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Abstract Permafrost soils in the northern hemi-
sphere are known to harbor large amounts of soil
organic matter (SOM). Global climate warming
endangers this stable soil organic carbon (SOC)
pool by triggering permafrost thaw and deepening
the active layer, while at the same time progressing
soil formation. But depending, e.g., on ice content or
drainage, conditions in the degraded permafrost can
range from water-saturated/anoxic to dry/oxic, with
concomitant shifts in SOM stabilizing mechanisms.
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In this field study in Interior Alaska, we investigated
two sites featuring degraded permafrost, one water-
saturated and the other well-drained, alongside a third
site with intact permafrost. Soil aggregate- and den-
sity fractions highlighted that permafrost thaw pro-
moted macroaggregate formation, amplified by the
incorporation of particulate organic matter, in topsoils
of both degradation sites, thus potentially counteract-
ing a decrease in topsoil SOC induced by the perma-
frost thawing. However, the subsoils were found to
store notably less SOC than the intact permafrost in
all fractions of both degradation sites. Our investi-
gations revealed up to net 75% smaller SOC storage
in the upper 100 cm of degraded permafrost soils as
compared to the intact one, predominantly related to
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the subsoils, while differences between soils of wet
and dry degraded landscapes were minor. This study
provides evidence that the consideration of different
permafrost degradation landscapes and the employ-
ment of soil fractionation techniques is a useful com-
bination to investigate soil development and SOM
stabilization processes in this sensitive ecosystem.

Keywords Climate change - Permafrost thaw - Soil
development - Soil organic matter - Soil fractions -
Microbial decomposition

Introduction

Permafrost shapes large areas in polar regions of
the northern and southern hemispheres and is char-
acterized by consisting of permanently frozen soil
(<0 °C) for two or more consecutive years below a
shallow seasonally thawed active layer IUSS Work-
ing Group WRB 2022). Global warming dispropor-
tionately affects the sensitive arctic regions (Post
et al. 2019), and undeniable landscape changes have
been observed and reported in past decades (Jor-
genson et al. 2006; Farquharson et al. 2019, 2022).
Estimations demonstrate that a global temperature
increase of 2 °C could reduce the northern hemi-
sphere permafrost areas by over 40% within the next
century (Chadburn et al. 2017; Karjalainen et al.
2020). Currently, temperature development within
the permafrost layer indicates a mean warming of
about 0.29+0.12 °C across all permafrost regions, as
observed for the period 2007-2016 (Biskaborn et al.
2019). This increase may seem relatively small, but,
e.g., for the discontinuous permafrost areas of Interior
Alaska, this corresponds to an active layer increase
of >3 cm yr‘1 (Yi et al. 2018) and, in some areas,
detachment of the active layer from permafrost table
and formation of taliks, i.e., a perennially unfrozen
layer of soil (Farquharson et al. 2022).

Deepening of the active layer has manifold con-
sequences for soil and landscape development, for
example, a change in aboveground vegetation and
enhancement of plant rooting depth (i.e., Blume-
Werry et al. 2019; Ogden et al. 2023). In turn, vegeta-
tion productivity can affect the temporal dynamic of
permafrost thaw since a thicker vegetation cover can
reduce thawing in the summer, whereas the warmer
temperatures in winter caused by the increasing
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thickness of the snow cover mitigate permafrost
recovery due to isolation effects (e.g., Atchley et al.
2016; Heijmans et al. 2022). Deepening of the active
layer increases the availability and mobilization of
soil organic carbon (SOC), previously preserved in
the frozen environment. Stabilization of vast amounts
of SOC is maintained by an inhibited decomposi-
tion of organic matter (OM) in cold soils within the
permafrost domain (Hobbie et al. 2000; Schuur et al.
2015). But ongoing ground warming reduces this
natural protection, thus accelerating microbial OM
decomposition and release of CO, and CH, to the
atmosphere as well as mobilization and translocation
of dissolved organic matter (DOM) and particulate
organic matter (POM) to nearby surface waters (e.g.,
Estop-Aragonés et al. 2020; Gagné et al. 2020; Miner
et al. 2022). Eventually, the large SOC storage in per-
mafrost soils, with estimations ranging from 1000
to 1700 Gt (Zimov et al. 2006; Tarnocai et al. 2009;
Hugelius et al. 2014; Friedlingstein et al. 2022), is at
stake.

One well documented consequence of perma-
frost thaw is the collapse of the ground surface due
to the melting of massive ground ice such as ice
wedges or layers of ice-rich frozen deposits and
the evolvement of thermokarst lakes, which already
cover large areas of northern polar regions (Jor-
genson et al. 2006; Olefeldt et al. 2016; in’t Zandt
et al. 2020). In such landscapes, poorly drained
soils, e.g., in proximity to thermokarst lakes, have
a thicker active layer than intact permafrost soils,
which could liberate parts of the thawed soil organic
matter (SOM) (Textor et al. 2019). Accordingly,
thawed mineral soil showed large SOC losses when
soil water contents increased during tundra perma-
frost degradation (Hicks Pries et al. 2013). How-
ever, comparably cold and largely anoxic conditions
in this wet landscape may hamper the effectivity
of microbial decomposition (Bockheim and Hinkel
2007). Sometimes also both, as O’Donnell et al.
(2012) showed that permafrost thaw in Alaskan
peatland areas with limited drainage and accord-
ingly large water contents resulted in accumulation
of surface SOM, while thawed SOM in the subsoil
was prone to microbial decomposition, thus result-
ing in a net loss of OC in the peat-rich active layer.
Depending on ground ice content, texture, geomor-
phologic features, hydraulic connectivity, and veg-
etation cover (i.e., evapotranspiration), drainage
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after permafrost thaw can also foster the develop-
ment of dry landscapes with well-drained and oxic
soils (Jorgenson and Osterkamp 2005; Ping et al.
2015; Estop-Aragonés et al. 2020; Jones et al. 2022;
Jin et al. 2022). Under dry and warm conditions,
microbial turnover of SOM is faster and more effec-
tive (Natali et al. 2015). But on the contrary, soil
development, i.e., the formation of oxyhydroxides
and soil aggregates, is likewise enhanced (Opfer-
gelt 2020). Aggregate formation is facilitated by
the interplay of mineral particles, OM, and micro-
organisms (Totsche et al. 2018) and can physically
protect OM from decomposition by occlusion inside
aggregates (Totsche et al. 2018; Opfergelt 2020).
Iron-containing oxyhydroxide formation in aero-
bic parts of the soil (oxidation of reduced iron) can
further provide physico-chemical protection of OM
due to interactions of OM with the reactive mineral
surfaces, thus forming mineral-organic associations
(Kleber et al. 2007; Abramoff et al. 2021). This
eventually can result in increased retention and sta-
bilization of mobilizable SOM compounds as well
as microbial metabolites (Wang et al. 2017), also in
thawing permafrost soils (Gentsch et al. 2018; Liu
et al. 2022). Previously, drying of degraded perma-
frost soils was found to intensify SOM turnover in
the topsoil, while reducing decomposition rates of
old SOM in the subsoil (Gockede et al. 2019; Kwon
et al. 2019). Other studies suggest that the microbial
community responds and adapts within years to per-
mafrost thaw and that SOM decomposition can be
increased under both aerobic and anaerobic condi-
tions (Xue et al. 2016).

Even though it is certain that water-logged con-
ditions in degraded permafrost soils, e.g., as a con-
sequence of adjacent thermokarst development, sig-
nificantly enhance the deepening of the active layer
compared to well-drained permafrost-degraded soils
(Nitzbon et al. 2020), the shift in SOM stabilization
processes in degraded permafrost soils is often not
considered in the current discussion. Furthermore,
a potential long-term perspective with ongoing cli-
mate warming is not only considering permafrost
degradation with more water-saturated soils, but
also that more lakes and wetlands could disappear
due to drainage (in’t Zandt et al. 2020; Jones et al.
2022). An evaluation of contrasting permafrost deg-
radation landscapes under dry and wet conditions is

still lacking more field evidence to resolve the fate
of SOM during permafrost degradation.

In this study, the main objective was to evaluate
SOM storage of soils in both a water-saturated (wet)
and well-drained (dry) permafrost degradation land-
scape in comparison with an intact permafrost soil.
We hypothesized that:

(1) Differences in SOC between intact and degraded
permafrost soils occur primarily in the subsoil,
while in the topsoil stabilization processes asso-
ciated with soil development mitigate the decline
in SOC stocks.

(2) Soil hydrological conditions determine whether
inhibition of microbial decomposition (wet) or
protection in aggregates and at mineral surfaces
(dry) is maintaining SOM stabilization after per-
mafrost degradation, but SOM preservation is
not favored in soils from either degradation land-
scape.

For this, we selected three sites in a forested area
underlain by discontinuous permafrost in the vicin-
ity of Fairbanks, Alaska, where intact permafrost and
degraded permafrost with wet and dry conditions is
present within one kilometer distance and are not
affected by different local climate conditions. Dis-
entangling SOM stabilization mechanisms was done
by sequential soil fractionation by aggregate size and
particle density, followed by soil fraction-resolved
quantification of C stocks and evaluation of the deg-
radation stage of SOM.

Material and methods
Study sites

The study area is located in Interior Alaska, USA, at
the city of Fairbanks. This research area belongs to
the University of Alaska Fairbanks and provides dif-
ferent permafrost degradation landscapes within a few
kilometers (Fig. 1a), thus ensuring comparable parent
material and climatic conditions for soil development.
The mean annual temperature in the research area is
about — 3 °C, and annual precipitation amounts to
500 mm (Rooney et al. 2023). The Fairbanks area is
covered by Quaternary, Pleistocene and Tertiary gla-
cial loess deposits (Fig. 1b; Rieger et al. 1963; Wilson
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Fig.1 Overview of the research area and the location of the
three study sites intact permafrost (Intact), wet-degraded site
(Wet), and dry-degraded site (Dry) is provided in (a) (Picture
© 2023 Airbus, CNES/AirbusMaxar Technologies, Map-
data: Google© 2023). A geologic map section is provided in
(b) [modified from Newberry et al. (1996)], with the contours
of the Smith Lake n the left side and University Campus on
the bottom. The area framed by the red-dashed line repre-
sents the dimensions of the research area shown in (a). The
orange colored area at the bottom of the geologic map refers
to the “Fairbanks Loess” deposits (abbreviation in map: Qef),
whereas the bright orange colored area refers to re-transported

et al. 2015). The loess deposits are underlain by schist
and quartzite (Rieger et al. 1963).

Three landscape types with intact permafrost and
two different permafrost degradation conditions
were identified and selected for investigating the
effects of permafrost thaw on soil development and
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silt material originated from the same “Fairbanks loess”
(abbreviation in map: Qer). Profile pictures of soils from the
Intact permafrost (c¢) and both permafrost degradation land-
scapes (Wet (d), Dry (e)) in the Fairbanks research area are
provided in the bottom part of the figure. The soil type at the
Intact permafrost site was classified as Turbic Oxyaquic Histic
Cryosol (Siltic, Eutric, Endic, Humic) (c¢). The Wet landscape
was dominated by Turbic Reductaquic Cryosol (Eutric, Siltic)
(d), and the Dry landscape was dominated by Dystric Rego-
sol (Siltic, Nechic) (e). Note that the dark color of the Regosol
topsoil (ca. 0-30 cm) is due to the infiltration of water from a
precipitation event shortly before fieldwork started

C retention and stabilization. The research area rep-
resents a north-facing gentle slope with the bottom
being a depression between two lakes. The area is
characterized by discontinuous permafrost distribu-
tion (Jorgenson et al. 2008). Permafrost temperatures
vary from — 2.5 to — 0.5 °C. Within the degraded
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permafrost areas, ground temperatures range from
1.9 °C (wet site) to 2.7 °C (dry site) (data not shown).

Intact permafrost landscape

A landscape consisting of intact permafrost soils
with a shallow permafrost table and no major degra-
dation features was selected as a reference (hereon,
Intact permafrost). The plot is located at the toeslope
with a north-facing aspect in close vicinity to Smith
Lake (64° 51" 56.1" N 147° 51' 18.9" W). The tree
vegetation is dominated by retarded growing conifers
adapted to cold soils (primarily black spruce (Picea
mariana) and tamarack (Larix laricina), and the for-
est floor vegetation is dominated by tussock wetland
plants and includes ericoid shrubs, grasses, sedges,
mosses, and lichens (Douglas et al. 2008). The soil
was classified as a Turbic Oxyaquic Histic Cryosol
(Siltic, Eutric, Endic, Humic) (Fig. 1c; ITUSS Work-
ing Group WRB 2022). Specific features of this soil
were different peat layers of 33 cm total thickness on
top of the mineral horizons (Table 1), the presence
of cryoturbated OM in various soil depths, and pre-
dominantly oxic pore water in the thawed mineral soil
(redox potential >500 mV) determined by station-
ary redox potential measurements (data not shown).
The thaw depth at the moment of sampling varied
between 45 and 55 cm.

Wet landscape

A landscape consisting of degraded permafrost soils
with large water contents (hereon, Wet site) was
selected within 200 m distance north of the Intact
permafrost (64° 52’ 02.4" N 147° 51’ 17.3" W). It is
located on a low hill (difference in elevation between
Wet site and the Intact permafrost is about 1-2 m)
at the bottom of the depression between Smith and
Balaine lakes. Thawing is accelerated due to higher
impact of snowpack insulation during winter seasons
because of more open conditions compared to the
intact permafrost which results in less snow trapped
on the tree canopies and thus higher snow accumula-
tion at the ground. In addition, poor drainage leads to
higher latent heat release during soil water freezing.
The Wet site features characteristics of the “Irregular
Thermokarst Mounds” permafrost mode, one of 14
primary permafrost modes of boreal Alaska described
by Jorgenson and Osterkamp (2005). Even though

there is no lake development due to thermokarst at
the research sites, the Wet site can be considered as a
model of permafrost degradation due to the process of
thermokarst. The forest at the site is also dominated
by conifers [primarily black spruce (Picea mariana)
and white spruce (Picea glauca)], but characterized
by less stunted growth compared to the Intact perma-
frost. Within the plot, an intermittent of suppressed
birch trees occurs. The forest floor vegetation is rep-
resented by ericoid shrubs, grasses, sedges, mosses,
and lichens (Douglas et al. 2008). The soil was clas-
sified as a Turbic Reductaquic Cryosol (Eutric, Siltic)
(Fig. 1d; TUSS Working Group WRB 2022) covered
with an 11 cm thick organic layer (Table 1). The per-
mafrost table varied between 100 and 200 cm soil
depth, accompanied by cryoturbations in various
depths within the upper 100 cm. The mottled upper
mineral horizons display dynamic redox conditions
in the topsoil, whereas in the subsoil, immediate fer-
rihydrite formation on the profile wall after soil pro-
file excavation illustrates the reducing conditions
(Fig. 1d).

Dry landscape

A landscape consisting of degraded permafrost
soils, which are well aerated and have small water
contents (Table 1), was selected about 700 m
south of the Intact permafrost at the shoulder of a
north-facing slope (64° 51’ 33.5" N 147° 51' 18.0"
W) (hereon, Dry site). The difference in elevation
between the Dry site and the intact permafrost is
about 35 m. The vegetation is dominated by decidu-
ous trees (primarily birch (Betula papyrifera) and
aspen (Populus tremuloides)). Shrubs, mosses, and
lichens represent the forest floor vegetation. The soil
was classified as a Dystric Regosol (Siltic, Nechic)
(Fig. le; IUSS Working Group WRB 2022), cov-
ered with an 8 cm thick organic layer. The hilltop
area experienced a disturbance in the first half of
the twentieth century, but did not show permafrost
degradation features observed at an agricultural
test field (deforestation in 1908 and plowing in the
1940s years; Péwé 1954) in the same area such as
100200 cm deep trenches separating mounts of
200-300 cm in diameter [personal observation;
Polygonal Thermokarst Mounds (Jorgenson and
Osterkamp 2005)]. We thus infer that disturbance in
the Dry site area was limited to the removal of the
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vegetation cover, either by human activities or by
natural events like a wildfire, with no direct human
intervention in the soil. No permafrost was recorded
in the upper 200 cm of soil for at least the last
70 years (Péwé 1954). With this, the Dry site can be
considered as a representative of boreal silty upland
landscapes in Alaska (Jorgenson et al. 2013). The
soil profile showed no signs of former cryoturba-
tions, but contained lamellic illuvial clay (Fig. le),
which illustrates the former illuviation of clay by
infiltrating snowmelt and rainwater (about twice the
clay content compared to the surrounding soil).

Study site comparability

The approach taken here makes use of compara-
ble situations of the three study sites and a simi-
lar composition of the soils prior to the initiation
of permafrost thaw. First of all, permafrost must
have been present up to the backslope of the hill
within the study area in the past. Rooney et al.
(2023) reported on permafrost depths between 60
and 90 cm (from the soil surface) at all positions
along a similar slope gradient in the Fairbanks area
and together with our own observations of isolated
permafrost spots within 100 m distance to the Dry
site, we infer that permafrost was present prior to
degradation. Second, the natural forest succession
from spruce to birch/aspen mix deciduous forest
was described for well-drained permafrost-free soils
of Interior Alaska, whereas poorly drained sites are
typically dominated by black spruce stands (Péwé
1954; Van Cleve and Viereck 1981; Jorgenson et al.
2010). Even though there is evidence of disturbance
at the Dry site, forest succession apparently hap-
pened in a comparable way to the natural one, as
this succession is largely based on deciduous trees
growing faster than conifers (Mack et al. 2021). We
thus can infer that the Dry site was likewise domi-
nated by black spruce prior to permafrost thawing
as well as the Wet site. Albeit we do not have '*C
ages of SOM from the Wet and Dry site, Waldrop
et al. (2010) and Wickland et al. (2018) reported
14C ages of SOM from the Smith Lake area (Intact
permafrost) of 2000-3000 years (active layer) to
5000-6000 years (permafrost), thus suggesting that
large parts of the accumulated OM in this area is
older than the recent thawing event.

Sampling

The sampling campaign in Fairbanks was con-
ducted at the maximum permafrost thaw depth in
late August—early September 2021. At each site, one
150 100 cm profile was prepared with a depth of
either 100 cm (Wet and Dry) or until reaching the
permafrost table (Intact). Soil sampling was done
per horizon by taking the material from three profile
walls. This sampling scheme was chosen to evaluate
changes within each horizon of the soil profiles as a
consequence of permafrost thaw. For determining the
bulk density and water content, the soil was addition-
ally sampled in 100 cm™ cylinders, weighted field
fresh, and a 2nd time after 3 days of oven-drying at
65 °C. In order to assess soil processes behind SOC
stock changes, evaluation of soil horizons alone was
not suitable, as horizon development (e.g., change in
thickness, bulk density, illuvial or eluvial processes)
proceeds. Hence, in a second sampling, another three
satellite soil pits were excavated within 10 m distance
to the soil profile. Together with the soil profile pit,
a total of four replicates of mineral topsoil (Topsoil)
and mineral subsoil (Subsoil) material in defined soil
depths within the active layer were sampled. With
this, SOC stock changes were evaluated on the basis
of the same mineral soil depth and especially within
a uniform 5 cm thick depth increment. Mineral soil
depths within the active layer were chosen since our
approach was focused on aggregate- and oxyhydrox-
ide formation linked to the overall decomposition
of SOM, processes that take place in unfrozen soil.
Thus, the Topsoil depth increment was defined from 2
to 7 cm below the organic layer to assure comparabil-
ity between the three sites in terms of connectivity to
the organic layer, since topsoils are typically classi-
fied according to the accumulation of OM. The Sub-
soil increment was defined from 45 to 50 cm below
the organic layer, as degraded sites showed B- and
C-horizons in this depth. For the shallow active layer
of the intact permafrost, the Subsoil depth would have
been within the frozen ground. But due to the restric-
tion to the active layer, the maximum distance to the
Topsoil depth was chosen, i.e., a 5 cm increment
above the permafrost table, on average 10 cm below
the Topsoil depth. A previous study reported that less
degraded permafrost soils of a similar slope gradient
in this area had about 40 cm of thawed mineral soil
(Rooney et al. 2023). Hence, it can be expected that
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the Subsoil depths of the degraded sites were located
in the upper part of the permafrost table or within
the transition zone between permafrost table and
active layer prior to permafrost degradation, the lat-
ter would thus resemble the current situation in the
Subsoil depth of the intact permafrost. An extension
to Table 1, covering basic soil parameters of the Top-
and Subsoil increments, is given in the supplementary
information (Supplementary Table S1).

Physico-chemical analyses

After sampling, soil material for physico-chemical
analyses was air-dried and sieved <2 mm. Soil pH
was determined in suspension in ultra-pure H,O (18.2
MQ) with a soil-to-solution ratio of 1 to 2.5. Soil
texture was analyzed according to DIN ISO 11277
(2002) after OM oxidation with 35% H,O, and dis-
persion of soil aggregates with sodium metaphos-
phate. Analysis of the mineralogical composition of
the clay fraction was performed according to Moore
and Reynolds (1997). The clay fraction (<2 pum) was
separated by sedimentation and decantation after the
removal of OM with H,O, (35%) and Fe oxides using
dithionite-citrate-bicarbonate extraction. For X-ray
diffractometry (XRD; D 500, Siemens, Munich, Ger-
many; Cu Ka radiation, range of 1 to 30° 20), the clay
samples were saturated with K* and Mg?*, respec-
tively. After removing free salts, the suspensions were
transferred to glass slides and allowed to dry at room
temperature. In addition, the K*-saturated sample
was heated to 550 °C, and the Mg-treated sample was
exposed to ethylene glycol vapor. Moreover, Fourier
transform infrared (FTIR) spectroscopy in the range
of 4000400 cm™! was performed with the clay frac-
tion in transmission mode using KBr pellets (Tensor
27, Bruker, Karlsruhe, Germany) (Lessovaia et al.
2014).

Aliquots were ground in a ball mill and weighted
into tin capsules for SOC, total nitrogen (TN), and the
bulk soil’s *C/'*C ratio determination. Samples were
measured by a vario ISOPRIME cube (Elementar
Analysesysteme GmbH, Hanau, Germany) elemental
analyzer coupled to an IsoPrimel00 (IsoPrime Ltd,
Cheadle Hulme, UK) stable isotope ratio mass spec-
trometer (EA-IRMS). Soil OC to TN ratios were cal-
culated based on the measured C and N contents in
mg g~!. Carbon isotope values are given in the delta
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notation relative to the Vienna Pee Dee Belemnite
(VPDB; Hut (1987)).

Selective extractions were conducted to determine
the content and specification of soil-borne iron (Fe)
and aluminum (Al). Poorly crystalline aluminosili-
cates and Fe hydroxides (i.e. ferrihydrite), in addi-
tion to organically complexed Al (Al,) and Fe (Fe,)
were dissolved by 0.2 M ammonium oxalate solution
at pH 3, according to McKeague and Day (1966).
Iron bound in organic complexes, poorly crystalline
hydroxides and crystalline oxides (Fe,) was dissolved
by dithionite-citrate-bicarbonate solution following
the method created by Mehra and Jackson (1960) and
modified by Sheldrick and McKeague (1975). By
subtracting the oxalate-extractable Fe from the dith-
ionite-extractable Fe, an estimate of the more crys-
talline Fe phases (Fe,) was done. Exchangeable cati-
ons were extracted by Mehlich 3 solution (Mehlich
(1984); detailed method description in Carter and
Gregorich (2008)), and comprised Na, K, Mg, Ca, Al,
Fe, and Mn.

All extracts were measured by inductively coupled
plasma optical emission spectroscopy (ICP-OES;
Varian 725-ES, Palo Alto, CA, USA).

Total DNA and RNA extraction

Soil samples (appx. 3 g) were immersed with 2 vol-
umes of LifeGuard Soil Preservation Solution (Qia-
gen, Hilden, Germany) directly in the field immedi-
ately after sampling. All Lifeguard-treated samples
were constantly kept at 4 °C and were extracted
within 3 weeks after sampling. Prior to extraction
in the lab, the LifeGuard solution was removed via
centrifugation according to the recommended pro-
tocol. Total RNA was extracted from approximately
2 g of soil with the RNeasy PowerSoil total RNA kit
(Qiagen, Hilden, Germany). Additionally, DNA was
co-extracted using the RNeasy PowerSoil DNA elu-
tion kit (Qiagen, Hilden, Germany). The final elution
volume was 50 ul, and extracted RNA and DNA were
stored at — 80 and — 20 °C, respectively. The total
extracted DNA was used as a proxy for total micro-
bial biomass and total RNA as a proxy for the meta-
bolically active (i.e. protein synthesizing) microbial
biomass (Blazewicz et al. 2013). Due to comparison
of organic and mineral horizons and accompanied
large differences in microbial biomass per gram soil
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dry weight, values were normalized to SOC contents
and are expressed in ng mg SOC™! (Zhou et al. 1996).

Soil fractionation

Bulk soil samples went through a two-step sequential
fractionation process in order to determine quality
and quantity of different OM pools in permafrost-
affected soils and to what extent the type of perma-
frost degradation affected the pools.

First, a total of 34 bulk soil samples, comprising
all mineral soil horizons (excluding Dry site AhE
horizon; n=10) and the four Topsoil and Subsoil rep-
licate samples from all sites (n=24), were fraction-
ated by aggregate size and divided into microaggre-
gates (MiA) and macroaggregates (MaA) by using a
modified method from Siebers et al. (2018). For that,
40 g of soil and 200 ml of ultra-pure water (1:5 w:v)
were mixed on an overhead shaker for 1 h at a fre-
quency of 20 rpm to break up all loosely attached soil
particles (not water-stable aggregates). After shaking,
the suspension was transferred to a 250 pum sieve, and
wet sieving was done for one minute. Soil passing the
250 um sieve was defined as MiA, while soil on top
of the 250 pm sieve was considered as MaA (up to
2 mm in size). After fractionation, all samples were
shock frozen in liquid nitrogen and freeze-dried. The
mean + standard deviation (SD) mass recovery of
MiA +MaA amounted to 97.9+0.9% (n=34). Soil
OC, TN, and the '*C/'>C ratio of all aggregate sam-
ples were measured by EA-IRMS. The mean (+SD)
SOC recovery within both aggregate fractions relative
to the bulk SOC amounted to 105.1+19.2% (n=33).
The water used for fractionation was collected, quan-
tified, and filtered through 0.45 pm polyethersulfone
filters (VWR International, Darmstadt, Germany). On
average (+SD), 423 +51 ml (n=34) water was used
per sample for the whole fractionation process. The
OM released into the solution during the fractionation
was considered as water-mobilizable OM, a loosely
bound OM fraction and thus likely rather fast cycling.
The water-extracts were stored at+4 °C and charac-
terized within 2 days after fractionation by measur-
ing the water-extractable organic carbon (WMOC)
concentration by high-temperature combustion
with a vario TOC cube (Elementar Analysesysteme
GmbH, Hanau, Germany) and the UV absorbance at
280 nm with a SPECTROstar Nano microplate reader
(BMG LABTECH Ortenberg, Germany). The UV

absorbance at 280 nm was later used to calculate the
specific UV absorbance (SUVA,g;), an indicator of
the aromaticity of DOM (Kalbitz et al. 2003).

In a second step, the aggregate samples (ny;;, =34;
Dyaa =12) were further separated into a light frac-
tion (LF), containing POM, and a heavy fraction
(HF), containing mineral-associated organic matter
(MAOM), by density fractionation. Aggregate frac-
tionation did not always yield enough MaA mate-
rial for density fractionation, thus MaA sample size
is smaller than MiA sample size. Typically, density
fractionation is done with 20-25 g of soil (e.g. Gol-
chin et al. 1994; Cerli et al. 2012). But since density
fractionation was used after aggregate fractiona-
tion, such weights were not always feasible in this
sequence. Following the descriptions of Liebmann
et al. (2023a), the sample weight for density frac-
tionation was reduced to 5 g for all aggregate sam-
ples. A few MaA samples yielded less than 5 g after
aggregate fractionation, but due to comparably large
LF contents, weights for density fractionation were
further reduced to 1 g (Liebmann et al. 2023a). A
sodium-polytungstate density solution (SPT 0, TC-
Tungsten Compounds, Grub am Forst, Germany)
with a density of 1.6 g cm™ was used for fractiona-
tion and added to the soil in a soil:solution ratio of
1:5 (w:v), following the descriptions of Liebmann
et al. (2020). In brief, soil-polytungstate mixtures
were treated with ultrasound (Sonopuls HD2200,
Bandelin electronic GmbH & Co KG, Berlin, Ger-
many) to break up aggregates with an energy input
of 60 J ml™" (Gentsch et al. 2015). After 1 h of rest-
ing time and centrifugation at 6000 g for 30 min, the
supernatant containing both free and occluded LF
material was filtered through 0.45 pm PES filters
(PALL Life Sciences, Ann Arbor, MI, USA). Light
fraction separation was repeated once, and after-
wards, the LF and the remaining HF were washed
salt-free with ultra-pure water until the electric con-
ductivities of the washing solutions were <10 pS for
LF and <50 pS for HF. Washed LF and HF fractions
were stored frozen (— 20 °C), freeze-dried, quantified,
and measured by EA-IRMS on SOC, TN, and '3C/"*C
ratios. The mean (& SD) mass recovery after MiA and
MaA density fractionation amounted to 97.6+1.2%
(n=46). Mass distributions of aggregate- and den-
sity fractions of the mineral soil horizons of the three
study sites are provided in Supplementary Fig. S1.
As previously reported by Liebmann et al. (2020),
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the different treatments during density fractionation
result in the desorption of OM to the sodium-poly-
tungstate solution. The density solutions were filtered
through 0.45 pm polyethersulfone filters, measured
for OC concentrations on a varioTOC cube, and data
were included in mass and OC recovery calculations.
Further, washing of the heavy MAOM fractions also
releases considerable amounts of OM (Gentsch et al.
2015; Liebmann et al. 2020). To account for that, the
washing solutions were collected, filtered (0.45 um
polyethersulfone filter), and measured for their OC
concentrations (varioTOC cube). The OC contents
of the MAOM fractions were then corrected for the
amounts of OC released into the solution. The mean
(=SD) SOC recovery within MAOM and POM of
the MiA fraction relative to the SOC in the MiA frac-
tion amounted to 81.0+32.3% (n=34). The mean
(=SD) SOC recovery within MAOM and POM of the
MaA fraction relative to the SOC in the MaA frac-
tion amounted to 94.9+19.9% (n=12). The total
mean (+SD) SOC recovery as a sum of all fractions
obtained by both fractionation procedures relative to
the bulk SOC amounted to 94.2+14.3% (n=12).

Calculations and statistics

The plant-available cations were calculated as the
sum of Ca, Mg, K, Na, Al, Fe, and Mn measured in
the Mehlich 3 extracts. The base saturation (BS, in %)
was calculated according to Eq. 1:

Y (Ca,Mg, K, Na)
Y (Ca,Mg, K, Na,Al, Fe, Mn)

BS = x 100 (1)

The specific UV absorbance at 280 nm (SUVA )
was calculated as the ratio of UV absorbance and
WMOC concentration (L mg C~! cm™) (Chantigny
et al. 2008).

Soil OC stocks (kg m~?) were determined, either
for horizons to evaluate complete profiles or for the
5 cm thick depth increments to compare Top- and
Subsoils, according to Eq. 2:

SOCstock = SOC X BD X depth x 0.01, )

where SOC is the soil organic carbon content in mg
g1, BD is the bulk density of the fine earth fraction
in g cm ™, and the depth is either the horizon or incre-
ment thickness in cm. Note that there was no stone
fraction (>2 mm) at the three research sites, which
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would have required a correction in SOC stock
calculation.

Soil profile data show individual values, while
all Topsoil and Subsoil data show the mean of four
field replicates +SD. Significant differences between
Topsoil and Subsoil or between the sites were tested
by analysis of variance (ANOVA, p<0.05) with the
Tukey test as post hoc analysis. Pearson correlation
was employed to confirm the linear correlation of
normal-distributed datasets (Shapiro—Wilk normality
test). Statistics were done with SigmaPlot 14 (Systat
Software GmbH, San Jose, USA).

Results
Mineral composition and nutrient availability

The intact permafrost soil, which serves as the refer-
ence point of a state of permafrost before degradation,
featured a thick organic layer and large water contents
in the active layer (both in the organic layer and the
mineral soil; see Table 1). Contents of dithionite-
extractable Fe provide a measure for the presence of
Fe oxyhydroxides minerals with different crystallin-
ity. Overall, Fe oxyhydroxides contents in the Intact
permafrost soil were 5 X smaller compared to the soils
from both permafrost degradation sites (Fig. 2a),
whereas the content of crystalline Fe phases (Fe,),
which are formed in aerated parts of the soil, high-
lighted the differences between the Wet and Dry site
(Fig. 2b). While Fe_ decreased with depth in the soil
of the Wet site, overall Fe, contents were larger in the
soil of the Dry site and additionally increased with
increasing soil depth showing the largest differences
between Wet and Dry site in deeper subsoils. A dif-
ferent trend was observable for the redox-independent
Al compounds, with larger contents for the Intact soil
compared to the soils of the degradation sites and a
decrease in the concentration with depth for both Wet
and Dry (Fig. 2c¢).

The mineralogical composition of soils from loess
depends on the petrology of the rocks from the source
area of the deposited loess, which are glacial outwash
plains (in an unknown distance), and the weathering
transformations during soil formation. X-ray diffrac-
tometry supported by IR-spectroscopy of the <2 pm
fraction of the soils under study consistently revealed
that clay mineralogy is dominated by illite and
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Fig. 2 Contents of dithionite-extractable iron (Fe,;), Fe in
crystalline phases (Fe,) as the difference between dithionite-
extractable Fe and oxalate-extractable Fe, and oxalate-extract-
able aluminum (Al in soils of the Intact permafrost and both
degradation sites Wet (blue) and Dry (orange) are given in (a),
(b), and (c) respectively. Half-colored symbols represent the

vermiculite (Fig. 3a—c). Minor amounts of smectite,
primary chlorite, kaolinite and quartz were identi-
fied. Illite, primary chlorite and quartz are typically
of detritic origin. The presence of primary chlorite
indicates that besides magmatic also, metamorphic
rocks contributed to the loess deposited here. Illite
was clearly detectable in the diffraction patterns with
Mg-treatment by the discrete diffraction maximum at
1.0 nm (Fig. 3a—c). Derived from the relative inten-
sity of interferences, illite was markedly lost in the
topsoils of both permafrost degradation landscapes,
where interferences at 1.40 nm most strongly indi-
cate the extended transformation of illite to expand-
able layer silicates (vermiculite and smectite). For the
samples with Mg and ethylene glycol treatment (Sup-
plementary Fig. S2), interferences at 1.60 nm can be
attributed to smectite, which showed discrete peaks
in the two topsoil A-horizons of the Dry site and, in
contrast, for the Wet site in the subsoil Br@/Cr@
horizons. In the other samples, relative intensities of
smectite appeared low by forming a small shoulder
on the 1.40 nm diffraction maxima towards higher
d-values only. Saturation of exchange sites with K
(Supplementary Fig. S3) resulted in a clear increase

mean of Topsoil (T) and Subsoil (S) samples (n=4) with the
standard deviation as error bars. The other data points show
individual values per horizon and depth connected by dotted
lines to see better the trend with depth. Please note that 0 cm
soil depth refers to the soil surface and not the beginning of the
mineral soil

of the dOO1 spacing at 1.0 nm, indicating contraction
of vermiculite and potentially highly charged smectite
upon K-uptake. The pronounced 1.40 nm peak upon
heating to 550 °C can be assigned to primary chlorite,
which was identifiable in all clay fractions of the hori-
zons from Intact and Wet, whereby the interferences
of primary chlorite appeared less pronounced in the
samples from the Dry site (Supplementary Fig. S4).
Kaolinite was clearly visible in the IR spectra by the
absorption band at 3697 cm™! (Supplementary Fig.
S5). Here, quartz was also identifiable by a double
absorption band at 800 cm™' and in the diffraction
-pattern at 0.425 nm. Both minerals, quartz and kao-
linite, were present in minor amounts in all horizons
determined.

Changes in mineralogical composition during the
progress of soil formation can affect the release of
nutrients (e.g., promoted by weathering or dissolu-
tion) as well as their retention at mineral surfaces.
Plant-available cations did not differ much in the
mineral soil of all profiles (Table 1). Potassium, Na,
and Mn were negligible in soils of all three land-
scapes, whereas Al dominated at Intact and Dry
Topsoil (Fig. 4a, b). Wet and Dry Subsoil showed
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Fig. 3 X-ray diffraction patterns of the clay fraction (<2 pm)
from all mineral horizons of the intact permafrost (a), Wet site
(b), and Dry site (¢). d-spacings in nm are given next to all dis-
tinct peaks. The Mg**-saturation treatment was chosen as dis-
crete diffraction maxima for illite are obtained here, while The

the largest availability of Mg and Ca. Base satura-
tion exhibited no significant differences between
Topsoil and Subsoil in the Intact permafrost land-
scape, while Topsoil in the Wet landscape had a sig-
nificantly larger base saturation compared to Sub-
soil and vice versa for the Dry landscape (Fig. 4a,
b). Thereby, differences were most pronounced for
the Topsoil of both permafrost degradation sites,
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diffraction patterns of the other treatments are given in the sup-
plementary information, with Mg?*-saturation + ethylenglycol
solvation (Supplementary Fig. S2), K*-saturation (Supplemen-
tary Fig. S3), and K*-saturation + heating to 550 °C (Supple-
mentary Fig. S4)

with Wet Topsoil having the largest and Dry Top-
soil the smallest BS (Fig. 4a).

Soil fractions

Sequential aggregate and density fractionation were

employed to detect changes in SOC stabilization
following permafrost degradation. Mass distribution
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Fig. 4 Plant-available cations (aluminum (Al), iron (Fe), man-
ganese (Mn), calcium (Ca), magnesium (Mg), potassium (K),
and sodium (Na)), extracted with a Mehlich 3 solution, given
for soils of the Intact permafrost (grey) and both degradation
sites Wet (blue) and Dry (orange) in each case for Topsoil (a)

revealed that MiA dominated throughout the sites
and soil depths. At the Intact permafrost site, MiA
accounted for>95% of bulk soil in Top- and Sub-
soil, whereas the Topsoils of the degradation sites
had less MiA with 83 +6% at Wet and 77 + 10% at
Dry (differences not significant). The Intact perma-
frost soil had a small amount of MaA throughout
the active layer (<2%, Fig. 5 left), which is in line
with the small content of crystalline Fe phases in
both depths (Fig. 2b). Overall, the amount of MaA
was larger in soils of both degradation sites (Fig. 5,
left). The Wet site showed a large proportion of
14+9% MaA in the redox-dynamic Topsoil where
also more crystalline Fe phases were found (Fig. 2a,
b), while in the water saturated Subsoil MaA rep-
resented only a small proportion (1.6 +0.5%), simi-
lar to Intact (Fig. 5, left). However, crystalline Fe
contents were significantly larger in the Wet Sub-
soil compared to the Intact Subsoil, but still, the
development of MaA was comparably small. Most
MaA were found in Dry Topsoil (21 +£6%), which

and Subsoil (b). Bars show the mean (n=4), and the error
bars represent the standard deviation. The base saturation (BS)
is given in each color segment as the mean =+ standard devia-
tion, with different letters representing significant differences
according to ANOVA analysis

coincides with large contents of Fe phases (Fig. 2a,
b). In the Subsoil, MaA contents decreased, but
with 2.4+ 0.4%, they were still the largest among
all landscapes showing that the Dry and Wet site led
to the increase of MaA mainly in top soil horizons
(Fig. 5, left).

Density fractionation of aggregate samples was
done with all MiA samples and MaA from Wet and
Dry Topsoil due to limited quantities of the other
MaA samples. Regardless of the landscape and
aggregate size, both soil depths showed that the HF
dominated the mass distribution (Fig. 5, right). For
MiA in the Topsoils, the smallest content of LF mate-
rial was present in the Dry site (1.1+0.4%), followed
by the Wet site (1.5+0.7%), and the Intact permafrost
(2.4+1.2%) (Fig. 5, right; not significantly different
to each other). The Subsoils of both degradation land-
scapes had significantly smaller contents of LF mate-
rial in the MiA compared to the intact permafrost
(Fig. 5, right). Macroaggregate density fractionation
revealed larger contents of LF material compared to
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Fig. 5 Distribution of microaggregates (MiA) and macroag-
gregates (MaA) after aggregate fractionation for Topsoil (T)
and Subsoil (S) samples of the Intact permafrost (grey) and
both degradation sites Wet (blue) and Dry (orange) is given in
mass-% on the left side. On the right side, the mass distribu-
tion of the light fraction (LF) and the heavy fraction (HF) after
density fractionation is given within each aggregate fraction.

MiA of all soils, while most LF material was present
at the Wet Topsoil MaA.

Degradation state of SOM

Carbon to nitrogen ratios, as well as 813C natu-
ral abundance of SOM in the bulk soil, varied with
depth and between research sites. Generally, C/N
ratios decreased from the organic layer (with~40)
to the mineral topsoil soil (~25) and further towards
the mineral subsoil (~ 10, Fig. 6a). Conversely, 8'*C
values increased with increasing soil depth (Fig. 6b),
confirmed by linear correlations (Pearson, p<0.05)
of both parameters (Supplementary Fig. S6). The
Intact permafrost had the largest C/N ratios through-
out the soil profiles and the Subsoil depths, but the
C/N ratio in the intact permafrost Topsoil was smaller
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Black dashed arrows on the left side of the figure are marking
the connection of each aggregate fraction to their respective
LF/HF mass distribution. All bars represent the mean (n=4),
with the error bars showing the standard deviation. Note that
aggregate fractionation did not always yield enough (macro)
aggregate material to conduct density fractionation. In such
cases, n.d. (not determined) is stated for the LF/HF distribution

compared to the Wet and Dry degraded permafrost
Topsoil. Soils of both degradation landscapes depict a
distinctly smaller C/N ratio in the soil profiles, in both
organic layer and mineral soil, highlighting a more
effective microbial decomposition, likely as a conse-
quence of permafrost thaw (Fig. 6a). Apparently, C/N
ratios in soils of the Dry and Wet sites were neither in
the Topsoil, nor in the Subsoil significantly different
from each other.

Water-mobilization of OC was investigated to
evaluate how much SOC can be easily mobilized and
leached out of the soil. Mobilization of OC was very
variable, thus, differences between Top- and Sub-
soil and the three sites were not significant (Fig. 6c).
However, a relative increase in WMOC with increas-
ing soil depth was observable for the wet site and
intact permafrost. The largest mobilization in the
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Fig. 6 Depth-dependent
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Topsoil was observed in the Dry site (Fig. 6¢). Simi-
lar to WMOC proportions, also SUVA values were
quite variable, and differences were not significant
(Fig. 6d). Nevertheless, an overall trend of increas-
ing SUVA values with increasing soil depth and
smallest SUVA values in the soil of the Dry site were
observable.

Microbial biomass using the total DNA as a
proxy was calculated relative to SOC contents in the
respective horizon/depth increment and is displayed
in Fig. 6e. Most microbial biomass was present in
the organic layers of all soil profiles, with decreas-
ing contents in the mineral soil and with increasing
soil depth. For the Top- and Subsoils, the largest

Intact - Profile ---e--- Wet - Profile
@ IntactT
® IntactS

. . ~ 100
012 0 100 200 300

RNA [ng mg SOC™]

0.06 0.09
SUVA,,,

Dry - Profile
@ DryT
® DryS

® WetT
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biomass was found in the Wet site in both depths,
followed by the intact permafrost, whereas in the
Dry site microbial biomass was smallest in both
Top- and Subsoil. Considering that RNA contents
can be used as proxy for the metabolically active
microbial biomass (Fig. 6f), the strongest activity
was found in the organic horizons. In the mineral
soil, a strikingly strong activity was found in the
Dry Topsoil and a strong decrease with depth, while
it was vice versa in the Wet soil. For both DNA
and RNA content, the Intact permafrost soil was in
between the soils of Wet and Dry site, thus high-
lighting the effects of different hydrological condi-
tions during permafrost degradation.
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Carbon stocks

The SOC assessment for the top 100 cm of the soil
profiles, encompassing organic layers but exclud-
ing litter layers, involved dividing the profile into an
upper organic layer SOC stock and a mineral SOC
stock. In the Intact permafrost landscape, the mineral
SOC stock was further categorized into active layer
mineral SOC and permafrost mineral SOC. Quanti-
fication revealed that the overall SOC content in the
Intact permafrost soil exceeded that in both soils of
the degradation sites by a factor of approximately 4,
i.e., 43.7 kg m~? (Intact) compared to 10.3 kg m~2
(Wet) and 10.8 kg m~2 (Dry) (see Fig. 7). Consider-
ing seasonally thawed organic and mineral layers
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Fig. 7 Bulk soil organic carbon (SOC) stocks are given for
each representative soil profile. Stocks were calculated per
horizon and down to a soil depth of 100 cm. Horizon classi-
fication, as stated in Table 1, is given above each bar (IUSS
Working Group WRB 2022). Note that the thickness of the
active layer of the intact permafrost soil was less than 100 cm;
thus the stock calculation of the Cf@ horizon was extended to
100 cm soil depth

@ Springer

along with the permafrost horizon highlighted that
SOC storage was notably higher in all layers of
the intact permafrost as compared to soils in both
degraded landscapes. This includes the thick peaty
organic layer, the thawed water-saturated mineral soil,
and the underlying permafrost layer. Regarding both
degradation sites, overall SOC stocks were compara-
bly large, with small differences in organic layer SOC
(2.3 kg m™2 (Wet) to 4.0 kg m~2 (Dry) and mineral
horizon SOC (8.0 kg m~2 (Wet) to 6.8 kg m~2 (Dry)
(Fig. 7). However, stock values in the mineral soilin-
dicate that more SOC is stored under wet conditions
despite smaller clay and oxyhydroxide contents com-
pared to the Dry site soil (Table 1, Fig. 2a, b).

A more detailed look into the SOC storage of 5 cm
thick Top- and Subsoil increments revealed that MiA
dominated SOC storage in the intact permafrost soil
throughout the active layer (Fig. 8, left). In the Top-
soil of both degradation sites, SOC was evenly dis-
tributed between MiA and MaA, while the relatively
small SOC stocks in the Subsoils were mainly present
in the MiA fraction. The combined SOC stocks of
MiA and MaA show that for both degradation sites,
less SOC was stored in the Subsoil, while Topsoil
SOC storage was either comparable or even greater
compared to the intact permafrost (Fig. 8, left).
Organic C stocks in MiA and MaA were further cat-
egorized into particulate organic carbon (POC) and
mineral-associated organic carbon (MAOC) (Fig. 8,
right). This breakdown emphasizes that particulate
organic matter (POM) was significant contributor to
SOC in both degrading and intact permafrost soils. In
the Topsoils of both degradation sites, POC content
exceeded MAOC, primarily within the MaA fraction.
Notably, the largest POC proportions in MiA were
found in the Top- and Subsoil of the intact perma-
frost, while little to no POC was detected in the Sub-
soil of the degraded soils (Fig. 8, right).

Discussion

Impact of permafrost degradation on soil
development

Permafrost soils dominate arctic and subarctic
regions (e.g., Hugelius et al. 2014; Ping et al. 2015).
Soil development and horizon differentiation are
often slow and limited to the shallow active layer due
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Fig. 8 Organic carbon (OC) stocks were calculated for a 5 cm
depth increment in the Topsoil (T) and Subsoil (S) of the Intact
permafrost (grey) and both degradation sites Wet (blue) and
Dry (orange). OC stocks were differentiated into a microaggre-
gate (MiA-C) and macroaggregate (MaA-C) share (left side)
and further into particulate OC (POC) and mineral-associated
OC (MAOC) within each aggregate class (right side). Black

to long and cold winters combined with short sum-
mers (Munroe and Bockheim 2001; Doetterl et al.
2022). Permafrost degradation, typically linked to cli-
mate change, is better understood through the mutual
influence and buffering effects of regional environ-
mental factors such as vegetation, snow cover, and the
soil organic layer (Shur and Jorgenson 2007). In the
Intact permafrost landscape, the active layer thick-
ness of 45-55 cm of the dominating Cryosols falls
within the range reported by Mishra et al. (2017) and
Yi et al. (2018) across Alaska or from other perma-
frost regions (Kokelj et al. 2002; Gentsch et al. 2015).
No pronounced biochemical weathering of the par-
ent material (i.e., transformation of clay minerals
by the formation of vermiculite) in Top- compared
to Subsoil within the active layer of the Intact per-
mafrost was observed (Fig. 3a). In fact, present clay

dashed arrows on the left side of the figure are marking the
connection of each aggregate fraction to their respective LF/
HF mass distribution. Bars show the mean (n=4) with error
bars representing the standard deviation. Note that not all
aggregate fractions yielded enough material for subsequent
density fractionation; thus POC/MAOC distribution was not
always possible to determine (n.d.)

mineralogy in the Intact permafrost is likely not of
pedogenic origin, but rather inherited from the loess
parent material (Borden et al. 2010). Accordingly,
marginal differences between soil texture and miner-
alogical composition of Top- and Subsoil (Figs. 2, 3,
and 4) illustrated the overall shallow active layer and
pointed out the early stage of soil development and
the poor differentiation of soil horizons in the active
layer. Besides the formation of pedogenic miner-
als (oxyhydroxides and clay minerals), soil develop-
ment involves the incorporation of OM and an active
microbial community, which all, in turn, affect soil
aggregation (Lehmann et al. 2017; Totsche et al.
2018). The Intact permafrost, however, was found
to be water-saturated and thus not well aggregated,
which was visible in the soil profile (Fig. 1c) and by
hardly any MaA in Topsoil and Subsoil (Fig. 5, left).
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This is further reflected by the limited formation of
pedogenic oxyhydroxides (Fig. 2) and the not very
metabolically active microbial community in the
intact mineral soil (Fig. 6f). Another factor is that
only small amounts of POM were present in the intact
mineral soil (Fig. 5, right), particles which are con-
sidered as the nucleus for soil aggregates (Six et al.
2001; Totsche et al. 2018).

Warming of the soil promotes permafrost thaw
and, thus, an active layer expansion, consequently
changing the conditions for soil development accom-
panied by shifts in the vegetation. The conditions for
soil development during permafrost degradation vary
based on factors such as water release due to the melt-
ing of ground ice, inflow from the surrounding area,
and the geomorphologic potential for drainage, con-
ditions for soil development can range from wet and
anoxic (“pale”) to dry and oxic (“rusty”) (Natali et al.
2015; Kwon et al. 2019; Turetsky et al. 2020). In the
study area, Wet degradation resulted in a deepening
of the permafrost table below the depth of 100 cm
(at the Wet soil profile between 160 and 200 cm soil
depth), but since cryoturbations were found within
the active layer, classification of a Cryosol was still
appropriate (IUSS Working Group WRB 2022). The
decrease of crystalline Fe oxides from the topsoil to
the subsoil (Fig. 2b) followed the soil moisture gra-
dient (Table 1) and displayed the limited availability
of oxygen under wet conditions, particularly in the
subsoil. Shortage of mineral sorption sites in the Wet
Subsoil can further explain the substantial decrease in
plant-available cations with depth (Table 1, Fig. 4b).
The transformation of illite to expandable layer sili-
cates in the topsoil (Fig. 3) further suggest a good
supply of potassium for the vegetation (Schroeder
1980). Still, since plant-available K is primarily
absent (Fig. 4a, b), potassium seems to be a growth-
limiting factor in the investigated soils, as it was, e.g.,
reported for temperate and tropical forest ecosystems
(Tripler et al. 2006).

Permafrost degradation resulted in temporal aera-
tion and growth of microbial biomass (Fig. 6e) in the
Topsoil and buildup of 14% MaA, while large water
contents in the Wet Subsoil largely prevented the
formation of MaA (Fig. 5, left). During dry degrada-
tion, a beginning podsolization in the upper mineral
soil is illustrated by pH <5 (Table 1), a base satura-
tion<50% (Fig. 4a), and the depletion of primary
chlorite (Supplementary Fig. S4), a valuable source
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of magnesium, which is likewise depleted in the Dry
Topsoil (Fig. 4a). Similar to the Wet site, conditions
in the Dry site promoted MaA formation in the Top-
soil, but not so in the Subsoil, likely due to small OM
contents (Table 1) and microbial biomass (Fig. 6e).
But despite having a larger MaA content in the Dry
Topsoil, the incorporation of OM particles (LF mate-
rial) was larger in the Wet Topsoil (Fig. 5, right), indi-
cating a less effective decomposition of POM due to
the overall larger water contents (Kwon et al. 2019).
Light fraction contents, typically consisting of POM,
of 2.4% (Intact), 2.0% (Wet), and 1.1% (Dry) in the
Topsoil MiA fraction likewise indicated the most
effective OM decomposition under oxic conditions
and, in turn, the least OM stabilization for degraded
and drained permafrost soils (Natali et al. 2015).
Even though this trend is not significant, it indicates
changes in the decomposability of OM stored in per-
mafrost soils once degradation sets in.

Decomposition of organic matter upon permafrost
thaw

Thawing of permafrost offsets the OM stabilizing
conditions typical for these soils, thus triggering
translocation and decomposition of SOM. Mineral
horizons of the intact permafrost showed SOC con-
tents of 22.7-27.5 mg g™, thus being in the range of
SOC contents reported elsewhere (Wickland et al.
2018). However, most mineral horizons (excluding
the uppermost A-horizon) accounting for > 85% of the
wet and dry degraded soil profile areas had about 80%
smaller SOC contents of 3.8-5.7 mg g~! (Table 1).
In the absence of site-specific data going back to pre-
degradation times, the present study cannot attribute
the differences in SOC content between intact and
mined sites exclusively to dismantling effects of per-
mafrost degradation, as inherited small-scale differ-
ences or variations in past site development may also
have contributed. However, carbon contents of less
degraded permafrost soils in the same environment
(including the slope positions) were reported to be
about 10-18 mg g~' (Rooney et al. 2023), thus sug-
gesting comparable SOC content between sites prior
to permafrost degradation. This could imply that the
observed differences are due to SOM mobilization
during permafrost degradation, either due to micro-
bial decomposition or leaching of DOM.
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Proxys like C/N ratio and the 8'>C natural abun-
dance can provide insights into the SOC decom-
position stage in the intact permafrost and both
degradation landscapes. Wide C/N ratios and
more negative 8'°C values in the upper part of the
soil profile illustrate inputs of fresh OM from the
recent vegetation. In contrast, a strong decrease
in the C/N ratio (Fig. 6a) with increasing depth
underlines microbial decomposition of C-rich com-
pounds and the release and translocation of rela-
tively N-enriched metabolites (e.g., extracellular
enzymes) to greater soil depth. Increasing §'°C
values with depth (Fig. 6b, Supplementary Fig. S6)
are thereby connected to the isotopic discrimination
of the heavier C isotope during microbial process-
ing of SOM (Nadelhoffer and Fry 1988; Balesdent
et al. 1993). Preferential sorption of C-rich but
13C-depleted SOM compounds (e.g., plant-derived
phenols, carboxylated lignin degradation prod-
ucts) in the topsoil can intensify such depth trends
(Guggenberger and Zech 1994; Kaiser et al. 2001).
Whereas this depth trend was found in the soils in
both degradation landscapes, no differences were
detected between Topsoil and Subsoil depth of the
intact permafrost. Although it has to be noted that
the distance between both mineral soil depths was
limited to about 10 cm (whereas Dry and Wet had
about 45 cm distance between Topsoil and Subsoil
sampling depth), the similarities further indicate the
poor soil development in the active layer. Compared
to the intact permafrost soil, the larger C/N ratios in
the topsoils of both Wet and Dry degraded perma-
frost soils do not indicate reduced decomposition.
Instead, they may result from a higher incorporation
of fresh POM into the Wet and Dry Topsoil (Fig. 5,
right), a trend supported by the more negative 8'°C
values. Considering the Subsoil of the three sites,
the smallest C/N ratios were found in both degrada-
tion sites, suggesting that only very limited amounts
of fresh or microbially processed OM reached the
subsoils. This is further supported by less negative
5!3C values (Fig. 6b) and only minor amounts of
LF material in the degraded sites subsoils (Fig. 5,
right). Taken together, the data provide an indica-
tion for an advanced stage of SOM decomposition
in the subsoils of the degraded sites compared to
the intact permafrost, and that microbial decompo-
sition is concentrated on the old SOM, previously
protected within the permafrost.

The rather similar patterns of SOM parameters
(including SOC/TN ratio, 8'3C values, LF material
distribution) along the soil profile for the Dry site and
the Wet site suggests that the decomposition of SOM
after permafrost thaw is increased under both aerobic
and anaerobic conditions, thus supporting findings
from Xue et al. (2016). However, several incubation
studies from the permafrost zone highlighted that
carbon release from soil was up to 3.4 times higher
under aerobic than anaerobic conditions (Schidel
et al. 2016), thus suggesting that water saturation at
the Wet site is more fluctuating than permanent, facil-
itating also temporal aerobic decomposition. Espe-
cially frequent changes in water saturation and thus
redox regime in soil were found to increase microbial
lignin decomposition (Liao et al. 2022). But contrary
to previous reports (Kwon et al. 2019; Verbrigghe
et al. 2022), a larger degree of SOM decomposi-
tion was detected in the subsoils and not in the top-
soils, including the proportion of mobilizable SOM
(Fig. 6c¢). This is further supported by the smaller
C/N ratios and the less negative 8'3C values of Sub-
soil aggregate and density fractions compared to the
Topsoil (Supplementary Tables S2 and S3). Enhanced
vulnerability in the subsoils post permafrost thaw
may be linked to a similarly large and active micro-
bial biomass in Top- and Subsoil (Fig. 6e, f).

Overall, a comparison of an intact permafrost soil
with degraded permafrost soils in different moisture
conditions indicates that thawing provokes decompo-
sition of the inherent and previously stabilized SOM.

Changes in carbon storage

Thawing permafrost can release large amounts of
previously frozen OM (Turetsky et al. 2019). Pre-
vious investigations have shown that the moisture
conditions after permafrost thaws and the soil depth
impact SOC losses during permafrost degradation
(Natali et al. 2015; Kwon et al. 2019; Estop-Aragonés
et al. 2020). With about 43 kg OC m~2 in the upper
100 cm, the intact permafrost soil had a total SOC
stock in the range of permafrost soils in other regions
(Fig. 7; Ping et al. 2008; Tarnocai et al. 2009; Huge-
lius et al. 2014). Despite the accumulation of OM on
top of the mineral soil of about 17.5 kg OC m~ in
form of two peat horizons (Figs. lc, 7), the largest
share of SOC was calculated for the frozen mineral
soil (about 22.8 kg m~%; Fig. 7). This estimate relies
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on the SOC content of 27 mg g~!, measured in the
upper 2-3 cm of frozen ground (approximately 50 cm
soil depth, Table 1), and assumed to remain constant
down to 100 cm depth. Previous studies have reported
a SOC content range of 8-99 mg g~! in permafrost
soil cores at 74—-102 cm soil depth (Wickland et al.
2018). This estimation may be conservative, as it only
includes bulk soil data of the permafrost layer (Cf@),
without accounting for cryoturbated topsoil material
and their potentially higher SOC concentrations.

Soil OC stored in the organic layers of the degraded
sites was 87% (Wet) and 77% (Dry) smaller compared
to the Intact permafrost soil, suggesting pronounced
decomposition of surface OM under warmer and
largely oxic conditions, possibly promoted due to
a shift in vegetation. An about 69% (Wet) and 74%
(Dry) smaller SOC stock in the mineral horizons of
both degraded sites could, to some extent, be a result
of variations in initial OC contents of the loess par-
ent material, or could largely be due to differently
effective SOM stabilization mechanisms under the
given site conditions. The latter further implies that
there is no preferential preservation of SOC for either
anoxic inhibition of microbial decomposition or
oxic aggregate formation and sorptive preservation
at mineral surfaces. Considering that net ecosystem
respiration (sum of CO, and CH, emissions) in the
Fairbanks research area can amount to a C release
of about 200 g m™ yr~! (Ueyama et al. 2023), we
infer that permafrost thaw promoted SOM decompo-
sition within the last century can explain the major-
ity of the detected SOC stock differences between
sites. Warming and drying experiments with tundra
permafrost soils in Interior Alaska likewise revealed
CO,-C emissions up to 250 g m~2 yr~!' within one
growing season (Natali et al. 2015), thus supporting
our findings. Since we did not find noticeable differ-
ences between the degradation sites, our profile data
contrast previous reports, where large water contents
following permafrost thaw were found to stabilize
SOC in the active layer better than in well-drained
systems (Estop-Aragonés et al. 2020). Well-drained
soils, however were reported to have accelerated
SOM turnover in the upper parts of the soil profile,
while decomposition in the subsoil is less affected
after permafrost retreat (Gockede et al. 2019). A more
detailed look at the depth distribution revealed no
such SOC decrease in the Topsoil of both degrada-
tion sites (Fig. 8). Conversely, larger SOC stocks in
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the 5 cm Topsoil increment of the Wet and Dry sites
were observed compared to the Intact Topsoil. Aggre-
gate- and density fractions suggest that a pronounced
incorporation of POM in the Topsoil under both, wet
and dry conditions (Fig. 8, right) and thus the for-
mation of more MaA can explain larger SOC stocks
in comparison to the Intact Topsoil (Figs. 5, 8, left).
The shifts in vegetation from black spruce/shrubs/
mosses (Intact) to black and white spruce/shrubs
(Wet) to birch/aspen (Dry) is a natural succession
following permafrost thaw (Van Cleve and Viereck
1981) and typically found along hillslope gradients
(Jorgenson et al. 2010). Such vegetation shifts were
found to be accompanied by an increase in above-and
belowground biomass production (Natali et al. 2012;
Douglas et al. 2014). Even though above-and below-
ground biomass production data were not recorded
in this study, we consider this general trend as corre-
sponding to our research area, as our soil fraction data
illustrate more input of OM, especially POM, into the
topsoils (Figs. 5 and 8, right). But for example due
to a highly active microbial community (Fig. 6f) and
thus fast SOM turnover (Schuur et al. 2008; Xue et al.
2016), SOC accumulation in the Dry Topsoil was less
compared to the Wet Topsoil.

However, in comparison to the topsoil, the 5 cm
thick subsoil increments showed a different picture.
Largest SOC stocks were found in the Intact perma-
frost subsoil, as the sampling depth was at the bottom
at the active layer close to the permafrost table, sug-
gesting that the transition zone between active layer
and permafrost is still a SOM accumulating and pre-
serving environment (Shur et al. 2005; Lupachev and
Gubin 2012; Ping et al. 2015). This is likely related to
an accumulation of DOC from soil water percolating
down to the bottom of the active layer, lower subsoil
temperature, and shorter thawing period compared to
the upper parts of the active layer (data not shown).
Degraded permafrost landscapes showed a substan-
tially smaller SOC storage in the Subsoil (Fig. 8).
Although no data are available that show comparable
SOC stocks of the three sites at the beginning of the
degradation process, one reasonable explanation for
the observed differences is the retreat of the preserv-
ing frozen environment to greater depth, thus increas-
ing the output of SOC due to accelerated microbial
decomposition. In addition, soil fraction-resolved C
stocks demonstrate that inputs of vegetation-derived
POM are not reaching deeper parts of the soil profile,
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therefore suggesting that mineral subsoils can be the
major net C source in thawing permafrost soils.

Conclusion

Past and recent literature provides strong evidence,
based on incubations, models, and net C budgets
(including this study), that permafrost thaw liberates
large parts of the previously stabilized C in the soil
(e.g., Schuur et al. 2008; Estop-Aragonés et al. 2020;
Miner et al. 2022). Our data contribute to this rele-
vant topic by extending the view with a soil depth-
and fraction-resolved approach to unravel the com-
plex responses of permafrost soils to environmental
changes.

There is a multitude of mechanisms in the soil,
which foster the stabilization of SOM against translo-
cation and microbial decomposition after permafrost
thaw. While a frozen environment prevents microbial
decomposition of SOM in permafrost soils, in a well-
aerated soil, SOM may be stabilized via the forma-
tion of pedogenic minerals and/or soil aggregates. In
contrast, in a wet soil, anoxic inhibition of microbial
decomposition may occur. However, large differences
in SOC storage between intact and degraded per-
mafrost soils suggest that these mechanisms are not
equally effective, and thus, the shift in stabilization
mechanisms from frozen to anoxic inhibition or oxic
aggregation preserved notably less SOC than stored
in an intact permafrost soil. Previous studies assigned
OC losses of permafrost soils to the topsoils (e.g.,
Gockede et al. 2019; Kwon et al. 2019), but surpris-
ingly our data suggest the opposite, that topsoils can
even benefit from permafrost thaw due to a shift in
vegetation, more biomass production, incorporation
of POM in the mineral soil and formation of more
macroaggregates. On the other side, subsoils were
found to be the major C source during permafrost
degradation since SOM is vulnerable to mobilization
and microbial decomposition while there is no equiv-
alent input of “fresh” OM. Considering whole soil
profiles, subsoils account for several times the volume
of topsoils. Hence, the overall C balance is, in any
case, directed towards a net decline in SOC following
permafrost degradation.
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