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Abstract

Peatlands are a globally-important terrestrial carbon store, provide a range of ecosystem services
and are valuable archives of information regarding past environmental change. Reconstructions
of past ecohydrological dynamics in peatlands can help improve understanding about the
response and vulnerability of these carbon-rich ecosystems to ongoing and future climate change.
In this thesis, | use palaeoenvironmental techniques to investigate trends in ecohydrology and fire
regime in mid- to high-latitude peatlands during the Holocene. My findings highlight the
importance of not only climate but also autogenic mechanisms in driving change in peatland
ecosystems. | show that water-table depth and pH exhibit a strong control over modern
distributions of peatland testate amoeba communities in Svalbard, and that statistical transfer
functions can be successfully used to quantitatively reconstruct past hydrological and
hydrochemical conditions from downcore assemblages. From a multiproxy palaeoecological
investigation of 10 permafrost peatland records in northern Sweden, | found a divergent
ecohydrological response to recent warming. Whether a peatland became wetter or drier was due
to autogenic and local factors relating to permafrost thaw, vegetation dynamics, decomposition
and productivity. Composite analysis of 221 macrocharcoal records from across North America,
Europe and Patagonia highlights regional variability in peatland burning trends during the
Holocene. Climate was the main driver of peatland fire, yet human activities appear to become
more important in the late Holocene — predominantly in Europe. Peatlands show lower
susceptibility to burning than the wider landscape, likely in relation to autogenic processes helping
to maintain high moisture levels. Overall, this thesis shows that alongside the overarching
influence of climate, autogenic processes play an important role in controlling ecohydrological and
fire dynamics in peatlands. Under future climate change, autogenic feedbacks may help some
peatlands — particularly those less modified — maintain sufficient moisture, but overall the stability

of the peatland carbon store will likely reduce.
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Chapter 1 - Introduction



1.1. Background and rationale

Peatlands cover ~3% of global land area (>4 million km™), they are distributed in both northern
and southern hemispheres across tropical, temperate, boreal and arctic regions, but the majority
are located at mid- to high-latitudes (Xu et al., 2018a). Despite this limited geographic extent, they
store an estimated 600 Gt C accounting for ~25% of global soil carbon storage (Yu et al., 2010).
The peatland carbon store is equivalent to over half the carbon in the atmosphere (Houghton,
2007) and over twice that stored in global forests (Pan et al., 2011). It is therefore important to
understand the vulnerability of the peatland carbon store in the face of climate change and
intensifying human modification of these ecosystems. Peat consists of partially decomposed plant
material. To classify as peat the material has to contain at least 30% (Joosten and Clarke, 2002) or
50% (Burton and Hodgson, 1987) organic matter at dry mass. In many classifications a minimum
peat depth has to be attained before an ecosystem can be defined as a peatland; there is general
agreement that a depth of 30-45 cm is sufficient (Hammond, 1981; Hanell, 1991; Zoltai and Pollett,
1983).

The accumulation of peat occurs when the formation of plant litter outweighs losses to
decomposition, combustion or erosion over timescales of centuries to millennia. Net gains usually
require waterlogged, anoxic conditions which greatly slow decomposition (Charman et al., 2013;
Gorham, 1991). A large proportion of peatland extent is coincident with permafrost areas (Figure
1.1), where the cold conditions further limit decomposition losses — with an estimated 277 Gt C
stored in permafrost regions (Tarnocai et al., 2009). Permafrost occurs in the cold regions of the
world where rock or soil remains below 0°C for two or more consecutive years (French, 2017). At
mid- to high-latitudes in temperate, boreal and arctic regions the cool temperatures keep rates of
decomposition low and peat forming vegetation consists of mosses, grasses, sedges, shrubs and

sometimes trees (Page and Baird, 2016).
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Figure 1.1. A) Distribution of northern peatlands (Xu et al., 2018a) and B) extent of ice, glaciers and permafrost (Brown et al., 2002). Map extent is >40 °N.



Not only do peatlands act as globally important carbon stores, they provide a range of ecosystem
services that include biodiversity protection, water purification/regulation, importance as cultural
landscapes and excellent archives of past environmental change. Specifically, peatlands provide a
habitat for highly specialised plant species and are important for certain stages in the life cycle of
other organisms; for example they are refuges for migrating or breeding birds (Minayeva et al.,
2016). The presence of even small wetland habitats has been shown to be important for the
maintenance of vertebrate biodiversity (Gibbs, 1993). Peatlands are a key source of drinking water
in the UK (Holden et al., 2007; Xu et al., 2018b), with atmospheric pollutants immobilised and
retained in the peat (Smith et al., 2013). Similarly, intact peatlands with abundant Sphagnum
coverage can slow the flow of water across the surface and influence the timing of flood
hydrograph peaks (Evans et al., 2014; Holden et al., 2008). Culturally, peatlands have spiritual
associations and provide the opportunity for recreational activities such as shooting or walking
and can be harvested for fuel; however, mismanagement of these activities can lead to
degradation (Waylen et al., 2016). The anoxic conditions found in peatlands that allow for the
build-up of organic carbon, are also ideal for the preservation of cultural artefacts (or even bodies)
and of sub-fossil material that provides information about past environmental change (Gearey

and Fyfe, 2016).

In the presence of anoxic waterlogged conditions and the associated low decomposition rates,
productivity can remain higher than decomposition (Gallego-Sala et al., 2016) (Figure 1.2).
Similarly, near-surface water-tables encourage the growth of decomposition resistant vegetation,
e.g. Sphagnum mosses (Rydin and Jeglum, 2006). Peatlands can be broadly categorised into bogs
and fens. Bogs are ombrotrophic ecosystems that receive their water and nutrients solely from
precipitation, while fens are more minerotrophic and receive additional water and nutrients from
groundwater or runoff from the surrounding catchment (Rydin and Jeglum, 2006). Sphagnum is a
key peat forming species and its productivity has been shown to increase with levels of
photosynthetically active radiation (PAR) and the length of the growing season (Loisel et al., 2012).
Mid- to high-latitude peatlands have formed and grown since the last glacial maximum (Gorham
et al., 2007; Yu et al., 2010), with the majority initiating as growing seasons became warmer and
longer in the early-Holocene (Morris et al., 2018). Therefore, the productivity of peatland
ecosystems may be more important than decomposition for long term carbon storage (Charman
et al., 2013). The flow of water through a peatland transports carbon to nearby watercourses in
the form of dissolved organic carbon (DOC), particulate organic carbon (POC) and dissolved
inorganic carbon (DIC) (Billett et al., 2006; Olefeldt et al., 2013). These fluvial carbon losses

typically account for 10-30% of total losses in a peatland (Limpens et al., 2008; Worrall et al.,



2003). On a less frequent timescale, but with a greater severity are losses of peatland carbon to
fire. Peatland fire occurs on a centennial to millennial timescale and is particularly important in
boreal regions, yet intact peatlands with high moisture content have some protection from

burning (Harden et al., 2000; Turetsky et al., 2015).

Plant litter Microbial
Production decomposition Fire
CO, CH, N,O CO CO, CH, N,0

ot 1

Peatland

Erosion/
Transport
DOC POC DIC

Wetness Permafrost Vegetation

Human
activities

Figure 1.2. Simplified conceptual model of processes affecting the peatland carbon balance. Green arrows
signify carbon gains, while red arrows indicate losses. Green boxes represent local scale autogenic factors
and blue boxes are allogenic factors.

With climate warming in the twenty-first century — where adequate moisture can be maintained
— there is the potential at high latitudes for increased peatland productivity that may outweigh
losses to microbial decomposition (Gallego-Sala et al., 2018). However, while climate directly
influences both plant productivity and decomposition rates, climate also indirectly influences
hydrological conditions, vegetation, permafrost thaw and fire that can complicate the relationship
(Akerman and Johansson, 2008; Turetsky et al.,, 2015; Yu et al., 2009). Therefore, there is
considerable uncertainty on future carbon sink capacity of peatlands (Hugelius et al., 2020) —
particularly at high-latitudes where peatlands have shown an inconsistent carbon accumulation
response to recent warming (Zhang et al., 2018). Climate remains the primary control on peatland
accumulation, but the direct modification of peatlands by humans (e.g. drainage, afforestation,

grazing) is having an increasing impact (Page and Baird, 2016).

In Europe, increasing temperatures and human activities have greatly contributed to recent
widespread peatland drying (Swindles et al., 2019). Climatic drying in boreal and temperate
regions has been linked with increased aerobic decomposition and losses of CO, to the
atmosphere (Helbig et al., 2020; Zhang et al., 2020). At high-latitudes, warming conditions have

led to permafrost thaw and thickening of the active layer (Akerman and Johansson, 2008; Burn



and Kokelj, 2009; Christensen et al., 2004), which has influenced peatland hydrology, vegetation
and biogeochemical cycling (Liljedahl et al., 2016; Valiranta et al., 2021; Zhang et al., 2017). By
2100, it is likely that human induced warming will dramatically reduce the climatic-space suitable
for permafrost peatlands in northern Europe and Western Siberia (Fewster et al., 2022). Although
not yet modelled, the climate-space for permafrost peatlands in North America is also likely to
decrease massively. With the thawing of permafrost, previously inert carbon is exposed to
decomposition and emission to the atmosphere, potentially leading to a feedback with climate
(Schuur et al., 2015). Permafrost thaw commonly leads to thermokarst subsidence and localised
wetting (Johansson et al., 2006; Swindles et al., 2015b; Zoltai, 1993), where the pooling of water
at the surface of a peatland can lead to increased anaerobic microbial respiration and carbon loses
in the form of CH,4 (Christensen et al., 2004; Gorham, 1991). Alternatively, peatlands undergoing
permafrost thaw can experience localised drying with increased hydrological connectivity and
drainage (Connon et al., 2014). There is some evidence to suggest that permafrost peatlands may
experience increased carbon accumulation where hydrological extremes are avoided (Swindles et
al., 2015b). Consequently, there is uncertainty in how permafrost peatland hydrology, vegetation

and carbon balance will respond to climate change.

Peatland surface moisture is an important factor in limiting the risk of fire (Thompson et al., 2019).
Consequently, with warmer and drier conditions peatland fire frequency and extent may increase
— particularly in boreal regions — emitting large quantities of carbon to the atmosphere (Flannigan
et al., 2009; Turetsky et al., 2015). There is evidence to suggest peatland burning has increased in
recent decades in Alaskan forests and peatlands (Turetsky et al., 2010). Moreover, increasingly
frequent or extensive peatland fire may increase permafrost thaw by raising soil temperature
(Gibson et al., 2018). There are a number of autogenic feedbacks within peatland ecosystems such
as the moisture retention abilities of Sphagnum moss communities and hydrological connectivity,
that are likely to only partially mitigate greater peatland fire with warming (Nelson et al., 2021).
Additionally, permafrost thaw may lead to greater erosion and losses of DOC (Olefeldt and Roulet,
2012). Ultimately, the influence of climate change on peatland carbon storage is likely to be
detrimental, but to what extent remains uncertain. This uncertainty is largely in relation to
peatland autogenic processes and the interaction between hydrological conditions, fire,
vegetation and permafrost thaw (Abbott et al., 2016; Loisel et al., 2021; Veraverbeke et al., 2021;

Waddington et al., 2015).



1.1.1. Peatlands as palaeoenvironmental archives

The study of peatland ecosystems can broadly be categorised into monitoring, experimental,
modelling and palaeoenvironmental approaches. All approaches contribute to the advancement
of the discipline and have their various strengths and weaknesses, which | consider briefly below
before focusing on the use of peatlands as palaeoenvironmental archives in more detail. In this
thesis, | adopt a palaeoenvironmental approach, using the information preserved in peatlands
about past environmental change to better understand these ecosystems on a centennial to

millennial timescale.

Contemporary monitoring studies generally measure variables directly in the field, with a
prominent example being the use of flux towers or chambers to measure CO;, and/or CH,4
emissions from a peatland (Billett et al., 2010). Here the influence upon peatland carbon fluxes of
an intact vs. restored peatland (Jauhiainen et al., 2016) or of differing hydrological conditions
(Christensen et al., 2004) can be investigated. The main advantage here is that the measurements
are taken in situ; however, studies are limited in the temporal extent to decades at most. For
example for permafrost peatlands in northern Sweden, continuous active layer depth monitoring
stretches back to 1978 (Christensen et al., 2004), while extensive monitoring of CO, and CH, fluxes
began no earlier than the 1990s (Johansson et al., 2006). An experimental study can modify
variables by for example increasing soil temperature or raising the water-table in the field
(Turetsky et al., 2008) or in a laboratory setting (Moore and Dalva, 1993). Therefore, an
experimental approach attempts to isolate the influence of specific variables, but again is limited
in temporal extent by resource availability. The use of satellite imagery to study peatland
processes straddles both monitoring and modelling approaches and is generally termed remote
sensing. Optical data from satellites allow the study of large spatial extents and can be used to
drive models of peatland carbon flux, but records only date back to the 1970s and these early
records are of reduced spatiotemporal resolution (Lees et al., 2018). Modelling is excellent for
implementing the knowledge gained from monitoring and experimental studies, applying it on a
greater spatiotemporal extent and in developing new research hypotheses. Yet, all models are
wrong to some extent, so itis important to understand their limitations during interpretation (Box,
1976). Prominent examples of models for peatland development are DigiBog (Baird et al., 2012;

Morris et al., 2012) and the Holocene Peat Model (Frolking et al., 2010; Quillet et al., 2013).

A palaeoenvironmental approach uses information preserved in peat to reconstruct past
environmental conditions. This usually involves extracting cores or monoliths, producing an age-

depth model and analysing sections of the core for the physical properties of peat or



environmental proxies (Chambers et al., 2011). Methods for dating a peat profile include *C and
210pp jsotope dating, tephrochronology and spheroidal carbonaceous particles (SCPs) (Gearey and
Fyfe, 2016). Common environmental proxies include testate amoebae for past moisture
conditions (Booth et al., 2010), plant macrofossils or pollen for past vegetation (Birks and
Berglund, 2018; Mauquoy et al., 2010) and charcoal as an indicator of past fire (Mooney and
Tinner, 2011). These proxies provide a snapshot of the environmental conditions at the time a
particular layer of peat formed (Amesbury et al., 2011) and are reviewed in greater detail in the
following sections. The advantage of a palaeoenvironmental approach is that it can reconstruct
environmental change on the decadal to millennial timescale that peatland ecosystems develop
on and account for any potential lag times to external forcing (Swindles et al., 2016). Similarly, this
approach can provide an early warming of future changes (Finlayson et al., 2016) and even inform
current conservation practices (McCarroll et al., 2016). However, in certain situations the signal in
a peat archive can be degraded, for example, extreme drying may expose older peat to secondary
decomposition and distort carbon accumulation rates (Morris et al., 2015; Swindles et al., 2012;
Young et al.,, 2021). Therefore, the factors that may degrade peatland palaeoenvironmental

archives need to be considered in their interpretation.

1.1.2. Testate amoebae

Testate amoebae are single celled eukaryotic organisms universally found on the surface of
peatlands (Figure 1.3) and are commonly used as indicators of past hydrological conditions owing
to their sensitivity to moisture and resistance to decomposition (Booth et al., 2010; Charman et
al., 2000). Testate amoebae are limited to the surface of peatlands by moisture availability, light,
temperature and nutrients (Charman et al., 2000; Mieczan, 2010; Roe et al., 2017). Therefore,
subfossil testate amoebae can be used to infer past environmental conditions from the time they
were deposited in the peat record. Transfer functions to reconstruct past environmental
conditions can be developed by measuring contemporary testate amoeba species distribution
across an environmental gradient, most commonly for a range of water-table depths (WTDs).
Certain species of testate amoebae with weak idiosomic siliceous tests (WISTs) — such as Euglypha
spp. — preserve less favourably down core. WISTs do not typically introduce discernible bias in
WTD reconstruction, but it is recommended they are excluded to ensure robust reconstructions

(Swindles et al., 2020).

A number of testate amoeba transfer functions for peatland hydrological conditions have been
developed in temperate (Booth, 2008; Charman et al., 2007; Lamentowicz et al., 2008; Wilmshurst
et al., 2003; Woodland et al., 1998), boreal (Amesbury et al., 2013; Lamarre et al., 2013) and



subarctic regions (Swindles et al., 2015a; Taylor et al., 2019; Zhang et al., 2017). These transfer
functions for hydrological conditions have been primarily developed for ombrotrophic peatlands;
in more minerotrophic settings pH and nutrient levels become a more important factor in testate
amoeba species distribution (Lamentowicz et al.,, 2013; Payne, 2011). Additionally, there are
regional WTD transfer functions for Europe (Amesbury et al., 2016), North America (Amesbury et
al., 2018) and Asia (Qin et al., 2021). The European transfer function has been applied in a regional
synthesis of 31 testate amoeba records across continental Europe, Scandinavia and Britain and
Ireland by Swindles et al. (2019). Yet, the Swindles et al. (2019) study includes few records from
subarctic Europe. In fact, there are areas towards the northern limits of peatland distribution
across Eurasia and North America (e.g. High Arctic Canada, Svalbard or Western Siberia) where
the potential for developing testate amoeba transfer functions to reconstruct past WTD is yet to
be fully explored. This is an important research gap to address because of the rapid rate of change
that high latitude ecosystems are experiencing and the importance of hydrological conditions for
the peatland carbon balance (Evans et al., 2021; Loisel et al., 2021). For this reason, the first aim
of this thesis is to develop and apply a testate amoeba transfer function for peatland WTD and pH

in Svalbard.

Figure 1.3. Examples of peatland testate amoebae photographed at 200-400 times magnification. Scale bar
is approximate. A) Gibbocarina galeata, B) Padaungiella lageniformis, C) Euglypha strigosa, D) Centropyxis
aerophila, E) Arcella discoides, F) Centropyxis gasparella, G) Heleopera rosea and H) Campascus minutus.

1.1.3. Plant macrofossils
Plant macrofossils are the partially decomposed remains (e.g. fruit, seeds, leaves, stems) of plants,

generally 0.5 to 2 mm in size (Birks, 2017). Unlike pollen that can be transported a great distance,

plant macrofossils provide evidence of past changes in vegetation in the immediate vicinity of the
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coring location (Birks and Birks, 2000) and have been widely used to reconstruct past peatland
vegetation (e.g. Gatka et al., 2014; Piilo et al., 2019; Valiranta et al., 2017). Furthermore, plant
macrofossils have been used to estimate the timing of permafrost aggradation/thaw and fen/bog
transitions during the Holocene (Treat et al., 2016; Treat and Jones, 2018). However, this approach
assumes a direct relationship between vegetation and permafrost or nutrient conditions, whereas
in reality a variety of biochemical and hydrological factors influence vegetation composition. Plant
macrofossil remains (excluding roots) are ideal for *C dating because they are deposited in situ at
the time of death (Birks, 2017; Mauquoy et al., 2010). Plant macrofossils can be used to
guantitatively reconstruct past hydrological change in peatlands using modern calibration data
(Véaliranta et al., 2007). However, unlike testate amoeba plant macrofossils are perennial and
spread slowly. Reconstructions of peatland surface moisture from plant macrofossils may be less
sensitive than reconstructions using testate amoebae (Valiranta et al., 2012). This differential
response strengthens the case for multiproxy palaeoenvironmental studies, particularly when
autogenic ecohydrological processes are so important for understanding the resistance, resilience
and vulnerability of mid- to high-latitude peatlands (Waddington et al., 2015). Consequently, the
second aim of this thesis is to investigate the ecohydrological and carbon dynamics response of
permafrost peatlands in a rapidly warming region of subarctic Sweden across multiple sites using

multiple proxies.

1.1.4. Charcoal

Charcoal is the product of incomplete combustion of organic matter that has undergone charring
due to oxygen limitation and once formed, is extremely resistant to decomposition (Mooney and
Tinner, 2011). Since the pioneering work of Iversen (1941), sedimentary charcoal records primarily
in lacustrine settings (Clark, 1988; Earle et al., 1996; MacDonald et al., 1991) have long been used
as a proxy for past fire. Particles are generally separated into macrocharcoal (>100 um) and
microcharcoal (<100 um), with larger macrocharcoal particles dispersing a shorter distance and
reflecting more localised burning than microcharcoal particles (Conedera et al., 2009; Mooney and
Tinner, 2011). Similarly, larger charcoal particles are generally associated with more intense fires
(Clark et al., 1998). A number of studies suggest that macrocharcoal records from peatlands
reflects localised peatland burning (Florescu et al., 2018; Ohlson et al., 2006; Rius et al., 2011).
Similarly, peatland charcoal records are less likely to be subject reworking or secondary deposition
than lacustrine records (Clark and Patterson, 1997; Conedera et al., 2009). Yet on occasion, an
intense smouldering peatland fire may destroy part of the record (Davies et al., 2013). In the last
two decades there have been a number of syntheses that reconstruct global or continental

biomass burning from sedimentary charcoal records (Daniau et al., 2012; Marlon et al., 2016,
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2008; Power et al., 2008; Vanniére et al., 2016). However, currently no such syntheses exist
specifically for peatland ecosystems. Therefore, the third aim of this thesis was to synthesise and
examine existing Holocene peatland biomass burning records from North America, Europe and

Patagonia.
1.2. Research aim and objectives

The overall aim of the thesis is:

“To investigate trends in ecohydrology and fire regime in mid- to high-latitude peatlands during
the Holocene using palaeoecological techniques, with a focus on better understanding autogenic

and climate-driven ecosystem shifts.”

| developed three objectives to achieve this overall aim, which inform the structure of the results

chapters:

1. Develop and apply testate amoeba transfer functions for water-table depth and pH for
high-latitude peatlands in Svalbard (Chapter 2).

2. Investigate the ecohydrological and carbon dynamics response of permafrost peatlands
in a rapidly warming region of subarctic Sweden across multiple sites (Chapter 3).

3. Examine peatland biomass burning trends and controls in North America, Europe and

Patagonia during the Holocene (Chapter 4).

Initially, this project was to focus on reconstructing the ecohydrological response of permafrost
peatlands to late Holocene climatic warming. However, there was a slight change of direction with
the final results chapter owing to COVID-19 related laboratory delays. Instead of investigating the
late Holocene ecohydrological dynamics of peatlands on Svalbard, the last results chapter collates
existing macrocharcoal records to analyse trends in peatland burning in North America, Europe
and Patagonia during the Holocene. Ultimately, this enabled me to consider peatland

environmental change more comprehensively on a broader temporal and spatial scale.
1.3. Thesis structure

This thesis is presented largely in a traditional format, but the three individual results chapters are
comprised of published journal articles, or drafted for publication in the case of Chapter 4. Each
of the following results chapters (Chapters 2, 3 and 4) takes the form of a manuscript that has a
specific research focus relating to one of the research objectives stated above. Each manuscript is

separated into an introduction, methods, results, discussion (or a combined results and
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discussion) and conclusion section. Each chapter contained a separate reference list.
Contributions to each manuscript are listed on pages iii to iv. Chapter 5 brings together the
findings of each results chapter and provides an overall discussion and synthesis of the work
presented in this thesis. Finally, the Appendices (A-C) includes the supporting information for each

of the results chapters.
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Abstract

Peatlands are valuable archives of information about past environmental conditions and
represent a globally-important carbon store. Robust proxy methods are required to reconstruct
past ecohydrological dynamics in high-latitude peatlands to improve our understanding of change
in these carbon-rich ecosystems. The High Arctic peatlands in Svalbard are at the northern limit of
current peatland distribution and have experienced rapidly rising temperatures of 0.81°C per
decade since 1958. We examine the ecology of peatland testate amoebae in surface vegetation
samples from permafrost peatlands on Spitsbergen, the largest island of the Svalbard archipelago,
and develop new transfer functions to reconstruct water-table depth (WTD) and pH that can be
applied to understand past peatland ecosystem dynamics in response to climate change. These
transfer functions are the first of their kind for peatlands in Svalbard and the northernmost
developed to date. Multivariate statistical analysis shows that WTD and pore water pH are the
dominant controls on testate amoeba species distribution. This finding is consistent with results
from peatlands in lower latitudes with regard to WTD and supports work showing that when
samples are taken across a long enough trophic gradient, peatland trophic status is an important
control on the distribution of testate amoebae. No differences were found between transfer
functions including and excluding the taxa with weak idiosomic siliceous tests (WISTs) that are
most susceptible to decay. The final models for application to fossil samples therefore excluded
these taxa. The WTD transfer function demonstrates the best performance (R%o00 = 0.719,
RMSEP 00 = 3.2 cm), but the pH transfer function also performs well (R%00 = 0.690, RMSEP 00 =
0.320). The transfer functions were applied to a core from western Spitsbergen and suggest drying
conditions ~1750 CE, followed by a trend of recent wetting and increasing pH from ~1920 CE.
These new transfer functions allow the reconstruction of past peatland WTD and pH in Svalbard,
thereby enabling a greater understanding of long-term ecohydrological dynamics in these rapidly

changing ecosystems.
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2.1. Introduction

Peatlands and wetlands are widespread across the non-glaciated areas of the High Artic (Walker
et al., 2005) and represent a substantial carbon store, with soils holding an estimated 34 + 16 Pg
C (Hugelius et al., 2014). High-latitude regions in general are now warming at two to three times
the global average rate (Masson-Delmotte et al., 2018) and High Arctic areas are especially
vulnerable to Arctic amplification feedbacks (Serreze and Barry, 2011). There are growing
concerns that warming temperatures will expose greater amounts of soil carbon to decomposition
via deeper permafrost thaw and that warming will increase rates of microbial decomposition,
leading to a positive feedback with climate (Koven et al., 2015; Schuur et al., 2015). Conversely,
increases in productivity associated with longer and warmer growing seasons may result in greater
carbon accumulation in peatlands at mid-latitudes and in particular at high-latitudes (Gallego-Sala
et al., 2018). Hydrological conditions are likely to be crucial factors influencing the balance of
decomposition and productivity in peatlands, with excessive drying linked to increased CO;
production from aerobic decomposition and inundation associated with elevated CH4 production
and flux to the atmosphere (Evans et al., 2021; Lawrence et al., 2015; Olefeldt et al., 2013).
Nonetheless, comparatively less is known about High Arctic peatland processes compared with
those in Boreal and Subarctic regions. Improved understanding of autogenic factors relating to
permafrost thaw, hydrological change, productivity and decomposition are crucial for better
quantifying future peatland carbon dynamics (Sim et al., 2021; Waddington et al., 2015). It is
therefore important that proxy methods for reconstructing past ecohydrological dynamics in High
Arctic peatlands are developed and rigorously tested to increase understanding of ecosystem

change and to inform future predictions.

Testate amoebae are single-celled protists found on the surface of peatlands and are routinely
used as palaeoenvironmental indicators because of the rapid response they demonstrate to
hydrological conditions and the resistance they show to decomposition (Booth et al., 2010;
Charman et al., 2000). Transfer functions to reconstruct past hydrological conditions have been
developed for a range of regions and peatland types (e.g. Amesbury et al., 2018, 2016; Charman
et al., 2007; Qin et al., 2021). More specifically, a number of transfer functions have now been
developed in discontinuous (Lamarre et al., 2013; Swindles et al., 2015; Zhang et al., 2017) and
continuous (Taylor et al., 2019a) permafrost peatlands. Taylor et al. (2019a) also developed a
transfer function for electrical conductivity as a proxy for trophic status. In addition, certain
species with weak idiosomic siliceous tests (WISTs) preserve less well (Payne, 2007; Swindles and

Roe, 2007). This differential preservation needs to be considered by researchers because it can
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introduce taphonomic bias into transfer function reconstructions when WISTs are present in high

abundance (Swindles et al., 2020).

Species diversity of testate amoebae is lower in High Arctic communities than lower latitude
regions and there is thought to be a degree of regionalised distribution in taxa (Beyens and
Bobrov, 2016). Previous studies have recorded the presence of testate amoebae in the
contemporary and fossil records across the High Arctic (Beyens and Chardez, 1995; Sim et al.,
2019) and specifically in Svalbard (Balik, 1994; Beyens et al., 1986¢, 1986b, 1986a; Beyens and
Chardez, 1987). However, the potential to use testate amoebae to reconstruct past hydrological
conditions and/or trophic status for High Arctic peatlands with the development of transfer

functions has yet to be fully explored.
In this paper we:

i Examine the contemporary ecology of testate amoebae in continuous permafrost
peatlands in Svalbard.

ii. Test the hypothesis that the contemporary distribution of testate amoeba species in
Svalbard is primarily controlled by hydrological conditions.

iii. Develop transfer functions that can be used to reconstruct the most important
controls on testate amoeba distribution.

iv. Examine the influence of excluding taxa with weak idiosomic siliceous tests (WISTs)
on transfer function performance.

V. Apply the transfer function(s) to an independent subfossil testate amoeba record

from a peat profile in Svalbard.
2.2. Study region

Svalbard is a Norwegian archipelago in the Arctic Ocean between 74°N and 81°N, of which the
largest island of Spitsbergen is our study region. The climate is moderated by the West Spitsbergen
Current (Walczowski and Piechura, 2011). It is therefore considerably warmer than comparable
latitudes in Canada and Russia, with a mean annual temperature of -4.6°C (averaging period 1981-
2010) at Svalbard Airport near Longyearbyen (78.25°N, 15.47°E, 28 metres above sea level;
Ferland et al., 2011). Records for mean annual precipitation vary on a local scale with a mean
annual precipitation (averaging period 1971-2000) of 196 mm at Svalbard Airport and 409 mm
~108 km north northwest at Ny-Alesund (Hanssen-Bauer et al., 2019). Reanalysis temperature and
precipitation data suggests our predominantly low-altitude sampling sites (Figure 2.1; Table 2.1)

are likely to experience similar climatic conditions to those at Svalbard Airport (Vikhamar Schuler
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and @stby, 2020). Ice-free areas in Svalbard are characterised by tundra with vegetation types
including sedge, grass and brown-moss wetlands and dwarf-shrub and herbs (Walker et al., 2005).
Soil cover in Svalbard is estimated to be around 10% with the majority of the landscape cover
being ice (70%) or exposed rock (20%) (Hugelius et al., 2013). Despite this limited soil cover, ~5%
of the land area of Svalbard (equivalent to ~50% of total soil cover) is estimated to be accumulating
peat (Tanneberger et al., 2017) and long-term carbon accumulation rates of 9-19.2 g m2yr? have

been recorded (Nakatsubo et al., 2015).

Composite temperature data from Svalbard Airport between 1899 and 2017 show a linear
increase of 3.1°C per century despite cooler periods in the 1910s and 1960s, while reanalysis data
for the whole of Svalbard show warming of 0.81°C per decade from 1958 to 2017 (Hanssen-Bauer
et al, 2019; Vikhamar Schuler and @stby, 2020). Furthermore, ice-core temperature
reconstructions suggest twentieth century warming is the greatest experienced in the past 600
years (Isaksson et al., 2003). The rapid nature of recent warming makes Svalbard an interesting
area to study recent changes in peatland vegetation, hydrology and carbon dynamics. Moreover,
under medium to high greenhouse gas emission scenarios the future climate of Svalbard (1971-
2000 to 2071-2100) is projected to show an increase of 7-10°C in median annual temperature and
a 45-65% increase in median annual precipitation (Hanssen-Bauer et al., 2019), potentially

creating more favourable conditions for peat formation.

Scientists have studied testate amoebae in Svalbard since as early as the ninetieth century
(Ehrenberg, 1870; Scourfield, 1897). Since then, pioneering researchers have investigated testate
amoebae in a largely exploratory and descriptive manner (Awerinzew, 1907; Balik, 1994; Bonnet,
1965; Opravilova, 1989; Penard, 1903; Schénborn, 1966). More ecology-focused research in the
1980s found moisture content to be a key control on species distribution in lichens and mosses on
Northwest Spitsbergen, with notable taxa including: Corythion dubium, Centropyxis aerophila,
Trinema lineare, Assulina muscorum, Phryganella acropodia and Euglypha rotunda (Beyens et al.,
1986¢). In aquatic environments on Northwest Spitsbergen, C. aerophila and Paraquadrula
irregularis were the most common species observed, with the former associated with more acid
waters and the latter more alkaline (Beyens et al., 1986b). Additionally, samples from mosses and
pools on Edgegya documented the first occurrence on the Svalbard archipelago of the
predominantly Arctic taxon Conicocassis pontigulasiformis (Beyens et al., 1986a). Changes in local
hydrological conditions between ~5000 and 3800 BP have been inferred from testate amoeba
preserved in peat layers on Edgegya (Beyens and Chardez, 1987); however, the number of testate
amoebae counted were extremely low and no statistical transfer function was used. More recent

ecological work in Svalbard (Mazei et al., 2018) suggests a reduced abundance of P. acropodia and
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C. aerophila in soils enriched with guano, tentatively linked with changing nutrient supply and the

availability of fungal food sources.
2.3. Method

2.3.1. Sampling

In August 2019 we collected 103 surface vegetation samples from five permafrost peatland areas
in Svalbard, encompassing a representative range of environmental conditions (Figure 2.1 and
Table 2.1). Surface vegetation samples mainly comprised bryophytes, but also included sedges
such as Eriophorum spp. and Carex spp. in hummock areas. Around 70% of Svalbard is covered by
glaciers or permanent ice (Hugelius et al., 2013); therefore our study sampled a representative
range of environments from the main ice-free area in Svalbard. The geology of the study region is
predominantly characterised by the sandstones, siltstones and shales of the Central Tertiary Basin
of Svalbard, with a shift to a limestone and dolostone bedrock towards the east in Sassendalen
(Elvevold et al., 2007). Water-table depth (WTD) was determined by augering a well and
measuring the water-table at regular intervals until it had stabilised. Both pH and electrical
conductivity (EC) of the pore water in each augered well were measured using calibrated field
meters. A peat core was extracted from a permafrost peatland of approximately 0.25 km? located
on the valley floor towards the southern margin of the U-shaped valley of Colesdalen, Svalbard
(78.09131°N, 14.98783°E). Analysis of this core provided a palaeo dataset of subfossil testate
amoebae upon which to apply transfer functions. The core was sampled from a lawn area where
the surface vegetation was characterised by Cyperaceae and brown mosses, including
Tomentypnum nitens and Aulacomnijum palustre. The core was extracted using a box corer to the

base of the active layer (45 cm) and with a permafrost drill corer down to 91 cm.
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Figure 2.1. Site map showing locations for surface sampling and the coring site, alongside glacier coverage.
Digital elevation model data and glacier coverage sourced from the Norwegian Polar Institute (2014a,
2014b).

Table 2.1. Site overview and environmental conditions. Coordinates are averaged for all surface samples
taken at each site. Negative WTD values means surface inundation.

. Latitude Longitude Altitudinal WTD range MC range EC range

Site pH range

CN) (B range (m)  (cm) (%) (uS cm™)
Colesdalen 78.09099 14.97843 47-51 -2t022 60.1-95.8 5.15-6.75 108-360
Sassendalen A 78.33262 16.69365 11-14 -3t0 22 80.6-97.1 6.49-7.03 249-519
Sassendalen B 78.31682 16.82241 16-20 -1to 34 63.7-89.1 6.72-8.22 237-1088
Bjorndalen 78.21644 15.33184 50-226 31023 80.2-92.7 5.24-6.48 83-344
Adventdalen 78.17288 16.03754 27-28 -2to0 15 74.4-95.0 6.18-7.12 561-790

2.3.2. Surface vegetation and peat properties

From the surface vegetation samples, ~5 g of material for each sample was weighed, dried
overnight at 105°C and then reweighted to calculate gravimetric moisture content (MC)

(Chambers et al., 2011). The Colesdalen core was sub-sampled into 1-cm slices and measurements
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were made of dry bulk density, loss-on-ignition (LOI) and concentrations of carbon (C) and
nitrogen (N). Dry bulk density (g cm™) was calculated by dividing dry mass of peat (g; dried
overnight at 105°C) by the total sample volume (cm?3), while LOI (%) was calculated by subtracting
ash mass (g; after 8 hours in a 550°C furnace) from dry mass (g), before dividing this by dry mass
and multiplying the product by 100 (Chambers et al., 2011). C and N contents were measured on
a ThermoScientific Flash (2000) Series CHNS/O analyser.

2.3.3. Age-depth modelling

The chronology of the Colesdalen peat profile was determined using 2!°Pb and *C dating methods.
The %C dates (n = 3) were analysed from above ground plant macrofossils on a 3MV accelerator
mass spectrometer (AMS) at the André E. Lalonde AMS Laboratory, University of Ottawa, Canada
(Table A.1). The dates were calibrated using the IntCal20 calibration curve (Reimer et al., 2020)
and an age-depth profile (Figure A.1) was constructed using the R package Plum (Aquino-Lopez et
al., 2018). Plum assumes a constant rate of supply (CRS) of 2°Pb within samples. However, unlike
previous CRS models (Appleby, 2001; Appleby and Oldfield, 1978) Plum separates the age-depth
modelling process from the ?°Pb decay equation and implements a Bayesian modelling approach
using a self-adjusting Markov Chain Monte Carlo (MCMC) algorithm. This Bayesian modelling
approach allows for better quantification of uncertainty in modelled dates and more robust

integration of 21°Pb and *C dates. See Aquino-Ldpez et al. (2018) for full details.

2.3.4. Testate amoebae

Testate amoebae were prepared for analysis following Booth et al. (2010) for surface vegetation
and peat core samples — palaeo-samples were analysed every other centimetre down core; i.e. a
1-cm layer, every 2 cm. Approximately 5 cm? of each surface vegetation sample and around 2 cm?
for each palaeo-sample was boiled in water for 10 minutes, passed through a 300 um sieve and
then back-sieved through a 15 um mesh. These processed samples were then stored at 4°C prior
to examination under a high-powered, transmitted-light microscope at between 200 and 400 x
magnification. A minimum of 100 individuals of taxa without weak idiosomic siliceous tests
(WISTs) were counted per sample, with any WIST taxa recorded in addition. WISTs have been
shown to preserve less favourably in peat as subfossils down core (Swindles et al., 2020) and
within our study included: Euglypha spp., Trinema spp., Corythion spp., Placocista spinosa type,
Sphenodenria lenta and Tracheleuglypha denta. In order to examine the influence of excluding
WISTs, we conducted multivariate statistical analysis and developed transfer functions for the

entire dataset including WISTs and then separately excluding WISTs. Testate amoebae were
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identified where possible to species level, with reference to standard taxonomic materials

(Charman et al., 2000; Siemensma, 2021).

2.3.5. Statistical analyses

Multivariate statistical analysis was undertaken in R version 3.6.3 (R Core Team, 2020) with the
packages vegan (Oksanen et al., 2020) and analogue (Simpson and Oksanen, 2020) to explore the
dataset and to examine the relationships between testate amoebae and environmental
conditions. Taxa with a maximum abundance of less than 2% and fewer than five occurrences
were excluded from multivariate analyses to reduce the influence of rare taxa (see Swindles et al.,
2009). We performed ordination with Non-metric Multidimensional Scaling (NMDS) using the
Bray-Curtis dissimilarity index. Additionally, Detrended Correspondence Analysis (DCA) showed
that the data had a long axis length (DCA1 all taxa = 4.15; DCA1 WISTs removed = 4.71) suggesting
heterogeneity in the data, high beta diversity and predominantly unimodal species distributions —
consequently Canonical Correspondence Analysis (CCA) was then performed. CCA allowed us to
partial out the amount of variance explained by specific environmental variables and to test the

significance of each variable.

Transfer functions for WTD and pH were developed using the R package rioja (Juggins, 2020). The
following common model types were applied: Weighted Averaging with tolerance downweighting
(WA.tol) and without (WA), with the option for classical (cla) or inverse (inv) deshrinking,
Weighted Averaging Partial Least Squares (WAPLS) and Maximum Likelihood (ML). These transfer
function models were developed and cross-validated using the leave-one-out (LOO) method for
the entire dataset and then with WIST taxa removed. The metrics RMSEP 00, R%00, average bias
and maximum bias were used to evaluate transfer function performance. Model predictions
generally had higher residual values towards the ends of the environmental gradients, especially
for WTD. Therefore, in a second model run transfer functions were pruned of high residual values
greater than 20% of the total range of measured WTD (> 7.4 cm) and pH (> 0.617). This cut-off
point has been shown to strike a good balance between improving model performance and
preserving the range of the environmental gradient for which a transfer function has predictive
power (Amesbury et al., 2018, 2016, 2013; Booth, 2008; Charman et al., 2007; Payne et al., 2006;
Swindles et al., 2015; Taylor et al., 2019a). Leave-one-site-out (RMSEP.0s0) and segment-wise
(RMSEPsw) cross validation methods were applied to the pruned WTD and pH transfer function
models with WISTs removed to further evaluate performance (Table 2.4; Figure A.2). Spatial

autocorrelation analysis was not performed due to the limited geographical range of our sampling
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region and the minimal effect this typically has on model performance (see Amesbury et al., 2018).

Tolerance and optima statistics for WTD and pH were calculated for all taxa using WA.

The best performing transfer function models for WTD and pH were applied to a palaeo dataset
of subfossil testate amoebae from the Colesdalen core. We compared our WTD reconstruction for
the Colesdalen core with the outputs from other regional transfer function models:, Subarctic
Sweden (Swindles et al., 2015), pan-European (Amesbury et al., 2016), Arctic Alaska (Taylor et al.,
2019a) and Subarctic Finland and West Russia (Zhang et al., 2017).

2.4. Results

2.4.1. Relationship between species distribution and environmental variables

A total of 60 testate amoeba taxa from 30 genera were identified in the surface vegetation
samples from peatlands in Svalbard (Table 2.2), with a total count of 15,475 individuals. The
species occurring in the most samples were Centropyxis aerophila, Euglypha rotunda, Euglypha
tuberculata, Trinema lineare, Euglypha strigosa, Difflugia lucida and Difflugia lithophila. Other
notable species occurring in fewer samples, but at a high maximum abundance were Nebela tincta
(73.6%), Cryptodifflugia oviformis (68.6%), Campascus minutus (67%) and Valkanovia elegans
(50.4%). CCA shows that pH, WTD and EC are the most important controls of testate amoeba
distribution (Figure 2.2; Table 2.3). Partial CCAs when run for all taxa show pH explained 29.04%
of variance (p < 0.001), WTD explained 24.99% (p = 0.002), EC explained 15.96% (p < 0.001) and
MC explained 6.67% (p = 0.344). When WISTs are removed the amount of variance explained by
environmental variables increased slightly, with pH explaining 33.06% (p < 0.001), WTD explaining
26.44% (p < 0.001), EC explaining 16.96% (p < 0.001) and MC explaining 5.92% (p = 0.406). NMDS
analysis supports these findings, with all environmental variables — including MC — shown to be
important controls on species distribution, both when run for all taxa and then with WISTs
removed (p < 0.001; Figure 2.3; Table 2.3). NMDS suggests the most important environmental
controls are WTD (all taxa R? = 0.51; WISTs removed R? = 0.54) and pH (all taxa R? = 0.41; WISTs
removed R? = 0.39). Figure 2.3 highlights the association of the Sassendalen sites — underlain by a
limestone bedrock — with a higher pH and Colesdalen — underlain by sandstones, siltstones and

shales — with a slightly lower pH (Table 2.1).
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Table 2.2. Overview of 60 testate amoebae taxa identified, type (testate amoeba = TA; taxa with a weak
idiosomic siliceous test = WIST), number, max abundance and authority.

Taxon Type Code Inn Max Authority
samples (%)
Alabasta militaris TA ALMI 2 0.6 Penard 1890; Duckert, Blandenier,
Kosakyan and Singer 2018
Arcella arenania TA ARAR 8 5.5 Greef 1866
Arcella catinus TA ARCA 34 24.4 Penard 1890
Arcella discoides TA ARDI 49 46.6 Ehrenberg 1843
Arcella hemisphaerica TA ARHE 13 10.5 Perty 1852
Archerella flavum TA ARFL 23 45.4  Archer 1877; Loeblich and Tappan 1961
Assulina muscorum TA ASMU 35 35.6 Greeff 1888
Assulina scandinavica TA ASSC 3 1.4 Penard 1890
Bullinularia indica TA BUIN 1 1.7 Penard 1907
Campascus minutus TA CAMI 32 67.0 Penard 1902
Centropyxis aculeata TA CEAC 6 3.7 Ehrenberg 1838
Centropyxis aerophila TA CEAE 95 59.3 Deflandre 1929
Centropyxis constricta TA CECO 26 7.1 Ehrenberg 1841; Penard 1890
Centropyxis gasparella TA CEGA 5 2.8 Chardez, Beyens and De Bock 1988
Centropyxis orbicularis TA CEOR 3.7 Deflandre 1929
Centropyxis plagiostoma TA CEPLAG 11 1.6 Bonnet and Thomas 1955
Centropyxis platystoma TA CEPLAT 3.0 Penard 1890
Centropyxis sylvatica TA CESY 1.9 Deflandre 1929; Bonnet and Thomas
1955
) . ) ) ) TA COPO 28 22.3 Beyens, Chardez and De Bock 1986;
Conicocassis pontigulasiformis
Nasser and Anderson 2015
Corythion constricta WIST COCO 5 6.8 Certes 1889; Jung 1942
Corythion dubium WIST CODU 37 47.5 Taranek 1871
Cryptodifflugia ovilformis TA CROV 55 68.6 Penard 1890
Cyclopyxis arcelloides TA CYAR 1 4.7 Penard 1902; Deflandre 1929
Cyclopyxis eurostoma TA CYEU 20 8.9 Deflandre 1929
Cyclopyxis kahli TA CYKA 1 1.3 Deflandre 1929
Difflugia acuminata TA DIAC 18 3.8 Ehrenberg 1838
Difflugia globulosa TA DIGL 26 29.0 Duijardin 1837; Penard 1902
Difflugia lithophila TA DILI 66 32.7 Penard 1902
Difflugia lucida TA DILU 70 345 Penard 1890
Difflugia oblonga TA DIOB 52 11.2  Ehrenberg 1838
Difflugia penardi TA DIPE 35 30.9 Hopkinson 1909
Difflugia pristis type TA DIPR 29 9.3 Penard 1902
Difflugia pulex TA DIPU 36 8.6 Penard 1902
Difflugia pyriformis TA DIPY 7 5.9 Perty 1849
Difflugia rubescens TA DIRU 12 8.4 Penard 1891
Difflugia urceolata TA DIUR 9 6.2 Carter 1864
Euglphya degraded WIST EUDE 15 58 N/A
Euglypha laevis WIST EULA 21 3.7 Ehrenberg 1845
Euglypha rotunda WIST EURO 95 42.7 Ehrenberg 1845; Wailes and Penard 1911
Euglypha strigosa WIST EUST 74 24.4 Ehrenberg 1848
Euglypha tuberculata WIST EUTU 76 40.0 Dujardin 1841
Gibbocarina galeata TA GIGA 21 11.8 Penard 1890; Kosakyan et al. 2016
Gibbocarina gracilis TA GIGR 43 14.3 Penard 1910




Heleopera petricola
Heleopera rosea
Heleopera sphagni
Heleopera sylvatica
Hyalosphenia elegans

Hyalosphenia ovalis

Nebela collaris

Nebela tincta

Netzelia wailesi
Padaungiella lageniformis

Paraquadrula irregularis
Phryganella acropodia type

Placocista spinosa type
Planocarina marginata

Psuedodifflugia fulva type
Quadrulella symmetrica
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Figure 2.2. CCA of species, samples and environmental variables for a) all taxa and b) with WISTs removed.
Species with fewer than five occurrences and a maximum abundance < 2% were removed. See Table 2.2 for

species codes.
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Figure 2.3. NMDS of species, samples and environmental variables for a) all taxa and b) with WISTs removed.
Species with fewer than five occurrences and a maximum abundance < 2% removed. See Table 2.2 for
species codes.
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Table 2.3. Ordination statistics of environmental variables, both including and excluding taxa with weak idiosomic siliceous tests (WISTs).

pCCA NMDS
pCCA all taxa pCCA no WISTs NMDS all taxa NMDS no WISTs

Environmental

variables Variance Significance  Variance Significance | NMDS1 NMDS2 R? Significance NMDS1 NMDS2 R? Significance

explained (%) explained (%)

EC 1596 p<0.001 16.96 p<0.001 -0.24482  0.96957 0.3446 p<0.001 -0.33694  0.94153 0.3213 p<0.001
pH 29.04 p<0.001 33.06 p<0.001 -0.55835 0.82961 0.4102 p<0.001 -0.69611 0.71794 0.3896 p<0.001
MC 6.67 p=0.344 5.92 p=0.406 -0.34161 -0.93984 0.3159 p<0.001 -0.18209 -0.98328 0.2918 p<0.001
WTD 2499 p=0.002 26.44 p<0.001 0.60047  0.79965 0.5135 p<0.001 0.46814 0.88366 0.5445 p<0.001
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2.4.2. Transfer function development

Transfer functions were developed for both WTD (TFwrp) and pH (TFyu) as both variables were
highly significant environmental controls on testate amoeba species distribution in the ordination
analysis. R%00 and RMSEP 00 were used as the primary metrics to identify the best performing
models. Models were run including all taxa (TFa.) and again with WISTs removed (TFno.wist) and
produced models of comparable performance (Table A.2). The TFno.wist iteration of the models for
both TFwm and TFow was used because of concerns over the preservation of WISTs down core
(Swindles et al., 2020), compounded by a complete absence of WISTs in our entire independent
palaeo dataset of testate amoeba abundance analysed from Colesdalen core (see Figure 2.9). For
TFwro-no.wist With high residual values removed (residuals > 7.4 c¢cm), all models showed lower
RMSEP0s0 and RMSEPsw when compared to RMSEP 00, with the exception of ML (Table 2.4). All
WA based models performed worse in wet (WTD < 0 cm) segments, while WA.cla and WA .cla.tol
also performed poorly in the driest segment (WTD > 20 cm) (Figure A.2). The best performing
model was component 2 of the WAPLS model (R%00 = 0.719, RMSEP 00 = 3.20 cm, RMSEP 050 =
3.53 cm, RMSEPsw = 3.39 cm, average bias = 0.04 cm, maximum bias = 5.29 cm, n = 85; Table 2.4;
Figure 2.6). ML models for TFwrp-nowist demonstrated slightly higher R%00 -values. However, the
ML model had a greater number of high residual values (> 7.4 cm) in initial model runs and
demonstrated slightly higher RMSEP, oo values (Table 2.4) — therefore the WAPLS model was
preferred. TFwro-nowist performs well, but with a slight over prediction of low WTD values and
slight under prediction of high WTD values. For the TFwro-nowist model three species with low
maximum abundances (Heleopera sylvatica = 3%, Hyalosphenia elegans = 0.9% and
Psuedodifflugia fulva type = 0.9%) were removed owing to high residual values. Clear dry indicator
species include Assulina muscorum, Corythion dubium (WIST taxon), Valkanovia elegans,
Hyalosphenia ovalis and Archerella flavum, while important wet indicator species include Difflugia
rubescens, Difflugia globulosa, Gibbocarina galeata, Arcella hemisphaerica and Difflugia
acuminata (Figure 2.4). WTD optima and tolerance statistics for individual species are presented

in Figure 2.7.

For TFpn-no.wist With high residual values removed (> 0.617), all models showed lower RMSEP o0
when compared to RMSEP 0s0 and RMSEPsy (Table 2.4). The WA.inv, WA.inv.tol, WAPLS and ML
models performed slightly worse in lowest pH segment (i.e. 5-5.49), yet the WA.cla and WA .cla.tol
models were more consistent across a range of pH values (Figure A.2). The preferred model was
WA with classical deshrinking and tolerance downweighting (WA.cla.tol) (R%.00 = 0.690, RMSEP 00
= 0.320, RMSEP0s0 = 0.439, RMSEPsw = 0.331, average bias = 0.018, maximum bias = 0.316, n =
70; Table 2.4; Figure 2.6). WA with classical deshrinking (WA.cla) demonstrated a higher R%00
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(0.771); however, WA.cla.tol required the removal of fewer high residual (> 0.617) values and was
therefore preferred. For the TFounowist model two species with low maximum abundances
(Heleopera sylvatica = 3% and Quadrulella symmetrica = 0.8%) were also removed due to high
residual values. Peatland pH is generally linked with trophic status (Gorham et al., 1987,
Lamentowicz et al., 2013) and is something considered further in the discussion section. High pH
(more minerotrophic) indicator species include Campascus minutus, Arcella catinus and
Paraquadrula irregularis, while lower pH (less minerotrophic) indicator species include Wailesella
eboracencis, Assulina muscorum and Hyalosphenia ovalis (Figure 2.5). For pH some species
demonstrate bimodal peaks in abundance at low and high pH levels; e.g., Assulina muscorum and

Corythion dubium (Figure 2.5)



42

Table 2.4. Transfer function performance metrics for pruned WTD and pH models with WIST taxa removed. Root mean squared error of prediction (RMSEP) statistics
are based on leave-one-out (RMSEPLo0), leave-one-site-out (RMSEPLoso) and segment-wise (RMSEPsw) cross validation methods. Changes in model performance from
RMSEPLoo to both RMSEPLoso and RMSEPsw are given in parentheses.

TFwTb-NO.WIST

Model | RMSEP, 00 RMSEP0so RMSEPsw R% 00 Avg. Bias Max. Bias n
WA.inv | 3.697 4.617 (0.920) 4.027 (0.330) 0.634 0.001 6.028 88
WA.cla | 4.303 4.740 (0.437) 4.782(0.479) 0.652 0.074 8.633 67

WA.inv.tol | 3.565 4.495 (0.930) 3.860(0.295) 0.669 0.073 5.774 88

WA cla.tol | 4.299 5.110 (0.811) 4.596 (0.297) 0.653 0.217 9.551 70

WAPLS.C2 | 3.198 3.526 (0.328) 3.392(0.194) 0.719 0.036 5.293 85

ML | 3.776 3.669 (-0.107) 3.740 (-0.036) 0.721 0.276 3.05 74
TFpH-NowWIST

Model | RMSEP 00 RMSEP0so RMSEPsw R% 00 Avg. Bias Max. Bias n
WA.inv | 0.278 0.408 (0.131) 0.340 (0.062) 0.541 -0.002 0.553 85
WA.cla | 0.271 0.347 (0.075) 0.279 (0.007) 0.771 0.002 0.343 61

WA.inv.tol | 0.271 0.448 (0.177) 0.340(0.069) 0.577 0.007 0.539 86
WA cla.tol | 0.32 0.439 (0.119) 0.331(0.011) 0.69 0.018 0.316 70
WAPLS.C2 | 0.284 0.392 (0.107) 0.333(0.049) 0595 O 0.412 88
ML | 0.3 0.521 (0.221) 0.357 (0.058) 0.619 -0.036 0.401 80
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2.4.3. Transfer function application

The TFwro-nowist and TFpunowist models (Figure 2.6) were applied to a peat core sampled in
Colesdalen to reconstruct past WTD and pH from ~800 CE to present (Figure 2.9). The most
common subfossil taxa present in the core include Gibbocarina galeata, Gibbocarina gracilis,
Conicocassis pontigulasiformis, Nebela tincta and Centropyxis aerophila. Notably, there was a
complete absence of WISTs in the palaeo record. Both TFwrp-nowist and TFpn-nowist transfer
functions were applied with no missing analogues. The quality of analogues was tested by
comparing maximum relative abundances of species in the palaeo and calibration datasets (Figure
A.3). The majority of taxa demonstrate well constrained species optima (Hill's N2 > 5), including
all taxa (with the exception of Alablasta militaris) showing a higher maximum abundance in the

palaeo dataset than the calibration dataset.

The TFwrp-no.wisT reconstruction shows a relatively stable WTD from the base of the core at ~800
CE to ~1500 CE cm, where there is a period of drying, followed by another dry period at ~1750 CE
(Figure 2.9). This spike in WTD ~1750 CE is associated with increased abundance of Nebela tincta
and a decrease in Gibbocarina galeata. From ~1750 CE onwards there is a general wetting trend,
particularly from ~1920 CE. The TFpu-nowist reconstruction shows a shift to lower pH conditions
~1400 CE, with the lowest pH value coinciding with the dry phase ~1750 CE. From ~1750 CE to
present, pH fluctuates but demonstrates a general trend of an increasing pH with a slight lowering
of pH from ~2000 CE onwards. There is a significant inverse relationship between WTD and pH (p
< 0.01), with dry conditions associated with a lower pH and vice versa. Axis 1 scores from a DCA
and NMDS analysis of the fossil data from the Colesdalen core correlate significantly with both
WTD (DCA p < 0.001; NMDS p < 0.001) and pH (DCA p < 0.001; NMDS p < 0.001), suggesting both
our reconstructions are good representations of changes in the structure of the fossil data (Figure

A4).

We compared the TFwrp-no.wist reconstruction of the Colesdalen core with transfer functions
originally developed for other regions (Figure 2.10). There were a number of missing analogues
for the Colesdalen core in the Subarctic Sweden (n = 12), pan-European (n = 3), Arctic Alaska (n =
9) and Subarctic Finland and West Russia (n = 10) calibration datasets (See Table A.3). The range
in reconstructed WTD values is greater in transfer functions from other regions, in particular for
Arctic Alaska (Figure 2.10a), yet reconstructed z-scores for the Svalbard transfer function are very
similar to those from other regions (Figure 2.10b). In fact, WTD z-scores produced by TFwrp-no.wisT
correlate significantly with z-scores produced by the Subarctic Sweden (p = 0.002), pan-European

(p <0.001), Arctic Alaska (p < 0.001) and Subarctic Finland and West Russia (p < 0.001) models.
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2.5. Discussion

We developed the first testate amoeba transfer functions for peatlands in Svalbard, the
northernmost study of its kind to date. Despite lower testate amoeba diversity being observed in
the High Arctic (Beyens and Bobrov, 2016), we identified 60 testate amoeba taxa in surface
vegetation samples (Table 2.2) — including the regionalised High Arctic taxa of Centropyxis
gasparella and Conicocassis pontigulasiformis. In the palaeo core from Colesdalen spanning the
period ~800 CE to present, 27 taxa were identified and species diversity was relatively stable down
core (Figure 2.9). Furthermore, testate amoeba were abundant enough for the minimum count of
100 individuals in all palaeo samples. This diversity and abundance in both contemporary and

palaeo samples is uncharacteristic of other High Arctic regions (e.g. Sim et al., 2019) and may be



51

as a result of the unusual climate of Svalbard for its latitude, which is moderated by the West

Spitsbergen Current (Walczowski and Piechura, 2011).

2.5.1. Testate amoebae and water-table depth

We found that peatland WTD was a key control on testate amoeba species distribution in Svalbard
(Figures 2.2 and 2.3; Table 2.3) and developed a palaeohydrological transfer function. The majority
of taxa occupy WTD niches as expected from lower latitude peatlands (e.g. Amesbury et al., 2018,
2016; Charman et al., 2007; Qin et al., 2021) and other permafrost peatlands (e.g. Lamarre et al.,
2013; Swindles et al., 2015a; Taylor et al., 2019a; Zhang et al., 2017). Nonetheless, we were able
to better quantify the hydrological niches of High Arctic testate amoeba in Svalbard, building on
initial pioneering studies from the twentieth century. We corroborate previous suggestions that
Assulina muscorum prefers drier habitats in Svalbard (Beyens et al., 1986c) and that Arcella
hemisphaerica is a predominantly wet taxon (Schonborn, 1966). Similarly, our data confirm
previous observations from Svalbard suggesting Centropyxis aerophila occurs across both wet and
dry habitats (Beyens et al., 1986c, 1986b). The predominantly Arctic taxa Conicocassis
pontigulasiformis and Centropyxis gasparella (Beyens and Bobrov, 2016; Bobrov and Wetterich,
2012) were observed in our surface samples, both with a wet WTD optimum of ~5 cm (Figure 2.7).
This WTD optimum for C. pontigulasiformis in Svalbard agrees with transfer function data from
Arctic Alaska (Taylor et al., 2019a). Similarly, C. gasparella has been observed in standing water
and wet mosses (Beyens et al.,, 1986b; Chardez and Beyens, 1988), but we present the first

inclusion of this species in a transfer function.

2.5.2. Testate amoebae and trophic status (pH)

We found that pore water pH was an important control on testate amoeba species distribution
(Figures 2.2 and 2.3; Table 2.3) and developed a transfer function to reconstruct past pH. Peatland
pH has a strong relationship with trophic status; oligotrophic bogs are acidic, while minerotrophic
poor fens and rich fens demonstrate an increasing alkalinity and concentration of dissolved
minerals (see Gorham et al., 1987; Lamentowicz et al., 2013). In contrast to lower-latitudes, there
are few true low pH bogs in the High Arctic (Woo and Young, 2006) and in Svalbard. Our
contemporary sampling data showed a strong oligotrophic to minerotrophic gradient both within
and between sampling sites, from poor fen to extremely rich fen conditions (Table 2.1). Poor fens
are generally dominated by Sphagnum mosses and shrubs; moderately rich fens are characterised
by brown mosses (e.g. Drepanocladus sp.) and sedges; while extremely rich fens also exhibit
brown mosses (e.g. Scorpidium sp.) and sedges (Warner and Rubec, 1997). However, nutrient

levels and pH will not always be coincident along a fen-bog gradient (Bridgham et al., 1996). For
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example, phosphorus (P) concentrations are typically higher in fens than bogs, but rapid microbial
mineralisation can result in similar levels of available P (Kellogg and Bridgham, 2003). Nonetheless,
pH is a key control on bryophyte vegetation (Vitt and Chee, 1990) and an important characteristic
used in the classification of wetland type (e.g. Tiner, 2016) — therefore, we suggest it is appropriate
to use pH as a proxy for trophic status in the context of changing permafrost dynamics and shifting

hydrological patterns.

The response of individual testate amoeba species to changing trophic conditions is
predominantly in line with previous studies. Similarly to Taylor et al. (2019a), we found that
Gibbocarina galeata and Archerella flavum were indicative of more oligotrophic conditions (Figure
2.8). We found that Assulina muscorum is abundant in more oligotrophic conditions supporting
earlier work by Beyens et al. (1986c) and Mitchell (2004), but the taxon was also present in
minerotrophic conditions (Figure 2.5) as was observed by Taylor et al. (2019a). A. muscorum has
a clearly defined unimodal WTD optima and only appeared with more than 5% abundance in
samples with a WTD over 13 cm (Figure 2.4), therefore suggesting hydrological conditions were
the primary control on the distribution of this taxon. Paraquadula irregularis was more abundant
in the more minerotrophic samples (Figures 2.5 and 2.8), corroborating previous observations
from Svalbard (Beyens et al., 1986b). Nonetheless, P. irregularis occurred across a broad range of
WTDs (Figure 2.4), suggesting species distribution is primarily driven by pH. It has been suggested
that modification of surface soils by sea birds in Svalbard, linked partly to nutrient addition, may
reduce the abundance of Phyragrenella acropodia and Centropyxis aerophila (Mazei et al., 2018).
Nutrient levels were not directly measured in our study, but no clear abnormalities in abundance
were observed. Both P. acropodia type (n = 53, max abundance = 20.5%) and C. aerophila (n = 95,
max abundance = 59.3%) were common taxa in the surface samples (Table 2.2) and present across

a broad range of both WTD and pH values (Figures 2.4 and 2.5).

2.5.3. Application of transfer functions

The pan-Europe (Amesbury et al., 2016), Subarctic Sweden (Swindles et al., 2015), Arctic Alaska
(Taylor et al., 2019a) and Subarctic Finland and West Russia (Zhang et al., 2017) transfer functions
were also applied to Colesdalen core and produced WTD reconstructions of higher magnitude
shifts than the TFwrp-no.wist model (Figure 2.10a). The higher magnitude reconstructed WTD shifts
in transfer functions from other regions was likely a result of a wider range of sampled WTD than
those experienced in Svalbard, effectively stretching the gradient. When z-scores were
standardised for each regional transfer function they all produced comparable reconstructions

that correlated significantly with our reconstruction (Figure 2.10b). Nonetheless, there were a
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number of missing modern analogues for the palaeo dataset in the transfer functions from other
regions that were relatively abundant in peatlands in Svalbard (Table A.3). Notably, C
pontigulasiformis is absent from the Subarctic Sweden, pan-European and Subarctic Finland and
West Russia transfer functions, while Centropyxis plagiostoma is absent across all other regional
transfer functions. These are both relatively wet taxa (optima ~5 cm) and therefore when present
in greater abundance in the fossil record, transfer functions experiencing missing analogues
showed noticeable discrepancies in standardised values to our reconstruction, e.g. ~1200 CE (67
cm; Figure 2.10b). However, C. plagiostoma was not abundant in our calibration dataset (n = 11,
max = 1.6%) and optima for both WTD and pH would likely be better defined with further
sampling. Nonetheless, we suggest that WTD transfer function models from other regions are less
applicable to peatlands in Svalbard, highlighting the importance of developing regional transfer

functions — particularly in relatively unexplored environments.

The absence of taxa with weak idiosomic siliceous tests (WISTs) down core (Figure 2.9) and
prevalence of degraded Euglypha spp. in surface samples (Table 2.1) evidences the poor
preservation of these tests and echoes previous taphonomic concerns over the long-term
preservations of WISTs in older peats (Payne, 2007; Swindles et al., 2020; Swindles and Roe, 2007).
Removing WISTs had minimal impact on transfer function performance statistics (Table A.2) and
actually slightly improved the degree of variance in species abundance explained by WTD and pH
(Figure 2.2; Table 2.3). Therefore, we chose to use transfer functions excluding WISTs and can
have confidence that the removal of WISTs retains the effectiveness of our transfer function
models, while avoiding potential taphonomic issues. Testate amoebae diversity (Shannon Index)
remains relatively consistent down the core (Figure 2.9), evidencing good preservation of non-
WIST taxa. There is a drop in testate amoeba diversity ~1750 CE (33 cm), corresponding to a
dominance of Nebela tincta (Figure 2.9). Yet, this period of reduced diversity does not correspond
to any shift in peat physical of chemical properties (e.g. bulk density, C, N, LOI) that might indicate
increased decomposition — suggesting genuine changes in WTD and pH are driving the shift in

testate amoeba populations.

Peatland pH is strongly linked with trophic status (Gorham et al., 1987; Lamentowicz et al., 2013),
therefore TFpu-no.wist is likely to be an effective proxy for interpreting past trophic conditions,
particularly when paired with plant macrofossil analysis (see Viliranta et al., 2017). Payne (2011)
raised concerns over the application of palaeohydrological transfer functions through periods of
fen-bog transition in Mediterranean peatlands. However, in High Arctic Svalbard there is a
narrower trophic gradient from poor to rich fen systems (Table 2.1) and WTD remains a significant

control on species distribution across the entire pH range (Figures 2.2 and 2.3; Table 2.3),
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therefore WTD reconstructions in Svalbard are likely to be more robust. Furthermore, RMSEPsy
analysis suggests TFpn-no.wist (WA.cla.tol) performs consistently across a range of pH values (Figure
A.2). Thus, application of TFpunowist and TFwro-nowist enables the reconstruction of peatland
dynamics during the Holocene, including indications of changing trophic status — echoing similar

findings from peatlands in Arctic Alaska (Taylor et al., 2019b).

The significant inverse correlation between reconstructed WTD and pH for the Colesdalen core (p
< 0.01; Figure 2.9) raises interesting questions over ecosystem and catchment dynamics.
Specifically, recent wetting from ~1920 CE in the Colesdalen core corresponds to a shift to more
minerotrophic conditions. Increases in precipitation across Svalbard in the twentieth century
(Fgrland et al., 2011) may partially explain recent wetting. Similarly, the reorganisation of drainage
systems caused by glacial retreat is associated with increased chemical weathering and higher
meltwater pH in Svalbard (Nowak and Hodson, 2014). The Colesdalen core is located towards the
edge of a U-shaped valley (Figure 2.1) and can be expected to receive both surface and
groundwater flow from the surrounding catchment. Sandstones of the Central Tertiary Basin
underlying Colesdalen are rich in feldspar and have a carbonate cement (Schlegel et al., 2013).
Consequently, greater chemical weathering in the Colesdalen catchment as a result of changing
drainage patterns linked to ice retreat, and increases in precipitation, offer potential explanations

for recent increases in peatland wetness and pH.

2.5.4. Future research

The development of these transfer functions for WTD and pH opens up the possibility for
comprehensive multiproxy palaeoecological reconstructions in Svalbard. Moreover, application of
these transfer function models will be useful in examining the response of Svalbard’s peatlands to
rapid climate change during the twentieth century. Other avenues for future research could work
to better quantify the influence of birds on soil nutrients and testate amoeba species in Svalbard
(see Mazei et al., 2018), investigate the influence of increased salinity from salt spray or storm
inundation on testate amoebae diversity and richness (see Swindles et al., 2018) and look to add
regional transfer function data from higher-latitude peatlands to an updated pan-European
transfer function model (Amesbury et al., 2016). Improved ecohydrological understanding of
these ecosystems in recent decades, centuries and millennia will enable more thorough testing of
hypotheses relating to increased productivity and expansion of high-latitude peatlands with
warming (e.g. Gallego-Sala et al., 2018). Therefore, a study across multiple sites focusing on
peatland ecohydrological and carbon dynamics in Svalbard during the Holocene would be

particularly valuable.
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2.6. Conclusions

1. We present the first testate amoebae transfer functions for reconstructing WTD and pH
in peatlands in Svalbard, the northernmost study of its kind to date.

2. The majority of testate amoebae occupy WTD niches as expected from lower-latitude
studies, although we were able to better quantify the hydrological niches of regionalised
High Arctic taxa, e.g. Centropyxis gasparella and Conicocassis pontigulasiformis.

3. Pore water pH was a significant control on testate amoeba species distribution and a proxy
for trophic status — therefore our transfer function can be used to reliably reconstruct
changes in past peatland pH in the context of changing permafrost dynamics and shifting
hydrological patterns.

4. WISTs appear to preserve poorly in these peatlands, yet removal of WISTs from our
transfer function models had minimal impact upon their performance. Therefore, we
were able to confidently remove WISTs from our models to avoid potential taphonomic
problems and recommend excluding them from minimum sample counts.

5. These transfer functions are valuable tools for multiproxy reconstructions investigating
the response of peatlands in Svalbard to Holocene climate change and have the potential
to improve understanding of long-term ecohydrological dynamics in these rapidly

changing carbon-rich ecosystems.
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Abstract

Permafrost peatlands are found in high-latitude regions and store globally-important amounts of
soil organic carbon. These regions are warming at over twice the global average rate, causing
permafrost thaw, and exposing previously inert carbon to decomposition and emission to the
atmosphere as greenhouse gases. However, it is unclear how peatland hydrological behaviour,
vegetation structure and carbon balance, and the linkages between them, will respond to
permafrost thaw in a warming climate. Here we show that permafrost peatlands follow divergent
ecohydrological trajectories in response to recent climate change within the same rapidly warming
region (northern Sweden). Whether a site becomes wetter or drier depends on local factors and
the autogenic response of individual peatlands. We find that bryophyte-dominated vegetation
demonstrates resistance, and in some cases resilience, to climatic and hydrological shifts. Drying
at four sites is clearly associated with reduced carbon sequestration, while no clear relationship
at wetting sites is observed. We highlight the complex dynamics of permafrost peatlands and warn
against an overly-simple approach when considering their ecohydrological trajectories and role as

C sinks under a warming climate.
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3.1. Introduction

Permafrost peatlands have developed in cold regions during the Holocene and store a
disproportionate amount of organic carbon (C) for their extent, estimated to total ~277 Gt C
(Tarnocai et al., 2009) — making up around a fifth of all permafrost soil C (Hugelius et al., 2014).
These ecosystems experience a short growing season where a seasonal active layer thaws (French,
2017), and C accumulates when the addition of plant litter exceeds losses from decomposition (Yu
et al., 2011). The maintenance of a near-surface water-table by seasonal active layer thaw, snow
melt and summer precipitation (Woo and Winter, 1993) limits C losses from microbial
decomposition (Heffernan et al., 2020) and encourages the growth of decomposition-resistant

plants such as Sphagnum mosses (Rydin et al., 2006).

High-latitude regions of the Northern Hemisphere are now experiencing warming at a rate two to
three times the global average (Masson-Delmotte et al., 2018). Permafrost extent is shifting
northwards with warming, evidenced by the thawing of peatlands in the discontinuous permafrost
zones of North America (Camill, 2005) and Eurasia (Akerman and Johansson, 2008; Payette et al.,
2004). Deeper thaw increases the amount of soil organic matter vulnerable to decomposition,
while rising temperatures simultaneously increase the rate of microbial decomposition; both
contribute to increased greenhouse gas (GHG) emissions and a positive feedback with climate
(Jeong et al., 2018). In addition, climate-driven drying may expose peat to increased aerobic
decomposition, leading to increases in carbon dioxide (CO,) emissions (Ise et al., 2008), while
thaw-induced wetting has been associated with elevated methane (CH4) emissions (Christensen
et al., 2004). However, these C losses may be partially offset or even reversed by improved plant
productivity during longer growing seasons (Gallego-Sala et al., 2018; Heffernan et al., 2020;

Taylor et al., 2019).

Although studies of degrading permafrost peatlands have established a relationship between GHG
fluxes, permafrost thaw and hydrological conditions, intensive monitoring in most areas began no
earlier than the 1990s (Johansson et al., 2006). Therefore, a palaeoecological approach using
proxies — such as testate amoebae (Jones et al., 2013; Lamarre et al., 2012; Pelletier et al., 2017,
Swindles et al., 2015a; Taylor et al., 2019) and plant macrofossils (Fritz et al., 2016; Gatka et al.,
2017a) — provides a valuable longer-term perspective. A recent palaeohydrological study of
European peatlands in mainly temperate latitudes showed widespread twentieth century drying
(Swindles et al., 2019); however, permafrost peatlands are subject to processes that are unique
to cold regions. Gradual permafrost thaw increases active layer thickness and can lead to

evaporation-driven drying (Zhang et al., 2018a, van Bellen et al., 2018). If a threshold point in
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permafrost thaw is reached structural collapse and wetting can occur, often linked to deep C losses
(Jones et al., 2017; O’Donnell et al., 2012; Turetsky et al., 2020), but there is evidence that in some
instances abrupt permafrost thaw can lead to increased post-thaw C accumulation that partially
or completely offsets deep C losses (Jones et al., 2013, Swindles et al., 2015b, Heffernan et al.,
2020). This non-linear response suggests ecological thresholds and autogenic feedbacks may be

important, but these are not yet fully understood.

The uncertainty over the future of permafrost peatland C stocks mirrors that of the entire
permafrost zone, arising from limited understanding of feedbacks between changes in
hydrological regime, vegetation shifts, and permafrost thaw (Abbott et al., 2016). In this study we
investigate the ecohydrological and carbon dynamics response of permafrost peatlands in a
rapidly warming region of subarctic Sweden. We conduct multi-proxy palaeoecological
reconstructions from 10 peat profiles across eight sites that are reliably dated at high-resolution
using 2'°Pb, *C and tephrochronolgy. More specifically we aim to (i) reconstruct changes in
peatland vegetation, moisture conditions and carbon dynamics over at least the last 300 years, (ii)
determine the relationship between any important changes and measured climatic variables and

(iii) better quantify autogenic ecohydrological feedbacks operating in permafrost peatlands.
3.2. Methods

3.2.1. Study region and sampling

Our study region near Abisko in northern Sweden (Figure 3.1) is in the discontinuous permafrost
zone and is characterised by extensive palsas, peat plateaus, bogs, and fens, many of which are
currently experiencing permafrost degradation (Akerman and Johansson, 2008) and are no longer
in equilibrium with climate (Olvmo et al., 2020). Therefore, our study region may indicate how
peatland areas currently with more extensive permafrost may respond to future warming. In total,
we sampled ten peat profiles across eight sites within a ~60 km radius of each other. All sites were
underlain by permafrost and were sampled to the base of the active layer, excluding Maunuvuoma
fen where no permafrost was present. Monoliths were cut out from the peat at all sites, with the
exception of Stordalen palsa and Maunuvuoma fen, that were sampled using a Russian corer (De

Vleeschouwer et al., 2010). Refer to Figures B.31-B.33 for imagery of sampling site locations.

The peatlands in our study region formed as early as ~9,500 yr BP following the retreat of the
Fennoscandian Ice Sheet (Sannel et al., 2018), with peatland initiation linked to warming growing
seasons and potentially increased precipitation (Morris et al., 2018). Yet, permafrost may only

have started forming in Fennoscandia from ~1500 yr BP (Treat and Jones, 2018), perhaps as late
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as the Little Ice Age. Abisko has warmed by 1.59°C in the last century (Figure 3.1), far above the
mean global increase of 0.91°C (GISTEMP Team, 2020) (averages for 1913-1922 against 2003-
2012), with annual temperatures in some areas of our study region now above 0°C — a key

threshold for permafrost and ecological dynamics (Callaghan et al., 2010).
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Figure 3.1. Location map of study sites, weather stations and regional climatic data. a) Study sites and
weather stations near Abisko in the Kiruna Municipality, northern Sweden and location of study region in
the context of pan-Arctic permafrost extent (Brown et al., 2002). Climatic station data are shown for b)
growing degree days above 0°C (GDDo); c) mean annual temperature; and d) total precipitation. Points
represent annual averages and lines are locally estimated scatterplot smoothing (loess) models, with grey
shading indicating the 95% confidence range of the loess function. Topographic, watercourse and land-cover
data sourced from: https://www.lantmateriet.se/

3.2.2. Age modelling

The chronology of these peat profiles was determined from 21°Pb, *C and tephra layers.'*C dates
were calibrated using the IntCal13 calibration curve (Reimer et al., 2013) and the northern
hemisphere zone 1 post-bomb calibration curve (Hua et al., 2013). Annually-resolved tephra layers
found in Stordalen palsa (Hekla 1158 at 23 cm; Hekla 1104 at 30 cm) — see Cooper et al., (2019) —
were included in the age-depth model. Age-depth profiles (Figures B.21-B.30) were constructed
using PLUM (Aquino-Lépez et al., 2018), which is a Bayesian modelling approach, for a more robust

integration of 2°Pb, *C and tephra dates.
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3.2.3. Peat properties

Peat was stored at 4°C before bulk density and loss-on-ignition (LOI; %) analyses were completed
in the laboratory following Chambers et al., (2011). Bulk density was measured for contiguous 0.5-
cm thick layers, while LOI was determined for 1-cm thick layers. Bulk density (g cm3) was
calculated by dividing dry mass of peat (g; dried overnight at 105°C) by the total sample volume
(cm?3). LOI was calculated by subtracting ash mass (g; after 8 hours in 550°C furnace) from dry mass
(g), dividing this by dry mass and multiplying the product by 100. C and nitrogen (N) content was
measured for 0.5-cm layers in each peat profile on a Thermo Scientific Flash (2000) Series CHNS/O

analyser.

3.2.4. Carbon accumulation

Apparent C accumulation rate (ACAR; g C m? yr?) was calculated for each peat profile by
multiplying the accumulation rate of peat (g m? yr?), determined from respective age-depth
models, by the proportion of C in each sample. Peat decay modelling (Clymo, 1984) has been
successfully used in other studies to calculate C accumulation under constant conditions — i.e.
partially accounting for incomplete decomposition of surface peats — and to interpret the
influence of allogenic (external) forcing (Zhang et al., 2018b, 2020). However, here subjectivity in
determining the transition of oxic to anoxic peat in these permafrost peatland sites, confounded
by uncertainties associated with fitting exponential curves to data (Belyea and Baird, 2006), made
use of such an approach inappropriate. Therefore, we have used a case-by-case discursive

approach to interpret the relationship between ACAR and ecohydrological or climatic variables.

3.2.5. Water-table reconstructions

Testate amoebae were prepared and analysed following a modified version of Booth et al. (2010),
peat samples of 2 cm® were boiled in water for 10 minutes and stirred with a glass rod. This
solution was rinsed through a 300 um sieve, back-sieved through a 15 um mesh and left to settle.
Slides were made up for microscopy and a minimum of 100 individual testate amoebae were
counted per sample at 200-400 x magnification. In 10.5% (24 out of 228) of the samples a
minimum of 50 individuals were counted owing to low abundance. Testate amoebae species
identification was aided by reference to relevant literature (Charman et al., 2000; Siemensma,
2021). Refer to Swindles et al. (2015b) for information on counting of testate amoebae in

Stordalen palsa and Maunuvuoma fen (an additional 54 samples).

Taxonomies were harmonised to that of the Amesbury et al. (2016) European-wide transfer

function which was then applied to testate amoeba abundance data to reconstruct past water-
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table depth (WTD). This transfer function uses a weighted average tolerance-down weighted
model with inverse de-shrinking. Errors are based on 999 bootstrap cycles. Full testate amoeba
abundance data are presented in Figures B.1-B.10. Standardised z-scores of WTD reconstructions
were calculated following Swindles et al. (2015c) for the periods 1500 CE to present (see Figure

3.3) and 1913 CE to present (see Figure 3.4).

Testate amoeba species were grouped by k-means clustering into three groups (wet, intermediate
and dry indicators - see Figure 3.2) based upon their water-table optima values in the transfer
function (Amesbury et al., 2016). The testate amoeba indicator percentages allow for an
assessment of the homogeneity of WTD optima values within each sample — high heterogeneity
could in theory indicate seasonal variation in hydrological regime or that wet and dry periods are

captured within a single sample.

3.2.6. Plant macrofossils

Plant macrofossils were analysed for contiguous 1-cm thick layers in all peat profiles. Samples of
5 cm?® were washed under a warm-water spray and sieved using a 0.2 mm mesh. Initially, the entire
sample was examined with a stereomicroscope to obtain volume percentages of individual
subfossils of vascular plants and mosses. The subfossil carpological remains and vegetative
fragments (leaves, rootlets, epidermis) were identified using identification keys (Hadenés, 2003;
Mauquoy and van Geel, 2007; Smith, 2004). Identification of Sphagnum to species level was
carried out separately based upon analyses of stem leaves using specialist keys (Hoélzer, 2010;
Laine et al., 2011). See Gatka et al. (2017b) for a more detailed methodology for plant macrofossil
analysis. Entire plant macrofossil records are presented in Figures B.11-B.20, along with the
species groupings used for presentation in Figure 3.2. Refer to Gatka et al. (2017a) regarding the

plant macrofossil analysis of Stordalen palsa and Maunuvuoma fen.

3.2.7. Climatic data

Temperature and precipitation data for regional weather stations were downloaded from the

Swedish Meteorological and Hydrological Institute (https://www.smhi.se/en). Climate data were

also provided by Abisko Scientific Research Station. Growing degree days (GDDo) were calculated

annually by summing daily temperature values above 0°C.

For the Abisko station Penman-Monteith potential evapotranspiration (mm day?) was calculated
for the period July 1984 CE to December 2002 CE, where data of sufficient climatic variables were
available. For this period, gaps made up 6.04% of the data, therefore gaps (up to 20 days) were

filled using linear interpolation — following this process gaps made up only 0.34% of the data. This


https://www.smhi.se/en

72

interpolation was based upon the average of 5 days prior to and after a gap. If there were no data
for 5 days prior to or after the gap, then data from 15 days before or after respectively was
extrapolated to fill the gap. For the Penman-Monteith calculations, roughness length (zo) values
measured at a boreal Swedish peatland (Alekseychik et al., 2017) and albedo values from a study

at Stordalen (Stiegler et al., 2016) were used.

The period for which there is Penman-Monteith evapotranspiration data is limited in timespan,
although temperature, GDDy and sunlight hours data — related to evapotranspiration rates - are
available from 1913 to present. Therefore multiple linear regression models using these variables
were fitted to the Penman-Monteith evapotranspiration data at a monthly resolution for the
period July 1984 to December 2002 in R v.3.6.1 (R Core Team, 2021). The relative quality of these
models was assessed by comparing corrected Akaike information criterion (AlCc) values in the R
package “MuMIn” v.43.6 (Barton, 2019). The best performing model with a zero intercept had
GDD,, temperature and sunlight hours as explanatory variables and had an adjusted R-squared of
0.87. This multiple linear regression model was then used to model monthly evapotranspiration

at Abisko from 1913-2017 CE.

3.2.8. Theil-sen regression

The relationship between climate variables (GDDy, evapotranspiration and precipitation) at Abisko
and WTD from 1913-2012 CE was explored using Theil-Sen robust regression in the R package
“deming” v.1.4 (Therneau, 2018). WTD data was standardised following Swindles et al., (2015c)
for the time period 1913-2012 CE. Climatic data were averaged for the time period each WTD
sample represented in the age-depth model to make data comparable. The testate amoebae
subfossil assemblage has accumulated over the time period represented by each sample slice
(typically 1 cm) and therefore provides a WTD reconstruction averaged to this timeframe. Theil-

sen regression coefficients were then standardised to produce beta coefficients.

3.3. Results and discussion

3.3.1. Response of permafrost peatlands to recent warming

Our palaeoecological reconstructions span at least the last 500 years and show a varied
ecohydrological response to recent warming (Figure 3.2). In terms of hydrological regime, local
regression (loess) models highlight a divergent response to recent warming (Figure 3.3). Stordalen
palsa, Stordalen bog, Ribasvuomus bog, Bergfors bog and Rensjon palsa have all undergone clear
drying since the mid-twentieth century. In contrast, Gurasahpi palsa 1 and 2 and Maunuvuoma

fen have experienced a period of twentieth century drying, followed by rapid wetting from ~1990
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CE. Meanwhile, Veigi bog and Orusjohka palsa in Paittasjarvi valley to the south record
asynchronously fluctuating wet and dry periods in recent decades. Individual sites have undergone
wet or dry shifts earlier in the record (e.g. Stordalen palsa and Stordalen bog), but it is only within

the last century that high-magnitude shifts in hydrological regime have occurred across all sites.
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Figure 3.2. Palaeoecological summary diagrams from all ten peat profiles, across eight sites. Data shown
are: i) loss on ignition (LOI; organic matter), ii) dry bulk density (BD), iii) C to N quotient, iv) apparent carbon
accumulation rate (ACAR), v) water-table depth (WTD) reconstructions using a testate amoeba transfer
function (Amesbury et al., 2016) (grey shading represents error based on 999 bootstrap cycles), vi)
proportion wet (blue), intermediate (grey) and dry (red) testate amoeba (TA) indicators and vii) plant
macrofossil remains (volume percentages). See Figures B.11-B.20 for full plant macrofossil data and Table
B.1 for groupings.
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Figure 3.2. Continued.
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Figure 3.3. Water-table depth (WTD) data from all peat profiles since 1500 CE. WTD data are standardised
for all peat profiles from 1500 CE. Results are divided into peat profiles exhibiting recent drying, wetting
(preceded by drying) and asynchronously fluctuating WTD trends. For each panel a locally estimated
scatterplot smoothing (loess) model is shown in black, with grey shading indicating the 95% confidence
range of the loess function.
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Vegetation across all sites demonstrates a degree of resistance (the ability of a population to avoid
displacement during a period of stress; Harrison 1979), and in some cases resilience (the ability of
a population to recover from change or disturbance when a period of stress has subsided; Harrison
1979) to recent hydrological shifts and climate change (Figure 3.2). In Rensjon palsa, Maunuvuoma
fen and Veigi bog, Sphagnum fuscum populations remain stable during the last century,
demonstrating resistance to warming and changing hydrological regimes, probably because of its
broad hydrological tolerance (Rydin and McDonald, 1985). In Gurasahpi palsa 1, S. fuscum
demonstrates resilience with populations recovering following a period of intense drying —
inferred from WTD reconstructions and high presence of unidentified organic matter (UOM) —in
the mid-twentieth century. The resilience and resistance of S. fuscum may have been aided by it
forming dense carpets and its increased growth rate with warming; however, a reduced bulk
density with faster growth could hamper moisture retention capabilities in the long-term and limit
future productivity (Dorrepaal et al., 2004). Both Ribasvuomus bog and Bergfors bog have been
dominated by Dicranum spp. — predominantly the hummock species Dicranum elongatum (Figures
B.11 and B.17) — since ~1600 CE, with a period of Ericaceae dominance in the late twentieth
century. Initially, drying may have allowed Ericaceae to outcompete D. elongatum, but further
drying appears to have favoured D. elongatum — which can tolerate extreme dry habitats
(Sonesson et al., 2002) — allowing the species to re-emerge as dominant. Stordalen palsa and
Stordalen bog experience a shift from ~1950 CE to more ombrotrophic conditions, from sedge
(Cyperaceae) and herbs to bryophyte dominance. From ~1800 CE to ~2000 CE, Stordalen palsa
experiences a stable WTD of ~6 cm, while exhibiting shifts in plant communities (Figure 3.2a).
From ~1800 CE, brown moss (Drepanocladus sp.) dominates, from ~1900 CE there is a period of
Sphagnum lindbergii and sedge and herb dominance before a transition in recent decades to
Sphagnum balticum. In the absence of clear hydrological change during this period, a reduction in
available nutrients could be driving the shift from S. lindbergii to S. balticum (Gunnarsson et al.,
2004). S. balticum is a species typical of moderately-wet conditions (Johansson and Linder, 1980),
yet demonstrates resistance to considerable drying since ~2000 CE. Similarly, in Stordalen bog the
typically wet hollow species Sphagnum fallax demonstrates resistance to drying in recent decades,

likely owing to its tolerance to desiccation (Wagner and Titus, 1984).

All sample locations — excluding Maunvuoma fen — are currently underlain by permafrost. A
transition from Cypercaceae and herb and UOM dominated assemblages to Sphagnum spp. or
Dicranum spp. dominance may represent the aggradation of permafrost in Maunuvuoma fen
~2150 cal. BP, in Orusjohka palsa ~400 cal. BP and ~200 cal. BP in Ribasvuomus bog (Figure 3.2).

In general permafrost is thought to have begun aggrading in Fennoscandia ~450 cal. BP (Treat and
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Jones, 2018), with evidence that permafrost aggradation may have been occurred in Stordalen
mire as early as 2650 cal BP and late as 120 cal BP (Kokfelt et al., 2010). Greater certainty in the
reconstruction of permafrost dynamics would likely be obtained through the study of subfossil

oribatid mite communities (Markkula and Kuhry, 2020).

Any increases in C accumulation owing to improved productivity with warming or hydrological
changes are difficult to distinguish from the artefact of incomplete decomposition in recent peats
(Young et al., 2019) — characterised by an uptick in recent apparent C accumulation rate (ACAR;
see Figure 3.2). Nonetheless, it is clear there is a decrease in C accumulation in Stordalen palsa,
Rensjon palsa, Ribasvuomus bog and Gurasahpi palsa 1 during drying periods in the last century.
A decrease in ACAR from the late-twentieth century in Stordalen palsa (Figure 3.2a) indicates a
reduction in Caccumulation great enough to overcome any artefact of incomplete decomposition,
likely responsible for the increase in ACAR during the mid-twentieth century. We suggest this
decreased C accumulation in the surface peat is probably because of high levels of aerobic
decomposition associated with drying from ~2000 CE. This drying appears to be to such an extent
as to have caused decomposition further down the profile (secondary decomposition) and
consequently a reduced ACAR in the late-twentieth century (Frolking et al., 2014, Morris et al.,
2015a). In Rensjon palsa, there is a decrease in ACAR coincident with drying prior to the recent
uptick in ACAR (Figure 3.2g). Similarly, increased UOM - associated with high levels of
decomposition —is observed alongside drying at the surface of Ribasvuomus bog (Figure 3.2c) and
at ~1950 CE in Gurasahpi palsa 1 (Figure 3.2d). The UOM layer in both of these sites is
stratigraphically above older, better preserved peat, suggesting an increase in the rate of
decomposition that led to poorer preservation of more recent plant material. The subsequent
replacement of UOM by a dominance of S. fuscum from ~1990 CE alongside wetting in Gurasahpi
palsa 1 suggests lower decomposition due to wetting and may indicate an increase in C
sequestration. A complete lack of macrocharcoal in all our peat profiles shows fire has not been
important in affecting C dynamics, in contrast to the importance of fire in some North American
permafrost peatlands (Camill et al., 2009; Gibson et al., 2018; Jones et al., 2013; Robinson and
Moore, 2000).

3.3.2. Climatic and autogenic drivers of ecosystem change

Abisko instrumental records show an increase in temperature, growing degree days (GDDy),
evapotranspiration and precipitation during the early- and late-twentieth century, while
precipitation minus evaporation (P-E) experiences a slight increase since the late twentieth

century (Figures 3.1 and 3.4). Precipitation observed at Abisko is lower than that of other local
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stations (Figure 3.1). Sites experiencing drying show a positive relationship between WTD and
climatic variables, while sites experiencing wetting or fluctuating WTD trends exhibit a negative
relationship (Figure 3.4). This suggests that autogenic processes and site-specific factors play a key
role in the hydrological response to climatic forcing. Under a steady-state climate, models of cyclic
palsa formation and degradation associated with vegetation and snow accumulation feedbacks
have been proposed, with drying during permafrost aggradation and wetting during degradation
(Zuidhoff and Kolstrup, 2005). However, recent and continued warming in our study region makes

further permafrost aggradation and palsa formation all but impossible.



80

a b
1600 =
g 225
0 =
S 1400 2
O g 200
@ 1 2 1
a 5
3 1200 5 175
b
1000 150
c 300{ d
E 400

200

300

|
0100

Precipitation (
E(m

200 0

Standardised WTD
o
Standardised WTD
o

1 1
Ribasvuomus bog Bergfors bog Guraséhpi palsa 1 — Gurasahpi palsa 2
2 ~ Rensjon palsa —— Stordalen palsa 2 - Orusjohka palsa — Maunuvuoma fen
— Stordalen bog Veigi bog
1925 1950 1975 2000 1925 1950 1975 2000
Year CE Year CE
Standardised WTD by core
Theil-sen
beta slope g SP SB RB BB RP GP1 GP2 MF VB OoP
i GDD  |Coefficent| 0.002 | 0.004 | 0003 | 0006 | 0002 | -0.005 | -0.005 | -0.006 | -0.004 | 0.000
("Cdays) | peta 0.29 055 0.42 0.69 027 | -068 | 078 | 045 | -001
05 Evaporation | Coefficent| 0.005 | 0028 | 0027 | 0048 | 0017 | -0.029 20.025 | -0018 | -0.012
(mm) Beta 0.10 0.52 0.45 0.85 0.26 -0.52 -0.45 035 | -017
0
Precipitation |Coefficent| 0001 | 0006 | 0009 | 0010 [ 0002 | -0011 | -0.005 | -0.011 | -0013 | -0.012
05 (mm) Beta 0.04 0.26 0.40 048 0.06 044 | -027 | -059 | -063 | -044
Coefficent| 0.002 | 0.001 0005 | 0011 | -0.007 | -0013 | 0001 | -0012 | -0011 | -0.011
1 P-E (mm)

Beta 0.08 0.04 0.25 0.51 -0.21 -0.53 0.06 -0.66 -0.63 -0.35

Figure 3.4. Relationship between climatic variables and water-table depth (WTD) across all sites. Annual a)
growing degree days above 0°C (GDDo; °C days), b) evapotranspiration (ET; mm) and c) precipitation (mm);
d) precipitation minus evapotranspiration (P-E; mm) for Abisko, 1913 CE to present. Standardised WTD data
from e) drying and f) wetting or fluctuating peat profiles since 1913 CE, and g) Theil-sen regression matrix
(coefficients and betas) of standardised WTD by peat profile against each climatic variable. SP = Stordalen
palsa, SB = Stordalen bog, RB = Ribasvuomus bog, BB = Bergfors bog, RP = Rensjon palsa, GP1 = Gurasahpi
palsa 1, GP2= Gurasdahpi palsa 2, MF = Maunuvuoma fen, VB = Veigi bog and OP = Orusjohka palsa.
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Greater winter snow depth, combined with rising summer temperatures, are thought be the cause
of thaw in the permafrost peatlands of northern Sweden (Sannel et al., 2016). Therefore,
permafrost thaw, combined with increased growing season moisture from precipitation and
snowmelt, provide a plausible explanation for sites experiencing recent wetting (Figure 3.4).
Wetting from ~1990 CE in Gurasahpi palsa 1 and 2 and Maunuvuoma fen was preceded by a period
of drying (Figure 3.3). Here, a threshold point in drying and permafrost thaw may have been
reached causing surface collapse and associated rewetting (Swindles et al., 2015b), suggesting
the state of localised permafrost degradation is an important control on hydrological regime.
Additionally, increases in decomposition with drying — as evidenced by a high mid-twentieth
century concentration of UOM (~60%) in Gurasahpi palsa 1 (Figure 3.2d) — may have reduced
peatland surface hydraulic conductivity and drainage enough to facilitate recent wetting (Morris

et al., 2015b).

Recent drying in Stordalen palsa, Stordalen bog, Ribasvuomus$ bog, Bergfors bog, Rensjon palsa
(and drying prior to wetting in Gurasahpi palsa 1 and 2 and Maunuvuoma fen; Figure 3.3) is likely
driven by increases in evapotranspiration and potentially productivity (i.e. GDDo; Figure 3.4).
Evaporation-driven drying with recent warming has also been observed in other Fennoscandian
and northwest Russian permafrost peatlands (Zhang et al.,, 2018a). The lower precipitation
experienced at Stordalen palsa and Stordalen bog (Figure 3.1) has perhaps made these sites more
susceptible to drying. The slight recent increase in P-E appears to be of lesser importance to WTD
in drying sites, but shows a stronger relationship with WTD at wetting sites (Figure 3.4g). A
potential explanation for this is differences in permafrost structure affecting runoff rate and
drainage. For example, localised permafrost collapse could create a topographic depression more
favourable for retention of surplus precipitation. In other studies (Sonesson et al., 2002), greater
S. fuscum or D. elongatum growth has been associated with increases in temperature and
precipitation, and this increased productivity may be the cause of a deepening of the water-table
as the peat surface grows rapidly upwards (van Bellen et al., 2018). However, this explanation
could only apply where there is no clear decrease in C accumulation associated with drying, e.g.
Bergfors bog with recent D. elongatum growth (Figure 3.2). The insulating properties of dry
bryophyte layers are likely to have reduced the amplitude of soil temperatures and conversely
may have acted to slow the rate of permafrost thaw (Soudzilovskaia et al., 2013). Nevertheless,
increased connectivity of drainage pathways with permafrost thaw could be increasing runoff,
leading to drying (Haynes et al., 2018) — here local topographic setting is likely to be important.

Comparison of imagery of our study sites from 1959-1960 CE and 2012-2019 CE provides some
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evidence of changes in permafrost peatland structure and drainage (Figures B.31-B.33). These
structural changes associated with permafrost thaw have the potential to cause both wetting (e.g.

surface collapse) and drying (e.g. drainage of surface water features).

Both Orusjohka palsa and Veigi bog experience fluctuations in wetness since the mid-twentieth
century that are asynchronous to each other and the other sites (Figure 3.3). This fluctuating WTD
may represent a flickering of ecosystem state (Wang et al., 2012), with negative autogenic
feedbacks moderating the response to recent climate forcing (Swindles et al., 2012, Morris et al.,
2015a, Waddington et al., 2015). Despite comparable growing season conditions, colder annual
temperatures recorded near these sites at Nikkaloukta station (Figure 3.1) may be slowing rates
of localised permafrost thaw, allowing autogenic feedbacks to dominate. For example, increases
in bryophyte productivity with higher GDDy may facilitate rapid vertical growth and an increase in
relative WTD (i.e. deeper water-tables). Higher aerobic decomposition with drying — evidenced in
Orusjohka palsa ~1985 CE by a high UOM concentration (60%) and fungal remains count (Figure
3.2j; Figure B.25) — may cause a decrease in hydraulic conductivity of upper peats that then
reduces water loss, inducing wetting. These more favourable (wetter) hydrological conditions may
then again allow for greater bryophyte productivity as GDDy rise — continuing to drive fluctuations

in hydrological conditions.

3.3.3. Implications for ecohydrological and carbon dynamics in global permafrost peatlands

Here we show a divergent response of permafrost peatland ecohydrological regimes to climate
change over the last century (Figures 3.2, 3.3 and 3.4) and highlight the importance of internal
autogenic and site-specific factors in these ecosystems. We link climate-driven drying with
reduced C accumulation at four sites, but observe no clear relationship between wetting sites and
C accumulation (Figure 3.2). Our data provide multi-proxy high-resolution evidence to
substantiate previous suggestions of a heterogeneous response to recent warming in permafrost
peatlands from longer Holocene archives in Fennoscandia (Zhang et al., 2018b) and late Holocene
reconstructions in High Arctic Canada (Sim et al., 2019). Our findings illustrate how localised
climatic variations between sites and autogenic processes linked to permafrost thaw, peatland
structure, productivity and decomposition can combine in many ways to determine the future
trajectory of permafrost peatlands, exemplified by the potential to cause both wetting and drying.
Consequently, models of catastrophic C loss associated with drying (e.g. Ise et al., 2008) do not
capture the complex ecological and hydrological dynamics of permafrost peatlands. Models
incorporating permafrost, vegetation and hydrological dynamics (e.g. Chaudhary et al., 2020) are

likely to provide a truer representation of reality and here we provide empirical data to inform
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and test such models. Future research may be better able to disentangle the relative importance
of autogenic and site-specific factors by: (i) collating existing palaeoecological records coupled
with climatic data from a variety of permafrost peatlands; and (ii) combining a palaeoecological
approach with models of peatland ecosystem development (e.g. Morris et al., 2015a), specifically

adapted for permafrost conditions.

We show that bryophyte populations have demonstrated resistance and in some cases, resilience
to climatic and hydrological changes over the last century (Figure 3.2). Bryophytes are abundant
across high-latitude ecosystems, with Sphagnum spp. — such as S. fuscum - dominating boreal and
tundra permafrost peatlands (Treat et al., 2016). This bryophyte resistance and resilience may
allow for widespread increases in productivity with warming (Charman et al., 2013), perhaps to
an extent where post-thaw surface C accumulation offsets C losses from deeper peat (Heffernan
et al., 2020). However, bryophyte populations may be vulnerable to replacement by vascular
plants with a greater availability of near-surface nitrogen (N) (Berendse et al., 2001) associated
with permafrost thaw (Keuper et al., 2012) and increasing atmospheric N deposition (Galloway et
al., 2004). Nonetheless, despite levels of N deposition being greater in Fennoscandia than other
permafrost regions in recent centuries (Galloway et al., 2004), our data show stable bryophyte
populations. This resistance and resilience suggests a degree of long-term bryophyte sustainability
in global permafrost peatlands and through their insulating properties (Soudzilovskaia et al., 2013)

they may help slow rates of inevitable permafrost thaw.

The divergent response to recent warming seen here in peatland ecosystems on the limits of
discontinuous permafrost extent, may act as an indication for the future trajectory of more
northerly or continental ecosystems currently exhibiting continuous permafrost (Brown et al.,
2002). Moreover, these areas of extensive permafrost peatlands — such as northern Canada,
Alaska and northern Russia — are likely to experience greater increases in temperature and
precipitation than Fennoscandia in the twenty-first century (Christensen et al.,, 2013).
Furthermore, there is likely to be regional variation in the importance of certain ecological
processes, such as fire frequency — for which our findings suggest has a limited role, currently, in
northern Sweden. Therefore, we can likely expect a degree of heterogeneity between Arctic

regions in the future trajectory of permafrost peatlands.

3.4. Conclusions

Our findings suggest that: (i) permafrost peatlands have the potential to exhibit both wetting and
drying under future climate change, owing to autogenic processes linked to permafrost thaw,

peatland structure, productivity and decomposition; (ii) although ACAR should be interpreted
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cautiously, hydrological conditions appear to be an important control on C dynamics; (iii) models
of catastrophic C loss associated with drying do not capture the complex ecological and
hydrological dynamics of permafrost peatlands; and (iv) bryophyte populations — specifically S.
fuscum and Dicranum spp. — demonstrate resistance and in some cases resilience to recent
climatic and hydrological changes. Our study provides a detailed insight into the recent response
of permafrost peatlands to climate change in Fennoscandia and warns against an overly-simple

approach to considering their future ecohydrological dynamics and role in the global C cycle.
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Abstract

Northern peatlands store globally-important amounts of carbon in the form of partly-decomposed
plant detritus. Drying associated with climate and land-use change may lead to increased fire
frequency and severity in peatlands and the rapid loss of carbon — accumulated over centuries to
millennia — to the atmosphere. We synthesise existing peatland macrocharcoal records across
North America, Europe and Patagonia to reveal regional variation in peatland burning during the
Holocene. We also used an existing database of proximal sedimentary charcoal to represent
regional burning trends in the wider landscape for each region. Peatlands demonstrate lower
susceptibility to burning than the wider landscape, possibly because of autogenic processes that
maintain high levels of near-surface wetness even during drought. Warmer conditions during the
Holocene Thermal Maximum were associated with greater peatland burning in central Canada,
North America’s Atlantic coast, southern Scandinavia and the Baltics, and Patagonia. Long-term
trends in peatland burning appear to be largely climate driven, with human activities having an
increasing influence in the late Holocene, particularly in Europe. Peatland burning has declined in
some areas of Europe and across North America since the Little Ice Age. This decline mirrors trends
in global biomass burning linked to fire-suppression policies, and landscape fragmentation caused
by agricultural expansion. Nonetheless, widespread drying and degradation of peatlands,
particularly in Europe, has likely increased their vulnerability to burning in recent centuries.
Consequently, peatland restoration efforts are important to mitigate the risk of peatland fire

under a changing climate.
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4.1. Introduction

Peatlands cover only ~3% of global land area (Xu et al., 2018), but the carbon they store is
equivalent to around twice that of global forests (Pan et al., 2011). Peatlands have accumulated
~600 Gt of carbon during the Holocene, primarily at mid- to high-latitudes in the Northern
Hemisphere (Yu et al., 2010). Increasingly deeper peatland water tables associated with climate
change and human activities (e.g. agriculture, forestry, peat harvesting or road construction) will
likely increase the frequency and extent of fires (Flannigan et al., 2009; Turetsky et al., 2015).
Furthermore, greater incidence of lightning with warming will increase the frequency of naturally
ignited wildfire, particularly in high-latitude ecosystems (He et al., 2022; McCarty et al., 2021). The
burning of deep peat releases carbon into the atmosphere that has not been an active part of the
carbon cycle for centuries or millennia, and may therefore contribute to positive feedbacks
influencing climate warming (Davies et al., 2013; Lin et al., 2021). Similarly, burning influences
peatland vegetation dynamics, surface moisture and plant productivity — all of which influence the

carbon balance (Nelson et. al. 2021).

Peatlands are subject to both smouldering and flaming combustion; smouldering combustion has
the potential to cause greater direct carbon losses (Rein, 2013), while burning of peatland
vegetation may lead to indirect carbon losses via modification of the thermal regime (Brown et
al., 2015) or hydrology (Wilkinson et al., 2020). Peatlands store large amounts of biomass, but
typically have high surface moisture content, which limits the chance of ignition and fire
propagation (Frandsen, 1997). Furthermore, wildfire can drive permafrost thaw in boreal
peatlands, leading to surface wetting (Gibson et al., 2018). Drying caused by the aggradation of
permafrost during the Holocene has been shown to have increased the susceptibility of peatlands
to fire in North America (Zoltai et al., 1998). Contemporary climatic warming and human
disturbance are thought to be increasing peatland vulnerability to wildfire (Nelson et al., 2021).
The composition of vegetation cover is an important influence on peatland fire dynamics. Forested
peatlands generally burn more frequently than open peatlands (Kuhry, 1994; Magnan et al., 2012),

as these ecosystems have increased above-ground fuel availability (Thompson et al., 2019).

Patterns in peatland burning vary among biomes and can differ from the fire regime at a landscape
scale. For example, boreal peatlands in Canada exhibit mean fire return intervals of 624-2930
years compared to 200-1141 years in upland forests (Camill et al., 2009). In Europe, a mean fire
interval of ~475 years has been estimated from peatland areas in boreal Norway (Ohlson et al.,

2006), while a temperate peatland area in continental Europe showed a frequency of 0-2 fires per
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1000 years (Marcisz et al., 2019). The complex ecohydrological dynamics of peatlands interact
with changes in local and extra-local vegetation composition, climate and human activities to
affect the frequency and severity of peatland fires (Feurdean et al., 2022; Morris et al., 2015;
Stowinski et al., 2022).

The long timescales involved in peatland development, climatic change, vegetation dynamics and
fire regimes mean that contemporary monitoring studies may not provide a full picture of
peatland fire dynamics. A number of continental and global syntheses have used sedimentary
charcoal records to reconstruct biomass burning on millennial timescales (e.g. Daniau et al., 2012;
Marlon et al., 2008, 2016), but no such studies currently exist specifically for peatlands.
Consequently, uncertainties remain regarding the long-term ecology of peatland fires on a
continental scale. Here, we use a palaeoenvironmental approach to explore regional variability in
peatland burning trends at mid- to high-latitudes in North America, Europe and Patagonia on a
timescale that provides a baseline for peatland fire dynamics and to elucidate the past controls

on peatland fire.

4.2. Materials and methods

4.2.1. Study region

We compiled and quality checked macrocharcoal records (we defined macrocharcoal as particles
with a diameter >100 um (Mooney and Tinner, 2011)) spanning 10,000 cal. yr BP to the present
day from mid- to high-latitude peatlands in North America (sites = 68, records = 108), Europe (sites
= 95, records = 103), and Patagonia (sites = 9, records = 10). The Patagonian region also includes
a record from the Falkland Islands. Chronological quality control criteria are outlined in Section
2.3. These data provide good spatial coverage of peatland areas in North America and Europe
(Figure 4.1; Table C.1). We divided North America and Europe into sub-regions to account for
spatial differences in modern climate, human occupation and key peatland areas. Only basic
analyses were possible for Patagonia due to the low number of sites there. We characterised the
average modern climatic space of peatland sites and sub-regions using monthly climate data from
the CRU TS 4.04 dataset for the 1981-2010 period (Harris et al., 2020). These data have been

interpolated from climate stations to a 0.5° latitude by 0.5° longitude spatial resolution.
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4.2.2. Charcoal data

Theoretical models suggest that the dispersal distance of charcoal decreases with particle size
(Clark, 1988; Clark et al., 1998; Clark and Patterson, 1997; Higuera et al., 2007). Many studies
provide evidence of macrocharcoal records (>100-200 um) representing local scale fires within a
few hundred meters (Carcaillet et al., 2001; Clark and Royall, 1996, 1995) or within several
kilometres (Feurdean et al., 2020a, 2022; Tinner et al., 2006) of a coring location. Source areas of
macrocharcoal across Europe may be up to 40 km, but these findings are in relatively open
landscapes and specifically for lacustrine settings (Adolf et al., 2018). Peatlands are thought to
provide a more localised record of past fire occurrences than lakes because they experience
limited secondary deposition by fluvial transport (Florescu et al., 2018; Remy et al., 2018).
Furthermore, the peatland records may provide higher resolution information because they are
not subjected to the same sediment reworking as in lakes (Clark and Patterson, 1997; Conedera

et al., 2009; Oswald et al., 2005).

For these reasons, we assume that our peatland macrocharcoal records (>100 um) are primarily a
proxy for burning of peatland aboveground vegetation or burning of the peat itself. However, we
cannot rule out the influence of some charcoal input from vegetation in immediate vicinity of the
peatland and in some instances from a regional source — especially from intense crown fires or
those occurring during high winds (Gardner and Whitlock, 2001; Peters and Higuera, 2007).
Similarly, particularly serve in-situ smouldering fires can consume much of the charcoal they

produce and cause some loss of the peatland archive (Zaccone et al., 2014).

To enable a comparison of localised peatland burning to that in the wider regional landscape, we
selected records that were proximal to our peatland sites (see Figure C.1) from the Global Charcoal
Database (GCD) v.4.0.7 using the Paleofire package v.1.2.4 (Blarquez et al., 2014) in R v.4.0.5 (R
Core Team, 2021). These records from the GCD include microcharcoal and macrocharcoal and are
from a variety of sedimentary archives, excluding those listed as a bog, fen or mire. These records
are assumed to provide a record of regional biomass burning (e.g. Marlon et al., 2016). We
ensured that the wider landscape sites that pertained to each sub-region were within a convex
hull defined by the loci of the peatland sites in that sub-region, or no more than 200 km outside it
(150 km in central Europe to avoid duplication of sites). Further details of the wider landscape
records selected from the GCD can be found in Figure C.1 and Table C.2. Where peatland
macrocharcoal records from the GCD met our quality control criteria, we included them in our

peatland burning dataset (see Table C.1).
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4.2.3. Age-depth modelling

In order to standardise the methodology used for age-depth modelling, we produced new
Bayesian age-depth models (Figures C.2-C.38) for each peatland record from chronological
information such as 1“C, 2°Pb, tephra layers and spheroidal carbonaceous particles (SCPs), using
the rbacon package v.2.5.7 (Blaauw et al., 2021) in R (R Core Team, 2021). We established quality
control criteria that required cores to comprise at least ten sample depths, to have a chronology
spanning at least 500 years, and to have a date (e.g. 21°Pb, ¥C or tephra) at least every 2500 years
on average. Prior information on accumulation rate and its memory or variability can be found for

each age-depth model in Figures C.2-C.38.

4.2.4. Resampling and transformation

The peatland macrocharcoal records that we used have been compiled using a variety of methods
(e.g. particle counts, area measurements and relative abundances) and a range of particle size
fractions (e.g. >125 um, >150 um and >0.5 mm). This variability in measurement approach can
result in values that differ by orders of magnitude and therefore data standardisation is required
to compare relative changes between records over time (Power et al., 2010). Furthermore, owing
to varying accumulation rates within and among cores, standardisation of temporal resolution via
binning or smoothing is required to avoid an inflated influence of high-resolution samples on any
subsequent analyses. Macrocharcoal occurs in 47.8% (12,321 out of 25,758) of pre-binned peat
samples. We used proportional relative scaling (PRS) - developed specifically for systems where
fire is rare (McMichael et al., 2021) - and presence/absence analyses to standardise our peatland

records (see below).

4.2.4.1. Proportional relative scaling and presence/absence

For the PRS and presence/absence analyses, we developed a new method to resample the
temporal resolution of raw charcoal data proportionally into equal 50-year time bins using depth
intervals calculated from age-depth models (Figure C.39). This approach minimises potential
distortion from non-contiguous sampling, particularly for records with infrequent sampling (Figure
C.40). The proportion of samples containing charcoal is important for calculating both PRS and
presence/absence; therefore, we applied the depth binning approach to resample the data prior
to calculation of PRS and presence/absence. We calculated presence/absence for each resampled
record, and the percentage of sites containing charcoal for each 50-year period in North America,
Europe, Patagonia and sub-regions of interest. To calculate PRS for each record, we divided

individual resampled charcoal values (C;) by the maximum resampled charcoal value from that
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record (Cmax) and multiplied by 100. We then scaled this value by the proportion of resampled

values containing charcoal. The PRS formula applied to our resampled charcoal data is as follows:

Ci f
charyscatea = ( X 100)N

max

Where charpscaiea is proportionally relatively scaled charcoal values, Ci is a singular resampled
charcoal value within a record, Cnax is the maximum resampled charcoal value within that same
record, f is the number of resampled values containing charcoal (value > 0) within that same
record and N is the total number of resampled values within that same record. We subsequently
applied a cubic root transformation to PRS values to aid data visualisation and reduce positive

skew.

PRS adjusts the magnitude of charcoal records by the frequency of charcoal occurrence, down-
weighting records with infrequent charcoal. This scaling is based on observations from tropical
lake records collected using the same method, where a low frequency of samples containing
charcoal was related to a lower maximum abundance of charcoal (McMichael et al., 2021). We
assessed the effect of PRS on our data by comparing records from the three most common particle
sizes (>150 um, >0.5 mm and >1 mm) that expressed charcoal quantity as a concentration
(particles cm?3). This comparison tested whether, for peatland records analysed in a similar
fashion, a greater maximum charcoal value was associated with a higher proportion of samples
containing charcoal. We found that the maximum charcoal value (Cmax) of a record increased
across the three particle sizes when a greater proportion of resampled values contained charcoal
(Figure C.41). This relationship suggests the down-weighting in PRS of sites exhibiting a low
proportion of total samples containing charcoal is an appropriate approach for inter-site

comparisons of peatland macrocharcoal data.

4.2.4.2. Comparison of local peatland and regional biomass burning

Sufficient chronological information was not available from the GCD to apply our depth binning
approach to sites representing biomass burning in the wider landscape. Therefore, we used an
established method from major composite analyses of sedimentary charcoal records from the
GCD that involves a Box-Cox, a min-max and a z-score transformation (Daniau et al., 2012; Marlon
et al.,, 2016, 2008). We applied the Box-Cox, min-max and z-score transformations to our peatland
dataset (Table C.1) and the wider landscape dataset from the GCD (Table C.2) using the paleofire
package (Blarquez et al., 2014) in R. Peatland records with a complete absence of charcoal were

excluded from the analysis. We pre-binned the data in 50-year non-overlapping bins and used a
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500-year smoothing window to produce charcoal composite curves for North America, Europe
and sub-regions of interest. There were too few sites in the GCD to produce a robust z-score
reconstruction for Patagonia. Similarly, there were too few peatland records to produce sub-
region composite curves for Alaska, the Pacific Coast, East European Plain and Northern

Fennoscandia — although these data are included in the continental scale composite curves.

4.3. Results and discussion

North America, Europe and Patagonia exhibited distinct spatiotemporal patterns of peatland
burning from 10 ka (thousands of year before 1950 CE) to the present (Figure 4.2). In North
America, there was a general increase in peatland burning from 10 to ~0.5 ka (Figure 4.2A-B), but
there is a high degree of regional variability (Figure 4.3). These burning trends largely correspond
with changing climatic conditions and/or vegetation dynamics in the wider landscape, but
peatland autogenic processes may be important. From ~0.5 ka to the present we see a widespread
decrease in peatland burning that may have been initiated by the Little Ice Age (LIA) cooling. The
tendency of peatlands to retain high surface moisture content even during drought (Kettridge and
Waddington, 2014; Morris and Waddington, 2011), and a general policy of fire suppression since
the early-twentieth century, may be in part responsible for this recent downturn in burning. Our
European composite record shows more peatland burning in the early Holocene from 10 to 8 ka,
a period during which our database is composed primarily of records from central Europe and
southern Scandinavia and the Baltics (Figure 4.2). Relatively constant levels of peatland burning
are observed after 8 ka, but with marked increases at ~5 ka and from 1.5 to 0.5 ka (Figure 4.2).
Burning in the wider landscape increases conspicuously from 6.5 to 5.5 ka and, unlike the peat

record, shows an overall increase in recent centuries.
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Figure 4.2. Peatland and wider landscape burning trends by region. The distribution of proportionally
relatively scaled (PRS) charcoal values (cubic root transformed) in 500-year bins for A) North America and
D) Europe; box heights represent the upper and lower quartiles, centerlines indicate medians, hollow
triangles represent means, whiskers extend to 1.5 times the interquartile range beyond the upper and lower
quartiles, and hollow circles show the remaining observations. Trends in the proportion of samples (%) with
charcoal present within 50-year bins indicated by the red line. Biomass burning trends for peatlands in B)
North America and E) Europe and wider landscape biomass burning for C) North America and F) Europe —
all with a 500-year smoothing window and showing 95% bootstrap confidence intervals (1000 cycles). For
each panel the number of sites corresponds to 50-year time steps.

4.3.1. North America

From 10 to 8 ka our records show a slight increase in burning in both peatlands and the wider
landscape that is coincident with rising summer temperatures at a continental scale (Viau et al.,
2006). However, we have a dearth of records in the early Holocene from 10 to 8 ka in North

America and therefore cannot make detailed inferences about burning trends for this time. During
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the early Holocene growing seasons became gradually longer and warmer, driving widespread
peatland initiation in western and eastern North America from ~14.5 ka, with initiation in central
Canada and the Hudson Bay lowlands from ~8.5 ka onwards following increasing temperatures

and ice sheet retreat (Gorham et al., 2007; Morris et al., 2018).

Warmer and drier conditions during the Holocene Thermal Maximum (HTM) were likely
responsible for greater peatland burning from 8 to 7 ka in central Canada (Edwards et al., 1996;
Kuhry, 1994). Similarly, increased burning in the wider landscape from 8 to 7 ka (Figure 4.3C)
coincides with the northward expansion of conifer forests (Williams, 2003) and this may also be a
factor in increased peatland burning. Decreased peatland burning in central Canada during the
mid-Holocene (7 to ~3 ka) corresponds to warmer and more humid climatic conditions (Edwards
et al., 1996; Viau and Gajewski, 2009). However, our findings from central Canada prior to ~3 ka
should be treated with a degree of caution because of a small number of records span this time.
Between 3 and 0 ka summer cooling and higher annual precipitation (Viau and Gajewski, 2009)
correspond with decreased burning in the wider landscape, but peatland burning did not
consistently decrease until ~0.5 ka (Figure 4.3A-C). Many peatlands in central Canada show
evidence of permafrost aggradation linked to late-Holocene cooling, particularly during the LIA
(Treat and Jones, 2018). Drier peatland conditions caused by surface uplift during permafrost
aggradation may have contributed to sustained levels of peatland burning until 0.5 ka. Similarly,
permafrost thaw driven by twentieth century warming (Pelletier et al., 2017) offers a plausible
explanation for a recent decrease in peatland burning, although wetting from permafrost thaw

can be short-lived (Magnan et al., 2018).
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Figure 4.3. Peatland and wider landscape burning trends by North American sub-region. The distribution of proportionally relatively scaled (PRS) charcoal values (cubic
root transformed) in 500-year bins for A) Central Canada, D) West Hudson Bay, G) East Hudson Bay and J) Atlantic coast; box heights represent the upper and lower
quartiles, centerlines indicate medians, hollow triangles represent means, whiskers extend to 1.5 times the interquartile range beyond the upper and lower quartiles,
and hollow circles show the remaining observations. Trends in the proportion of samples (%) with charcoal present within 50-year bins indicated by the red line. Biomass
burning trends for peatlands in B) Central Canada, E) West Hudson Bay, H) East Hudson Bay and K) Atlantic coast and wider landscape biomass burning for C) Central
Canada, F) West Hudson Bay, I) East Hudson Bay and L) Atlantic coast — all with a 500-year smoothing window and showing 95% bootstrap confidence intervals (1000
cycles). For each panel the number of sites corresponds to 50-year time steps.
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During the mid-Holocene, warm and moist climatic conditions existed across the Hudson Bay
region, prior to cooler and generally moist conditions during the Neoglacial from around 2.5 ka
onwards (Camill et al., 2012; Hargan et al., 2020; Hobbs et al., 2017). These warmer conditions in
the mid-Holocene were associated with less frequent intrusions of cool, dry Pacific or Arctic air
masses, resulting in fewer periods of late-spring or summer drought that are conducive to fire
activity (Carcaillet and Richard, 2000; Edwards et al., 1996). We observe increasing levels of
peatland burning from 8 to 4.5 ka in the western Hudson Bay, along with increased burning in
peatlands and the wider landscape in the eastern Hudson Bay from 7 to 4.5 ka (Figure 4.3).
However, it should be noted that there are spatial gaps in our dataset with few records from
Hudson Bay Lowlands and to the west of James Bay (Figure 4.1). During the mid-Holocene many
peatlands in the Hudson Bay region were transitioning from wet fens to drier bogs and this
reduction in surface wetness and increased potential for the build-up of woody biomass likely
made peatlands more susceptible to fire (Camill et al., 2009; Davies et al., 2021; Hokanson et al.,
2016; Magnan et al., 2012). However, the timing of fen to bog transitions in the Hudson Bay region
exhibits a spatial gradient that mirrors the patterns of isostatic uplift (e.g. Glaser, Hansen, Siegel,
Reeve, & Morin, 2004). Peatland productivity may have decreased during the Neoglacial, leading
to increased surface wetness, and in some instances bog to fen transitions (van Bellen et al., 2013).
A clear decline in peatland burning occurred from 0.5 ka to present across the Hudson Bay region,

possibly initiated by LIA cooling.

On the Atlantic coast of Canada and the northeastern United States, increased burning in the
wider landscape and peatlands from 8 to 7 ka (Figure 4.3J-L) is associated with dry summers during
a period of low annual precipitation (Carcaillet and Richard, 2000; Viau and Gajewski, 2009).
Increases in peatland burning from around 2 to 0.5 ka are at odds with cooling summer
temperatures and increasing annual precipitation in northern Quebec (Viau and Gajewski, 2009).
From ~4 ka (and especially from 2 ka) a reduction in broadleaf tree species and a shift to more
flammable conifers has been linked to summer cooling (Blarquez et al., 2015), which appears to
have driven increased landscape burning (Figure 4.3L). Similarly in southern Quebec, a shift to less
regular and more intense biomass burning from ~1.5 ka has been linked to indigenous burning
practices (Blarquez et al., 2018), but the extent of these practices are widely contested (Barrett et
al., 2005). Nonetheless, despite increased burning in the wider landscape from ~4 ka onwards, fire
in peatlands only increased modestly from 2 to 0.5 ka (Figure 4.3J-K). The typically more open and
Sphagnum-dominated maritime bogs of the Atlantic coast rarely experience fire (Lavoie et al.,
2009; Magnan et al., 2014) and fire frequencies in open peatlands are lower than those with

greater tree density (Camill et al., 2009; Kuhry, 1994). The fire regime in southern Quebec shifted
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to less frequent but more severe fires in the last 1000 years following the spread of native
agriculture and particularly following European colonisation (Blarquez et al., 2018; Shiller et al.,
2014). These human impacts likely explain the increase in wider landscape burning from 0.5 ka to
present. Distance to forest and the presence of conifer trees have been linked to fire susceptibility
and intensity in ombrotrophic peatlands (Magnan et al.,, 2012). Therefore, the contrasting
decrease in peatland burning from 0.5 ka to present may be related to the reduced susceptibility

of open peatlands to fire as they increased in spatial extent (Payette et al., 2013).

Peatlands of the mid-Atlantic Coastal Plain in the United States differ in the timing of peak burning
from boreal peatlands farther north. Minimal burning occurred prior to ~6.5 ka, but frequent mid-
Holocene fires from 6.5 to ~3.7 ka, coincided with warm and dry conditions in the region and
marsh hydroperiods shortened due to slowing rates of sea-level rise (Willard et al., in prep). Low
levels of fire characterize the late Holocene, when mid-Atlantic winters were cooler and wetter
(Watts, 1979; Webb Il et al., 1987) and the site had transitioned from a marsh to a forested
wetland. Since European colonization, drainage of the peatland and logging activities resulted in

periodic severe fires (Spieran and Wurster, 2020).

4.3.2. Europe

Peatlands in Britain and Ireland broadly initiated in the early Holocene, from 10 to 8 ka (Morris et
al., 2018), but we were only able to reconstruct peatland burning from 4 ka to present owing to a
lack of data prior to this. Peatland sites showed consistently low PRS and presence/absence values
throughout, despite changes in wider landscape burning (Figure 4.4A-C). The comparatively humid
climate of Britain and Ireland (Figure 4.7) likely mitigated peatland fire. From the mid-Holocene,
burning in the wider landscape appears to be primarily influenced by human activity rather than
generally cooling summer temperatures from ~6 ka onwards (Davis et al., 2003; Mauri et al.,
2015). Increased burning in the wider landscape ~5 ka (Figure 4.4C) may be linked to the human
use of fire to clear woodland (Ryan and Blackford, 2010). Similarly, Neolithic population growth
from ~5.5 ka is clear in the archaeological record and is associated with a trend of reduced forest
cover that has continued to the present (Woodbridge et al., 2014). Decreased burning in the wider
landscape from ~2 ka onwards may be linked to the conversion of forest to agricultural land,
resulting in landscape fragmentation and a loss of fuel for wildfires (Fyfe et al., 2003; Marlon et
al., 2013). PRS charcoal values decrease from 0.5 ka to present, whereas z-score and
presence/absence values drop initially, before increasing slightly in recent centuries (Figure 4.4A-
B). Cooler, wetter conditions in Britain and Ireland during the LIA (Swindles et al., 2013; Webb et

al., 2022) likely contributed to reduced burning in peatlands and the wider landscape ~0.5 ka.



112

Shifting land management practices, including peatland drainage and prescribed burning of
moorlands from ~AD 1850 (Holden et al., 2007), are coincident with widespread peatland drying
across Britain and Ireland since ~AD 1800 (Swindles et al., 2019). These recent human impacts

may explain the uptick in the proportion of sites burning in the last century (Figure 4.4A).
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Figure 4.4. Peatland and wider landscape burning trends by European sub-region. The distribution of proportionally relatively scaled (PRS) charcoal values (cubic root
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Central European sites in our database are characterised by greater peatland burning ~9 ka, before
relatively constant levels of burning until the late Holocene, with decreased burning ~2 ka and an
increase from 1 ka to present (Figure 4.4D-E). Burning in the wider landscape during the Holocene
generally showed a slow increase before 1.5 ka, followed by a steeper increase to present (Figure
4.4F). Summer temperatures increased until ~8 ka, before stabilising and showing a general
decrease from ~6 ka for the majority of the Holocene (Dauvis et al., 2003; Mauri et al., 2015). The
abundance of flammable conifer species in continental Europe decreases from ~10 ka to ~8 ka and
remained relatively consistent until ~1.5 ka before decreasing further to the present (Feurdean et
al., 2020b). These cool, wet conditions and a stable or decreasing abundance of flammable
coniferous trees from the mid-Holocene onwards, suggests that increased burning in the wider
landscape may be because of changing human activity. There is some evidence of hunter-gather
initiated forest fires from as early as 8.5 ka, with human-related fires intensified during the Bronze
Age (~4 to 3 ka) and again from 1 ka to present (Bobek et al., 2018; Dietze et al., 2018). Peatlands
did not show this same clear increase in burning at this time, suggesting that they were less
affected by fires in the wider landscape and/or less targeted by anthropogenic fires. Decreased
peatland burning at ~2 ka coincides with more humid conditions across central Europe
(Fohlmeister et al., 2012). Wetter climatic conditions may have increased surface wetness in
peatlands (Pleskot et al., 2022), reducing susceptibility to burning in the wider landscape linked to
human activity. However, peatland burning from ~1 ka onwards coincides with a pronounced
uptick in wider landscape burning (Figure 4.4E-F), suggesting that human use of fire has exceeded
the ability of peatlands to resist burning. During the LIA from ~AD 1400 to AD 1700, a cool humid
maritime climate in western Europe helped maintain wetter peatlands, but many continental
peatlands in central Europe experienced drying (Marcisz et al., 2020), likely increasing peatland
vulnerability to fire. Similarly, peatland water table reconstructions suggest many peatlands in
central Europe have become significantly drier in the last 400 years as a result of human and

climatic factors (Swindles et al., 2019).

Summer temperatures in southern Europe have generally increased since ~8 ka until present
(Davis and Brewer, 2009). In addition, summer precipitation decreased throughout the Holocene
(Peyron et al., 2011). The pattern of burning is more complex and cannot be explained by climate
change alone. Burning increased in peatlands and the wider landscape from ~7 ka to a peak ~5.5
ka (Figure 4.4G-1), which coincided with the onset of the Neolithic and may have been driven by
increased slash and burn activities to clear forest for agriculture (Gilck and Poschlod, 2021; Rius et
al., 2011, 2012). A peak in peatland and wider landscape burning ~1 ka may have been partially

linked to increased farming and settlement following Christian conquest of the Pyrenees (Ejarque
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et al., 2009), or an increased build-up of woody biomass with a return to previous fire practices
following the Roman period (Vanniére et al., 2016). A marked decrease in peatland and wider
landscape burning from ~1 ka until present is likely linked to landscape fragmentation and reduced
fuel for wildfires with the expansion of agriculture (Marlon et al., 2013), and the onset of cooler
conditions ~AD 1400 to AD 1700 during the LIA (Mann et al., 2009). Fire suppression policies have
been widespread across southern Europe in recent decades (Brotons et al., 2013; Moreira et al.,
2011). However, peatland burning remains relatively high in comparison to other regions, which
may be attributed to comparatively warm and dry summer conditions (Figures 4.6 and 4.7).
Similarly, burning in southern European peatlands shows good correspondence with burning in
the wider landscape from 8 ka until present, suggesting that these typically smaller peatlands

(Payne, 2018) are more vulnerable to burning.

Southern Scandinavia and the Baltics exhibit more peatland burning from 10 ka to ~7.5 ka in terms
of PRS, presences/absence and z-score values (Figure 4.4J-K). This early Holocene trend is more
subtle in burning of the wider landscape, with slightly elevated burning 10 to ~8.5 ka (Figure 4.4L).
These higher levels of burning are likely linked to climate and perhaps changes in vegetation.
Pollen reconstructions suggest this region was warming during this period, with the HTM ~8 to 6
ka (Davis et al., 2003; Mauri et al., 2015). However, aquatic plant macrofossil evidence suggests
an earlier onset of the summer HTM in Fennoscandia not captured in pollen reconstructions
(Valiranta et al., 2015). In terms of vegetation, an increased abundance of flammable coniferous
taxa in the early Holocene may have contributed to greater burning, while a transition to broadleaf
dominance in the mid-Holocene may have mitigated burning during the HTM (Brown and
Giesecke, 2014; Feurdean et al., 2020b). An increase in peatland burning from 5 to 4 ka may have
been influenced by a brief warm, dry phase prior to a general cooling trend from 4 to 2.6 ka in the
Baltic region (Hammarlund et al., 2003; Heikkild and Sepp3, 2010), yet there is no corresponding
increase in burning of the wider landscape. Therefore, the peak in peatland burning around 4.5 ka
may have been driven by increasing abundance of woody plants (e.g. Calluna vulgaris) under drier
conditions (Sillasoo et al., 2011). Increased burning from 1 to 0.5 ka in peatlands and the wider
landscape may be linked to warmer conditions during the Medieval Climate Anomaly (MCA)
(Mann et al., 2009), alongside increasing intensity of agricultural grazing and burning practices
(Olsson et al., 2010). However, from 0.5 ka to present peatland burning decreased, perhaps
initiated by LIA cooling; while wider landscape burning continued to increase (Figure 4.4J-L). This
divergent burning trend may be explained by slash-and-burn agricultural practices that were
widespread in southern Scandinavia and the Baltics from ~AD 1650 to AD 1850 (Jats et al., 2010;

Lehtonen and Huttunen, 1997). These burning practices were typically low intensity and small
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scale (Parviainen, 2015) and may have kept fuel loads low in the wider landscape and allowed

peatlands to be less susceptible to ignition.

4.3.3. Patagonia

In Patagonia, biomass burning in lowland peatland sites appears to be strongly linked to climate.
From 10.5 to 7.5 ka, southern Patagonia experienced a warm and dry period during a time of
weaker South Westerly Winds (SWWs) (Moreno et al., 2018). This warm, dry period corresponds
to greater burning of lowland peatlands from 10 to 6 ka (Figure 4.5). From ~6 ka onwards there
was a general wetting and cooling of climate due to the equatorial migration of the SWWs and a
reduction in summer drought (Markgraf and Huber, 2010; McCulloch et al., 2020). These cooler,
wetter conditions in the mid to late Holocene may explain the extremely low levels of burning in
southern Patagonian peatlands from 6 ka to present (Figure 4.5). Similarly, there is evidence of
persistent Sphagnum communities in lowland peatlands from ~5.5 ka coincident with reduced
summer drought and fire activity (Markgraf and Huber, 2010). The absence of high severity
peatland fires was probably favourable to Sphagnum mosses in this region (Nelson et al., 2021).
Huber & Markgraf (2003) suggest that increased fire activity in a southern Patagonian peatland
from ~AD 1600 onwards may be linked to changing indigenous hunting practices, following the
introduction of horses upon European contact. However, any such increases in recent centuries
are not well represented in our regional analysis, suggesting that climate remains the main control

on lowland peatland burning in southern Patagonia.
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Figure 4.5. Peatland burning trends in Patagonia. The distribution of proportionally relatively scaled (PRS)
charcoal values (cubic root transformed) in 500-year bins. Box heights represent the upper and lower
quartiles, centerlines indicate medians, hollow triangles represent the mean, whiskers extend to 1.5 times
the interquartile range and hollow circles show the remaining observations. Trends in the proportion of
samples (%) with charcoal present within 50-year bins indicated by the red line. The number of sites
corresponds to 50-year time steps.
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4.3.4. Peatland burning and climatic space

Our sub-regions show some clear differences in the magnitude of burning (Figure 4.6), which may
be explained in part by regional differences in climate (Figure 4.7). Gridded modern climate data
provide good context for the relative differences between sub-regions. We focused on the last 2
ka because this period is long enough to capture meaningful temporal patterns of burning and has

the best spatial coverage.

Patagonia, Northern Fennoscandia, and Britain and Ireland demonstrated a median PRS value of
zero since 2 ka, while southern Europe and the East European Plain exhibited the highest burning
values (Figure 4.6). The warmest months in our Patagonian and Northern Fennoscandian sites
have relatively low precipitation, but are relatively cool compared to the other sub-regions (Figure
4.7). Although, an annual precipitation of ~1000 to 1500 mm has been recorded at a number of
our Patagonia sites (Broder et al., 2012; Schneider et al., 2003), suggesting our gridded climate
data may not be capturing some local variation in rainfall. Nevertheless, low summer
temperatures may be allowing peatlands — especially those dominated by Sphagnum — to retain
surface moisture and to avoid the desiccated conditions that promote fire propagation (Turetsky
et al., 2011; Waddington et al., 2015). The high levels of precipitation during the warmest month
in Britain and Ireland may prevent conditions favourable to fire. In contrast, southern Europe is
characterised by sites with high temperatures and low precipitation for the warmest month, which
likely contribute to greater burning (Figure 4.7). The East European Plain does not have the hottest
or driest summers, on average, yet experiences greater burning than other sub-regions. In this
instance, the summary variables presented in Figure 4.7 may be less important than short-term
climatic and weather variability that may foster peatland fire in the East European Plain.
Additionally, the relatively few peatland sites from the East European Plain in comparison to other
sub-regions appear to have undergone changes in vegetation structure related to recent slash-
and-burn agriculture (Barhoumi et al., 2019) and shifts from minerotrophic to ombrotrophic
conditions (Mazei et al., 2020). Future analyses would benefit from a greater number of records
from the East European Plain and the West Siberian Lowlands. Nevertheless, there are some clear
links between burning and climatic extremes, but our findings suggest that peatland fire regimes

are influenced by a combination of factors.
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Figure 4.6. Distribution of proportional relatively scaled (PRS) charcoal values (cubic root transformed) for
2000 cal. BP to present by region and sub-region. PRS values are cubic root transformed owing to the
skewed distribution of the data. Box heights represent the upper and lower quartiles, centerlines indicate
medians, whiskers extend to 1.5 times the interquartile range and black circles show the remaining
observations. Box width is proportional to the square root of the number of samples per sub-region.
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4.3.5. Controls on peatland burning and wider implications

Our composite analysis of peatland macrocharcoal records from mid- to high-latitude peatlands
in North America, Europe and Patagonia highlights regional variability in peatland burning during
the Holocene. Warmer and drier climatic conditions during the HTM were associated with greater
peatland burning in central Canada, North America’s Atlantic coast, southern Scandinavia and the
Baltics, and Patagonia (Figures 4.3, 4.4 and 4.5). Cooler or wetter climatic conditions during the
Neoglacial coincided with reduced peatland burning in central Canada and the western Hudson
Bay (Figure 4.3). Similarly, there were widespread decreases in burning linked to the LIA across
Europe and North America (Figures 4.3 and 4.4). Therefore, climate appears to be the overarching
control on peatland fire until the late Holocene in Europe and perhaps until the present day in
North America and Patagonia. This echoes findings by Marlon et al. (2013), who suggested that

climate is the main influence on global biomass burning for the majority of the Holocene.

Human impacts upon the landscape became more prevalent from the Neolithic onwards in
Europe, and increased burning was generally associated with clearance of land for agriculture
(Dietze et al., 2018; Gilck and Poschlod, 2021; Olsson et al., 2010; Résch et al., 2017; Ryan and
Blackford, 2010). In particular, human-induced fire may have led to increased peatland burning
from 7 to 5.5 ka in southern Europe, and from 1 to 0.5 ka in southern Scandinavia and the Baltics
(Figure 4.4). Paradoxically, there have been widespread reductions in global biomass burning from
the late nineteenth century onwards, associated with fire suppression policies and the expansion
of agriculture, despite increasing temperatures and rising global population (Marlon et al., 2008).
The conversion of land to agricultural uses has reduced fuel for wildfires and decreased landscape
connectivity (Arora and Melton, 2018). These processes are probably responsible for recent
decreases in burning in the wider landscape in central Canada, eastern Hudson Bay and southern
Europe (Figures 4.3 and 4.4). A key uncertainty is whether land-use and fire-suppression policies
in the 21° century will be able to offset the influence of warming. A modelling study by Kloster,
Mahowald, Randerson, & Lawrence (2012) suggests that management could largely mitigate
future carbon emissions from fire, although important uncertainties remain, partly because they

did not account for peatland ecosystems.

Differences in burning trends between peatlands and the wider landscape may be a result of
autogenic processes that are specific to peatlands, including retention of near-surface moisture
even during drought (Waddington et al., 2015) and ecosystem state shifts such as fen-bog
transitions (Véliranta et al., 2017). There are a number of occasions when peatland burning has

remained stable or even decreased, while burning in the wider landscape has increased. The most
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prominent examples are from ~0.5 ka to present in the Atlantic coast area of North America, and
in southern Scandinavia and the Baltics (Figures 4.3 and 4.4). In both instances, increased burning
in the wider landscape was likely driven by human activities (Blarquez et al., 2018; Parviainen,
2015). The lower susceptibility of peatlands to burning may be linked to cooler conditions during
the LIA ~AD 1400 to AD 1700 (Mann et al., 2009) in combination with internal mechanisms. More
specifically, the mostly extensive, open and Sphagnum-dominated peatlands of the Atlantic coast
region of North America are generally resistant to fire (Lavoie et al., 2009; Magnan et al., 2014).
Here, a lower peatland edge-to-area ratio reduces rates of subsurface losses of water to adjacent
forests, and lowers the risk of deep burning of peat (Hokanson et al., 2016; Nelson et al., 2021).
Similarly, larger peatland complexes in northern Poland have been shown to be more resistant to
disturbances (Marcisz et al., 2019). In contrast, fire records from the smaller and more fragmented
peatlands of southern Europe (Payne, 2018) correlated closely with burning in the wider landscape

(Figure 4.4), suggesting a greater vulnerability of these ecosystems.

Both future climate change and human activities may increase the susceptibility of peatlands to
burning. Increased evapotranspiration associated with warmer temperatures, and drainage from
human activities are both expected to increase peatland drying, leading to greater peatland
burning and carbon emissions (Flannigan et al., 2009; Turetsky et al., 2015). In Europe, extensive
peatland drying has already been observed in recent centuries (Swindles et al., 2019). However,
our results predominantly show recent decreases in peatland burning from ~0.5 ka to present,
especially in North America (Figures 4.2, 4.3 and 4.4). A number of factors may be contributing to
this trend. Large areas of peatlands in North America remain relatively intact — just 1.5% of
peatlands there are estimated to be degraded, in comparison to 18% in Europe (Urdk et al., 2017).
Therefore, less modified peatlands in North America may be more resilient to burning (see Nelson
et al., 2021). Peatland fires commonly initiate elsewhere in the landscape before spreading onto
peatlands (Hokanson et al., 2016). Therefore, a reduction in wider landscape burning from ~0.5 ka
in some regions likely reduced the potential for peatland vegetation to ignite. Furthermore, the
resolution of our analyses (50 years per sample) is unlikely to detect any increased burning in
recent decades. The centennial to millennial timescales of peatland fires mean that even if the risk
of peatland fire has increased with recent climate change and human activities, the impact on
peatland fire may not yet be manifest in palaeoenvironmental records. Similarly, peatland
ecosystems are generally resilient to disturbance and often exhibit a delayed response to external

forcing (Page and Baird, 2016).
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We find ample evidence for increased peatland burning during previous warm periods, and in
warmer and drier regions (e.g. southern Europe). The vulnerability of peatlands to fire is likely to
have been increased by recent climatic warming and anthropogenic management, particularly in
Europe where ecosystems have been more heavily modified. For these reasons, policies are
needed to enhance peatland resistance and resilience to fire. Rewetting of degraded peatlands
has been shown to reduce the risk of deep burns (Granath et al., 2016). Consequently, peatland
restoration will be an important strategy to mitigate the impact of climate change and human

activities (Baird et al., 2019).

4.4. Conclusions

Our composite analysis of peatland macrocharcoal records from mid- to high-latitudes in North
America, Europe and Patagonia highlights regional variability in peatland burning during the
Holocene. Peatlands are generally much less susceptible to fire than the wider landscape, likely
due to the persistence of high surface moisture levels and a lower density of woody biomass.
Climate appears to be the overarching control on peatland fire until the mid-Holocene in Europe,
and perhaps until the present day in North America and Patagonia. Our analysis suggests that
peatland burning is generally higher during warm or dry periods of the Holocene and the
magnitude of burning is greater in warmer and drier regions, i.e. southern Europe. Lower
anthropogenic disturbance of peatlands in North America compared to Europe likely makes them
less susceptible to burning and may partially explain the clear decline in North American peatland
burning since the Little Ice Age. Going forwards, peatland restoration will be an important tool in

reducing the susceptibility of peatlands to fire.
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5. Discussion and conclusions

In this chapter, the findings of each previous results chapter will be discussed in relation to each
other and placed in context of the wider literature. | will first summarise the key findings from
Chapters 2, 3 and 4 to show how they meet the thesis objectives. | will then synthesise the findings
between each results chapter in the context of the wider literature (Section 5.1). The implications
of these findings for the field of peatland environmental change and ideas for future work will
then be discussed (Section 5.2) and finally the overall conclusions of the thesis will be stated

(Section 5.3). For clarity, the overall aim of this thesis was:

“To investigate trends in ecohydrology and fire regime in mid- to high-latitude peatlands during
the Holocene using palaeoecological techniques, with a focus on better understanding autogenic

and climate-driven ecosystem shifts.”

To fulfil this aim, three objectives were devised with each objective relating to an individual results

chapter. To meet this overall aim:

1. I|developed and applied testate amoeba-based transfer functions for water-table depth
and pH for high-latitude peatlands in Svalbard (Chapter 2). Testate amoebae included in
these transfer functions preserved well and maintain diversity down core, suggesting
changing species assemblages reflect genuine shifts in WTD and pH. These
reconstructions showed increases in pH and wetness in the last century that may be

linked to recent climate change.

2. linvestigated the ecohydrological and carbon dynamics response of permafrost
peatlands in a rapidly warming region of subarctic Sweden across multiple sites (Chapter
3). Here | found that permafrost peatlands demonstrated a divergent ecohydrological
response to recent climate change. Whether a peatland becomes wetter or drier under a
particular external forcing may depend on local and autogenic factors relating to

vegetation dynamics, permafrost thaw, productivity and decomposition.

3. | examined peatland biomass burning trends and controls in North America, Europe and
Patagonia during the Holocene (Chapter 4). This analysis shows that there was a degree
of regional variability in peatland burning during the Holocene, largely linked to changes
in climate, although human activities exert a greater influence in the late Holocene and

there is evidence to suggest that autogenic processes have been important.
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5.1. Research synthesis

Over the course of this thesis the scope and spatial extent have increased between the three
results chapters. | have moved from testate amoeba transfer function methodological
development for the understudied region of Svalbard (Chapter 2), to implementation of multiple
palaeoecological proxies across multiple sites within the rapidly changing region of northern
Sweden (Chapter 3). Then finally, | undertook a synthesis of existing data to explore continental-
level trends in the emerging field of peatland palaeofire reconstruction (Chapter 4). This has given
me a valuable, cross-scale perspective of peatland environmental change in terms of ecohydrology
and fire regime, using multiple palaeoecological techniques and ultimately contributed to a

greater understanding of autogenic and climate-driven shifts in mid- to high-latitude peatlands.

In Chapter 2, | developed testate amoeba-based transfer functions for WTD and pH for peatlands
in Svalbard and applied these both to a peat core from Colesdalen to address Objective 1. The
primary control on the distribution of testate amoebae in these High Arctic peatlands was WTD,
as seen at lower latitudes (e.g. Amesbury et al., 2016). Furthermore, | was able to better quantify
the WTD niches of the Arctic specific taxa Centropyxis gasparella and Conicocassis
pontigulasiformis (Beyens and Bobrov, 2016) (Section 2.4.2; Figure 2.7) — the former of which has
never been included in a transfer function and to my knowledge the latter only appears in Taylor
et al. (2019). The influence of pore water pH upon populations of testate amoebae was marginally
secondary to that of WTD (Section 2.4.1; Table 2.3), but development of a transfer function for pH
allows for a more comprehensive understanding of past ecosystem change, although the relative
importance of WTD and pH is likely to vary temporally down core (Markel et al., 2010). Swindles
et al. (2015) found that, in the Abisko region of northern Sweden (the area studied in Chapter 3),
where peatlands were less nutrient rich than those in Svalbard, pH had a more limited influence
on the species distribution of testate amoebae — highlighting spatial variation in the relative

importance of WTD and pH.

Weak idiosomic siliceous test (WIST) taxa showed poor preservation down core and their
exclusion from transfer functions slightly improved model performance (Table A.2). In Chapter 3,
WIST taxa were not excluded from our WTD reconstructions on the basis that limited
decomposition would have occurred on the short active layer monoliths. Across 30 European sites,
Swindles et al. (2020) have shown that differential preservation of WISTs has a minimal impact
upon WTD reconstruction, yet the authors recommend removing WIST taxa from WTD
reconstructions and excluding them from minimum count thresholds. Nonetheless, additional

analyses of the records used in Chapter 3 suggest that the exclusion of WISTs does not greatly
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affect WTD values (Figure B.34). | applied the Svalbard non-WIST transfer functions for both WTD
and pH to a core from Colesdalen, with non-WIST taxa showing good preservation and consistent
levels of diversity down core (Section 2.4.3; Figure 2.9). Of the testate amoebae found in the
Colesdalen core, three species had missing modern analogues (Campascus minutus, Centropyxis
plagiostoma and Conicocassis pontigulasiformis) from the pan-European transfer function
(Amesbury et al., 2016) that was used to reconstruct WTD for core in Chapter 3. Similarly, transfer
functions for Arctic Alaska (Taylor et al., 2019), subarctic Sweden (Swindles et al., 2015a) and
subarctic Finland and West Russia (Zhang et al., 2017) had 9, 12 and 10 missing modern analogues
respectively for the Colesdalen core (see Table A.3). Yet, these missing modern analogues were
generally in low abundance in the Colesdalen core and therefore the three subarctic/Arctic and
the pan-European transfer functions all performed quite well in terms of indicating relative shifts
in WTD (Section 2.4.3; Figure 2.10). This good performance by extra-regional transfer functions
suggests that their application can be effective to regions where local transfer functions are not
available, particularly when missing modern analogue species are in low abundance and have

minimal influence of reconstructions.

In Chapter 3, | investigated how the ecohydrology and carbon dynamics of permafrost peatlands
respond to rapid warming across multiple sites in subarctic Sweden. My findings suggest that
permafrost peatlands can exhibit both wetting and drying responses to climate change within the
same region (Section 3.3.1; Figure 3.3). The reason for this divergent ecohydrological response
may be autogenic processes relating to permafrost thaw, peatland structure, vegetation
dynamics, productivity and decomposition. More specifically, permafrost thaw could lead to
wetting through thermokarst collapse (Swindles et al., 2015b), as was the case in Gurasahpi palsa
1 and 2. Alternatively, greater connectivity of drainage pathways with thaw could increase runoff
and drainage, leading to drying (Haynes et al., 2018). Furthermore, | found that bryophyte
populations in the Abisko region (especially Sphagnum fuscum and Dicranum spp.) showed
resistance and sometimes resilience to hydrological changes indicated by testate amoeba WTD
reconstructions (Section 3.3.1; Figure 3.2). Here, the persistence of bryophytes could actually

work to slow permafrost thaw through their insulating properties (Soudzilovskaia et al., 2013).

The results of Chapter 3 emphasise the importance of sampling multiple sites/locations in
palaeoecological studies, which is a considerable strength of my work in Chapter 4 that includes
data from 221 records. Conversely in Chapter 2, the focus was transfer function development and
therefore only one palaeo core was analysed to test the applicability of the transfer function and
testate amoeba preservation. Reconstructions for the Colesdalen core show increases in pH and

wetness in the last century that may be linked to greater chemical weathering as a result of
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changing drainage patterns with ice retreat (Nowak and Hodson, 2014), alongside increases in
precipitation (Fgrland et al., 2011). Yet, Juselius et al. (2022) suggest drying in recent decades
across multiple soil cores in Svalbard, but they do not apply the open source transfer function |
published in relation to Chapter 2 (Sim et al., 2021). Nevertheless, this discrepancy in recent
hydrological trends in Svalbard emphasises the likely importance of autogenic processes and local
factors in Svalbard, as has been demonstrated for subarctic peatlands in northern Sweden

(Chapter 3) and for High Arctic peatlands in Canada (Sim et al., 2019).

Analysis of ACAR in Chapter 2 showed that drying in the last century could be tentatively linked
with reduced carbon accumulation at four sites (Section 3.3.1; Figure 3.2). However, incomplete
decomposition of recent peat and secondary decomposition of peat during drought can degrade
and overwrite the ACAR record (Morris et al., 2015; Young et al., 2019). Therefore, interpretation
of ACAR requires caution. In Stordalen palsa, a recent decrease in carbon accumulation was great
enough to overcome the artefact of incomplete decomposition and is therefore likely to be
genuine. Similarly, the presence of UOM (identified by plant macrofossil analyses) in Gurasahpi
palsa 1 prior to recent wetting suggests high levels of decomposition that may be masked by
incomplete decomposition — reinforcing the idea that multiproxy studies offer a higher level of
understanding. In terms of carbon accumulation going forwards, Young et al. (2019) suggest fitting
carbon balance models (e.g. Clymo, 1984) to age-depth curves to estimate peatland carbon

balance over centuries and millennia (see Zhang et al., 2018).

There is potential for increases in productivity with climate change in high-latitude peatlands to
outpace increases in decomposition (Gallego-Sala et al., 2018). Therefore, a study investigating
peatland carbon accumulation across Svalbard alongside integration with ecohydrological proxies
(e.g. plant macrofossils and testate amoeba) would be extremely useful. Yet, peatland carbon
accumulation was not considered in Chapter 2. This is because the original thesis plan was to
investigate carbon accumulation as part of a multiproxy study in Svalbard in the final results
chapter, but this was not possible owing to COVID-19 related laboratory delays. Juselius et al.
(2022) document the recent initiation of new organic soils in Svalbard despite testate amoeba
records indicating recent drying, suggesting further investigation is required to more fully
understand the carbon accumulation response of these ecosystems. Additionally, considering the
impact of peatland fire upon carbon accumulation in Chapter 4 would have been extremely useful
— particularly in relation to smouldering fire dynamics — but unfortunately was not possible due to

data availability.
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In Chapter 4, | collated and synthesised 221 peatland macrocharcoal records from mid- to high-
latitude peatlands in North America, Europe and Patagonia. This analysis is the first to examine
peatland fire on a continental scale and highlighted regional variability in peatland burning during
the Holocene (Sections 4.3.1 to 4.3.3; Figures 4.2 to 4.5). A warmer and drier climate during the
HTM in central Canada, the Atlantic coast of North America, southern Scandinavia and the Baltics,
and Patagonia, was associated with greater peatland burning (Sections 4.3.1 to 4.3.3; Figures 4.3
to 4.5). Similarly, the magnitude of burning appears to be greater in warmer and drier regions such
as southern Europe (Section 4.3.4; Figures 4.6 and 4.7). Climate appears to be the overall control
on peatland fire until at least the mid-Holocene in Europe and perhaps to this day in North America
and Patagonia — echoing findings from a global syntheses of biomass burning across ecosystems,
which included but did not differentiate peatlands (Marlon et al., 2013). Nevertheless, peatlands
appear to be less susceptible to burning than the wider landscape, probably because of
ecohydrological feedbacks that help maintain surface moisture (Nelson et al., 2021; Waddington
et al., 2015). There are a number of occasions when peatland burning has remained constant or
decreased when wider landscape burning has increased, e.g. ~0.5 ka to present in southern
Scandinavia and the Baltics (Section 4.3.2; Figure 4.4). Some of the autogenic processes explored
in Chapter 3 are likely to be relevant to the lower susceptibility of peatlands to burning
demonstrated in Chapter 4. In fact, the cores from northern Sweden analysed in Chapter 3 are
included in the Chapter 4 analyses. The resistance demonstrated by bryophytes to hydrological
change (Section 3.3.1; Figure 3.2) in combination with their superior moisture retention capacity
(Nelson et al., 2021) likely contributed to the absence of charcoal in the records from northern
Sweden (Chapter 3). Charcoal was not analysed for the Colesdalen core in Svalbard in Chapter 2
but, in general, tundra ecosystems experience less fire than those at lower boreal latitudes
(Flannigan et al., 2009). Nonetheless, with climate change there is evidence to suggest Arctic

tundra fires may increase and lead to large-scale carbon losses (Mack et al., 2011).

In contrast to my findings in Chapters 2 and 3, in Chapter 4 | find that direct human impact may
have had a profound impact upon my results. In Europe, with the onset of the Neolithic the use
of fire for land clearance became more prevalent and may for example have contributed to
increased peatland burning 7 to 5.5 ka in southern Europe (Section 4.3.2; Figure 4.4). However,
in the last century or so there have been widespread decreases in global biomass burning contrary
to increases in human population and rising temperatures that are linked to fire suppression
policies and the conversion of land to agriculture (Arora and Melton, 2018; Marlon et al., 2008). |
observe a similar recent decrease in peatland burning since the end of the LIA, especially in North

America (Sections 4.3.1 and 4.2.2; Figures 4.3 and 4.4). The less extensive degradation of
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peatlands in North America in comparison to Europe (Urdk et al., 2017) may reduce susceptibility
to burning. Nevertheless, the combination of climate change and direct human activities may lead

to ecosystem shifts that reduce the resilience of peatlands to burning.
5.2. Implications and future work

The findings from my thesis can be used to guide the development of a number of further

questions that could provide a focus for future research, which | will summarise in this section.

The testate amoeba transfer functions developed in Chapter 2 for peatland WTD and pH
reconstruction in Svalbard are among the few models developed in marginal Arctic systems. These
transfer functions are currently the northernmost peatland testate amoeba transfer functions and
the first for peatlands in Svalbard. This work provides a valuable tool for conducting multiproxy
palaeoecological investigations of Svalbard wetlands to better understand the ecohydrological
dynamics of these carbon-rich and rapidly changing ecosystems. It would be valuable to conduct
similar research in other understudied Arctic regions, such as the Canadian High Arctic and across
Arctic Eurasia. Ultimately, this work could lead to the development of a pan-Arctic testate amoeba
transfer function as have been developed for WTD at lower latitudes, for example across North
America (Amesbury et al., 2018). Similarly, my data from Svalbard could be included in an updated
version of the pan-European transfer function (Amesbury et al., 2016). Another direction for
future research could focus on better quantifying the influence of other environmental variables
on testate amoeba diversity and richness, such as salinity and nutrient addition from birds. Better
guantification of temporal variation in the relative importance of pH and WTD in reconstruction
would also be useful (see Markel et al., 2010). All these steps would solidify the relationship
between testate amoeba species and environmental variables at high-latitudes and have major
implications for palaeoecological studies, especially when hydrological conditions are of such

importance for peatland carbon and fire dynamics (Chapters 3 and 4).

The divergent ecohydrological response to recent warming demonstrated in the permafrost
peatlands of northern Sweden reported in Chapter 3 highlights the importance of autogenic and
local factors in the behaviour of these ecosystems. My findings build on those from similar studies
in High Arctic Canada and Fennoscandia (Sim et al., 2019; Zhang et al., 2018b) with high resolution
and multiproxy data from 10 records. In particular, | provide robust evidence that permafrost
peatlands may exhibit either a drying or wetting response to warming suggesting that simplistic
models of massive carbon loss with peatland drying (see Ise et al., 2008) fail to capture the
complexity of these ecosystems. Moreover, my results provide empirical data to inform models

of peatland carbon dynamics, such as Chaudhary et al. (2020). Further research should look to
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conduct more multiproxy palaeoecological studies in high-latitude peatlands, such as those in
Svalbard. Combining a modelling and palaeoecological approach (e.g. Morris et al., 2015; Swindles
et al., 2012) specifically for permafrost peatland ecosystems would also be highly useful. There is
the potential to collate existing palaeoecological records across permafrost peatlands, as has been
done at lower latitudes in Europe with testate amoeba records (Swindles et al., 2019). In fact, | am
a co-author on a project currently in review that does exactly this (Zhang et al., in review) — where
we collated 98 testate amoeba records from high latitudes and found that 54% show drying and

32% have been wetting in recent centuries.

In Chapter 4, | collated peatland burning records on a continental scale for the first time, which
showed a degree of regional variability during the Holocene. This work is a step forward in terms
of understanding the climatic and human controls on peatland fire and the importance of
ecohydrological autogenic processes within intact peatlands for resisting fire. Nonetheless, it
would be valuable to combine that analysis with a collation of existing peatland environmental
change data that encompass multiple proxies (e.g. testate amoebae, plant macrofossils and
charcoal). Doing so would contribute to understanding the role of autogenic processes in
determining fire dynamics. Specifically, a multiproxy approach could allow for a fuller
understanding of the influence of permafrost thaw and peatland successional stage on burning.
Coupling of past fire data with climatic data and human population/land-use data (e.g. Klein
Goldewijk et al., 2011) would allow for a more in-depth analysis of the drivers of peatland fire. The
widespread recent decrease in peatland burning across much of North America and to a lesser
extent in Europe may be a somewhat unexpected finding for many peatland scientists. This recent
decrease in peatland burning may be associated with fire suppression policies and the expansion
of agriculture reducing the prevalence of fire in the wider landscape (Arora and Melton, 2018;
Marlon et al., 2008). A high-resolution analysis (e.g. 20-year time bins) focusing on the last
millennium would improve spatiotemporal understanding of these recent trends. Finally, it would
be extremely useful to investigate how peatland biomass burning and fire return intervals have
varied on a continental scale. Such analysis is possible to some extent with CharAnalysis when
records have been prepared using the same methodology (Higuera, 2009) and has previously been
applied to sedimentary charcoal records across Europe (Vanniere et al., 2016), but not specifically

to peatlands.

5.3. Conclusions

In this thesis, | have developed and used palaeoecological techniques to investigate trends in

ecohydrology and fire regime in mid- to high-latitude peatlands during the Holocene. My findings
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have highlighted the importance of autogenic factors alongside climate in driving shifts in peatland
ecosystems. In Chapter 2, | showed that water-table depth (WTD) and pH had a strong control
over peatland testate amoeba species distributions in Svalbard and | developed a statistical
transfer function to quantitatively reconstruct past WTD and pH dynamics. In Chapter 3, |
conducted a multiproxy palaeoecological investigation across eight permafrost peatland sites (10
records) in northern Sweden and found a divergent ecohydrological response to recent warming.
Whether a peatland became wetter or drier was related to autogenic and local factors including
permafrost thaw, vegetation dynamics, decomposition and productivity. In Chapter 4, | undertook
a composite analysis of 221 macrocharcoal records from across North America, Europe and
Patagonia that highlighted regional variability in peatland burning trends during the Holocene.
Here, climate was the main driver of peatland fire, while human activities appear to become more
important in the late Holocene — particularly in Europe. Autogenic processes operating within
peatlands that help to maintain high moisture levels may explain the reduced susceptibility
peatlands showed to burning than that in the wider landscape. The findings of this thesis suggest
that alongside the overarching influence of climate, autogenic processes play an important role in
controlling both ecohydrological and fire dynamics in peatlands. Future climate change will likely
increase the vulnerability of the peatland carbon store at mid- to high-latitudes, yet autogenic

processes may help maintain moisture is less modified ecosystems and mitigate some losses.
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Appendix A. Supporting information for Chapter 2: Ecology of peatland
testate amoebae in Svalbard and the development of transfer functions

for reconstructing past water-table depth and pH
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Table A.1. Radiocarbon dates from the Colesdalen core. Parentheses following calibrated age refers to the
probability for that age range. t = Seuss effect. See Figure A.1 for age-depth model.

Lab ID Depth (cm) Material Age 10 error Calibrated
(14C yr BP) age, 20 range
(yr BP)
257 - 224
UOC-15017 30 Peat 46 34 (26.9%), 140 -
33 (68.5%) T
645 - 586
UOC-15018 60 Peat 565 34 (53.5%), 567 -
522 (41.9%)
1261 - 1209
(9.9%), 1180 -
UOC-15019 90 Peat 1205 34 1056 (83.0%),
1024 - 1003
(2.6%)
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Table A.2. Transfer function performance metrics for both WTD and pH models, with all taxa included and then with WIST taxa removed.

Original model (n = 103)
WA.inv

WA cla

WA.inv.tol

WA cla.tol

WAPLS.C2

ML

Model residuals
removed (> 20%)
WA.inv

WA.cla
WA.inv.tol
WA.cla.tol
WAPLS.C2
ML

Original model (n = 103)
WA.inv

WA cla

WA.inv.tol

WA cla.tol

WAPLS.C2

ML

Model residuals
removed (> 20%)

WA.inv
WA.cla
WA.inv.tol

RMSEPLoo
5.899
8.176
5.629
7.388
5.818
7.198

RMSEPLoo

3.555
3.628
3.633
3.948
3.226
3.453

RMSEPLo0
5.891
8.074
5.661
7.267
5.647
7.724

RMSEPLo0

3.697
4.303
3.565

TFwTD

R?Loo Avg. Bias
0.384 -0.010
0.394 -0.032
0.439 0.027
0.447 0.041
0.413 0.042
0.346 1.479
R?Loo Avg. Bias
0.677 -0.013
0.704 0.014
0.670 0.042
0.686 0.115
0.730 -0.005
0.763 0.269
TFwTD-NOWIST

R?Lo0 Avg. Bias
0.386 0.015
0.396 0.013
0.433 0.120
0.441 0.198
0.443 0.069
0.293 2.108
R2Loo Avg. Bias
0.634 0.001
0.652 0.074
0.669 0.073

Max. Bias
20.367
18.547
19.398
17.147
19.036
19.446

Max. Bias

5.661
4.296
5.468
3.748
5.669
2.599

Bias

19.293
16.335
18.294
15.079
17.944
22.168
Max. Bias

Max.

6.028
8.633
5.774

All taxa
n RMSEPLo0
103 0.445
103 0.624
103 0.434
103 0.586
103 0.436
103 0.628
n RMSEPLoo
86 0.291
63 0.329
88 0.296
70 0.308
84 0.285
75 0.304

WISTs removed

103
103
103
103
103
103

88
67
88

RMSEPLoo
0.443
0.622
0.440
0.601
0.434
0.574

RMSEPLoo

0.278
0.271
0.271

R?L00
0.363
0.376
0.392
0.403
0.401
0.255

R2.00

0.499
0.709
0.550
0.717
0.575
0.614

R?L00
0.368
0.381
0.375
0.388
0.402
0.340

R?L00
0.541

0.771
0.577

TFpH
Avg. Bias
0.005
0.008
0.003
0.005
0.013
0.046

Avg. Bias

-0.001
0.005
0.010
0.019

-0.002

-0.011

TFpH-NOWIST

Avg. Bias
0.002
0.004
0.001
0.002
0.007
0.020

Avg. Bias

-0.002
0.002
0.007

Max. Bias
1.154
0.632
1.259
0.917
1.054
0.893

Max. Bias

0.614
0.915
0.612
0.437
0.455
0.474

Max. Bias
1.187
0.700
1.271
0.928
1.071
0.884

Max. Bias

0.553
0.343
0.539

103
103
103
103
103
103

85
65
90
72
90
82

103
103
103
103
103
103

85
61
86
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WA cla.tol | 4.299 0.653 0.217 9.551 70 0.320  0.690 0.018 0.316 70
WAPLS.C2 | 3.198 0.719 0.036 5.293 85 0.284  0.595 0.000 0.412 88
ML | 3.776 0.721 0.276 3.050 74 0.300  0.619 -0.036 0.401 80
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Table A.3. Missing modern analogues for the Colesdalen core from different regional transfer functions:
Arctic Alaska (Taylor et al., 2019a), Europe (Amesbury et al., 2016) and Subarctic Sweden (Swindles et al.,
2015). See Table 2.2 for species codes, “x” indicates missing taxa.

Transfer function

Species Arctic Pan- Subarctic Subarctic

Alaska European Sweden Finland and
West Russia

ARDI X

CAMI X X X X

CEPLAG X X X X

COPO X X X

CYEU X X

DIAC X X

DILI X X

DILU X

DIPE X X X

DIPR X

DIPY X X

GIGR X X X

GIGA X X

HEPE X

HERO X

PALA X X




154

acc.shape: 1.5 supported
8 s Tisans 50 mem.strength: 10 s.shape: 5
i ] o = mem.mean: 0.5 s.mean; 10
2 92 1 cm sections
82
3 &
2
O o
w— N
RN
o I
3g
N
I
<or - P = \ — o
YT T T L r—rr 11 1+ 17— 11T T 1T T T 1
0 4000 8000 0O 50 100 15000 0.2 04 06 08 1025 26 27 28 29 30 31 1" 12 13 14 15
Iteration Acc. rate (yr cm™) Memory Bgqm?yr' Bqg kg’
UOC-15019
- Colesdalen
S -
o
- D
= -~
S |
©
0
o
S -
o
~
o il UOC-15018 , - -8
m b - O
o ./ : m
>S A [ ] —
B® 0 8
O S
&
o | 08 g
S 4
<
[b B =)
w
o
S -
N
=]
(=]
o 4
T T T T T @
0 20 40 60 80
Depth (cm)

Figure A.1. Age-depth model for the Colesdalen core, produced using PLUM (Aquino-Lépez et al., 2018).
Upper panels depicted from left to right: the log of the objective function of the MCMC iterations,
accumulation rate (yr cm™), Memory, influx of 21°Pb (Bq m™ yr?) and supported 2°Pb (Bq kg™). The log of
the objective function panel is used for interpreting the convergence of the MCMC model: good runs show
a stationary distribution with little structure among neighbouring iterations. Bottom panel shows the
calibrated *C dates (transparent grey), 22°Pb (Bq kg) concentrations (blue lines with reference to the blue
scale on the right), bottom three ?'°Pb (Bq kg™) values used to estimate supported values (purple lines) and
the age-depth model (darker greys indicate more likely calendar ages; grey stippled lines show 95%
confidence intervals; red stippled line shows single 'best' model based on the mean age for each depth).
Lab codes for the 'C dates are labelled. See Table A.1 for full radiocarbon dating information.
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Figure A.4. NMDS axis 1 scores and DCA axis 1 scores for testate amoeba abundance data from the
Colesdalen core, plotted against WTD and pH reconstructions using the transfer functions from this study.
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Appendix B. Supporting information for Chapter 3: Divergent responses of

permafrost peatlands to recent climate change
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Figure B.1. Testate amoeba abundance data (%) for Bergfors bog peat profile and water-table depth (WTD; cm) reconstructions based on the Amesbury et al (2016)

transfer function. Grey shading represents error based on 999 bootstrap cycles.
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Figure B.2. Testate amoeba abundance data (%) for Gurasadhpi palsa 1 peat profile and water-table depth (WTD; cm) reconstructions based on the Amesbury et al (2016)

transfer function. Grey shading represents error based on 999 bootstrap cycles.
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Figure B.3. Testate amoeba abundance data (%) for Gurasahpi palsa 2 peat profile and water-table depth (WTD; cm) reconstructions based on the Amesbury et al (2016)

transfer function. Grey shading represents error based on 999 bootstrap cycles.
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Figure B.11. Plant macrofossil diagrams for Bergfors bog peat profile, both volume percentages (lines) and

count data (bars).
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count data (bars).
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Figure B.17. Plant macrofossil diagrams for Ribasvuomus bog peat profile, both volume percentages (lines)

and count data (bars).
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Figure B.20. Plant macrofossil diagrams for Veigi bog peat profile, both volume percentages (lines) and

count data (bars).
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Figure B.21. Age-depth model for Bergfors bog peat profile. Upper panels depicted from left to right: the
log of the objective function of the MCMC iterations, accumulation rate (yr cm™), Memory, influx of 2:°Pb
(Bg cm? yr?) and supported 21°Pb (Bq kg™). The log of the objective function panel is used for interpreting
the convergence of the MCMC model: good runs show a stationary distribution with little structure among
neighbouring iterations. Bottom panel shows the calibrated !*C dates (transparent blue), °Pb (Bg/kg)
concentrations (green lines with reference to the red scale on the right) and the age-depth model (darker
greys indicate more likely calendar ages; grey stippled lines show 95% confidence intervals; red stippled line
shows single 'best' model based on the mean age for each depth).
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Figure B.22. Age-depth model for Gurasahpi palsa 1 peat profile. Upper panels depicted from left to right:
the log of the objective function of the MCMC iterations, accumulation rate (yr cm™), Memory, influx of
219ph (Bq cm? yrt) and supported 2%Pb (Bq kg?). The log of the objective function panel is used for
interpreting the convergence of the MCMC model: good runs show a stationary distribution with little
structure among neighbouring iterations. Bottom panel shows the calibrated *C dates (transparent blue),
210ph (Bg/kg) concentrations (green lines with reference to the red scale on the right) and the age-depth
model (darker greys indicate more likely calendar ages; grey stippled lines show 95% confidence intervals;
red stippled line shows single 'best' model based on the mean age for each depth).
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Figure B.23. Age-depth model for Gurasahpi palsa 2 peat profile. Upper panels depicted from left to right:
the log of the objective function of the MCMC iterations, accumulation rate (yr cm™), Memory, influx of
210ph (Bgq cm? yr!) and supported 2°Pb (Bq kg?). The log of the objective function panel is used for
interpreting the convergence of the MCMC model: good runs show a stationary distribution with little
structure among neighbouring iterations. Bottom panel shows the calibrated *C dates (transparent blue),
210ph (Bg/kg) concentrations (green lines with reference to the red scale on the right) and the age-depth
model (darker greys indicate more likely calendar ages; grey stippled lines show 95% confidence intervals;
red stippled line shows single 'best' model based on the mean age for each depth).
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Figure B.24. Age-depth model for Maunuvuoma fen peat profile. Upper panels depicted from left to right:
the log of the objective function of the MCMC iterations, accumulation rate (yr cm™), Memory, influx of
219ph (Bq cm? yrt) and supported 2%Pb (Bq kg?). The log of the objective function panel is used for
interpreting the convergence of the MCMC model: good runs show a stationary distribution with little
structure among neighbouring iterations. Bottom panel shows the calibrated *C dates (transparent blue),
210ph (Bg/kg) concentrations (green lines with reference to the red scale on the right) and the age-depth
model (darker greys indicate more likely calendar ages; grey stippled lines show 95% confidence intervals;
red stippled line shows single 'best' model based on the mean age for each depth).
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Figure B.25. Age-depth model for Orusjohka palsa peat profile. Upper panels depicted from left to right: the
log of the objective function of the MCMC iterations, accumulation rate (yr cm™), Memory, influx of 2:°Pb
(Bg cm? yr?) and supported 21°Pb (Bq kg™). The log of the objective function panel is used for interpreting
the convergence of the MCMC model: good runs show a stationary distribution with little structure among
neighbouring iterations. Bottom panel shows the calibrated !*C dates (transparent blue), °Pb (Bg/kg)
concentrations (green lines with reference to the red scale on the right) and the age-depth model (darker
greys indicate more likely calendar ages; grey stippled lines show 95% confidence intervals; red stippled line
shows single 'best' model based on the mean age for each depth).
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Figure B.26. Age-depth model for Rensjon palsa peat profile. Upper panels depicted from left to right: the
log of the objective function of the MCMC iterations, accumulation rate (yr cm™), Memory, influx of 2:°Pb
(Bg cm? yr?) and supported 21°Pb (Bq kg). The log of the objective function panel is used for interpreting
the convergence of the MCMC model: good runs show a stationary distribution with little structure among
neighbouring iterations. Bottom panel shows the calibrated *C dates (transparent blue), 2'°Pb (Bq/kg)
concentrations (green lines with reference to the red scale on the right) and the age-depth model (darker
greys indicate more likely calendar ages; grey stippled lines show 95% confidence intervals; red stippled line
shows single 'best' model based on the mean age for each depth).



180

o «©
& & acc.shape: 1.5 men.strength: 10 8 7 Influx 15}
& || acc.mean: 200 © 7 mefi|.mean: 0.4 Al: 0.1 o
7] o 33 [l{cm sections © ALPhi: 2
23 . 2 m.Phi: 50 =
O 1 o
Ko S ] ©
g - 5 3 21
— - o
1=
2% 1 o 3
o = | o
| o o
= 2 o prg
o I o
84 g
L S B R 2 L [ [ | | R B
0 4000 8000 0 400 800 00 04 038 40 60 80
Iteration Acc. rate (yr/lcm) Memory Bg/ m*2 yr
Ribasvuomus bog 3
[~ [yp]
o
=g
« -8
_ o
| ¥ |
o oY N
S | I
2
|
s ||
> Py
88 %
S e
- ]
¢ :
2 ]
o Fa -
o — I v
e}
I -]
wn
I
L
o . '
6 44 94 ——.’—"’_ - o
T T T T T T
0 5 10 15 20 25 30
Depth (cm)

Figure B.27. Age-depth model for Ribasvuomus bog peat profile. Upper panels depicted from left to right:
the log of the objective function of the MCMC iterations, accumulation rate (yr cm™), Memory, influx of
210ph (Bgq cm? yr!) and supported 2°Pb (Bq kg?). The log of the objective function panel is used for
interpreting the convergence of the MCMC model: good runs show a stationary distribution with little
structure among neighbouring iterations. Bottom panel shows the calibrated *C dates (transparent blue),
210ph (Bg/kg) concentrations (green lines with reference to the red scale on the right) and the age-depth
model (darker greys indicate more likely calendar ages; grey stippled lines show 95% confidence intervals;

red stippled line shows single 'best' model based on the mean age for each depth).
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Figure B.28. Age-depth model for Stordalen bog peat profile. Upper panels depicted from left to right: the
log of the objective function of the MCMC iterations, accumulation rate (yr cm™), Memory, influx of 2:°Pb
(Bg cm? yr?!) and supported 2'°Pb (Bq kg™'). The log of the objective function panel is used for interpreting
the convergence of the MCMC model: good runs show a stationary distribution with little structure among
neighbouring iterations. Bottom panel shows the calibrated *C dates (transparent blue), 2'°Pb (Bq/kg)
concentrations (green lines with reference to the red scale on the right) and the age-depth model (darker
greys indicate more likely calendar ages; grey stippled lines show 95% confidence intervals; red stippled line
shows single 'best' model based on the mean age for each depth).
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Figure B.29. Age-depth model for Stordalen palsa peat profile. Upper panels depicted from left to right: the
log of the objective function of the MCMC iterations, accumulation rate (yr cm™), Memory, influx of 2:°Pb
(Bg cm? yr?) and supported 21°Pb (Bq kg?). The log of the objective function panel is used for interpreting
the convergence of the MCMC model: good runs show a stationary distribution with little structure among
neighbouring iterations. Bottom panel shows the calibrated !*C dates (transparent blue), °Pb (Bg/kg)
concentrations (green lines with reference to the red scale on the right) and the age-depth model (darker
greys indicate more likely calendar ages; grey stippled lines show 95% confidence intervals; red stippled line
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Figure B.30. Age-depth model for Veigi bog peat profile. Upper panels depicted from left to right: the log of
the objective function of the MCMC iterations, accumulation rate (yr cm™), Memory, influx of 2°Pb (Bq cm"
2 yr'!) and supported 2°Pb (Bq kg'). The log of the objective function panel is used for interpreting the
convergence of the MCMC model: good runs show a stationary distribution with little structure among
neighbouring iterations. Bottom panel shows the calibrated C dates (transparent blue), 2'°Pb (Bq/kg)
concentrations (green lines with reference to the red scale on the right) and the age-depth model (darker
greys indicate more likely calendar ages; grey stippled lines show 95% confidence intervals; red stippled line
shows single 'best' model based on the mean age for each depth).
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Figure B.31. Comparative historic and recent imagery of the Stordalen, Ribasvuomus$ bog and Gurasahpi
sites. Core locations are marked and clear changes in permafrost structure and drainage annotated. Historic
orthophotos (geometrically corrected) from 1959-1960 are sourced from Lantmateriet and contemporary
satellite imagery (2012-2019) is from ArcGIS online (source: Esri, DigitalGlobe, GeoEye, Earthstar
Geographics, CNES/Airbus DS, USDA, USGS, AeroGRID, IGN and the GIS User Community).
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Figure B.32. Comparative historic and recent imagery of the Bergfors bog, Rensjon palsa and Maunuvuoma
fen sites. Core locations are marked and clear changes in permafrost structure and drainage annotated.
Historic orthophotos (geometrically corrected) from 1959-1960 are sourced from Lantmateriet and
contemporary satellite imagery (2012-2019) is from ArcGIS online (source: Esri, DigitalGlobe, GeoEye,
Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AeroGRID, IGN and the GIS User Community).



186

19°10'40"E 19°11'0"E 19°10'40"E 19°11'0"E

Thermokarst/' Ve|g| bog '201 9

drainage

67°52'10"N
67°52'10"N

Thermokarst
formation

Collapse \

scar Thermokarst
drainage

200 Meters
Attt

19°22'0"E 19°22'20"E

Orusjohka palsa - 20

Receeding raised
permafrost

Disappearnce of
raised permafrost

¥ V

Thermokarst
drainage

0 50 100 200
——+—+——+—+—+——+—1 Meters

Figure B.33. Comparative historic and recent imagery of the Veigi bog and Orusjohka palsa sites. Core
locations are marked and clear changes in permafrost structure and drainage annotated. Historic
orthophotos (geometrically corrected) from 1959-1960 are sourced from Lantmateriet and contemporary
satellite imagery (2012-2019) is from ArcGIS online (source: Esri, DigitalGlobe, GeoEye, Earthstar
Geographics, CNES/Airbus DS, USDA, USGS, AeroGRID, IGN and the GIS User Community).
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Table B.1. Plant macrofossil taxa groupings used in Figure 3.2.

Grouping

Taxa or type included

Brown moss spp.
Cyperaceae and herbs
Dicranum spp.
Ericaceae

Liverworts

Other

Polytrichium spp.
Sphagnum balticum
Sphagnum fallax
Sphagnum fuscum
Sphagnum lindbergii
Sphagnum magellanicum
Sphagnum riparium
Sphagnum russowii
UOM

Wood

Aulacomnium turgidum
Cyperaceae

Dicranum bergeri
Ericaceae

Liverworts

Pohlia sp.

Polytrichium sp.
Sphagnum balticum
Sphagnum fallax
Sphagnum fuscum
Sphagnum lindbergii
Sphagnum magellanicum
Sphagnum riparium
Sphagnum russowii
uoMm

Wood

Brown moss spp. Drepanocladus sp.

Eriophorum sp. Eriophorum vaginatum
Dicranum cf. elongatum Dicranum elongatum
Ericaceae and wood
Pleurozium schreberi Sphagnum sp.
Polytrichum commune Polytrichum strictum
Sphagnum angustifolium / fallax

Sphagnum fuscum / capillifolium

Sphagnum russowii / warnstorfia

Scorpidium/Dreponocladus
Herbs

Dicranum sp.

Dicranaceae

Warnstorfia cf. fluitans
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Appendix C. Supporting information for Chapter 4: Regional variability in

peatland burning at mid- to high-latitudes during the Holocene
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43. Figure C.41: The relationship between maximum resampled charcoal values (Cmax) and
the proportion of resampled values containing charcoal within a record.



192

North America

m;L = —
I SRR e
1o ““”M"\':}%- “c%"“_“" : .'F;;_ = \%I

o Alaska

e Pacific Coast

_1'40 _1'20 _1'00 —.80 _'60 o Central Canada
Europe e W. Hudson Bay

704 © E. Hudson Bay
— 65+ @ Atlantic Coast
Z 60+ © North America (other)
E 55+ A Britain and Ireland
E 504 A Central Europe
45 A Southern Europe
40 - < - r A S, Scand. & Baltics
10 0 10 20 30 40 50 A N Fennoscandia
Patagonia A E. European Plain
z;%:; b= B Patagonia

~75 ~70 65 -60
Longitude (°)

Figure C.1. Map of paleofire records representing burning in the wider landscape and their sub-region.
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Table C.1. Metadata for all 221 macrocharcoal records. GCD = Global Charcoal Database.
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Table C.2. Metadata for wider landscape records from the Global Charcoal Database (GCD). See https://paleofire.org/index.php for more information on the GCD (e.g.
unit/site type classifications) and data access.

Site Name Paleofire site ID  Units Lat (°N) Lon (°E) Altitude (m) ID_Site_Type Continent GCD version
Loch an Amair 163 XCOP 57.28 -4.89 315 LGLA Europe GCD1
Dubh-Lochan 164 XCOP 57.29 -4.43 150 LGLA Europe GCD1
Lochan na h-Inghinn 165 XCOP 58.25 -5.09 65 LGLA Europe GCD1
Reidh-lochan 166 XCOP 58.03 -4.12 160 LGLA Europe GCD1
Lough Mullaghlahan 557 PTCO 54.76 -8.46 40 NOTK Europe GCD3
Lough Nabraddan 558 PTCO 55.01 -8.35 20 NOTK Europe GCD3
Altar Lough 559 PTCO 55.01 -8.4 30 NOTK Europe GCD3
Lios Lairthin Mor 560 X37P 53.08 -9.21 270 NOTK Europe GCD3
Lough Maumeen 643 PPOL 53.48 -9.65 250 LGLA Europe GCD2
Derrycunihy Wood 644  XCM3 52.01 -9.41 75 HOLL Europe GCD2
Camillan Wood 645 XCM3 52.03 -9.56 17 HOLL Europe GCD2
Loch an t'Suidhe 648 XFRP 56.3 -6.24 85 LACU Europe GCD2
Crag Lough 651 CMGR 55 -2.36 250 LGLA Europe GCD4
Balywillin Crannog 956 GT5C 54.37 -4.47 20  NULL Europe GCD4
Derragh Bog 958 GT5C 53.76 -7.4 70  NULL Europe GCD4
Derragh Lough 959 GT5C 53.76 -7.4 62 NULL Europe GCD4
Kentra Moss 962 PCMY 56.75 -5.83 10 NULL Europe GCD4
West Lomond 969 SQCU 56.25 -3.28 522  NULL Europe GCD4
Soppensee 230 CARE 47.08 8.08 596 LGLA Europe GCD1
Lobsigensee 231 CARE 47.03 7.29 514 LGLA Europe GCD1
Lej da San Murrezzan 374 CO010 46.49 9.84 1768  LNAT Europe GCD1
Turbuta 515 XFRG 47.25 23.3 275 NOTK Europe GCD4
Nussbaumersee 601 X125 47.6 8.81 450 LACU Europe GCD2
Seedorf 603 X125 46.79 7.04 609 LACU Europe GCD2
Lake Lucerne 605 GT38 47.05 8.59 434 LACU Europe GCD2
Dallund So North Funen 937 PCMY 55.48 10.26 12 NULL Europe GCD4
Cerna Horna 942 X100 50.66 15.75 1190 NULL Europe GCD4
Sirok Nyiries To 946  SQCO 47.93 20.18 200 NULL Europe GCD4
Fuldera-Palu 949 PCMY 46.61 10.36 1822  NULL Europe GCD4
Wildsemoor 970  XCM3 48.71 8.45 909 NULL Europe GCD4
Wilder See 971 XCM3 48.56 8.23 910 NULL Europe GCD4
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Figure C.2. Age-depth models for records 1-6. For each age-depth model upper panels depict the MCMC
iterations (left; good runs show a stationary distribution with little structure among neighbouring
iterations), the prior (green curves) and posterior (grey histograms) distributions for the accumulation rate
(middle panel) and memory (right panel). Bottom panel shows the calibrated C dates (transparent blue)
and the age-depth model (darker greys indicate more likely calendar ages; grey stippled lines show 95%
confidence intervals; red curve shows single 'best' model based on the median age for each depth). Prior
information for accumulation rate and its memory or variability are shown as red text.
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Figure C.3. Age-depth models for records 7-12. For each age-depth model upper panels depict the MCMC
iterations (left; good runs show a stationary distribution with little structure among neighbouring
iterations), the prior (green curves) and posterior (grey histograms) distributions for the accumulation rate
(middle panel) and memory (right panel). Bottom panel shows the calibrated *C dates (transparent blue)
and the age-depth model (darker greys indicate more likely calendar ages; grey stippled lines show 95%
confidence intervals; red curve shows single 'best' model based on the median age for each depth). Prior
information for accumulation rate and its memory or variability are shown as red text.
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Figure C.4. Age-depth models for records 3-18. For each age-depth model upper panels depict the MCMC
iterations (left; good runs show a stationary distribution with little structure among neighbouring
iterations), the prior (green curves) and posterior (grey histograms) distributions for the accumulation rate
(middle panel) and memory (right panel). Bottom panel shows the calibrated *C dates (transparent blue)
and the age-depth model (darker greys indicate more likely calendar ages; grey stippled lines show 95%
confidence intervals; red curve shows single 'best' model based on the median age for each depth). Prior
information for accumulation rate and its memory or variability are shown as red text.
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Figure C.5. Age-depth models for records 19-24. For each age-depth model upper panels depict the MCMC
iterations (left; good runs show a stationary distribution with little structure among neighbouring
iterations), the prior (green curves) and posterior (grey histograms) distributions for the accumulation rate
(middle panel) and memory (right panel). Bottom panel shows the calibrated *C dates (transparent blue)
and the age-depth model (darker greys indicate more likely calendar ages; grey stippled lines show 95%
confidence intervals; red curve shows single 'best' model based on the median age for each depth). Prior
information for accumulation rate and its memory or variability are shown as red text.
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Figure C.6. Age-depth models for records 25-30. For each age-depth model upper panels depict the MCMC
iterations (left; good runs show a stationary distribution with little structure among neighbouring
iterations), the prior (green curves) and posterior (grey histograms) distributions for the accumulation rate
(middle panel) and memory (right panel). Bottom panel shows the calibrated *C dates (transparent blue)
and the age-depth model (darker greys indicate more likely calendar ages; grey stippled lines show 95%
confidence intervals; red curve shows single 'best' model based on the median age for each depth). Prior
information for accumulation rate and its memory or variability are shown as red text.
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Figure C.7. Age-depth models for records 31-36. For each age-depth model upper panels depict the MCMC
iterations (left; good runs show a stationary distribution with little structure among neighbouring
iterations), the prior (green curves) and posterior (grey histograms) distributions for the accumulation rate
(middle panel) and memory (right panel). Bottom panel shows the calibrated *C dates (transparent blue)
and the age-depth model (darker greys indicate more likely calendar ages; grey stippled lines show 95%
confidence intervals; red curve shows single 'best' model based on the median age for each depth). Prior
information for accumulation rate and its memory or variability are shown as red text.
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Figure C.8. Age-depth models for records 37-42. For each age-depth model upper panels depict the MCMC
iterations (left; good runs show a stationary distribution with little structure among neighbouring
iterations), the prior (green curves) and posterior (grey histograms) distributions for the accumulation rate
(middle panel) and memory (right panel). Bottom panel shows the calibrated *C dates (transparent blue)
and the age-depth model (darker greys indicate more likely calendar ages; grey stippled lines show 95%
confidence intervals; red curve shows single 'best' model based on the median age for each depth). Prior
information for accumulation rate and its memory or variability are shown as red text.
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Figure C.9. Age-depth models for records 43-48. For each age-depth model upper panels depict the MCMC
iterations (left; good runs show a stationary distribution with little structure among neighbouring
iterations), the prior (green curves) and posterior (grey histograms) distributions for the accumulation rate
(middle panel) and memory (right panel). Bottom panel shows the calibrated *C dates (transparent blue)
and the age-depth model (darker greys indicate more likely calendar ages; grey stippled lines show 95%
confidence intervals; red curve shows single 'best' model based on the median age for each depth). Prior
information for accumulation rate and its memory or variability are shown as red text.
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Figure C.10. Age-depth models for records 49-54. For each age-depth model upper panels depict the MCMC
iterations (left; good runs show a stationary distribution with little structure among neighbouring
iterations), the prior (green curves) and posterior (grey histograms) distributions for the accumulation rate
(middle panel) and memory (right panel). Bottom panel shows the calibrated *C dates (transparent blue)
and the age-depth model (darker greys indicate more likely calendar ages; grey stippled lines show 95%
confidence intervals; red curve shows single 'best' model based on the median age for each depth). Prior
information for accumulation rate and its memory or variability are shown as red text.
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Figure C.11. Age-depth models for records 55-60. For each age-depth model upper panels depict the MCMC
iterations (left; good runs show a stationary distribution with little structure among neighbouring
iterations), the prior (green curves) and posterior (grey histograms) distributions for the accumulation rate
(middle panel) and memory (right panel). Bottom panel shows the calibrated *C dates (transparent blue)
and the age-depth model (darker greys indicate more likely calendar ages; grey stippled lines show 95%
confidence intervals; red curve shows single 'best' model based on the median age for each depth). Prior
information for accumulation rate and its memory or variability are shown as red text.
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Figure C.12. Age-depth models for records 61-66. For each age-depth model upper panels depict the MCMC
iterations (left; good runs show a stationary distribution with little structure among neighbouring
iterations), the prior (green curves) and posterior (grey histograms) distributions for the accumulation rate
(middle panel) and memory (right panel). Bottom panel shows the calibrated *C dates (transparent blue)
and the age-depth model (darker greys indicate more likely calendar ages; grey stippled lines show 95%
confidence intervals; red curve shows single 'best' model based on the median age for each depth). Prior
information for accumulation rate and its memory or variability are shown as red text.
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Figure C.13. Age-depth models for records 67-72. For each age-depth model upper panels depict the MCMC
iterations (left; good runs show a stationary distribution with little structure among neighbouring
iterations), the prior (green curves) and posterior (grey histograms) distributions for the accumulation rate
(middle panel) and memory (right panel). Bottom panel shows the calibrated *C dates (transparent blue)
and the age-depth model (darker greys indicate more likely calendar ages; grey stippled lines show 95%
confidence intervals; red curve shows single 'best' model based on the median age for each depth). Prior
information for accumulation rate and its memory or variability are shown as red text.
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Figure C.14. Age-depth models for records 73-78. For each age-depth model upper panels depict the MCMC
iterations (left; good runs show a stationary distribution with little structure among neighbouring
iterations), the prior (green curves) and posterior (grey histograms) distributions for the accumulation rate
(middle panel) and memory (right panel). Bottom panel shows the calibrated *C dates (transparent blue)
and the age-depth model (darker greys indicate more likely calendar ages; grey stippled lines show 95%
confidence intervals; red curve shows single 'best' model based on the median age for each depth). Prior
information for accumulation rate and its memory or variability are shown as red text.
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Figure C.16. Age-depth models for records 85-90. For each age-depth model upper panels depict the MCMC
iterations (left; good runs show a stationary distribution with little structure among neighbouring
iterations), the prior (green curves) and posterior (grey histograms) distributions for the accumulation rate
(middle panel) and memory (right panel). Bottom panel shows the calibrated *C dates (transparent blue)
and the age-depth model (darker greys indicate more likely calendar ages; grey stippled lines show 95%
confidence intervals; red curve shows single 'best' model based on the median age for each depth). Prior
information for accumulation rate and its memory or variability are shown as red text.
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Figure C.17. Age-depth models for records 91-96. For each age-depth model upper panels depict the MCMC
iterations (left; good runs show a stationary distribution with little structure among neighbouring
iterations), the prior (green curves) and posterior (grey histograms) distributions for the accumulation rate
(middle panel) and memory (right panel). Bottom panel shows the calibrated *C dates (transparent blue)
and the age-depth model (darker greys indicate more likely calendar ages; grey stippled lines show 95%
confidence intervals; red curve shows single 'best' model based on the median age for each depth). Prior
information for accumulation rate and its memory or variability are shown as red text.
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Figure C.18. Age-depth models for records 97-102. For each age-depth model upper panels depict the
MCMC iterations (left; good runs show a stationary distribution with little structure among neighbouring
iterations), the prior (green curves) and posterior (grey histograms) distributions for the accumulation rate
(middle panel) and memory (right panel). Bottom panel shows the calibrated *C dates (transparent blue)
and the age-depth model (darker greys indicate more likely calendar ages; grey stippled lines show 95%
confidence intervals; red curve shows single 'best' model based on the median age for each depth). Prior
information for accumulation rate and its memory or variability are shown as red text.
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Figure C.19. Age-depth models for records 103-108. For each age-depth model upper panels depict the
MCMC iterations (left; good runs show a stationary distribution with little structure among neighbouring
iterations), the prior (green curves) and posterior (grey histograms) distributions for the accumulation rate
(middle panel) and memory (right panel). Bottom panel shows the calibrated *C dates (transparent blue)
and the age-depth model (darker greys indicate more likely calendar ages; grey stippled lines show 95%
confidence intervals; red curve shows single 'best' model based on the median age for each depth). Prior
information for accumulation rate and its memory or variability are shown as red text.
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Figure C.20. Age-depth models for records 109-114. For each age-depth model upper panels depict the
MCMC iterations (left; good runs show a stationary distribution with little structure among neighbouring
iterations), the prior (green curves) and posterior (grey histograms) distributions for the accumulation rate
(middle panel) and memory (right panel). Bottom panel shows the calibrated *C dates (transparent blue)
and the age-depth model (darker greys indicate more likely calendar ages; grey stippled lines show 95%
confidence intervals; red curve shows single 'best' model based on the median age for each depth). Prior
information for accumulation rate and its memory or variability are shown as red text.
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Figure C.21. Age-depth models for records 115-120. For each age-depth model upper panels depict the
MCMC iterations (left; good runs show a stationary distribution with little structure among neighbouring
iterations), the prior (green curves) and posterior (grey histograms) distributions for the accumulation rate
(middle panel) and memory (right panel). Bottom panel shows the calibrated *C dates (transparent blue)
and the age-depth model (darker greys indicate more likely calendar ages; grey stippled lines show 95%
confidence intervals; red curve shows single 'best' model based on the median age for each depth). Prior
information for accumulation rate and its memory or variability are shown as red text.
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Figure C.22. Age-depth models for records 121-126. For each age-depth model upper panels depict the
MCMC iterations (left; good runs show a stationary distribution with little structure among neighbouring
iterations), the prior (green curves) and posterior (grey histograms) distributions for the accumulation rate
(middle panel) and memory (right panel). Bottom panel shows the calibrated *C dates (transparent blue)
and the age-depth model (darker greys indicate more likely calendar ages; grey stippled lines show 95%
confidence intervals; red curve shows single 'best' model based on the median age for each depth). Prior
information for accumulation rate and its memory or variability are shown as red text.
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Figure C.23. Age-depth models for records 127-132. For each age-depth model upper panels depict the
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Figure C.24. Age-depth models for records 133-138. For each age-depth model upper panels depict the
MCMC iterations (left; good runs show a stationary distribution with little structure among neighbouring
iterations), the prior (green curves) and posterior (grey histograms) distributions for the accumulation rate
(middle panel) and memory (right panel). Bottom panel shows the calibrated *C dates (transparent blue)
and the age-depth model (darker greys indicate more likely calendar ages; grey stippled lines show 95%
confidence intervals; red curve shows single 'best' model based on the median age for each depth). Prior
information for accumulation rate and its memory or variability are shown as red text.
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Figure C.25. Age-depth models for records 139-144. For each age-depth model upper panels depict the
MCMC iterations (left; good runs show a stationary distribution with little structure among neighbouring
iterations), the prior (green curves) and posterior (grey histograms) distributions for the accumulation rate
(middle panel) and memory (right panel). Bottom panel shows the calibrated *C dates (transparent blue)
and the age-depth model (darker greys indicate more likely calendar ages; grey stippled lines show 95%
confidence intervals; red curve shows single 'best' model based on the median age for each depth). Prior
information for accumulation rate and its memory or variability are shown as red text.
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Figure C.26. Age-depth models for records 145-150. For each age-depth model upper panels depict the
MCMC iterations (left; good runs show a stationary distribution with little structure among neighbouring
iterations), the prior (green curves) and posterior (grey histograms) distributions for the accumulation rate
(middle panel) and memory (right panel). Bottom panel shows the calibrated *C dates (transparent blue)
and the age-depth model (darker greys indicate more likely calendar ages; grey stippled lines show 95%
confidence intervals; red curve shows single 'best' model based on the median age for each depth). Prior
information for accumulation rate and its memory or variability are shown as red text.
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Figure C.27. Age-depth models for records 151-156. For each age-depth model upper panels depict the
MCMC iterations (left; good runs show a stationary distribution with little structure among neighbouring
iterations), the prior (green curves) and posterior (grey histograms) distributions for the accumulation rate
(middle panel) and memory (right panel). Bottom panel shows the calibrated *C dates (transparent blue)
and the age-depth model (darker greys indicate more likely calendar ages; grey stippled lines show 95%
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Figure C.28. Age-depth models for records 157-162. For each age-depth model upper panels depict the
MCMC iterations (left; good runs show a stationary distribution with little structure among neighbouring
iterations), the prior (green curves) and posterior (grey histograms) distributions for the accumulation rate
(middle panel) and memory (right panel). Bottom panel shows the calibrated *C dates (transparent blue)
and the age-depth model (darker greys indicate more likely calendar ages; grey stippled lines show 95%
confidence intervals; red curve shows single 'best' model based on the median age for each depth). Prior
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Figure C.29. Age-depth models for records 163-168. For each age-depth model upper panels depict the
MCMC iterations (left; good runs show a stationary distribution with little structure among neighbouring
iterations), the prior (green curves) and posterior (grey histograms) distributions for the accumulation rate
(middle panel) and memory (right panel). Bottom panel shows the calibrated *C dates (transparent blue)
and the age-depth model (darker greys indicate more likely calendar ages; grey stippled lines show 95%
confidence intervals; red curve shows single 'best' model based on the median age for each depth). Prior
information for accumulation rate and its memory or variability are shown as red text.
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Figure C.30. Age-depth models for records 169-174. For each age-depth model upper panels depict the
MCMC iterations (left; good runs show a stationary distribution with little structure among neighbouring
iterations), the prior (green curves) and posterior (grey histograms) distributions for the accumulation rate
(middle panel) and memory (right panel). Bottom panel shows the calibrated *C dates (transparent blue)
and the age-depth model (darker greys indicate more likely calendar ages; grey stippled lines show 95%
confidence intervals; red curve shows single 'best' model based on the median age for each depth). Prior
information for accumulation rate and its memory or variability are shown as red text.
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Figure C.31. Age-depth models for records 175-180. For each age-depth model upper panels depict the
MCMC iterations (left; good runs show a stationary distribution with little structure among neighbouring
iterations), the prior (green curves) and posterior (grey histograms) distributions for the accumulation rate
(middle panel) and memory (right panel). Bottom panel shows the calibrated *C dates (transparent blue)
and the age-depth model (darker greys indicate more likely calendar ages; grey stippled lines show 95%
confidence intervals; red curve shows single 'best' model based on the median age for each depth). Prior
information for accumulation rate and its memory or variability are shown as red text.
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Figure C.32. Age-depth models for records 181-186. For each age-depth model upper panels depict the
MCMC iterations (left; good runs show a stationary distribution with little structure among neighbouring
iterations), the prior (green curves) and posterior (grey histograms) distributions for the accumulation rate
(middle panel) and memory (right panel). Bottom panel shows the calibrated *C dates (transparent blue)
and the age-depth model (darker greys indicate more likely calendar ages; grey stippled lines show 95%
confidence intervals; red curve shows single 'best' model based on the median age for each depth). Prior
information for accumulation rate and its memory or variability are shown as red text.
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Figure C.33. Age-depth models for records 187-192. For each age-depth model upper panels depict the
MCMC iterations (left; good runs show a stationary distribution with little structure among neighbouring
iterations), the prior (green curves) and posterior (grey histograms) distributions for the accumulation rate
(middle panel) and memory (right panel). Bottom panel shows the calibrated *C dates (transparent blue)
and the age-depth model (darker greys indicate more likely calendar ages; grey stippled lines show 95%
confidence intervals; red curve shows single 'best' model based on the median age for each depth). Prior
information for accumulation rate and its memory or variability are shown as red text.
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Figure C.34. Age-depth models for records 193-198. For each age-depth model upper panels depict the
MCMC iterations (left; good runs show a stationary distribution with little structure among neighbouring
iterations), the prior (green curves) and posterior (grey histograms) distributions for the accumulation rate
(middle panel) and memory (right panel). Bottom panel shows the calibrated *C dates (transparent blue)
and the age-depth model (darker greys indicate more likely calendar ages; grey stippled lines show 95%
confidence intervals; red curve shows single 'best' model based on the median age for each depth). Prior
information for accumulation rate and its memory or variability are shown as red text.
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Figure C.35. Age-depth models for records 199-204. For each age-depth model upper panels depict the
MCMC iterations (left; good runs show a stationary distribution with little structure among neighbouring
iterations), the prior (green curves) and posterior (grey histograms) distributions for the accumulation rate
(middle panel) and memory (right panel). Bottom panel shows the calibrated *C dates (transparent blue)
and the age-depth model (darker greys indicate more likely calendar ages; grey stippled lines show 95%
confidence intervals; red curve shows single 'best' model based on the median age for each depth). Prior
information for accumulation rate and its memory or variability are shown as red text.
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Figure C.36. Age-depth models for records 205-210. For each age-depth model upper panels depict the
MCMC iterations (left; good runs show a stationary distribution with little structure among neighbouring
iterations), the prior (green curves) and posterior (grey histograms) distributions for the accumulation rate
(middle panel) and memory (right panel). Bottom panel shows the calibrated *C dates (transparent blue)
and the age-depth model (darker greys indicate more likely calendar ages; grey stippled lines show 95%
confidence intervals; red curve shows single 'best' model based on the median age for each depth). Prior
information for accumulation rate and its memory or variability are shown as red text.
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C.37. Age-depth models for records 211-216. For each age-depth model upper panels depict the
MCMC iterations (left; good runs show a stationary distribution with little structure among neighbouring
iterations), the prior (green curves) and posterior (grey histograms) distributions for the accumulation rate
(middle panel) and memory (right panel). Bottom panel shows the calibrated *C dates (transparent blue)
and the age-depth model (darker greys indicate more likely calendar ages; grey stippled lines show 95%
confidence intervals; red curve shows single 'best' model based on the median age for each depth). Prior

information for accumulation rate and its memory or variability are shown as red text.
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Figure C.38. Age-depth models for records 217-221. For each age-depth model upper panels depict the
MCMC iterations (left; good runs show a stationary distribution with little structure among neighbouring
iterations), the prior (green curves) and posterior (grey histograms) distributions for the accumulation rate
(middle panel) and memory (right panel). Bottom panel shows the calibrated *C dates (transparent blue)
and the age-depth model (darker greys indicate more likely calendar ages; grey stippled lines show 95%
confidence intervals; red curve shows single 'best' model based on the median age for each depth). Prior
information for accumulation rate and its memory or variability are shown as red text.
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Figure C.39. Conceptual diagram of the 50-year depth binning approach using example data. Bold numbers
in each sample for the example core represent the original charcoal quantity. The depths (cm) of each 50
year interval (cal. BP) are shown. The calculations section shows the multiplication of the original charcoal
quantity by the proportion of the sample within each 50-year bin — assuming charcoal particles are
distributed evenly within a sample.
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Figure C.40. Influx values calculated for five example sites from the 50-year bin means method (red) and
50-year depth binning method (black).
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Figure C.41. The relationship between maximum resampled charcoal values (Cmax) and the proportion of
resampled values containing charcoal within a record — frequency (f) divided by total number (N) - for the
three most common particle sizes (>150 um, >0.5 mm and >1 mm) expressing charcoal quantity as a
concentration (particles cm=3) within our dataset.



