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Figure 1: Fridtjof Nansen (1861-1930)
Norwegian polymath and Arctic researcher and Nobel Peace Prize laureate.

(www.wikipedia.org)

"Ich glaube, dass, wenn wir auf die sich in der Natur selbst vorfindenden Kräfte Acht
geben und versuchen, mit denselben und nicht gegen sie zu arbeiten, wir den sichersten
und leichtesten Weg zum Pole finden werden."
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Introduction

From Arctic ecosystems to mineral surfaces
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Chapter 1. Introduction

1.1 Short overview

1.1.1 Abbreviations

Al aluminium

ASi amorphous silicon

bASi biogenic amorphous silicon

C carbon

C1 soil C1 from Chersky, NE-Siberia, Russia

C2 soil C2 from Chersky, NE-Siberia, Russia

C3 soil C3 from Chersky, NE-Siberia, Russia

Ca calcium

Ca1 soil Ca1 from Baffin Bay, Canada

CEC cation exchange capacity

CH4 methane

CO2 carbon dioxide

e- electron

ESM earth system models

Fe iron

GC-FID gas chromatography / flame ionisation detector

GHG greenhouse gases

gram(+) gram-positive bacteria

gram(-) gram-negative bacteria

MAT moist acidic tundra

MCS microbial community structure

mMDS metric multi-dimensional scaling
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MNT moist non-acidic tundra

N nitrogen

N2O nitrous oxide

NEXAFS near-edge x-Ray absorbance fine structure

O2 oxygen

OH- hydroxide ion

OD optical density

P phosphorous

PO4
3- phosphate

PTE potentially toxic element

qPCR quantitative poly chain reaction

rRNA ribosomal ribonucleic acid

SEM structural equation model

Si silicon

SiO2 silicon dioxide

SOM soil organic matter

STXM scanning transmission X-ray microscopy

WSC water storage capacity
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Chapter 1. Introduction

1.1.2 Summary

The Arctic warms twice as fast as the global average. Consequently, the permafrost
thaws deeper and releases huge amounts of recently bound organic carbon (C) and further
elements like amorphous silicon (ASi), silicon (Si), calcium (Ca), iron (Fe), aluminium
(Al), and phosphorous (P). The elements Si and Ca as main components of mineral soil
phases interact closely with the C-cycle and hold the potential to quicken the permafrost-C
feedback. In Stimmler, Goeckede, Natali, et al. (2022) we show available concentrations of
these six elements in different depthsfor 50% of the Arctic on-shore regions and discuss the
potential of element release. For soils of five locations we observed a enhancing, positive
effect of Si on carbon dioxide (CO2) release, whereas Ca showed an inhibiting, negative
effect on CO2 release. In frozen soils, the positive Si effect prevails, whereas in thawed soils
the negative Ca effect dominates (Schaller, Stimmler, et al. 2022). The microbial processes
behind these effects are shown for two Greenlandic soils in Stimmler, Goeckede, Natali,
et al. (2022). High CO2 fluxes correlated positively with a gram(+) dominated microbial
community structure (MCS). We hypothesized, Si promoted an increased availability of
H2O and P. Ca induced low CO2 fluxes that were caused by a reduced microbial abundance
and promotion of a MCS dominated by spore-forming, dormant gram(+) bacteria. This
could be an adaption to increased salinity. At the mineral level we observed an increase
in low crystallized ferrous phases with Si, leading to higher Fe availability (Stimmler, M.
Obst, Stein, et al. 2023). The availability of toxic Al in presence of Si and Ca depended
on the pH of the soil. These results show the complexity the biogeochemical processes of
Si and Ca and how they and the associated global warming determine the C release from
Arctic permafrost soils .
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1.1.3 Zusammenfassung

Die Arktis erwärmt sich doppelt so schnell zum weltweiten Durchschnitt. In Folge dessen
tauen die Permafrostböden tiefer auf und setzen große Mengen an bis dahin gebunde-
nen organischen Kohlenstoffs (C) und weiteren Elementen wie amorphen Silicum (ASi),
Silicium (Si), Calcium (Ca), Eisen (Fe), Aluminium (Al) und Phosphor (P) frei. Die Ele-
mente Si und Ca als mineralische Hauptbestandteile des Bodens sind eng in den C-Zyklus
eingebunden und haben das Potenzial die C-Freisetzung zu verstärken. In Stimmler,
Goeckede, Elberling, et al. (2022) zeigen wir für ca. 50% der Landfläche der Arktis die
verfügbaren Elementkonzentrationen dieser sechs Elemente in verschiedenen Tiefen und
disktuieren das Potenzial der Mobilisierung in verschiedenen Regionen. Für Böden aus
fünf Standorten konnten wir positive Effekte von Si und negative Effekte von Ca auf die
CO2-Freisetzung zeigen (Stimmler, Goeckede, Natali, et al. 2022). Im gefrorenen Bo-
den überwog der positive Si-Effekt, im getauten Boden der negative Ca-Effekt (Schaller,
Stimmler, et al. 2022). Die mikrobiologischen Prozesse hinter den Effekten werden in
Stimmler, Priemé, et al. (2022) für zwei grönländische Böden gezeigt. Hohe CO2-Flüsse
korrelierten mit einer gram(-) dominierten Mikrobenstruktur, welche wahrscheinlich durch
die Si bedingte Erhöhung der H2O- und P-Verfügbarkeit gefördert wurden. Ca bedingte
niedrige CO2-Flüsse korrelierten mit verringerter Mikrobenanzahl und mehr sporenbilden-
den, physiologisch inaktiven gram(+) Bakterien, die für eine erhöhte Salinität sprechen.
Auf mineralischer Ebene konnten wir in Stimmler, M. Obst, Stein, et al. (2023) erhöhte
Anteile an Fe2+-Phasen in Gegenwart von Si zeigen, die mit einer Mobilisierung der Fe-
Verfügbarkeit einherging. Die Verfügbarkeit von toxischem Al war pH-abhängig. Diese
Ergebnisse zeigen, wie komplex die biogeochemischen Prozesse von Si und Ca sind und
wie sehr sie über die Zukunft des C in arktischen Permafrostböden und somit über die
globale Erwärmung bestimmen.
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1.2 Theoretical background

1.2.1 − The definition of the Arctic

1.2.2 − Arctic permafrost soils

1.2.3 − The warming Arctic

1.2.4 − Environmental factors affect GHG release

1.2.5 − Plants affect GHG release

1.2.6 − Microbes affect GHG release

1.2.7 − Calcium sources and cycling in Arctic permafrost soils

1.2.8 − Silicon sources and cycling in Arctic permafrost soils
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Chapter 1. Introduction

1.2.1 Definitions of the Arctic

The geographic definition of the Arctic describes the area northerly of the Arctic circle at
66°34’N. This area covers 17.62×106 km² and is affected by polar day and night (Sale and
P. Michelsen 2018). The climatic definition of the Arctic is the 10°C July isotherm, which
is in good agreement with the northern tree line in terrestrial Arctic systems (Köppen
1931). Using the climatic definition the Arctic covers an area of 24.6× 106 km² (Johnson
2022) (Fig. 1.1).

Figure 1.1: Map of the Arctic. The Arctic circle at 66°34’N is shown in black. The
outer border of the dark green area marks the 10°C isotherm of the warmest month and
mainly fits with the tree line. Map from Johnson (2022), based on the circumpolar arctic
vegetation map from D. A. Walker et al. (2005)

The treeline defines the border between the boreal forest and tundra forest in the south,
e.g. the taiga in Siberia and the tundra ecosystems in the north. Raynolds et al. (2019)
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Chapter 1. Introduction

defines the land cover type northerly of the treeline in the circumpolar arctic vegetation
map. An area of 7.02 × 106 km² (46%) is covered by vegetation. This area is further
distinguished by 47% shrub dominated tundra, 45% graminoid dominated tundra and 8%
wetlands (Fig. 1.2) (Sale and P. Michelsen 2018).

Figure 1.2: Characterization of Arctic landscape northerly the 10°C July isotherm. Left
bar chart: Landcover type. Only the half of the area is covered by vegetation. One third
of the Arctic is covered by ice, freshwater only covers 4%. Right bar chart: The vegetation
types of the tundra ecosystems, from Raynolds et al. (2019)

.

Fresh water systems like lakes are common in the Arctic. Cold air temperatures reduce
evaporation rates and permanently frozen ground below (permafrost) inhibits percolation.
The largest share of fresh water is bound in the inland icesheet of Greenland (1.7 × 106

km²) and in inland glaciers (Vasskog et al. 2015). Ice covers 29% of the area north of the
treeline. Liquid fresh water covers only 4% of the Arctic (Fig. 1.2). Olefeldt, Hovemyr,
et al. (2021) lists 0.12× 106 km² of large river systems and 1.4× 106 km² of lakes. When
temperatures and precipitation rates are too low for vegetation to grow, barren ground
forms. These polar deserts mainly occur in the outermost north regions (Sale and P.
Michelsen 2018).

1.2.2 Arctic permafrost soils

In 21.6× 106 km² of the northern hemisphere (Obu et al. 2019) soil temperatures do not
rise over 0°C for a minimum of two years and permafrost occurs (ASGR 1988) (Fig. 1.3).
In regions where the ground was not covered by the ice shield during the last ice age the
depth of the permafrost can reach more than 1, 700 m (Alfred Wegener Institut 2023).
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Chapter 1. Introduction

Figure 1.3: Northern hemisphere permafrost map as defined in Obu et al. (2019). In
total 21.6×106 km² are affected by permafrost. Colors represent regions with continuous,
discontinuous, sporadic and isolated permafrost soils.

In soils affected by permafrost, a typical vertical distribution of temperature and chemical
composition forms. The first few centimeters, the organic layer, receive fresh organic
material from vegetation and are rich in soil organic matter (SOM) (Höfle et al. 2013).
Between the organic layer and the lower permafrost layer, the mineral SOM-poor mineral
layer occurs. Below the mineral layer, the permafrost layer occurs (Fig. 1.4A). In summer
temperature rises in the thermal active layer, that contains the organic and mineral layer.
The maximal depth, where temperature exceeds 0°C and thawing occurs, defines the
thermally active layer thickness. It can range from a few centimeters up to 20 m in some
cases (Dobiński 2020). In autumn, the soil temperature sinks below 0°C and the freezing
occurs. In contrast to thawing, the freezing process of the active layer starts from deeper
permafrost layers below towards the top soil layer (Dobiński 2020) (Fig. 1.4B).
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Figure 1.4: A) Schematic structure of permafrost soils. Below the vegetation cover the
thermal active layer occurs, that is characterized by annual thawing and freezing. The
active layer is divided into an upper SOM-rich organic layer (brown) and a lower SOM-
poor mineral layer (grey). Below the thermal active layer, temperatures do not exceed
0°C and the ground stays frozen (permafrost layer; dark brown). The ice wedges (blue)
cause cryoturbation and vertical mixing of soil material. In every layer organic rich peat
lenses (yellow) can form. B) Principal structure of a permafrost affected soil with annual
temperature regime. Dashed vertical line: Thaw temperature (T=0°C). Green: active
layer with annual freeze-thaw cycles (T < 0°C < T). Blue: permafrost layer (T < 0°C).
Red: Below the permafrost layer non-cryotic layer occurs again (T > 0°C). Blue line: The
minimum ground temperature occurs during winter and the active layer freezes. Red line:
Maximum ground temperature rises during summer and the active layer thaws again.
The maximal depth, where temperature rises above 0°C defines the active layer thickness
(circled). Black line: The mean temperature varies with seasonality (dotted line) but stays
constant below the depth of zero annual amplitude (Z*) (continuous). From Biskaborn
et al. (2019).

Several seasonal parameters like air temperature, snow cover, and water content vary
seasonally and affect the temperature regime and the active layer thickness (Luo et al.
2016). This annual freeze-thaw cycles cause physical sorting and vertical mixing of soil
particles in mainly all permafrost affected regions (J. Bockheim and Tarnocai 1998). By
cryoturbation SOM from the organic layer can be buried in deeper horizon (Bockheim
2007; Kaiser et al. 2007; Vandenberghe 2013). Bockheim (2007) attributed 55% of the
SOM in the active layer to vertical transport by cryoturbation. In particular Yedoma
soils are affected by cryoturbation. These ice-rich (< 70% ice content) soils developed
mainly during the Pleistocene by fluvial deposition and contain large amounts of SOM
(Schirrmeister et al. 2011).
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When SOM is buried in deeper soil layers, several factors like low temperatures, anaerobic
conditions (Kaiser et al. 2007), low microbial activity (Mishra et al. 2021), and association
of SOM with mineral surfaces (Patzner, Kainz, et al. 2022) prevents the SOM from further
decomposition (Ping et al. 2008). Since the Pleistocene (Abramov, Vishnivetskaya, and
E. Rivkina 2021) these processes accumulated a pool of 1035± 150 Pg organic carbon in
the Arctic in a depth of 0− 3 m of the permafrost soils (Hugelius, J. Strauss, et al. 2014).

1.2.3 The warming Arctic

The Arctic is part of the cryosphere and characterized by permafrost soils, glaciers and ice
sheets. The global cryosphere and is massively affected by climate change. The surface
temperature in the Arctic has increased twice as fast as the global average in the last
two decades (IPCC 2022), some studies reported nearly a four time faster warming in the
last 43 years (Rantanen et al. 2022). At the same time, heavier heat and more extreme
weather events occurred (Overland 2020). The consequences are severe changes in all
Arctic ecosystems. Increased mean annual ground temperature (Smith et al. 2022) and
changed precipitation rates cause a longer vegetation period (Box et al. 2019) and have
already changed ∼40% of the tundra vegetation state. Greening, browning (Wang and
Friedl 2019; Berner et al. 2020) and wildfires (McCarty et al. 2021) are obviously changes
in the vegetation cover.
In the soil the effects of the Arctic warming are severe too. Biskaborn et al. (2019)
estimated the warming of the permafrost layer to 0.39± 0.15°C per decade in continuous
permafrost (Fig. 1.5a). For cold permafrost, mainly in the high Arctic, Smith et al. (2022)
observed a warming up to 1.0°C per decade.

Figure 1.5: Change of mean temperature in pan-Arctic permafrost boreholes near the
zero annual amplitude Z* (see Fig. 1.4B), relative to the decade 2008 − 2009. a) Arctic
continuous permafrost zone, b) Arctic discontinuous permafrost zone (see Fig.1.3). From
Biskaborn et al. (2019).
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The warming causes a decline of winter freezing days (Henry 2008) and increases cumu-
lative degree-days of thawing, as shown by Abramov, Vishnivetskaya, and E. Rivkina
(2021) for the eastern Arctic. Together, these two processes increase the active layer
thickness (Luo et al. 2016). The increased number of winter freeze-thaw cycles (Henry
2008) and the increased cryoturbation processes could transport SOM to lower soil layers
and prevent it from decomposition for thousands of years (Bockheim 2007).
However, warming can mobilize nutrients during rapid thawing processes, in particular
when permafrost collapses (thermokarst) (Abbott et al. 2015). Permafrost soils contain
huge amounts of labile organic carbon (C) (Mueller et al. 2015) and nitrogen (N). For
peatland soils Hugelius, J. Strauss, et al. (2014) estimated 415±150 Pg C and 10±7 Pg N,
nearly the half of it is affected by permafrost and vulnerable to Arctic warming. Yedoma
soils are very vulnerable for thermokarst processes (Fuchs et al. 2018), Jens Strauss et al.
(2013) estimated the C store in the first 3 m of the Yedoma soils to 181± 54 Pg.

1.2.4 Environmental factors affect GHG release

The SOM can become vulnerable to mineralization after thawing. When nutrients and
water become available after thaw, microbial activity can increase. In consequence the mi-
crobial decomposition of SOM, greenhouse gases (GHG) are released to the atmosphere.
The release of GHG from permafrost affected soils is a natural process and is predicted
to accelerate in future with further warming of the Arctic (Miner et al. 2022). The GHG
release varies with geography (Virkkala et al. 2021), seasonality (Sapronov 2021) and the
effects of climate change differ within the Arctic (Virkkala et al. 2021). The hydrologic
and thermal regimes affect GHG release from permafrost soils (Göckede, Kittler, et al.
2017; Merbold et al. 2009) and interactions with further abiotic and biotic factors com-
plicate predictions of GHG release on a larger geographical scale (Fig. 1.6). The regional
variability of precipitation rates for example can promote anaerobic conditions in areas
with higher precipitation rates. Here, newly waterlogged soils often show more anaerobic
conditions, and methane (CH4) production rates will increase (Olefeldt, Turetsky, et al.
2013).
In regions with lower precipitation rates, increased air temperature and thermokarst of
ice-rich permafrost could drain soils. This can potentially reduce CH4 and CO2 release
dramatically (Göckede, Kittler, et al. 2017; Merbold et al. 2009) and stabilize the per-
mafrost below (Göckede, Kwon, et al. 2019). When precipitation falls as snow in winter
it acts as isolation, preventing heat to emit from the ground below and lead to higher soil
temperatures (Yi et al. 2015).
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There is a considerable rate of GHG production from frozen soils. Higher soil tempera-
tures in future can increase microbial activity, promote SOM decomposition and increase
GHG release (Capek et al. 2015).

Figure 1.6: GHG flux dynamics in a permafrost affected landscape. CO2 is released
by microbial SOM decomposition, in particular in areas affected when warming causes
gradual and abrupt thaw. Wildfires are already an importanr source for CO2 emissions,
and will become more frequently in the future. CO2 is bound by photosynthesis and
fixated in the soil. CH4 emission occur in ecosystems with anaerobic conditions like
wetlands and peatlands. From Miner et al. (2022), adapted from Hassol (2005).

The GHG release can increase with lower temperatures too. Deep-freezing temperatures
will decrease the share of vital microbes and the release nutrients from dead organic
matter can fertilize remaining microbes and promote SOM decomposition (Zhang et al.
2022). The release of GHG is not constant, but starts with a pulse directly after thawing
(Kim et al. 2012). The release of CO2 was estimated in Dutta et al. (2006) with 40 Pg C
for Northeastern Siberia (within 40 years). Besides CO2, the GHG CH4 (Schuur, Abbott,
et al. 2013) and nitrous oxide (N2O) (Voigt et al. 2020) are critical for future warming as
the sustained-flux global warming potential is 34.9 times (CH4) and 250 times (N2O) that
of CO2. Schuur, Abbott, et al. (2013) estimated the cumulative release of CH4 by 2040
was 0.26–0.85 Pg CH4-C by and 2.03–6.21 Pg CH4-C by 2100. The importance of N2O
release for the N cycling in Arctic permafrost soils was discussed by Lacroix et al. (2022).
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Further, soil properties can massively affect GHG release. Faucherre et al. (2018) could
show from 241 samples from the pan-Arctic that the dry bulk density explains variations
in GHG release the best. Zheng et al. (2022) highlights the importance of pH buffering
capacity and cation exchange capacity (CEC) for SOM stability in acidic permafrost soils.
At last salinity was shown to have a huge impact on the vulnerability of SOM (Yu et al.
2020).
The increased GHG release increases further warming of Arctic regions, causing deeper
permafrost thaw and by this mobilization of new GHG sources. This process is called
permafrost carbon feedback (Schuur, McGuire, et al. 2015) and there is evidence that the
Arctic will change from a carbon sink to a carbon source in the future (Koven et al. 2011).

1.2.5 Plants affect GHG release

In Arctic soils, the decomposition of SOM by microbes is of great importance, as the re-
lease of GHG to the atmosphere speeds up the permafrost carbon feedback. The solid soil
fraction consists of SOM, mainly dead microbial and phytic material, and weathered un-
derlying bedrock (Weil and Brady 2017). Micro-climatic conditions and the variability of
the underlying bedrock can cause small-scale vegetation patterns in the Arctic (Raynolds
et al. 2019).
An example of small-scale vegetation variability caused by availability of calcium (Ca)
was shown by D. Walker et al. (2001). He distinguished between a tussock tundra domi-
nated by a plant association of Sphagno-Eriophoretum vaginati (Ca-poor moist acidic tun-
dra (MAT)) (Fig. 1.7a) and mammoth step like Ca-rich moist non-acidic tundra (MNT),
dominated by a plant association of Dryado integrifoliae-Caricetum bigelowii (Fig. 1.7b).
The Arctic plant associations have adapted and shifted with changing climate conditions
over the millennia (Andreev, PAVEL E. Tarasov, et al. 2003; Andreev, P. E. Tarasov,
et al. 2016). Although recent warming has not changed 50% of the Arctic vegetation
(Callaghan, Cazzolla G., and Phoenix 2022), shifts in plant diversity like greening and
browning (Berner et al. 2020) are common. Warming or shading can change plant com-
munity and decrease CO2 uptake (Dahl et al. 2017). Degradation of permafrost is already
a main driver for changes in vegetation cover and has a big impact on GHG release (Jin
et al. 2020).
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Figure 1.7: The vegetation cover in the Arctic is diverse and can differ on small-scale
(Raynolds et al. 2019). An example of different vegetation on small-scale area was shown
by D. Walker et al. (2001). He differed between a (a) tussock tundra dominated by a
plant association of Sphagno-Eriophoretum vaginati (MAT) and (b) a mammoth step
like tundra dominated by the plant association Dryado integrifoliae-Caricetum bigelowii
(calcium-rich MNT).

Plants adapt to deeper permafrost thaw caused by warming by deepening root growth
to use nutrients released from these new thawed soil layers (Blume-Werry et al. 2019)
(Fig. 1.8). When water availability increases sedges can become the dominant plants.
Their roots can then connect CH4 to the atmosphere (King, Reeburgh, and Regli 1998)
and by this increase emissions. Thereby the CH4 emission rates correlates positively with
vegetation height (Fischer et al. 2010).
The interactions of plants with soils and the atmosphere are complex and can create
positive or negative feedbacks with climate change. This makes future predictions of
GHG very difficult, when vegetation is taken into account. When climate change promotes
plant and fine root growth, a negative feedback can be expected, as CO2 is permanently
fixated in the soil. In particular the sedge Eriophorum can increase its root length growth
up to four times and stores C in the soil, whereas shrubs seem not to change the root
growth (Blume-Werry et al. 2019) (Fig. 1.8). The increased root biomass release larger
amounts of root exudates, that can promote microbial decomposition of older SOM in the
rhizosphere and can increase GHG release (priming effect) (Wild, Schnecker, et al. 2014;
Wild, Monteux, et al. 2023).
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Figure 1.8: Experimental setup from Blume-Werry et al. (2019) in Abisko, Sweden. Left
site: Control site without warming. Right site: Higher snow cover caused warming of
the permafrost and deeper thawing of the active layer. The root growth of the graminoid
Eriophorum vaginatum followed the thaw table to use fresh mobilized nutrients. This
increased SOM fraction in the active layer. Dwarf shrubs (Andromeda, Betula, Rubens,
Vaccinum) did not follow ongoing thaw and root length remained 30-40 cm.

1.2.6 Microbes affect GHG release

Plants and microbes interact and adapt together to a changed nutrient supply from thawed
permafrost (Imai 2013). The MCS of Arctic soils was searched intensively in the last
years, thanks to efficient next generation sequencing techniques (Margesin and Collins
2019). The MCS is just as divers as in temperate soils: Common bacterial taxa found
in Arctic soils rely on Acidobacteria, Actinobacteria (Barka et al. 2016), Bacteroidetes,
Firmicutes, and Proteobacteria (Jansson and Taş 2014) (Fig. 1.9). In most soils, bacterial
cells outnumber the fungi cells (Margesin and Collins 2019). Understanding the properties
of the MCS is crucial for future predictions of GHG release as it strongly control the C
cycle in the Arctic (Monteux et al. 2020). Forecasting is difficult, as the adaptions of the
MCS to changing environmental conditions relies on the nutrient availability of the soil
(Biasi et al. 2005).

17



Chapter 1. Introduction

Figure 1.9: Microbial community structures based on 16s rRNA gene classifications from
different locations in the Arctic (and Antarctica). From (Jansson and Taş 2014).
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The thawing of permafrost not only increases the availability of nutrients and water,
but also changes the community structure and activity of the microbes. Jansson and
Hofmockel (2020) show a shift in MCS of the permafrost soil after thawing to a MCS
that was equal to the active layer. Further, Coolen and Orsi (2015) could show with
metagenomic data a shift in the expression of proteins related to different pathways.
In frozen soils proteins related to pathways that are stress and surviving-relevant were
expressed. After thawing proteins related to pathways for C and N cycling were up-
regulated (Jansson and Hofmockel 2020). When microbes become more physiological
active, they decompose more SOM and the GHG release can increase.
However, even under frozen conditions microbes are physiological active and release GHG
(Sapronov 2021; Zhang et al. 2022). The bacteria and fungi of Arctic soils, also called
Eutectophiles, have adapted to extreme and fast changing conditions of cold, drought, or
salinity, and can be physiological active to temperatures of < 20°C (Deming 2002; E. M.
Rivkina et al. 2000). Some fungal species of the taxa Mortierellomycota produce high
concentrations of linoleic and arachidonic acid to prevent freezing of the cells (Hassan
et al. 2016).
Bacteria differ in their cell wall structure and can handle stress caused by salinity or
drought differently. The gram-positive bacteria (gram(+)) bacteria like Actinobacteria
and Firmicutes, are characterized by an outer thick layer (30− 100 nm) of peptidoglycan
(Rohde 2019). Whereas gram-negative bacteria (gram(-)), only have two single layers of
peptidoglycan. The gram(+) bacteria have a higher turgor pressure compared to gram(-)
bacteria to reduce salt stress (Whatmore and Reed 1990) and can form physiological
inactive dormant spores to survive under extreme environmental conditions (Barka et al.
2016), such as drought and high salinity. Salinity is common in Arctic soils and is often
associated to high Ca availability (Jessen et al. 2014).

1.2.7 Calcium sources and cycling in Arctic permafrost soils

Calcium is a major element in Arctic permafrost soils. Monhonval, Mauclet, et al. (2021)
estimated the total Ca pool in Yedoma soils to 123 Gt. Calcium is a macronutrient for
all lifeforms and the biogeochemial Ca-cycle contains microbes, plants and soil minerals
(Schaetzl and Thompson 2015). D. Walker et al. (2001) show that for northern Alaska the
Ca availability defines the vegetation cover (see section 1.2.5 Plants affect GHG release and
Fig. 1.7). The shrubs of the MNT enrich Ca in the plant material, e.g. in leafs (Villani et
al. 2022). Elements that are cycled fast by plants like Ca and phosphorous (P) accumulate
in the top-soil (Jobbágy and Jackson 2001). A shrub dominated vegetation will enrich
Ca in the top soil layer (Mauclet et al. 2022). Drier conditions, such as warming and
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permafrost degradation can shift the vegetation cover from a sedge to a shrub dominated
plant community and cause enrichment of Ca in the topsoil in the Arctic (Mauclet et al.
2022).
Deeper active layer thaw and cryoturbation can mobilize Ca from the permafrost layer
and transport it to near surface layers. Ice-rich Yedoma soils are massively affected by
cryoturbation (Schirrmeister et al. 2011) and thermokarst processes are the main driver
for Ca availabilities in the soil layers (Monhonval, J. Strauss, Hirst, et al. 2022).
The weathering of Ca containing minerals is a further important source for Ca and other
elements (Schirrmeister et al. 2011). It is highly likely that element concentrations will
change with mobilization of Ca containing minerals and free Ca from freshly permafrost
in the future (Mauclet et al. 2022). The release of Ca to the soil depends on the lithology
of the bedrock and the weathering rate. Depending on the concentration of Ca and the
CEC of the silicate, it adsorbs exchangeable on the surface or it is strongly bound in the
inner phases of the silicate (Bernard, Yan, and Lothenbach 2021). Gypsum (CaSO4) has
a high solubility in water and is an important Ca source in soils (Al-Barrak and Rowell
2006).
The main Ca mineral on earth is calcium carbonate (CaCO3), which occurs in the crystal
forms calcite and aragonite (CaCO3) (Gavryushkin et al. 2021) in calcareous rocks of
limestone and dolomite (CaMg(CO3)2) (Warren 2000). Carbonates are soluble in water
and forms one hydroxide ion (OH-), this explains the high pH value of calcareous soils
(Eq. 1.1). The solubility of CaCO3 and the availability of Ca strongly depend on the pH
of the soil. The solubility increases with decreasing pH by formation of CO2 (Eq. 1.2)
(Dessert et al. 2003; Gal et al. 1996; Köhler, Hartmann, and Wolf-Gladrow 2010). The
HCO –1

3 protonates to the unstable H2CO3 and immediately hydrolyses to H2O and CO2

(Eq.1.2). In soils with high pH, CO2 precipitates with Ca and forms CaCO3, fixating
CO2 in the pool of soil inorganic carbon (Bughio et al. 2017; Zamanian, Pustovoytov,
and Kuzyakov 2016) (Eq. 1.3). The CO2 itself, like other acids, can dissolve carbonates
(Eq. 1.3). The lysis of CaCO3 as part of the soil inorganic carbon pool is predicted to be
an important process of CO2 emissions from calcareous soils (Sun, Meng, and Zhu 2023).
This points out the importance of CaCO3 for coupling the fast cycling soil organic carbon
pool with the slow cycling soil inorganic carbon pool.
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CaCO3(s) + 2H2O Ca2+ + HCO –
3 + OH– (1.1)

HCO –
3 + H+ CO2 + H2O (1.2)

CaCO3(s) + CO2 + H2O Ca2+ + 2OH– + 2CO2 (1.3)

With phosphate (PO4
3-) Ca forms apatite (Ca10(PO4)6(OH,F,Cl)2) and limits the avail-

ability of PO4
3- by calciumcarbonate/calciumphosphate co-precipitation (Otsuki and Wet-

zel 1972). The weathering of apatite from the bedrock and co-precipitated PO4
3- aggre-

gates are the most important inorganic source of fresh P in soils (Nezat et al. 2008).
The calcium phosphate/carbonate co-precipitation is predicted to be a driving process
causing the reduction of CO2 release from Arctic permafrost soils with high available Ca
concentrations (Schaller, Faucherre, et al. 2019).
In solution Ca +

2 cations cause salinity. When the soil freezes, the Ca +
2 cations are ex-

cluded from the crystal ice structure and enrich in the remaining water (Margesin and
Collins 2019). This process lowers the freezing point of water and increases the share of
liquid super-cooled water at soil temperatures below 0°C (Jessen et al. 2014). It covers soil
particles as a few nm thick layer, promotes chemical altering of the soil components and
enables microbial activity (Schaefer and Jafarov 2016), even in frozen permafrost soils.
When permafrost thaws, in particular when thermokarst occurs, Ca2+ is easily leached
and enriched in the surface water systems (Colombo et al. 2018) where it can stabilize
SOM and decrease GHG emissions (Monhonval, J. Strauss, Hirst, et al. 2022). Kosolov,
Prokushkin, and Pokrovsky (2016) show a 4.5 times increase in the Ca2+ run-off from
the Central Siberian Plateau during the time period 1955 − 2015 (Fig. 1.10). The river
systems transport the Ca to the Arctic Ocean. Here it impacts ecosystem function (Mann
et al. 2022) and the marine biodiversity, e.g. by supporting growth of coccolithophores
(Daniels et al. 2018; Krause et al. 2018).

21



Chapter 1. Introduction

Figure 1.10: Fluxes of Ca +
2 from the Nizhnyaya Tunguska river (Central Siberian Plateau)

increased by 4.5 times in the time period 1955-2015. This increase is caused by I) an
increase of water discharge and II) climate change induced permafrost degradation. From
Kosolov, Prokushkin, and Pokrovsky (2016).

The Ca2+ cations can stabilize negatively charged SOM by cation bridging and prevent
SOM from microbial decomposition (Rowley, Grand, and Verrecchia 2018). In conse-
quence, Ca can decrease GHG emissions. Further, Ca2+ cations can act as bridges between
SOM and the mineral surfaces of phyllosilicates (Barreto et al. 2021). With iron (Fe)-oxide
minerals Ca2+ cations form stable Ca-Fe-SOM complexes (Rowley, Grand, and Verrecchia
2018; Beauvois et al. 2021). Sowers et al. (2020) used the scanning transmission X-ray
microscopy (STXM) / near-edge x-Ray absorbance fine structure (NEXAFS) technique
to show the association of C with Fe phases in the presence of Ca in Yedoma soils (Fig.
1.11 B,D,F,H).
In summary, these processes clarify, that Ca is a main driver for the availability of nu-
trients and the sustainability of SOM in Arctic ecosystems. Future warming may change
the availability of Ca in the Arctic ecosystems. This may affect biogeochemical processes
and impact the GHG release from Arctic permafrost soils.
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Figure 1.11: STXM/NEXAFS images of soil particles from four Yedoma soils (PTA,
PTB, PTC , AT ). The red-blue (RB) and red-green-blue (RGB) composite images show
element concentrations of C (red), Ca (green) andFe (blue). Map areas containing high C
concentrations are mainly associated with, indicate absorption of C on the surface of Fe
mineral phases (A, E, C, G). The presence of Ca in the same areas are a strong hint for
the importance of Ca in the formation of stable bridging Fe-Ca-SOM aggregates, shown
by Beauvois et al. (2021). From Sowers et al. (2020)

1.2.8 Silicon sources and cycling in Arctic permafrost soils

The most second abundant element on earth is silicon (Si) (Turekian and Wedepohl 1961).
It defines soil attributes, soil genesis, mineral formation as well as mobilization and fix-
ation of nutrients. Monhonval, Mauclet, et al. (2021) estimated the minerogenic Si pool
in Arctic Yedoma soils to 2,370 Gt of Si, mainly bound as Quartz (silicon dioxide (SiO2))
and in silicates like Plagioclase, Illite, Kaolinite and Chlorite. From these minerals weath-
ering processes leach silicic acid (Si(OH)4) from minerals to the soil (Schaller, Puppe, et
al. 2021). This liquid phase of Si is biological available (Boehm 1980). The monomeric
Si(OH)4 can condensate to dimers, trimers, tetramers etc. (polysilicic acid) and form
non-crystalline amorphous silicon (ASi) (Singh, Stober, and Bucher 2002) (Fig. 1.12).
The reactivity of Si(OH)4 and the rate of polymerization depends on the pH value. Alka-
line conditions speed up polymerization, whereas acidic conditions inhibit ASi formation
(Schaller, Puppe, et al. 2021).
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Figure 1.12: The Si(OH)4 can condensate to polysilicic acid and ASi. A typical crystalline
structure that can be found in mineral silicates is missing. Note the different condensation
states (number of OH- groups of the single Si atoms: Primary OSi(OH)3, secondary
O2Si(OH)2, tertiary O3Si(OH) and quatery O4Si). From Petkowski, Bains, and Seager
(2020)

In contrast to crystalline Si phases like clay minerals, water can easily penetrate into
the amorphous ASi phases. This results in a high water storage capacity (WSC) and
increases water availability in the soil (Weil and Brady 2017; Schaller, Cramer, et al.
2020). When hydrated ASi gels forms around soil particles, it can slow the diffusion of
water and substances like organic C (Schaller, Cramer, et al. 2020). When the supply
of oxygen (O2) as electron (e-) acceptor is inhibited, other redox-sensitive substances like
ferric minerals or organic substances are promoted as e--acceptors. Together, the reduced
hydraulic conductivity and the increased WSC can promote anaerobic conditions in the
soil.
Amorphous ASi easily hydrolyses to monomeric and polymeric Si(OH)4 and is an impor-
tant source for Si in soils. This makes ASi to an important source of Si for the biosilifica-
tion process in many lifeforms (Petkowski, Bains, and Seager 2020). Prokaryotic bacteria
(Ikeda 2021) and eukaryotic plants, testate amoeba, diatoms and radiolarian use Si(OH)4

to synthesize hydrated biogenic amorphous silicon (bASi) (SiO2 ·H2O) (Bäuerlein, Epple,
and Behrens 2007). The Si cycle is affected when plants and microbes adapt to changed
environmental parameters like nutrient supply, temperature or precipitation rates. This
makes clear, that the biogeochemical Si cycle will be affected directly and indirectly by
Arctic climate change.
For many plants, Si is an important macronutrient (Liang et al. 2015). In particular
sedges take up Si(OH)4 for biosilification and formation of intra- and extra-cellular phy-
toliths, that help to reduce biological and abiotic stressors (Katz et al. 2021). Opdekamp
et al. (2012) points out the importance of tussocks (growth form of sedges) for accumu-
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lation of Si, making wetlands important Si sources. A wetter and warmer future climate
may promote sedge dominated wetlands and create water-filled collapse scars (Fig. 1.13).
Alfredsson, Hugelius, et al. (2015) show an enrichment of bASi in the upper soil layers
by litterfall of Si enriched sedge plant material and discusses the bASi accumulation in
water-filled collapse scars by radiolarian and diatom growth. By now the warming and
deeper active layer thickness thaw in peatlands are mobilizing Si and SOM, making it
vulnerable for microbial decomposition (Alfredsson, Hugelius, et al. 2015). When future
climate gets drier and warmer, shrubbification occurs. Shrubs don´t accumulate high
amounts of Si and it may be leached from the soil (Alfredsson, Clymans, et al. 2016) and
thawing permafrost.

Figure 1.13: Shematic graph showing pools and transport processes of Si in Arctic tundra
system. In a warmer future, two scenarios are expected: Drier climate leads to shrubifi-
cation and leaching of Si from the soil (left site). Wetter climate and thermokarst lead
to sedge dominated vegetation that, together with diatoms, accumulate and fixate Si in
the soil (right site). In both cases, there will be a run-off of Si to the river systems (blue
arrows). Boxes represent Si pool in the organic layer (brown) and mineral layer (grey),
dashed line represents active layer thickness, continuous line the organic layer depth.
From Alfredsson, Hugelius, et al. (2015).
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As discussed above, the Si cycle affect biotic processes and its availability will change
with Arctic warming. Si, in particular Si(OH)4, affect the C cycling massively. Schaller,
Faucherre, et al. (2019) show a positive effect of Si on the GHG release from two Green-
landic soils. The key to understanding these processes is estimated within the interactions
of Si with mineral surfaces. Silicic acid interacts strongly with the surface of Fe minerals
and a substitutes surface OH- groups (Kanematsu, Waychunas, and Boily 2018). Schulz
et al. (2022) show that Na2SiO3 treatment promotes a transformation of ferrihydrite to
lepidocrocite. However, lepidocrocite was stabilized by Si and prevented from further
transformation to magnetite or goethite (Fig. 1.14).

Figure 1.14: Silicate (Na2SiO3) substitutes OH- groups on the surface of Fe minerals. Left
side: The transformation of ferrihydrite →lepidocrocite is promoted in the Si-treatment.
Right side: The transformation of lepidocrocite →goethite / magnetite is inhibited. From
Schulz et al. (2022)

Further Si-Fe phases with high solubility are the aqueous complex
[FeaqOSi(OH)3]

2+
(aq) (Perry and Keeling-Tucker 1998) and the amorphous phase hisingerite

[Fe 3+
2 Si2O5(OH)4 · 2 H2O] (Brigatti et al. 2011; Stamm, Zambardi, et al. 2019). Conse-

quently, Si increases the availability of the macro nutrient Fe in the soil (Picard et al.
2016; Reithmaier et al. 2017). Simultaneously, further nutrients like P and SOM get
substituted from the mineral binding sites and become vulnerable for microbial decom-
position (Hömberg, Martin Obst, et al. 2020; Hömberg, Broder, et al. 2021; Schaller,
Faucherre, et al. 2019).
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Silicon interacts with the potentially toxic element (PTE) aluminium (Al). The formation
of short-range order aluminosilicates from Al and Si in solution can decrease Al concen-
tration in solution and by this Al availability at pH < 5 (Al3+) and pH > 7 ([Al(OH)4]

–)
(Wada and KUBO 1975; Schaller, Puppe, et al. 2021). Short-range order aluminosilicates
can form from solid phases too. In this process, Si substitutes Al from solid Al(OH)3

phases at pH 6 − 10 and increases Al availability in the soil (Yokoyama et al. 2002).
Short-range order aluminosilicates are secondary silicates, here [SiO4] tetrahedra, are re-
placed by [Al(O)4]

– octahedra, creating extra negative charge in the crystal (Schaetzl and
Thompson 2015). The resulting CEC is important for availability of elements like Fe in
soils.
The transformation of soluble, amorphous and crystalline Si phases and the complex
interactions with mineral surfaces point out the importance of the element Si in Arctic
permafrost soils. In a warming Arctic, the availability of Si will change and will modify
the biogeochemical processes that lead to the release of GHG.
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Synopsis

Using standard soil methods and cutting-edge
research to unravel biogeochemical processes
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2.1 The “Top - Down” research approach

This dissertation uses a “Top−Down” approach to search on the importance and role of
Si and Ca in Arctic permafrost soils, as schematically presented in Fig. 2.1.

Figure 2.1: Schematic presentation of the “Top-Down” approach discussed in the disser-
tation. At the top, estimations are presented (Study 1: 2.2.1). In the middle, effects of
Si and Ca are quantified (Study 2: 2.2.2 and Study 3: 2.2.3). At the bottom potentially
underlying biological (Study 4: 2.2.4), and chemical processes are discussed (Study 5:
2.2.5).
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2.2 Research questions

2.2.1 − What are the available element concentration pools in the Arctic?

2.2.2 − Does GHG release change with Si and Ca?

2.2.3 − Does temperature affect Si and Ca effects on GHG release?

2.2.4 − Does the microbial community structure change with Si and Ca?

2.2.5 − Do Fe mineral phases change with Si and Ca?
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2.2.1 What are the available element concentration pools in the

Arctic?

Thawing permafrost can release elements and alter element availabilities in the active layer
(Patzner, Mueller, et al. 2020; Monhonval, J. Strauss, Mauclet, et al. 2021). Through
run-off these elements can be transported to fresh water systems (Colombo et al. 2018;
Kosolov, Prokushkin, and Pokrovsky 2016; Lamhonwah et al. 2017) and near shore sys-
tems of the Arctic Ocean. Here, they modify ecosystem functions (Goldman et al. 2013;
Terhaar et al. 2021; Mann et al. 2022). In the soil, the release of elements and minerals can
affect SOM stability. Release of SOM from mineral binding sites can increase microbial
decomposition rates (Schaller, Faucherre, et al. 2019; Hömberg, Martin Obst, et al. 2020;
Hömberg, Broder, et al. 2021), whereas the formation of mineral-SOM interactions can
prevent SOM from microbial decomposition (Monhonval, J. Strauss, Hirst, et al. 2022).
Modified availabilites of elements like Si, Ca, Fe and Al dramatically alter biogeochemical
interactions in Arctic ecosystems. The estimation of Arctic element pools is crucial to un-
derstand C sustainability. The data on element availabilities help predict the permafrost
carbon feedback and are crucial to predict future climate scenarios (Schuur, McGuire,
et al. 2015; Treat et al. 2021; Virkkala et al. 2021).
The effect of the Arctic warming on the temperature regimes in Arctic ecosystems are
complex and difficult to predict. It is likely that new pools of organic carbon and elements
will be released from thawed permafrost and modify biogeochemical processes (Hugelius,
Loisel, et al. 2020). In consequence, GHG release can increase and hold the potential
to fasten global warming. Hence, reliable data on pools of organic carbon and element
availabilities in the pan-Arctic are crucial for modelling carbon cycles and future climate
scenarios. Most earth system models (ESM) do not take biogeochemical interactions into
account and ignore the relevance of elements like Si or Ca. However, ESM approaches like
QUINCY are capable of accounting for element availabilities (Lacroix et al. 2022; Thum
et al. 2019). These models fill the gap of knowledge for element concentrations in the
Arctic.
Alfredsson, Clymans, et al. (2016) used the circumpolar Arctic vegetation map (D. A.
Walker et al. 2005) to estimate pools of ASi, based on the biogeochemical interactions of
soil elements and plants (Jobbágy and Jackson 2001; D. Walker et al. 2001). Following
the findings from Reimann et al. (2001) concerning the correlation of element concen-
trations and lithologies, we used 14 lithological classes from the high resolved Geological
Map Of The Arctic (Harrison et al. 2011) to extrapolate local element availabilities on a
pan-Arctic scale. This approach takes the parent material and lithology into account as
drivers for element availability (Alloway 2013).
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In Stimmler, Goeckede, Elberling, et al. (2022) we present one of the first datasets to
close this data gap. We present pan-Arctic maps (At a scale of 1 : 5.000.000, Arctic re-
gions northerly of latitude 60°N) of biologically available element concentrations, further
referred to as available element concentrations. The maps represent the organic layer, the
active layer, the uppermost permafrost layer and the average depth of 0 − 1 m. In total
574 soil samples from 25 locations in the pan-Arctic were extracted using the Mehlich
III method (Sims 1989). These extracts represent the fraction of the elements Si, Ca,
Fe, Al and P in the pore water and absorbed organic and inorganic particles, that are
available for microbes and plant nutrition. For the solid fraction of biological available Si,
an alkaline extraction of DeMaster (1981) was used.
Our data show that in regions like Iceland, where e.g. basalt and associated rock is dom-
inant, ASi concentrations were highest (6.7± 1.2 mgASi g−1 DW −1) (Fig. 2.2).
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Figure 2.2: Solid fraction of ASi and available element concentrations Si and Ca in organic
layer, mineral layer (as part of the active layer) and upper permafrost layer (maximal
depth of 1 m) (left to right). Blue color represents low element concentrations, red color
represent high element concentrations. From Stimmler, Goeckede, Elberling, et al. (2022).
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In the Canadian Shield, ASi concentrations are higher in the permafrost layer (2.8± 2.5

mgASi g−1 DW −1), compared to the current active layer (1.2± 0.1 mgASi g−1 DW −1).
A deeper thawing due to future warming will potentially increase ASi concentrations in
the active layer in the Canadian Shield. In general, higher ASi concentrations were found
in Siberia, compared to Canada and Alaska.
An increase of Ca with deeper thawing is expected in Alaska, here 10.4±2.8 mgCa g−1 DW −1

were found in the permafrost layer compared to 2.9± 0.5 mgCa g−1 DW −1 in the active
layer.
A wide range of element availabilities are found in Yedoma soils. These sediments formed
mainly in Siberia from fluvial deposits during the Pleistocene and are rich in C and ice
(Schirrmeister et al. 2011). Yedoma soils are very vulnerable to thermokarst and element
release (Monhonval, Mauclet, et al. 2021; J. Strauss et al. 2017). In particular in these
regions the maps of element availability presented in this study will help predict future
changes in element release.
The maps give an overview on element availability distribution in the pan-Arctic regions
and provide essential data for biogeochemical approaches in ESMs. Applying this data in
ESMs will help to predict C cycling in Arctic permafrost soils and future climate scenarios.

2.2.2 Does GHG release change with Si and Ca?

The release of macro-nutrients and elements like Si and Ca from thawing permafrost,
due to Arctic warming, change biogeochemical interactions. This points out the need for
research on the effects of elements on GHG release. For this, in Stimmler, Goeckede,
Natali, et al. (2022), I studied the effect of Si and Ca on GHG release on a local scale. I
compared the GHG release of five soils: soil C1 from Chersky, NE-Siberia, Russia (C1),
soil C2 from Chersky, NE-Siberia, Russia (C2), soil Ca1 from Baffin Bay, Canada (Ca1)
and soils from the moist acidic tundra, Alaska (MAT) and moist non-acidic tundra, Alaska
(MNT). Changing water availabilities are predicted (Göckede, Kittler, et al. 2017). These
scenarios were simulated by incubation at 5°C under drained and waterlogged conditions.
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Availabilities of Si and Ca in the active layer are predicted to change with increasing
active layer thickness (D. Walker et al. 2001; Alfredsson, Hugelius, et al. 2015; Alfredsson,
Clymans, et al. 2016; Stimmler, M. Obst, Stein, et al. 2023). To simulate altered levels
of Si and Ca, soils were incubated with four expectable concentrations of Si (+0, +3, +6,
+10 mgASi g−1 DW −1, added as pyrogenic amorphous silicon) and Ca (+0, +5, +10,
+15 mgCa g−1 DW −1, added as CaCl2). In total 20 treatments were incubated with
n=4: 4 Si treatments × 4 Ca treatments + 4 controls. The GHG CO2 and CH4 were
analyzed with gas chromatography / flame ionisation detector (GC-FID) from headspace
after 4 d incubation in the closed vial. In order to analyze GHG release in a steady state
the headspace was analyzed after intervals of 4, 8, 12 and 24 weeks of incubation (Henry
2008; Schaller, Faucherre, et al. 2019).
The effect of Si on the GHG release was complex: Under waterlogged conditions a strong
positive effect of Si on CO2 release was found with +6 mgASi g−1 DW −1 in pH neutral
mineral soils (MAT: 2695.8 ± 668.3 →4417.8 ± 3228.9 µmolCO2 kg

−1 DW −1 d−1; Fig.
2.3C) and with +10 mgASi g−1 DW −1 in alkaline mineral soils(MNT: 499.6± 313.2

→779.4±346.5 µmolCO2 kg
−1 DW −1 d−1) (Fig. 2.3B). However, in the organic soil under

drained conditions +3 mgASi g−1 DW −1 showed the largest positive effect on CO2 release
(Ca1: 1289.2± 246.2 →2161.6± 618.3 µmolCO2 kg

−1 DW −1 d−1) (Fig. 2.3D).
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Figure 2.3: CO2 production of the soils (A) C2, (B) MNT, and (C) MAT incubated
under waterlogged conditions and (D) Ca1 incubated under drained conditions. Each
square represents a treatment with n=5 of Ca (+0, +5, +10, +15 mgCa g−1 DW −1) and
Si (+0, +3, +6, +10 mgASi g−1 DW −1). Data from the soil C1 are not shown. From
Stimmler, Goeckede, Natali, et al. (2022).

The reason for the increased CO2 production under increased Si concentrations could be
the mobilization of P and SOM from mineral binding sites by substitution with polysilicic
acid, making it vulnerable for microbial decomposition (Reithmaier et al. 2017; Schaller,
Faucherre, et al. 2019; Hömberg, Martin Obst, et al. 2020; Hömberg, Broder, et al.
2021). Further, ASi is known to increase WSC and decrease hydraulic conductivity
(Schaller, Cramer, et al. 2020; Schaller, Puppe, et al. 2021). The decreased diffusion
rates of e--acceptors like O2 and organic carbon can promote anaerobic, reductive condi-
tions (Schaller, Cramer, et al. 2020).
The negative effect of Ca on CO2 release was cancelled out by Si only in the MNT soil.
Assuming increased active layer thickness in the future, it is likely that cryoturbation will
transport elements like Si and Ca from thawed permafrost layer to upper soil layers and
will change element availability in the active layer. This will modify CO2 release in differ-
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ent ways: In soils from Siberia (C1, C2) Si and Ca concentrations are higher in the active
layer, compared to the permafrost layer (Stimmler, M. Obst, Stein, et al. 2023). A deeper
thaw could hence lead to reduction of both elements and by this increase CO2 release.
For soil from the MAT, D. Walker et al. (2001) showed higher Ca concentrations in the
permafrost layer. Therefore, a deeper thaw would increase Ca level in the active layer
and decrease CO2 release. For the MNT soil, the CO2 release is expected to decrease.
We show general and site-specific effects of Si and Ca on CO2 release. We conclude, that
Si and Ca have major effects on the release of CO2 from various soils. Yet, after this study,
another major research gap remains concerning the temperature effect on GHG release in
presence of Si and Ca, to simulate naturally occurring seasonal freeze-thaw cycles.

2.2.3 Does temperature affect Si and Ca effects on GHG release?

In Schaller, Stimmler, et al. (2022) we were able to show the positive effect of Si (+6

mgASi g−1 DW −1) and negative effect of Ca (+5 mgCa g−1 DW −1) again on CO2 re-
lease for the soil C3 from Chersky, NE-Siberia, Russia (C3). These findings are in accor-
dance with the results found by Stimmler, Goeckede, Natali, et al. (2022). An important
addition in this second study about Si and Ca on CO2 release was to take the effect of
temperature into account.
The GHG release depends on seasonality, it is higher in thawed soil compared to frozen soil
(Kim et al. 2012; Sapronov 2021; Zhang et al. 2022). The warming of the Arctic changes
the temperature regime in the soil: The number of total annual freezing days is decreas-
ing (Rantanen et al. 2022), whilst the number of annual freeze-thaw cycles (oscillation
around 0°C) increases (Henry 2008). With every thawing fresh SOM may be mobilized
from the active layer and becomes vulnerable for microbial decomposition. This causes a
strong GHG pulse directly after thawing (Kim et al. 2012). Furthermore, nutrients like N
(Larsen, Jasson, and A. Michelsen 2002) and other elements like Al and Fe (Loiko et al.
2017) can get mobilized.
We also assumed that the effect of Si and Ca on GHG release depends on seasonality, too.
To analyze the effect of changing temperature on Si and Ca under laboratory conditions,
we used an automated temperature and temporal high-resolution approach (PICARRO).
Two complete freeze-thaw cycles (in total 65 days) were simulated as recommended by
Henry (2008). To simulate field conditions we used the temperature profile occurring
under field conditions at 50−60 cm depth (Göckede, Kittler, et al. 2017; Göckede, Kwon,
et al. 2019) (Fig. 2.4).
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Figure 2.4: Air temperature regime representing two complete freeze-thaw cycles of the
incubation experiment with the soil C3. Duration and value of temperature were extra-
polated from field site data measured in 50−60 cm depth. From Schaller, Stimmler, et al.
(2022).

As in our previous study by Stimmler, Goeckede, Natali, et al. (2022), we found a posi-
tive effect of Si (+28%) and negative effect of Ca (−40%) on CO2 release over the whole
incubation period, compared to the control soil without addition of Si and Ca. Addition
of Si did not cancel out the Ca effect, in the Si+Ca treatment, as CO2 release decreased
only slightly less, in comparison to the pure Ca treatment (−29%). At this point, we
cannot preclude that at certain Si:Ca ratios the effects of Si and Ca may cancel out.
The effect of Ca on CO2 release was temperature dependent: under thawed conditions,
the addition of a fixed dose of Ca reduced CO2 release significantly (Fig. 2.5B), whilst
CO2 release remained constant for the frozen soil. The Si effect on CO2 release was also
temperature dependent. Here, soils treated with Si emitted significantly more CO2, than
the control soil under frozen conditions (Fig. 2.5C). The positive effect on CO2 release
decreased strongly during the incubation time (−82% CO2 release from 1st to 3rd freezing
period), compared to CO2 release in the control soil (−24%). The decrease of GHG re-
lease of Arctic permafrost soils during repetitive thawing had been shown before in other
studies (Kurganova, Teepe, and Loftfield 2007; Sapronov 2021). Our data suggests a fast
response of labile C to an increasing number of freeze-thaw cycles in the future (Henry
2008). Rooney et al. (2022) suggested biogeochemical processes, soil properties, mineral-
ogy, and element availabilities as further important factors controlling the stability of C
in Arctic permafrost soils. Another significant factor revealed by our studies is Si: It has
a positive effect on GHG release in Arctic soils (Schaller, Faucherre, et al. 2019; Stimmler,
Goeckede, Natali, et al. 2022).
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Figure 2.5: CO2 fluxes from the soil C3 incubated with only water (control), +5
mgCa g−1 DW −1 (+Ca), +6 mgCa g−1 DW −1 (+Si), and same Ca and Si concentra-
tions combined (+Ca+ Si). a) during the entire incubation period of 65 days containing
two complete freeze-thaw cycles, b) during the two periods with temperature > 1°C and
c) during the three periods with temperature < 1°C. Letters indicate significant differ-
ences between the CO2 fluxes between the treatments. From Schaller, Stimmler, et al.
(2022).

In our recent study Schaller, Stimmler, et al. (2022), we point out the importance of Si on
frozen soils. This indicates further effects of Si for GHG release in addition to Si being a
source of ASi for Si(OH)4 (Schaller, Puppe, et al. 2021), that can substitute P and SOM
from mineral binding sites and make it more available for microbes (Hömberg, Martin
Obst, et al. 2020; Schaller, Faucherre, et al. 2019).
The presence of Si can reduce the freezing point of water (Kahlenberg and Lincoln 1898;
Kumar, M.lli, and P. 2019) and lead to thin layers of super cooled water covering soil par-
ticles (Schaefer and Jafarov 2016). Microbial activity below 0°C is limited rather by water
availability than temperature (Margesin and Collins 2019), hence increased availability of
liquid water at T< 0°C can increase the GHG release by enabling microbial activity. This
super cooled water fraction can also be increased by increased Ca concentrations (Jessen
et al. 2014). In contrast to Si addition, the increased film of super-cooled water caused by
increased Ca did not increase CO2 release, but decreased it. This in accordance with other
studies that show that higher Ca concentration decreased GHG release (Whittinghill and
Hobbie 2012; Schaller, Faucherre, et al. 2019; Stimmler, Goeckede, Natali, et al. 2022).
Our results indicate that Si and Ca are the main drivers for water availability and salinity
in the analyzed Arctic soils and by this affect the activity of microbial decomposers (Mavi
et al. 2012).
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2.2.4 Does the microbial community structure change with Si and

Ca?

In Stimmler, Goeckede, Natali, et al. (2022) we show the effects of Ca and Si on GHG re-
lease from Arctic soils and that these effects are temperature-dependent (Schaller, Stimm-
ler, et al. 2022). We hypothesized the liquid super-cooled water fraction and salinity as
main drivers behind the effects of Si and Ca on GHG release. The super-cooled water on
the surface of soil particles also changes conditions for microbial activity and would mod-
ify GHG release. Further, the thawing of permafrost affects microbes and their activity
by:

1. Increased availability of liquid water induces elevated microbial activity (Margesin
and Collins 2019).

2. The pool of microbial available SOM, nutrients and elements increases (Larsen,
Jasson, and A. Michelsen 2002; Grogan et al. 2004; Loiko et al. 2017).

3. Increased availabilities of water and nutrients activates dormant states of microbes
and causes changes in transcriptional profiles of microbes (Coolen and Orsi 2015).
This promotes pathways for C and N cycling (Mackelprang et al. 2011).

In our next study Stimmler, Priemé, et al. (2022), we tested how the presence of Si and
Ca affect MCS in Arctic soils. The MCS and microbial metabolisms strongly influence
the cycling of C (Monteux et al. 2020). To analyze effects of Si and Ca on MCS, we
sequenced prokaryotic 16s ribosomal ribonucleic acid (rRNA) gene V 3− V 4 regions and
fungal 16s rRNA gene ITS2 regions using Illumina® technique and quantitative poly
chain reaction (qPCR). For this experiment, we sampled a salt-poor soil from Disko Is-
land (pH∼5.6) and a salt-rich soil from Peary Land (pH∼8.4), two sampling locations
in Greenland. Both soils were incubated with different levels of Si and Ca (Schaller,
Faucherre, et al. 2019). The geology of the Greenlandic soils differs massively from many
other Arctic soils, such as C1, C2, MAT, MNT and Ca1.
The location Peary Land is a polar desert characterized by low precipitation, low tem-
peratures, and high salinity by salt input from the sea. This results in soils with high
Ca concentrations (15.6 mgCa g−1 DW −1), high pH (∼ 8.4), increased salt- and drought
stress for microbes, and low vegetation cover. In contrast, Disko Island is characterized
by high vegetation cover with underlying weathered basaltic rock. The soils contain com-
paratively high Si concentrations (5.2 mgASi g−1 DW −1) and have a lower pH (∼ 5.6).
We differentiate between direct and indirect effects of Si and Ca on GHG release, that were
found by Schaller, Faucherre, et al. (2019). The results were summarized in a structural
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Figure 2.6: SEM of (a) salt-poor soil from Disko Island and (b) salt-rich soil from Peary
Land. Boxes show the factors Ca concentration (Ca), Si concentration (Si), CO2 release
(CO2) and bacterial abundance (16s). Green arrows represent positive effects, red arrows
negative effect. Values given represent the strength of the effect. From Stimmler, Priemé,
et al. (2022).

equation model (SEM). For the weakly acidic, salt-poor soil from Disko Island, the addi-
tion of Ca had an indirect effect on the GHG release. Calcium decreased the total number
of bacteria and by this GHG release (Fig. 2.6A).
However, in alkaline, salt-rich soils from Peary Land, Ca had a direct negative effect on the
CO2 release (Fig. 2.6B). This could be explained by the calciumcarbonate/calciumphosphate-
coprecipitation under alkaline conditions (Schaller, Faucherre, et al. 2019).

In addition to those effects, we show that gram(+) bacteria profited from the addition
of Ca and led to a shift in the original MCS. In both soils Ca addition promoted
the share of gram(+) bacteria. In the original salt-poor soils from Disko Island (1.7
mgCa g−1 DW −1), the addtion of Ca led to a shift from an originally gram(-) dominated
MCS (Acidobacteria, Proteobacteria) to gram(+) dominated MCS (Actinobacteria, Fir-
micutes). In the salt-rich soils from Peary Land (15.6 mgCa g−1 DW −1), the addition
of Ca promoted the originally dominant gram(+) Staphylococcus (Firmicutes).

Our findings to MCS are in accordance with other studies on microbes in the Arctic. The
gram(+) Firmicutes and Actinobacteria and the gram(-) Acidobacteria and Proteobacte-
ria are important taxa in permafrost affected soils and were found all over the pan-Arctic
(Jansson and Taş 2014) (Fig. 1.9). Many cold-adapted bacteria developed different
strategies to survive under extreme conditions like cold, salinity, and drought: Modified
extracellular polysaccharides (Qurashi 2011) and lower membrane viscosity (Denich et al.
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2003), or cold shock proteins (Suetin et al. 2009), reduce freezing damages of the microbes
and enable surviving at temperatures below 0°C. Bacteria of the genus Staphylococcus
have increased intracellular potassium and glutamate levels (Whatmore and Reed 1990)
to reduce osmotic stress under high salinity conditions. A common strategy, particularly
in gram(+) taxa like Firmicutes, survive extreme conditions by the formation of physi-
ologically inactive spores and other dormant states (Barka et al. 2016; Rosenberg et al.
2014).
The formation of physiological inactive spores could be a further explanation for reduced
CO2 release after Ca addition. In salt-poor soils from Disko Island, the relative share of
potentially physiological inactive gram(+) Firmicutes and Actinobacteria increased after
addition of Ca. Further, in soils from Peary Land, the absolute abundance of gram(+)
dominated bacteria increased (data on qPCR). In both soils, the increase of potentially
physiologically inactive gram(+) taxa could have led to decreasing CO2 production rates.
Interestingly, high concentrations of Si increased absolute abundance of the gram(+) bac-
terial taxa Staphylococcus in salt-rich soil from Peary Land, but without increasing CO2

release. This is a hint for the presence of potentially dormant states of bacteria under
high Si levels (Schaller, Böttger, et al. 2016; Song et al. 2021). However, in salt-poor
soils from Disko Island addition of Si had no effect on absolute bacterial abundance. This
indicates that Si can decrease Ca induced salt stress for halo-tolerant microbes, an effect
that was already shown for plants (Coskun et al. 2016). In the lack of Ca induced salt
stress, Si seems to promote the physiological activity of gram(-) bacteria, increasing rates
of SOM decomposition and CO2 release.
The shifts in the MCS and the microbial abundance depended on the original Ca and
Si concentrations. In both soils, the microbial abundance was higher, compared to the
fungal abundance. Fungal abundance decreased much less dramatically in the soil from
Peary Land subjected to the Ca treatment, compared to the Ca treatment of the Disko
Island soils. In soils from Disko Island, the fungal MCS was dominated by Ascomycota
and Mortierellomycota at original conditions, but dominated by Basidiomycota at high Ca
concentrations. Fungi require Ca and tolerate high Ca concentrations (Pitt and Ugalde
1984), especially Basidiomycota are known to be well adapted to cold and salinity stress
(Hassan et al. 2016). Our findings point out at least two important processes in which
Si and Ca can affect CO2 release: Mobilization of nutrients and changes in microbial
abundance and in the MCS.
The role of microbes for GHG release from Arctic soils cannot be underestimated. We
show strong effects of Si and Ca on the microbial abundance and MCS. In the last study
I analyzed the effects of Si and Ca on the mobilization of nutrients and SOM from in the
mineral phases.
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2.2.5 Do Fe mineral phases interact with Si and Ca?

After permafrost thaw, the availability of Si in the active layer is predicted to increase in
certain regions of the Arctic (Stimmler, Goeckede, Elberling, et al. 2022). It was shown
that Si(OH)4 can substitute SOM and P from mineral binding sites (Hömberg, Martin
Obst, et al. 2020; Schaller, Faucherre, et al. 2019). Further, increased Si availabilities
could mobilize macro-nutrients like Fe, as shown in temperate peatlands (Reithmaier et
al. 2017) and PTE like aluminium. Nutrients and PTE can affect conditions for microbial
activity and thus change the C cycling and GHG release from Arctic soils.
The effects of Si and Ca on Fe and Al in Arctic soils are poorly understood. To fill this
knowledge gap, in Stimmler, M. Obst, Stein, et al. (2023), the effects of Si and Ca on
the availability of the macronutrient Fe and cytotoxic Al were analyzed. Therefore, the
element availabilities of Si and Ca on Fe and Al where analyzed in the four soils C2, MAT,
MNT and Ca1 from Stimmler, Goeckede, Natali, et al. (2022).
The available element concentrations (Mehlich III extracts, see also Stimmler, M. Obst,
Stein, et al. (2023)) of Si, Ca, Fe, and Al of the four soils where clustered in a metric
multi-dimensional scaling (mMDS). The data suggests a high similarity of the weak acidic
mineral soils C2 from NE-Siberia and MAT from Alaska. The mineral soil MNT from
Alaska was clearly separated, likely due to the higher pH (∼ 8.0). The SOM-rich soil Ca1
from Canada could als be separated clearly (data not shown).
In the next step, the results of the mMDS analysis were complemented by correlation
analysis of the element availabilities in the four soils. In the mineral soils MAT and MNT
from Alaska the availabilities of Si and Fe correlated significantly positively. One expla-
nation could be, that ASi reduces the hydraulic conductivity around soil particles. This
reduces diffusion rates of important e--acceptors like SOM and O2 to the microbes on the
particle surface and promotes the use ferric Fe(III) minerals as e--acceptors and increase
the share of ferrous Fe(II) minerals (Fig. 2.8-2) (Schaller, Cramer, et al. 2020).
To test this hypothesis, we specified the Fe mineral phases of soils using the STXM-
NEXAFS technique. This approach uses X-ray absorption and microscopy for spatially
fine structured analysis to help identify, map, and specify chemical species (Hömberg,
Martin Obst, et al. 2020; Schaller, Faucherre, et al. 2019; Schaller, Stimmler, et al. 2022).
In the soil C2, the ratio of ferrous phases (vivianite-like) was significantly higher in the
areas representing the bulk particle (high optical density (OD)), compared to areas of
the particle surface (low OD) (Fig. 2.7). In the Si treatment the ferrous vivianite-like
phases prevailed, whereas mainly ferric phases (ferrihydrite-like) were present in the con-
trol soil. This supports the hypothesis that ferric minerals act as e--acceptors, creating
ferrous minerals. In the next step, these lower crystallized ferrous minerals get stabilized
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by substitution of OH- groups with Si(OH)4. The higher water solubility of low crystal-
lized ferrous minerals, in consequence, increases the Fe availability.

Figure 2.7: A) Ratio of ferrous vivianite-like phases (Fe(II)phosphate) to all Fe phases
(Fetotal) for areas with specific ODs (Outer to inner particle: OD1→OD4). Layer thick-
ness for single Fe phases were extracted from the species-specific curve fitting of spectra,
including all treatments of Si. Rows represent the soils C1; Ca1; MAT and MNT. Given
are the mean and standard deviation. B) Ratio of Fe(II)phosphate/Fetotal of all soils and
treatments in regression to Fetotal. Given is also the Pearson correlation at a confidence
interval of 95%. From Stimmler, M. Obst, Stein, et al. (2023).

Another explanation for the positive effect of Si on the Fe availability could be the forma-
tion of short-range order ironsilicates (Stamm, Baldermann, et al. 2023), like hisingerite.
Furthermore, Si(OH)4 can substitute OH--groups of existing Fe minerals surfaces (Kane-
matsu, Waychunas, and Boily 2018) and prevent them from further crystallization and
mineral transformation (Fig. 1.14 and Fig. 2.8-1) (Schulz et al. 2022). The high solubility
of these low crystalline ferrous Fe silicates increase the pool of soluble Fe phases.
In contrast to the positive effect of Si on the Fe availability, the effect of Si on the availabil-
ity of Al was pH dependent. In the weak alkaline soil MNT (pH= 8), the Al availability
decreased significantly with Si addition. This could be explained by the formation of
short-range order aluminosilicates under alkaline (pH> 7) conditions (Wada 1988) (Fig.
2.8-4). In the three more acidic soils (C2, MAT and Ca1), the addition of Si had a positive
effect on the Si on Al availability. The underlying mechanism could be the substitution
of Al with Si(OH)4 from solid Al(OH)3 phases (Yokoyama et al. 2002) (Fig. 2.8-3).
The addition of Ca increased the Fe availability in the soil C2), decreased the Fe avail-
ability in the soils Ca1 and MAT. There was no effect on Fe availability in the soil MNT.
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The pH seemed to be the main driver for this Ca effect. Ionic Ca can increase the pH of
soils and by this decrease the solubility of Fe minerals (H. Marschner and P. Marschner
2012). This would explain the decreased Fe availability in the neutral mineral soil (MAT)
and organic soil (Ca1), as well as the absence of this effect in the alkaline soil (MNT).
The interaction of Ca with Fe phases is important for SOM stability, as the formation
of Ca-Fe-SOM aggregates dramatically increases the sorption capacity of SOM and Fe
(Beauvois et al. 2021) (Fig. 2.8-8). Increased Ca levels can stabilize these Ca-Fe-SOM
aggregates and decrease availability of Fe. Further, Fe has a low availability when it is
bound on mineral surfaces with high CEC. The positive effect of Ca on Fe can be ex-
plained by substitution from these mineral binding sites (Fig. 2.8-7).
The effect of Ca addition on the Al availability was negative in all soils. The soluble Al
could be bound in the crystal structure of fresh formed solid Al(OH)3 phases at high pH
(Kryzevicius et al. 2019). At low pH, an absorption in freshly formed Ca-SOM aggregates
(cation bridging) is plausible (Fig. 2.8-5).
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Figure 2.8: Processes changing availabilities of Fe and Al in the presence of Si and Ca. 1)
Binding of Si on surface OH- groups prevents Fe minerals from further transformation and
mineralization 2) ASi increases waterholding capacity and decreases hydraulic conductiv-
ity (Schaller, Cramer, et al. 2020), promoting Fe minerals as e--acceptors. 3) Si releases
Al from solid Al(OH)3 phases by substitution 4) High pH value promotes formation of
short-range order aluminosilicates from free Al and Si 5) Immobilization of Ca by cation
bridging (Ca-Al-SOM) 6) Ca increases pH and promotes Al(OH)3 precipitation 7) Ca
releases Fe from mineral binding sites by substitution 8) cation-bridging (Ca-Fe-SOM).
From Stimmler, M. Obst, Stein, et al. (2023).
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Abstract. Arctic soils store large amounts of organic carbon and other elements, such as amorphous silicon,
silicon, calcium, iron, aluminum, and phosphorous. Global warming is projected to be most pronounced in
the Arctic, leading to thawing permafrost which, in turn, changes the soil element availability. To project how
biogeochemical cycling in Arctic ecosystems will be affected by climate change, there is a need for data on
element availability. Here, we analyzed the amorphous silicon (ASi) content as a solid fraction of the soils as
well as Mehlich III extractions for the bioavailability of silicon (Si), calcium (Ca), iron (Fe), phosphorus (P), and
aluminum (Al) from 574 soil samples from the circumpolar Arctic region. We show large differences in the ASi
fraction and in Si, Ca, Fe, Al, and P availability among different lithologies and Arctic regions. We summarize
these data in pan-Arctic maps of the ASi fraction and available Si, Ca, Fe, P, and Al concentrations, focusing on
the top 100 cm of Arctic soil. Furthermore, we provide element availability values for the organic and mineral
layers of the seasonally thawing active layer as well as for the uppermost permafrost layer. Our spatially explicit
data on differences in the availability of elements between the different lithological classes and regions now
and in the future will improve Arctic Earth system models for estimating current and future carbon and nutrient
feedbacks under climate change (https://doi.org/10.17617/3.8KGQUN, Schaller and Goeckede, 2022).

1 Introduction

Temperatures in the northern high-latitude region have risen
more than twice as fast as the global average within the last
decades (IPCC, 2021). This warming leads to the thawing of
perennially frozen ground known as permafrost (Brown and
Romanovsky, 2008; Romanovsky et al., 2010). Frozen con-
ditions prevent the microbial degradation of organic matter
(OM) and also limit fluvial export of soil-bound nutrients to

the sea by runoff (Mann et al., 2022). Thawing of permafrost
soils may, in turn, accelerate global warming by potentially
releasing potent greenhouse gases (GHGs) such as carbon
dioxide (CO2) and methane (CH4) through soil organic car-
bon mineralization (Schuur et al., 2015). The frozen ground
of the Arctic boreal regions (hereafter called “Arctic” but also
including subarctic regions) is the largest pool of soil organic
carbon worldwide. Approximately 1014–1035± 194 Pg of
organic carbon is stored within the upper 3 m of permafrost
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region soils (Hugelius et al., 2014; Mishra et al., 2021). To
full depth, approximately 1460–1600 Pg of organic carbon is
stored in the permafrost region (Strauss, 2021), and approx-
imately one-third of this is in ice-rich yedoma deposits, ex-
ceeding 3 m depth (Fuchs et al., 2018; Strauss et al., 2017b).
The yedoma deposits formed in unglaciated areas of the
Northern Hemisphere during the glacial period, when melt-
water from glacial areas and eolian processes transported fine
sediment to the unglaciated lowlands (Schuur et al., 2013;
Strauss, 2021; Strauss et al., 2013). Yedoma deposits are
characterized by high carbon and water contents. The water
is mostly bound in massive ice in ice wedges as well as segre-
gated ice and pore ice in sediment columns (Schirrmeister et
al., 2011). Thus, yedoma soils are highly vulnerable to thaw-
ing because the loss of the high ice volume leads to surface
subsidence and thermokarst processes, which can accelerate
thaw and remobilize deep elemental stocks.

Low temperatures in Arctic systems slow down biolog-
ical and chemical processes and preserve OM for millen-
nia (Sher et al., 2005). Due to Arctic warming, these pro-
cesses are accelerated by increased nutrient and OM mobi-
lization from the permafrost (Salmon et al., 2016). Conse-
quently, OM may become vulnerable to respiration (Hugelius
et al., 2020; Strauss et al., 2017b). The temperature and near-
surface water content in Arctic soils have changed rapidly
in the last decades, and further changes are expected in the
future (Box et al., 2019). An important effect of Arctic warm-
ing is a deepening of the seasonally thawed active layer and
related thermokarst processes, which may lead to the mobi-
lization of nutrients from permafrost soil layers (Abbott et
al., 2015). Additionally, increased temperatures in Arctic re-
gions may accelerate weathering, potentially enhancing nu-
trient availability in terrestrial Arctic ecosystems as well as
export to freshwater systems and, finally, to the nearshore
zone and sea (Goldman et al., 2013).

As the Arctic features a soil mineral composition that
is different from many other global soils (Monhonval et
al., 2021), the availability (for microbes and plants) of ele-
ments in Arctic soils may differ as well. Yedoma deposits,
for example, are important pools of OM in the Arctic. Be-
cause yedoma deposits include materials transported from
nearby mountains, the mineral compositions of these yedoma
deposits depend on the original geology of the mountains
(Schirrmeister et al., 2011). Furthermore, sediments of ma-
rine origin are often rich in available calcium (Ca), phospho-
rus (P), and silicic acid (Si), while magmatic rocks such as
granite or basalt contain large amounts of Si, iron (Fe), alu-
minum (Al), and P. The complex mineral composition of flu-
vial and marine sediments is reflected in the element avail-
ability of the soils formed from these deposits. The availabil-
ity of these elements in soils is the complex product of soil
genesis, nutrient release, and plant cycling. The soil proper-
ties and the vegetation type interactions in terms of Sphagno-
Eriophorum vaginati potentially lead to Si accumulation in
the uppermost soil layer of the moist acidic tundra, whereas

interactions in terms of Dryado integrifoliae-Caricetum may
lead to an accumulation of Ca in the uppermost soil layer
in moist non-acidic tundra (Walker et al., 2001). Moreover,
external inputs (e.g., by fluvial transport in yedoma regions)
may alter soil genesis and element availability (Monhonval
et al., 2021; Strauss et al., 2017a). These processes depend
on physical and chemical conditions including temperature,
water content, and pH. In this context, Si, Ca, Fe, Al, or P are
bound in or on mineral phases and are released via enzymatic
activity or weathering. Ongoing Arctic climate warming now
threatens to disturb the pools that have equilibrated to condi-
tions characteristic of the past millennia.

Nutrient availability (the easily available share of elements
for potential uptake by plants within a short time span, e.g.,
days not months) is important to meet plants’ requirements
in terms of nutrition, as only optimal nutrition will result in
high biomass production. The availability of elements, such
as P, Fe, Ca, and Si, in soils is a known control with respect to
soil OM respiration (Weil and Brady, 2017). A release of in-
organic nutrients, such as P or Si, can lead to increased GHG
production and potentially to further export of these elements
to fresh and marine waters. In marine systems, P, Fe, Ca, and
Si are well known to control carbon (C) fixation in terms
of algae biomass productivity. In terrestrial systems, P avail-
ability is positively related to Si (Schaller et al., 2019) or its
polymers, which mobilize from species such as amorphous
silicon (ASi) (Stimmler et al., 2022). The mobilization of P
by Si has been shown to occur due to competition for binding
at Fe minerals (Schaller et al., 2019), which tend to strongly
bind P under low-Si-availability conditions (Gérard, 2016).
Contrary to Si, Ca binds P by calcium phosphate coprecip-
itation with calcium carbonate, at least under high-soil-pH
conditions (Otsuki and Wetzel, 1972). Like P, OM also binds
to Ca, Fe, and Al phases (Kaiser and Zech, 1997; Wiseman
and Püttmann, 2006) but is mobilized from those phases by
Si (Hömberg et al., 2020). If the Fe availability in soils is low,
the binding of P may be related to Al minerals (Eriksson et
al., 2015).

Despite the important role of soil elements in driving
soil and ecosystem processes as well as the potential for
rapid changes in the Arctic due to climate change, the spa-
tial distribution of elemental stocks (beyond C and N) is
not well understood. An ecologically based classification of
soil Ca concentrations, which differentiated between a Ca-
rich non-acidic tundra and a Ca-poor acidic tundra based
on differences in vegetation types, was proposed by Walker
et al. (2001) for the Alaskan Arctic region. This classifica-
tion system was further used to estimate pan-Arctic soil OM
stocks (Hugelius et al., 2014); this proved to be a useful
approach, as vegetation is tightly connected to OM stocks
(Quideau et al., 2001). Based on the work of Hugelius et
al. (2014), Alfredsson et al. (2016) related vegetation cover
to the ASi concentration to scale up Arctic ASi stocks. How-
ever, in contrast to OM stocks being clearly related to veg-
etation (Hugelius et al., 2014), vegetation might have an ef-
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fect on mineral availability in soils (Villani et al., 2022). It
is known that soils dominated by sedges may become en-
riched in available Si, whereas soils dominated by shrub veg-
etation may become enriched in available Ca (Mauclet et al.,
2022). Climate-change-driven alterations in vegetation com-
munities may also lead to changed element availabilities in
Arctic soils. Moreover, other elements like P and Ca are in-
tensively cycled by plants and, thus, the uppermost soil layer
becomes enriched in the aforementioned elements (Jobbágy
and Jackson, 2001). This points to the importance of bio-
geochemical interactions between vegetation and soil. How-
ever, this approach does not account for the inorganic ele-
ment pool, which is initially dominated by the bedrock geol-
ogy. Therefore, the extrapolation of circumpolar Arctic maps
of element availability for P, Fe, Ca, Al, and Si based on veg-
etation distribution alone may be associated with high uncer-
tainties. Much stronger drivers of element availability could
be the parent material and lithology (Alloway, 2013).

In this study, we aim to map pan-Arctic soil element
bioavailability (for microbes and plants) by applying a
lithology-based extrapolation of plot-level sampling data on
nutrient availability. We provide maps for the solid ASi frac-
tion and the available Si, Ca, Fe, P, and Al concentrations, as
these elements have direct effects on OM binding and GHG
emissions from the circumpolar Arctic. In addition, these el-
ements, once transported to marine systems, may affect pri-
mary production by diatoms and coccolithophores, as some
of the nutrients are limiting for algae and, hence, limit CO2
binding due to algae biomass production. A better under-
standing of element availability is crucial to reduce uncer-
tainties and allow for the reliable modeling of future scenar-
ios on how Arctic system may respond to global warming.

2 Material and methods

2.1 General approach

Based on the Geological Map of the Arctic (Harrison et al.,
2011), we estimate the bioavailability and potential mobility
of Si, Ca, Fe, Al, and P as well as the solid ASi fraction in
Arctic soils. We analyzed soil samples from organic, mineral,
and permafrost layers from pan-Arctic sampling campaigns.
We used the biologically available element concentrations
for mineral Si, Ca, Fe, Al, and P as well as the solid ASi frac-
tion of certain lithologies to compile pan-Arctic maps cover-
ing 7.6× 106 km2.

2.2 Sampling and storage

In total, we analyzed 574 Arctic soil samples from 25 lo-
cations taken over a period of 1 decade (Fig. 1). To en-
sure pan-Arctic coverage, we analyzed samples from Siberia
(222 samples from 6 locations), North America (115 samples
from 6 locations), Greenland (111 samples from 9 locations),
northern Europe (13 samples from 1 location), and Svalbard

(103 samples from 3 locations) (Figs. 1, S1; Table S1). We
analyzed samples from the thawed near-surface organic layer
(252 soil samples, mainly 0–20 cm in depth), mineral layer
(208 soil samples, mainly 20–50 cm depth), and permafrost
layer (104 soil samples, mainly 50–100 cm depth). The sam-
pling design accounted for the spatial variation at single lo-
cations (several samples were taken from ∼ 1 km transects).
Repeated sampling over months to decades was not possible.
We split the annually thawed active layer into the upper or-
ganic layer and the mineral layer below based on the C con-
tent, except for soils where the organic layer corresponded to
the active layer. The organic layer contained mainly organic
matter (OM) in different mineralization states. The mineral
soil layer has a variable OM content depending on which
soil processes have affected this layer, and it reaches to the
perennially frozen permafrost layer. We took samples using
an auger or a spade and stored them frozen until analysis
or as described in previous studies (Faucherre et al., 2018;
Kuhry et al., 2020). Samples consisted of 5 to 50 g of frozen
soil. Before analysis, the samples were freeze-dried for 48 h
and ground. Freeze-drying inhibits the thermal degradation
of the soil material and is standard for the Mehlich III extrac-
tion and alkaline extraction described below.

2.3 Extraction and analysis

2.3.1 Mehlich III extractions for available element
concentrations

Available concentrations of Si, Ca, Fe, Al, and P were quan-
tified using the Mehlich III method (Sims, 1989). Mehlich
III extracts the silicic acid that is adsorbed to the soil particle
surface as well as the free silicic acid. For Ca, Fe, Al, and
P, the extract is defined as the biologically available share of
the analyzed elements, in the script labeled as “available”.
This fraction includes the element concentrations dissolved
in the pore water and the fraction adsorbed to organic and in-
organic soil particles. Microbes and plants are able to mobi-
lize this adsorbed share of nutrients. We defined the Mehlich
III extraction method to reflect these available element con-
centrations. Briefly, we extracted 0.5 to 5 g of freeze-dried
soil using 10 mL of Mehlich III solution (0.015 M NH4F,
0.001 M EDTA, 0.25 M NH4NO3, 0.00325 M HNO3, and
0.2 M HAc) per gram of soil. The samples were shaken for
5 min at 200 rpm and centrifuged for 5 min at 10 000×g. Fol-
lowing this, the supernatant was filtered using a 0.2 µm cellu-
lose acetate filter. The concentration of Si, Ca, Fe, Al, and P
was measured by inductive coupled plasma optical emission
spectroscopy (ICP-OES; Vista-PRO radial, Varian Medical
Systems, Palo Alto, CA).

2.3.2 Alkaline extraction for the solid fraction of
amorphous silicon

For the abstraction of the solid fraction of amorphous sili-
con (ASi), an alkaline extraction was used (DeMaster, 1981)
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to extract ASi from 30 mg of freeze-dried soil using 40 mL
of 0.1 M Na2CO3 solution at 85 ◦C for 5 h. After 1 h, 3 h,
and 5 h, the suspension was mixed, and 10 mL of the super-
natant was subsampled, filtered using a 0.2 µm cellulose ac-
etate filter, and analyzed by ICP-OES. The ASi concentration
was calculated using a linear regression of the ASi concen-
tration in solution against time, and the intersection with the
y axis was used as the available concentration, as per DeMas-
ter (1981). The Mehlich III extract was used to determine the
available concentrations of the elements, and the alkaline ex-
traction was used to determine the pool of particulate ASi in
the soil. To determine the dry weight (DW) of the samples,
0.5–2 g of frozen material was freeze-dried until it reached a
constant weight.

2.4 Statistics

2.4.1 Statistics and graphics

Data were analyzed using RStudio software (R Core Team,
2022). We extracted the original data (lithology, location,
and geometry) from GIS polygons (shapefiles from the dif-
ferent regions, including Greenland, Can_USA, Ice, and
N_Europa_Russia) of the Geological Map of the Arctic con-
taining the locations. We extracted 14 lithological classes in
total. We matched the soil sampling locations for which we
obtained element availability data (by extraction; see above)
with the GIS polygons (geology) using the ArcView GIS 3.2
extensions “Spatial Analyst” command “analysis: tabulate
Areas”. The sum of areas with the same map label was ex-
tracted using the map label “shape area”. We considered only
terrestrial areas. For every location, we calculated the mean
available element concentrations for ASi, Si, Ca, Fe, Al, and
P with bootstrapping (boot= 1000) for the organic, mineral,
and permafrost layers. We calculated quantiles, the mean,
and the standard error using “summarise” from the “dplyr”
R package. We clustered the available element concentration
data for all locations by lithological class and calculated the
mean and standard error for the organic, mineral, and per-
mafrost layers. The number of samples for each lithological
class is given in Fig. 1.

2.4.2 Element concentration maps

We used the Geological Map of the Arctic (1 : 5000000
scale, in the Arctic polar region, north of latitude 60◦ N) as
the basis for our maps. We calculated the weighted numeric
mean concentration for each element in the first 100 cm from
the soil surface using Eq. (1). The mean mass fraction (wm)
of an element (X) is the sum of the products of the mass
fractions in the organic layer (OL), mineral layer (ML), and
permafrost layer (PL) and the thickness (d) of each layer in
centimeters divided by 100 cm. We colored the represented

area based on the element concentration.

wm (X)
[
mgg−1

]
=

(wOL(X)
[
mgg−1

]
× dOL [m]+ wML(X)

[
mgg−1

]
×dML [m]+wPL(X)

[
mgg−1

]
× dPL [cm])

100 [cm]
(1)

3 Results

3.1 Geographical and lithological representation

Our sampling locations represent 13 of the 17 (76.5 %) orig-
inal geographic domains (North Asia and North America,
ice, and none assigned are missing) defined by the base map
(Fig. S1; Tables 1, S2) of the Arctic. The single areas and
shares for the maps of Canada and/or Alaska, Greenland, and
northern Europe and/or Russia are given in Table S3. Our
data represent 17 periods of the Geological Map of the Arc-
tic. The ages range between 2.6 and 2500 Myr ago. The num-
ber of samples per age code are shown in Fig S2. Our data
represent 14 lithological classes of the Geological Map of
the Arctic (Table S4). These 14 lithological classes represent
7.63× 1012 m2 of the 1.57× 1013 m2 area (48.49 %) cov-
ered by the base map (including ice sheets). Sediments cover
1.03× 1013 m2 of the Arctic. Our data represent sedimentary
classes that incorporate 6.77× 1012 m2 (65.9 %) of the Arctic
sediment cover (Fig. S3). In total, 3.68× 1011 m2 (49.9 %)
of the 7.37× 1011 m2 of yedoma deposits was represented
(Fig. S4). The 14 lithological classes can be observed in the
igneous type, comprising extrusive – mafic material (class 1,
n= 26); the unclassified type, comprising metamorphic un-
divided material (class 2, n= 21); and the sedimentary type,
comprising carbonate (class 3, n= 24; class 4, n= 58; class
5, n= 64), clastic – shallow marine (class 6, n= 13), clas-
tic – deltaic and nearshore (class 7, n= 68), sedimentary –
undivided (class 8, n= 38; class 9, n= 39), clastic – shal-
low marine (class 10, n= 91; class 11, n= 60), sedimentary
and/or volcanic – undivided (class 12, n= 21), and slope and
deep water (class 13, n= 43; class 14, n= 8) material.

3.2 Element availabilities across lithological classes at
0–1 m depth

The lithological classes differed substantially with respect to
their element availabilities (Figs. 2, S5). The main findings
were as follows:

– We found a large range of ASi concentrations in the
Arctic, covering values from 0.03± 0 mg g−1 DW ASi
to 6.68± 1.17 mg g−1 DW ASi. The highest concentra-
tions of ASi were found in basalt and associated rock
(class 1: 6.68± 1.17 mg g−1 DW ASi), gneiss and asso-
ciated rock (class 2: 4.11± 1.24 mg g−1 DW ASi),
and sandstone and associated rock (class
9: 2.01± 0.24 mg g−1 DW ASi; class 10:
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Table 1. The parameters used in this study, including the areal coverage of the geographical domain, the epochs, the represented area, the
lithological class, the sediments, and the yedoma deposition, according to our data. The first column lists the original parameters given by
the Geological Map of the Arctic (Harrison et al., 2011) as well as the yedoma deposits (Strauss et al., 2021). The “Represented” column
gives absolute numbers with respect to the chronological or lithological classes extrapolated by this study. The represented area is the share
of the entire area of the Arctic for each listed parameter according to the Geological Map of the Arctic used in this study.

Parameter Represented Explanation Example

Geographic domain 13 (76.5%) “Phanerozoic regions are based on major phys-
iographic features of the Arctic” (Harrison et
al., 2011)

Western Interior Alaska

Epochs 17 (2.6–2500 Myr ago) “Standardization of map-unit attributes has
been facilitated by the International Strati-
graphic Chart (August 2009 version) published
by the International Commission on Stratigra-
phy (ICS)” (Harrison et al., 2011)

Neogene (23.0–2.6 Ma)

Represented area 7.63× 1012 m2 (43.03%) Area of the Geological Map of the Arctic (Har-
rison et al., 2011) co-located with element con-
centration data from this work (Figs. 3–8)

Lithological class 14 Specification and examples of rock type Lithological class 2: gneiss and migmatite; re-
worked amphibolite and granulite facies rocks

Sediments 6.77× 1012 m2 (65.9 %) Areas with lithological classes of the sedimen-
tary type

Lithological class 7: sandstone, siltstone, shale,
and coal; plant fossils; metamorphic grade not
identified

Yedoma deposition 3.68× 1011 m2 (49.9 %) Areas that contain yedoma deposits defined by
Strauss et al. (2021)

2.06± 0.01 mg g−1 DW ASi). ASi concentra-
tions were the lowest in limestone (class 3:
0.03± 0 mg g−1 DW ASi) (Fig. 2).

– Available Si concentrations were highest in lime-
stone and associated rock, including shale (class
4: 5.65± 0.78 mg g−1 DW Si); quartz sandstone (class
6: 6.61± 1.83 mg g−1 DW Si); and sandstone (class
7: 5.46± 0.66 mg g−1 DW Si). Si concentrations were
lowest in limestone and associated rock (class 3:
0.1± 0.02 mg g−1 DW Si) (Fig. 2). The differences in
the available Si concentrations between the two classes
of limestone are mainly driven by the presence of shale
in one class that acts as source of silicic acid.

– The highest available Ca concentrations were observed
in limestone (which consist of CaCO3) and asso-
ciated rock (class 3: 10.73± 2.15 mg Ca g−1 DW),
sedimentary and/or volcanic rock (class 12:
8.77± 0.12 mg Ca g−1 DW), and sandstone and
associated rock (class 8: 8.06± 0.36 mg Ca g−1 DW).
Ca concentrations were lowest in gneiss (class 2:
0.05± 0.02 mg Ca g−1 DW) (Fig. 2). The data are
consistent with the expectation that the highest Ca
availability will be found in Ca-containing bedrock.

– Available Fe concentrations were highest in shale and
associated rock (class 13: 2.93± 0.45 mg g−1 DW Fe),
limestone (class 4: 2.28± 0.32 mg g−1 DW Fe), and
quartz sandstone (class 6: 2.49± 0.69 mg g−1 DW Fe).

The lowest Fe concentrations were observed in
lithological limestone and associated rock (class 3:
0.01± 0.001 mg g−1 DW Fe) (Fig. 2).

– The highest available Al concentrations
were observed in quartz sandstone (class 6:
2.52± 0.70 mg g−1 DW Al), sandstone (class 7:
1.63± 0.20 mg g−1 DW Al), and shale and associated
rock (class 13: 1.5± 0.23 mg g−1 DW Al). The lowest
Al concentrations were observed in limestone and
associated rock (class 3: 0.02± 0 mg g−1 DW Al)
(Fig. 2).

– High available P concentrations were observed
in limestone and associated rock (class 4:
0.31± 0.04 mg g−1 DW P), sandstone (class 7:
0.19± 0.02 mg g−1 DW P), and shale and associ-
ated rock (class 14: 0.15± 0.05 mg g−1 DW P). P
concentrations were lowest in basalt and associated
rock (class 1: 0.0116± 0.002 mg g−1 DW P) (Fig. 2).

3.3 Maps of the element concentrations at 1 m depth

3.3.1 Amorphous silicon in the top 1 m

We found the highest concentrations of ASi in the Arc-
tic North Atlantic region (Fig. 3). Here, basalt and
gneiss are dominant (lithological classes 1 and 2, re-
spectively) and contained concentrations of 4.11± 1.24
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Figure 1. Map of the represented lithologies. The Arctic Circle (66.6◦ N) is included as a black circle. Each color represents a bedrock
lithology. “1” denotes basalt, olivine basalt, tholeiite, alkali basalt, basanite, pillow basalt, and flood basalt (n= 26). “2” represents gneiss
and migmatite; reworked amphibolite and granulite facies rocks (n= 11). “3” shows limestone, dolostone, shale, evaporites, and chalk;
carbonate reefs or metamorphosed equivalent (n= 24). “4” denotes limestone, dolostone, shale, evaporites, and chalk; carbonate reefs;
metamorphic grade not identified (n= 58). “5” represents limestone, dolostone, shale, evaporites and, chalk; carbonate reefs (n= 64). “6”
shows quartz sandstone, siltstone, claystone, limestone, dolostone, conglomerate, and tillite (n= 13). “7” denotes sandstone, siltstone, shale,
and coal; plant fossils; metamorphic grade not identified (n= 68). “8” represents sandstone, siltstone, shale, and limestone (n= 38). “9”
shows sandstone, siltstone, shale, and limestone; metamorphic grade not identified (n= 39). “10” denotes sandstone, siltstone, and shale;
marine fossils (n= 91). “11” represents sandstone, siltstone, and shale; marine fossils; metamorphic grade not identified (n= 60). “12”
shows sedimentary and/or volcanic rock; undivided (n= 21). “13” denotes shale, chert, iron formation, greywacke, turbidite, argillaceous
limestone, and matrix-supported conglomerate (n= 43). “14” represents shale, chert, iron formation, greywacke, turbidite, argillaceous
limestone, and matrix-supported conglomerate or metamorphosed equivalent (n= 8). Gray color presents areas of the base map that are not
represented by our element concentration data. The location abbreviations are as follows: CH – Alaska, Chandalar; CO – Alaska, Coldfoot;
FB – Alaska, Franklin Bluffs, dry; MAT – Alaska, moist acidic tundra; MNT – Alaska, moist non-acidic tundra; CB – Canada, Cambridge
Bay; BR – Greenland, Brønlund; CF – Greenland, Cass Fjord; DI – Greenland, Disko; MB – Greenland, Melville Bay; NU – Greenland,
Nuussuaq; WL – Greenland, Warming Land; ZA – Greenland, Zackenberg; IW – Greenland, Zackenberg, ice wedge; IF – Greenland,
Zackenberg, infilling fan; AM – Russia, Ary-Mas; CY – Russia, Chersky; KY – Russia, Kytalyk; FT – Russia, Lena Delta, first terrace; TT –
Russia, Lena Delta, third terrace; SP – Russia, Spasskaya; AB – Sweden, Abisko; AD – Svalbard, Adventdalen; NA – Svalbard, Adventalen;
SV – Svalbard. This map is based on the Geological Map of the Arctic (Harrison et al., 2011).

to 6.68± 1.17 mg ASi g−1 DW. Other high concen-
trations of ASi were found for the Brooks Range
(Alaska), Chukotka and the Arctic shelf (eastern Siberia),
and the West Siberian Basin. These soils contained
2.01± 0.24 mg ASi g−1 DW (lithological class 9). The
Verkhoyansk–Kolyma region showed a lower con-
centration of 1.48± 0.16 mg ASi g−1 DW (lithological

class 11). We found similar concentrations (class 5:
1.24± 0.14 mg ASi g−1 DW) for the Canadian Shield. We
found low concentrations of 0.31± 0.01 mg ASi g−1 DW
(lithological class 12) in western Interior Alaska and western
parts of the Brooks Range, Alaska, Chukotka, and the Arctic
shelf. Increasing the active layer depth will potentially
release higher ASi concentrations from permafrost soils
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Figure 2. Element concentrations related to lithology. Lithology
class 1 is igneous, class 2 is metamorphic, and the other classes are
either sedimentary or sedimentary and mixed. Each color represents
a bedrock lithology. “1” denotes basalt, olivine basalt, tholeiite, al-
kali basalt, basanite, pillow basalt, and flood basalt (n= 26). “2”
represents gneiss and migmatite; reworked amphibolite and gran-
ulite facies rocks (n= 11). “3” shows limestone, dolostone, shale,
evaporites, and chalk; carbonate reefs or metamorphosed equiv-
alent (n= 24). “4” denotes limestone, dolostone, shale, evapor-
ites, and chalk; carbonate reefs; metamorphic grade not identified
(n= 58). “5” represents limestone, dolostone, shale, evaporites,
and chalk; carbonate reefs (n= 64). “6” shows quartz sandstone,
siltstone, claystone, limestone, dolostone, conglomerate, and tillite
(n= 13). “7” denotes sandstone, siltstone, shale, and coal; plant
fossils; metamorphic grade not identified (n= 68). “8” represents
sandstone, siltstone, shale, and limestone (n= 38). “9” shows sand-
stone, siltstone, shale, and limestone; metamorphic grade not iden-
tified (n= 39). “10” denotes sandstone, siltstone, and shale; marine
fossils (n= 91). “11” represents sandstone, siltstone, and shale; ma-
rine fossils; metamorphic grade not identified (n= 60). “12” shows
sedimentary and/or volcanic rock; undivided (n= 21). “13” de-
notes shale, chert, iron formation, greywacke, turbidite, argillaceous
limestone, and matrix-supported conglomerate (n= 43). “14” rep-
resents shale, chert, iron formation, greywacke, turbidite, argilla-
ceous limestone, and matrix-supported conglomerate or metamor-
phosed equivalent (n= 8). All values are given as the mean and
standard error. The distribution of the lithological classes is shown
in Fig. 1, and the assignment to the geographic domain is given in
Table S5.

(Fig. S6) in the Canadian Shield, as the concentration in the
permafrost layer is 2.80± 2.50 mg ASi g−1 DW (lithological
class 5) compared with 1.24± 0.14 mg ASi g−1 DW in the
current active layer (Table S4). A further increase in the
ASi concentration can be expected for the Arctic North
Atlantic region due to permafrost thaw, as the concentration

Figure 3. Map of the mean concentration of amorphous silicon
(ASi) in the top 100 cm of soils. For each lithological class, the
mean concentration is shown. Gray shaded areas are not represented
by our data.

is 8.68± 2.51 mg ASi g−1 DW in the permafrost layer
compared with the 4.11± 1.24 mg ASi g−1 DW of the
current active layer (lithological class 1) (Fig. S6, Table S4).
However, the permafrost layer in Siberia contains lower
concentrations of ASi (class 9: 0.77± 0.23 mg ASi g−1 DW;
class 11: 1.38± 0.28 mg ASi g−1 DW) compared with
the current active layer, which has concentrations of
2.01± 0.24 mg ASi g−1 DW (lithological class 9) and
1.48± 0.16 mg ASi g−1 DW (lithological class 11), probably
leading to lower overall ASi concentrations with proceeding
thaw. The variability in the ASi data is high for lithological
classes 1, 2, 9, and 11.

3.3.2 Silicon at 0–1 m depth

Available (Mehlich-III-extractable) Si (Fig. 4), extracted
as silicic acid, showed a different distribution than the
solid fraction of ASi (Fig. 3). High available Si con-
centrations were generally associated with sediments. The
available Si extracted via Mehlich III extraction is water-
soluble Si as well as Si bound to the surface of soil parti-
cles (Schaller et al., 2021). We found high concentrations
(5.65± 0.78 mg Si g−1 DW) for lithological class 4 in the
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West Siberian Basin and the West Siberian Plain. Other re-
gions with high available Si concentrations were the East Eu-
ropean Plain, the Ural Mountains, and the Canadian Shield.
Another lithological class with high available Si concen-
trations (4.51± 0.69 mg Si g−1 DW) was class 13, located
in the Innuitian region, North Greenland, and Alaska. In
Alaska, lithological class 10, which has moderately high
concentrations of available Si (2.06± 0.03 mg Si g−1 DW),
is also abundant. We found low concentrations of avail-
able Si (class 9: 0.36± 0.05 mg Si g−1 DW) for the Brooks
Range, Chukotka, the Arctic shelf, the West Siberian
Basin, and the West Siberian Plain. In addition, the
Verkhoyansk–Kolyma region, the East European Plain, and
the Ural Mountains were poor in available Si (class 11:
0.39± 0.04 mg Si g−1 DW). The lowest available concentra-
tions (class 12: 0.15± 0.01 mg Si g−1 DW) were observed
in western Interior Alaska. An increasing thawing depth
may potentially increase the available Si concentrations in
the western Verkhoyansk–Kolyma region to the East Eu-
ropean Platform, as the concentration in the permafrost
layer is 6.26± 1.52 mg Si g−1 DW (lithological class 4) com-
pared with the lower available Si concentration (class
4: 5.56± 0.78 mg Si g−1 DW) of the current active layer
(Fig. S6, Table S4). The variability in the data of available
Si is high for lithological classes 4, 6, and 7.

3.3.3 Calcium at 0–1 m depth

The highest available (Mehlich-III-extractable) Ca con-
centrations in soils were found in limestone and associ-
ated rock (class 3: 10.73± 2.15 mg Ca g−1 DW) in North
Greenland, Alaska, and the Canadian Shield (class 5:
3.79± 0.45 mg Ca g−1 DW) (Fig. 5). In particular, lime-
stone shows high solubility under the acidic conditions
used in the Mehlich III extraction and, thus, presents high
concentrations of available Ca. In addition, supracrustal
rocks in Alaska contained very high available Ca con-
centrations (class 12: 8.77± 0.12 mg Ca g−1 DW). Mafic
rocks in the Arctic North Atlantic region (class 1:
3.65± 0.70 mg Ca g−1 DW) contained moderate available
Ca concentrations. We found moderate to low available
Ca concentrations (class 11: 2.88± 0.32 mg Ca g−1 DW) for
soils of the Verkhoyansk–Kolyma region, the East Eu-
ropean Plain, and the Ural Mountains. Large regions of
eastern and western Siberia and the Siberian Plain were
poor in available Ca (class 9: 1.51± 0.14 mg Ca g−1 DW;
class 4: 2.56± 0.34 mg Ca g−1 DW). The available Ca con-
centrations of the permafrost layer for Alaska (class
12: 10.42± 2.08 mg Ca g−1 DW) is higher than in the
active layer (2.93± 0.45 mg Ca g−1 DW) (Fig. S6). In
the largest part of Siberia and the Canadian Shield,
the available Ca concentrations are slightly lower in
the permafrost layer (class 4: 2.15± 0.96 mg Ca g−1 DW;
class 7: 1.59± 0.32 mg Ca g−1 DW) than in the ac-
tive layer (class 4: 2.56± 0.34 mg Ca g−1 DW; class 7:

Figure 4. Map of the mean concentration of available (Mehlich-III-
extractable) silicon (Si) for the uppermost 100 cm of soils. For each
lithological class, the mean concentration is shown. Blue colors rep-
resent low concentrations of available Si, whereas red colors repre-
sent high concentrations. Gray shaded areas are not represented by
our data.

1.51± 0.14 mg Ca g−1 DW) (Fig. S6, Table S4). The vari-
ability in the data of available Ca is high for lithological
classes 1, 3, 5, and 6.

3.3.4 Iron (Fe) at 0–1 m depth

Available (Mehlich-III-extractable) Fe concentrations
were higher in the eastern Arctic than in the western
Arctic (Fig. 6). We found the highest concentrations in
northern Greenland (class 13: 2.93± 0.45 mg Fe g−1 DW).
The soils of lithological class 4 in the West Siberian
Basin and the Siberian and Canadian plains contained
2.28± 0.32 mg Fe g−1 DW. The Verkhoyansk–Kolyma
region showed similar Fe concentrations (class 7:
2.21± 0.27 mg Fe g−1 DW). Moderate to high Fe con-
centration were found for igneous mafic rocks in Iceland
and Greenland (class 1: 0.94± 0.18 mg Fe g−1 DW)
and for supracrustal rocks in Alaska (class 12:
1.24± 0.14 mg Fe g−1 DW). The Chukotka region and
western Siberia were relatively poor in Fe (class 9:
0.83± 0.13 mg Fe g−1 DW). Eastern Siberia and northern
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Figure 5. Map of the mean concentration of available (Mehlich-
III-extractable) calcium (Ca) for the uppermost 100 cm of soils. For
each lithological class, the mean concentration is shown. Blue col-
ors represent low concentrations of Ca, whereas red colors represent
high concentrations. Gray shaded areas are not represented by our
data.

Europe contained even lower Fe concentrations (class
11: 0.49± 0.04 mg Fe g−1 DW). Available Fe concentra-
tions in the Canadian Shield were similarly low (class
12: 0.41± 0.06 mg Fe g−1 DW). We expect increasing Fe
concentrations for the Canadian and Greenland shields
due to predicted future thaw of the permafrost layer, as
the Fe concentrations in the permafrost layer (class 5:
0.61± 0.15 mg Fe g−1 DW) and in parts of Alaska (class
14: 1.97± 0.3 mg Fe g−1 DW) are higher compared with the
current active layer (class 5: 0.41± 0.05 mg Fe g−1 DW) and
other parts of Alaska (class 14: 1.08± 0.38 mg Fe g−1 DW)
(Fig. S7, Table S4). The variability in the data of available
Fe is high for lithological classes 2 and 6.

3.3.5 Aluminum at 0–1 m depth

Northern Europe contained the highest concentra-
tions of available (Mehlich-III-extractable) Al (class 6:
2.52± 0.7 mg Al g−1 DW) (Fig. 7). Relatively high concen-
trations of available Al were also distributed over Siberia and
the Canadian Shield (class 7: 1.63± 0.02 mg Al g−1 DW;

Figure 6. Map of the mean concentration of available (Mehlich-
III-extractable) iron (Fe) for the uppermost 100 cm of soils. For each
lithological class, the mean concentration is shown. Blue colors rep-
resent low concentrations of Fe, whereas red colors represent high
concentrations Gray shaded areas are not represented by our data.

class 4: 1.57± 0.22 mg Al g−1 DW). Parts of Alaska
contained moderate available Al concentrations
(class 10: 0.94± 0.06 mg Al g−1 DW; class 13:
1.5± 0.23 mg Al g−1 DW), whereas areas represented
by supracrustal rocks were poor in available Al (class
12: 0.47± 0.06 mg Al g−1 DW). We found relatively low
concentrations (0.73± 0.01 mg Al g−1 DW) of available
Al for Chukotka and for eastern and western Siberia in
lithological class 9. The Verkhoyansk–Kolyma region and
the East European Plain showed the lowest available Al
concentrations (class 11: 0.26± 0.02 mg Al g−1 DW) as did
the Canadian Shield (class 5: 0.21± 0.03 mg Al g−1 DW).
An increasing thawing depth may increase the available
Al concentration via the predicted thaw of the permafrost
layer in northern Europe, as the Al concentration in the
permafrost layer is 4.88± 1.02 mg Al g−1 DW (litho-
logical class 6) compared with the current active layer
(2.52± 0.7 mg Al g−1 DW; lithological class 6); moreover,
across the Greenland and Canadian shields, the available Al
concentration via the predicted thaw of the permafrost layer
is 0.3± 0.07 mg Al g−1 DW (lithological class 5) compared
with the current active layer (0.21± 0.03 mg Al g−1 DW;
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Figure 7. Map of the mean concentration of available (Mehlich-III-
extractable) aluminum (Al) for the uppermost 100 cm of soils. For
each lithological class, the mean concentration is shown. Blue col-
ors represent low concentrations of Al, whereas red colors represent
high concentrations. Gray shaded areas are not represented by our
data.

lithological class 5) (Fig. S7, Table S4). The variability in
the data of available Al is high for lithological classes 2 and
6.

3.3.6 Phosphorous at 0–1 m depth

We found the highest available (Mehlich-III-extractable)
P concentrations for the West Siberian Basin, the Cana-
dian Shield, and the Siberian and East European plains
(class 4: 0.306± 0.042 mg P g−1 DW) (Fig. 8). In the
Chukotka region, the available P concentrations were
0.189± 0.023 mg P g−1 DW (lithological class 7). We found
moderate available P concentrations for northern Eu-
rope (class 6: 0.123± 0.034 mg P g−1 DW) and Alaska
(class 14: 0.153± 0.054 mg P g−1 DW). Wide areas of
supracrustal rocks in Alaska were poor in available P (class
12: 0.024± 0.004 mg P g−1 DW). The Canadian Shield
(class 5: 0.037± 0.005 mg P g−1 DW), the Verkhoyansk–
Kolyma region, the East European Plain (class 11:
0.017± 0.002 mg P g−1 DW), and the Chukotka region (class
9: 0.030± 0.003 mg P g−1 DW) were also poor in P. Due to

Figure 8. Map of the mean concentration of available (Mehlich-III-
extractable) phosphorous (P) for the uppermost 100 cm of soils. For
each lithological class, the mean concentration is shown. Blue col-
ors represent low concentrations of P, whereas red colors represent
high concentrations. Gray shaded areas are not represented by our
data.

permafrost thaw, we expect increasing available P concen-
trations for the Canadian Shield, as the available P concen-
tration in the permafrost layer is 0.06± 0.01 mg P g−1 DW
(lithological class 5) compared with the current active
layer concentration of 0.04± 0.005 mg P g−1 DW (litholog-
ical class 5) (Fig. 7, Table S4). The variability in the data of
available P is high for lithological classes 4, 6, and 7.

4 Discussion

4.1 Element availability in relation to lithology and
geography

We found large differences in the availability of all of the an-
alyzed elements among the different lithology classes in the
Arctic. The igneous lithological type, for example, is dom-
inated by alkaline and Ca-rich basaltic rocks from Alaska.
Sedimentary rocks cover a wide range of pH values, as sedi-
ments of diverse origin can contribute to form a sedimentary
rock (Schirrmeister et al., 2011). In regions with fluvial depo-
sition (e.g., in yedoma-affected areas), the soil-forming ma-
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terial may differ from the underlying bedrock (Kokelj et al.,
2017). Limestone sediments, for example, differ with respect
to their available Fe and P contents, depending on whether
their origin is biological (lithological class 4), physical, or
chemical. Sandstone can also contain high available Fe con-
centrations, but it is mainly comprised of available Si (litho-
logical classes 7 and 8) (Yurchenko et al., 2019). Previously,
no map outlining the availability of Si, Ca, Fe, P, and Al in
Arctic soils existed, and only a map of ASi stocks (but not
concentrations) was available. Our maps show the element
concentrations available for both plants and microbes. Fur-
thermore, we show the potential changes in element avail-
ability due to a deepening of the active layer, element export
by runoff from thawed soil, and thermokarst processes.

4.2 Relevance of element availability in a dynamic Arctic

Nutrient cycles and limitations have been identified as im-
portant for improving estimations of high-latitude ecosystem
vegetation functional parameters, like gross primary produc-
tion (GPP) (Chadburn et al., 2017). Therefore, the dataset
presented in our study could serve as a basis to provide
soil nutrient concentrations for biogeochemical models that
are capable of considering nutrient limitations in permafrost
ecosystems. Our maps cover nearly the half of the Arctic
area. The distribution of ASi in Arctic regions was first es-
timated by Alfredsson et al. (2016), who presented maps of
ASi stocks (not concentrations) related to vegetation cover
(covering 30 soil profiles). Elements like Si and Ca are ac-
cumulated by plants, depending on the vegetation type (Job-
bágy and Jackson, 2001; Mauclet et al., 2022). Therefore,
the effect of the current vegetation on element availability in
soils is associated with high uncertainties, as the vegetation
involved in forming the soil ASi pool may be different from
the current vegetation. Thus, more appropriate measures of
element availability may be the parent material and lithol-
ogy (Alloway, 2013). It has been shown that the geochem-
ical element concentration in Arctic permafrost soil allows
one to distinguish geologies (Reimann and Melezhik, 2001).
Consequently, our lithology-based extrapolation of nutrient
availability will help to reduce the current uncertainties in
pan-Arctic soil element availability.

Due to deepening of the active layer, such as in the Cana-
dian Shield and in the North Atlantic region, our data suggest
higher ASi concentrations in the active layer in the future, as
the ASi concentration in the permafrost layer is higher com-
pared with the current active layer (Fig. S6). These higher
ASi concentrations may increase P and OM availability (Re-
ithmaier et al., 2017; Schaller et al., 2019) due to polysili-
cic acid competing for binding sites on the surface of min-
erals, subsequently mobilizing both P and OM (as ASi is a
main source of polysilicic acid), and potentially increasing
the leaching of both elements to the sea. It has also been
shown that available Si leads to a release of P from miner-
als in Arctic soils and increases OM decomposition, thereby

increasing soil GHG release (Schaller et al., 2019, 2021).
Available Ca can immobilize OM via cation bridging and,
thus, preserve OM from microbial decomposition (Sowers et
al., 2020). Available Ca is also relevant for mineral forma-
tion because it can bind CO2 as Ca(HCO3)2 in soil with a
pH higher than 7 (Dessert et al., 2003; Köhler et al., 2010).
The concentration of soluble Ca in yedoma soils is mainly
driven by thermokarst processes (Monhonval et al., 2022).
In permafrost layers, the data presented in Fig. S6 show that
Ca concentrations are lower than those in the current active
layers at most locations, which is in accordance with other
studies (Kokelj and Burn, 2005). Consequently, a future in-
crease in temperatures may lead to a widespread decrease in
the available Ca concentrations on average at 0–1 m depth,
especially in yedoma regions. Iron minerals are important
electron acceptors under anaerobic conditions, and available
Fe is essential for microbial methane production (Colombo
et al., 2018). After being released from rocks by weathering,
Al forms amorphous aluminosilicates that crystalize slowly
(Schaller et al., 2021). The Mehlich III extract contains all
soluble forms of Al(OH)(H2O) that are bioavailable for or-
ganisms, with Al being toxic (Rengel, 2004). Thawing per-
mafrost may be a source of available Al, especially across
Canada, the Greenland Shield, and northern Europe. Increas-
ing P availability, as predicted for Greenland and the Cana-
dian Shield (Fig. 7), may, for example, increase CO2 release
to the atmosphere by increasing the mineralization rates of
OM (Street et al., 2018; Yang and Kane, 2021).

4.3 The importance of element interactions for nutrient
availability

In permafrost layers, the mineralization of OM by microbial
activity is negligible due to frozen conditions. As in temper-
ate soils, the binding of OM in the mineral phases can prevent
OM from mineralization (Dutta et al., 2006; Mueller et al.,
2015). Mineral phases may bind parts of soil OM, thereby
reducing the amount of OM available for microbial respi-
ration. A large share of OM may be associated with iron
and aluminum oxides/hydroxides. In particular, iron miner-
als may strongly bind OM, whereby a high stability of stored
carbon is likely (Herndon et al., 2017). Thus, the binding
between OM and the minerals is determined by the quan-
tity of minerals that can bind OM (Wiseman and Püttmann,
2006). This would imply that a higher concentration of avail-
able Fe, Al, and Ca in Arctic soils due to permafrost thaw
may lead to lower GHG emissions from Arctic soils due to
the complexation of OM with those elements. Therefore, an
increase in element availability and, in turn, the increased
binding of OM could result in potentially lower GHG emis-
sions in Alaska (due to a higher available Ca and available
Fe concentration in the permafrost layer compared with cur-
rent active layer), the Canadian Shield and Greenland (due
to a higher available Fe and available Al concentration in
the permafrost layer compared with the current active layer),
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and northern Europe (due to a higher available Al concentra-
tion in the permafrost layer compared with the current active
layer) (see Sect. 3). However, lower available Ca concentra-
tions can be expected in large parts of Siberia and the Cana-
dian Shield, as the concentrations in the permafrost layer are
lower compared with the current active layer. Available Si,
however, can potentially mobilize OM from these phases un-
der slightly acidic to alkaline conditions and under oxic to
anoxic conditions due to the binding competition of silicic
acid with some functional groups of organic material (Höm-
berg et al., 2020), thereby potentially increasing GHG emis-
sions. An increase in Si availability upon permafrost thaw
can be expected in the western Verkhoyansk–Kolyma region
to the East European Platform, as the concentration in the
permafrost layer is higher compared with the current active
layer (see Sect. 3). Available P competes with OM for bind-
ing sites on soil minerals (Schneider et al., 2010). Increasing
P concentrations due to permafrost thaw can be expected for
the Canadian Shield (Sect. 3). Based on the differences in
element (Si, Fe, Al, Ca, and P) available concentrations, the
stability of OM differs in Arctic regions depending on the
dominant mineral composition, lithology, and element avail-
ability. Furthermore, the availability of nutrients (P in this
case) is modified by the mineral composition. For example,
P is often strongly bound to Fe mineral phases, reducing P
availability (Gérard, 2016). Silicic acid, however, is able to
mobilize P from strong bonds to Fe minerals by competing
for binding sites under a wide range of conditions (Schaller et
al., 2019). Unlike Si, Ca binds P via calcium phosphate pre-
cipitation under alkaline conditions (Cao and Harris, 2008)
or via calcium carbonate/phosphate coprecipitation (Otsuki
and Wetzel, 1972). Under low-Fe-availability conditions in
soils, the binding of P may be related to Al minerals (Eriks-
son et al., 2015). A lack of available P also leads to a reduc-
tion in the physiological activity of microbes (Walker et al.,
2001), thereby potentially reducing the microbial respiration
of OM. Mobile Si, in the form of silicic acid and its poly-
mers, may potentially limit the availability of ions like Fe,
Al, or Ca by precipitating those elements in the amorphous
or crystalline phases (Schaller et al., 2021). Hence, the mobi-
lization of elements like Si, Ca, Fe, and Al strongly interferes
with both P and OM availability and, thus, potentially with
GHG emissions. To unravel the dominant processes upon
permafrost thaw or the element mobilization that is domi-
nant in terms of OM binding or mobilization, which affects
GHG emissions, future studies are urgently needed.

4.4 Transport of elements to the Arctic Ocean

With the ongoing deepening of the active layer in Arctic
soils, increased leaching of elements and nutrients may oc-
cur (Mann et al., 2022; Sanders et al., 2022), and this may
substantially impact marine biodiversity and ecosystem func-
tion. We have shown, for several regions of the Arctic, that
there will be regional differences in element mobilization

upon permafrost thaw. For example, the increased export
of Fe and P, which are the main limiting nutrients for ma-
rine net primary production (NPP) (Zabel and Schulz, 2006),
has already contributed to a 30 % increase in NPP in the
Arctic Ocean between 1998 and 2009 (Arrigo and van Di-
jken, 2011). Increased available Fe concentrations at a soil
depth of 0–1 m upon permafrost thaw can be expected for
soils of the Canadian Shield, Greenland, and Alaska, whereas
increased P mobilization may occur only in the Canadian
Shield, according to the sites studied within these lithological
classes. Si and Ca also have a crucial role in marine primary
production. Moreover, both elements are components of the
inorganic spheres of diatoms (Si) and coccolithophores (Ca),
which fix CO2 in the Arctic Ocean, an important global car-
bon sink (Krause et al., 2018). At the Arctic Canadian coast,
Si inputs have led to an increase in diatoms from 2 % to
37 % (Terhaar et al., 2021). Diatoms and coccolithophores
are the basis of the marine food chain; therefore, shifts in
their populations may have widespread implications for the
marine ecosystem (Daniels et al., 2018). Permafrost thaw is
likely to accelerate inputs of available Si and Ca to Arctic
waters. Increased Si availability in soils can be expected in
the western Verkhoyansk–Kolyma region to the East Euro-
pean Platform, as the concentration in the permafrost layer is
higher compared with the current active layer (see Sect. 3).
Calcium mobilization may increase or decrease depending
on the Arctic region. Increased Ca mobilization can be ex-
pected for Alaska, whereas a slight decrease in Ca mobiliza-
tion may occur in large parts of Siberia and the Canadian
Shield (see Sect. 3). Yedoma deposits readily leach soluble
ions, including Si and Ca, as a result of thaw degradation
(Strauss et al., 2017b). Alaskan soils store huge amounts of
available Ca in the mineral layer (see above) that could be
transported to the Beringia Sea with increasing soil degra-
dation, thereby promoting the growth of coccolithophores.
In Siberia, the Lena River could transport large amounts of
available Si to the Laptev Sea, increasing the growth of di-
atoms. The same could happen on the East European Plain.
In the same way, P concentrations in these regions of the
Arctic Sea could also rise, as P concentrations in the per-
mafrost layer of the Canadian Shield are higher compared
with the current active layer (see Sect. 3). During transport
to the ocean, the elements may be bound to soil particles,
potentially inhibiting further transport, or may interact with
other elements (see the previous paragraph), also potentially
affecting further transport. In summary, in many areas of the
Arctic with high available Si, Ca, and P storage, there could
be increased inputs to Arctic waters, with permafrost thaw
potentially increasing CO2 fixation by marine primary pro-
duction.

4.5 Limitations of data and statistics

Despite the sample number of our study being quite high and
reflecting a broad range of pan-Arctic regions, this study still
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has some limitations. The density of data points is not ho-
mogeneous over the whole area, and the sample number is
low in some remote areas. To reduce potential uncertainties
and variance in the presented data on available element con-
centrations, we carried out bootstrapping for the single layers
within the lithological classes. Our data do not give total ele-
ment pools, rather biologically available concentrations.

5 Data availability

The element availability data from all single locations,
soil profiles, transects, and lithologies as well as boot-
strap data for locations and lithologies can be can be
downloaded via the Edmond open-access MPG repos-
itory: https://doi.org/10.17617/3.8KGQUN (Schaller and
Goeckede, 2022). During review process, the data were
made available from https://edmond.mpdl.mpg.de/privateurl.
xhtml?token=8cbb0bd8-790f-4719-8cd1-a3df4ff99477 (last
access: 1 March 2023) to allow for corrections based on re-
viewer comments (Schaller and Goeckede, 2022). The repos-
itory contains a readme file (“Read me.docx”). In this file, all
necessary information can be found, including all of the col-
umn descriptions need to use the data.

The element availability information from all single loca-
tions, soil profiles, transects, and lithologies is labeled (loca-
tion_samples.txt) and contains the following parameters: the
Geological Map of the Arctic; the individual ID of the poly-
gon; the official name of the sampling site; the internal study
name of the soil sample; the soil horizon; the coordinates
of sampling sites; the concentration of alkaline-extractable
amorphous silicon (ASi); the Mehlich-III-extractable Si, Ca,
Fe, Al, and P; the thickness of the layer; the original depth
from which soil was taken; the size of the polygon that con-
tains the sampling site; the age code; the scientific name of
the age during which the bedrock was formed; the scien-
tific name of the eon during which the bedrock was formed;
the scientific name of the era during which the bedrock was
formed; the scientific name of the period during which the
bedrock was formed; the maximal and minimal age of the
bedrock; if lithogenesis was of the supracrustal, sedimentary,
or igneous type; the most common rock types in the clus-
ter group of the setting; the code of the metamorphic type;
the code of the domain region; the name of the tectonic and
geographic domain; and the name of the region within the
geographic domain.

In the “location_bootstrap.txt” file, the bootstrapped
means of concentration of alkaline extractable Si, Mehlich-
III-extractable Si, Ca, Fe, Al, and P for the organic, mineral,
and permafrost layers of the single locations are given in mil-
ligrams per gram dry weight (mg g−1 DW).

In the “lithology_bootstrap.txt” file, the element concen-
trations for the first 1 m, including the organic, mineral, and
permafrost layers, are given as a bootstrapped mean and

the standard deviation for alkaline-extractable Si as well as
Mehlich-III-extractable Si, Ca, Fe, Al, and P.

6 Conclusion

In this work, we identified large differences in the concentra-
tions of available Si, Ca, Fe, Al, and P as well as the solid ASi
fraction among different Arctic regions. With the future pro-
jected warming of the Arctic and the associated thaw of per-
mafrost soils due to deepening of the active layer, the avail-
able concentration of the elements will change. Depending
on the dominance or limitation of certain elements, biogeo-
chemical processes such as OM mineralization may increase
or decrease. Moreover, not only may microbial processes
such as OM respiration be affected by changes in Si, Ca,
Fe, P, and Al availability but processes such as primary pro-
duction (CO2 fixation by plants) in terrestrial systems might
also be impacted. This could stabilize soil OM but may also
trigger elevated biomass production by plants due to an in-
creased nutrient supply. In addition, marine systems will re-
ceive higher loads of leached elements, which could increase
algae biomass production due to increased nutrient transport
to the sea. Our spatially explicit data product, including the
differences in element availability among the different litho-
logical classes and regions, will help improve models of Arc-
tic biogeochemical cycles for estimating future carbon feed-
back under predicted climate change.
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 1 

1 Sampling locations and Domains 2 

Table S1: List of sampling locations, coordinates, and number of samples per location 3 

Location Coordinates 

n  

(samples) Depths organic/mineral/permafrost Layer (cm) 

Alaska, Moist non-acidic tundra (MNT) 69.43303°N, 148.67435°W 10 11 / 48 /41 

Alaska, Moist acidic tundra (MAT) 69.42540°N, 148.69684°W 12 21 / 16 / 63 

Alaska, Coldfoot (CO) 67.23727°N, 150.16176°W 9 30 / 33 / 37 

Alaska, Chandalar (CH) 68.06904°N, 149.58072°W 8 10 / 35 / 55 

Alaska, Franklin Bluff-Dry (FB) 69.67404°N, 148.72224°W 12 19 / 59 / 22 

Canada, Cambridge Bay (CB) 69.23245°N, 104.1938°W 64 8-42 / 12-68 / 20-63 

Russia, Chersky (CY) 68.61353°N, -161.35228°W 12 20 / 40 / 40 

Russia, Kytalyk (KY) 70.83340°N, -147.45068°W 27 9-26 / 16-31 / 58-60 

Russia, Ary-Masa (AM) 72.44968°N, -101.93294°W 34 6 / 63 / 32 

Russia, Spasskaya (SP) 62.24558°N, -129.63319°W 26 6 / 94 / 0 

Russia, Lena delta, first terrace (FT) 72.37942°N, -126.39018°W 55 16 / 22 / 62 

Russia, Lena delta, third terrace (TT) 72.28748°N, -126.22118°W 68 9 / 29 /92 

Svalbard (SV) 78.19102°N, -15.85858°W 1 0 / 0 / 100 
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Svalbard, Adventalen (AD) 78,18347°N, -15.88292°W 78 6 / 14 / 80 

Svalbard, Ny-Alesund (NA) 78.92427°N, -11.78364°W 24 7 / 63 / 30 

Sweden, Abisko (AB) 68.35595°N, -19.04762°W 13 35 / 35 / 30 

Greenland, Zackenberg (ZA) 74.46747°N, 20.55407°W 22 3 / 17 / 80 

Greenland, Zackenberg, Ice Wedge (IW) 74.46485°N, 20.57802°W 1 3 / 17 / 80 

Greenland, Zackenberg, Infilling FAN 

(IF) 

74.46747°N, 20.55407°W 2 3 / 17 / 80 

Greenland, Disko (DI) 69.26474°N, 53.46891°W 25 4-25 / 7-53 / 51-85 

Greenland, Nussuaq (NU) 70.29722°N, 52.25667°W 12 100 / 0 / 0 

Greenland, Melville Bay (MB) 73.55000°N, 55.51333°W 11 100 / 0 / 0 

Greenland, Cass Fjord (CF) 80.09694°N, 63.15444°W 12 100 / 0 / 0 

Greenland, Warming Land (WL) 81.53917°N, 51.29139°W 12 100 / 0 / 0 

Greenland, Brønlund (BR) 82.22278°N, 40.80944°W 3 100 / 0 / 0 

4 
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Fig. S1: Map with areas containing modelled element concentrations. The thirteen colors represent geographic 

domains of the original Geological Map of the Arctic, which are covered by modelled data. For allocation take care 

of the legend on the right side of the map. Numbers represent sampling locations:1: Alaska, Chandalar; 2: Alaska 

Coldfoot; 3: Alaska, Franklin Bluff-Dry; 4: Alaska, MAT; 5: Alaska, MNT; 6: Canada; 7: Greenland, Brønlund; 8: 

Greenland, Cass Fjord; 9: Greenland, Disko; 10: Greenland, Melville Bay; 11: Greenland, Nussuaq; 12: Greenland, 

Warming Land; 13: Greenland, Zackenberg; 14: Greenland, Zackenberg, Ice Wedge; 15: Greenland, Zackenberg, 

Infilling FAN; 16: Russia, Ary-Mas; 17: Russia, Chersky; 18: Russia, Kytalyk; 19: Russia, Lena Delta, First terrace; 

20: Russia, Lena Delta, Third terrace; 21: Russia, Spasskaya; 22: Sweden, Abisko; 23: Svalbard, Adventalen; 24: 

Svalbard, Ny-Alesund; 25: Svalbard, Svalbard 
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Table S2: Number of polygons with modelled element concentrations in the single domains.  

Domain n (Polygons) 

Arctic-North Atlantic region 715 

Arctic Ocean 90 

Brooks Range, Chukotka, Arctic Shelf 835 

Canada Shield, Greenland Shield, and cover 669 

East European Platform, Ural Mountains 480 

Eastern Alaska, Yukon, Mackenzie region 863 

Greenland 604 

Innuitian region, North Greenland 1502 

Interior western Alaska 324 

Northern Europe 92 

Okhotsk, Bering Sea, Pacific Alaska 552 

Verkhoyansk-Kolyma region 977 

West Siberian Basin, Siberian Platform 923 

 

 

 

Table S3: Original area of the three single maps of the Geological Map of the Arctic (“Canada, Alaska”, “Greenland” 

and “North Europe, Russia”) and area of extrapolated polygons in absolute and relative share. 

Map Area GMA (m2) Represented (m2) Share (%) 

Canada, Alaska 5.42*1012 2.22*1012 40.93 

Greenland, no icesheet 4.10*1011 1.79*1011 43.54 

North Europe, Russia 1.02*1013 5.23*1012 51.45 

Sum 1.77*1013 7.63*1012 43.03 
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From original 28,483 polygons of the geological map of the arctic 8,626 (30.3%) polygons could be extrapolated 

due to same lithology like the sampled polygons. In Canada and Alaska 3,912 polygons, in Greenland 1,278 polygon 

and in northern Europe and Russia 3,436 polygons were extrapolated. 

 

 
Fig S2: Number of samples per series epoch, represented by age code. 10: Paleogene and Neogene (65.5 - 2.6 Ma); 

20: Neogene (23.0 - 2.6 Ma); 30: Pliocene to Holocene (5.3 - 0.0 Ma); 40: Pliocene (5.3 - 2.6 Ma); 43: Miocene (23.0 

- 5.3 Ma); 75: Paleocene and Eocene (65.5 - 33.9 Ma); 130: Cretaceous and younger (145.5 - 0.0 Ma); 190: Late 

Cretaceous (99.6 - 65.5 Ma); 220: Early Cretaceous (145.5 - 99.6 Ma); 250: Late Jurassic and Early Cretaceous (161.2 

- 99.6 Ma); 260: Jurassic and Cretaceous (199.6 - 65.5 Ma); 470: Carboniferous and Permian (359 - 251 Ma); 520: 

Cambrian to Devonian (542 - 359 Ma); 540: Late Devonian (385 - 359 Ma); 660: Neoproterozoic and Cambrian (1000 

- 488 Ma); 730: Ediacaran (~635 - 542 Ma); Mesoarchean and Neoarchean (3200 - 2500 Ma).  
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Table S4: The 14 lithological classes with type, setting, and element concentration (mean and se in mg g-1 DW) that were modelled.  

Type Setting ID Lithology 

n 

(sam

ples) 

n  

(polygo

ns) 

ASi Si Ca Fe Al P 

Igneous: 

extrusive 
Extrusive: mafic 

1 Basalt, olivine basalt, tholeiite, alkali basalt, 

basanite, pillow basalt, flood basalt 
26 455 

6.68 ± 

1.17 

0.44 ± 

0.08 

3.65 ± 

0.7 

0.94 ± 

0.18 

0.25 ± 

0.05 

0.0116 ± 

0.002 

unclassifi

ed 

Metamorphic: 

undivided 

2 Gneiss, migmatite; reworked amphibolite and 

granulite facies rocks 
11 604 

4.11 ± 

1.24 

0.37 ± 

0.11 

0.05 ± 

0.02 

0.7 ± 

0.21 0.65 ± 0.2 

0.0217 ± 

0.007 

Sedimenta

ry 

Carbonate 

3 Limestone, dolostone, shale, evaporites, chalk; 

carbonate  reefs or metamorphosed equivalent 
24 561 

0.03 ± 

0 0.1 ± 0.02 

10.73 

± 2.15 0.01 ± 0 0.02 ± 0 0 ± 0 

4 Limestone, dolostone, shale, evaporites, chalk; 

carbonate  reefs; metamorphic grade not 

identified 

58 841 

0 ± 0 

5.65 ± 

0.78 

2.56 ± 

0.34 

2.28 ± 

0.32 

1.57 ± 

0.22 

0.3055 ± 

0.042 

5 Limestone, dolostone, shale, evaporites, chalk; 

carbonate reefs 
64 1174 

1.24 ± 

0.14 0.3 ± 0.03 

3.79 ± 

0.45 

0.41 ± 

0.05 

0.21 ± 

0.03 

0.0372 ± 

0.005 

Clastic: shallow 

marine 

6 Quartz sandstone, siltstone, claystone, 

limestone, dolostone, conglomerate, tillite 
13 92 

0 ± 0 

6.61 ± 

1.83 

3.34 ± 

0.93 

2.49 ± 

0.69 2.52 ± 0.7 

0.1226 ± 

0.034 

Clastic: deltaic and 

nearshore 

7 Sandstone, siltstone, shale, coal; plant fossils; 

metamorphic grade not identified 
68 727 

0 ± 0 

5.46 ± 

0.66 

2.21 ± 

0.27 

2.21 ± 

0.27 1.63 ± 0.2 

0.1898 ± 

0.023 

Sedimentary: 

undivided 

8 Sandstone, siltstone, shale, limestone 
38 308 

0.28 ± 

0 

1.72 ± 

0.07 

8.06 ± 

0.36 

0.84 ± 

0.09 1 ± 0.12 

0.0311 ± 

0.004 

9 Sandstone, siltstone, shale, limestone; 

metamorphic grade not identified 
39 525 

2.01 ± 

0.24 

0.36 ± 

0.05 

1.51 ± 

0.14 

0.83 ± 

0.13 0.73 ± 0.1 

0.0297 ± 

0.003 

Clastic: shallow 

marine 

10 Sandstone, siltstone, shale; marine fossils 
91 707 

2.06 ± 

0.01 

2.29 ± 

0.03 

2.04 ± 

0.14 

1.65 ± 

0.1 

0.94 ± 

0.06 

0.0377 ± 

0.002 

11 Sandstone, siltstone, shale; marine fossils; 

metamorphic grade not identified 
60 1362 

1.48 ± 

0.16 

0.39 ± 

0.04 

2.88 ± 

0.32 

0.49 ± 

0.04 

0.26 ± 

0.02 

0.0171 ± 

0.002 

Chapter 3. Manuscripts

79



8 
 

 
  

        

Slope and deep water 

13 Shale, chert, iron-formation, greywacke, 

turbidite, argillaceous limestone, matrix-

supported conglomerate 

43 

0 ± 0 

4.51 ± 

0.69 1.8 ± 0.27 

2.93 ± 

0.45 

1.5 ± 

0.23 

0.0701 ± 

0.011 0 ± 0 

14 Shale, chert, iron-formation, greywacke, 

turbidite, argillaceous limestone, matrix-

supported conglomerate or metamorphosed 

equivalent 

8 
0.11 ± 

0.04 

0.43 ± 

0.15 

1.27 ± 

0.45 

1.88 ± 

0.66 

1.08 ± 

0.38 

0.1528 ± 

0.054 

0.11 ± 

0.04 

Supracrus

tal rocks 

Sedimentary and/or 

volcanic: undivided 

12 Sedimentary and/or volcanic rock: undivided 
21 

0.31 ± 0 

0.15 ± 

0.01 

8.77 ± 

0.12 

1.24 ± 

0.14 

0.47 ± 

0.06 

0.0242 ± 

0.004 0.31 ± 0 
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Fig. S3. Distribution of sediments in the arctic. Blue: Complete Geological Map of the Arctic. Red: Lithological classes of the setting 

type “Sedimentary”. Green: Area represented by data for the lithological classes of the setting type “Sedimentary”. 
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Fig. S4: Distribution of Yedoma soils in the Arctic. Grey: Complete Geological Map of the Arctic. Green: Area represented by data. 

Blue: Yedoma soils represented by data. Red: Yedoma soils not represented by data. White: Yedoma soils not represented by original 

Geological map of the Arctic. 
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Fig S5: Element concentration in single lithological classes. 1: Basalt, olivine basalt, tholeiite, alkali basalt, basanite, pillow basalt, flood 

basalt (n=26); 2: Gneiss, migmatite; reworked amphibolite and granulite facies rocks (n=11); 3: Limestone, dolostone, shale, evaporites, 

chalk; carbonate reefs or metamorphosed equivalent (n=24); 4: Limestone, dolostone, shale, evaporites, chalk; carbonate reefs; 

metamorphic grade not identified (n=58); 5: Limestone, dolostone, shale, evaporites, chalk; carbonate reefs (n=64); 6: Quartz sandstone, 

siltstone, claystone, limestone, dolostone, conglomerate, tillite (n=13); 7: Sandstone, siltstone, shale, coal; plant fossils; metamorphic 

grade not identified (n=68); 8: Sandstone, siltstone, shale, limestone (n=38); 9: Sandstone, siltstone, shale, limestone; metamorphic 

grade not identified (n=39); 10: Sandstone, siltstone, shale; marine fossils (n=91); 11: Sandstone, siltstone, shale; marine fossils; 

metamorphic grade not identified (n=60); 12: Sedimentary and/or volcanic rock: undivided (n=21); 13: Shale, chert, iron-formation, 

greywacke, turbidite, argillaceous limestone, matrix-supported conglomerate (n=43); 14: Shale, chert, iron-formation, greywacke, 

turbidite, argillaceous limestone, matrix-supported conglomerate or metamorphosed equivalent (n=8).  
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Table S5: Number of polygons (n) per lithological class per geographic domain.  

  Lith.ID Lithological class Geographic domain n 

1 1 Basalt, olivine basalt, tholeiite, alkali basalt, basanite, pillow basalt, flood basalt Arctic-North Atlantic region 311 
2 1 Basalt, olivine basalt, tholeiite, alkali basalt, basanite, pillow basalt, flood basalt Brooks Range, Chukotka, Arctic Shelf 12 
3 1 Basalt, olivine basalt, tholeiite, alkali basalt, basanite, pillow basalt, flood basalt Canada Shield, Greenland Shield, and cover 45 
4 1 Basalt, olivine basalt, tholeiite, alkali basalt, basanite, pillow basalt, flood basalt Eastern Alaska, Yukon, Mackenzie region 27 

5 1 Basalt, olivine basalt, tholeiite, alkali basalt, basanite, pillow basalt, flood basalt Interior western Alaska 41 

6 1 Basalt, olivine basalt, tholeiite, alkali basalt, basanite, pillow basalt, flood basalt Okhotsk, Bering Sea, Pacific Alaska 19 
7 2 Gneiss, migmatite; reworked amphibolite and granulite facies rocks Greenland 604 
8 3 Limestone, dolostone, shale, evaporites, chalk; carbonate  reefs or metamorphosed equivalent Arctic-North Atlantic region 77 
9 3 Limestone, dolostone, shale, evaporites, chalk; carbonate  reefs or metamorphosed equivalent Brooks Range, Chukotka, Arctic Shelf 97 

10 3 Limestone, dolostone, shale, evaporites, chalk; carbonate  reefs or metamorphosed equivalent Canada Shield, Greenland Shield, and cover 11 
11 3 Limestone, dolostone, shale, evaporites, chalk; carbonate  reefs or metamorphosed equivalent East European Platform, Ural Mountains 4 

12 3 Limestone, dolostone, shale, evaporites, chalk; carbonate  reefs or metamorphosed equivalent Eastern Alaska, Yukon, Mackenzie region 52 

13 3 Limestone, dolostone, shale, evaporites, chalk; carbonate  reefs or metamorphosed equivalent Innuitian region, North Greenland 228 

14 3 Limestone, dolostone, shale, evaporites, chalk; carbonate  reefs or metamorphosed equivalent Interior western Alaska 48 
15 3 Limestone, dolostone, shale, evaporites, chalk; carbonate  reefs or metamorphosed equivalent Okhotsk, Bering Sea, Pacific Alaska 44 
16 4 Limestone, dolostone, shale, evaporites, chalk; carbonate  reefs; metamorphic grade not identified Arctic-North Atlantic region 21 
17 4 Limestone, dolostone, shale, evaporites, chalk; carbonate  reefs; metamorphic grade not identified Brooks Range, Chukotka, Arctic Shelf 75 
18 4 Limestone, dolostone, shale, evaporites, chalk; carbonate  reefs; metamorphic grade not identified Canada Shield, Greenland Shield, and cover 38 
19 4 Limestone, dolostone, shale, evaporites, chalk; carbonate  reefs; metamorphic grade not identified East European Platform, Ural Mountains 195 

20 4 Limestone, dolostone, shale, evaporites, chalk; carbonate  reefs; metamorphic grade not identified Eastern Alaska, Yukon, Mackenzie region 163 

21 4 Limestone, dolostone, shale, evaporites, chalk; carbonate  reefs; metamorphic grade not identified Innuitian region, North Greenland 41 

22 4 Limestone, dolostone, shale, evaporites, chalk; carbonate  reefs; metamorphic grade not identified Interior western Alaska 4 
23 4 Limestone, dolostone, shale, evaporites, chalk; carbonate  reefs; metamorphic grade not identified Okhotsk, Bering Sea, Pacific Alaska 1 
24 4 Limestone, dolostone, shale, evaporites, chalk; carbonate  reefs; metamorphic grade not identified Verkhoyansk-Kolyma region 20 
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  Lith.ID Lithological class Geographic domain n 

25 4 Limestone, dolostone, shale, evaporites, chalk; carbonate  reefs; metamorphic grade not identified West Siberian Basin, Siberian Platform 283 

26 5 Limestone, dolostone, shale, evaporites, chalk; carbonate reefs Arctic-North Atlantic region 41 
27 5 Limestone, dolostone, shale, evaporites, chalk; carbonate reefs Arctic Ocean 2 
28 5 Limestone, dolostone, shale, evaporites, chalk; carbonate reefs Brooks Range, Chukotka, Arctic Shelf 45 
29 5 Limestone, dolostone, shale, evaporites, chalk; carbonate reefs Canada Shield, Greenland Shield, and cover 470 

30 5 Limestone, dolostone, shale, evaporites, chalk; carbonate reefs East European Platform, Ural Mountains 1 

31 5 Limestone, dolostone, shale, evaporites, chalk; carbonate reefs Eastern Alaska, Yukon, Mackenzie region 44 

32 5 Limestone, dolostone, shale, evaporites, chalk; carbonate reefs Innuitian region, North Greenland 568 
33 5 Limestone, dolostone, shale, evaporites, chalk; carbonate reefs Okhotsk, Bering Sea, Pacific Alaska 3 
34 6 Quartz sandstone, siltstone, claystone, limestone, dolostone, conglomerate, tillite Northern Europe 92 
35 7 Sandstone, siltstone, shale, coal; plant fossils; metamorphic grade not identified Arctic-North Atlantic region 27 
36 7 Sandstone, siltstone, shale, coal; plant fossils; metamorphic grade not identified Arctic Ocean 39 
37 7 Sandstone, siltstone, shale, coal; plant fossils; metamorphic grade not identified Brooks Range, Chukotka, Arctic Shelf 90 
38 7 Sandstone, siltstone, shale, coal; plant fossils; metamorphic grade not identified Canada Shield, Greenland Shield, and cover 54 

39 7 Sandstone, siltstone, shale, coal; plant fossils; metamorphic grade not identified East European Platform, Ural Mountains 32 

40 7 Sandstone, siltstone, shale, coal; plant fossils; metamorphic grade not identified Eastern Alaska, Yukon, Mackenzie region 3 

41 7 Sandstone, siltstone, shale, coal; plant fossils; metamorphic grade not identified Okhotsk, Bering Sea, Pacific Alaska 65 
42 7 Sandstone, siltstone, shale, coal; plant fossils; metamorphic grade not identified Verkhoyansk-Kolyma region 200 
43 7 Sandstone, siltstone, shale, coal; plant fossils; metamorphic grade not identified West Siberian Basin, Siberian Platform 217 

44 8 Sandstone, siltstone, shale, limestone Arctic-North Atlantic region 64 
45 8 Sandstone, siltstone, shale, limestone Brooks Range, Chukotka, Arctic Shelf 59 
46 8 Sandstone, siltstone, shale, limestone Canada Shield, Greenland Shield, and cover 12 
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47 8 Sandstone, siltstone, shale, limestone Eastern Alaska, Yukon, Mackenzie region 114 

 
  Lith.ID Lithological class Geographic domain n 

48 8 Sandstone, siltstone, shale, limestone Innuitian region, North Greenland 14 
49 8 Sandstone, siltstone, shale, limestone Interior western Alaska 10 
50 8 Sandstone, siltstone, shale, limestone Okhotsk, Bering Sea, Pacific Alaska 35 
51 9 Sandstone, siltstone, shale, limestone; metamorphic grade not identified Arctic-North Atlantic region 1 
52 9 Sandstone, siltstone, shale, limestone; metamorphic grade not identified Arctic Ocean 2 
53 9 Sandstone, siltstone, shale, limestone; metamorphic grade not identified Brooks Range, Chukotka, Arctic Shelf 85 
54 9 Sandstone, siltstone, shale, limestone; metamorphic grade not identified East European Platform, Ural Mountains 25 

55 9 Sandstone, siltstone, shale, limestone; metamorphic grade not identified Eastern Alaska, Yukon, Mackenzie region 45 

56 9 Sandstone, siltstone, shale, limestone; metamorphic grade not identified Interior western Alaska 5 
57 9 Sandstone, siltstone, shale, limestone; metamorphic grade not identified Okhotsk, Bering Sea, Pacific Alaska 150 
58 9 Sandstone, siltstone, shale, limestone; metamorphic grade not identified Verkhoyansk-Kolyma region 33 
59 9 Sandstone, siltstone, shale, limestone; metamorphic grade not identified West Siberian Basin, Siberian Platform 179 

60 10 Sandstone, siltstone, shale; marine fossils Arctic-North Atlantic region 108 
61 10 Sandstone, siltstone, shale; marine fossils Arctic Ocean 28 
62 10 Sandstone, siltstone, shale; marine fossils Brooks Range, Chukotka, Arctic Shelf 92 
63 10 Sandstone, siltstone, shale; marine fossils Canada Shield, Greenland Shield, and cover 15 

64 10 Sandstone, siltstone, shale; marine fossils East European Platform, Ural Mountains 21 

65 10 Sandstone, siltstone, shale; marine fossils Eastern Alaska, Yukon, Mackenzie region 69 

66 10 Sandstone, siltstone, shale; marine fossils Innuitian region, North Greenland 300 
67 10 Sandstone, siltstone, shale; marine fossils Interior western Alaska 63 
68 10 Sandstone, siltstone, shale; marine fossils Okhotsk, Bering Sea, Pacific Alaska 11 
69 11 Sandstone, siltstone, shale; marine fossils; metamorphic grade not identified Arctic-North Atlantic region 6 
70 11 Sandstone, siltstone, shale; marine fossils; metamorphic grade not identified Arctic Ocean 4 
71 11 Sandstone, siltstone, shale; marine fossils; metamorphic grade not identified Brooks Range, Chukotka, Arctic Shelf 88 
72 11 Sandstone, siltstone, shale; marine fossils; metamorphic grade not identified Canada Shield, Greenland Shield, and cover 19 
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  Lith.ID Lithological class Geographic domain n 

73 11 Sandstone, siltstone, shale; marine fossils; metamorphic grade not identified East European Platform, Ural Mountains 199 

74 11 Sandstone, siltstone, shale; marine fossils; metamorphic grade not identified Eastern Alaska, Yukon, Mackenzie region 35 

75 11 Sandstone, siltstone, shale; marine fossils; metamorphic grade not identified Okhotsk, Bering Sea, Pacific Alaska 43 
76 11 Sandstone, siltstone, shale; marine fossils; metamorphic grade not identified Verkhoyansk-Kolyma region 724 
77 11 Sandstone, siltstone, shale; marine fossils; metamorphic grade not identified West Siberian Basin, Siberian Platform 244 

78 12 Sedimentary and/or volcanic rock: undivided Arctic-North Atlantic region 10 
79 12 Sedimentary and/or volcanic rock: undivided Arctic Ocean 5 
80 12 Sedimentary and/or volcanic rock: undivided Brooks Range, Chukotka, Arctic Shelf 67 
81 12 Sedimentary and/or volcanic rock: undivided Eastern Alaska, Yukon, Mackenzie region 110 

82 12 Sedimentary and/or volcanic rock: undivided Innuitian region, North Greenland 43 
83 12 Sedimentary and/or volcanic rock: undivided Interior western Alaska 53 
84 12 Sedimentary and/or volcanic rock: undivided Okhotsk, Bering Sea, Pacific Alaska 50 
85 13 Shale, chert, iron-formation, greywacke, turbidite, argillaceous limestone, matrix-supported 

conglomerate 
Arctic-North Atlantic region 47 

86 13 Shale, chert, iron-formation, greywacke, turbidite, argillaceous limestone, matrix-supported 
conglomerate 

Arctic Ocean 10 

87 13 Shale, chert, iron-formation, greywacke, turbidite, argillaceous limestone, matrix-supported 
conglomerate 

Brooks Range, Chukotka, Arctic Shelf 72 

88 13 Shale, chert, iron-formation, greywacke, turbidite, argillaceous limestone, matrix-supported 
conglomerate 

Canada Shield, Greenland Shield, and cover 5 

89 13 Shale, chert, iron-formation, greywacke, turbidite, argillaceous limestone, matrix-supported 
conglomerate 

East European Platform, Ural Mountains 3 

90 13 Shale, chert, iron-formation, greywacke, turbidite, argillaceous limestone, matrix-supported 
conglomerate 

Eastern Alaska, Yukon, Mackenzie region 58 

91 13 Shale, chert, iron-formation, greywacke, turbidite, argillaceous limestone, matrix-supported 
conglomerate 

Innuitian region, North Greenland 201 

92 13 Shale, chert, iron-formation, greywacke, turbidite, argillaceous limestone, matrix-supported 
conglomerate 

Interior western Alaska 29 
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  Lith.ID Lithological class Geographic domain n 

93 13 Shale, chert, iron-formation, greywacke, turbidite, argillaceous limestone, matrix-supported 
conglomerate 

Okhotsk, Bering Sea, Pacific Alaska 90 

94 14 Shale, chert, iron-formation, greywacke, turbidite, argillaceous limestone, matrix-supported 
conglomerate or metamorphosed equivalent 

Arctic-North Atlantic region 2 

95 14 Shale, chert, iron-formation, greywacke, turbidite, argillaceous limestone, matrix-supported 
conglomerate or metamorphosed equivalent 

Brooks Range, Chukotka, Arctic Shelf 53 

96 14 Shale, chert, iron-formation, greywacke, turbidite, argillaceous limestone, matrix-supported 
conglomerate or metamorphosed equivalent 

Eastern Alaska, Yukon, Mackenzie region 143 

97 14 Shale, chert, iron-formation, greywacke, turbidite, argillaceous limestone, matrix-supported 
conglomerate or metamorphosed equivalent 

Innuitian region, North Greenland 107 

98 14 Shale, chert, iron-formation, greywacke, turbidite, argillaceous limestone, matrix-supported 
conglomerate or metamorphosed equivalent 

Interior western Alaska 71 

99 14 Shale, chert, iron-formation, greywacke, turbidite, argillaceous limestone, matrix-supported 
conglomerate or metamorphosed equivalent 

Okhotsk, Bering Sea, Pacific Alaska 41 
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Fig. S6: Element concentrations of ASi, Si and Ca in organic, mineral (organic layer and mineral layer are part of the 

active layer) and Permafrost layer (left to right). Blue color represents low element concentrations, red color represent 

high element concentrations. 
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Fig. S7: Element concentrations of Fe, Al and P in organic, mineral and Permafrost layer (left to right). Blue color 

represents low element concentrations, red color represent high element concentrations. 
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The importance of calcium and
amorphous silica for arctic soil
CO2 production
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of Bayreuth, Bayreuth, Germany

Future warming of the Arctic not only threatens to destabilize the enormous

pool of organic carbon accumulated in permafrost soils but may also mobilize

elements such as calcium (Ca) or silicon (Si). While for Greenlandic soils, it was

recently shown that both elements may have a strong effect on carbon dioxide

(CO2) production with Ca strongly decreasing and Si increasing CO2

production, little is known about the effects of Si and Ca on carbon cycle

processes in soils from Siberia, the Canadian Shield, or Alaska. In this study, we

incubated five different soils (rich organic soil from the Canadian Shield and

from Siberia (one from the top and one from the deeper soil layer) and one

acidic and one non-acidic soil from Alaska) for 6 months under both drained

and waterlogged conditions and at different Ca and amorphous Si (ASi)

concentrations. Our results show a strong decrease in soil CO2 production

for all soils under both drained and waterlogged conditions with increasing Ca

concentrations. The ASi effect was not clear across the different soils used, with

soil CO2 production increasing, decreasing, or not being significantly affected

depending on the soil type and if the soils were initially drained or waterlogged.

We found no methane production in any of the soils regardless of treatment.

Taking into account the predicted change in Si and Ca availability under a future

warmer Arctic climate, the associated fertilization effects would imply

potentially lower greenhouse gas production from Siberia and slightly

increased greenhouse gas emissions from the Canadian Shield. Including Ca

as a controlling factor for Arctic soil CO2 production rates may, therefore,

reduces uncertainties in modeling future scenarios on how Arctic regions may

respond to climate change.
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1 Introduction

Near-surface air temperatures in northern high-latitude

regions have been increasing twice as much as the global

average within the last few decades and are also projected to

increase further in the future (Allan, 2021). This temperature

increase leads to thawing of the permafrost, i.e., perennially

frozen ground (Brown and Romanovsky 2008; Romanovsky

et al., 2010). Permafrost thaw may increase the release of

greenhouse gases such as carbon dioxide (CO2) and methane

by accelerated soil organic-carbon mineralization (Schuur et al.,

2015; Miner et al., 2022). The frozen ground of Arctic–boreal

regions is the largest pool of soil organic-carbon, with ca. 1014 to

1035 Pg of organic carbon being stored within the upper 3 m in

permafrost-affected regions (Hugelius et al., 2014; Mishra et al.,

2021).

Thawing of permafrost may mobilize large amounts of

nutrients stored in permafrost soils. In addition to primary

nutrients such as nitrogen (N) or phosphorous (P), the

thawing of permafrost may also mobilize elements such as

calcium (Ca) and amorphous silicon (ASi) (Walker et al.,

2001; Alfredsson et al., 2015; Stimmler et al., 2022a). Ca is

known to potentially decrease soil respiration by cation

bridging making the organic carbon in the soil (Corg) less

available for microbial respiration (Whittinghill and Hobbie

2012; Rowley et al., 2018; Schaller et al., 2019). Reactive Si is

stored in soils in the form of amorphous silica (Asi) as

phytoliths from plant or microbial residuals (Schaller

et al., 2021). Asi in soils can reduce hydraulic conductivity

near saturation, increase hydraulic conductivity in dry soils,

and is the main source of silicic acid (Schaller et al., 2020;

Schaller et al., 2021). With this reduction in hydraulic

conductivity near saturation, Asi may reduce the

availability of electron acceptors leading to potentially

more reduced conditions (Hömberg et al., 2021a; Hömberg

et al., 2021b). Silicic acid competes with nutrients such as P

and Corg for binding at the surface of iron minerals (Schaller

et al., 2019; Hömberg et al., 2020). Through the effect of Asi

mobilizing silicic acid, Asi can potentially increase P and Corg

availability for microbial respiration (Reithmaier et al., 2017;

Schaller et al., 2019).

The increasing and strongly decreasing effects of Si and ca on

the microbial respiration of Arctic soils, respectively, were shown

only in one study so far on different Greenlandic soils (Schaller

et al., 2019) and were further discussed by Stimmler et al.

(2022b). However, Greenlandic soils feature a relatively low

Corg pool, compared to soils from other Arctic regions, and

therefore the potential increases in soil respiration under

predicted future climates might be substantially less in

Greenland than in Siberia, the Canadian Shield, or Alaska

(Hugelius et al., 2014). Accordingly, the effects of Si and Ca

on soil respiration of these vast Arctic regions with large Corg

pools are poorly understood. Hence, knowledge about this

interdependency between Asi, Ca, and soil respiration may be

crucial to reduce uncertainties for reliable modeling of future

scenarios of how Arctic systems may respond to global

warming. Additional important controls on the production

of potent greenhouse gases such as CO2 and CH4 is the initial

oxygen supply and associated drained or waterlogged

conditions (Stein 2020). It was shown at the field scale that

drainage increased soil-CO2 emissions compared to

waterlogged conditions (Kwon et al., 2019), and in an

incubation study, it was shown that the large soil carbon ©

storage in deep soil layers (Hugelius et al., 2014) was generally

less vulnerable to soil respiration (Kwon et al., 2019).

Here, we assessed the relevance of both ASi and Ca for

CO2 and CH4 production in soils collected from Siberia, the

Canadian Shield, and Alaska. Five different soils from those

regions were incubated under both drained and waterlogged

conditions for 6 months under different Ca and ASi

concentrations. For Alaska, we used soils from moist acidic

and moist non-acidic tundras, as both soils differ substantially

in available Ca in the active layer and permafrost layer

(Walker et al., 2001). Especially for the moist acidic tundra,

available Ca may increase with permafrost thaw as the

permafrost layer contains much higher Ca concentrations

compared to the active layer soil (Walker et al., 2001). For

the Canadian Shield, we used organic-rich soil. For the soil

from Siberia, we incubated two different soil depths to analyze

the effect of soil depth on soil respiration.

2 Materials and methods

2.1 Sample collection and storage

The soil samples were collected using a spade or an auger

from various sites (Table 1). All soils were stored at −20°C.

To prepare the soil for these incubation treatments, the

frozen soil was crushed with a hammer and sieved to a

particle size <650 µm. Subsequently, the sieved soil was

homogenized, and for each sample, 5 g of soil was weighed

into a 20 ml incubation vial (Ochs Laborbedarf, Bovenden,

Germany).

2.2 Element extraction

For extraction of available concentrations of inorganic Si

and Ca, the Mehlich III method was used (Mehlich 1984). In

brief, 0.5–5 g of the original or freeze-dried soil sample was

weighted in a 50 ml Falcon tube and mixed with 10 ml g−1

Mehlich III (0.015 M NH4F, 0.001 M EDTA, 0.25 M NH4NO3,

0.00325 M HNO3, and 0.2 m HAc) extraction solution. The

samples were shaken for 5 min at 200 min−1 and centrifuged

for 5 min at 10.000 g. The supernatant was collected with a
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syringe and filtered through a 0.2 µm cellulose acetate

filter. The quantification of element concentrations was

done by ICP-OES with all results given in mg g−1 dry

weight (DW).

For extraction of available biogenic ASi, alkaline extraction

was used (DeMaster 1981). 30 mg of freeze-dried soil was

weighted in falcon tubes and incubated for 1 h with 40 ml

0.1 M Na2CO3 solution at 85°C. After 1 h, 3 h, and 5 h, 10 ml of

the supernatant was sampled and filtered through a 0.2 µm

cellulose acetate filter. The silicon concentration in solution

was quantified by ICP-OES. The ASi concentrations were

calculated as the ordinate intercept of the linear function of

silicon concentration over incubation time and are given in

mg g−1 dw−1.

For total P analysis, 100 mg of the freeze-dried soil

material was extracted using HNO3/H2O2 followed by

HNO3/HCl 3:1 in a closed vessel microwave system. The

extract was cleared with a 0.2 µm cellulose acetate filter and

quantified with ICP-OES. For dry weight (DW) determination

as the basis for element availability and concentrations on

DW, 0.5–2 g of frozen material was weighed prior and after

freeze-drying until a constant weight. All ICP-OES

measurements were carried out using the iCAP 6000 Series

(Thermo scientific) in the axial mode.

2.3 Incubation experiment

All soils were incubated with 16 treatments for different Si

and Ca concentrations, supplemented by a control sample

without modification of the ASi or Ca levels (control

treatment). The treatments included all combinations of four

different levels of ASi addition (0, 3, 6, or 10 mg g−1 dw−1, Aerosil

300 ®, Evonik, Essen, Germany) and four different levels of Ca

addition (0, 5, 10, and 15 mg g−1 (DW)−1 Ca (CaCl2 × 2 H2O,

Grüssing, Filsum, Germany). Such an increase in ASi and Ca

availability in the soil was shown to be within the expected

natural range upon permafrost thaw (Stimmler et al. in revision).

Each treatment was applied using 2 ml pure water. To examine

the effect of this water addition on C cycle processes, the soils

were incubated with and without pure water as reference. As

additional treatment, all the Si and Ca treatments and controls

were incubated under both drained and waterlogged conditions

(170 incubations in total for each soil type). After ASi and/or Ca

addition and also for control the soil was saturated with a few

millimeters of the water supernatant (waterlogged treatment).

For the drained treatment the supernatant water was removed.

All treatments were done with a replication of five.

To enable gas exchange but prevent water loss, vials were

closed with Parafilm and stored at 5°C in an incubation fridge.

The supernatant of the drained treatment was removed (the

drained water) after 2 weeks to facilitate a more efficient oxygen

entry.

2.4 Greenhouse gas analysis

After 4, 8, 12, and 24 weeks of the incubation experiment,

the samples were closed with a rubber stopper and crimp

caps 4 days before sampling of the gas phase. Next, the gas

phase of each sample was collected from the head space

using a syringe, and analyzed with GC-FID (8610C Gas

Chromatograph, SRI Instruments, Bad Honnef, Germany)

for the greenhouse gases such as CO2 and CH4. Calibration

was done with 1,000 and 10,000 ppm of CH4 and 5,000 and

50,000 ppm of CO2 (Riessner Gase, Lichtenfels, Germany).

The greenhouse gas production rates were calculated as

follows:

c (Gas)[µmol

kg*d
] �

β (Gas) [ppm]*101325 [ kg
m*s2]*0, 000013 [m3]*1000 [ g

kg]
8, 1344*[ kg*m2

s2 *mol*K]*293 [K]*4 [d]*m (Soil) [g] . (1)

2.5 Statistical analysis and data
visualization

For statistical analysis and visualization, the R computational

environment was used (R_Core_Team, 2021). The data over all

Ca and silica treatments were analyzed by a two-way analysis-of-

variance (two-way ANOVA), using Si and Ca treatments as

factors. Figures were plotted using the “geom_tile” function

from the “ggplot2” package.

TABLE 1 Coordinates, soil sampling depth, ash content, and pH of the different soils used.

Region Soil Coordinates (latitude;
longitude)

Depth Ash content
in %

pH

Siberia, Russia, Chersky C1 68,61586°N; −161,35228°E 20–25 cm 94.3 6.5

Siberia, Russia, Chersky C2 68,61685°N; −161,3504°E 50–60 cm 74.9 5.8

Alaska moist acidic tundra, Alaska, U.S. MAT 69,42554°N; −148,69633°E 20–40 cm 75.0 6.6

Alaska moist non-acidic tundra, Alaska, U.S. MNT 69,43303°N; −148,67435°E 0–25 cm 91.6 8.2

Canadian Shield, Canada Ca1 69,22325°N; −104,90041°E 0–25 cm 13.3 6.7
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3 Results

3.1 Element concentrations

Samples from the Siberian site near Chersky (Chersky C1 and

C2) were low in Ca. Alaska MNT showed the highest Ca

concentration, followed by Alaska MAT, while ASi was low

in both Alaskan samples. Soils from the Canadian Shield

showed low Ca concentrations and ASi was nearly zero. In

all samples, the available P in the Mehlich III extract was very

low, whereas the total P amount was almost equal across

regions (Table 2).

3.2 Greenhouse gas production for
different soils

We found considerable differences in CO2 production

for the soils from three different Arctic regions for all Si

and Ca treatments under drained and waterlogged

conditions. In contrast, we detected no CH4 production

under the experimental conditions. The most pronounced

and clear effects were found for Ca (Table 3). In most

cases, even the lowest Ca addition (+5 mg Ca) led to a

pronounced reduction in soil-CO2 production. The

differences between the different Ca-addition treatments

and the initially drained and waterlogged conditions were

small (Table 3).

3.3 Soil from Siberia Chersky C1

The CO2 production in the Siberia soil Chersky C1 was

constant after 12 weeks (compared to the measurements

before, data not shown) under drained and waterlogged

conditions. CO2 production rates decreased significantly

following Ca addition (p < 0.001, F = 134.986, df = 3). For

example, CO2 emissions were reduced from 228 ± 59 μmol d−1

kg−1 DW in the control soil to 44–90 μmol d−1 kg−1 DW with

Ca addition of +5 to +15 mg g−1 DW soil under the initial

drained conditions (Figure 1A). Nearly the same decrease in

CO2 production rates following Ca addition (p < 0.001, F =

54.151, df = 3) was found for Chersky C1 under the initial

waterlogged conditions (Figure 1B). Addition of Si in the form

of ASi significantly increased CO2 production under

waterlogged conditions (p = 0.001, F = 6.051, and df = 3),

but no significant effects were observed under drained

conditions (p = 0.592, F = 0.641, and df = 3) (Figures

1A,B). The interaction between Si and Ca addition was

significant under waterlogged conditions (p = 0.001, F =

3.601, and df = 9) but not under drained conditions (p =

0.476, F = 0.996, and df = 9). Our reference treatment (no

water addition) showed a CO2 production rate of 178 ±

59 μmol d−1 kg−1 DW after 12 weeks. With this, the CO2

production rate of the reference without water addition is

TABLE 2 Element concentrations of the five incubated soils. Ca and available P (Pavailable) were extracted with the Mehlich III method, ASi with the
alkaline extraction, and total P (Ptotal) with the aqua regia extraction.

Location Ca (mg g−1 DW) ASi (mg g−1 DW) Pavailable

(mg g−1 DW)
Ptotal (mg g−1 DW)

Chersky C1 0.25 4.00 0.01 1.30

Chersky C2 1.13 2.01 0.04 1.16

Canada Ca1 0.32 <0.01 <0.01 1.33

Alaska MNT 6.46 0.56 <0.01 1.12

Alaska MAT 2.35 0.45 <0.01 1.06

TABLE 3 CO2 production for the different soils and Ca treatments
compared to the control treatment in % difference from the
treatment means.

Drained Waterlogged

Mean ± SD Mean ± SD

Chersky C1

Ca+5 30 ± 7 Ca+5 34 ± 11

Ca+10 25 ± 5 Ca+10 29 ± 14

Ca+15 21 ± 2 Ca+15 24 ± 12

Chersky C2

Ca+5 49 ± 7 Ca+5 39 ± 14

Ca+10 41 ± 18 Ca+10 36 ± 11

Ca+15 41 ± 10 Ca+15 28 ± 10

Canada

Ca+5 34 ± 11 Ca+5 38 ± 18

Ca+10 30 ± 12 Ca+10 27 ± 19

Ca+15 37 ± 18 Ca+15 NA

MNT

Ca+5 56 ± 21 Ca+5 72 ± 40

Ca+10 58 ± 36 Ca+10 45 ± 18

Ca+15 43 ± 22 Ca+15 49 ± 3

MAT

Ca+5 24 ± 12 Ca+5 41 ± 19

Ca+10 17 ± 6 Ca+10 35 ± 9

Ca+15 13 ± 7 Ca+15 27 ± 20
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in the range between the control treatment of the drained and

waterlogged treatments for the Siberia Chersky C1 soil.

3.4 Soil from Siberia Chersky C2

CO2 production in the Siberia Chersky C2 soil equilibrated

after 24 weeks (compared to the measurements before, data not

shown) under drained and waterlogged conditions. The CO2

production rate decreased significantly by Ca addition under the

initial drained conditions (p < 0.001, F = 21.049, and df = 3)

(Figure 2A). The same pattern with Ca addition decreasing the

CO2 production rate (p < 0.001, F = 58.934, and df = 3) was found

for Chersky C2 under initial waterlogged conditions (Figure 2B).

Addition of ASi significantly decreased CO2 production under

drained conditions (p < 0.001, F = 9.638, and df = 3), but not

significantly under waterlogged conditions (p = 0.09, F = 2.221,

and df = 3) (Figures 2A,B). The interaction between Si and Ca

addition was not significant under both drained conditions (p =

0.371, F = 1.107, and df = 9) and waterlogged conditions (p =

0.49, F = 0.95, and df = 9). Our reference treatment (no water

addition) showed a CO2 production rate of 7 ± 3 μmol d−1kg−1

DW after 24 weeks. With this, the CO2 production rate of the

reference without water addition is lower than the control

treatment of the drained and waterlogged treatments for the

Siberia Chersky C2 soil.

FIGURE 1
CO2 production for the soil from Siberia Chersky C1, NE-Russia after 12 weeks (A) drained and (B) waterlogged incubation. Each square
represents a treatment (n = 5) with Si (+0, +3, +6, and +10 mg g−1 DW) and Ca (+0, +5, +10, and +15 mg g−1 DW). Color represents the differences of
the treatment of CO2 production in comparison to the control treatment, with green–blue showing a decreased CO2 production and red showing an
increased CO2 production in comparison to the control treatment.

FIGURE 2
CO2 production for the Siberia Chersky C2 fromNE-Russia after 24 weeks (A) drained and (B)waterlogged incubation. Each square represents a
treatment (n = 5) with Si (+0, +3, +6, and+10 mg g−1 DW) andCa (+0, +5, +10, and +15 mg g−1 DW). Color represents the differences of the treatment
CO2 production in comparison to the control treatment, with green–blue showing a decreased CO2 production and red showing an increased CO2

production in comparison to the control treatment.
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3.5 Soil from the Canadian Shield

For the soil from the Canadian Shield (Canada Ca1) the CO2

production equilibrated after 24 weeks (compared to the

measurements before, data not shown) under drained and

waterlogged conditions. The CO2 production rate decreased

significantly after Ca addition under the initial drained

conditions (p < 0.001, F = 28.877, and df = 3) (Figure 3A).

The same pattern with Ca addition decreasing the CO2

production rate (p < 0.001, F = 24.637, and df = 3) was found

for the soil from Canada under the initial waterlogged conditions

(Figure 3B). Addition of Si significantly increased CO2

production under drained conditions in the treatments with

no Ca addition, but changes were not significant considering

all treatments (p = 0.063, F = 2.569, and df = 3), and were also

not significant under waterlogged conditions (p = 0.096, F =

2.245, and df = 3) (Figures 3A,B). The interaction of Si and

Ca addition was not significant under drained conditions

(p = 0.281, F = 1.254, and df = 9) but under waterlogged

conditions (p = 0.019, F = 2.843, and df = 9). Our reference

treatment (no water addition) showed a CO2 production rate

of 2,210 ± 1,440 μmol d−1 kg−1 DW after 24 weeks. With this,

the CO2 production rate of the reference without water

addition is in the range between the control treatment of

the drained and waterlogged treatments for the soils from the

Canadian Shield.

3.6 Soil from moist non-acidic tundra in
Alaska (MNT)

CO2 production in the MNT soil from Alaska equilibrated

after 24 weeks (compared to the measurements before, data not

shown) under drained and waterlogged conditions. CO2

production rate decreased significantly after Ca addition

under the initial drained conditions (p < 0.001, F = 6.905, and

df = 3) (Figure 4A). The same pattern with Ca addition

decreasing the CO2 production rate (p < 0.001, F = 7.763,

df = 3) was found for MNT soil from Alaska under initial

waterlogged conditions (Figure 4B). Addition of Si increased

CO2 production under drained conditions but not significantly

(p = 0.8338, F = 0.833, and df = 3), and also not significantly

under the initial waterlogged conditions (p = 0.1, F = 2.186,

and df = 3) (Figures 4A, B). The interaction of Si and Ca

addition was not significant under both drained conditions

(p = 0.485, F = 0.48, and df = 9) and waterlogged conditions

(p = 0.116, F = 1.675, and df = 9). Our reference treatment

(no water addition) showed a CO2 production rate of 331 ±

38 μmol d−1 kg−1 DW after 24 weeks, which is in the range

between the control treatment of the drained and

waterlogged treatments for the soil from the moist non-

acidic tundra from Alaska.

3.7 Soil from moist acidic tundra
Alaska (MAT)

CO2 production in the MAT soil from Alaska

equilibrated after 24 weeks (compared to the

measurements before, data not shown) under drained and

waterlogged conditions. CO2 production rate decreased

significantly by Ca addition under initial drained

conditions (p < 0.001, F = 40.664, df = 3) (Figure 5A).

The same pattern with Ca addition decreasing CO2

production rate (p < 0.001, F = 25.163, df = 3) was found

for MAT soil from Alaska under initial waterlogged

FIGURE 3
CO2 production for the soil Ca1 from the Canadian Shield, Canada, Baffin Bay after 24 weeks (A) drained and (B)waterlogged incubation. Each
square represents a treatment (n = 5) with Si (+0, +3, +6, and +10 mg g−1 DW) and Ca (+0, +5, +10, and +15 mg g−1 DW). Color represents mean and
standard deviation of CO2 production. A Ca+15 mg g−1 DW was not possible for this soil under waterlogged conditions as we had too less soil
material.
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conditions (Figure 5B). Addition of Si had no clear effect on

CO2 production under drained conditions (p = 0.921, F =

0.164, df = 3), and significantly decreased CO2

production under initial waterlogged conditions (p <
0.001, F = 7.098, df = 3) (Figure 5A, B). The interaction

of Si and Ca additions was not significant under

initial drained conditions (p = 0.527, F = 0.904, df = 9)

but under initial waterlogged conditions (p = 0.003, F =

3.177, df = 9). Our reference treatment (no water addition)

showed a CO2 production rate of 2,660 ± 1,120 μmol d−1kg−1

DW after 24 weeks, which is in the range between the

control treatment of the drained and waterlogged

treatments for the soil from the moist non-acidic tundra

from Alaska.

4 Discussion and conclusion

For all soils, increasing Ca concentrations decreased the

soil CO2 production rate dramatically (Figures 1–5). The

effect of Si was not clear, with Si increasing the soil CO2

production rate for some treatments of some soils; for other

soils, it decreased the soil CO2 production rate, and for others

it had no effect. The decrease of soil-CO2 production rate by

Ca agrees with earlier findings (Whittinghill and Hobbie 2012;

Schaller et al., 2019). This effect may be explained by either

cation-bridging of soil organic matter by Ca ions (Whittinghill

and Hobbie 2012; Schaller et al., 2019), or by increasing the

salinity by Ca addition potentially decreasing the activity of

the microbial decomposer community (Mavi et al., 2012), or a

FIGURE 4
CO2 production for the MNT soil frommoist non-acidic tundra, Alaska after 24 weeks (A) drained and (B)waterlogged incubation. Each square
represents a treatment (n = 5) with Si (+0, +3, +6, and +10 mg g−1 DW) and Ca (+0, +5, +10, and +15 mg g−1 DW). Color represents mean and
standard deviation of CO2 production.

FIGURE 5
CO2 production for the MAT soil from moist acidic tundra, Alaska after 24 weeks (A) drained and (B) waterlogged incubation. Each square
represents a treatment (n = 5) with Si (+0, +3, +6, and +10 mg g−1 DW) and Ca (+0, +5, +10, and +15 mg g−1 DW). Color represents mean and
standard deviation of CO2 production.
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combination of both. The large response variation of the Si

effect on the soil-CO2 production rate (from increasing to

decreasing) is in contrast to previous studies, reporting a

positive effect of Si on soil respiration or organic-matter

decomposition (Schaller et al., 2014; Marxen et al., 2015;

Schaller et al., 2019). The effect of Si addition increased the

soil-CO2 production rate and might be explained by the

silicic acid increasing both the soil phosphorus and soil’s

organic matter availability for microbial decomposers

(Reithmaier et al., 2017; Schaller et al., 2019; Hömberg

et al., 2020; Hömberg et al., 2021b). Polysilicic acid is

competing with both dissolved organic carbon and

phosphate for sorption sites at the surface of soil particles

(Schaller et al., 2019; Hömberg et al., 2020; Schaller et al.,

2021), mostly iron oxidic phases. The subsequent higher

availability of both organic carbon and phosphate may

result in an increase of greenhouse gas production by

accelerating soil respiration afterward (Reithmaier et al.,

2017; Schaller et al., 2019; Hömberg et al., 2021b; Hömberg

et al., 2021c). A decreasing effect of Si on soil-CO2 production

rates was observed especially under waterlogged conditions.

Such a decreasing effect might be due to the potential

dissolution of iron oxides as a binding partner for

phosphate, organic carbon, and silicic acid and afterward

co-precipitating all those compounds in some form of silica

(Liu et al., 2009).

We found no differences between drained and waterlogged

conditions for Chersky C1 and C2 as well as MAT. However, for

Ca1 and MNT soil, respiration increased from drained to

waterlogged conditions. Both soils (Ca1 and MNT) are from

the top layer, potentially consisting of younger organic carbon

(Shi et al., 2020). The Ca effect on soil respiration was lowest for

MNT, which might be explained by the fact that this soil has high

ash content, hence having low organic carbon content. However,

for the Chersky C1 soil, we did not find such a low effect of Ca on

soil respiration despite its comparable ash content to the MNT

soil. For the soil from Siberia (Chersky), the lower concentrations

of both ASi and Ca in the uppermost part of the current

permafrost layers suggest that deeper thaw, as a consequence

of Arctic warming, would also lower the concentrations of these

elements in the seasonally thawed and biogeochemically active

layer by depletion (Stimmler et al. in revision). In this context, the

soil ASi concentration are forecast to decrease more strongly than

Ca concentrations (Stimmler et al. in revision), potentially

leading to a domination of the effect of Ca on soil-CO2

production and release over the Si effect, with its proceeding

Arctic warming and associated permafrost thaw. Assuming the

Chersky soils to be representative for a larger Arctic domain, this

decrease in CO2 production and release due to higher Ca

availability in the future would lead to more potential CO2

emissions than currently thought from Siberia in the future.

Similarly, for the soil from the Canadian Shield (Canada Ca1) a

slight decrease in soil-Ca concentrations is predicted (Stimmler

et al. in revision). Data fromWalker et al. (2001) suggest a strong

increased Ca concentration upon permafrost thaw (higher Ca

concentration in the permafrost layer compared to the current

active layer) for the moist acidic tundra in Alaska (MAT). This

may lead to a strong decrease in the soil-CO2 production rates for

the acid soils from Alaska (MAT); whereas, for the non-acid

tundra in Alaska (MNT), data fromWalker et al. (2001) suggest a

potential depletion of Ca concentration in those non-acidic soils

(lower Ca concentration in the permafrost compared to the

current active layer). Such a decrease in the soil-Ca

concentration may lead to increased soil CO2 production rates

for the non-acid soils from Alaska (MNT). A potential

explanation for the absence of CH4 emissions are the

extremely low temperatures and the low amounts of soil

organic carbon used in the incubations.

Overall, our data suggest that the soil Ca concentration may

be a main control on the soil CO2 production rates for all the soils

from the different regions of the Arctic. Including Ca as the main

factor for Arctic soil-CO2 production rates may reduce

uncertainties when modeling future climate scenarios on how

the Arctic system may respond to global warming and will make

those models more reliable. The ASi effect seems to be complex

and need further investigations. We did not find any CH4

production under the used experimental conditions. This may

be related to the sample size used in the experiments. As CH4 is a

very important greenhouse gas for Arctic systems (Treat et al.,

2015) and was shown to also be abundant under field conditions

in relation to waterlogging and drainage (Kwon et al., 2019),

future experiments should be designed to reproduce the CH4

production as observed natural field conditions (Corradi et al.,

2005).

Data availability statement

The raw data supporting the conclusion of this article

will be made available by the authors, without undue

reservation.

Author contributions

JS and MG planed the experiment with help from PS. MG,

SN, OS, and NP provided the soils. PS conducted the experiment.

The measurements were carried out by PS with the help of BG. PS

and JS wrote the first draft of the manuscript. All authors

commented on and approved the manuscript.

Funding

This work was funded by the German Research Foundation

(DFG), grant number SCHA 1822/12-1 to Jörg Schaller.

Frontiers in Environmental Science frontiersin.org08

Stimmler et al. 10.3389/fenvs.2022.1019610

Chapter 3. Manuscripts

99



Acknowledgments

The authors would like to thank the staff at the

Limnological station and the Agroecology department

(both University Bayreuth) for their help with the

experiment.

Conflict of interest

The authors declare that the research was conducted

in the absence of any commercial or financial

relationships that could be construed as a potential

conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors, and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fenvs.2022.

1019610/full#supplementary-material

References

Alfredsson, H., Hugelius, G., Clymans, W., Stadmark, J., Kuhry, P., and Conley,
D. J. (2015). Amorphous silica pools in permafrost soils of the Central Canadian
Arctic and the potential impact of climate change. Biogeochemistry 124, 441–459.
doi:10.1007/s10533-015-0108-1

Allan, R. P. (2021). Climate change 2021: The physical science basis. Contribution
of working group I to the sixth assessment report of the intergovernmental panel on
climate change. Geneva, Switzerland: WMO.

Brown, J., and Romanovsky, V. E. (2008). Report from the international
permafrost association: State of permafrost in the first decade of the 21st
century. Permafr. Periglac. Process. 19 (2), 255–260. doi:10.1002/ppp.618

Corradi, C., Kolle, O., Walter, K., Zimov, S. A., and Schulze, E. D. (2005). Carbon
dioxide and methane exchange of a north-east Siberian tussock tundra. Glob.
Change Biol. 11, 1910–1925. doi:10.1111/j.1365-2486.2005.01023.x

DeMaster, D. J. (1981). The supply and accumulation of silica in the marine
environment. Geochim. Cosmochim. Acta 45, 1715–1732. doi:10.1016/0016-
7037(81)90006-5

Hömberg, A., Broder, T., Knorr, K.-H., and Schaller, J. (2021a). Divergent effect of
silicon on greenhouse gas production from reduced and oxidized peat organic
matter. Geoderma 386, 114916. doi:10.1016/j.geoderma.2020.114916

Hömberg, A., Broder, T., Schaller, J., and Knorr, K. H. (2021b). Methane fluxes
but not respiratory carbon dioxide fluxes altered under Si amendment during
drying–rewetting cycles in fen peat mesocosms. Geoderma 404, 115338. doi:10.
1016/j.geoderma.2021.115338

Hömberg, A., Knorr, K.-H., and Schaller, J. (2021c). Methane production rate
during anoxic litter decomposition depends on Si mass fractions, nutrient
stoichiometry and carbon quality. Plants (Basel). 10, 618. doi:10.3390/
plants10040618

Hömberg, A., Obst, M., Knorr, K.-H., Kalbitz, K., and Schaller, J. (2020).
Increased silicon concentration in fen peat leads to a release of iron and
phosphate and changes in the composition of dissolved organic matter.
Geoderma 374, 114422. doi:10.1016/j.geoderma.2020.114422

Hugelius, G., Strauss, J., Zubrzycki, S., Harden, J. W., Schuur, E. A. G., Ping, C. L.,
et al. (2014). Estimated stocks of circumpolar permafrost carbon with quantified
uncertainty ranges and identified data gaps. Biogeosciences 11, 6573–6593. doi:10.
5194/bg-11-6573-2014

Kwon, M. J., Natali, S. M., Hicks Pries, C. E., Schuur, E. A. G., Steinhof, A.,
Crummer, K. G., et al. (2019). Drainage enhances modern soil carbon contribution
but reduces old soil carbon contribution to ecosystem respiration in tundra
ecosystems. Glob. Change Biol. 25, 1315–1325. doi:10.1111/gcb.14578

Liu, M.-C., Sheu, H.-S., and Cheng, S. (2009). Anion-exchange induced phase
transformation of mesostructured silica. J. Am. Chem. Soc. 131, 3998–4005. doi:10.
1021/ja808025m

Marxen, A., Klotzbücher, T., Jahn, R., Kaiser, K., Nguyen, V. S., Schmidt, A., et al.
(2015). Interaction between silicon cycling and straw decomposition in a silicon
deficient rice production system. Plant Soil 398, 153–163. doi:10.1007/s11104-015-
2645-8

Mavi, M. S., Marschner, P., Chittleborough, D. J., Cox, J. W., and Sanderman, J.
(2012). Salinity and sodicity affect soil respiration and dissolved organic matter

dynamics differentially in soils varying in texture. Soil Biol. Biochem. 45, 8–13.
doi:10.1016/j.soilbio.2011.10.003

Mehlich, A. (1984). Mehlich-3 soil test extractant - a modification of Mehlich-2
extractant. Commun. Soil Sci. Plant Anal. 15, 1409–1416. doi:10.1080/
00103628409367568

Miner, K. R., Turetsky, M. R., Malina, E., Bartsch, A., Tamminen, J., McGuire, A.
D., et al. (2022). Permafrost carbon emissions in a changing Arctic. Nat. Rev. Earth
Environ. 3, 55–67. doi:10.1038/s43017-021-00230-3

Mishra, U., Hugelius, G., Shelef, E., Yang, Y., Strauss, J., Lupachev, A., et al.
(2021). Spatial heterogeneity and environmental predictors of permafrost
region soil organic carbon stocks. Sci. Adv. 7, eaaz5236. doi:10.1126/sciadv.
aaz5236

R_Core_Team. 2021. R: A language and environment for statistical computing.

Reithmaier, G. M. S., Knorr, K. H., Arnhold, S., Planer-Friedrich, B., and Schaller,
J. (2017). Enhanced silicon availability leads to increased methane production,
nutrient and toxicant mobility in peatlands. Sci. Rep. 7, 8728. doi:10.1038/s41598-
017-09130-3

Romanovsky, V. E., Drozdov, D., Oberman, N. G., Malkova, G. V., Kholodov, A.
L., Marchenko, S. S., et al. (2010). Thermal state of permafrost in Russia. Permafr.
Periglac. Process. 21, 136–155. doi:10.1002/ppp.683

Rowley, M. C., Grand, S., and Verrecchia, É. P. (2018). Calcium-mediated
stabilisation of soil organic carbon. Biogeochemistry 137, 27–49. doi:10.1007/
s10533-017-0410-1

Schaller, J., Cramer, A., Carminati, A., and Zarebanadkouki, M. (2020). Biogenic
amorphous silica as main driver for plant available water in soils. Sci. Rep. 10, 2424.
doi:10.1038/s41598-020-59437-x

Schaller, J., Fauchere, S., Joss, H., Obst, M., Goeckede, M., Planer-Friedrich, B.,
et al. (2019). Silicon increases the phosphorus availability of Arctic soils. Sci. Rep. 9,
449. doi:10.1038/s41598-018-37104-6

Schaller, J., Hines, J., Brackhage, C., Baucker, E., and Gessner, M. O. (2014).
Silica decouples fungal growth and litter decomposition without changing
responses to climate warming and N enrichment. Ecology 95, 3181–3189.
doi:10.1890/13-2104.1

Schaller, J., Puppe, D., Kaczorek, D., Ellerbrock, R., and Sommer, M. (2021).
Silicon cycling in soils revisited. Plants 10, 295. doi:10.3390/plants10020295

Schuur, E., McGuire, A., Schädel, C., Grosse, G., Harden, J. W., Hayes, D. J., et al.
(2015). Climate change and the permafrost carbon feedback. Nature 520, 171–179.
doi:10.1038/nature14338

Shi, Z., Allison, S. D., He, Y., Levine, P. A., Hoyt, A. M., Beem-Miller, J., et al.
(2020). The age distribution of global soil carbon inferred from radiocarbon
measurements. Nat. Geosci. 13, 555–559. doi:10.1038/s41561-020-0596-z

Stein, L. Y. (2020). The long-term relationship betweenmicrobial metabolism and
greenhouse gases. Trends Microbiol. 28, 500–511. doi:10.1016/j.tim.2020.01.006

Stimmler, P., Goeckede, M., Elberling, B., Natali, S., Kuhry, P., Perron, N., et al.
(2022a). Pan-Arctic soil element bioavailability estimations. Earth System Science
Data. Available at: https://essd.copernicus.org/preprints/essd-2022-123/(Accessed
Apr 07, 2022).

Frontiers in Environmental Science frontiersin.org09

Stimmler et al. 10.3389/fenvs.2022.1019610

Chapter 3. Manuscripts

100



Stimmler, P., Priemé, A., Elberling, B., Goeckede, M., and Schaller, J. (2022b).
Arctic soil respiration and microbial community structure driven by silicon and
calcium. Sci. Total Environ. 838, 156152. doi:10.1016/j.scitotenv.2022.156152

Treat, C. C., Natali, S. M., Ernakovich, J., Iversen, C. M., Lupascu, M., McGuire, A.
D., et al. (2015). A pan-Arctic synthesis of CH4 and CO2 production from anoxic
soil incubations. Glob. Change Biol. 21, 2787–2803. doi:10.1111/gcb.12875

Walker, D., Bockheim, J., Chapin, F., Eugster, W., Nelson, F., and Ping, C. (2001).
Calcium-rich tundra, wildlife, and the “mammoth steppe”. Quat. Sci. Rev. 20,
149–163. doi:10.1016/s0277-3791(00)00126-8

Whittinghill, K. A., and Hobbie, S. E. (2012). Effects of pH and calcium on soil
organic matter dynamics in Alaskan tundra. Biogeochemistry 111, 569–581. doi:10.
1007/s10533-011-9688-6

Frontiers in Environmental Science frontiersin.org10

Stimmler et al. 10.3389/fenvs.2022.1019610

Chapter 3. Manuscripts

101



1 

Supporting Information to: 

The importance of calcium and amorphous silica 

for Arctic soil CO2 production 

Peter Stimmler 1, Mathias Göckede 2, Susan M. Natali 3, Oliver Sonnentag 4, Benjamin 
S. Gilfedder 5, Nia Perron 4, Jörg Schaller 1,*

1 Centre for Agriculture Landscape Research e.V. (ZALF), Müncheberg, Germany 

2 Max Planck Institute for Biogeochemistry, Jena, Germany 

3 Woodwell Climate Research Center, Falmouth, USA 
4 Département de géographie, Université de Montréal, 1375 Avenue Thérèse-Lavoie-Roux, Montréal, 

QC H2V 0B3, Canada 
5 Limnological Station, Bayreuth Center of Ecology and Environmental Research (BAYCEER), 

University of Bayreuth, Bayreuth, Germany 

* Correspondence:

Jörg Schaller 

Joerg.Schaller@zalf.de 

Chapter 3. Manuscripts

102



2 

Fig. S1: CO2 production for the soil from Siberia Chersky C1, NE-Russia after 4 weeks 

(A+B) and 8 weeks (C+D) under drained (A+C) and waterlogged (B+D) conditions. 

Each square represents a treatment (n=5) with Si (+0, +3, +6, and +10 mg g-1 DW) 

and Ca (+0, +5, +10, and +15 mg g-1 DW). Colour represents differences between the 

treatment CO2 production in comparison to the control treatment, with green-blue 

showing a decreased CO2 production and red showing an increased CO2 production in 

comparison to the control treatment. 
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28 

Fig. S2: CO2 production for the soil from Siberia Chersky C2, NE-Russia after 8 weeks 

(A+B) and 12 weeks (C+D) under drained (A+C) and waterlogged (B+D) conditions. 

Each square represents a treatment (n=5) with Si (+0, +3, +6, and +10 mg g-1 DW) 

and Ca (+0, +5, +10, and +15 mg g-1 DW). Colour represents differences between the 

treatment CO2 production in comparison to the control treatment, with green-blue 

showing a decreased CO2 production and red showing an increased CO2 production in 

comparison to the control treatment. 
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4 

Fig. S3: CO2 production for the soil Ca1 from the Canadian after 8 weeks (A+B) and 

12 weeks (C+D) under drained (A+C) and waterlogged (B+D) conditions. Each square 

represents a treatment (n=5) with Si (+0, +3, +6, and +10 mg g-1 DW) and Ca (+0, +5, 

+10, and +15 mg g-1 DW). Colour represents differences between the treatment CO2

production in comparison to the control treatment, with green-blue showing a 

decreased CO2 production and red showing an increased CO2 production in comparison 

to the control treatment. 
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Fig. S4: CO2 production for the soil from the moist acidic tundra (MAT), Alaska after 4 

weeks (A+B), 8 weeks (C+D)and 12 weeks (E+F) under drained (A+C+E) and 

waterlogged (B+D+F) conditions. Each square represents a treatment (n=5) with Si 

(+0, +3, +6, and +10 mg g-1 DW) and Ca (+0, +5, +10, and +15 mg g-1 DW). Colour 

represents differences between the treatment CO2 production in comparison to the 

control treatment, with green-blue showing a decreased CO2 production and red 

showing an increased CO2 production in comparison to the control treatment. 
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Fig. S5: CO2 production for the soil from the moist non-acidic tundra (MNT), Alaska 

after 4 weeks (A+B), 8 weeks (C+D)and 12 weeks (E+F) under drained (A+C+E) and 

waterlogged (B+D+F) conditions. Each square represents a treatment (n=5) with Si 

(+0, +3, +6, and +10 mg g-1 DW) and Ca (+0, +5, +10, and +15 mg g-1 DW). Colour 

represents differences between the treatment CO2 production in comparison to the 

control treatment, with green-blue showing a decreased CO2 production and red 

showing an increased CO2 production in comparison to the control treatment. 
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H I G H L I G H T S G R A P H I C A L A B S T R A C T

• With each freeze-thaw cycle the CO2 fluxes
from the Arctic soils decreased.

• A considerable CO2 emission is taking place
below 0 °C.

• Si is increasing and Ca is decreasing CO2

fluxes.
• Si is increasing Arctic soil CO2 release espe-
cially when temperatures are below 0 °C.

A B S T R A C TA R T I C L E I N F O
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Arctic soils are the largest pool of soil organic carbon worldwide. Temperatures in the Arctic have risen faster than the
global average during the last decades, decreasing annual freezing days and increasing the number of freeze-thaw cy-
cles (temperature oscillations passing through zero degrees) per year as the temperature is expected to fluctuate more
around 0 °C. At the same time, proceeding deepening of seasonal thawmay increase silicon (Si) and calcium (Ca) con-
centrations in the active layer of Arctic soils as the concentrations in the thawing permafrost layer might be higher de-
pending on location. We analyzed the importance of freeze-thaw cycles for Arctic soil CO2 fluxes. Furthermore, we
tested how Si (mobilizing organic C) and Ca (immobilizing organic C) interfere with the soil CO2 fluxes in the context
of freeze-thaw cycles. Our results show that with each freeze-thaw cycle the CO2 fluxes from the Arctic soils decreased.
Our data revealed a considerable CO2 emission below 0 °C.We also show that pronounced differences emerge in Arctic
soil CO2 fluxes with Si increasing and Ca decreasing CO2 fluxes. Furthermore, we show that both Si and Ca concentra-
tions in Arctic soils are central controls on Arctic soil CO2 release, with Si increasing Arctic soil CO2 release especially
when temperatures are just below 0 °C. Ourfindings could provide an important constraint on soil CO2 emissions upon
soil thaw, as well as on the greenhouse gas budget of high latitudes. Thus we call for work improving understanding of
freeze-thaw cycles as well as the effect of Ca and Si on carbon fluxes, as well as for increased consideration of those
factors in wide-scale assessments of carbon fluxes in the high latitudes.

1. Introduction

There is large evidence from a variety of biomes covering temperate to
higher latitudes that freeze-thaw cycles can strongly influence soil respira-

tion (Kurganova et al., 2007; Ouyang et al., 2015; Treat et al., 2021). While
respiration is usually very low during the freeze phase, a brief strong CO2

pulse often occurs during thaw, followed by a rapid decline in CO2 release
afterwards (Kim et al., 2012; Sapronov, 2021b; Zhang et al., 2022). Such
strong CO2 release after thawing is likely to be important for soils which
store large amounts of organic carbon vulnerable for microbial respiration
(Treat et al., 2021). Such soil with large amounts of vulnerable organic car-
bon are the soils in the Arctic (Hugelius et al., 2014).
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Arctic soils are the largest pool of soil organic carbon (C) worldwide
(Strauss et al. 2017). Approximately, 1300 Tg of organic C are storedwithin
thefirst 3m (Hugelius et al., 2014). Temperatures in the high latitudes have
risen faster as the global average in the last decades, decreasing annual
freezing days (Henry, 2008; Rantanen et al., 2022; Stocker et al., 2014).
Thawing of permafrost in Arctic soils due to climate warming exposes
large amounts of organic C vulnerable to microbial degradation (Heslop
et al., 2019; Mueller et al., 2015; Treat et al., 2021), thus potentially in-
creasing C emissions of Arctic terrestrial systems, which potentially
warms the climate through the greenhouse effect. Accordingly, CO2 re-
leased from Arctic soils to the atmosphere as a result of soil organic matter
degradation by microorganisms (heterotrophic respiration) could strongly
impact future climate change, and should be considered for defining cur-
rent climate goals (Anderson et al., 2016; Canadell et al., 2021; Schuur
et al., 2015).

The few studies that have been conducted on Arctic soils during freeze
thaw cycles mostly follow the picture of experiments from other biomes
showing a strong CO2 release after each thaw event (Kim et al., 2012;
Ludwig et al., 2006; Sapronov, 2021b; Schimel and Clein, 1996; Wang
et al., 2014). Ludwig et al. (2006) found a consistent pronounced CO2 re-
lease after thaw for every freeze-thaw cycle for soil from Russian tundra.

In deeper Arctic soils, which were previously permanently frozen, in-
creased temperatures will firstly expose permanently frozen parts of the
soil to freeze thaw cycles and secondly increase the number of freeze-
thaw cycles per year (oscillation around 0 °C), as the temperature is fluctu-
ating more around 0 °C (Henry, 2008). Each thawing is accompanied by a
strong increase in the concentration and quantities of both microbial de-
gradable organic compounds and a number of other elements in the soil so-
lution (Loiko et al., 2017; Payandi-Rolland et al., 2020). Such increase in
element availability by thawing may be particularly important for silicon
(Si) and calcium (Ca) altering the concentrations of both elements in the
soil active layer (Alfredsson et al., 2016; Stimmler et al., in revision;
Walker et al., 2001). Both elementsmay strongly interfere with soil organic
C mineralization and soil CO2 release (Schaller et al., 2019). Ca is known to
bind organic C by cation bridging in Arctic soils (Whittinghill and Hobbie,
2012), while Si mobilizes organic C due to competition for binding at the
surface of soil particles (Hömberg et al., 2020; Reithmaier et al., 2017;
Schaller et al., 2019). These effects on organic C mobility have been re-
ported to substantially affect the soil CO2 release in incubation experiments
of high-Arctic soils (Schaller et al., 2019; Stimmler et al., 2022). Conse-
quently, we expect that Si increases and Ca decreases Arctic soil C fluxes.

However, up to now, no study analyzed the importance of freeze-thaw
cycles (potentially mobilizing organic C) while considering effects caused
by Si (mobilizing organic C) or Ca (immobilizing organic C) for Arctic soil
CO2 release especially under freezing conditions and upon thaw. In this
study, we hypothesize that (i) every freeze-thaw cycle will lead to a consis-
tent pronounced CO2 release after thaw and (ii) Si is positively and Ca neg-
atively related to Arctic soil CO2 emissions. To investigate this, we used
controlled laboratory incubation experiments to test the combination of
freeze-thaw cycles, as well as Si and Ca for Arctic soil CO2 release. To
make the freeze-thaw experiments comparable with natural conditions
we adapted the freeze-thaw regime to the natural freeze-thaw cycle of the
Arctic soils to make sure that freezing as well as thawing periods allowed
the soil microbes to adapt.

2. Materials and methods

2.1. Soil material used for experiments

The soil used for the present study was taken from a wet tussock tundra
ecosystem near Chersky, Northeast Siberia, Russia (68,61,586°N;
−161,35,228°E), underlain by continuous permafrost (Göckede et al.,
2017; Göckede et al., 2019). The soil, which was sampled from the mineral
active layer from 50 to 60 cm depth, was gently crushed in frozen state
using a steel mortar in a first processing step. We used this soil layer as it
is the deepest part of the active layer at this site and mostly affected by

changes in Si and Ca due to permafrost thaw. The frozen material was
split and sieved under frozen conditions through a two mm sieve until all
particles passed through the sieve. The soil had an amorphous Si content
of 3 mg g−1, and Mehlich(III) extractable concentrations of 0.08 mg g−1

for Si, and 0.6 mg g−1 for Ca (Stimmler et al., in revision). The soil was
thawed and mixed with Ca and/or Si. We added 5 mg g−1 Ca in form of
CaCl2 x 2H2O) and/or 6 mg g−1 Si in form of an amorphous silica (Aerosil
300 Evonik, Germany), all replication of four and samples stabilized to the
initial soil pH using HCl. The soil samples were completely saturated with
8 mL ultrapure water during the whole experiment. After this, the experi-
ment immediately started.

2.2. Experimental design and analysis

To make the freeze-thaw experiments comparable with natural condi-
tions, we adapted the laboratory freeze-thaw regime to the natural freeze-
thaw cycle as observed within the Arctic soils at the sampling site near
Chersky. For this, the soils were incubated at +5 °C until the CO2 efflux
was at equilibrium (Fig. 1). Afterwards, the soil temperature was decreased
to+1 °Cwithin two days. The temperature of+1 °Cwas held for two days.
Afterwards, the temperature was decreased to−1 °C and held for two days,
again. Thereafter, the temperature was decreased to −9 °C (Fig. 1). This
temperature profile allows microbes to adapt to the temperatures is analog
to field conditions. Such adaptation is important as microbes are sensitive
toward freezing at too fast rates (Lipson et al., 2000). The chosen moderate
temperature gradients prevent lysis as shown for such conditions before
(Grogan et al., 2004). Linear extrapolated CO2 flux rates, initially measured
during −1 °C, were used in this study as a conservative estimate for CO2

efflux during freeze periods.

2.3. Measurements and data analysis

We incubated four different sample treatments, namely a natural soil
(control), and three further treatments with added silicon (+Si), added cal-
cium (+Ca), and both added silicon and calcium (+Si + Ca). CO2 fluxes
from the samples were analyzed for three thaw periods (Table 1). For
each treatment, four replicates of 20 g each were incubated in parallel
using the incubation system described in detail by Rillig et al. (2021). The
used incubation system works in a flow-through, steady-state mode corre-
sponding to Livingston and Hutchinson (1995). It contains 16 airtight, cy-
lindrical incubation vessels (50 mL PE centrifuge vials), for the samples to
be incubated, and a control channel through which ambient air passes the
incubation vessels directly from the pressure vessel to the gas analyzer
(Picarro G2508; PICARRO, INC., Santa Clara, USA). Ambient air flows
were continuously through the headspace of all incubation vessels via chan-
nels connecting the pressure vessel and the gas analyzer directly, using a
multiplexer and a special circular channel. Air was circulated between the
incubation unit headspace and the CRDS analyzer at 250 mL min−1 using
a low-leak diaphragm pump (A0702, Picarro, Santa Clara, CA, USA). To in-
crease the sensitivity of the incubation system, flow rate and measurement
time per channel were adjusted according to the expected CO2 flux rate.

Fig. 1. Temperature (air) regime of the freeze-thaw-cycles simulated during the
incubation experiment.
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The temperature was controlled in the incubation vessels by means of a cli-
mate chamber. During the thawing phases, the samples were weighed sev-
eral times to compensate for possible soil water losses. CO2 fluxes were
calculated from themeasured CO2 gas concentration in the respective chan-
nel, and the temporally corresponding concentration in the control channel
according to Eq. (1):

F ¼ M � ρ � V � Δcð Þð Þ
C � R � t � Tð Þ ð1Þ

where F is the flux rate (μg CO2-C core−1 h−1), M is the molar mass of CO2,
ρ the atmospheric pressure (Pa), V is the air flow rate into the headspace
and the channels (m3 h−1), Δc is the difference of CO2 concentrations
[mol] between outlet of a specific vessel and the corresponding, linear in-
terpolated control channel CO2 concentration, C is the soil sample area
(m2), R the gas constant (m3 Pa K−1 mol−1), t is the time over which the
concentration change was observed, and T the incubation temperature (K).

Fluxes were calculated using an R script (R_Core_Team, 2021). Influ-
ence of diurnal cycles in measured ambient air within the control channel
on calculated CO2 fluxes was minimized by linear interpolation of CO2 con-
centrations measured for the control channel, rather than using adjacent
control channel CO2 concentration measurements only. To avoid bias
caused by measurements on the previous channel, only values determined
in the last minute of each channel measurement were used to calculate CO2

fluxes. For calculation of CO2 emissions, biased, negative CO2 fluxes were
rejected.

3. Results

3.1. CO2 release decreased with progressing number of thaw-freeze periods

CO2 fluxes during the whole incubation period generally decreased
within all treatments as the number of thaw (Fig. 2) and freeze periods
(Fig. 3) proceeds. Treatments of +Si and + CaSi however, decreased
with −57 % and − 52 % much more rapidly from the first to the last ob-
served thaw period (period with temperature > 1 °C) compared to the
control and + Ca treatment with −24 % and − 40 %, respectively. The
same was observed for the change from the first to the last observed freeze
period (period with temperature < −1 °C), were + Si and + CaSi de-
creased by −82 % and − 70 %, while CO2 fluxes of the control and +
Ca treatment decreased by−40 % and− 60 %. As a result, differences be-
tween treatments during first and third freeze periods with +Si being

significantly higher diminished during the second freeze period (p =
0.015, compare the second and the third period) and were only significant
different (p < 0.01) during thaw periods between treatments.

3.2. Silicon increased and calcium decreased CO2 fluxes and emissions

CO2 fluxes generally showed very high variability over time. Therefore,
especially the effects of changing temperatures were not immediately
recognizable at a glance (Fig. S1). However, average CO2 fluxes
during the whole incubation period in the +Si treatment with a median
of 0.055 μmol m−2 s−1 were 22 % higher and significantly different (p =
0.01, Wilcoxon test) compared to the control (0.045 μmol m−2 s−1). In
comparison to the +Ca and the +Ca + Si treatments, which produced
CO2 fluxmedians of 0.021 μmol m−2 s−1 and 0.023 μmolm−2 s−1, respec-
tively, the +Si treatment yielded also significantly higher CO2 fluxes (p <
0.01, Wilcoxon test) (Fig. 4a). The same holds true for the CO2 fluxes
from the control treatment, which were also significantly higher (p <
0.01, Wilcoxon test) compared to the +Ca and the +Ca + Si treatments.
No significant differences in CO2 fluxes were found between the +Ca and
the +Ca + Si treatment (p = 0.015; Wilcoxon test). Daily differences in
CO2 fluxes of the different treatments compared to control were shown in
Fig. S1.

CO2 fluxes above +1 °C of both the control treatment with a median of
0.043 μmol m−2 s−1 and the +Si treatment with a median of 0.049 μmol
m−2 s−1 were significantly higher (p < 0.01, Wilcoxon test) compared to
those of the +Ca with a median of 0.022 μmol m−2 s−1 and the +Ca +
Si treatment with a median of 0.025 μmol m−2 s−1 (Fig. 4b). The CO2

fluxes above +1 °C were no significantly different between control treat-
ment and+ Si and also not between the+Ca and the+Ca+Si treatment.
Focusing on the CO2 fluxes below−1 °C we found a strong and significant
increase in CO2 fluxes by 100 % in the +Si treatment with a median
of 0.030 μmol m−2 s−1 compared to the control treatment with a median
of 0.015 μmol m−2 s−1. No significant difference were found between
the control treatment and both the +Ca treatment with a median of
0.014 μmol m−2 s−1 and the +Ca + Si treatment with a median of
0.016 μmol m−2 s−1 (Fig. 4c). For the CO2 fluxes above +1 °C the pattern
was different compared with those fluxes below−1 °C.

Cumulative CO2 emissions per treatment during the whole incubation
period are shown in Fig. 5. Similar to average fluxes, the +Si treatment
yielded 28 % higher cumulative CO2 emission (2.44 mg CO2-C per sample)
when compared to the control treatment (1.90 mg CO2-C sample−1).
The +Ca and + Ca + Si treatments showed lower cumulative CO2

emissions (1.13 and 1.47 mg CO2-C sample−1) compared to the control,
with +Ca evidencing the lowest cumulative CO2 emissions. Neither of
both+Ca and+ Ca+ Si treatments showed a clear difference when com-
pared to a proxy for the absence of frost-thaw, represented by the cumula-
tive CO2 emission, estimated based on the linear extrapolated, initially
measured, average CO2 flux of the control treatment at −1 °C incubation
temperature. Only the+Si treatment yielded in substantially higher cumu-
lative CO2 emissions.

4. Discussion

The main finding of our study is that with each freeze-thaw cycle
the CO2 fluxes from the Arctic soils decreased, refuting hypothesis (i).
We also found pronounced differences between the tested treatments
with Si increasing and Ca decreasing Arctic soil CO2 fluxes, confirming
hypothesis (ii).

Frozen conditions prevent organic matter (OM) from microbial degra-
dation (Mann et al., 2022). Our data revealed a considerable CO2 emission
below 0 °C, especially for the Si fertilized treatments. This is in linewith ear-
lier findings also showing CO2 emission from Arctic soil until minus 5 °C
(Ludwig et al., 2006; Sapronov, 2021b; Schimel and Clein, 1996; Wang
et al., 2014). Zhang et al. (2022) found increased CO2 emissions if the
soil had been frozen to temperatures below\\5C, but no such effects if
the freezing temperature was above\\5C. Consistent with our data, other

Table 1
average measured CO2, fluxes for the different treatments during the repetitive
freeze-thaw-cycle.

Period Treatment Temp. Duration (d) CO2

°C nmol m−2 s−1

1st thaw

control 4.0 19 52
+Ca 4.0 19 25
+Si 4.0 19 76
+Ca + Si 4.0 19 35

1st freeze

control −3.2 11 21
+Ca −3.5 11 34
+Si −3.4 11 61
+Ca + Si −3.2 11 51

2nd thaw

control 3.5 21 57
+Ca 3.4 21 31
+Si 3.5 21 49
+Ca + Si 3.5 21 33

2nd freeze

control −3.6 9 9
+Ca −3.8 9 13
+Si −3.8 9 16
+Ca + Si −3.5 9 6

3rd thaw

control 3.4 6 36
+Ca 3.5 6 17
+Si 3.6 6 26
+Ca + Si 3.5 6 8
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studies of Arctic soils also experienced a decrease in CO2 release with in-
creasing number of freeze-thaw cycles (Kurganova et al., 2007; Ludwig
et al., 2006; Sapronov, 2021a; Schimel and Clein, 1996; Wang et al.,
2014). This means that the labile organic carbon in Arctic soils is likely de-
graded rapidly, once the soil is thawed, needing only few freeze-thaw cycles
to be mineralized and released to the atmosphere.

Consequently, higher Arctic temperatures with subsequent increased
number of freeze-thaw cycles per year (oscillation around 0 °C) (Henry,
2008) may contribute only to a minor extent to an increased soil CO2 re-
lease in future, as long as no labile C input by e.g. plants occurs, since labile
C may potentially increases the microbial organic C degradation and
subsequent C release from Arctic soils (Hartley et al., 2010).

It is debated in literature how stabile Arctic C is upon soil thaw and the
timescale of organic C degradation in high latitude systems is still unknown
(Schuur et al., 2015). Our results indicate that a strong response in CO2

could take place rapidly after only few thawing cycles, thus soil thaw
could have a direct impact on climate change in the near-future.

The effects of Si enhancing CO2 fluxes from Arctic soils is in line with
previous studies on Greenlandic soils (Schaller et al., 2019) or peatlands
(Hömberg et al., 2021; Reithmaier et al., 2017). This enhanced CO2 fluxes
from Arctic soils by Si may be explained by an increase of available water
(Schaller et al., 2020) without increasing salinity. Another potential mech-
anism underlying the enhancing CO2 fluxes from Arctic soils by Si may be
arising from the mobilization of silicic acid from the ASi (Schaller et al.,
2021). Since silicic acid competes with phosphate for binding at the sur-
faces of soil particles, previously unavailable phosphate is potentially

mobilized reducing the phosphate limitation for the decomposingmicrobes
(Hömberg et al., 2020; Schaller et al., 2019). As the strongest effect of +Si
treatment enhancing CO2 fluxes from Arctic soils was shown for tempera-
tures below 0 °C, the Si effect may have something to do with water avail-
ability below 0 °Cwith increased “supercooled”water content under higher
Si concentrations, which has been previously found for increased silt frac-
tions enhancing the fractions of “supercooled”water at freezing conditions
(Schaefer and Jafarov, 2016). Si in solution was found long time ago to re-
duce the water freezing point (Kahlenberg and Lincoln, 1898), which was
confirmed recently (Kumar et al., 2019). This may lead to an increased
water availability below 0 °C by Si being a potential the reason for the
higher CO2 fluxes from the Arctic soil below 0 °C in the +Si treatment
(Fig. 4c) as microbes need available water.

The decrease of the soil CO2 production rate by Ca is in line with earlier
finding (Schaller et al., 2019;Whittinghill and Hobbie, 2012). This effect of
Ca decreasing the soil CO2 production rate may be explained by either
cation bridging of soil organic matter by Ca ions (making the organic
matter unavailable for microbial decomposition) (Schaller et al., 2019;
Whittinghill and Hobbie, 2012) or by increasing salinity due to Ca addition
potentially decreasing activity of microbial decomposer community (Mavi
et al., 2012). It was recently shown that Si may be able to increase and Ca
decrease the activity of microbial decomposers and change the microbial
decomposer community structure (Stimmler et al., 2022).

We show that both Si and Ca concentrations in Arctic soils are a main
controls on Arctic soil CO2 release, with Si increasing soil CO2 release espe-
cially when temperatures are below 0 °C. High-Arctic permafrost soils store

Fig. 2.Violin plot of measured CO2 fluxes of the a) control, b)+ Ca (5mg g−1 Ca), c)+ Si (6mg g−1 Ca) and d)+ Si+Ca (5mg g−1 Ca; 6 mg g−1 Si) treatment during the
first, second and third thaw period (defined as incubation temperature>+1 °C following freeze) within the incubation period. Boxplots showmedian CO2 flux as well as 1st
(25 %) and 3rd quartile (75 %). Whiskers represent the 0.05 (5 %) and 0.95 (95 %) quantile. The dashed black horizontal line indicated the median CO2 flux of the control
treatment (a), the dashed gray horizontal line the initially measured, average CO2 flux of the control treatment at −1 °C. Different letters indicate significant (p < 0.05)
difference between CO2 fluxes of the different thawing periods.
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vast amounts of Si and Ca (Alfredsson et al., 2016; Stimmler et al., in
revision; Walker et al., 2001), which could be released upon thaw. These
feedbacks which affect soil organic matter stabilization in Arctic soil

(potentially by Ca) are poorly understood and such effects of stabilization
of organicmatter by Ca potentially decreasing soil respiration and/or a mo-
bilization of nutrient like phosphate by Si potentially increasing soil

Fig. 3.Violin plot of measured CO2 fluxes of the a) control, b)+ Ca (5mg g−1 Ca), c)+ Si (6mg g−1 Ca) and d)+ Si+Ca (5mg g−1 Ca; 6 mg g−1 Si) treatment during the
first and second freeze period (defined as incubation temperature<−1 °C following thaw)within the incubation period. Boxplots showmedian CO2 flux aswell as 1st (25%)
and 3rd quartile (75%). Whiskers represent the 0.05 (5%) and 0.95 (95%) quantile. The dashed black horizontal line indicates the median CO2 flux of the control treatment
(a). The dashed gray horizontal line indicates the initially measured, average CO2 flux of the control treatment at −1 °C. Different letters indicate significant (p < 0.05)
difference between CO2 fluxes of the different freeze cycles.

Fig. 4. Measured CO2 fluxes of the a) different treatments for the entire incubation period; b) shows measured CO2 fluxes for the different treatments when incubation
temperature was above +1 °C and c) shows measured CO2 fluxes for the different treatments when incubation temperature was below −1 °C. Boxplots show median
CO2 flux as well as 1st (25 %) and 3rd quartile (75 %). Whiskers represent the 0.05 (5 %) and 0.95 (95 %) quantile. The dashed black horizontal line indicated the
median CO2 flux of the control treatment, the dashed gray horizontal line the initially measured, average CO2 flux of the control treatment at −1 °C incubation
temperature. Different letters indicate significant (p < 0.05) differences between CO2 fluxes of the different treatments.
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respiration are not taken into account in present global-scale assessments of
the Arctic carbon budget (Canadell et al., 2021). If our findings regarding
soil respiration effects of Si and Ca on Arctic soil organic matter turn out
to be true on larger scales, they could provide an important constraint on
soil CO2 emissions upon soil thaw, as well as on the greenhouse gas budget
of high latitudes. However, depending on the concentration of Si and Ca
both effects (Si increasing and Ca decreasing soil CO2 emissions) may offset
each other. We thus call for work improving understanding on Ca and Si
feedbacks on carbon fluxes, as well as for increased consideration of factors
that affect the stability of Arctic soil carbon in wide-scale assessments.

A first step toward this is the development of an experimental design for
the studies, which accurately captures the real conditions on thawed Arctic
soils. An important impetus for this is the small post-thaw CO2 pulse in our
studies, which further decreasedwith proceeding freeze-thaw cycles. While
a CO2 pulse occurred in three of the studies that looked at the effect of
freeze-thaw cycles on Arctic soils (Sapronov, 2021b; Schimel and Clein,
1996;Wang et al., 2014), it was also absent in (Ludwig et al., 2006). Appar-
ently, this was because, in agreement with Ludwig et al. (2006), we had
only slowly changed the temperature during the transition between
freeze-thaw or vice versa, as actually occurring under natural conditions
in Arctic soils. In otherwords, the CO2 pulse observed bymost other studies
may be a result of an abrupt transition (no transition times between
thawing and freezing) between temperature phases does not reflect the
real situation on thawing Arctic soils. However, it is possible that the very
high-frequency measurement of CO2 fluxes used by our study and the
study of Ludwig et al. (2006) simply made visible that CO2 fluxes in Arctic
soils fluctuate much more than previously perceived. The same holds true
for the generalizability of the conclusions obtained in incubation experi-
ments with small amounts of soil to the reduction of CO2 release with in-
creasing number of freeze-thaw cycles. At least, it cannot be excluded

that factors such as the presence of temperature and matter gradients in
the soil profile, soil movements due to cryoturbation, and the diverse activ-
ities of plants alter the effects of freeze-thaw cycles on CO2 release in the
field (Mauritz et al., 2021; Olid et al., 2020; Treat et al., 2021). Therefore,
the focus of future investigations should be to clarify exactly this.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2023.161943.
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Fig. S1: Measured CO2 flux dynamic ± SD (shaded area) for a) +Ca (blue), b) +Si (yellow) and c) 

+CaSi (green) vs. control (bright red line), each averaged over the four replicates per treatment. 

Solid, dark red line represents the temperature during the incubation period. 
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H I G H L I G H T S

• Amorphous silica (Si) positively and Ca
negatively affect microbial community.

• Spore-forming bacteria increased by Si.
• Ca promotes spore-forming bacteria.
• Ca decreased and Si increased CO2 pro-
duction by altering nutrient availability
or MCS.

G R A P H I C A L A B S T R A C T

A B S T R A C TA R T I C L E I N F O

Editor: Wei Shi Global warming is most pronounced in the Arctic region. Greenhouse gas (GHG) release from Arctic soils increase due
to global warming. By this, the Arctic may change from currently being a carbon sink to a future source. To improve
accurate predictions of future GHG release from Arctic soils, it is important to unravel factors controlling both the mi-
crobial community structure and activity. Soil microbial activity is important for Arctic greenhouse gas production, but
depends on soil conditions such as salinity being increased by calcium (Ca) and decreased by amorphous silica (Si) po-
tentially enhancing water availability. In the Arctic, climate changes may alter salinity by changing Si and Ca concen-
trations upon permafrost thaw as a result of global warming with Si potentially decreasing and Ca potentially
increasing salinity. Here, we show that higher Si concentration increased and higher Ca concentrations decreased
the microbial CO2 production for both a salt-poor and a salt-rich soil from Greenland. In the salt-rich soil, Si amend-
ment increased CO2 production and the abundance of gram-negative bacteria. However, the bacterial community be-
came dominated by spore-forming gram-positive Firmicutes and Actinobacteria. The CO2 release from soils was
directly affected by the abundance of bacteria and fungi, and their community structure. Our results highlight the im-
portance of the soil Si and Ca concentration on organic carbon turnover by strongly changingmicrobial abundance and
community structure, with consequences for CO2 release in the Arctic. Consequently, Ca and Si and their relation to
Arctic soil microbial community structure has to be considered when estimating pan-Arctic carbon budgets.
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1. Introduction

The increased greenhouse gas (GHG) release from Arctic soils due
to global warming is dominated by CO2 (Schädel et al., 2016). To facil-
itate accurate simulations of future GHG release from Arctic soils, it is
important to unravel factors controlling both the microbial commu-
nity structure and activity (Coolen and Orsi, 2015). Abiotic factors in-
cluding availability of nutrients like phosphorous (DeForest and Scott,
2010) and composition of the organic matter (Biasi et al., 2005), have
been shown to change microbial community structure in Arctic soils
and by this GHG emissions. The carbon (C) cycling in Arctic soils is
strongly influenced by the microbial community structure and its met-
abolic capacities (Monteux et al., 2020; Qin et al., 2021). Thawing per-
mafrost mediated by ongoing climate change has been shown to lead
to altered microbial community structure and a metabolic shift from
survival in frozen soil to enhanced metabolic activity in thawed soil.
Thawing leads to an up regulation of microbial C and nitrogen
(N) cycling pathways (Mackelprang et al., 2011), while further
warming after thawing increases the amount of enzymes involved in
soil organic matter decomposition (Jansson and Hofmockel, 2020).
By this, the Arctic may change from currently being a C sink
(Virkkala et al., 2021) to a future source (Hugelius et al., 2020),
which may accelerate global warming.

Arctic soil microorganisms are challenged by large fluctuations in envi-
ronmental conditions and stressors like drought, freezing and salinity. Sa-
linity can be high in Arctic soils, particular in high Arctic desert soils and
at sub-zero temperatures, the latter due to salt exclusion during freezing.
The liquid water between ice and soil is a main habitat of Eutectophiles
(Deming, 2002) that can be physiological active until −20 °C (Rivkina
et al., 2000). The concentration of elements like calcium (Ca) decreases
the freezing point of water and leads to liquid water with high salinity be-
tween ice and soil particles (Jessen et al., 2014). Amorphous silica (Si) is
the main source for available silica in soils (Schaller et al., 2021) and de-
creases freezing temperature, too (Ishizaki et al., 1996). Microbes have
evolved different strategies to enhance survival and sustain activity e.g.
during freezing, thawing, and at high salinity. Modified membrane fluidity
ensures viscosity at low temperatures (Denich et al., 2003), cold shock pro-
teins prevent formation of secondary mRNA structures (Suetin et al., 2009)
and osmolytes enable microbes to be metabolic active in salt-rich environ-
ments (Sleator and Hill, 2002).

A partial thaw of the uppermost permafrost layer of Arctic soils due
to climate change induced by thermic insolation and higher air tem-
peratures may increase the concentration of Si or Ca depending on lo-
cation and geochemistry of specific regions of the Arctic (Stimmler
et al., in preparation; Alfredsson et al., 2016; Walker et al., 2001).
This may change the microbial community structure of Arctic soils, be-
cause of the potential effects of both elements on microbes (Song et al.,
2021; Ye et al., 2016) and will potentially alter microbial GHG emis-
sions linked to changes in the concentration of Si and Ca (Schaller
et al., 2019). Soluble ions like Ca increase osmolytic stress for mi-
crobes. In contrast to Ca, Si may decrease salt stress for microbes as
it was shown already for plants (Coskun et al., 2016; Yan et al., 2021).

To better understand the effect of Si and Ca on soil microbial com-
munity structure and activity, and their relation to salt conditions in
soils we incubated a Greenlandic soil with high extractable Ca concen-
tration (salt-rich) and a soil with low extractable Ca concentration
(salt-poor) under different soil Si and Ca concentrations. In these ex-
periments, we analyzed the responses of the microbial community
structure and the corresponding CO2 production rates. Our hypotheses
were: (i) microbial community structure differs between original salt-
rich and salt-poor Arctic soils, (ii) Ca increases salinity stress and
therefore promotes a halotolerant microbial community structure,
(iii) Si reduces salinity stress and leads to halo-intolerant microbial
community structure, and (iv) Ca and Si concentration can interact
in relation to the effects on microbial community structure, and corre-
sponding CO2 production rate.

2. Materials and methods

2.1. Incubation experiments

For each sample 5 g soil were incubated at 5 °C in a 25-mL glass vial
with 2 mL of deionized water. To simulate Ca induced salt stress, we incu-
bated with +0, +5, +10, +15 mg Ca g−1 DW (from CaO, pH adapted
with HCl to initial soil pH). The Ca treatments are equal to growth condi-
tions of slightly halophilic (1.0–1.2 M NaCl), moderately halophilic
(1.0–1.2 to 2.0–2.5 M NaCl) and extremely halophilic (2.0–2.5 M NaCl)
bacteria (Zahran, 1997). To investigate salt stress reduction by Si, we
added +0, +3, +6, +10 mg Si g−1 DW (from Si fertilizer Aerosil-300,
Evonik, Germany). The different treatments did not change soil pH. In addi-
tion, we included controls involving soil incubated with 1 mg g−1 DW
(Peary Land) or 3 mg g−1 DW (Disko) Na2HPO4. This phosphorus addition
treatment was done to separate a direct Si effect from an indirect effect of Si
via Si mobilizing phosphorus as shown before (Schaller et al., 2019). A ref-
erence incubation without added water was also included.

2.2. DNA isolation, PCR and preparation for amplicon sequencing

Raw soil material was freeze dried and ground with a mill until a
fine powder was obtained using a Retsch, MM 2000 mill. Every sample
was replicated three times. DNA was isolated from 100 mg material
per sample using “DNeasy Power Soil Pro Kit” (Qiagen, Vedbæk,
Denmark). The success of the DNA isolations was checked on a 0.7%
agarose gel.

Amplicon sequencing libraries were prepared using a two-step PCR,
targeting 16S rRNA gene V3-V4 regions for prokaryotic communities and
the ITS2 for fungal communities. First PCR amplification of the V3-V4 re-
gion was performed using primers Uni341F (5′-CCTAYGGGRBGCASCAG-
3′) and Uni806R (5′-GGACTACNNGGGTATCTAAT-3′) (Caporaso et al.,
2011). PCR amplification of ITS2 was performed with the primers gITS7
(5′-GTGARTCATCGARTCTTTG-3′) (Ihrmark et al., 2012; Nguyen et al.,
2016) and ITS4ngs (5′-TCCGTAGGTGAACCTGCGG-3′).

PCR products were checked on a 1% agarose gel. First PCR amplifica-
tion products were purified using HighPrep PCR clean-up (MagBio Geno-
mics, Galthersburg, USA). A second PCR reaction was performed to add
Illumina sequencing adapters and sample-specific dual indexes (IDT Inte-
grated DNA technologies, Coralville, USA) using PCRBIO HiFi (PCR
Biosystems Ltd., London, UK) for 15 amplification cycles. Products from
the second PCR were purified with HighPrep PCR Clean Up System, as de-
scribed for the first PCR. Sample concentrations were normalized using the
SequalPrep Normalization Plate Kit (Thermo Fisher Scientific, Hvidovre,
Denmark). The libraries were pooled and up-concentrated using DNA
Clean and Concentrator-5 Kit (ZymoResearch, Irvine, USA). The concentra-
tion of the pooled PCR products was determined using aQubit 2.0 Fluorom-
eter (Life Technologies, Carlsbad, USA). The libraries were denatured and
sequenced following the manufacturer's instructions using a 250 paired-
end Illumina MiSeq platform (Illumina, San Diego, USA). Raw data on
DNA sequences for bacteria and fungi can be found on Erda.dk (https://
sid.erda.dk/sharelink/BvOzKefXwG for the 16S data and https://sid.erda.
dk/sharelink/AriM6hnzC4 for the fungal ITS2 data).

2.3. Generation of operational taxonomic units (OTUs)

Sequences were trimmed of primer sequences and barcodes and assem-
bled using Usearch (Edgar, 2010). Sequences which could not be assem-
bled, singletons, chimeras, and sequences with a quality score less than
25 were discarded. Sequences were denoised to generate operational taxo-
nomic units (OTUs). The 16S rRNA gene fragments and ITS2 sequences
were mapped back with a 97% similarity threshold and were classified
using the SILVA (Pruesse et al., 2007) and UNITE (Abarenkov et al.,
2010) database, respectively.
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2.4. qPCR

Prokaryotic 16S rRNA gene and (fungal) ITS2 copy numbers
were estimated using quantitative PCR (qPCR). The Uni341F (5′-
CCTAYGGGRBGCASCAG-3′) and 518R (5′-ATTACCGCG GCTGCTGG
−3′) (Muyzer et al., 1993) primers were used for 16S rRNA gene quantifi-
cation. The PCR protocol involved a total volume of 20 μL containing 10 μL
of 2×Brilliant III Ultra-Fast SYBR®GreenQPCRMasterMix (Agilent Tech-
nologies, Cedar Creek, TX, USA), 1 μL of forward and reverse primers (final
concentration 10 μM), 1 μL of a diluted DNA template, and 7 μL of ddH2O.
Cycling conditions consisted of 2 min at 95 °C followed by 40 cycles of de-
naturation at 95 °C for 5 s and combined annealing and extension at 60 °C
for 20 s. In order to estimate the abundance of fungal ITS2 we used the
primers gITS7 and ITS4ngs. The PCR setup and cycling conditions were
the same as for 16S rRNA. All qPCR assays included three technical repli-
cates per sample. No template controls (NTC) for all assays were used to ex-
clude the possibility of contamination. All reactions were carried out in
LightCycler® 96 Instrument (Roche Life Science, Hvidovre, Denmark).
Prior to gene quantification, all samples were diluted 100 times in order
to avoid inhibition of amplification efficiency. Known quantities of a
pUC19 plasmid with the cloned gene of interest were used as standards in
the qPCR assays. Partial 16S rRNA gene was cloned from Escherichia coli,
while ITS2 region was cloned from Aureobasidium pullulans (Dahl et al.,
2017); see SI text for theDNA sequence of the standards. In order to account
for non-target sequences such as DNA co-extracted from chloroplasts and
mitochondria, final qPCR results were adjusted for amplified based on the
relative abundance of chloroplasts and mitochondria DNA (less than
1.51 ± 0.37% of total sequence reads in any sample) in the 16S rRNA
gene amplicon sequencing data.

We performed permutational multivariate analysis of variance based
on Bray–Curtis dissimilarity matrices to test treatment differences
(10,000 permutations) using the ANOSIM function in Primer7 (Clarke
and Gorley, 2015). Primer7 was also used to generate metric
multidimensional (mMDS) plots based on the Bray–Curtis dissimilarity
matrices.

2.5. Statistics

For Disko soil samples the relative abundance of the four most common
bacterial phyla (Acidobacteria, Actinobacteria, Chloroflexi, Firmicutes and
Proteobacteria) and the threemost common fungal phyla (Ascomycota, Ba-
sidiomycota and Mortierellomycota) were calculated. Bacterial taxa
assigned to Actinobacteria, Chloroflexi and Firmicutes (excludingmembers
of Negativicutes and Halanaerobiales, which in contrast to the majority of
Firmicutes are gram-negative; reads assigned to Negativicutes were found
in negligible numbers in the Peary Land soil and in small numbers in the
Disko soil, while no reads were assigned to members of Halanaerobiales
(Tables S1–S4) were summarized as gram-positive bacteria, while all
other bacterial taxa where summarized as gram-negative bacteria (see
Megrian et al. 2020 for a discussion of the division of gram negative and
positive bacteria). Descriptive statistics of relative and absolute bacterial
and fungal abundance (minimum, maximum, median, standard deviation
and first and third quarter) were calculated in R Studio (version 1.2.5033,
2019, RStudio, Inc) using the function “favstats” from the package “mosaic”
(version 1.8.3). Boxplots were plottedwith the package “graphics” (version
3.6.3). The data was analyzed using an ANOVA, followed by a pairwise
Tukey-HSD as post-hoc test (package “stats”, version 3.6.3). Linear regres-
sion of samples were calculated and plotted by the function “stator” from
the package “ggpubr” (version 0.4.0) and “ggplot2” (version 3.6.3). Com-
parison of fungal and bacterial abundance was done with an undirected t-
test on a 95% confidence interval using the function “t.test” from the pack-
age “mosaic” (version 1.8.3). For quantifying biodiversity of the microbial
community structure of the original soil the Shannon Index was calculated
using the function “diversity” from the package “vegan” (version 2.5–7).
The structural equation model was generated using the “lavaan” package
(version 0.6–9) and visualized using the “semPlot” package (version 1.1.2).

3. Results

3.1. Characterization of sampling sites

The effects of Si and Ca onmicrobial community structure and CO2 pro-
duction rates were analyzed on incubated soils from two sites in Greenland;
Brønlundhus, Peary Land, North Greenland (82° 6′ N, 32° 33′
W) representing a carbonate-based soil and Disko, West Greenland (69°
15′ N, 53° 34′W) representing an weathered basaltic soil. In Disko the veg-
etation cover consists of dwarf shrubs (Betula nana, Vaccinum uliginosum
and Salix glauca). The soils are characterized by a low pH at ~5.6, high al-
kaline extractable Si (5.2 mg g−1 dry weight (DW), low Mehlich-3 extract-
able Ca (1.7 mg g−1 DW) and low Mehlich-3 extractable P (0.13 mg g−1

DW). The total P concentration in the soil was 1.5 mg g−1 DW. The total
C was 16.5%, the total N 0.8%, the water content 20.8% and conductivity
was low with 72 μS cm−1. Peary Land is a dry polar dessert with a thin
soil cover of 5–20 cm and very spare vegetation cover. The soil showed a
high pH-value at ~8.4 and contained low alkaline extractable Si (1.4 mg
g−1 DW), but high Mehlich-3 extractable Ca (15.6 mg g−1 DW). Mehlich-
3 extractable P was very low (0.01 mg g−1 DW), and soil total P concentra-
tion was 0.6 mg g−1 DW. The total C (3.1%), total N (0.03%) and water
content (0.7%) were low, the conductivity was high (2253 μS cm−1).G.

3.2. Si and Ca affect absolute microbial abundance

In the salt-poor Disko soil, the abundance of bacterial 16S rRNA gene
was significant (undirected t-test: t = 5.24, P < 0.001, df = 68) higher
than fungal ITS2 copy number. On average, 1.7 × 1012 g−1 DW bacterial
16S rRNA gene copies were found, compared to 1.3 × 106 g−1 DW fungal
ITS2 copies. All Ca treatments (Fig. 1a) lead to a significant decrease (P <
0.001, df=6, F=15.6+53) of the bacterial 16S rRNA gene copy number
from 3.1 × 1012 ± 1.7 × 1012 g−1 DW at 1.7 mg Ca g−1 DW to 1.6 ×
1010 ± 1.6 × 1010 g−1 DW at 1.7 + 15 mg Ca g−1 DW as mean of all Si
levels. Water only (2.6 × 1012 ± 2.4 × 1012 g−1 DW) and P addition
(3.9 × 1012 ± 2.7 × 1012 g−1 DW) treatments did not differ from the
non-amended reference (no addition of water, Si and Ca with 4.4 ×
1012± 1.7× 1012 g−1 DW). Compared to the bacterial abundance, fungal
ITS2 copy numbers decreased less dramatically from 1.9 × 106 ± 1.6 ×
106 g−1 DW for 1.7 mg Ca g−1 DW to 0.5 × 106 ± 0.2 × 106 g−1 DW
(P=0.13, df=6, F= 2.2) at 1.7+ 15mg Ca g−1 DW (Fig. 1b). Si addition
treatments had no significant effect on bacterial or fungal abundance com-
pared to controls (Fig. S1). The raw qPCR data including standards can be
found on Erda.dk (https://sid.erda.dk/sharelink/BvOzKefXwG for the 16S
data and https://sid.erda.dk/sharelink/AriM6hnzC4 for the fungal ITS2data).

In the Peary Land soil, an increase in Si concentration to 1.4 + 10 mg
g−1 DW Si increased the bacterial 16S rRNA gene copy number signifi-
cantly (P < 0.001, df = 6, F = 30.0) from 0.3 ± 0.4 × 106 to 5.2 ±
2.9 × 106 g−1 DW, while the number of fungal ITS2 copies (P = 0.01, df
= 6, F = 2.9) decreased from 4.6 ± 4.0 × 103 to 1.7 ± 0.8 × 103 g−1

DW (Fig. 2). In both cases, the highest Si concentration showed copy num-
bers similar to those of the reference treatment without addition of water,
Ca or Si (5.4 × 106 ± 1.1 × 106 bacterial 16S rRNA gene copies g−1

DW and 1.8 × 103 ± 0.8 × 103 fungal ITS2 gene copies g−1 DW). The
soil Ca concentration had no significant effect on the number of fungal
ITS2 copies, while the bacterial abundance was significantly higher in the
water only control treatment (only water addition) (Fig. S2A and
B) compared to the non-amended reference treatment (5.4 ± 1.1 × 106

bacterial 16S rRNA gene copies g−1 DW, and 1.7 ± 0.8 × 106 fungal
ITS2 gene copies g−1 DW) (P < 0.01, df = 6, F = 5.7).

3.3. Si and Ca affect bacterial community structure

In Disko soils, we measured 3989–24,445 reads of bacterial 16S rRNA
V3-V4 regions per sample averaging 15,737 ± 4242 reads per sample.
The composition of the microbial communities changed dramatically with
the Si and Ca additions. In the untreated soils (reference), themost common
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phyla were Acidobacteria, Actinobacteria, Firmicutes and Proteobacteria
(alpha-, gamma-, delta-proteobacterial classes), whereas Archaea and
Chloroflexi had only a minor abundance (Fig. S3). Increasing the Ca con-
centration had a significant (ANOSIM, P = 0.002) effect on the bacterial
community as the community structure in treatments with elevated Ca con-
centration were clearly separated from those without Ca addition (Fig. S4).
Increasing P availability had no significant effect on the bacterial commu-
nity structure.

Increasing Ca concentration changed the microbial community struc-
ture significantly at the original Si concentration of 5.2 mg g−1 DW Si (no
Si added). The relative abundance of Acidobacteria and Proteobacteria de-
creased at 1.7 + 5mg g−1 DW Ca and increased with further enhanced Ca
concentrations (Fig. 3a-b). In contrast, Actinobacteria (mostly represented
by the order Micrococcales) and Firmicutes (mainly Clostridiales) showed
the opposite pattern (Fig. 3c-d). The water-addition treatment only

significantly affected the relative abundance of Proteobacteria (P < 0.01,
F = 86.2; df = 6) compared to the non-amended reference treatment
(5.2 ± 2.4%).

A linear interdependency of different phyla to the different soil Ca con-
centrations was found. The relative abundance of Acidobacteria (P< 0.001,
R − 0.83) and Chloroflexi (P < 0.001, R − 0.77) decreased significantly
with increasing relative abundance of Firmicutes (Fig. S5a-b). In this con-
text, the abundances of Acidobacteria and Chloroflexi varied proportional
to each other (P < 0.001, R 0.91) (Fig. S5c). A linear correlation was
found, although bacterial 16S rRNA gene copies varied significantly be-
tween Ca amendments (Fig. 1).

In Peary Land soils, 10,491–64,786 reads of bacterial 16 s rRNA V3-V4
regions per samplewith 30,027±15,606 reads per sample in averagewere
measured. The diversity in original soil samples from Peary Land (Shannon
Diversity Index, H = 0.64 ± 0.13) showed a significant less (P < 0.001,

Fig. 1. The effect of Ca on copy numbers in Disko soils. (a) Bacterial 16S rRNA and (b) fungal ITS2 gene fragments in treatments using soil from Disko based on qPCR data.
Data are shown as boxplots with median, 25% and 75% quartile and upper and lower whisker showing minimum andmaximum values. Different letters indicate significant
(P < 0.05) differences between treatments.

Fig. 2. The effect of Si on copy numbers in Peary Land soils. (a) Bacterial 16S rRNA and (b) fungal ITS2 gene fragments in treatments using soil from Peary Land, based on
qPCR data. Shown are the boxplots with median, 25% and 75% quartile and upper and lower whisker. Different letters indicate significant difference between treatments at
5% significance level.

P. Stimmler et al. Science of the Total Environment 838 (2022) 156152

4

Chapter 3. Manuscripts

123



df = 6, t = 43.9) diverse taxonomic community compared to those from
Disko (H=3.48± 0.02). The most common OTUs in the untreated (refer-
ence treatment) Peary Land soil were representatives of the phyla
Firmicutes, Actinobacteria, Bacteroidetes, and Proteobacteria (Fig. S6).
The P addition increased the share of Bacteroidetes and Chloroflexi. The
mMDS cluster analysis showed no significant differences within the differ-
ent Ca and Si treatments (Fig. S7). The relative abundance of Firmicutes de-
creased significantly due to the addition of water, compared to the
reference in the Ca treatments (P < 0.001, df=6, F=165.1) and Si treat-
ments (P< 0.001, df=6, F=856.2). An addition of 10mgCa g−1 DW lead
to a significant increase of Firmicutes (P < 0.001, df = 6, F = 165.1)
(Fig. 4a). Moreover, at 1.4+ 6 and 1.4+ 10mg Si g−1 DW, Firmicutes in-
creased significantly (P < 0.001, df = 6, F = 856.2) from a relative abun-
dance of 4.9 ± 2.8% to become the dominant phylum at 77.6 ± 3.5%
(Fig. 4c). OTUs of the order Bacillales had the largest share of the Firmicutes
(93.6 ± 16.9%). The Bacteroidetes and Proteobacteria decreased along
with the increase of the Firmicutes. At a concentration of 15.6 + 10 mg
Ca g−1 DW, Proteobacteria decreased significantly compared to lower
soil Ca concentrations (P < 0.001, df = 6, F = 96.8) from 61.9 ± 12.0%
to 38.7 ± 5.5% (Fig. 4b). At 1.4 + 6 mg Si g−1 DW, Proteobacteria de-
creased significantly in comparison to lower Si concentrations (P < 0.001,
df= 6, F= 98.53) from 61.9 ± 12.0% to 13.6 ± 2.0% (Fig. 4d). Further,
the relative abundance of gram-positive bacteria correlated positively with
Si at all Ca concentrations, too (Fig. S14).

The relative abundance of Firmicutes showed a negative linear correla-
tion with Bacteroidetes (P < 0.001, R − 0.90) and Proteobacteria (P <
0.001, R − 0.94) (Fig. S8 a-b). Furthermore, the relative abundance of

Proteobacteria was directly proportional to the relative abundance of
Bacteroidetes (Fig. S8 c) (P < 0.001, R 0.84).

3.4. Si and Ca affect fungal community structure

In Disko soils, we measured 3358–39,919 reads of fungal ITS2 copies
per sample with 29,838 ± 15,990 reads per sample on average. As for
the bacterial community, the fungal community structure of Disko soils
was strongly affected by the soil Ca concentration (Fig. S9). In soils with
no Si addition (1.4 mg g−1 DW Si), Ascomycota dominated, but their rela-
tive abundance decreased significantly (P = 0.02, df = 6, F = 5.7) from
79.8 ± 13.8% at 1.7 mg g−1 DW Ca to 30.0 ± 22.8% at 1.7 + 15 mg
g−1 DW Ca (Fig. 5a). The largest share of the Ascomycota was made of
the orderHelotiales togetherwith the order Sordariales. TheBasidiomycota
(mostly represented by the orders Agaricales and Boletales) increased sig-
nificantly (P < 0.01, df = 6, F = 8.6) from 2.5 ± 2.5% at 1.7 mg g−1

DW Ca to 64.5± 31.6% at 1.7+ 15 mg g−1 DW Ca (Fig. 5b). The phylum
Mortierellomycota was only represented by the species Mortierello
gemmifera, which decreased from 11.5 ± 2.5% at 1.7 mg g−1 DW Ca to
1.1 ± 2.1% at 1.7 + 15 mg g−1 DW Ca (Fig. 5c).

In Peary Land soils, 5701–66,857 reads of fungal ITS2 copies per
sample with 39,362 ± 16,142 on average we measured. We found no
significant effect of changes in either Si or Ca treatment on fungal com-
munity structure of Peary Land soils (Fig. S10). Also, the number of fun-
gal ITS2 copies was very low (<104 ITS2 copies g−1 DW soil) in all
treatments.

Fig. 3. Relative abundances of the most common bacterial phyla at different Ca amendments in soil samples from Disko (a) Acidobacteria, (b) Proteobacteria,
(c) Actinobacteria, and (d) Firmicutes. The boxes represent the treatments at the original Si concentration of 5.2 mg g−1 DW. Data are shown as boxplots with median,
25% and 75% quartile and upper and lower whisker showing minimum and maximum values. Different letters indicate significant difference between treatments at 5%
significance level.
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3.5. Microbial community structure correlates with CO2 release

The CO2 production in the Disko soils showed a significant negative cor-
relation with the Ca concentration (R -0.54, P < 0.001) in all treatments

(Fig. 6a), while Si concentration showed no effect on CO2 production.
The CO2 production correlated positively with the abundance of bacteria
(Fig. 6b) and fungi (Fig. S11), but not with the abundance of any bacterial
phyla.

Fig. 4.Relative abundances of the most common bacterial phyla in the soil samples from Peary Land. Firmicutes (a+ c) and Proteobacteria (b+ d). The boxes represent the
treatments with 15.6, 15.6 + 5, 15.6 + 10 and 15.6 + 15 mg Ca g−1 DW at 1.4 mg g−1 DW Si and Si treatments with 1.4, 1.4 + 3, 1.4 + 6, 1.4 + 10 mg Si g−1 DW at
15.6 mg g−1 DW Ca. Shown are the boxplots with median, 25% and 75% quartile and upper and lower whisker. Different letters indicate significant difference between
treatments at 5% significance level.

Fig. 5. Relative abundance of the most common fungal phyla in the soil samples from Disko. (a) Ascomycota, (b) Basidiomycota and (c) Mortierellomycota. The boxes
represent the treatments with 1.7, 1.7 + 5, 1.7 + 10 and 1.7 + 15 mg Ca g−1 DW at 5.2 mg Si g−1 DW treatments. Median, 25% and 75% quartile and upper and lower
whisker are shown on the boxplots. Different letters indicate significant difference between treatments at 5% significance level.

P. Stimmler et al. Science of the Total Environment 838 (2022) 156152

6

Chapter 3. Manuscripts

125



In Peary Land soils, the CO2 production correlated negatively with
Ca concentrations (Fig. S12) and positively with Si concentrations at
15.6 + 10–15.6 + 15 mg Ca g−1 DW (Fig. 7a). Furthermore, CO2 pro-
duction was positively correlated with the share of gram-negative bac-
teria (Fig. 7b). At 15.6 + 15 mg Ca g−1 DW, the CO2 production
correlated positively with the share of gram-positive bacteria
(Fig. S13).

The structural equation model supported these findings. In Disko soils,
Ca had a stronger negative effect (−0.67) on bacterial 16S RNA gene
copy numbers than on CO2 production (−0.29) (Fig. 8a). Also, the positive
effect of bacterial 16S RNA gene copy numbers on CO2 production was
stronger (0.42) than the negative effect of Ca on CO2 production
(−0.29). In Peary Land soils, the negative effect of Ca on CO2 production
was strongest (−0.75), compared to all other effects (Fig. 8b). Si had a
strong positive effect on the number of bacterial 16S RNA gene copy num-
bers (0.70), but the effect of 16S RNA gene copy numbers on CO2 was neg-
ligible (−0.18).

4. Discussion

4.1. Microbial community structure differs in the salt-rich and -poor soils

In both the salt-poor soil from Disko and the salt-rich soil from Peary
Land, Ca amendment increased the relative abundance of spore-forming
gram-positive Actinobacteria and Firmicutes (excluding members of
Negativicutes) and decreased gram-negative bacteria. This was linked
to a decrease of CO2 production and indicates that the changes in CO2

production was not just a consequence of overall decrease in microbial
abundance, but also of microbial community structure changes. In
Peary Land soil, Ca additionally had a direct effect on CO2 production
by reducing P availability, as found earlier (Schaller et al., 2019). The
effect of Si amendment differed among the two soils. In the salt-poor
Disko soil, Si promoted gram-negative bacteria, while in the salt-rich
Peary Land soil, Si increased relative and absolute abundance of gram-
positive bacteria.

Fig. 6.CO2 production in the Disko soils. (a) Significant negative correlationwith Ca concentration. (b) Significant positive correlation with bacterial abundance, grouped by
Si treatments.

Fig. 7. CO2 production of Peary Land soils. (a) Significant positive correlation with Si concentration at 15.6–15.6 + 15 mg Ca g−1 DW. (b) Significant positive correlation
with share of gram-negative bacteria, grouped by Si treatments.
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For both soils, the bacterial community structure is in accordance with
other studies showing a predominance of gram-negative Acidobacteria and
Proteobacteria as well as of gram-positive Firmicutes and Actinobacteria in
Arctic soils (Jansson and Taş, 2014). Also, in both soils, 16S rRNA gene cop-
ies outnumbered fungal ITS2 copies, like in other Arctic soils (Margesin and
Collins, 2019). The initial microbial community structure of the salt-rich
and the salt-poor soils differed substantially and differences in nutrient
availability are known to influence Arctic soil microbial community struc-
ture (Biasi et al., 2005; Voříšková et al., 2019). As a consequence, themicro-
bial community structure can react differently to environmental changes,
for example changes in Si or Ca concentrations. These changes in microbial
community structure may be explained by the fact that Ca is known to in-
crease salinity (Jessen et al., 2014) and Si is increasing water availability
soils, potentially decreasing salinity (Schaller et al., 2021).

The mMDS of the microbial community reflected these changes in mi-
crobial community structure, as it showed different patterns in both soils
after changed Ca and Si concentrations.

4.2. Ca affects microbial community structure more than Si in Disko soils

The acidic salt-poor soil fromDisko (pH=5.6) with high concentration
of Si (5.2 mg g−1 DW) and low concentration of Ca (1.7 mg g−1 DW) was
dominated by Chloroflexi and Acidobacteria. After increasing the Ca con-
centrations, the absolute abundance of bacteria decreased and the gram-
positive Intrasporingiaceae (Actinobacteria) as well as Clostridiaceae
(Firmicutes) dominated. Both families include spore-forming taxa (Barka
et al., 2016; Rosenberg et al., 2014). This suggests that Ca addition to
salt-poor adapted bacterial community leads to a physiological more inac-
tive microbial community structure dominated by members surviving the
enhanced salt-stress by elevated Ca concentration in a dormant state. Ca
amendment decreased fungal abundance and changed the community
structure, too. At initial Si concentration, Ascomycota dominated at
1.7 mg Ca g−1 DW, whereas at 1.7 + 15 mg Ca g−1 DW, Basidiomycota
dominated. Our results suggest that bacterial abundance reacted stronger
to changing Si and Ca concentrations than fungal abundance. The less
marked decrease in fungal abundance indicates that fungi potentially ben-
efit from the severely depleted and possibly physiological inactive bacterial
community. Fungi are known to require Ca andmany taxa can tolerate high
concentrations (Pitt and Ugalde, 1984). The initial fungal community was
dominated by Ascomycota and Mortierellomycota. Taxa within the latter
group are known to adapt well to cold habitats by producing linoleic and
arachidonic acid (Hassan et al., 2016). Moderate Ca concentrations of
1.7+5mgCa g−1 DW in theDisko soil led to a decrease inMortierellomycota

and continued a dominance of Ascomycota, whereas high concentrations of
1.7 + 10–1.7 + 15 mg Ca g−1 DW led to a dominance of Basidiomycota.
Zumsteg et al. (2012) found a similar shift of Ascomycota dominating
young soils in an Alpine glacial forefield to Basidiomycota dominating
older soils. Bacteria and fungi often use different carbon sources in soil.
While many soil bacteria prefer labile, simple carbon sources, many soil
fungi mineralize more complex organic matter (Voříšková et al., 2019).
In consequence, Si and Ca could affect mineralization of different soil or-
ganic material differently. Both, the bacterial and the fungal abundance
correlated positively with CO2 production. Gram-positive bacteria corre-
lated negative with absolute bacterial abundance, whereas gram-negative
bacteria correlated positively with CO2 production. This hint that Ca has
an indirect negative effect on CO2 production in salt-poor soils by reducing
the abundance of gram-negative bacteria. The results from the structural
equation modelling support this suggestion (Fig. 8).

4.3. Si promotes salt-adapted microbes in Peary Land soils

In the alkaline salt-rich soil from Peary Land (pH 8.4) with low Si (1.4mg
g−1 DW) and high Ca (15.6mg g−1 DW) Staphylococcus (phylum Firmicutes)
was the dominating genus. Staphylococcus spp. are known to growunder high
salinity conditions in soils by modifying extracellular polysaccharides and
membrane lipids (Qurashi, 2011). It is also known, that gram-positive bacte-
ria in general contain higher concentrations of potassium and glutamate and
by this a higher turgor pressure (Whatmore and Reed, 1990). This enables
these bacteria to live under higher salinity levels in a dormant state. As a con-
sequence, increased Ca concentrations had no effect on absolute abundance
of bacteria. The addition of low amounts of Si and Ca increased the relative
abundance of gram-negative Pseudomonadaceae (Gamma-Proteobacteria),
while higher Si and Ca concentrations increased the relative abundance of
Staphylococcus spp. again. The lowwater availability of the original untreated
soil would select for a xero- and halotolerant microbial community structure.
This is indicated by the strong dominance of Firmicutes. The addition of Si at
low concentration may have killed many halotolerant members of the origi-
nal bacterial community due to osmotic shock. This led to a microbial
community dominated by presumed less halotolerant bacteria, e.g.
Pseudomonaceae, at low Si treatment levels. Our data is in accordance with
previous studies showing an increase of the abundance of gram-positive bac-
teria in soils at high Si concentration (Schaller et al., 2016; Song et al., 2021).
The CO2 production rates at low Si concentrations of 1.4 and 1.4+3mg g−1

DW correlated positivelywith the share of gram-negative bacteria, indicating
that gram-negative bacteria are the main driver for the CO2 production. Fur-
thermore, gram-positive bacteria correlated positively with CO2 production

Fig. 8. Structural equation model. (a) Salt-poor soils from Disko (b) salt-rich soils from Peary Land. Green arrows show positive effects, red arrows show negative effects. Ca
denotes Ca concentration, Si denotes Si concentration, 16S denotes number of 16S rRNA gene copies, and CO2 denotes CO2 production rates.
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at highest Ca concentration. Like in Disko soils, Ca increased relative abun-
dance of gram-positive bacteria and decreased gram-negative bacteria. Addi-
tionally to this indirect effect of Ca on CO2 production, the structural
equation modelling showed a strong direct negative effect of Ca on CO2 pro-
duction. This could be explained by cation-bridging of organic matter and
phosphate co-precipitation with carbonate precipitation. In summary, it
seems that Si benefits physiological activity of gram-negative bacteria at
low Si concentrations. At high Ca concentrations gram-positive bacteria ben-
efit from increased Si levels and increase their activity, which leads to in-
creased CO2 production rates.

5. Conclusion

In summary, the effects of Ca and Si on soil microbial community struc-
ture are affected by the local geology and soil element concentrations. Our
data showed that the bacterial community of a salt-rich Arctic soil was dom-
inated by gram-positive bacteria and a salt-poor soil was dominated by
gram-negative bacteria, verifying hypothesis (i). The microbial community
structure of the salt-poor soil responded strongly to Ca treatment, confirm-
ing hypothesis (ii). The effect of Ca on bacteria and fungi was negligible for
the salt- and Ca-rich Peary Land soil, whereas in the salt- and Ca-poor Disko
soil it significantly decreased bacterial 16S rRNA gene copy numbers and
increased the relative abundance of Firmicutes and Acidobacteria. As CO2

production rates were positively correlated with the relative abundance
of gram-positive bacteria at high Ca concentration in the salt- and Ca-rich
Peary Land, these bacteria may have been physiological active, whereas
in salt- and Ca-poor Disko soil the gram-positive bacteria may have formed
spores and hence were inactive. The microbial abundance and community
structure of the Disko soil were not affected by Si, whereas the bacterial
abundance of the Peary Land soil increased significantly in response to
high Ca concentration. This finding leads to a rejection of hypothesis (iii),
no halo-intolerant bacteria benefitted from increased Si concentrations,
while halotolerant bacteria benefitted. In this case, Si may enable bacteria
to outcompete fungi. On the contrary, in the salt- and Ca-poor soil, fungi
may not be outcompeted by bacteria at high Ca concentrations. This indi-
cates that the effects of Si and Ca on microbial community structure of bac-
teria and fungi are complex, confirming hypothesis (iv). The CO2 release
was directly affected by the abundance of microbes and their community
structure. This confirms hypothesis (v) and indicates that Si and Ca affected
CO2 release not only by nutrient mobilization, but also by changing micro-
bial community structure. On one hand, it seems that Si can reduce Ca-
induced salt stress in halotolerant microbes. On the other hand, high initial
Si concentrations are not able to protect gram-negative bacteria from Ca-
induced salt stress. Both elements have the potential to change microbial
community structure in Arctic soils by the suggested change in their con-
centration due to on-going Arctic warming and active layer deepening al-
tering both Si and Ca availability in the Arctic soils dependent on
lithology (Stimmler et al., in preparation). Increasing thawing depth and el-
evated weathering rates (driven by climate changes) may not only release
phosphorus and other well-known nutrients, but may also release Si and
Ca in quantifies which depending on the parent material may be released
in quantifies which can directly influence soil organic matter decomposi-
tion and microbial respiration through changes in microbial community
structure and activity. With this our data showed an important interdepen-
dency between Si and Ca availability on one hand and microbial commu-
nity structure related to soil CO2 production on the other hand. Such
changes in microbial community structure related to soil CO2 production
should be considered when estimating future carbon feedback under the
predicted climate change.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2022.156152.
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SUPPORTING INFORMATION 

 

Figure S1: qPCR of Disko soils. (a) Bacterial 16S rRNA gene copies and (b) Fungal ITS2 copies, 
grouped by Si treatments over all Ca concentrations. Increased Si concentration had no 
significant effect on the bacterial and fungal abundance. Data are shown as boxplots with 
median, 25% and 75% quartile and upper and lower whisker showing minimum and maximum 
values. Different letters indicate significant (P<0.05) differences between treatments. 
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Figure S2: qPCR of Peary Land soil. (a) Bacterial 16S rRNA gene copies and (b) Fungal ITS2 
copies. Increased Ca concentration had little effect on the bacterial and fungal abundance over 
all Si concentrations. Shown are the boxplots with median, 25% and 75% Quartile and upper and 
lower whisker. Different letters indicate significant difference between treatments at 5% 
significance level. 

  

Chapter 3. Manuscripts

132



 

 

Figure S3: 16S rRNA gene-based bacterial community structure of incubated Disko soil. Shown 
war the most common bacteria at phylum level and proteobacterial class level of the incubated 
soil from Disko. Data show the relative abundances of the most common phyla, while 
uncommon phyla are combined in “Others”. The columns represent the single treatments (n=4) 
with the combinations of 1.7, 1.7+5, 1.7+10 and 1.7+15 mg-1 g-1 DW Ca and 5.2, 5.2+3, 5.2+6 
and 5.2+10 mg-1 g-1 DW Si availability. The P treatment with additional phosphorous (3 mg 
NaH2PO4 per sample), Cl control (4 mg NaCl per sample) and the reference with no water added 
(No addition) can be found at the left side. Bacterial community structure of Disko soils at 
different Ca and Si treatments. Most common phyla where gram-negative Acidobacteria, 
Chloroflexi, Proteobacteria and gram-positive Actinobacteria and Firmicutes. 
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Figure S4: Metric Multidimensional Scaling (mMDS) of bacterial community structure in Disko 
soil. Community structure based on 16S rRNA gene of the incubated soil from Disko (2D Stress: 
0.22). The Ca treatments are colored in green (1.7 mg-1 g-1 DW Ca), yellow (1.7+5 mg-1 g-1 DW 
Ca), orange (1.7+10 mg-1 g-1 DW Ca) and red (1.7+15 mg-1 g-1 DW Ca). The Si treatments are 
plotted as circles (5.2 mg-1 g-1 DW Si), triangles (5.2+3 mg-1 g-1 DW Si), rhombus (5.2 +6 mg-1 g-1 
DW Si) and square (5.2+10 mg-1 g-1 DW Si). Further P control with additional phosphorous (3 mg 
Na2HPO4 per sample, asterisk symbol) and Cl control (4 mg NaCl per sample, cross symbol) are 
shown. Metric Multidimensional Scaling (mMDS) of the bacterial community structure in Disko 
soils showed clear patterns with Ca concentrations. 
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Figure S5: Correlation between the relative abundance. Selected bacterial phyla in the soil 
samples from Disko over all Si treatments (n=58). Ca treatments are colored from low (blue) to 
high (red) concentrations. (a) Acidobacteria versus Firmicutes, (b) Chloroflexi versus Firmicutes, 
and (c) Acidobacteria versus Chloroflexi. 
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Figure S6: 16S rRNA gene-based bacteria community structure of incubated Peary Land soil. 
Shown are the most common bacteria at phyla level and proteobacterial class level of the 
incubated soil from Peary Land. The data show the relative abundances of the most common 
phyla, while uncommon phyla are grouped as “Others”. The columns represent the single 
treatments with the combinations of 15.6, 15.6+5, 15.6+10 and 15.6+15 mg g-1 DW-1 Ca and 1.4, 
1.4+3, 1.4+6 and 1.4+10 mg g-1 DW Si availability. The P control with additional phosphorous (1 
mg Na2HPO4 per sample), the Cl control (5 mg NaCl per sample) addition and the negative 
control with no water added (No water) can be found at the left side. Bacterial community 
structure of Peary Land soils. Most common phyla were gram-negative Proteobacteria and 
Proteobacteria and gram-positive Actinobacteria and Firmicutes. 
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Figure S7: Metric Multidimensional Scaling (mMDS) of bacterial community structure in Peary 
Land soil. Community structure based on the 16S rDNA genes of the incubated soil from Peary 
Land (2D Stress: 0.16). The Ca treatments are colored in green (15.6 mg g-1 DW-1 Ca), yellow 
(15.6+5 mg g-1 DW-1 Ca), orange (15.6+10 mg g-1 DW-1 Ca) and red (15.6+15 mg g-1 DW-1 Ca). 
The Si treatments are plotted as circles (1.4 mg g-1 DW Si), triangles (1.4+3 mg g-1 DW Si), 
rhombus (1.4+6 mg g-1 DW Si) and square (1.4+10 mg g-1 DW Si). Further the no addition 
treatment with no water added (plus symbol, Reference), P control with additional phosphorous 
(1 mg Na2HPO4 per sample, asterisk symbol) and Cl control (5 mg NaCl per sample, cross 
symbol) are shown. Metric Multidimensional Scaling (mMDS) of the bacterial community 
structure in Disko soils showed clear patterns with Ca concentrations. 

  

Chapter 3. Manuscripts

137



 

Figure S8: Correlation between the relative abundances. Selected bacterial phyla in the soil 
samples from Peary Land over all Si treatments (n=64). Ca treatments are colored from low 
(blue) to high (red) concentrations. (a) Bacteroidetes versus Firmicutes, (b) Proteobacteria 
versus Firmicutes, and (c) Proteobacteria versus Bacteroidetes. 
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Figure S9: Metric Multidimensional Scaling (mMDS) of the ITS2 fungal community structure in 
Disko soil. Community structure based on fungal ITS2 genes of the incubated soil from Disko (2D 
Stress: 0.28). The Ca treatments are colored in green (1.7 mg-1 g-1 DW Ca), yellow (1.7+5 mg-1 g-1 
DW Ca), orange (1.7+10 mg-1 g-1 DW Ca) and red (1.7+15 mg-1 g-1 DW Ca). The Si treatments are 
plotted as circles (1.4 mg-1 g-1 DW Si), triangles (1.4+3 mg-1 g-1 DW Si), rhombus (1.4+6 mg-1 g-1 
DW Si) and square (1.4+10 mg-1 g-1 DW Si). Further P control with additional phosphorous (3 mg 
Na2HPO4 per sample, asterisk symbol) and Cl symbol (4 mg NaCl per sample, cross symbol). 
Metric Multidimensional Scaling (mMDS) of the bacterial community structure in Disko soils 
showed clear patterns with Ca concentrations. 
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Figure S10: Metric Multidimensional Scaling (mMDS) of the ITS2 fungal community structure in 
Peary Land soil. Community structure based on fungal ITS2 genes from incubated Peary Land 
soils. (2D Stress: 0.35). The Ca treatments are colored in green (5.6 mg-1 g-1 DW Ca), yellow 
(5.6+5 mg-1 g-1 DW Ca), orange (5.6+10 mg-1 g-1 DW Ca) and red (5.6+15 mg-1 g-1 DW Ca). The Si 
treatments are plotted as circles (1.4 mg-1 g-1 DW Si), triangles (1.4+3 mg-1 g-1 DW Si), rhombus 
(1.4+6 mg-1 g-1 DW Si) and square (1.4 mg-1 g-1 DW Si+10). Further, P control with additional 
phosphorous (1 mg Na2HPO4 per sample, asterisk symbol) and Cl control (5 mg NaCl per sample, 
cross symbol) can be found at the left side. Metric Multidimensional Scaling (mMDS) of the 
bacterial community structure in Disko soils showed clear patterns with Ca concentrations. 
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Figure S11: Fungal abundance and CO2 production in Disko soil. Significant positive correlation 
of fungal abundance and - production over all Ca treatments in Disko soils, grouped by Si 
treatment. 

  

Chapter 3. Manuscripts

141



 

Figure S12: CO2 production correlates significant negatively over all Si treatments in Peary Land 
soils. 
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Figure S13: Gram-positive bacteria correlated positive with CO2 production at highest Ca levels 
in Peary Land soils. 
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Figure S14: Si concentration and share of gram-positive bacteria in Peary Land soils. Si increased 
the share of gram-positive bacteria significantly under all Ca concentrations. 
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Silicon and calcium controls on iron and aluminum mobility in Arctic soils 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Si increased Al availability in acidic and 
neutral pH soils. 

• Si decreased Al availability in alkaline 
soils. 

• Si increased Fe availability by increasing 
Fe(II) phases. 

• Ca decreased Al availability in Arctic 
soils. 

• Si and Ca have to be considered for Fe 
and Al availability in Arctic soils.  

A R T I C L E  I N F O   
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A B S T R A C T   

Arctic permafrost soils store large amounts of organic carbon and nutrients. With deepening of the perennial 
thawing upper active layer due to rising temperatures in the Arctic, not only the mobility of organic matter (OM), 
but also those of elements like silicon (Si) or calcium (Ca) may increase. It is known that major elements like Si 
and Ca can affect mineralization rates of OM, consequently influencing the carbon cycle. But only little is known 
about the interactions of Si and Ca with inorganic nutrients like iron (Fe) or potentially toxic elements like 
aluminum (Al) in Artic soils. In this study, we analyzed the effect of Si and Ca fertilization in laboratory incu
bation experiments with soil samples from several Arctic regions. Our results show a significant increase in Fe 
and Al mobility (Mehlich-3 extractable) after increasing Si. Using high resolution X-ray microscopy (STXM/ 
NEXAFS), we show that Si promotes Fe(II) phases and by this increases Fe mobility. Al mobility was increased for 
acidic and neutral pH soils but decreased for alkaline soils after increasing Si. Furthermore, we show a decreased 
Al mobility after increasing Ca, independent on the original pH values and the OM content of the soils. These 
results demonstrate the importance of interactions between Si and Ca on one hand and Fe and Al mobility on the 
other hand for Arctic soils.   
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1. Introduction 

The permafrost soils of the Northern Hemisphere store 1014 to 1035 
Pg of organic carbon (Hugelius et al., 2014; Mishra et al., 2021). As 
temperatures are rising twice as fast in northern regions compared with 
the global average (IPCC, 2021), about 13.9 × 106 km2 of the Arctic 
permafrost soils (Obu et al., 2019) show deeper perennial thaw of the 
active layer and increasing soil temperatures (Romanovsky et al., 2010; 
Abramov et al., 2021). As a result, emissions of greenhouse gases (GHG) 
like CO2 and CH4 are altered (Schuur et al., 2015; Virkkala et al., 2021). 
Deepening of the active layer by thawing of the underlying permafrost 
layer may mobilize elements like silicon (Si), calcium (Ca), iron (Fe) and 
potentially toxic elements (PTEs) like aluminum (Al) from deeper soil 
horizons modifying the mobility in the upper soil layer. This new 
mobilized pool of Si, Ca, Fe and Al holds the potential for further 
feedbacks with element cycle processes. 

For organic rich peatland soils it was shown that Si can mobilize 
elements like Fe (Reithmaier et al., 2017). One the one hand, the pres
ence of amorphous silica (ASi) was shown to increase the share of Fe(II) 
phases by potentially reducing hydraulic conductivity, thus, promoting 
the use of Fe minerals as electron acceptors (Schaller et al., 2022). On 
the other hand, ASi may stabilize short-range ordered Fe phases and 
preventing them from mineralization by exchanging OH-groups with 
monomeric silicate species (Kanematsu et al., 2018). Moreover, silicic 
acid may alter the formation and transformation of Fe (oxy)hydroxides 
in soils due to the formation of silicic acid-associated Fe (oxy)hydroxides 
e.g., ferrihydrite. Consequently, Si may stabilize ferrihydrite against 
transformation even under Fe-reducing conditions (Schulz et al., 2022). 
In presence of dissolved Si, Al can form short-range ordered alumino
silicates (SROAS) in solutions at pH < 5 and >7 (Wada and Kubo, 1975; 
Schaller et al., 2021). Solid phase Al(OH)3 may also react with silicic 
acid forming SROAS (Yokoyama et al., 2002). Most recently a strong 
effect of both elements on soil respiration of Arctic soils was found with 
Si increasing, and Ca decreasing soil respiration (Stimmler et al., 2022; 
Schaller et al., 2023). For several regions of the Arctic, it is suggested 
that Si and/or Ca mobility may increase due to permafrost thaw 
(Stimmler et al., 2023). Such increased Ca concentration in soil solution 
may increase the pH, potentially decreasing Fe mobility as its solubility 
decreases with increasing pH (Marschner, 2003). At anoxic conditions 
Ca ions may compete with Fe(II) bound to e.g., clay mineral surfaces 
(Van Groeningen et al., 2020), potentially releasing Fe in solution via 
cation exchange. Moreover, Ca may interact with Fe in regard to binding 
to organic matter and increases the sorption capacity of Fe-OM associ
ations (Beauvois et al., 2021). Al mobility in soils may decrease with 
increasing Ca concentrations, as the precipitation of Al(OH)3 is favored 
at increasing pH (Kryzevicius et al., 2019). 

However, it is unknow whether the Si effects on Fe mobility exist 
beyond organic rich peatland soils in mineral dominated soils and over 
which soil pH range. It is also not clear under which condition the effect 
of Si limiting Al mobility by the precipitating SROAS occurs in thawing 
permafrost soils. Furthermore, it is unknown whether Ca, being poten
tially important for soil respiration, is also important for the mobility of 
Fe and Al for different Arctic soils differing in pH and Al and Fe contents. 
Such understanding is crucial, as Fe is a nutrient for plants and microbes 
and Al is a PTE for such organisms (especially under low pH conditions), 
to predict effects on future ecosystem performance in the Arctic e.g., 
biomass production or soil respiration. 

To test for the interdependency between Si and Ca concentration on 

Fe and Al mobility (Mehlich-3 extractable) we incubated four Arctic 
soils differing in soil pH and initial Si, Ca, Fe and Al mobility, with Si and 
Ca addition in the range of expected changes in Arctic soils due to 
permafrost thaw, estimated by another study (Stimmler et al., 2023). 
Our hypotheses were that (i) Si increases Fe and decreases Al mobility, 
and (ii) Ca decreases both Fe and Al mobility in Arctic soils. 

2. Material and methods 

2.1. Sample collection and storage 

All four soil samples were collected in the field with a spade or auger. 
The samples were transported frozen and stored for less than 4 weeks at 
− 20 ◦C until the experiments started. These four different soils were 
chosen because of the differences in pH and element mobility. Co
ordinates and sampling depth of the five locations are shown in Table 1. 
Before incubation the soil samples were crushed with a hammer under 
frozen conditions. To ensure homogeneity the crushed soil was sieved to 
a particle size < 6.5 mm. The total element concentration of the soils 
were for C2 (25% Si, 0.8% Ca, 3.8% Fe, 5.6% Al, and 0.07% P), MAT 
(23% Si, 0.9% Ca, 3.4% Fe, 3.5% Al, and 0.06% P), MNT (23% Si, 4.6% 
Ca, 2.6% Fe, 3.6% Al, and 0.05% P), and Ca1 (9% Si, 5.3% Ca, 0.8% Fe, 
0.8% Al, and 0.17% P); all measurements were done using XRF (NITON 
XRF-Analyzer XL3 SDD, Analyticon Instruments GmbH, Rosbach, Ger
many). The soils were chosen because of the differences in pH, Si, Ca, Fe, 
and Al concentrations to test if effects by Si and Ca are common for all or 
specific for certain soil conditions. 

2.2. Incubation experiment 

To analyze the effects of Si and Ca on Fe and Al mobilization, soil was 
fertilized with four levels of Si (+0, +3, +6 and + 10 mg g− 1 DW soil, 
using Aerosil-300, Evonik, Germany) and Ca (+0, +5, +10 and + 15 mg 
g− 1 DW soil, as CaCl2 x 2H2O) to cover the potential changes in Si and Ca 
mobility due to permafrost thaw (Stimmler et al., 2023). Aerosil-300 is 
an amorphous Si which has comparable properties to natural occurring 
amorphous Si (Lindner et al., 2022). Therefore, 5 g soil were weighed 
into 20 ml incubation vials (Ochs Laborbedarf, Bovenden, Germany) and 
gently mixed after adding 2 ml fertilization solution. For control 5 g soil 
was mixed with 2 ml pure water and the vial was closed with parafilm. 
For simulation of a thawing active layer the incubation of all treatments 
was examined under waterlogged conditions for 24 weeks at 5 ◦C in the 
dark. After 24 weeks soil samples were taken, freeze dried, and 
analyzed. A subsample was taken for STXM measurements. 

2.3. Mehlich-3 extraction 

For analysis of available Si, Ca, Fe and Al the Mehlich-3 extraction 
was used (Mehlich, 1984). Therefore, 2 g of freeze-dried soil were 
exposed to 20 ml Mehlich-3 extractant (0.25 M NH4NO3, 0.015 M NH4F, 
0.001 M EDTA, 0.2 M acetic acid, 0.013 M HNO3) and shaken at room 
temperature for 5 min at 120 rounds per minute. Samples were centri
fuged for 2 min at 10,000 g and filtered using a 0.2 μm cellulose acetate 

Table 1 
Information to locations, soil type and depths of incubated soils.  

Region Soil Coordinates Depth 
[cm] 

Chersky, Siberia, Russia; Umbric 
cryosol 

C2 68,61685◦N, 
161,3504◦E 

50–60 

moist acidic tundra, Alaska, US; Histic 
cryosol 

MAT 69,42554◦N, 
148,69633◦E 

20–40 

moist non-acidic tundra, Alaska, US; 
Turbic cryosol 

MNT 69,43303◦N, 
148,67435◦E 

0–25 

Canadian Shield, Canada; Histic 
cryosol 

Ca1 69,22325◦N, 
104,90041◦E 

0–25  
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syringe filter (Chromafil Xtra CA-20/25, Macherey-Nagel, Düren, Ger
many). Element concentrations in extract were analyzed by Inductively 
coupled plasma atomic emission spectrometry (ICP-iCAP 6300 DUO, 
ThermoFisher SCIENTIFIC, Waltham, Massachusetts, USA). 

2.4. Scanning transmission X-ray microscopy measurements 

To elucidate the underlying biogeochemical mechanisms, explaining 
the changing element availabilities, spatially resolved quantification of 
the involved chemical species is required. Therefore, we used scanning 
transmission (soft) X-ray microscopy (STXM) at beamline 10ID-1 at the 
Canadian Light Source. Soil samples were suspended in de-ionized water 
and wet-deposited onto Formvar coated, 300 mesh Cu TEM grids (Plano 
GmbH, Wetzlar, Germany), blotted, and dried immediately. For quan
tification and characterization of the involved iron phases along the 
gradient from the inside to the surface of individual particles, the Fe L3,2 
absorption edges at 706.8 and 719.9 eV were chosen (scanning energy 
range: 699–740 eV) as they turned out to provide most valuable spatially 
resolved information efficiently in previous studies (Schaller et al., 
2019; Sowers et al., 2020). For analysis, the near-edge X-ray fine 
structure (NEXAFS) spectra were linearly decomposed using reference 
spectra of ferrihydrite and goethite as potential Fe(III)-phases and viv
ianite and siderite as potential Fe(II)-phases. The lowest standard de
viations were achieved by a combination of ferrihydrite and vivianite. 
Therefore, normalized spectra (1 nm thickness) of these two phases were 
used quantitative mapping of the phases and for spectral fitting. For 
these analyses the aXis2000 software package (www.unicorn.mcmaster. 
ca), Hitchcock (2017) was used. 

2.5. Statistics 

2.5.1. Element mobility 
Statistics were done using R (R_Core_Team, 2021). For statistics, 

element mobility was calculated in mg g− 1 DW soil and data higher or 
lower the mean ± threefold standard deviation were deleted as outliers. 
Graphs were generated with the geom_smooth function from the 
“ggplot2” (version 3.3.6) package, correlations were performed with the 
stat_cor function from the “ggpubr” (version 0.4.0) package with a 
probability of p = 0.001 and a correlation coefficient of r = 0.01. The 
metric multidimensional scaling (mMDS) was calculated using the 
functions dist and cmdscale and kmeans from the “stats” package (version 
4.1.3) and plotted with ggscatter from the “ggpubr” package. 

2.5.2. STXM-NEXAFS data 
Spectra of goethite, ferrihydrite, siderite, vivianite as reference ma

terials and a non-Fe background modelled as organic carbon CH2O from 
the atomic scattering factors (Henke et al., 1993), all normalized to a 1 
nm layer thickness, were used in different combinations for curve fitting 
(CGO function) of the average spectra of the sample. The combination 
ferrihydrite, vivianite and CH2O showed the lowest standard deviation. 
These were used in the SVD function to create maps of vivianite, ferri
hydrite and CH2O. Using the vivianite map masks with areas containing 
optical densities of 1.0–2.0 nm, 2.1–4.0 nm, 4.1–10 nm and 11–16 nm 
were generated. These maps were used to extract the spectra from areas 
with specific optical densities (ODs) of the average sample. These area 
specific spectra were fitted with the CGO function to calculate the 
theoretical layer thickness of vivianite, ferrihydrite and CH2O. The ratio 
of vivianite to total iron was calculated using the following equation: 

ratio=
vivianite[nm]

vivianite [nm] + ferrihydrite [nm]

The ratios of single ODs were grouped and mean, and standard de
viation was calculated for every soil. Significances were calculated with 
a one-way ANOVA at the 95% confidence interval for single ODs. The 
heatmap was plotted using the geom_tile function of the “ggplot2” 
package. 

3. Results 

3.1. Initial soil properties 

The soils differed in their element mobility and differed significantly 
(ANOSIM, p < 0.001, R = 0.235) in the metric multidimensional scaling 
(mMDS) plot (Fig. S1). In the mMDS plot the data were plotted based on 
the Euclidian distances that is given on the axis. A close distance be
tween samples points to higher similarity based on the given parameters 
(here mobility of Si, Ca, Fe and P at different Si and Ca contents). The 
weak acidic soil from Chersky, Siberia, Russia (C2) was tested to have an 
element mobility comparable to the soil from Alaska, moist acidic tun
dra (MAT). Both soils showed low initial Si and Ca contents and a weak 
acidic to neutral pH as seen in Table 2. However, the soils from Alaska, 
moist non-acidic tundra (MNT) characterized by alkaline pH (pH = 8.0), 
high Ca contents, low Si contents and thus showed a higher Euclidian 
distance from all other soils. The soil from the Canadian Shield (Ca1) 
consisted mainly of peat and was clearly separated in the mMDS plot. 
The pH was nearly neutral (pH = 6.7), the Ca content was high (7.39 ±
0.56 mg g− 1 DW) and the Si content low (0.09±<0.01 mg g− 1DW). 

3.2. Mobility of Si, Ca, Fe and Al in the Arctic soils 

Overall, the pattern of Si and Ca effects on both Fe and Al were 
different for the examined soils, except of the effect of Ca on Al mobility 
which was negatively correlated for all soils (Table 3). 

In the soil C2 from Siberia the Fe mobility ranged from 0.50 to 0.90 
mg g− 1 DW over all treatments. There was no significant correlation 
with Si concentration. However, Ca was weak but significant positive 
correlated with Fe (Pearson, p = 0.002, R = 0.37) (Fig. 1A–C). When 
single Ca treatments were considered, strong positive correlations 
(Pearson, R = 0.45–0.7) but lower p values were found. Iron and silicon 
correlated significantly positive in every single Si treatment (R =
0.74–0.87, p < 0.001) (Fig. S2). Aluminum contents ranged from 0.52 to 
0.92 mg g− 1 DW and increased significantly over all Si contents (Pear
son, R = 0.63, p < 0.001) (Fig. 1B). This was shown for single Si treat
ments, too (Fig. S2). For Ca we found a significant negative correlation 
with Al (Pearson, R = − 0.76, p < 0.001) over all Ca treatments (Fig. 1D). 
Fe and Al correlated significant positively, but only for single Ca treat
ments separately (Fig. S6). 

The MAT soil showed Mehlich 3 extractable Fe contents of 0.32–0.70 
mg g− 1 DW. The Fe contents were significantly positive correlated with 
Si contents over all Si treatments (Pearson, R = 0.58, p < 0.001) 
(Fig. 2A) and even better in single Si treatments (R = 0.74–0.87, see 
Fig. S3). For Ca weak but significant negative correlation with Fe was 
found over all treatments (R = − 0.23, p = 0.046, Fig. 2C). However, 
when single Ca treatments were analyzed, significant positive correla
tions were found for +0 and + 10 mg g− 1 DW Ca (Fig. S2). Aluminum 
contents ranged from 0.54 to 1.13 mg g− 1 DW and were significantly 

Table 2 
Initial mobility of Si, Ca, Fe, Al, and pH in incubated soils extracted with the 
Mehlich-3 method given as mean with standard deviation in mg g− 1 DW soil. 
Soils from Siberia: Chersky (C2, Siberia, Russia), Canadian Shield (Ca1, Canada), 
moist acidic tundra (MAT, Alaska, US) and moist non-acidic tundra (MNT, 
Alaska, US) were analyzed after incubation under waterlogged conditions. Each 
with a replication of five.   

Si Ca Fe Al pH 

C2 0.16 
±0.02 

1.14 
±0.06 

0.65 
±0.06 

0.84 
±0.04 

5.8 

Ca1 0.17 
±0.04 

6.77 
±0.42 

1.44 
±0.04 

0.12 
±0.04 

6.7 

MAT 0.07 
±<0.01 

4.16 
±0.25 

0.50 
±0.05 

0.93 
±0.06 

6.6 

MNT 0.09 
±<0.01 

7.94 
±0.51 

0.17 
±<0.01 

0.18 
±0.03 

8.0  
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positive correlated with Si over all treatments (Pearson, R = 0.36, p =
0.001, see Fig. 2B). For the different Si treatments the correlation of Al 
and Si was even higher (Pearson, R = 0.38–0.71, see Fig. S2). With 
increasing Ca concentrations, the Al mobility decreased significantly 
(Pearson, R = − 0.56, p < 0.001) (Fig. 2D). However, for single Ca 
concentrations a significant positive correlation of Ca and Al was found 
(Fig. S2). Fe and Al were significant positively correlated (Pearson, R =
0.76, p < 0.001) over all treatments and in every single Ca treatment 
(Fig. S6). 

For the MNT soil the Fe mobility increased significantly (Pearson, R 
= 0.31, p = 0.007) from 0.14 to 0.22 mg g− 1 DW when Si concentrations 
increased (Fig. 3A). Even higher R values were found for single Si 
treatments (Fig. S4). With increasing Ca concentrations, Fe mobility 
showed no clear pattern over all treatments (Fig. 3C). However, for 
single Ca treatments a significant positive correlation was shown for Ca 
and Fe contents (Fig. S4). Aluminum content ranged from 0.04 mg g− 1 

DW to 0.23 mg g− 1 DW and significantly decreased with increasing Si 
concentrations (Pearson, R = − 0.46, p < 0.001) (Fig. 3C). The correla
tion was significantly negative for all single Ca treatments, too (Fig. S4). 
Within all Ca treatments Al decreased significantly (Pearson, R = − 0.26, 
p = 0.026) (Fig. 3D). However, considering the single Ca treatment no 
clear pattern was found regarding Al mobility as positive and negative 
correlations were found (Fig. S4). Aluminum and Fe mobility correlated 

weak and not significantly, neither considering all nor single treatments 
(Fig. S6). 

Soil Ca1 differed from the three others soils because of its very high 
organic carbon and low mineral content, as it consisted mainly of peat 
(Stimmler et al., 2022). The Fe contents ranged from 1.11 to 1.51 mg g− 1 

DW and showed no clear relationship with Si contents (Fig. 4A). When 
single Si treatments were considered, a significant positive correlation 
was found for Fe for two of four treatments (Fig. S5). The Fe contents 
decreased significantly (Pearson, R = − 0.73, p < 0.001) with increasing 
Ca contents (Fig. 4C). Considering the single Ca treatments, no clear 
pattern was shown as one treatment correlated positively, one nega
tively and another treatment showed no effect (Fig. S5). Aluminum 
content was lowest with no Si addition (0.001 mg g− 1 DW Al) and 
increased up to 0.83 mg g− 1 DW with Si addition. There was a significant 
positive correlation (Pearson, R = 0.39, p = 0.002) for Si and Al contents 
(Fig. 4B) and similar pattern were found for single Si treatments 
(Fig. S4). With increasing Ca concentration Al mobility decreased 
significantly (Pearson, R = − 0.7, p < 0.001) (Fig. 4D). But considering 
single Ca treatments no clear effect on Al mobility was found as one 
treatment showed positive correlation and the other two treatments 
showed no correlation (Fig. S5). Aluminum and Fe contents correlated 
significantly positive (Pearson, R = 0.62, p < 0.001) over all treatments, 
R values were even higher when single Ca treatments were considered 
(Fig. S6). 

3.3. STXM-NEXAFS analysis of the iron phases 

Soil C2 was analyzed by scanning transmission X-ray microscopy 
(STXM), which is an approach that employs spatially resolved near edge 
X-ray absorption fine structure (NEXAFS) spectroscopy to identify, map 
and quantify chemical species (Schaller et al., 2019, 2022; Hömberg 
et al., 2020). The analysis was done for the control, the highest Si (+10 
mg g− 1 DW) and the highest Ca (+15 mg g− 1 DW) treatments 
(Fig. 5A–J). Compared to the control, the samples of the Si treatment 

Table 3 
Summary of the Si and Ca effects on both Fe and Al mobility in the different soils 
considering all different Si and Ca treatments and not considering the interde
pendency in the single Si and Ca treatments.   

C2 (Siberia) Ca1 
(Canada) 

MAT 
(Alaska) 

MNT 
(Alaska) 

Si effects on Fe 0 0 + +

Si effects on Al + + + – 
Ca effects on Fe + – – 0 
Ca effects on Al – – – –  

Fig. 1. Soil C2. Mobility of Fe and Al with Si (A + B) and Ca (C + D) addition after 24 weeks of incubation under waterlogged conditions. For extraction Mehlich 3 
method was used and contents are given in mg g− 1 DW. Data shown contains all treatments of Si (+0, +3, +6, +10 mg g− 1 DW) and Ca (+0, +5, +10, +15 mg 
g− 1DW). For statistics p value at the 95% confidence interval and the Pearson correlation were used. Solid lines show significant correlation whereas dashed lines 
show non-significant correlation. 
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contained a higher amount of ferrous phases (Fe(II)), spectroscopically 
similar to vivianite (red lines at 708 eV and 720 eV) than of a ferric 
phase (Fe(III)) similar to ferrihydrite (green lines at 710 eV and 723 eV). 

The fitted, species-specific maps of the Si treatment (Fig. 5B) showed 
large amount of the vivianite-like phases (red areas), whereas the con
trol sample (Fig. 5E) contained mainly the ferrihydrite-like phases 

Fig. 2. Soil MAT. Mobility of Fe and Al with Si (A + B) and Ca (C + D) after 24 weeks of incubation under waterlogged conditions. For extraction Mehlich 3 method 
was used. Contents are given in mg g− 1 DW. Data shown contain all treatments of Si (+0, +3, +6, +10 mg g− 1 DW) and Ca (+0, +5, +10, +15 mg g− 1DW). For 
statistics p value at the 95% confidence interval and the Pearson correlation were used. Solid lines show significant correlation. 

Fig. 3. Soil MNT. Mobility of Fe and Al with Si (A + B) and Ca (C + D) after 24 weeks of incubation under waterlogged conditions. For extraction Mehlich 3 method 
was used, concentrations are given in mg g− 1 DW. Data shown contain all treatments of Si (+0, +3, +6, +10 mg g− 1 DW) and Ca (+0, +5, +10, +15 mg g− 1DW). For 
statistics p value at the 95% confidence interval and the Pearson correlation were used. Solid lines show significant correlation whereas dashed lines show non- 
significant correlation. 
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(green areas) (see also Fig. S7 for reference spectra). The samples of the 
Ca treatment (Fig. 5H) showed similar amounts of the ferrihydrite-like 
phase (green areas) like the control soil and a higher amount of a 
non-Fe phase that was fitted as a model of organic carbon (blue areas). 
The spectra of the Si treatments showed a higher linear absorbance at 
energies of that of vivianite-specific (red lines at 708 eV and 720 eV) 
compared to the control soil and the Ca treatment (Fig. 5J). In the Si 
treatment (Fig. 5J, dashed lines) the content of vivianite-like phases 
differed within the particle. The content of vivianite-like phases was 
higher in areas representing the inner bulk particle (10–16 nm of viv
ianite, shown in pink, also see Fig. 5C, F and I) compared to areas rep
resenting the surface of the particle (1–2 nm vivianite, shown in red). In 
the control treatment (continuous line) and Ca treatment (dotted line) 
this effect was much weaker. When all treatments (control, Si and Ca) 
were considered, a significant increase (ANOVA, p < 0.001, df = 3, F =
23.5) in the ratio vivianite-like Fe/Fetotal was observed from 0.27 ± 0.03 
in surface areas (1–2 nm vivianite) to 0.47 ± 0.09 in areas representing 
the bulk (10–16 nm vivianite) (Fig. 9A). 

The STXM-NEXAFS analysis was done for the control and the highest 
Ca (+10 mg g− 1 DW) treatment for the MAT soil (Fig. 6A–G). The fitted, 
species-specific maps of the bulk showed a high non-iron content for 
both, control and Ca treatment (Fig. 6 B + E, blue areas) and a similar 
amount of vivianite-like phases (red areas) and ferrihydrite-like phases 
(green areas). The spectra of the control (continuous line) and Ca 
treatment (dotted line) showed similar intensities of vivianite-like 
phases (708 eV, 720 eV) and ferrihydrite-like phases (710 eV, 723 eV) 
(Fig. 6G, see also Fig. S7 for reference spectra). With all treatments the 
ratio of vivianite-like to total iron phases increased significantly 
(ANOVA, p < 0.05, df = 3, F = 3.7) from 0.28 ± 0.10 in areas repre
senting the particle surface (1–2 nm vivianite, shown in red, see also 
Fig. 6C + F) to 0.36 ± 0.08 in areas representing mainly the bulk (10–16 
nm vivianite, shown in pink) (Fig. 9A). 

The STXM-NEXAFS analysis were done for the control and the Si 
treatment of the MNT soil (Fig. 7A–G). The bulk samples of the Si 

treatment showed a higher amount of vivianite-like phases (red areas) 
compared to the control (Fig. 7B + E). The spectra of the Si treatment 
(Fig. 7G, blue dashed line) showed higher linear absorbance for 
vivianite-like phases (red lines at 708 eV and 720 eV) in areas repre
senting the bulk particle (4–10 nm, shown in blue see also Fig. 7C + F) 
compared to the control soil (blue continuous line). In areas represent
ing the surface (1–2 nm vivianite-like phases (shown in red) the control 
and Si treatment did not differ in the spectra anymore. The ratio 
vivianite-like iron to total Fe increased significantly (ANOVA, p < 0.01, 
df = 3, F = 6.7) from 0.21 ± 0.02 in outer particle areas containing 1–2 
nm vivianite to 0.39 ± 0.12 in inner particle areas containing 10–16 nm 
vivianite (Fig. 9A). 

The STXM-NEXAFS analysis were done for the control and the 
highest Ca (+10 mg g− 1 DW) treatment of the soil from Canada (Ca1). 
The fitted species-specific maps of the bulk (Fig. 8G) showed larger areas 
of vivianite-like phases (read areas) in the Si treatment, compared to the 
control (Fig. 8B + E). The surface area of the particles (1–2 nm vivianite, 
shown in red, see also Fig. 8C + F) of the Si treatment (dashed line) 
showed a higher ratio of vivianite-like Fe to total Fe compared to the 
control soil (continuous line). The spectra of the bulk particle (Figs. 8G, 
4–10 nm, shown in blue) showed lower ratio of vivianite-like Fe to total 
Fe compared to the surface area (1–2 nm, shown in red). For the control 
and Si treatment together the ratio of vivianite-like Fe to total Fe ranged 
between 0.40 ± 0.1 and 0.43 ± 0.08 (Fig. S7). 

Fig. 9A shows the ratio of thickness in nm of Fe(II)phosphate to total 
Fe from the species-specific curve fitting of spectra of single ODs of all 
treatments in the soils from Chersky (Siberia, Russia, C2), the Canadian 
Shield (Ca1) and moist acidic tundra and moist-nonacidic tundra (MAT 
and MNT Alaska, USA). Over all soils (C2, MAT, MNT, Ca1) and all 
treatments (control, +10 mg g− 1 DW Si and +15 mg g− 1 DW Si Ca 
treatments) there was a significant positive correlation (Pearson, R =
0.46, p = 0.04) between the ratio of vivianite-like iron to total iron and 
the total iron (Fig. 9B). 

Fig. 4. Soil Ca1. Mobility of Fe and Al with Si (A + B) and Ca (C + D) after 24 weeks of incubation under waterlogged conditions. For extraction Mehlich 3 method 
was used, contents are given in mg g− 1 DW. Data shown contain all treatments of Si (+0, +3, +6, +10 mg g− 1 DW) and Ca (+0, +5, +10, +15 mg g− 1DW). For 
statistics p value at the 95% confidence interval and the Pearson correlation were used. Solid lines show significant correlation whereas dashed lines show non- 
significant correlation. 
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4. Discussion 

Hypothesis (i) was partially confirmed with Si increasing Fe mobility 
for the soils from Alaska (MAT and MNT), but decreasing Al mobility 
only for the MNT soil with a pH of 8.0 but increasing Al mobility for all 
soils with a pH ≤ 6.7 and. The hypothesis (ii) was also only partially 
confirmed with Ca decreasing Al mobility for all soils but Ca showing no 
clear effect on Fe mobility. However, considering single Si and Ca 

treatments we found sometimes other directions of interdependencies 
compared to correlations considering all treatments together (see 
above). 

Iron contents in soils correlated significantly positive with the Si 
contents for the MAT (pH 6.6) and the MNT (pH 8.0) soils, both with 
initial low available Si. It seems that iron may be mobilized from soils by 
increasing ASi. The largest share of Fe in soils is bound in the crystal 
lattice of primary minerals (e.g., olivine, augite, hornblende and bio
tite). By weathering of these minerals Fe oxides/hydroxides like ferri
hydrite and goethite Fe may be mobilized (Schwertmann and Cornell, 
2008). In solution Si may form Fe complexes (FeaqOSi(OH)3

2+) and 
prevent precipitation of iron hydroxides in a pH range from 6 to 8 (Perry 
and Keeling-Tucker, 1998). Furthermore, Fe minerals tend to a lower 
crystallinity in the presence of ASi (Gauger et al., 2016). This may lead 
to a higher solubility of Fe and, consequently, to higher Fe mobility, too. 
However, under anoxic conditions Fe(II) may adsorb on clay mineral 
surfaces (Van Groeningen et al., 2020). Increasing silicic acid 

Fig. 5. STXM-NEXAFS measurements of the soil C2. Images show soils with 
addition of Si (A–C), control soil without treatment (D–F), and soil with addi
tion of Ca (G–I). Figures A, D and G show averaged linear absorbance maps 
across the Fe2p edges of soil particles of the different treatments analyzed. 
Figures B, E and H show quantitative red/green/blue (RGB) composite maps of 
vivianite-like phases (red), ferrihydrite-like phases (green) and non-Fe back
ground (blue), derived from linear decomposition of the image stacks using 
respective spectra of reference compounds. In the region of interest maps C, F 
and I colors represent areas with same thickness (red: 1–2 nm, green: 2–4 nm, 
blue: 4–10 nm, pink: 10–16 nm) of vivianite. Figure J shows the linear absor
bance (OD) for areas with same thickness of vivianite for control (continuous 
line), Si treatment (dashed line) and Ca treatment (dotted line). Vertical light 
brown lines at 708 eV and 720 eV represent specific absorbance maxima for 
vivianite, vertical blue lines at 710 eV and 723 eV represent specific absorbance 
maxima for ferrihydrite. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 

Fig. 6. STXM-NEXAFS measurements of the soil MAT. Images show soils with 
addition of Ca (A–C), control soil without treatment (D–F). Figures A and D 
show averaged linear absorbance maps across the Fe2p edges of soil particles of 
the different treatments analyzed. Figures B and E show quantitative red/ 
green/blue (RGB) composite maps of vivianite-like phases (red), ferrihydrite- 
like phases (green) and non-Fe background (blue), derived from linear 
decomposition of the image stacks using respective spectra of reference com
pounds. In the region of interest maps C and F colors represent areas with same 
thickness (red: 1–2 nm, green: 2–4 nm, blue: 4–10 nm, pink: 10–16 nm) of 
vivianite. Figure G shows the linear absorbance (OD) for areas with same 
thickness of vivianite for control (continuous line) and Ca treatment (dotted 
line). Vertical light brown lines at 708 eV and 720 eV represent specific 
absorbance maxima for vivianite, vertical blue lines at 710 eV and 723 eV 
represent specific absorbance maxima for ferrihydrite. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web 
version of this article.) 
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concentrations in the surrounding pore water may alter the surface 
chemistry of those minerals (see STXM-NEXAFS discussion below). 
Furthermore, it was shown in other studies that ASi may increase soil 
respiration rates (Schaller et al., 2019; Stimmler et al., 2022) and de
creases hydraulic conductivity (Schaller et al., 2020; Zarebanadkouki 
et al., 2022), thus favoring anoxic conditions. Consequently the demand 
of electron acceptors due to the increased respiration may increase and 
the decrease of exchange rates of electron acceptors due to decreased 
hydraulic conductivity (limiting the transport of dissolved electron ac
ceptors to a specific spot) may promote Fe minerals as electron accep
tors. To analyze the effect of Si on redox state of iron phases, we 
conducted STXM-NEXAFS analysis of soil particles after incubation with 
and without Si and Ca. Addition of ASi stimulated the formation of 

vivianite-like Fe(II) phases in mineral soil C2 (Fig. 5 B + E). 
Vivianite-like Fe(II) phases were not limited to the surface of the par
ticles but were also present in the bulk volume of the individual parti
cles. For our soils used in the experiment, reduction of Fe phases seems 
to be independent of the soil pH (considering the different used soils), as 
higher abundances of vivianite-like phases after Si addition were found 
in the weak acidic soil C2 (pH 5.8), Fig. 5J), soil from MAT (pH 6.6) 
(Fig. 6G) and weak alkaline soil MNT (pH 8.0) (Fig. 7G). Further, effects 
of Si seem not to be limited to mineral soils, as the organic soil Ca1 
showed also higher abundance of vivianite-like phases after incubation 
with Si (Fig. 8 B + E + G). This is in accordance with other studies 
showing that Si can increase the abundance of vivianite-like phases in 
the bulk volume of paddy soils particles (Schaller et al., 2022). 

Fig. 7. STXM-NEXAFS measurements of the soil MNT. Images show soils with 
addition of Si (A–C), control soil without treatment (D–F). Figures A and D 
show averaged linear absorbance maps across the Fe2p edges of soil particles of 
the different treatments analyzed. Figures B and E show quantitative red/ 
green/blue (RGB) composite maps of vivianite-like phases (red), ferrihydrite- 
like phases (green) and non-Fe background (blue), derived from linear 
decomposition of the image stacks using respective spectra of reference com
pounds. In the region of interest maps C and F colors represent areas with same 
thickness (red: 1–2 nm, green: 2–4 nm, blue: 4–10 nm, pink: 10–16 nm) of 
vivianite. Figure G shows the linear absorbance (OD) for areas with same 
thickness of vivianite for control (continuous line) and Si treatment (dashed 
line). Vertical light brown lines at 708 eV and 720 eV represent specific 
absorbance maxima for vivianite, vertical blue lines at 710 eV and 723 eV 
represent specific absorbance maxima for ferrihydrite. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web 
version of this article.) 

Fig. 8. STXM-NEXAFS measurements from the soil Ca1. Images show soils with 
addition of Si (A–C), control soil without treatment (D–F), and soils with 
addition of Ca (G–I). Figures A, D and G show averaged linear absorbance maps 
across the Fe2p edges of soil particles of the different treatments analyzed. 
Figures B, E and H show quantitative red/green/blue (RGB) composite maps of 
vivianite-like phases (red), ferrihydrite-like phases (green) and non-Fe back
ground (blue), derived from linear decomposition of the image stacks using 
respective spectra of reference compounds. In the region of interest maps C, F 
and I colors represent areas with same thickness (red: 1–2 nm, green: 2–4 nm, 
blue: 4–10 nm, pink: 10–16 nm) of vivianite. Figure J shows the linear absor
bance (OD) for areas with same thickness of vivianite for control (continuous 
line), Si treatment (dashed line) and Ca treatment (dotted line). Vertical light 
brown lines at 708 eV and 720 eV represent specific absorbance maxima for 
vivianite, vertical blue lines at 710 eV and 723 eV represent specific absorbance 
maxima for ferrihydrite. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 
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Incubation over longer time span led to reduction not only of the surface 
of the particle, but also of the bulk volume of the particles (more Fe(II) in 
higher optical densities Fig. 9). In summary, Si can mobilize Fe by 
promoting Fe(II) phases with lower crystallinity and higher solubility 
(Picard et al., 2016; Kanematsu et al., 2018; Schaller et al., 2022). 
Hence, Si seems to be able to increase the mobility of Fe. 

The interdependency between Si and Al mobility seemed to depend 
on the soil pH. In the weak acidic (pH 5.8) soil C2 (Fig. S6B), in the MAT 
soil (pH 6.6) and in the Ca1 soil (pH 6.7) (Fig. 2B) Al mobility increased 
with increasing Si. At low pH values Al mobility increases due to for
mation of ions (Rengel, 2004) and a potentially binding competition 
between Si and Al may result in an increase of Al mobility (see discus
sion below). In the weak alkaline soil MNT (Fig. 3B) Si decreased the Al 
mobility. This may be explained due to the pH dependency of the sol
ubility and reactivity of silicic acid. The high reactivity of deprotonated 
silicic acid at alkaline pH values may enhance the formation of SROAS 
(Wada and Kubo, 1975; Schaller et al., 2021) and by this decrease 
concentration of free Al. In weak acidic and neutral soils the solubility of 
silicic acid is lower and by this processes may take much longer and 
hence may not be measurable during the incubation time of 24 weeks. 
Yokoyama et al. (2002) showed the formation of aluminum silicates 
under presence of silicic acid and Al(OH)3 phases in a pH range from 6 to 
10. They showed the substitution of Al by Si in solid Al phases leading to 
an increase of free Al ions with simultaneous decrease of free Si. 

However, Ca led to a decrease of Al mobility in all soils, in the 
mineral, weak acidic soil C2 (pH 5.8 (Fig. 1D), mineral MAT soil (pH 
6.6) (Fig. 2D), mineral weak alkaline soil MNT (pH 8.0 (Fig. 3D) and in 
the organic soil Ca1 (pH 6.7) (Fig. 4D) organic. This effect was most 
pronounced in soils with high content of OM. This may be a hint, that the 
formation of OM complexes with Ca with a further complexation of Al 
may be the reason for the decreased Al mobility (Gregor et al., 1996). 

5. Conclusion 

We report here on the effect of Ca and amorphous silica (Si) on Fe 
and Al mobility in four Arctic soils differing in soil pH. Our results show 
that Fe mobility correlates positively with Si. Amorphous silica pro
motes vivianite-like Fe(II) phases in the outer and deeper layer of the 
particles by increasing soil respiration rates and with this increasing the 
demand of electron acceptors on the one hand and decreasing hydraulic 

conductivity and with this decreased exchange rates of electron accep
tors on the other hand may promote Fe minerals as electron acceptors. 
Mobilization of Al by Si depends on soil pH. At weak acidic and neutral 
pH Si increased Al mobility, potentially by mobilization of Al from 
mineral binding sites in Al(OH)3 and aluminum silicates. In weak 
alkaline soils formation of aluminum silicates by deprotonated silicic 
acid may be a sink for Al ions. This is an important result as it shows the 
importance of indirect effects of Si on soil chemistry. The formation of 
Ca-OM complexes with a further complexation and immobilization of Al 
may be the reason for the decreasing mobility of Al after Ca addition. As 
Fe is a micro nutrient for plants and microbes and Al is a PTE for such 
organisms, to predict effects on future ecosystem performance in the 
Arctic e.g., biomass production or soil respiration. In summary, both Si 
and Ca have to be considered regarding the mobility of Fe and Al in 
Arctic soils and with this the ecosystem performance of Arctic systems. 
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Fig. 9. A) Ratio of thickness in nm of Fe(II)phosphate to total Fe from the species-specific curve fitting of spectra of single ODs of all treatments in the soils from 
Chersky (Siberia, Russia, C2); from the Canadian Shield (Ca1) and moist acidic tundra and moist-nonacidic tundra (MAT and MNT Alaska, US). Given are the mean 
and standard deviation. B) Ratio of Fe(II)phosphate/Fetotal of all soils and treatments in regression to total iron. Given is also the Pearson correlation at a confidence 
interval of 95%. 
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Fig. S1: Metric multidimensional scaling (mMDS) of soils from Chersky (Siberia, Russia, C2, 

blue), from the moist acidic tundra (MAT, Alaska, US, grey)), from the moist non-acidic tundra 

(MNT, Alaska, US, yellow) and from the Canadian Shield (Ca1, red) over all treatments of Si (+0, 

+3, +6, +10 mg g-1 DW) and Ca (+0, +5, +10, +15 mg g-1 DW) under waterlogged conditions. 

All soils differ significantly (ANOSIM, p<0.001, R=0.235) from each other.  
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Fig. S2: Soil C2. Availability of Fe and Al with Si (A+B) and Ca (C+D) after 24 weeks of 

incubation under water logged conditions. For extraction, the Mehlich-3 method was used. 

Concentrations were given in mg g-1 DW. Colours represent treatments of Si (2.0, +3, +6, 

+10 mg g-1 DW) and Ca (1.1, +5, +10, +15 mg g-1 DW). For statistics p value at the 95% 

confidence interval and the Pearson correlation were given.  
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Fig. S3: Soil MAT. Availability of Fe and Al with Si (A+B) and Ca (C+D) after 24 weeks of 

incubation under water logged conditions. For extraction, the Mehlich-3 method was used. 

Concentrations were given in mg g-1 DW. Colours represent treatments of Si (0.5, +3, +6, 

+10 mg g-1 DW) and Ca (2.4, +5, +10, +15 mg g-1 DW). For statistics p value at the 95% 

confidence interval and the Pearson correlation were given. 
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Fig. S4: Soil MNT. Availability of Fe and Al with Si (A+B) and Ca (C+D) after 24 weeks of 

incubation under water logged conditions. For extraction, the Mehlich-3 method was used. 

Concentrations were given in mg g-1 DW. Colours represent treatments of Si (0.6, +3, +6, 

+10 mg g-1 DW) and Ca (6.5, +5, +10, +15 mg g-1 DW). For statistics p value at the 95% 

confidence interval and the Pearson correlation were given. 
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Fig. S5: Soil Ca1. Availability of Fe and Al with Si (A+B) and Ca (C+D) after 24 weeks of 

incubation under water logged conditions. For extraction, the Mehlich-3 method was used. 

Concentrations were given in mg g-1 DW. Colours represent treatments of Si (0.0, +3, +6, 

+10 mg g-1 DW) and Ca (0.3, +5, +10 mg g-1 DW). For statistics p value at the 95% confidence 

interval and the Pearson correlation were given. 
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Fig. S6: Concentrations of Mehlich 3 extractable Fe given in mg g-1 DW in soils from Chersky 

(Siberia, Russia, C2) (A), moist acidic tundra (MAT, Alaska, US) (B), moist non-acidic tundra 

(MNT, Alaska, US) (C) and Canadian Shield (Ca1) (D) after 24 weeks of incubation under water 

logged conditions. Colours represent treatments of Ca (+0, +5, +10, +15 mg g-1 DW) (A+B) and 

Si (+0, +3, +6, +10 mg g-1 DW) (C+D). For statistics p value at the 95% confidence interval and 

the Pearson correlation were used. 
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Fig. S7: X-Ray absorption spectra of the iron minerals vivianite, ferrihydrite, siderite and goethite. 

Shown are also lines at the specific absorption maxima of vivianite in brown (708 eV, 720 eV) and 

ferrihydrite in light blue (710 eV and 723 eV). 
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4.1 Conclusion

The importance of the Arctic for future climate scenarios can not be overestimated. In
my research I clearly show the impact of Si and Ca on microbes, mineral phases, nutrient
availability and GHG release in arctic soils. Many studies focus on the pool of organic
C and its potential mobilization from thawed permafrost soils to predict potential GHG
release to the atmosphere in a warming Arctic. Only few studies take other elements like
N and P into account, although these are often the limiting factor for microbial decompo-
sition processes. In my research I highlight the importance of Si and Ca for GHG release
from Arctic soils and point out the divers and complex biogeochemical processes defining
the element availability. The first estimation of available element concentrations of ASi,
Si, Ca, Fe, Al and P will help to predict element mobilization from thawing permafrost.
In-silico approaches and ESM like "QUINCY" already take the effects of Si and Ca on the
C cycling and GHG release into account. Changed future climatic conditions can alter
weathering processes and the rates of mineral trans- and neo-formation. I clearly show
that Si and Ca change the availabilities of C, Fe, Al and P by interacting with mineral
surfaces. This makes clear, that not only total element contents and lithology defines
element availability. The degree of crystallinity and the interactions of elements with the
mineral surfaces can have a huge impact on the availability of nutrients and organic C
and by this on GHG release. Future research on Arctic soils should focus more on the
elements that form mineral phases, as the biggest share of C and nutrients in the soil is
associated with these phases. The C is decomposed by microbes and Si and Ca directly
alter MCS. Processes like these are as important for GHG release as the availability of C
and nutrients. A deeper understanding of the interactions of lifeforms with their inorganic
environment can hold the key to unravel complex and small-scale patterned GHG release
from the Arctic.
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