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Abstract

Microbial dynamics in thawing permafrost induce a climate feedback of uncertain magnitude.
Estimates rely largely on incubations of experimentally-thawed permafrost soils, which may have
limited microbial functionality after millennia of frost. In nature, however, seasonally-thawed active
layer microorganisms may enter the underlying permafrost soil and introduce missing functions. Here
we test the prevalence of functional limitations and how introducing active layer microorganisms can
mitigate these across four widespread permafrost soil types. We measure the production of CO2, CHa,
N20, nitrate and ammonium content, bacterial community composition and genes controlling
nitrogen cycling. By restoring functions with a diverse microbial community from a temperate
grassland, we demonstrate widespread functional limitations in permafrost soils, as CO2 and N2O
emissions increased across permafrost types over 389 days. However, realistic active layer inocula
increased CO; or N>O production less than observed with the diverse microbial community, and not
systematically, due to unsuccessful coalescence or limitations in the inoculating soil communities
themselves. Under anoxia, active layer inocula quintupled CH4 while decreasing CO> production,
resulting in a 35% increase in COz-eq over six months. Understanding the factors that will lift the
functional limitations of permafrost microbial communities will be key to predicting their substantial,

yet unaccounted, consequences on the biogeochemistry of the permafrost region.
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Introduction

Arctic permafrost soils store large amounts of carbon (C) that can fuel greenhouse gas (GHG)
emissions when these soils thaw due to climate change'*. Understanding the feedback between global
warming and GHG emissions from these soils is important for climate change mitigation strategies’
4 Research efforts have been dedicated to sampling both the perennially frozen permafrost and the
seasonally-thawing active layer of soil profiles across the Arctic, to relate soil physical and chemical
composition to long-term GHG production through in vitro incubation studies'>*®. Incubations
provide valuable data and insights into remote sites not easily captured by ecosystem-level
measurements, which has allowed to model estimates of the permafrost carbon-climate feedback®”*.
However, most incubation studies neglect the role of biotic interactions, notably microbial
community assembly and its effects on soil functioning, which appear increasingly important in
determining post-thaw permafrost functioning in nature’'2. Upon permafrost thaw, microbial
community composition often changes substantially!'? 4. This can occur through endogenous changes
in the microbial community present in the permafrost under the new environmental conditions'>!6,
but also through invasion of surface microorganisms in the newly-thawed permafrost'>!’. Due to
dispersal limitations in permafrost when still frozen'?, local stochastic extinctions are not
counteracted by the dispersal of new microbial species from the active layer. Over tens of millennia,
this is thought to decrease diversity and functional redundancy of the microbial community,
eventually resulting in communities deprived of certain functions, and therefore hampering or losing
specific biogeochemical processes'®. Thus, the nature and rate of biogeochemical processes resulting

in net production of the GHGs carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O) are not

only constrained by soil abiotic and climatic factors, but also rely on microbial community

19,20 10,21

composition >“°, in ways that remain poorly understood in permafrost soils

Permafrost occurs across a large part of the arctic and boreal zone % and includes different soil types
and different durations of frozen conditions. Yedoma deposits occur in regions that were not glaciated
during the late Pleistocene (c. 84 — 11.7 ka BP??) and are among the oldest permafrost deposits. They
store 297 Pg-C and 37 Pg-N (29% of all C and 38% of all N in permafrost****) and their high ice
content puts them at risk of abrupt thaw. Functional limitation of the microbial community was
demonstrated in Yedoma permafrost by adding a functionally rich microbial community from a
grassland, which introduced new microbial functions that increased CO2 emissions and introduced
nitrification'®. The production of CHs ? and N>O !! also seem affected by such limitations in Yedoma
permafrost, and slow growth of specialised microorganisms in very old Yedoma permafrost could
explain these findings®®. In contrast to the restricted geographical extent of Yedoma, most present-

day permafrost, such as those found in palsa peat bogs and sedge-derived peat, or in cryoturbated
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soils where frost-induced soil movements actively bury organic matter, were formed after the Last
Glacial Maximum and have thus experienced perennial frost for a much shorter time. Cryoturbated
soils are widespread and store up to 46% of permafrost C 1?6, and peat permafrost soils store 18%
and 7% of permafrost C and N despite their limited and decreasing extent’>?%2’. How much of these
C and N stocks will be converted to greenhouse gases after thaw is of great interest considering the
consequences for climate feedbacks (e.g. refs. 21283%) but it remains unclear whether functional
limitations have also developed in more recent permafrost, or if functional limitations are common

for production of different GHG across permafrost types.

Upon natural thaw of permafrost soils, the introduction of microbial functions would need to originate
from the microbial communities in the overlying active layer, through e.g., seepage of ground water
during gradual deepening of the active layer, or mixing of soils due to thermokarst. This local active

layer community can be functionally diverse, but it may also lack certain functions?!

, Or may not
successfully establish into newly-thawed permafrost. Ice-rich deposits such as Yedoma are found
below various types of overlying vegetation, and their high ice content renders them susceptible to
abrupt thaw leading to soil layers mixing, which could expose them to a variety of active layer
microbial communities. Although post-thaw microbial community dynamics are now actively studied

(e.g. refs. 172132)

it remains unclear whether different active layer microbial communities can
introduce potentially missing or lost functions to different thawing permafrost types and thereby
alleviate functional limitations. If biogeochemical processes in permafrost are governed by microbial
functional limitations, this implies that changes in processes would largely depend on changes in

microbial community composition.

We compared the occurrence of functional limitations of CO2, N2O and CH4 production across four
common permafrost types of different origin and ages (palsa peat, tussock peat, cryoturbated soil and
Yedoma sediment), and tested the ability of active layer microbial communities to alleviate such
limitations, through two incubation experiments. In the first experiment, we incubated permafrost
soils from a palsa peat bog, a sedge peat from moist acidic tussock tundra, and a cryoturbated soil,
under oxic conditions for 389 days and compared dynamics of CO> and N>O production and nitrogen
(N) pools when incubated with a soil microbial inoculum from their own active layer, a functionally
rich microbial community from a temperate grassland as in ref. '° (positive control), and no microbial
inoculum (negative control). Yedoma sediment was incubated alongside the other soils with negative
and positive controls as well as all three active layer inoculum types to compare their potential within
this type of deposit. In the second experiment, we incubated palsa permafrost under anoxic conditions
for 175 days to explore whether inoculation with its own active layer microbial community would

stimulate anaerobic GHG production. We hypothesize that 1) microbial communities limit
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biogeochemical processes in all permafrost types — although older permafrost deposits may be more
strongly affected —, 2) active layer microbial communities can restore or stimulate processes by
introducing missing functions, and 3) microbial community coalescence (‘invasion' or 'establishment')

events should be observed wherever functional limitations are detected.

Methods

Soil collection

The four studied permafrost soils (Figure 1A) comprise a cryoturbated soil, a tussock tundra sedge
peat, a Sphagnum palsa peat (both histels) and a Yedoma sediment that together represent the main
pools of permafrost soil organic carbon (SOC). Samples from these permafrost soils types and their
corresponding active layers were taken in 2012 or 2015 using a SIPRE corer (Jon’s Machine,
Fairbanks, Alaska, USA) or a concrete drill bit (¢ 10cm) mounted on a gasoline-powered engine.
Physical and chemical characteristics of the permafrost and active layer soils are given in
Supplementary Table S1. The Cryoturbated soil was sampled from the rim of a non-sorted circle
(frost boil) in the Alaskan North Slope (Franklin Bluffs, 69.6685N, 148.7329W, 2012, 70-100 cm
depth). The sedge peat histel (‘Tussock’) was sampled from an Eriophorum vaginatum-dominated
tussock tundra (moist acidic tundra) of the Alaskan North Slope (Ice Cut, 69.0467N, 148.8343W,
2015, 70-100 cm depth). The second histel (‘Palsa’) was sampled from a Sphagnum-dominated
ombrotrophic peat bog underlain by silty permafrost (palsa mire) in sub-arctic Sweden (Storflaket,
68.3462N, 18.9714E, 2015, 110-150 cm depth). The Yedoma sediment originated from the Cold
Region Research Engineering Laboratory (CRREL) Permafrost Tunnel (Fox, Alaska, USA,
64.9513N, 147.6206W, 2012, 15 m depth). The soil was sampled from the upper silt unit originating
from an upper Pleistocene silty deposit, previously described in ref. '°. Active layer soils (5-15 cm
depth) were collected from the same cores as the Cryoturbated, Tussock and Palsa permafrost soils
and used later for inoculum preparation. The functionally-diverse soil microbial community used as
a positive control (‘Positive control’) was collected from the surface layer (0-15 cm depth) of a
drained Cambisol developed on granitic bedrock at the LTER research site of the French National
Research Institute for Agriculture, Food and the Environment (INRAE) in central France (45°43' N,
03°01" E). The site is an experimental grassland, specifically an abandonment-treatment which had
not undergone any cutting or fertilization for 15 years prior to soil sampling in the winter 2018-2019.
The physicochemical and microbiological properties of this soil have been described before 1033733,

All samples were stored frozen (-18 °C) until the experiment.
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a Permafrost Inoculum

®e
° .
Negative control (H,0)
Yedoma
@ Cryoturbated
Cryoturbated
® Tussock
- Tussock
® Palsa
Palsa

. @ Positive control

b oxic incubation experiment

Permafrost: Cryoturbated Tussock Palsa Yedoma
Inoculum: [ 1 ) o0 o0 o000
n=4 Variable Time-point (days)
Aerobi CO, fluxes Every 2-40 days
erobic N,O and CH, net fluxes 7,17, 40, 187, 389
10 °C Soil DOC, DIN, OM, moisture 0, 1, 389
389 days Bacterial 16S (V4-V5) amplicon 0, 1, 389
N-cycling functional genes 0,1, 389

(amoA, nirS, nirk, nosZI, nosZII)

C Anoxic incubation experiment
Inoculum

n=8 Permafrost ) )
Negative control (sterile Palsa)

Anaerobic Palsa <
10 °C

175 days

® Palsa
CO,, N,0 and CH, fluxes - every 7-90 days

Figure 1: Experimental design.

a) Sampling sites for permafrost and active layer soils.

b) In the oxic incubation experiment, four permafrost soils were
inoculated with a positive control from a temperate soil and three with
their respective active layer to explore, respectively, whether they
harboured functional limitations and whether their active layer microbial
communities would alleviate those. All three active layer inoculums were
used in Yedoma permafrost, to compare their ability to alleviate
functional limitations in Pleistocene-old, deep, ice-rich permafrost.

c) In the anoxic incubation we explored functional limitations of CO,,
N,O and CH,4 production in the Palsa permafrost.

Experimental design overview

We tested for the existence of functional limitations of CO2 and N>O production in four permafrost
soils, the ability of active layer microbial communities to alleviate these functional limitations, and
whether this can be linked to the communities establishing in permafrost (oxic incubation experiment,
Figure 1B). This simulates a transfer of soil microbes from the active layer to thawing permafrost by
disruptive thaw events (such as active layer detachments or retrogressive thaw slumps), precipitation
seepage, or bioturbation, in which newly-thawed permafrost becomes exposed to surface soil
microbiomes. Each soil was subjected to three separate inoculum treatments: inoculation (1) with
their respective overlying active layer (Cryoturbated, Palsa, Sedge); or (2) with a functionally-diverse
microbial community previously used to evidence functional limitations (positive control); or (3) with
autoclaved ultrapure water (negative control). As Yedoma permafrost may be exposed to a variety of

active layer types upon abrupt thaw, we instead subjected it to inoculation with each of the three
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active layer soils from the other permafrost types (1), as well as to positive and negative controls (2)
and (3). We further tested for the ability of the Palsa active layer microbial community to alleviate
putative functional limitations of CH4, CO> and N>O production in thawing permafrost under anoxic
conditions (anoxic incubation experiment, Figure 1C). Here, the permafrost was inoculated with its
own active layer, and compared to a negative control inoculated with a sterilized sample of its own

active layer.

Each treatment was replicated four times, resulting in 56 individual flasks ([3 permafrost types x 3
inoculation treatments + Yedoma x 5 inoculation treatments] x 4 replicates) per destructive sampling
date. Two sets of flasks were prepared to allow a destructive sampling one day after inoculation — to
assess putative biases due to inoculation — and at the end of the 389 days of incubation. Flasks were
incubated under oxic conditions at 10 °C in the dark. This temperature is in range with the mean
active-layer temperatures in Arctic regions during summer and is low enough to be within the thermal

tolerance range of psychrophilic microorganisms>°.

Net soil CO; and N>O production was quantified on the second set of flasks by measuring cumulative
CO; production throughout the incubation period and N>O production rates at several time points (7,
17, 40, 187, 389 days). The functional limitation of permafrost microbial communities was defined
as a statistically significant (a = 0.05) increased in GHG production or a change in N pools in
inoculated treatments compared to the negative control. We measured bacterial community
composition, abundance, N-cycling functional genes and pH, dissolved carbon and N pools of active
layer and permafrost soils immediately after their thawing in the lab, one day after inoculation, and

at the end of the incubation to monitor changes in community and functional dynamics.

In the anoxic incubation experiment, we incubated the ‘Palsa’ permafrost soil described above under
anoxic conditions and monitored the net change of CO2, CH4 and N2O in the headspace. Each of the
negative control and the inoculated treatment was replicated 8 times with one destructive sampling
date, resulting in 16 flasks. We incubated all flasks at 10 °C in the dark under a N2 atmosphere for
175 days. We assessed functional limitations of net CO2, N>O and CH4 production by comparing their
production rates and cumulative release in the inoculated soil to that of the sterile inoculum control

throughout the incubation period.

Oxic experiment

Permafrost and inocula preparation

The permafrost soils were thawed overnight in a UV-treated and bleached positive pressure hood,
then homogenized through an autoclaved 2 mm sieve into a stainless-steel bowl, and excess water

was decanted. Approximately 20 g (fresh weight) homogenized soil was set in UV-treated 120 ml

incubation flasks, sealed with parafilm to allow for gas but not moisture or microorganism exchange,
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and pre-incubated at 10 °C for 11 days before inoculation. Samples of homogenized soil were taken
to determine initial gravimetric water content, soil organic matter content (SOM), dissolved organic

C (DOC), total dissolved N (TN) and pH (n = 4, except for Tussock moisture and SOM where n = 3

due to low material amount).

We prepared microbial inoculum solutions by submerging active layer soils in autoclaved ultrapure
water under a laminar flow hood. Soil slurries were prepared in autoclaved Erlenmeyer flasks with
50 g fresh weight active layer soil. The organic and mineral active layer soils differed in water holding
capacity (SI Table S1), therefore we used either 100 ml (‘Cryoturbated’ and ‘Positive control’ soils)
or 150 ml (organic ‘Tussock’ and ‘Palsa’ soils) water. Slurries soaked for 1 hour at 4 °C were shaken
for 90 min (150 rpm, orbital), stored overnight at 4 °C, then filtered through qualitative filter paper
(Ahlstrom-Munksjo, Eskilstuna, Sweden; 10 pm pore size, previously washed with autoclaved
ultrapure water to prevent cellulose leaching). Three samples of each active layer soil were used to
determine soil moisture, SOM and pH. One ml of the respective soil suspensions was added to
randomly-assigned flasks for each of the four inoculum treatments (Cryoturbated, Tussock, Palsa and
Positive control) and one ml autoclaved ultrapure water was added to control flasks. Putative artefacts
due to the introduction of labile substrates such as microbial necromass were assessed in a separate

incubation and found negligible (Supplementary Material).

Greenhouse gases measurements

To measure CO; production rates, headspace air was sampled with a syringe to measure CO>
concentrations with an infra-red gas analyser (EGM-5 IRGA, PP Systems, USA) throughout the
whole incubation period at intervals ranging from 2 to 37 days, keeping [CO2]v.y below 28,000 ppm
to prevent CO; poisoning. After measuring, the flasks were flushed with CO»-free air moisturized
with a dew point generator (LI-COR Biosciences, Lincoln, Nebraska) and filtered through a 0.45 pm
syringe filter, for >90 s at 1 1 min’!, i.e. with at least 10 times the volume of the headspace. CO.
production rates (t) were calculated as follows:

Pi'V

[Coz]i ' R-T

At;

T; =

Where 7; is the rate of CO; production per time, [CO2]; is the CO; concentration at measurement time
1, At; is the time interval between measurement (;) and previous flushing, P; is atmospheric pressure
at measurement time i, V the headspace volume of the incubated flasks, R the ideal gas constant and
T; the incubation temperature. Cumulative CO> production over the entire 389 days period was

obtained by summing up the quantity of CO» produced in each flask across all measurements.
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Production rates of CHs and NoO were measured at four time points during the incubation: after 15
days, 45 days, 6 months and 389 days. On these days, 13 ml gas samples were taken with a syringe
from the headspace — after sampling for CO; but before flushing the headspace — and transferred to
previously vacuumed 12 ml exetainer tubes (Labco, United Kingdom). The samples were shipped to
INRAE facilities in Clermont-Ferrand and analysed for CH4 and N>O using a gas chromatograph
(GC, Clarus 480) equipped with a photoionization detector (PID, Vici 07709-S). N>O concentrations
between 200 ppb v:v and our lowest technical reference gas of 400 ppb are not included in statistical
analyses and only shown for reference, referred to as ‘trace amounts’. CH4 remained below detection

limit throughout the oxic incubation experiment.

Soil physical and chemical parameters

Soil chemistry variables - pH, water-extractable DOC, ammonium, nitrate and TN - were measured
on the homogenized permafrost soil prior to incubation, one day after inoculation and at the end of
the 389 days incubation. About 3 to 5 g fresh soil was sampled from the homogenized soils or from
individual flasks and shaken for 2 hours with 42 ml ultrapure water on an orbital shaker (150 rpm).
The slurries were filtered through 10 um qualitative filter paper, pH of the extracts was measured on
a MP-150 pH-meter (Mettler Toledo, Switzerland) and the extracts were frozen at -20 °C until further
analyses. DOC and TN of the extracts and of the inocula (see section 3.3.1 for inocula preparation)
were analysed on filtered and acidified aliquots (0.45 pum, Filtropur S, Sarstedt AG & Co., Germany;
50 ul 20% HCI to 20 ml filtrate) by high temperature catalytic oxidation using a Shimadzu TOC-V
CPH analyser with a TN unit (Shimadzu Corporation, Japan). Ammonium and nitrate were measured
from the water extracts on a AA3 system (SEAL Analytical Ltd, United Kingdom). Water extractable
organic N was estimated by subtracting dissolved inorganic N (ammonia, nitrate and nitrite) from
total water-extractable N. Soil moisture content (gravimetric) was determined by drying the soils at
105 °C for 48 h, and SOM by loss on ignition at 450 °C for 4 h. Soil physical and chemical variables
prior to the beginning of the incubation for the four permafrost soils and the active layer soils used as
inoculum are reported in Supplementary Table S1.

DNA extraction

Microcentrifuge tubes (1.5 ml) were filled with soil and snap-frozen in dry ice to analyse microbial
communities from the flasks harvested after one day and at the end of the anoxic incubation. Initial
soils were sampled likewise, after thawing and homogenizing but before pre-incubation for the
permafrost soils and before preparing soil suspensions for active layer soils. The frozen tubes were
kept at -80 °C for 4 to 17 months until freeze-drying, then homogenized by bead-beating (Precellys
CK-68 15 ml tubes, Bertin Technologies, France, 2 x 30 s 5000 rpm). Between 100 and 300 mg of

homogenized freeze-dried soil were used for DNA extraction using DNEasy PowerSoil Pro Kit
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(Qiagen, Germany) according to the manufacturer’s instructions, and DNA concentrations were
measured on a Qubit (ThermoFisher, USA) 1.0 fluorometer.

Bacterial amplicon sequencing and bioinformatics

The V4-V5 region of the 16S ribosomal RNA gene was PCR amplified using primers 515F>7 and
926R*® with Illumina sequencing adapters, in a 2-step PCR procedure with conditions described in
Supplementary Table S2. For a subset of samples from the Cryoturbated soil, DNA concentrations
were very low and thus the extracts were used undiluted and/or with 30 amplification cycles to obtain
products. Each pool of 96 PCR products included samples, negative controls (1-3 replicates of each
DNA extraction- and PCR-blank) and a mock community as positive control (2-5 replicates of
ZymoBIOMICS Microbial Community DNA Standard, Zymo Research, USA). Two pools of 96 PCR
products each were sequenced on Illumina MiSeq with V3 chemistry (2 % 300 bp, 15% PhiX spike-
in) at the SNP&SEQ Technology Platform in Uppsala, where demultiplexing was performed by the

sequencing platform.

Amplicon sequence variants (ASVs) were created in R 4.5.2 with DADA2*° (pseudo-pooling) after
removing non-target basepairs with cutadapt*®’. Taxonomy was assigned to ASVs with the RDP naive
Bayesian classifier*! as implemented in DADA2, and ASVs resolved to the genus rank were further
assigned a species rank by the exact string-matching algorithm implemented in DADA2
(assignSpecies), with SILVA v138.1 reference data*’. Putative contaminant ASVs were identified in
silico using the decontam package®. The very low DNA concentrations in some DNA extracts,
particularly so in the pre-incubation and day 1 extracts, would induce issues with the frequency-based
method, therefore only the prevalence-based method was used to identify contaminants, with a
threshold of 0.15 (more stringent than the default recommended value of 0.1). Contaminant status of
the ASVs was evaluated separately for each sequencing flow cell, and subsequently combined using
default parameters (‘minimum’), leading to 26 contaminant ASVs amounting up to 0.18% of the
overall 14.3 million good-quality reads. Further ASV filtering was carried out so that mock
community positive controls would be depicted as accurately as possible: ASVs present in fewer than
3 samples or amounting up to fewer than 100 reads in total represented 8% of the reads and were
removed. Samples with fewer than 20 000 reads were removed, resulting in a final ASV table of 13.1
million reads across 138 samples. Details of filtering steps, contaminant ASVs and intermediate files

are found in the code and data repository.

Functional genes assays
To determine the genetic potential and potential bottleneck for different processes contributing to
N20 production and reduction, qPCR of several functional genes were performed: the ammonia-

monooxygenase amoA found in betaproteobacterial ammonia oxidising bacteria** and ammonia
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oxidising archaea*> within the phylum Thermoproteota, nitrite-reductase genes in denitrification
(nirK* and nirS*"), and nitrous oxide-reductase genes (nosZ clades I*® and 11*®), as well as the V4-V5
region of the bacterial 16S rRNA gene as a proxy for bacterial abundance®’. DNA extracts were
diluted to 1 ng pl™! (or 1:8 for samples below 4 ng pl™!). Two 15 pl reactions per gene were analysed
on independent runs using CFX Connect or CFX-96 Real-Time System thermocyclers (Bio-Rad
laboratories, USA), and primers and conditions described in Supplementary Table S2, with
touchdown conditions for nirsS, nirK and nosZ clade 1. Each reaction contained 2 ul of diluted DNA
template, 10 ug bovine serum albumin, 1x Biorad iQ™ SYBR®Green Supermix (Bio-Rad
laboratories). The absence of polymerase inhibitors was ensured by amplifying a known amount of
pCR 4-TOPO plasmid (Invitrogen, USA) added to the DNA extracts or no-template controls and
comparing the threshold cycle number. No inhibition of the amplification reactions in any sample

was detected with the amount of DNA used.

For samples where data was obtained for both nir and nos genes (Supplementary Table S3), we
calculated the ratio of (nirS + nirK) / (nosZ1 + nosZIl) as a proxy for potential N>O source vs sink.
Reliable quantitative data could not be obtained for bacterial amoA due to non-specific PCR
amplification, and for the other genes, amplification could not always be obtained for all replicates
(Supplementary Table S3). In the Cryoturbated soil, 16S rRNA gene copy numbers were orders of
magnitude lower than for other soils, and only one sample (out of 24) yielded functional gene copy
numbers above detection limits, and we therefore excluded Cryoturbated from further analyses and

discussion of qPCR data.

Anoxic experiment
Permafrost and inocula preparation

The ‘Palsa’ permafrost was homogenized, decanted and set into flasks as described above but in an
anaerobic glovebox under N> atmosphere. Soil moisture was measured using 5 g of homogenized soil
(n=4). Active layer soil suspensions were prepared using the active layer soil as described above,
and compared a fresh soil inoculum (hereafter, ‘Palsa’) and an inoculum prepared with gamma-

irradiated (45 kGy) soil as a negative control (‘Control’, see Supplementary Text for more detail).

Greenhouse gases measurements

Net CO2, CH4 and N>O fluxes were measured and calculated as described above for CO2, except for
using an Agilent 7890 GC coupled with a flame ionization detector (FID, CO> and CH4) and an
electron capture detector (ECD, N2O), and using moisturized N> instead of CO»-free air for headspace
flushing. N2O remained below detection limit (100 ppb v:v) throughout the 175 days incubation. We

estimated total warming potential by summing the mass of CO, and CH4 converted into COz-eq. We



313
314

315

316
317
318
319
320
321
322

323
324
325
326

327
328
329
330
331

332
333
334

335
336
337
338
339
340
341
342

used the global warming potential at 100-year horizon for non-fossil CH4 from IPCC (GWP1¢o, Table

7.15 in ref. °°) as a conversion factor, that is multiplying grams of CHs by 27.0.

Statistical analyses

While the effects of inoculation on daily rate of aerobic CO> production were not necessarily stable
through time, particularly in the first months (Supplementary Figure S1), we decided to avoid
speculative interpretations of these patterns due to the lack of supporting data at this temporal
resolution. We therefore focused on cumulative CO> production over the incubation and assessed
how it was affected by inoculation treatments within each soil with one-way ANOVAs. Pairwise
contrasts were computed when appropriate with the estimated marginal means method (emmeans

package and function®!') and Holm adjustment for multiple comparisons.

We measured N>O at four dates and could therefore not calculate a cumulative budget for net N>O
production. Moreover, NoO was below detection limit at most occasions, preventing statistical
analyses except for the Palsa soil at day 7, where due to unequal sample sizes and variances we used

a Kruskal-Wallis test on net N>O fluxes, with inoculum as fixed factor.

Anaerobic CO> and CH4 flux rates were analysed with repeated-measures ANOVA (RM-ANOVA
with the ezANOVA package *?), using time as within-subject variable and inoculum as between-
subject variable. The time:inoculum interactions were not statistically significant (P > 0.3), therefore
cumulative CO2 and CH4 over the incubation, as well as the product of their conversion into COz.¢q

were compared between inoculum treatments using z-tests.

Differences in bacterial community composition between inoculation treatments for each soil type
were assessed using manyglm models ** separately for day 1 and day 389, and pairwise comparisons

were obtained using Holm P value adjustment with the wrapper provided in the mvabund package >*.

Within each soil type, the effects of the different inoculation treatments on most variables (functional
gene abundances, TOC, TN, organic matter content, moisture, pH) were assessed with one-way
ANOVAs using inoculation as a fixed factor, followed by pairwise contrasts when appropriate, using
log-transformed data when necessary to meet ANOVA assumptions or Kruskal-Wallis tests when
assumptions were not met (Supplementary Table S4). Since our hypotheses focused on treatment
effects rather than temporal dynamics per se, separate ANOVAs were carried out one day after
inoculation — to test for putative artefacts introduced by inoculation — and at the end of the incubation

to test for functional consequences of inoculation.
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Results

Soil chemistry

Changes in soil chemistry upon inoculation could obfuscate impacts of microbial community
dynamics, thus we assessed whether soil chemistry variables were affected one day after inoculation.
Soil moisture was unaffected by inoculation treatments, while other factors were, although mainly in
the Palsa soil. Here, soil pH was affected by inoculation with increased pH for the positive control
and active layer inoculum compared to the negative control, by 0.68 and 0.90, respectively, (+ 0.23,
t=2.90and 3.85, P =0.042 and 0.010, respectively, df = 9). Likewise, total dissolved N, ammonium,
and dissolved inorganic N were slightly lower after inoculum addition in the Palsa soil. There were
small decreases in water-extractable DOC in two inoculated soils relative to the control (Tussock and
Palsa P = 0.010 and 0.003, respectively), and a small decrease in DON in Tussock soil but only when
inoculated with its own active layer (Supplementary Figure S2). Nitrate and nitrite were undetected
at day 1, except in some Tussock soils and in samples inoculated with the positive control. We further

explored putative artefacts due to chemistry alteration upon inoculation in Supplementary Text.

At the end of the oxic incubation, day 389, dissolved inorganic N was significantly higher in the
positive control inoculum treatments, in both Cryoturbated soil and Tussock peat (Supplementary
Table S4, Supplementary Figure S2); inorganic N pools are further discussed below in relation to
N20 fluxes. Water-extractable total dissolved N had increased up to 9-fold compared to the start of
the incubation, with water-extractable organic N increasing 2 to 9-fold (Supplementary Figure S3),
irrespective of inoculation. Dissolved organic C content decreased significantly for the positive
control in Yedoma sediment. Other soil variables (SOM content, pH, moisture, total and organic N)
were unaffected by inoculation treatments, with the exception of inorganic N pools discussed further

down.
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Greenhouse gas production

Aerobic CO; production
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Figure 2: Cumulative CO, production of four permafrost soils subjected to
microbial community manipulation after 389 days of oxic incubation.

Large symbols and error-bars indicate mean +/- SE (n=4), small grey dots are
individual measurements. Horizontal bars denote the amount of carbon introduced by
the inoculum solutions. Letters denote significant (Holm-adjusted P < 0.05)
differences between inoculum treatments within a given soil type.

We found clear limitations of CO; production in all soils. The positive control inoculum (addition of
a functionally diverse community) enhanced the production of CO: in all soils, with increases in
cumulative CO2 production ranging from 20.1 to 59.6 % (Figure 2). CO> production in the Palsa
permafrost increased significantly in response to its own active layer inoculation (+15.4 %, 95% CI
8.3-22.5%,t=3.47,df =9, P=0.007), while neither the Tussock nor Cryoturbated soil responded
when inoculated with their respective active layer community. For the Yedoma deposit, all three
active layer inoculums significantly increased CO: production, but to a lesser extent than the positive
control. Further, the order was reversed, with Cryoturbated active layer inoculum causing the greatest
increase (41.5 %, CI 36.2-46.6 %, t = 11.58, P <0.001; df = 15), Tussock intermediate (17.8 %, CI
12.4-23.2 %, t=4.98, P =0.001), and Palsa the smallest (9.1 %, CI 3.7-14.1 %, ¢ = 2.55, P = 0.044,
Figure 2).

Aerobic N,O production

Inorganic N dynamics and N>O production provide further indication of functional limitations, as
they strongly responded to inoculation, mainly by the positive control. At the end of the incubation,
ammonium had decreased in all soils regardless of inoculation, by 60-100% (Figure 3a). Very high
nitrate and nitrite content, in some cases far exceeding initial ammonium concentrations, were
observed in soils inoculated with the positive control, except for the Palsa soil where nitrate was no

longer detected (Figure 3b).
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Figure 3: Water-extractable dissolved inorganic nitrogen pools ammonium (a) and
nitrate+nitrite (b), and net N,O flux rates (c) in four permafrost soils subjected to
microbial community manipulation over 389 days of oxic incubation.

Symbols in (a) and (b) indicate mean +/- SE, (n = 4 unless indicated otherwise by numbers
when below detection limit), different letters denote statistically significant differences (P <
0.05). Small symbols in (c) represent individual measurements, triangles denote trace
amounts shown and discussed but excluded from statistical analyses, measurement values
below 200 ppb (0.5xdetection limit) are not shown.

In the Palsa soil, net NoO emissions were initially (day 7) higher in the positive control than in the
negative control or the active layer inoculum (Figure 3), with a +425% increase in the positive control
compared to the negative control (Figure 3; negative control: mean + SE 1.32 + 0.37 ug N>O-N day"
!'kg dry soil! and 95%CI 0.60-2.05, n = 3; positive control mean + SE 5.65 + 1.15 CI: 3.39-7.90,
n =4). However, the measurements below detection limit and non-parametric approach make this
strong increase not statistically significant (Kruskal-Wallis X? =4.3, df=2, P=0.112). After 17
days, N>O was detected in the active layer treatment (n = 2, mean = SE: 0.45 + 0.02 pug-N,O-N day!
kg dry soil!') and several orders of magnitude higher in the positive control (n = 4, mean + SE: 11.86
+ 0.99 pg-N>O-N day! kg dry soil!) — this increase was not statistically tested due to low sample
size. N2O was further found in trace amounts (200—400 ppb) in the negative control and active layer
treatment (n = 4 and 2, respectively). N>O was only observed in trace amounts at day 40 and was
below the detection limit at day 187 (400 ppb equivalent ¢ 0.4—1.4 ug N>O-N kg soil DW-d"! over

days 180-187). In the Tussock soil, N2O was detected in trace amounts at day 7 in the negative and
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positive controls (in 1 and 4 replicates, respectively), then at day 187 in large amounts in the positive
control inoculum treatment only (n = 2). In the Cryoturbated and Yedoma soils, nitrous oxide
remained below detection limit in all treatments at all time points, and was only occasionally detected
in trace amounts.

Anaerobic greenhouse gas production in Palsa

Methane production was clearly limited in the Palsa soil which was incubated under anoxic
conditions. Methane production increased in Palsa permafrost inoculated with its own active layer
compared to the negative control (RM-ANOVA Fsgs = 61.22, Greenhouse-Geisser € corrected-P <
0.001), resulting in a quintupling of cumulative CH4 production over six months (Figure 4b; +395 %,
CI339-452 %, t=10.51,df=21, P <0.001), while CO> production significantly decreased (W = 56,
P =0.01, df = 15, Figure 4a), and N2O was not detected. Cumulative estimated warming potential
(using GWP100 for non-fossil CH4 as conversion factor) increased by 35% with inoculation (CI 15—

59%, t=8.27, P =0.003, Figure 4c).
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Figure 4: Cumulative CO, (a), CH, (b) and CO,_, (c)
production of Palsa permafrost subjected to microbial
community manipulation over 175 days of anoxic
incubation.
Symbols and error-bars indicate mean +/- SE (n=8).
Coloured bars in (c) indicate CO,_,, black outline bars denote
the CO, fraction of CO,., (data from a converted from mg-
CO,-C to mg-C0O,). Symbols denote statistically significant
differences (a: Wilcoxon rank sum exact test, b-c: t-test with

unequal variances, ***: P < 0.001; *: P < 0.05).
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Bacterial dynamics in oxic incubation
Community-level initial soil differences and inoculation effects

Bacterial community coalescence and increased bacterial richness were observed in some inoculation

treatments. These changes coincided with biogeochemical changes described in previous sections.

Before the incubation, the bacterial communities in the different active layers and positive control
soils differed significantly from each other (manyglm pairwise comparisons P = 0.018, n =4). The
bacterial communities in permafrost soils prior to incubation also appeared to differ from each other
and from active layer soils, although this could not be formally tested as too few replicates passed

quality filtering (Supplementary Figure S4).

One day after inoculation the composition of the bacterial communities were only affected by
inoculation of the positive control in the Tussock and Palsa permafrost soils (Figure 5). Tussock and
Yedoma soils also showed an increase in bacterial richness in the positive control, and in the Palsa
soil with both the active layer inoculum and positive control (Figure 5). Bacterial abundance,
estimated by the number of 16S rRNA gene copies, was initially unaffected by inoculation, except
for the Palsa soil where the positive control was one order of magnitude higher than the negative
control or the active layer inoculum (respectively ¢ =3.19 and 2.66, P = 0.033 and 0.052, df =9,
Figure 6).

After 389 days of incubation, bacterial community composition in all inoculation treatments differed
significantly from each other and the negative control in the Palsa and Yedoma permafrost (manyglm
post-hoc pairwise comparisons P < 0.05, Supplementary Table S5, Figure 5). In the Tussock soil, the
positive control differed from the negative control, but the active layer inoculum treatment did not,
while in the Cryoturbated soil no significant differences were observed between treatments. Bacterial
richness estimates corresponded to changes in community composition, with significant increases in
estimated richness only in cases where communities significantly differed from the negative control.
Bacterial biomass was 1-3 orders of magnitude higher at the end than at the beginning of the
incubation, regardless of inoculation treatments, except for the Yedoma sediment where the positive
control was one order of magnitude below the negative control and Palsa inoculum (¢ > 3.11, P <

0.02, df = 15, Figure 6).
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Figure 5: Bacterial community composition (16S V4V5 amplicons) in four permafrost soils
subjected to microbial community manipulation over 389 days of oxic incubation.

a,d,g,j: Relative abundance of the 20 most abundant bacterial phyla (class for Firmicutes and
Proteobacteria), each stack of bars represents one sample.
b,e,h,k: Principal coordinate analyses (PCoA) of weighted UniFrac distances. Points represent individual
samples, ellipses indicate 95% confidence intervals for each treatment (n=4). Different lower-case letters
indicate significant differences within a soil-date combination (manyglm pairwise comparison P < 0.05).
c,f,i,l: Species richness estimate (abundance-based coverage estimator ACE). Symbols and error-bars
represent means +/- SE (n=4), different letters indicate significant differences between inoculums within a
soil-date combination (EMmeans Holm-adjusted P < 0.05).
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Functional genes

Archaeal amoA genes supporting ammonia oxidation in the nitrification process were prevalent in the
Cryoturbated active layer soil, but were otherwise in low abundance (100—400 copies per g dry soil)
or below detection at day 1, but not detected at day 389 unless inoculated with the positive control
(Figure 6). Bacterial amoA genes were not detected. By contrast, nir and nosZ genes were detected in
all soils by the end of the incubation, regardless of inoculation, even though they were either low in
abundance or not detected on day 1 (Figure 6). As a proxy for N>O source vs sink potential, the nir /
nos ratio was largely unaffected by inoculation (Supplementary Figure S5), although there was a
significant increase in Tussock soil, with the positive control being the only treatment with a nir / nos
ratio higher than 1, suggesting a stronger source than sink potential. In the Palsa soil, the active layer
and positive control inoculum had significantly different nir/nos ratios, suggesting a sink in the active
layer and a source in the positive control. However, neither differed from the negative control. Minute
amounts of ribosomal and functional genes were detected in the Cryoturbated permafrost soil overall

and therefore not interpreted further.
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Figure 6: Abundance of ribosomal gene (a) and genes controlling nitrification (b),
production (c) and consumption (d) of N,O in four permafrost soils subjected to microbial
community manipulation over 389 days of oxic incubation.

Gene copy number per g soil dry weight. Symbols and error-bars indicate mean +/- SE (n=4 unless
indicated otherwise by numbers when below detection limit), letters indicate statistically significant
differences within a soil:date combination (EMmeans Holm-adjusted P < 0.05), asterisk denotes
significant differences within a soil:date combination (t-test P < 0.05). Pre-incubation samples are
the respective permafrost soils prior to incubation (Control), active layer (Turbel, Palsa, Tussock) and
positive control soils used for inoculum suspensions.

Discussion

Functional limitations were observed in all permafrost soils, as evidenced by large increases in CO>
production (20—60%, Figure 2), changes in inorganic N pools (Figure 3) and introduction of missing
N-cycling genes (Figure 6) when inoculated with the functionally-diverse positive control. In
addition, we found indications of functional limitation of N2O and of CH4 production in some of the
permafrost soils. Our hypothesis that changes in biogeochemistry would correspond to changes in
bacterial community composition, was largely supported: changes in dynamics of GHG production
or inorganic N pools were only detected in cases where bacterial community composition was
significantly modified by inoculation, with the exception of the Cryoturbated soil where DNA-based

results are suboptimal. Strong and long-lasting changes in community composition, systematically
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3336 gccurred between

linked to an increase in bacterial richness, indicate that coalescence events
permafrost and inoculum communities (Figures 2 and 5). The framework of microbial functional
limitations of biogeochemical processes in permafrost, hitherto only shown in Pleistocene-old

Yedoma deposits®!!

is therefore relevant across all common types of permafrost, even in more recent
Holocene deposits. This suggests that functions can be missing or lost from permafrost microbial
communities not only in permafrost frozen for dozens of millennia® but also over time scales of a

few centuries to a few thousand years.

Microbial communities from local active layers were not consistently able to alleviate the functional
limitations to the same extent as our positive control. This could be because the microbial
communities in the active layers were missing the same functions as those in the underlying
permafrost layers, which agrees with the selected N-cycling functional genes not always being
observed in the active layer soils we used for inoculation (Figure 6). This corroborates observations
of truncated denitrifier communities in topsoils notably in the tundra®*’, but it is unclear how
common this is over space and soil depth throughout the Arctic. nir and nosZ genes in denitrifiers
were likely present from the beginning in amounts below the detection limit of our qPCR assays, in
both the active layer inoculums and permafrost soils: indeed, nir and nosZ gene copy numbers within
a given soil were similar in abundance by the end of the incubation regardless of inoculation. Thus,
the active layer samples we used for inoculation were likely missing some functions, but not all.
Another explanation is that microbial communities in active layer soils carried the functions missing
from the permafrost, but failed to establish in the permafrost and introduce these missing functions.
Indeed, successful coalescence events appear as a necessary condition to the restoration of missing
functions. All permafrost soils were susceptible to coalescence at least with the positive control (with
the exception of the Cryoturbated soil, where the DNA-based results are suboptimal), and all active
layer inocula induced coalescence in the Yedoma sediment (Figure 5), ruling out bacterial
communities in the inocula being unable to establish in permafrost soil. Our experiments were not
designed to answer which drivers favour or impede microbial community coalescence in newly-
thawed permafrost, but our ancillary measurements offer insights. Differences in pH, organic matter
content or DOC between permafrost and active layer did not provide consistent explanations for the
(lack of) success of coalescence (Supplementary Figure S2). Therefore, this suggests that the success
of coalescence could depend on host- or guest- soil community or soil variables beyond our range of
measurements. While the factors affecting modalities and consequences of microbial community

d12,17,21,58

assembly upon thaw are increasingly studie , combinations of field and laboratory

experiments distributed across the permafrost region will be critical to assess the (lack of)
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functionality of active layer microbial communities, the controls over coalescence dynamics and their

biogeochemical implications.

The Palsa inoculum, which was the only one to induce a significant increase in CO; production in its
own permafrost, induced the lowest increase in Yedoma permafrost. Conversely, the Cryoturbated
inoculum, which did not increase CO> production in Cryoturbated permafrost, induced the highest
increase in Yedoma This suggests that the impact of coalescence events is thus far difficult to predict,
but may depend on the complementarity between functions present in the permafrost and active layer,
as well as on microbial factors determining the success of coalescence. We speculate that certain
functions may be entirely missing in both active and permafrost layers, but that those functions differ
across soil types or space. Under this assumption, microbial dispersal through percolation upon active
layer deepening may not efficiently restore the limited functional potential of permafrost microbial
communities. More disruptive permafrost thaw events involving soil mixing, such as thaw slumps or
thermokarst features, may have greater impacts on microbial communities as additional vectors of

d>%%% or soil fauna®! could then accelerate microorganism migration into newly-

dispersal, such as win
thawed permafrost. Increasing anthropic pressure in the Arctic, notably through tourism and mining,
may also increase microbial dispersal®® which could harmonize the functionality of active layer
microbial communities. Understanding the variability of active layer microbial communities and of
their potential to alleviate permafrost functional limitations is essential to assess the feasibility and

impact of measures mitigating microbial dispersal.

Nitrous oxide production in oxic incubation was increased in Palsa soil when inoculated with both
the active layer inoculum and the positive control, and in the Tussock soil, N2O production was only
detected in the positive control. The rates of net N>O production (0.44-13.86 ug N.O-N kg DW™! d-
1Y are within the range of those in the literature (Supplementary Table S6, ''%3%%) under similar
settings, 1.e. oxic conditions without plants. The processes governing N>O production are therefore
affected by functional limitations in these two soils, and not only in Yedoma soils as previously
observed'!. However, the abundance of genes indicating the capacity for production of N>O from
NO>™ and NOs™ (nirK and nirS) and the reduction of N2O into N2 (nosZI and nosZI)"° in the
denitrification pathway did not differ between treatments. Together with the introduction of archaeal
amoA genes by the positive control, and the observation of nitrate only where amoA genes were
introduced, this suggests that the observed functional limitations of net N>O production is linked to a
limited oxidation process of NH4" to NOs™ (nitrification process). Ammonia oxidizing bacteria are
known to produce more N>O than the archaeal counterpart’!, yet bacterial amoA genes could not be
quantified and only archaeal amoA genes were introduced with the positive control. Nevertheless, the

primers used for bacterial amoA quantification do not target amoA in complete nitrifying bacteria,



537
538
539
540
541
542
543
544
545
546
547
548

549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566

567
568
569
570

which have an oligotrophic lifestyle’? and were recently shown to be abundant in Arctic soils’>. Based
on the bacterial sequences, they were, however, only observed in two samples that were not
inoculated with the positive control, although our 16S rRNA gene primers may not have detected all
complete nitrifiers within the genus Nitrospira’. Contrary to our previous findings'?, ammonium
content decreased in all soils throughout the incubation, regardless of inoculation, which we therefore
cannot entirely attribute to ammonia oxidation. Since microbial biomass increased by 1-2 orders of
magnitude during the incubation the decrease can also be explained by assimilation of ammonium
into microbial biomass. Further, complete denitrification to N> may have occurred before we could
detect nitrate or N2O. Thus, unclear N dynamics remain at play, notably an ubiquitous and large
increase in organic N over the incubation, in all soils regardless of inoculation. Our results suggest
microbial community composition can be a determining factor in the variability of net N>O

production.

We found a strong functional limitation of methanogenesis under anoxic conditions, evidenced as a
quintupling of cumulative CH4 production in the presence of active layer inoculum. This was not
balanced by the decrease in CO: production, and in COz.¢q this resulted in a 35% increase in GHG
emissions over six months. Functional limitations of methanogenesis were originally observed in
Pleistocene-old Yedoma permafrost, where CH4 production only occurred in isolated permafrost
samples in a multi-year incubation, but could be restored by cross-inoculation from other samples
where this function was present’. Our results expand upon these earlier observations: in our more
recent Holocene permafrost deposits (SOM dated to c. 9100 yrs BP7>76) that had presumably been
perennially frozen for a shorter time, methanogenesis occurred consistently in all eight control
replicates, but its rate quintupled after introduction of active layer microorganisms. The earlier
observations suggested an on-off switch in methanogenesis triggered by the presence/absence of
methanogens’, but our results instead suggest that even permafrost in which CH4 production is
observed can produce CHs at much higher rates upon introduction of methanogen communities
present in the active layer. This is in line with the correlation observed between net CH4 fluxes and
abundances of Candidatus Methanoflorens stordalenmirensis in the active layer of newly-thawed
permafrost from a neighbouring peatland’’. Our results highlight that when estimating CHq4
production from permafrost based on incubations, it is necessary to account for the increased

functional potential upon coalescence with active layer microbial communities.

To conclude, we demonstrate microbial functional limitations of the three major biogenic greenhouse
gases CO2, N2O and CHs across three Holocene permafrost soils as well as in the older Yedoma
deposits. Active layer microbial communities could not always entirely alleviate these functional

limitations, which we attribute to unsuccessful community coalescence, and when they could, they
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were outperformed by temperate soil microorganisms, probably due to active layer microbial
communities missing functions. Upon coalescence with topsoil microorganisms, we observed
increases in CO; production of up to 60%, and for NoO and CH4 up to 400%. The consequences on
the arctic terrestrial carbon-climate feedback could therefore be globally relevant. We propose that it
is crucial to rapidly assess (a) the spatial variability in the functional potential of active layer microbial
communities and how this might change in a warmer Arctic, (b) the conditions under which
coalescence is possible or impeded, and (c) how other soil biota such as roots, fauna or humans may
mediate coalescence. We recommend combining the functional assessment of a collection of circum-
Arctic soil samples with mechanistic laboratory and in situ studies untangling the drivers of
community coalescence to bridge these knowledge gaps. Such knowledge will be required to
elaborate strategies limiting microbial dispersal under increasing anthropic pressure in the Arctic, to
predict these expected large increases in biogenic GHG production and account for those in climate

change mitigation scenarios.

Data and code availability

All data and code used to produce the findings presented in this study are available at

https://doi.org/10.57669/monteux-2026-permafrost-inoculation-1.0.0 /

https://git.bolin.su.se/bolin/monteux-2026-permafrost-inoculation/-/releases/1.0.0

Sequencing data is available at ENA under project accession number PRJIEB97802.
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Complementary oxic incubation: inoculum artefacts

Methods

The introduction of labile substrates, such as those derived from dead microbial cells, might be increased by the
addition of 1 ml soil suspensions used as inoculum in active layer and positive control treatments. We tested this
using the Yedoma sediment where functional limitations were known, by incubating two sets of jars mimicking
the negative and positive controls used above (‘Control’ and ‘Live’, respectively), and one set where the inoculum
consisted in the same soil used for positive controls but that had undergone gamma-irradiation at 45 kGy
(“Sterile’). The jars were incubated for 389 days at 10 °C under dark oxic conditions in 4 replicates, and CO>
production was monitored as described for the main experiment. The entire design was duplicated, using in one
case liquid inoculum as in the rest of the manuscript, and in the second case a solid soil transfer as in ref. [10].

The CO; flux data was analysed with RM-ANOVA for solid inoculum, and no interaction between inoculation
treatment and time was detected (P = 0.225). The loss of one jar during the incubation unbalanced the design for
liquid inoculum, thus we used a two-way ANOVA on cumulative emissions at day 356, using inoculum type
(liquid or solid) and inoculum treatment (control, sterile or positive control) as fixed factors, followed by
appropriate pairwise contrasts with emmeans.

Results

The inoculation method (i.e. liquid or solid) significantly interacted with the type of inoculum (control, gamma-
irradiated or live positive control soil, Supplementary Figure S6). CO> production in the live positive control was
significantly higher than in both the control and gamma-irradiated soil inoculum, but this increase was less



pronounced when using a solid inoculum (+31% + 2% compared to negative control, estimated marginal mean +
SE, n =4) than a liquid inoculum (+61% = 3%). The CO; production in soils inoculated with gamma-irradiated
inoculum in either liquid or solid form did not differ from the negative control (P > 0.735).

Anoxic incubation: control on inoculum artefacts

To circumvent putative biases caused by introduced substrates upon inoculation, the experimental design of the
anoxic incubation accounted for such biases. Instead of using ultrapure water as a negative control and a filtered
solution of active layer soil suspension for inoculation, we used an active layer soil suspension in both cases. Soil
from the active layer was separated into two flasks, once of which was shipped to Scandinavian Clinics Estonia
for sterilization by gamma-irradiation at 45 kGy. While gamma-irradiation inevitably leads to modifications in
soil chemistry, it is the least damaging solution for sterilization.

Permafrost soil was thawed at room temperature in an N-atmosphere. The excess water after thawing was
decanted and filtered (8 um Whatman grade 40 paper filter) into an autoclaved glass bottle: this constitutes
suspension (1). Soil slurries were created from both the sterilized (‘Control’) and the live active layer soil
(‘Palsa’), by putting 1 g of soil into 70 ml of suspension (1), shaking (150 rpm orbital shaker 90 min) and soaking
for at least 2 hours at room temperature, before filtering (8 um Whatman grade 40). Control and Palsa
suspensions were stored at 4 °C overnight, before adding 2 ml of those to half of the 16 jars containing 15 g of
homogenized permafrost, selected at random. All steps were performed using autoclaved material, steps in italic
font were not performed under a N-atmosphere but using sterile technique.

Supplementary Tables

Supplementary Table S1: Abiotics variables in pre-incubation permafrost and active layer inoculum. Numbers indicate mean =
SE. n=4. GWC: Gravimefric water content; OMC: organic matter content: DOC: Dissolved organic carbon: TN: total dissolved
nitrogen. 7: n=3: {: n=1.

GWC OMC DOC TN NH, NO, Bulk density
[%] [%] [mg.kgDW']  [mg.kgDW'] [mgkgDW’']  [mgkgDW?| pH [g.cm™]
Cryoturbated  19.5=1.37 1.39+0031 129.18+3.65 14.8 +0.57 2.18 £0.31 028=0.06 8.01=003 143
Tussock  40.17+0.57 15.16=0.07 470.4 = 12.56 60.4=1.69 20.08 + 0.8 0.45+0.06  7.19=0.05 n.d.
Permafrost
Palsa 2842+042 391=006 320951205 3543 =098 14.25+0.33 0.58=0.05  6.45=0.06 0.14
Yedoma 3959151 7.85=005 1286252465 15135269  79.58+231 028+005 683=002 0.78
Cryoturbated T 2346+ 1.19 682=062  2545+5.05 22=11 <dl it 1501 7671 nd
A“fi‘.'e Tussock T 81.32+2.00 86.81+1.86 7688.35+110.85  9.3+64 <dL i <dl i 5461 n.d.
Inl:::;:uin Palsa T 79.1+084 9591+0.11 452.85+56.05 5.6=65 <dlt <dlt 4911 nd

Positive control 7 25.81+£0.19 13.5+0.20 15.15+5.25 11.05+3.25 1.10 1 5107 6121 n.d.




Supplementary Table S2: Primers and conditions for the PCR reactions for 16S amplicon and for the qPCR assays for inhibition test, 165 rRNA gene, amod,
nir and nes functional genes. The gPCR reactions were carried out in two technical replicates with an initial denaturation at 95 °C for 5 min, and cycles of
denaturation at 95 °C for 15 s, annealing for 30 s and elongation at 72 “C. fluorescence signal was read for 5 s at the end of each non-touchdown cycle, at 77 °C for

amoA and nosZ-11 and at 80 °C for nirS, nirK and nosZ-1. Standard curves R” and efficiency were derived by serial dilutions of linearized plasmids containing cloned

fragments of the specific genes in the range of 10'-107 copies per reaction.

165 rRNA gene V4VS amplicons

Indexing PCR

Primers and sequences

SI5F GTGYCAGCMGOCGCGGTAA  N3DI-N504, N506, NS0T, N510, N511

NTOI-N712

5-3 Q2OR COGYCAATTYMTTTRAGTTT
Reference Parada et al.. 2016, Quince et al., 2011 Nextera XT Index Kit v2, [llumina
Phusion Green
PCR Master Mix 1254 15 ul
MNuclease-free water 9.25 pl 7 ul
DA template volume 2l 5 pl
DMA template dilution Sng. pl'l * -
Primer concentration 10 uM 3 pM
Primer volume 0.625 pl 3 pl
Reaction volume 25l 30 pul
Initial denamration 98 °C 3 min 98 °C 3 min
w Denaturation 98 °C 15 5 98 °C 30s
T—':‘ Annealing =251 500°C 305 =5 55°C30s
- Elongation 72°C 405 T2°C30s
Final elongation 72°C 10 min 72 °C 10 min

SequalPrep Normalization Plate Kit

PCR clean-up 20 pl elution

SequalPrep Normalization Plate Kit
20 pl serial elution across columns

PCR product quantificatior

NA

Dubit dsDNA HS
Agilent 2100 Bioanalyzer

*: undiluted and- ¥: 30 cycles- for most Cryoturbated samples

qPCR assay target Target gene Primer Primer sequence 5° - 3° Primer reference Final primer Cyeles Amnealing  Elongatio R
COML. Temp. n time Efficiency %
TOPO vector MI3F GTAAAACGACGGCOCAG
Inhibition 0.1 pM 35 55°%C NA
MIIR CAGGAAACAGCTATGAC 15
515F GTGYCAGCMGCOGOGGTAA Parada ef al, 2016
Prokarvotes 165 rRNA V4V3 ) araca et ak. 0.2 pM 35 55 305 0995 [ 944
S26R COOYCAATTYMTTTRAGTTT Quince ef al ., 2011
i 1dizine amaA-1F GOOGGTTTCTACTGGTGGT e
.3.mun'u:lrl_m.-cvxn:llzn'aI= amod Rotthauwe et af .. 0.5 uM 40 5590 ans 0995 / 108.0
bacteria { ADB) * amoA-2R COCCTCKGEAAAGCCTTCTTC 1997
Ammonia-oxidizing CrenamoA23f ATGOTCTGGCTWAGACG .
anieA Toumna et al ., 2008 0.5 pM 40 55°C 40 s 0993 [/ B&T
archaca (AOQA) CrenamoAG16R GOCATCCATCTGTATGTCCA
o cd3aFm AACGYSAAGGARACSGG 6c.  65-19C /e
Witrite reductase S £ nir§ Throbick et al_, 2004 035 pM 30 s 05997 | E3i6
Ricdm GASTTCGGRTGESGTCTTSAY GAA —+ 35 — 60 T
FlaCu ATCATGGTECTGCOGOG 6o 63-17C [ c.
Nitrite reductase K 7 nirk : Henryetal. 2006 0.5 uM SRS 35 0997 /833
1040R GUCTCGATCAGRTTRTGGTT —+ 35 — 58 °C
i 1 COGORACGGCAASAAGGTEMESGT -
Nitrous oxide reducers nosZ . Henryetal. 2000 ospm 0% OFUCTe 5 geer 1 s
clade 1'E 2090R CAKRTGCAKSGCORTGGCAGAA —+ 35 — 60 °C
MNit xide red Z-11 F CTIGGICCIY TRCAY AC
1S DRIGE redueers nosZ nosetl Jones et al.. 2013 2uM 40 54°C 455 0998 [ 82,1
clader 11 T nosZ-11_R GUIGARCARAAITCBGTRC

*

enmrifir_cive honde canld not he ahtoined for moct comnlee B affcianes hacad an ane renlicate



Supplementary Table 53: Quantitative data obtained from qPCR analyses. Empty cells indicate that no quantitative data could be
obtamed. italicized values were below the detection limit of 10 copies per reaction. DNA: DNA concentration in extracts; 165: 165 rRNA gene
Y4W35 region; AOA: ammonia-oxidizing archaea amod gene;, nirS: nitrite reductase 5 gene; nirk: nitrite reductase K gene; nosZ-1: nitrous
oxide reductase clade | gene; nosZ-1I: nitrous oxide reductase clade Il gene.

Gene copy number per reaction

Sail Date Treatment Replicate DNA[ngul”] 165  AOA  nirS  niek  HosZ-1 nosZ-ll
) 1 0.05% 23
Cryotwrbated
) 2 0.034 29
1 1.6l 63005 27
Tussock 2 2.16 175951 2 L) 23 14
3 1.31 68453 12
Palsa 2 0. 108 301
1 0.263 U85
¥ edoma 2 0.722 13790
3 0. 666 1921
1 469 201643 T84 207 1BRO 233 1057
2 il 1533588 360 205 15336 736
Cryoturbated active layver moculum
3 4.7 135314 300 224 1374 149 633
4 158 247793 1557 30g 2273 422 1638
1 4749 116127 52
2 332 105807 337 42
Tussock active layer inoculum
. 3 40.1 93251 17
4 303 93130 27
1 = ol T1953 1ol
. _ _ 2 56 71714 fi 158
ralsa actve liaver moculium 3 5}_ ]4]29“' 2?{’
4 53 kel 13 7
1 = 6l 130888 2265 41 2178 721
Positive control inoculum 3 = 6l 95130 1729 32 1438 492
4 = 6l S4400 1303 27 11449 425
1 0.0w7 40
0.061 270
Day 1 3 0.051 42
2 0.077 46
Cryoturbated
) 4 4.66 210547 26 30 1835 244 637
Cryotwrbated
) 1 0.062 27
2 0.034 449 2
Diay 380 3 0. 108 45
4 0.128 22
Positive control 1 0.116 33
1 3.05 452263 156 20
2 2.41 472236 & 73
3 4.11 208458 158 19
4 483 199642 B4 25
1 4.3 203573 106 17 38
Day 1 Tussock 3 34 253627 11 116 34
4 4.406 261329 91 I8
1 349 323282 436 12 211 62 40
L 2 6.26 205531 321 154 25
Positive control
3 376 357184 o8 i 218 i1 27
Tussock 4 302 287775 152 127 28
1 22 1844947 18 268 THE 240
2 204 2RET34 29 539 1142 206
3 196 205022 42 530 1207 223
4 16.6 208458 24 727 TO3 227
2 281 278367 56 453 1206 263
Day 380
’ lussock 3 216 1533588 13 231 GuT 154
4 179 211952 50 230 g 284
2 267 178306 TR 67 1720 534 1251
Positive control 3 15 302488 3l 244 2785 LT3 626

4 179 200152 36 139 2192 226 1360




Supplementary Table 83 (continued): Quantitative data obtained from qPCR analyses.

Gene copy number per reaction

Soil Date Treatment Replicate DNA [ngul”] 165  AOA  nirS  nirK  MosZ-1 nosZ-11
1 0.125 4791
2 0.151 577
3 0117 2384 2
4 0.137 31
1 0. 169 2143 3
2 0198 3090
Day 1 Pals:
} 3 0.182 T47
4 0,173 356
1 0,463 20818 227 76 21 33
. 2 0.2635 103570 52 ! 32 i &
Positive control
3 0.163 12113 k] 2 51 o 14
4 0.142 5677 41 13 5
Palsa
6,28 150002 11 550 280
2 1.63 211248 2266 401
3 4.31 122065 gR2 190 670
4 6.02 164087 14 L 240 1277
1 T.46 107938 6l6 275 949
2 487 113456 14 682 1494 478
Day 389 Pals:
) 3 .49 151505 1129 540 2076
4 697 143658 633 354 666
1 361 134418 33 2172 373 231
. 2 2.65 149504 100 1501 36 246
Positive control
3 308 171334 o7 2126 248 241
4 648 175367 144 1e9o 232 403
1 1.07 222049 4
2 1.27 1300023
3 1.68 407979 10
4 1.5 440395
1 0. 764 63204 2 18
Crvoturhated 2 1.82 3RR135 36 32 24 9
3 0.833 114594 i
4 0,704 127455 39 ! 32 26 9
1.33 319012
2 1.76 Ta2 150 12 11
Yedoma Day 1 Tussock
) 3 13 152010
4 1.91 438933
1 2,43 334200 20 7
- 2 1.45 220577 11
3 1.23 228033 ! 5
4 1.08 366810
1 1.88 333100 233 26 14
. 2 1.17 151002 367 52 16 2
Positive control
3 1.22 106867 379 47 14 19
4 13.1 105807 106 11 4 &
1 299 380471 54 296
2 12.2 364370 166 28 391
3 381 380471 T 344
4 EER] 3R8135 16 B3
1 21.1 196351 77 1941 126 321
Crvoturbated 2 9.7 395954 132 2p45 280 740
3 216 186181 449 1628 92 734
4 223 239691 149 2959 272 1214
1 221 455280 239 7 536
2 16.8 443332 16 164 14 196
Yedoma Day 389 Tussock
} 3 16.7 472236 ki 183 T0 118
4 (.02 416198 3013 262 164
1 304 493000 in 344 230 36
. 2 16.7 458317 56 423 67
o 3 M4 456796 2400 B8
4 14.8 478557 68 408 635
1 4.54 200973 37 2303 376 540
L 2 836 186181 263 1901 217 710
Positive control
3 BB3 271964 B 36 3782 420 1825
4 494 295531 24 25 2343 330 949




Supplementary Table S4: Analyses of variance (ANOV A) of biogeochemical variables in four permafrost
soils subjected to mierobial community manipulation. Values in bold indicate significant (P < 0.05) tests,
n=4, except for Ammonium-Yedoma-Day3 89 where n=3. {: Kmuskal-Wallis X%

Day 1 Day 389
F df P F df P
Cumulative CO; production Cryoturbated 11.647 2 0.003
Tussock NA. 23.59 2 <0.001
Pualsa o844 2 <0.001
Yedoma 92.945 4 <0.001
Gravimetric water content Criofurbated  2.246 2 0.162 1.759 2 0.227
Tussock 0.335¢ 2 0.846 1.541 2 0.214
Palsa 32047 2 0.202 0.281 2 0.761
Yedona 0.341 4 0.846 0.259 4 0.900
Organic matter content Cryvofurbated 1197 2 0.346
Tussock NA. 0.597 2 0.571
Pualsa 0.294 2 0.752
Yedoma 0.224 4 0.921
Dissolved organic carbon Criofurbated  0.658 2 0.541 (.389 2 0.689
Tussock 8.031 2 0.010 1.784 2 0.223
Palsa 11.773 2 0.003 0.5635 2 0.587
Yedoma 3772 4 0.026 6.230 4 0.004
Total dissolved nitrogen Crvoturbated 1.7 2 0.236 0.39 2 0.688
Tussock 2387 2 0.147 3471 2 0.076
Pualsa 12.926 2 0.002 0.864 2 0.454
Yedoma 2.727 4 0.069 2.9921 4 0.559
Ammonium Cryofurbated 01085 2 0.898 N.A.
Tussock 0.802 2 0.478 3.052 2 0.097
Palsa 11.214 2 0.004 1.334 2 0311
Yedona 1.054 4 0.413 .65 4 0.636
Dissolved inorganic nitrogen Cryofurbated  0.207 2 0.817 72% 2 0.027
Tussock 2.102¢ 2 035 6.3621 2 0.042
Pualsa 10.883 2 0.004 1.334 2 0311
Yedoma 1.123 4 0.383 25141 4 0.642
pH Cryvoturbated  0.447 2 0.653 3.343 2 0.082
Tussock 2.285 2 0.158 (.664 2 (.538
Palsa 8.054 2 0.010 2.262 2 016
Yedona 4807 4 0.308 6. 7397 4 0.15
Organie nitrogen Cryoturbated  1.011 2 0.374 0.038+ 2 0.981
Tussock 5.669 2 0.026 1.907 2 0.204
Pualsa 3.485 2 0.076 0.78 2 0.487

Yedoma 4.252 4 0.017 1.418 4 0276




Supplementary Table S5: Effects of microbial community manipulation on bacterial community composition, alpha-diversity and 16S

rRNA gene abundance in four permafrost soils. Values in bold indicate significant (P<<0.05) tests, n=4. T: Kruskal-Wallis X ’

Day 1 Day 389
Soil type Dev df P Dev df P
Bacterial community (ManyGLM) Crvoturbated 3900 2 0.131 1936 2 0.064
Tussock 15779 2 0,005 29951 2 0,002
Palsa 24140 2 0,002 23226 2 0,004
Yedoma 15785 4 0,003 36970 4 0,001
F df pP F df P
Alpha-diversity Coverage Estimator ACE Crvoturbated — 3.7277 2 0.155 0.4003 2 0.683
Tussock 70.982 2 <0.001 63.855 2 <0.001
Palsa 21.787 2 <0.001 44.464 2 <0.001
Yedoma 5.025 4 0,009 89.624 4 <0.001
16S rRNA gene copy number Crvoturbated N.A. N.A.
Tussock 0.078 2 0.926 0.439 2 0.661
Palsa 5.854 2 0,024 2.4215 2 0.144
Yedoma 1.083 4 0.400 15.68 4 <0.001




Supplementary Table S6: Examples of published values of N,O fluxes in permafrost systems.
Gross N,O fluxes are measured in presence of acetylene to inhibit N;O-reductase. Values from the experiments with settings most directly comparable to that found in this study (i.e. acrobic incubation without vegetation) are

italicized. WFPS: Water-filled pore space; WC: water content; *: whole core in mesocosm; **: mg-N,O-N.m™=.d™"; b.d.L: below detection limit; -: not measured.

Lead author doi Permafrost soil type Location Depth  Vegetation Incubation conditions WFPS wC Net N,O flux Gross N,O flux
[em] Temp. Length Atmosphere [ng N;O-N. kg DW" . d”|

°C d Yo Y Min Max Min Max
Wegner 10.3390/nitrogen3040040 Thaw slump, eroded Yedoma + Holocene, mineral soil Siberia 0-30 Yes 4 40 anaerobic 52-67  21-28 0,00 0,00 - -
Wegner 10.3390/nitrogen3040040 Thaw slump, eroded Yedoma + Holocene, mineral soil Siberia 0-30 No 4 40 anaerobic 52-67  21-28 0,10 95,43
Wegner 10.3390/nitrogen3040040 Thaw slump, Yedoma, Mineral soil Siberia 0-30 Yes 4 40 anaerobic 45-74 17-29 27.85 216,63 - -
Wegner 10.3390/nitrogen3040040 Thaw slump, Yedoma, Mineral soil Siberia 0-30 No 4 40 anacrobic 45-74 17-29 0,00 25,16 - -
Wegner 10.3390/nitrogen3040040 Thaw slump, Yedoma, Mineral soil Siberia 20-40 No 4 40 anaerobic n.d. 17 - 63,66 - -
Wegner 10.3390/nitrogen3040040 Thaw slump, Yedoma, Mineral soil Siberia 40-70 No 4 40 anaerobic 43 16 - 22,17 - -
Rasmussen 10.1016/j.50ilbio.2022.108840 Glacial Valley, mineral soil Greenland 0-15 5 3 acrobic - - 480,00 9600,00
Sanders 10.1007/s13280-021-01665-0 Floodplain, mineral soil Siberia 25-30 No 5 126 aerobic - - 0,00 0,04 - -
Marushchak  10.1038/541467-021-27386-2 Thaw slump, eroded Yedoma + Holocene, mineral soil Siberia 0-10 Yes 10 1-6 aerobic 52-94 - 0,12 0,14 - -
Marushchak  10.1038/s41467-021-27386-2 Thaw slump, eroded Yedoma + Holocene, mineral soil Siberia 0-10 No 10 1-6 aerobic 52-94 - -0,19 0,02 - -
Marushchak  10.1038/s41467-021-27386-2 Thaw slump, Holocene, mineral soil Siberia 0-10 Yes 10 1-6 aerobic 13 - - 0,12 - -
Marushchak  10.1038/s41467-021-27386-2 Thaw slump, eroded Yedoma + Holocene, mineral soil Siberia 0-10 Yes 10 1-6 anaerobic 52-94 - 05,28 606,48 303,60 282096
Marushchak  10.1038/s41467-021-27386-2 Thaw slump, eroded Yedoma + Holocene, mineral soil Siberia 0-10 No 10 1-6 anacrobic 52-94 - 312 19,20 6,00 10,08
Marushchak  10.1038/s41467-021-27386-2 Thaw slump, Holocene, mineral soil Siberia 0-10 Yes 10 1-6 anaerobic 13 - - 606,48 - 2820,96
Voigt 10.1073/pnas. 1702902114 Peat palsa Finland 0-100*  Mesocosm 10 28 aerobic - - 0,14%* 0,20%*
Voigt 10.1073/pnas. 1702902114 Peat palsa Finland 0-100*  Mesocosm 10 28 aerobic - - 0,56%* 2,81%*
Palmer 10.1038/ismej.2011.172 peat plateau, cryoturbated peat soil Russia 0-5 No 20 3.75 anaerobic - - - 8964,29 - 13446,43
Palmer 10.1038/ismej.2011.172 peat plateau, non-turbated peat soil Russia 0-5 Yes 20 3,75-6,6' anaerobic - - - 0,00 - 58.83
Elberling 10.1038/ NGEOS803 Wetland, active layer, mineral soil Greenland 0-60 Yes 7 150 aerobic - - - 32,88 (144) - -
Elberling 10.1038/NGEOS03 Heath tundra, active layer, mineral soil Greenland 0-80 Yes 7 150 aerobic - - - b.d.l - -
Elberling 10,1038/ NGEOS803 Wetland, permafrost, mineral soil Greenland  60-300 Yes 7 150 aerobic - - - 20,88 - -
Elberling 10.1038/NGEOS03 Heath tundra, permafrost, mineral soil Greenland ~ 80-300 Yes 7 150 aerobic - - - b.d.L - -
Rodionow 10.1016/j.geoderma.2005.10.008  Forest — heath tundra ecotone Siberia 0-50 No 5-15  0.25-0.4 aerobic - 60-100 - 072 - -
This study Palsa permafrost, day 7, control Sweden 110-130 No 10 7 aerobic - 28-32 0.89 1.56 - -
This study Palsa permafrost, day 7, active layer inoculum Sweden 110-130 No 10 7 aerobic - 28-30 115 8,89 - -
This study Palsa permafrost, day 7, positive control Sweden  110-130 No 10 7 aerobic - 28-29 4.29 6,76 - -
This study Palsa permafrost, day 17, active layer inoculum Sweden 110-130 No 10 17 aerobic - 28-30 0.44 0,46 - -
This study Palsa permafrost, day 17, positive control Sweden 110-130 No 10 17 aerobic - 28-29 9.46 13,86 - -

This study Tussock tundra permafrost, day 187, positive control Alaska 70-100 No 10 187 aerobic - 36-38 1.09 7.46 - -
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Supplementary Figure S1: Daily CO, production of four permafrost soils subjected to microbial
community manipulation over 389 days of oxic incubation. Large symbols and error-bars indicate
mean +/- SE (n=4), small symbols are individual measurements. Higher values at days 187 and 352 are
presumably due to the shorter time interval between measurements, giving a disproportionately high role
to the diffusion from pore space to CO,-free headspace immediately after flushing. Conversely, lower
values at day 40 for Turbel and Palsa soils are presumably due to the longer time interval between
measurements.
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Supplementary Figure S2: Physical and chemical variables of four permafrost soils subjected to microbial
community manipulation over 389 days of oxic incubation. (a) Gravimetric water content, (b) organic matter
content, (c) water-extractable dissolved organic C, (d) water-extractable dissolved nitrogen. (e) dissolved inorganic
nitrogen content, (f) dissolved organic nitrogen content, (g) pH. Symbols and error-bars represent mean +/- SE (n=4),
different letters denote statistically significant differences within a soil:date group (Holm-adjusted P < 0.05). Organic
matter content was not measured at day 1 in (b), as it was presumedly unchanged from pre-incubation values.
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Supplementary Figure S3: Distribution of water-extractable nitrogen species in four permafrost
soils subjected to microbial community manipulation over 389 days of oxic incubation. Points
represent individual values for each sample, bars depict the same values added to each other for

comparison of the relative contributions to the total dissolved N pool. Each set of bars and points represent
an invidivual replicate.
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Supplementary Figure S4: Bacterial communities of four permafrost soils subjected to microbial
community manipulation before (a), after 1 day (b) and after 389 days (c) of oxic incubation.
Principal coordinate analyses (PCoA) of weighted UniFrac distances of amplicon sequence variants (ASVs)
computed from amplicons of 16S rRNA gene V4-V5 region.

(a) Pre-incubation permafrost and active layer samples, permafrost samples were processed in triplicates and
samples failed sequencing quality control for Palsa and Cryoturbated resulting in n=2.

(b,c) Incubated jars after one day and 389 days of aerobic incubation, n=4.
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Supplementary Figure S5: Abundance of variants of genes controlling production
(nitrite reductase, a) and consumption (nitrous oxide reductase, b) of N,O as well
as their ratio in four permafrost soils subjected to microbial community
manipulation after 389 days of oxic incubation.

(a-b) gene copy numbers per gram soil dry weight, (c) log, of the sum of nirS and nirk
divided by sum of nosZ clade I and II gene copy humbers expressed per gram soil dry
weight. Symbols and error bars depict mean +/- SE (n=4 unless specified otherwise by
numbers when below detection limit). In (c¢) horizontal black lines indicate a log, ratio of 0,
i.e. a ratio of 1 (nir = nos); ratios computed only where both nir and nos genes were
detected. Different letters denote significant differences within a soil type (EMmeans Holm-
adjusted P < 0.05).
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Supplementary Figure S6: Supplementary oxic incubation of

Yedoma permafrost to assess artefacts from inoculation.

(a-b): Cumulative CO, production of Yedoma permafrost inoculated with
the positive control soil (Live) or gamma-irradiated positive control soil
(Sterile), after 356 days of oxic incubation. The two panels differ in
inoculation method, either with (a) 1ml of soil suspension (ddH,O for
Control), or with (b) 1.5% weight:weight soil replacement (as in Monteux
et al., 2020 ref [10]). Symbols and error-bars indicate mean +/- SE (n=4,
except Liquid-Sterile where n=3), asterisks denote significant (Holm-
adjusted P < 10™) differences from the Control.



