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“I wish it need not have happened in my time,” said Frodo.

“So do I,” said Gandalf, “and so do all who live to see such times. But that is
not for them to decide. All we have to decide is what to do with the time that

is given us...”

Tolkien, J. R. R. (1954). The Fellowship of the Ring.
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Abstract

The permafrost stores vast amounts of organic carbon. As permafrost thaws due to global
warming, previously frozen organic matter become accessible to microbial
decomposition. This process releases greenhouse gases like carbon dioxide (CO2) and
methane (CH4) creating a positive feedback loop, where increased greenhouse gas
emissions lead to further warming and subsequent thawing, a process known as the
permafrost carbon-climate feedback. In this thesis two key research gaps in the
understanding of the permafrost carbon-climate feedback are addressed with studies
from sites in the Lena River Delta, Northeastern Siberia, Russia. The second chapter
assessed the determining factors for the ratio between in situ CO2 to CH4 production in
the polygonal tundra. This is an important topic about the permafrost carbon-climate
feedback, since CHs has a 28-fold higher global warming potential than CO: and it is
crucial to determine the factors modulating the partitioning between CO2 and CHa fluxes
from organic matter decomposition in the Arctic. In this study I quantified the CO2:CHa
production ratios of soil organic matter decomposition in wet and dry tundra soils in
Samoylov Island, Lena River Delta, by using CO2 fluxes from clipped plots and in situ
CHs fluxes from vegetated plots. The results show that active layer depth and soil
temperature were the main factors controlling these ratios, which decreased towards the
end of the end of the growing season, when the active layer was deep and warm enough
for methanogenesis. CHs production was associated with subsoil (40 cm) temperature,
while heterotrophic respiration was related to topsoil (5 cm) temperatures, mainly due to
the mostly oxic environment of topsoil, inducing aerobic CO2 production, and the anoxic

environment of the subsoil, inducing CHs production.

The third chapter assessed the effect of thawing and warming on the availabilities of
phosphorus (P) and potassium (K) in incubated soils of Kurungnakh Island, Lena River
Delta. The fate of soil nutrients in permafrost affected soils with warming, will determine
if there will be significant constraints to enhanced primary productivity in the Arctic. The
tundra vegetation is currently limited in P, thus the effect of climate change on soil P

availability might alleviate P limitation and increase primary productivity and C
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sequestration, or might magnify P limitation, restricting primary productivity, and
increasing the net greenhouse gas emissions of permafrost ecosystems. However, this
relationship between P and the tundra C balance is further complicated by the
consumption of P by microbes, which in turn might make it less straightforward. P and
K nutrients were immobilized during the experiment, instead of mineralized, regardless
of the temperature treatment. P and K concentrations and turnover rates had a high
correlation with C turnover, and samples that emitted more CO: were also the ones that
immobilized more P, which was demonstrated by the correlation found between CO2

production rates and P turnover rates.

The results of this thesis suggest that more CHa is expected to be produced in permafrost
ecosystems stemming from deeper and warmer active layers. And that P limitation is
likely to persist with short-term soil warming, potentially imposing significant

constraints on the tundra vegetation capacity for C sequestration.
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Zusammenfassung

Der Permafrost speichert grofie Mengen an organischem Kohlenstoff. Wenn der
Permafrost aufgrund der globalen Erwdrmung auftaut, wird zuvor gefrorenes
organisches Material fiir die mikrobielle Zersetzung zuganglich. Bei diesem Prozess
werden Treibhausgase wie Kohlendioxid (CO:z) und Methan (CH4) freigesetzt, was zu
einer positiven Riickkopplung fiihrt, bei der erhohte Treibhausgasemissionen zu einer
weiteren Erwdrmung und einem anschliefenden Auftauen fiihren - ein Prozess, der als
Riickkopplung zwischen tauendem Permafrostkohlenstoff und dem Klima bekannt ist.
In dieser Arbeit werden zwei wichtige Forschungsliicken im Verstandnis der Permafrost-
Kohlenstoff-Riickkopplung durch Studien an Standorten im Lena-Flussdelta in
Nordostsibirien, Russland, geschlossen. Der erste Artikel untersuchte die Faktoren, die
das Verhaltnis zwischen der in situ CO2- und CHs-Produktion in der polygonalen Tundra
bestimmen. Dies ist ein wichtiges Thema im Zusammenhang mit der Riickkopplung
zwischen tauendem Permafrostkohlenstoff und dem Klima, da CHz4 ein 28-fach hoheres
globales Erwarmungspotenzial als CO2 hat und es von entscheidender Bedeutung ist, die
Faktoren zu bestimmen, die das Verhaltnis zwischen CO2- und CH4-Bildung wéhrend des
Abbaus organischer Substanz in der Arktis beeinflussen. In dieser Studie habe ich die
CO2:CH4-Produktionsverhéltnisse der Zersetzung organischer Bodensubstanz in
feuchten und trockenen Tundrabdoden auf Samoylov, einer Insel im Delta der Lena
quantifiziert, indem ich CO»-Fliisse von Parzellen ohne Vegetation und in situ CHs-Fliisse
von bewachsenen Parzellen verwendete. Die Ergebnisse zeigen, dass die Tiefe der aktiven
Schicht und die Bodentemperatur die Hauptfaktoren fiir diese Verhéltnisse waren, die
sich gegen Ende der Vegetationsperiode 3 naherten, als die aktive Schicht tief und warm
genug flir die Methanogenese war. Die CHs-Produktion korrelierte mit der Temperatur
des Unterbodens (40 cm), wéahrend die heterotrophe Atmung mit der Temperatur des
Oberbodens (5 cm) zusammenhing, hauptsachlich aufgrund der tiberwiegend oxischen
Umgebung des Oberbodens, welche optimal fiir die COz-Produktion ist, und der

anoxischen Umgebung des Unterbodens, die die CHs-Produktion ermoglicht.

Im zweiten Artikel wurden die Auswirkungen des Auftauens und der Erwdarmung auf

die Verfiigbarkeit von Phosphor (P) und Kalium (K) in inkubierten Boden auf der Insel
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Kurungnakh im Lena-Flussdelta untersucht. Der Verfligbarkeit von Bodennahrstoffen in
Permafrostboden bei Erwdarmung wird die Primarproduktion in der Arktis erheblich
beeinflussen. Die Tundravegetation ist derzeit in P begrenzt, daher konnte der Effekt des
Klimawandels auf die Verfiigbarkeit von P im Boden die P-Begrenzung lindern und die
primdre Produktivitit sowie die C-Sequestrierung erhohen, oder konnte die P-
Begrenzung verstirken, die primdre Produktivitit einschranken und die
Nettoemissionen von Treibhausgasen der Permafrostokosysteme erhohen. Diese
Beziehung zwischen P und dem C-Gleichgewicht der Tundra wird jedoch durch den
Verbrauch von P durch Mikroben weiter kompliziert, was sie weniger eindeutig machen
konnte. Die Konzentration der Nahrstoffe P und K nahmen wahrend des Versuchs ab
und nicht zu, unabhéngig von der Inkubationstemperatur. P und K wiesen eine hohe
Korrelation mit dem C-Umsatz auf, und die Proben, die mehr CO2 emittierten, waren

auch diejenigen, die mehr P und K immobilisierten.

Die Ergebnisse dieser Arbeit deuten darauf hin, dass eine Zunahme der Auftautiefe des
Oberbodens in Permafrost-Okosystemen zu einem Anstieg der CHs-Produktion fiihrt.
Zusitzlich wird die P-Limitierung bei kurzfristiger Bodenerwarmung tendenziell
bestehen bleiben, was die Fahigkeit der Tundravegetation, durch hdohere
Primarproduktivitat aufgrund hoherer Temperaturen und CO2-Diingung mehr C zu

binden, erheblich einschranken konnte.




15

1 Introduction

1.1 The permafrost and the permafrost carbon-climate

feedback

The permafrost is a fundamental component of the cryosphere, and it is defined by soil
or rock that remains at, or below 0 °C for at least two years (French, 2018). Although
suggested by the name, permafrost is not always frozen as it includes soil, sediment, or
rock that can contain water in unfrozen states due to the presence of salts, which decrease
the freezing point of water (Harris et al., 1988). Permafrost occurs predominantly in the
Northern Hemisphere covering extensive regions in the Arctic and alpine regions and is
also present in the Antarctic. It is estimated that permafrost underlies a region of about
22 + 3 million km? worldwide (Gruber, 2012). However, a distinction must be made
between "permafrost region", which refers to the broader area potentially containing
permafrost, and the "permafrost area" that is actually underlain by permafrost. This
discrepancy is significant due to the patchy distribution of permafrost that can cause
permafrost to occur discontinuously within a permafrost region. Therefore, the
permafrost area is significantly smaller, covering approximately 16 to 21 million km?,

including the Antarctic and sub-sea permafrost (Gruber, 2012).

The uppermost layer of soils underlain by permafrost, thaws during the summer and is
called active layer. This layer thickness can range from a few centimeters to several
meters, depending on geographic location, temperature, hydrology, soil texture,
vegetation, snow cover and others (Schuur et al., 2008). The dynamics of the active layer
are crucial for understanding the mutual relationship between permafrost and climate
change. The permafrost stores vast amounts of organic carbon, with estimates indicating
that the Northern Hemisphere permafrost region soils contain approximately 1014 + 184
Pg of carbon within the 0 to 3 m depth interval (Mishra et al., 2021). As the active layer
thickens due to global warming, previously frozen organic matter thaws, becoming
accessible to microbial decomposition (McGuire et al., 2009). This process releases

greenhouse gases like carbon dioxide (CO:2) and methane (CHa4) (Knoblauch et al., 2018)
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creating a positive feedback loop, where increased greenhouse gas emissions lead to
further warming and subsequent thawing, a process known as the permafrost carbon-

climate feedback (Schuur et al., 2015).

The importance of the permafrost carbon-climate feedback lies in its potential to
accelerate global warming. Permafrost regions in the Northern Hemisphere are
experiencing rapid temperature increases, outpacing the global average, a process known
as Arctic amplification (Rantanen et al., 2022; Serreze & Barry, 2011). The IPCC (2021)
projects that, as global warming continues, permafrost could release 3 to 41 PgC of CO2
per 1 °C of global warming by 2100. These projected emissions are significant enough to
require its inclusion in the calculation of the remaining carbon budget to limit global
warming between 1.5 °C to 2 °C above pre-industrial levels. The plausibility of the
permafrost region to be a considerable source of CHs adds an additional layer of concern
regarding the permafrost carbon-climate feedback, since CHs has a 28-fold global

warming potential (GWP) of CO2 over a 100-year time horizon (Myhre et al., 2013).

1.2 The Lena River Delta

The Lena River Delta in Northeastern Siberia (72.0 — 73.8°N, 122.0 — 129.5°E) is the largest
river delta in the Arctic and one of the largest worldwide, covering an area of
approximately 32000 km?. It consists of an intricate network of rivers and channels,
encompassing 1500 islands of varying sizes (Feliks & Reimnitz, 2000).
Geomorphologically, the delta is divided into three main river terraces and a floodplain.
The first terrace was formed during the Middle Holocene, is found in the central and
eastern areas of the Lena River Delta, and features active floodplains, significant
thermokarst activity and ice-wedge polygonal tundra. Samoylov Island is found in the
first terrace. The second terrace was formed during the Late Pleistocene and the Early
Holocene, is found in the northwestern area of the delta, and features sandy sediment
with reduced ice content, and the third terrace was formed in the Late Pleistocene, and
features ice and organic matter-rich sandy sediments, overlain by an ice complex,
displaying weak polygonal structures. Kurungnakh Island is found in the third terrace

(Boike et al., 2013; Schneider et al., 2009; Schwamborn et al., 2002).
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The climate of the Lena River Delta is arctic-continental with low temperatures and
precipitation, yet considered humid due to minimal evaporation rates. (Boike et al., 2008).
The continuous permafrost is a defining attribute of the Lena River Delta, with depths
reaching 500 to 600 m and one of the lowest permafrost temperatures among permafrost
regions, with mean annual permafrost temperature of -8.6 °C at 10.7 m depth (Boike et

al,, 2013; V. E. Romanovsky et al., 2010).

Samoylov Island (72°22’N, 126°28'E) is the study site of the second chapter of this thesis.
This island is situated in the southern central part of the Lena River Delta and has a
research station. The island of about 5 km?is divided into an active floodplain in the west
and a wet ice-wedge polygonal tundra, on a Late Holocene river terrace, in the east.
Building on over twenty years of prior research at Samoylov Island, that sadly ended on
February 2022, this study continues to examine greenhouse gas fluxes of the island

(Eckhardt et al., 2019b).

Kurungnakh Island (72.3°N, 126.2°E) is the study site of the third chapter of this thesis.
The island is situated in the central part of the Lena River Delta. The island is comprised
of Yedoma deposits from the Weichselian overlain by Holocene deposits. The island is
dominated by thermokarst and thermoerosion lakes, including thaw slumps along the

Lena River channels (Morgenstern et al., 2013).

1.3 Quantification of greenhouse gas fluxes in the Arctic

The scientific interest in permafrost was historically characterized by a sense of
exploration, frequently undertaken by geologists, followed by geotechnical engineers,
with a focus on search for fossil fuels, military activities and consequently on the
development of infrastructure, mainly in North America and the former Soviet Union
(French, 2018; van Huissteden, 2020). In 1838, Karl Ernst von Baer established the basis
for modern permafrost research through his comprehensive analysis of ground ice and
permafrost data (Baer, 2001). In 1927, Mikhail Ivanovitch Sumgin wrote "Permafrost soils
in the USSR" (free translation) synthesizing historical cryosphere studies and introducing
vechnaia merzlota (eternally frozen earth) as a term (Smirnov, 2017). In 1943, Siemon
William Muller introduced the term "permafrost” in English, translating the Russian

vechnaia merzlota through his work with Russian literature for the U.S. government (Ray,
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1993). By the late 20t century, research by Romanovsky and Osterkamp (1997) provided
early empirical evidence of warming trends in Alaskan permafrost, highlighting its
sensitivity to climate change. Following this, the unfolding of the climate change has
moved the research emphasis to understanding the implications of thawing permafrost

on the carbon cycle and climate system.

The responses of some ecosystems to climate change are not yet fully understood, and
therefore not appropriately accounted in climate models, especially regarding the timing,
magnitude, and relative roles of different greenhouse gases. Despite these significant
uncertainties, this feedback poses additional risks that intensify with further warming,
substantially complicating efforts to cap global temperature increases. These include CO,
CHs and N,O emissions from wetlands, wildfires, and permafrost thaw, for which the
quantitative understanding is low. As a result, earth system feedbacks such as the
permafrost carbon-climate feedback are often listed as the main sources of uncertainty of
the remaining carbon budget to limit global warming to well below 2 °C (Lamboll et al.,
2023). This is especially relevant in the case of CHs and N,O, which are gases with
increased global warming potential in comparison to CO:2 and raise concerns regarding
their role in the climate change response of permafrost environments. It is well-
documented that these environments emit considerable amounts of CH4 (Christensen,
2024; Kleber et al., 2023; Rofiger et al., 2022; Yuan et al., 2024) and N,O (Lacroix et al., 2022;
Marushchak et al., 2021; Wegner et al., 2022). Essentially more data is needed about

greenhouse gas emissions and their functioning in the Arctic (IPCC, 2021).

The overarching question about the magnitude and actual impact of the permafrost
carbon-climate feedback encompasses varying and complementary research lines
converging to shed light on the question from different perspectives. The research effort
aiming to quantify Arctic greenhouse gas emissions has been based on field
measurements, with methods like chamber measurements (Eckhardt et al., 2019b; Galera
et al., 2023; Juutinen et al., 2022; Wickland et al., 2020) and eddy covariance systems
(Beckebanze, Rehder, et al., 2022; Beckebanze, Runkle, et al., 2022; Dengel et al., 2021;
Rofsger et al., 2022; Skeeter et al., 2022; Skeeter et al., 2020), laboratory experiments (Herbst
et al., 2024; Knoblauch et al., 2018; Knoblauch et al., 2013) and modelling studies (Beer et
al., 2023; de Vrese et al., 2023; Rehder et al., 2023).
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The quantification and partitioning of greenhouse gas fluxes identifies the individual
fluxes stemming from different ecosystem processes and elements and allows the
detection of the environmental factors behind the measured fluxes with useful detailing.
A fuller picture of the measured fluxes can be obtained when the analysis not only
differentiates between fluxes of the same gas but also incorporates the individual fluxes
of other greenhouse gases. Hence, by adopting the partitioning of greenhouse gas fluxes,
Eckhardt et al. (2019b) revealed reducing autotrophic respiration with rising water table.
Recent studies demonstrate the importance of spatial heterogeneity in CO2 and CHa
exchanges in the Arctic. In Tiksi, northeastern Siberia, the net ecosystem exchange of CO:
and ecosystem gross photosynthesis were highest in graminoid-dominated habitats in
contrast to barren and dwarf-shrub tundra, with fens presenting the greater summertime
CO:z sequestration. Nonetheless, fens were also the largest CHa source, contrarily to dry
tundra that consumed CHs4 (Juutinen et al., 2022). Similar conclusions were draw in
Utqgiagvik, Alaska, where polygon types determined greenhouse gases fluxes (Dengel et
al., 2021). Regions characterized by low-centered polygons exhibited increased CO:

emissions, while CH4 emissions were higher from low and flat-centered polygons.

Aerobic decomposition is generally faster than anaerobic decomposition (Gao et al., 2016).
Microorganisms rely on alternative electron acceptors in this case, such as nitrate, sulfate,
or CO2. Alternating aerobic and anaerobic conditions, as seen in periodically flooded
areas, can accelerate organic matter decomposition, the more the faster the cycle intervals
(Reddy & Patrick, 1975). The rate of anaerobic respiration by soil microorganisms is
influenced by several factors, including water and nutrient availability, pH, temperature,
redox potential, and the quality of soil organic matter, and in spite of its slower
decomposition rates, produces significant quantities of CHa to the atmosphere (Andersen

& White, 2006; Herndon et al., 2015).

Heterotrophic respiration is the respiration of the soil microbial community. It is
effectively measured through the root-trenching, or clipping method, in which a trench is
dug to physically isolate the roots contained in the measurement plot, and the active plant
biomass is removed (Bond-Lamberty et al., 2011). As expected, warming is expected to

increase heterotrophic respiration in the Arctic, but also vegetation shifts are expected to
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have an effect. The addition of litter from deciduous shrubs stimulates heterotrophic

respiration compared to non-shrub vegetation (Phillips & Wurzburger, 2019).

Significant amounts of CHs4 are produced in anoxic conditions in the Arctic, especially
when stable CHs-producing microbial communities establish. This could be one of the
reasons why active layer CH4 production is often higher than permafrost samples CHa
production (Treat et al., 2015). However, it is not clear if this is a prerequisite in field
conditions where organic matter, nutrients and organisms can be exchanged both
vertically and horizontally, since the effect of the establishment of the CHs-producing
microbial communities in the CHs production was identified experimentally (Knoblauch
et al., 2018). Soil moisture, temperature and vegetation are important controllers of CHa
production. Organic soils in inundated areas, especially under herbaceous vegetation,
show higher CH4 production compared to mineral soils (Treat et al., 2015). CHa4 oxidation
occurs when methanotrophic bacteria consume CHs, potentially offsetting part of CHa
production. CH4 oxidation rates is also stimulated by temperature and can sometimes
exceed production, when CH: fluxes are negative and CHs uptake takes place
(Berestovskaya et al., 2005; Juncher Jorgensen et al., 2015; Zheng et al., 2018). Vegetation
has a crucial role on how much of the CHs produced is finally emitted to the atmosphere.
Vascular plants such as sedges can channel CHs inside their aerenchyma from the anoxic
region of the soil to the atmosphere, through which CHs oxidation is prevented or
diminished. Additionally, root exudates provide additional substrate for methanogenesis

in the rhizosphere.

It is still complex to accurately quantify CHa fluxes in the Arctic, due to the high spatial
and temporal variability. Ongoing vegetation changes and more often wildfires can
further complicate that due to their critical roles in altering permafrost carbon cycling
dynamics and consequently, CH4 production (Treat et al., 2024). A major knowledge gap
in the permafrost carbon-climate feedback research has been related to long-term trends
in greenhouse gas emissions and temperature in the Arctic. Some studies have addressed
this gap publishing paramount data from long-term measurements or experiments.
Knoblauch et al. (2018) conducted a seven-year laboratory incubation with samples from
the Lena River Delta and showed that equal amounts of CO2 and CH4 are formed in

thawing permafrost under anoxic conditions once the CHi-producing microbial
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communities are established. Rof3ger et al. (2022) also highlighted the significance of CHa
emissions in this region, showing that CHs emissions have increased throughout the 16
years dataset. Usually, the eddy covariance method facilitates the acquisition of long-term
dataset in comparison to chamber measurements and incubation experiments, which are
more labor intensive. There are several examples of longer datasets of eddy covariance
greenhouse gases measurements in the Lena River Delta (Holl et al., 2019; Rofiger et al.,
2022) and other Arctic regions (Dengel et al., 2021; Goodrich et al., 2016). These long-term
datasets provide robust evidence for projections of increasing greenhouse gas emissions

and their consequent climate feedback.

Understanding the ratio of CO2 to CHs produced during the decomposition of the organic
matter is crucial because of the higher global warming potential of CHs (Myhre et al.,
2013). Despite prior studies using laboratory incubations to assess CO: and CHa
production ratios, the results vary widely due to varying incubation conditions and the
complex interplay of microbial communities and environmental factors (Heslop et al.,
2019; Knoblauch et al., 2018; Treat et al., 2015; Treat et al., 2014). Additionally, CHa
oxidation and different CH4 transport pathways further affect these ratios (Knoblauch et
al., 2015). The research gap lies in the need for a comprehensive understanding of these
ratios under in situ conditions, which is essential for improving models that simulate
feedback between thawing permafrost and global change, as current global models often

use fixed ratios for methane production or emission (Kleinen et al., 2021).

It is of critical importance that current modelling developments progresses in addressing
the underrepresentation and oversimplification of permafrost carbon processes observed
in previous broader climate modeling efforts (Schadel et al., 2024). Some models offer
greater specificity by simulating distinct physical processes that are unfolding within
Arctic landscapes, such as described in Beer et al. (2023) that focused on an impactful
aspect of abrupt permafrost thaw, which still lacks detailed estimates of CO: release, the
retrogressive thaw slumps. They show that although these emissions are not relevant on
a global scale, they possess the potential to become a major source of CO2 depending on
the future evolution of permafrost thaw. Another example is the study by Rehder et al.
(2023) that addresses an often overlooked component of the Arctic carbon cycle, CH4

emissions from ponds, by applying a process-based model that captured a linear increase
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in CH4 emissions with warming, caused mainly by the increase in productivity of vascular
plants, which provides more substrate to methanogenesis and act as an efficient CHa
transport pathway to the atmosphere. In a broader modelling scale, de Vrese et al. (2023)
incorporated atmospheric feedbacks to permafrost carbon processes, and surprisingly
showed that both wet and dry Arctic scenarios would result into comparable CHa fluxes,
since the larger wetland area in the wet scenario was compensated by the greater
substrate availability, due to higher temperatures, in the dry scenario. Furthermore, the
critical role of permafrost thawing in continuing global warming, even if net zero
emissions is reached, have been explored by different Earth System models. Permafrost
thawing would keep happening in a warmed Earth, adding additional greenhouse gases
and heat to the atmosphere (MacDougall, 2021; Randers & Goluke, 2020). Important
developments have been achieved in statistical modelling approaches as well, as machine
learning techniques (Virkkala et al., 2021) and the application of neural network analysis
(Skeeter et al., 2022). These developments results in better identification of correlations
and patterns in datasets, enabling better predictions of greenhouse gas emissions, and
upscaling these emissions across high-latitude terrestrial regions. This new generation of
models further develop the incorporation of key processes into climate models and

improve our understanding of the permafrost carbon-climate feedback.

1.4 Nutrients dynamics in a warming Arctic

Nutrient limitation occurs when the availability of nutrients fails to fulfill the demand for
achieving optimal net primary productivity in case of autotrophs and optimal growth and
metabolism in case of heterotrophs (Du et al., 2024). Nutrients co-limitation occurs when
two independent nutrients both reach limiting levels simultaneously, affecting a single
organism or a community. However, it could also be present in other ways, as when a
secondary nutrient becomes limiting after a primary nutrient limitation has been
alleviated. Additionally, co-limitation can also happen when the presence of one nutrient
is partially compensated for the scarcity of another or when the availability of one nutrient
is necessary for the uptake of another nutrient at low levels (Bannon et al., 2022; Moore et
al., 2013). Overall, co-limitation exists when two or more nutrient limitations, related or

not, affect biological processes simultaneously. The Arctic cold climate conditions
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significantly slow down biogeochemical processes, resulting in low nutrients availability,
which limits both microbial activities and primary productivity (Hobbie et al., 2002).
Additionally, the Arctic short growing season limits plant growth and consequently the
organic matter input into the soil, what together with slower decomposition rates,

exacerbate nutrients scarcity (Chapin lii et al., 1995).

The CO: fertilization effect caused by anthropogenic CO2 emissions and the increase in
temperatures caused by global warming may alleviate the current constraints to the Arctic
vegetation primary productivity in the case the vegetation growth is not limited by
nutrients availability. A potentially greener Arctic would contribute to offset part of
greenhouse gas emissions through enhanced photosynthesis. The availability of soil
nutrients remains a critical limiting factor. It is yet not clear what would be the effect of
warming on the availability of soil nutrients. It is possible that N, P and K mineralization
rates, which is primarily performed by soil microorganisms, increase with higher organic
matter decomposition rates, nonetheless it is also possible that increased microbial
activity promote higher immobilization rates of these nutrients, enhancing the
competition between microbes and plants for nutrients (Zhang et al., 2023), and
potentially offsetting the effects of the CO: fertilization and higher temperatures on

primary productivity (Wieder et al., 2015a).

Plant species and microorganisms exhibit varying nutrient needs, for example, woody
vegetation would require less N than grasses. These different nutrient demands of plant
species and different microorganisms add an extra layer of complexity in the
biogeochemistry cycles of nutrients with climate change (Kattge, 2011; Krapp & Traong,
2006). My experiment, which results can be found in chapter 3, addresses the
abovementioned discussion only indirectly, since it shows the effect of temperature in the
dynamics of P and K in the presence of soil microorganisms, but not of plants. However,
it gives evidence of possible competition for nutrients between microorganisms and
plants and the interaction between nutrients and greenhouse gases production. The
general trend that nutrients concentration shows during incubation time results from
both mineralization and immobilization processes. Mineralization is the process by which
microorganisms decompose organic matter, converting nutrients into inorganic forms

that plants can absorb, and immobilization is the conversion of inorganic nutrients into
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organic forms, incorporating them into microbial biomass and making them temporarily
unavailable for plant uptake. When mineralization rates are higher than immobilization
rates, this trend is of concentration increase with time, while a negative trend would be
identified when the immobilization rates are higher than mineralization. Thus, both

processes are occurring concomitantly but normally one is predominating.

Beermann et al. (2017) have encountered considerable amounts of ammonium in
permafrost in several sites in Siberia, and forecasted, under the RCP8.5 scenario, a
potential release of N with permafrost thawing in the same magnitude of the annual
atmospheric N fixation in arctic soils, which still would be a small flux in comparison
with the overall ecosystem N cycling. Plant growth in the Siberian polygon tundra is often
co-limited by N and P, and less by K (Beermann et al., 2015). Nevertheless, there is less
potential for P mineralization since 40% of the total P is found in the biologically active
fraction, compared to 5% of N (Beermann et al., 2015). This indicates a P limitation in the
long-term as microbial populations continue to develop and expand in the polygonal
tundra (Beermann et al., 2015). Furthermore, it is likely that the estimated global increase
of nutrient mineralization rates with warming shall not be sufficient to enable increases
in primary productivity (Wieder et al.,, 2015a). Even if N limitation constraints are
removed in the future, this is most likely not occurring for P, since increasing biological
P demands shall outpace exogenous P inputs and enhanced P cycling (Vitousek et al.,
2010; Wieder et al., 2015a, 2015b), a trend that includes the Arctic as well (Koller &
Phoenix, 2017).

Another aspect to consider is the fate of additional nutrients mineralized due to warming.
Naturally, for enhanced primary productivity, these nutrients should be taken up by
plants. However, as previously mentioned, a portion may be immobilized by the soil
microbiota. Yet, there are evidence of other potential destinies of additional nutrients.
Observational and model data show a discrepancy in the timing of maximum vegetation
growth and maximum thaw depth, as a result, nutrients are wasted and incompletely
used by plants (Lacroix et al, 2022). Lateral and vertical exports are important
mechanisms of biogeochemical compounds removal in permafrost regions (Beckebanze,
Runkle, et al., 2022), resulting in significant nutrient loss via runoff and leaching (Treat et

al., 2016). There is evidence that permafrost thaw may lead to increased transport of N
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from uphill well-drained areas to the lower lands of the landscape across the Arctic
(Hansen & Elberling, 2023) and it is predicted that until 2100 the transport of C, N and P
to the Kara Sea in West Siberia, could increase up to 53% (Frey et al., 2007). Therefore,
new data and studies about the deposition and distribution of nutrients in Arctic
ecosystems shall improve our understanding of the role of nutrients in the permafrost

carbon-climate feedback.

1.5 Research questions

The questions addressed in this thesis are crucial research gaps for advancing the frontier
of knowledge in the direction of determining whether the Arcticis currently evolving into
a stronger sink or a relevant source of greenhouse gases in the atmosphere. This thesis
has been undertaken with the goal of increasing our understanding of the permafrost
carbon-climate feedback in the present and in the future.

1) Will methane (CHa) fluxes in the Arctic increase with permafrost thawing, and
what factors regulate the ratio between microbial CO: and CHs production
from OM decomposition in the polygonal tundra?

These questions motivated the second chapter of this thesis. Amid the prospect of
exploding CH4 emissions from a warmer Arctic that would notably worsen expected
climate scenarios, the scientific community has focused on this question. To determine
the processes of CHa fluxes in the Arctic and what regulates whether CO2 or CHa is
produced during organic matter decomposition, it is essential to analyze CHs and CO:
production, CHs oxidation rates, hotspots, and associated environmental factors. This
analysis will help the scientific community understand the magnitude of CHs and CO:
emissions in the Arctic. Additionally, it will provide insights into the region response to
warming.

2) Will phosphorus (P) and potassium (K) availability increase in a warmer
Arctic?

This is the question that motivated the third chapter of this thesis. P limitation is pervasive

in Arctic ecosystems, while K is likely not limiting. Understanding whether the primary

productivity of the Arctic vegetation will increase and offset part of the region emissions

with climate change hinges on how soil nutrients availability responds to these changes.
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Comprehending whether the current nutritional limitations on vegetation growth, and
consequent Arctic greening, will be alleviated, remain unchanged, or become more
pronounced is crucial for predicting future Arctic carbon emissions. Assessing this
question involves understanding the behavior of these nutrients in the soil under the

influence of temperature and microbial activity.
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2 Ratio of In Situ CO: to CH: Production and Its
Environmental Controls in Polygonal Tundra Soils of
Samoylov Island, Northeastern Siberia

This chapter covers data collected from Samoylov Island in 2015. The fieldwork
was conducted by Tim Eckhardt. Part of the data related to the partitioning of the
CO: fluxes was already published by Eckhardt et al. (2019b).  have analyzed the
CHas fluxes data and part of the CO: fluxes data, and I have written as the first
author of the following published paper: Galera, L.
A., Eckhardt, T., Beer, C., Pfeiffer, E.-M., Knoblauch C. (2023). Ratio of in situ
CO:z to CH4 production and its environmental controls in polygonal tundra soils
of Samoylov Island, Northeastern Siberia. Journal of Geophysical Research:

Biogeosciences, 128, 2022]JG006956. https://doi.org/10.1029/2022]G006956

2.1 Abstract

Arctic warming causes permafrost thaw and accelerates microbial decomposition of soil
organic matter (SOM) to CO2 and CH4. The determining factors for the ratio between CO:
and CHas formation are still not well understood due to scarce in situ measurements,
particularly in remote Arctic regions. I quantified the COx:CHas ratios of SOM
decomposition in wet and dry tundra soils by using COz fluxes from clipped plots and in
situ CHs fluxes from vegetated plots. At the water-saturated site, CO2:CHas ratios
decreased sharply from 95 at beginning of July to about 10 in August and September with
a median of 12.2 (7.70-17.1; 25%—75% quartiles) over the whole vegetation period. When
considering CHa oxidation, estimated to reduce in situ CHa fluxes by 10%-31%, even
lower CO2:CHs ratios were calculated (median 10.9-8.41). Active layer depth and soil
temperature were the main factors controlling these ratios. CHs production was
associated with subsoil (40 cm) temperature, while heterotrophic respiration was related

to topsoil (5 cm) temperatures. As expected, CO2:CHas ratios were substantially higher at
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the dry site (median 373, 292-500, 25%-75% quartiles). Both tundra types lost carbon
preferentially in form of CO2, and CH4-C represented only 0.27% of the dry tundra total
carbon loss and 6.91% of the wet tundra total carbon loss. The current study demonstrates
the dynamic of in situ CO2:CHas ratios from SOM decomposition and will help improve

simulations of future CO2 and CHs fluxes from thawing tundra soils.

2.2 Introduction

Permafrost-affected soils contain about 1000 Pg of soil organic carbon (SOC) in the
uppermost 3 m (Mishra et al., 2021). The Arctic is experiencing one of the highest impacts
from climate change in the world (IPCC, 2022). Record high permafrost temperatures
were registered in the last two decades (Biskaborn et al., 2019), leading to permafrost
thaw. The microbial decomposition of thawing permafrost organic matter (OM) releases
the greenhouse gases (GHG) CO2 and CH4 (Lindroth et al., 2022; Miner et al., 2022; Schuur
et al., 2015). CH4 has an at least 28 fold global warming potential (GWP) of CO2 (Myhre
et al., 2013). Hence, we need to understand the relative emission of CO:2 to CHs when

permafrost-affected soils warm and permafrost thaws.

The formation of CO2 and CHas from thawing permafrost has been studied most often by
laboratory incubations. Using this method, a wide range (<1 to > 1000) of ratios between
CO2 and CHs production in permafrost-affected soils have been reported (Heslop et al.,
2019; Knoblauch et al., 2018; Treat et al., 2015; Treat et al., 2014). This wide range might
be caused by differences in incubation conditions and duration, and differences in the
composition of OM and microbial communities (Treat et al., 2015). Since the energy gain
of methanogenesis is low in comparison to microbial processes using electron acceptors
such as oxygen (O2), nitrate, iron and sulfate, CHs production is low as long as these
electron acceptors are available (Bodegom & Stams, 1999). Hence, the CO2:CHa ratio in
incubations is not constant and may decrease with incubation time, owing to the
depletion of alternative electron acceptors but also due to the establishment of an active
CHs producing community (Knoblauch et al., 2018; Philben et al., 2020). Finally, soil
incubations are generally done either under anoxic or oxic conditions, while soils, even
under water saturated conditions, are characterized by redox gradients, which may last

from completely anoxic to fully oxic. Thus, incubation experiments give only limited
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information on the CO2 and CHas production under in situ conditions. One approach used
to measure reliable in situ CO2 and CHs production rates is to derive them from soil
concentration depth profiles (Clymo & Bryant, 2008; Clymo et al., 1995), but attempts to

deduce the CO2 to CHa partitioning from gas measurements have not been done yet.

Microbial CHs oxidation in soil layers that contain oxygen, such as the rhizosphere, where
oxygen is leaking from the roots, or the surface soil, is further modifying the in situ
CO2:CHa ratio. Aerobic CHa oxidizing bacteria may oxidize up to 99% of produced CHa
to COz in water saturated permafrost soils, with a particularly high importance of CHa
oxidation at sites without vascular plants (Knoblauch et al., 2015; Popp et al., 2000). The
relevance of CHs oxidation strongly depend on CHs transport pathways. CHs transported
by molecular diffusion through the water phase is > 10* times slower than ebullition or
plant-mediated transport through the gas phase in air filled tissue. Hence CHa4 oxidation
is most relevant when CHs moves slowly through the soil (molecular diffusion in the
water phase) and lowest when rapidly transported from its production zone into the
atmosphere (ebullition, plant mediated transport) (Bastviken et al., 2008; Knoblauch et al.,
2015; Whalen, 2005). Hence, the release of carbon as CO2 or CHa is determined by complex

interactions of the factors influencing not just their production, but also their transport.

The extensive Siberian tundra is currently underrepresented in international CHa
emissions databases (Saunois et al., 2020). There are large uncertainties regarding the
controls of CHs production and emission in the vast Russian arctic tundra, and
consequently the response of CHs emission to climate change. Permafrost acts as a barrier
to drainage resulting in lakes, ponds, and wetlands, characterized by anoxic conditions
and accumulation of OM. The seasonal freezing and thawing of the upper soil layer
(active layer) promote the creation of pattern ground, such as polygonal structures, where
the depressed centers are often water saturated while the elevated rims are drained and
characterized by oxic conditions (van Huissteden, 2020). Differences in vegetation type
may account for substantial variation of CHs and CO: emissions from the arctic tundra
(Cannone et al., 2016; Knoblauch et al., 2015). Due to the complexity of environmental and
microbial parameters affecting CHs production and turnover in permafrost soils, there
are still large uncertainties on how thaw-induced changes in the soil hydrology of

permafrost landscapes will impact on in situ CO2 and CH4 production from thawing
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permafrost OM and related GHG emissions (Euskirchen et al., 2017).The quantitative
understanding of the regulation of the CO2:CHas ratio is needed to improve models
simulating the feedback between thawing permafrost and global change. Most global
models still calculate CH4 production or emission as a fixed ratio of soil organic matter

(SOM) decomposition (Kleinen et al., 2021; Melton et al., 2013; Wania et al., 2010).

The objective of this study is to improve our knowledge of the regulation of the ratio
between microbial CO2 and CHs production from OM decomposition under in situ
conditions of a typical polygonal tundra. For this, small-scale approaches, such as
chamber measurements are more appropriate than eddy-covariance systems (Krauss et
al., 2016). Therefore, I used an experimental setup based on the chamber approach and
measured for a whole summer season in situ greenhouse gas fluxes at two soils of the
Siberian polygonal tundra characterized by different hydrological regimes. CHa
production was estimated using fluxes above plots vegetated by vascular plants, and CO:
fluxes representing heterotrophic respiration (Rn) were quantified from clipped plots of a
root-trenching experiment (Eckhardt et al., 2019b). By this approach, I identified the
relative contribution of CO:2 and CHs production during OM decomposition in
permafrost-affected soils under in situ conditions, identified the most important
environmental parameters regulating the in situ ratio between CO2 and CHas production
and estimated the contribution of plant-mediated CHa transport to total CHs emissions.
Finally, I used the obtained CO2 and CHs data to calculate the production of CO2 and CHa

in the polygonal tundra of Samoylov Island for one summer thaw season.

2.3 Methods

2.3.1 Study Site

The study was conducted on Samoylov Island in the southern central Lena River Delta,
northeastern Siberia (72°22" N, 126°28’ E) in the continuous permafrost zone, with
permafrost depths of 300 to 500 m (Yershov, 1998) (Figure 1). The annual mean
permafrost temperatures are -8.6 °C at about 11 m depth, while temperatures at the
surface soil can vary from 20 °C to -35 °C throughout the year. The island has an arctic

continental climate with an annual mean temperature of -12.5 °C and an annual mean
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precipitation of 321 mm (Boike et al., 2013). Snowmelt starts in June and the growing
season lasts from mid-June to mid-September. Polar days, which are days when the sun
remains above the horizon for more than 24 hours, spans from 7 May to 8 August and
polar nights, which are days when the sun remains below the horizon for more than 24
hours, spans from 15 November to 28 January. The study has been executed at the eastern
part of Samoylov Island, which is covered by ice-wedge polygonal tundra on a Late
Holocene river terrace, characterized by ice-rich alluvial deposits. The polygonal tundra
is formed by depressed polygon centers surrounded by elevated polygon rims with an
elevation difference of about 0.5 m. Water-saturated soils are often found in the polygon
centers due to the underlying permafrost that prevents drainage while soils at the
elevated polygon rims are well-drained. Mean carbon pools in the uppermost 1 m are
higher in the polygon centers (33 kg SOC m?) than in the polygon rims (19 kg SOC m)
(Zubrzycki et al., 2013).

The study was conducted in a polygon (72°22"26” N, 126°29'49” E) with one sub-site in
the water saturated, depressed polygon center (wet tundra) and another sub-site in its
surrounding polygon rim (dry tundra). The soil at the polygon center was classified as
Reductaquic Cryosol (WRB, 2015) with the water table varying from 7 cm below to 7 cm
above the soil surface during the measurement period, a maximum yearly ALD of 40 cm
and vegetation dominated by mosses (Drepanocladus revolvens, Meesia triqueta, Scorpidium
scorpioides) and the hydrophilic sedge Carex aquatilis. Total organic carbon (TOC)
concentrations in the polygon center soil ranged between 10.1% and 19.6%, with highest
concentrations in the uppermost 6 cm (Supporting information, Figure S1). The soil at the
polygon rim was classified as Turbic Glacic Cryosol (WRB, 2015) with the water table a
few centimeter above the permafrost table, maximum ALD of 30 cm and a vegetation
dominated by mosses (Hylocomium splendens, Polytrichum spp., Rhytidium rugosum), some
small vascular plants (Dryas punctata and Astragalus frigidus) and lichens (Peltigera spp.).
The polygon rim soil contained 12.3% of TOC in the uppermost 15 cm depth and

cryoturbated horizons bellow 15 cm (Supporting information, Figure S2).
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Figure 1 - The study site on Samoylov Island, Lena River Delta, Northeastern

Siberia (72°22" N, 126°28" E) from the perspective of the Eurasian continent. Panel
(a): Eurasia (SIO et al.); Orthorectified aerial picture of Samoylov Island, Lena River
Delta, Northeastern Siberia, Russia (Boike et al., 2012); Studied polygon in Samoylov
Island (Boike et al., 2015).

2.3.2 Soils and meteorological data

The soil temperatures (SoilT) at 2, 5, 10, 15 and 40 cm and air temperature (AirT) at 2 m
height, precipitation and incoming and outgoing components of shortwave and
longwave radiation were recorded by a nearby meteorological station in the center and
rim of a similar polygon about 40 m southwest of the study site (Boike et al., 2019). The

surface temperature (SurfT) was estimated by the following equation:

1

SurfT = (2,

&0
1)
where L1s is the upward infrared radiation (W m?), ¢ is the dimensionless emissivity in

the value of 0.98 and ¢ is the Stefan-Boltzmann constant (W m2 K-#) (Wilber et al., 1999).

The SurfT was calculated in Kelvin with equation (1) and converted to degrees Celsius.

The description of the water table depth (WT) measurements in the center, the volumetric
soil water content (VWC) at the rim and the ALD in both sub-sites can be found in

Eckhardt et al. (2019b).
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2.3.3 Chamber measurements and plant mediated CH4 transport

At each sub-site, ten measurement plots made of PVC frames (50 x 50 c¢cm) were
established. From these, four had their original vegetation intact (hereafter called
‘vegetated’), while six had the surface vegetation removed (hereafter called “clipped’).
The experiment has been described in detail by Eckhardt et al. (2019b). The frames were
inserted 20 cm deep into the soil, below the main rooting zone. The opaque acrylic
emission chamber was equipped with a fan for the mixing of the air. The chambers were
50 cm high and enclosed a volume between 124 and 143 L, depending on the terrain inside
the chamber frames. Two holes with 3 cm of diameter were left open at the top of the
chamber while placing it slowly on the frames to avoid pressure-induced gas release from
the soil (Christiansen et al., 2011; Eckhardt et al., 2019b). These holes were closed before
the measurement. A boardwalk was installed at the polygon to avoid disturbances. I
performed a clipping experiment by using the root-trenching method in 4 frames at each
sub-site on the polygon (center and rim) in 2014. In addition to the cutting of the lateral
roots through the insertion of the PVC frames, all living plant biomass, including mosses,
was carefully removed from within the “clipped” frames. During the measurement period
in 2015, this procedure was repeated periodically to prevent plant regrowth.
Additionally, two frames were installed in 2015 and clipped at each sub-site to evaluate
if CO2 fluxes were biased due to the additional decomposition of residual roots, which
might be a possible artefact of the root-trenching method. However, no significant
difference between the CO: fluxes in the clipped plots of 2014 and those clipped in 2015
were observed (Eckhardt et al., 2019b).

The CHa concentrations in the headspace of the chambers were measured with a portable
gas analyzer (UGGA 30-p; Los Gatos Research, USA) and recorded with a data logger
(CR800 series; Campbell Scientific Ltd., USA). The precision of the gas analyzer for CHa
is better than 0.005 ppm. Chamber closure time was 120 seconds, during which chamber
headspace air was pumped in a closed loop through the analyzer at a rate of 200 mL min-
1. Measurements were conducted between July 11t and September 2274, 2015, except in
the periods between 24 and 9% of August, when a shift change between researchers took

longer than expected, and 17% and 24%* of August, when the measurements were
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impossible due to a heavy storm event. During the measurement period, measurements
were taken at least every third day. The Rnfluxes used in this study are from Eckhardt et
al. (2019b). The CHa fluxes were calculated using MATLAB (MATLAB, 2019) with a
routine combining different regression models, such as linear, exponential and increasing
polynomial degrees, and statistical analysis for model selection. Details can be found in
Eckhardt and Kutzbach (2016). CHs concentrations inside the chamber headspace
increased linearly over time (Supporting information, Figure S4), thus linear regressions have
been used for the flux calculation. The first 30 s of each 120 s measurement period were
discarded to eliminate possible perturbations when placing the chamber on the frame.
The fraction of plant mediated CH4 fluxes was calculated as the difference between the
daily mean CHas fluxes from the vegetated plots and the clipped plots (Table 1).

Table 1 — Median, first (Q1) and third (Q3) quartiles CH4 fluxes during the growing

season of 2015 from vegetated and clipped plots in a polygon center and a polygon rim
on Samoylov Island, and contribution of plant-mediated CHa transport.

CHs flux (mg m2 d-)
Polygon sub- . Plant-mediated transport (%)
) Vegetated Clipped
site
Q1 Median Q3 Q1 Median Q3 Q1 Median Q3
Center 21.1 26.4 325 2.63 4.31 9.19 65.3 79.3 89.3
Rim 1.58 1.85 2.20 1.50 1.67 1.91 -15.7 2.86 20.9

2.3.4 Calculation of CO2:CHaratios and uncertainty range

The CO2:CHas ratios were calculated on a molar basis, using the daily mean CHa fluxes
from the vegetated plots, and the daily mean Rn fluxes, which were measured with dark
chambers in the clipped plots (see Eckhardt et al. (2019b) and Eckhardt et al. (2019a)). The
CHzs fluxes above vegetated plots in the water saturated polygon center are the best
estimate of in situ CHa production. These fluxes might underestimate the CH4 production,
since no CHs oxidation is considered. However, we have estimated the range of CHa
oxidation that could be affecting my measured fluxes using the fraction of oxidized CHa

and plant mediated CHa transport data from studies in sites similar to this study, as it is
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described later in this section. Hence, the calculated CO2:CHa ratios of the polygon center
are considered as the CO2:CH4 production ratios. However, this is not the case for the
polygon rim CHa fluxes due to high CH4 oxidation in the unsaturated soil. This procedure
resulted in one single CO2:CHas ratio per day in each sub-site on the polygon center and
rim. Thus, to obtain a variation measure for these daily ratios, I propagated the standard

deviation of the CH4 and CO: daily fluxes using the following equation:

0C0,:CH, = \/(&)2 + (ﬂ)z x CO,:CH,

fco, fcu,
2)

Where oco.ch, is the estimated standard deviation of the CO2:CHas ratio; CO2:CHx is the
mean CO2:CHzs ratio; oco.is the standard deviation of the CO: fluxes; fco, is the mean CO:2

flux; ocr.is the standard deviation of the CHzs fluxes and fcu, is the mean CHz flux.

My approach to estimate CHs production in the soil from CHs fluxes above vegetated
plots is neglecting CH4 oxidation in the soil, which cause an underestimation of in situ
CHs production. To account for this potential error, we used published data on CHa
oxidation (Knoblauch et al., 2015; Preuss et al., 2013) at water saturated polygon centers
on Samoylov that were vegetated by the same vascular plant (Carex aquatilis) as my site
(Table 2).The polygon center daily average CHa fluxes (fcti(corrected)) were recalculated as

follows:

DcH, 3
fcm(corrected) = (1—MOR + PCH4) X fCH, )

Where, MOR is the fraction of produced CH: oxidized in the soil, Dcr, is the fraction of
CHa transported through the soil, Pcw, is the fraction of CHa transported through plants
and fcu.is the mean CHa flux. The MOR values were retrieved from the literature, and the
Dch, values were either the clipped plots CHa fluxes of this study or additional values
retrieved from the literature. The use of these values in the definition of the upper and
lower boundaries of the uncertainty range is shown in Table 2. The lower boundary uses
the lowest CHa oxidation from Preuss et al. (2013), and the highest Pcx, from Knoblauch
et al. (2015). The upper boundary uses the highest CHs oxidation from Knoblauch et al.

(2015) and the lowest Pcn, which was found in this study. This approach assumes that
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only CHs diffusing slowly through the soil is affected by CH4 oxidation but not that
fraction of CHs, which is released rapidly by plant mediated transport. These new daily
mean CHys fluxes were then used to recalculate the center CO2:CHs4 production ratios as

described above.

Table 2 - Fraction of CHa transported through the bulk soil (Dch,) and of plant mediated
transport (Pct.) as well as CH4 oxidized in water saturated polygon centers, vegetated
by Carex aquatilis on Samoylov Island. Methane production and CO2:CH4 production
ratios are calculated for three assumptions regarding the fraction of CH4 oxidized and of

the different transport pathways (see Methods, eq. (3)).

Fraction of . CH:
. . Fraction of . CO2CHa4
Fraction Fraction CH. production .
Study . . total CH4 production
Pcn, Dcn, oxidized in . (mg CHa4 X
k oxidized ratio
bulk soil m2d?)
Assumption 1 26.4 12.2
079" 021" 0 0 21.1-32.5 7.70 -17.1
(no CHa (21.1-325)  (770-17.1)
oxidation)

Assumption 2

295 10.9
0.86° 0.148 0.458 0.10
(lowest CHa (235-36.3)  (6.91-15.4)
oxidation,
highest Pch,)
Assumption 3
0.79¥ 0.21¥ 0.68% 0.31 382 541
(highest CHa ‘ ’ ' ' (305-47.1) (5.32-11.8)

oxidation,

lowest Pcw,)

¥this study, $Knoblauch et al 2015, SPreuss et al., 2013.

2.3.5 Calculation of a seasonal CO:2 and CHzs release

The seasonal CO2 and CHas release were calculated from the CO2 and CHsemissions of the
wet (polygon center) and dry tundra (polygon rim) in kilograms per hectare per day,
during the measurement period. The daily average CO: fluxes of the clipped plots,
representing the Rn, were taken from Eckhardt et al. (2019b). From 11/07/2015 to
22/09/2015 there were 47 days with CO2 and CHs measurements. I filled the gaps between
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measurements by linearly interpolating the daily average of CO: and CHs fluxes
(Bjorkegren et al., 2015; Chen et al., 2011; Gana et al., 2018; Khokhar & Park, 2017; Kwon
et al., 2017; Natchimuthu et al., 2017; Savage & Davidson, 2003; Schrier-Uijl et al., 2010;
Wickland et al., 2006). For the direct comparison of CO2 and CHs production (Table 3),
the median CO2 fluxes (Rn) and the median CH4 fluxes were normalized to carbon (kg
CO2-C/CH4+-C ha' d1) to consider mass differences of the two molecules. For the
comparison based on the whole area of Samoylov (Table 3), I used the fraction of wet and
dry tundra (19% and 65%, respectively) of the polygonal tundra mapped by Muster et al.
(2012) on Samoylov Island, resulting in 54 ha of wet tundra and 185 ha of dry tundra. The
active floodplains and open water bodies have not been included in my study. The CO»-
C and CH4-C fluxes were multiplied by the area of each land cover (dry and wet tundra),
resulting in daily absolute CO2-C and CH4-C production (kg CO2-C/CHs-C d-') of each

tundra type.
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Table 3 - CO2 (Rn) and CH4 emissions from two sub-sites in the polygonal tundra on
Samoylov Island for the growing season in 2015. The table shows the median emissions
calculated after the dataset gap-filling linear interpolation (see Methods). Both emission
rates were converted to carbon mass emissions to allow a direct comparison between
them. Moreover, both emission rates were multiplied by the wet and dry tundra area
(Muster et al., 2012) to calculate the seasonal CO: and CHas release for the whole
polygonal tundra of Samoylov Island. Rn data are from Eckhardt et al. (2019b). The last

column shows the contribution of each GHG in total C emissions.

Wet tundra
% of total
- -1
GHG kg ha d-! kg dC_Iha Area kg-Cd1 C
emissions
CO: 9.81 2.68 x 54.1 ha 145 93.1
(Rn)
CH: 0.265 0.199 x 54.1 ha 11 6.91
Total 2.87 155 100
Dry tundra
% of total
- -1
GHG kg ha d-! kg f]lf_lhu Area kg-C d1 Cc
emissions
CO: 19.5 5.32 x 185 ha 984 99.7
(Ru)
CHa4 0.019 0.014 x 185 ha 3 0.27
Total 5.33 986 100

2.3.6 Statistics

The CO2:CHea ratios of the polygon center and rim were analyzed separately through
linear regression models. First, I have assessed the relationship between CO2:CHa ratios
and each of the daily mean environmental variables, namely soil temperatures at 2 cm, 5
cm, 10 cm, 15 cm, and 40 cm depth, SurfT, ALD, WT (for the polygon center) and VWC
(for the polygon rim) and selected the best predictors. The same was made with the CHa

and COz2 (Rn) daily mean fluxes, in order to clarify the relationships found between the
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predictors and the CO2:CHa ratios. Natural logarithm transformation was applied for

non-normally distributed data.

Then, a multivariate regression model relating the CO2:CHs ratios with the best
predictors, chosen during the abovementioned linear regressions between CO2:CHa ratios
and individual environmental parameters, was set including the possible interaction
between predictors. If the interaction between predictors was not significant (p>0.05), the
sum of their effects was considered. The possibility of logarithmic and exponential
relationships between response variables and predictors were also verified throughout

the previous steps.

I choose the model with the highest R?, smallest root mean squared error (RMSE), lowest
p-value from the model F-test (a=0.05) and the lowest Akaike Information Criterion (AIC)
that gives the relative quality of statistical models for the same dataset. The best adjusted
regressions are shown in the results section. The statistical analyses were performed in R

(R, 2020).

Table 4 — Statistical models describing the relationship between CO2:CHa ratios and
environmental variables, selected according to criteria described in Methods section (see

2.6 Statistics). “Interaction” states for the interaction between predictors.

Sub-site Center Rim

CO2:CHa = -0.811(ALD) -

St;:fgiclal 174(logSoil T40) + COZ‘;SE‘; L2[9)')9$"216T5) -
4.79(ALD*logSoilT40) + 40.6
R2 0.88 0.63
p-value <0.001 <0.001
RMSE 6.86 103

Interaction significant (p<0.001) not significant (p=0.459)
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2.4 Results

2.4.1 CHa fluxes and plant-mediated transport

The CHas fluxes from the vegetated plots at the polygon center varied throughout the
measurement period, showing a clear seasonality (Figure 2). There was a fast increase in
July, at the beginning of the growing season, followed by a slower increase in the first
weeks of August. The fluxes stabilized at the peak emission rates, representing six times
the flux measured in the beginning of July, from mid-August until the beginning of
September, when the fluxes started to decrease at the end of the growing season. The
variation of CHa fluxes at the polygon rim showed no seasonality but a sudden increase

on the 227 of September, the last day of measurements.

The median CHa4 flux of the vegetated plots at the polygon center was 26.4 mg m2d! (21.1-
32.5 mg m2d"; 25%-75% quartiles). The median CHas flux at the polygon rim was 1.85 mg
m2d? (1.58-2.22 mg m2 d1; 25%-75% quartiles). The daily CH4 fluxes means at the center
were between 3.9 to 20.2 times higher than at the rim throughout the season. The log
transformed CHas fluxes from vegetated plots at the center had significant relationships
with the ALD (R? = 0.73; p < 0.001), with the SoilT40 (R? = 0.68; p < 0.001) and had no
relationship with the SurfT (p = 0.172). The log transformed CHa fluxes at the rim also had
a significant relationship with the ALD but with a lower R? (R? = 0.44; p < 0.001) and with
the SoilT40 (R? = 0.42; p <0.001), but no relationship with shallower soil temperatures like
the SoilT5 (p = 0.404) and SurfT (p = 0.824).

The mean daily CH4 fluxes of the clipped plots at the polygon center were lower than
those from the vegetated plots. The differences between vegetated and clipped plots are
smaller at the beginning of the growing season compared to later periods. Based on the
differences in CHs fluxes between clipped and vegetated plots, the median plant-
mediated CH4 transport at the polygon center is 79% (65% - 89%, 25%-75% quartiles). At
the polygon rim there was only a small difference between clipped and vegetated plots

of 3% (Table 1)

Based on stable isotope signatures of CHa dissolved in the water saturated soil of polygon

centers on Samoylov, it has been estimated that a fraction between 0.45 and 0.68 of the
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CHa diffusing through the bulk soil is oxidized to CO2 before emitted into the atmosphere
(Knoblauch et al., 2015; Preuss et al., 2013)(Table 2). Using this range of CH4 oxidation
and the fraction of plant mediated CHs transport (Pcn) and CHas transport through the
bulk soil (Dct.) determined in this and previous studies (Knoblauch et al., 2015; Preuss et
al., 2013) We calculated that a fraction between 0.10 and 0.31 of produced CH4 might have
been oxidized before emitted into the atmosphere (assumptions 2 and 3, Table 2). Using
these CH4 oxidation estimates would increase the median of CHs production rates from
26.4 mg m2d! (no oxidation assumed) to 29.5 mg m2d! (fraction of 0.10 oxidized) and

38.2 mg m2d! (fraction of 0.31 oxidized) (Table 2).
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Figure 2 - Daily mean and standard deviation of CHs fluxes (n = 8) between July and
September 2015 from a polygon on Samoylov Island at vegetated and clipped plots in the

polygon center (A) and polygon rim (B).

2.4.2 CO2z:CHu ratios, their environmental controls and uncertainty

range

The CO2:CHa ratios, calculated from in situ CHa fluxes and heterotrophic CO: fluxes,
varied between 3 and 95 at the polygon center (Figure 3), while it varied at the rim
between 80 and 1074. The CO2:CHa ratios at the polygon center were around 95 at the
beginning of July and decreased rapidly until mid-July. From 21/7 on, the ratios ranged
between 7 and 15. There was a high variability of CO2:CHas ratios in the polygon rim. The
amplitude of this variation and the ratios themselves are higher in July and steadily
decrease over time. From 12/9 on, this downwards trend is seen more clearly. The median
CO2:CHas ratio was 12.2 (7.70 - 17.1; 25%-75% quartiles) at the polygon center and 373 (292

- 500, 25%-75% quartiles) at the polygon rim.

The best predictor of the CO2:CHa ratios at the polygon center was the ALD, with a linear
relationship (R?=0.72; p <0.001) (Figure 3). Both the CO2:CHa ratio and the ALD stabilize
around a constant value from end of July until the 22" of September. The second-best
predictor for the CO2:CHa ratios at the polygon center was the SoilT40 with a logarithmic
relationship (R? = 0.65; p < 0.001). The center CO2CH4 ratios have exponential
relationships with AirT (R? = 0.36; p < 0.001) and SurfT (R? = 0.35; p < 0.001), but the
inclusion of these variables into the multivariate regression model have not improved its

quality.

The CO2:CHs ratios at the polygon rim had higher variability and a more gradual
decreasing trend along the season than at the center. The best predictors of the CO2:CHa
ratios at the polygon rim were the SoilT5 (lin; R? = 0.55; p <0.001) and the SurfT (lin; R? =
0.45; p < 0.001). However, the inclusion of the SurfT as a predictor along with the SoilT5
into the multivariate regression model did not add explanatory power to it, which was
shown by a higher AIC. For that reason, the ALD, which was the third best predictor (lin;

R2=0.30; p <0.001), was included instead, with a significant increase in the quality of the
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model (p = 0.024). The statistical models that showed the best explanatory power for the

COz2:CHa ratios at the polygon center and rim are shown in Table 4.

In addition to the relationships of Rn and environmental variables reported in Eckhardt
et al. (2019b) I present here some additional relationships that improve our understanding
of the CO2:CHaratios. The Rnat the polygon center showed relationships with the SurfT
(lin; R2 =0.59; p < 0.001), with the SoilT40 (log; R? = 0.24; p < 0.001) and no relationship
with the ALD (lin; p = 0.06153). The Rn at the polygon rim had a linear relationship with
the SoilT5 (R? = 0.60; p < 0.001) but none with the ALD (lin; p = 0.07643). Furthermore,
there was a weak linear relationship between the SurfT and the SoilT40 at the polygon
center (R? = 0.1305; p = 0.01598).

Using CHa fluxes corrected for CH4 oxidation (fcHi(corrected)) to calculate ratios between CO2
and CHs production results in a decrease in CO2:CHa ratios (Figure 3) with median values
of 10.9 (fraction of 0.10 oxidized) and 8.41 (fraction of 0.31 oxidized) in comparison to 12.2

(no oxidation assumed) (Table 2).
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Figure 3 - (a) Ratio of daily CO: fluxes from heterotrophic respiration and CHa
emissions at the polygon center (black squares), range of CO2:CHas ratios after
considering a fraction of produced CHa oxidized between 0.10 and 0.30 (shaded area)
and results from multivariate regression analysis with active layer depth (ALD) and soil
temperature at 40 cm (SoilT40) as influence parameters (red line). Error bars give the
estimated standard deviation. (b) Mean daily ALD at the polygon center during the

growing season in 2015.

2.4.3 Seasonal CO: and CHa4 release

The median CO: production of the wet tundra during the thaw season was lower than
the one of the dry tundra, while the median CHa4 production of the wet tundra was higher
than of the dry tundra (Table 3). The CO2 and CHas fluxes were converted to kg-C fluxes
to allow a direct comparison between them. The wet tundra, although producing more
CHas than the dry tundra, emitted around half the total kg-C of the dry tundra. When the
size of each land cover is considered, the dry tundra emits more than six times the total

kg-C, as CO2 and CHjy, of the wet tundra. Due to the small area of wet tundra on Samoylov
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Island and the low contribution of CHs to the dry tundra GHG fluxes, CH4 emissions
contributed only 1.17% (or 13.4 kg-C d) to the total daily release of carbon from the

polygonal tundra on Samoylov (1142 kg-C d-!, Table 3).

2.5 Discussion

2.5.1 CH:s emissions in comparison to other arctic sites

The median CH4 emissions during the growing season from the polygon center in this
study (26.4 mg m? d) are at the lower end of CH4 fluxes reported from the water
saturated polygonal tundra on Samoylov vegetated by vascular plants of 28.0 — 100.0 mg
m-2d! (Knoblauch et al., 2015; Kutzbach et al., 2004; Sachs et al., 2010; Wagner et al., 2003).
These differences can be related to the high spatial and temporal variability of CHa
emissions in the Siberian tundra (Skeeter et al., 2020), but also to differences in data
evaluation. The highest CHs emissions from water saturated polygon centers on
Samoylov (77.9 - 100.0 mg m d! (Sachs et al., 2010)) were calculated from an initial non-
linear CH4 concentration increase with an exponential model, resulting in higher fluxes
than linear models. We could only observe an initial non-linear rise of CHs concentrations
after inducing a pressure increase inside the chamber when placing it on the frames.
Under standard measurement conditions, CHs concentrations increased linearly inside
the chambers (Supporting information Figure S4). Hence, I used a simple linear fit to
calculate CHs emission rates. Also, median CHs fluxes from the dry polygon rim (1.85 mg
m2 d') were lower than from previous measurements (4.3-4.9 mg m? d1) (Kutzbach et
al., 2004; Sachs et al., 2010; Wagner et al., 2003) but, as expected, all studies showed
substantially lower fluxes from the dry rim than from the wet centers. Eddy covariance
CH4 measurements from a representative mix of wet and dry tundra, with some stretches
of open water from Samoylov Island are a good baseline reference for my results. My
median polygon center CHs emissions (26.4 mg m d) are still higher than the growing
season median CHi emissions in Samoylov Island from 2014 (14.3 mg m?2 d?)
(Beckebanze, Runkle, et al., 2022) and 2019.(16.7 mg m? d-!) (Beckebanze, Rehder, et al.,
2022), while my polygon rim median CH4 emissions (1.85 mg m?2 d!) was still lower than

the emissions of these representative areas of the polygonal tundra in the island.




47

CHs emissions from the water saturated polygon center of my study site are also at the
lower end compared to other arctic tundra soils. Studies in the Arctic report CHa
emissions in wet tundra environments ranging between 1.53 and 419 mg CHs m? d-!
(Andresen et al., 2017; Kwon et al., 2017; Skeeter et al., 2020; Strom et al., 2012; Vasiliev et
al., 2019; Wagner et al., 2019). Most studies on arctic CHs emissions report data from
organic soils, which are characterized by the highest CHs emissions (Andresen et al., 2017;
Kwon et al,, 2017; Strom et al., 2012), which are also supported by a dense cover of
vascular plants like Eriophorum sp., Carex sp. or Arctophila sp. (Andresen et al., 2017; Strom
et al., 2012). The CHs fluxes found in this study are high if only compared to mineral soil
wetlands (Skeeter et al., 2020; Vasiliev et al., 2019; Wagner et al., 2019).The soils of both
polygon center and rim in my study are mineral soils with a sandy texture (Eckhardt et
al., 2019b), and lower CHa emissions from mineral soils than from organic soils have been
reported in previous studies (Christiansen et al., 2015). Moreover, the Lena River Delta is
one of the coldest permafrost regions on Earth (Vladimir E. Romanovsky et al., 2010) and
methanogenesis is largely controlled by temperature (Yvon-Durocher et al., 2014). The
temperature effect on methanogenesis is related to the temperature modulation of
enzymatic processes, such as enzymes concentrations and activity inside the
methanogens cells, thus, lower CH4 production rates are found at lower temperatures

(Westermann et al., 1989).

As expected, the CH4 emissions at the drained polygon rim in my study were very low
and less variable than at the wet polygon center sub-site, however it did not act as a CHa
sink, as reported in other studies (Jorgensen et al., 2015; Kwon et al., 2017; Skeeter et al.,
2020; St Pierre et al., 2019). The lack of water saturation and consequently oxic conditions
demonstrated by the VWC, which varied from 28.1 to 31.8% within the study period, is
probably the main reason for the lower CH4 emissions detected at the rim compared to
the center. In contrast to the polygon center, water saturation was never achieved at the
polygon rim, reducing the habitat for methanogens to produce CHs, and leaving space
for methanotrophs to oxidize CHs. The CH4 emissions of the polygon center showed a
gradual growth over the first part of the growing season until a peak and posterior
decrease, while constant CHs emissions were measured at the polygon rim. These

patterns were very similar to those reported by Wagner et al. (2003), although, differently
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than here, the center CH4 emissions reached the peak earlier in mid-July, when they
started to decrease continuously. Wagner et al. (2003) related the seasonal fluctuations to
the microbiological processes of CHs production and oxidation, with higher CHa
production and lower CH: oxidation at the early summer and the opposite by the end of
the season. The same seasonality trends of polygon center and rim CHaemissions can be
found in other regions in Northeastern Siberia (Kwon et al., 2017), as well as in other arctic
environments (Strom et al., 2012). Physical environmental parameters such as SurfT
(Pickett-Heaps et al., 2011) and SoilT (Delwiche et al., 2021) have been pointed out as
strong predictors of seasonal CH4 variability. Seasonal vegetation patterns are also
playing a crucial role in CHs seasonality. Evidences in the literature show a strong
correlation between peak season CHi: emissions and maximum gross ecosystem
production (Nielsen, Michelsen, Strobel, et al., 2017) and between the development of the
vegetation root system along the growing season and CHi emissions (Joabsson &
Christensen, 2001). Yet, inter-annual CHs emissions variation can be significant, with

largely different seasonal patterns found between years (Mastepanov et al., 2013).

Despite the absence of seasonality in the variation of CHa fluxes at the polygon rim,
anomalously high CHs fluxes were measured there on the 2274 of September, the last day
of measurements. The 2274 of September was also the only day of the campaign in which
negative soil temperatures were recorded at 2 cm depth, indicating that the soil profile
was becoming completely frozen, since negative temperatures were already being
recorded at and below 5 cm. I hypothesize that CHa stored at soil and vegetation cavities
was being squeezed out to the atmosphere during the soil freezing process. Previous
studies showed similar results with a strong soil gas pressure increase (Tagesson et al.,
2012) and CH4 emissions increase (Mastepanov et al., 2008) as the soil started to freeze in

fall.

2.5.2 Impact of plant mediated CHa transport

The importance of plant mediated CH4 transport in wetlands has been documented in
previous studies and mainly depends on plant type and density (Knoblauch et al., 2015;
Popp et al., 2000). Plants enhance CHa release by facilitating CHa transport from the soil

into the atmosphere through air filled plant tissue (aerenchyma) and also support CHa
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production by the release of root exudates, which fuel methanogenesis in the anoxic soil
(Girkin et al., 2018). The seasonality of the difference between clipped and vegetated plots
CHa fluxes in my study is characterized by a smaller difference between treatments at the
beginning of the growing season and a gradual increase of the difference until mid-
September when the difference starts to decrease again. Notwithstanding, Noyce et al.
(2014) showed, in a similar clipping experiment, that the largest difference between
clipped and vegetated sites occurred during fall, when sedges were senescing. The
authors hypothesized that higher water table in fall kept the rooting zone saturated,
intensifying the root’s influence on CH4 production and transport. This was not the case
in my off-season measurements in September, as the water table depths were at the lowest
level since the start of the measurements in July (Eckhardt et al., 2019b), therefore keeping

a smaller volume of rooting zone saturated.

The plant-mediated CHas transport in the polygon center (79%) is within the range of 66%
to 98% reported for wet sub-arctic and Arctic tundra sites dominated by sedges and
grasses (Knoblauch et al., 2015; Kutzbach et al., 2004; Morrissey & Livingston, 1992;
Nielsen, Michelsen, Strobel, et al., 2017). The growth of aerenchymatous plants in arctic
sedge-dominated sites is a key factor linking CH4 production with emissions. Nielsen,
Michelsen, Strobel, et al. (2017) demonstrated this link by identifying a decoupling
between peak dissolved CHs in the soil solution and peak CHs emissions, while
identifying a connection between the peak gross ecosystem production and peak CHs
emissions. Therefore, demonstrating the key role of sedges connecting CH4 production

by the soil to CH4 emissions.

However, it is important to notice that the contribution of plant mediated CHa transport
to total CHa fluxes calculated from the clipping experiment is a conservative estimate. At
the vegetated plots, the produced CHz is released rapidly through the plants into the
atmosphere, thereby by-passing the oxidative layer of the soil, while some produced CHa
is transported by soil diffusion. After clipping, the CH4 that was once transported via the
vegetation is diffusing through the water saturated soil. It is likely that a part of the
produced CHa that would have been transported via plants at the unclipped plots is now
oxidized in the soil, since now it has to slowly diffuse through the water phase. Thus, the

fluxes measured at the clipped plots might not represent only the CHa that is transported
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via soil diffusion in the intact environment, but accounts also for a part of CHa that is
transported through the vegetation under natural conditions. On the other hand, the
removal of the vegetation also ends the support for CHs production by root exudates,
causing a reduced CHs production. These two contrary processes, whose effects on CHa

fluxes may not be quantified, introduce further uncertainties into my estimates.

I consider the difference between clipped and vegetated sites as a measure of the plant-
mediated transport of CHs because there was no evidence of significant ebullitive
transport at my sites. There was no abrupt increase in CHa concentrations during chamber
closure times in any of my chamber measurements throughout the growing season (e.g.,
Supporting information, Figure S4), which would indicate ebullitive CHs fluxes. I
presume that the dense root system of the vegetation at the polygon center prevented CHa
to move through the water as bubbles. Although I cannot exclude the possibility of a small
contribution of ebullitive CHa fluxes into the total CH4 transported to the atmosphere, I
consider that the linearity of CHs concentrations during chamber deployment in all my
CHs chamber measurements demonstrate that the transport of CHis was overall
comprised by plant-mediated and diffusive transport. Additionally, Knoblauch et al.
(2015) have found negligible ebullitive fluxes in most of the studied polygon ponds on

Samoylov Island, with similar soils as the one in this study.

At the polygon rim, I estimated a negligible plant-mediated transport of 3% in accordance
to Wagner et al. (2003), while Kutzbach et al. (2004) detected 27%. However, the latter
study also reported higher CHa fluxes at the rim and used a different approach to quantify
plant-mediated transport that could be one of the causes for the distinct results: Kutzbach
et al 2004 used closed chambers that enclosed single Carex aquatilis culms, excluding CHa
being transported by the soil. Ebullitive CHa fluxes were not observed at the polygon rim
due to non-water-saturated conditions. The soil at the polygon rim in my study contained
a deep oxic, unsaturated layer and released less CHa regardless of the removal of the
vegetation. Presumably both low CHa production and high CH4 oxidation (Liebner &
Wagner, 2007) affected the CHa release at the polygon rim simultaneously (Vaughn et al.,
2016). Moreover, the polygon rim was mostly vegetated by mosses and small vascular
plants (Dryas punctata and Astragalus frigidus) that do not possess aerenchyma like sedges.

Hence, well-drained soil conditions, resulting in low CH4 production and the absence of
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aerenchymatous plants are the likely reasons for only a small difference between CHa
fluxes at the clipped and vegetated plots. Additionally, although it could be shown that
the plant-mediated transport at the rim was irrelevant (=3%), sedges (C. aquatilis) were
present within the moss-dominated environment. The roots of C. aquatilis, might be
connected with the plants from the methane-producing polygon center due to its deep
root system (Albano et al., 2021). Hence, I cannot rule out that the CHs produced at the

polygon center was escaping through the polygon rim via vascular plants.

2.5.3 in situ CO2:CHzs ratios and their environmental controls

The rapid decrease of CO2:CHa ratios at the polygon center from 94.6 to 12.5 between 11t
of July and 1st of August shows the increasing relevance of the CHs production and
decreased impact of Rn during the progression of the growing season. CHa fluxes
increased from 5.8 to 21.5 mg m?2 d! in this period, following the deepening of the active
layer. The negative relationship of the ALD with the CO2:CHa ratios has also been
demonstrated in previous studies (McCalley et al., 2014; van Huissteden et al., 2005). The
reason for this relationship is an increase in the soil volume that becomes water saturated
and hence anoxic (Lagomarsino & Agnelli, 2020; Rof3ger et al., 2022) but also the growth
of vegetation, a consequence of increased substrate and nutrient availability with active

layer thawing (Andresen et al., 2017).

In addition to ALD, soil temperature had a strong effect on CHa emissions and CO2:CH4
ratios. CHs production is, as any other microbial process, temperature dependent (Chen
et al.,, 2022; Kelly & Chynoweth, 1981; Schadel et al., 2016; Treat et al., 2015; Zeikus &
Winfrey, 1976; Zinder et al., 1984). Kolton et al. (2019) detected a negative relationship
between temperature and CO2:CHs ratios, indicating a stronger increase of CHa
production with rising temperatures than of CO2 production. The production of CHs was
directly correlated to rising soil temperatures at the depth of 40 cm, but also indirectly by
promoting the deepening of the active layer. Similar results were reported by Rofiger et
al. (2022) in Samoylov Island, showing that polygon center soil temperature at 30 cm,
thaw depth and growing degree days were the variables with highest CH4 emissions
predictive power. In contrast Rn at the center had only a weak relationship with the soil

temperature at 40 cm depth. However, Eckhardt et al. (2019b) identified air temperature
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followed by the surface temperature as the best predictors for Rn (lin) at the polygon
center. These observations indicate that CH4 emissions are affected by processes and
changes happening at deeper soil layers (Wagner et al., 2003), while Rn is affected by
processes in the top-soil (Ferréa et al., 2012). The deepest soil layer of my site is less
affected by water table variations and maintains its anoxic conditions for longer periods,
enabling the establishment and activity of a methanogenic community (Knoblauch et al.,
2015; Liebner et al., 2015), while the soil surface contains highest O2 concentrations,
staying frequently above the water table. An incubation experiment using samples from
Samoylov Island presented evidences for the markedly higher methanogenesis potential
of the bottom active layer compared to the surface (Walz et al., 2017). Therefore, the
warming of the soil surface stimulates Rn, causing elevated CO2:CHa ratios, while the
warming of deeper anoxic soil layers, stimulates methanogenesis and decreases the
COz2:CHa ratios. It might be expected that the surface and deep soil temperatures should
be highly related, but just a weak relationship between SurfT and SoilT40 at the polygon
center was detected in this study. The soil at the depth of 40 cm is in constant interaction
with the underlying permafrost and remained frozen during about one third of the
measurement period. The thermal regime at this depth is less controlled by solar radiation
and more by the underlying permafrost temperatures than at the soil surface, thus they
are different and exert different influences on methanogenesis and Rn. The CO2:CHa ratios
at the polygon rim could be governed mainly by the Rn variability since the CHa
production is low throughout the measurement period. This is also demonstrated by the
relationship between CO2:CHaratios at the rim and the SurfT, which was also the case for

R

The theoretical CO2:CHs production ratio during organic matter decomposition via
methanogenesis is about one, when the oxidation number of the organic matter is zero
(Symons & Buswell, 1933). However, under natural conditions, CO2:CHa ratios above one
are generally reported even under anoxic conditions, since alternative electron acceptors
such as nitrate, ferric iron, sulfate or even organic matter may be used for SOM
decomposition (Dettling et al., 2006). Anoxic incubations show a decrease in the CO2:CHa
ratios over the course of experiment, reaching values of about one, most likely because

alternative electron acceptors get depleted and methanogenic communities become active
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(Knoblauch et al., 2018; Philben et al., 2020). The increase of CHs production with
decreasing availability of alternative electron acceptor has been observed at other arctic
sites (Rissanen et al., 2017) and could have also played a role in the change of CO2:CHa
ratios in the current study. A shallow ALD at the beginning of the growing season still
enables oxic conditions at the soil surface and a reoxidation of alternative electron
acceptors. Later on, as the active layer keeps deepening, the bottom soil can finally stay
anoxic, and after the depletion of the alternative electron acceptors methanogenesis may
increase. However, a ratio between CO2 and CHs4 production above one is expected even
under optimum conditions for methanogenesis in the anoxic soil at the polygon center,
since CO2 from heterotrophic respiration was predominantly formed in the oxic surface

soil (see discussion above), where no CHa is produced.

2.5.4 in situ CO2:CHa production ratios uncertainty range

While several methods are established to quantify microbial CO:z production from SOM
decomposition (Rn), the quantification of in situ CHa production is still challenging. The
current study uses CO: fluxes from clipped plots to determine Rn fluxes (Eckhardt et al.,
2019b). To estimate in situ CHa production, the CHa fluxes above intact vegetation have
been used before (Cooper et al., 2017). These CHa fluxes are the sum of CHa transported
by aerenchymatous plants and by molecular diffusion through the soil and ebullition.
This approach is likely underestimating in situ CHs production since a part of the

produced CHa is oxidized in the soil before being emitted.

By using the fraction of oxidized CHa values and the fraction of CHs diffusing through
the soil from Knoblauch et al. (2015) and Preuss et al. (2013) We estimated that a fraction
between 0.10 and 0.31 of produced CHs might have been oxidized in the soil before
emitted into the atmosphere. Knoblauch et al. (2015) and Preuss et al. (2013) determined
the fraction of oxidized CHs by comparing the ratio between 2CHs and *CHs from
rhizospheric and emitted CHa. This method is based on the fact that isotopic fractionation
occurs when CHy is oxidized during transport. Methanotrophs oxidize preferentially the
lighter 12CHy, leaving the heavier 3CH4 behind. My estimated values of 0.10 and 0.31
oxidized CH4 are within in the range (0.01 - 0.40) reported by previous studies carried out

in similar environments, including sites dominated by sedges of Carex sp. (Nielsen,
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Michelsen, Ambus, et al., 2017; Popp et al., 1999; Strom et al., 2005). This broad range is
both due to differences in the methodology to determine CHa oxidation in the soil but

also due to differences in soil conditions and vegetation composition.

CHa4 oxidation is closely related to the efficiency of oxygen transport by the plants roots,
which is a species-specific characteristic (Nielsen, Michelsen, Ambus, et al., 2017), and
seemingly a more important factor determining CHa oxidation than plant biomass (Strém
et al., 2005). The contribution of CHs oxidation varies throughout ecosystems and
vegetation composition. A study in a wetland in South Sweden identified that 20-40% of
produced CHs was oxidized in a Carex rostrata dominated peat monolith, and of more
than 90% in monoliths with Eriophorum vaginatum (Strom et al., 2005), while in a southern
Estonian bog, no significant CH4 oxidation was found in an Eriophorum spp. dominated
site (Frenzel & Rudolph, 1998). Thus, rhizospheric CHs oxidation regulated by the
efficiency of oxygen transport by the plants roots is apparently a site-specific
characteristic in addition to being species-specific. Sedge species have been related to
higher CHa emissions than other plant species, not because they support CHs production
but since they facilitate CHas transport through their aerenchyma, bypassing the oxidative
soil layer and avoiding oxidation (Green & Baird, 2012). Nielsen, Michelsen, Ambus, et
al. (2017) showed in a wet tundra ecosystem in Greenland, that the radial oxygen loss of
Carex aquatilis has a minor impact on CH4 oxidation. In their study, the fraction of CHa
oxidized was less than 2%, most likely because CHa diffusion is faster than it would be
required for CH4 oxidation and because CHs diffuses into plant roots at a lower depth
than where oxidation takes place. Isotopic signatures of CHs from a bog in Stordalen Mire,
Sweden, show higher fraction of oxidized CHi occurring in periodically inundated
shallower soil layers instead of permanently inundated deeper soil layers (Singleton et
al., 2018). This is an evidence of the latter hypothesis conceived by Nielsen, Michelsen,
Ambus, et al. (2017) about the depth separation between the region where CHa diffuses

into plant roots and the region where CH4 oxidation takes place.

Data from Samoylov Island, from a study on a similar polygon center reports no
significant differences between the 5'*C signatures of dissolved CHa in the anoxic soil and
of the emitted CH4 from plots vegetated by Carex aquatilis, and hence give no evidence for

rhizospheric CHs oxidation (Knoblauch et al., 2015). Since the vascular plants in my
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studied polygon were dominated by C. aquatilis, which was shown to only weakly
support CHs oxidation in the rhizosphere I consider that the calculated range of
rhizospheric CHs4 oxidation (0.10 —0.31) is rather at the higher end of CH4 oxidation under
in situ conditions, and that the measured CHa fluxes in the polygon center are not severely
affected by CH4 oxidation. Due to the lack of estimates of the fraction of CH4 oxidized at
the polygon rim and high uncertainties related to the emissions measured in this sub-site,
I could not calculate such range of rhizospheric CH4 oxidation as I did for the polygon
center. Thus, I cannot consider the CO2:CHa ratios as production ratios in the polygon

rim.

2.5.5 Seasonal CO: and CHa4 release

As expected, the wet tundra, which is water saturated, showed lower Rn fluxes, while
higher Rn fluxes were found in the dry tundra, and the opposite was the case for CH4. The
dry tundra dominates total carbon emissions, both due to high CO:2 emissions and due to
the larger area. While both tundra types lost carbon preferentially in the form of COz,
CHs-C represented 0.27% of the dry tundra total carbon loss and 6.91% of the wet tundra
total carbon loss. The contribution of CHs emissions to the seasonal CO2 and CHa release
on Samoylov might change in the future. The ALD at Samoylov Island is predicted to
increase (Beermann et al., 2017), as well as at several arctic sites, related to increasing
temperatures affecting the extension of the thawing period (Andresen et al., 2017;
Euskirchen et al., 2006; Strand et al.,, 2021). This trend can be detected through the
assessment of ALD records at Arctic sites in the past and today (Andresen et al., 2017;
Strand et al., 2021). As shown in this study, the importance of CH4 emissions increase
with increasing ALD depth. My results are consistent with the study of Rofiger et al.
(2022) who also found a significant relationship between ALD and CH4 emissions and
evidence for an increasing trend of early summer CH4 emissions from wet tundra linked
to atmospheric warming. Moreover, to predict the future response of CHa fluxes from
thawing permafrost landscapes it will be crucial to understand if the ALD increase will
result in wetter soils (Krogh & Pomeroy, 2019), thereby increasing CHa fluxes (Tagesson
et al., 2012) or drier soils (Jin et al., 2021; Natali et al., 2015) resulting in lower CHa fluxes

(Kim, 2015).
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2.6 Conclusions

CHaemissions presented here are at the lower end compared to other arctic sites, and the
differences found between these emissions and the ones from other measurements in
Samoylov Island shows the high temporal and spatial variability found in GHG emissions
in the Siberian tundra. Understanding the mechanisms that control the CO2:CHa
production ratios is especially important for improving Earth System Models. To estimate
the CO2:CHs production ratios under in situ conditions I used the Rn fluxes from clipped
plots and the CHa fluxes from vegetated plots, which were corrected for potential CHa
oxidation in the soil. The CO2:CHas production ratio is associated with active-layer depth
(ALD) due to a direct effect of ALD on CHas production. The effect of air temperature
seasonality on the COx2:CHa ratio is complicated. Top-soil warming stimulates CO2
production under more oxic conditions, hence increases the CO2:CHas ratio. In contrast,
warming of anoxic subsoil layers leads to enhanced CH4 production, hence a lowering of

the CO2:CHa ratio.

Arctic warming will lead to a warming of the active layer and its deepening. My study
indicates that for wet tundra this warming and deepening can result in pronounced
enhancement of CH4 production. Changing vegetation pattern and functions, however,
will further complicate the net response of Arctic CHs emission to global warming.
Further studies are needed focusing on the complexities of in situ CHs and CO:
production, especially in regions where there is yet scarcity of data, like the vast Siberian
tundra. There is still a high uncertainty on the response of CH4 production and emission

to thawing permafrost and the related feedback mechanism.

2.7 Supplementary material

The supporting information is presented in order to give to the reader a better overview
of the experiment set-up and its characteristics described in the Methods section and the
variation of the CO2:CHa ratios from the polygon rim. Additionally, the heterotrophic
respiration dataset is republished here from (Eckhardt et al., 2019b) because the data are

used and interpreted differently in the present study.




57

Polygonal center

Classification:
World Reference Base for Soil Resources IUSS (WRB, 2014):
Reductaquic Cryosol (Hyperhumic) — abbreviation: CR-ra-jh
Russian classification (Elovskaya, 1987): Permafrost tundra humic-peatish

Location: Samoylov Island,
Lena River Delta
Geographic coordinates:
72°22.442 N, 126°29.828 £
Field location: center of
low-center polygon

Date of profile acquisition: 10.07.2014
Thaw depth during sampling: 31 cm
Water level during sampling: -2 cm
Vegetation: sedge-moss tundra

Remarks: organic-layer very weakly decomposed, no evidence of cryoturbation

1
o

20

o
=]
depth below soil surface (cm)

Horizon Water | Dry bulk -
donation Depth TC TIC | TOC | TOC N C/N | pH content | density Further characteristics
cm % % % | kem? | % wt% gem?
Qi Oto6 198 | 0.2 | 196 42 060 | 33.1  5.18 854 0.36 Slightly decomposed plant material, Carex rhizomes
AhL 6to15| 132 | 02 | 13.0| 62 |051|257 532| 754 | 053 | -uehtly humified plant material, Carex rhizomes,
alpha-alpha-Dipyridyl positive

15t Slightly humified i tt
Ah2 © 1117 02 |115| 58 |057| 206 522| 771 | o0ez |°'BYNuMIIed oreanic matter,

23 alpha-alpha-Dipyridyl positive

23t Ints diate humified i tter,
Ah3 © 1101 | 02 |98 | 51 |060| 169 556| 812 | 064 | meolate umiied organic matter

31 alpha-alpha-Dipyridyl positive
Ahf 31+ frozen

Figure 4 - Soil characteristics and soil classification of the soil from the polygonal center.

This figure is depicted in Eckhardt (2017).
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Polygonal rim

Location: Samoylov Island, Lena River Delta
Geographic coordinates: 72°22.442 N,
126°29.828 F

Field location: elevated rim of low-center

polygon

the horizon donation)

Classification:

Date of profile acquisition: 10,07.2014
Thow depth during sampling: 19 cm
Water level during sampling: -17 cm
Vegetation: moss-dominated tundra

Remarks: organic-rich layer weakly decomposed, evidence of cryoturbation (shown as @ in

World Reference Base for Soil Resources (WRB, 2014):
Turbic Glacic Cryosol — abbreviation: CR-gl.tu
Russian classification (Elovskaya, 1987): Permafrost tundra silty-peatish

Ah

Ahl@/
Bl@

BI@

Bf

10

20

depth below soil surface (cm)

Horizon Depth | TC | TIc | Toc  Toc | N | /N | pu | Weter | Drybulk | et characteristics
donation content | density
cm % % % kgm? | % wt% gem?
Ah Oto6 | 123 0.2 12.1 2.3 0.49 | 246 | 5.69 52.9 0.32 Slightly decomposed plant materizal, some roots

Ahl@/Bl@ |6to10| 6.7 0.2 6.5

24 0.27 | 239 | 5.97 48.2 0.92

Transitional horizen, humified organic matter,
capillary fringe mottling, mineral fraction increases

10to
Bl@ 19 21 0.2 1.8

2.3 010 | 19.2 | 6.02 38.2 1.32

Capillary fringe mottling, less organic matter,

alpha-alpha-Dipyridy| negative

Bf 19+

frozen

Figure 5 - Soil characteristics and soil classification of the soil from the polygonal rim.

This figure is depicted in Eckhardt (2017).
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Polygonal rim

Figure 6 - Scheme of the study site and the installed measurement plots. From the total
20 PVC collars, 10 were installed at the center and 10 at the rim. From these 10 of each
polygon sub-site 6 were clipped and 4 remained with the original vegetation. This figure

is depicted in Eckhardt (2017).
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Figure 7 - Picture of the boardwalks and measurement plots at the polygon center (A) and
at the polygon rim (B). Clipped plots at the left of the boardwalks and vegetated plots at
the right. This figure is adapted from Eckhardt (2017).
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Figure 8 — Left picture shows a vegetated plot at the polygon rim and right picture shows
a vegetated plot at the polygon center. It is clear the difference between a moss-
dominated environment with sparse vascular plants and a sedge-moss-dominated

environment at the polygon center. This figure is depicted in Eckhardt (2017).
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Figure 9 - An example of the linear increase of CH4 concentrations in the chamber during

a single CH4 flux measurement in this study. This figure is adapted from Eckhardt (2017).
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Figure 10 - Ratio of daily CO:z2 fluxes from heterotrophic respiration and CHs emissions at

the polygon rim. Error bars give the estimated standard deviation.
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Figure 11 - Heterotrophic respiration measurements from the two sub-sites (polygon
center and rim). Heterotrophic respiration was measured in the clipped plots, using a

dark chamber. This dataset is republished from Eckhardt et al. (2019a).
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3 Higher temperatures do not increase P and K
availabilities in incubation of soils from
Kurungnakh Island, Lena River Delta, Siberia

This chapter covers data from an incubation experiment designed and conducted
by me in 2022 using samples from Kurungnakh Island, which were collected in
2018 and provided to me. I have analyzed the data and written the manuscript.

This study is planned to be soon submitted for publication in a scientific journal.

3.1 Abstract

Global warming induces permafrost thaw and exposes organic matter, accelerating
decomposition and greenhouse gas (GHG) emissions. Yet, the additional warming and
increase of CO2 concentrations in the atmosphere can enhance the primary productivity
of the arctic vegetation. Phosphorus (P) is a scarce nutrient in the Arctic and high
uncertainties remain in regard of the fate of P availability with global warming.
Additionally, enhanced P availability in soils has a noted positive influence on K uptake
and plant K concentrations, underscoring the interconnectedness of these nutrients. I
incubated aerobically active layer samples from the Lena River Delta, Siberia, under 4 and
15 °C. This incubation aimed to assess whether the temperature increase has an impact
on the P and K concentration levels and processes, such as mineralization and
immobilization. Additionally, I analyzed how temperature affects aerobic GHG
production, namely CO2 and nitrous oxide (N.O) production or consumption throughout
the experiment. I observed a general decrease in P and K concentrations with significant
P and K immobilization rates, but no significant difference of the temperature treatments
between them. Phosphorus turnover rates negatively correlated with soil carbon (C) and
CO:z production rates, implying a relationship between P dynamics and C turnover. All
samples showed significant CO2 production, with a trend of decreasing rates as the

experiment progressed. Samples at 15°C produced substantially more CO2 compared to
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those at 4°C across all experiment stages. Nitrous oxide rates varied along the experiment,
showing production or consumption depending on the sample, and no temperature
effect. Contrary to expectations, warming did not enhance P and K availabilities, but P
and K were immobilized during the experiment regardless of the temperature treatment.
Overall, my findings imply that nutrient limitations may continue to hinder the

productivity of Arctic ecosystems in a warming climate.

3.2 Introduction

The thawing of permafrost, induced by global warming, leads to exposure of organic
matter for decomposition. The increase in the decomposition rates of soil organic matter
induces greater CO2 and other greenhouse gas emissions (GHG) (AminiTabrizi et al.,
2020). Yet, the additional warming and increase of CO:2 concentrations in the atmosphere
enhance the primary productivity of the arctic vegetation. Some authors argue that the
higher primary productivity expected would be constrained by the low content of
nutrients in arctic soils (Wieder et al., 2015), and indeed these constraints were identified
experimentally in other environments with forest productivity not responding to elevated
CO:z due to phosphorus (P) limitation (Ellsworth et al., 2017). In this view, arctic terrestrial
ecosystems would be most likely a source than a sink of carbon with global warming.
However, nutrient mineralization is also a temperature sensitive process, due to the
positive effect of temperature on the activity of the enzymes responsible for the extraction
of nutrients from the organic matter (Souza & Billings, 2022), and it is possible that enough
additional nutrients are mineralized with warming to sustain increased primary
productivity (Brovkin & Goll, 2015). Whilst the effect of rising temperatures on nutrient
availability in arctic soils is still poorly understood (Maslov & Maslova, 2021), especially
for P (Shaw & Cleveland, 2020), it is however expected that this change in the abundance
of specific elements could affect biogeochemical activities like organic matter
mineralization (Stimmler et al., 2023). Phosphorus is a scarce nutrient in the Arctic, and
evidence has shown that P might have stronger effects on plant growth than nitrogen (N)
in permafrost ecosystems (Yang et al., 2021). A field experiment has demonstrated that
higher P and N availability caused by Arctic warming is essential for increased moss

productivity and increased C sequestration, while N enrichment alone may result in C
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loss through stimulated decomposition of the soil organic matter (Street et al., 2018). High
uncertainties remain in regard of the fate of P availability with global warming (Wieder
et al., 2015b). The decomposition of organic matter is usually the major source of available
P in Arctic soils (Chapin et al., 1978; Giblin et al., 1991; Weintraub, 2011). Thus, some
authors argue that an increase in soil organic matter decomposition rates would increase
nutrient mineralization rates, including P, and most likely not turn terrestrial ecosystems
into a C source (Brovkin & Goll, 2015; Melillo et al., 2011). The influence of temperature
on P mineralization has been shown in incubations, with both phosphatase and P
availability in soil increasing with temperature (Shaw & Cleveland, 2020), but
observations are still limited, with none for Siberia. Furthermore, results are often
conflicting, with P concentrations both increasing or decreasing with temperature
depending on the varying effects on mineralization and immobilization. Nadelhoffer et
al. (1991) found decreasing P mineralization with warming in some soils and the opposite
in others. P mineralization rates were overall low, likely due to high microbial demands,
which can limit P availability in arctic soils. Schmidt et al. (1999) found no strong
correlation between net P mineralization and temperature, because warming induced at
the same time increased P mineralization and P immobilization by soil microorganisms.
Thus, further research on the response of P availability to warming is required to elucidate
future climate-carbon feedback (Liu et al., 2017; Shaw & Cleveland, 2020; Wieder et al.,
2015). Additionally, enhanced P availability in soils has a noted positive influence on K
uptake and plant K concentrations, such relationship was pointed out as being caused by
the P stimulation of growth on plants (Sardi et al., 2012). While K seems to be limiting in
a variety of terrestrial ecosystems globally (Chen et al., 2023), it is possibly not a limiting
factor for plant growth in the tundra (Beermann et al., 2015), and little is known about its
behavior in the soil with higher temperatures. Climate, topographical conditions, and soil
texture and mineralogy are determining factors controlling K content in soils (Ghiri et al.,
2011; Li et al., 2021), highlighting the importance of exploring K content and dynamics in
different regions, particularly in polar regions where such studies are rare. I incubated
aerobically active layer samples from the Lena River Delta, Siberia, at different
temperatures to assess the impact of temperature increase on P and K concentrations.
Furthermore, I evaluated processes such as mineralization, where nutrients in organic

compounds are made available in inorganic form through decomposition, and
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immobilization, where nutrients in inorganic form are absorbed by organisms and
incorporated into organic compounds. I also assessed how these abovementioned
processes affect aerobic GHG production, namely CO: and N,O production or

consumption throughout the experiment.

3.3 Methods

3.3.1 Study site

Three sites in a transect in Kurungnakh Island (N 72.3°% E 126.2°), Lena River Delta, Siberia
were selected. The transect ranged from the bottom of a thermo-erosional depression
(alas) to the surface tundra plain unaffected by thermo-erosion, and for this study, only
the dry sites lacking water saturation were selected. Each site was divided in two sub-
sites from which soil from three different soil horizons were collected in 2019 and kept
frozen until the start of this experiment in February of 2022. The first selected site was a
polygon rim with an active layer of 20 cm and no standing water, and with vegetation
dominated by Carex concolor, Salix pulchra and Hylocomium splendens. The second site was
the bottom of the slope with the water table standing at the bottom of its 20 cm active
layer, and with vegetation dominated by Carex concolor, Arctous alpine and Tomentypnum
nitens. The third site was a typical surface tundra plain with a drained active layer of 35
cm and no standing water, its vegetation was dominated by Tofieldia coccinea, Dryas
punctate and Hylocomium splendens. The identification of plant species was done by

Nikolay Lashchinskiy (Central Siberian Botanical Garden, SB RAS, Novosibirsk, Russia).

3.3.2 Sampling

The soil horizons sampled in each sub-site comprised: the organic-rich horizon,
represented by horizon O or Ha, depending on the site. Those samples were clearly
distinct from deeper samples with visible decomposed organic matter in varied stages in
the case of the O horizon and containing well-humified material, with some visible roots,
but overall advanced stage of humification in the case of the H horizon; the top mineral
soil, represented by the A horizon in all three sites; and the bottom mineral soil,

represented by the A or AB horizon, depending on the site. After thawed for one day,
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samples from the two sub-sites were mixed to compound a composite sample
representative of each site-horizon combination, resulting in nine composite samples

(three sites x three horizons).

3.3.3 Incubation experiment

Each of the nine composite samples were further divided into 18 sub-samples of 10 g each.
They were incubated under oxic conditions and in two different temperature treatments,
one at 4 °C and the other at 15 °C. If the concentration of CO: inside the headspace of the
vials reached 3%, the headspace was exchanged with air and there was set a new point
zero for the GHG airspace concentrations measurements. The mineral sub-samples were
incubated in 100 ml vials, while organic-rich sub-samples were incubated in 250 or 500
ml, because due to their higher respiration rates the limit level of CO2 (3%) would be
achieved too frequently. In summary, from the 162 sub-samples (9 composite samples x
18 sub-samples each), 81 were incubated in each incubator under the respective
temperature treatment (either 4 or 15 °C). After 15, 30 and 120 days from the start of the
experiment, three replicates from each temperature were sacrificed for P and K analyses,
while nitrate and ammonium were analyzed only at 15 days. The incubation period of
120 days was chosen to represent the timespan of the growing season at the study site.
Once their final incubation day was reached, samples were left two weeks in the freezer
before being chemically analyzed. The ones sacrificed at around 15 days were called batch
1, the ones at around 30 days batch 2 and the ones at around 120 days batch 3. The GHG
production was measured only in those samples that were incubated until the end of the
incubation experiment and not in those sacrificed in between. At each GHG measurement
air from the headspace was collected and analyzed with a gas chromatograph (7890 A,
Agilent Technologies, Santa Clara, CA, USA). The CO2 and N20 concentrations were
measured twice per week until day 15 of the experiment, once per week until day 30 and
biweekly until day 120, along with pressure inside the vials. The amount of CO2 and N20
within the vials were determined by assessing CO: the gas concentrations in the
headspace, the volume of the headspace, water content, the solubility of gases in water
and HCOs  and COs? in the case of COz, alongside the temperature and pressure, through

the application of Henry's law according to the methods used in Knoblauch et al. (2018).
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The rates at which these gases were produced were calculated by a linear regression
analysis of five measurements of changing CO2 and N20 quantities in the vials over time.
Non-significant slopes, identified through a p-value greater than 0.05 from linear
regression analysis, indicating absence of statistically significant relationship between
time and gas concentration, were discarded. Three different rates were calculated per sub-
sample, being representative of each experimental stage, initial, middle, and final. Initial
rates were calculated based on the first five concentrations measurements of the gases
from 0 to 30 days of incubation, the middle rates were calculated based on the median
concentration measurement together with the two preceding and two subsequent
measurements from 30 to 60 days of incubation, and the final rates were calculated based
on the five last concentration measurements from 60 to 120 days of incubation. These
calculations were then standardized to mg of CO:-C per g of C in the soil (mg CO>-C g C
1d1) and pg of N2O-N per g of N in the soil (ug N2O-N g N d), per day.

3.3.4 Chemical characterization

The nine composite samples representing the combination between sites and soil horizons
were chemically characterized before the start of the incubation experiment. Three
aliquots of 10 g and one of 5 g were retrieved from each composite sample. The 10 g
aliquots were used for the determination of the total C, N, ammonium, nitrite, nitrate, P
and K contents, and the 5 g aliquot was used for the determination of pH and water
content. Each aliquot of 10 g of the composite samples was dried and milled and analyzed
for total C and N contents by an elemental analyzer (Vario MAX, Elementar Analysis
Systems GmbH). Ammonium was analyzed photometrically at 655 nm in the 10 g aliquot
(Kandeler & Gerber, 1988) (DR 5000, Hach Lange GmbH, Diisseldorf, Germany) and
nitrite and nitrate by high-performance liquid chromatography (HPLC) (1200 Series,
Agilent Technologies, Santa Clara, CA, USA). No amount of nitrite was found in any of
the samples. Due to unforeseen technical problems, the initial ammonium, nitrite, and
nitrate contents and the final contents of these nutrients of some samples are not available.
Moreover, in the 10 g aliquot, P was determined photometrically and K with an atomic
absorption spectrometer (AAS). The soil was combined with distilled water, and the pH

was determined using an integrated pH meter with a built-in combination glass electrode.
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The gravimetric water content was determined by drying a soil aliquot of 2.5 g at 105°C

for 24 hours and weighing the remaining dry soil content.

3.3.5 Nutrient turnover rate calculation

The nutrient turnover rates were calculated based of the concentration values measured
before the start of the experiment, and in the batch 1, 2 and 3 sub-samples, which were
sacrificed for chemical analyses. A linear regression model was fitted to the nutrient data
as a function of time. The turnover rate of the nutrient was computed as the slope of the
regression line. Only significant slopes (p<0.05) were considered nutrient turnover rates.
When the slope of the regression is positive, these turnover rates are called mineralization

rates, when the slope is negative, these turnover rates are called immobilization rates.

3.3.6 Statistics

The statistical analyses performed aimed to explore the relationships among multiple
variables, both categorical and continuous. The categorical variables were site and
temperature treatment, either 4 or 15 °C. Continuous variables were C, N, P, K
concentrations and water content, pH, P turnover rates, K turnover rates, and initial,
middle, and final CO2 and N20 production or consumption rates. Ammonium and nitrate
content from batch 1 (15 days, due to loss of data from initial content) were correlated

with P and K turnover rates, and initial GHG rates.

Shapiro-Wilk Test was used to assess the normality of the continuous variables data and
Levene's Test was used to assess the equality of variances for the distinct groups in these
variables. The strength and direction of the relationship between two continuous
variables were assessed through the Pearson Correlation when both variables were
normal and homoscedastic and the Spearman's Rank-Order Correlation when one of the
variables were not normal or homoscedastic. The relationship between a continuous and
a categorical variable was assessed through an ANOVA when the continuous variable
data was normal and homoscedastic, and through the Kruskal-Wallis Test when the
continuous variable data was not normal or heteroscedastic. The differences between final

and initial CO2 production rates between soil horizons were assessed with Kruskal-Wallis
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Test, which is suitable for small samples. All statistical analyses were performed using

the SciPy library (Virtanen et al., 2020) in Python, version 3.11.3.

3.4 Results

Across all sites, the transition from organic-rich to mineral soil horizons was marked by
a consistent decrease in P, K, C and N contents (Table 5). The deeper the soil sample, the
lower its nutrients content. Polygon rim soils showed the lower pH values. Water
content was higher in the organic-rich samples compared to the mineral ones at the
slope bottom and surface plain, but the same pattern was not identified in the polygon

rim.
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Table 5 - Initial characterization of the study sites and soil horizons samples.
Information reported here refer to the composite sample created for each site-
horizon combination from the mixture of one sample from each sub-site. The

average and standard deviation of three replicates is shown for available phosphorus

(P) and potassium (K).
. . Depth Water
Site S(,nl S(,nl range pH content  C (%) N (%) P (m?‘/kg K (m.g/ ke
horizon horizon soil) soil)
(cm) (0/0)
organic O 0-8 5.77 482 1509 04 40943 41%’? .
Pogflon top A 7-24 5.43 55.7 834 0485 26+05 34+68
bottom B 2030 535 413 446 0295 29:04 33+19
organic O 0-10 6.48 55.8 841 0249 249+442993+28
Slope A 9-17 6.32 32.3 1.96 011  61+34 388+44
bottom
bottom  AB 1635 565 27.9 12 0074 25+02 203%1
organic  Ha 0-5 6.02 473 1349 0484 34709 459583
Surface o A 517 630 37.7 54 0338  6.8+03 547+43
plain
bottom B 1640 616 251 267 0207 0604 207:17

Throughout the experiment, I observed a general decrease in P concentrations with
significant P turnover rates, but no significant difference of the temperature treatments
between them (p>0.05) (Figure 12). The rate of turnover in these concentrations are then
generally P immobilization rates as they are mostly negative, apart from the surface plain

bottom mineral samples under the 15 °C treatment that had a P mineralization rate of 0.04
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mg kg1 d™1. Not all incubated samples exhibited significant P turnover rates as is shown
by the samples that do not exhibit a slope adjusted to the P concentrations in Figure 12.
The surface plain organic-rich sample at 4 °C and 15 °C, slope bottom organic-rich sample
at4 °C, polygon rim organic-rich sample at 4 °C and 15 °, surface plain top mineral sample
at 4 °C and 15 °C, slope bottom top mineral sample at 15 °C, polygon rim top mineral
sample at 4 °C, slope bottom bottom mineral sample at 15 °C and polygon rim bottom
mineral sample at 4 °C, showed significant P immobilization rates, while, the surface plain
bottom mineral sample at 15 °C showed significant P mineralization rate and, the slope
bottom organic-rich sample at 15 °C, slope bottom top mineral sample at 4 °C, polygon
rim top mineral sample at 15 °C, surface plain bottom mineral sample at 4 °C, slope
bottom bottom mineral sample at 4 °C and the polygon rim bottom mineral sample at 15
°C showed no significant P turnover rate (p>0.05). The P turnover rates of the 4 °C
treatment correlated with the soil C content (r=-0.89; p<0.01), soil K content (r=-0.79;
p<0.05) and initial COz rates (r=-0.9; p<0.05). The P turnover rates of the samples incubated
at 15 °C correlated with more variables compared to the ones incubated at 4 °C. The P
turnover rates at 15 °C also correlated with soil C content (r=-0.91; p<0.05), soil K content
(r=-0.94; p<0.01) and initial CO2 rates (r=-0.89; p<0.05), and additionally to the middle (r=-
0.96; p<0.01) and final CO2 (r=-0.91; p<0.05) rates, P (r=-0.94; p<0.01) content, and finally K

turnover rates (r=0.97; p<0.05).
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Figure 12 — Phosphorus concentrations over the experiment time. First column plots
contain data from the surface plain, second columns plots contain data from the
slope bottom and third column plots contain data from the polygon rim. First row
plots contain data from the organic-rich soil horizon, second row plots contain data
from the top mineral soil horizon and third row plots contain data from the bottom
mineral soil horizon. The blue circles identify the measured P concentrations at 4 °C
and the red circles identify the measured P concentrations at 15 °C. Blue lines
identify the significant slope (p<0.05) of the linear regression adjusted to the data,
that is the P turnover rates, at 4 °C, and the red lines identify the significant slope
(p<0.05) of the linear regression adjusted to the data, that is the P turnover rates, at

15 °C.

Organic-rich horizon samples were the ones with higher K content having on average
822% more K than top mineral samples and 1490% more K than bottom mineral samples.

Potassium concentrations tended to decrease along the experiment (Figure 13), and all
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measured K turnover rates were immobilization rates, thus negative. There was no
significant difference in K turnover rates of the different temperature treatments (p>0.05).
The surface plain top mineral sample at 15 °C, surface plain organic-rich sample at 4 °C
and at 15 °C, slope bottom bottom mineral sample at 15 °C, slope bottom organic-rich
sample at 4 °C and at 15 °C, polygon rim bottom mineral sample at 15 °C, polygon rim
organic-rich sample at 4 °C and at 15 °C, showed significant K immobilization rates, while
the surface plain top mineral sample at 4 °C, slope bottom top mineral sample at 4 and 15
°C, polygon rim top mineral sample at 4 and 15 °C, surface plain bottom mineral sample
at 4 and 15 °C, slope bottom bottom mineral sample at 4 °C and polygon rim bottom
mineral sample at 4 °C showed no significant K turnover rate (p>0.05). The K turnover
rates of the 4 °C treatment did not correlate with any of the measured variables, while the
K turnover rates at 15 °C correlated with the soil K (r=-0.89; p<0.05), C (r=-0.94; p<0.01), P
(-0.94; p<0.01), ammonium (r=-0.94; p<0.01) and water (r=-0.83; p<0.05) contents, and with

the P turnover rates (r=0.97; p<0.05).
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Figure 13 - Potassium concentrations over the experiment time. First column plots
contain data from the surface plain, second columns plots contain data from the
slope bottom and third column plots contain data from the polygon rim. First row
plots contain data from the organic-rich soil horizon, second row plots contain data
from the top mineral soil horizon and third row plots contain data from the bottom
mineral soil horizon. The blue circles identify the measured K concentrations at 4 °C
and the red circles identify the measured K concentrations at 15 °C. Blue lines
identify the significant slope (p<0.05) of the linear regression adjusted to the data,
that is the K turnover rates, at 4 °C, and the red lines identify the significant slope
(p<0.05) of the linear regression adjusted to the data, that is the K turnover rates, at

15 °C.

The CO:2 production during the experiment was substantial with all samples presenting
significant CO2 production rates (Figure 14). Significant differences in initial and middle

COz production rates emerged among temperature treatments (p<0.05), but not in the
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final rates (p>0.05). Mean CO:2 production rates standard deviation was small in most
cases with exception of the organic-rich horizon of the slope bottom at 15 °C. While all
samples produced CO, the production rates tended to decrease along the experiment.
Furthermore, the samples incubated at 15 °C produced more CO2 than the ones incubated
at 4 °C, at all experimental stages. The average CO: production rate across all sites, soil
horizons and experiment stages at 15 °C was of 0.161 + 0.058 mg CO2-C g C1d"!, while at
4 °C was of 0.067 + 0.025 mg CO2-C g C1dl. Samples incubated at 15 °C produced 2.42
times more COz than the ones incubated at 4 °C. Organic-rich samples showed higher
CO:2 production rates than the mineral horizons samples. The organic-rich horizon
samples produced 43,6% less CO: in the final stage compared to the initial stage at 4 °C
and 48,8% at 15 °C, while the top mineral differences between final and initial stages were
of 61,9% at 4 °C, and 52,2% at 15 °C and the bottom mineral 74,9% at 4 °C and 62,2% at 15
°C. However, there were no significant differences detected (p>0.05). The organic-rich
horizon samples at 4 °C produced 100% more CO: than the top mineral samples in the
initial stage, 188% in the middle stage and 195% in the final stage, and at 15 °C, 153% in
the initial, 182% in the middle and 172% in the final stage. In comparison with the bottom
mineral samples, the organic-rich samples at 4 °C produced 224% more COzin the initial
stage, 531% in the middle and 631% in the final stage, and at 15 °C, 348% in the initial,
506% in the middle and 508% in the final stage.

In the 4 °C treatment, the initial CO2 production rates correlated with the soil P (r=0.73;
p<0.05) and K (r=0.68; p<0.05) contents, the middle CO: rates correlated with P (r=0.85;
p<0.01) and K (r=0.88; p<0.01) contents, and the final CO: rates correlated with the soil
water (r=0.67; p<0.05), P (r=0.85; p<0.01) and K (r=0.88; p<0.01) contents. In the 15 °C
treatment, the initial CO2 production rates correlated with the soil P (r=0.78; p<0.05) and
K (r=0.75; p<0.05) contents, and P turnover rates (r=-0.89; p<0.05), the middle CO: rates
correlated with the soil water (r=0.72; p<0.05), P (r=0.85; p<0.01) and K (r=0.88; p<0.01)
contents and P turnover rates (r=-0.96; p<0.01), and the final CO2 rates correlated with the
s0il P (r=0.77; p<0.05) and K (r=0.75; p<0.05) contents and P turnover rates (r=-0.91; p<0.05).




79

Surface plain Slope bottom Polygon rim
0.7 07 07 B 4°C
m 15°C
0.6 0.6 06
n
T 05 a5 a5
7
E f
o4 0.4 0.4
o
Organic £
@ 03 + 0.3 0.3 | ]
&
® L]
o}
T 0.2 - & 0.2 [ ] 0.2 ™
N L] L]
01 n 01 L] 01 u
. m
Qo a0 aa
Initial Mid Final Initial Mid Final Initial Mid Final
Q7 o2 a7
0.6 0.6 0.6
T
T o5 0.5 0.5
T
8]
S04 0.4 0.4
. o
Top mineral £
@ 03 03 0.3
&
o [ ]
Yoz 02 02
g .
] [ ]
01 = x 01 = 01 - L
]
n 1 | |
L] H ] ] -
0.0 0.0 0.0
Initial Mid Final Initial Mid Final Initial Mid Final
0.7 0.7 0.7
0.6 0.6 0.6
T
T o5 0.5 0.5
T
9]
Dvgg 04 04
. =
Bottom mineral E
@ 03 0.3 0.3
P
®
Yoz 0.2 02
8 =
0.1 0.1 0.1 u
" u u ] -
]
0.0 i u ] 0.0 - ' 0.0 i
Initial Mid Final Initial Mid Final Initial Mid Final
Experiment stage Experiment stage Experiment stage

Figure 14 — Carbon dioxide production rates in the three different experiment stage
(initial, middle, and final). First column plots contain data from the surface plain,
second columns plots contain data from the slope bottom and third column plots
contain data from the polygon rim. First row plots contain data from the organic-
rich soil horizon, second row plots contain data from the top mineral soil horizon
and third row plots contain data from the bottom mineral soil horizon. The blue
squares identify the calculated significant CO: production rates (p<0.05) at 4 °C and
the red squares identify the calculated significant CO2 production rates (p<0.05) at 15
°C. Error bars show standard deviation. Data points that have no visible error bars

had negligible standard deviation.




80

Nitrous oxide concentrations also had diverse fates along the experiment (Figure 15),
with no significant difference between temperature treatments (p>0.05). The top and
bottom mineral samples of the slope bottom and polygon rim consumed N20. These N2O
consumption rates decreased towards the end of the experiment. The organic-rich sample
of the polygon rim incubated at 15 °C showed production of N20, as well as the organic-
rich sample of the surface plain at 4 °C. The remaining samples presented some release of
N20. Among the samples incubated at 4 °C, the initial N2O rates correlated with the soil
C content (r=0.8; p<0.05) and P turnover rates (r=-0.9; p<0.05). Among the ones incubated
at 15 °C, the initial N20 rates correlated with the soil nitrate content (r=0.95; p<0.001), and

it was the only correlation identified.
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Figure 15 — Nitrous oxide rates in the three different experiment stage (initial,

middle, and final). First column plots contain data from the surface plain, second

columns plots contain data from the slope bottom and third column plots contain

data from the polygon rim. First row plots contain data from the organic-rich soil

horizon, second row plots contain data from the top mineral soil horizon and third

row plots contain data from the bottom mineral soil horizon. The blue squares

identify the calculated significant N2O production rates (p<0.05) at 4 °C and the red

squares identify the calculated significant N2O production rates (p<0.05) at 15 °C.

Error bars show standard deviation.
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3.5 Discussion

3.5.1 Soil P and K turnover rates controls

Soil P immobilization by microorganisms is seemingly higher during the growing season,
resulting in intense competition between plants and the soil microbiota and less labile P
left for plant uptake (Giblin et al., 1991; Weintraub, 2011). Interestingly, I have observed
general P immobilization along my experiment, which was designed to emulate Siberian
growing season with representative positive temperatures sustained over four months.
These results contrast with the ones found in Shaw and Cleveland (2020), who identified
a consistent increase in soil P availability with higher temperatures in soil incubations
using samples from different environments ranging from arid shrubland to boreal forest,
but did not include tundra environments. This release of P was attributed to the
acceleration of P hydrolysis via extracellular phosphatase enzymes by microorganisms

during the organic matter decomposition, at higher temperatures.

Data from incubated samples from tundra ecosystems in Alaska, instead, showed an
increase in microbial P demands with higher temperatures (Nadelhoffer et al., 1991),
resulting in a decrease in soil P concentrations. It was found that dissolved inorganic P
release from organic soils was significantly greater at 3°C compared to 9°C or 15°C,
suggesting that P mineralization is more active during colder periods, which could
include Winter, early Spring and late Autumn (Nadelhoffer et al., 1991). My results also
indicated that P immobilization dominated P dynamics along the experiment, but they
have not shown a significant effect of temperature in this process. The same absence of
effect of temperature in the soil P dynamics was found in Jonasson et al. (1993), who

performed in situ soil incubations in Abisko, northern Swedish Lapland.

Phosphorus dynamics in my experiment were highly correlated to C turnover. The P
turnover rates correlated to soil C content and initial CO: rates in both treatments
(negatively because P turnover rates were mostly negative and soil C content and CO2
rates were positive), and additionally to middle and final COzrates in the 15 °C treatment.
The mineral horizon samples which had less C, also produced less CO2, and immobilized

less P. The availability of P can potentially limit both primary production and
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decomposition processes in the Arctic (Stimmler et al, 2023; Weintraub, 2011).
Phosphorus is a critical nutrient for plants, essential for energy transfer and the synthesis
of nucleic acids and cell membranes and concurrently closely intertwined for organic
matter decomposition. In the Arctic, the recharging of dissolved soil P is virtually
completely achieved by organic matter decomposition, since organic P is the major source
of this nutrient (Chapin Iii et al., 1995; Giblin et al., 1991; Weintraub, 2011). The significant
correlation between P turnover and CO:z production found in my study, indicates a close
relationship between microbial activity and P availability in tundra soils. Higher CO:
production is indicative of increased microbial activity in the soil, which as suggested by
my results, also leads to greater P immobilization by soil microorganisms. This process
identified in my experiment highlights the formation of an important soil P stock in
permafrost ecosystems. As demonstrated by Chapin et al. (1978), this P source is crucial
for tundra vegetation; in fact, he estimated 30% of the annual plant P uptake in a wet
sedge meadow in Alaska deriving from the decline in microbial biomass during the

period of snowmelt.

The P turnover rates of both treatments also had a high correlation to soil K content, and
additionally to K turnover rates in the 15 °C treatment. Organic-rich horizon samples
were also the ones with higher K content, thus, the correlation between P and K might be
arising from the relationship of more nutrient-rich samples also being the most
microbiologically active ones. Evidently, the same can be stated by the correlation

between P turnover rates and soil P content also at 15 °C.

The only sample that exhibited P mineralization during the experiment was the surface
plain bottom mineral samples under the 15 °C treatment. This was also the sample with
third lowest C content, lowest initial, middle, and final CO2 production rates, second
lowest K content, no K turnover rate, lowest water, and lowest P content. Essentially, it
was a mineral, nutrient poor sample with low CO: production. Mineral soils have been
identified as larger sources of P, having higher P mineralization rates compared to organic
soils, in Alaska (Nadelhoffer et al., 1991). Notwithstanding, Jonasson et al. (1993)
presented higher P mineralization rates in the soil with higher organic matter content.
While these contrasting results evidence the need of further research to clarify the

relationship between type of soil and organic matter content with P dynamics in the




84

Arctic, another phenomenon could explain the observed changes in P concentrations,
which is the decline in microbial population and resulting release of P after cell lysis. This
is an important aspect of P availability in the Arctic as mentioned before (Chapin lii et al.,
1995; Giblin et al., 1991; Jonasson et al., 1996; Schimel et al., 1996; Schmidt et al., 2002;
Weintraub, 2011). Thus, this process of microbial death could possibly have happened in
this nutrient-poor sample, increasing the availability of P towards the end of the

incubation.

Potassium concentrations tended to decrease along the experiment, with no significant
difference between temperature treatments. Like P, K was immobilized during the
experiment, but no sample showed K mineralization. A global meta-analysis discovered
widespread K limitation in most of the terrestrial ecosystems analyzed. It was found that
K addition significantly increases aboveground biomass production, and that K limitation
is more pervasive in humid climates and weathered soils. Although K limitation was
smaller than N and P limitations, it had the potential to limit ecosystems primary
production (Chen et al., 2023). Potassium immobilization rates of the samples incubated
at 4 °C did not correlate with any of the measured variables, while the ones incubated at
15 °C, correlated with the chemical variables demonstrating the fertility of the soil, namely
K itself, C, P, ammonium, and water. Besides that, K immobilization rates showed a
strong correlation with the P turnover rates. The most nutrient-rich and P consuming
samples were the organic-rich horizon ones, thus similarly to P rates, it reveals that these
samples contained the most active microbial community, with higher C turnover and

nutrients immobilization.

3.5.2 Greenhouse gases rates at different temperatures and

connection to nutrients dynamics

Knoblauch et al. (2021) and Melchert et al. (2022) also performed aerobic incubations at 4
°C with samples from Kurungnakh Island, Lena River Delta. The samples from
Knoblauch et al. (2021) produced between 0.186 and 0.337 mg CO>-C g C1d"!, while the
ones of my study produced between 0.006 and 0.195 mg CO2-C g C1d' and Melchert et
al. (2022) samples produced between 0.015 and 0.093 mg CO»-C g C1d-1. These differences

can be explained by different timespans of the incubation experiments. Knoblauch et al.
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(2021) incubated the soil for only 18 days. When those are compared with only the initial
CO:z production rates of my study, which were incubated for 30 days, with a mean value
of 0.093 mg CO2-C g C1d?, Knoblauch et al. (2021) rates are still higher with a mean of
0.253 mg CO2-C g C1d. Initial CO:2 production rates tend to be higher and decrease along
the experiment as can be seen by the decaying trend in CO2 production rates from initial
to final experiment stages in this and previous studies (Knoblauch et al., 2013; Lee et al.,
2012). Melchert et al. (2022) presented slightly lower CO:z production than my study, and
a longer experiment timespan until 175 days. The thawing permafrost of Kurungnakh
island CO:z production rates incubated at 4 °C for 200 days ranged from 0.047 to 0.054 mg
COx-C g Ctd1in the 70 to 120 cm depth interval, comprising Holocene permafrost
deposits, but reached much higher values in deeper permafrost, reaching 0.288 mg CO»-

CgCtldtat22.4 m from Kargin interstadial period (Knoblauch et al., 2013).

It is noticeable that the difference between organic-rich and mineral horizon CO:
production generally increased towards the end of the experiment. This increasing
difference with time can be better visualized by the comparison of final and initial stage
COz2 production rates between soil horizons, that in spite of not having a significant
difference, showed clearly that the organic-rich samples sustained more of the initial CO:
production rates towards the final stage of the experiment, and the mineral samples CO:
rates faced a stronger reduction. Due to the lower C content, the mineral horizon samples
might have experienced a faster depletion of easily decomposable C compared to the
organic-rich horizon causing a faster decrease of CO2 production rates. Furthermore, the
probable presence of mineral-associated organic carbon in the mineral samples, might
have further restrained the bioavailability of the organic matter for decomposition,
leading to the measured reduction of the CO: rates along the time. Temperature affected
CO:z rates in my incubation as expected (Bracho et al., 2016; Galera et al., 2023; Schadel et
al., 2016). Knoblauch et al. (2021) also identified soil temperature as one of the main
drivers of in situ CO2 emissions in sites of Kurungnakh Island. The temperature treatment
significantly affected the CO:z production rates in its initial and middle stages. Despite of
no significant effect of temperature, 15 °C final stage CO2 production rates were higher

than 4 °C final stage CO2 production rates in all samples.
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Additionally, the CO:2 production rates in my experiment were positively correlated with
the concentration of soil C, P and K, and negatively with P turnover rates. In Knoblauch
et al. (2021) the amount of thawed organic carbon was one of the main factors of in situ
CO:z emissions in sites of Kurungnakh Island and Bracho et al. (2016) identified soil C and
N contents as main factors of soil organic matter decomposition in incubated soils from
Alaska as did Knoblauch et al. (2013) for Kurungnakh. Phosphorus availability in the soil
tends to increase CO: rates (Zheng et al., 2022). The high correlation between CO: rates
and P may emerge from the requirement of microorganisms for P to grow. Shaver et al.
(1998) demonstrated in a warming and fertilization experiment in Alaska that P
stimulated more COz2 fluxes than N. In fact, soil CO2 production measurements have been
used as a method to quantify soil microbial activity and potential mineralizable N and P
(Haney et al., 2008). Potassium is crucial to cell osmoregulation and protein synthesis, and
has been associated to increase in soil microbial biomass (Ibrahim et al., 2023). Thus, the
strong correlation between P and K with CO:2 rates in my study indicates microbial
growth during the experiment, which occurs through the immobilization on of P and K.
Overall, my results confirm the understanding that organic matter is central for nutrient
storage, and from that association, nutrients turnover is intricately linked to microbial
respiration. This explains the robust association linking the numerous factors pertaining

to organic matter and microbial respiration.

My N,O rates results of both treatments are in the same range of Marushchak et al. (2021)
that incubated soil samples from Kurungnakh aerobically at 10 °C, with few exceptions.
Wegner et al. (2022) performed anaerobic incubations at 4 °C with samples from
Kurungnakh and found values well above my results and those from Marushchak et al.
(2021). These differences corroborate what has been shown by Marushchak et al. (2021)
with the comparison of aerobic and anaerobic N,O production rates, indicating higher
N20 production under the anaerobic treatment, demonstrating that denitrification is the

main N20 production pathway in Kurungnakh Island.

The N,O rates detected in my study is likely a product of coupled nitrification-
denitrification, a process in which nitrite or nitrate produced during nitrification is
utilized by denitrifiers, which occur in soils where neighboring microhabitats provide

suitable conditions for both nitrification and denitrification (Kool et al., 2011; Wrage et al.,
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2001). Those two processes are regarded as the primary pathways for N,O production in
permafrost soils (Voigt et al.,, 2020). N,O production might have originated in two
processes. First, N,O might have been formed during the oxidation of ammonia to nitrite
during nitrification, via the incomplete oxidation of the intermediary NH-OH. And
secondly, N,O might have been formed through the reduction of nitrate during the
denitrification process present in anoxic micropores in the soil (Wrage-Monnig et al.,
2018; Wrage et al., 2001). The N,O consumption observed in some samples could also be
related to denitrification, but in this case to the complete process, that not only convert
nitrate to N20 but further reduce N;O to N2, using the enzyme nitrous oxide reductase

(Wrage et al., 2001).

High correlation between initial N,O rates and soil nitrate content at 15 °C has been
identified in my experiment. I speculate that this correlation might be an indicative of
both nitrification and denitrification processes. Of nitrification because nitrate is
eventually produced following the N,O-producing process of ammonia oxidation and
nitrate is reduced during the N,O-producing process of denitrification. The N,O rates
evolution with time approach zero towards the final experiment stage. This can be
observed for both samples producing N,O as for the ones consuming N,O. This pattern
suggests a weakening of the nitrification and denitrification processes as time progressed.
I hypothesize that this pattern is related to the depletion of nitrate towards the end of the

experiment.

Nitrous oxide production or consumption in my experiment did not significantly differ
between temperature treatments, although observations suggest that the N process in
place at the 15 °C treatment was stronger than at the 4 °C. In other words, temperature
tended to increase N,O production or consumption, depending on the sample. However,
due to the extremely variable results among different samples, no statistical significance
could be detected. Nonetheless, the N,O rates did significantly correlate to soil C content
and soil P turnover rates at 4 °C. This result is in accordance to O'Neill et al. (2020) who
found that P was an important factor influencing N2O emissions under C rich conditions,
and also with further literature that described the influence of P on N20 rates through the
relief of microorganisms from P limitation (Mehnaz & Dijkstra, 2016; Mori et al., 2010).

Likely, the depletion of readily labile C sources, as evidenced by the decreasing CO: rates,
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might have contributed to the tendency of the N2O rates to approach zero along the
experiment as well (Mehnaz et al., 2019). Similarly, the immobilization of P might have
suppressed the activity of bacteria involved in the N cycle, and also contributed to this

tendency.

3.6 Conclusions

The question of whether nutrients will be more available in the Arctic to cope with
increased demands from higher primary productivity caused by global warming and CO:
fertilization, is not yet answered and is of utmost importance for predictions of ongoing
changes in climate trajectories. Arctic soils present widespread P limitation, the impact of
further warming on the fluxes of this nutrient in these soils has the potential to shape
future primary productivity and soil organic matter decomposition. Data on P dynamics
in the Arctic are still scarce, and data on K dynamics are even more. I have hypothesized
that P and K would become more available with warming, but that was not the case since
these nutrients were immobilized during the experiment regardless of the temperature
treatment. Phosphorus and K had a high correlation with C turnover, and samples that
emitted more CO2 were also the ones that immobilized more P and K. My NO results
suggest the occurrence of coupled nitrification-denitrification in Kurungnakh soils,
modulated by the amounts of nitrate, C and P in the soil. My results contradict the view
in which higher soil temperatures would probably increase P and K availability to
primary production in arctic terrestrial ecosystems. My findings support the perspective
that climate change might increase competition between plants and soil microbes for
scarce nutrients contents, instead of enhancing nutrients mineralization and subsequent
availabilities. Further research is necessary to investigate in situ soil nutrients dynamics
and explore the interaction between different nutrient pools, including the microbial

biomass pool, and the competition between plants and the soil microbiota for nutrients.
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4 Synthesis

4.1 Will CHs fluxes in the Arctic increase with permafrost
thawing, and what factors regulate the ratio between
microbial CO:2 and CHs production from OM

decomposition in the polygonal tundra?

The understanding that tundra wetlands are a significant global source of CHas has
become well-established. Eurasian permafrost regions alone have median wetland CHa
fluxes of 16 to 18 g CHs m2 y! (Treat et al., 2024). The emerging novelty is that emissions
from these ecosystems are escalating in response to global warming (Parmentier et al.,
2017; Rof3ger et al., 2022). The findings of the second chapter of this thesis shows evidence
of this trend of increasing CHa fluxes. These were the active layer depth and the soil

temperature at 40 cm for the wet tundra (polygon center) CHa fluxes.

It is forecasted that both the active layer depth and soil temperatures shall continue to
increase in the future. de Vrese et al. (2023), showed that even in the future scenario of a
drier Arctic, CH4 fluxes would be similar to those of an eventual wetter Arctic, due to a
greater substrate availability caused by higher temperatures. Essentially, changes in soil
temperature indirectly regulate substrate availability for methanogenesis. This occurs not
only through the thawing of permafrost, which exposes previously frozen ground, but

also without further permafrost deterioration (Chang et al., 2019).

CH: oxidation is a counteraction to these trends and plays a significant role in
determining net CH4 emissions. Methanotrophs oxidize CHs into COz, a process called
low affinity CHs oxidation. The low affinity CHs oxidation essentially occurs at
environments with high CHs production, such as wetlands. In contrast, high affinity CHa
oxidation takes place in oxic upland soils and operates at very low concentrations of CHa
(Cai et al., 2016). Voigt et al. (2023) notably demonstrated that Arctic CHa sink related to
high affinity CHs oxidation might be underestimated. In the second chapter of this thesis,

I found no evidence of high affinity CHs oxidation in the dry site, but rather found an
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important influence of low affinity oxidation reducing CHas fluxes to the atmosphere. As
to the wet tundra, it was considered CH4 oxidation as limited due to the high prevalence
of plant-mediated CHas transport, which protects CHs from oxidation. All things
considered and given that CHs oxidation was not directly measured in the second
chapter, an uncertainty range based on robust CH4 oxidation data from prior research in
Samoylov Island was calculated. The calculated rhizospheric CH4 oxidation was of 10 to
31%. With this estimate is the measured CO2:CHas in situ production ratios was corrected

in the second chapter of the thesis.

The ratio of CO2 to CH4 production is usually calculated in ex situ conditions, through
incubation experiments (Knoblauch et al., 2018; Treat et al., 2015). In the second chapter
of the thesis, it was proposed an in situ estimation of the CO2:CHa4 production ratio by
measuring CHs fluxes from a wet site dominated by anaerobic conditions. This is
important because measured CHa fluxes in an incubation represents the potential CHa of
the incubated soil, while CHs fluxes measured in situ with the chamber technique,
represent the actual CHa fluxes on site. The processes in which microbes decompose
organic matter leading to carbon release to the atmosphere is of extreme importance to
assess the permafrost carbon-climate feedback, since the global warming potential of CHa

is 28 fold that of the CO2 (Myhre et al., 2013).

Herbst et al. (2024) revealed higher CH4 production in active layer samples in comparison
to permafrost samples in the Lena River Delta. While one could draw the conclusion that
this is evidence of a probable overestimation of the CH4 emissions in the future with
permafrost thaw, Knoblauch et al. (2018) show that CHa4 production is extremely relevant
in the long term, and that microbial methanogenic communities take time to establish and
produce CHa. However, above all, the results of the second chapter demonstrate that the
CO2:CHs4 production ratios tend to 3 towards the end of the growing season, when the

deeper soil layers are warm enough and present favorable redox conditions.

Moreover, one interesting finding of the second chapter was that the depth of soil
temperature increases matters in the polygonal tundra. The warming of shallower soil
horizons stimulates CO2 production, since these horizons are more oxic, and the warming

of deeper soil horizons stimulates CHs production, since these are more anoxic
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environments. A similar result was found in the Lena Delta linking increasing soil
temperatures at 20 cm depth to increasing CHa fluxes (Rofsger et al., 2022). This concept
should be further explored by in situ CO2 and CH4 fluxes measurements studies. The
inclusion of the relationship of CH4 production to soil temperatures at different depths to
modelling efforts of permafrost affected soil processes could improve the ability to

forecast future greenhouse gas emissions.

The Arctic warming is expected to lead to the deepening of the active layer. The results
in of the second chapter of this thesis suggest that a notable increase in CH4 production is
to be expected, especially in wet tundra environments. The capacity of the Arctic greening
in offsetting these emissions is still uncertain (Turetsky et al., 2020). The question of
whether the Arctic CHa fluxes will increase with permafrost thawing would benefit from
further research on in situ CO2 and CH4 production, better maps characterizing crucial
hydrological, ecological and topographical disturbances of Arctic terrestrial ecosystems,
year-round greenhouse gases fluxes measurements and, unifying these information,
improved permafrost carbon cycle dynamics models (Schadel et al., 2024; Treat et al.,

2024).

4.2 Will P and K availability increase in a warmer Arctic?

While increased temperatures and CO: fertilization will likely have positive effects on
primary productivity, low availability of soil nutrients may constrain these positive
effects. For instance, there is ample evidence that enhanced productivity caused by
increased CO: levels is constrained by soil P limitation (Ellsworth et al., 2017; Menge et
al., 2023). P limitation is pervasive in arctic soils (Beermann et al., 2015; Giesler et al., 2012),
where microbial activity persists at low temperatures, preventing the accumulation of
organic P in the soil (Weintraub, 2011). Microbes tend to accumulate available P,

becoming a significant competitor against plants (Bing et al., 2016).

The results from the third chapter of this thesis provide clear evidence the P and K are
immobilized by soil microorganisms following the thawing of the soil. The experiment
treatments in this incubation study were designed to mimic average temperature
conditions of a typical growing season in the Lena River Delta, as well as a hypothetical

warmer scenario as an effect of global warming. Consequently, the dynamics of P and K
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in the soil leaned towards immobilization rather than mineralization. Although no
significant difference was observed between the temperature treatments, both

demonstrated clear immobilization.

The results revealed that P turnover rates were highly correlated with soil K content and
K turnover rates at 15°C. Samples from the organic-rich horizon, which had higher K
content, showed a strong correlation between P and K due to their nutrient richness and
high microbial activity. Additionally, a significant correlation was found between P
turnover rates and soil P content at 15°C. K was immobilized, but no samples showed K
mineralization rates. K immobilization rates at 4°C did not correlate with any measured
variables, whereas at 15°C, they correlated with variables indicating soil fertility, such as
K, C, P, ammonium, and water. K immobilization rates also correlated strongly with P
turnover rates, indicating that the most nutrient-rich samples, which were high in P and
supported active microbial communities, also exhibited high nutrient immobilization and

C turnover.

The high correlation between P and K immobilization rates and C turnover evidenced
that the PP and K were being taken up by microorganisms, and there was no other relevant
abiotic process in place. Samples producing more CO:2 were also consuming more P and
K. One could expect that while P and K would be immobilized at 4 °C, indicating a
nutrient-limited microbial community, this scenario could be different at 15 °C with lower
P and K immobilization rates or even the emergence of P’ and K mineralization rates. This
result would indicate a higher capacity of the soil to provide P and K with warming, and
one could draw the conclusion that this would be evidence that increasing P and K
demands as a consequence from higher primary productivity in the Arctic, could be at
some extent met by increasing P and K mineralization rates (Brovkin & Goll, 2015; Shaw

& Cleveland, 2020).

However, that was not the case, and temperature did not increase or decrease the P and
K immobilization rates in place. This result suggests a scenario in which a warmer Arctic
keeps its P limitation at constant levels. This implies a limitation on the increase in
primary production, and consequently, on the potential for C sequestration and partial

offset of greenhouse gas emissions. Soil P was identified as the main limiting nutrient for
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the typical arctic species Carex aquatilis and Arctophila fulva in Alaska. Moreover, the
normalized difference vegetation index (NDVI) of these species was a good predictor of
leaf P content in them (Andresen & Lougheed, 2021). In spite of the Arctic vegetation
being often co-limited by P and N, P has a relatively lower potential for increased

availability in response to warming than N (Wieder et al., 2015a, 2015b).

There is initial evidence that N recycling could meet demands from the terrestrial
ecosystems in a warmer climate (Bai et al., 2013; Rustad et al., 2001; Wieder et al., 2015b),
but not uniformly across different regions (Du et al., 2020) and that it might contribute to
the Arctic greening (Elmendorf et al., 2012). However, there is less confidence that the
same could occur with P (Menge et al., 2023).The P cycle rely substantially on the
weathering of parent material, a slow and minor process of nutrient release in view of
plant demands (Cleveland et al., 2013; Goll et al., 2014). Consequently, the P cycle might
not quickly keep up with increased demands spurred by higher CO: levels and
temperatures. This suggests a more critical role of P in the regulation of the C cycle (Reed

et al., 2015).

Indisputably, there is a need that especially P processes are included in Earth System
models. Since P availability regulates the exchange of CO: between land and atmosphere
and exerts significant influence on carbon cycling reactions to global changes,
incorporating P cycling in Earth System models would greatly enhance the ability to
predict interactions between biogeochemical cycles and climate change (Reed et al., 2015).
Attempts to include P processes in Earth System models have been conducted, for
example for the estimation of P sorption capacity in soils (Brenner et al., 2019), of plant
physiological responses to P limitation, and multinutrient models, in which, C, N and P
cycles interact (Goll et al., 2012; Wang et al., 2007; Yang et al., 2014; Zhu et al., 2019). In
this context, the inclusion of P processes into permafrost carbon-climate feedback models
is also necessary. This necessity stems from the crucial role of P availability in influencing
the permafrost carbon cycle under global warming (Zhang et al., 2023), often having a
more important role than N in regulating primary productivity in these ecosystems (Yang
etal., 2021). Menge et al. (2023) clarifies the need for additional data on P pools and fluxes,
and a better connection of models and empirical work, mainly regarding P cycling rates

constants and their dependence on temperature and moisture. Long-term experiments
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would shed light on P dynamics, particularly on its temperature sensitivity. While P
displays a limited reaction to short-term temperature changes, as showed in the third
chapter of this thesis, its response to prolonged temperature changes may differ (Menge
et al., 2023). It is possible that an increase in P availability induced by higher temperatures
may occur more slowly than needed to support the boost in primary productivity. This is

due to the known slow pace of the P cycle.

4.3 Integrated discussion of the research questions and results

The second chapter shows that warming increases CO2 and CH4 production in the Arctic
via microbial activity enhancement and increase in substrate availability through active
layer thickening, and that oxic topsoil warming stimulates CO2 production while anoxic
deep soil warming stimulates CHs production. The third chapter shows that at least for
COy, this production comes with a great demand for P and K, since samples that produced
more CO:2 also consumed more P and K, and C and P in the case of N,O. Furthermore,
there was no indication of mineralization of additional P and K with warming, instead

temperature had no effect on the immobilization rates of these nutrients.

The second chapter showed a clear tendency of higher CO: and CH4 production with
increasing temperatures, the second one also showed this tendency for COz, but not for
N-O. The third chapter presented results from an aerobic incubation experiment and thus
represent the behavior of N,O under these settings. N>O is a powerful greenhouse gas
with about 300 times the global warming potential of CO: (IPCC, 2013). Evidences show
that thawing yedoma permafrost, including Kurungnakh island which was studied in the
third chapter of this thesis, might be an important source of N,O that is often overlooked
in accounting global N,O emissions (Marushchak et al., 2021). As the Arctic warms and
permafrost thaws, N stored in Yedoma will become increasingly accessible, enabling

higher N,O emissions in the future.

Hypothetical N constraints alleviation could increase primary productivity in Arctic
wetlands but could also lead to increased CHs emissions (Lara et al., 2019; Lee et al., 2023;
Zhu et al., 2012). This would be the case through the provision of additional substrate for

methanogenesis by a larger rhizosphere, and the increase in CHa transport via plants
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aerenchyma (Andresen et al., 2017; Joabsson & Christensen, 2001). Thus, while global
warming could stimulate vegetation expansion in the Arctic, it could also increase CHa
emissions that might offset the CO:z sequestration capacity of these environments. The
extension of the growing season caused by climate change could favor enhanced CHs
production and transport to the atmosphere. This intensification in CHs emissions would
be in addition to the significant emissions already observed currently year-round. In
summary, climate change is leading to an extension of the most CHs-producing seasons,
namely summer and fall, while shortening and warming the least CHs-producing season,

winter (Rofger et al., 2022).

Nutrients released through permafrost thaw may follow different paths: a portion may
be transported to waterbodies (Schuur & Mack, 2018; Vonk et al., 2015), while another
may be taken up by soil microbes. The polygonal tundra is possibly not limited by K
(Beermann et al., 2015), however the results of the third chapter show no additional K
release from the active layer with warming. Thus, while Arctic greening is anticipated to
be a consequence of warming, it is overly optimistic to assume this process has the
capacity to mitigate all or most of the release of C from the vast C stocks of Arctic
terrestrial ecosystems (Jeong et al., 2018; Miner et al., 2022; Pearson et al., 2013). Let alone
the possibility that changes in vegetation might cause an increase in greenhouse gas
emissions itself, as has been found in Lagomarsino and Agnelli (2020) that identified the
shift in the tree-line of birch forests in the northern Finnish Lapland as the cause behind
an increase in CO2 and N,O emissions. In my view the Arctic will likely be an important
source of C to the atmosphere. Nonetheless, it should also be considered that the lack of
increase in the mineralization of P and K may hinder not just primary productivity but
also the production of greenhouse gases, with the potential of constituting negative
feedback to global climate. In the third chapter, samples with less P’ and K, also produced
less CO2 a process that might have been related to the nutritional limitation of

decomposition rates (Nowinski et al., 2008).
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5 Conclusions

This thesis addressed two key research gaps in the understanding of the permafrost
carbon-climate feedback. The second chapter assessed in situ CH4 production and the
ratio of CO2 to CHas produced during the growing season of Samoylov Island, Lena River
Delta, Northeastern Siberia. Understanding the production of not just CO:2 but also CHa
and N>O in Arctic ecosystems, under the unfolding environmental changes, would clarify
the extent to which these ecosystems are and will affect global climate. Additionally, both
studies in this thesis present studies from sites in Siberia, which is of vital importance for
the full representation of the addressed topics in relation to the whole Arctic region and
the global climate. Siberia is vast, and thus, impactful, therefore it is indispensable to
concentrate efforts to acquire more data in the region. The third chapter of this thesis
explores open questions in relation to soil nutrients in the region, and how those might
behave under increased temperatures. It discusses the implications of these changes for
future feedback mechanisms, especially the possible negative feedback of future higher

primary productivity.

In the second chapter, in situ CH4 production rates could be estimated by measuring CHa
fluxes from a wet site with considerable plant-mediated CHai transport, and also
estimating the maximum range of CHi oxidation that could be affecting the
measurements there. The novel approach used in the second chapter enabled the
estimation of in situ CO2:CH4 production ratios in other sites, without the necessity of
retrieving soil to the lab and performing ex situ measurements of the potential CO2 to CHa
production ratios. It had been found that these in situ CO2:CHas production ratios are
controlled by the active layer depth. Thus, the deeper the active layer gets towards the
end of the growing season, the more CHa is produced, and closer to 1 the CO2:CH4
production ratios approaches. Therefore, the prospects of thickening of the active layer in
the future, could promote higher CHs emissions from permafrost ecosystems. The
response of the in situ CO2:CHa production ratios to temperature was found to be depth
dependent. Topsoil warming increased CO2:CH: ratios, while deep soil warming
decreased CO2:CHas ratios. This is related to the more oxic environment at the topsoil,

which produces CO2, and more anoxic environment at the deeper soil, which produces
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CHea. In the third chapter, P and K were not additionally mineralized with warming, but
were immobilized by soil microorganisms regardless of the temperature. This result
shows that P and K concentrations did not increase with short-term warming. Thus, there
is a potential for a cap in the increase of the primary productivity of Arctic ecosystems
which is forecasted to occur with additional warming and CO: fertilization. Moreover,
N>O measurements were performed in the incubation experiment and the results suggest
the occurrence of coupled nitrification-denitrification in the incubated soils, influenced

by nitrate, C and P.

The results and discussion presented in this thesis suggest prospects for further research
on the permafrost carbon-climate feedback. Research efforts should be kept in the
direction of collecting data of in situ greenhouse gases production, especially in
underrepresented areas, like the Siberian Arctic, and underrepresented seasons, like the
winter. A focus should be given to CHs and N,O production as well, as these are relevant
greenhouse gases for which my understanding of their processes remains limited.
Furthermore, the dynamics of soil nutrients and their biogeochemical cycles at present
and under the influence of ongoing environmental changes should be better understood.
These dynamics have a major impact on the carbon cycling responses of permafrost
ecosystems under future climate scenarios. Useful information shall be retrieved from
studies focusing on the interplay between different nutrient pools, the competition
between the vegetation and soil microorganisms and long-term effects of warming in soil
nutrients. The role of P in enabling or constraining negative feedback to the climate such
as increased primary productivity in the Arctic, is yet to be investigated, with much to be
ascertained about the basic understanding of the P cycle in the Arctic. The results
presented in this thesis suggests that the Lena River Delta, and conceivably permafrost
ecosystems overall, are gradually becoming an important source of greenhouse gases,
thus having more pronounced positive feedback with the global climate. These results
suggest that this process occur as a result of increased production of greenhouse gases
driven by warming and permafrost thawing, and also as a result of the intensification of

soil nutrients limitation to vegetation growth and consequently, C sequestration.
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