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ABSTRACT
Rising sea levels and changing marine dynamics are increasing the inundation of previously terrestrial permafrost, accelerating 
thaw and altering microbial carbon cycling. On the Arctic Coastal Plain of Alaska, permafrost features like drained lake basins 
(DLBs) and uplands (ULs), offer distinct redox conditions and formation histories that may influence the carbon cycling response 
to sea water inundation. This study investigates changes in CO2 and CH4 production during potential seawater inundation using 
ex situ anaerobic incubations of soils from a DLB and a UL near Utqiaġvik, Alaska. Results showed that CO2 and CH4 production 
was, respectively, up to 2.2 and 3.3 times higher in the DLB site than in the UL site with the salt-less control treatment. The ad-
dition of artificial sea water inhibited CH4 production at both sites. CO2 production increased in the active and permafrost layers 
of the UL site, decreased in surface layers of both sites, and remained unaffected by saltwater treatments in the permafrost layers 
of the DLB site, likely due the presence of marine sediments in the DLB. Carbon availability, microbial adaptation, and elec-
tron acceptors are potential factors for the CO2 and CH4 response. Overall, the results of this study showed that anaerobic CO2 
production responded differently to sea water at different landscape positions and formation histories while CH4 was inhibited 
independently of the landscape position. Those results highlight the need to consider local hydrology and landscape history in 
future GHG projections for coastal permafrost.

1   |   Introduction

Coastal permafrost (PF) regions are highly dynamic environ-
ments at the land-ocean interface. Coastal PF areas are charac-
terized as environments exposed to both terrestrial and marine 
influences and representing 34% of all global coasts [1]. Climate 
change impacts coastal PF at the sea site by rising sea levels, in-
creasing open water seasons, warming and thawing PF on—and 
offshore. But it also has consequences on terrestrial coastal PF 
for example with rising coastal erosion rates and more extreme 

storm events [1–4]. With more frequent storm surges and sea-
level rise, an increasing area of coastal PF becomes inundated 
and exposed to thaw. On the Arctic Coastal Plain of Alaska, the 
study region of this study, inundations cause shoreline retreats 
of up to 25 m year−1 [5, 6]. This inundation process can represent 
the first step of forming a PF lagoon where long-term terrestrial 
PF transforms into subsea PF [7, 8].

The rapid changes in coastal PF due to climate change also af-
fect carbon cycle [3]. PF regions store 50% of global terrestrial 
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carbon (1460–1600 Pg terrestrial carbon in PF regions [9]). 
When PF thaws, organic carbon stored in PF soils is destabi-
lized, accelerating the release of greenhouse gases (GHGs) such 
as carbon dioxide (CO2) and methane (CH4) into the atmosphere 
[10]. However, CO2 and CH4 response to climate change in these 
environments remain understudied [11].

In terrestrial PF soils, the release of CO2 and CH4 to the at-
mosphere is heavily affected by soil moisture and drainage 
[12–15]. On the Arctic Coastal Plain of Alaska, carbon cycling 
is closely linked to the small-scale topography which creates 
a heterogeneous soil environment [16, 17]. The landscape is 
dominated by drained thaw lake basins (DLBs) and relatively 
higher lying interstitial tundra [18]. At these two landscape 
positions, soil moisture forms two different soil environments: 
(1) well drained soils with prevailing aerobic conditions such 
as uplands (ULs) and (2) poorly drained soils with prevailing 
anaerobic conditions such as DLBs [19]. For carbon cycling 
microbes, anoxic conditions mean that oxygen is not available 
as electron acceptor for energy production. Thus, other elec-
tron acceptors need to be used by microbes for carbon cycling. 
The choice of elecetron acceptor used for the reaction depends 
on the redox conditions of the soil. Under anoxic conditions 
nitrogen is used first, then iron, followed by sulfate (SO4

2−), 
and finally CO2 allowing for methanogenesis [20]. Therefore 
CH4 is usually produced under anaerobic conditions when all 
the other electron acceptor pools are depleted [20]. Under oxic 
conditions, oxygen is used as an electron acceptor resulting in 
CO2 production [20].

Until now, most climate models do not include changes in local 
hydrology in GHG emission projections following PF thaw [21]. 
However, sea water inundations alter soil properties, promote 
anaerobic conditions in sediments, and facilitate the transport 
of labile carbon substrates from land to sea [4]. Although anoxic 
conditions are known to enhance CH4 production, the increase 
of salinity inhibits methanogenesis [11, 22, 23]. SO4

2− contained 
in sea water is thermodynamically more favorable and therefore 
will be preferentially used as electron acceptor than methano-
genesis. However, a few studies have shown that in relatively 
newly flooded lowlands, CH4 production can be established 
under brackish conditions [23]. Under aerobic conditions mim-
icking coastal erosion, CO2 production was found to be increased 
by sea water addition, while CH4 was produced only in neglect-
able amounts [4]. The increased CO2 production was associated 
with sea water discriminating against high-molecular carbon 
increasing less complex carbon for GHG production [4, 24]. On 
the other hand, in terrestrial PF inundated for multiple centu-
ries, microbial abundance decreased hinting that sea water can 
act as a stress factor for terrestrial microbial communities [25], 
which might lower CO2 as well as CH4 production.

During the Holocene, the Utqiaġvik peninsula (northernmost 
part of the Arctic Coastal Plain of Alsaka) underwent multiple 
marine regressions and transgressions, leading to the deposition 
of marine sediments now overlain by terrestrial layers [6, 26]. 
These paleoenvironmental processes shaped the current land-
scape, as reflected in the landscape positions of DLBs and ULs. 
DLBs, being topographically lower, are more likely to have PF 
influenced by marine deposits, while only deeper PF in ULs 
may contain marine sediments. The environmental conditions 

prevailing during sediment deposition shape microbial commu-
nities and influence their responses to thaw [27]. Additionally, 
marine sediment geochemistry, such as higher salinity and 
SO4

2− pool, likely affects carbon production as well [4]. In a 
warming Arctic, sea water intrusion may affect differently PF 
carbon response depending on its marine influence, yet the role 
of microscale landscape and sediment history in GHG produc-
tion during sea water inundations remains underexplored.

In our study, we investigated the carbon cycling response to sea 
water inundation considering different landscape histories. We 
simulated PF thaw under a salinity gradient for two cores cor-
responding to two main landscape features on the Utqiaġvik 
peninsula: an UL and a DLB core. To cover the vertical hetero-
geneity of the cores, we incubated four layers with distinct sed-
imentary composition under three water saltwater treatments 
and measured CO2 and CH4 production. We hypothesized that 
(1) the landscape history will result in different GHG production 
under sea water treatments, with higher CH4 production from 
initially wetter site; (2) CH4 will decrease with increase of salin-
ity independently of the site history while CO2 production will 
vary based on the landscape history.

2   |   Material and Methods

To assess the research questions, an ex situ anaerobic incubation 
with two PF cores representing a former anoxic and oxic soil 
environment was conducted at 10°C for 368 days. To determine 
CO2 and CH4 production under different salt contents, three salt 
treatments were applied to incubation samples: a control treat-
ment without salt added, a brackish water treatment, and a sea 
water treatment.

2.1   |   Site Description and Sampling

The sampling site was located on the Utqiaġvik, formerly known 
as Barrow, Peninsula (the northernmost place of the United 
States; north of 71° latitude, Figure  1a), which is part of the 
Arctic Coastal Plain of Alaska. Historically, the Arctic Coastal 
Plain was shaped by multiple marine regressions during the 
late Cenozoic. The Utqiaġvik Peninsula belongs to the Younger 
Outer Coastal Plain that is characterized by Quaternary marine 
sediments covered by marine sands and silts [6, 18, 26]. The 
peninsula topography is flat, underlain by continuous PF and 
mostly covered by thaw lakes, DLBs, and interstitial polygonal 
tundra [18, 28, 29]. The mean annual temperature in Utqiaġvik, 
which lies about 12 km west of the sampling site, is −10.2°C 
with a maximum of 5.4°C in July and a minimum of −24.4°C 
in February (Alaska Climate Research Center [30], period from 
1991 to 2020). The precipitation at the sampling site is domi-
nated by snow with a mean annual precipitation of 136.9 mm 
(Alaska Climate Research Center [30], period from 1991 to 
2020). The dominant vegetation depends on the landscape fea-
ture. The polygonal uplands are mainly composed of Carex and 
Luzula, while the DLB is dominated by Carex, Eriophorum, and 
Sphagnum mosses [29, 31].

Two PF soil cores were taken in April 2022 during the 2022 
Alaska North Slope sampling campaign of the Alfred Wegener 
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Institute (AWI) Potsdam. To represent the two most abundant 
landscape positions of the Arctic Coastal Plain, one 142-cm-long 
core was sampled at a DLB connected to the Elson Lagoon 
via a small stream (DLB core; N 71.27720°; W 156.44311°; ele-
vation: 3 m a.s.l.). A second core of 204 cm was sampled about 
300 m westward and about 1 m higher within interstitial tun-
dra (UL core; N 71.27637°; W 156.45296°; elevation: 4 m a.s.l.) 
(Figure  1b,c). Additionally, the site locations were chosen due 
to their proximity to the coast and therefore potential seawater 
flooding in the near future [32]. Since the expedition happened 
in winter, it was not possible to measure the active layer thick-
ness at both sites. Therefore, we used the values from Nyland 
et  al. [33] monitored in Utqiagvik (N 71.31667°; W 156.5833°) 
between 2017 and 2021 to assess the active layer thickness for 
both sites (i.e., ranging from 34 to 43 cm).

For sampling, snow was removed from the sampling sites, 
then cores were drilled with a modified “Snow, Ice and PF-
Establishment” (SIPRE) corer (Jon Holmgren's Machine Shop, 
Alaska, USA; diameter: 7.5 cm). A visual description of both 
cores can be found in the Supporting Information (Figure S1). 
Core segments were wrapped in plastic foil, labeled, and stored 
frozen during the transport to AWI Potsdam.

2.2   |   Subsampling

Subsampling of the two cores took place in a cold lab at −4°C. 
Sampling depths were selected to capture the vertical heteroge-
neity of the cores and therefore different responses to PF thaw 
and the treatments. After splitting the upper meter of each core 
in half lengthwise, four layers were initially chosen based on the 
vertical PF distribution: the top of the active layer corresponding 
to the first 10 to 15 cm of the cores (AL1) (vegetation removed), 
the transition zone (bottom of the active layer: AL2), the middle 
of the PF layer (PF1), and the bottom of the PF (PF2) (Table 1). 
Due to differences in geological history, the soil horizons of the 
two cores (UL and DLB) were not identical across the depth 
profile. In the UL core, a thick peat layer extended from 0 to 
33 cm, followed by a silty, organic-rich layer from 33 to 84 cm, 
interrupted by ice bands. The bottom 15 cm consisted of alter-
nating gray silt and ice bands. In the DLB, the upper 22 cm also 
consisted of peat, followed by a sandy silt layer extending from 
22 to 71 cm, then a thin silt layer, and finally a layer of peaty silt. 
From 91 to 107 cm, alternating light and dark gray layers were 
observed (Figure S1). To ensure that each individual layer repre-
sented a consistent soil horizon while also allowing for compari-
sons across cores at equivalent positions (surface layer [AL1], PF 

FIGURE 1    |    Sampling sites of the two PF cores. Panels (a) and (b) show satellite images of the sampling area at different scales. Panel c shows the 
elevation above sea level (a.s.l.). DLB refers to the landscape position drained lake basin and UL refers to upland. The map was created with ArcGIS.
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table [AL2], and PF [PF1, PF2]), slightly different depth ranges 
were subsampled for the same positions (Table 1).

The subsampled layers were split into two parts, with the smaller 
part used for pore water and sediment analysis and the bigger 
part for the incubation. To ensure that the incubations were run-
ning properly (i.e., no contamination) we had four methodologi-
cal replicates per layer and treatment.

2.3   |   Pore Water and Sediment Analyses

Electrical conductivity, pH, and dissolved organic carbon (DOC) 
content were measured in pore water extracted with a Rhizon soil 
moisture samplers with a membrane filter length of 5 cm (pore-
size 0.15 μm, Rhizosphere Research Products, Netherlands). 
Electrical conductivity and pH were measured right after water 
extraction. For that around 3.5 mL of pore water were filled into 
a small glass vessel. First, the electrical conductivity was mea-
sured with a conductivity pocket meter with a reference tem-
perature of 25°C (Cond 340i, WTW, Germany). Next, the pH was 
measured with a potentiometer (Multilab 540, WTW, Germany).

Leftover pore water was acidified with a 30% HCl solution in a ratio 
of 1-μL:1-mL pore water to inhibit biological processes. Acidified 
samples were stored at 4°C until DOC measurement conducted by 
catalytic combustion at 630°C (TOC-VCPH, Shimadzu, Japan).

SO4
2− and Cl− anions were measured with ion chromatography 

(ICS 2100, Dionex/Thermo Fisher Scientific, Germany).

For sediment analysis, samples were freeze-dried (Sublimator 
3-4-5, Zirbus Technology, Germany) and milled (Pulverisette 5, 
Fritsch, Germany) to a particle size smaller than 2 mm.

Total carbon (TC), total organic carbon (TOC), and total in-
organic carbon contents were determined with a total organic 
carbon analyzer (soliTOC Cube, Elementar, Germany). Total 
nitrogen (TN) contents were measured with a nitrogen analyzer 
(rapid Max N exceed, Elementar, Germany).

Sedimentological data from the same cores and acquired with 
the same methodology from Seemann et  al. [34] were added to 
our sedimentological data to have a higher vertical resolution and 
additional soil parameters (14C ages and grain size distribution, 
Figure 2, Table S2). The radiocarbon dating was conducted by the 
AWI MICADAS laboratory [35] for nine samples (four from the UL 
and five from the DLB). Plant remains were selected for most of the 
samples. However, no plant remain was found for UL PF2; there-
fore, bulk sediment was used. The Calib 8.20 and the IntCal20 cal-
ibration curve were used to calibrate the data [36, 37].

Before analyzing the samples for grain size distribution, the organic 
matter was removed by adding hydrogen peroxide for 4 weeks. The 
grain size distribution was measured with a Malvern Mastersizer 
3000 laser particle size analyzer (measuring range 0.01–1000 μm) 
and analyzed with GRADISTAT 8.0 [38].

2.4   |   Incubation

The incubation was designed to mimic a sea water inundation 
at two typical landscape positions on the Arctic Coastal Plain. 
Thus, soil samples of two PF cores were incubated for 368 days 
under dark and anaerobic conditions at 10°C. To test the effect 
of sea water on CO2 and CH4 production, three salt treatments 
were applied in the incubation: a control treatment (sterilized 
tap water), a brackish water treatment and a sea water treat-
ment. These treatments were applied across four depths for each 
core. Additionally, four blanks for each core were added: one 
corresponding to each treatment and an additional empty one. 
In total, the incubation comprised 104 samples (Figure S2). The 
duration of the incubation and the temperature were chosen to 
ensure that the carbon response to the sea water treatments—
specifically methanogenesis—will be captured [11].

For the incubation set-up, an anoxic glovebox was used during 
sample preparation to ensure oxygen-free conditions. The sam-
ples were thawed overnight at 4°C. The thawed samples were 
homogenized in the glovebox by gently kneading them. Then, 
6–10 g of wet sample material was weighed into sterilized 120-
mL glass incubation bottles. Water was added in a ratio of 1:1 
(volume water: weight wet sample) according to the treatment 
to form a slurry. Lastly, incubation bottles were closed with a 
rubber septum and crimped with an aluminium cap.

The salt water treatments, artificial brackish water and sea 
water, were manufactured using the protocol of Koch et  al. 
[39]: For the sea water treatment, a total of 42.84 g salts and, 
for the brackish water treatment, a total of 15.45 g salts were 
added to 1 L of MilliQ water (exact chemical composition in 
Table  S1). The salt content in the sea water treatment was 
34.5–34.8 mg·L−1 which is slightly higher than the normal salt 
content of 28–32 mg·L−1 observed near the sampling location 
[40]. In the brackish water treatment, the salt content was 
12.6 mg·L−1.

2.5   |   Gas Measurements

To measure the CO2 and CH4 production in incubation bot-
tles, 5-mL headspace gas was extracted and the CO2 and CH4 

TABLE 1    |    Sampling depth and soil horizon description for each site.

Site Layer
Sampling 

depth (cm) Soil horizon

Upland AL1 0–10 Light brown peat

AL2 33–45 Medium gray silt, 
organic intrusion

PF1 74–84 Medium gray silt, 
organic intrusion

PF2 88–103 Gray silt, ice-rich

Drained 
lake basin

AL1 0–15 Peat

AL2 22–45 Fine sandy silt

PF1 69.5–79 Fine sandy silt

PF2 95–107 Dark and 
light gray

 10991530, 2025, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ppp.70011 by Jens Strauss - H

elm
holtz-Z

entrum
 Potsdam

 G
FZ

 , W
iley O

nline L
ibrary on [16/12/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



791

concentration was measured by a gas chromatograph (Nexis 
GC-2030, Shimadzu, Japan) with a flame ionization detector 
(FID) including a jetanizer (FID temperature: 400°C, makeup 
flow rate [N2]: 26.2 mL/min, air flow rate: 200 mL/min). The 
minimum concentration measurable by the GC (detection limit) 
due to the calibration was 10 ppm.

Gas extraction was conducted using a 5-mL air tight glass 
syringe (SGE Analytical Science, Australia). In total, 5.5 mL 
of head space gas were extracted during sampling of which 
0.5 mL were used for flushing the needle tip. To minimize 
the pressure disturbance due to the extraction of 5.5-mL gas 
from the sample, 5.5-mL N2 was added after head space gas 
extraction.

To avoid excessive overpressure within the incubation bottles 
that could affect microbial activity, samples were flushed the 
following measurement day when they exceeded 10,000 ppm.

In the first week, CO2 and CH4 production was measured every 
1–2 days and then every 7–10 days until day 100 and every 1 to 
2 months after day 100.

2.6   |   Data Processing and Analysis

Data processing, analysis, and plotting were conducted with 
R (4.3.1, R Core Team [41]) in RStudio (2023.06.1 + 524, Posit 
team [42]).

Raw GC data were transformed into daily production rates and 
cumulative productions in μg C per gram dryweight (g−1 DW) 
and also normalized per gram carbon (g−1 TOC) following the 
approach of Robertson et  al. [43]. Thereby, gas concentrations 
in ppm were converted to μg CO2-C or μg CH4-C using the ideal 
gas law assuming a laboratory sampling temperature of 20°C. 
Additionally, gas concentrations were corrected for sampling di-
lution (5.5 mL), and the gas fraction dissolved in the water using 
Henry's Law. Gas production was then calculated as difference 
between gas concentrations of two consecutive measurements. 
The gas production was divided by the number of days between 
the measurements to obtain the production rates. The cumula-
tive production was calculated from the sum of the gas produc-
tion over the incubation time.

For quality control, two procedures were added to data process-
ing. First, all CO2 and CH4 production rates below the mean 
change rate of procedural blank samples were excluded as not 
detectable. Second, a visual check for anomalies was conducted. 
Atypical samples were excluded if the anomaly was high in 
context with other replicates and measurements and if the GC 
chromatogram or a sampling note indicated a mistake. Finally, 
processed data [44] was saved for data analysis.

To assess differences between the landscape positions, only 
the control treatment was used. Two-way analysis of variances 
(ANOVAs) were conducted with cumulative CO2 and CH4 pro-
duction at the end of the incubation. Since ANOVA requirements 
(normality, equal variances and independence) were not met in 

FIGURE 2    |    Soil parameters of both cores. Electrical conductivity (EC), pH, chloride content (Cl−), sulfate content (SO4
2−), and dissolved organic 

carbon (DOC) were measured in pore water. Total organic carbon content (TOC), TOC/total nitrogen content (TN) ratio, 14C ages, and grain sizes 
are sediment-based. Asterisks mark results below the detection limit of 0.1 mg/L. Please note that the SO4

2− and Cl− values at 75 cm for the DLB are 
similar and therefore overlap.
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some cases, data was logarithmic transformed before ANOVAs. 
As posthoc test, pairwise t-tests with Bonferroni adjustment 
were carried out. Additionally, CH4 lag times were determined 
as defined from Treat et al. [15] as the time needed to reach the 
max. CH4 production rate.

For comparison of treatment effects, a response factor per layer 
and treatment was calculated by normalizing the median pro-
duction of a sample to the median production of the respective 
layer control treatment samples and subtracting one (which is 
the median production of the control treatment). Thus, a re-
sponse factor of 0 represents the median cumulative production 
of the control treatment. A response factor smaller 0 means a 
lower production than the control treatment and a response 
factor higher 0 means a higher production than the control 
treatment. Significance in differences in CO2 and CH4 response 
between treatments (control treatment vs. brackish water and 
sea water treatment) was tested by paired t-tests.

3   |   Results

3.1   |   Pore Water and Sediment Parameters

The two landscape positions showed two distinct soil conditions 
across depths. The UL profile was relatively homogeneous across 
depth with respect to TOC, grain size distribution, pH, SO4

2−, Cl− 
and radiocarbon age (Figure 2, Table S2). Overall, the UL core had 
lower values for electrical conductivity, pH and SO4

2− than DLB. 

In the DLB profile there was a differentiation between the pore 
water and the sediment characteristics between the deeper soil 
(> 80 cm) and the upper layer in pH, electrical conductivity, Cl−, 
SO4

2− (Figure 2). 14C ages were also significantly younger carbon 
in the layer up to 55 cm (676 ± 53 years BP to 2103 ± 239 years BP) 
than in deeper layers (~10,000 years BP; Table S2).

3.2   |   Landscape Position Effect on CO2 and CH4 
Production

3.2.1   |   Cumulative Gas Production at 
the Incubation End

After 368 days, the general trend was that cumulative CO2 and 
CH4 production decreased with depth at both sites (Figure 3). 
On a dry weight basis (Figure 3a,b), gas production in the AL1 
layer was four to five times higher at the DLB site (9270 CO2-C 
g−1 DW and 10,900 CH4-C g−1 DW) than at the UL site (2440 
CO2-C g−1 DW and 2010 CH4-C g−1 DW). In all layers below, the 
production of CO2 and CH4 production decreased at both sites. 
CO2 production ranged from 178 to 442 μg CO2-C g−1 DW at the 
UL site and from 128 to 343 CO2-C g−1 DW at the DLB site. CH4 
production ranged from 14.8 to 475 CH4-C g−1 DW at the UL 
and from 80.3 to 439 CH4-C g−1 DW at the DLB site. One layer 
created an exception to the depth trend on a dry weight basis: the 
PF1 layer at the DLB site where the lowest CO2 (median: 128 μg 
C g−1 DW) and CH4 production (median: 80.3 μg C g−1 DW) of 
that site was observed (Figure 3b).

FIGURE 3    |    Cumulative anoxic CO2 and CH4 production by layer at day 368 of the incubation in the control treatment (no salt added). Panels a 
and b show the gas production on a dry weight basis. Panels c and d show the gas production on a carbon basis. The bar represents the median of four 
replicates. Error bars show the range of the four replicates (min. to max.). Please note the logarithmic x-axis.
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On a carbon basis, cumulative median CO2 and CH4 production 
were higher at the DLB site than the UL site (Figure 3c,d). The 
CO2 production ranged from 1930 to 10,700 μg CO2-C g−1 TOC 
at the UL site and from 1510 to 24,300 μg CO2-C g−1 TOC at 
the DLB site (Figure  3c,d). One hundred ninety-three to 8780 
μg CH4-C g−1 TOC and 1890 to 28,300 μg CH4-C g−1 TOC were 
produced at the UL and DLB site, respectively. At the UL site, 
the PF2 layer created an exception from the depth trend on a 
carbon basis. Here, CO2 and CH4 production were similar to the 
PF1 layer of that core (Figure 3c).

ANOVA results (Table 2) suggested that both site and layer were 
important controls in regulating CO2 and CH4 production. For 
CO2 production, layer was the most important factor, but also 
the interaction between site and layer had a significant impact 
on CO2 production. For CH4 production, layer was again the 
most important factor. Site also played a significant role in CH4 
production, while there was no significant interaction between 
site and layer for CH4 production.

Overall, gas production generally decreased with depth at both 
sites. At the DLB site, cumulative CO2 and CH4 production on 
a carbon basis were higher at the UL site. Layer and site were 
important factors for cumulative CO2 and CH4 production ac-
cording to the ANOVA.

3.2.2   |   CH4 Production Dynamic Throughout 
the Incubation

When assessing gas production dynamics (Table  3), differ-
ences in CH4 production between the two landscape positions 
became evident. At the DLB site, CH4 production was stronger 
than at the UL site. This can be seen in the max. CH4 produc-
tion rates that were up to 10 times higher on a dry weight basis 
and up to 25 times higher on a carbon basis at the DLB site 
than at the UL site. Furthermore, the time to reach maximum 
CH4 production rates, the CH4 lag time, was shorter at the 
DLB site than at the UL site. In the AL1 layer, the DLB site had 

TABLE 2    |    Landscape position effect: ANOVA results for importance of the effects site and layer and the interaction effect of site and layer on 
cumulative CO2 and CH4 production on a DW and carbon basis at incubation end.

Effect

CO2 CH4

DW TOC DW TOC

p-value Sign. p-value Sign. p-value Sign. p-value Sign.

Site 8.72 × 10−1 2.11 × 10−8 *** 2.00 × 10−3 ** 9.40 × 10−7 ***

Layer 2.02 × 10−17 *** 3.51 × 10−12 *** 9.43 × 10−11 *** 9.31 × 10−8 ***

Site:layer 8.98 × 10−7 *** 2.78 × 10−7 *** 1.61 × 10−1 2.27 × 10−1

**p-value < 0.01, significant. 
***p-value < 0.001, highly significant.

TABLE 3    |    Max. CH4 production rates, CH4 lag time, min. CO2:CH4 rates with the control treatment at both sites.

Depth Max. CH4 production rate CH4 lag time Min. CO2:CH4

(cm) (g dw) (g TOC) (days) (ratio) (day)

Upland 0–10 (AL1) 10.2 [8.49, 10.7] 44.4 [37.2, 46.7] 147 [68.0, 292] 1.21 [1.07, 1.27] 368 [368, 368]

33–45 (AL2) 3.67 [0.563, 5.15] 17.7 [2.72, 24.9] 330 [292, 368] 0.958 [0.918, 
2.47]

368 [368, 368]

74–84 (PF1) 0.272 [0.106, 0.555] 1.43 [0.561, 
2.93]

297 [191, 368] 7.05 [5.41, 17.5] 368 [368, 368]

88–103 (PF2) 0.0878 [0.0693, 
5.07]

1.14 [0.900, 
65.9]

191 [104, 292] 9.37 [0.714, 12.7] 292 [292, 368]

Drained lake 
basin

0–15 (AL1) 79.0 [77.7, 115] 205 [202, 298] 90.0 [85.0, 126] 0.591 [0.466, 
0.716]

103 [85.0, 194]

22–45 (AL2) 4.56 [3.77, 5.30] 168 [139, 195] 30.5 [27.0, 34.0] 0.597 [0.572, 
0.661]

124 [43.0, 194]

69.5–79 (PF1) 1.17 [0.332, 1.85] 50.3 [14.3, 79.7] 292 [229, 368] 1.62 [1.31, 3.49] 292 [229, 368]

95–107 (PF2) 2.03 [1.77, 2.16] 20.6 [18.0, 22.0] 209 [95.0, 292] 0.577 [0.507, 
0.631]

209 [126, 292]

Note: The numbers represent the median values with the minimum and maximum values in parentheses for N = 4.
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794 Permafrost and Periglacial Processes, 2025

a CH4 lag time (90 days) that was about half as long as the UL 
site (147 days). In the AL2 layer, the DLB core reached max. 
CH4 production rate fastest (30 days) while it took 330 days in 
the UL core to reach its maximum. In PF layers, both sites 
showed similar CH4 lag times.

Additionally to a higher and faster CH4 production at the DLB 
site, this site also produced more CH4 than CO2. The higher CH4 
production can be seen in Figure 3b,d and was also reflected in 
min. CO2:CH4 ratios (Table 3). Min. CO2:CH4 ratios at the DLB 
site were about 0.6 with the PF1 layer as an exception. While at 
the UL site, CO2:CH4 ratios were about 1 in AL1 and AL2 lay-
ers and 7–9 in PF layers. Here again, the DLB site was faster in 
reaching min. CO2:CH4 ratios than the UL site. The DLB site 
reached min. CO2:CH4 ratios in 103–124 days in AL1 and AL2 
layers and 209–292 days in PF layers, while the UL site needed 
until the end of the incubation to reach its min. CO2:CH4 ra-
tios. This also indicated that min. CO2:CH4 ratios at the UL site 
might not have been reach after 368 days.

To sum up, the active layers had higher max. CH4 production 
rates and shorter lag times than PF layers at both sites. However, 
the DLB site showed faster and greater CH4 production at all 
depths compared to the UL site.

3.3   |   Salt Water Effect on CO2 and CH4 Production

3.3.1   |   Response Factor at the Incubation End

The response of CO2 and CH4 production to salt water at the 
incubation end compared to the median cumulative production 
of the control treatment is shown in Figure 4.

Based on the CO2 response factor at the end of the incuba-
tion (Figure  4a,b), there were three response groups to dif-
ferentiate the sea water effect: First is the three lower layers 
(AL2, PF1, and PF2) of the UL site where the CO2 produc-
tion increased in general with salt water treatments. This in-
crease was significantly higher in the PF2 layer of the UL site 
where the sea water treatment produced 3.5 times more CO2 
(p = 0.017) than the control treatment. Second is AL1 layers at 
both sites and the AL2 layer of the DLB site where CO2 pro-
duction lowered up to 0.6 times with salt water addition. This 
decrease in CO2 production compared to the control treatment 
was significant with the sea water treatment in all three layers 
(UL AL1 layer: p = 0.021, DLB AL1 layer: p = 0.001, DLB AL2 
layer: p = 0.007). Third is the PF layers at the DLB site where 
there was no significant difference in CO2 production between 
salt water treatment and the control treatment. Although no 
significant difference was measured between DLB PF1 under 
brackish treatment and the control, the response factor was 
positive and of the same order of magnitude as that of UL PF1 
for the same treatment.

CH4 production reacted differently than the CO2 production 
under salt water treatments. In all layers of both sites, CH4 pro-
duction was inhibited with salt water treatments and CH4 was 
more inhibited with the sea water treatment than with the brack-
ish water treatment if CH4 was produced at all (Figures  4c,d 
and S6).

3.3.2   |   Gas Production With Salt Treatments 
Throughout the Incubation

The strongest response in CO2 production can be seen in the PF2 
layer of the UL core (Figure 5) with a response factor of 4.5 at 
around 200 days with the sea water treatment. That layer also 
showed the strongest response with the brackish water treat-
ment with a response factor of about 2 after 50 days.

In general, all layers showed an initial peak in the CO2 response 
factor with the brackish water treatment during the incubation. 
The time needed until this initial peak differed between the sites 
and layers. At the DLB site, the initial CO2 response peak with 
brackish water appeared quickly after the incubation started, 
while it needed 30–50 days at the UL site for the response to show 
(Figure 5). In the UL PF layers, the brackish water peak was fol-
lowed by a CO2 response peak with the sea water treatment.

The CH4 production with salt treatments in PF layers at both 
sites was low to non-detectable (Figure 6). In active layers, CH4 
production decreased with both salt treatments at the start of 
the incubation. After that initial decrease in CH4 production, 
the response became attenuated in the brackish water treatment 
towards the end of the incubation while with the sea water treat-
ment CH4 inhibition lasted throughout the whole incubation.

4   |   Discussion

4.1   |   Soil Characteristics

At the DLB site, pH, electrical conductivity, SO4
2− and Cl− con-

tent (Figure 2) indicate that the deeper layers (PF layers) likely 
had contact with sea water before the incubation, as pH and 
electrical conductivity of DLB PF layers are similar to brackish 
core sections of Siberian thermokarst lagoon sediments (pH: 
7.5–8 and electrical conductivity: 3.3 mS/cm [8]). The sea water 
contact could have been caused by re-mobilized saline depos-
its [45] or by inundation. In this study, the gap of 8000 years in 
the radiocarbon dating (Table S2), as well as the inverse age at 
110 cm compared to 79 cm, could indicate potential cryoturba-
tion events, supporting re-mobilized saline deposits more than 
sea water intrusion. Indeed, lake drainage processes often result 
in deep thawing, surface subsidence, and refreezing, which can 
mix soils from different depositional episodes [19, 46]. However, 
in the absence of geomorphological evidence (e.g., involutions, 
frost cracks, or patterned ground), cryoturbation alone cannot 
account for such a substantial age gap. A more plausible expla-
nation may involve erosion or truncation of the soil during thaw 
events, in combination with cryoturbation.

The UL site exhibits a clearly different soil environment compared 
to the DLB site concerning the pore water and sediment parame-
ters (Figure 2). The parameters confirm the UL site as a primary 
surface, meaning that the landscape was not affected by thaw lake 
formation [47]. TOC at the UL site decreases with depth (about 
35%–10%), supporting soil formation without disturbances [48]. 
Finally, the pH values are indicative of moist acidic tundras [17, 49].

To sum up, the soil characteristics at the UL and the DLB 
(Figure  2) reveal distinct patterns that depend on landscape 

 10991530, 2025, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ppp.70011 by Jens Strauss - H

elm
holtz-Z

entrum
 Potsdam

 G
FZ

 , W
iley O

nline L
ibrary on [16/12/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



795

history and position. While the UL appears to have experienced 
relatively constant soil formation, the talik formation prior to 
drainage in the genesis of the DLB may have altered carbon 
quality and re-mobilized deeper marine sediments [19]. The 
active layer of the DLB compares well to other DLBs on the 
Alaskan North Slope. The PF layers have been inundated by ma-
rine waters before this study as characteristic of the Utqiaġvik 
Peninsula [6, 26]. At the UL site, soil characteristics are similar 
to other primary surfaces in the region, with PF layers unaf-
fected by earlier thawing.

4.2   |   Landscape Position Effect

4.2.1   |   Carbon Availability

A decrease in anaerobic CO2 and CH4 production with depth in 
PF soils is often linked to a decrease in carbon availability and 

quality [15, 50]. In this study, high TOC content in the AL1 lay-
ers (UL 35%, DLB 40%) coincides with the highest CO2 and CH4 
production. Additionally, the DLB site with a 5% higher TOC 
content has a 4-time higher gas production than the UL site in 
that layer. In AL2, PF1 and PF2 layers, TOC is higher in the UL 
core which is concurrent with higher CO2 productions than in 
the DLB core on a dry weight basis (Figures 2 and 3a,b). This is 
in accordance with previous studies showing the importance of 
soil carbon quantity for CO2 production [15, 51, 52].

On a carbon basis, PF layers at the UL site produce very similar 
amounts of CO2 and CH4 after 368 days (Figure  3c). The CO2 
production is even similarly high as in the AL2 layer. As this 
site has been unaffected by former PF thaw, an initial burst of 
labile carbon may have become available upon PF thaw [53, 54]. 
Labile carbon may then have acted as a driver of CO2 produc-
tion in PF layers of the UL site. This effect is supported by the 
initially higher CO2 production of the PF layers compared to the 

FIGURE 4    |    CO2 and CH4 response to sea water treatments relative to the production under the control treatment. Panels (a) and (b) show the CO2 
response. Panels (c) and (d) show the CH4 response. Bars represent the median over four replicates. Error bars indicate min to max of four replicates. 
For non-detectable CH4 productions (DLB PF1 and UL PF layers with sw treatment), a production of 0 was assumed to calculate the response factor. 
Asterisks mark significant differences in the response factors to the control treatment.
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796 Permafrost and Periglacial Processes, 2025

AL2 layer (Figure S4). After thaw, the PF layers of the DLB core 
exhibited a burst of CO2 production as well. However, when nor-
malized to carbon content, this production was two to five times 
lower than that observed in AL2 from the same core (Figure S3). 
As previously mentioned, the PF layers in the DLB core were 
likely affected by cryoturbation or erosion, indicating past thaw 
events. This prior thaw exposure may have reduced the labil-
ity of the carbon [55, 56], potentially explaining the lower CO2 
production compared to the UL layer. The results shown in 
this study are in accordance with the already established rela-
tions between CO2 production and organic carbon quantity and 
quality.

4.2.2   |   Microbial Adaptation

Prevailing anoxic soil conditions drive CH4 production in PF 
soils [12, 57]. As the DLB lies relatively lower than the UL site, 

water-logged anoxic conditions will be more apparent espe-
cially in the active layers at the DLB site [14]. Thus, the mi-
crobial communities at the DLB site could be more adapted to 
anoxic conditions that were mimicked in the incubation than 
the microbial community at the UL site. This study support 
the idea of anoxic conditions driving CH4 production with the 
higher CH4 and CO2 production on a carbon basis at the DLB 
than the UL site. Additionally, the high max. CH4 production 
rates and low CO2:CH4 ratios (Figure 3, Table 3) also highlight 
the influence of already adapted microbial community to an-
oxic conditions.

With the DLB site being more adapted to anoxic soil condi-
tions, the reduced CH4 production on a dry weight basis in the 
PF1 layer at the DLB site (Figure 3b) is unexpected. Here, the 
former sea water contact of the PF layers might be an import-
ant control. Indeed, the electrical conductivity in the PF lay-
ers of DLB indicates brackish conditions in these layers. The 

FIGURE 5    |    Median CO2 response factors to salt treatments throughout the incubation at both sites. Please note the different y-axis.
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high SO4
2− content in the PF1 layer at the DLB site (999 mg/L; 

Figure 2) can explain the low CH4 production as SO4
2− reduc-

tion is energetically more favorable than methanogenesis [58]. 
This is consistent with Yang et al. [23], where they found that 
CH4 production decreases with salinity, but was not fully in-
hibited for low-lying flooded area under brackish conditions. 
The increase of SO4

2− in the soil leads to an increase of SO4
2−-

reducing bacteria (SBR) which can be competitors for meth-
anogenesis [23, 59]. To limit this competition, methanogens 
use mainly CO2 or methanol metabolism pathways instead of 
organic compounds such as acetate [23, 60].

Overall, CO2 and CH4 production with the control treatment can 
be interpreted as an interaction of microbial adaptation to an-
oxic soil conditions, carbon availability and sea water exposure 
which combined form the landscape position effect.

4.3   |   Salt Water Effect

4.3.1   |   Carbon Availability

CO2 production increased with sea water addition at both sites in 
certain layers (Figure 4). The same effect was observed in thaw-
ing coastal PF samples from thermokarst lake and thermokarst 
lagoon sediments on the Bykovsky Peninsula, Siberia, Russia, 
under anaerobic conditions [11] and from the Yukon Coast, 
Canada under aerobic conditions [4, 61]. As this effect has been 
observed under aerobic and anaerobic conditions, prevailing ox-
ygen availability does not seem to be decisive for CO2 produc-
tion with salt water. Instead, a higher carbon availability due 
to the sea water addition is discussed as a possible reason for 
higher CO2 production with sea water [4, 51, 61]. Sea water can 
cause complex carbon compounds to flocculate increasing the 

FIGURE 6    |    Median CH4 response factors to salt treatments throughout the incubation at both sites.
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798 Permafrost and Periglacial Processes, 2025

mobility of less complex carbon [24] that could then be available 
for CO2 production [4, 51, 61].

Conversely, the lack of response to sea water addition at the DLB 
site likely reflects its history of prior marine inundation and as-
sociated long-term changes in soil chemistry (Figure 2). These 
pre-incubation conditions may have already changed the carbon 
availability, minimizing the effect of additional salt inputs. This 
is supported by significantly higher CO2-C per g TOC under con-
trol conditions at DLB compared to UL (Figure 3c,d), indicating 
that carbon was initially more available at DLB. In contrast, the 
UL site, which was not exposed to marine inundation, showed a 
stronger response, suggesting that sea water addition could have 
had a more pronounced effect on carbon mobilization and there-
fore explain the CO2 response in AL2, PF1 and PF2 layers at the 
UL site (Figure 4).

The overall decrease in CO2 production observed in UL AL1 
(Figure  4) may be explained by the presence of a peat layer 
(Figures 2 and S1). In organic-rich soils (TOC > 20%), carbon is 
typically more available, often resulting in higher CO2 produc-
tion rates [15]. Therefore, in such peat layers, carbon availability 
might not be the limiting factor, and redox conditions could play 
a more dominant role in controlling CO2 production.

4.3.2   |   Electron Acceptors and Microbial Adaptation

In non-PF coastal environments, an inhibition of CH4 produc-
tion with sea water is observed as well [59, 62]. This CH4 re-
sponse is likely linked to the role of electron acceptors in sea 
water [58, 59, 62]. As SO4

2− reduction is energetically more fa-
vorable than methanogenesis, the addition of SO4

2− with the salt 
water treatments can hinder CH4 production. In layers where 
CH4 production was least inhibited by the brackish water treat-
ment at the end of the incubation (meaning UL AL1 layer and 
DLB AL1 and AL2 layers), the initial SO4

2− concentrations were 
the lowest (Figure 2). This could result in a smaller SO4

2− pool 
for these layers and therefore, explain CH4 production at the end 
of the incubation period. The CH4 lag time could thus represent 
the time needed to deplete SO4

2− as energy source.

This SO4
2− reduction could also explain the initial peak in CO2 

production that happened in AL1 layers with sea and brackish 
water treatment (Figures 5 and S5). Now, when assuming a de-
pletion of SO4

2− as electron acceptor with the brackish water 
treatment within incubation duration it is possible to explain 
the stronger response in CO2 (positively) and CH4 (negatively) in 
AL1 layers with the higher amount of SO4

2−.

At the DLB site, the PF most likely had contact with sea water be-
fore (Figure 2) making it reasonable to assume that microbes are 
adapted to brackish water conditions. The addition of sea water 
did not seem to change any relevant factors for CO2 production 
leading to almost no differences between all three treatments. 
That CH4 was produced with the control treatment and that 
at least twice as much CH4 was produced in DLB compared to 
UL PF layers (Figure 3) indicates that active methanogens were 
present in the brackish water affected PF layers even though 
CH4 production was inhibited when SO4

2− was present. Other 
studies observed a similar behavior from low saline former PF 

environments, where CH4 production declines significantly 
after sea water addition [11, 23].

Not only the availability of SO4
2− is changed with the addition 

of salt water, but also the availability of other nutrients and 
pore water pH can be impacted by the treatments applied in 
this study. For example, the biogeochemical cycle of Cl− on the 
Arctic Coastal Plain is linked to iron and humic substance cy-
cling [63]. It is even discussed if organohalide respiration could 
inhibit CH4 production similar to Fe (III) reduction (by reducing 
H2 levels) [63]. Additionally, pH drives microbial communities 
in PF [50, 64] with methanogens being most productive at rang-
ing between 6.5 and 7 [65, 66].

Furthermore, it is essential to consider the impact of rewetting 
and thawing on the CO2 production. In the majority of the treat-
ments, a peak in CO2 production was observed at the beginning 
of the incubation. Many studies have shown that CO2 exhibit a 
positive response following rewetting events [67–69]. The addi-
tion of water can facilitate the breakdown of the soil aggregates 
and make the organic matter more available for microbial com-
munities [68, 70, 71]. These complex biogeochemical couplings 
make it impossible to pinpoint the exact cause for CO2 and CH4 
response to sea water within the scope of this study.

In summary, the salt water effect on CO2 and CH4 production 
under anaerobic conditions can not solely be explained by a 
change in carbon availability. A key role is also played by the 
change in soil redox conditions due to salt addition, which shifts 
the availability of electron acceptors. Additionally, further bio-
geochemical aspects such as pH, nutrient availability or soil ag-
gregate could affect the CO2 and CH4 response to salt water.

4.4   |   Challenges in Comparing CO2 
and CH4 Production Across Studies: Limitation, 
Implications, and Future Research

Directly comparing CO2 and CH4 production with other re-
search is challenging due to the limited number of comparable 
incubation studies and the varying framework parameters used 
in these investigations (e.g., temperature, units, incubation du-
ration [13, 15]). Cumulative CO2 and CH4 production with the 
control treatment in mineral (TOC below 30%) and organic 
(TOC higher 30%) layers are within the same range as the anaer-
obic gas production observed at 15°C from moist acidic Alaskan 
PF soils incubated for 500 days [13]. Compared to anoxic PF in-
cubations on a pan-arctic scale, median CO2 production rates 
are at least two times lower in this incubation at the respective 
landscape positions ([15]: 52.1 μg g−1 Cd−1 [UL]; 125 μg g−1 Cd−1 
[DLB]). Median CH4 production rates on the other hand are at 
least 4 times higher than max. production rates at the DLB ([15]: 
0.6 μg g−1 Cd−1 [DLB]) while they seem to be lower at the UL site 
([15]: 8.2 μg g−1 Cd−1 [UL]). The anaerobic CO2 production with 
sea water (Figure  S5) is generally lower than CO2 production 
with sea water at 4°C under aerobic conditions [61].

This study investigated the production of CO2 and CH4 under 
anaerobic conditions mimicking PF thaw accompanied by 
sea water inundation. However, the actual amount of carbon 
GHG released to the atmosphere is also impacted by factors 
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not covered in this study. For example, the transport process of 
GHG from soil to the atmosphere by exudation through plants 
or by ebullition can have a significant impact on the GHG flux 
[16, 72, 73]. During transport CH4 can be oxidized to CO2 within 
the sediment and water column in thaw lakes [74, 75] as well as 
in marine environments [23, 76]. Additionally, soil temperature 
sensitivity [51, 74, 77, 78], effects of freeze–thaw events [49, 79], 
influences of water-level changes [16], and effects of sea water 
composition [24] are aspects not within the scope of this study. 
Nevertheless, CO2 and CH4 production form the basis of GHG 
fluxes and ex-situ incubations have shown to effectively repro-
duce in  situ anaerobic carbon cycling dynamics, such as CO2 
and CH4 productions [80, 81]. Finally, it is important to note that 
this study is based on only two soil cores. Although these were 
selected to represent the two most common landscape features 
in the area, they do not encompass the full heterogeneity of the 
PF landscape. Therefore, based on the results from this case 
study, we recommend further investigations into the effects of 
sea water inundation across a wider range of PF landforms, in-
cluding sites with diverse landscape histories.

5   |   Conclusions

The results of this case study show that site history can largly 
impact CO2 and CH4 production. Without sea water, the initially 
wetter site (DLB) exhibits a higher CH4 production which is 
caused by an interplay of site history, microbial adaptation and 
carbon availability. Furthermore, with the addition of sea water, 
results show that sea water inundation of terrestrial PF has dif-
ferencing effects on CO2 and CH4 production. The CH4 produc-
tion decreases with the increase of salt concentration even when 
the microbial community was already adapted to brackish con-
ditions, that is, equal production of CO2 and CH4. The addition 
of SO4

2− is likely to explain this behavior, as SO4
2− reduction is 

energetically more favorable than methanogenesis. Thus, our 
findings support the hypothesis that redox conditions seem to be 
a stronger controlling factor than microbial adaptation for CH4 
production. The response of CO2 is more variable and appears 
to be contingent on the site history. In particular, no response 
to the salt addition was observed for the layers that have been 
exposed to sea water intrusion before this incubation. However, 
for non-marine-affected soils, the salt addition may intensify the 
carbon availability as well as nutrient availability and lead to 
a positive feedback in CO2 production. Here we highlight the 
effect of salt on CH4 and CO2 production in a controlled ex-situ 
experiment where soil dynamics are not considered. In future 
studies, it is therefore necessary to examine the effect of sea level 
rise on GHG production under conditions closer to reality, where 
vertical and lateral soil dynamics are taken into account.
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Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Table  S1: Salt addition for brackish 
and sea water treatment. Chemical composition according to Koch et al. 
(2014). Table S2: Radiocarbon dating (14C ages [cal year BP]) for the UL 
and DLB site. Note plant species used for 14C dating were not identified. 
Figure S1: Core description of the Drained Lake Basin core and the 
Upland cores. Colors indicate different soil horizons. Layers of the same 
color indicate similar soil horizons. Figure S2: Overview of the incuba-
tion structure for each core. For clarity, the schematic displays the num-
ber of vials incubated for a single core only. Created in BioRender.com. 
Figure S3: Cumulative CO2 and CH4 production on carbon basis at the 
upland site (left) and drained lake basin (right) in AL1, AL2, PF1, and 
PF2 under the control treatment. Points represent the median produc-
tion over four replicates. Please note the different y-axis scales. Figure 
S4: Cumulative CO2 production on a dry weight (left) and carbon basis 
(right) in non-surface layers at the upland site under the salt-less con-
trol treatment. Layers deeper than 74 cm are considered permafrost. 
Points represent the median production over four replicates. Figure S5: 
Cumulative CO2 production on a dry weight basis at the upland site 
(left) and drained lake basin site (right) under all treatments. Points 
represent the median production over four replicates. Please note the 
different y-axis scales. Figure S6: Cumulative CH4 production on a dry 
weight basis at the upland site (left) and drained lake basin site (right) 
under all treatments. Points represent the median production over four 
replicates. Please note the different y-axis scales. 
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