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Abstract
With Arctic ground as a huge and temperature-sensitive carbon reservoir, maintaining low

ground temperatures and frozen conditions to prevent further carbon emissions that contribute
to global climate warming is a key element in humankind’s fight to maintain habitable condi-
tions on earth. Former studies showed that during the late Pleistocene, Arctic ground condi-
tions were generally colder and more stable as the result of an ecosystem dominated by large
herbivorous mammals and vast extents of graminoid vegetation — the mammoth steppe. Char-
acterised by high plant productivity (grassland) and low ground insulation due to animal-
caused compression and removal of snow, this ecosystem enabled deep permafrost aggrad-
ation. Now, with tundra and shrub vegetation common in the terrestrial Arctic, these effects are
not in place anymore. However, it appears to be possible to recreate this ecosystem locally by
artificially increasing animal numbers, and hence keep Arctic ground cold to reduce organic
matter decomposition and carbon release into the atmosphere.

By measuring thaw depth, total organic carbon and total nitrogen content, stable carbon iso-
tope ratio, radiocarbon age, n-alkane and alcohol characteristics and assessing dominant veg-
etation types along grazing intensity transects in two contrasting Arctic areas, it was found that
recreating conditions locally, similar to the mammoth steppe, seems to be possible. For per-
mafrost-affected soil, it was shown that intensive grazing in direct comparison to non-grazed
areas reduces active layer depth and leads to higher TOC contents in the active layer soil. For
soil only frozen on top in winter, an increase of TOC with grazing intensity could not be found,
most likely because of confounding factors such as vertical water and carbon movement, which
is not possible with an impermeable layer in permafrost. In both areas, high animal activity led
to a vegetation transformation towards species-poor graminoid-dominated landscapes with
less shrubs. Lipid biomarker analysis revealed that, even though the available organic material
is different between the study areas, in both permafrost-affected and seasonally frozen soils
the organic material in sites affected by high animal activity was less decomposed than under
less intensive grazing pressure. In conclusion, high animal activity affects decomposition pro-
cesses in Arctic soils and the ground thermal regime, visible from reduced active layer depth
in permafrost areas. Therefore, grazing management might be utilised to locally stabilise per-
mafrost and reduce Arctic carbon emissions in the future, but is likely not scalable to the entire

permafrost region.
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Zusammenfassung
Mit dem arktischen Boden als riesigem und temperatursensiblen Kohlenstoffspeicher ist die

Aufrechterhaltung niedriger Bodentemperaturen und gefrorener Bedingungen zur Verhinde-
rung weiterer Kohlenstoffemissionen, die zum globalen Klimawandel beitragen, ein Schlis-
selelement im Kampf der Menschheit, die Erde weiterhin bewohnbar zu halten. Vorangehende
Studien ergaben, dass die Bodenbedingungen in der Arktis wahrend des spaten Pleistozans
im Allgemeinen kalter und dadurch stabiler waren, als Ergebnis eines Okosystems, das von
grof3en pflanzenfressenden Saugetieren und weiten Flachen grasartiger Vegetation dominiert
wurde - der Mammutsteppe. Gekennzeichnet durch hohe Pflanzenproduktivitat (Grasland) und
geringe Bodenisolierung aufgrund von Kompression und Schneeraumung durch Tiere, ermdg-
lichte dieses Okosystem eine tiefreichende Entwicklung des Permafrosts. Heutzutage, mit der
vorherrschenden Tundra- und Strauchvegetation in der Arktis, sind diese Effekte nicht mehr
prasent. Es scheint aber maglich, dieses Okosystem lokal durch kiinstliche Erhdhung der Tier-
bestande nachzubilden und somit den arktischen Boden kuhl zu halten, um den Abbau von
organischem Material und die Freisetzung von Kohlenstoff in die Atmosphare zu verringern.

Durch Messungen der Auftautiefe, des Gesamtgehalts des organischen Kohlenstoffs und
Stickstoffs, des stabilen Kohlenstoff-Isotopenverhaltnisses, des Radiocarbonalters, der
n-Alkan- und Alkoholcharakteristika sowie durch Bestimmung der vorherrschenden Vegetati-
onstypen entlang von Beweidungsgradienten in zwei unterschiedlichen arktischen Gebieten
habe ich festgestellt, dass die Schaffung ahnlicher Bedingungen wie in der Mammutsteppe
mdglich sein kdnnte. Fir durch Permafrost beeinflusste Béden konnte ich zeigen, dass eine
intensive Beweidung im direkten Vergleich mit unbeweideten Gebieten die Tiefe der Auftau-
schicht verringert und zu héheren Gehalten an organischem Kohlenstoff im oberen Bodenbe-
reich fihrt. Fir im Winter nur oberflachlich gefrorene Boden konnte kein Anstieg des organi-
schen Kohlenstoffgehalts mit zunehmender Beweidungsintensitat festgestellt werden, héchst-
wahrscheinlich aufgrund von Stoérfaktoren wie vertikalen Wasser- und Kohlenstoffbewegun-
gen, die nicht durch eine undurchlassige Schicht wie beim Permafrost begrenzt sind. In beiden
Gebieten fiihrte eine hohe Tieraktivitat zu einer Umwandlung der Vegetation hin zu artenar-
men, von Grasern dominierten Landschaften mit weniger Strauchern. Die Analyse von Lipid-
Biomarkern ergab, dass das verfligbare organische Material zwar zwischen den Untersu-
chungsgebieten unterschiedlich war, aber sowohl in Permafrostgebieten als auch in saisonal
gefrorenen Bdden in Bereichen mit hoher Tieraktivitat weniger stark zersetzt war als unter
geringerer Beweidungsintensitat. Zusammenfassend beeinflusst eine hohe Tieraktivitat die
Zersetzungsvorgange in arktischen Boden und das thermische Regime des Bodens, was sich
in einer reduzierten Tiefe der Auftauschicht in Permafrostgebieten widerspiegelt. Daher kdnnte

das Beweidungsmanagement in Zukunft aktiv eingesetzt werden, um den Permafrost lokal zu

Vil



stabilisieren und gefroren zu halten sowie die Kohlenstoffemissionen in der Arktis zu verrin-
gern. Aufgrund der GroéRe der Flache, die in der terrestrischen Arktis von Permafrost beein-
flusst ist, wird ein solches Beweidungsmanagement aber nicht als Malinahme auf die gesamte

Permafrostregion ausgedehnt werden kénnen.
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Abbreviations and nomenclature

Notation Meaning Unit (if applicable
related to Sl units)

= approximately

°C degree Celsius x+273.15K

°E longitudinal position in degrees east of the prime meridian

°N latitudinal position in degrees north of the equator

A stratigraphic unit of the Alas1 core (Appendix 1V)

ACL average chain length; number of carbon atoms

AD Latin: anno Domini; in the year of the Lord
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BD bulk density g*cm?
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bs below surface
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CH., methane
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CO, carbon dioxide

CPI carbon preference index

DCM dichloromethane: CH.Cl,
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et al. Latin: et alii; and others

eV electronvolt 1.602176634 * 10 J

F'“C modern fraction of "C

Fig. figure

g gram 1*10°kg

GC-MS gas chromatography mass spectrometer

GHG greenhouse gas(es)
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HPA higher plant alcohol index

i.e. Latin: it est; that is

J Joule kg *m2 * s
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km? square kilometre 1*10° m?

m meter 1m

m? square meter 1m?

m? cubic meter 1m?3

MeOH methanol: CH;OH

min minute(s) 60 s

mm millimetre 1*10%m

MPa mega Pascal 1*10°Pa

MS mass specific magnetic susceptibility (Appendix V) 108 m3 kg™
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Chapter 1: Introduction
1.1 Scientific background

1.1.1 Arctic ground

The Arctic is the high-latitude region of the northern hemisphere, defined as the area north of
the Arctic Circle at 66.5667 °N. The terrestrial parts of the Arctic are sparsely populated by
humans and feature short summer and long and cold winter weather conditions. Apart from
resource exploitation and forestry impacts, the various grounds of the Arctic regions are widely
undisturbed by direct anthropogenic impacts. Climate warming shows dramatic effects and

changes, especially on seasonal or perennially frozen ground (Fig. 1-1).

1.1.2 The phenomenon of permafrost

Perennially frozen ground called permafrost, defined as ground colder than 0 °C for at least
two consecutive years (Van Everdingen 1998), is mainly a relic of the last Ice Age. The per-
mafrost region — the area in which permafrost can be found — covers approximately 22 % of
the Northern hemisphere’s land surface (Obu et al. 2019). This frozen state allows for the
storage of organic matter (OM) under conditions with slow to no decomposition, since the main
driver behind decomposition is temperature-controlled microbial activity (Schuur et al. 2008).
Current estimates for the amount of carbon stored in the permafrost region (including non-
frozen areas) are 813 Pg within the
top 3m of ground (Palmtag et al.
2022) out of a global soil carbon pool
of 2050 to 2800 Pg (Jackson et al.
2017, Strauss et al. 2021). With accel-
erated and sometimes abrupt thaw of

permafrost deposits driven by global

snisj@0 saalbap

warming, this permafrost-stored car-

bon becomes gradually available for
microbial decomposition. The ground
releases carbon in the forms of CO,
and CH4 (Turetsky et al. 2019, Bowen

Figure 1-1 — surface temperature anomaly map for 2020 of et al. 2020). Therefore, one of the key
the northern hemisphere, reference period 1981-2010; study ar-  gims of human actions against global
eas used in this thesis are indicated by yellow dots; study area
1: Cherskiy, Siberia; study area 2: Kaamanen, Finland; map warming should, besides stopping di-
modified after Copernicus Climate Change Service, European
State of the Climate. rect fossil fuel emissions (Abbott et al.

Arctic surface temperature anomaly for 2020



Chapter 1: Introduction

2022), be the preservation of these frozen carbon deposits. Since the Arctic permafrost region
faces amplified warming, up to four times the global average, this is a challenging effort.

The ground in areas affected by permafrost also contains a seasonally frozen/thawed top layer
called the ‘active layer’, This layer thaws in the summer down to the ‘permafrost table’, below
which the ground stays frozen year round. In winter, the active layer refreezes both from the
cold winter air temperatures on top and from the frozen ground underneath. The active layer
contains OM, which is available for microbial activity in summer. Further, the seasonally unfro-
zen conditions allow for vertical and lateral compound mobility, greenhouse gas (GHG) fluxes

(mainly vertical), and lateral water movement on top of the impermeable permafrost table.

1.1.3 Arctic non-permafrost areas

Not all terrestrial Arctic areas contain permafrost beneath the surface. In northern Fen-
noscandia, for example, permafrost distribution is quite heterogeneous. In fact, the permafrost
is ‘sporadic’ (10-50 % areal coverage) and ‘isolated’ (0-10 % areal coverage) (Obu et al. 2019)
and exists mostly in mountain areas and in the form of frozen peat hills called ‘palsas’ (Gisnas
et al. 2017). Warming air and ground temperatures threaten to decrease permafrost extent in
the Arctic. With climate change, even the extent of ‘continuous’ (more than 90 % areal cover-
age) permafrost is decreasing, becoming ‘discontinuous’ (50-90 % areal coverage) in some
areas. Consequently, the areal fraction non-permafrost is increasing. However, non-perma-
frost areas may still contain a top layer of seasonally frozen ground. In non-permafrost areas,
the OM content therefore becomes available for microbial decomposition year-round, except
for the top layer that still freezes in winter. Hence, permafrost degradation provides more avail-

able OM for the active global carbon cycle.

1.1.4 Hypothesis

In 1995, Zimov et al. (1995) published their findings of a prehistoric stable ecosystem in the
cold environments of the high latitudes. This ecosystem called mammoth steppe was charac-
terised by vast grasslands and a high population density of large herbivorous mammals. These
herbivores had two major effects on ground conditions: (1) they compressed the snow in win-
ter, mitigating its insulating effect on the ground, and (2) they maintained the graminoid-domi-
nated vegetation by trampling damage and selective browsing. Both activities led to a colder
ground thermal regime, because cold winter temperatures were able to penetrate the ground
more effectively as the snow was trampled down causing less insulation, and the graminoids
did also not function like a wind shield/snow fence (Fig. 1-2). As another effect, graminoid-

dominated vegetation is very productive and re-grows every year, fixating
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carbon from the atmosphere and hence
P exclosure pasture

helping to maintain comparatively low at-

mospheric carbon levels (Zimov et al. -30°C -30°C

2012). With the disappearance of the $

mammoth and drastic climatic warming Vv 3V *ﬁ 2
following the last Ice Age, vegetation Mm . -
shifted, creating the hardy and less pro- .
ductive tundra vegetation we see today. e

Along with ongoing shrubification
(Mekonnen et al. 2021), both key effects Figure 1-2 — Schematic comparison of the impact of
: ’ large-herbivore grazing on winter soil temperatures; thick

of the mammoth steppe are no longer in insulating snow results in warmer soil temperatures, whereas
snow compaction, snow removal and vegetation changes in-

place. Further, the process of shrubifica- duced by herbivory lead to colder ground conditions; temper-
tion helps warm the underlying ground 2;un2%zggg\gii%ien$££plarytoillustrate the efects ofsnow
by creating a buffer layer while trapping larger amounts of snow in the shrubs. This effect could
be reduced by an intensified large herbivore presence through trampling, snow compression,
and browsing (Pearson et al. 2013).

Therefore, scientists hypothesised that recreating a grazing pressure similar to the Pleistocene
in Arctic landscapes would again lead to colder ground conditions and hence reduced OM
decomposition (Zimov 2005). It has already been shown that grazing reduces CH4 emissions
from permafrost while at the same time enhancing carbon cycling due to the altered vegetation
composition (Fischer et al. 2022).

A crucial point is the season length, because relying on cold winter air temperatures to maintain
cold ground temperatures only works if winter is much longer than summer. Further, graminoid-
dominated vegetation provides only little insulation against warm summer temperatures.

In addition, the increased extent of seasonally frozen ground in the Arctic’s permafrost-free
areas requires testing this hypothesis for these environments as well. Seasonally frozen
ground likely behaves differently under large herbivore impacts, especially for animal-intro-
duced fertilization and compaction. Since the main season for animal-induced effects on the
soil is during the summer months and under unfrozen conditions, these deposits can also be
compared to grazed areas in temperate regions, where intensive grazing increases soil carbon
(Mudge et al. 2011).

1.2 Aims and objectives

As reduced OM degradation should lead to higher soil carbon content, this should be measur-
able when comparing soil samples from comparable sites with different herbivore grazing in-
tensities. The overall question is if large herbivore action increases soil carbon storage, and

further if it provides fresh material for in-soil storage or reduces decomposition processes.
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The detailed aims of this thesis are as follows:
1) ldentifying the effects of large herbivore presence on Arctic permafrost-affected ground
and its carbon stock
2) Investigating large herbivore effects on ground characteristics in Arctic seasonally fro-
zen soils
3) Linking the findings of (1) and (2) to decipher the processes controlling organic carbon

decomposition.

1.3 Methods
To answer these research aims, a variety of field and laboratory methods from sedimentology,
biogeochemistry and organic geochemistry was applied. This includes several field campaigns

to the Arctic in order to collect samples that were processes as described in figure 1-3.

Arctic grnundl
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Figure 1-3 — Flow chart depicting the methods used in this thesis; white boxes indicate intermediate (sam-
ple) states, light blue highlights processes and treatments, dark blue indicates results; analysis of these results
is not included in this figure.
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1.3.1 Field methods and sampling approach

During the field campaigns, | encountered several deposit types that each required different
sampling methods. Frozen ground was sampled using a portable Snow-lce-Permafrost-Re-
search-Establishment (SIPRE) auger to obtain intact soil cores. Unfrozen mineral soil deposits
were sampled by excavating a soil profile down to the parent material. After cleaning the soil
profile wall, samples were taken using stainless steel fixed-volume cylinders. Unfrozen peat
deposits were sampled using an Eijkelkamp peat corer. The peat was subsequently subsam-
pled in 5 cm increments. From all unfrozen deposits, biomarker subsamples were taken in the
field using sterile and annealed glass jars that were frozen afterwards until further analysis in
the laboratory. The aim was a continuous set of subsamples, but sampling locations within the
soil column were shifted in unfrozen mineral soils to specifically capture individual soil horizons
and visible shifts in material.

The sampling locations were selected for homogeneity of the soil but across different grazing
intensities, covering a span from large herbivore exclosures to intensively used pasture areas.

Along with grazing intensity, vegetation composition changed along these transects.

1.3.2 Study area selection

In order to find such grazing transects, sampling had to take place in areas with a known history
of herbivory under controlled circumstances and with existing exclosure sites and in general
known grazing intensities to test for the hypothesis of large herbivore impacts on soil carbon
storage. For this, we selected the Pleistocene Park experimental area in the Kolyma river low-
lands in northeastern Siberia (papers 1 and 3; chapters 2 and 4) and the Kutuharju Field Re-
search Station premises near Kaamanen in northern Finland (papers 2 and 3; chapters 3 and
4) (Fig. 1-1). The grazing history under controlled conditions is depicted in figure 1-4.

Finland

field campaign
[SUMIMEer ranges)

Finland Finland
exclosure setup fieI-;an-ﬂign
[winter ranges)
- - - - - — — — - G0 years — — — — — — — — =
Siberia Siberia
herbivore intreduction field campaign
= 23 yeara B
| | IIII| II|III |II||II | II||II I||I |I}

1950 1960 1970 1980 1890 2000 2010 2020 2020

Figure 1-4 — Timeline of the controlled grazing history for both study areas, showing the time of (controlled)
large herbivore introduction and the times of sampling; x-axis provides the calendar years in yr AD.
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1.3.3 Laboratory methods

To determine the parameters shown in figure 1-3, the following methods were applied in the
laboratory. Bulk density (BD) was derived from sample weight after freeze-drying with a Zirbus
Sublimator 15, and sample volume, for all samples with known volume. Using the weight pre-
and post-drying, the water content was calculated. Grain size distribution was measured for all
mineral soil samples using a laser particle sizer (Malvern Panalytical MasterSizer 3000). Total
carbon (TC) and total organic carbon (TOC) contents were measured via pyrolysis with an
Elementar soliTOC cube. Total nitrogen (TN) content was determined using an Elementar
rapidMAX N. The stable carbon isotope (5'3C) ratio of the TOC content was determined using
a Delta V Advantage Isotope Ratio mass spectrometry supplement equipped with a Flash 2000
Organic Elemental Analyser. Results are reported in reference to the Vienna Pee Dee Belem-
nite standard (Coplen et al. 2006). Sample ages were determined by radiocarbon dating at the
MICADAS facility at AWI (Mollenhauer et al. 2021). Ages were calibrated using the Calib 8.2
calibration software (Stuiver et al. 2021) applying the IntCal20 calibration curve (Reimer et al.
2020). For dating, macro-organic material was selected, if available. In other cases, the bulk
sediment material was used.

Lipid biomarker analysis of the alcohol fraction and the n-alkane fraction was used as an OM
quality proxy (chapter 4). For this analysis, lipids were extracted by accelerated solvent extrac-
tion (Dionex ASE 350) and subsequently the fractions were separated by medium pressure
liquid chromatography (MPLC, Radke et al. (1980)) into aliphatic, aromatic and NSO com-
pounds, and column chromatography using acidified columns for separation of the NSO frac-
tion into alcohol fraction (neutral) and fatty acid fraction (acidic). For measurement using an
ISQ 7000 Single Quadrupole Mass Spectrometer equipped with a Trace 1310 Gas Chromato-
graph, the alcohol fraction was silyllated using a 50:50 v/v mixture of DCM and MSTFA. Re-
sulting spectrograms were analysed using the Xcalibur software.

For statistical data analysis, principal component analysis (PCA) was realised in the R software

environment using the ‘stats’ package (R Core Team 2021).

1.4  Thesis organisation

This cumulative dissertation consists of several chapters.

In this chapter 1, an introduction into Arctic ground and permafrost is given. This chapter high-
lights the importance of research on stabilising mechanisms for Arctic soil carbon storage. It
outlines the scientific questions and objectives and provides an overview of the methods used
in this thesis.

Chapters 2 to 4 contain original research articles, either already published in peer-reviewed
journals or currently under review (table 1-1). Chapter 2 shows the exemplary influence of
large herbivores on ground characteristics in a Siberian permafrost environment (Windirsch et

al. 2022a). In chapter 3, a similar approach on large herbivore influence on seasonally frozen
6
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Arctic ground in northern Finland is presented (Windirsch et al. 2023c). Chapter 4 uses sam-
ples from both previous chapters and examines the degradation state of the OM in reference
to herbivory using lipid biomarker analysis (Windirsch et al. under review). In chapter 5, the
findings of the previous chapters are synthesised and discussed in a broader context, referring
to the aims and questions raised in chapter 1.

Appending to these chapters is supplementary material which was originally submitted along
the articles from chapters 2 to 4, as well as another publication on permafrost organic carbon
storage from a haymaking area in Central Yakutia (appendix |) and the abstract of a systematic

literature review article on herbivore diversity effects on tundra ecosystems (appendix II).
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Table 1-1 — Overview of the publications contained in this thesis.

Chapter 2 Large Herbivores on Permafrost — a Pilot Study of Grazing Impacts on
Permafrost Soil Carbon Storage in Northeastern Siberia
Windirsch, T., Grosse, G., Ulrich, M., Forbes, B. C., Gockede, M., Wolter, J.,
Macias-Fauria, M., Olofsson, J., Zimov, N., and Strauss, J. (2022), Frontiers in
Environmental Science 10, doi: 10.3389/fenvs.2022.893478

Chapter 3 Impacts of Reindeer on Soil Carbon Storage in the Seasonally Frozen Ground of
Northern Finland
Windirsch, T., Forbes, B. C., Grosse, G., Wolter, J., Stark, S., Treat, C. C., Ulrich,
M., Fuchs, M., Olofsson, J., Kumpula, T., Macias-Fauria, M., and Strauss, J.
(2023), Boreal Environment Research

Chapter 4 A Pilot Study of Lipid Biomarkers to Trace Recent Large Herbivore Influence on
Soil Carbon in Permafrost and Seasonally Frozen Arctic Ground
Windirsch, T., Mangelsdorf, K., Grosse, G., Wolter, J., Jongejans, L. L., and
Strauss, J. (under review), Arctic Science

Appendix | Organic Carbon Characteristics in Ice-rich Permafrost in Alas and Yedoma De-
posits, Central Yakutia, Siberia
Windirsch, T. Grosse. G. Ulrich, M., Schirrmeister, L., Fedorov, A. N.,
Konstantinov, P. Y., Fuchs, M., Jongejans, L. L., Wolter, J., Opel, T., and Strauss,
J. (2020), Biogeosciences 17, doi: 10.5194/bg-17-3797-2020

Appendix Il What are the effects of herbivore diversity on tundra ecosystems?
A systematic review
Barbero-Palacios, L., Barrio, I. C., Axmacher, J. C. et al., abstract, publication in
preparation for submission to Environmental Evidence

Appendix I Supplementary material to Large Herbivores on Permafrost — a Pilot Study of
Grazing Impacts on Permafrost Soil Carbon Storage in Northeastern
Siberia (chapter 2)

Appendix IV Supplementary material to Impacts of Reindeer on Soil Carbon Storage in the
Seasonally Frozen Ground of Northern Finland (chapter 3)

Appendix V Supplementary material to A Pilot Study of Lipid Biomarkers to Trace Recent
Large Herbivore Influence on Soil Carbon in Permafrost and Seasonally Frozen
Arctic Ground (chapter 4)

Appendix VI Supplementary material to Organic Carbon Characteristics in Ice-rich

Permafrost in Alas and Yedoma Deposits, Central Yakutia, Siberia
(appendix 1)
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21 Abstract

The risk of carbon emissions from permafrost is linked to an increase in ground temperature
and thus in particular to thermal insulation by vegetation, soil layers and snow cover. Ground
insulation can be influenced by the presence of large herbivores browsing for food in both
winter and summer. In this study, we examine the potential impact of large herbivore presence
on the soil carbon storage in a thermokarst landscape in northeastern Siberia. Our aim in this
pilot study is to conduct a first analysis on whether intensive large herbivore grazing may slow
or even reverse permafrost thaw by affecting thermal insulation through modifying ground
cover properties. As permafrost soil temperatures are important for organic matter decompo-
sition, we hypothesise that herbivory disturbances lead to differences in ground-stored carbon.
Therefore, we analysed five sites with a total of three different herbivore grazing intensities on
two landscape forms (drained thermokarst basin, Yedoma upland) in Pleistocene Park near
Chersky. We measured maximum thaw depth, total organic carbon content, 5'*C isotopes,
carbon-nitrogen ratios, and sediment grain size composition as well as ice and water content

for each site. We found the thaw depth to be shallower and carbon storage to be higher in
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intensively grazed areas compared to extensively and non-grazed sites in the same thermo-
karst basin. First data show that intensive grazing leads to a more stable thermal ground re-
gime and thus to increased carbon storage in the thermokarst deposits and active layer. How-
ever, the high carbon content found within the upper 20 cm on intensively grazed sites could
also indicate higher carbon input rather than reduced decomposition, which requires further
studies including investigations of the hydrology and general ground conditions existing prior
to grazing introduction. We explain our findings by intensive animal trampling in winter and
vegetation changes, which overcompensate summer ground warming. We conclude that graz-
ing intensity — along with soil substrate and hydrologic conditions — might have a measurable
influence on the carbon storage in permafrost soils. Hence the grazing effect should be further
investigated for its potential as an actively manageable instrument to reduce net carbon emis-

sion from permafrost.

2.2 Introduction

In the context of global climate warming, carbon emissions from Arctic permafrost regions have
been identified as a key source of greenhouse gases (GHGSs), further accelerating the perma-
frost carbon-climate feedback and increasing atmospheric warming (Schuur et al. 2015,
Turetsky et al. 2019, Bowen et al. 2020). An estimated 1300 gigatons (Gt) of carbon are stored
within the upper 3 m of ground in the permafrost region, of which approximately 1000 Gt are
perennially frozen (Hugelius et al. 2014, Mishra et al. 2021). These 1300 Gt account for ap-
proximately 35 % of global soil carbon, with 2050 to 2800 Gt globally present in the top 3 m of
non-permafrost regions (Schuur et al. 2015, Jackson et al. 2017, Strauss et al. 2021). With
further Arctic warming now and in the future, deposits of organic-rich material embedded in
permafrost are expected to become widely available for microbial decomposition and in-
creased GHG production with permafrost thaw (Schuur et al. 2008).

In general, there are processes leading to carbon accumulation in permafrost areas, such as
deposition of organic-rich sediments (via aeolian or fluvial transport, Chlachula (2003); Huh et
al. (1998)), increased in situ biomass accumulation (via increased plant growth, Schuur et al.
(2008)), cryoturbation (Kaiser et al. 2007), and animal influence via faeces. This last one is
linked to increased plant growth by providing easily available nutrients (Grellmann 2002);
moreover, the disturbance of the surface layer via trampling mixes fresh organic matter (OM)
into the ground, providing additional OM input that adds to the previously permafrost-preserved
OM.

Vegetation composition and snow conditions together play major roles in mediating Arctic sur-
face, near-surface, and sub-surface temperature regimes by influencing the land surface en-
ergy budget, and thus the belowground carbon cycle. Both vegetation and snow can be heavily

influenced by the presence of large herbivorous animals. Plant growth itself affects above and
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below ground carbon storage as plants take up carbon dioxide from the environment, tempo-
rarily fixing carbon in their biomass, while plant litter and roots become components of the
active layer of soils (the seasonal thaw layer on top of permafrost). Dense vegetation cover
may cause relative ground cooling by reducing summer energy exchange by creating wind
protection and a stable air layer between the ground’s surface and the canopy (Zhang et al.
2013, Mod and Luoto 2016, te Beest et al. 2016). In winter, shrub vegetation effectively traps
snow, leading to locally higher snow accumulation (Domine et al. 2016), hence insulation and
therefore maintains relatively warm ground temperatures throughout winter (Sannel 2020). In
contrast, graminoid vegetation facilitates ground cooling in winter, as it bends beneath accu-
mulating snow, reducing the volume of air trapped beneath the snow (Blok et al. 2010). In
summer, graminoid vegetation is also less insulating, leading to stronger ground warming un-
derneath the canopy. However, this summer effect is offset by the vast difference between
summer and winter seasonal length in the Arctic. In this way, graminoids contribute to a net
cooling effect (Macias-Fauria et al. 2020). However, due to warming climate and an associated
extension of the growing season, an increase in the establishment and growth of shrub vege-
tation has already been observed (Frost et al. 2013) and is projected to increase in the Arctic
tundra regions (Zhang et al. 2013).

Previous studies have reported on the effect of herbivore - mainly reindeer - presence on car-
bon storage in tundra biomes (Olofsson 2006, Falk et al. 2015, Olofsson and Post 2018,
Ylanne et al. 2018). Those investigations mainly focused on the above-ground biomass
changes and concluded that the effects of grazing-associated vegetation changes from shrubs
to graminoid vegetation enhance soil carbon sequestration and might help reduce soil carbon
emissions. In contrast to these findings, Monteath et al. (2021) challenge the idea of a rewilding
strategy — reintroducing and promoting (semi-) wild animals — against Arctic carbon emissions,
stating that cause and consequence in herbivore extinction and Arctic shrubification are un-
clear. While their macrofossil analysis suggests that extinction was a consequence of habitat
loss in a warming climate, leading to shrub expansion and vegetation shifts, a study using
ancient DNA analysis found the opposite (Murchie et al. 2021). Modeling studies have tried to
quantify the impact of large herbivores on permafrost soil carbon storage (Zimov et al. 2009,
Beer et al. 2020). These modeling exercises and predictions have, however, not yet been
tested in the field.

Some researchers have proposed to actively exploit these processes and properties in order
to preserve permafrost and limit permafrost carbon emissions as a consequence of a warming
climate. The establishment of sufficiently large numbers of herbivores as ecosystem engineers
could intensify grazing and trampling pressure in today’s tundra and forest-tundra landscapes

(Olofsson and Post 2018, Beer et al. 2020). During the late Pleistocene, the mammoth steppe
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was characterised by highly productive grasslands with high grazing pressure by large herbi-
vores. Olofsson et al. (2004) and Zimov (2005) suggested that grazing and trampling in the
Arctic reduces shrub abundance. This could help to shift shrubifying tundra ecosystems to-
wards grass and forb dominated ecosystems similar to the mammoth steppe in terms of
productivity and thermal insulation properties. Such a vegetation shift is also suggested to
cause an albedo increase and hence lower latent and sensible heat fluxes due to overall re-
duced energy input (te Beest et al. 2016). In winter, dense populations of large herbivores may
also affect the insulation effect of snow on the ground by trampling down or removing the dense
snow cover in their search for forage, leading to enhanced refreezing of the ground (Fig. 2-1)
(Beer et al. 2020).

winter (~ 7 months) summer (~ 3 months)
no extensive intensive no extensive intensive
grazing | grazing grazing grazing grazing grazing

active layer

permafrost

higher snow depth lower snow depﬂ;l lower vegetation higher vegetai'lon
(trampling) productivity productivity

Figure 2-1 — Graphical representation of the Pleistocene Park hypothesis (Zimov 2005); Left: during winter
time (~60% of the year), a greater number of large animals trample down and/or partly remove the snow cover,
facilitating the full refreezing of the active layer; as the active layer refreezes in winter in the graminoid-dominated
areas, thawing is reduced compared to non-grazed tundra and forest areas; Right: during summer time (~30%
of the year), a greater number of animals enhances a vegetation shift from shrubby towards graminoid-domi-
nated, increasing vegetation productivity but also ground warming by disturbing the heat insulation layer; since
the ground under intensive grazing impact is colder and is fully refrozen at the beginning of summer, overall thaw
depth is smaller in these areas by the end of summer.

The Pleistocene Park project, near Chersky in northeastern Siberia, aims to re-establish a
megaherbivore-driven system via rewilding of the forest-tundra with greater numbers of mod-
ern large and cold-adapted herbivores. These include, among others, musk oxen, Yakutian
horses, Kalmyk cattle, bison, and reindeer. With this study focusing on sites in Pleistocene
Park, we aim to identify the effects of dense and functionally diverse herbivory pressure on an
ice-rich Arctic permafrost landscape. Therefore, we compare belowground carbon and sedi-
ment characteristics at five sites in two landscape units with different grazing intensities. We
hypothesise that a high large herbivore density and hence intensive grazing and trampling
reduces decomposition of preserved OM by reducing ground temperatures. Our work consti-
tutes a pilot study that opens the path for further field-based multi-proxy and multi-disciplinary

approaches.
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2.3 Study area

Our study area, Pleistocene Park, is located in northeastern Siberia in the floodplains of the
Kolyma River, approximately 100 km inland from the Arctic Ocean (Fig. 2-2) (Fuchs et al.
(2021)). The landscape is characterised by thermokarst lakes, drained thermokarst basins with
different depths, and uplands of late-Pleistocene ice- and organic-rich permafrost deposits (i.e.
Yedoma; (Schirrmeister et al. 2011, Palmtag et al. 2015). Climate in this region is characterised
by large temperature amplitudes (average of -33 °C in January; average of 12 °C in July) with
a mean annual temperature of -11 °C (Gdockede et al. 2017). Annual precipitation is 197 mm;
March is the driest month (7 mm) and August receives the most precipitation (30 mm). The
main seasons for precipitation are summer and autumn (Gockede et al. 2017). The prevailing
deposit types are Yedoma and thermokarst deposits (Veremeeva et al. 2021) with the latter
covering approximately 58 % of the land area in regions with high Yedoma coverage, and up
to 96.4 % in regions with low Yedoma deposit occurrence. These deposits are interspersed
with marshes, river valleys, and deltas (Veremeeva et al. 2021). Vegetation within the thermo-
karst basins generally varies with the local wetness gradient and to some extent with grazing
intensity. Carex appendiculata tussocks dominate in shallow water around lake margins. In
frequently flooded areas, tall grasses (e.g. Calamagrostis langsdorfii) grow up to 70 cm high,
which is a little higher than in surrounding areas (Corradi et al. 2005). Seasonal flooding typi-
cally occurs after snow melt during the spring freshet, temporarily refilling the drained thermo-

karst basins and covering sampling site B3 (Fig. 2-2).
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Figure 2-2 — Location of the study area in northeastern Siberia marked with a yellow frame (A). In the Land-
sat-8 satellite image (band combination of shortwave infrared 1 - near infrared - red, 2019-07-04) of panel (B)
the red line marks the area of Pleistocene Park south of Chersky; the yellow frame indicates the location of the
field study sites shown in (C). Panel (C) shows a high resolution GeoEye satellite image (2018-07-21; ArcGIS
Online base map provided by the Environmental Systems Research Institute, ESRI) with Pleistocene Park fences
(blue) and sampling sites labelled as B, indicating drained basin sites, and U, indicating Yedoma upland sites;
numbers indicate the grazing intensity of each site, from 1 (no grazing) to 3 (intensive grazing).

Here, graminoids (mainly Poaceae) make up the main vegetation type and show signs of ani-
mal grazing (Fig. 2-3 B3). A driftwood belt was present towards the outer basin margins (be-
tween B3 and B2 in our study area). The sampling site B2 is located on the elevated reaches
of a basin and is characterised by extensively grazed lower-growing graminoid-dominated (Po-
aceae) vegetation with occasional forbs (Fig. 2-3 B2). Towards the edge of the basin, drier
ground is covered with dense trees and shrubs (Larix spp., Salix spp.) up to 2.5 m height,
which grow into forests in some places (Fig. 2-2, west of B3 and B2). Sampling site B1 is
located on the edge between the basin and the upland and represents a non-grazed surface.
It is characterised by grasses (e.g. Beckmannia syzigachne, Hordeum jubatum), forbs (e.g.
Saxifraga spp.), Equisetum spp., and low-growing shrubs (e.g. Salix spp.) (Fig. 2-3 B1). This
site was covered in Larix forest until deforestation in 2015. A mix of dwarf and taller shrubs
(e.g. Salix spp.), forbs, and grasses is found on the Yedoma uplands, where sites U3 and U1
are located (Fig. 2-3 U3). Shrubs reach a height of up to 2.5 m. The lower vegetation features

diverse forbs, grasses, and Equisetum spp. reaching 10 to 20 cm in height.
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The Pleistocene Park project was
started in 1996 as a large-scale and
long-term ecosystem change experi-
ment (Zimov 2020). For this experi-
ment, a large number of Yakutian
horses, Kalmykian cattle, reindeer, bi-
son, and musk oxen as well as moose,
sheep, yaks, and European bison — all
large and cold-adapted herbivores —
were gradually introduced into a 40-ha
fenced area, which stretches across
tundra and forest-tundra vegetation
over a landscape characterised by
Yedoma uplands and partially drained
thermokarst basins. Today, this 40-ha
area is the heartland of a 160 km?
fenced park that constitutes a unique
experimental site for examining re-
wilding impacts on Arctic ecosystems
(Macias-Fauria et al. 2020). The pres-
ence of these animals - and some
man-made interventions such as re-
moval of trees to build fences on the
periphery of the park - has already
transformed most of the previous tun-
dra vegetation into grassland, while

forest areas are developing towards

B3

B2

B1

U3

Figure 2-3 — Vegetation photos of the study sites sampled in
July 2019; each site comprises a 1 by 1 m plot photo (left), a
vegetation detail photo (top right) and a landscape photo (bot-
tom right).

more open vegetation. However, responses in soil property changes from surface effects, es-

pecially below the active layer, are slow , so these deep deposits are most likely not yet influ-

enced by animal activity after a 23-year time period. Long-term studies on GHG emissions

have been conducted in nearby areas of Pleistocene Park. For instance, Gockede et al. (2017),

(2019) investigated the carbon and energy budgets of tundra wetlands and regime shifts re-

lated to drainage disturbance on a nearby floodplain of the Kolyma River. They found that an

undisturbed wetland, similar to the non-grazed wetlands in the Pleistocene Park area, acted

as a moderate annual sink for CO., and as a moderate source for CH4. Both carbon and energy

cycles were shown to be highly sensitive to shifts in hydrology. Our sites and therefore results

are very similar to their study sites as vegetation, sediment, and climate are the same, based
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on the close distance of the locations. A recent study by Fischer et al. (2022) found similar

results as close as 10 m from our B3 site.
24 Methods

2.41 Field sampling approach

The sampling sites were chosen based on their grazing intensity, which was identified by long-
term monitoring of animal preferences for grazing sites and additional observations over sev-
eral days at the start of the field campaign in July 2019. We applied a space-for-time approach
to compare apparently similar sites selected within the same landscape units that ideally only
differed by grazing intensity, instead of long-term monitoring of non-grazed sites along with
gradual herbivore introduction. For this pilot study with limited field time, we decided to priori-
tise the number of herbivore treatments and landscape positions investigated over the number
of replicates within a given treatment and site in order to allow a preliminary analysis of a larger
range of site conditions. We implemented a nomenclature scheme for our study sites that pro-
vides information on the landscape type (B for thermokarst basin or U for Yedoma upland) and
the grazing intensity (3: intensive grazing; 2: occasional grazing; 1: no grazing). Five sites were
selected to cover these different site characteristics. We sampled one soil core per site during
our field campaign (Fig. 2-2): B3 was an intensively grazed site in a wet area of a thermokarst
basin; B2 was an extensively grazed site within the thermokarst basin, close to the fence of
Pleistocene Park; B1 was a non-grazed site within the thermokarst basin, just outside the
park's fence; U3 was an intensively grazed site on a Yedoma upland; and U1 was a non-
grazed site on a Yedoma upland. “Intensive grazing” and “occasional grazing” are relative
terms in this context, with “intensive” referring to a daily presence of feeding animals over
several hours throughout each day and “occasional” describing an occasional animal presence

with feeding occurring along animal tracks. Location details are provided in table 2-1.

17



Chapter 2: Large Herbivores on Permafrost — a Pilot Study of Grazing Impacts on Permafrost Soil Carbon Stor-
age in Northeastern Siberia

Table 2-1 — Sampling site locations and characteristics.

site  latitude longitude grazing main flooding active total main sediment
(°N) (°E) intensity vegetation regime layer depth  core material
type (July 2019) length
[cm bs] [em]

B1 68.512167  161.496278 no grazing graminoids, occa- 80 127  silt, peat layer
forbs and sional (85-115cm
shrubs bs)

B2 68.511111 161.508528 occasional graminoids occa- 51 108 clayish silt
and forbs sional

B3 68.512694  161.508750 intensive graminoids seasonal 38 110 clayish silt

U1 68.504469  161.488390 no grazing NA none NA 72 silt

u3 68.512778  161.514611 intensive graminoid-rich  none 53 114  clayish silt
tundra and
shrubs

In this setup, the area outside the fence was defined as an exclosure with no access for the
park’s animals. We chose our sampling sites so that the three B sites were located in the same
drained thermokarst basin, and the two U sites were located on the same Yedoma upland
complex. The goal was to choose sites with similar properties so the animal influence was the
main variable and differences between all other characteristics were minimised. Unfortunately,
site B1 was experimentally deforested in 2015, prior to our study, which resulted in an una-
voidable environmental difference that may have impacted soil composition at this site. The
main impact is most likely soil compaction of the active layer due to the use of heavy machines.
Also, flooding regime (seasonal or occasional) is different between our sites and might have
some effect on the soils. Since animal trampling as well as defecation and browsing always
occur where animals graze, in the following we will use the term “grazing” to indicate all animal
activity including trampling, defecation, and foraging. Each site is exposed to the same grazing
pressure year-round, as there are no separate summer and winter ranges, enabling us to study
the net effect of the animals’ winter and summer impacts.

Firstly, we prepared a visual description of the surroundings at each sampling site, including
the main vegetation type. We identified and sampled the most abundant vegetation species
and estimated their coverage based on one by one m plots (Fig. 2-3).

Secondly, we removed the active layer using a spade, until we hit permafrost. We measured
the thaw depth and sampled the soil profile by using fixed-volume steel cylinders with a volume
of 250 cm3. Due to very wet ground conditions, we were not able to collect cylinder samples at

the intensively grazed site B3, where the ground was saturated from the surface to the frozen
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ground (38 cm). Instead, we cut blocks 8 to 10 cm high (see also Windirsch et al. (2021b) for
exact sample dimensions) out of the soil profile using a knife. The organic top layer was sam-
pled separately at all sites.

Thirdly, we used a Snow Ice and Permafrost Research Establishment (SIPRE) permafrost au-
ger with an inner diameter of 7.6 cm in order to sample both the still-frozen parts of the active
layer and the underlying permafrost. We reached maximum sampling depths of 110 cm below
surface (bs) at B3, 108 cm bs at B2, 127 cm bs at B1, and 114 cm bs at U3 (Fig. S2-2 and
S2-3). After drilling, soil samples and cores were individually wrapped in sterile plastic bags.
All samples were brought in a frozen state to our laboratories for further analysis.

Due to high and dense shrub vegetation and therefore inaccessibility, we were not able to
sample the U1 location during our summer field campaign. The Yedoma upland site outside
the fence of Pleistocene Park was therefore sampled in the following winter with the SIPRE

auger to a depth of 72 cm bs and was completely frozen at the time of extraction.

2.4.2 Laboratory work

In the laboratory the frozen cores were cut into approximately 5 cm samples according to stra-
tigraphy using a band saw. Afterwards, all samples were freeze-dried (Zirbus Sublimator 15)
and weighed pre- and post-drying for ice and water content determination (Mettler Toledo
KERN FCB 8KO0.1, accuracy + 0.1 g). The dry samples were split into subsamples for biogeo-
chemical and sedimentological analysis. In the following, the mean sample depth will be used
to describe the position of each sample within the soil column.

The subsamples for biogeochemical analysis were homogenised using a planetary mill (Fritsch
Pulverisette 5) and weighed into tin capsules and steel crucibles for measurement. We deter-
mined total carbon (TC), total nitrogen (TN), and total organic carbon (TOC) by combustion
analysis using a vario EL Ill and a soliTOC cube (both Elemantar Analysensysteme). After-
wards, the carbon-nitrogen ratio (TOC/TN) was calculated from TOC and TN, giving infor-
mation about the state of degradation and the source of the OM. TOC/TN ratios could not be
calculated for samples with TN or TOC below the detection limit of 0.1 wt%.

OM for radiocarbon dating was taken from the dried original samples. For dating, the Mini
Carbon Dating System (MICADAS) at the Alfred Wegener Institute Bremerhaven was used.
We calculated the results in calibrated years before present (cal yr BP) using the calibration
software Calib 8.2 and applying the IntCal20 calibration curve (Reimer et al. 2020, Stuiver et
al. 2021).

We analysed the ratio of stable carbon isotopes and used it as a proxy for the degree of de-
composition of the OM following Diochon and Kellman (2008). Soil 5'3C values differ between
material sources and can distinguish between vegetation communities (Malone et al. 2018).
Samples for 8'3C analysis were homogenised using a planetary mill, and subsequently treated

with hydrochloric acid at 50 °C to remove carbonates. Measurements were done using a Delta
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V Advantage Isotope Ratio mass spectrometer (MS) supplement equipped with a Flash 2000
Organic Elemental Analyser. Results are given in % compared to the Vienna Pee Dee Belem-
nite (VPDB) standard (Coplen et al. 2006).

Finally, we determined grain size distribution within samples to check sediment substrate sim-
ilarity. Therefore, OM was removed from the samples using hydrogen peroxide. Grain size

distributions were subsequently measured using a MasterSizer 3000 (Malvern Panalytical).

2.4.3 Data analysis and external data

We determined the annual average number of freezing days (daily mean air temperature below
0 °C) over a period of nine years. For this we used data from 2009 to 2017 measured at the
Chersky meteorological station (station RSM00025123). Data were obtained from the National
Oceanic and Atmospheric Administration’s National Climatic Data Center (NOAA NCDC) da-
tabase.

In order to check for differences between intensively grazed and non-grazed sites, we com-
bined our TOC data for intensive (B3 and U3) and non-grazed (B1 and U1) sites. We did this
for the minimum active layer depth (38 cm at B3) to ensure similar conditions for all sites used.
This left us with n = 11 samples for intensively grazed, n = 5 samples for occasionally grazed,
and n = 10 samples for non-grazed sites. Since grazing intensities were artificially altered dur-
ing the last few decades, we expect the most pronounced differences in the seasonally thawed
layer, which corresponds to more recent periods. We visualised the distribution of TOC con-
tents in the active layer in boxplots for intensive, occasional, and non-grazed sites of our study
to explore possible differences in TOC content in relation to grazing intensity.

To identify correlations between TOC content, water or ice content, and sediment type (via
mean grain size), we used principal component analysis (PCA). Data were initially normalised
to values between 0 and 1. The PCA was conducted in the R environment using the “stats”

package (R Core Team 2021).
25 Results

2.5.1 Vegetation assessment

At site B3 we found Calamagrostis langsdorfii as the only species in our one by one m plot
with a coverage of more than 95 %. No other species was found underneath. C. langsdorfii
reached a height of approximately 30 cm. At B2 Poaceae were dominant but could not be
identified on a species level due to a lack of blossoms as well as herbivory damages (Fig. 2-3).
Therefore, height could also not be recorded accurately. Poaceae covered approximately 70 %
of our plot with small amounts of Salix ssp. in between (less than 10 % coverage). Close to

our plot, Salix ssp. and Larix ssp. shrubs were present with a height of up to 2.5 m. Contrary
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to the grazed sites, the predominant species at B1 was Beckmannia syzigachne with an ap-
proximate coverage of 65 % and an approximate height of 25 cm (Fig. 2-3). Underneath, low
extents of Saxifraga ssp., Equisetum ssp. and low-growing Salix ssp. were found. After defor-
estation in 2015, no Larix ssp. were present. U3 featured a much lower-growing vegetation (up
to 15 cm height), holding approximately 50 % of unidentified graminoids which could not be
identified due to herbivory damages (Fig. 2-3). In between we found Rubus ssp. (15 to 20 %),
Saxifraga ssp. (less than 5 %), Salix ssp. (less than 5 %), and some individuals of Vaccinium
ssp. and Arnica ssp., which all lacked flowers and could therefore not be identified on species
level. Towards the less intensively grazed upland areas, Salix ssp. shrubs up to 2.5 m in height

grew with increasing density.

2.5.2 Seasonal thaw depth

We found that the seasonal thaw depth (July 2019) decreased with grazing intensity, giving a
thaw depth of 38 cm below surface (bs) in B3, 59 cm bs in B2, and 85 cm bs in B1 with a semi-
frozen zone between 80 and 85 cm bs. In U3, we measured a thaw depth of 53 cm bs. Since

U1 was sampled in winter, we were not able to measure thaw depth at this site.

2.5.3 Carbon parameters (TOC, TOC/TN ratios, and &'3C ratios)

At B3, TOC generally decreased from top to bottom with the highest value of 25.66 wt% at
20.25 cm bs and the lowest value of 1.18 wt% at 92.5 cm bs (Fig. 2-4). In contrast to this, TOC
values for B2 peaked around the frozen-unfrozen interface with values between 4.89 wt%
(21.25 cm bs) and 30.10 wt% (64 cm bs); the frozen part contained generally more TOC. The
highest TOC values among all sites were found in a peat layer at B1 in the frozen core part,
with a peak value of 52.80 wt% (92.5 cm bs). The unfrozen core part contained much less OC
with values between 0.79 wt% (35.25 cm bs) and 9.65 wt% (3.75 cm bs).

At the U3 upland site, TOC was higher in the unfrozen core part with values between 3.52 wt%
(11.25 cm bs) and 10.73 wt% (49 cm bs). In the frozen core part below, TOC values were
rather homogeneous, varying between 1.01 wt% (103.5 cm bs) and 2.65 wt% (58.5 cm bs). In
contrast to the previous sites, TOC at U1 was homogeneous throughout the core at values
between 1.24 wt% (33 cm bs) and 2.54 wt% (27 cm bs) with a slight increase at the bottom to
4.50 wt% (71 cm bs).
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Figure 2-4 — Total organic carbon (TOC) values of all study sites; dashed lines mark the seasonal thaw
depth measured in July 2019; gray areas are assumed to be permafrost based on cryostratigraphic characteris-
tics; please note the different scales on the x-axes.

While TOC/TN ratios for B3 (range 12.68 to 25.96) and B2 (range 14.83 to 18.48) were similar
(Fig. 2-5), values for B1 were higher, in the range of 16.94 to 24.90. In the upland sites, there
was a strong contrast between U3 (11.40 to 29.19, mean of 17.75) and U1 (28.63 and 29.27)
in TOC/TN ratios.

5"3C values were also similar between the basin sites (B3: -30.63 %o vs. VPDB (uppermost
sample) to -26.43 %o; B2: -29.60 %o t0 -28.13 %o; B1: -30.17 %o to -27.89 %o) (Fig. 2-5). Upland
sites showed higher &3C values in the range of -28.06 %o to -23.49 %.. For full 8'*C values,
please see figure S2-4 or the published data set (Windirsch et al. 2021b).

Radiocarbon dates were measured from samples at greater depth than the expected grazing

influence. These data are provided in the supplementary table S2-1.
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2.5.4 Grain size distribution and water content

The soil cores were silty overall and had relatively homogeneous grain size distribution
(Fig. 2-6) across sites (Fig. S2-2 and S2-3). In B3, clay content decreased slowly with depth
from 16.69 vol% at 76 cm bs to 7.50 vol% at 106 cm bs, while at the same time sand content
increased from 3.46 vol% to 10.68 vol%. Clay content varied throughout B2 with a minimum
] — of 14.16 vol% at 28.75 cm bs and
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Figure 2-5 — Total organic carbon to total nitrogen (TOC/TN) ra-

tios plotted against the stable carbon isotope (5'3C) ratios of all sam- Was 10.84 vol%. Sand content
pling sites. varied between 5.37 vol%
(35.25 cm bs) and 11.31 vol% (43.75 cm bs) with two low values, 2.54 vol% at 52.75 cm bs
and 2.22 vol% at 124 cm bs.

U3 showed similar characteristics as B3 with clay content decreasing with depth (highest value
19.76 vol% at 49 cm bs, lowest value 6.34 vol% at 112 cm bs), while simultaneously the sand
content increased to a peak value of 11.52 vol% at 103.5 cm bs (Fig. 2-6). Grain size compo-
sition for U1 showed no peaks, with clay contents between 8.03 vol% (71 cm bs) and
12.60 vol% (33 cm bs) and sand contents between 8.20 vol% (44.5 cm bs) and 14.01 vol%
(71 cm bs).

The absolute water and/or ice content showed generally drier conditions in the frozen core of
B3, with values fluctuating between 27.67 wt% (34.75 cm bs) and 78.59 wt% (1.25 cm bs).
Similar characteristics were present in B2 (34.26 wt% at 28.75 cm bs to 71.10 wt% at 82.5 cm
bs). In contrast, B1 showed large differences between the unfrozen upper part (17.19 wt% at
35.25 cm bs, 39.36 wt% at 3.75 cm bs) and the frozen lower part (39.59 wt% at 124 cm bs,
85.74 wt% at 112.5 cm bs).

U3 showed similar water content values at the top (32.00 wt% at 11.25 cm bs) and bottom
(31.93 wt% at 112 cm bs) with higher values around the freezing interface (55.01 wt% at 49 cm

bs) and lower values above and below that (22.11 wt% at 3.75 cm bs and 15.59 wt% at 87.5
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cm bs). Water content in U1 was more stable, ranging between 25.63 wt% (39.5 cm bs) and
43.88 wt% (71 cm bs) with a similar value at the top (43.24 wt% at 2.5 cm bs).
The stable isotope characteristics of the pore water are shown in supplement figure S5.
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Figure 2-6 — Grain size distribution for all sampling sites plotted against depth; absolute water and/or ice
content added in blue; dashed lines mark the seasonal thaw depth measured in July 2019.

2.5.5 Statistics and correlation analysis

The PCA revealed a positive correlation between water/ice content and TOC content (Fig. 2-7).

While B3, B2, U3, and U1 tended to form clusters, B1 values were spread across parameters.

For full PCA scores, see table S2-2 as well as figure S2-1.
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Figure 2-7 — Results of the principal component analysis (PCA) for variables total organic carbon (TOC),

water/ice content, and mean grain size.

In figure 2-8 we visualised the range of the TOC values in the minimum active layer (depth

38 cm), grouped by grazing intensity (Fig. 2-8). TOC is clearly higher under intensive grazing

compared to non-grazed sites, with no overlap except for outliers.

Due to potential dependency of TOC values within the unfrozen part of a core, and due to the

small sample sizes, we did not test for

statistical significance.

2.6 Discussion

2.6.1 Effects of grazing on vegeta-
tion structure and permafrost thaw

For our studied cores we found that in-
tensively grazed sites (B3, U3) were
covered by generally shorter and
sparser vegetation (Fig. 2-3 B3: grass-
land; Fig. 2-3 U3: shrubby grassland
tundra), with taller grazing-resistant in-
dividuals in between, compared to oc-
casionally or non-grazed sites (Fig. 2-3
and B1:

grasses, herbs and low shrubs). This

B2: grasses and herbs,

could likely be a result of the reduction
in shrub expansion through large herbi-
vore action (Suominen and Olofsson
2000), while the differences in the
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Figure 2-8 — Boxplots for total organic carbon (TOC) data
of all samples from the uppermost 38 cm of all intensive, oc-
casional, and non-grazed sampling sites; sites B3 and U3 are
combined into the “intensive” boxplot, B2 is shown in the “oc-
casional” boxplot, and B1 and U1 are combined into the “non-
grazed” boxplot; the median is shown by the horizontal line
within each box; box margins show the upper and lower quar-
tile; whiskers mark minimum and maximum values; outliers
(indicated by dots) are more than 1.5 box lengths away from
box margins; colours indicate which sites are represented in
which box.
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flooding regime between the sites promoting different vegetation types might also have an
impact on this. The grazed sites located in the thermokarst basin (B3 and B2) were still flooded
seasonally. The upland sites were generally better drained than the sites within the basin. We
aimed to select representative sampling locations, based on overall vegetation and observed
animal routes. However, we had limited information on representativeness in terms of soil type
and wetness across this landscape. Still, we ensured that our study sites are comparable in
terms of soil properties by measuring grain size composition of the soil material (Fig. 2-6). This
revealed similar characteristics across sites with slight variations in clay and sand content, and
silt contents ranging between 68 and 87 vol%, which shows that our sites are comparable in
terms of physical soil properties.

Our results showed that the changes in vegetation height and structure correlated with large
herbivore activity. This is in agreement with former studies in similar Arctic settings (Sundqvist
et al. 2019, Skarin et al. 2020, Verma et al. 2020). However, the effects of seasonal flooding
on vegetation composition and structure (sites B3 and B2) cannot be neglected. These differ-
ences in flooding regime marked a disparity between our sampling sites, since flooding at the
basin sites B3 and B2 occurred seasonally or infrequently, while there are no records of any
flooding for the other sites.

In our study area, shrubs were established on the upland before the introduction of large num-
bers of animals, and are now retreating, probably due to grazing pressure. While there are now
higher shrubs at U3, there is a gradient in density of Salix ssp. shrubs towards less intensively
grazed areas from individual shrubs to dense, forest-like coverage. At the edges of the drained
thermokarst basin, shrubification took place on spots that could only be grazed occasionally
(Olofsson et al. 2009) after the water level had retreated; the water retreated as the lake
drained, allowing for incremental vegetation establishment. This leaves us with high soil wet-
ness as another explanation for the absence of shrub vegetation (Martin et al. 2017). The
clearing of the larch forest at the non-grazed site B1 four years prior to our study is also a
plausible explanation for the limited shrub extent there.

The restricted grazing space within the fenced Pleistocene Park area led to a higher revisitation
rate of animals to sites within the fence. This artificially increased grazing pressure led to the
different vegetation structures observed inside and outside of the fence. Such shorter grami-
noid vegetation types are linked to grazing intensity (Forbes 2006). Monteath et al. (2021)
found that the extinction of the Pleistocene megafauna was not responsible for causing an
increase in shrubification, but rather that shrubification as a consequence of climate change
during the early Holocene could have led to the extinction of megafauna as a result of habitat
loss. However, modern rewilding approaches are planned and realised with recent herbivores
capable of living in today’s climate, though species composition might have to be adjusted

continuously with warming conditions. Also, the cause and consequence in this setup are still
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unclear, with opposite findings across studies, depending on the methods applied (Murchie et
al. 2021). Numerous studies have found that contemporary herbivores were indeed capable
of reducing shrub extent in Arctic environments on a local scale (Olofsson et al. 2009, Kdster
et al. 2015, Ylanne et al. 2018, Verma et al. 2020, Mekonnen et al. 2021). We found shallow
thaw depths at intensively grazed sites and a much thicker active layer at the non-grazed B1
site. Generally, the increase in active layer thickness is associated with warming of the ground,
influenced by summer temperatures, flooding, insulation from snow, and vegetation density
and composition (Walker et al. 2003, Skarin et al. 2020, Magnusson et al. 2022). Therefore,
as was stated by Zimov et al. (2012), the direct influence on these insulating factors could
affect the active layer dynamics due to a stronger cooling of the ground in winter (Fig. 2-1).
However, to determine any clear trends, repeated annual measurements of the thaw depth are
needed.

Data from our basin sites showed that the more intensively grazed area featured smaller sea-
sonal thaw depths in July 2019, compared to the occasionally or non-grazed sites (Fig. 2-4
and 2-9a). Keeping in mind the seasonal flooding at B3 and B2, one would expect greater thaw
depths at these sites, since higher soil moisture promotes heat flow, and the relatively warm
flood water adds heat to the soil as well (Magnusson et al. 2022). Examining the assumed
permafrost table depth based on cryostratigraphic characteristics in the cores, we observed a
contrary effect with an active layer depth of 61 cm bs under intensive grazing at B3, 74 cm bs
under occasional grazing at B2, and 115 cm bs for the non-grazed B1 site. This supports our
original hypothesis of grazing impacts being the main driver behind thaw depth differences,
likely via vegetation changes.

At B3, the graminoid vegetation lay flat beneath the snow cover, offering little or no insulation.
The snow itself was compacted by animal trampling, which further reduced the insulation prop-
erties of the snow cover. On the other hand, the forb undergrowth of the grassland at B2 pro-
vided slightly more resistance against the weight of the snow cover. Combined with less inten-
sive trampling and, thus, a less compacted snow cover, the B2 sampling site was characterised
by better winter insulation properties compared to B3. The Salix shrubs at B1 promoted local-
ised snow trapping and a loose snowpack, both of which have been shown to provide effective
insulation against cold winter air temperatures (Myers-Smith et al. 2011). Trampling was also
missing in this non-grazed area. In addition to those surface conditions, the composition of the
sediment itself could have contributed to a deeper active layer at site B1. From the grain size
distribution data (Fig. 2-6) we saw that material among all studied sites was quite homogene-
ous (table 2-1). Exceptions were the sampling sites B1 and U1, which had a lower proportion
of clay and were therefore generally dominated by coarser-grained material. High ice contents
in the frozen part of the B1 core support the idea of an insulating effect of the peat layer that

prevented the ground from thawing any deeper, but also helped to maintain the thick active
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layer found here. This assumption implies that the peat layer worked as a heat flux barrier for
the permafrost below, stopping summer thaw from the top, but also preventing bottom-up re-
freezing in winter. This could lead to present or future talik formation above the peat layer.
We were not able to compare thaw depths for the upland sites: the cryostratigraphically deter-
mined permafrost table depth of approximately 50 cm bs at U3 was, however, smaller than the
active layer depths measured by Abramov et al. (2019) and Shmelev et al. (2021) for the close-
by Mt. Rodinka site, located on a Yedoma upland with a mean active layer depth of 80 cm.
Also evident in this study (Abramov et al. 2019) were smaller thaw depths, around 40 cm, for
thermokarst basin sites featuring shorter vegetation in the Kolyma region , which is similar to
our B3 site.

In our study, the reduced active layer thickness observed at the intensively grazed sites could
also have originated from active layer compression by animal trampling, which would mean
that even with shallower thaw depth the same amount of soil thawed. However, this last point
cannot be tested with our data, since we were not able to measure bulk densities due to wet
ground conditions and root structures. While such ground compaction is very common in peat-
lands (Batey 2009), the sandy silt soils that we found are only moderately compressible
(Akayuli et al. 2013, Halcomb and Sjostedt 2019), especially as they were frozen throughout a
major time of the year, making soil compaction a weak argument for the shallow active layer
at intensively grazed sites. The regular flooding of the intensively grazed basin site, which
usually leads to an increase in thaw depth (Magnusson et al. 2022), combined with the in fact
shallower active layer found in our study when comparing to the non-grazed B1 site, suggests
that the cooling effects induced by animal activity could be much larger than previously ex-

pected.

2.6.2 Carbon accumulation under grazing impact

We identified several variables that may be responsible for explaining differences in TOC be-
tween sites, including herbivory. Besides shorter graminoid vegetation types, other effects
were also aligned with cooler temperature and/or less carbon degradation, such as soil mois-
ture, as visualised by our PCA (Fig. 2-7). This coexisting influence of grazing and soil moisture
should be tested in other locations. However, the contrast in TOC/TN ratios and &'*C ratios
(Fig. 2-5) of the studied deposits between intensive and non-grazed locations suggested that
animal presence is affecting OM decomposition (if we assume a comparable OM source). But
based on the differences in vegetation cover, we found that this contrast might also originate
from different OM input as well as from different nitrogen input via the presence or absence of
animal droppings. Since grazing alters the vegetation cover — assuming that in the absence of

large herbivores the vegetation would be more homogeneous throughout the study area — the
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observed strong differences in TOC/TN and &'*C ratios have likely resulted from the differ-
ences in animal impact on the landscape. Grazing is, therefore, a reasonable explanation for
the strong differences between sites, including TOC content.

Mean TOC was six times higher in the top 38 cm of B3 (minimum active layer depth) compared
to B1, with intermediate values in B2 (Fig. 2-4 and 2-8). For the upland sites, mean TOC was
twice as high under intensive grazing in those core sections lying within minimum active layer
depth (38 cm, B3) compared to non-grazed cores. The effect was not visible in lower core
parts, perhaps because of the relatively short time span of 23 years since intensified animal
introduction into the area (Fig. 2-4). Instead, the TOC pattern in the frozen core parts was
opposite to the higher TOC found in the active layer under intensive grazing influence. This
suggests different pre-existing site conditions prior to herbivore introduction. The contrasting
TOC pattern in the active layer suggests that animal grazing can help increase carbon storage
in a relatively short time span (Fig. 2-9B) but grazing needs more time to affect deeper perma-
frost carbon storage apart from thermal stability, hence reduced thaw depth. Therefore, the
TOC differences between sites were not significant when comparing the entire depth of the
sampled cores. We explain this as a result of /) the TOC-rich peat layer found in B1 that shifts
the TOC median value for non-grazed sites upwards, combined with ii) low TOC values in the
frozen part of the intensively grazed sites which offset the high active layer TOC. Since the
peat layer was found at 85 cm bs and dated to 4327 cal yr BP, we expect no connection to
herbivory influence in a 23-year timespan, which is why we tested for significance in the active
layer.

The significant differences in upper soil TOC between sites of intensive large herbivore pres-
ence (B3 and U3) and non-grazed sites (B1 and U1) agreed with the expected effects of graz-
ing (Fig. 2-9B).
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Figure 2-9 — Visualization of (A) thaw depth and (B) mean total organic carbon (TOC) of the uppermost 38
cm for all sampling sites, plotted versus grazing intensities 1 (no grazing) to 3 (intensive grazing); as site U1 was
only sampled in winter, we do not have a summer thaw depth measurement for this site.

All organic carbon found in the upland areas showed higher 8'3C values (Fig. 2-5), which we
interpreted as a result of colder, drier, and more compact ground conditions in the Yedoma
deposits and therefore less OM decomposition, as well as differences in plant species, result-
ing in different 8'*C signals compared to the seasonally flooded and less compact ground of
the drained thermokarst basin. Higher TOC/TN ratios in non-grazed sites indicated a different
source material, originating from shrubby tundra, in comparison to grassland vegetation in oc-
casionally and intensively grazed sites. However, these vegetation differences might originate
from animal grazing impacts.

Above-ground carbon storage is also an important aspect of ecosystem carbon storage. Alt-
hough we were unable to address above-ground carbon storage in this study, grazing activities
of large herbivores have likely had an impact on above-ground biomass storage in vegetation
by providing nitrogen fertilization via droppings. Mekonnen et al. (2021) stated that under in-
tensified shrubification, shrubs take up large amounts of nutrients from the soil into the vege-
tation biomass. It is possible that CO, emissions from the soil might also be partially captured
by this boosted plant growth and incorporated into plant biomass. However, nutrient availability
is much more important for plant growth and hence carbon accumulation. Such nutrients be-
come available when OM is decomposed, but the increased carbon accumulation by plant
growth can to some extent offset the carbon losses associated with permafrost-stored OM
decomposition (Keuper et al. 2012, Turetsky et al. 2020b). While shrub growth increases
above-ground biomass, it generally leads to net ecosystem carbon losses via heterotrophic

respiration (Phillips and Wurzburger 2019). The formation of grasslands, on the other hand,
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increases above-ground carbon cycling as well, showing high productivity (Gao et al. 2016).
While showing the highest respiration rates, soil carbon accumulation in wet Arctic grasslands
is greatest when compared to other Arctic vegetation types (Bradley-Cook and Virginia 2018).
This might be linked to the relative ease of grassland litter transfer into the soil, e.g. via animal
trampling, as well as deeper root penetration of graminoids, compared to shrubby and sturdier
vegetation (Wang et al. 2016). Based on this, we expect an increase in above-ground short-
term carbon fixation in the more productive graminoid vegetation at intensively-grazed sites
compared to non-grazed tundra sites, but cannot make any quantitative statements on this for
our sites due to a lack of data regarding this matter. We summarise two points from our carbon
data:

(1) In the upper part of the soil cores, TOC contents were higher in more intensively grazed
sites, with a decrease with less grazing for both thermokarst-affected and Yedoma sites
(Fig. 2-9B). As the soil and sediment characteristics of the non-grazed U1 Yedoma site
matched findings from other Yedoma studies (Strauss et al. 2012, Jongejans et al. 2018,
Windirsch et al. 2020c), we consider this as the pre-grazing Holocene state (i.e., not heavily
grazed state). This suggests that intensive grazing for 23 years has already increased TOC
amounts stored in the active layer by a factor of two (Fig. 2-4). At thermokarst sites, hydrology
has an impact on TOC storage as well, which is seen in the strong correlation between TOC
content and water content in the PCA (Fig. 2-7). However, a direct comparison to a pre-grazing
state for our sites isnot possible.

(2) Intensively grazed areas displayed a shallower thaw depth (Fig. 2-9A). This was in line with
the hypothesis that connected ground cooling effects with snow removal or snow compaction.
These changes in snow properties can result from vegetation shifts towards graminoid com-
munities, which trap less snow, as well as snow compaction by animal trampling. Also, here
an active layer depth reduction could have happened in a rather short period of time. While
TOC was significantly higher in the active layer in intensively grazed sites, the shallower thaw
depths associated with these intensively grazed sites might contribute to stabilizing the under-
lying permafrost, hence preventing fossil permafrost-stored OM from degradation. However,
our study cannot rule out influencing factors other than grazing adding to the trends illustrated
in figure 2-9.

Even if we cannot quantify the landscape and its carbon storage with no artificially introduced
herbivores, we can make some assumptions based on other studies’ findings. These assump-
tions are hypothetical for our study area, but based on previously published studies. In a par-
tially drained thermokarst basin within a Yedoma landscape, relatively warm soil conditions
and hence a deep active layer would most likely be found in the drained basin (Windirsch et
al. 2020c). Normally, the active layer would first become shallower after lake drainage, with

less water content leading to reduced heat flux into the soil and making room for cold winter
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air, and stabilise once tundra vegetation, shrubs, or even small trees re-establish, working as
ground insulators in summer (Blok et al. 2010) in the absence of grazing. Over time, peat
formation is likely to take place if wetness is still high, increasing carbon concentration and
insulation effects on the underlying ground (Jones et al. 2012). In regularly flooded thermokarst
basin areas, a graminoid vegetation holding vast extents of Eriophorum spp. will likely develop,
while dry basin areas will normally feature Salix spp. shrubs (Regmi et al. 2012). On the sur-
rounding uplands we expect a generally homogeneous appearance of soil carbon and vege-
tation, where differences are controlled by local parameters. These controls include differences
in cryostratigraphy, substrate, and water availability, among others. On uplands we expect to
find tundra vegetation, most likely with increasing shrubification throughout the last decades.
Moreover we expect forested areas on those uplands with differing thaw depth between veg-
etation types and a thick but stable active layer beneath forests (Stuenzi et al. 2021). A deep-
ening active layer is likely to occur underneath tundra as a result of global climate warming,
which also increases shrubification (Wilcox et al. 2019) and therefore snow trapping. While
shrubification may shield the ground from further summer thawing, the contrasting seasonal
lengths of summer and winter may come into effect, reducing summer thaw but preventing
winter refreezing at the same time. These literature-based qualitative scenarios suggest that
the grazing impacts observed in our study, especially as regards alterations in vegetation and
thaw depth, might represent a major system change; this may also be true for the increase in
carbon storage at the intensively grazed U3 upland site. Hence, larger scale grazing could
potentially help to keep carbon in the ground and reduce natural carbon emissions from per-
mafrost, although in no case would this be a substitute for decarbonizing the current industrial-
ised society. Due to technical constraints, the efficacy of this landscape management tool

should not be overestimated.

2.6.3 Methodological limitations of the pilot study

Due to the spatial and temporal limitations in the data we collected, we cannot unambiguously
distinguish between previous conditions at our sites, and the overall herbivory impact on soil
TOC. Soil carbon distribution as well as local environmental differences influencing thaw depth
might have existed before herbivore introduction; this cannot be accounted for in our study.
However, the presence of rather fresh material present in the seasonal thaw layer at sites B3
and U3 (table S2-1) suggested a link to modern disturbances (table S2-1), for which animal
trampling, bioturbation, or cryoturbation all provide a valid explanation.

Despite results being consistent with the expected effects of grazing on ground temperature
proposed by Zimov et al. (2012), the missing core replication of the present study combined
with the expected spatial heterogeneity of active layer depths indicated that this interpretation
needs further data for validation. Further, more replicated studies, potentially combined with

spatially comprehensive modeling exercises, are advised along with monitoring of exclosure
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sites with gradual herbivore introduction. Also a 23-year time period of herbivore activity is
likely too short to affect deeper and permanently frozen deposits but mainly affects the active
layer both in terms of chemical properties and thaw depth.

The larch forest clear cut at B1 marked a clear difference between our sampling sites, as stable
boreal forest is known to protect permafrost against summer heat (Stuenzi et al. 2021), main-
taining a deep but stable active layer. However, we still encountered the greatest seasonal
thaw depth here. This greater thaw depth here agreed with the findings of relatively warmer
but stable permafrost temperatures below forests in the Arctic and boreal region (Kropp et al.
2020) and was likely a relic of the previous forest-covered state. We found no sign of active
layer refreezing. The thaw depth extended down to the peat layer, which started at 85 cm bs;
the peat layer might have been functioning as a heat flux insulator both for summer thawing
(from the top) and winter refreezing (from the bottom). Also, a detailed assessment of effects
of different vegetation compositions typical for pastures in the Arctic on heat fluxes is needed.
Ultimately, more studies and monitoring setups on the impact of large herbivore grazing on
permafrost soil carbon storage are needed across the Arctic. Hence, we hesitate to draw uni-
versal conclusions on herbivory effects from our data, including the extension of these results

to much larger regions.

2.7 Conclusion

We found evidence from our permafrost study sites that intensive grazing by large herbivorous
animals might have contributed to keeping the soil cool and maintaining — or even slightly
increasing — carbon storage in our studied permafrost sites over a 23-year time period. At the
same time, annual thaw depth was found to be lower at intensively grazed sites. These
changes of ground characteristics are likely a combined result of vegetation changes and snow
insulation reduction, probably amplified by additional carbon input due to intense herbivore
impacts. Vegetation appears to have changed from shrubby tundra to grasslands under her-
bivory impact in our study area. Differences in soil moisture seem to play a role at our sites as
well, and further research on the hydrological conditions and connections at our sites is
needed. To further investigate herbivory effects, it is necessary to sample grazing intensity
transects at higher spatial and temporal resolution and replication and to repeat this approach
in other permafrost areas as well. Also, more detailed monitoring approaches are needed,
such as the setup of exclosure sites that allow for direct comparison of a range of sampled
parameters with sites under the influence of different grazing intensities.

We conclude that intensified animal husbandry could locally contribute to stabilizing carbon
storage in the active layer at non-forest permafrost sites, and might further preserve carbon
stored in permafrost ground by maintaining a frozen state. This management practice may fit

into a broader set of tools that could be used to mitigate the consequences of local permafrost
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thaw in order to buffer climate change impacts. Answering the interesting question of whether

such an approach could be scalable to larger regions was not part of our study.
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3.1 Abstract

To test the effect of reindeer husbandry on soil carbon storage of seasonally frozen ground we
analysed soil and vegetation properties in peatlands and mixed pine and mountain birch for-
ests. We analysed sites with no grazing and contrasting intensities of grazing, and associated
trampling, in Northern Finland. With a pilot study approach we optimised the study design to
include several grazing class sites including grazing seasonality but omitting sample replication
at one site. Soils were analysed for water content, bulk density, total organic carbon (TOC),
total nitrogen, stable carbon isotopes and radiocarbon ages. We found that there was no sig-
nificant difference between grazing intensities in terms of TOC, but that TOC mainly depended
on the soils’ TOC content present prior to intensive herbivory introduction. In contrast, under-
story vegetation was visibly transformed from dwarf shrub to graminoid-dominated vegetation
with increasing grazing and trampling intensity. Also, we found a decrease in bulk density with
increasing animal activity on soil sites, which most likely results from named vegetation

changes and therefore different peat structures.

3.2 Introduction

Due to global warming, high-latitude regions are experiencing rapid warming, which has the
potential to emit substantial amounts of carbon from previously either seasonally or perennially
frozen organic material (OM) stored below ground (Hugelius et al. 2014, Schuur et al. 2015).
With rising soil temperatures, microbial decomposition of OM accelerates (Davidson and
Janssens 2006, Walz et al. 2017). Also, following recent global climate modelling approaches,
high-latitude soil temperatures will further increase, thus shortening the freezing season as

well as reducing permafrost extent, with more subarctic and low Arctic areas losing perennially
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frozen ground conditions (IPCC 2021). In seasonally frozen soils, the frozen season is also
shortened due to climate warming and increasing snowfall (Venalainen et al. 2001).

Large grazing herbivores exert two important effects on soil temperatures both during and
outside the growing season. First, large herbivores are assumed to have stabilised cold ground
conditions during the late Pleistocene (Zimov et al. 1995) by altering the vegetation structure
both via grazing and trampling (Tuomi et al. 2021). Especially a reduction in vegetation height
has been shown to alter the temperature regime (Olofsson et al. 2004, Zimov 2005). At very
high intensities, grazing by large herbivores may reduce shrub growth in favour of grasslands,
which increases albedo hence reducing heat fluxes and overall energy input (te Beest et al.
2016). A similar effect on vegetation is known from anthropogenic disturbances (Forbes et al.
2001). Second, large herbivores compress and partially remove the snow cover in winter. In
this way, large herbivores again promote ground cooling, since this reduction of insulation al-
lows for cold winter air temperatures to reach the ground (Beer et al. 2020).

Adding to this, pasture areas have been shown to act as a carbon sink in temperate climate
(Mudge et al. 2011), which is most likely a result of increased vegetation productivity linked to
grassland establishment by intensive grazing, compared to former tundra vegetation.

With herbivores promoting lower ground temperatures by above-named processes, in perma-
frost areas, OM degradation is slowed down by maintaining a perennially or at least seasonally
frozen state of soil OM (Macias-Fauria et al. 2020, Windirsch et al. 2022a). Yet, the mecha-
nisms by which herbivores influence soil carbon storage are likely different in non-permafrost
areas, where soil temperatures are lower under grazing during winter, but higher under grazing
during summer (Fig. 3-1) (Olofsson et al. 2004, Macias-Fauria et al. 2008, Stark et al. 2015).
In permafrost areas, this effect is mainly observed in the seasonal thaw layer on top of the
permafrost called active laver. However, in Fennoscandia this seasonal thaw layer is most
often not present, simply due to the absence of permafrost. Instead, unfrozen or seasonally
frozen peat soils make up approximately 18.1 % of the land surface of Finland (Tanneberger
et al. 2017), where this study was carried out, and are preferred by reindeer for pasture sites.
This allows us to assume that the pasture effects proposed by Mudge et al. (2011) take place
here as well. Especially changes in vegetation by reindeer grazing are present in Fen-
noscandia (Maliniemi et al. 2018).

For this study, we hypothesise that more intense animal activity leads to snow compaction and
vegetation changes, which both reduce ground insulation, promoting winter cooling of the
ground and hence reducing OM decomposition, hence increasing soil carbon storage with
grazing intensity in a similar way as for perennially frozen soils (Windirsch et al. 2022a)
(Fig. 3-1). In detail, we aim to assess the effects of reindeer presence on soil organic carbon

storage in a northern boreal landscape with seasonally frozen ground. We aim to answer
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whether combined reindeer grazing and trampling increase soil carbon storage in a cold re-
gion. Further we aim to decipher under which grazing intensity (from exclosures to pastures)
the shifts in carbon storage occur. For this, we sampled as many sites as possible, spanning
over five different grazing intensities and two grazing seasons, as a first assessment of possi-

bly detectable changes.

grassland shrub/forest tundra

winter (~ 5 months) temperature scale

summer (~ 3 months)

Figure 3-1 — Schematic overview of our hypothesis stating that increased herbivore activity reduces snow
height by trampling, and induces vegetation changes towards grasslands, overall reducing snow trap mecha-
nisms; this promotes cooling of the ground in winter and reduces OM degradation, leading to higher carbon levels
stored in pasture substrates; approximate season length taken from Ruosteenoja et al. (2011).

3.3  Study area

We conducted this pilot study in Inari municipality in Northern Finland. The study area varies
between 185 and 370 m above sea level (Paoli et al. 2018). The landscape was shaped by
glaciation during the last ice age and became ice-free approximately 9000 years ago. Glacial
features such as eskers and moraines provide relief in the valley areas between mountain
ranges. As a result of former glaciation, the ground consists of sandy sediments and gravel
deposits which are typical glacial remnants at ground level. Fine material (silt, loess) is washed
out during, or removed by, aeolian processes after glacial melt (Derbyshire and Owen 2018).
The area is characterised by vast pine (Pinus sylvestris) and mountain birch (Betula pubescens
ssp. czerepanovii) forests, interspersed with lakes and peat mires characterised by graminoids
and shrubby vegetation. Mountain birch consists of short-statured, shrub-like multi-stemmed
growth forms. Evergreen dwarf shrubs dominate the understorey vegetation (e.g. Empetrum
nigrum ssp. hermaphroditum, Vaccinium vitis-idaea, Calluna vulgaris and Linnaea borealis)

(Oksanen and Virtanen 1995, Maliniemi et al. 2018). The deciduous dwarf shrubs Vaccinium
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myrtillus and Betula nana are also common. Deschampsia flexuosa is the most common grami-
noid species. The ground layer is dominated by the bryophytes Pleurozium schreberi and
Dicranum spp. and ground lichens Cladonia rangiferina, Cladonia arbuscula and Cladonia spp.
(Oksanen and Virtanen 1995). The climate in our study area is typically subarctic and conti-
nental, with January as the coldest month (mean air temperature of -13.1 °C) and July as the
warmest (mean air temperature of 13.9 °C). Mean annual air temperature was 0.1 °C from
2008 to 2020 (monthly observation data of the weather station at Inari Kaamanen, Finnish
Meteorological Institute, 2021). Annual precipitation sums up to 458.4 mm, based on monthly
averages, and is highest in July with 69.2 mm (Finnish Meteorological Institute, 2021).

The herding of semi-domesticated reindeer (Rangifer tarandus tarandus) has been the pre-
vailing form of land-use in the study area for centuries (L6f et al. 2022). The livelihood originally
adapted to long seasonal migrations between nutrient-rich coastal areas in Norway during
summer and continental lichen-rich mountain areas in Finland, Sweden and Norway during
winter (Oksanen and Virtanen 1995). Since the 1880’s, reindeer herding has been practised
within separate reindeer herding cooperatives, many of which have established a pasture ro-
tation system separating winter and summer ranges with fences (Kumpula et al. 2011). Rein-
deer select their feeding sites based on forage availability and insect avoidance, and favour
peatlands for foraging during summer (Bezard et al. 2015, Horstkotte et al. 2022). Semi-dry
and dry mountain birch forests are used for foraging especially in early and late summer
(Bezard et al. 2015).

In this study, we selected a total of 21 sites from the Kutuharju Field Research Station and the
Muotkatunturi reindeer herding cooperative. Out of these sites, 18 were located on the prem-
ises of the Kutuharju Field Research Station, and three in the reindeer summer ranges of the

Muotkatunturi herding co-operative (Fig. 3-2) (Windirsch et al. 2021).
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Figure 3-2 — Satellite imagery and topographic map of the study sites; left: satellite image of the sampling
locations on the Kutuharju station premises; right top: satellite image of the sampling locations outside the re-
search station in the Muotkatunturi herding district; right bottom: study area location map (red square); basemap
provided by ESRI and OSM.

The Kutuharju Field Research Station spans across 44.6 km? (Fig. 3-2) and consists of peat-
lands (16.9 %, 7.5 km?) and mineral soil deposits (77.0 %, 34.4 km?), interspersed with lakes
(4.6 %, 2.1 km?) and rocky terrain without soil formation (1.5 %, 0.7 km?) (coverage based on
National Land Survey of Finland (2021)). Approximately 170-200 animals are kept at the sta-
tion after autumn slaughter, resulting in an average reindeer density of 4.4 reindeer/km?. The
area is separated into four fenced areas where the animals roam during different seasons
(early summer, all summer, late summer, winter). The surrounding area outside the station’s
fences is part of the reindeer summer ranges of the Muotkatunturi reindeer herding co-opera-
tive, which has an area of 2580 km? with a reindeer stock of maximum 6800 individuals, leading
to an average density of approximately 2.6 animals/km? (Finnish Reindeer Herders’ Associa-
tion 2022).

3.4 Methods

3.4.1 Field work
In order to detect the long-term effects of reindeer grazing on soil carbon storage, we applied

a space-for-time approach, in which we selected presumably similar sites, in terms of soil type,
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influenced by different grazing intensities, instead of monitoring one site for a longer time pe-
riod while gradually introducing herbivory. We did so in a pilot study design that aimed at sam-
pling a high number of individual sites to gain a detailed overview over a large area.

We selected sites to cover all five grazing intensities that we were able to identify: control sites
entirely without grazing, sites along reindeer migration routes (i.e., sites that the reindeer use
for passage and which then experience occasional grazing pulses), and sites in the reindeer
pastures (i.e., sites where the reindeer stay for long periods and which then experience long-
term grazing and trampling). We selected our sites according to observed grazing intensity via
animal numbers and visiting frequency over several days, as well as long-term observations

made by the station and identified five different grazing intensities:

. no grazing (exclosure; intensity 1; 2 sites);

. occasional migration route (seasonal; intensity 2; 2 sites);

. daily migration route (seasonal; intensity 3; 4 sites);

. high-frequency daily migration route (seasonal; intensity 4; 4 sites);

. pasture or supplementary feeding site (seasonal; intensity 5; 6 sites) (table 3-1).

In addition, we sampled sites from the overall state present outside the research station prem-
ises (intensity 3; 3 sites) — which visually matched the migration route sites within the station
premises. We accounted for this as the natural grazing state, where ‘natural’ refers to the com-
mon grazing intensity in the context of reindeer herding in Fennoscandia throughout history.
If there were several vegetation types present within one grazing intensity, we sampled each
type. This resulted in 21 sites, out of which 18 were located on the premises of the Kutuharju
Field Research station (Fig. 3-2).

In the site labels, the letters M (mineral soil), P (peat), and F (forest) are used to identify the
individual sites by main characteristics. In this naming scheme, forest sites are also peat soils
but covered by trees instead of open peatlands. The letter S marks sites from the Kutuharju
station summer ranges, while W marks sites from winter ranges. R marks reference sites out-
side the station, E indicates exclosure sites. M and P are describing the soil type as either
mineral soil or peat. At peat sites, we tried capturing the complete peat column and the first
few cm of underlying mineral soil (Fig. S3-2 and S3-3). Winter ranges were sampled in June
2022, while summer ranges and reference sites were sampled in September 2020.

To avoid confounding factors such as soil erosion effects and soil moisture differences, we
chose our sampling sites neither on hill tops nor steep slopes or valley bottoms, and avoided
sites with ponding water or dried-up vegetation to make them as comparable
as possible.

We retrieved peat cores with a Russian peat corer (50 cm sampling length, 530 cm?). For min-
eral soil sites, soil profiles were excavated and sampled using fixed volume cylinders. Peat

cores were subsampled in the field in 5 cm increments, while at mineral soil sites samples
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were collected according to all visible soil horizons. Sampling with the peat sampler and fixed
volume cylinders allowed us to determine the volume of each sub-sample, which later allowed
us to calculate bulk densities. All samples were stored in Whirlpak sampling bags and kept
cool throughout the transport to the laboratory.

On each site, we first visually assessed the main vegetation types (grassland, tundra, forest)
by identifying the predominant species as well as the average height of each predominant
species, both in the field and on pictures later on. We did this on 1 m? plots, in which centre
we collected soil samples in the form of one soil core or soil profile afterwards. The plots were
selected for not having trees, as tree roots would obstruct the soil sampling. However, we
accounted for trees being present in the wider surrounding (approximately 10 by 10 m) to iden-
tify a site as either forest or open landscape. The dominance of vegetation species was esti-
mated by the approximate area covered on the 1 m? plots. At many sites, we found one species
each to cover more than 50 % of the plot. We did not aim to account for all species present,

but the most abundant ones, to identify the main differences between plots.

3.4.2 Laboratory analysis

We determined the absolute water content of all samples by weighing (Mettler Toledo KERN
FCB 8KO0.1, accuracy 0.1 g) them pre- and post-freeze drying (Zirbus Sublimator 15) and re-
lated this to wet weight. Using the sample volumes calculated by the peat corer volume and
sample thickness, we calculated the bulk density. Afterwards, samples were split into subsam-
ples for biogeochemical and sedimentological analysis.

Using a planetary mill (Fritsch Pulverisette 5), samples for biogeochemical analysis were ho-
mogenised and weighed into steel crucibles for elemental analysis. Total organic carbon (TOC)
and total nitrogen (TN) were determined by combustion, using a soliTOC cube and a rapidMAX
N Elemental Analyser (both Elementar Analysensysteme). These parameters are reported in
percentage by weight (wt%).

Carbon to nitrogen ratio (TOC/TN) was calculated from TOC and TN, used as a proxy for OM
decomposition state by assuming a stable source (Strauss et al. 2015).

In order to have an indication on the quality and source of the organic matter, we analysed
stable carbon isotope ratios (3'3C). For this, the previously homogenised samples were treated
with hydrochloric acid at 50 °C for three hours to remove carbonates. After washing the sample
acid free, we used a Delta V Advantage Isotope Ratio MS supplement equipped with a Flash
2000 Organic Elemental Analyser for isotope measurement. The resulting values are given in
%o in relation to the Vienna Pee Dee Belemnite (%o vs.VPDB) standard (Coplen et al. 2006).
In addition, we took OM for radiocarbon dating from selected samples from the dried original
samples, and used the Mini Carbon Dating System (MICADAS) at Alfred Wegener Institute

Bremerhaven (Mollenhauer et al. 2021). Results were calculated in calibrated years before
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present (cal yr BP, meaning before 1950) using the calibration software Calib ver. 8.2 and
applying the IntCal20 calibration curve (Reimer et al. 2020, Stuiver et al. 2021).

For sample reference, the mean sample depth is used for all soil parameters throughout this

manuscript. Depth is given in cm below surface (cm bs).

3.4.3 Data analysis and calculations

We used a principal component analysis (PCA) comparing the top 30 cm of all our sites in

terms of bulk density, TOC, &'3C ratios, TOC/TN ratios and water content, categorised by graz-

ing intensity, soil type (mineral soil or peat) and season of animal activity (summer, winter or

no seasonality) to assess which measured parameters have the strongest effects within our

dataset. For this, data were normalised between zero and one, using the following function:
function(x)[(x — min(x))/(max(x) — min(x) )]

where x is the dataset and min(x) and max(x) mark the minimum and maximum value of da-

taset x.

For the PCA we used “prcomp” on the normalised data. We chose the top 30 cm as grazing

effects are usually most visible in the upper parts of a soil column.

All calculations were done in the R environment using the “stats” package (R Core Team 2021).

We further calculated weighted mean TOC values for the samples of the top 30 cm of each

site, using Eq. 1

mean TOC = (h(sample A)xTOC(sampleA))+gi(l)(sample B)XTOC(sample B))+- 1)

where h is the height as the vertical sample dimension in cm, TOC is the total organic carbon
measurement value in percentage by weight, and 30 is the total depth that samples used in
this calculation originate from, given in cm below surface.

Sampling gaps were interpolated from the adjacent sample. We did this for a more readable
comparison across grazing intensities, soil types and seasonality.

For better comparability of our study sites, we also calculated soil organic carbon (SOC) stocks
in kg m, restricted to the top 30 cm due to large differences in sampling depth between sites.

SOC was calculated using Eq. 2.

TOC [wt%)]

SO0Clkgm™2] = ™

X bulk density [g cm™3] X sample height [cm] x 10  (2)

Due to small sample numbers within each grazing intensity, especially when differentiating
between soil types, our dataset does not allow for significance testing of differences in soll

parameters.
3.5 Results

3.5.1 Core descriptions
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Almost all mineral soil profiles featured similar horizons, although with varying horizon thick-
ness (Fig. 3-3 and S3-2). They consist of an organic layer on top, followed by an organic-rich
soil layer in E-1M-B, MR, S-3M and W-3M. In W-5M, the organic top layer was compressed
into the underlying soil (table 3-2). The organic-rich soil layer is followed by a pale, sandy elu-
vial horizon and an orange-reddish illuvial horizon (7.5YR ~ 5/8 on Munsell colour chart). At
sites E-1M-A and W-4M-A and -B, the organic-rich soil layer was not found. Instead, the or-
ganic layer on top of the soil was directly followed by an eluvial horizon. Underneath, the eluvial
horizon is followed by a yellowish (2.5Y 5/4) sand horizon down to the end of the profile. How-

ever, this layer was not reached at all mineral soil sites.
S-3P S-5P W-4P

R

W-4M-B

surface

50

100

150

Figure 3-3 — Representative field photos of the peat cores obtained at S-3P, S-5P and W-4P, as well as soil
profiles excavated at S-2M, S-3M, W-4M-B and W-5M-A; for field photos of all sites please see figures S3-2 and
S3-3.

At the peat sites, the peat column (between 25 cm (W-3P) and 143 cm (S-4P)) was underlain
by sandy material (Fig. 3-3). The peat column was divisible by the degradation state (ta-
ble 3-2). There were differences in peat source material, which was (Sphagnum) moss in S-2P,
PR, W-4P, W-5P-A and W-5P-B, while at the other sites the material was more heterogeneous,
darker and often more decomposed. However, similar moss peat appeared deeper in the pro-
files at S-3P and S-5F.
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3.5.2 Vegetation

We encountered four main vegetation types at our sampling locations. The first is a mixed
forest mainly consisting of Pinus sylvestris and Betula pubescens ssp. czerepanovii trees,
which was found at sites E-1M-A, S-2M, W-3M, W-4M-A and -B, W-5M and MR. There were
differences in the understorey vegetation, though (table 3-2).

The second vegetation type we found is best described as a wet birch forest, consisting mainly
of B. czerepanovii. This type, found at sites S-5F, W-4P and FR, featured a ground layer hold-
ing Vaccinium, and some Sphagnum spp. underneath (table 3-2).

The third vegetation type, found in non-forest areas, was a tundra-like mix of heath and grass-
land vegetation. It is predominantly covered by Salix sp., Vaccinium sp. and Empetrum nigrum
and was found at S-2P, S-3M, S-3P, W-3P, S-4P and PR (table 3-2).

The fourth vegetation type, found only at grazing-intensive sites S-5P , W-5P-A and -B and
S-5M, was a grassland with no significant shrub layer and very few species. Summer sites
were strongly dominated (> 90 % coverage) by D. cespitosa, which grew nest- or tussock-like
and reached up to 120 cm in height at S-5P and up to 70 cm in height at S-5M, while on winter
sites Eriophorum made up the vast majority of graminoid vegetation (table 3-2). For detailed

vegetation records per site, please see table 3-2.

3.5.3 Carbon parameters

3.5.3.1 Total organic carbon (TOC)

At mineral soil sites, the maximum sampling depth was reached at S-2M with 67 cm bs
(Fig. 3-4a). For all mineral soil sites, TOC was highest in the uppermost sample, representing
the organic top layer, and declined with depth. The highest value across mineral soil sites was
found in W-3M (51.30 wt% at 10 cm bs), while the lowest value occurred in W-5M (0.44 wt%
at 19.75 cm bs).
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Figure 3-4 — TOC for all sites, plotted over depth; grazing intensity increases from left to right; a) mineral soil
sites; b) peat sites; different symbols are for different sites within one plot; green indicates summer sites, blue
winter sites, grey exclosure sites, and brown colours mark reference sites with natural grazing regime outside
the reindeer fences. Note the differently scaled x-axes for mineral soil and peat sites as well as the axis break in
3M.

At peat sites, TOC was high and homogenous in the peat column, with a sharp drop in the
underlying mineral soil (Fig. 3-4b). Within the peat columns, the TOC ranged between
17.62 wt% (W-5P-A at 52.5 cm bs) and 55.67 wt% (S-4P at 57.5 cm bs). In the underlying

mineral soil, excluding the visible mineral soil - peat mix phase, TOC ranged between 0.24 wt%
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(S-5P at 142.5 cm bs) and 1.58 wt% (S-3P at 92.5 cm bs). In general, TOC was higher in the

upper core parts, in which S-4P marks an exception.

3.5.3.2TOC/TN and 5'3C ratios

We calculated the TOC/TN ratio for 221 out of 255 samples. For the remaining samples (often
the lowermost samples of a core, and only mineral soil samples) the TN was below the detec-
tion limit of 0.1 wt%. As excluding these samples would cause a systematic bias we decided
to set the TN values to 0.05 wt% (half the detection limit). This was the case for 34 samples.
For four samples (E-1M-A-5, S-2M-6, -7, and -8), 8'*C measurement was not successful, as a
result of low TOC content. Therefore, we excluded these four samples from TOC/TN - 8"3C
analysis (Fig. S3-4).

For the mineral soil sites, we found highest TOC/TN values at intensity 3 with 43.76 (S-3M;
3 cm bs), with similar values occurring in intensities 1 and 2 (summer) as well as 5 (winter)
(Fig. S3-4). The lowest TOC/TN value in mineral soils is found in S-5M (11.28 at 7 cm bs),
indicating a less decomposed state of the OM. With §'3C, all values range between -29.99
(S-3M; 3 cm bs) and -25.99 %0 vs. VPDB (W-5M at 19.75 cm bs). At the peat sites, we found
much higher TOC/TN values, with a maximum value of 109.37 at intensity 2 (S-2P; 15 cm bs)
(Fig. S3-4). The lowest value occurred in FR (intensity 3; 4.88 at 32.5 cm bs). The TOC/TN
maximum found in PR also features the highest 5'3C values with -25.44 %o vs. VPDB. In gen-
eral, values for all peat cores lie between -29.87 %0 vs. VPDB (W-5P-B at 173 cm bs)
and -26.33 %o vs. VPDB (PR at 17.5 cm bs). Grazing intensity 3 shows the greatest range 5'>C
values, while the strongest spread in TOC/TN ratios is found in summer peat sites at intensity
2.

3.5.3.3S0C density

SOC stocks in total as well as in the upper 30 cm show no trend across either seasonality or
grazing intensity (table 3-3). However, using their mean values across soil types and season-
ality or soil type and grazing intensity allows for easier comparison between sites. Highest SOC
value was found at site PR (26.47 kg m2), lowest value occurred in W-4M-A (3.45 kg m) with
values ranging between 4.95 and 26.47 kg m for peat, and 3.45 and 19.4 kg m) for mineral
soils. Due to missing bulk density values for site W-3M, we did not calculate SOC density here.
Based on the station premises’ coverage with peatlands (16.9 %, 7.5 km?) and mineral soll
(77.0 %, 34.4 km?) we calculated 83.08 + 37.92 kilotons (kt) of carbon for the top 30 cm of peat
sites across the station area, and 256.21 + 177.11 kt for mineral soil sites, omitting areas cov-
ered by lakes and rock. This gives us a total SOC stock of 339.29 + 215.03 kt for the uppermost
30 cm of soil for the 44.6 km? station area (7.61 + 4.82 kt km™).
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3.5.4 Bulk density

At all mineral soil sites, dry bulk density shows a converse behaviour in relation to TOC, re-
sulting in highest bulk density values for those samples with the lowest TOC (Fig. S3-5a). Bulk
density was lowest in the organic top layer with values between 0.09 g cm™ (MR, 1.5 cm bs)
and 0.39 g cm™ (W-4M-B, 4.75 cm bs). The maximum bulk density was found in W-4M-A with
1.77 g cm™ (8.75 cm bs). Bulk density could not be measured for site W-3M due to equipment
restraints in the field.

Sampling also did not allow for bulk density measurement in samples S-4P-7 (32.5 cm bs) and
W-3P-5 (22.5 cm bs). At peat sites, bulk density values within the peat column ranged between
0.004 g cm™ (W-5P-B, 12.5 cm bs) and 0.54 g cm™ (W-5P-A, 67.5 cm bs) and reached a max-
imum of 2.49 g cm™ in the underlying mineral soil at S-5P (147.5 cm bs) (Fig. S3-5b).

3.5.5 Radiocarbon ages

For radiocarbon ages, we used macro-organic remains, especially moss and grass root re-
mains for 42 samples. However, due to low content of such remains in the mineral soils sam-
pled, we also used bulk TOC of 12 additional samples for dating mineral sediments.

In the dated samples closest to the surface, we found modern material (younger than 1950
AD) at some sites. This was the case, in mineral soils, for E-1M-A (7.5 cm bs), E-1M-B
(9.25 cm bs and 14.75 cm bs), S-3M (9.5 cm bs), S-5M (11.5 cm bs), W-3M (20.5 cm bs),
W-4M-A (8.75 cm bs) and W-4M-B (23.75 cm bs), and W-5M (6.5 cm bs and 19.75 cm bs).
Age-depth relations show similar radiocarbon ages at similar depth, giving 3239 cal yr BP in
E-1M-A (36.5 cm bs), 3283 cal yr BP in MR (32 cm bs) and 3853 cal yr BP in S-3M (38.5 cm
bs). The oldest material in mineral soil sites was found in S-2M with 4738 cal yr BP (63.5 cm
bs). For full radiocarbon dating details, pleasesee table S3-1.

For peat sites, modern material was encountered at site FR for samples at 7.5 cm bs and
22.5 cm bs as well as at site S-2P (25 cm bs). In general, we found older ages at peat sites.
Again, age-depth relations are similar across some sites with 7650 cal yr BP in S-4P (57.5 cm
bs), 7589 cal yr BP in S-5F (52.5cm bs) and 7698 cal yr BP in S-5P (82.5cm bs) and
7397 cal yr BP in W-5P-A (82.5 cm bs). W-5P-B held much younger material, reaching
6332 cal yr BP at 173 cm bs. The maximum ages within the peat column are also similar
across some cores, with 8650 cal yr BP in W-5P-A (132.5 cm bs), 8714 cal yr BP in PR
(110 cm bs), 9815 cal yr BP in S-4P (141.5 cm bs), 9643 cal yr BP in S-5F (92.5 cm bs) and
9147 cal yr BP in S-5P (127.5 cm bs). In S-5P, an age inversion is found between the peat
column and the underlying sand, which was dated to 5584 cal yr BP at 147.5 cm bs.

3.5.6 Comparative data analysis
When visualising the data, the differences in TOC concentration range and median between
migration route sites and pasture sites is clearly visible (Fig. 3-5). The range of these TOC
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data is similar for grazing intensity-corresponding summer and winter sites. For mineral soil
sites, the uppermost and organic-rich sample shows much higher TOC values compared to
the underlying samples, increasing the range. For mineral soils, we found a range from 1.06
to 49.01 wt% TOC in summer migration route (intensity 3 summer; n = 4 samples, median of
15.25 wt%), and a range from 1.98 to 51.23 wt% TOC in winter migration route (intensity 3
winter; n = 3 samples, median of 4.29 wt%) (Fig. 3-5 mineral soil). For pasture sites on mineral
soil, we found a range of 1.17 to 22.47 wt% TOC for summer (intensity 5 summer; n = 4 sam-
ples, median of 2.59 wt%) and a range of 0.44 to 20.19 wt% TOC for winter (intensity 5 winter;
n = 4 samples, median of 3.61 wt%).

The median for non-grazed mineral soil sites (intensity 1, n = 8 samples) is 6.7 wt%.
Comparing the samples from peat sites, we found a range of 0.56 to 52.91 wt% TOC for sum-
mer migration route (intensity 3 summer; n = 18 samples, median of 46.92 wt%) and a range
of 47.98 to 50.59 wt% TOC for winter migration route (intensity 3 winter; n = 5 samples, median

of 48.60 wt%) (Fig. 3-5 peat). On pasture / feeding peat sites, we found a range of 0.24 to

TOG fwt) " 54.90 wt% TOC for summer
1 1 | numbar of sanmples . .
. pastures (intensity 5 summer;
-_— arlermity 1 = a ]
3 n=51 samples, median of
TE ity 5 mumimee —a " o a 50.57 wt%), and a range of
E ntirrdty 3 wintor = 88 ® 3 9.91 to 53.38 wt% TOC for win-
é '"‘“""“’““’““‘“’I“ ° 4 ter feeding sites (intensity 5
e * ! winter; n = 59 samples, median
20 an u of 44.70 wt%). For the peat ref-
P—— 24 erence sites outside the station
area, we found a range from
'
g e 1 0.78 to 49.00 wt% TOC (n = 24
[« 3 Intenety 3 wonler = 5 .
. samples, median of
imrmmiby & aummer —
intmrity 8 winter - . 37.94 wt%).

Comparing the mean TOC val-

Figure 3-5 — Boxplots of TOC concentration of all non-grazed (E-1M- ues of the top 30 cm across
A, E-1M-B; grey), summer migration route (grazing intensity 3: S-3M, S-

3P; dark green, black line), winter migration route (grazing intensity 3: ~ grazing intensities, soil types
W-3M, W-3P; dark green, blue line), summer pasture (grazing intensity .

5: S-5F, S-5P, S-5M:; light green, black line) and winter pasture (grazing and seasonalities, we see an
intensity 5: W-5P-A, W-5P-B, W-5M; light green, blue line) sites, differ-
entiated by soil type; peat reference sites (PR, FR) were additionally
added; for mineral soils, intensity 1 (exclosures) are used as reference;
median indicated by vertical line in the boxes; box margins show the
upper and lower quartile; whiskers mark the range of the data; outliers sity (Fig. 3-6).
(outside 1.5 time the interquartile range) are marked by black triangles;

the number of samples per plot is given in each box; if less than 5 sam-

ples are in one group, no boxplot was created but the individual samples

were plotted instead, using a dashed line for orientation.

increase for summer peat sites

with increasing grazing inten-
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Figure 3-6 — Mean TOC for the top 30 cm, summarised for sites with identical grazing intensity, soil type and
seasonality; triangles indicate summer sites, dots indicate winter sites, rhombuses indicate sites with no season-

ality; the TOC value range of the samples used in these mean values is given as grey error bars.

Contrary to this, values decrease for summer mineral soil, winter mineral soil and winter peat
sites. Under grazing intensities 2, 4 and 5, we see similar values as found at the exclosure
sites, with the mineral soil at intensity 3 which was not affected by a clear grazing seasonality
(MR) showing a similar mean TOC. The peat reference sites PR and FR (intensity 3, no sea-
sonality) is in line with the value for intensity 3 summer peat, justifying our understanding of
these sites as intensity 3 (migration route).

PCA revealed a stretch along bulk density among samples of the top 30 cm of all sites
(Fig. 3-7). TOC and water content are correlating. The combination of 5'*C ratios and TOC/TN

ratios as markers of OM degradation shows a spread on the Y-axis.
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Figure 3-7 — Principal component analysis of the top 30 cm of all sites across the parameters bulk density,
8'3C ratios, TOC/TN ratio, soil type, water content and TOC; shapes encode different grazing intensities; colours
indicate seasonality and soil type.

3.6 Discussion

3.6.1 Reindeer impact on soil carbon storage

For this study, seasonality at the sites was expected to be crucial. On the one hand in summer,
grazing effects including trampling, fertilisation via faeces, and browsing in summer affect
mainly vegetation. On the other hand, in winter the animal effects on the snow cover are more
important. High grazing intensity in summer shifts vegetation towards graminoid-dominated
and mainly light-coloured vegetation, increasing albedo and hence leading to a relatively lower
heat transfer into the ground as with short tundra-like vegetation (te Beest et al. 2016). In
contrast, winter grazing reduces snow cover, baring the ground to cold air, inducing a cooling
effect on the soil (Beer et al. 2020).

Looking at our data, like TOC, all median values are close together when comparing peat sites
across grazing intensities. We found the interquartile ranges of migration and pasture sites
overlapping largely, regardless of seasonality (Fig. 3-5 peat). For mineral soils, the median

differences are much larger, but since this is a comparison of individual sites (1 site per grazing
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intensity and seasonality, except for the exclosures), this difference is mainly due to the TOC
content in the uppermost sample, taken from organic-rich soil horizons, and therefore most
likely depending on the vegetation growing on top. No clear trend along grazing intensity was
found. Also, SOC densities of the top 30 cm show no clear trend along grazing intensity or
grazing seasonality (table 3-3). Thus, following our research question if reindeer grazing in-
creases soil carbon storage, and under which grazing intensity and seasonality this effect is
greatest, we found no clear evidence for strong differences in TOC between grazing intensities.
As TOC is slightly higher on summer pastures compared to summer migration route sites,
artificially intensified grazing appears to increase soil carbon storage in comparison to natural
grazing intensities (Fig. 3-4 3M and 3P). In winter sites, this effect is not visible, but the animal
impact on snow might be relevant here: At the feeding sites (intensity 5) on the winter ranges,
supplementary feeding is practiced, so there is less need for the animals to dig through snow.
Instead, the animals will compact the snow, while snow removal and breakup is more likely
along migration tracks in this case. The proposed effect of ground cooling via snow removal
would therefore not be in place at our study sites, but might occur at winter pastures without
supplementary feeding.

The small differences in TOC we observed are likely related to the pre-existing and general
soil conditions, resulting in similar TOC values across mineral soil sites as well as across peat
sites (Fig. 3-4). The differences in TOC range between migration route sites versus pasture
sites in peat (Fig. 3-5 peat) are likely originating from the presence of underlying TOC-poor
mineral soil in some of the sampled cores, lowering the median value. Other options are that
the differences in grazing intensity or frequency, reindeer stock size or grazing duration were
not strong enough to see differences in SOC in our study area. Opposing to this, findings from
a similar study in a permafrost area with only 25 years of intensive grazing history already
show differences in soil TOC storage (Windirsch et al. 2022a). Yet, our results agree with
findings from other studies conducted on boreal forest sites in northern Fennoscandia that also
found no effect of reindeer presence on soil carbon storage (Stark et al. 2008, Koster et al.
2015). This leads to the assumption that frozen ground would have a major impact and the
increased carbon storage under grazing pressure observed in permafrost is linked to the ani-
mals maintaining a frozen ground state, hence reducing OM degradation. Therefore, our hy-
pothesis of intensive grazing leading to higher soil carbon storage was not proven for this study
site on seasonally frozen ground. We state that an increase of soil carbon storage as a result
of intensive animal grazing occurs only in permafrost-affected landscapes, where the ground
underneath the active layer can be kept frozen by animal activity, hence reducing OM degra-
dation (Windirsch et al. 2022a).
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3.6.2 Reindeer impact on vegetation

We found strong contrasts in vegetation cover between grazing intensities. While the exclusion
of reindeer promotes an increase or rather preservation of Cladonia rangiferina (Inga 2009),
summer pasture sites are more likely to be transformed into grasslands dominated by Des-
champsia cespitosa (Rosef et al. 2004), with a reduced or missing shrub layer. On winter pas-
tures where the animals trample down the snow cover but hardly feed on the local vegetation
due to supplementary feeding, vegetation is also graminoid-dominated but still features com-
mon tundra vegetation such as Vaccinium ssp. and Empetrum nigrum. Studies conducted in
the same study area have shown that the biomass of Empetrum nigrum has increased sub-
stantially over the recent decades (Stark et al. 2021).The gradual transformation from tundra
vegetation towards graminoid-dominated vegetation as a result of animal impacts is best seen
by comparing the shrubby vegetation found at migration route sites of this study, the tundra-
like vegetation at sites with high revisiting frequency (intensity 4) featuring some D. cespitosa
(summer; S-4P) or Eriophorum (W-4P) and the vast grasslands found at the pasture sites. The
x-axis spread in TOC/TN - 8'3C analysis (Fig. S3-4) is therefore most likely not an indicator of
different degrees of OM decomposition, but a source signal produced by different vegetation
communities found at the different sites. The very high TOC/TN values at S-2P, W-4P and
W-5M are likely a result of the presence of mosses and lichen that would disappear under
more intensive animal impact.

Vegetation change effects with increasing grazing intensity are less visible at winter sites.
Thermal aspects of the animals’ physical impacts on winter sites (snow removal, snow com-
paction), resulting in a proposed cooling effect on the ground and hence increased carbon
storage (Sturm et al. 2005, Falk et al. 2015) or rather reduced OM decomposition (Davidson
and Janssens 2006, Walz et al. 2017) could not be confirmed in this study.

However, the vegetation composition and structure shows no signs of shrubification on the
studied pasture sites. In contrast to this, shrub expansion is a prominent process in many high-
latitude non-forest ecosystems (Mekonnen et al. 2021). Intensive herbivory might slow down
this process, thereby reducing two main effects of shrub expansion: (1) increased localised
snow trapping and warming of the ground underneath (Beer et al. 2020), and (2) increased
carbon uptake from the soil, which adds carbon to the more active part of the carbon cycle by
biomass increase, litter production and above-ground litter decomposition (Vowles and Bjork
2019, Verma et al. 2020, Parker et al. 2021).

3.6.3 Reindeer impact on ground characteristics
The shallow peat and relatively young basal peat age (table S3-1) at migration sites (sites S-3P
and W-3P) indicate that peat formation started later than at the other peat sites. The older ages

found at the pasture sites indicate a difference in peat accumulation, compared to S-3P. The
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age inversion at the bottom of the pasture (site S-5P) shows that there was rearrangement of
organic carbon at approximately 130 cm bs. However, this rearrangement must have taken
place after peat formation started on top. An option would be relocation of carbon inside the
soil column caused by lateral water flow (Kramer et al. 2004). The bottom ages of most peat
columns (table S3-1) match the beginning of peat formation after the deglaciation of northern
Fennoscandia around 9700 cal yr BP (Stroeven et al. 2016).

The organic top layer of the mineral soil sites indicates two things: undisturbed growth of moss
and lichen at the exclusion sites (E-1M-A and -B) on the one hand and animal action such as
trampling and therefore turbation as well as the soil structure, consisting of an eluvial and an
illuvial horizon, at mineral sites (S-3M, S-5M, W-3M, W-4M-A and W-4M-B) on the other hand
bring newly formed organic material into the ground (table S1). This is most likely enhanced
by the formation of roots. This might be a result of grassland formation featuring plants that
tend to develop deeper roots than tundra vegetation, as a result of high grazing pressure.
Bulk density of the peatland sites slightly decreases with increasing grazing intensity
(Fig. S3-5b), especially from intensities 3 to 5. While this is not a common result, as animal
trampling usually compresses the ground (Tuomi et al. 2021), we reckon that the previously
mentioned vegetation shift towards graminoid-dominated vegetation produced a less com-
pressible peat compared to peat produced by mosses and shrubby tundra vegetation. This
lower compressibility is likely caused by larger and more stable vegetation pieces in the peat,
such as roots and grass stalks compared to mosses, as can be seen in root-intervened peat
in other locations (Carlton 1974, van Asselen et al. 2010). This less-dense peat on intensity
5-sites means more spaces inside the ground, that would insulate underlying material from
intruding air temperature and reduce cooling effects on the soil in winter, if air-filled. Taking
that into account, our hypothesis suggests colder ground temperatures and therefore less car-
bon decomposition in intensity 3-sites, where bulk density is higher. As we do not see any clear
trend in the carbon data pointing towards this hypothesis, we assume that, independent of bulk
density, all examined peats feature high water contents throughout the year, allowing for tem-
perature exchanges between air and deeper soil layers, eliminating the insulation effects that

air-filled spaces would cause.
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3.6.4 SOC density and stocks across the Kutuharju station area

While we did not find obvious correlations between reindeer grazing intensity and soil TOC
storage, we used our dataset to calculate mean SOC stocks for the premises of the Kutuharju
Field Research Station. We calculated mean SOC stocks for peatlands and mineral soil areas
separately, as well as for summer and winter ranges, again classified by soil type. While there
was only little difference for uppermost 30 cm of the peatlands (summer mean:
11.36 £ 6.07 kg m?;, winter mean: 10.61 £+ 3.23 kg m?; overall mean: 11.02 £ 5.03 kg m),
mineral soils showed a larger difference between reindeer ranges (summer mean:
10.14 £ 6.73 kg m?, winter mean: 4.49 +1.18 kg m? overall mean: 7.45+ 5.15kg m?)
(table 3-3). Separate calculations grouped by grazing intensity revealed highest mean SOC
values for regular migration route sites (intensity 3) for both mineral (19.40 + 0.00 kg m?2) and
peat (13.09 £ 2.84 kg m) sites, but no clear trend across grazing intensities. These values are
likely a result of vegetation composition at these sites, keeping in mind that for mineral soils

only one site (S-3M) was available for SOC stock calculation.

3.6.5 Methodological limitations of the pilot study design

Our pilot study design mainly aimed at identifying if there are TOC differences between grazing
intensities that need to be investigated further. For this reason, we did not collect multiple
replicates of our samples. This leaves us with an extendable dataset that does not allow for
significance testing, as e.g. in unfrozen soil conditions samples from different depths within a
core are not independent in terms of TOC, due to seeping water possibly relocating carbon,
which would require using every core as a single sample.

While summer is the best sampling period to allow for full area access, ensuring fully unfrozen
conditions in seasonally frozen ground, the limitation to separate summer and winter pastures

does not provide direct insights into animal effects year-round.

3.6.6 Implications of the pilot study for future research

Due to only seasonally frozen soil conditions and soil parts staying unfrozen during the whole
year, carbon relocation via seeping water as well as year-round decomposition processes are
likely to take place in our study area. Contrary to a similar study on permafrost (Windirsch et
al. 2022a), this might be the reason for non-visible trends found in this study. However, to
record the full impact of grazing on seasonally frozen soils, sampling a year-round reindeer
enclosure that has been grazed by large numbers of animals for several decades is needed.
A key element for estimating animal-induced effects on both vegetation and soil is also a suf-
ficient availability of reference sites where animals are excluded. In this study, there was no
exclosure site featuring peat soils available. These exclosures would also be vital for creating

a baseline for all parameters, measured repeatedly throughout the duration of the experiment.
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3.7 Conclusion

In conclusion we found no clear evidence that reindeer alter the soil organic carbon storage
capacities in seasonally frozen ground in the studied setting. However, while putting no detect-
able effects on mineral soils, they do affect bulk density in peat under heavy grazing influence.
This is most likely a result of their effect on vegetation communities, increasing root production
by transforming tundra into species-poor grasslands.

Thus, we found no analogue effects of herbivores like in permafrost-affected landscapes,
where intensive animal grazing likely promotes an increase of soil carbon storage. If these
results for our studied seasonally frozen Arctic soils is caused by lower herbivory pressure,
higher winter temperatures or other aspects could not be answered in our pilot study. Increas-
ing the number of reference sites for also covering peat soils and analysing soils of year-round
reindeer pastures needs to be addressed in order to assess the potential for long-term carbon

storage in high-latitude soils by changing grazing regimes.
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Table 3-1 — Description of the sampling sites, including location, sampling depth, soil, relief and
vegetation type description; E marks exclosure sites, S marks reindeer summer ranges, W marks rein-
deer winter ranges.

site latitude longitude grazing in- sampling soil type relief vegetation type
(°N) (°E) tensity (dur- depth
ing season) [cm bs]
E-1M-A 69.159500 26.991278 no grazing (~ 40 mineral flat, dry mixed forest,
50 yrs) mosses
E-1M-B 69.154113 26.971089 no grazing (~ 17.5 mineral slight slope, open mixed forest,
50 yrs) dry mosses
S-2M 69.159861 26.991250 seldom 67 mineral flat, dry mixed forest,
mosses
S-2P 69.152357 26.971650 seldom 50 peat, bedrock be- slope, wet mixed forest / bog
low edge
S-3M 69.139250 26.984000 regularly 42 mineral valley edge, heath / grassland
dry
S-3P 69.139944 26.983778 regularly 100 peat (0-92 cm), valley, wet heath / grassland
mineral (92-100
cm)
S-4P 69.143500 26.990000 frequently 143 peat valley, wet heath / grassland
S-5F 69.145806 26.994306 very often 112 peat (0-92 cm), valley, wet birch forest, grassy
mineral (92-112 understorey
cm)
S-5P 69.146722 26.993306 very often 150 peat (0-135 cm), valley, grassland
mineral (135-150  semi-dry
cm)
S-5M 69.147222 26.991528 very often 22 mineral valley edge, grassland
dry
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W-3M 69.107441 27.015753 regularly 22 mineral slope birch forest,
plateau shrubby
understorey
W-3P 69.103456 27.019161 regularly 25 peat, bedrock be-  valley, wet heath / grassland
low (meltwater
run)
W-4M-A  69.109031 27.013619 frequently 11 mineral bog edge, birch forest
dry
W-4M-B 69.109079 27.013550 frequently 26.5 mineral bog edge, birch forest
dry
W-4P 69.119953 27.030306 frequently 88 peat (0-66 cm), slight slope  bog in a mixed for-
mineral content est clearing
(66-88 cm)
W-5M 69.120851 27.026792 very often 22.5 mineral dry, flat forest edge
W-5P-A 69.109076 27.012831 very often 135 peat (0-133 cm), valley, wet fenn/  grass-
mineral (133-135 land
cm)
W-5P-B 69.120867 27.026270 very often 176 peat valley, wet fenn/  grass-
land
MR 69.229750 26.795806 regularly 35 mineral flat, dry mixed forest,
shrubby
understorey
PR 69.226778 26.810111  regularly 125 peat (0-115 cm), lakeside heath / grassland,
mineral (115-125  peatland, mosses
cm) wet
FR 69.226000 26.833417 regularly 50 peat (0-30 cm), valley, birch forest, grassy
mineral (30-50 semi-dry understorey

cm)
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Table 3-2 - Detailed soil and vegetation descriptions of the sampling sites; vegetation coverage identifies

only the most abundant species; soil horizons given as “eh” mark eluvial horizons, “ih” marks illuvial horizons.
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Table 3-3 — SOC stocks calculated for the top 30 cm of each site, given in kg m2, SOC density range per
cm depth of the samples used for SOC stock calculation, given in g cm3, and the number of samples in the top

30 cm (n).
site SOC 0-30 cm SOC density site SOC 0-30 cm SOC density n
(kg m) range (g cm) (kg m) range (g cm?)
E-1M-A 4.39 | 0.06-2.98 W-3M na nla n/a
E-1M-B 11.32  0.36-1.86 W-3P 15.92  1.19-1.46 5
S-2M 3.60 0.09-2.18 W-4M-A 3.45 0.66 - 0.82 3
S-2P 495 | 0.13-0.19 W-4M-B 6.14 0.23-0.81 3
S-3M 19.40  0.24-1.86 W-4P 1019  0.23-1.17 6
S-3P 10.25  0.21-1.71 W-5M 3.88 0.09-10.17 4
S-4P 7.56  0.63-1.39 W-5P-A 8.99 0.15-1.22 4
S-5M 7.43  0.16-1.14 W-5P-B 7.32  0.03-0.98 5
S-5P 2266 0.76 -2.77 MR 451 0.04-1.93 7
S-5F 11.36  0.71-2.18 PR 26.47 0.51-2.20 4
FR 19.21  0.73-4.19 6
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41 Abstract

This study investigates the impact of large herbivores on soil organic matter (OM) stability in
Arctic permafrost and seasonally frozen ground ecosystems, focusing on the potential preser-
vation effect of grazing. Soil samples were collected from Siberian and Finnish permafrost and
non-permafrost areas, analysing organic carbon content, carbon-to-nitrogen ratio, stable car-
bon isotopes, n-alkane, and n-alcohol contents to assess OM stability. The results suggest that
grazing activity, particularly in permafrost environments, preserves soil OM by reducing de-
composition. Permafrost soils exhibit higher functionalized to non-functionalized biomarker ra-
tios, indicating better preservation under frozen conditions. While differences in grazing inten-
sities had minor effects, the data also showed variability due to soil heterogeneity, especially
in seasonally frozen ground ecosystems. Nevertheless, there are slight trends towards en-
hanced OM preservation with increasing grazing intensity, especially in permafrost, emphasiz-
ing the potential role of grazing in locally preserving Arctic soil OM. This pilot study offers initial
insights into the impact of large herbivores on OM stability in cold-region ecosystems, suggest-

ing that significant effects may require prolonged, intensive grazing pressure.

4.2 Introduction

Global warming is directly related to continuously rising carbon dioxide levels in the Earth’s
atmosphere (IPCC 2021). In addition to direct anthropogenic emissions from human fossil fuel
burning, land cover change has been identified as a large source of emissions as soil organic
carbon may become more vulnerable to mineralization (Kaplan et al. 2010). Large quantities
of organic carbon are stored in soils and can partially be mobilised and mineralised to green-
house gases by microbial activity following soil warming (van Groenigen et al. 2011) and sur-
face erosion (Lal 2022). Hence, it is important to study in detail how soils and soil organic

matter (OM) behave under various environmental conditions, land cover changes, and land
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use scenarios (Ramesh et al. 2019). A better understanding of soil carbon characteristics may
then help to identify pitches for emission reductions. A large portion of global soil organic car-
bon is found in the terrestrial Arctic (Hugelius et al. 2020, Strauss et al. 2021), with a large
share currently still stored in perennially frozen ground termed permafrost (Schuur et al. 2015,
2022). Due to Arctic amplification, ongoing climate warming leads to especially strong warming
in the Arctic (Previdi et al. 2021), which results in permafrost warming and widespread thaw
(Bowen et al. 2020). As a consequence, newly thawed OM becomes bioavailable for microbial
decomposition, finally leading to carbon release to the atmosphere in the form of the green-
house gases CO; and CH4 (Turetsky et al. 2019, Bowen et al. 2020). In addition to organic
carbon, other temperature-stabilised soil element inventories such as nitrogen (Strauss et al.
2022), various mineral elements (Monhonval et al. 2021, Stimmler et al. 2023), or contaminants
like mercury (Schuster et al. 2018, Rutkowski et al. 2021) are also affected by thaw.

Land cover change can promote active layer deepening and permafrost thaw by changing
insulating layers of vegetation and organic soil layers, affecting snow distribution, and changing
soil wetness and surface hydrology. For example, deforestation can cause deepening of the
active layer and loss of soil carbon (Peplau et al. 2022), and shrubification can cause ground
warming via snow trapping, and therefore also active layer deepening (Mekonnen et al. 2021).
Surface disturbances, either natural or anthropogenic, can hereby affect soil carbon storage
on short or long time scales (Forbes et al. 2001, Grosse et al. 2011). In particular, permafrost
can be severely affected by wildfires via post-fire permafrost thaw (Jones et al. 2015, Zhang
et al. 2023), which also affects soil carbon storage (Harden et al. 2006, Genet et al. 2013).
Anthropogenic-driven land use change, in particular deforestation and intensifying agricultural
activities in some permafrost regions, can also have large effects on permafrost thermal con-
ditions, active layer deepening, and also soil carbon stability. Land use pressure might even
increase further in the Arctic with shifting climate and agricultural zones (Bradley and Stein
2022). Some land use practices might, however, also help stabilising permafrost and
therefore soil carbon.

In particular, large-mammal herbivory has been hypothesised to influence soil OM composition
and stability for cold-region ecosystems (Olofsson and Post 2018, Ylanne et al. 2018, Kristen-
sen et al. 2022). Zimov et al. (1995) suggested that the late-Pleistocene stable cold-environ-
ment ecosystem, called the Mammoth steppe, with its substantial presence of large herbivo-
rous animals, impacted snow and vegetation conditions and resulted in enhanced preservation
of permafrost and soil OM. Large herbivores browsing for food in winter trample, compress,
and partially remove snow, which leads to more effective contact between winter air and the
ground and thus soil cooling (Zimov et al. 2009, Park et al. 2015, Beer et al. 2020). In addition,
animal density results in varying degrees of trampling damage and nutrient availability from

animal faeces (Grellmann 2002, Schuur et al. 2008), and selective grazing throughout the year
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results in vegetation changes through food and habitat preferences. As these two processes
under high animal densities can reduce soil insulation against low winter temperatures during
the long season of freezing degree days, they are thought to contribute to stabilising perma-
frost conditions. In contrast, the vegetation shift from sturdy and shrubby tundra vegetation
towards graminoid-dominated landscapes reduces shadowing effects of vegetation in summer,
leading to increased summer soil warming. However, due to the substantially longer winters,
these less-insulated surfaces compensate for the slightly enhanced summer warming by en-
hanced winter cooling, producing an annual net-negative soil temperature relative to a shrub-
covered surface. This is due to the fact that, unlike shrubs, graminoids tend to fall over under-
neath the snow and do not form an insulating, air pocket-filled layer (Blok et al. 2010, Macias-
Fauria et al. 2020). Adding to this, graminoid-dominated vegetation is comparably light-col-
oured, increasing the albedo and therefore reflection of energy from solar radiation. The cold
ground conditions, reinforced in that way in widespread permafrost regions during the late
Pleistocene, prevented OM from decomposition and continued accumulation of soil OM by
maintaining a frozen state with low microbial activity (Turetsky et al. 2019, Windirsch et al.
2022a).

Focusing on herbivory, previous studies (Windirsch et al. 2022a, Windirsch et al. 2023c) on
the same sites in regard to sediment and OM characteristics revealed that large herbivore
activity likely reduces permafrost thaw by snow compaction and alteration of the vegetation
community, but has no significant effect on the amount of carbon stored within the soil, as the
experimental herbivore density increase happened only quite recently (23 years on permafrost,
50 years on seasonally frozen ground). In seasonally frozen ground, no clear trends for carbon
storage increase along with increasing grazing intensity were found. However, these previous
studies only looked at total carbon storage. In this study we aimed to find out whether the
degradational state of soil OM varies in relation to the influence of large-mammal herbivory.
Therefore, we investigated in situ carbon quality - meant as the degree of ‘freshness’ or ‘state-
of-decomposition’. Our main research question is: how does the degradational state of soil OM
vary in relation to the influence of large-mammal herbivory? In order to answer this, our two
specific objectives were to investigate whether (1) large herbivore activity at various grazing
intensities alters biomarker signals of the soil OM, and whether (2) biomarker signals are af-
fected by the local thermal regime of the ground (i.e., permafrost vs. seasonally frozen ground).
First, we analysed bulk total organic carbon (TOC) characteristics as well as functionalized (n-
alcohols) versus non-functionalized (n-alkanes) biomarkers in sediment samples along grazing
intensity transects. These lipid biomarkers provide semi-specific information on OM sources
such as vegetation types, as well as on OM decomposition levels (Strauss et al. 2015,
Jongejans et al. 2021). Secondly, we compared permafrost sites to study sites with seasonally

frozen ground (SFG) to gain insights into the carbon storage processes in a warming Arctic
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where permafrost will increasingly transition to seasonally frozen ground. We hypothesise that
under high grazing impact biomarker indices for degradation (Higher Plant Alcohol index (HPA)
and Carbon Preference Index (CPl)) are higher compared to non-grazed sites with warmer soil
conditions and therefore more degraded OM. Thirdly, we determined whether large herbivore
grazing leads to reduced OM decomposition or increased OM input. We did this in a pilot study
approach, collecting a set of samples with large spatial spread to capture different landscape
and soil types, as well as different degrees of herbivore activity, to test if and under which

circumstances significant effects can be found.

4.3  Study area

We collected sediment samples from permafrost and non-permafrost sites from two terrestrial
Arctic study areas that are exposed to a range of large-herbivore grazing intensities at the local
scale.

The first study area is located in the continuous permafrost zone in the floodplains of the Ko-
lyma River in northeastern Siberia, approximately 100 km inland from the Arctic Ocean (Fig.
4-1a) (Fuchs et al. 2021). The landscape is characterised by Yedoma permafrost deposits and
thermokarst lake basins (Palmtag et al. 2015, Veremeeva et al. 2021). The climate is conti-
nental with large temperature amplitudes (average of -33 °C in January; average of 12 °C in
July) and low mean annual precipitation of less than 200 mm (Géckede et al. 2017), most of
which usually falls in winter as snow. As a consequence, meltwater is the main water source
for soil wetness in this region. Sediments are mainly silt-sized with additional clayish content,
in drained thermokarst basins often topped with peat or peat-mixed sediment. Active layer
depth ranges between 38 and 80 cm, depending on animal activity and vegetation type
(Windirsch et al. 2022a). The drained thermokarst basins are covered by tussock grasses
(Carex appendiculata) and short tundra vegetation (dwarf-shrub dominated with Betula nana,
Empetrum nigrum and Vaccinium and Salix species being common), following wetness gradi-
ents from seasonally flooded areas to snowmelt affected areas. Wet areas feature tall grasses
such as Calamagrostis canadensis (Corradi et al. 2005). On the surrounding uplands, tundra
vegetation, interspersed with willow shrubs, is found.

The second study area, featuring seasonally frozen ground, is located in the glacially imprinted
area of northern Finland (Fig. 4-1b and c) (Windirsch et al. 2021a, Windirsch et al. 2023c). In
this area, glacial sands provide the main soil substrate for the formation of shallow podzols on
top of glacial gravel and debris deposits. Relief mainly consists of glacial features such as
eskers and moraines (Paoli et al. 2018). In depressions, peat mires formed on top of the sandy
material. Pinus sylvestris and Betula pubescens ssp. tortuosa form vast forests in which wet-
lands covered by typical tundra vegetation and graminoids form more open areas. Underneath,
bryophytes and ground lichen form the lowermost vegetation layer in this area (Oksanen and

Virtanen 1995, Maliniemi et al. 2018). A subarctic and continental climate provides an annual
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air temperature amplitude of approximately 26 °C in humid conditions (Finnish Meteorological
Institute 2021).
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Figure 4-1 — Study site map indicating locations of all sampled sites; all detail maps are oriented with North up;
scale bar applies for all detail maps; a) Sampling sites in Pleistocene Park, northeastern Siberia; b) Sampling
sites at the Kutuharju Field Research Station, northern Finland; c) Reference sampling sites in northern Finland
outside the Kutuharju Field Research Station; d) Overview map (circumpolar) showing the study areas and their
position in the Arctic; E: Exclosure site, S: Reindeer summer range sites, W: Reindeer winter range sites, B:
Drained thermokarst lake basin sites, U: Yedoma upland sites, M: Mineral soil sites, P: Peat sites; Numbers 1 to
5 state the grazing intensity (1: no grazing to 5: intensive grazing/pasture/supplementary feeding site); imagery
provided by ESRI and Arctic SDI; coordinate system: EPSG:3067 — ETRS89 / TM35FIN(E,N).

4.4 Methods

4.41 Sampling approach

We collected the lipid biomarker samples during field campaigns in northeastern Siberia (2019)
(Windirsch et al. 2022a) and northern Finland (2020 and 2022) (Windirsch et al. 2023c) (Fig.
4-1). The exact coordinates of all sampling locations are reported in the datasets available on
the PANGAEA repository (Windirsch et al. 2021b, Windirsch et al. 2022c; b). During these
campaigns, we sampled transects along gradients of large-mammal grazing intensity, span-
ning across 5 identified grazing intensities (Fig. 4-1). In each study area, several transects,

each within a single landform or soil type, were selected, covering exclosure sites (intensity 1;
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3 sites in total), occasional seasonal migration routes (intensity 2; 3 sites in total), daily migra-
tion routes (seasonal in Finland) (intensity 3; 6 sites in total), high-frequency seasonal daily
migration routes (intensity 4; 3 sites in total), and pasture or supplementary feeding sites (in-
tensity 5; 7 sites in total). These intensities are based on manipulation, such as fences around
exclosures and across the landscape to guide migration or seasonal supplementary feeding,
and long-term observation by research station staff, combined with our own observations for
several days in the beginning of each sampling campaign. For final site selection, we also used
dung abundance and the animal-induced shift in vegetation composition to identify the intensity
of animal activity. In Siberia, the intermediate intensities 2 and 4 were omitted as identification
was unclear. This sampling approach was applied in a pilot study design, capturing a large
variety of soil and vegetation types as well as landscape forms but not having a balanced set
of sampling sites. Also, due to limited resources and the objective to test our methods for
finding differences between grazing intensities at all, we did not take any replicate samples,
though we collected dung samples as a reference for the pure animal signal. A list of all sam-
pling sites is provided in table 4-1.

In Siberia, we sampled permafrost-affected soils and the active layer in 3 sites along a transect
in a partially drained thermokarst basin (sites B) with increasing grazing intensity towards the
basin centre, as well as two sites along a transect on the surrounding Yedoma uplands (sites
U) in the Pleistocene Park experimental area (68.51 °N, 161.50 °E) (Zimov 2005). The local
herbivore species are Yakutian horses (Equus ferus caballus), Kalmykian cows (Bos primige-
nius taurus), sheep (Ovis sp.), reindeer (Rangifer tarandus tarandus), musk oxen (Ovibos mos-
chatus), yaks (Bos mutus), moose (Alces alces), European bisons (Bos bonasus) and Ameri-
can bisons (Bos bison), which access the pasture sites year-round.

In Finland, we sampled a series of locations at the Kutuharju Field Research Station (69.15 °N,
27.00 °E) in a forest tundra area in a glacially imprinted landscape. The glacial retreat from
these surfaces was estimated to 9,700 cal yr BP (Stroeven et al. 2016). The sample series
consists of 8 mineral soil sites (M) and 10 peat sites (P) which seasonally freeze from the
surface in winter, but are not underlain by permafrost. In addition, three reference sites outside
the managed station area were sampled during this campaign, which we identified as grazing
intensity 3 (migration routes with occasional grazing, representing the natural or most common
state in northern Finland). There, we sampled a mineral soil, a peatland soil, and a peat soil
underneath a birch forest to cover the predominant landscape types. The predominant large
herbivore species in this area is reindeer, along with moose.

For comparison to the soil sample contents, we took a fresh faecal sample of the predominant
herbivore species in each study area. In Siberia, we sampled fresh horse dung at the location

US. In Finland, we took a sample of fresh reindeer dung at site S-2M.
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We sampled a total of 23 sites, with either one core or one soil profile each, reaching depths
between 11 and 176 cm. From the material collected, we selected 58 subsamples for bi-
omarker analysis. In frozen ground, we obtained soil cores using a SIPRE permafrost auger
(Jon’s Machine Shop, Alaska). In unfrozen peat soils, we used a peat corer (Eijkelkamp), and
in unfrozen mineral soils we sampled within a soil profile using fixed-volume stainless steel
cylinders. Frozen cores were transported intact to the labs, where they were subsampled for
biomarker analysis, while unfrozen material was subsampled directly in the field. To avoid con-
tamination with fresh vegetation material, the uppermost sections that held living plant roots
from the soil cores and soil profiles were excluded. For the lower sections, we specifically
sampled visibly separable stratigraphic units and the freeze-thaw interface, if visible.
Biomarker samples were taken exclusively using metal instruments and transported in sterile
and annealed glass jar sample containers. The samples were frozen directly after sampling

and kept frozen until further laboratory analysis started.

4.4.2 Laboratory analysis

All samples were freeze-dried using a Zirbus Sublimator 15. After drying, the samples were
powdered and homogenised using a Fritsch Pulverisette 5 mill equipped with
corundum jars.

For lipid biomarker extraction, we followed the procedures presented by Jongejans et al.
(2021). Lipids were extracted from approximately 5 g of the homogenised samples using ac-
celerated solvent extraction (ASE) with dichloromethane / methanol (DCM / MeOH 99:1 v/v)
using a ThermoFisher Scientific Dionex ASE 350. The samples were each held in a static
phase (5 min heating) for 20 min (75 °C, 5 MPa). Samples were subsequently concentrated
using a Genevac SP Scientific Rocket Synergy evaporator at 42 °C.

We added internal standards for compound quantification: 5a-androstane as a reference for
n-alkanes and 5a-androstan-17-one for n-alcohols. After removal of the asphaltenes (n-hex-
ane-insoluble fraction) by asphaltene precipitation, we separated the resulting maltene fraction
(n-hexane soluble compounds) by medium pressure liquid chromatography (MPLC) (Radke et
al. 1980) into aliphatic, aromatic and NSO (nitrogen, sulphur, and oxygen containing) compo-
nents using n-hexane. The NSO fraction was additionally separated into an acidic and neutral
polar compound fraction. For this, each NSO fraction was transferred to an potassium hydrox-
ide impregnated silica column where the acidic components were trapped as their potassium
salts and the neutral polar components were washed through. Afterwards, the potassium salts
were protonated again using DCM / formic acid (98:2 v/v) and the acidic fraction was washed
off the column. Before measurements, the neutral polar fraction (containing the alcohols) was
silyllated by adding 100 ul DCM / MSTFA (N-Methyl-N-(trimethylsilyl)trifluoroacetamide;
50:50 v/v) and heating the samples at 75 °C for one hour.
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n-Alkanes from the aliphatic fraction as well as alcohols from the NSO fraction were measured
using a Thermo Scientific ISQ 7000 Single Quadrupole Mass Spectrometer equipped with a
Thermo Scientific Trace 1310 Gas Chromatograph (capillary column from BPX5, 2 mm x 50 m,
0.25 mm) as used by Jongejans et al. (2018), measuring with a MS transfer line temperature
of 320 °C and an ion source temperature of 300 °C with an ionisation energy of 70 eV at 50 pA.
Compound identification and quantification in relation to the internal standards from full-scan
mass spectra (m/z 50-600 Da, 2.5 scans s™') were carried out using the software Xcalibur.

In addition, we analysed the samples for total organic carbon content (TOC), using an Elemen-
tar soliTOC cube analyser, and total nitrogen (TN), using an Elementar rapidMAX N analyser.
From these measurements we calculated the TOC to TN (C/N) ratio.

We measured stable carbon isotope ratios (8'3C) after removing carbonates from our samples,
using hydrochloric acid at 50 °C for three hours. The samples were measured with a Delta V
Advantage Isotope Ratio MS supplement equipped with a Flash 2000 Organic Elemental An-
alyser, and results are provided in %o relative to the Vienna Pee Dee Belemnite (VPDB) stand-
ard (Coplen et al. 2006). Both C/N ratio and &'3C ratio can be used as an indication for the
quality and source of OM (Biester et al. 2014, Strauss et al. 2015). In fresh organic-rich sam-
ples, microbial activity is the main factor for OM decomposition, and the microorganisms prefer
the consumption of 2C over '*C, which leads to higher '*C values of the remaining OM
(Golubtsov et al. 2022). However, in recently deposited OM, the source of the OM, produced
from different vegetation types, has a strong impact on the 3'3C signatures, complicating the

use of this parameter as a decomposition indicator (Wynn 2007).

4.4.3 Lipid biomarker indices

Three indices from the measured lipid concentrations were calculated: (1) the average chain
length (ACL) of n-alkanes with i carbon numbers as a measure of the dominating chain length
distribution (Poynter and Eglinton 1990), providing information on the respective OM sources,
(2) the carbon preference index (CPI) of n-alkanes as a measure of the OM degradation level
(Bray and Evans 1961, Marzi et al. 1993) and (3) the higher-plant alcohol index (HPA) as a

measure of leaf wax component degradation (Poynter 1989) applying the following equations:

ZicC;
(Eq. 1) ACLy3_33 = T
_ X odd Cy3_31+% 0dd Ca5_33
(Eq. 2) CPly3_33 = 2+ 2 even Craag
(Eq 3) HPA X (alcohols C24,C26,C28)

) (alcohols C24,C26,C28) + ¥ (n—alkanes C27,29,C31)

following the methods applied by Jongejans et al. (2021). Lower CPlIs indicate a higher degra-
dation state of OM (Glombitza et al. 2009, Strauss et al. 2015). The same holds true for lower
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HPA values (Poynter 1989). High HPA values express a high content of n-alcohols vs. n-al-
kanes, and thus of functionalized to non-functionalized biomarkers. During decomposition it is
suggested that aliphatic functionalized biomarkers are degraded to non-functionalized aliphat-
ics (Poynter 1989). However, in fresh OM both parameters are affected by the biomarker com-
position of the initial source material (Jongejans et al. 2021). Thus, to use these parameters to

assess different degradation stages, the initial source material should be comparable.

4.4.4 Statistics

We tested for statistical significance of the differences in all parameters. Due to independence
of our samples, when separated by grazing intensity and therefore location, and unequal sam-
ple amounts within the groups, we chose to run a Kruskal-Wallis H test. We did this in the R
environment using the ‘stats’ package (R Core Team 2021) and used a confidence level of
0.95. Therefore, if the resulting p-value is smaller than 0.05, the differences are statistically
significant.

We further run mixed effect models in the R environment (‘ime4’ package) for the biomarker
indices, using ‘grazing intensity’ as a fixed variable and ‘site’ as a random variable to identify
random effects between sites, accounting for the spatial heterogeneity of the analysed soils.
Positive random interception values indicate that the respective biomarker index baseline
value at one site is higher than the overall baseline, while negative values indicate the oppo-

site.

4.5 Results

Here, we report the TOC, C/N, 8"3C, ACL2s.33 (for n-alkane chain lengths with 23 to 33 carbon
atoms), CPl2s.33 (for n-alkane chain lengths with 23 to 33 carbon atoms), total n-alkane con-
centration and HPA values for all permafrost-affected and seasonally frozen ground samples.
We distinguish between the seasonally thawed samples (top 38 cm of all study sites; Fig. 4-2)
and the full sampling depth from all sites (Fig. 4-3). All data will be published in PANGAEA.
Missing values for C/N ratio are due to very low TN values below the instrument detection limit
of 0.1 wt%. In the following, all samples are referred to by using the site name and the mean

sample depth.

451 TOC

In permafrost-affected samples TOC ranges between 0.81 wt% (CH19-B1 26.25 cm bs) and
21.13 wt% (CH19-B3 71.5 cm bs) with a mean value of 7.53 wt%. For seasonally frozen
ground, the TOC range is between 0.42 wt% (FI20-S-2M 18.5cm bs) and 53.99 wt%
(F120-S-4P 82.5 cm bs) with a mean of 28.54 wt%. There are no general trends with depth
across sites visible (Fig. S1). Many TOC values are in the same range for the permafrost and

seasonally frozen ground samples, with exception of the peat samples from seasonally frozen
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ground showing much higher TOC values, similar to the reference dung samples with 37.66
wt% (horse, Siberia) and 44.69 wt% (reindeer, Finland). When comparing grazing intensities,
values are lowest in grazing intensity 1 and seem to increase to grazing intensity 5 at least at

the permafrost sites (Fig. 4-2).

4.5.2 CIN ratio

For the permafrost-affected samples, values range from 11.40 (CH19-U5 49 cm bs) to 29.27
(CH19-U1 65 cm bs) with a mean of 17.79. For the seasonally frozen ground samples, the C/N
ratio range is between 13.77 (FI120-S-3P 92.5 cm bs) and 51.20 (FI20-S-3P 9.5 cm bs) with a
mean of 29.78. C/N values most often show a decrease over depth (Fig. S4-1), but are similar

across grazing intensities.
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4.5.3 Stable carbon isotope ratio
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4.5.4 Absolute n-alkane concen-
tration

The absolute lipid concentration of Figure 4-3 — Boxplots of ACL23.33, CPl23.33 and HPA comparing
. all active layer samples (Siberia; orange), permafrost samples

the n-alkanes in permafrost-affected (siberia; biue) and seasonally frozen ground sites (Finland; red);
t k outli than 1. length fi th -

samples range from 1.5 pg/groc S;E)r.nar outliers (more than 1.5 box lengths away from the me

(CH19-B3 71.5 cm bs) to 170.3 ug/groc (CH19-B1 124 cm bs). With a large share of samples
having rather low concentrations, the mean value is 36.5 ug/groc with a median of
26.2 pg/groc. In seasonally frozen ground samples, the n-alkane concentration varies between
1.7 pg/groc (F120-S-5F 22.5 cm bs) and 117.8 pg/groc (FI122-W-5P-A 47.5 cm bs). The mean
value is 22.2 pg/groc, the median is 8.1 ug/groc.

Concentrations follow no general pattern over depth across sites (Fig. S4-1), but are generally
lower at sites in grazing intensity 3. Dung reference samples show values of 2.3 ug/groc
(horse) and 14.3 ug/groc (reindeer). The individual n-alkane concentrations for carbon num-

bers 23 to 33 are reported in figure S4-2 for each sample.

4.5.5 Average chain length

Across permafrost-affected sites, ACL23.33 of the n-alkanes ranges between 26.1 (CH19-B1
87.5 cm bs) and 28.6 (CH19-U5 93 cm bs) with a mean value of 27.65. For seasonally frozen
ground, the ACL23.33 range is 25.7 (sample FI-S-2M 18.5 cm bs) to 30.7 (FI22-W-3P 17.5 cm
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bs) with a mean of 28.3. The values for our reference dung samples are 28.5 for horse dung
and 30.7 for reindeer dung (Fig. 4-2 and 4-3).

4.5.6 Carbon preference index

For permafrost-affected samples, the CPl23.33 ranges from 3.8 (CH19-B1 26.25 cm bs) to 14.5
(CH19-U1 65 cm bs) and a mean value of 7.9. The median is 7.7.

The CPl23.33 for seasonally frozen ground samples ranges from 5.0 (FI20-S-5M 11.5 cm bs) to
40.5 (FI22-W-3P 17.5 cm bs) with a mean value of 15.9 and a median of 11.1. There is no
general trend visible (Fig. S4-1). CPI for the horse dung reference sample is 23.3, and for
reindeer dung 62.2 (Fig. 4-2).

For one sample from seasonally frozen ground (FI20-S-2M 18.5 cm bs), we were not able to
calculate the CPl2s.33 due to the absence of n-alkanes with even carbon lengths between 24
and 32. The CPl2333 data indicate a slight trend to higher values with increasing grazing inten-

sity at the permafrost and less clear also at the seasonally frozen ground sites (Fig. 4-2).

4.5.7 Higher-plant alcohol index

HPA of permafrost-affected samples ranges from 0.37 (CH19-B1 87.5cm bs) to 0.90
(CH19-B5 106 cm bs) with a mean of 0.69 and a median of 0.70. For seasonally frozen ground
samples, HPA ranges between 0.05 (FI20-S-5P 10 cm bs) and 0.88 (FI20-S-2M 18.5 cm bs)
with a mean value of 0.34 and a median of 0.29. No general trend is visible over depth
(Fig. S4-1). Values are generally higher for intensively grazed sites (Fig. 4-2). The dung refer-
ence samples show values of 0.44 (horse) and 0.23 (reindeer). For one seasonally frozen
ground sample (FI20-S-3P 9.5 cm bs), we could not calculate the HPA index due to measure-

ment issues.

4.5.8 Statistical results

We found no distinct differences between permafrost sites (Siberia) and seasonally frozen
sites (Finland) that are consistent throughout all parameters. However, for individual parame-
ters, and especially the HPA index, some differences were evident from our data. We found
positive correlation for C/N ratio and CPl.s.33 (R = 0.60) as well as for ACL2s33 and 3'°C (R =
0.37). At the same time, we found a strong negative correlation for HPA and TOC (R =-0.57).
We tested for statistically significant differences in biomarker parameters, comparing the per-
mafrost-affected samples and the samples from seasonally frozen ground. We found a statis-
tically significant difference for the HPA index between all samples from the permafrost envi-
ronment (Siberia) and the seasonally frozen ground study area (Finland) (p-value < 0.001).
For CPl23.33 we found a significant difference comparing the same set of samples (p-value <
0.001). For ACL23.33 and absolute n-alkane concentration, the differences were not significant
(p-value > 0.05).
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However, when comparing HPA and CPl23.33 between grazing intensities, the differences were
not significant.

To identify random effects in our dataset, especially spatial variation of the soil composition,
and to identify if grazing intensity plays a role in parameter changes across our data, we run
mixed effects models that showed positive interception values for HPA from permafrost sites
in general, and for seasonally frozen sites with high grazing intensity. However, for seasonally
frozen ground, this observation was not consistent, even though only negative values were
returned for all seasonally frozen ground sites with a grazing intensity below 5. Repeating this
procedure for CPl2s.33 produced clearly negative values for permafrost sites, and a range of
values between -2.00 and 4.50 for seasonally frozen ground sites with no particular trend along
grazing intensities or across soil types. The same holds for ACL23.33, where the range for sea-

sonally frozen ground sites is -0.78 and 1.04.
4.6 Discussion

4.6.1 Effects of grazing intensity on biomarker signals

Since animal activity influences OM storage and likely also OM decomposition in permafrost-
affected areas (Windirsch et al. 2022a), we expected to find differences in the stored OM be-
tween different animal grazing intensities. We summarised our findings from n-alkane and n-al-
cohol analysis in figure 4-2, separated by grazing intensities, and limited the comparison to
samples taken from the top 38 cm of soil for two specific reasons. Firstly, during our sampling
at sites with permafrost, we found that the active layer depth was a minimum of 38 cm
(Windirsch et al. 2022a). This means that the material down to this depth is unfrozen during
the summer season, but frozen during winter. Secondly, given that the introduction of large-
mammal herbivores at the Siberian site was only 23 years ago and at the Finland site approx-
imately 50 years ago, it is important to note that herbivory influence primarily affects the soll
surface and upper soil section. As a result, the top soil samples are most likely to exhibit no-
ticeable changes induced by grazing, making them more suitable for comparison across dif-
ferent grazing intensities.

When examining HPA values of the surface samples affected by different grazing intensities,
a slight trend towards higher values with increasing grazing intensity can be observed for per-
mafrost-affected soils (Fig. 4-2). While in grazing intensity 3 only one sample is present, this
sample’s HPA value aligns between intensities 1 and 5. For the seasonally frozen soils, this
trend is not as strong with one higher HPA value at grazing intensity 1. Nevertheless, three of
the four highest HPA values can be observed at grazing intensity 5. This suggests that the OM
stored at sites of higher grazing intensity often shows a lower degradation level. This supports
our hypothesis that animal grazing can have a preserving effect on soil OM. The reason for
this could be that intense grazing reduces the soil cover of sturdy and snow-catching shrub
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vegetation, in favour of graminoid-dominated vegetation types, leading to faster and stronger
soil cooling when air temperatures drop in autumn/winter causing reduced OM degradation in
surface soils. In the permafrost-affected environment, this also appears to have an impact on
the total carbon storage (Fig. 4-2 TOC), since highest OC contents were observed at the sites
of grazing intensity 3 and 5. We did not see this for the seasonally frozen ground sites, with
partly very high TOC values at grazing intensity 3 and 5 due to the fact that they are peat
deposits, which makes them hardly comparable to the mineral soil sites found in grazing inten-
sity 1 in terms of TOC content. Further, soil compression from animal trampling often plays an
important role on peat soils, leading to higher bulk densities and therefore OC stocks. How-
ever, this was not the case in this specific study area, as bulk density was not increasing under
animal trampling on these study sites but in fact decreasing, as reported in Windirsch et al.
(2023c). The CPI123-33 data also show a slight trend towards higher values (less decomposed)
with increasing grazing intensity especially at the permafrost sites. For the seasonally frozen
ground samples, the data show a lot more variation which is most likely related to a higher
heterogeneity of the source OM (including peat samples) in this area. Previous studies showed
that increased degradation within soils can also lead to an increase of the 813C values of the
remaining organic biomass (Fig. 4-2) due to the fact that isotopically lighter OM is preferentially
degraded by microorganisms (Barker and Fritz 1981). Thus, 813C values are often used as
an additional parameter for OM degradation (Bonanomi et al. 2013, Biester et al. 2014, Strauss
et al. 2015). Here, the 8'3C values of the soil OM show a trend towards lighter values and
therefore less degraded OM with increased grazing intensity for both areas. This would addi-
tionally support our hypothesis that higher grazing intensity leads to lower OM decomposition
in the soils due to the increased exposure of the soils to the winter cold. As mentioned before,
O"3C values can also be influenced by the 3'*C signal of the source OM, however in this case
a change from shrub-dominated (8'3C values around -28 %o (Pattison and Welker 2014)) en-
vironment at lower grazing intensity to a graminoid-dominated (5'3C values around -26 %o (Pat-
tison and Welker 2014)) environment at higher grazing intensity should lead to an opposite
trend. This suggests that the 8'3C signal of the source OM is not the determining factor of the
bulk 3'3C signal of the deposited OM at least for the permafrost sites. This might be different
for the seasonally frozen ground sites where some of the samples at grazing intensities 3 and
5 are organic-rich peat samples. Peats in this area are for instance dominated by Sphagnum
species with 8'3C signals around -29 %o (Preis et al. 2018) and might be responsible for the
higher variability of bulk 8'C signals in the Finland dataset. While the ACL values exhibit clear
differences between different grazing intensities, which is also in support of different vegetation
compositions, we cannot state if these differences originate from any recent vegetation shifts

triggered by grazing activity of from the original soil OM itself.
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At the seasonally frozen ground sites in Finland, one HPA value at grazing intensity 1 is ex-
ceptionally high compared to the other values being even slightly higher than at grazing inten-
sity 5. While the effects on the pasture sites (soil cooling via animal activity and hence reduced
OM decomposition) are a possible explanation for increased OM stability at grazing intensity
5, the stable and undisturbed growth of ground-covering and therefore insulating species such
as Cladonia rangiferina observed at the Finland site (Windirsch et al. 2023c) might be a plau-
sible explanation for the low decomposition state of this specific sample at grazing intensity 1
(Porada et al. 2016). While such a layer insulates the ground against low winter temperatures,
it also insulates against summer heat to some degree, in contrast to graminoid vegetation.
Therefore, in artificially undisturbed areas where such a layer can form, the summer shadowing
effects and generally lower soil temperature amplitudes might partially compensate for the total
absence of the positive large-mammal herbivore effect on the OM preservation, leading to
colder ground conditions compared to the disturbed sites with intermediate grazing intensity
(intensity 3), but not as well as in the highly disturbed and now graminoid-dominated areas of
grazing intensity 5. However, this only works in areas where herbivores can be excluded (e.g.
by fences) and also where environmental characteristics are enabling such a vegetation type
to grow. At the grazing intensity 3 sites, animal impact is too strong for such an insulating lichen
layer to form, but too weak for animal-induced vegetation shifts towards graminoid-dominated
vegetation and effective soil cooling by snow trampling and mentioned vegetation change lead-

ing to intermediate OM degradation.

4.6.2 Effects of ground thermal regime on soil OM degradation

When comparing permafrost-affected deposits in Siberia with the seasonally frozen ground
deposits in Finland, both depositional areas can clearly be distinguished by the CPI, ACL and
HPA index data (Fig. 4-3). While the active layer and deeper permafrost deposits show varia-
tions within a similar range, the seasonally frozen ground samples show a distinct offset. The
ACL and CPI for the Finland sites are notably higher, which is due to differences of the vege-
tation composition of both sites. As shown before with the dung samples, the permafrost sites
are dominated by Calamagrostis ssp. which shows a lower ACL (28) (Berke et al. 2019) than
Deschampsia cespitosa (ACL 30.3) (Gamarra and Kahmen 2015) mixed with Sphagnum ssp.
(ACL 25.9) (Huang et al. 2012) at the Finland sites. Additionally, the seasonal frozen ground
also contains a high number of peat samples (21 out of 32) supporting the assumption of dif-
ferent OM compositions. When examining the HPA index, a significant difference (with a
p-value of 1.087) between these deposits or rather study areas is found. The samples from the
examined permafrost and active layer have a median HPA of 0.70, while the seasonally frozen
ground has a significantly lower median HPA of 0.27. Generally, HPA values are lower than
0.50 in the seasonally frozen ground samples, while samples from the permafrost study area

are higher than 0.50 (Fig. 4-3). Thus, the HPA data, generally, indicate a higher level of OM
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preservation for the permafrost deposits, which can be related to the reduced annual time of
OM degradation which is limited to the period when the soil is not frozen (Schuur et al. 2008,
Strauss et al. 2015, Walz et al. 2017).

Whether direct digestion of the OM by the local herbivore community may contribute to the
overall degradation pattern is difficult to say, since the proportion of the digested OM relative
to the total OM is unknown. However, such a contribution might be indicated when comparing
the HPA values of the horse (HPA of 0.44) and reindeer dung (HPA of 0.23) (Fig. 4-2 HPA),
showing a higher degree of degradation of the OM at the Finland site in the reindeer sample.
When comparing the reindeer dung sample with ACL values from literature, it can be observed
that the dung signal and the mean signal of the most abundant graminoid species are quite
similar. The sampled reindeer dung (Finland) had one of the highest values found in our study
(30.7, Fig. 4-2), which is close to the ACL value of Deschampsia cespitosa (30.3), the predom-
inant species on the sampled seasonally frozen pasture sites (Gamarra and Kahmen 2015,
Windirsch et al. 2023c). For the horse dung (Siberia), which is expected to contain mainly
locally predominating Calamagrostis material, we found an ACL value of 28.5. In the literature,
an ACL value of 28 was reported for another species of the Calamagrostis genus with a similar
distribution of n-alkane chains as in our horse dung sample (Berke et al. 2019), although
slightly shifted towards shorter chains. Thus, the horse dung from the Siberian study area likely
contains mainly Calamagrostis material with a minor content of other plant material. However,
the ACL values of the dung samples from both sites do not fit to the ACL values in the soils at
grazing intensity 5, which suggests that our soil samples must contain a wider mix of plant
species signals than present in the dung sample. Although only one dung sample has been
investigated in each study area, and therefore cannot be considered representative, the meas-
ured dung samples seem to reflect the source OM signal rather than deposited OM. Neverthe-
less, in terms of OM degradation, an effect of herbivore digestion on the HPA values of the soil
OM cannot be excluded. For the permafrost sites, where the active layer shows a slightly lower
HPA value than the underlying permafrost, we can therefore assume that in the active layer
we have a mixed signal between the original substrate, preserved below in the permafrost, and
the recent vegetation, either directly or via animal faeces. This mixing could also explain the
low HPA values in grazing intensity 5 in seasonally frozen ground samples, where the low
reindeer dung HPA, either representing the current vegetation or the animal influence, could

lower the overall HPA value of a sample.

4.6.3 Impact of herbivory on permafrost OM storage
The bulk 83C , CPl2.33 and HPA values suggest that intensive grazing (intensity 5) tends to
lead to less decomposed OM (Fig. 4-2). However, partly variable data at the permafrost but

particularly at the seasonally frozen ground site indicate that also other processes such as
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composition of the organic source material must have an impact on the level of OM decompo-
sition. We also found hints that degradation of functionalized OM might generally be lower in
permafrost-affected soils (Fig. 3 HPA). This leads to the conclusion that ground thermal re-
gimes have an impact on biomarker signals and OM degradation. If ground thermal regimes
can be influenced by animal activity via snow trampling and grazing-induced vegetation
changes, which ultimately would result in altered degradation conditions, is not clear from our
pilot study dataset, but our findings indicate that further studies on this topic are advised.

The differences between grazing intensities that can be observed in this pilot study are mainly
trends and due to the data variability statistically not well supported. Furthermore, it has to be
kept in mind that the observed differences are attributed to relatively short time spans between
the beginning of grazing and sampling (23 years for permafrost-affected sites, 50 years for
seasonally frozen ground sites) and that they also depend on the animal densities to observe
these effects across a whole area. Also, differences between grazing intensities in seasonally
frozen ground could be due to random effects caused by spatial variability. While there are
differences observed, and these differences approximately match our expectations of less de-
graded material under high grazing impact, our mixed effects modelling revealed that variability
between sites even within grazing intensities is high. On the other hand, the model confirmed
that HPA and CPl2s.33, which we used as degradation proxies, indicate a generally less de-
composed state of soil OM for the permafrost-affected sites, reporting highest interception val-
ues for the permafrost sites, clearly above the interception baseline of the complete dataset.
Also, at our study sites, these herbivore densities are unnaturally increased, and still grazing-
related effects are rather small. Actively utilising herbivory to reduce OM decomposition might
therefore only be feasible on a very local scale where animals can be herded and controlled
over longer periods of time. We are not able to make a precise statement on how long grazing
pressure needs to be applied in order to produce significant effects, if at all, but estimating from
the data presented, where some differences are already seen, the target period on permafrost
sites should exceed 50 years of grazing activity. At the same time, detailed measurements of
each site’s preconditions and a higher spatial resolution of sampling points as well as replicate

sampling are advised to account for confounding factors.

4.7 Conclusion

Building upon the hypothesis that large herbivore activity contributes to colder ground temper-
atures by keeping the soil vegetation low and thereby slowing down OM decomposition, we
have found indications that both permafrost-affected and to a smaller extend also seasonally
frozen Arctic ground tend to exhibit better-preserved soil OM under high grazing intensity.
Based on our lipid biomarker screening data we also observed, in addition to the grazing effect,
an overall lower degradation level of the permafrost OM compared to OM in the seasonally

frozen ground. The grazing effect on the OM preservation was evident in data trends but was
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not statistically confirmable. This was most likely due to high spatial variability of the examined
soil material (including source OM) and little expressed changes in the biomarker signals.
Hence, we see indications that intensive herbivory tends to have a positive impact on soil
carbon storage in permafrost, while in seasonally frozen ground an effect is not clearly visible
or more strongly masked by random effects such as soil material differences and overall spatial
heterogeneity (i.e. micro-topography, vegetation, hydrology etc.). At the same time, we also
found no negative impact of herbivory on soil carbon storage in seasonally frozen ground.
These results need to be evaluated in future studies with a more dense sampling approach.
We still suggest that the implementation of intensive herbivory practices may offer localised
opportunities for mitigating OM decomposition and subsequently reducing carbon emissions
originating from permafrost and should be further examined in climate change strategy devel-

opment.
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Table 4-1 — Study sites in active layer (AL) and permafrost (PF) samples in permafrost-affected soils in Cher-
skiy (CH), northeastern Siberia, from 2019, and in seasonally frozen ground (SFG) in Finland (FI) from 2020
and 2022; grazing intensity defined from 1 (exclosure) to 5 (pasture).

study area  site sampling sampling size grazing ground ther- soil type
year analysed intensity mal regime

Siberia CH19-B1 2019 5 1 AL, PF mineral, peat
CH19-U1 2019 4 1 AL, PF mineral
CH19-B3 2019 4 3 AL, PF mineral
CH19-B5 2019 5 5 AL, PF mineral, peat
CH19-U5 2019 6 5 AL, PF mineral

Finland FI20-E-1M-A 2020 2 1 SFG mineral
FI22-E-1M-B 2022 1 1 SFG mineral
FI20-S-2M 2020 2 2 SFG mineral
Fl22-S-2P 2022 1 2 SFG peat
FI20-S-3M 2020 2 3 SFG mineral
F120-S-3P 2020 3 3 SFG peat
Fl22-W-3P 2022 1 3 SFG peat
F120-MR 2020 1 natural SFG mineral
FI20-PR 2020 1 natural SFG peat
Fl22-W-4M 2022 1 4 SFG mineral
FI20-S-4P 2020 3 4 SFG peat
Fl22-W-4P 2022 2 4 SFG peat
FI20-S-5M 2020 1 5 SFG mineral
FI122-W-5M 2022 1 5 SFG mineral
FI20-S-5P 2020 3 5 SFG peat
Fl22-W-5P-A 2022 2 5 SFG peat
FI22-W-5P-B 2022 2 5 SFG peat
FI20-S-5F 2020 3 5 SFG peat
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Chapter 5: Synthesis

The main objective of this dissertation project was to determine the impact of large herbivore
activity, such as trampling, browsing, snow removal, and fertilization, on the storage of soil
organic carbon in Arctic regions. Based on the hypothesis that the mammoth steppe repre-
sents a stable carbon storage system self-sustained by intensive herbivory in cold environ-
ments, my findings indicate that animal activity does indeed affect soil carbon storage in per-
mafrost environments locally (chapter 2). Such effects were not clearly visible in seasonally
frozen ground, where apparently other soil factors play a larger role compared to permafrost,
giving a rather weak correlation between animal abundance and soil carbon reservoirs (chap-
ter 3). Concerning the degradation state of the belowground OM (chapter 4), | encountered
lower degradation at sites with high grazing intensity. This effect is clearly visible in permafrost-
affected soils, and findings from seasonally frozen ground indicate a similar but less intense

effect of grazing on soil OM preservation.

5.1 Ecosystem changes under the impact of large herbivores
An important driver of Arctic soil warming, and a key element to the Arctic amplification (Zhang
et al. 2013, Previdi et al. 2021), is the establishment of larger and more perennial vegetation,
mainly in the form of shrubs colonising tundra areas and exceeding the former northern treeline
(Parker et al. 2021). While numerous studies found that grazing pressure by large herbivores
reduces the extent of shrubification (Olofsson et al. 2009, te Beest et al. 2016, Mekonnen et
al. 2021), this thesis reveals the S

complete transformation of Arctic

open-landscape vegetation by in- &

tensive herbivory towards grami-

. . . } 7 rassland B
noid-dominated vegetation com- 9

munities, including the reduction

of shrubification (chapters 2.5.1

and 3.5.2). The research showed

low

o tun S tundra with shrubs

that tundra areas exposed to high
animal activity transformed into
species-poorer and graminoid-

dominated vegetation types (table

none

3-2), while with decreasing animal tundra forest / shrub tundra

activity the abundance of shrubs

—  future

increased. While it is conceivable past
Figure 5-1 — Graphic representation of Arctic tundra vegetation
development under different grazing pressures, accounting for on-
going shrubification under climate warming.

that animals simply avoid shrubby
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areas — leading to high animal activity in shrub-poor areas — it was shown in other studies that
shrubs vanish in the presence of large animal numbers, most likely due to browsing pressure
(Olofsson et al. 2009, Verma et al. 2020). This supports the assumption of the future vegetation
pathways under grazing pressure as depicted in figure 5-1.

However, reindeer prefer open landscapes for insect avoidance, as the insects are exposed
to wind in such areas (Skarin et al. 2010, Bezard et al. 2015). Nevertheless, this leads to

reindeer maintaining such open landscapes as described above.

5.2  Grazing effects on soil organic matter decomposition

While the data presented in chapter 2 show that soil carbon storage is higher under intensively
grazed conditions in a permafrost-affected area, this seems to be true only for the active layer,
the seasonally thawed top part of the soil. Therefore it is plausible to expect the same effect in
seasonally frozen ground (chapter 3), where the top layer undergoes the same winter-freezing
summer-thawing cycle. However, the findings from chapter 3 were inconclusive in this regard.
An explanation to this would be that even in the seasonally thawed active layer, the general
existence of permafrost underneath plays an important role, as it prevents vertical water move-
ment below the permafrost table (Smith et al. 2012), and therefore also the vertical wash-out
of carbon (Mueller et al. 2015). This frozen water-impermeable layer does not exist in season-
ally frozen ground, so even if animal presence increases carbon input, it maybe is not visible
in the upper soil part due to removal processes. Another explanation to why increased carbon
contents are only found in the active layer on top of permafrost might be the relatively short
time span of intensive grazing (~ 23 yr) in my permafrost study area, while present-day per-
mafrost was deposited in times where mammoths were still around. This is visible from the
range of the permafrost radiocarbon ages, reaching from approximately 2300 to
34600 cal yr BP (chapter 2, appendix Il table S2-1).

If we investigate the decomposition state of soil organic matter via lipid biomarker analysis
(chapter 4), it is revealed that the decomposition state is indeed different between grazing
intensities also in seasonally frozen ground (Fig. 4-2). This means that there is not necessarily
more carbon stored in ground affected by intensive grazing, but that OM shows signs of lower
decomposition under intensive grazing influence. This is especially true for alcohol com-
pounds. When comparing all the samples taken for lipid biomarker analysis from both study
areas, the alcohol compounds showed enhanced decomposition in seasonally frozen ground
compared to permafrost-affected ground, including the active layer (Fig. 4-3).

Therefore, in line with the hypothesis of this thesis, the ground temperature regime affected by
animal activity via snow removal, compression and vegetation change is the key influence of
animals on soil OM storage. To prevent soil OM from further and, as a result of climate warming
and Arctic amplification, accelerated decomposition, and hence carbon release, the ground

must be kept as cold as possible (Conant et al. 2011). The findings presented in the previous
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chapters and indicated by others (Olofsson and Post 2018, Beer et al. 2020, Macias-Fauria et
al. 2020, Tuomi et al. 2021) show that the process of keeping carbon in the ground in general

is feasible if applying intensive grazing pressure to permafrost-affected soils.

5.3 Feasibility of utilising herbivory in the Arctic

The fact that previously named animal-induced effects on soil OM occur under artificially high
grazing intensities and are therefore feasible only on local scale pushes any future approaches
into the direction of grazing management, e.g. herding. This means that human action is re-
quired to apply these affects to locations in the Arctic.

Since preservative effects of animal grazing on permafrost and therefore permafrost-bound
OM are indicated from the findings of chapter 2, this provides a valid argument for indigenous
land users, who historically herded animals such as reindeer, to increase their stock sizes or
even return to the herding practises at all (Fig. 5-2). Nowadays, society often hinders traditional
lifestyles in favour of other interests such as forestry or mineral resource exploitation (Tuisku
2002, Berg et al. 2008, Persson et al. 2017).

In a similar way, society can revive or expand animal herding on seasonally frozen ground,
while accounting for the vegetation changes described in chapters 2 and 3. Graminoid vege-
tation is more productive in regard to carbon fixation than tundra vegetation (Zimov et al. 2012).
Here, the conflict with forestry interests might be even less of a problem, as potentially already
harvested high-latitude forest areas could be used for herding, preventing the establishment
of tundra and shrub vegetation (Olofsson et al. 2009), transforming such places into graminoid-
dominated landscapes (chapters 2.6.1 and 3.6.2) with high productivity. However, it might be
necessary to prepare such areas by e.g. removing tree stumps to make them favourable for
migratory grazers like reindeer (Bezard et al. 2015).

However, when thinking about grazing as a solution to circumarctic permafrost thaw, we must
consider the required animal numbers for such an impact. Zimov et al. (2012) calculated a
required animal density of 10.5 t/km? herbivore biomass to transform tundra into steppe-like
biomes (based on fossil findings from the Pleistocene). Considering a total Arctic tundra area
of 5 070 000 km? (Zona et al. 2016), this results in a total of 53 235 000 t animal biomass
required to reach the needed animal density for this transformation across the terrestrial Arctic.
Following Zimov et al. (2012), this means that approximately 25.4 million bison, 38.1 million
horses, 76.1 million reindeer, 1.3 million lions, 5.3 million wolves, 5.1 million mammoths or an
equivalent of other large herbivores, and additionally 2.6 million tons of smaller herbivores are
needed to create permafrost-stabilising ecosystem conditions throughout the Arctic tundra. If
using only reindeer, the Arctic would need a total of 532 million animals. Compared to a recent
global reindeer population of approximately 7 million animals (World Animal Foundation 2023),
including wild and semi-domesticated reindeer (Rangifer tarandus; reindeer and caribou),

these high numbers show that utilising herbivory for permafrost stabilisation is only feasible on
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small and local scales, where such high animal densities could be reached under controlled
conditions.

Finally, if domesticated or semi-domesticated animals increase in the Arctic, society could use
this population as a share of global meat production (Fig. 5-2). While taking into account the
lower carbon footprint of free-roaming animals, as a result of their varying and seasonally di-
verse diet (Hansen 2012), and cutting back at industrial cattle farming, meat availability on the
global market could be kept at an equal level while reducing meat production’s climate impact
at the same time.

However, such implications are not part of the research presented in this thesis, and require
additional research. However, we should explore this concept when considering the overall

impact of intensifying herbivory in the Arctic.
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Figure 5-2 — Summarising graph for the key findings of this thesis (centre; white), potential implications for
grazing and herding practices (top; grey-dashed) and speculative further implications (bottom; grey-dashed).

54 Research implications for successful planning and use of Arctic herbivory

In the face of global warming, it is imperative to take advantage of every available technique
to mitigate carbon emissions. Preventing further and avoidable human-caused carbon emis-
sions (Pefiuelas and Carnicer 2010, IPCC 2021) or even stop them (Abbott et al. 2022) is
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crucial to stop climate warming, but the active removal of CO, from the atmosphere is an im-
portant piece to mitigate the warming. One promising tool to achieve these goals is the man-
agement of Arctic large-mammal herbivory, as demonstrated in figure 5-2. However, in order
to implement and monitor the efficiency of this approach, we need to address specific
knowledge gaps through extensive experimental and monitoring sites across the Arctic (chap-
ters 2.6.3 and 3.6.5). These sites would require exclosures that are repeatedly sampled and
evaluated, permanent sensors for soil temperature and moisture, detailed assessments of veg-
etation community composition and status, detection of albedo changes, continuous gas flux
measurements, areas with varying animal numbers and species composition, annual snow
measurements, and a monitoring of at least decades, as illustrated in figure 5-3. While such
experiments may affect local carbon inventories already (chapter 2.7), the findings could be
extended to broader coverage in the future.

While time is running out to find and implement ways of carbon removal and long-term storage,
| immediately advise setting up larger numbers of such experimental sites based on the find-
ings in this thesis. With strong hints on the usefulness of large-herbivore grazing on permafrost
stability and hence slowing down soil carbon loss (chapter 2), such experimental sites in the
circumpolar terrestrial Arctic would double as research sites to test effectiveness, and perma-
frost stabilisation sites where at least some extent of OM decomposition reduction is already
in place. At the same time, such sites provide the opportunity for future adjustments based on

ongoing research to maximise emission reduction from Arctic ground.
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Figure 5-3 — Concept of an ideal experimental site to examine the effectiveness of increased herbivore num-

bers in the Arctic; this concept includes gas flux measurements, soil moisture and temperature measurements,
snow measurements, albedo measurements, repeated biomass and vegetation assessments and the setup of
exclosure sites; further different grazing intensities, different ground types representative across the Arctic and
long project times are needed.
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Appendix |1 Organic Carbon Characteristics in Ice-rich Permafrost in Alas and Yedoma
Deposits, Central Yakutia, Siberia

This publication deals with two deep permafrost cores from an drained thermokarst basin (alas)
and the adjacent Yedoma upland. Since the alas is used for hay-making and cattle farming,
this paper is also relevant in the context of this thesis. It is based on studies previous to this

thesis.
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IV.1  Abstract

Permafrost ground is one of the largest repositories of terrestrial organic carbon and might
become or is already a carbon source in response to ongoing global warming. With this study
of syngenetically frozen, ice-rich and organic carbon (OC)-bearing Yedoma and associated
Alas deposits in Central Yakutia, we aimed to assess the local sediment deposition regime and
its effect on permafrost carbon storage. For this purpose, we investigated the Yukechi Alas
area (61.76495 °N, 130.46664 °E), a thermokarst landscape degrading into Yedoma in Central
Yakutia. We retrieved two sediment cores (Yedoma upland, 22.35 m deep, and Alas basin,
19.80 m deep) in 2015 and analysed biogeochemistry, sedimentology, radiocarbon dates and
stable isotope geochemistry. The laboratory analyses of both cores revealed very low total OC
(TOC) contents (< 0.1 wt%) for a 12 meter section in each core, while the remaining sections
ranged from 0.1 to 2.4 wt% TOC. Those core parts holding very little to no detectable OC
consisted of coarser sandy material estimated to an age between 39,000 and 18,000 years
before present. For this period, we assume deposition of organic-poor material. Pore water
stable isotope data from the Yedoma core indicated a continuously frozen state except for the
surface sample, thereby ruling out Holocene reworking. In consequence, we see evidence that
no strong organic matter (OM) decomposition took place in the sediments of the Yedoma core
until today. The Alas core from an adjacent thermokarst basin was strongly disturbed by lake
development and permafrost thaw. Similar to the Yedoma core, some sections of the Alas core
were also OC poor (< 0.1 wt%) in 17 out of 28 samples. The Yedoma deposition was likely
influenced by fluvial regimes in nearby streams and the Lena River shifting with climate. With
its coarse sediments with low OC content (OC mean of 5.27 kg/m?), the Yedoma deposits in
the Yukechi area differ from other Yedoma sites in North Yakutia that were generally charac-
terised by silty sediments with higher OC contents (OC mean of 19 kg/m? for the non-ice wedge
sediment). Therefore, we conclude that sedimentary composition and deposition regimes of
Yedoma may differ considerably within the Yedoma domain. The resulting heterogeneity
should be taken into account for future upscaling approaches on the Yedoma carbon stock.
The Alas core, strongly affected by extensive thawing processes during the Holocene, indi-
cates a possible future pathway of ground subsidence and further OC decomposition for thaw-

ing Central Yakutian Yedoma deposits.

IV.2 Introduction

Permafrost deposits represent one of the largest terrestrial carbon reservoirs. Perennial freez-
ing largely prevents decomposition and preserves organic material. These permafrost soil con-
ditions are found in the ground of approximately one quarter of the Northern Hemisphere’s
land surface (Zhang et al. 1999). The estimated amount of frozen and unfrozen carbon stored

in the terrestrial permafrost region is 1330 to 1580 gigatons (Gt) (Hugelius et al. 2014, Schuur
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et al. 2015), which is approximately 45 % more than what is currently present in the atmos-
phere (~ 864 Gt, based on 407 ppm CO. measured in 2018) (Ballantyne et al. 2012,
Friedlingstein et al. 2019). Permafrost aggregation and conservation is highly dependent on
long-term climatic conditions, both directly via air temperature and indirectly by the presence
or absence of insulating vegetation and snow cover (Johansson et al. 2013). Currently, these
permafrost conditions are under threat by rapidly increasing global, and in particular Arctic air
temperatures which have resulted in widespread permafrost warming in recent years
(Biskaborn et al. 2019). Gradual permafrost losses of up to 70 % by 2100 in the uppermost
3 m are expected in a business-as-usual climate scenario (Chadburn et al. 2017, IPCC 2019),
and even deeper if accounting for deep thermokarst-induced rapid thaw (Nitzbon et al. 2020),
while rapid permafrost thaw is not considered at all (Turetsky et al. 2020a).

A special type of permafrost is the Yedoma ice complex deposit (in the following referred to as
Yedoma), formed syngenetically by late Pleistocene deposition of fine-grained sediments with
large volumes of ground ice. Yedoma is ice-rich (50-90 vol% ice) and usually has organic car-
bon contents of 2 to 4 weight percent with an estimated deposit thickness up to 40 m
(Schirrmeister et al. 2013, Strauss et al. 2013). In Central Yakutia, the cryostratigraphic char-
acteristics of these syngenetic Late Pleistocene deposits have been previously studied by var-
ious researchers (Soloviev 1959, Katasonov and Ivanov 1973, Katasonov 1975, Péwé et al.
1977, Péwé and Journaux 1983). In the context of global climate change, such high ice content
with intrasedimental ice and syngenetic ice wedges render Yedoma deposits highly vulnerable
to thaw induced landscape changes (Schirrmeister et al. 2013) and ground volume loss caus-
ing surface subsidence. Thawing leads to ground subsidence that is often associated with thaw
lake development (Grosse et al. 2013). Thaw lake development, surface subsidence, lake
drainage, and refreezing of the sediments result in a thermokarst basin landform called Alas
in Central Yakutia (Soloviev 1973). During these thermokarst processes, the organic material
stored within the permafrost becomes exposed to decomposition in the thaw bulbs (taliks) un-
derneath the thermokarst lakes. It is subsequently released into the atmosphere as a result of
microbial activity in unfrozen and aquatic conditions in form of gases such as carbon dioxide
or methane, amplifying global climate change (Schuur et al. 2008). After a lake drainage event,
the resulting thermokarst deposits in the Alas basins refreeze and the remaining Pleistocene
soil carbon, as well as carbon from new plant biomass forming in thermokarst lakes and basins,
becomes protected from decomposition again. The occurrence of these draining and refreez-
ing processes can usually be determined by higher carbon content compared to the adjacent
deposits (Strauss et al. 2013).

The resulting landscape patterns of Yedoma uplands and Alas basins form a heterogeneous

landscape mosaic (Morgenstern et al. 2011). The heterogeneity and carbon characteristics
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within these deposit types, especially below 3 m, are still poorly studied, as only very few stud-
ies examining long Siberian permafrost cores have been conducted (Zimov et al. 2006, Strauss
et al. 2013, Shmelev et al. 2017). Studies from this area mostly examine natural Yedoma ex-
posures as for example in the Batagay mega thaw slump (Ashastina et al. 2017). In Central
Yakutia, several permafrost studies have been conducted, especially on thermokarst pro-
cesses, related surface dynamics and temperature changes (Fedorov and Konstantinov
2003a, Ulrich et al. 2017a, Ulrich et al. 2017b, Ulrich et al. 2019). Other studies show a direct
relation between dense vegetation cover and low permafrost carbon storage due to warmer
permafrost conditions as a result of ground insulation (Siewert et al. 2015). Hugelius et al.
(2014) estimate the carbon stock in the circumarctic permafrost region to be approximately
822 Gt carbon. However, despite the still high vulnerability of deeper deposits to thaw by ther-
mokarst and thermo-erosion (Turetsky et al. 2019), only very few studies report organic carbon
characteristics for permafrost deposits deeper than 3 m. This lack of data results in very high
uncertainties for the impact of deep thaw in ice-rich permafrost regions and consequences for
the carbon cycle (Kuhry et al. 2020).

By investigating deeper permafrost sediments in the continuous permafrost region of Central
Yakutia, we aimed to understand the processes involved in organic carbon deposition and
reworking in Yedoma and thermokarst deposits of this fast changing permafrost landscape
(Nitze et al. 2018).

Our main research questions are: (1) What are the sedimentological processes that influenced
the carbon stocks found in the Yedoma and Alas deposits of the Yukechi area?, and (2) How

did the sedimentological processes affect the local carbon storage?

IV.3 Study site

The Yukechi Alas landscape (61.76495 °N; 130.46664 °E) covers an area of approximately
1.4 km? and is located on the Abalakh Terrace (~ 200 m above sea level) in the Lena-Aldan
interfluve of Central Yakutia (Fig. IV-1a) (Ulrich et al. 2019). It is characterised by Yedoma
uplands and drained Alas basins indicating active thermokarst processes (Fedorov and
Konstantinov 2003a). Yedoma deposits cover 66.4 % of the area. The lakes cover about
13.0 % of the Yukechi Alas landscape, and approximately 20.6 % of the area consists of basins
covered by grasslands, which contain Alas deposits (Fig. S-1V-1).

Today, Central Yakutia is characterised by an extreme continental subpolar climate regime
with very low winter air temperatures down to minima of -63 °C in January (Nazarova et al.
2013). Holocene summer climate reconstructions indicate climate settings with slightly colder
conditions (TJuly for 10,000 to 8,000 yr BP and 4,800 to O yr BP is 15.6 £ 0.7 °C,) compared
to modern climate (TJuly is 16.6 to 17.5 °C) and a mid—Holocene warming phase between
about 6,000 and 4,500 yr BP (TJuly ~ 1.5 °C higher than today) (Nazarova et al. 2013, Ulrich

et al. 2017b). The contemporary mean annual air temperature in Central Yakutia (measured
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at Yakutsk Meteorological Station) is -9.7 °C. The modern active layer thickness in Central
Yakutia is approximately 1.5 m but it can be larger in grasslands, such as within Alas basins
(about 2 m and more), and smaller below the taiga forest (less than 1 m) (Fedorov 2006). For
the Yukechi Alas deposits, the active layer depth can be estimated at around 2 m and therefore
reaches down into an observed talik, following Fedorov (2006). Taliks form because of a recent
or already drained lake that prevented winter freezing, or an incomplete refreezing of
the active layer.

The Yedoma deposits in this region can be more than 30 m in thickness as was already shown
by older Russian works (Soloviev 1959, 1973). Lakes are found in partially drained basins as
well as on the surrounding Yedoma uplands (Fig. IV-1b). The land surface within the Alas ba-
sins is covered by grasslands while the boreal forest found on the Yedoma uplands mainly
consists of Larix cajanderi with several Pinus sylvestris communities (Kuznetsova et al. 2010,
Ulrich et al. 2017b). Central Yakutian Alas landscapes are characterised by extensive land use
(mainly horse and cattle herding and hay farming) (Crate et al. 2017).

Lake dynamics have been monitored at the Yukechi Alas study site for several decades by the
Melnikov Permafrost Institute in Yakutsk (Bosikov 1998, Fedorov and Konstantinov 2003b,

Ulrich et al. 2017a) and have partially been linked to local land use (Crate et al. 2017).
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Figure IV-1 — Study site overview; a: location of the Yukechi Alas study site in Central Yakutia on the edge of
the Abalakh Terrace (Circumpolar digital elevation model, Santoro and Strozzi, 2012); b: locations of the Alas1
and the YED1 coring site within the Yukechi Alas landscape (Planet OrthoTile, acquisition date: 7 July 2018;
Planet Team (2017)).

IV.4 Methods

IV.4.1 Field work

Field work took place in March 2015 during a joint Russian-German drilling expedition. Two
long permafrost sediment cores were obtained, one from Yedoma deposits and one from the
adjacent drained Yukechi Alas basin (Fig. IV-1b). The surface of the Alas sample site
(61.76490 °N, 130.46503 °E; h = 209 m above sea level) is located approximately 9 m lower
than the surface of the sampled Yedoma site (61.75967 °N, 130.47438 °E; h = 218 m above
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sea level) (Fig. IV-2). The distance between the two coring locations is 765 m. Both cores were
drilled from dry land surface, kept frozen, and sent to Potsdam, Germany, for laboratory anal-
ysis. The Yedoma core (YED1) reached a depth of 22.35 m below surface (bs) and includes
an ice wedge section from approximately 7.0 to 9.5 m bs. A talik section due to not completely
refrozen active layer as identifies at 100 to 200 cm bs. The Alas core (Alas1) reached 19.80 m
bs. A talik section was found in the Alas core reaching from approximately 160 down to 750 cm
bs.

YE'EH
Yedoma

. Yedoma (dry) &
——l L lake- — — .~ — — .

Alas center
(dry)

Alas lake

Figure IV-2 — Setting of the drilling locations for the Alas1 and YED1 cores showing distance and height
difference between the locations (vertical scale exaggerated); the terms “Alas lake” and “Yedoma lake” are cho-
sen after Ulrich et al., 2017a in accordance to the deposit type in which the thermokarst lakes are located; fol-
lowing Crate et al., (2017), the Yedoma lake can also be called “dyede” due to its development stage.

IV.4.2 Laboratory analysis

The frozen cores were split lengthwise using a band saw and were subsequently subsampled.
Each subsample consisted of approximately 5 cm core material. Subsamples were equally
distributed along the cores. According to visual changes, we covered all visible stratigraphic
layers and we sampled at least every 50 cm in order to capture specific sediment properties.
The samples were weighed and thawed. Intrasedimental ice or, if the sediment was unfrozen
during drilling, intrasedimental water was extracted using artificial plant roots (Rhizones) con-
sisting of porous material with a pore size of 0.15 um and applied vacuum. In order to avoid
evaporation, the samples were thawed at 4 °C inside their sample bags and sealed tightly after
inserting the Rhizones. These water samples were then analysed for stable oxygen and hy-
drogen isotopes (see section 1V.4.2.5). The ice wedge ice was subsampled using a saw for

the analysis of stable oxygen and hydrogen isotopes.

IV.4.2.1 Ice content, bulk density, and subsampling
The weighed sediment samples were freeze-dried and weighed again afterwards for determin-

ing the absolute ice content in weight percent (Wwt%). We decided for the absolute ice content
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as the gravimetric one, normalised with the dry sample weight, is not suitable for further calcu-
lations. Ice content within talik areas represents the water content, which froze after drilling.
Bulk density was calculated from the absolute ice content, assuming an ice density of
0.9127 g/cm?3 at 0 °C and a mineral density of 2.65 g/cm? (Strauss et al. 2012).

IV.4.2.2 Elemental analyses

Subsamples used for elemental analyses were homogenised using a planetary mill (Fritsch
Pulverisette 5). Subsamples were then weighed into tin capsules and steel crucibles for the
elemental analyses. Total carbon (TC), total nitrogen (TN), and total organic (TOC) content
were measured through combustion and analyses of resulting gases using a vario EL Il and
a varioMAX C Element Analyser. Results give the carbon and nitrogen amounts in relation to
the sample mass used for analysis in wt%. The carbon nitrogen ratio (C/N) was calculated
from the TN and TOC content. Besides showing an input signal, we used this ratio as a rough
indicator for the state of degradation or source of organic matter. Assuming a constant source,

a higher ratio indicates better-preserved organic matter (Stevenson 1994, Strauss et al. 2015).

IV.4.2.3 Magnetic susceptibility and grain size analysis

Subsamples taken for grain size analysis were first measured for mass specific magnetic sus-
ceptibility using a Bartington Magnetic Susceptibility Meter Model MS2 and a frequency of
0.465 kHz. This allows us to differentiate between different mineral compositions (Butler 1992,
Dearing 1999). Values are given in Sl units (10 m3kg).

For grain size analysis, the samples were treated with hydrogen peroxide and put on a shaker
for 28 days to remove organic material. The pH was kept at a reaction-supporting level be-
tween 6 and 8. Subsequently, the samples were centrifuged and freeze—dried. Of each sam-
ple, 1g of each sample was mixed with tetra-Sodium Pyrophosphate 10-hydrate
(NasP207*10H20) (dispersing agent) and dispersed in an ammonia solution. The grain size
distribution and proportions were determined using a Malvern Mastersizer 3000 equipped with
a Malvern Hydro LV wet-sample dispersion unit. Statistics of the grain size measurements
were calculated using Gradistat 8.0 (Blott and Pye 2001). Results are used to identify different

stratigraphic layers via material composition and to deduce sedimentary processes.

IV.4.2.4 Radiocarbon dating

Radiocarbon dating was done for nine samples using the Mini Carbon Dating System (MICA-
DAS) at AWI Bremerhaven. We used bulk sediment samples for dating due to a lack of macro-
organic remains within the deposits. The results were calibrated with the software Calib 7.1
(Stuiver et al. 2018) using the IntCal13 calibration curve (Reimer et al. 2013). Results are given
in calibrated years before present (cal yr BP). The age—depth model was developed using the

“Bacon” package in the R environment (Blaauw and Christen 2011) (Fig. S-1V-2).
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IV.4.2.5 Stable isotopes

Besides showing a source signal (Meyers 1997), stable carbon isotopes can be used as a
proxy for the degree of decomposition of organic material, as during decomposition and min-
eralization '2C is lost, resulting in a higher share of '*C and hence a higher &'3C ratio
(Fig. S-1V-3) (Diochon and Kellman 2008).

Twenty-three subsamples for 3'3C analysis were ground and carbonates were removed by
treating the samples with hydrochloric acid for three hours at 97.7 °C. The samples were then
vacuum-filtered, dried, and weighed into tin capsules for analysis. The stable carbon isotopes
were measured using a Delta V Advantage Isotope Ratio MS supplement equipped with a
Flash 2000 Organic Elemental Analyser. The results are compared to the Vienna Pee Dee
Belemnite (VPDB) standard and given in per mille (%o) (Coplen et al. 2006) with an analytical
accuracy of <0.15 %o.

Stable hydrogen and oxygen isotopes can be used as a temperature proxy. Lower 6*H and
5'®0 values indicate lower temperatures during precipitation. Samples taken from the ice
wedges generally yield a winter temperature signal (Opel et al. 2018), whereas pore ice and
pore water signals are a mix of different seasons with a higher uncertainty due to alteration
and fractionation during deposition and multiple freeze-thaw cycles as well as evaporation
(Meyer et al. 2000).

Our &%H and &'®0 samples were measured at AW| Potsdam Stable Isotope Laboratory using
a Finnigan MAT Delta-S mass spectrometer with the equilibration technique after Horita et al.
(1989). In total, 29 samples were measured, of which 16 originated from YED1 pore ice, 8
originated from YED1 wedge ice, and 5 from Alas1 pore ice or pore water. The results are
given in per mille related to standard mean ocean water (%0 vs. SMOW). The analytical accu-
racy for 8°H was < 0.8 %o and for 8’0 it was < 0.1 %o (Meyer et al. 2000). The Deuterium

excess (d excess) (d=62H-8*6'0) was calculated as well from these values.

1V.4.2.6 Statistics and bootstrapping approach for carbon budget estimations

For the mean grain size, the mean of each core unit, consisting of several samples’ mean
values, is given. We estimated the carbon budget of the Yukechi Alas area after Eq. (1), using
a bootstrapping approach. Bootstrapping is a statistical method to estimate the sample distri-
bution using resampling and replacement (Crawley 2015). Resampling consists of drawing
randomly selected samples from the dataset (i.e. BD and TOC) repeatedly (10,000 iterations),
after which those values are fed into the formula. Replacement refers to the fact that the drawn
samples in each iteration are available for all following iterations. We used combined BD and
TOC values, as they are not independent. In addition, we corrected for irregular sampling by
value replication according to depth interval so that values spanning larger intervals have a

higher chance of being drawn. We calculated the mean and standard deviation of all iterations.
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. 100-WIV TOC
thicknessXcoverageX ————XBDX —

103 100 100 (1 )

with deposit thickness in m, coverage in m?, wedge-ice volume (WIV) in vol%, BD in 10° kg/m?
and TOC in wt%. For all TOC values below the detection limit (0.1 wt%), a value of 0.05 wt%

was set. Missing bulk density values, resulting from low ice contents (< 20 wt%) and therefore

0C quantity (kt) =

not fully ice-saturated sediments (Strauss et al. 2012), were calculated after Eq. (2), which
describes the relation between TOC and bulk density in the examined cores. This had to be
done for 9 samples in YED1 and 12 samples in Alas1 (see also Windirsch et al. (2019)).
bulk density = 1.36640-115xT0C (2)

The core length of the examined cores was assumed to represent the different ground types,
resulting in a deposit thickness of 22 m for Yedoma deposits and 20 m for Alas deposits. A
mean wedge-ice volume of 46.3 % for Central Yakutian Yedoma deposits and 7 % for Alas
deposits of Central Yakutia was assumed following Ulrich et al. (2014) who determined aver-
age wedge-ice volumes for several deposit types in multiple locations in Siberia. We estimated
the deposit coverage of Yedoma and Alas deposits using satellite imagery as shown in fig-

ure S-IV-1. The ice wedge in YED1 was excluded in the bootstrapping.
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Bootstrapping calculations were done after Jongejans and Strauss (2020) for the upper 3 me-

ters, the different core units as well as for the complete cores (table 1V-2) using the “boot”

package in the R environment. Bootstrapping included 10,000 iterations of random sampling

with replacement. We used combined BD and TOC values, as they are not independent, and

corrected for irregular sampling by value replication according to depth interval. We calculated

the mean and standard deviation of all iterations.
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Figure IV-3 — a: overview of the Yedoma core; depth
given in cm bs; state after core retrieval is given by colours:
blue = frozen, red = unfrozen; location of the ice wedge is
labelled; brown illustrates silty sediments, yellow represents
sandy sediments; b: detailed pictures of the YED1 core; (1)
332-317 cm bs, picture of unit Y1 showing black organic-
rich inclusions within the grey silty matrix; (2) 960—-944 cm
bs, picture of the wedge ice in Y2; (3) 1549-1532 cm bs,
picture of Y3, showing the coarse sandy material with no vis-
ible cryostructures or organic material; (4) 2133-2117 cm
bs, picture of Y4, showing the grey silty matrix with some
dark organic dots.
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IV.5 Results

IV.5.1 Characteristics of the
Yedoma deposits

The Yedoma core YED1 visually ap-
pears rather heterogeneous (Fig. IV-3a)
with material varying from fine gray ma-
terial (Fig. IV-3b[1]) to sandy grayish
brown material (Fig. IV-3b[3]) (Windirsch
et al. 2020a). Between 2235 and 1920
cm bs and between 691 and 0 cm bs,
brown to black dots up to 2 cm in diame-
ter may be organic-rich material. Cryo-
structures include structureless to micro-
lenticular ice and larger ice veins and
bands. The core penetrated an

ice wedge between 1005 and 691 cm bs,
so we could take ice samples only. The
core contains an unfrozen layer close to
the surface between approximately 200
and 100 cm bs, representing a thin initi-
ating talik layer underneath the 100 cm
thick frozen active layer (Fig. IV-3a, red).
All laboratory results are listed in detail in
the PANGAEA repository (Windirsch et
al. 2019).

We divided the Yedoma core into four
main Yedoma units (Y) (Fig. IV-4). Y4 is
the lowest (2235 to 1920 cm bs) and old-
est (radiocarbon age of 49,323 cal yr BP)
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stratigraphic unit. The absolute ice content slightly increased towards the surface (35.8 to
36.6 wt%, peak value of 53.6 wt% in between). MS also increased from 60.7 to 155.4 SI. The
grain size was rather consistent with a mean value of 24.3 + 3 ym and the soil texture varied
between sand and silt (Fig. S-IV-4 and S-IV-5). We found TOC contents of up to 1.7 wt%
(mean of 1.3 wt%). The C/N ratios within this unit varied between 9.2 and 10.6, and 5'*C values
ranged between -25.27 and -24.66 %o vs. VPDB (Fig. S-IV-3). TN values only reached the
detection limit of 0.1 wt% in 9 out of 36 samples in the whole YED1 core. As just these 9
samples exceeded the detection limit (highest value 0.16 wt% at 2036 cm bs), only they have
been used for C/N ratio calculations.

The radiocarbon sample age of Y3 (between 1927 and 1010 cm bs) yielded an infinite age
(> 49,000 yr BP) with *C below detection limit. There is a transition zone between Y4 and Y3
represented by a diagonal sediment boundary in the core between 1927 and 1920 cm bs (see
Fig. IV-3a). Y3 showed distinctly lower absolute ice contents (< 32.1 wt%). MS varied between
120.5 and 285.0 SI. Higher sand contents (> 56.9 vol%) led to an increase in grain size (72.1
to 191.6 ym) with a mean grain size of 120.5 + 35.5 pm. Grain size decreased down to 33.3 pm
in the uppermost sample of Y3 and no detectable TOC was found in this unit.

Y2 (1010 to 714 cm bs) consisted of massive wedge ice, which contained very little sediment
inclusions (Fig. IV-3b[2]). Thus, only water isotopes (3°H and &'®0) could be measured and
analysed. The results are described in section IV.5.3.

Y1 (714 to 0 cm bs) is the uppermost and youngest unit with carbon ages ranging between
40,608 (589.5 cm bs) and 21,890 cal yr BP (157.5 cm bs). Ice content decreased from the ice
wedge towards the surface ranging from 14.6 wt% (110 cm bs) to 57.4 wt% (688 cm bs). MS
decreased towards the surface from 108.1 to 15.4 Sl in the uppermost sample, with a maxi-
mum of 118.6 at 298 cm bs. This unit consisted of fine sediment with a mean grain size of
19.9 + 4.2 uym. It contains up to 1.4 wt% TOC (298 cm bs). C/N values were in the range of 9.1
to 12.9. The lowest &'3C value was found at 21 cm bs with -28.07 %o vs. VPDB; the lower part

of this section showed a mean value of -24.42 + 0.6 %o vs. VPDB.
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Figure IV-4 - Characteristics of the Yedoma core YED 1: radiocarbon ages, absolute ice content, bulk density,
magnetic susceptibility (MS), grain size composition, mean grain size, total organic carbon (TOC) content, car-
bon-nitrogen (C/N) ratio and stable carbon isotope (5'3C) ratio; hollow circle indicates an infinite radiocarbon
(dead) age; grey/white areas mark the different stratigraphic units (Y1 to Y4).

The grain size distributions (Fig. S-IV-5) illustrate the differences between the core units. Silt
is the dominant grain size class in Y4 and Y1, whereas unit Y3 is dominated by sand.

The calibrated radiocarbon ages of the Yedoma deposits are listed in table IV-1 and assigned
to the different core units. Our age—depth model (Fig. S-IV-2a) indicates a steep age-depth
relationship from approximately 1200 to 2235 cm bs and a rather well defined, gradual age-
depth relationship from 1200 cm bs towards the surface (Fig. S-IV-2a).

The bootstrapping approach resulted in a mean soil organic carbon (SOC) estimation of
4.48 £+ 1.43 kg/m? for the top 3 m of the YED1 core and a mean of 5.27 + 1.42 kg/m? for the
entire core (table IV-2). We calculated a carbon inventory of 56.8 + 15.2 kt for the Yukechi
Yedoma deposits by upscaling the carbon storage to the complete Yedoma coverage in the
Yukechi Alas landscape (66.4 %, ~ 917,000 m?) (Fig. S-IV-1).

IV.5.2 Characteristics of the Alas deposits
The Alas1 core contains a large proportion of unfrozen sediment (i.e. talik; ~ 750 to 160 cm

bs) (Fig. IV-5a, red), which led to the loss of some core sections during drilling. The absolute
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ice content given for samples retrieved from this zone represents absolute water content; sam-

ples were frozen directly after core recovery and field description. The core’s visual appear-

ance was more homogeneous compared to YED1 regarding colour (greyish brown) and ma-
terial (clayish silt (Fig. IV-5b[2]) to sandy silt (Fig. IV-5b[4])) (Windirsch et al. 2020b). Cryo-
structures of the frozen core below 750 cm bs included horizontal ice lenses up to 5 cm thick-

ness and structureless non-visible ice. Blackish dots

Alas1

and lenses (up to 1 cm in diame-
ter) hint that organic material is in-
cluded in the sediments. The fro-
zen sediment of the uppermost
160 cm bs represents the sea-
sonally freezing layer.

We divided the Alas1 core into
four stratigraphic units (A1 to A4),
according to soil texture and, if
applicable, carbon content
(Fig. IV-6). The oldest unit is A4
(1980 to 1210 cm bs) with radio-
carbon ages of 42,865 cal yr BP
(1967.5 cm bs) and 45,870 cal yr
BP (1530.5 cm bs). An age inver-
sion was detected here. Absolute
ice content did not show a specific
trend and ranged from 15.3 wt%
at 1400.5 cm bs to 25.4 wt% at
1220 cm bs. MS ranged between
62.1 (1967.5 cm bs) and 133.9 Sl
(1759 cm bs) with much higher
values in a sand intrusion found
between 1530.5 and 1312 cm bs
(266.7 at 1464 cm bs, 268.7 at
1400.5 cm bs). The mean grain
size was constant (35.9 + 36 um)
except for the sandy intrusion
(1529 ym at 1464cm bs,
72.6 ym at 1400.5 cm bs), lead-

ing to a high standard deviation

cm bs
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Figure IV-5 — a: overview of the Alas1 core; depth given in cm bs;
state after core retrieval is given by colours: blue = frozen, red = un-
frozen; light brown marks silty material, yellow marks sandy material,
dark brown marks silty material containing more organic material; b:
detailed pictures of the Alas1 core; (1) 88—64 cm bs, picture of A1
showing the silty grey matrix including dark organic structures; (2)
840-828 cm bs, picture of the sandy A2 unit; (3) 1169-1148 cm bs,
picture of A3 showing a silty grey matrix with some darker organic
dots; (4) 1781-1767 cm bs picture of the fine-grained silt-dominated
A4 unit including black organic-rich inclusions.
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(Fig. S-IV-4, S-1V-6). While TOC values were below detection limit within this sandy material,
the other parts of A4 held TOC amounts of up to 1.8 wt% (1759 cm bs). The C/N ratio ranged
between 5.8 (1274 cm bs) and 8.9 (1759 cm bs) with a mean value of 7.4 (Fig. S-1V-2). The
5"3C values showed a range of -25.67 to -24.06 %o vs. VPDB (Fig. S-1V-3). Only the TN values
that exceeded the detection limit, which was the case in 8 out of 28 samples in the entire Alas1
core, have been used for C/N ratio calculations.

A3 ranged from 1210 to 925cm bs. The absolute ice content was stable around
22.7 + 2.9 wt%. MS increased towards the surface from 72.1 Sl (1205.5 cm bs) to 122.6 S
(955 cm bs). A3 was characterised by less coarse material compared to A4 (Fig. S-1V-6), with
a mean grain size of 19.7 £ 3.7 ym. All TOC values were below detection limit, so no C/N could
be calculated and no 3'C could be measured.

The characteristics of A2 (925 to 349 cm bs) were similar to those of the sand intrusion found
in A4. A radiocarbon age of 27,729 cal yr BP was measured at 812.5 cm bs. The absolute ice
content had a mean of 15.2 wt% and decreased from 16.7 wt% at 919.5 cm bs to 12.9 wt% at
395 cm bs. MS decreased upwards from 302.3 to 129.2 Sl. The mean grain size at the bottom
of this unit was 102.3 ym (919.5 cm bs), increased to 221.9 ym at 812.15 cm bs towards the
surface, and reached the lowest value of 41.2 um at the upper boundary of A2 (Fig. S-IV-6)

with an overall mean of 108.0 £ 59.5 um. All TOC values were below the detection limit.
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Figure IV-6 - Characteristics of the Alas1 core: radiocarbon ages, absolute ice content, bulk density, magnetic

susceptibility (MS), grain size composition, mean grain size, total organic carbon (TOC) content, carbon-nitrogen

(A\Ci/;l) ratio and stable carbon isotope (8'3C) ratio; grey/white areas mark the different stratigraphic units (A1 to
The uppermost stratigraphic unit A1 starts at 349 cm bs. It is the youngest unit of Alas1 with a
radiocarbon sample at 199 cm bs dated to 15,287 cal yr BP. The absolute ice content slightly
increased from 19.1 wt% (344.5 cm bs) to 23.1 wt% (9 cm bs) throughout this unit. MS de-
creased towards the surface, starting at 126.7 (344.5 cm bs) and reaching 50.8 at 9 cm bs.
The mean grain size decreased again, compared to A2, representing silty material with values
of 18.5*}¢ um. The mean grain size for this unit was 20.0 + 4.6 um. TOC was only detectable
in the uppermost sample with a value of 2.4 wt% (9 cm bs). The C/N ratio for this sample was
12.0 and the &*C was -27.24 %o vs. VPDB.
The radiocarbon ages are listed in table IV-1. The age-depth model (Fig. S-IV-2b) shows a
rather continuous slope for all calibrated ages of Alas1. Bootstrapping resulted in a mean SOC
value of 6.93 + 2.90 kg/m? for the top 3 m of the Alas1 core (table IV-2). The calculation for the
whole core resulted in a mean value of 6.07 £+ 1.80 kg/m?® carbon. For the whole Alas area
within the Yukechi Alas landscape (20.6 %, ~ 284,000 m?) (Fig. S-IV-1 [green]), we calculated

a total organic carbon stock of 32.0 £ 9.6 kt using an estimated deposit thickness of 19.8 m.
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IV.5.3 Water isotope analysis of the YED1 and Alas1 core

Stable hydrogen and oxygen isotope results are shown in figure IV-7. We found clear down-
ward trends of 580 and &2H values becoming more negative between 1000 and 400 cm bs in
the YED1 core (Fig. IV-7b). Below 1000 cm bs, both &*H and 3'80 become less negative with
increasing depth. 580 ranged between -25.16 %o at the lowermost sample and -30.70 %o at
1071.5 cm bs with a much less negative value of -15.53 %o closest to the surface. While the
uppermost Yedoma sample had a 8*H value of -120.8 %., all other Yedoma samples showed
much more negative values between -181.3 %o (2209.5 cm bs) and -221.6 %o (1071.5 cm bs).
Values almost aligned with the global meteoric water line (GMWL), but partly also the local
evaporation line (LEL) of Central Yakutia (Wetterich et al. 2008), except for the ice wedge
samples of YED1 (Fig. IV-7a). The isotope data obtained from the ice wedge samples had
more negative values for both 32H (-220.6 %o to -228.6 %o) and 5'80 (-29.58 %o to -30.55 %o) in
comparison to the remaining YED1 core. The d excess values are lowest in the YED1 ice
wedge (lowest value of 9.3). Other values range between 3.5 in the uppermost sample as an
outlier and generally range between 14.7 and 29.5 with no clear trend visible.

Most of the Alas samples were too dry to extract pore water for water isotope analysis, resulting
in a low number of water samples for this core (Fig. IV-7c). These Alas1 samples showed little
variance in 82H and &'®0 data, ranging from -13.33 %o (103 cm bs) to -15.48 %o (1154 cm bs)
for 580 and -130.4 %o (61 cm bs) and -137.6 %o (1464 cm bs) for 82H. d excess values are
lower towards the surface (-22.8 at 61 cm bs, -24.3 at 103 cm bs) and range from -14.1 to -12.2

in the lower core part.
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Figure IV-7 — The characteristics of water stable isotopes in the studied sediment cores; a: stable hydro-
gen (82H) and oxygen (5'80) isotope ratios of YED1 pore ice (black triangles), YED1 ice wedge ice (hollow
triangles), and Alas1 pore ice and pore water (black dots) [%o vs. SMOW]; global meteoric water line GMWL:
5?H=8*3"80+10; local evaporation line LEL of Central Yakutia (based on data compiled until 2005 after Wetterich
et al., 2008); b: oxygen isotopes, hydrogen isotopes and d excess values of YED1 plotted over depth; c: oxygen
isotopes, hydrogen isotopes and d excess values of Alas1 plotted over depth.

IV.6 Discussion

IV.6.1 Carbon accumulation and loss at the Yukechi study site

We found surprisingly low TOC values in certain core sections of the Yedoma and Alas depos-
its. These low values appear in core sections with coarser sediments (fine sand), while the
rather fine sediment layers (silt and sandy silt) store more TOC. The similarities in sediment
structure and composition of the two cores, in particular between units Y1, Y4 and A4 in terms
of grain size composition and OC content, and the increased accumulation rates towards the
core bottoms (Fig. S-1V-2) indicate that the sedimentary sources regime was the same for both
cores until approximately 35,000 cal yr BP (Fig. IV-4 and IV-6).

On the one hand, low TOC content could result from strong organic matter decomposition
during accumulation or during a thawed state, especially in thermokarst deposits. On the other
hand, it could reflect low carbon inputs. A suitable explanation for a low-input scenario is a
change in the sedimentary regime due to fluvial transportation processes as is explained in
more detail in chapter 5.2. The low stable carbon isotope data of our cores (between -
-24.06 and -27.24 %0) are comparable to other studied sites from the Yedoma domain
(Schirrmeister et al. 2013, Strauss et al. 2013, Jongejans et al. 2018). Our C/N data suggest
a fairly homogeneous source signal of the organic material. Both cores show the lowest 5'C
values closest to the surface as the organic material is the most recent and therefore least

decomposed. In deeper sections of the cores, &'*C is higher (less negative) with no general
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trend over depth in the Alas and Yedoma deposits. This indicates that the present material
was already further decomposed when it became frozen. We see that decomposition ceased
once the deposits froze; therefore §'*C values do not show a clear trend at depth. The C/N
ratios in both cores support this hypothesis and are in line with the results found by Strauss et
al. (2015) and Weiss et al. (2016) for other Yedoma and Alas sites in Siberia. In comparison
to the mean C/N ratio of 10 in YED1, the mean C/N ratio of 8 for Alas1 indicates that the Alas
deposits are slightly more affected by decomposition due to their temporary thawed state dur-
ing the lake phase. As the carbon was freeze-locked in the YED1 core the entire time since
being frozen, it did not decomposed after deposition. The Yukechi C/N values are on the low
end of C/N ratios known from other Yedoma deposits, e.g. from Bykovsky Peninsula
(Schirrmeister et al. 2013) and Duvanny Yar (Strauss et al. 2012). The hypothesis of an input
of organic-poor and already pre-decomposed material is supported by the fact that both cores,
Alas1 and YED1, show low C/N ratios. The carbon characteristics indicate that the low carbon
content results from low carbon input rather than decomposition in both cores, as no evidence
for conditions favoring high decomposition rates is found. Therefore, low carbon content is
likely not the result of strong decomposition during aquatic conditions of a lake-covered state,
but a legacy of the source material. For a "decomposition during lake phase"-scenario, organic
carbon parameters would differ largely in carbon content and isotope signature from those of
the still-frozen Yedoma (Walter Anthony et al. 2014).

We found age inversions in both cores with similar age and depth (YED1 49,232 cal yr BP,
1998.5 cm bs; Alas1 42,865 cal yr BP, 1967.5 cm bs) (Fig. IV-4 and IV-6, Fig. S-IV-2) which is
typical for many Yedoma sites (Schirrmeister et al. 2002). While cryoturbation might seem an
obvious explanation, we suggest that this process did not play a major role here due to the
long-term frozen state of YED1. Rather, we assume that the age inversions indicate a tempo-
rary shift in sediment input at approximately 35,000 cal yr BP. This could have caused some
in-deposit reworking in the watershed and the incorporation of older material into younger sed-
iments. In addition, the dating of bulk sediments very close to the maximum datable age of
approximately 50,000 yr BP may cause a high uncertainty in the absolute ages of sediment
layers (Reimer et al. 2013). Therefore, the rather small age inversions (> 49,000 cal yr BP to
49,232 yr BP in YED1, and 45,870 cal yr BP to 42,865 cal yr BP in Alas1) could be a result of
material mixture in dated bulk samples. The radiocarbon ages above this age inversion align

well with a simulated sedimentation rate, as shown in figure S-IV-2.

IV.6.2 Yedoma and Alas development

The differences in ice content between both cores and the homogeneous ice content through-
out the whole Alas1 core indicate that thaw processes influenced the Alas deposit. As de-
scribed above, this is supported by the water isotope signals, which are quite homogeneous

throughout Alas1. This is the quantitative evidence that these deposits have been previously
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thawed under thermokarst influence. The homogeneity in water isotopes is an outcome of per-
colating surface water during a thawed state. Subsequent talik refreezing in sandy sediments
led to the formation of structureless pore ice, forming a taberal deposit (Wetterich et al. 2009).
Refreezing, in our case, started from the surrounding frozen ground rather than from the sur-
face, as a talik is still present in the upper core part. This allowed for the formation of structure-
less, invisible to microlenticular ice structures in the sandy material providing relatively large
pore spaces (French and Shur 2010). Due to the formation of those small ice structures, no
sediment mobilization by the formation of, for example, large ice bands occurred in this core,
resulting in an unmixed and clearly layered sediment. This also excludes cryoturbational pro-
cesses as an explanation for the age inversions that we found.

The perennially frozen conditions since incorporation into permafrost of the Yedoma deposits
at YED1 are supported by the water isotope signals (Fig. IV-7) with much lower §'®0 values
for the Yedoma pore ice in comparison to the uppermost sample (4 cm bs in YED1). The latter
shows a water isotope signal reflecting very recent climate and freezing, thawing and evapo-
ration processes in the active layer. If the Yedoma core had been thawed at some point, in-
truding water would have led to a more homogeneous oxygen isotope signal throughout the
core as is obvious in the Alas core. Also, the intact ice wedge gives evidence for a perennially
frozen state throughout the depositional history at YED1. The stable isotope ratio values of
wedge ice (mean 5'80 of -30 %o, mean d?H of -224 %) reflects winter precipitation and fits well
into the regional pattern for Marine Isotope Stage (MIS) 3 ice wedges in Central and Interior
Yakutia (Popp et al. 2006, Opel et al. 2019) while the d excess shows a much elevated value
(16 %o) compared to the regional pattern (Popp et al. 2006, Opel et al. 2019). The d excess
values from the middle part of the ice wedge correspond well to the regional values from Ma-
montova Gora, Tanda and Batagay (Opel et al. 2019), while the others resemble those of the
host sediments and are potentially overprinted by exchange processes between wedge ice
and pore ice (Meyer et al. 2010). Due to the low number of datapoints, no meaningful co-
isotopic regression was calculated. The stable isotope composition of pore ice shows a co-
isotopic regression of 3°H = 6.61 8'0 - 18.0 (R? = 0.97, n = 23), which is typical for Yedoma
intrasedimental ice (Wetterich et al. 2011, 2014, 2016). The isotope values plot well above the
regional Local Meteoric Water Line of the cold season (Papina et al. 2017), suggesting a sub-
stantial proportion of (early) winter precipitation — usually characterised by high d excess val-
ues — for the pore ice, which is also evident for some units of the Batagay megaslump (Opel
et al. 2019). The decreasing trend of pore ice isotopic & values from the bottom to the top
indicates a general cooling in Central Yakutia during the time span covered by our study. How-
ever, as it is accompanied by an opposite increasing trend in d excess, these values may be
overprinted by secondary freeze-thaw processes in the active layer and rather reflect the in-

tensity of these fractionation processes (Wetterich et al. 2014).
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The age-depth models of both cores show steep curves and higher sedimentation rates at the
bottom of both cores, which slow down towards the surface (Fig. IV-4 and V-6, Fig. S-1V-2).
This indicates that during the early phase of the sediment accumulation (~ 45,000 to 35,000
cal yr BP), the depositional environment at Alas1 was the same as at YED1. The steepness of
the age—depth model suggests an upward decrease in the accumulation rate or can be inter-
preted as an increase in surface erosion towards the top of the YED1 core (Figure S-IV-3a).
Especially the sandy core part (Y3) accumulated rapidly, as indicated by the radiocarbon sam-
ple below dated to 49,232 cal yr BP (71.5 cm below the bottom of Y3) and the next radiocarbon
sample above dated to 40,608 cal yr BP (420 cm above the top of Y3). These 917 cm of Y3
therefore accumulated in less than 8,600 years, while in Y1, the accumulation of 714 cm took
more than 18,700 years (40,608 cal yr BP at 589.5 cm bs, 21,890 cal yr BP at 157.5 cm bs)
(table 1V-1). The continuous steepness of the age-depth model of Alas1 (Fig. S-1V-2b) sug-
gests a rather constant accumulation rate throughout the deposition of these sediments.

Due to the alternation of coarse and carbon-poor material (i.e. Y3 and A2, see Fig. IV-4 and
IV-6) with fine carbon-rich material (i.e. Y1 and Y4 in Fig. IV-4, A4 in Fig. IV-6), we suggest
shifts in the sedimentary regime at the Yukechi study site (Soloviev 1973, Ulrich et al. 2017a,
Ulrich et al. 2017b). This hypothesis is supported by the MS results, which give higher values
for sandy core parts, hinting at a different material source, compared to the silty and carbon-
bearing core units. Due to the great thickness of those sandy layers (core units 1 to 4, Fig. V-4
and IV-6), the most suitable explanation is material transport by tributaries on top of the (for-
mer) Yedoma uplands of the Abalakh Terrace. We interpret this to mean that the sandy mate-
rial in the studied cores was deposited during the river-connected flooding phases at our study
site. Moreover, fluvial transport gives a suitable explanation for low carbon content as organic
matter decomposition is often much higher under aquatic conditions (Cole et al. 2001). Fur-
thermore, high flow velocity allow larger particles to be deposited, but keeps lighter particles,
like organic material, in suspension (Anderson et al. 1991, Wilcock and Crowe 2003, Reineck
and Singh 2012).

Another explanation for the occurrence of these carbon-poor sandy layers are shifts in wind
direction and wind speed and therefore the sediment carrying capacity of the wind (Pye 1995).
A shift in eastern Siberian climate during the beginning of the Kargin interstadial (MIS 3,
~ 50,000 yr BP) resulted in higher winter temperatures (Diekmann et al. 2017) and therefore
higher pressure gradients within the atmosphere, leading to greater wind speeds. This in turn
resulted in higher sediment carrying capacity of the wind which provides a suitable explanation
for the sediment differences. Also, sand dunes of the Lena River valley (Huh et al. 1998) could
have provided sufficient sandy material throughout the formation of the sand layers found in
the Yukechi deposits (Y3 and A2 in Fig. IV-4 and IV-6). The radiocarbon ages of these coarser
core segments (Y3 and A2 in Fig. IV-4 and 1V-6) dated between 39,000 and 18,000 cal yr BP
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match the timing of these climatic changes. Increased wind speeds at the beginning of a
warmer interstadial phase during the MIS 3 (Karginian climate optimum, 50,000 to 30,000 yr
BP) and a subsequent decrease in wind speed during the colder stadial MIS 2 are a suitable
explanation (Diekmann et al. 2017). Those increased wind speeds could have led to further
transport of the coarser material from the source area, enabling these materials to reach our
study area (Anderson et al. 1991).

From our data we see that the sandy layers were deposited in approximately 7,000 yr (radio-
carbon dates below and above these layers). As the sediments are rather coarse (115.3 ym
mean grain size), a fluvial deposition is more likely than an aeolian deposition (Strauss et al.
2012). Moreover, the lack of organic material makes fluvial deposition the more plausible pro-
cess. Thus, we think that periodic flooding events of Lena River tributaries near our study area
are a more likely source for the sediments. The original Yedoma deposits of the Yukechi area
were most likely formed by deposition of silty sediments and fine organic material during sea-
sonal alluvial flooding. The climatic changes (Diekmann et al. 2017, Murton et al. 2017) and
the resulting higher water availability during the deposition period of the sandy layers may have
caused changes in fluvial patterns on the Abalakh Terrace. More water could cause higher
flow velocities under warmer climatic conditions and therefore increased erosive power, lead-
ing to the formation of new flow channels (Reineck and Singh 1980).

With a climatic backshift to colder conditions during MIS 2, water availability decreased and
silty organic-bearing material was again deposited by seasonal flooding on top of the sandy
layers. This likely led to lake initiation on top of the Yedoma deposits. The underlying ground
began to thaw and subside, forming the Yukechi Alas basin. During this process, ice was lost
from the sediment and the ground subsided by at least 9 m (height difference of 9 m between
YED1 and Alas1 surface). Surface or lake water was able to percolate through the unfrozen
sediments. This is revealed by the homogeneous water isotope signal that is similar to the
YED1 surface sample (Fig. IV-7). Under the unfrozen aquatic conditions in the sediment, mi-
crobial activity started, resulting in the decomposition of the already small amount of organic
material (Cole et al. 2001). When the lake drained, the sediments started to refreeze both
upward from the underlying permafrost and downward from the surface, leaving a talik in be-
tween (Fig. IV-5). The subsided ground indicates that core unit A4 (Fig. IV-6) lies beneath the
lowest unit of the Yedoma core, Y4 (Fig. IV-4), while units A1 to A3 shrank due to thawing from
approximately 2200 to 1200 cm length. The presence of large ice wedges in the area supports
this theory of ground subsidence during thaw as it hints to large excess ice contents of the
ground (see Fig. S-IV-7) (Soloviev 1959). These subsidence processes might represent the
future path of the Yukechi Yedoma deposits, as already an initiating talik of approximately 150

cm thickness was found at the YED1 site (Fig. IV-3a). This is caused by ground temperature
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warming which itself is affected by snow layer thickness and air temperatures and more, and

could lead to Alas development (Ulrich et al. 2017a).

IV.6.3 Central Yakutian Yedoma deposits in a circumarctic and regional context
Strauss et al. (2017) report a mean organic carbon density for the upper 3 m of Yedoma de-
posits in the Lena-Aldan interfluve of 25 to 33 kg/m?® based on data of Romanovskii (1993) and
Hugelius et al. (2014). Using a bootstrapping approach (Jongejans and Strauss 2020) we
found a much lower organic carbon density of 4.48 + 1.43 kg/m? for the top 3 m of the YED1
core. For Alas1, an organic carbon density of 6.93 + 2.90 kg/m? was calculated for the top 3
m. Taking both the area covered by each deposit type within the Yukechi Alas landscape and
the ice wedge volumes estimated by Ulrich et al. (2014) (see section V-3 and Fig. S-IV-2) into
account, we find a mean organic carbon density of only 4.40 kg/m? for the top 3 m of dry soil
at the Yukechi study site. This landscape scale carbon stock density includes the entire study
area (1.4 km?), including all water bodies (approximately 0.18 km?), which we assumed to con-
tain no soil carbon. This means that both the average Yukechi site carbon density and our
individual cores’ carbon densities are substantially below the range (25 to 33 kg/m?) reported
by Strauss et al. (2017). This strong difference between previously published and our new data
from the same region can only be explained by high depositional heterogeneity of the Central
Yakutian permafrost landscapes that was not represented in the earlier dataset of Strauss et
al. (2017) in sufficient detail. Geographically, the Yukechi area is located in one of the south-
ernmost Yedoma areas in the Yedoma domain, which could be a reason for the differences to
previously studied Arctic deposits (Schirrmeister et al. 2013, Strauss et al. 2013, Jongejans et
al. 2018). Results of Siewert et al. (2015) for the Spasskaya Pad/Neleger site in a similar set-
ting also differ greatly from our findings at the Yukechi site, showing carbon densities of ap-
proximately 19.3 kg/m? for the top two meters of larch forest-covered Yedoma deposits and
approximately 21.9 kg/m?3 for the top two meters of grassland-covered Alas deposits in a setting
similar to the Yukechi site.

In general, Yedoma deposits are estimated to hold 10 +7/-6 kg/m? for the whole column within
the Pleistocene Yedoma deposits (approximate depth of 25 m) (Strauss et al. 2013). Jongejans
et al. (2018) calculated a larger organic carbon stock of 15.3 + 1.6 kg/m? for Yedoma deposits
found on the Baldwin Peninsula in Alaska. Another study by Shmelev et al. (2017) stated a
Yedoma carbon stock of 14.0 £ 23.5 kg/m? for a study region in northeastern Siberia between
the Indigirka River and the Kolyma River.

Assessing the carbon inventory of the full-length Central Yakutian cores examined in this study,
we estimated an organic carbon density of 5.27 + 1.42 kg/m? for the sediments of the YED1
core down to a depth of 22.12 m bs, excluding the ice wedge. The organic carbon density
within the Yukechi Yedoma is approximately two to three times lower than estimated in previ-

ous studies of deep Yedoma deposits (Strauss et al. 2013, Shmelev et al. 2017, Jongejans et
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al. 2018). Even when including roughly 10 m of organic carbon-free material, the higher carbon
densities for the whole cores (compared to the carbon densities of the first 3 m) show that large
portions of organic carbon are stored below 3 m. The Alas1 core contains slightly more organic
carbon with a mean value of 6.07 + 1.80 kg/m?* organic carbon for the whole core (19.72 m),
which is about 20 % of the mean thermokarst deposit carbon content of 31 +23/-18 kg/m?
stated by Strauss et al. (2017). Within the Alas core, organic carbon storage is slightly higher
in the top 3 m (approximately 14 % more than below). This likely is a result of former lake
coverage that led to accumulation of organic-richer lake sediments found in the upper part of
Alas1. Most likely there was enhanced growth of aquatic plants along with a reduction in de-

composition of the input organic material due to anaerobic conditions during the lake phase.

IV.7 Conclusions

We conclude that low organic carbon contents encountered in sections of both cores are not
caused by decomposition of originally high organic matter contents but rather are a legacy of
the accumulation of organic-poor material during the late Pleistocene MIS 3 and MIS 2 periods.
The most likely landscape scenario causing the differences in sediment and organic carbon
characteristics during the Pleistocene deposition is the temporary existence of tributary rivers
on the Abalakh Terrace with varying flow velocities and alternating paths as a result of climatic
changes or local landscape dynamics. While with the onset of the Holocene the sedimentation
on the Yedoma upland ceased, the Alas was affected by thaw, subsidence and lake formation
processes, resulting in a compaction of sediments in situ as well as causing higher C inputs
under lacustrine conditions in the upper parts of the sediments.

We further show that the Yedoma deposits at this site down to a depth of 22 m are character-
ised by rather low organic carbon contents, often less than 1 wt% TOC, resulting in a mean C
density of only ~ 5 kg/m3.

Hence, the studied Yukechi Yedoma deposits store less carbon than other, comparable
Yedoma Ice Complex deposits in the Central Yakutian area. However, there have been com-
paratively few studies on this so far. The biogeochemical impact of permafrost thawing in the
Yukechi area might therefore be smaller than generally assumed for Yedoma deposits, as this
area does not feature the high carbon stock estimates and high ice contents of other previously
studied localities in Central Yakutia and elsewhere in the Arctic.

The permafrost characteristics found in the Alas core reveal that its composition and stratigra-
phy before lake formation and disappearance was very similar to the Yedoma core material.
Its past development including thaw, the loss of old ice and surface subsidence, along with
sediment compaction, shows a possible pathway for the Central Yakutian Yedoma deposits

under the influence of global climate change.

A-23



Appendix

IV.8 Data availability

The measurement data and laboratory results are available via PANGAEA at
https://doi.org/10.1594/PANGAEA.898754 (Windirsch et al. 2019). A detailed core log is avail-
able for YED1 at https://doi.org/10.1594/PANGAEA.914874 and for Alas1 at
https://doi.org/10.1594/PANGAEA.914876 (Windirsch et al. 2020a; b).
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Table IV-1 — Radiocarbon measurement data and calibrated ages for YED1 and Alas1 bulk organic material

samples.

core mean 4C age + [yr] Fl4C * [%] calibrated ages mean core AWI no.
sample [yr BP] (2 0)* [cal yr BP] age [cal  unit
depth yr BP]
[cm bs]

YED1 157.5 18064 104 0.1055 0.83 21582-22221 21890 Y1 1543.1.1

25973 88 0.0394 1.09 29822-30640 30268 Y1 154411

589.5 35965 184 0.0114 2.29 40116-41118 40608 Y1 1545.1.1
1636 >49000 n/a 0.0017 6.66 n/a n/a Y3 1547.1.1
1998.5 45854 501 0.0033 6.23 48202-calib. limit 49232 Y4 1548.1.1

Alas1 12826 57 0.2026 0.70 15144-15548 15287 A1 1549.1.1
812.5 23615 151 0.0529 1.88 27478-27976 27729 A2 1550.1.2
1530.5 42647 364 0.0049 4.53 45172-46619 45870 A4 1551.1.1
1967.5 39027 251 0.0078 3.12 42478-43262 42865 A4 1552.1.1

* calibrated using Calib 7.1 (Stuiver et al. 2018) equipped with IntCal 13 (Reimer et al. 2013)

Table IV-2 — SOC contents for the individual core units, based on the bootstrapping results; calculations were
done for 1 m?; the measurement data used in the bootstrapping approach (bulk density, TOC density) are pro-
vided in the data sheet in the PANGAEA repository; * refers to samples with TOC content < 0.1 wt%; for organic
carbon pool calculations, we assumed a TOC of 0.05 wt% for these samples; note: we excluded unit Y2 in the

calculations.
core depth [cm bs] number of mean dry bulk  mean TOC mean SOC content
samples used in density content (bootstrapping results)
bootstrapping [10% kg/m?] [wt%] [kg/m?]
YED1 0-300 7 1190 0.42 4.48 +1.43
0—714 (unit Y1) 13 1090 0.59 8.31+1.41
1010 — 1927 (unit Y3) 18 1172 0.10 0.86 + 0.32
1927 — 2235 (unit Y4) 5 910 1.14 11.50 £ 1.36
total core 36 1105 0.46 5.27 +1.42
Alas1 0-300 1257 0.51 6.93 £ 2.90
0 — 349 (unit A1) 1214 0.44 5.00 £ 2.55
349 — 925 (unit A2) 998 0.05* 0.50+0
925 — 1210 (unit A3) 1299 0.05* 0.66 + 0.01
1210 — 1980 (unit A4) 12 1377 0.83 11.03 £ 1.62
total core 28 1250 0.47 6.07 + 1.80
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Appendix Il What are the effects of herbivore diversity on tundra ecosystems? A sys-
tematic review (Abstract)

This manuscript assesses the effects of herbivory and herbivore diversity on tundra ecosys-
tems in form of an excessive systematic literature review. It was initiated by researchers from
the CHARTER and the TUNDRAsalad project.

What are the effects of herbivore diversity on tundra ecosystems? A sys-

tematic review
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VI.1  Abstract

Northern ecosystems are strongly influenced by herbivores, but differences in their diet com-
position, behaviour and energy requirements lead to contrasting impacts on ecosystem func-
tioning by different species of herbivores. In some cases, the effects of herbivores can com-
pensate each other but in others, the combined effects of herbivores can lead to stronger,
directional changes. However, until recently, the diversity of herbivore assemblages has been
largely overlooked when assessing plant-herbivore-soil interactions. Considering the rapid
changes in Arctic herbivore communities in response to ongoing environmental and land use
changes, with increased influx of boreal species and changes in the distribution and abun-
dance of arctic herbivores, a better understanding of the consequences of changes in the di-
versity of herbivore assemblages is needed. This systematic review synthesises available ev-
idence on the effects of herbivore diversity on different ecosystem processes, functions, and
properties of tundra ecosystems.

This systematic review followed a published protocol and includes primary field studies re-

trieved from databases, search engines and specialist websites, that compare responses of
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tundra ecosystems to different levels of herbivore diversity, including vertebrate and inverte-
brate herbivores. We used the richness of functional groups of herbivores as a measure of the
diversity of the herbivore assemblages. Studies were screened at title, abstract and full-text,
and inclusion followed pre-defined eligibility criteria based on their target population, exposure,
comparator and study design. The review covered terrestrial Arctic ecosystems including the
forest-tundra ecotone, and outcomes included multiple processes, functions and properties of
tundra ecosystems. The validity of the studies was critically appraised and meta-analysis was
performed where studies reported similar outcomes.

The searches retrieved 5944 articles. After screening titles, abstracts and full texts, 205 articles
including 3992 studies (i.e., separate comparisons) were considered relevant for the system-
atic review. The distribution of studies across the tundra biome was geographically biased,
with most studies concentrated around well-established research locations. Most studies fo-
cused on the effects of a single herbivore species, while only a few studies specifically ad-
dressed the separate and combined effects of different herbivore species. The majority of stud-
ies focused on impacts of vertebrate herbivores on different aspects of arctic tundra vegetation,
while other ecosystem processes, functions and properties have received less attention.

The available knowledge on the effects of herbivore diversity is relatively limited, and mainly
refers to their impacts on vegetation, so the consequences of ongoing changes in herbivore
communities on tundra ecosystems may be difficult to forecast. Future studies should explicitly
address the role of herbivore diversity to understand the responses of tundra ecosystems to

ongoing environmental changes.
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Appendix lll Supplementary material to chapter 2: Large Herbivores on Permafrost — a
Pilot Study of Grazing Impacts on Permafrost Soil Carbon Storage in Northeastern Si-

beria

Supplementary table $S2-1 — Radiocarbon measurement data and dates.

site | mean material 14C age + F'4C *[abs] calibrated ages mean AWI no.
sample [yr BP] [yr] (20)* age
depth [cal yr BP] [cal yr
[cm bs] BP]

B3 27.75 plant/wood 141 16 0.9826  0.002 58 - 118 111 674211
45.5 plant/wood 899 18 0.8941 0.002 733 - 801 789 6743.1.1
64 plant/wood 3157 18 0.675 0.0015 3350 — 3412 3384 6744.1.1
106 plant/wood 9356 24 0.312 0.0009 10499 — 10609 10568 6745.1.1

B2 21.25 plant/wood 2081 17 0.7717  0.0017 1993 - 2110 2038 6746.1.1
64 plant/wood 2300 17  0.751 0.0016 2311 - 2351 2338 6747.1.1
77 plant/wood 2765 18 0.7088  0.0016 2782 — 2886 2854 6748.1.1
106 plant/wood 3382 18 0.6564  0.0014 3569 — 3664 3616 6749.1.1

B1 26.25 plant/wood modern 1.0263 0.002 6750.1.1
76 plant/wood 3487 18 0.6479  0.0014 3695 — 3781 3761 6751.1.1
112.5 plant/wood 3879 18 0.617 0.0014 4242 — 4407 4327 6752.1.1
124 plant/wood 4533 20 0.5688 0.0014 552 - 5188 5154 6753.1.1

u3 26.25 plant/wood modern 1.0262 0.002 6754.1.1
58.5 plant/wood 8643 23 0.341 0.001 9539 — 9633 9588 6755.1.1
82.5 bulk 27748 417 0.0316  0.0016 31105 — 32971 31779 6756.1.1
112 bulk 30099 563 0.0236  0.0017 33267 - 35673 34564 6757.1.1

U1 27 plant/wood 191 16 0.9766  0.0019 162 -218 183 6758.1.1
71 plant/wood 6355 21 0.4533 0.0012 7251 -7323 7278 6759.1.1

*calibrated using Calib 8.2 (Stuiver et al., 2021) equipped with IntCal20 (Reimer et al., 2020)
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Supplementary figure S2-1 — PCA scores (PC1) for all five sampling sites plotted over depth; the peat layer in
B1 is marked to underline the strong differences in score values for this core section.
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Supplementary table S2-2 — PCA scores of all samples for PC1, PC2 and PC3.

sample PC1 PC2 PC3

'B30-2.5cm -1.72828936822952 '0.79456126167141 .0.61482725290452
B32.5-9cm |-1.61378417246138 0.836613877279835 -0.460232049621469
B39-16.5cm |-2.02584215117961 0.484916847416413 -0.408520198467624
B3 16.5 - 24 cm |-2.43468671841201 0.360133437721508 -0.182853221506374
B3 24 -31.5cm |-1.85797896541634 0.586104578654619 0.0297473834549391
B3 31.5- 38 cm |0.164611578748646 -1.26416459186833 -0.159666354741859
B3 38 -43 cm |-0.703894321779553 -0.617433511767476 -0.36363440711776
B3 43 - 48 cm |-0.99578554193291 -0.479524510773411 -0.446574157450325
B3 48 - 54 cm |-0.641363436186067 -0.427401531216055 -0.366574393341726
B3 54 - 61 cm |0.185884511833234 -0.962729545593494 -0.192424664678638
B3 61-67 cm |0.355426430987167 -0.714847292891141 -0.018408454962224
B3 67 -73 cm |0.429112041353264 -0.936623045473872 -0.10401930408524
B3 73-79 cm |0.307608019729899 -0.832450805588648 -0.120188574399396
B3 79 - 85 cm |0.459362568752285 -0.181038028611709 -0.178746260767103
B3 85 - 90 cm |0.63793931760529 1.53566392195926 -0.538563646706518
B3 90 - 95 cm |0.641733865886682 1.63558097293812 -0.552565321875372
B3 95 - 102 cm |0.849147307721511 1.40945744441639 -0.359610680433202
B3 102 - 110 cm |0.924561472069458 1.27711042771241 -0.199862869999766
'B20-10cm |-1.72762316025062 '0.390676828058753 '0.297209904020113
B210-17.5cm |-0.53819655312725 -0.581711069453459 -0.701840319118469
B2 17.5- 25 cm |0.350673788342737 -0.66628617482599 -0.107534641361183
B2 25-32.5cm |0.450272628084469 -0.299805406658183 0.0534447836235677
B2 32.5- 40 cm |0.0198590420979712 -0.0760137345866076 -0.0873251220091136
B243-51 cm |-1.17353471363093 0.191288603769064 0.0391197112132075
B2 59 - 69 cm |-1.74232931899253 0.0781975224372 0.867226685807276
B2 69 - 74 cm |-1.66144771812034 0.282643184151303 -0.0544025140929912
B2 74 - 80 cm |-1.46125612498465 0.278792377486865 -0.560629050457609
B2 80 - 85 cm |-1.7383131145873 0.249213647145052 -0.528605161092288
B2 85 - 90 cm |-1.45756920175365 0.201278245454611 -0.57323916622093
B2 90 - 95 cm |-1.39559390729031 0.215245091344257 -0.707091355941216
B2 95 - 100 cm |-1.35954009338321 0.0940292736766472 -0.448091246315404
B2 100 - 104 cm |-1.41570413047677 0.220282504139758 -0.645202273858343
B2 104 - 108 cm |-0.86791286475283 -0.200144811836961 -0.583093400796626
'B10-7.5cm |0.271191995263323 '0.1116022739381 '0.24721001304744
B17.5-15cm |1.35823964620241 -0.24985296102967 0.350571453641561
B115-22.5cm |1.53823060930171 -0.116225987934259 0.446758112296384
B122.5- 30 cm |1.61721067149005 -0.330255037299748 0.405292357865951
B131.5-39 cm |1.44184358336806 -0.595279417693444 0.297877675702354
B140-47.5cm |1.88269301331624 0.0785621673086083 0.570397430619768
B147.5-58 cm |1.07729181556172 -0.982049357621838 0.0855606476439327
B1 58 - 66 cm |1.60382518090042 -0.145085247672119 0.45960579195335
B166-72 cm |1.22653863363841 -0.465379468151475 0.269677984166531
B172-80 cm |-0.0876267751171507 -0.899492602046968 -0.116425503609968
B185-90 cm |-4.19253237028427 -0.34259657133402 1.28448942061627
B190 - 95 cm |-4.22061991065372 -0.380821987059903 1.41709531144882
B195-102 cm |-3.986318924247 -0.518552919675533 1.34933137634462
B1102- 110 cm |-3.84721155104831 -0.0686628123322466 0.0999809540727091
B1110-115cm |-2.39152503189249 1.96229184821575 0.827343538088331
B1115- 121 cm |-0.512355979270665 0.572181840552919 -0.530468506753881
B1121-127 cm |0.519180870204634 -0.176361252223538 -0.398142957558924
‘U30-7.5cm |0.581270466420169 "-1.13685115968999 '0.0900988431775815
U37.5-15cm |0.332624869558444 -0.835526318737297 -0.248548826301236
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U3 15-22.5cm |0.280785462423725 -1.28203982724231 -0.19504449577392
U3225-30cm |0.1 16041280221733 -1.14058402162561 -0.303268194100373
U330-37.5cm |0.131581545975197 -1.01479664660951 -0.254708106829293
U337.5-45cm |-0.263301 152106179 -0.846955543702143 -0.45712094543485
U345 -53 cm |-0.936104657574038 -0.382671479680713 -0.585476638750803
U3 53 - 64 cm |0.2855261 10933803 -0.171023993251327 -0.457959694085462
U364 -70cm |1.07241301 714104 -0.0557197077818492 0.0396872028329865
U3 70-75cm | 1.41416169896124 0.111198995078279 0.254857411542177
U375-80cm |1.32534689627241 -0.255492113495384 0.221697583455245
U3 80-85cm |1.48746929544828 -0.366853225977491 0.333920001529216
U3 85-90cm |1.71068315222418 -0.316640114615832 0.502477501562614
U390 -96cm |1.6334321961 8652 -0.248005711594269 0.439227112733296
U396 - 101 cm | 1.74210268355141 0.234884519857074 0.459035954943547
U3 101 - 106 cm |2.16218539485719 1.19051534784052 0.671268571114924
U3 106 - 110 cm | 1.33518986869115 0.335344189733196 0.133115786202302
U3 110 - 114 cm |1.91 16241492708 1.18138469808452 0.495705147857055
U10-5cm |0.803971 303920385 0.52865626398542 -0.209705539744404
Ut7-15cm |0.81 1072882040621 0.255210299617119 -0.201173882672043
U117-23cm |0.800601 202496243 0.580422989782014 -0.170521832386132
U123-31cm |0.85270437931 884 0.17985457311159 -0.0686505950979235
U131-35cm |0.922791 296544158 0.0589824232203635 -0.138482685886514
U137 -42cm |1 .49299239008226 0.145700297207129 0.311740062987035
U142 -47cm |1 .24443876058526 -0.196806371334027 0.152275276659587
U147 -53cm |1.29170760757515 0.209982440856021 0.170979270812145
U153-55¢cm | 1.51250325642168 0.28437487218781 0.321257500444112
U157-62cm |1.35019081 717204 0.705325339266223 0.25784362193826
U162-68cm |0.86993921 1008574 0.593246979757409 0.0769617970198236
U170-72cm |1.19045214137952 1.31924351152433 0.269935286869985
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Supplementary figure S2-2 — Cores obtained from the partially drained thermokarst basin.
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Supplementary figure S2-3 — Cores obtained from the Yedoma upland.
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Supplementary figure S2-4 — &'3C values, given in %o vs. VPDB, plotted over depth for all sampling sites;
higher values indicate a less degraded state of the organic material; dashed lines mark the thaw depth found in
July 2019.
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Supplementary figure $2-5 — 5'%0 (stable oxygen isotopes) plotted versus 52H (stable hydrogen isotopes)
along the global meteoric water line (GMWL, 52H=8*5'80+10); these measurements derive from pore water that
was extracted from the samples using artificial plant roots (Rhizones) with a pore size of 0.15 ym and applied
vacuum; not all samples could be analysed due to low water content.
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Supplementary figure S2-6 — Photograph of the surrounding landscape, taken from site U3; view direction
is SSE; foreground: grasses and other short vegetation along with an animal path; background: willow shrubs
with up to 2.5 m in height in the occasionally grazed neighborhood of the intensively grazed site U3.
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Appendix IV Supplementary material to chapter 3: Impacts of Reindeer on Soil Carbon

Storage in the Seasonally Frozen Ground of Northern Finland: a Pilot Study

A

view direction
S-2M
& /
Ez1M-A
O
exclosure
0 100 200 m
— a) b)
: k? Ss T

Supplementary figure S3-1 — a) Location of the exclosure site (E-1IM-A) and adjacent site S-2M (©
GoogleEarth); b) view of the fence surrounding the non-grazed exclosure site E-1M, with visible difference in
vegetation, especially Cladonia rangiferina, as a result of reindeer presence/absence.

E-IM-A  E-IM-B  S-2 MR

! e o
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no photo

Supplementary figure S3-2 — Soil profiles at E-1M-A, E-1M-B, S-2M, MR, S-3M, W-3M, W-4M-A,
W-4M-B, W-5M and S-5M.
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Supplementary figure S3-3 — Peat cores obtained from sites S-2P, PR, S-3P, FR, W-3P, S-4P, W-4P, S-5F,
S-5P, W-5P-A and W-5P-B; depth is given in cm bs.
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Supplementary figure S3-4 — TOC/TN ratios plotted versus §'*C values for all samples with measurable
8'3C; for calculating TOC/TN ratios, TN was set to 0.05 wt% if measurement was below detection limit (0.1 wt%)

in order to show &'3C values (samples marked in red); samples identified by grazing intensity (symbol), season-
ality and soil type (colour).
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Supplementary figure S3-5 — Dry bulk density for all sampling sites except W-3M, plotted over depth; a)
mineral soil sites; b) peat sites; green colours indicate summer sites, blue indicates winter sites, grey indicates
exclosure sites, brown colours mark reference sites with natural grazing regime outside the reindeer fences.
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Supplementary table S3-1 — Radiocarbon measurement data and calibrated ages.

site mean  material “C age +/- F'4C +- calibrated mean age* soil layer
sam- [yr BP] [yr] (abs) ages [cal yr BP]
ple (20)*
depth [cal yr BP]
[em
bs]
E-1M-A 7.5 plant/wood  modern 1.0217  0.0027 illuvial horizon
36.5 bulk 3033 31 0.6855 0.0026  3150-3352 3239 pale sand
E-1M-B 9.25 plant/wood  modern 1.0179  0.0028 eluvial
horizon
14.75 plant/wood  modern 1.0930 0.0078 illuvial horizon
S-2M 10.5 bulk 592 23 0.9290 0.0026  585-645 605 illuvial horizon
63.5 bulk 4209 33 0.5921 0.0025  4687-4762 4738 pale sand
S-2P 25 plant/wood  modern 1.1228 0.0031 fresh moss
peat
47.5 plant/wood 325 22 0.9603 0.0027  347-458 387 decomposed
peat
S-3M 9.5 plant/wood  modern 1.0174  0.0026 organic-rich
soil
38.5 bulk 3555 24 0.6424 0.0019  3822-3922 3853 brownish
sand
S-3P 19.0 plant/wood 102 21 0.9874 0.0026  30-141 113 light moss
peat
42.5 plant/wood 1747 22 0.8045 0.0022 1572-1706 1639 dark sandy
peat
67.5 plant/wood 3468 22 0.6494 0.0018  3687-3778 3750 dark sandy
peat
87.5 bulk 4519 25 0.5698 0.0018  5051-5193 5155 dark sandy
peat
S-4P 27.5 plant/wood 694 21 0.9173 0.0024  646-674 660 light moss
peat
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57.5 plant / wood 6823 24 0.4277 0.0013  7602-7692 7650 dark peat
97.5 plant/ wood 8152 25 0.3625 0.0011 8999-9126 9063 dark peat +
macro
organics
141.5 plant/wood 8798 26 0.3344  0.0011 9684-9913 9815 dark, compact
peat
S-5F 22.5 plant/ wood 864 21 0.8980 0.0023  723-793 759 moss peat /
dark peat
transition
52.5 plant / wood 6724 24 0.4330 0.0013  7566-7621 7589 peat + macro
organics
82.5 plant/wood 8593 25 0.3431  0.0011 9526-9559 9543 peat / sand
transition
925 plant / wood 8714 26 0.3380 0.0011 9549-9763 9643 organic-rich
sand
S-5P 17.5 plant/wood 1213 21 0.8598 0.0023  1066-1170 1129 peat
82.5 plant / wood 6872 24 0.4251 0.0013  7661-7781 7698 peat + macro
organics
1275 plant/wood 8201 25 0.3603  0.0011 9163-9275 9147 peat / sand
transition
132.5 plant/wood 8197 25 0.3604 0.0011 9026-9150 9137 peat / sand
transition
147.5  bulk 4841 25 0.5474 0.0029 5571-5602 5584 greyish sand
S-5M 11.5 bulk modern 1.0192 0.0029 illuvial horizon
18.5 bulk 776 23 0.9079 0.0027 673-725 697 pale sand
W-3P 12,5 plant/wood 155 22 0.9809 0.0027 0-283 153 dark peat
225 plant/ wood 1038 23 0.8788 0.0025 917-972 943 dark peat
W-3M 20.5 plant/wood  modern 1.0189  0.0028 illuvial horizon
W-4P 27.5 plant/wood 128 22 0.9841  0.0027 11-150 108 moss peat
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57.5 plant/wood 2604 48 0.7231  0.0043  2693-2788 2736 dark, brown
peat
86.0 plant/ wood 4256 48 0.5887 0.0035  4792-4888 4828 dark, sandy
peat
W-4M-A 8.75 plant/wood  modern 1.0072  0.0089 illuvial horizon
W-4M-B 23.75 plant/wood  modern 1.0121  0.0037 pale /
yellowish
sand
W-5P-A 325 plant/wood 536 48 0.9355 0.0056  503-566 550 brown peat
82.5 plant/wood 7397 50 0.3982 0.0025 8161-8344 8230 brown peat
132.5 plant/wood 8650 50 0.3407 0.0021 9532-9746 9613 peat / sand
transition
W-5P-B 47.5 plant/wood 1567 60 0.8228 0.0061 1342-1548 1453 dark peat
925 plant /wood 2458 48 0.7364 0.0044  2362-2622 2541 dark peat
137.5 plant/wood 4282 48 0.5868 0.0035  4804-4979 4852 dark peat
173.0 plant/wood 6332 49 0.4546 0.0028  7160-7337 7256 light-brown
peat
W-5M 6.5 plant/wood  modern 1.0298 0.0061 eluvial
horizon
19.75 plant/wood  modern 1.0141  0.0060 pale sand
MR 7.0 bulk 281 23 0.9656 0.0028  361-430 381 eluvial
horizon
32.0 bulk 3067 34 0.6827 0.0029  3206-3366 3283 pale sand
PR 17.5 plant/wood 176 21 0.9783 0.0026  162-225 184 dark peat
65.0 plant/wood 5606 24 0.4976 0.0015 6308-6410 6364 dark peat
110.0  bulk 7909 27 0.3736 0.0013  8599-8782 8714 dark peat,
decomposed

A-42



Appendix

FR 7.5 plant/wood  modern 1.3858 0.0034 dark peat +
roots
22.5 plant/wood  modern 1.0857 0.0028 dark peat +
roots
47.5 bulk 3224 25 0.6694  0.0021 3383-3469 3427 greyish sand

*calibrated using Calib 8.2 (Stuiver et al. 2021) equipped with IntCal20 (Reimer et al. 2020)
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Appendix V Supplementary material to chapter 4: A Pilot Study of Lipid Biomarkers to
Trace Recent Large Herbivore Influence on Soil Carbon in Permafrost and Seasonally

Frozen Arctic Ground
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Figure S4-1a — Sites CH19-B1 to FI22-W-3P: parameters total organic carbon (TOC), carbon-to-nitrogen ratio
(CIN), stable carbon isotope ratio (5'3C), total n-alkane concentration, carbon preference index for n-alkane chain
lengths between 23 and 33 carbon atoms (CPl23-33), average chain length for n-alkanes with chain length be-
tween 23 and 33 carbon atoms (ACLz2s-33), total n-alcohol concentration and higher plant alcohol index (HPA),
plotted over depth for each site, grouped by study area and grazing intensity; horizontal lines mark the permafrost
table, if applicable.
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Figure S4-1b — Sites FI22-W-4M-B to FI20PR: parameters total organic carbon (TOC), carbon-to-nitrogen ratio
(C/N), stable carbon isotope ratio (5'3C), total n-alkane concentration, carbon preference index for n-alkane chain
lengths between 23 and 33 carbon atoms (CPl23-33), average chain length for n-alkanes with chain length be-
tween 23 and 33 carbon atoms (ACLz2s-33), total n-alcohol concentration and higher plant alcohol index (HPA),
plotted over depth for each site, grouped by study area and grazing intensity; horizontal lines mark the permafrost
table, if applicable.
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Figure S4-2.1 — n-alkane concentrations (left y-axis: absolute concentration in pug/groc; right y-axis: relative
concentration) for chain lengths 23 to 33 for grazing intensity 1-sites.
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concentration) for chain lengths 23 to 33 for grazing intensity 3-sites.
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Figure S4-2.4 — n-alkane concentrations (left y-axis: absolute concentration in pug/groc; right y-axis: relative
concentration) for chain lengths 23 to 33 for grazing intensity 4-sites.
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Figure S4-2.6 — n-alkane concentrations (left y-axis: absolute concentration in ug/groc; right y-axis: relative
concentration) for chain lengths 23 to 33 for seasonally frozen ground grazing intensity 5-sites.
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Appendix VI Supplementary material to Appendix IV: Organic Carbon Characteristics
in Ice-rich Permafrost in Alas and Yedoma Deposits, Central Yakutia, Siberia
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Figure S-IV-1 — Digital mapping of the Yukechi Alas landscape (red); lakes were digitalised in blue, Alas
basins were digitalised in green; sampling locations Alas1 and YED1 marked in yellow; the 765 m distance
between YED1 and Alas1 is marked by a red dotted line; satellite image: © Google Earth.
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Figure S-IV-2 — Age-depth model for YED1 (a) and Alas1 (b); radiocarbon ages in blue with uncertainties;
median in red; model range indicated by grey dotted lines; created with the Bacon package in the R environment.
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Figure S-IV-5 — Grain size distribution for the YED1 core; Y1 to Y4 indicate the different stratigraphic units;
core unit Y2 did not hold enough sediment.
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Figure S-IV-6 — Grain size distribution for the Alas1 core; A1 to A4 mark the different stratigraphic units.
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Figure S-IV-7 — Photo of a large ice wedge found on the Abalakh Terrace, Central Yakutia, approximately
30 km east of the Yukechi Alas landscape; photo by Mathias Ulrich.
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