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Abstract

Organic matter (OM) in arctic permafrost ground contains about twice as much carbon (C) as is
currently present in the atmosphere. Climate change is particularly strong in the Arctic, and could
cause a considerable part of the OM in permafrost to thaw out, decompose, and be released as
greenhouse gases; further enhancing global warming. The exact size of the northern circumpolar
C pool remains unclear, and processes that control decomposition and mineralization rates are
even more uncertain. Superimposed on the long-term release of C through microbial decompo-
sition of OM in the gradually deepening active layer, is the rapid release of currently sequestered
OM through geomorphological processes. This thesis considers the quantity, quality, and avail-
ability of permafrost C, and explores interactions and common controls.

To better understand the potential effects of thawing permafrost, it is vital to: i) obtain more
accurate size and distribution estimates of permafrost C stocks, and developmethods to accurately
and efficiently implement these in models; ii) identify OM characteristics that control decompo-
sition, specifically for permafrost material; and iii) determine and quantify key geomorphological
processes that cause large amounts of OM to become available for rapid decomposition.

Detailed C quantifications are valuable to increase our fundamental understanding of per-
mafrost soil processes and C sequestration, but including high levels of heterogeneity in models
is challenging. Simple upscaling tools based on e.g. elevation parameters (Paper I) can help to
bridge the gap between detailed field studies and global C models.

Permafrost OM quality is controlled by different factors than those commonly observed in
temperate soils (without permafrost). We observed an unexpected (significant) correlation in up-
per permafrost samples, where material that is generally considered more recalcitrant showed
the highest CO2 production rates per g C, indicating high lability (Paper II). In ancient Pleis-
tocene permafrost, labile samples related significantly to OM that was enriched in decomposed
microbial remains, whereas less-decomposed plant material was more stable (Paper III). Inves-
tigation of multiple incubation datasets revealed that the unusual relationship between %C and
CO2 production occurred in contrasting field sites throughout the Arctic, indicating important
permafrost-specific controls over OM quality (Paper IV). We discuss several possible explana-
tions for the observed high lability of permafrost OM, such as a pool of labile dissolved organic
C in the upper permafrost, or increased lability caused by past decomposition. In order to con-
clusively identify causal relationships, and to answer the question whether or not the same mech-
anisms control OM quality in different environments, further investigation of permafrost-specific
OM quality is required.

Geomorphology plays a key role in C reworking and OM decomposition. Vast amounts of
OM can be released abruptly (e.g. in thaw slumps and thermokarst lakes; Paper II), resulting in C
turnover that will likely outweigh decomposition through gradual active layer deepening. Climate
change could enhance this rapid release of C, and changes in surface hydrology and increased
fire activity are expected to become the largest contributors to C loss from permafrost regions.
Together with C quantity and quality, availability through gradual and abrupt processes must be
parameterized and included in models in order to accurately assess the potential permafrost C
climate feedback.



Sammanfattning

Organiskt material i arktiska permafrostjordar innehåller ungefär dubbelt så mycket kol som det
för närvarande finns i atmosfären. Klimatförändringarna är särskilt omfattande i Arktis och kan
leda till att en stor del av det organiskamaterialet i permafrosten tinas upp, sönderdelas och frigörs
som växthusgaser, vilket ytterligare kan förstärka den globala uppvärmningen. Hur mycket kol
som finns lagrat i de arktiska jordarna är fortfarande oklart, och förståelsen för de processer som
styr nedbrytning och mineraliseringshastigheter är ännu osäker. Förutom den långvariga frisätt-
ningen av kol genom mikrobiell nedbrytning av organiskt material i det gradvis fördjupade aktiva
lagret, förekommer en snabb frisättning av kol genom geomorfologiska processer. Denna avhand-
ling behandlar permafrostkolets kvantitet, kvalitet och tillgänglighet, och undersöker samverkan,
återkopplingar och gemensamma kontrollmekanismer mellan dessa parametrar.

För att bättre förstå de möjliga effekterna av permafrostens upptining är det viktigt att: i) mer
exakt kvantifiera storleken på och fördelningen av det kol som finns lagrat i permafrosten och att
utveckla metoder för att exakt och effektivt tillämpa detta i modeller; ii) identifiera de egenskaper
i det organiska materialets som specifikt styr nedbrytningen av permafrostmaterial; och iii) identi-
fiera och kvantifiera viktiga geomorfologiska processer som gör stora mängder organiskt material
tillgängligt för snabb nedbrytning.

En detaljerad kvantifiering av kolinnehåll är värdefull för att öka vår grundläggande förståelse
för processer och kolupptag i permafrostjordar, men att inkludera stora heterogeniteter i modeller
är utmanande. Enkla uppskalningsverktyg baserade på t ex höjdparametrar (Artikel I) kan bidra
till att överbrygga klyftan mellan detaljerade fältstudier och globala kolmodeller.

Kvaliteten på det organiska materialet i permafrost är beroende av andra faktorer än de som
normalt observeras i jordar utan permafrost. Vi observerade en oväntad (signifikant) korrela-
tion i de övre permafrostlagren, där material som generellt betraktas som mer svårnedbrytbara
uppvisade de högsta produktionshastigheterna av CO2 per g kol, vilket indikerar hög labilitet
(Artikel II). I pleistocen permafrost var labila prover signifikant relaterade till organiskt material
som var berikat med nedbrutna mikrobiella restprodukter, medan mindre sönderdelat växtma-
terial var stabilare (Artikel III). Studier av flera inkubationsdataset avslöjade att detta ovanliga
samband mellan kolinnehåll och CO2-produktion återfanns på olika platser i hela Arktis, vilket
indikerar viktiga permafrostspecifika kontroller över kvaliteten på organiskt material (Artikel IV).
Vi diskuterar flera möjliga förklaringar till den observerade höga labiliteten hos permafrostens
organiska material, såsom tillgången till ett lager av labil upplöst organiskt kol i den övre per-
mafrosten, eller ökad labilitet orsakad av tidigare nedbrytning. För att slutgiltigt identifiera or-
sakssamband och svara på frågan huruvida samma mekanismer styr kvaliteten av organiskt mate-
rial i olika miljöer krävs ytterligare undersökning av permafrostspecifik kvalitet på det organiska
materialet.

Geomorfologi spelar en nyckelroll i kolbearbetning och nedbrytning av organiskt material.
Stora mängder organiskt material kan frisättas abrupt (t ex i termokarstskred och termokarstsjöar,
Artikel II), vilket resulterar i en kolomsättning som sannolikt kommer att överskrida den från
nedbrytning i ett gradvis fördjupat aktivt lager. Klimatförändringar kan påskynda denna snabba
frisättning av kol, och förändringar i hydrologi och ökad brandaktivitet förväntas bli de största
bidragande orsakerna till kolförlust från permafrostregioner. Tillsammans med kolkvantitet och
kvalitet måste tillgänglighet genom gradvisa och abrupta processer parameteriseras och inklu-
deras i modeller för att återkopplingen mellan klimatförändringen och permafrostkolet ska kunna
uppskattas mer exakt.



Samenvatting

Arctische permafrostbodems bevatten grote hoeveelheden organische stof. In deze bodems zit
ongeveer twee keer zo veel koolstof opgeslagen als momenteel aanwezig is in de atmosfeer.
Klimaatverandering in het noordpoolgebied is groter dan waar dan ook op aarde en kan ervoor
zorgen dat een aanzienlijk deel van de organische stof – voorheen voor tienduizenden jaren ge-
fixeerd onder bevroren omstandigheden – zal ontdooien. Dit organisch materiaal kan dan worden
afgebroken door micro-organismen, een proces waarbij broeikasgassen vrijkomen die bijdragen
aan verdere atmosferische opwarming, zoals koolstofdioxide (CO2) en methaan (CH4). Het ont-
dooien van permafrost door klimaatverandering, de potentiële uitstoot van grote hoeveelheden
broeikasgassen, en verdere versterking van het broeikaseffect kan dus tot een belangrijke klimaat-
terugkoppeling leiden. De precieze hoeveelheid koolstof die is opgeslagen in permafrostgebieden
is niet bekend, en nog onzekerder zijn de processen en kenmerken die de afbraak(snelheid) van or-
ganische stof in permafrostbodems bepalen. In aanvulling op de geleidelijke microbiële afbraak
van organisch materiaal door het dieper worden van de dooilaag (de bovenste bodemlaag die
’s zomers ontdooit), maken geomorfologische processen grote hoeveelheden organisch materiaal
acuut beschikbaar voor afbraak. In dit proefschrift worden de hoeveelheid koolstof, de kwaliteit
(afbreekbaarheid) van het organisch materiaal, en de beschikbaarheid voor afbraak besproken,
en worden drijvende krachten en processen onderzocht.

Om de potentiële effecten van ontdooiende permafrostbodems te bepalen is het nodig om:
i) meer nauwkeurige schattingen van zowel de totale hoeveelheid als de distributie van permafrost
koolstof te verkrijgen;
ii) eigenschappen van organisch materiaal te identificeren die bepalend zijn voor de afbreek-
baarheid, specifiek voor dat van permafrost materiaal; en
iii) geomorfologische processen die grote hoeveelheden koolstof beschikbaar kunnen maken voor
snelle afbraak te benoemen en kwantificeren.

Studies die de hoeveelheid koolstof in een bepaald gebied nauwkeurig inventariseren dra-
gen bij aan de algemene kennis van koolstofopslag en vorstgerelateerde bodemprocessen, maar
de grote hoeveelheden details en sterke heterogeniteit die hiermee gepaard gaan zijn moeilijk
in (klimaat)modellen op te nemen. Eenvoudigere benaderingen, zoals de relatie tussen hoogte
boven zeeniveau en hoeveelheid koolstof in de bodem, blijken doeltreffend en efficiënt voor het
voorspellen van koolstofgehalten, en dragen bij aan het overbruggen van de huidige kloof tussen
veldobservaties en modellen (Artikel I).

De potentiële afbreekbaarheid van organische stof in permafrost is afhankelijk van andere
processen en eigenschappen dan in bodems in gematigde klimaten (zonder permafrost). Wij
namen een onverwachte maar significante correlatie waar in monsters afkomstig uit de boven-
ste permafrostlaag, waarbij materiaal dat normaal als stabiel wordt gezien juist meer CO2 per g
koolstof uitstootte dan materiaal dat verwacht was makkelijker afbreekbaar te zijn (Artikel II).
In Pleistocene sedimenten (enkele tienduizenden jaren oud) kon dergelijk labiel materiaal wor-
den geassocieerd met organische stof in bodemlagen die verrijkt waren in afgebroken microbiële
resten, terwijl lagen die voor een groter deel bestaan uit ongerepte plantresten juist relatief meer
stabiel waren (Artikel III). Uit een gecombineerde analyse van resultaten van meerdere incubatie
experimenten – uitgevoerd in uiteenlopende permafrost milieus; van uitgestrekte sub-arctische
toendra in noord-oost Siberië tot bergachtige hoog-arctische kust van Groenland – bleek dit ver-
rassende verband tussen koolstofgehalte en CO2 productie ook waarneembaar; hetgeen benadrukt
dat dit om een belangrijk proces gaat (Artikel IV). We bespreken verschillende mogelijke ver-
klaringen voor dewaargenomen hoge labiliteit van organische stof in permafrost, zoals een relatief
grote component labiele opgeloste koolstof in de bovenste permafrostlaag (uitgespoeld vanuit de
dooilaag), of een afname in stabiliteit door eerdere perioden van microbiële afbraak. Meer onder-
zoek naar de eigenschappen van organische stof in de permafrost is nodig om causale verbanden
te identificeren tussen de samenstelling en de potentiële afbreekbaarheid, en om te bepalen of
dezelfde processen bepalend zijn in verschillende arctische milieus.

Geomorfologie is een uitermate belangrijke factor in het distribueren en omzetten van perma-
frost koolstof. Grote hoeveelheden organisch materiaal kunnen plotseling beschikbaar worden
voor afbraak door massabeweging en dooi van grondijs (bijvoorbeeld in de vorm van ijswiggen;
Artikel II). Dergelijke processen zijnwaarschijnlijk verantwoordelijk voor de omzet van een grotere
hoeveelheid koolstof dan enkel door het dieper worden van de dooilaag. Klimaatverandering kan



dergelijke processen intensiveren, en gerelateerde effecten zoals hydrologische veranderingen en
een toename in natuurbranden leverenmogelijk de grootste bijdrage aan het totale verlies van kool-
stof uit permafrostbodems. Om de potentiële klimaatterugkoppeling van koolstof uit ontdooiende
permafrost vast te stellen is het essentieel om de kwantiteit, kwaliteit, en (toenemende) beschik-
baarheid (via geleidelijke en abrupte processen) te bepalen, en deze op te nemen in koolstof- en
klimaatmodellen.
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1 Motivation

Nearly a quarter of the landmass in the northern hemisphere is underlain by permafrost;
ground that remains at or below 0◦C for two or more consecutive years (Fig. 1.1). Arc-
tic permafrost is known to contain large amounts of carbon (C), stored in frozen organic
matter (OM). Global warming is observed to be particularly strong in the Arctic and can
cause permafrost thaw. Organic matter that has been protected from decomposition by
sub-zero temperatures for thousands of years can thus become available for microbial de-
cay. Products of decomposition processes are greenhouse gases such as carbon dioxide
(CO2) and methane (CH4) (Kuhry et al., 2010; Schuur et al., 2015), which upon release
increase atmospheric greenhouse gas concentrations and reinforce global warming. This
positive feedback mechanism (in literature referred to as the permafrost carbon feed-
back; Schuur et al., 2015) is widely recognized, but estimations concerning the possible
effects of permafrost thaw and OM decomposition remain uncertain. An assessment by
a group of leading permafrost scientists suggested that by the year 2100, C release from
thawing permafrost soils could be of similar magnitude as that from tropical deforesta-
tion, although the higher proportion of methane (CH4) released from permafrost could
have twice the impact on climate warming (Schuur et al., 2013). The significance of per-
mafrost C has become increasingly clear over the past decades, and the number of studies
on the subject has grown accordingly (Fig. 1.2).

The potential impact of the permafrost carbon feedback depends on three compo-
nents: quantity, quality, and availability. Quantity characterizes the total amount of soil
organic carbon (SOC) stored in permafrost regions, and an accurate estimate is crucial
to assess potential C release. Organic matter quality represents the likelihood and speed
at which decomposition could occur, which is equally crucial to evaluate the true poten-
tial of the permafrost carbon climate feedback. The rate of decomposition after thawing

Figure 1.1. Permafrost distribu-
tion in the northern hemisphere,
divided in zones based on the
percentage of ground with
permafrost conditions. (After
Brown et al., 2002)

Permafrost distrubution
Continuous (90-100%)
Discontinuous (50-90%)
Sporadic (10-50%)
Isolated patches (0-10%)
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Figure 1.2. Number of hits (pub-
lications) on Google Scholar
(http://scholar.google.com)
for the terms “permafrost &
carbon”. In addition to peer
reviewed publications, this
number includes conference
proceedings, project reports,
scientific communications, etc.
(Adapted from Kuhry et al.,
2010)

determines the rate in which greenhouse gases are produced (Kuhry et al., 2013; Schuur
et al., 2013). Availability is a broad concept, and self explanatory in the sense that OM
has to be available for decomposition in order to be decomposed. However, many arctic
landscapes are highly dynamic, especially because of permafrost conditions, and geo-
morphological processes (e.g. thermokarst) can rapidly relocate OM. This adds a highly
dynamic component to the mere steady warming of soils and downward thawing of the
permafrost (Schmidt et al., 2011).

All components are relevant research areas that require further investigation in order
to improve our current state of knowledge on permafrost-specific soil processes. To in-
crease our understanding of the interactions between geomorphological, physical, chem-
ical, and biological elements is of even greater importance to accurately assess the po-
tential scenarios that we face as a result of the permafrost carbon feedback to climate.
Figure 1.3 illustrates the three C feedback components. The full pyramid represents per-
mafrost C quantity, which determines the overall significance of permafrost C research.
Within the scope of all permafrost C, quality assessments identify specific characteristics
and pools of especially labile OM. Likewise, availability studies determine processes that
can cause the sudden release of massive amounts of OM, and describe pools that are at
risk. The top of the permafrost C pyramid in Figure 1.3 is the most vulnerable and critical
element: it represents OM that is both labile and at increased risk to quickly and exten-
sively become available for decomposition. To identify and understand this high-risk part
of the system is therefore paramount to establish the most crucial contributing factors to
greenhouse gas release from permafrost ground, and to determine the most urgent future
research topics.

quantity

qu
ali

ty

availability

Figure 1.3. Conceptual representation of permafrost carbon (C) research. The full pyramid represents the
total size of the permafrost C pool (‘C quantity’), which determines the overall dimensions of all other
components. ‘Quality’ and ‘availability’ cover the parts of the permafrost C research that identify the most
vulnerable parts of that pool. Consequently, the tip of the pyramid represents the most vulnerable part of
the permafrost C pool with the strongest impact on climate change.
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2 Introduction

2.1 Permafrost and the global carbon cycle

The global C cycle consists of a series of reservoirs (pools) that exchange C. Examples
of C exchanges are the uptake by vegetation, respiration by organisms, and gas exchange
between ocean and atmosphere (Ciais et al., 2013). A list of major global C pools and
their estimated magnitudes is presented in Table 2.1.

Exchange between pools takes place at different speeds, which determines the reser-
voir turnover time, defined as “reservoir C mass divided by the exchange flux” (Ciais
et al., 2013). To illustrate this, fast exchange happens between the atmosphere, soils,
vegetation, and freshwater ecosystems, with rates that generally range from decades to
several thousand years, although even shorter turnover times are possible as well. Slow
turnover, on the other hand, occurs for C stored in rock, fossil fuels, sea floor sediments,
and other stable states in which turnover times can exceed 10 000 years (Ciais et al.,
2013).

Permafrost

Active layer

Organic layer

Transient
 layer

Permafrost

Transition
zone

Ice lenses

Mineral active layer

Fast
turnover

Slow
turnover

So
il 

w
ar

m
in

g

table

(a) (b)

C
ryoturbation

Ecosystem
respiration

CO2

100–1000 years

10–100 years

> 10 000 years

< 1 year

Carbon 
uptake

Litter/
   SOM

SOC

Figure 2.1. (a) Schematic overview of key layers and processes in permafrost soils. (b) Simplified rep-
resentation of turnover times of soil organic carbon (SOC) in soil organic matter (SOM), in active layer
and permafrost ground. Climate warming can increase the depth of the gradient between fast and slow C
turnover. C cycles in (b) adapted from Kuhry et al. (2010).
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Reservoir Pg C

Intermediate and deep sea 37 100
Ocean floor surface sediments 1750
Fossil fuel reserves 1002 – 1940

Soils (without permafrost)† 1052 – 1901

Permafrost† 1100 – 1500
Surface ocean 900
Atmosphere 589
Vegetation 450 – 650

†Adjusted following Hugelius et al. (2014).

Table 2.1. Estimates of major
global carbon pools (reservoirs)
based on Ciais et al. (2013).

Permafrost ground sequesters C for different periods of time. Deep permafrost sed-
iments can be protected from decomposition for tens of thousands of years, whereas
the active layer (the upper part of the soil in permafrost terrain that thaws in summer;
Fig. 2.1a) supports biomass production, soil formation, andmicrobial turnover on a yearly
basis. In general, turnover times in permafrost increase with depth (Fig. 2.1b) and com-
prise both fast and slow C pools.

Climate change is especially pronounced in northern polar regions, because of var-
ious processes that influence energy fluxes between the earth surface and atmosphere
(Fig. 2.2). Processes that enhance arctic warming are, for example, reduced snow cover
and sea ice (both extending over smaller areas and for shorter duration), changes in cloud
cover and water vapor concentration, and discoloration of snow and ice surfaces by soot
deposition (Serreze and Barry, 2011). The collective result of these processes, known as
arctic amplification, has caused permafrost ground temperatures to increase significantly
over the past decades (Romanovsky et al., 2010). Warming permafrost can result in ac-
tive layer deepening, which causes C that was previously part of the slow pool to become
available for more rapid turnover. In other words, the permafrost table in Fig. 2.1a moves
down and expands the ‘fast turnover’ pool in Fig. 2.1b.
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Figure 2.2. Increase in mean annual air temperature (MAAT) for the period 1950–2016. (a) Global observed
temperature change (Adapted from Hansen et al., 2010; http://data.giss.nasa.gov/gistemp/). (b) Northern
hemisphere projection of MAAT increase as in Fig. 1.1, with shaded representation of the permafrost region.
(c)MAAT increase for the period 1950–2016 by latitude: from 90◦ south (south pole) on the left, to 90◦ north
(north pole) on the right.

2.2 Quantity

Awareness concerning the potential permafrost carbon climate feedback strongly increased
in the first decade of this century (Fig. 1.2). Early studies that reported on potential green-
house gas release from thawing permafrost recognized the theoretical effects, but consid-
ered the chance of it happening small. For example, Gruber et al. (2004) hypothesized
that if in the 21st century the permafrost C pool lost c. 20% of the then assumed total
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400 Pg C due to thaw, this could result in the release of 80 Pg C. The actual release of
large amounts of C, however, was regarded as “unlikely” (Gruber et al., 2004). Several
years later it became clear that specific permafrost C pools were both much larger (Zimov
et al., 2006b) and more labile than previously thought (Dutta et al., 2006). As a result, C
in permafrost ground was recognized as a relevant and sensitive component in the global
C cycle (Davidson and Janssens, 2006; Zimov et al., 2006a). With more research fo-
cusing on permafrost SOC quantification, estimates of the total circumarctic permafrost
C pool increased to c. 1700 Pg C, but involved major uncertainties (Schuur et al., 2008;
Tarnocai et al., 2009).

Current estimates of the total amount of C stored in the circumarctic permafrost re-
gion are around c. 1300 Pg C (Hugelius et al., 2014). Of this, c. 822 Pg is locked away
in perennially frozen sediments, and the rest is stored in seasonally thawing active lay-
ers (Fig. 2.1a) and taliks (perennially unfrozen ground in permafrost terrain). The ac-
cumulation of such vast C quantities is caused by cold and wet conditions that delay
microbial decomposition, resulting in cryosequestration of OM that has undergone lit-
tle decay (Tarnocai et al., 2009; Ping et al., 2015). Additionally, repeated freeze-thaw
cycles cause surface OM to be transported down in the active layer (a process called
cryoturbation; Fig. 2.1a), where it freezes onto the permafrost table and becomes part
of the permafrost (Shur et al., 2005; Bockheim, 2007; Kaiser et al., 2007). This fur-
ther shortens the residence time of OM in the active layer and causes accretion of unde-
composed and concentrated OM. Most biomass and the highest OM concentrations are
observed in the active layer and in the top of the permafrost (also known as transient
layer; Fig. 2.1a). Soils and peatlands between 0 and 3 m depth store most of the north-
ern permafrost region C (both active layer and permafrost layer), currently estimated at
1035 Pg C (Hugelius et al., 2014).

Below 3 m depth, significant contributions to overall C stocks come from deep de-
posits, such as aeolian and fluvial sediments. Steady accumulation rates cause soil surface
aggradation, which in turn results in simultaneous rising of the permafrost table, as the ac-
tive layer depth remains relatively constant (under similar environmental en sedimentary
conditions) (Grosse et al., 2013; Schirrmeister et al., 2013;Murton et al., 2015). This per-
mafrost accretion is known as syngenetic permafrost development (Gilbert et al., 2016).
Because of uninterrupted sedimentation and burial, undecomposed OM is rapidly inte-
grated into the permafrost. Large parts of the Arctic were unglaciated during the Pleis-
tocene, and cold and dry conditions resulted in extensive loess deposition (fine grained
aeolian material). Pleistocene loess is still common in many temperate regions, for ex-
ample in central Europe and North America, where it thawed early in the Holocene,
c. 10 thousand years before present (ka BP), but still displays signs of its periglacial ori-
gin (e.g. signs of relic ground ice). Large parts of Russia and Alaska, however, are over-
lain by similar aeolian silts, which have remained frozen since their deposition, between
c. 80 and 12 ka BP (Schirrmeister et al., 2013). These deep C-rich sediments known as
Yedoma or Ice Complex deposits are often c. 25 m thick, and up to 50 m locally (Zimov
et al., 2006a; Schirrmeister et al., 2013). Well known examples of OM preserved in Pleis-
tocene Yedoma ground, are mammoth and other megafauna bones found in Siberia. Just
like animal remains, plant and soil material have been largely protected from decomposi-
tion. Deep yedoma sediments (below 3m) are estimated to contain c. 181 Pg C (Hugelius
et al., 2014). Including OM stored in the C-rich top 3 m of yedoma soils, the Yedoma re-
gion is currently estimated to contain 213 Pg C (Hugelius et al., 2014). Another 91 Pg C
(below 3 m) is found in deltaic sediments of large arctic rivers, such as the Mackenzie
River in Canada and The Lena River in Russia (Hugelius et al., 2014). Fluvial processes
transport large amounts of material, causing build-up of C in delta sediments, and export
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into the Arctic Ocean (e.g. Guo et al., 2007; Semiletov et al., 2011; Vonk et al., 2016).
Ongoing updates of aggregated data assessments, such as the Northern Circumpolar

Soil Carbon Database (NCSCD; Tarnocai et al., 2009), continue to narrow down uncer-
tainty ranges (Hugelius et al., 2014). Nevertheless, there are inherent errors in permafrost
SOC stock estimates, introduced by analytical errors in contributing work, lack of data
from deep sediments (other than Yedoma and deltaic deposits), and an unbalanced spatial
distribution (Kuhry et al., 2013; Hugelius et al., 2014; Weiss et al., in review, Paper I).

2.3 Quality

Organic matter quality, or C quality1, is defined by Strauss et al. (2015) as “the intrin-
sic potential to be further transformed, decomposed, and mineralized”. In other words,
OM of high quality is more easily decomposed by microorganisms, and thus has a high
potential for decomposition. To comprehend the permafrost climate feedback potential,
OM quality is an essential factor in addition to C pool quantity (Knoblauch et al., 2013;
Kuhry et al., 2013; Schuur et al., 2013).

Intrinsic quality is directly related to the botanical origin of OM, as different vege-
tation types produce different OM, with distinct signals in molecular composition (Ping
et al., 1998; Turetsky, 2004; Waldrop et al., 2010; Routh et al., 2014). From this on-
set, potential decomposition becomes a complex function of initial OM characteristics
and subsequent processes that have altered it. For example, permafrost accretion mecha-
nisms, such as steady incorporation of material (syngenetic), result in different OM labil-
ity than sudden freezing after hundreds or thousands of years of pedogenesis (epigenetic
permafrost development; Gilbert et al., 2016). Exposure to microbial reworking prior to
incorporation into the permafrost changes the composition of OM, and thereby its qual-
ity. Besides OM alteration before permafrost accretion, interruptions in permafrost state,
such as phases of thawing and refreezing throughout the Holocene, can result in a het-
erogeneous patchwork distribution of OM in various states of decomposition. Yedoma
landscapes, for example, are commonly subject to thaw, which due to the high ice con-
tent (up to 80%) can result in extreme ground subsidence and thermokarst lake formation
(Weiss et al., 2016). Yedoma landscapes, therefore, currently consist of a complex dis-
tribution of intact ice rich Pleistocene sediments, and parts that have experienced one or
more thaw events, and thus various decomposition histories (Strauss et al., 2013, 2015;
Hugelius et al., 2014; Walter Anthony et al., 2014).

An assumption that usually applies is that OM quality is linked to the degree of earlier
decomposition. Labile OM components are broken down before more stable compounds,
creating a preferential increase, or selective preservation of recalcitrant OM (Hobbie
et al., 2000; Routh et al., 2014). Thus, in general, decay reduces both C content and
OM quality. The carbon to nitrogen ratio (C/N ratio) is observed to decrease as a re-
sult of decomposition, due to relatively larger losses in C compared to N (Kuhry and
Vitt, 1996; Ping et al., 1998). Similarly, the heavier isotopes 13C and 15N increase in
relative abundance over time, as the lighter isotopes 12C and 14N are decomposed more
easily, resulting in less negative δ13C and δ15N values. These indicators for degree of
decomposition are therefore often related to observed decomposition rates, and can be
used to predict the potential for future decomposition (Zimov et al., 2006a; Sannel, 2009;
Hugelius et al., 2012; Kuhry et al., 2013; Routh et al., 2014; Schuur et al., 2015; Strauss
et al., 2015).

1‘Carbon quality’ is technically not the same as ‘OM quality’: decomposability is based on OM charac-
teristics, and not on those of the element C. For textual flow, however, the terms will be used interchangeably
in this thesis.
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A complicating factor to this approach, however, is that (as mentioned before), quality
proxies are strongly influenced by botanical origin and deposition environment. In peat-
lands, for example, Sphagnum peat has a distinctly different signature than other botanic
components (Kuhry and Vitt, 1996; Hugelius et al., 2012; Routh et al., 2014). Detailed
and site specificmulti-proxy investigations are necessary to relate quality and decomposi-
tion characteristics to geochemical ones. For this reason, large scale regional OM quality
assessments are scarce, or altogether lacking (Kuhry et al., 2013; Routh et al., 2014).
Gas exchange studies that measure C release from (thawing) permafrost, are conducted
throughout the Arctic, but linking these to OM characteristics is complex due to the large
diversity and heterogeneity in OM, landcover types, and environmental processes, which
all influence C release. Nevertheless, several comprehensive studies indicate that simple
characteristics like C content (%C) and C/N ratios show the strongest correlations to C
respiration (Dutta et al., 2006; Knoblauch et al., 2013; Schädel et al., 2014). Although
these results are promising and should be tested in different settings, using these corre-
lations on samples or datasets that do not have more detailed molecular characterization
or respiration data available, can only be done tentatively.

2.4 Availability

The presence of C is a logical prerequisite for its loss. However, permafrost landscapes
are so dynamic (especially in regions with high ground ice content) that physical pro-
cesses that can quickly alter the terrain, move large amounts of sediments, and make OM
accessible for microbial reworking, should be considered. Organic matter availability is
therefore a highly dynamic separate factor, as it is mostly independent of OM character-
istics. Quality and quantity are inherent SOC (pool) characteristics, whereas availability
depends on various external variables that should be understood, or at least identified,
before accurate C loss estimates can be made (Schmidt et al., 2011). Processes that are
responsible for changing OM from frozen to thawed state could increase C availability at
rates that are an order of magnitude larger than the effects of OM decomposition alone
(Schuur et al., 2008).

Drastic disturbances will co-occur with more gradual and uniform soil warming and
active layer deepening (Kuhry et al., 2010). Some ecosystems might experience limited
active layer deepening, for example due to the ‘buffer’ function of an ice rich transient
layer, which requires considerable latent heat to instigate the phase change to water (Shur
et al., 2005). This is common in yedoma terrain, which due to the limited relief and
high ground ice content, is relatively resistant to gradual active layer deepening, but vul-
nerable to sudden thermal erosion (e.g. thermokarst lake formation). In high arctic and
arctic-alpine landscapes, on the other hand, surface organic layers are commonly less
developed, and OM stocks at greater depth can be relatively more abundant, due to re-
working and burial by dynamic slope processes (Horwath Burnham and Sletten, 2010;
Palmtag et al., 2015). Understanding local geomorphologic processes and the degree in
which environmental change will affect these, is therefore essential to know in order to
evaluate overall landscape response. There is an urgent need to parameterize abrupt ge-
omorphological processes in Land Surface Models (LSMs), due to their large potential
impact (Kuhry et al., 2013).
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3 Aims and objectives

The overarching aim of this thesis was to assess storage, landscape distribution, and char-
acterize potential decomposability of SOM stored in permafrost ground, with a focus on
long term permafrost dynamics and decomposition trajectories. This field of study is sit-
uated on the interface of diverse disciplines, such as remote sensing, geomorphology, soil
chemistry, microbiology, and palaeoclimatology. In this thesis, I addressed different key
components of the permafrost C pool, in order to find relevant relationships and identify
common controls.

With this in mind, the objectives were:

• To find an efficient and practical way to improve SOC stock estimates, using simple
upscaling techniques that can be applied to large regions and produce results that
are required for global (climate) models.

• To determine the influence of past landscape dynamics and soil processes on the
composition and potential decomposability of SOM, and assess how this can be
projected on future trajectories.

• To identify specific sources of labile SOM, in order to interpret observed decompo-
sition, and better understand and anticipate the response of permafrost C to climate
change.

• To assess whether or not findings in local, small-scale studies can be considered
representative for larger regions, in order to interpret observations and potential
effects.

• To combine findings from individual studies, and develop relevant conceptualmod-
els and theories, in order identify key knowledge gaps and future research topics.
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4 Study sites and methods

4.1 Fieldwork

The results in this thesis are based on sampling campaigns from six sites in contrast-
ing northern permafrost environments in Russia, Sweden, Svalbard, and on Greenland
(Fig. 4.1; Table 4.1). All locations were field sites selected by the PAGE21 consortium
(EU seventh framework program), chosen to cover a wide range of environmental con-
ditions, to provide model input and validation, and overlap with existing monitoring pro-
grams. As such, data collected during fieldwork have been used in the work included in
this thesis, and were shared with project partners.

Study site
Permafrost region

Kytalyk
Spasskaya Pad

Lena Delta

Abisko

Adventdalen
Zackenberg

Figure 4.1. Field site locations in the northern permafrost region. (Permafrost extent adapted from Brown
et al., 2002).

Table 4.1. Climate and permafrost data of field sites. Permafrost zones according to Brown et al. (2002)
(Fig. 1.1), mean annual air temperature (MAAT) and MAAT amplitude (the difference between mean tem-
peratures in February and July), mean annual precipitation (precip.).

Site (Country) Permafrost zone Climatic zone MAAT Amplitude Precip.

(◦C) (mm)

Adventdalen (Svalbard) Continuous High Arctic −4.6 16.9 191
Zackenberg (Greenland) Continuous High Arctic −9.2 25.5 200
Kytalyk (Russia) Continuous Low Arctic −10.5 44.1 221
Lena Delta (Russia) Continuous Low Arctic −13.6 42.6 319
Spasskaya Pad (Russia) Continuous Boreal −9.3 59.0 238
Abisko (Sweden) Discontinuous Subarctic −0.6 22.0 310
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Active layer
cylinder

Permafrost
pipe

h �  5–10 cm

Organic layer
block (3 replicates)

h

l
w 

h = ø � 4 cm

ø �  4 cm

l = 3.5 cm

Figure 4.2. Field sampling protocol. Presented on the lower left is a diagram of typical soil layers in per-
mafrost ground (Fig. 2.1). The orange shapes indicate collected samples using three different techniques:
blocks for organic surface layer samples, horizontal cylinders for active layer samples, and vertical cylin-
ders for permafrost samples. Photos of examples of these three sample methods are presented on the right.
Dimensions vary between campaigns due to different equipment.

Sample collection in all field campaigns followed the same protocol. Profile sites
were established at equal distances along predetermined transects, that were designed to
cover all landscape types and features of interest. This semi-random approach ensures
that all important landscape elements are included, while at the same time eliminating
subjective selection of individual profile sites. Interval distance between sampling sites
depended on the degree of surface variability and the planned density of sampling loca-
tions for each study area. For C stock upscaling assessments, under or over representa-
tion of certain features or landcover types (potentially introduced by transect choice) was
eliminated by weighing mean values for each unit by their proportional representation
in the study area. The latter were obtained from remote sensing products such as digi-
tal elevation models and land cover classifications, specifically developed for the area of
interest.

Surface organic layer, active layer, and permafrost samples were collected using three
different techniques (Fig. 4.2). An organic layer sample was collected from the exact
(undisturbed) sampling point, using a knife or saw, and carefully cut down to the shape
of a block that was accurately measured without altering the sample (e.g. compressing
or stretching). Two random replicates were collected in the same way, inside a c. 5–10 m
radius around the first site (depending on surface heterogeneity), in order to capture some
of the small scale variations in surface organic layer (e.g. thickness, vegetation type, or
moisture conditions). After describing the soil surface, a pit was dug down to the thaw
table, with sides approximately as long as the active layer depth (commonly 30–50 cm,
occasionally up to c. 1 m). From the sides of the pit, active layer samples were collected
using a fixed volume soil core cylinder (3–4 cm ø), which was carefully inserted without
disturbing soil density or structure. After removing the cylinder, excess material was
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removed exactly up to the outer edges of the cylinder, in order to obtain an exact field
volume. Depending on active layer homogeneity, samples were collected continuously
(e.g. 0–5, 5–10, 10–15 cm), or with intervals (e.g. 0–5, 10–15, 20–25), in which case
results were interpolated. From the frost table, a steel pipe was carefully driven down
in 5–10 cm increments, depending on soil density and temperature that can potentially
result in the pipe getting stuck by freezing onto the sides. After having inserted it 5–
10 cm, the pipe was raised, with the permafrost core stuck inside. The core was then
carefully removed and collected. All samples were collected in waterproof sampling
bags, in order to preserve soil moisture. Samples collected for incubation experiments
were kept frozen until the incubation was started, either in the field station (Kytalyk and
Spasskaya Pad) or in the laboratory (Abisko, Adventdalen, Lena Delta, Zackenberg).
Samples were collected to either 1 m depth, or down to the maximum achievable depth,
for example in rocky material and other shallow soils.

4.2 Analyses

Elemental analysis of the elements C and N, as well as the stable isotopes δ13C and δ15N,
was done on a sub-selection (c. 1/3 of all samples). Carbon content for the remaining sam-
ples was obtained using Loss On Ignition (LOI), where weight loss after incineration at
550 ◦C and 950 ◦C is related to OC content and inorganic C content, respectively (Heiri
et al., 2001). The difference in sample weight after c. 6 h at 550 ◦C is caused by the
combustion of OM, which consists of roughly 50% OC (Dean, 1974). Using elemental
analysis C content results, the correlation between OM content and OC content is cali-
brated per site, using the best fit regression. Although there are no empirical grounds to
consider the best fit to describe a natural phenomenon, C content data is often bimodally
clustered in the lower and higher end of the range, and thus an artificial correlation with
enhanced fit provides considerably better results. For the Kytalyk data, for example, the
following fourth order polynomial regression model was used:

(4.1)%C = 1.1058× 10−6 × LOI4550 − 2.169 436× 10−4 × LOI3550
+ 1.229 459 83× 10−2 × LOI2550 + 3.225 222 376× 10−1 × LOI550

Where C is the fraction OC, and LOI550 is the weight loss (%) after combustion at
550 ◦C (Weiss et al., 2016). SOC density (ρC) per sample (g C cm−3) is then determined
using dry bulk density (BD, g cm−3), and fraction coarse mineral fragments (> 2 mm):

(4.2)ρC = C ×BD × (1− CF )

Which can be multiplied by sample or horizon depth (cm) to obtain SOC storage (kg
C m−2) per depth interval:

(4.3)SOC = ρC × depth× 10

Combining all SOC values (interpolated when required), SOC stocks can be calcu-
lated for reference depths (e.g. 0–30 cm or 0–100 cm), or for organic surface layer, active
layer, and permafrost.

To assess age and sedimentary records of (paleo) soils and horizons, AMS 14C ra-
diocarbon ages were obtained for a small number of samples, analyzed at the Poznań
Radiocarbon Laboratory in Poland. Radiocarbon ages are reported in calibrated years
before present (cal BP), after calibration in OxCal v4.2.4 with the IntCal 13 atmospheric
curve (Bronk Ramsey, 2009).
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Incubations in Kytalyk (Papers II, III, and IV) were done during fieldwork, on 20
samples from the upper part of the permafrost (normally 10–20 cm below the observed
thaw depth). Respiration rates were based on 30 h incubations at 2 ◦C in oxic conditions,
after 72 h of pre-incubation (Weiss et al., 2016). Incubations from the remaining sites
(Weiss et al., manuscript; Paper IV) were performed on upper permafrost, organic active
layer, and mineral active layer samples. During c. 1 year incubation of 240 samples in
oxic conditions at 5 ◦C, 5 respiration rates (at time intervals R1–R5) were recorded for
each sample (Faucherre et al., manuscript).

Molecular characterization (Paper III) was done using Thermally assisted Hydroly-
sis and Methylation (THM) hyphenated with gas chromatography and mass spectrom-
etry (THM-GC-MS) (Weiss and Kaal, in review). With THM (also known as ther-
mochemolysis), the sample is pyrolyzed in the presence of tetramethyl ammonium hy-
droxide (TMAH), resulting in the simultaneous pyrolytic and base-catalyzed cleavage,
and alkylation reactions (Challinor, 2001; Shadkami and Helleur, 2010). Therefore, the
use of THM enables an improved structure-resolving capacity of phenolic and aliphatic
compounds in comparison with conventional pyrolysis. The main products in the THM-
GC-MS chromatograms were identified based onmass spectral patterns, and relative pro-
portions were calculated in accordance to their percentage of the total peak area (Kaal
et al., 2014; Weiss and Kaal, in review).

Additional detailed and site specific descriptions of the used methods can be found
in Chapter 5 (Summary of included papers) and in the individual papers, as well as other
work based on the same sampling campaigns (Siewert et al., 2015, 2016; Palmtag et al.,
2015; Weiss et al., 2016; Faucherre et al., manuscript; Wojcik et al., submitted).
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5 Summary of included papers

5.1 Carbon pool quantification and upscaling (Paper I)

Niels Weiss, Samuel Faucherre, Nikos Lampiris, and Robin Wojcik. Elevation-based
upscaling of organic carbon stocks in high arctic permafrost terrain: a storage and dis-
tribution assessment for Spitsbergen, Svalbard. Polar Research, in review.

In this study we explored effective and practical ways to assess SOC stocks for
larger areas in the High Arctic, a region that is underrepresented in circumarctic
carbon quantifications. To do so, we combined results from a summer and a winter
field campaign, which provided detailed field inventories and regional validation
data, respectively. We compared three upscaling models based on elevation and
SOC content, using two discrete classifications as well as the observed exponen-
tial correlation, and found similar estimates and uncertainty ranges. Based on the
model that best fit our objective of simplicity and accuracy, we estimate a total
SOC storage on Spitsbergen of 105.36 Tg C (0.11 Pg), and a mean SOC storage of
2.8 kg C m−2. As far as we know, the resulting map is the first full SOC map of
Spitsbergen.

The high arctic permafrost region is underrepresented in circumarctic SOC datasets. A
preferential focus on more organic-rich subarctic and low arctic environments has gener-
ated a spatial and latitudinal discrepancy (Horwath Burnham and Sletten, 2010; Yoshi-
take et al., 2011; Palmtag et al., 2015). Even within the High Arctic, studies often target
exceptionally C-rich sites, as these are generally more intensely studied and logistically
advantageous (Palmtag et al., 2015). Because of this, there is a real chance of overestimat-
ing SOC storage in larger regions, as abundant C-poor landscape types are less commonly
represented. In this study we explored simple upscaling methods, that include C-poor
landscape components, and can possibly be used for extensive parts of the High Arctic.
Improved SOC storage and distribution data are required for accurate representation in
LSMs (e.g. ecosystem models including terrestrial C), and thus Earth Surface Models
(ESMs; e.g. fully coupled climate models, including oceans and atmosphere) (Johnson
et al., 2011; Boike et al., 2012; Burke et al., 2012; Luo et al., 2016). Including fine
scale heterogeneity in global model grid cells, however, remains a challenge (Chadburn
et al., 2015; Parmentier et al., 2017). Instead of attempting to include this variability, we
used a simple and effective upscaling method, based only on elevation, which has been
linked to SOC storage in various arctic permafrost environments (Horwath Burnham and
Sletten, 2010; Johnson et al., 2011; Mishra et al., 2016). Our upscaling model provides
a tool that can be easily implemented in circumarctic permafrost SOC assessments and
LSMs/ESMs, and can serve as basis for future improvements.
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Figure 5.1. Mean soil organic
carbon (SOC) content and 95%
confidence interval per elevation
class on Spitsbergen.
(Weiss et al., in review)

Fieldwork took place in the summer of 2013 (in Adventdalen, close to Longyearbyen;
and on Brøggerhalvøya, close to Ny Ålesund), and in the winter of 2014 (sites through-
out central Spitsbergen). Summer fieldwork allowed for detailed local field investiga-
tions, whereas winter conditions made it possible to travel over greater distances, and
study more sites. In 2013 (summer) soil samples were collected at equal intervals along
transects, in order to collect all major landcover types and maintain unbiased sample site
locations. In 2014 (winter), locations that were presumed topographically comparable
to those visited in 2013 were selected, and approached as close as possible. All samples
were analyzed for physical characteristics and C content, to obtain values for SOC stor-
age. Geographic vector data (shapefiles; Norwegian Polar Institute, 2014a) and a Digital
ElevationModel (DEM; Norwegian Polar Institute, 2014b) were used in R (R Core Team,
2016) to (re)classify the DEM and obtain SOC estimates and validation indices.

The more vegetated, wide valley of Adventdalen stores more C than the alpine Brøg-
ger peninsula area (Brøggerhalvøya). However, both sites showed a clear decrease of
SOC content with elevation. The main difference was visible for sites below 100 m a.s.l.
(meter above sea level). Between 100 and 400 m a.s.l., SOC content was still higher
in Adventdalen, but both sites showed a negative correlation with elevation. Almost no
SOC was found in either site above 400 m a.s.l. Based on the additional sites visited in
central Spitsbergen, we concluded that the Adventdalen and Brøggerhalvøya study areas
represent opposite extremes of the SOC content spectrum encountered on Spitsbergen.
We determined that both landscape types occupy c. 50% of (unglaciated) Spitsbergen
below 100 m a.s.l., but if this ratio were c. 10% different, it would have a relatively small
impact on overall SOC estimates. We developed two elevation class-based models (one
with 3, and one with 7 classes) based on the mean SOC content for each class, as well
as a model based on the exponential correlation between elevation and SOC content.
Results were similar, so based on the simplicity and applicability with small datasets
(which is a major necessity in the data-poor High Arctic) we found that the model with
three elevation classes performed best (Fig. 5.1). In total, we expect Spitsbergen to store
105.36 Tg (0.11 Pg) SOC.We estimate that the mean SOC content per m2 on Spitsbergen
is 2.84 ± 0.74 kg C m−2. As 54% of Spitsbergen is covered by glaciers and permanent
snowfields, we estimate unglaciated land to contain 6.26± 1.47 kg C m−2. Based on the
available elevation data, we created an SOC content map of Spitsbergen.

Compared to various SOC assessments in the High Arctic, this study addresses an
intermediate study area size, between large scale assessments (e.g. the NCSCD; Hugelius
et al., 2013), and detailed local SOC inventories. Detailed studies are rather site specific,
but C-rich environments have SOC values quite similar (within a few kg C m−2) to our
estimates for the lowest elevation class (Horwath Burnham and Sletten, 2010; Yoshitake
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et al., 2011; Palmtag et al., 2015). Our estimate for currently unglaciated terrain is lower
than most values reported from the High Arctic, possibly corroborating the theory that
SOC inventories tend to focus on C-rich environments.

Combining sites with contrasting results in one class mean introduces a degree of
variability that causes model uncertainty, and relatively poor validation parameters. The
main goal of this upscaling exercise, however, was not to generate an accurate tool to
predict point-specific SOC content, but rather to develop an upscaling product that pro-
vides accurate overall estimates and model input (e.g. through a tiling scheme). Even so,
considering the previous lack of detail in the SOC distribution maps for Spitsbergen, the
presented map is a distinct improvement, and since the class with the highest uncertainty
(0–100 m a.s.l., which includes the most diverse data) only occupies c. 13% of Spitsber-
gen, the map, as well as the overall estimates, are surprisingly accurate. Compared to
the NCSCDv2 (Hugelius et al., 2013), our estimate of 2.8 kg C m−2 is 1.0 kg C m−2

lower. Although at this point we can only speculate about the rest of the circumpolar
north, using simple but distinctly improved estimates could result in significantly lower
high arctic SOC-stock estimates.

5.2 Controls over permafrost degradation and organic matter
decomposition (Paper II)

Niels Weiss, Daan Blok, Bo Elberling, Gustaf Hugelius, Christian J. Jørgensen, Matthias
B. Siewert, and Peter Kuhry. 2016. Thermokarst dynamics and soil organic matter char-
acteristics controlling initial carbon release from permafrost soils in the Siberian Yedoma
region. Sedimentary Geology, 340, 38–48.

Here we related SOM characteristics to C release from thawing yedoma permafrost,
and placed these findings in a geomorphologic perspective. The influence of thermokarst
on SOC stocks appeared to be limited, as we observed no significant difference in
thermokarst basin and yedoma sites. We did find unexpected correlations for OM
from the upper permafrost in the short-term field incubation experiment, indicating
that material low in C content (and low C/N ratio and high δ13C) produced signifi-
cantly more CO2 (per gC) than samples with higher C content. We discuss several
possible causes for this observed negative correlation, but based on the available
data, we are not able to provide a conclusive explanation.

Ice and C-rich yedoma deposits are an important unknown in circumarctic C assessments
(Zimov et al., 2006b; Hugelius et al., 2014). Neither the extent, size, nor the quality of the
large amounts of C stored in Yedoma are fully known. What is known is that, because
of their high ice content, yedoma landscapes are highly dynamic and can be strongly
and rapidly influenced by thaw. How geomorphologic processes influence C quality and
availability is an interdisciplinary and multidimensional challenge. Several studies point
out that previous thaw of yedoma permafrost decreases the C content, as OM decomposes
and leaves the system (e.g. Zimov et al., 2006a; Walter Anthony et al., 2014), whereas
others see the opposite (e.g. Strauss et al., 2013; this study), due to increased biomass
production and reworking in thermokarst basins (Shmelev et al., 2017). In order to bet-
ter understand the potential decomposability of OC in Yedoma, we compared incubation
results (CO2 production) of thawing permafrost samples, to simple geochemical charac-
teristics of the same material.
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This study was conducted in the extensive lowland tundra of the Kytalyk Wildlife Re-
serve, NE Siberia, Russia (Fig. 4.1). This site has continuous permafrost, and is part
of the ‘Yedoma Core Region’ (the part of Alaska and Siberia where most Yedoma is
located). Sampling was done equidistantly along transects, that went from the (c. 30 m
higher) yedoma uplands, down into refrozen thermokarst basins. Collected samples were
transported to Stockholm University, where they were analyzed for physical properties,
C and N content, and the stable isotopes δ13C and δ15N. Radiocarbon analysis was done
on a selection of samples, to get an insight in OM age, and rates of landscape change. In-
cubation experiments were done in the field, under native field conditions, on permafrost
samples collected from c. 10 cm below the permafrost table. CO2 and CH4 production
rates were calculated based on three samples taken during the c. 30 h of incubation.

Thermokarst basin sites had significantly thicker organic top soils than yedoma upland
sites, although there was no difference in active layer depth. Yedoma upland soils showed
lower C contents and C/N ratios, and higher δ13C values than thermokarst material, indi-
cating a more advanced degree of SOM decomposition. Overall C stocks for the top 1 m
were not significantly different in thermokarst and yedoma sites. Surprisingly, no signifi-
cant difference was observed in CO2 production rates from intact Yedoma and previously
thawed sediments (neither per g C nor per g dry weight). There were significant trends
indicating positive correlations between most decomposition proxies and CO2 release
(i.e. more decomposed SOM = higher CO2 production rates per g C).

Carbon-poor samples (with lower C/N) are generally considered more decomposed,
and therefore usually seen as containing more recalcitrant SOM, but we found signifi-
cantly higher CO2 production rates. We discussed several explanations for these obser-
vations. In a combined assessment of long-term incubation studies, C/N ratio is seen
as the strongest predictor for C loss over time (Schädel et al., 2014). The same study,
however, defines C pools with different turnover times (fast, slow, and passive), with dif-
ferent correlations between C loss and C/N. It is possible that our results were merely
an initial effect related to the decomposition of a very labile SOM fraction that happens
shortly after permafrost thaw, and perhaps should not be extrapolated over longer time
scales. Another explanation could lie in the (lack of) adaptation of microbial communi-
ties to changing permafrost conditions, and input of organic rich material. Microbes in
the wetter thermokarst basin soils might be predisposed to CH4 production, which were
reflected in significantly higher CH4 production rates. However, since the incubation ex-
periment was done under oxic conditions, CH4 data is not representative, and only weakly
indicative. Labile dissolved organic carbon (DOC) could represent a larger part of the
available C in yedoma samples, and therefore cause the initial response in respiration per
g C (Mergelov and Targulian, 2011), in addition to a more general positive response to
C or N input (a priming effect; Wild et al., 2016). It is worth pointing out that the cor-
relations that were significant per g C, were not altogether reversed when expressed per
g DW (Fig. 5.2), indicating that it is not just a matter of proportion of labile DOC in the
sample. Physical stabilization processes could be involved as well, such as associations
between mineral and organic soil components (Höfle et al., 2013; Gentsch et al., 2015),
although these are still uncertain in permafrost soils.
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5.3 Molecular fingerprinting of labile organic matter in Yedoma
terrain (Paper III)

Niels Weiss and Joeri Kaal. Characterization of labile organic matter in Pleistocene
permafrost (NE Siberia), using Thermally assisted Hydrolysis and Methylation (THM-
GC-MS). Soil Biology and Biochemistry, in review.

A more detailed molecular investigation was performed on a 5.7 m deep yedoma
exposure and the previously incubated samples from Kytalyk (Weiss et al., 2016;
Paper II), using Thermally assisted Hydrolysis and Methylation Gas Chromatogra-
phy and Mass Spectrometry (THM-GC-MS). The SOC content pattern in the deep
exposure presented in paper II (Weiss et al., 2016) is reflected in OM composition,
as C-rich material corresponds to little-decomposed OM from lignin and aliphatic
cutin/suberin, and N-rich (and relatively C-poor) material contains microbial and
degraded plant remains. These highs and lows (sawtooth pattern) reflect a cryope-
dolith with varying depositional environments. Periods of faster sediment accu-
mulation would have caused more rapid syngenetic permafrost accretion, whereas
active layer residence times were longer during stable phases, resulting in more de-
composed OM being incorporated into the permafrost. Although C-rich, aliphatic
OM is generally considered labile compared to the N-rich microbial remains, it is
relatively stable. Considering the large quantity of preserved aliphatic plant matter,
its inherent lability, and its observed vast presence (and breakdown) in arctic rivers,
it might still be the most important source of C loss from the yedoma region.

Due to the size and lability of the yedoma C pool, its importance to the global C budget is
well established. Organic matter quality assessments often look at elemental analysis (C,
N, C/N ratios, stable C and N isotopes), but more detailed molecular characterizations are
less common. Furthermore, a great deal of work is done on gas exchange studies (mea-
suring the actual response of permafrost ground), but this work is not often directly linked
to comprehensive biogeochemical assessments of the soils or sediments in question. By
using THM-GC-MS we were able to identify key OM components, which (as far as we
know) has not been done on yedoma samples until now. We analyzed a deep yedoma soil
profile to investigate fluctuations in depth, and thus time, and were able to molecularly
fingerprint OM for which we already had respiration data (Weiss et al., 2016).

Nine main groups of THM products were defined, determined for relative occurrence,
expressed as depth profiles, and interpreted for source and association. Principal compo-
nent analysis was then performed to assess the variance within the dataset, and identify
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driving factors. PC1 showed strong positive loadings from various FAMEs (fatty acid
methyl esters), condensed tannin, carbohydrate, and lignin products. Negative loadings
on PC1 mainly came from sphagnum acid products and N-compounds. Therefore, posi-
tive PC1 scores seemed to mostly indicate enrichment in aliphatic biopolymer-derived
OM (suberin/cutin), and negative scores microbially degraded matter and sphagnum
acid products. PC2 loadings suggested to be based on (original) vegetation composi-
tion, where positive scores indicate Sphagnum, and negative scores graminoid products.
Tentatively, PC2 could thus be linked to paleoenvironmental variations, although this is
source of much current discussion and needs further investigation. PC3 reflected micro-
bial OM, aliphatic biopolymers (cutin/suberin), and degraded Sphagnum products on one
side (negative), and N-compounds and altered lignin on the other (positive).

PC1 scores revealed a relationship between degree of OM decomposition and CO2

release, likely controlled by the proportion of microbial degraded N-rich OM (negative
PC1 loadings), compared to less-decomposed recalcitrant material (positive PC1 load-
ings). PC3 was found to correlate to several parameters, including CO2 production, sug-
gesting a secondary indication for degradation state. Depth profiles of PC scores and geo-
chemical parameters, were seen to follow certain sawtooth patterns, e.g. PC1 reflected C
content, and PC2 δ13C.

Molecular characterization confirmed the observations from Paper II: samples with
low C content, low C/N ratio, and high δ13C indicate a more advance degree of decom-
position (Weiss et al., 2016). More specifically, C-poor sediment reflected a composition
of degraded biomass with a large microbial component enriched in N, as opposed to
C-rich material consisting of well-preserved plant tissue. We interpreted the sawtooth
pattern along the deep exposure as a sequence of varying paleoenvironmental phases.
Within the cryopedolith, the sedimentary sequence is stratified with layers of reduced
sedimentation rates creating a more stable surface and incipient soil formation. Organic
matter resided longer in the active layer before being incorporated into the permafrost,
and microbial degradation was therefore more pronounced (Fig. 5.4).

However, our data also confirmed that other factors, such as botanical origin or pale-
oclimatic variations, affect these parameters, and therefore should be used with caution.
It furthermore identified the most C-poor labile OM to be made up of degraded biomass,
with a large microbial component.
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5.4 Identification of a labile soil organic matter pool (Paper IV)

Niels Weiss, Samuel Faucherre, Daan Blok, Bo Elberling, Gustaf Hugelius, Christian J.
Jørgenson, and Peter Kuhry. Vulnerability of organic matter in upper permafrost from
contrasting northern circumpolar regions. Manuscript.

In this study we combined incubation data from Kytalyk (NE Siberia) presented in
Paper II with a much larger set of incubation results from additional field sites. Most
of the new incubation data was the result of an extensive laboratory experiment at
Copenhagen University (Faucherre et al., manuscript). We tested the relationship
observed in Paper II on the new set of upper permafrost samples from contrasting
environments in the circumpolar north, and found similar responses in both low arc-
tic lowland and high arctic mountain sites. Upper permafrost samples with the low-
est %C correlate with the highest CO2 production rates, relatively to the C content
of the sample. We discussed several possible explanations for the high initial CO2

production in low %C permafrost samples and its implications for the permafrost
carbon feedback.

Incubation data from all field sites presented in Table 4.1 and Fig. 4.1 were included in
this study. Methods and more complete accounts of the datasets are described in de-
tail in the original papers: Weiss et al. (2016) and Faucherre et al. (manuscript). Based
on the theories discussed in Paper II, we compared results from a wide variety of incu-
bation methods, incubation periods, and permafrost environments in order to determine
whether similar (surprising) relationships to those described in Weiss et al. (2016) would
be observed in the much larger dataset. Despite strong variability due to different soil,
sediment, and vegetation types, several sites revealed a very similar response in CO2 re-
lease in the upper permafrost layer (Fig. 5.5). Initial CO2 production was observed to be
significantly higher in samples with low %C, compared to samples with higher C con-
tent. When grouping the data by environmental setting, we found strongly significant
correlations for the High Arctic (R2 = 0.59, p < 0.001), as well as lowland tundra sites
in the Low Arctic (R2 = 0.21, p < 0.001). One boreal and one subarctic site did not
display significant relationships, although this could have been influenced by extremely
low %C values and a very small number of observations (n = 3), respectively (Fig. 5.5).
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After one year of incubation, C loss per sample (relative to initial C content) was
observed to be significantly higher for C-poor samples, than for C-rich samples. This in-
dicates that, although the initial CO2 production response is related to a fast-decomposing
SOM pool, it is not outweighed by CO2 release from more C-enriched samples at later
stages. Although the initial negative correlation gradually became non-significant dur-
ing the incubation experiment (Faucherre et al., manuscript), the magnitude of the initial
CO2 production peak was about six times higher than after c. one year of incubation. This
means that, although short term, the initial C-loss from labile upper permafrost SOM
following active layer deepening could contribute to large amounts of C being quickly
released from thawing permafrost ground.
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6 Discussion

6.1 Upscaling techniques and challenges

Land Surface Models (LSMs; e.g. terrestrial ecosystem models), as well as Earth System
Models (ESMs, fully coupledmodels including LSMs, oceanic, and atmospheric models;
e.g. global climate models) require large amounts of data (Sanchez et al., 2009). These
data are needed as input and as validation to assess observed and modeled interactions
between model components. As the C cycle is closely related to climate, global climate
models require input on C storage, distribution (horizontal and vertical), and turnover
times (Ciais et al., 2013; Koven et al., 2015; Luo et al., 2016). Although it is well estab-
lished that the permafrost SOC pool is relevant because of its size and potential lability, it
is only in its initial stages of being included in global climate models (Ciais et al., 2013),
and incorporating accurate estimates of size and distribution of northern permafrost SOC
stocks is essential to decrease modeling uncertainties (Boike et al., 2012; Burke et al.,
2012; Mishra et al., 2016). An assessment by 98 permafrost-region experts revealed the
prevailing prediction that by the year 2100, permafrost regions will have become a C
source, as increased biomass production is not expected to outweigh C losses (Abbott
et al., 2016). At the same time, the study by Abbott et al. (2016) shows the large uncer-
tainties involved in these predictions, mostly because of the strong temperature sensitivity
of permafrost C release.

At the moment, there is a critical gap between the scales at which field studies are
conducted, and the resolutions at which LSMs operate. LSMs have trouble including het-
erogeneous permafrost terrain into large grid cells, which can be hundreds of kilometers
across (Parmentier et al., 2017). Although progress is made toward the upscaling of small
scale processes, models are still limited by their resolution (Chadburn et al., 2015). At
the same time, advances in empirical field research often increase the complexity of our
state of knowledge on soils and ecosystem interactions, and remote sensing techniques
become increasingly detailed. It is therefore questionable whether the gap between LSMs
and our understanding of landscape processes can be bridged without making a deliber-
ate effort to do so. In order to address the issue of linking these scales, it is necessary to
assess what data are ‘most essential’, and to determine simple proxies that can be used
to efficiently predict these. In other words, for LSMs and from a global environmental
perspective, it might not always be necessary to include increasing amounts of variability
and complexity.

We have explored methods to obtain simple, coarse-resolution, yet accurate quantity
and distribution estimates of permafrost SOC stocks on Spitsbergen, the largest island in
the Svalbard Archipelago (Weiss et al., in review; Paper I). There are currently no esti-
mates of SOC distribution on the scale of the entire island of Spitsbergen, other than those
provided in the updated version of the NCSCD (Hugelius et al., 2013). This database is of
unparalleled value, as it provides a circumarctic quantification of permafrost SOC pools
that has only been available since about a decade ago (Tarnocai et al., 2009). Considering
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according to the NCSCDv2 (Hugelius et al., 2013). (b) Improved C stock estimates and distribution patterns
for the same region according to Weiss et al. (in review).

the large scale of this dataset, comparable to LSMs and ESMs, it cannot be expected to
provide detailed landscape distribution estimates, and overall the uncertainties are still
large (Hugelius et al., 2014). For example, Spitsbergen is currently estimated to contain
3.8 kg C m−2, with no further spatial distribution specified (Fig. 6.1a). A simple upscal-
ing scheme based on the relationship between elevation and observed SOC content from
detailed field studies (Fig. 5.1), in combination with elevation data (Norwegian Polar In-
stitute, 2014b), was used to obtain a first estimate for regional SOC partitioning (Fig. 6.1b;
Weiss et al., in review). The average 0–1 m SOC content for Spitsbergen according to
the NCSCDv2 is currently 3.8 kg C m−2, whereas the estimated average amount with the
elevation-based model is 2.8 kg C m−2, or 6.3 kg C m−2 for currently unglaciated land.
Although the map in Fig. 6.1b provides a visual indication of predicted distribution, for
LSMs it is perhaps more important that the model provides practical classes with reason-
able uncertainty ranges. The model provides a ‘tiling scheme’ (percentages of the land
surface with corresponding SOC content and uncertainty values) that are an improvement
over the previous one-value data.

There are numerousways to improve this upscalingmodel. For example by increasing
the number of field observations, using additional spatial data (e.g. geologic, vegetation,
or geomorphologic maps), or including landscape position-classifications that include
topographic factors like slope and aspect. Such approaches would refine the specific
estimate for Spitsbergen, but in order to make this applicable for large areas that lack
field data, the simplicity of an upscaling model is essential.

To bridge, or at least narrow the gap between LSMs and field observations, it is impor-
tant for both communities to stipulate required products and possible approaches to obtain
these. The validity of an upscaling exercise cannot merely be measured in statistical pa-
rameters, but should additionally depend on the specific aim. Detailed high-resolution
upscaling products can provide exceptionally accurate estimates with high levels of cer-
tainty, but this does not mean that it will improve the usability for global models. In fact,
the opposite might be true, as these could intensify the challenge of translating heavily
divided complex data into enormous grid cells.
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In the end, there is no question about the pure scientific merits of understanding per-
mafrost soil processes and landscape dynamics. Important steps can be made for envi-
ronmental reasons, as well as for the northern communities that interact with permafrost
landscapes on a daily basis. Improvements in landscape feature mapping can both be a
direct benefit of this work, and can promote future research that could be vital for envi-
ronmental and climate science.

A final consideration regarding permafrost SOC quantification relates to the limited
significance on local scales. Although SOC content can impact small scale biochemical
processes (e.g. through priming, the stimulation of SOM decomposition as a result of
increased SOC availability; Wild et al., 2016), the consequences are of little concern lo-
cally, but become important for extensive regions due to cumulative effects. Besides the
fundamental scientific merit, SOC content assessments have no direct application at field
inventory scales. Predictions of C estimates are primarily relevant as a first step in up-
scaling in order to assess global stocks and potential consequences. Ground ice content,
on the other hand, can strongly influence local landscape change and is relevant for north-
ern communities, infrastructure, and local environmental change. Thermo erosion can
rapidly degrade permafrost terrain and change the surface hydrology, initiate thermokarst
lake formation, change vegetation types, and impact the availability of OM for decom-
position. In other words, permafrost SOC quantification is a fundamental science with
an essential component of improving techniques and overall estimates, but the practical
necessity of high resolution small scale SOC inventories is debatable.

6.2 Labile organic matter, definition and identification

Accurate quantifications are regularly adjusted, and distribution pattern estimates require
improvement, but in general it is well established that the circumpolar north stores a lot of
C. When circumarctic permafrost C estimates went up from 400 to 1700 Pg in a matter of
years, the stakes were raised and it became clear that understanding permafrost-specific
SOM decomposition dynamics was key in appraising the permafrost climate feedback
potential (Kuhry et al., 2010). Even so, databases on decomposability are still several
orders of magnitude smaller than databases on 0–1 m permafrost SOC stocks (Schuur
et al., 2015). Several factors severely complicate the understanding and data collection
regarding permafrost SOM lability.

Common techniques and principles that apply in low latitude soil biogeochemistry
do not necessarily apply in permafrost soils. An example of this is how studies often rely
on the assumption that sub-zero conditions prevent (or at least strongly limit) microbial
decomposition (e.g. Davidson and Janssens, 2006; Routh et al., 2014). This is seen as
an indication that permafrost SOM is easily decomposable, due to a limited degree of
past decomposition. At the same time, studies have shown that microbial decomposition
still occurs at soil temperatures well below 0◦C (Michaelson and Ping, 2003; Panikov
et al., 2006), which in a way undermines (or at least challenges) one of the fundamental
assumptions in permafrost research. Some studies that investigated permafrost-specific
decomposition reported high lability of permafrost SOM due to preservation in sub-zero
conditions (high SOM quality), especially in extensive sediments that steadily accumu-
lated SOM for thousands of years (e.g. Dutta et al., 2006; Panikov et al., 2006; Walter
et al., 2006; Zimov et al., 2006b; Waldrop et al., 2010). At the same time, other studies
reported that in general, permafrost SOM quality was low, due to advanced decomposi-
tion before it was incorporated into the permafrost (Schuur et al., 2008). These diverse
and sometimes even opposite responses once more illustrate the variability in permafrost
landscapes and soils, and suggest that common quality indicators are not easy to establish.
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Because detailed work on permafrost SOM quality has only received high priority
relatively recently, and permafrost regions are generally challenging to work in (due to re-
moteness and harsh conditions), sophisticated permafrost OM characterizations are rela-
tively rare. Instead, permafrost quality assessments are often limited to proxies like C and
N content, C/N ratios, and the stable isotopes δ13C and δ15N, which can provide insight
into the degree of OM decomposition (e.g. Kuhry and Vitt, 1996; Schirrmeister et al.,
2011a,b; Harden et al., 2012; Hugelius, 2012; Strauss et al., 2015). In Weiss et al. (2016;
Paper II), however, these indications show a different signal: in Kytalyk, (NE Siberia),
upper permafrost samples with higher C content (%C), high C/N ratios, and low δ13C
values, were observed to initially produce significantly less CO2 per g C than samples
low in %C, C/N, and with high δ13C values (Fig. 5.2; Weiss et al., 2016). To test this
surprising observation of initial SOM decomposition, a combined dataset of upper per-
mafrost incubation studies from seven contrasting sites from across the circumpolar north
was examined, which revealed the same response for most study sites (Fig. 5.5). Com-
bined, high arctic as well as lowland tundra sites showed a significant negative correlation
(Weiss et al., manuscript). Although this observation does not explain the relationship,
it emphasizes that indicators for SOM quality should be further investigated, and special
focus should lie specifically on OM in permafrost material. Flux measurements (measur-
ing greenhouse gas fluxes in the field), capture overall ecosystem release, which includes
respiration from the top organic layer and active layer. As these soil layers thaw season-
ally, temperature and hydrologic conditions are different from those in the permafrost,
which, for example, can yield distinctly different microbial communities (Steven et al.,
2007). Total ecosystem respiration is of great value for environmental assessments, but
perhaps not suitable to assess permafrost-specific decomposition. Specific molecular
characterizations reinforce the observed differences between permafrost an seasonally
thawed soil material, and often confirm the labile nature of permafrost OM. Waldrop
et al. (2010) for example, observed lower microbial abundance, but higher respiration
from permafrost soils than from active layers. They also observed higher concentrations
of DOC in their permafrost samples, which could explain the observed lability (Waldrop
et al., 2010). Several studies in Siberian lowland tundra sites have suggested a similar
high level of DOC in the lower active layer and upper permafrost due to incorporation
of humic substances (Dutta et al., 2006; Mergelov and Targulian, 2011; Gentsch et al.,
2015).

In deep sediments, which are known to contribute significantly to the total permafrost
C pool (Hugelius et al., 2014), paleoenvironmental fluctuations during the tens of thou-
sands of years of decomposition have caused stratification of different types of SOM
(Grosse et al., 2013; Schirrmeister et al., 2013). These paleo soil layers vary from distinct
paleosols with buried rodent nests, to visually indistinct layers that have only undergone
incipient soil formation (Murton et al., 2015). In fact, instead of accretion of unaltered
SOM due to syngenetic permafrost development, Murton et al. (2015) suggest that most
of the yedoma sediments in their study have experienced some form of soil formation—
and thus decomposition. This account relates to the findings by Weiss and Kaal (in re-
view, Paper III), who present a molecular characterization of the upper permafrost incu-
bation samples used inWeiss et al. (2016; Paper II). The labile permafrost samples (which
had low%C, low C/N, high δ13C) correlated with samples that consisted of increased lev-
els of N-rich microbial biomass and decomposed plant tissue, indicating a higher degree
of decomposition. More recalcitrant C-rich samples, on the other hand, displayed higher
levels of little-decomposed plant material (rich in lignin and cutin/suberin). Although the
incubated samples were from the upper permafrost, which is influenced by Holocene soil
formation (e.g. DOC illuviation), layers of similar SOM types were observed in the nearly
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6 m deep soil exposure (going back at least 20 ka BP) that was analyzed by Weiss and
Kaal (in review). This suggests stratification of more decomposed and less decomposed
SOM, representing phases of stronger or weaker soil formation, possibly resulting from
slower or faster sedimentation rates. Pleistocene phases of relatively stable conditions
and little aeolian sedimentation on the surface could have resulted in increased soil for-
mation and SOM decomposition, whereas colder periods of rapid sedimentation would
have prevented prolonged SOM decomposition before being stabilized in the permafrost.
Since these observations are specifically based on yedoma samples, it is speculative to
project similar dynamics on SOM from regions without such sedimentary records.

Weiss and Kaal (in review) also reported findings in the top of the sampled exposure
which, due to shore erosion on the bank of a thermokarst lake, was recently exposed to
summer air temperatures. The molecular signal of the part of the exposure that had re-
cently thawed out was similar to that of C-rich (more recalcitrant) Yedoma, but lacked
the corresponding higher C-content. It is possible that this was caused by the sudden
melt of ground ice and subsequent evacuation of DOM. Although this hypothesis cannot
be confidently substantiated by these observations, it provides an explanation for recent
studies reporting high levels of ancient aliphatic DOM being released and rapidly decom-
posed in arctic rivers (Vonk et al., 2013; Spencer et al., 2015). As high levels of labile
DOM in arctic rivers could be a significant part of the overall C-loss from permafrost
regions, further investigation on changes in molecular OM signature related to physical
degradation processes is required.

6.3 Organic matter availability

The importance of OM availability is crucial to observed and projected C losses in ev-
ery study included in this thesis. In the High Arctic, recent (Holocene) deglaciation,
limited vegetation cover, mechanical erosion due to freeze-thaw cycles, and nival ac-
tivity (relating to accumulation and dynamics of snow) strongly influence erosion and
slope processes, nutrient availability, and thus soil formation and C dynamics (Weiss
et al., in review; Paper I). The extensive lowland tundra of NE Siberia is not prone to
slope processes, but massive ground ice (up to 80 volume %, and locally even higher;
Schirrmeister et al., 2011b) causes substantial ground subsidence and slumping as a re-
sult of melt (Zimov et al., 2006a; Strauss et al., 2015; Tanski et al., 2017), illustrated in
Fig. 6.2. Large parts of these lowlands have undergone such thermokarst activity during
warmer Holocene periods, often as a cyclic process of melt, lake formation, drainage,
refreezing, ground ice formation, and melt (Fig. 6.3; Weiss et al., 2016). This process
is not truly cyclic, as refreezing does not return the soil to the same state as before the
thermokarst event. Only c. 30% of the yedoma region is currently covered with ‘intact’
yedoma uplands (Strauss et al., 2013). Disturbance due to ice melt, thaw, and erosion
can mobilize mineral and organic matter, and can make large amounts of C rapidly avail-
able for transport and decomposition (e.g. Vonk et al., 2013; Cassidy et al., 2016; Tanski
et al., 2017; Fig. 6.2).

If we compare the effects of gradual active layer deepening to rapid degradation (e.g.
by thermokarst lake erosion), we find that permafrost is relatively resistant to gradual
thaw, due to the insulating effect of vegetation and snow cover that accompany a warm-
ing climate (French, 1999; Boike et al., 2012; Koven et al., 2009), and high concentra-
tions of excess ice in the upper permafrost that retard warming due to the phase change
of ice to water (Shur et al., 2005). For example, Burn and Nelson (2006) pointed out
that during Holocene warm periods the depth of the active layer (in NW Canada) was
only double that of the current one. Depending on soil and environmental characteristics
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Yedoma (ground ice) thaw slump I II III IV V VI

Figure 6.2. Retrogressive thaw slump due to bank erosion of ice-rich Yedoma in a meander of the Berelekh
river, NE Siberia (2012). Note the (at least) five comparable thaw slumps in the background.

(such as vegetation type and ice content), deep C stocks could in fact be more stable than
once suggested (Froese et al., 2008). In a study by Hugelius et al. (2011), active layer
deepening was estimated to make more SOM available for decomposition, although OM
released by thermokarst erosion was assumed to be more labile. Even though Hugelius
et al. (2011) did not predict larger quantities of C released by thermal erosion, they did
illustrate the crucial interaction between quality and availability.

Permafrost soils and landscapes can switch between dry and wet conditions, which
results in shifts between oxic and anoxic OM decomposition, and production of CO2

and CH4 (Schuur et al., 2015). Although CH4 is a more potent greenhouse gas than
CO2, Schädel et al. (2016) predict that due to higher C mineralization rates under oxic
conditions, more C will be lost from dry environments. C-rich sediments like yedoma
deposits are vulnerable to thaw and thermokarst formation, due to the high ground ice
content (Fig. 6.3). Thermokarst lakes produce large amounts of CH4, which could rep-
resent an important component of the permafrost carbon feedback (Walter et al., 2006).

Holocene iceActive layer / Talik

Yedoma (~50-80% ice) Peat

Taberite

WaterOrganically enriched material

(a)

(b)

(c)

(e)

(d) 

(f)

Figure 6.3. Thermokarst dynamics in ice rich yedoma terrain. (a) Intact Yedoma at the end of deposition.
(b) Initial thaw, ice melt, and ground subsidence, with unfrozen sediments below lake (talik). (c) Drainage
and/or infilling terrestrialize thermokarst basins, sediments refreeze. (d) Ground ice (wedges) form in re-
frozen thermokarst basin. (e) Subsequent phases of thermokarst development can occur. (f) Processes as
during stage c can repeat. (Weiss et al., 2016)
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Furthermore, thermokarst can rapidly thaw deep sediments that would not become avail-
able for decomposition through active layer deepening alone (Schuur et al., 2015). On
the other hand, due to the cyclic nature of thermokarst dynamics, drained thaw basins
sequester large amounts of C (Weiss et al., 2016), and may eventually behave as C sinks,
instead of sources (Walter Anthony et al., 2014). Permafrost strongly influences hydrol-
ogy because the frozen subsoil largely prevents water movement, and thus acts as an
impermeable layer (Panikov, 2009). At the same time, hydrology influences permafrost,
as lateral groundwater flow is observed to significantly increase ground temperatures, and
(in models) cause ground ice to melt earlier in the season (Sjöberg et al., 2016). Besides,
through the development of lateral conduits (Weiss et al., 2016; Fig. 6.3), thermokarst
lakes can drain when unfrozen sediments under the lake (talik) expand, and eventually
completely penetrate the permafrost layer (open talik).

The results of an assessment by 98 permafrost experts indicated that the prevailing
opinion within the permafrost-science community is that (by the end of the 21st century)
the strongest C losses are expected to occur through arctic rivers and eroding coastlines,
and as a result of disturbance by fire (Abbott et al., 2016).

Changes in water balance, shifts in vegetation communities, and permafrost degra-
dation were reported as the largest sources of uncertainties in model predictions (Abbott
et al., 2016). Fire has been mentioned as a major cause for C loss, as well as a major
source of uncertainty because it is inadequately represented in models (Hobbie et al.,
2000; Schuur et al., 2008). In boreal forests, fire causes a direct release of C, and contin-
ues to act as a C source during the years following the fire, until vegetation regrows, and
the forest becomes a C sink (Hobbie et al., 2000). Soil warming and active layer deepen-
ing following fires can furthermore act as a feedback for decomposition at greater depths
than those directly impacted by the fire (Schuur et al., 2008). Although fires are a natural
part of many boreal ecosystems, increased water stress and high summer temperatures
increase the frequency and magnitude of fires (Lenton et al., 2008; Murton, 2009).

Although the importance of permafrost C availability is becoming increasingly clear,
it remains one of the most uncertain aspects in permafrost SOM decomposition assess-
ments.
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7 Synthesis and outlook

Permafrost carbon quantity, quality, and availability are part of one interlinked system.
Even so, we can distinguish between research that focuses on individual parts of the
system, and more holistic work that concentrates on interactions and a comprehensive
environmental response.

Over the past decades, it has become clear that the sheer amount of C in permafrost
terrain makes it a crucial component of the global C cycle: the release of only a fraction of
this reservoir to the atmosphere could cause a tipping point further exacerbating climate
change. Even though the amount of C in the circumpolar north is the primary control
over the potential climate feedback, improving the exact overall estimate is becoming
less critical as uncertainties have become smaller. Instead, the biggest unknown is now
the total amount of permafrost C that will be remobilized.

The need to understand permafrost OM quality remains relevant. Advances in per-
mafrost OM quality research over the past decades have revealed complex systems that
are, as of today, not fully understood. Permafrost has an important impact on OM quality,
although more investigations on decomposition processes and lability controls in per-
mafrost are essential. For example, general assumptions concerning potential decom-
posability often appear to not apply in permafrost settings, as seen in Papers II, III, and
IV. The unpredictable results observed in permafrost OM quality studies indicate that re-
search specifically on permafrost OM lability controls is still in its early stages. The com-
bination of the large uncertainties in quality, and the magnitude of the permafrost C pool,
makes that new findings can have far-reaching consequences. With increasingly accu-
rate SOC stock quantity estimates, decomposition processes and trajectories are gaining
relative importance.

Availability has always been a key contributing factor to potential C release from
permafrost. In recent years, however, it seems to have become increasingly clear that
availability might be the key factor that controls potential permafrost C losses. For ex-
ample, Schmidt et al. (2011) stated that LSMs should change from focusing on carbon
pools with intrinsic decomposition rates (based on quality), to mechanistic modeling that
includes (de-)stabilizing processes that “actually govern carbon dynamics and therefore
the strength of climate feedbacks”. The assessment by Abbott et al. (2016) furthermore
illustrates the overall uncertainties that prevail when it comes to predicting future re-
sponses in arctic permafrost regions. The largest uncertainties, as well as the largest po-
tential sources of C loss, were associated to availability due to sudden release in oceans
and rivers by coastal erosion, and most importantly, increased fire activity (Abbott et al.,
2016). Dynamic landscape processes have the ability to eclipse small scale mechanisms,
and could thus dictate overall landscape response.

In view of one of the most pressing issues mankind faces today, the potential per-
mafrost carbon climate feedback remains relevant. Rapid and increased availability of
permafrost C could be the dominant control, and understanding past, present, and future
periglacial landscape dynamics is paramount for climate research. Methods should be
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developed to include permafrost geomorphology in global C models, and fundamental
work on permafrost-specific SOM quality should be continued to better understand pro-
cesses that dictate preservation and decomposition in (changing) permafrost terrain, as
even now this intriguing subject remains largely unknown.

Considering the relevant but largely uncharted controls and potential response of the
permafrost carbon climate feedback, it is not difficult to state questions and hypotheses
for future research. At the same time, because of the large unknowns, it is not easy to
establish an order in relative importance. Based on this thesis, the following objectives
should be prioritized.

• Include the permafrost C pool in global climate models. Modeling communities
and field scientists have to clearly define priorities and express limitations to ac-
complish this. It should become a main objective for field scientists to provide
concrete model input in order to bridge this gap, instead of performing isolated
studies and translating these subsequently as best as possible. Sampling should
ideally include a large number of widely distributed sites from large areas and in-
clude terrain that contains little (or no) SOC.

• Quantify and qualify geomorphologic processes in permafrost environments.
Periglacial landscape dynamics largely determine C cycling in permafrost soils
and thus need to be parameterized. Geomorphological maps of permafrost terrain
should be developed with a focus on mass movement that includes OM, at both
local and regional scales, in order to identify dominant processes and establish
representative definitions. Fundamental field-oriented work on periglacial geo-
morphology should be continued in addition to the development of novel remote
sensing techniques.

• Characterize universal indicators for potential permafrost OM decomposability.
This was one of the main overall objectives of this PhD project, and the need to
link the available rudimentary geochemical data from circumarctic C assessments
to potential greenhouse gas emissions continues to be a major issue. As for C quan-
tity estimations, the urgency to increase our basic understanding calls for straight-
forward assessments that can subsequently be reviewed, contested, discussed, and
improved.

• Continue more elaborate OM quality studies specifically on permafrost material.
Permafrost is a major unknown control over OM characteristics and decomposition
trajectories and should therefore be investigated, detached from other soil compo-
nents. Flux and respiration studies often include the response from organic top
soils and active layers, and can therefore obscure the response from OM decom-
position in thawing permafrost. Incubation studies on permafrost material in com-
bination with intricate molecular fingerprinting (using techniques that are novel
for permafrost settings) will improve our understanding of decomposition in per-
mafrost, and identify mechanisms that are equivalent to non-permafrost soils, and
those unique for permafrost.

• Explore pragmatic methods to scale SOC quantity and distribution up to large re-
gions. In addition to detailed field inventories that are commonly performed, re-
gional validation data can provide insights in SOC dynamics, and (in high-relief
landscapes) serve as a basis for efficient methods like elevation based upscaling. To
explore the practicality of specific approaches, such as elevation based landscape
position classification, sampling efforts should be designed specifically to include

32



Permafrost carbon in a changing Arctic

a statistically robust distribution of sites covering all included classes. This is fea-
sible since landscape position classifications can be performed prior to sampling,
as opposed to landcover classifications that need calibration based on field obser-
vations.

• Establish long term observations of permafrost OM decomposition after thaw.
Decomposition of OM in permafrost shows a changing signal over time during
the first year of incubation. Long term incubation and decomposition studies are
rare, partly due to the relatively short duration of research projects (often less than
5 years). Considering the time to set experiments up, interpret results, and publish
findings, few incubation and OM decomposition studies exceed 2–3 years. How-
ever, to accurately assess long-term response, continued observations following
thaw are essential, in addition to extrapolating short-term experiments. Projects
should consider continuation of experiments as this could yield important results,
even though this might not be the most lucrative strategy in our current academic
climate.
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