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Fiir Nemo



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 Kréfte 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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Chapter 1

Introduction

From Arctic ecosystems to mineral surfaces
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1.1 Short overview

1.1.1 Abbreviations

Al aluminium

ASi amorphous silicon

bASiI 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

Cal soil Cal from Ba n Bay, Canada

CEC cation exchange capacity

CH ; methane

CO, carbon dioxide

e electron

ESM earth system models

Fe iron

GC-FID gas chromatography / ame 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

N,O nitrous oxide

NEXAFS near-edge x-Ray absorbance ne structure
O, oxygen

OH - hydroxide ion

OD optical density

P phosphorous

PO ,* phosphate

PTE potentially toxic element

gPCR quantitative poly chain reaction

rRNA ribosomal ribonucleic acid

SEM structural equation model

Si silicon

SiO, silicon dioxide

SOM soil organic matter

STXM scanning transmission X-ray microscopy

WSC water storage capacity
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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 di erent depthsfor 50% of the Arctic on-shore regions and discuss the
potential of element release. For soils of ve locations we observed a enhancing, positive
e ect of Si on carbon dioxide (CQ) release, whereas Ca showed an inhibiting, negative
e ect on CO; release. In frozen soils, the positive Si e ect prevails, whereas in thawed soils
the negative Ca e ect dominates (Schaller, Stimmler, et al. 2022). The microbial processes
behind these e ects are shown for two Greenlandic soils in Stimmler, Goeckede, Natali,
et al. (2022). High CQ uxes correlated positively with a gram(+) dominated microbial
community structure (MCS). We hypothesized, Si promoted an increased availability of
H,O and P. Ca induced low CQ uxes 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 erwarmt sich doppelt so schnell zum weltweiten Durchschnitt. In Folge dessen
tauen die Permafrostbéden tiefer auf und setzen groye Mengen an bis dahin gebunde-
nen organischen Kohlensto s (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 verstarken. In Stimmler,
Goeckede, Elberling, et al. (2022) zeigen wir fur cab0% der Land ache der Arktis die
verfugbaren Elementkonzentrationen dieser sechs Elemente in verschiedenen Tiefen und
disktuieren das Potenzial der Mobilisierung in verschiedenen Regionen. Fur Béden aus
funf Standorten konnten wir positive E ekte von Si und negative E ekte von Ca auf die
CO,-Freisetzung zeigen (Stimmler, Goeckede, Natali, et al. 2022). Im gefrorenen Bo-
den Uberwog der positive Si-E ekt, im getauten Boden der negative Ca-E ekt (Schaller,
Stimmler, et al. 2022). Die mikrobiologischen Prozesse hinter den E ekten werden in
Stimmler, Priemé, et al. (2022) fur zwei gronlandische Boden gezeigt. Hohe £R)isse
korrelierten mit einer gram(-) dominierten Mikrobenstruktur, welche wahrscheinlich durch
die Si bedingte Erh6hung der KO- und P-Verfligbarkeit geférdert wurden. Ca bedingte
niedrige CO,-Flisse korrelierten mit verringerter Mikrobenanzahl und mehr sporenbilden-
den, physiologisch inaktiven gram(+) Bakterien, die fur eine erhfhte Salinitat sprechen.
Auf mineralischer Ebene konnten wir in Stimmler, M. Obst, Stein, et al. (2023) erhdhte
Anteile an Fe* -Phasen in Gegenwart von Si zeigen, die mit einer Mobilisierung der Fe-
Verfugbarkeit einherging. Die Verfligbarkeit von toxischem Al war pH-abhangig. Diese
Ergebnisse zeigen, wie komplex die biogeochemischen Prozesse von Si und Ca sind und
wie sehr sie Uber die Zukunft des C in arktischen Permafrostb6den und somit tber die
globale Erwarmung bestimmen.
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1.2.1 De nitions of the Arctic

The geographic de nition of the Arctic describes the area northerly of the Arctic circle at
66°34'N. This area coverdl7.62 10° km2 and is a ected by polar day and night (Sale and
P. Michelsen 2018). The climatic de nition of the Arctic is the10°C July isotherm, which
Is in good agreement with the northern tree line in terrestrial Arctic systems (Képpen
1931). Using the climatic de nition the Arctic covers an area o246 10° km2 (Johnson
2022) (Fig. 1.1).

Figure 1.1: Map of the Arctic. The Arctic circle at 6634'N is shown in black. The
outer border of the dark green area marks th&0°C isotherm of the warmest month and
mainly ts with the tree line. Map from Johnson (2022), based on the circumpolar arctic
vegetation map from D. A. Walker et al. (2005)

The treeline de nes 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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de nes the land cover type northerly of the treeline in the circumpolar arctic vegetation
map. An area of7.02 1C° km2 (46%) is covered by vegetation. This area is further
distinguished by47%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 thed0°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 Greenlarid7( 10°
km?2) 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) lists0:12 1P km2 of large river systems and:4 10° km? 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 10° km2 of the northern hemisphere (Obu et al. 2019) soil temperatures do not
rise over OC 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 thad; 700m (Alfred Wegener Institut 2023).

9
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