median = 0.80, Q1 = 0, O3 = 10.70, Table S6, Table S9 in Supporting Information S1), therefore the stronger
abundance observed in Figure 4 is mainly attributed to the normalization used in the heatmap, rather than an
absolute increase.

3.4. Varying Shifts in Nitrogen, Iron, and Sulfur Cycling Pathways in Response to Thaw Simulations

Based on the gene-centric analysis, we did not capture a clear functional response of the N pathways to the thaw
treatments. Instead, each step in the N cycle did respond in some capacity to the treatments. These responses were
depth-dependent, with the most significant differences originating from the “PL” depth group.

Although denitrification showed a stronger increase under “abrupt” thaw conditions (Log2FC = —1.6) than under
“gradual” conditions (Log2FC = —1.05) in the “PL” depth group, this difference was not statistically significant
(Table S4 in Supporting Information S1). Nitrification was completely inhibited in the “PL” after the “gradual”
thaw simulation, as seen in Figure 4. Although we detected gene for this pathway under “abrupt” thaw, the TPM
values were low. N fixation within the “PL” depth group was not significantly affected, and neither was
ammonification. Although, thaw simulations significantly enhanced dissimilatory nitrate reduction, composed of
denitrification and N fixation, by a Log2FC of —2.5 and —1.5 for “gradual” and “abrupt” thaw respectively
(P = 3.1E—6 and 0.0019; Table S4 in Supporting Information S1). In the active layer (“Top’), the thaw simu-
lations inhibited ammonification and nitrification, with a stronger inhibition for the ‘abrupt’ thaw simulation.

In contrast to the C cycling gene responses, the gene abundance of the “PL” under “abrupt” thaw was not
correlated to that of the thermokarst pond water (Figure S7 in Supporting Information S1). The thermokarst pond
water displayed the strongest gene abundance for the N fixation, ranging from 200 to 300 TPM. However, in
comparison to the soil samples, the N cycle pathways in the thermokarst pond water have a lower gene abundance.

To gain another perspective of N cycling processes within the mesocosms, we extracted pore water samples at the
end of the incubation and analyzed the different forms of N within the water. From these water samples, we found
that both soil depth and thaw treatment influenced the N species concentration. Ammonium had the widest range
in concentration (2141.7-3.6 pM; Table S5 in Supporting Information S1), with the highest levels found in deeper
permafrost layers in the “abrupt” thaw simulation. Nitrate and NO, generally were below the detection limit, with
two exceptions from samples in the middle depths (both samples were around 5 pM; Table S5 in Supporting
Information S1).

Gene abundances for the Fe and S cycles were also included in this analysis, but only one key pathway from each
mineral/nutrient cycle is represented here: Fe II oxidation and sulfate reduction. While little to no change was
observed for the iron oxidation, sulfate reduction increased (by a Log2FC of 1.4 for dissimilatory, and 0.84 for
assimilatory; Table S4 in Supporting Information S1) under ‘abrupt’ thaw simulation. This increase in S reduction
matches the gene abundance from the thermokarst pond water (Figure S8 in Supporting Information S1).

4. Discussion
4.1. Stability in Carbon Cycle Pathways Despite Microbial Structure Community Shifts

Functional pathways and MCS had little discernible changes within the active layer (Figures 3b and 4), likely as
the high biodiversity of organisms within the soils, made for a population that could adapt to the changes thaw
brought (Ernakovich et al., 2022). While the samples at the PT were undergoing the strongest MCS shifts for both
simulations, no functional C shifts was measured (Figures 3b and 4). Similarly, the samples from the PL under
“abrupt” thaw simulation showed a significant shift in MCS, but the functional C pathways were similar to “in
situ” and “gradual” conditions (Figures 3b and 4, Yang et al. (2021)). This phenomena in the PL may possibly be
explained by the ability of select groups of methanogens to maintain a relatively dormant—but still viable—life
within the extreme cryogenic environment of the frozen soils (Mackelprang et al., 2017; Rivkina et al., 2007).
Previous work at Stordalen Mire (using the top 50 cm of the active layer) found that fermentation processes shift
mainly in the later stages of post-thaw wetland formation when the post-thaw wetland became an established fen,
rather than during the entirety of the permafrost thaw sequence (Woodcroft et al., 2018).Whether soil is within the
permafrost horizon, or in exchange with the atmosphere (active layer horizon) is one of the strongest drivers of
MCS and functional potential (Waldrop et al., 2010). However, the absence of observed shifts in C cycling
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Table 1
Summary Table of the Results From the Mesocosm and Vial Incubations for the “Gradual” and “Abrupt” Thaw Simulations
Mesocosm incubation (3 months) Vial incubation (1 year)
(mg-CO; or pg-CHy m™2 h™!, or pg-N, m=2 h™!) (mg C g~' DW)
Thaw stage Average CO, Average CHy Average N;O Incubation Average CO, Average CHy
Thaw simulation (cm) Emissions Emissions Emissions ~ Depth (cm)  Production Production
Gradual 0-60 56.6 + 15.8 —10.8 +4.2 1.50 + 0.367 0-15 273+ 0.3 -
0-80 328 +£0.8 —-32+0.6 1.82 +0.23 15-31 2.08 £0.2 -
0-100 983+3.6 —155+23 2.94 + 0.96 54-61 1.12+ 1.6 1.68 = 1.1
Abrupt 0-60 178.8 £ 96.1 —18.1 +31.8 1.589 = 1.39 0-15 2.58 £ 04 =
0-80 96.1 £480 —-279+185 0.6=%1.19 15-31 2.66 = 0.3 0.056 + 0.1

0-100 171.1 £904 -34.6 154 357 +61.9 54-60 043 +£0.01 0.192 + 0.04

Note. Results from the mesocosm incubation indicate the average CO, and CH, emissions in mg-CO, or pg-CH, m~—2 h™!
and N,O emissions in pg-N, m=2 h™! over individual thaw stage. Results from the vial incubation indicate the average
potential cumulative production in mg-CO, or mg-CH,-C g~! DW over a year of incubation. For both incubations, averages
were calculated over three replicates.

functionalities (Figure 4) contrast with the increase in CO, emissions from palsa permafrost soils in the “abrupt”
thaw simulation as compared to soils in a “gradual”’ simulation (Figure S10 in Supporting Information S1; Laurent
et al. (2025)).

The MCS was mostly driven by the vertical soil distribution (Figure 3), consistent with previous knowledge. This
result was expected, as the position of soil within or outside the permafrost horizon is well known to be a dominant
control on microbial community composition and activity (Waldrop et al., 2010). Regarding changes due to thaw
simulations, the functional pathways and MCS had little discernible changes within the active layer (Figures 3b
and 4). This is likely due to the MSC already adapted to seasonal thaw. Additionally, this finding suggests C cycle
functional pathways are broad enough to be carried by different MCS communities (Ernakovich et al., 2022).
However, it could also indicate that MCS changes more rapidly than functional pathways.

The absence of observed shifts in functional genes (Figure 4) contrast with higher CO, emissions from the
mesocosm under the “abrupt” thaw simulation (Table 1; Laurent et al. (2025)), as compared to soils in a “gradual”
simulation. This indicates that other biochemical cycles could play a role in CO, release. As a next step, it could
be valuable to use a transcriptomic approach in future work to quantify precisely which genes increased in
response to ‘abrupt’ conditions, to explain our observed increase in CO,.

Our 16S rRNA gene data supported a significant shift in MCS communities between the thaw simulations, with a
shift toward the thermokarst pond water microbial community for the ‘abrupt’ thaw treatment in the PL
(Figure 3b). This could indicate a potential colonization by microbial communities originating from the ther-
mokarst water, as seen in the groupings (particularly of the abrupt “PL” samples) in (Figure 3b). There was an
overall increased alpha-diversity in the samples under the “abrupt” thaw simulation (Figure 3c). In an incubation
experiment testing the effects of higher microbial diversity on soil C respiration rates, Maron et al. (2018)
measured a 1.5-fold increase in C decomposition with increased microbial diversity. When considering this in the
context of our results, the relatively high microbial diversity in the thermokarst water carried over to the “abrupt”
thaw simulation soils (see alpha diversity indices: Figure 3c), which could partly explain the two fold increase in
CO, emissions measured in Laurent et al. (2025) (Maron et al., 2018). Furthermore, metagenomic analysis allows
only for the identification of functional genes, but does not assess the activity of the microbial communities.
Therefore, a potential higher activity due to a higher microbial diversity would not be captured here.

4.2. Potential Methane Inhibition Following Thaw

Functional gene abundance results combined with the CH, uptake from the mesocosm incubation suggest a
potential inhibition of methanogenesis under ‘gradual’ and “abrupt” thaw conditions (Figure 4, Table 3.1). A
decrease in gene abundance under “gradual” thaw is in line with previous studies, which reported reduced or no
CH, production under drier conditions (Ernakovich et al., 2022; Knoblauch et al., 2018; Lee et al., 2012). As the
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“gradual” thaw treatment was maintained at in situ moisture levels, it is likely that segments of the soil column
experienced oxic conditions. However, despite water saturation, no CH, emission was measured and gene
abundance corresponding to methanogenesis also decreased under the “abrupt” thaw treatment (Figure 4, Table
3.1, Table S4 in Supporting Information S1). In the companion paper Baysinger et al. (2025), both treatment
groups were fully saturated though the “abrupt” group was incubated with thermokarst water from the site. In this
yearlong incubation, the CH4 production from permafrost soils were 90% lower than the soils that were incubated
with the control treatment water (Table 3.1; Baysinger et al. (2025)).

Methanogens, characterized as a slow-growth ecological guild (Ernakovich et al., 2022), are known to respond
stochastically (i.e., in random patterns) to environmental disturbances. Supporting this, Leroy et al. (2025) found
that methanogens in emerging thermokarst lakes exhibited higher variability in behavior in a thawing palsa
system in Canada. Our results support Leroy et al. (2025) that this observed pattern is likely due to the early
developmental stage of these systems. Emerging thermokarst lakes may not yet provide the stable environmental
conditions required for methanogen establishment. Their water chemistry, typically marked by low pH (Table S1
in Supporting Information S1; Leroy et al. (2025); Peura et al. (2020)), creates conditions that are unfavorable for
the methanogenic organisms. This chemical bottleneck, despite otherwise likely favorable conditions (anoxic,
warm), likely limits CH, production during early stages of abrupt permafrost thaw. The water samples from the
thermokarst pond overall had a higher alpha diversity compared to the soil samples. However, from the water
samples, methanogen abundance was below 2% and the gene encoding for methanogenesis were detected only for
a few KOs compared to “in situ” conditions (Figures 3 and 4). This supports that water from young thermokarst
ponds might be unfavorable to methanogenesis and aligns with the decrease in methanogenesis and gene
abundance under abrupt simulation despite the flooded conditions. On the contrary, several studies have measured
a high potential of CH, production from young thermokarst lake sediments (J. K. Heslop et al., 2019; J. Heslop
et al., 2020). This highlights the complexity in thermokarst ponds and the different response to thaw between
thermokarst pond sediments and thermokarst pond water. By flooding our palsa cores with thermokarst pond
water, we only characterized the biochemistry effect from the thermokarst water, explaining why CH, release was
contradicting other estimates from thermokarst lake sediments. It is also possible that the experimental setup may
not have captured CH, created in the lower depths of the soil column, as it may have been oxidized in the surface
soil layer, which is supported by the vial incubation data 3.1 but not corroborated with the microbial findings of
this metagenomic analysis (Figure 3). When thinking about the discontinuous and sporadic permafrost systems,
this finding supports that transitional stages in permafrost thaw are periods of dynamic system change, with
aquatic (thermokarst pond) biogeochemistry having a widely underappreciated influence on GHG emissions from
terrestrial soils.

While previous incubation studies have documented increased CH, production and methanogen abundance from
post-thaw wetlands soils (Kirkwood et al., 2019; Mackelprang et al., 2011), they often relied on soil moisture as a
proxy for anoxic conditions. However, Perryman et al. (2020) emphasized that redox potential is a more reliable
predictor for some C processes in OM transformation during thaw transitions. The authors found that the redox
conditions along the palsa thaw gradient of Stordalen mire was a more powerful predictor of CH, oxidation than
the water table, as they measured anaerobic CH, inhibition under anoxic conditions—Ilikely due to the utilization
of other TEAs. Our gene centric-approach, combined with CH, production data from the vial incubations, is
consistent with this perspective. In our ‘abrupt’ thaw simulations, we observed a modest increase in denitrifi-
cation and significant increase in sulfate reduction-processes (Figure 4, Table S4 in Supporting Information S1)
that could likely outcompete methanogenesis by using more energetically favorable TEAs (Reddy et al., 2022).
The lower CH, production under ‘abrupt’ thaw compared to the ‘gradual’ thaw simulated in the vial incubation,
further supports the preferential use of more energetically favorable TEAs. Finally, the absence of NO3 in pore
water (Table S5 in Supporting Information S1) further supports our hypothesis that the intrusion of thermokarst
pond water promotes denitrification as the primary energy-yielding pathway immediately following permafrost
thaw. Methanogenesis is likely to become dominant later, once more favorable TEA pools have been depleted.
This emphasizes the importance of incorporating local hydrological and geochemical conditions when assessing
methanogenic dynamics. However, the limited sample size in our study constrains the broader applicability of
these conclusions.
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4.3. C-N Interactions Could Enhance Carbon Dioxide Production in the Abrupt Thaw Scenario

In the simulations of “abrupt” and “gradual” thaw presented here, there was no definite effect of the N cycle in
response to different thaw simulations (Figure 4); rather, there were significant responses to thaw that were unique
to each soil horizon and thaw stage. While this is a complex response, when considering each step in the N cycle
individually some trends can start to be discerned from this pilot study of thaw processes. The environmental
changes associated with permafrost thaw (increasing soil moisture, temperature) have been observed to enhance
N cycling in high-latitude soils (Salmon et al., 2016). Recent work has linked this to diversification in N pathways
used (Melillo et al., 2011; von Hippel et al., 2025).

Ammonification represents the transformation of organic N to more readily available forms of N - namely
ammonia (NH3) and ammonium (NHJ). In the water saturated conditions of the thawing permafrost cores in this
study, genes indicating a functional potential for ammonification generally increased post-thaw simulation
(Figure 4), though not to a statistically significant degree. However, a steady accumulation of ammonia was
detected in the pore water of the mesocosm (Table S5 in Supporting Information S1); a telltale sign that the
increase in genes indicating functional potential (Figure 4) was indicative of actual increase in activity of this step
in the N cycle.

Genes indicating potential for nitrification were less present in the PL in both the “gradual” and “abrupt” thaw
simulations (Figure 4). This aerobic process transforms NH;3 to NO; and then to NOj. Previous studies have
found increases in nitrification following experimental thaw (Mackelprang et al., 2011), which is logical as it is
largely a process that happens in the active layer of soils, constrained by the permafrost soil horizon (Wild
etal., 2015). It was therefore interesting to note the reduced detection of nitrification and low NO3 and NOj in the
post-incubation pore water (Table S5 in Supporting Information S1). Soil pore water at all depths had NO; below
instrument detection limits for all depths. Nitrate concentrations were also below detection limit, except for some
samples in the middle depths, with concentrations slightly higher detection minimum (Table S5 in Supporting
Information S1). While terrestrial nitrification has been studied in a wide variety of soils (Booth et al., 2005),
exploring how rates of nitrification change with thaw (and especially “abrupt” thaw) remain an open question
with its significance highlighted in this study. Nitrogen fixation did not differ at any depth of the mesocosm cores
between thaw simulation. For more on this terminal steps of the N cycle see Text 1 in Supporting Information S1.

We measured an overall increase in denitrification functional genes in all layers in the “abrupt” thaw sequence
(Figure 4, Figure S9, Table S4 in Supporting Information S1). This process is promoted in anaerobic conditions,
and spurs NO3 consumption within the soil matrix. Plants uptake two main N forms: NH} and NOj —though the
often N-limited boreal and arctic plants have been known to also uptake organic forms of N (Atkin, 1996).
Therefore, a spurring of denitrification—as indicated in the ‘abrupt’ thaw scenario—may result in relatively less
(bioavailable) NO3 within the soil column that plants and bacteria can most easily “consume”. N, O is produced at
this step, anaerobically using NO3 as a TEA; notably, under complete anaerobic conditions, the N, O is largely
further reduced to N,. Using soils from Peera palsa, Voigt et al. (2017) used a mesocosm setup to experimentally
thaw the permafrost soil in 16-week thaw pulses. The authors found that total inundation (comparable to “palsa
collapse” or “abrupt” thaw processes simulated in this manuscript) allowed for complete denitrification (reducing
the produced N,O to N, within the soil column) and thus tampering the GHG effect. The weak correlation in N
pathway gene abundance between thermokarst pond samples and the “abrupt” “PL” treatment suggests that
denitrification was not primarily driven by pond-derived denitrifiers (Figure S7 in Supporting Information S1).
Instead, it was likely enhanced by increased soil moisture due to water addition and thaw of ice-rich permafrost.
Previous studies have also found increases in denitrification following experimental thaw (Mackelprang
et al., 2011). In our study, glycolysis was the only C metabolism pathway that had an enhanced overall detection
in the early steps of the “abrupt” thaw scenario (Figure 4, Table S4 in Supporting Information S1). This is notable,
as glycolysis produces NADH, a key electron donor for NO3 and NOj reduction (Su et al., 2015), and may have
triggered the observed denitrification response. However, NO; and NO; were nearly undetectable in pore water
(Table S4 in Supporting Information S1), suggesting that limited horizontal transport of available N restricted
broader C-N cycle coupling. It's also worth noting that while most of the pathways associated with glycolysis
were overall enhanced, the one exception was the Entner-Doudoroff pathway (M000OS in Figure S9 in Sup-
porting Information S1) which was not detected as having an enhanced detection.
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While nothing indicates a metabolic shifts in the C cycle to explain the observed two-fold increase in CO,
emissions during the “abrupt” simulation in the mesocosm incubation (Table 3.1); shifts in N cycles could
indirectly influence CO, release (Monteux et al., 2020). Under anaerobic conditions, OM degradation can be
coupled to alternative processes such as denitrification. This results in increasing anaerobic respiration and
produces CO, as a byproduct (Reddy & DeLaune, 2008), which could also explained the observed increase in
CO, emissions under the “abrupt” thaw simulation (Table 3.1). Sulfate was also observed as an alternative
electron acceptor in sulfate reduction when soil moisture increases (Pester, 2012). In our pilot study, although
gene abundance for sulfate reduction pathways did not change significantly following thaw, we measured an
increase under the “abrupt” thaw treatment (log2FC = —1.4; Figure 4) which may also contribute to higher CO,
emissions (Table 3.1). Other studies associated enhanced CO, emissions to Fe reduction (Patzner et al., 2020,
2022). However, we did not see an enhancement of the gene abundance in the Fe cycle under the “abrupt” thaw
simulation (Figure 4). A possible explanation could be the thick organic layer (2.10 m) at Peera palsa, compared to
Stordalen (0.6 m), where this reaction was measured. The deeper mineral layer in Peera palsa likely prevents the
Fe-OM interactions observed in Patzner et al. (2020) observations from Stordalen Mire.

4.4. Recommended Directions of Study, Toward Better Understanding C-N Interactions in Permafrost
Thaw Sequences

This pilot study of thaw timeline on microbial metabolic processes emphasizes that the N dynamics of Peera palsa
played a role in the resulting GHG emissions from simulated thaw sequences. Peera palsa is unique in its rela-
tively thick peat layer. The results herein show that the functional pathways and MCS had little discernible
changes within the active layer, likely as the high biodiversity of organisms within the soils allowed for a highly
adaptable population (Ernakovich et al., 2022), while the permafrost soils were driven by factors entirely separate
than that of the active layer. In using soils from one palsa, we are limited in the ability to extrapolate these results
but rather provide novel suggestions and insights into the microbial workings of these soils. Though the microbial
population and functional data interpretations and applications are in the early stages of this expanding field, it
may soon be able to link MCS's directly to GHG production patterns (Li et al., 2025) and other relevant upscaling
efforts. Further sampling campaigns using similar methods for field sites encompassing more of the discontinuous
permafrost region—especially those influenced by abrupt thaw processes—would provide insight into abrupt
thaw C dynamics and therefore reduce uncertainties in the contribution of permafrost C to the atmospheric C pool.

5. Conclusion

This study represents a first metagenomic analysis of functional group shifts linked to CO, and CH, releases as a
result of abrupt thaw processes. By using mesocosm incubations, we preserved the in situ soil structure—an
essential factor for the study of vertical soil dynamics. Our findings suggest that while C cycling functional
pathways remained largely stable, shifts in N cycling, driven by the intrusion of thermokarst pond water, likely
play a key role in regulating C release by altering terminal electron acceptor availability in the early stages of
abrupt permafrost thaw.

Additionally, the higher microbial diversity observed in thermokarst pond water is likely to stimulate biogeo-
chemical cycling. Our results highlight the importance of accounting for hydrological changes and soil-microbe
interactions during abrupt thaw timelines. We call for increased attention on C-N interactions in permafrost
peatlands. Especially for further investigations using thermokarst pond water, as the interaction between
permafrost soils and these increasingly saturated habitats are critical in improving our understanding of short-term
C release dynamics under abrupt thaw conditions.
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