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ABSTRACT

Permafrost degradation, driven by rising temperatures in high-latitude regions, destabilizes previously sequestered soil organic
carbon (OC), increasing greenhouse gas emissions and amplifying global warming. In these ecosystems, interactions with min-
eral surfaces and metal oxides, particularly iron (Fe), stabilize up to 80% of soil OC. This study investigates the mechanisms of
Fe solubilization and OC release across a permafrost thaw gradient in Stordalen, Abisko, Sweden, including palsa, intermediate,
and highly degraded permafrost stages. By integrating geophysical measurements—including relative elevation, thaw depth, soil
water content, and soil temperature with redox potential and soil pore water chemistry, we identify the environmental conditions
driving iron and organic carbon release into soil pore waters with permafrost degradation. Our results show that combining
relative elevation, thaw depth, soil water content, soil pore water pH, and soil pore water conductivity with shifts in vegetation
species enables very-high-resolution detection of permafrost degradation at submeter scales, distinguishing intact from degraded
permafrost soils. We show that small-scale changes in thaw depth and water content alter soil pH and redox conditions, driving
the release of Fe and dissolved organic carbon (DOC) and promoting the formation of Fe-DOC complexes in soil pore water. The
amount of exported Fe-DOC complexes from thawed soils varies with the stage of permafrost degradation, and the fate of Fe-
DOC complexes is likely to evolve along the soil-stream continuum. This study highlights how environmental conditions upon
thaw control the type of Fe-DOC association in soil pore waters, a parameter to consider when quantifying what DOC is available
for microbial and photo-degradation in aquatic systems which are significant sources of greenhouse gas emissions across Arctic
landscapes.

© 2025 John Wiley & Sons Ltd.
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1 | Introduction

Permafrost in high latitude regions constitutes a substantial res-
ervoir of organic carbon on Earth, storing 1460-1600Pg [1, 2].
The soil carbon from the top 3 m of permafrost soils accounts for
50% of the total stock of carbon [3]. This reservoir is increasingly
recognized as a critical component of the global carbon cycle
and is prone to change in the context of contemporary global
warming with a projected loss of permafrost volume of more
than 50% by 2100 if global temperatures rise by 1.5°C-2.0°C [4].
As global air temperatures rise, permafrost degradation accel-
erates, releasing previously sequestered carbon in the form of
greenhouse gases, particularly carbon dioxide and methane.
This process initiates a positive feedback loop, exacerbating the
increase in air temperature and thus accelerating permafrost
thaw [4]. The Intergovernmental Panel on Climate Change re-
port (2022) highlights that thawing permafrost significantly
contributes to global greenhouse gas emissions, underscoring
the critical role of permafrost carbon feedback in driving rising
atmospheric CO, levels. The implications further extend beyond
greenhouse gas emissions, encompassing alterations in Arctic
ecosystems and landscapes.

Arctic peatlands, characterized by the accumulation of partially
decayed organic matter in waterlogged conditions, represent
an integral component of the Arctic landscape, playing a cru-
cial role in regional carbon dynamics and ecosystem function-
ing. These peatlands are widespread across the Arctic region,
encompassing vast areas in northern latitudes [5-7]. The cold,
waterlogged conditions prevalent in the Arctic limit the decom-
position of organic matter, fostering the accumulation of peat
over time. This peatland carbon stock is increasingly suscepti-
ble to climate change-induced warming, potentially leading to
permafrost thaw and subsequent carbon release [8-11]. Palsa
mires, a distinctive type of frozen peatland, emerge from frost
heaving and thermokarst processes [12-14]. Frost heaving con-
tributes to the formation of elevated peat plateaus known as
palsas, while thermokarst exacerbates ground subsidence in the
surrounding areas, creating depressions when the underlying
permafrost thaws. These degraded palsas or collapsed palsas
are also referred to as fen [15-18]. This difference in elevation
between palsa and degraded palsa influences surface hydrology
and creates distinct submeter scale environments with contrast-
ing moisture and nutrient characteristics that, in turn, support
contrasting vegetation types [19-21]. The palsa mire comprises
ombrotrophic elevated hummocks with a shallow active layer
mainly dominated by lichens, rhizomatic plants such as Rubus
chamaemorus, and small shrubs. In contrast, the minerotro-
phic depressions are dominated by sedges such as Eriophorum
vaginatum, and mosses such as Sphagnum sp. [16, 19, 22-27].
The distinctive vegetation types result in topography-controlled
landcover distributions [28, 29]. Due to the slow adaptation of
vegetation species to environmental changes, such as those
caused by hydrological shifts or permafrost thaw [30, 31], using
only vegetation type as an indicator of active layer depth may
lead to underestimation of the stage of permafrost degradation
at the landscape scale. Although vegetation distribution may re-
flect different stages of permafrost degradation, it fails to detect
stages of palsa degradation, where a deepening active layer oc-
curs without visible changes in the vegetation community. This
is because vegetation lags in responding to changes in habitat

conditions, such as soil depth and water content, creating a tem-
poral window where vegetation adapted to earlier degradation
stages persists despite ongoing permafrost thaw.

The stages of permafrost degradation are characterized by dis-
tinct hydrological regimes. Palsa soils contain relatively low
soil pore water content when unfrozen during summer months,
while degraded palsa soils and sediments are water-saturated
[15]. The variation in soil water content (SWC) influences the
availability of electron acceptors and donors, consequently shap-
ing the redox state of the soil and affecting pH levels [32]. Higher
SWC often corresponds to reduced redox potential (Eh), fostering
anaerobic conditions, while lower SWC promotes oxidized condi-
tions [8, 33, 34]. Moreover, in peatland environments, which are
acidic with pH values typically ranging from 3 to 5, this acidity
results from the accumulation of organic acids produced during
the decomposition of plant material under low mineralization
rates [35-37], resulting from anaerobic conditions fostered by
high SWC. Conversely, when water content decreases (e.g., due
to drainage), the peat can become more aerobic, potentially in-
creasing pH levels as organic acids are mineralized. However, in
the context of Arctic peatlands, higher SWC tends to elevate pH
through enhanced ion mobility and leaching of cations, while de-
creased SWC is associated with more acidic conditions [33, 38].
Following changes in SWC, pH, and redox potential is crucial for
understanding the geochemical dynamics of these Arctic peat-
land soils. These factors have significant implications for the
dynamics of soil organic carbon (SOC), and the release of more
mobile organic molecules as dissolved organic carbon (DOC), a
carbon pool more readily available for microorganisms [39, 40].

A portion of permafrost SOC is associated with iron (Fe) bearing
minerals [41-43]. Those associations result from complexation,
sorption, and aggregation of SOC and Fe, all of which contribute
to preserving SOC from decomposition [44-49]. The stability of
the organo-mineral interactions involving iron-bearing miner-
als is critically dependent on the physicochemical conditions,
particularly pH and redox potential, and is strongly influenced
by the nature of the iron minerals involved [34, 41, 50, 51]. Poorly
crystalline iron oxides such as ferrihydrite play a dominant role
in SOC stabilization compared with crystalline iron oxides, such
as goethite and hematite [52-54]. Ferrihydrite is more reactive
due to its large specific surface area and numerous reactive
sites, allowing it to adsorb and coprecipitate more SOC relative
to crystalline iron oxides [46, 47, 55-57]. However, ferrihydrite is
highly sensitive to reducing conditions, where ferric iron (Fe3*)
is reduced to ferrous iron (Fe?*). This reduction can destabilize
the mineral structure and release the associated OC into the soil
solution, particularly in waterlogged or anaerobic environments
[54, 58]. In contrast, crystalline iron oxides are more resistant
to redox fluctuations, providing a more stable environment for
OC retention. In addition, acidic soil conditions enhance the
solubility of iron, promoting the formation of poorly crystalline
minerals like ferrihydrite, which in turn increases the capacity
for SOC stabilization [58]. In acidic DOC-rich soil solutions, Fe
forms Fe-DOC complexes or ferrihydrite-DOC coprecipitates
[59-61] and the amount and composition of DOC bound to Fe
may mediate DOC fate in aquatic bodies [59, 62, 63]. This mo-
tivates the need to constrain how changes in soil pH-Eh upon
permafrost thaw modulate the release of Fe and DOC from soils
into soil pore waters.
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Peatland soils from palsa mires facing permafrost thaw rep-
resent a natural laboratory with contrasting permafrost con-
ditions (e.g., thaw depth and elevation) and hydrological
conditions (soil moisture) to investigate the influence of the
associated changing geochemical conditions (pH-Eh) on the
Fe and DOC release. Our hypotheses are that (a) the combina-
tion of thaw depth, elevation, SWC (geophysical parameters)
and soil pore water chemistry (geochemical parameters) al-
lows a submeter scale identification of the state of the underly-
ing permafrost within a thawing sequence, and (b) permafrost
degradation drives iron and organic carbon release from soil
to soil pore waters and the binding between iron and organic
carbon in soil pore water. To test our hypotheses, we studied
a permafrost thawing gradient in Stordalen mire, an Arctic
peatland in Northern Sweden. The thawing gradient enables
a space-for-time approach: We sampled the two end members
of the permafrost degradation process, that is, a palsa with a
shallow permafrost table and a degraded palsa comprising de-
graded permafrost, as well as an intermediate stage. We assess
the evolution of Fe and DOC release in soil pore water along
that gradient.
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2 | Materials and Methods
2.1 | Study Site

Stordalen Mire is a frozen peatland located 200km north of
the Arctic Circle (68°21'N, 18°49’E; Figure 1a,b). It is under-
lain by a granitic bedrock covered by a lacustrine deposit com-
posed mainly of silt of glacial origins [64]. The formation of
peat in Stordalen Mire started more than 5000years ago, and
the peat layer had a mean thickness of 0.5m in 2009 [64, 65].
Encompassing an area of 25ha, Stordalen Mire displays a sub-
Arctic tundra environment characterized by discontinuous per-
mafrost [64, 66]. The discontinuous distribution of permafrost
gives rise to small-scale variation in surface topography, charac-
terized by elevation differences of less than 2 m over short meter-
scale distances typical of a palsa mire. The climate data sourced
from the Abisko Scientific Research Station indicate a positive
mean air temperature of 0.06°C in 2006 and reveal a 2.5°C rise
in mean annual air temperature between 1913 and 2006 [67].
This temperature increase has resulted in deeper summer thaw
depth and the disappearance of permafrost in specific areas of
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FIGURE1 | Orthomosaic of Stordalen Mire (WGS 1984) (a) and its location in Sweden (red point; b). The map illustrates the localization of the
three sampling sites (palsa (c), intermediate (d), and degraded palsa (e)). More specifically, (c), (d), and (e), illustrate the vegetation community of each

specific sampling site within the square of 1 X1 m. [Colour figure can be viewed at wileyonlinelibrary.com]
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Stordalen [68]. We investigate the two end-members of the palsa
mire (palsa and degraded palsa) as well as an intermediate stage
of the permafrost degradation process during the late shoulder
season. These three sampling sites will be respectively referred
to as palsa, intermediate, and degraded palsa. The locations of
the two end-members, that is, palsa and degraded palsa, were
chosen based on their distinct vegetation communities, consti-
tuting, with thaw depth, the selection criteria for these two sites
[16, 19, 27]. The palsa site corresponds to lichen hummock types,
primarily consisting of lichens and Betula nana (Figure 1c)
whereas the degraded palsa features vegetation characteristic
of tall graminoids, with species like Eriophorum vaginatum,
Epilobium angustifolium, and Sphagnum mosses prevalent
(Figure 1e). The intermediate stage is characterized by the pres-
ence of permafrost, but with a deeper thaw depth than at the
palsa. At this site, the vegetation corresponds to the moss hum-
mock type, intermixed with Eriophorum vaginatum and herbs
such as Rhododendron chamaemorus (Figure 1d). A compar-
ison of RGB orthomosaics derived from UAV data acquired at
Stordalen Mire in July 2016 (3 cm resolution) and July 2022 (7cm
resolution) reveals that the degraded palsa site has transitioned
toward greener vegetation and wetter conditions, both recog-
nized indicators of ongoing permafrost degradation, while the
palsa site exhibits relatively stable coloration (Figure S1) [69, 70].

2.2 | Sampling and Analyses

The field campaign was conducted between the end of the grow-
ing season and the beginning of the late shoulder season from
September 20 to October 7, when soil temperatures remained
above freezing (Figure S2a). The three sampling sites (palsa,
intermediate, and degraded palsa) were selected based on the
mean thaw depth measured within an area of two square me-
ters with a minimum of 5cm variation between the five mea-
surements within the same location. Thaw depth was measured
three times at each sampling site using a graduated steel rod
of 145cm in length. Thaw depth was measured every 3days.
Two soil profiles to 45cm depth were described at the palsa site
(n=2) and to 60cm depth at the intermediate site (n=2). The
soil profiles at palsa comprise a unique organic horizon. At in-
termediate, the organic layer constituted the first 25 cm followed
by a transition layer of 15cm thickness, then by a mineral layer
[34, 64]. No soil profile was described at degraded palsa. SWC
was monitored continuously using TEROS-12 capacitance sen-
sors (METER Group, Pullman, WA, USA) probes with readings
recorded every 10min. At the palsa and the intermediate sites,
the capacitance probes were installed at two depths (three probes
at 10cm and three probes at 30cm). Since the degraded palsa
site was waterlogged no capacitance probes were installed but
measurements were collected four times at the soil surface using
a portable capacitance probe. Redox potential was recorded at
the intermediate site at two depths (redox probe ORP 30-1-BNC
at 12.5cm and redox probe ORP 30-1-B at 30cm; SWAP instru-
ments, Castricum, The Netherlands). A systematic recording of
redox potential was performed at intervals of 30 min.

The topographic position index (TPI) of the study site is com-
puted as the difference between the elevation of a focal cell and
the mean elevation of its surrounding neighborhood within a
digital elevation model (DEM):

N
1
TPL(GY) = 2y~ Yz
i=1

where TPI(x,y)=TPI value at cell coordinates (x,y), Zoep) = eleva-
tion of the focal cell, z,= elevation of neighboring cell i, N=num-
ber of surrounding cells in the rectangle window of 50X 50
pixels [71]. Systematic vertical bias in a DEM, such as that intro-
duced by UAV-based sensors, affects both the focal cell and its
neighboring cells in a similar manner. As a result, local relative
deviations in elevation remain detectable, allowing TPI to reli-
ably capture landform positions such as ridges, valleys, and flat
areas, even when absolute elevation values are subject to bias
[72, 73]. The elevations of the palsa, intermediate, and degraded
palsa sites were derived from a DEM generated through photo-
grammetry using RGB data from a drone survey conducted on
September 21, 2021. The drone survey was executed on a cloud-
less day employing a DJT Mavic 2 Pro. A post-processing L1/L2
PPK (Post-Processed Kinematic) solution was applied using the
SWEPOS network. A DEM and an orthomosaic were generated
from the acquired data with a common spatial resolution of
0.6cm. For accurate georeferencing of the DEM and the ortho-
mosaic, six ground control points were collected with an Emlid
Reach RS+ GPS device.

Soil pore water was collected at the palsa, the intermediate,
and the degraded palsa sites. Soil pore water was obtained
using in situ rhizon samplers (Rhizosphere Research Products,
Wageningen, The Netherlands, pore size of 0.2pum) connected
to 60mL acid-washed syringes held under a vacuum with a
wooden stick. Soil pore water was collected from the three lo-
cations (A, B, and C) per site as triplicates. At each location, soil
pore water was collected at 10, 30, and 45cm (palsa site, just
above the permafrost table) or 60cm depth (intermediate and
degraded palsa sites) (n =9 rhizon samplers per site). The sample
collection was carried out between September 20 and October 7,
2021: the syringes were emptied once a day for three consecutive
days into acid-washed polypropylene bottles and stored at 4°C.
This results in a total of 161 soil pore water samples (54 soil pore
water samples at the palsa and the degraded palsa sites and 53 at
the intermediate site).

Soil pore waters were analyzed for pH and conductivity (n =54 at
the palsa and degraded palsa sites; n=>53 at the intermediate site),
concentrations in DOC (n=53 at the palsa and intermediate sites;
n=>54 at the degraded palsa site), and cations and anions (n=51
at the palsa site, n=53 at the intermediate sites; n=>54 at the de-
graded palsa site). The priority for the chemical analyses was made
on the measurement of the pH and conductivity then on the con-
centrations in DOC and finally on the concentrations in anions and
cations explaining the difference in the number of measurements
between the soil pore water analyses. The pH and conductivity
were determined using a SevenCompact Duo S213 probe, while
the DOC concentration was assessed using a TOC-L Analyzer (de-
tection limit of 0.1 mg/L and accuracy of +2%; Shimadzu, Kyoto,
JP). Concentrations in major cations were quantified using opti-
cal emission spectrometer (ICP-OES, iCAP 6500 ThermoFisher
Scientific, Waltham, MA, USA). The accuracy on major element
concentrations (7%, 4%, 3%, 4%, 4%, 2%, 4% for K, Na, Ca, Mg,
Al, Fe, and Si, respectively) was assessed using the water reference
material SLRS-4 [74]. The detection limits for major element con-
centrations (K, Na, Ca, Mg, Al, Fe, and Si) are 0.005, 0.001, 0.01,
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0.005, 0.01, 0.01, and 0.01mg/L, respectively. Anion concentra-
tions (SO,*~, CI~, NO, ") were determined using a Dionex IC20 ion
chromatograph (ThermoFisher Scientific, Waltham, MA, USA)
with a detection limit of 0.48, 0.47, and 0.68 mg/L, respectively. The
accuracy for SO 42‘, CI~, NO,~ (3%, 4%, and 4%, respectively) was
assessed using river water certified reference material LGC6025,
with a precision of +2% for each anion.

2.3 | Geochemical Modeling

A geochemical modeling approach was used to predict to
what extent Fe and DOC may be bound together in solution,
and through which type of bond (complexation or sorption on
precipitates).

First, the ratio of Fe?* and ferric Fe3* ions was predicted from
the Fe concentration measured in the soil pore waters using
the geochemical modeling program PHREEQC version 3 [75].
PHREEQC modeling was conducted on 10 soil pore water sam-
ples selected to represent a gradient in terms of depths (10 and
30cm depth) and permafrost degradation (one profile from the
palsa site [location B], each profile of the intermediate site [A,
B, C], and one profile from the degraded palsa site [location C]).
Each soil pore water constitutes one model run. The following
parameters were used as input for the model for the 10 runs: Fe
concentrations and measured field parameters (water pH, redox,
and water temperature). For the redox potential, the following
data were input into the model: (i) for the intermediate site, di-
rect field measurements are available at two depths (12.5 and
30cm); (ii) for the palsa site, the redox potential at 10 and 30cm
depth is assumed to be constant and the same as the redox po-
tential measured at 12.5cm depth at the intermediate site pre-
senting similar SWC (Section 2.2); (iii) for the degraded palsa
site, we used the redox potential measured in the Stordalen mire
in degraded palsa sites with similar vegetation, water content,
and active layer depth [76]. We assume the redox potential to be
constant between 10 and 30cm depth at the degraded palsa site,
since the degraded palsa site is saturated with water, and since
the redox potential is directly linked to the water saturation state
of the soil [8, 77-79].

Then, the Fe speciation (Fe**/Fe3* ratio) computed using
PHREEQC was used in the geochemical modeling program
Visual MINTEQ (version 3.1, April 2023) in conjunction with
the Stockholm Humic Model (SHM) to predict the proportion of
Fe oxides precipitates (ferrihydrite), Fe3*-DOC complexes, Fe?*-
DOC complexes, and dissolved inorganic Fe* or Fe3* in the soil
pore waters [80]. The presence of the redox couple Fe?*/Fe3*
was specified in the parameters, allowing the software to adjust
the ratio in function of the inputs (ion concentrations, pH, and
Eh) [81]. Each soil pore water constitutes one model run. The
following parameters were used as input for the model for the
10 runs: anion and cation concentrations, Fe?* and Fe3* concen-
trations, and the measured field parameters (pH, conductivity,
and redox potential). The same redox potentials were used as the
ones used as input in PHREEQC. The following outputs of iron
are obtained from the Visual MINTEQ geochemical modeling:
total precipitated, dissolved inorganic, and bound to dissolved
organic matter (DOM). In this model, a portion of the total DOC
is regarded as “active” DOC, which is available for binding with

protons and metals. The ratio of “active” DOM to DOC was set
to 1.6, with 65% of the DOC assumed to be fulvic acids, in align-
ment with typical values observed in Swedish stream waters [82].

2.4 | Statistical Analyses

Kruskal-Wallis tests were performed to assess if there is a sig-
nificant difference between the three sites (palsa, intermediate,
and degraded), the three depths (10, 30, and 45/60cm), or the
three profiles (A, B, and C) of a site, followed by a post hoc com-
parison Dunn's test using Python (v. 3.7). Significance of all sta-
tistical analyses was determined at the «=0.05 level. A Principal
Component Analysis (PCA) was conducted using thaw depth,
SWC, TPI, and pH and conductivity of the soil pore water using
R4.2.3.

3 | Results

3.1 | Gradient in Thaw Depth, Relative Elevation,
and SWC

The three sampling sites (palsa, intermediate, and degraded
palsa) exhibit a thaw depth gradient (Figure 2), with mean thaw
depth over time (represented by the error bars) and the locations
A, B, and C ranging from 49 cm at the palsa site to 87cm at the
intermediate site and exceeding 145cm at the degraded palsa
site. Mean thaw depth over time significantly varies among the
palsa, intermediate, and degraded palsa sites (p <0.001, n=63),
with the most variable thaw depth observed (o) at the interme-
diate site across the three locations (A, B, and C) (6,5, =2cm,
Cintermediate = 3 CM, O degraded palsa = 0Cm). TPI values were signifi-
cantly lower at the degraded palsa site (—0.05+0.03) compared
with the palsa site (0.10£0.06; p <0.001). SWC at the palsa site
(0.404£0.047 m3/m?) is significantly lower than that at the de-
graded palsa site (0.646+0.008 m3/m?; p<0.001). SWC at the
intermediate site has values between the palsa site and degraded
palsa site values. The intermediate site displays the highest vari-
ability between locations, ranging from 0.457 m3/m? to 0.623 m3/
m3. For all sites, there are minimal fluctuations in SWC within
each site (n =9) during the field campaign (Figure S2b).

3.2 | pH and Conductivity of the Soil Pore Water

At the palsa site, pH values measured on soil pore waters
range from 3.7 to 4.7 for the three depths (10, 30, and 45cm),
with a mean pH value of 4.0 £0.2 (n=53) (Figure 3a). In con-
trast, at the degraded palsa site, pH values range from 4.0 to
5.3, indicating a significantly higher mean value of 4.6 +0.3
than at the palsa site (n=54; p<0.001). At 10cm depth, pH
values at the intermediate site are comparable to those mea-
sured at the palsa site; however, with increasing depth, pH
values rise by nearly two units, resulting in a mean value of
5.5+0.3 at 60cm depth (n=18), exceeding the pH at the cor-
responding depth at the degraded palsa site (4.9 £0.3, n=18).
For the three sites, the intermediate site shows the highest
dispersion of pH values among the three depths (6,5, =0.2,
Gintermediate = 0-85 O degraded palsa = 0.3). Mean soil pore water con-
ductivity increases from the palsa site (56 =19 uS/cm [n=53])
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FIGURE2 | Geophysical parameters measured during the field campaign at each sampling site (palsa, intermediate, and degraded palsa) between
September 20 and October 7, 2021: (a) Mean thaw depths (cm) over time of locations A, B, and C taken every 3days at the palsa (n=21), intermediate
(n=21), and degraded palsa sites (n =21; *: thaw depth > 145cm), (b) topographic position index of the three locations (A, B, and C) computed from
the DEM at each sampling site (palsa (n=12), intermediate (n =12), and degraded palsa (n =12), where n is the number of pixels), and (c) Soil Water
Content (m*/m?) measured with TDR probes every 5min at 10cm depth at the palsa (n=7776) and intermediate sites (n="7776), and measured three
times on four occasions (27-09-21, 30-09-21, 04-10-21, and 07-10-21) at the degraded site (n=12).
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FIGURE 3 | (a) pH, (b) conductivity (uS/cm), (c) Fe concentration (mg/L), and (d) DOC concentration (mg/L) of the soil pore waters collected at
the three sites (palsa [n =53], intermediate [n =53], and degraded palsa [n=54]). Three depths were sampled between September 20 and October
7,2021: at 10cm depth for the three sites, at 30cm for the three sites, and at 45cm depth for the palsa site and 60cm depth for the intermediate and
degraded palsa sites.
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to the intermediate site (83+36uS/cm [n=53]) and de-
creases from the intermediate site to the degraded palsa site
(36 +12uS/cm [n=54]; Figure 3b). At the palsa site, conduc-
tivity decreases from 10cm depth (mean value of 73 £19uS/
cm, n=17) to 45cm depth (39 + 7uS/cm, n =18). This decrease
in conductivity with depth at the palsa site is inversely propor-
tional to the pH trend with depth. Conversely, at the degraded
palsa site, conductivity values exhibit no significant differ-
ences among the three depths (p>0.05). The intermediate site
displays the highest dispersion in conductivity values between
locations (A, B, and C) (0,50 = 19 US/CM, Giptermediate = 36 MS/
CIM, G gegraded paisa = 12 1S/cm). At the intermediate site, in the
transition layer from 30 to 60 cm depth, pore water conductiv-
ity increases from 59 +22 to 114 £+ 39 uS/cm, corresponding to
a 1.3 unit pH increase between the same depths. Overall, for
pH and conductivity values, the pH increases from the palsa
site to the degraded palsa site, while it is highly variable at the
intermediate site whereas the conductivity decreases from the
palsa site to the degraded palsa site, but the electrical conduc-
tivity of soil pore water is highly variable at the intermediate
site. At the surface of the intermediate site (10 cm depth), pH
and conductivity values of soil pore waters are similar to the
palsa site values. This similarity in values occurs at a depth
where the permafrost is not degraded. In contrast, at depth
(45cm for palsa and 60cm for intermediate), the pH and con-
ductivity values at the intermediate site exceed those at the
palsa site.

A Principal Component Analysis (PCA) including the five pa-
rameters presented in Sections 3.1 and 3.2 highlights that the
first two principal components account for 83.1% of the total
variance in the dataset (Figure 4a). TPI is negatively correlated
with thaw depth (TD) and SWC, consistent with the observation
that permafrost thaw leads to soil collapse and increased soil
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FIGURE 4 |

wetness. The variability associated with pH and conductivity in
soil pore water is captured by the second principal component.
The differentiation in geochemical conditions between palsa,
intermediate, and degraded palsa sites is therefore revealed
by three well-defined groups on the individuals' factor map
(Figure 4b).

3.3 | DOC and Iron Concentrations in Soil
Pore Water

In soil pore waters from the palsa, intermediate, and degraded
palsa sites, the highest mean DOC concentrations occur at
the intermediate site for all investigated depths (Figure 3c).
The iron concentrations in soil pore water from the palsa site
are lower than at the intermediate site and range from 0.01 to
2.84mg/L with small variability relative to Fe across depths
(019 em=0.01mg/L,  063).n=0.39mg/L, 06,5.,=0.59mg/L;
Figure 3d). Iron concentrations in soil pore water at the inter-
mediate site range from 0.01 to 76.84 mg/L displaying extreme
variability with depth (6, .n=0.04mg/L, 65y 5, =6.97mg/L,
060 em = 32.88mg/L; Figure 3d). At the degraded palsa site, DOC
and Fe concentrations in soil pore water increase with depth and
show the largest variability in concentrations (Figure 3d).

Between locations A, B, and C, DOC concentrations in
soil pore water were similar at 10cm at each site (palsa site
3.83+£0.09mg/L, intermediate site 56.36 +4.46mg/L, and de-
graded palsasite 40.06 +8.06 mg/L; Figure 5). While DOC and Fe
concentrations in soil pore water at the palsa site show little vari-
ations with depth (DOC: 64, ., =5.96 mg/L, 657 ., =1.60mg/L,
O45 cm="7-44mg/L; Fe: 04y, =0.01mg/L, 03, .,=0.40mg/L,
045 .m=0.59mg/L), distinct trends emerge with depth at the in-
termediate and degraded palsa sites. At the intermediate site,
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Principal component analysis (PCA) results illustrating the relationships among environmental variables and sampling locations.

(a) Correlation circle depicting the first two principal components, with axes labeled by their respective explained variance (%). Variables included

are thaw depth (TD), soil water content (SWC), topographic position index (TPI), pH, and conductivity (Cond) of the soil pore waters. (b) Individuals

factor map displaying sampling points color-coded by site type: blue for palsa, green for intermediate, and orange for degraded palsa, highlighting

the distribution and clustering patterns of different site types with the analyzed variables. [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 5 | Mean concentrations of (a) DOC (mg/L) and (b) Fe (mg/L) with depth measured from the soil pore water collected at the three loca-
tions (A [light gray diamonds], B [dark gray rounds], and C [black triangles]) at each site: palsa (10, 30, and 45cm depth), intermediate, and degraded

palsa (10, 30, and 60 cm depth) between September 20 and October 7, 2021. The error bars account for the data dispersion between the sampling dates.

location A exhibits a rapid decline of DOC concentrations from
54.20+2.94mg/Lat10cmto 23.83+1.29mg/L at 30cm, leveling
off at 60cm (27.87 £ 0.64 mg/L). Conversely, location C shows an
opposing trend, registering almost double the DOC concentra-
tion in soil pore water at 30cm (118.22+13.10mg/L) compared
with 10cm (56.31 £2.5mg/L). As for DOC concentrations in soil
pore water, location C consistently displays higher Fe concentra-
tions compared with locations A and B. At the degraded palsa
site, DOC concentrations in soil pore water present similar pat-
terns with depth for locations A and C. Only location B shows
a higher DOC concentration in soil pore water at 30cm depth
(125.75+£13.60) compared with location A (41.19+5.04mg/L)
and C (46.61+£6.72mg/L; n=6). Variability in Fe concentra-
tions in soil pore water among locations increases with depth
(619 em=1.05mg/L, 63 oy =5.34mg/L, 64g o =27.67mg/L).

Overall, the thaw depth, the relative elevation (TPI), and the pa-
rameters measured on the soil pore waters (pH, conductivity, DOC,
and Fe concentrations) are relatively constant for the palsa site. The
palsa site represents the geochemical conditions of Stordalen soils
where permafrost is poorly degraded. As the variability among

those parameters is the largest for the intermediate site, that is, the
site where permafrost is thawing (Figure 2a), the subsequent sec-
tions of the article will focus on the permafrost degradation pro-
cess by comparing the intermediate site to the palsa site, which
is defined as a reference site for poorly degraded permafrost soil.

3.4 | Geochemical Modeling of Iron Forms
Concentrations in Soil Solutions

The PHREEQC model predicts that iron in the soil solutions
of all locations is mainly in the form of Fe?* (between 99% and
100%; Table S1) given the physicochemical conditions (acidic
pH, ranging from 3.73 to 4.97) and reductive conditions (ranging
from —116.46 to +174.22mV).

We observed from the Visual MINTEQ model output that Fe3*
in soil pore water exists exclusively in the form of complexes
with DOC (Figure 6). At a depth of 10cm, the proportions of
Fe?* complexed to DOC in soil pore water varied significantly
across sites, ranging from 24% (degraded palsa site) to 57%
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FIGURE 6 | Geochemical modeling output using Visual MINTEQ showing the proportions of iron complexed to organic carbon (black), precipi-
tated (dark gray; absent), and dissolved inorganic (light gray) within soil solutions of one location at palsa, three locations at intermediate (A, B, and

C), and one location at degraded palsa sites at (a) 10 and (b) 30cm depth.

(intermediate A site), with the remainder of Fe?* present in dis-
solved inorganic form. At 30cm depth, the proportion of Fe?*
complexed to DOC in soil pore water decreases relative to 10cm
depth, except for intermediate C, where an increase of 17% is
noted, and for the degraded palsa site, which maintained similar
proportions of Fe?* complexed to DOC in soil pore water relative
to 10cm depth (Figure 6b).

4 | Discussion

4.1 | Differentiating the Key Stages of Permafrost
Degradation at the Submeter Scale

The three geophysical parameters (thaw depth, TPI, and
SWC; Figure 2) show contrasting values between the two end-
members of the gradient, that is, palsa and degraded palsa,
and can be used to define the two end-member stages of per-
mafrost degradation at Stordalen. These data are supported by
the change in vegetation species between the two end-members
where the palsa sampling site is largely composed of lichens and
dwarf shrubs (e.g., Betula nana), while degraded palsa is mostly
composed of Sphagnum mosses and tall graminoids such as
Eriophorumvaginatum [19, 22, 23, 27]. In contrast, we show that
these geophysical parameters alone cannot be used to define the

intermediate stage of permafrost thaw at Stordalen. Vegetation
species are not a better parameter to differentiate the intermedi-
ate sites. Indeed, vegetation species at the intermediate site were
mostly similar to species at the palsa site (Figure 1c,d), but veg-
etation species characteristic of degraded palsa sites were also
present such as Eriophorum and mosses (Figure 1d,e). The three
geophysical parameters and vegetation species are not sufficient
to identify the intermediate stage of permafrost thaw [17] and
this motivates a combination of geochemical parameters (soil
pore water pH and conductivity; Figure 3). For these geochem-
ical parameters, the intermediate site shows a larger variabil-
ity in soil pore water pH and conductivity than the palsa and
degraded palsa sites (highest dispersion in pH and conductivity
values; Section 3.2).

By integrating variables such as TPI, thaw depth, SWC, soil pore
water pH, and soil pore water conductivity, the PCA effectively
differentiates between the various degradation stages of perma-
frost (Figure 4). These parameters can be used in combination
and in addition to changes in vegetation species or other physi-
cal parameters such as temperature [21] to detect the transition
between a palsa and thawed permafrost soil. This is important
when seeking to identify submeter scale permafrost degrada-
tion when thaw depth is increasing but vegetation remains
unchanged.
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4.2 | Submeter Scale Variability of Permafrost
Thaw Controls Iron and Organic Carbon Release
From Soil to Soil Pore Water

The high variability at the submeter scale of both pH and electri-
cal conductivity values of the soil pore waters at the intermediate
site compared with the palsa site (Figure 3a,b) can be explained by
the degradation process of the permafrost and its consequences
on soil hydrology. When permafrost is degrading, the reduction
of pore space associated with ice melt causes the deformation of
the ground surface resulting in the collapse of the soil surface.
This subsidence has a significant impact on soil hydrology, given
that the collapse of the soil surface brings the water table closer to
the surface compared with soils where permafrost is intact [8, 83].
At the intermediate site, permafrost remains, acting as a hydro-
logical barrier by preserving the disconnection between surface
fluxes and the underlying groundwater. As a result, soils at the
intermediate site receive water from direct precipitation (snow/
rain), similar to palsa soils, and from runoff originating from
the palsa site [19, 24, 26, 84]. Soils at the intermediate site have a
larger depth to the permafrost table compared with the palsa site
resulting in a greater water storage capacity in the soil column
above the permafrost table. Additionally, bulk density in peat-
land soils generally increases with depth, which, in turn, reduces
hydraulic conductivity [85-87]. Hence, water residence time is
extended in these deeper soil horizons. This contrast in water
storage capacity and hydraulic conductivity between the inter-
mediate site and the palsa site is corroborated by the higher SWC
at the intermediate site compared with the palsa site throughout
the sampling period (Figure S2b). Furthermore, soil profiles at
the palsa site only contained an organic horizon whereas soil pro-
files at the intermediate site showed a transition layer between
organic and mineral horizons at 25cm depth. Hence, permafrost
thaw at the intermediate site has exposed a mineral-rich layer.
The increase in SWC and the exposure of mineral-rich soils drive
the increase in pH at the intermediate site. This is because the
high SWC at 30cm depth allows for the weathering of newly
exposed minerals releasing cations in the soil pore water at the
intermediate site, which consumes protons and hence increases
the pH [33]. This is in line with the fact that in Arctic peatlands,
higher SWC tends to increase pH by promoting ion mobility and
cation leaching, while lower SWC is linked to more acidic condi-
tions [33, 38]. Mineral weathering is facilitated by the high SWC
in peatland soils and prolonged water residence times, resulting
from the combination of high water retention capacity and low
hydraulic conductivity [85, 88]. This contributes to explaining
the large range of soil pore water pH and conductivity values at
intermediate sites compared with palsa and degraded palsa sites.

To explain the submeter scale variability of soil pore water pH
and conductivity values between the three locations (A, B, and
C) at the intermediate site (Figure 3a,b), we consider the distance
to the permafrost table to compare the soil pore water samples
from the intermediate site to those from the palsa site used as
a reference. For the pH, the three intermediate profiles follow
the same trend along the soil profile (Figure 7a): lower values
in the surface similar to the pH values at the palsa site, then an
increase of almost two pH units with depth, with a larger pH in-
crease in location C than in location B, and in location B than
in location A. From the thaw depth measurements collected at
the three locations, there is evidence of a micro-scale permafrost

degradation gradient with location C presenting a deeper perma-
frost than location B, and location B a deeper permafrost than
location A (Figure 2a). This supports that the increase in soil pore
water pH at depth among the three profiles from the intermediate
site can be explained by the degree of degradation of the perma-
frost [25, 26, 76]. The more degraded the permafrost, the more
mineral-rich the unfrozen soil horizon. Weathering of these
newly exposed minerals allows for cation release into the soil
pore water: This is supported by the higher soil pore water con-
ductivity at depth in location C than in location B, and in location
Bthan in location A (Figure 7b). With these data, we demonstrate
that a slight change in thaw depth (e.g., on a cm scale) in the
degradation results in resolvable changes in the physicochemi-
cal conditions of the soil pore water. We demonstrate that these
resolvable changes can be used to identify the key intermediate
state representing a transition between palsa and degraded palsa.

Permafrost degradation has resulted in resolvable changes in soil
pore water chemistry at depth between palsa and intermediate
sites. We measured systematically higher concentrations of Fe in
soil pore water at 30 and 60cm depth at intermediate-location C
compared with the palsa site (Figure 7d). It is also at intermediate-
location C that the higher DOC concentrations in soil pore waters
are measured relative to the palsa site, with the highest DOC con-
centrations at 30 cm depth (Figure 7c). The increase in Fe and DOC
concentrations in soil pore waters from intermediate-location C
compared with the palsa can be explained by the changing hydro-
logical conditions resulting from permafrost thaw and its conse-
quences on the soil redox potential. The SWC is known to dictate
the soil redox potential [8, 38, 77, 79, 89, 90]. This is supported
by field data of SWC (at 10 and 30cm; Figure S2b) and soil redox
potential (at 12.5 and 30cm; Figure S3) at the intermediate site.
At 10cm where the SWC is lower (Figure S2b), intermediate soils
show oxic conditions (mean value of +174.22mV) whereas, at
30cm depth where the SWC is higher, the redox potential is lower
(mean value of —116.46 mV; Figure S3).

The higher SWC at the intermediate site relative to the palsa site
(Figure 2c) lowers the redox potential, which favors Fe oxide dis-
solution and thereby increases the Fe concentration in soil pore
water [51]. The higher Fe concentrations at 30 and 60cm corre-
spond to soil horizons containing a higher proportion of poorly
crystalline Fe oxides in soils in the transition layer between or-
ganic and mineral soil horizons and in the mineral layer (cor-
responding to the layer at 30 and 60cm depth, respectively)
relative to the organic layer (corresponding to the layer at 10cm
depth) [34]. The higher proportion of poorly crystalline Fe ox-
ides in these horizons results in part from the increase in pH in
more mineral-rich soils (Figure 7a,d, [51]). Together, the higher
soil pore water Fe concentrations at 30 and 60cm point to a key
location for soil to soil pore water Fe transfer upon increasing
SWC (and shifting Eh). This is in line with our findings demon-
strating that iron in these soil environments is predominantly
as Fe** (Section 3.4). Increased SWC influences the capacity
of Fe* to form complexes with DOC, as supported by the de-
crease in the proportion of Fe?*-DOC complexes between 10cm
and 30cm depth at the palsa, intermediate A, and intermediate
B sites (Figure 6a,b). This trend is likely due to the dilution ef-
fect, where increased water content lowers the concentration of
Fe?*, reducing the likelihood of forming complexes with DOC.
However, at intermediate C, the higher Fe?* concentrations
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FIGURE 7 | Physicochemical parameters ((a) pH and (b) conductivity [uS/cm]) and (c) DOC (mg/L) and (d) Fe (mg/L) concentrations measured
from the soil pore waters collected at the three locations at palsa (black cross; n=53) used as reference and at location A (light gray diamond; n=18),
location B (dark gray circle, n=18), and location C (black triangle, n=18) of intermediate. Values are plotted against the distance to the permafrost
table (cm) meaning that values close to the X-axis are values measured on pore waters collected just above the permafrost table and values at the top
of the graphs are measurements made on soil pore waters that were collected closer to the surface.

result in increased Fe?*-DOC complex proportions at 30cm
depth, indicating that elevated Fe?* levels promote DOC sta-
bilization through complex formation even under higher soil
moisture conditions. In contrast, the degraded palsa site shows
no change in the proportion of Fe?*-DOC complexes or in SWC,
as the entire soil profile is waterlogged. However, the Fe?*/Fe3*
ratio is strongly linked to the Eh-pH conditions. Chauhan et al.
[62] have demonstrated that thaw ponds in the bog region of
Stordalen mire, corresponding to the degraded palsa site in this
study, constitute major hotspots for organic carbon and iron ac-
cumulation. Since these ponds are exposed to the atmosphere,
the water tends to become oxic, which shifts the ratio of iron
speciation from being dominated by Fe?* toward a balance be-
tween the two forms. Combining this knowledge with our re-
sults sheds light on the potential for the DOC to be stabilized
through association with Fe?* and Fe3* as soon as the soil pore
water reaches the surface. This could mean that a large pro-
portion of DOC in the soil pore water at the degraded palsa site
could be less vulnerable to microbial decomposition. We show
that submeter scale variations in permafrost thaw depth and

SWC change the conditions in pH and redox potential [91, 92],
and thereby change the Fe and DOC concentrations in soil pore
water and their capacity to form Fe-DOC complexes.

4.3 | Fate of DOC Along the Soil-River Continuum

Hydrological pathways and water residence times modulate
the amount of Fe and its association with DOC in Arctic rivers
[93, 94]. To what extent soil to soil pore water iron supply mod-
ulates aquatic DOC fate remains uncertain [59, 63]. Toward this
aim, our findings align with the broader understanding that the
permafrost degradation continuum extends beyond the degraded
palsa, continuing toward river systems, as described by Olefeldt
and Roulet [26]. This continuum facilitates the lateral flow of
DOC from the peatland into adjacent rivers, driven by the move-
ment of soil pore water. As this water is transported into the river
system, it encounters new physicochemical conditions. For in-
stance, Hirst et al. [93] observed that in an Arctic river in interior
Alaska, pH levels could increase up to 7 within the same season,
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creating an environment where Fe speciation changes substan-
tially. The increase in pH is probably due to the inflow of more
neutral to slightly alkaline groundwater containing bicarbonate,
which is particularly noticeable in large Arctic rivers (e.g., Lena
River or Mackenzie River) due to their stronger connection to deep
groundwater reservoirs [95-98]. These shifts in pH and redox
conditions significantly influence Fe-DOC interactions, altering
the stability and form of Fe complexes. Using a geochemical mod-
eling approach similar to the one used for the palsa to degraded
palsa gradient (combining PHREEQC for Fe?*, Fe**, and Visual
MINTEQ for Fe association to DOC), we simulated the changing
geochemical conditions for Fe-DOC complexes exported from soil
to rivers. We used the Fe and DOC concentrations in soil pore
water from the degraded palsa site (Figure 3c,d), and we set up
conditions for Arctic rivers with the pH at 7 [93, 99-101] and the
redox potential at +600mV [90, 102]. Under these conditions,
Fe?* is nearly entirely oxidized to Fe3* (99%, Table S1), and sub-
sequently precipitates as poorly crystalline iron oxides (Figure 8).
This transformation reduces the solubility of Fe and the forma-
tion of Fe-DOC complexes. This suggests that Fe-DOC complexes
formed in permafrost peatland soils are likely destabilized in the
river. The released Fe can then form new ferrihydrite precipitates
(e.g., [103]) and a new surface on which DOC can attach or low
molecular weight complexes with DOC [59].

a. Degraded palsa

b. Degraded palsa

30 cm ‘

B Complexed to DOC(%) ™ Total precipitated (%)

Whether DOC is bound to the surface of ferrihydrite or trans-
ported as low molecular weight Fe-DOC complexes, could
impact microbial, and photochemical degradation of DOC
in rivers [104, 105]. Notably, microbial degradation favors
smaller molecules of DOC (e.g., aliphatics; [106]) whereas
photodegradation targets larger molecules of DOC (e.g., aro-
matics; [107]). Once bound to DOC, it is considered that Fe
promotes the photodegradation of larger aromatic molecules
[63] and can catalyze microbial degradation of smaller DOC
molecules (e.g., [108]). In this study, we show that permafrost
degradation along a palsa to degraded palsa gradient controls
the supply of Fe-DOC complexes (mainly as Fe?*-DOC com-
plexes) released from soils to aquatic bodies. The amount of Fe
transported is driven by water table fluctuation following e.g.,
summer rain. Our modeled scenarios (Figure 8) support that
exposing these Fe-DOC complexes to more oxic conditions
and higher pH along the soil to river continuum contributes
to destabilize the Fe-DOC complexes and favors the forma-
tion of poorly crystalline Fe oxides (ferrihydrite) which can
adsorb DOC [46, 47, 55-57]. From this, we show that the stage
of permafrost degradation modulates the amount and oxida-
tion state of Fe bound to DOC that is transported from soil to
soil pore water, and in turn, how much Fe will be available to
modulate DOC fate in aquatic systems.

River

River

Truly dissolved (%)

FIGURES8 | Proportions of the three types of Fe form (complexed with DOC [black], precipitated [dark gray], and dissolved inorganic [light gray])

computed from the concentrations of Fe and DOC measured from the soil solutions collected at the degraded palsa site at (a) 10 and (b) 30cm depth

using two geochemical models (PHREEQC and Visual MINTEQ). Fe at the degraded palsa site is 99% as Fe?*, while at river, it is mainly composed

of Fe3* (99%).
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5 | Conclusion

Our study on permafrost peatland for Stordalen, Abisko, Sweden
leads to the following main outcomes:

1. Combining variables such as relative elevation (TPI), thaw
depth, SWC, soil pore water pH, and soil pore water con-
ductivity to changes in vegetation species effectively differ-
entiates submeter scale permafrost degradation and allows
the detection of the transition between a palsa and thawed
permafrost soil.

2. Submeter scale variations in permafrost thaw depth and
SWC change the soil geochemical conditions (pH and redox
potential), and thereby drive the Fe and DOC release in soil
pore water and the capacity to form Fe-DOC complexes.

3. Distinct proportions of Fe?*-DOC complexes are exported
from soil as a function of their stage of permafrost degra-
dation, and the fate of these Fe-DOC complexes is likely to
evolve along the soil to river continuum according to geo-
chemical modeled scenarios.

This study highlights the need to consider the range of associ-
ations between Fe and DOC released from permafrost degra-
dation to rivers to better quantify the availability of DOC for
microbial degradation.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Figure S1: Orthomosaic clips of the palsa (a) and
degraded palsa (b) sites at Stordalen mire from July 2016 and July 2022
(Palace et al. 2019, 2022). Red circles indicate the exact location of the
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sampling locations A, B, and C within each picture. Figure S2: (a) Soil
temperature (°C) and (b) Soil water content (m3/m?) at 10cm (gray) and
30cm (black) in function of time measured every 10 min at the palsa and
the intermediate sites between September 20 and October 7, 2021. The
same measurements were made at the degraded palsa site at 10cm on
four occasions (27-09-21, 30-09-21, 04-10-21, and 07-10-21) during the
sampling campaign. Figure S3: Soil redox potential (mV) measured at
12.5 and 30cm depth at the intermediate site between September 20 and
October 7, 2021. Table S1: Input (pH, redox (mV), and concentration in
Fe (ug/L)) and output (concentrations in Fe?* and Fe3*) of the geochem-
ical modeling (PHREEQC) made on soil pore waters collected at the
palsa, the intermediate (location A, B, and C), and the degraded palsa
sites at 10 and 30 cm depth.
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