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ABSTRACT

Arctic permafrost coasts, affected by rising sea levels and increasing coastal erosion in a warming climate, undergo significant
changes. Simulating how permafrost is impacted by inundation with fresh, brackish and marine water enhances our understand-
ing of permafrost carbon stock responses to increasingly marine conditions. We investigated CO, and CH,, production during
key transitions in a coastal thermokarst landscape on the Bykovsky Peninsula, Siberia, assessing short- and long-term microbial
responses to varying salinities in anaerobic 1-year incubation experiments. Initially, CO, production from saltwater-inundated
permafrost was low due to the low abundance of salt-tolerant microbial communities. Over the long term, after simulated lagoon
formation and the growth of sulfate-reducing bacteria, CO, production surpassed that of the terrestrial sites by 8 times. CO,
and CH, production was lowest under fully marine conditions, suggesting incomplete adaptation of microbes. Rapid ecosystem
changes stress microbial communities, with greenhouse gas production highest under near-natural conditions. With an increase
in lake drainage events and rising sea levels, thermokarst lagoon distribution on Arctic coasts will escalate, resulting in a further
increase of carbon mineralization and CO, release. With this study, we provide first estimations on greenhouse gas production
during the transition from terrestrial to submarine conditions in permafrost-affected aquatic systems.

1 | Introduction

Approximately 15% of the land area of the Northern Hemisphere
[1] and about 80% of the Arctic Beaufort, Chukchi, East Siberian,
Laptev, and Kara Seas [2] are underlain by permafrost. The ter-
restrial permafrost (TPF) area is estimated to contain a res-
ervoir of 1700 petagrams (Pg; 10'°g) of organic carbon (OC)

deposited in frozen soil, the active layer [3-5], and onshore ta-
liks [6, 7], in addition to 2800 Pg of OC below the seafloor [8].
The Arctic is warming nearly four times faster than the global
average [9], and so, the TPF is thawing. Subsea permafrost is
already in thermal disequilibrium because of the overlying sea-
water, but warming shelf waters and a shrinking sea ice extent
can increase the thawing rate [10]. Permafrost thawing unlocks
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ancient organic matter (OM), which can be decomposed by mi-
croorganisms into greenhouse gases (GHG) such as carbon di-
oxide (CO,) and methane (CH,), further fueling the warming of
the Earth's climate. During winter, the TPF region loses 1.66 Pg
OC in the form of CO, from Arctic and boreal soils [11]. This
is higher than the carbon uptake during the growing season in
summer, converting the terrestrial Arctic into a carbon source
[4]. In contrast, subsea permafrost thaw is more resistant to cli-
mate warming and OM decomposition rates are lower, in part
because the OM has already been exposed to multiple marine
transgression and regression cycles [8].

The thaw of ice-rich permafrost is causing substantial land sur-
face subsidence. This process is called thermokarst and leads
to the formation of thermokarst features such as ponds, lakes,
drained lake basins, and lagoons. Thermokarst lagoons form
when thermokarst lakes or basins with bottom elevations below
the sea level are breached along Arctic coasts by the sea due
to coastal erosion [12-14] and sea-level rise [15-18] or become
connected to the sea by their drainage channels [19]. Because
of continued high rates of coastal erosion along ice-rich perma-
frost coasts [13, 20], thermokarst lagoons are transitional and
dynamic coastal landforms that combine traits of both terres-
trial and over time increasingly marine systems [19, 21-24].
The connectivity with the sea and thus water and sediment
exchange is dependent on the size of the inlet and the ice dy-
namics of the inlet. The degree of connectivity has an impact on
the physicochemical state (for example, salinity, ionic compo-
sition, temperature, turbidity, and nutrients) [23], the erodibil-
ity of the shore, and therefore also the mobilization of soil OC
from land to the ocean. Lagoons with a narrow inlet channel
(nearly closed lagoons) are characterized by a low exchange
with sea water and have lower salt concentrations in the water
in summer than more open lagoons (semi-open/open lagoons)
[19]. With increasing connectivity, surface water salinity in-
creases from brackish to marine conditions. When seawater en-
ters a freshwater system, the ionic composition of surface and
pore water is changing, altering the environmental conditions
for macroorganisms and microorganisms. In the case of nearly
closed lagoons, ice formation in winter can temporarily seal off
the inlet and disconnect the lagoon from the sea [19, 25]. Within
lagoons, salt diffuses into the sediment, forming unfrozen and
saline ground [19, 26]. Beneath shallow lagoons, hypersalinity
can develop in the sediment when bedfast ice injects salts into
the sediment [19]. Since lagoon ice formation expels salts into
the underlying liquid water, the salinity of the sediment can be-
come much higher than the lagoon water salinity at the onset of
freeze. Thus, shallow lagoons are niche environments in which
only highly salt tolerant microorganisms (halophiles) survive.

So far, there is only a limited understanding of how carbon cy-
cling behaves under the complex hydrochemical conditions in
such coastal transitional environments. With the help of incu-
bation experiments, it is possible to mimic OM decomposition
processes and to measure the production of CO, and CH, in the
course of landscape changes under laboratory conditions (e.g.,
[27, 28]). The decomposition of OM is influenced by various
factors, including the OC content [29, 30], quality of OM [31],
temperature [32], salinity, and the availability of oxygen [27, 32]
within the soil. Previously, a simulation of an Arctic coastal
erosion setting was achieved by incubating permafrost from a

coastal outcrop with seawater, for 120 days, which approximates
the time of an average Arctic open-water season [28]. The results
demonstrated that the production of CO, from permafrost OC
remains equally high under freshwater and marine conditions,
which indicates that at least under these specific laboratory con-
ditions, salinity does not significantly reduce CO, production.

While many studies focus on GHG production in soils from TPF
and thermokarst landscapes [29, 31, 33-39], only little is known
about OC decomposition, GHG production, and changes in mi-
crobial communities during the transition from land to subsea
permafrost and subsequent thaw.

Especially in marine environments, sulfate-reducing microor-
ganisms, such as sulfate-reducing bacteria (SRB) and sulfate-
dependent archaea, use sulfate as electron acceptors to produce
sulfide (S*7) or to oxidize CH,. Since sulfate-reducers outcom-
pete methanogens under elevated sulfate concentrations, CH,
production in marine, sulfate-containing sediments is generally
low [40-44]. During lagoon formation, seawater intrusion intro-
duces sulfate ions (SO,*>) into former freshwater lake or perma-
frost environments, likely resulting in complex changes of CH,
production, oxidation, and emissions from these settings. For
example, when sulfate is depleted, methanogenic archaea may
increase their activity, leading to increased methane produc-
tion. The net effect of seawater intrusion on methane emissions
depends on the balance between sulfate reduction and metha-
nogenesis. The presence of sulfate in permafrost environments
can stimulate the activity of sulfate-reducing microorganisms,
leading to changes in microbial community composition and
metabolic activities [24, 45, 46].

The OM inventory of Arctic coastal areas is thus potentially ex-
posed to large thermal and chemical changes with so far un-
known consequences on GHG production. In our study, we are
simulating the CO, and CH, production during the most im-
portant direct transitions that occur in a coastal thermokarst
landscape: (I, II) ice-bonded permafrost transitioning into a
thermokarst lake, a thermokarst lagoon, or into the subsea en-
vironment through block erosion; (IIT) thermokarst lakes tran-
sitioning into lagoons of different salinities; and (IV) lagoons
becoming part of the shelf by using controlled laboratory in-
cubation experiments. With that, we aim to answer the ques-
tion: What is the potential local response of anaerobic CO, and
CH, production to salinity changes in the short and in the long
term? In our approach, we monitored CO, and CH, concentra-
tions in 1-year long anaerobic incubations (short-term response)
of sediment samples from TPF, lake, and lagoons under differ-
ent salt concentrations (freshwater, brackish, and marine) and
compared the microbial communities before and after the incu-
bation. By using a space-for-time approach studying terrestrial
aquatic systems and lagoons of different age and levels of con-
nectivity, we mimic the long-term response to an increasingly
marine influence.

2 | Study Area

The Bykovsky Peninsula is located southeast of the Lena
Delta in the Buor-Khaya Gulf of the Laptev Sea in northeast-
ern Siberia, Russia (Figure 1a). The peninsula is covered by
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Bykovsky Peninsula

129.2°E 129.4°E

FIGURE 1 | Study sites located on the Bykovsky Peninsula in Northeast Siberia, southeast of the Lena Delta (a). Close-up of central Bykovsky
Peninsula, coring locations are marked by a dot (b)—I: Permafrost outcrop (TPF) located at an Upland on the West Coast, three replicate coring

locations in thermokarst deposits overlying Yedoma marked by the yellow rectangle (c); II: Thermokarst Lake Goltsovoye (TKL) (d, e, f), drilling

occurred about 60 m offshore; I11a: nearly closed thermokarst lagoon Polar Fox (LAG1) temporarily connected to the sea in summer by a channel (g,
h) and IIIb: semi-open lagoon Uomullyakh (LAG2) separated by a sand barrier (i, j) with a small inlet are located in close distance to each other on
the southern coast of the peninsula. Imagery sources: (a) ESRI base map; (b) satellite map is a combination of Google Satellite Hybrid base map and
a hillshade map derived from the stereophotogrammetric DEM 3epipolar based on WorldView imagery from 2015; (c) photo by G. Grosse in summer

2014; photos (d—j) by M. Angelopoulos in summer 2017.

largely fine-grained deposits of the late Pleistocene, ice-rich
Yedoma, and by Holocene thermokarst lake and basin sedi-
ments [47-49]. Thermokarst processes resulting from thaw of
these ice-rich deposits play a significant role in shaping the
landscape in this region, with thermokarst lakes covering
approximately 15% of the peninsula [50] and thermokarst-
affected areas, including drained lake basins, making up over
50% of the total land area [51]. The presence of Yedoma up-
lands, thermokarst depressions, and thermal erosional val-
leys contribute to the diverse topography of the Bykovsky
Peninsula.

We chose a TPF outcrop located at the west coast (sampled in
2014) and three sediment cores below water bodies (cored in
2017) located at the south coast of the peninsula for our investi-
gation (Figure 1b).

The outcrop TPF (71.85175°N, 129.350883°E; Figure 1b,c) is
located on the headwall of a retrogressive thaw slump eroding
into a Yedoma upland on the northwestern coast of the penin-
sula. The exposure contains 2.9m of nearly vertically exposed
ice-rich terrestrial sediments. The lowest exposed portion con-
sists of Yedoma with gray ice-rich silts with reticulated (vertical
and horizontal ice veins) to ataxitic (suspended sediment) cryo-
structure and some fine grass rootlets. Above this, a horizon of
30- to 60-cm thickness contains brown sedge peat overlain by
a cryoturbated paleosoil horizon, indicating initial thermokarst
development on the original Yedoma upland (so-called Bylary,

small thermokarst pits). The following organic-rich deposits all
belong to this type of initial thermokarst development forming
as cover deposits on Yedoma uplands. They include mixtures of
brownish-gray ice-rich silt with reticulated cryostructure, small
and large peat inclusions, small woody remains, and rootlets.
Below the terrain surface, another 20- to 30-cm organic-rich
silt layer with peat inclusions was found, which was overlain
by a cryoturbated brownish-gray mineral-rich layer and a ~8-
cm thin layer of Sphagnum moss representing the soil surface
organic layer. The active layer at this location was about 0.3m
thick. The uppermost samples from this exposure from 0.3 to
0.35m in depth serve as the terrestrial endmember for the three
thermokarst settings (see Figure 1c).

The Thermokarst Lake Goltsovoye (TKL) (71.74515°N,
129.30217°E; Figure 1b,d-f) is a Holocene freshwater lake that
formed approximately 8000years ago and is located in between
the two lagoons. At TKL, the sediments were coarse with peb-
bles at the bottom of the core (core length: 31.5m) and became
finer grained towards the top. Below 29.15m measured from
sediment surface, the sediments were frozen. The upper part of
the TKL core consisted of unfrozen silty talik sediments. The
core contained sediments with fresh pore water from top to bot-
tom (EC_,.: 1.3 mS/cm) [52].

The Polar Fox Lagoon (LAGI) (71.743056°N, 129.337778°E;
Figure 1b,g,h), a nearly closed lagoon located in a partially
drained lake basin, is connected to Tiksi Bay by an approximately
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800-m-long and 50-m-wide channel. The channel stays frozen
for about 8 months of the year, resulting in the seasonal isolation
of the lagoon from Tiksi Bay and thus increasing liquid water
salinity beneath the ice cover during the freezing season [25, 53].
At LAGI, the gray to dark gray sediments gradually became
finer upwards in the core with shell and plant remains in the up-
permost layers [19]. The upper part of LAG1 core (above 4.8 m)
was saline and unfrozen [19].

Uomullyakh Lagoon (LAG2) (71.730833°N, 129.2725°E;
Figure 1b,i,j), a shallow semi-open lagoon, is well connected
to Tiksi Bay via a narrow opening in the center of a flat sand
spit. Similar to LAG1, this connection allows for warm fresh-
water discharge from the Lena River into the lagoon in summer
months, leading to significant seasonal and interannual vari-
ations in temperature and salinity. However, at LAG2, storm
surges can also flood the sand spit that further influences the
lagoon's hydrodynamics. Perhaps the most significant differ-
ence between LAG1 and LAG2 is the water depth. In winter,
LAG?2 is ubiquitously covered by bedfast ice, resulting in a di-
rect atmosphere-sediment thermal coupling. Thermistor data
showed cold sub-zero (< —3°C) sediment temperatures in the
upper 30m in April 2017. At LAG1, approximately 25% of the
lagoon still contained floating ice by the end of the winter (in
2017), resulting in a hypersaline and cryotic pool of liquid water
beneath the ice cover. Thus, while the sediment temperatures
beneath the center of LAGI1 are cryotic, they are significantly
warmer than the center of LAG2 [19]. The surface sediment of
the LAG2 core was characterized as silty fine sand [19]. The
LAG2 core revealed a complex structure with alternating frozen
and thawed sections during field analysis. Temperature recon-
structions described in Jenrich et al. [19] revealed that the top
1m of sediment was frozen because of bedfast ice. The core was
saline from bottom to top [19].

3 | Methods
3.1 | Fieldwork and Subsampling

The sample material was retrieved on the Bykovsky Peninsula,
Siberia, during two German-Russian field expeditions focus-
ing on carbon and nitrogen stocks [19, 54, 55], OM source and
quality [52], methane dynamics [25], microbiology [24], and the
geophysical nature [53, 56-60] of the thermokarst affected pen-
insula and the nearshore subsea permafrost.

The permafrost outcrop TPF shown in Figure 1 was sampled
during a field campaign in August 2014. Cylindrical samples
(5cm by 9cm) in 3 replicates were drilled horizontally at seven
depths with a hand-held electrical drill (Metabo, with HSS bi-
metal hole saw) into Yedoma deposits, ancient thermokarst de-
posits, and the active layer soil. The sediment cores were stored
in pre-combusted glass jars and transported in a frozen state to
AWI Potsdam. The sample below the organic layer was chosen
for the incubation (see Figure 1c and Table 2).

The drilling of TKL, LAG1, and LAG2 took place during a
field campaign to the Bykovsky Peninsula in April of 2017
[61]. Detailed descriptions of sub-aquatic permafrost evolution,
core retrieval, and sectioning were given by Jongejans et al.

[52], Angelopoulos et al. [53], and Jenrich et al. [19] for TKL,
LAG1, and LAG2, respectively. Briefly, sediment cores were
taken from the center of the water bodies in TKL (core length:
31.5m), LAG1 (core length: 27.7m), and LAG2 (core length:
32.3m) using a URB2-4T drilling rig (produced in Ozersk,
Russia) mounted on a tracked vehicle, then sectioned and pho-
tographed. The cryolithology was described visually. The core
sections were packed in core foil and transported frozen to AWI
Potsdam.

For the incubation experiments, subsamples were taken from
the surface (3-10cm) of the cores and the outcrop. The 4 sam-
ples were kept frozen in pre-combusted glass jars until the start
of the incubation experiments. Subsamples for hydrochemistry
and geochemical analyses from the same depth were stored in
WhirlPacks and weighed while frozen.

3.2 | Laboratory Analyses
3.2.1 | Hydrochemistry

For pre-incubation hydrochemical analysis, the pore water was
extracted from thawed samples using Rhizon samplers (mem-
brane pore size: 0.12-0.18 um). Electrical conductivity (mS/cm),
pH, dissolved organic carbon (DOC), and sulfate concentration
were measured in the pore water.

To convert the measured electrical conductivity (referenced to
25°C) to molality (mol/kg) and absolute salinity (g/kg), we used
the MATLAB implementation of TEOS-10 [62]. This conversion
package assumes that the pore water fluid is consistent with
standard seawater composition [63].

To be able to test the GHG production in different sediments
during the phases of landscape development (lake, lagoon, and
subsea), it is crucial to keep the seawater boundary conditions
(fresh: c=0g/L, brackish: c=13g/L, marine: c=36g/L) and the
total water volume of 10.5-mL constant. For this purpose, we
have calculated, based on the molarity of the pore water, how
much of the highly concentrated artificial seawater solution
(c=182.55g/L) needed to be added to the samples. The artifi-
cial seawater solution had a concentration higher than that of
standard seawater, so a relatively lower volume of water could
be added to the sediment pore water and be diluted. In terms
of the relative proportions of its components, the artificial sea-
water contained NaCl (24.99g/L), MgCl,x6H,0 (4.14g/L),
Na,SO, (0.79g/L), CaCl,x 2H,0 (1.58g/L), KCI (11.13g/L), and
NaHCO, (0.17g/L) dissolved in ultrapure water and sterile fil-
tered after.

The pH and EC values were determined using a WTW Multilab
540 instrument, with an accuracy of +0.01 for pH and +1 mV for
EC measurements. The DOC samples were treated with 50 uL of
30% HCI supra-pure, then stored at +4°C until analyzed using
a Shimadzu Total Organic Carbon Analyzer (TOC-VCPH) with
an accuracy of +1.5%, following the method outlined by Fritz
et al. [64].

Samples for measuring sulfate concentration were diluted
(1:50) and subsequently analyzed in triplicates using the ion
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chromatograph Sykam S155 Compact IC-System with a detec-
tion limit of 0.1 mg/L. Integration of measured peaks in the
chromatograms was done automatically by the ChromStar 7
software. The average of the triplicated was used for further
evaluation.

3.2.2 | Sedimentological and Biogeochemical
Bulk Analyses

The sediment was weighed before and after freeze-drying
(Zirbus Sublimator 15), and the absolute water content was
determined based on weight difference between wet and dry
sediment.

The samples for grain size analysis were treated with 35% H,O,
for 4-6weeks to remove organic material. Subsequently, they
were measured using a Malvern 316 Mastersizer 3000 with an
attached Malvern Hydro LV wet-sample dispersion unit. The
proportions of sand, silt, and clay fractions are provided as sums
between 2mm and 63 um, 63um and 2um, and <2 pum, respec-
tively. Grain-size parameters were calculated with the software
Gradistat (Version 8.0; [65]).

Homogenized and milled bulk samples (using a planetary mill
Fritsch Pulverisette 5) were analyzed for total carbon (TC)
and total organic carbon (TOC) content (expressed in weight
percent [wt%]) using a soliTOC cube, as well as the total nitro-
gen (TN) content using a rapid max N exceed (both Elementar
Analysensysteme, Langenselbold, Germany; both with a
device-specific accuracy of + 0.1wt% and a detection limit of
0.1wWt%).

On a separate aliquot for stable carbon isotope analysis (§'3C-
TOC), carbonates were removed from sediments with 1.3-M
hydrochloric acid (HCI) at 50°C for 5h. Afterwards, chloride
ions were washed out of the samples, and the samples were
dried again. Stable carbon and nitrogen isotopes (8§'"°N-TN)
were then measured at AWI ISOLAB Facility Potsdam using a
ThermoFisher Scientific Delta-V-Advantage gas mass spectrom-
eter equipped with a FLASH 2000 elemental analyzer EA and a
CONFLO IV with a accuracy of £0.01%o.

3.2.3 | Incubation Experiment Set Up

To simulate the GHG production during the stages of coastal per-
mafrost landscape development (lake formation-lagoon forma-
tion-subsea) under laboratory conditions (Table 1), we developed
a systematic approach (Figure 2). We used TPF sediment from an
outcrop close to the coast and incubated it with (1) sterilized tap
water (fresh water conditions) to simulate a freshly formed lake,
(2) with artificial brackish water to simulate a freshly formed la-
goon, and (3) with artificial seawater to simulate subsea condi-
tions after sea water inundation. Also, we incubated surface talik
sediment of a thermokarst lake under the same three conditions.
By maintaining freshwater conditions, we investigate the GHG
production in an established lake. The incubation of the lake sed-
iment under brackish conditions simulates a young lagoon, while
incubating under marine conditions simulates either a highly
saline lagoon or recently submerged sediment beneath the sea.
The lagoon sediments contained salts initially, so we omitted
simulating the freshwater state. We used sediments from the two
lagoons because they differ in age and connectivity with the sea
and therefore represent two states of lagoon genesis. The younger
and more isolated nearly closed lagoon (LAG1) can be considered
as an established lagoon, while the older more open LAG2 lagoon
represents an old lagoon. Incubating the lagoon sediments under
brackish conditions represents their mean annual salinity state
because the incubated samples were close to the water/sediment
interface. The mean annual salinity for Tiksi Bay is known to be
brackish based on measurements of bottom water temperature
and conductivity over the course of an entire year [66]. By incu-
bating the lagoon sediments with marine water, the subsea stage
is represented. We acknowledge that submerged sediments close
to the coast of the Bykovsky Peninsula still experience brackish
conditions, but for simplicity, we ignore the effects of river dis-
charge for the subsea stage. In the further course, we use the term
near natural conditions for the incubation conditions that are
most similar to in situ conditions. In the case of permafrost and
lake sediments, we use to near natural conditions when we refer
to freshwater conditions, whereas for lagoon sediments, near nat-
ural conditions are brackish conditions.

Given the well-established anaerobic conditions in waterlogged
soils in situ, we conducted the incubation anaerobically.

TABLE1 | Applying the laboratory incubation approach to the landscape level.

Incubation condition

Sediment Freshwater Brackish Marine

TPF Young thermokarst lake?® Young lagoon (low OM Young subsea (low OM decomposition)
(low OM decomposition) decomposition)

TKL Old thermokarst lake?® Young lagoon (high High-saline lagoon or young subsea
(high OM decomposition) OM decomposition) (high OM decomposition)

LAG1 — Established lagoon® (medium Subsea (medium OM decomposition)

OM decomposition)
LAG2 — Old lagoon® (high OM Subsea (high OM decomposition)
decomposition)

Note: Incubation conditions: anaerobic, 4°C, 1year, freshwater (0g/L), brackish (13g/L), brackish (36g/L).
Abbreviations: LAG1 and LAG2, saline surface lagoon sediments of different age; TKL, thermokarst lake talik sediment; TPF, terrestrial permafrost sediment.

2Considered as near-natural conditions.
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FIGURE 2 | Design of the incubation experiment displaying the steps from sampling to post-analysis. In total, 36 incubation vials (4 locations,

3 salinity treatments and 3 aliquots for each approach) were analyzed. Scheme modified after Tanski et al. [28]. [Colour figure can be viewed at

wileyonlinelibrary.com]

To be able to test the GHG production in different sediments
during the phases of landscape development (lake, lagoon,
subsea), it is crucial to keep the seawater boundary conditions
(fresh: c=0g/L, brackish: c=13g/L, marine: c=36g/L), the
total water volume of 10.5mL, and the amount of soil (5g of dry
weight) constant. For this purpose, we have calculated, based
on the molarity of the pore water, how much of the highly con-
centrated artificial seawater solution (c=182.55g/L) needed to
be added to the samples. The artificial seawater solution had a
concentration higher than that of standard seawater, so a rela-
tively lower volume of water could be added to the sediment pore
water and be diluted. In terms of the relative proportions of its
components, the artificial seawater contained NaCl (24.99g/L),
MgCL x6H,0 (4.14g/L), Na,SO, (0.79g/L), CaCl,x2H,0
(1.58g/L), KCI (11.13g/L), and NaHCO, (0.17g/L) dissolved in
ultrapure water and sterile filtered after. Depending on the ini-
tial pore water content and salinity, different amounts of wet soil
had to be weighed in and different volumes of artificial seawater
added for the samples respectively to the treatment. More detail
is given in Table S1.

To ensure the exclusion of oxygen, which could adversely affect
anaerobic microbial communities, we discarded the upper 3cm
of the sediment sample (given a maximum oxygen penetration

depth of 25mm [67]) and maintained an oxygen-free atmosphere
during sample preparation (overnight thawing and handling
under a pure nitrogen atmosphere in a glovebox at 8°C) and the
incubation. In the glovebox, we homogenized the samples and
filled them into pre-combusted 120-mL glass incubation vials.
Three replicates were prepared for each treatment. Before start-
ing the experiment, the headspace was flushed with pure nitro-
gen for 2min. The oxygen concentration in the headspace of a
test vial was measured at the beginning and regularly within
the first 3months of the experiment, remaining below 0.012%.
The incubation temperature was set at 4°C, approximately cor-
responding to the temperature of the water at the bottom of the
water bodies in summer, and for comparability with other per-
mafrost incubation studies (e.g., [28, 31]).

Concentrations of CO, and CH, were measured by gas chro-
matography (7890A Agilent, United States) equipped with a
thermal conductivity detector and a flame ionization detector
to measure CO, and CH, concentrations, respectively, with
helium as the carrier gas and the oven furnace temperature
of 100°C. Before each measurement, the incubation vials
were shaken to avoid zonation in sediment and water. Gas
samples were drawn from the headspace of the vials with a
gastight syringe and then immediately injected into the gas
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chromatograph. We carried out the measurements 5 times
during the first 2 weeks, weekly for the following 8 weeks, and
bimonthly thereafter. The amount of gas produced was calcu-
lated in parts per million (ppm) and normalized to sediment'’s
dry weight (gdw™!). Using the gas concentration, headspace
volume, water volume, pH, temperature, and solubility—in-
cluding carbonate and bicarbonate concentrations for CO,
calculations [68]—the total amount of CO, and CH, was de-
termined in wmol using the ideal gas law [37]. By employing
the molar mass (M) of C (12), the obtained amount of CO, and
CH, in umol was normalized to gdw™' and recalculated into
mg CO,-C gdw™' and CH,-C gdw~'. We further calculated the
average for CO, and CH, production for the three replicates
and normalized the results to gSOC~! using the TOC content.
A detailed method description including calculation formulas
can be found in Section S1.2.

3.3 | Microbiology Analyses
3.3.1 | DNA Extraction, PCR, and Sequencing

Total nucleic acids were extracted in duplicates using the
PowerSoil-Kit (MO-Bio) according to the manufacturer's proto-
col. Amplicon libraries were prepared by using barcoded primer
pair sets (Uni515-F[5-GTGTGYCAGCMGCCGCGGTAA-3']/
Uni806-R[5-CCGGACTACNVGGGTWTCTAAT-3']), with
duplicates for each sample. PCR reactions (50uL) contained
10x Pol Buffer C (Roboklon GmbH, Berlin, Germany), 25-mM
MgCl,, 0.2-mM dNTP mix (ThermoFisher Scientific), 0.5-mM
each primer (TIB Molbiol, Berlin, Germany), and 1.25U of Opti
Taq Polymerase (Roboklon, Germany). The PCR program in-
cluded an initial denaturation step at 95°C for 7min, followed by
33cycles at 95°C for 155, annealing at 60°C for 305, extension at
72°C for 30s, and a final extension step at 72°C for 5min. After
purification with the Agencourt AMPure XP kit (Beckman
Coulter, Switzerland), the recovered PCR products were equili-
brated into comparable equal amounts before pooling with pos-
itive and negative controls. For the positive controls, we utilized
a commercially available mock community (ZymoBIOMICS
Microbial Community DNA Standard II). As for the negative
controls, they consisted of the DNA extraction buffer and the
PCR buffer. Sequencing was run in paired-end mode (2 X 300 bp)
on Illumina MiSeq platform by Eurofins Scientific (Konstanz,
Germany).

3.4 | Data Analyses
3.4.1 | Microbiology

The raw data were processed by an in-house pipeline. Briefly,
the demultiplexing was performed using cutadapt [69]. The
resulting sequences were further processed in DADA2, in-
cluding steps of filtering, dereplication, chimera detection, se-
quence merging, and the identification of amplicon sequence
variants (ASVs) [70]. The taxonomy was assigned against the
SILVA138 database [71]. The clustering dendrogram was gen-
erated on the Bray-Curtis dissimilarity using the “hclust”
function from the base package “stats” embedded in R (v4.3.0)
(R Core Team). The Bray-Curstis dissimilarity was calculated

by using the “vegdist” function from the R package vegan
(v2.6-4) [72]. The bubble plot at the taxonomic rank family
was generated by the ggplot2 package (v3.4.2) [73]. The com-
munity data were collapsed at family level by package otu-
Summary (v0.1.1) [74].

3.4.2 | Calculating Response Ratios

For investigating how GHG production changes depending
on salinity increase, we calculated response ratios by divid-
ing the mean cumulative production per gram C for terres-
trial sites (TPF and TKL) under freshwater conditions by that
under brackish conditions (B,,,,:F,,,,), respectively with brack-
ish and marine for the lagoons LAG 1 and LAG2 (Mlag:Blag).
Even though the sediment was homogenized before preparing
the bottles and the replicates were treated equally, the GHG
production differed. Therefore, we divided the value of each
replicate of F and B by each replicate of B and M respectively.
The data (n =18) was visualized as boxplots in Microsoft Excel
Version 16.8.

4 | Results
4.1 | Environmental Parameters

The results of the environmental parameters show distinct
patterns in various parameters across the studied locations, as
displayed in Table 2, providing insights into the environmental
conditions and sediment characteristics.

We found that the TPF outcrop shows consistently high values
for DOC (158.70mg/L), TOC (9.06wt%), and TN (0.54wt%) and
the highest depletion of §'3C (—28.85%0).

Conversely, LAG2 stands out with the lowest values for most
parameters, including DOC (41.32mg/L), TOC (2.03%), TN
(0.14%), and a higher 8'3C value (26.6%.). These findings suggest
lower carbon and nitrogen content in the sediment and the pore
water of LAG2, indicative of a potentially different environmen-
tal and depositional history. Remarkably, the DOC concentra-
tion at LAG1 is 3 times higher compared to LAG2.

Highest mean grain size was found at LAG2 (16.1 um). This is
attributed to the lagoon's openness, allowing the input of sandy
marine depositions. Contrastingly, LAG1 exhibits the lowest
mean grain size (5.9 um), characterized by fine-grained lake de-
posits. There is low or no input of sandy marine sediment due to
the long inlet channel.

The TKL stands out with the highest ice/water content (58.53%).
In contrast, LAG2 exhibits the lowest ice/water content at
47.14%, suggesting a lower presence of frozen water in its sed-
iment caused by the lower pore volume reflecting the coarser
grain size in LAG2.

Hydrochemical measurements show that LAG1 had the high-
est pH (7.67) and EC (40.5 mS/cm) values, indicating alkaline
and saline conditions. This is in stark contrast to TPF out-
crop, which exhibits the lowest pH (5.12). The nearly closed
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nature of Polar Fox Lagoon contributes to high salinity par-

é-’ § 2 § E E 2 ticularly due to brine formation below the lagoon ice in win-
s I ' ' g ter. Although LAG?2 is shallower and hypersaline throughout
- £ many parts of its core, its total surface sediment salinity is
[ — o] 0 -
8 Z | % N A N 5 similar to LAG1.
g Els a A 3 S
a §D The terrestrial sites showed a similarly low electrical conductiv-
z 3|3 = S 2 g ity (0.2 mS/cm).
= E S < S S k=
3
< 2 Sulfate concentrations at LAG2 were four times higher than
S8 Q 3 3 Z e .
5| g g P £ those at LAG1, indicating a greater influence of the sea at LAG2.
~ g This can probably be mainly attributed by its closer proximity,
) g S < 5 o % but also by the shallow depth of LAG2. Hypersaline water be-
8 %" 2 Z S 5 § neath the lagoon ice cover can elevate sediment salinity [19].
— — P . PO
~ § Although this is not apparent in the total salinity of the surface
% g - ~ 5 5 & sample (representing all dissolved ions), hypersaline conditions
".i %ﬂ v v % o 2 are consistently observed throughout the LAG2 core over a 30 m
Q
n = « = depth range [19]. As expected, there were no detectable sulfate
> a concentrations at terrestrial freshwater sites (detection limit
= a3 < ) 2-.
g % g = gl N § SO,*7:0.1mg/L).
o =
n 2
g The TPF outcrop exhibits the highest TOC/TN ratio (16.87).
o g o o " < % Conversely, TKL displays the lowest TOC/TN ratio (13.21).
2918 8 s 8 |f
& E
=S . . . sgs
o | o 5 = z 4.2 | Microbial Community Composition
SRS v ~ = El
—_ = The relative abundance analysis of archaea and bacteria shown
= N IS . . e1os . . .
% % o “ < < 2 in Figure 3 revealed that lagoons exhibited the highest microbial
3 g3 o « = % diversity, followed by the lake, while permafrost displayed the
= < o e o N
% S g o o " é least diversity. The Bray-Curtis dissimilarity analysis (Figure 4)
[}
= °© S revealed that microbial communities tended to cluster based on
—§‘ P - § landform. Lagoons notably formed a distinct cluster, and a larger
g g E E" §_ = § § NS 2 group encompassed all inundated sites. In contrast, permafrost
1]
E S e 7o - S stood out as markedly different from other sites. Furthermore,
] = the local signature of the microbial communities remained also
o 0 £l > =2 = 3 B | & ; ;
= Re|lE T = - 8 2=135 at the end of the incubations.
o “E[8%E 3T% 87 S a3
& ET| 252 25 =@ > 2| o . R o
g 22|38 3 E =& g 8|5 The most substantial shift in microbial composition over
» ) o It L 8 8 8 & . . .
9 <> E > ~ ~ 5 the one-year incubation period was observed for the perma-
£ _ o § frost. The microbial community was dominated initially by
E g 8¢y M - ‘=§ g 2 Pseudomonadaceae, known for aerobic chemoorganotrophic
f E g § & E E % § S respiratory metabolism, and shifted towards anaerobic microor-
o 3 g~ < ganisms during the incubation (Figure 3). In contrast, there was
-
£ o g much less change observed for the lagoons.
= S
| OFEEIE O3 3 % %
g a8 S 2R " @ Sl g A specific difference is that lineages that are able to reduce sul-
s S fate (Desulphobacteria) occur to a greater extent in the lagoon
=) o = 2 . . .
Q 2 P ~ sediments than in the non-lagoon sediments.
g 0| v = 2 5 ¢ s o | §
= gl = 8 ) = g =25
g = %8 2= 5 o ERIES ) . .
= Z | & 2 5 - =5 E S| gs Methanogenic Archaea were abundant in permafrost sedi-
A~ o o g . . . el . .
° O ) 2 g ments before the incubation (initial) and after the incubation,
s 2 & with highest relative abundance under freshwater conditions.
| = @ ) = RS &
; g £ 8 g = 23 g 2g|S%E Their relative abundance decreased with increasing salinity. In
- —_— —~ o —_ N . PR
g E § g f:’ 7 5 8 % é % 2 § the lake and the lagoons, their presence was either minimal (<
§ ) E g = S 4% 8 g~ S 3 0.5%) or not detectable, but after 1year of incubation, there was
© £ E an increase in LAG1, correlating with substantial methane pro-
N - v %‘ 5 g g duction in LAGI.
5l I < se
o - S . : . R
: 2 § - £ Clostridiaceae and Acidobacteriota are thriving in per-
= @ o « « <3 mafrost and lake environments (Figure 3). In lagoons,
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FIGURE 3 | Bubble plot showing the relative abundance of archaea and bacteria before the incubation (initial, yellow) and after the incubation
with freshwater (green), brackish water (turquoise), and marine water (blue) for the four study sites (TPF [permafrost outcrop], TKL [Goltsovoye
Lake], LAG1 [Polar Fox Lagoon|, and LAG2 [Uomullyakh Lagoon]). The bubble size denotes the relative abundance of different taxa. Bubbles
decreasing in size from before to after incubation indicate that the treatment has a negative effect on the microorganisms present, while bubbles
increasing in size indicate favorable conditions. The taxonomy was collapsed at family level. If an assignment to the family level was not possible the
next higher assignable taxonomic level was used. [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE4 | Clustering dendrogram based on Bray-Curtis dissimilarity shows that microbial communities group by landform (TPF [permafrost
outcrop], TKL [Goltsovoye Lake], LAG1 [Polar Fox Lagoon], and LAG2 [Uomullyakh Lagoon]) rather than treatment (fresh [no addition of artificial
seawater], brackish c=13g/L, marine c=36g/L). [Colour figure can be viewed at wileyonlinelibrary.com]

Desulfuromonodaceae, anaerobic sulfur reducers, dominated. occur initially and also not at the end of the incubation. This co-
Sulfur and sulfate reducers had already established in the la- incided with the stronger development of CO, in the saline sites
goons and remained abundant in the salinity treatments, compared to the freshwater sites. Halomonadaceae were domi-
whereas in permafrost and the freshwater lake, they did not nant in lagoon LAG2, especially under brackish conditions.
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4.3 | Cumulative Anaerobic CO,and CH,
Production

The results on the cumulative anaerobic CO, and CH, produc-
tion measured after 363days are shown in Figure 5. The CO,
production ranged from 0.001 +0mg CO,-C gdw~ for TKL-F to
0.91£0.03mg CO,-C gdw™! for LAG1-B (Figure 5a). When nor-
malized to soil organic carbon (SOC) content, both lagoons ex-
hibited similar patterns in CO, production under brackish and
marine conditions (22.7+0.8 and 22.1+3.1mg CO,-C gSOC™!
for LAG1 and LAG?2, respectively) (Figure 5b). At each location
the highest CO, production occurred under near-natural condi-
tions (freshwater for TPF and lake, brackish for lagoons). The
CO, production decreases with increasing salinity under the
laboratory conditions.

The methane production ranged from 5.4 x 10~°mg CH,-C gdw™!
for LAG2-M to 0.53mg CH,-C gdw™! for TPF-F (Figure 5c);
therefore, methane production per gram of dry weight was
highest in the permafrost sample incubated with freshwater
(young lake). When normalized to SOC, LAG1 under brack-
ish conditions exhibited higher CH, production (7.24 +0.3mg
CH,-C gSOC™) compared to the permafrost sample (TPF-F)
(5.85+£0.2mg CH,-C gSOC™). In contrast to LAG1-B, no meth-
ane was produced in LAG2 (Figure 5d).

The thermokarst lake displayed the lowest CO, and CH, produc-
tion overall (< 0.003 mggdw™).

The contribution of CO, to cumulative GHG production after
362days ranged from 40.1% at TKL-F to 99.9% at LAG2-B and

LAG2-M (Figure 5e). There was equal CO, and CH, production
for TPF under freshwater conditions. For brackish and marine
conditions, CO, production dominated, with a share greater
than 75.8%.

During the 1-year incubation period, we observed shifts
in CO, and CH, headspace concentrations. In several
samples (Figures Sla [TPF-B and TPF-M], Sle [TKL-F and
TKL-B], and S2a [LAG1-B and LAG1-M]), we noted a sharp
increase in headspace CO, concentration in the initial weeks
of the incubation, followed by a rapid decline within the
first weeks.

Further, for LAG1-B, we observed an exponential increase in
both cumulative CH, production and daily CH, production rates
from day 100 until approximately day 220 (Figure S2b,d). After
this period, daily rates of CH, production dropped, coupled with
a stagnation in cumulative CH, production.

By calculating the response ratios, we found that if TPF or talik
sediment comes in contact with sea water (scenario F,,..— B,
in Figure 6a,b), less CO, and CH, was produced in the incu-
bation period. The decrease in methane production is slightly
higher from fresh to brackish (median 0.12) than from brackish
to marine conditions (median 0.16). However, the ratio of the
cumulative CO, production for terrestrial samples versus lagoon
samples under near-natural conditions (F, — B in Figure 6¢)
is greater 1 (median: 326.9), showing that CO, production in-
creases significantly in the long-term, after lagoon formation.
CH, production on the other hand decreases in the long term
(median: 0.6).
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FIGURE 5 | Cumulative anaerobic CO, and CH, production over the 363-day incubation at 4°C for freshwater (green), brackish (turquoise) and
marine (dark blue) conditions. (a) cumulative CO, production in mg per gdw; (b) cumulative CO, production in mg per gSOC; (c) cumulative CH,
production in mg per gdw; (d) cumulative CH, production in mg per gSOC; () percentage share of CO, to cumulative GHG production, the difference
to 100% is equivalent to the share of CH,. TPF: terrestrial permafrost outcrop TPF; TKL: thermokarst lake Goltsovoye; LAG1: nearly closed Polar Fox

Lagoon; LAG2: semi-open Uomullyakh Lagoon; *near-natural conditions. [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE?7 | (a)Maximum CO, production rates in uggdw~'d~! and (b) maximum CH, production rates in ug per gdw~' d~! for freshwater (green),
brackish (turquoise), and marine (dark blue) conditions. The day of the maximum production rate is labeled at the base of the bars. TPF: terrestrial
permafrost outcrop TPF; TKL: thermokarst lake Goltsovoye; LAG1: nearly-closed Polar Fox Lagoon; LAG2: semi-open Uomullyakh Lagoon; *near-
natural conditions. [Colour figure can be viewed at wileyonlinelibrary.com]

4.3.1 | Production Rates

Median CO, production rates ranged from 0.2 to 77.6ug CO,-C
gSOC™! d~!. Maximum CO, production rates were measured on
the first day for all samples and ranged between 3.1ug CO,-C
gdw~ d~! and 110.4ug CO,-C gdw~' d~! for TKL-B and LAG1,
respectively (Figure 7a).

Median CH, production rates ranged from 0.001 to 4.4ug
CH,-CgSOC'd™! and the maximum CH, production rates
ranged between 0.002ug CH,-C gdw™' d™' for LAG2-M and
6.96 g CH,-C gdw~! d~! for TPF-F (Figure 7b). For those sam-
ples with neglectable CH, production (TKL and LAG?2), the
highest production rate was measured in the first days of incu-
bation while for the others the maximum production rate was
measured towards the end of the incubation period.

5 | Discussion

5.1 | Local Short-Term Response to Different
Incubation Settings

5.1.1 | Microbial Composition and Response to
Changing Salinity

Microbial communities cluster based on landform, especially
for lagoons, which show a unique cluster (Figure 4). In detail, a
larger group encompassed all inundated sites, while TPF stood
out. It shows that microbial composition is highly shaped by the
initial environmental conditions, with microbes in TPF being
aerobic, in contrast to inundated sites, in which many are an-
aerobic. Additionally, there is an absence of sulfate for TPF and
lake, whereas sulfate is present for the lagoons. Furthermore,
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the local signature of the microbial communities was still ob-
served at the end of the incubations, suggesting that the time
of incubation was too short for convergence of the communities
according to treatments.

In our incubation experiment, a combination of stress factors
likely caused the TPF to experience the most substantial shift
in microbial composition between before the incubations (ice-
bonded permafrost) and after the incubations (inundated).
The shift from the dominating Pseudomonadaceae, known for
aerobic chemoorganotrophic respiratory metabolism, towards
a variety of anaerobic microorganisms (Figure 3), suggests
that the lack of oxygen had a major impact on the microbial
composition. Further, the abrupt thawing and the phase tran-
sition from ice to liquid water is one of the major stress factors
for the biological system [75] and leads to rapid changes in
the structure of the permafrost microbiome [76-79]. There is
also a difference in microbial composition between freshwater
and brackish/marine incubations of the permafrost (TPF in
Figure 3) but it is less pronounced, indicating that the chang-
ing salinity has a smaller impact than the thermal state and
the availability of oxygen. Nevertheless, microbes have a sa-
linity optimum for growth and a rapid shift in salinity might
cause lower activity [80, 81].

In contrast to the drastic microbial composition changes in
the TPF following changing conditions, less changes were ob-
served in the lake and the lagoon sample incubations, suggest-
ing that the initial microbial communities were already adapted
to thawed and inundated conditions. However, the microbial
community in the lake differs considerably from that in the la-
goons. Even after 1year of incubating with sulfate-containing
seawater, the proportion of SRB did not increase (Figure 3), indi-
cating that the initial microbial community did not adapt to ma-
rine conditions in the short term and under the conditions of a
closed system. In the permafrost and lake samples, the presence
of spore-forming Clostridia suggests a response to disturbance,
while the ability of Acidobacteria utilizing stable carbon sources
proved advantageous at low substrate concentrations. New stud-
ies showed that some Acidobacteria, including OPB41, which
were thriving in the terrestrial samples, use sulfate as electron
acceptors [82], and some Acidobacteria are able to switch be-
tween dissimilatory sulfate reduction and oxygen respiration
[83], streamlining the multi-step mineralization of complex or-
ganic substances into CO, into a single process. The flexibility
and adaptability of the Acidobacteria make them particularly
successful in the terrestrial samples, where Desulfobacteriota
(SRB) could not develop during the incubation time.

Recent research at the same study sites as ours by Yang et al.
[24] explored how variations in geochemistry influenced the
microbial methane-cycling community in two thermokarst
lakes (Goltsovoye Lake, TKL and Northern Polar Fox Lake) and
Polar Fox Lagoon. They observed that non-competitive meth-
ylotrophic methanogens dominated the methanogenic com-
munities in both lakes and the lagoon, leading to elevated CH,
concentrations in sulfate-poor sediments. In the nearly closed
Polar Fox Lagoon (LAG1), we found that the abundance of
both, Methanosarcinaceae and SRB, increased during the incu-
bation, demonstrating that even in the presence of sulfate and
SRB methanogens may grow. The co-habitation of methanogens

and sulfate reducers in marine environments was also noticed
by other studies [24, 84-86]. We found that microbial commu-
nities were most diverse at brackish conditions, confirming
previous findings showing that lagoons are unique microbial
habitats [24].

Apart from this, the microbial composition in the lagoon sam-
ples remained similar before and after incubation, indicating
that the microbial community was already adapted to saline
conditions.

In contrast to nearly closed LAGI, the existence of methanogens
is negligible at the more connected lagoon LAG2, which is likely
due to the more distinct marine character pronounced by the
four-time higher sulfate concentration. The adaptation to more
sulfate-rich conditions is shown by the increase in SRB abun-
dance with salinity.

5.1.2 | Potential C Production Response

5.1.2.1 | Variability in Carbon Dioxide Production. The
elevated CO, production observed in near-natural conditions
(freshwater for permafrost and lake, and brackish for the lagoons)
compared to the lower levels in more saline treatments (Figure 5)
suggests that the treatments induced disturbances rather than
positive stimuli, which points towards a very strong microbial
control. Even though electron acceptors in the form of sulfate
were added to the permafrost and talik sample (TPF, TKL in
Figure 2) in the brackish and marine treatment, CO, production
did not increase, likely because of a lack of microbes (SRB)
that can use them (Figure 7). Due to the closed system setting
and the use of sterile artificial seawater, there was no external
input of marine microbes and the existing community was
not able to adapt to saline conditions in the incubation time.

Ourmedian CO, productionrates(0.2-77.6 ug CO,-CgSOC~'d™")
were slightly higher but in general agreement with other an-
aerobic incubations (median: 1.6-50ug CO,-C gSOC~'d™;
[29, 31, 87]). Other studies found higher cumulative CO, pro-
duction but different conditions prevailed (e.g., [28, 32, 88, 89].
Like other studies, we found a relationship with %C [29, 30],
which is most pronounced in the CO, production in the lagoon
sediments. When normalized to SOC, the same amount of CO,
was produced in both lagoons (Figure 5b), suggesting the sedi-
ment origin plays a secondary role. Previous findings by Jenrich
et al. [19] found that the surface sample at LAG2, low in TOC
and TN, is very likely a mix of lacustrine and marine sediment,
which was transported into the lagoon from the bay and there-
fore differs to the surface sediment of LAG1. The enclosed LAG1
on the other hand functions more as a sediment trap, capturing
materials eroded from the Yedoma uplands and the shoreline,
particularly OC-rich materials. LAG2 is more open and less of
a trap so that OC can be exported into the ocean more easily.
These sediment dynamics emphasize the importance of consid-
ering local variations in lagoon environments, especially when
upscaling GHG production.

In the initial weeks of the incubation experiments, we ob-
served a rapid decrease in headspace CO, concentration across
several samples, regardless of the treatment (Figures Sla,e
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and S2a). Since this trend was consistent across all three
replicates and the CH, concentration remained constant or
increased, we can rule out the possibility of a leak. Similar
patterns were observed in previous incubation experiments
[31, 90, 91]. Bischoff [90] suggested that higher CO, solubil-
ity in water under high pressure led to a decrease in head-
space CO, concentration. However, after the initial drop, the
CO, concentration increased, surpassing the pre-drop levels
in most samples. This suggests that the pressure increased as
well and therefore cannot be the only reason for the declining
concentration. Furthermore, we did not observe an extreme
decline in pH during the incubations (Table S2), which would
be expected for high CO, uptake in the water. Even for TKL,
where CO, levels stayed low after the drop, the pH was higher
at the end of the incubation.

Non-phototrophic CO, fixation, also known as dark CO, fix-
ation, is a process by which soil bacteria can fix CO,. Several
soil types, including those found in Arctic tundra, have shown
signs of this process [92, 93]. Using incubation experiments, they
demonstrated that rates of dark CO, fixation increase with in-
creasing headspace CO, concentrations [93-95]. Although dark
CO, fixation is low compared with respiration rates, it might be
a more plausible explanation for the observed decline in CO,
concentration in our incubation experiments. Further research
is needed to support this.

5.1.2.2 | Variabilityin Methane Production. In onlytwo
of our samples (TPF-F and LAGI1-B), significant quantities of CH,
were produced (Figure 5c). For these samples, the production
rates correlated with the Archaea concentration (Figure 3).
Furthermore, the start of CH, production was about 150days
after the incubations started (Figures S1b and S2b). Similar
or even longer lag phases were reported by prior studies which
concluded that the low initial colonization of methanogens
caused the delay [29, 31, 37, 96, 97]. Median CH, production
rates (0.001-4.4ug CH,-CgSOC~'d ") were low but in the range
of other anaerobic studies (0.02-135.1ug CH,-CgSOC~'d™"; [29,
31, 35, 87, 98]).

The permafrost sample incubated with freshwater (young
lake; Table 1) exhibited the highest methane production per
sediment weight, highlighting the considerable methane re-
lease potential in freshly formed thermokarst ponds and
lakes. Studies indicated faster CH, production from younger
carbon compared to older carbon based on 14C ages in DOC
in northern lakes [36, 99, 100]. However, Walter Anthony et al.
[101] demonstrated that CH, emitted as gas bubbles, the dom-
inant pathway of methane emissions from northern lakes, is
older than dissolved CH, in the water column. In this study,
under near-natural conditions, LAG1 showed higher CH,
production normalized to SOC compared to the permafrost
sample (Figure 5d), indicating differences in OM degrad-
ability. Notably, we detected methane production for LAG1
under marine conditions after a lag phase of about 300days
(Figure S2b), likely due to the abundance of non-competitive
methanogens. These findings are consistent with Yang et al.
[24]. In contrast, no methane was produced in LAG2, pos-
sibly due to the absence of an initial methanogenic commu-
nity (Figure 3) and the more disturbed environmental setting
compared to LAG1. The UWITEC core of LAG1 [53] showed

a diffusive salinity profile, indicative of gentle surface condi-
tions. The upper 5m of sediment were identified as lacustrine
[19]. In contrast, the surface sediment of LAG2 was charac-
terized by a mix of lacustrine and marine deposits. Also, ini-
tial sulfate concentrations in LAG1 are lower than in LAG2,
which may pave the way for both CO, and CH, production
at the same time. This again fits very well to the findings of
Yang et al. [24], who measured high methane concentrations
in all sulfate-poor sediments. Further, the surface sediment
of LAG2 freezes every winter due to the formation of bottom-
fast ice opposed to LAG1 where the microbial community may
persist year-round. In addition to the higher sulfate content,
this significant microbial stressor may also be why LAG2 has
a less established methanogenic community. Further, [102]
found that in thawing permafrost sediments, CH, production
is influenced most by paleoenvironmental conditions during
soil formation. They also highlighted the vulnerability of CH,
production due to its restriction to a small group of archaea,
contrasting with the various microbial groups contributing to
anoxic CO, production.

Moreover, it can be assumed that the oxidation of CH, to CO,,
known as anaerobic oxidation of methane (AOM), plays a
role in our incubation experiment. In their study of the same
sites, Yang et al. [24] demonstrated the presence of AOM-
performing archaea in the sediments. In LAG1 (PFL in Yang
et al.), marine anaerobic methanotrophic archaea (ANME-
2a/2b groups) were identified, while in TKL (LG in Yang
et al.), terrestrial AOMs were detected. The influence of AOM,
visible in §'*C-CH, signatures and gas concentrations, was
only observed in LAGI1, suggesting that AOM primarily oc-
curs in marine environments. It is therefore highly likely that
more methane was produced in the lagoon sediments than is
reflected in our results.

5.1.2.3 | CO, Dominance Under Increasing Saline
Conditions. Our analysis revealed a pronounced
dominance in CO, production, accounting for 76.0% to
99.9% of the cumulative greenhouse gas production across
all samples incubated under brackish and marine conditions
(Figure 5e). This suggests that, during and after the transition
from terrestrial to marine environments, CO, emerged as
the primary produced GHG. The highest proportion of CO, in
cumulative GHG production was observed in LAG2, situated
closest to a marine environment and lacking a methanogenic
community. Since LAG2 is older than LAGI, it is possible
that LAG2 once had a methanogenic community in the past
when the lagoon was presumably deeper and did not have
the stressful agents it currently possesses, i.e., bottom-fast ice,
hyper-salinity, turbidity etc.

In contrast, we measured similar CO, and CH, production
for TPF under freshwater conditions (young lake). This aligns
with the findings of Jongejans et al. [31], who reported a simi-
lar CH,:CO, production ratio in the surface sediment of an Alas
Lake (81.3ug/gdw CO, and 77.1ug/gdw CH,). In the surface
sediment of the Yedoma Lake, they found a substantial differ-
ence, with CH, production surpassing CO, production (64.1ug
CO,-C/gdw and 350.2pg CH,-C/gdw), which they explained
by subsequent gradual population of methanogenic commu-
nities due to thaw front migration with talik formation. These

13 of 20

85U8017 SUOLILLOD BA 81D 3|dfed!|dde ayy Aq pausenob a1e s O ‘8sn Jo SNl 10} AreIqi 8UIIUO A1 LD (SUONIPUOD-PUe-SLLBY WO A8 | 1M ATRIq 1 BUI|UO//SANL) SUORIPUOD PUe SWB | 8U188S *[7202/2T/TT] U0 Akl Tauluo A8IM * Z49D Wepsiod WwniuezZ-z}oyw pH - Ssrels suar Aq 162z ddd/zo0T 0T/10p/woo A8 1M Arelq1pul|uoy/sdny wouy papeojumod ‘0 ‘0ESTE60T



observations emphasize the variability of GHG dynamics in dif-
ferent aquatic habitats and highlight the influence of local con-
ditions on the cumulative CO, and CH, production.

5.1.2.4 | Short-and Long-Term CO,and CH, Dynamics.
Our experiment indicates that if TPF or talik sediment
is submerged with sea water (scenario F to B in left box
of Figure 8), less CO, and CH, is produced in the short-term
due to the lack of microbial communities adapted to the marine
environment (see also Figure 6a,b ratios <1). However, in
the long-term, after lagoon formation (scenario F in left box to B
in right box of Figure 8) and an adaptation period in which SRB
(Desulfobacteriotain Figure 3, panel LAG1 and LAG2)andlikely
marine anaerobic methanotrophic archaea performing AOM
are established, CO, production increases (Figure 6¢ ratios
>1) and even exceeds CO, production in TPF by 8 times (large
CO, bubble in Figure 8). This suggests that we should expect
much higher GHG production in the long-term after lagoon
formation. A slightly stronger decrease in CH, production from
fresh to brackish conditions compared to the decrease from
brackish to marine conditions might suggest that the transition
from a terrestrial to a saltwater-influenced ecosystem has a
greater impact on CH, production than the increase in salinity
within an established marine ecosystem.

5.1.3 | High Variability in Thermokarst Lake Sediment
Production Rates

Surprisingly, our observations revealed no substantial CH, and
CO, production in the sediment of the thermokarst lake regard-
less of the treatment (with a maximum of 3.13+0.99ug CO,-C/
gdw measured for TKL-M and a maximum of 1.17+0.16 ug
CH,-C/gdw for TKL-F). This is in contrast with the findings of
Jongejans et al. [31], who, under similar incubation conditions
(1year, 4°C, anaerobic), measured considerably higher cumula-
tive greenhouse gas (GHG) production in surface samples from

an Alas Lake and a Yedoma Lake in Central Yakutia (ranging
from 64.1 to 81.3ug CO,-C/gdw and 77.1 to 350.3ug CH,-C/
gdw). Furthermore, recent field studies have documented sub-
stantial GHG releases from thermokarst lakes in various regions
[89, 101, 103-105].

Several potential reasons could account for the observed low
productivity in thermokarst Lake Goltsovoye (TKL):

Older age of the talik: The Goltsovoye Lake and its associated
talik formed approximately 8000years BP. Radiocarbon dating
of the surface sediment revealed an age of 3600 BP as reported
by Jongejans et al. [52], which indicates that the sediment was
unfrozen for a long time period. During this time, it is likely that
the labile fraction of the OM was decomposed, leading to lower
productivity now.

Lack of substrate at the time of coring: A more convinc-
ing reason could be the potential lack of substrate at the time
of coring at the end of winter. The long winter freezing pe-
riod likely led to very limited primary production in the lake,
resulting in no fresh substrate input from the water column.
Microorganisms likely have metabolized easily accessible sub-
strate sources during the winter. Since we did not add nutrients,
only electron acceptors for brackish and marine conditions, the
experiment started with a very low substrate level.

Low initial microbial colonization: According the qPCR
data on gene copy numbers for Goltsovoye Lake (TKL) and Polar
Fox Lagoon (LAG1) published by [24] (Figure S4), there are
fewer bacteria and sulfate reducers in TKL, but methanogens
(mcrA) are similar to those in LAG1. This again might explain
the low CO, but not the low CH, production.

Acidic soil conditions: The low CH, production of TKL might
be caused by low soil pH, ranging from 4.31 to 5.53 at the start
of the incubation (Table S2). Previous studies have shown that

near-natural lagoon formation

long-term effect
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FIGURES8 | Significantincrease in GHG production for lagoon formation under near-natural conditions in the long term by eight-fold from 2.8 to
22.4mg C gSOC~L. Short-term decrease in GHG production after artificial seawater inundation of terrestrial sediment (left box F — B) or the increase
in salinity during the lagoon to subsea transition (right box B —M). The numbers are the mean cumulative CO, and CH, production (normalized to
soil organic carbon content) in mg C gSOC~! under fresh (F) and brackish (B) conditions for terrestrial sites (left box) and brackish and marine (M)

conditions for lagoons (right box) after 1-year anaerobic incubation. The bubble size is proportional to the cumulative production. [Colour figure can

be viewed at wileyonlinelibrary.com]
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extreme pH values negatively affect microbial biomass and ac-
tivity [106] and can suppress methanogenesis by 71.7% for a pH
of 5.5 or even up to 100% for a pH of 4 [107]. However, by the
end of the incubation, pH values for TKL and TPF were similar,
suggesting the low pH alone does not explain the difference in
CH, production.

5.1.4 | Limitations of Incubation Experiments

Laboratory incubations have several limitations. Microcosm
incubations under lab conditions often fail to replicate complex
environmental conditions, spatial heterogeneity, and microbial
communities. Controlled settings are needed to examine the
separate influences of specific parameters, such as salinity in
our case, but they overlook dynamic natural changes, and micro-
bial communities may shift during incubation. Abiotic interac-
tions and the absence of plant-soil interactions are inadequately
represented in microcosms. These factors lead to potential in-
accuracies in predicting long-term, large-scale GHG emissions.
However, laboratory incubations still provide valuable insights
into the mechanisms of GHG production in permafrost.

5.2 | Proposed Microbial Responses and GHG
Dynamics in Changing Coastal Permafrost
Landscapes

Coastal permafrost landscapes are dynamic environments
that undergo significant changes over time [14, 20, 108-111].
Understanding the stages from thawing TPF over lake and la-
goon formation towards the full submergence in the subsea stage
is crucial for understanding the associated GHG production
(Figure 9). In open systems, the input of nutrients and dissolved
and particulate OC promotes microbial growth. Further, the
input of marine microorganisms through inundating seawater
and transported sediment would promote initial colonization by,
for example, SRB and potentially anaerobic methane oxidizers,
which will likely accelerate the shift from CH, to CO, produc-
tion in land-sea transitioning systems. On the other hand, the

export of OC in the form of DOC and particulate OC through
leaching and erosion could result in a decrease in the availabil-
ity of easily degradable OM especially in lagoons. Input of pol-
lutants such as mercury, which tend to enrich in thermokarst
features [112-114]| could inhibit microbial growth and thus
lead to decreased CO, and CH, production. These are just a few
examples of processes impacting GHG production in nature;
however, it is not possible to integrate all of them in incubation
experiments. While acknowledging the inherent limitations of
small-scale laboratory experiments in replicating the complex-
ity of the real world, these experiments can provide valuable
insights into potential responses. Moreover, the comparison of
I, I1a, and IIIb (TKL, LAG1 and LAG?2 respectively) is made
possible by their close proximity and the similar genesis of the
sites [19, 24, 53]. Although more distant, Site I (TPF) serves as a
valuable endmember.

Thawing of ice-rich permafrost for the first time and the forma-
tion of a thaw pond or a young thermokarst lake triggers sub-
stantial GHG production (Figure 9 panel I). Our data suggest
that both CO, and CH, are likely produced in equal amounts
during this phase. After the long existence of thermokarst lakes,
such as Goltsovoye TKL (panel II), a significant reduction in
GHG production was observed in the surface sediment.

Following drainage, as the lake established a connection to the
sea, nearly enclosed lagoons like Polar Fox LAGI1 (panel I11a)
show very high CO, production along with substantial CH,
production. Due to the limited connectivity, OC-rich materials
eroded from the Yedoma uplands and the shoreline are cap-
tured. Rich substrate availability and moderate salinity facilitate
high microbial diversity and the coexistence of methanogens
and sulfate-reducing organisms.

With time and landward migration of the sea, the lagoon be-
comes more strongly connected (panel I1Ib: semi-open lagoon
Uomullyakh [LAG2]). Increased marine sediment influx may
lead to shallowing of the lagoon, resulting in seasonally frozen
and increasingly saline ground. This environmental stressor
triggers a decline in microbial abundance. Increased sulfate

|
subsea . subsea

|
subsea | subsea

CH, e |
\ -
T T
Il
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FIGURE9 | Generalized illustration of coastal landscape development in the study area and possible greenhouse gas production at each stage of

development. I: Thaw pond forming on terrestrial, ice-rich permafrost (outcrop TPF), II: advanced lake formation due to ongoing local permafrost
thaw (old thermokarst lake Goltsovoye TKL), I11a: first stage of lagoon formation—lake is connected to the sea via a channel with limited exchange
(nearly closed lagoon Polar Fox LAG1), IIIb: older lagoon, more strongly connected to the sea (semi-open lagoon Uomullyakh LAG2), and I'V: subsea
after erosion of the land barrier. Red dots show sampling locations. @ frozen ground with ice wedges; @ active layer and talik; ® marine sediment.
CO, and CH, lines illustrate the production potential during that phase of landscape development based on cumulative production measured during
the incubation experiment for the near natural conditions of the corresponding phase (freshwater for I and II, brackish for IITa and IIIb, GHG

production in subsea sediment IV is unknown, but the trend is based on cumulative GHG production of LAG2 (I1Ib) under marine conditions).

[Colour figure can be viewed at wileyonlinelibrary.com]
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input induces a shift in microbial communities, favoring the
growth of SRB and a significant increase in CO, production
compared to CH,. A recent study by Jones et al. [115] suggests
that the frequency of lake drainage events is rising due to chang-
ing hydrological patterns. This shift may result in a higher oc-
currence of nearly closed lagoon formation along Arctic coasts,
intensifying both CO, and CH, production. Rising sea level
leading to complete submersion of the lagoon into subsea marks
the final stage. Although CO, and CH, production was not mea-
sured directly in subsea sediments, trends can be derived from
the cumulative greenhouse gas production in semi-open lagoon
sediments (LAG2) under marine conditions showing a further
decrease in GHG production.

Summing up, our data suggest that the dynamics of lagoon for-
mation and its implications for CO, and CH, production unveil
a nuanced relationship between microbial adaptation and green-
house gas production. During the initial stages of permafrost
sediment transitioning into a more marine environment through
lagoon formation, new microbial communities have to evolve,
leading to an initial reduction of CO, and CH, production.
However, with an adaptation period marked by the establish-
ment of SRB, CO, production undergoes a significant increase,
surpassing levels observed in thawed TPF by about 8 times. Once
SRB are established, methane production plays a secondary role.

Our marine lab experiments resulted in lower CO, production
than other scenarios, indicating an incomplete adaptation of la-
goon systems to marine conditions. This underscores the exis-
tence of a transition period during ecosystem shifts. Moreover,
under near-natural conditions, where microbial organisms are
likely optimally adapted, GHG production peaks at all sites.

Our results highlight that nearly closed thermokarst lagoons,
partially connected to the sea and largely undisturbed by wave
action, currents, and marine sediment influx, exhibit particu-
larly high CO, production per gram of dry weight. Conversely,
more open lagoons characterized by marine sediment influx
demonstrate lower OC contents but appear to produce similar
amounts of CO, if normalized to the OM content. These types of
lagoons represent the first stages of the transition from lake to
subsea. With an increase in lake drainage events and rising sea
level, the distribution of thermokarst lagoons on Arctic coasts
will escalate, resulting in further rising carbon mineralization
and GHG release at the coast. This emphasizes the crucial role
of microbial adaptation in shaping the carbon cycle and GHG
emissions in permafrost-affected coastal environments.

6 | Conclusion

Our incubation study of sediment samples from a depositional gra-
dient—from TPF to freshwater thermokarst lakes to thermokarst
lagoons—revealed that permafrost sediments inundated and
thawed by seawater initially produce less CO, in the short term
due to the delayed establishment of marine/salt-adapted micro-
bial communities. Once SRB adapt, CO, production increases, ex-
ceeding TPF levels by eightfold. Despite this, the marine scenario
produces less CO, and CH, than the other scenarios, indicating
that coastal systems are not fully adapted to marine conditions.
This transition requires time for microbial adaptation, impacting

biogeochemical cycling. We found GHG production to be high-
est in near-natural conditions, freshwater for terrestrial sites and
brackish for lagoons, where microorganisms are best adapted.
Our findings highlight the complex interplay of microbial pro-
cesses and environmental transitions at the land-sea boundary
in permafrost regions. While acknowledging the limitations of
lab-scale experiments in fully capturing landscape and microbial
processes, our approach enhances the understanding of climate
change and carbon dynamics in permafrost coastal ecosystems.
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