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Abstract

Peatlands are a globalignportant terrestrial carbon store, provide a range of ecosystem services
and are valuable archives of information regarding past environmental change. Reconstructions
of past ecohydrological dynamida peatlands can help improve understanding about the
response and vulnerability of these carbooh ecosystems to ongoing and future climate change.

In this thesis, | use palaeoenvironmental techniques to investigate trends in ecohydrology and fire
regme in mid to highlatitude 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 watéable depth and pH exhibit a strong control overodern
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 nurijppalaeoecological
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 permafréisaw, 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 mainiver of peatland fire, yet human activities appear to become
more important in the late Holocen& 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, autogenigbfiseks may help some
peatlands; particularly those less modifiegimaintain 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 milliod)kthey are distributed in both northern

and southern hemispheres across tropical, temperate, boreal and arctic regions, but the majority
are located at miedto highlatitudes(Xu et al., 2018apespite this limited geographic extent, they
store an estimated 600 Gt C accounting for ~25% of glatibtarbon storagéYu et al., 2010)

The peatland carbon store is equivalent to over half the carbon in the atmoshengghton,
2007)and over twice that stored in global foregfBan 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 ecosystesat consists of partially decomposed plant
material. To classify as ¢ the material has to contain at lea30%(Joosten and Clarke, 2002)
50%(Burton and Hodgson, 198@yganic matter at dry mass. In many classifications armuim

peat depth has to be attained before an ecosystem can be defined as a peatland; there is general
agreement that a depth of 385 cm is sufficienfHammond, 1981; Hanell, 1991; Zoltai and Pollett,
1983)

The accumulatio 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 decompodi@arman et al., 2013;
Gorham, 1991)A large proportion of peatland extent is coincident with permafrost a(Eagure

1.1), where the cold conditions further limit decomposition losgesith an estimated 277 Gt C
stored in permafrostegions(Tarnocai et al., 2009Permafrost occurs in the cold regions of the
world where rock or soil remains below 0°C for two or more consecutive {eamsch, 2017)At

mid- to highlatitudes in temperate, boreal and arctic regions the cool temperatures keep rates of
deconposition low and peat forming vegetation consists of mosses, grasses, sedges, shrubs and

sometimes treegPage and Baird, 2016)
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Figurel.l. A) Distribution of northern peatlandXu et al., 2018a3nd B) extent of ice, glaciers and permafr(i&town 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 purifioa/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 organismsfor example they are refuges for migrating or breeding b{iMdsayeva et al.,
2016) The presence of even small wetland habitats has been shown to be important for the
mairntenance of vertebrate biodiversifzibbs, 1993)Peatlands are a key source of drinking water

in the UK(Holden et al., 2007; Xu et al., 2018kjth atmospheric pollutants immobilised and
retained in the peat(Smith et al., 2013)Similarly, intact peatlands with abunda8phagnum
coverage can slow the flow of water across the surface and influence the timing of flood
hydrograph peakg¢Evans et al., 2014; Holden et al., 2008ylturally, peatlands have spiritual
associations angrovide 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 edéesho

and of subfossil material that provides information about past environmental chaf(gearey

and Fyfe, 2016)

In the presence of anoxic waterlogged conditions and the associated low decomposition rates,
productivity can remain higher than decompositig@allegeSala et al., 2016fFigure 1.2).
Similarly, neassurface watettables encourage the growth of decomposition resistant vegetation,
e.g.SphagnummosseqRydin and Jeglum, 200®eatlands can be dadly 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 surrawding catchmen{Rydin and Jeglum, 200&phagnurmis a

key peat forming species and its productivity has been shown to dserawith levels of
photosynthetically active radiation (PAR) and the length of the growing s¢beie| et al., 2012)

Mid- to highlatitude peatlandshaveformed and grown since the last glacial maxim{@orham

et al., 2007; Yu et al., 201@yith the majority initiating as growing seasons became warmer and
longer in the earlyHolocene (Morris et al., 2018) Therefore, tle productivity of peatland
ecosystems may be more important than decomposition for long term carbon st¢€tggrman

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 (DIQRBIllett et al, 2006; Olefeldt et al., 2013)These fluvial carbon losses

typically account for 1430% of total losses in a peatlaifdimpens 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 contbaie some protection from

burning(Harden et al., 2000; Turetsky et al., 2Q15)

Plant litter Microbial
Production decomposition Fire
co, CO, CH, N,0 CO CO, CH,; N,0
land Erosion/
Peatlan Transport
DOC POC DIC

Wetness Permafrost Vegetation

Human
activities

Figurel.2. Simplified conceptual model of processsecting 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 twentirst century¢ where alequate moisture can be maintained

¢ there is the potential at high latitudes for increased peatland productivity that may outweigh
losses to microbial decompositidiGallegeSala et al., 2018However, while climate icectly
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., Z0@9pfore, there is
considerable uncertainty on future carbon sink capacity oftlp@as (Hugelius et al., 202Q)
particularly at gh-latitudes where peatlands have shown an inconsistent carbon accumulation
response to recent warmin@hang et al., 2018Climate remains the primary control on peatland
accumulation, but the direct modification of peatlands by humans (e.g. drainage, afforestation,

grazing) is having an increasing impg@tage and Baird, 2016)

In Europe, increasing temperatures and human activities have greatly contributed to recent
widespread peatland dryingSwindles et al., 2019 limatic drying in boreal and temperate
regions has been linked with increased aerobic decomposition and losses »ofo Gle
atmosphere(Helbig et al., 2020; Zhang et al., 2028) highlatitudes, warming conditions have

led to permafrost thaw and thickening of the active lajykerman and Johansson, 2008; Burn



and Kokelj, 2009; Christensen et al., 20@ich has influenced peatland hydrology, vegetation
and biogeochemical cyclir@iljedahl et al., 2016; Valirantt al., 2021; Zhang et al., 201 By
2100, it is likely that human induced warming will dramatically reduce the cliraptice suitable

for permafrost peatlands in northern Europe and Western Sik@@avster et al., 2022Although

not yet modelled, the climatspace for permafrost peatlands in North America is also likely to
decrease massively. With the thawing of permafrost, previously inarbon is exposed to
decomposition and emission to the atmosphere, potentially leading to a feedback with climate
(Schuur et al., 2015Permafrost thaw commonly leads to thermokarst subsidence and localised
wetting (Johansson et al., 2006; Swindles et al., 2015b; Zoltai, 1@88)e the pooling of water

at the surface of a peatland can lead to increased anaerobic microbial respiration and carbon loses
in the form of Cll(Christensen et al., 2004; Gorham, 19%ernatively, peatlands undergoing
permafrost thaw can experience localised drying with increased hydrological connectivity and
drainage(Connon et al., 2014There is some evidence to suggest that permafrost peatlands may
experience increased carbon accumulation whererbiadical extremes are avoidé8windles et

al., 2015b) Consequently, there is uncertainty in how permafrost peatland hydrology, vegetation

andcarbon balance will respond to climate change.

Peatland surface moisture is an important factor in limiting the risk of firempson et al., 2019)
Consequently, with warmer and drier conditions paatl fire frequency and extent may increase

¢ particularly in boreal regions emitting large quantities of carbon to the atmosphédFannigan

et al., 2009; Turetsky et al., 2013here is evidence to suggest peatland burning has increased in
recent decades in Alaskan forests and peatlafidgetsky et al., 2010Moreover, increasingly
frequent or extensive peatland fire may increase permafrost thaw by raising soil temperature
(Gibson et al., 2018Y here are a number of autogenic feedls within peatland ecosystems such
as the moisture retention abilities &phagnunmoss communities and hydrological connectivity,
that are likely to only partially mitigate greater peatland fire with warmiNglson et al., 2021)
Additionally, permafrost thaw may lead to greater erosion and lossB&0d}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. Thiacertainty is largely in relation to
peatland autogenic processes and the interaction between hydrological conditions, fire,
vegetation and permafroghaw (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 digipline 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 informatiesepved 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 diux towers or chambers to measure £énd/or CH
emissions from a peatlan@illett et al., 201Q)Here the influence upon peatland carbon fluxes of
an intact vs. restored peatlan@auhiainen et al., 201&r of differing hydrological conditions
(Christensen et al., 2004an be investigatedrhe 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 td978(Christensen et al. ®4), while extensive monitoring of G@nd CHfluxes
began no earlier than the 199ddohansson et al., 20Q6An experimental study can modify
variables by for example increasing sahtperature or raising the wateamble in the field
(Turetsky et al., 2008pr in a laboratory settingMoore and Dalva, 1993)Therefore, an
experimental approeh 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 generallydtezmete
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 resolutifirees 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 researgpotheses. Yet, all models are
wrong to some extent, so it is important to understand their limitations during interpretg@mx,
1976) Prominent examples of models for peatland development are DigiBaigd et al., 2012;
Morris et al., 2012and the Holocene Peat Mod@trolking et al., 2010; Quillet et al., 2013)

A palaeoenvironmental approach uses information preserved in peat to reconstruct past
environmental condions. 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 proxie§Chambers et al., 201.1Methods for dating a peat profile includéC aml

219pp isotope dating, tephrochronology and spheroickbonaceougarticles(SCP)Gearey and

Fyfe, 2016) Common environmental proxies include testate amoebae for past moisture
conditions (Booth et al., 201Q)plant macrofossils or pollen for past vegetati@Birks and
Berglund, 2018; Mauquoy et al., 2018)d charcoal as an indicator of past f{fdooney and
Tinner, 2011) These proxies provide a snapshot of the environmental conditions at the time a
particular layer of peat forme@Amesbury et al., 2011and 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
onand account for any potential lag times to external fordi8windles et al., 2016pimilarly, this
approach can provide an early warming of future char@ésayson et al., 201@nd even inform
current conservation practicgdicCarroll et al., @L6). 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 raf®orris et al., 2015; Swindles et al., 2012;
Young et al., 2021)Therefore, the factors that may degrade peatland palaeoenvironmental

archives need to be coitered in their interpretation.

1.1.2.Testate amoebae

Testate amoebae are single celled eukaryotic organisms universally found on the surface of
peatlands (Fjure1.3) and arecommonly used as indicators of past hydrological conditions owing
to their sensitivity to moisture and resistance to decompositiBooth et al., 2010; Charman et

al., 2000) Testate amoebae are limited to the surface of peatlands by moisture availability, light,
temperature am nutrients (Charman et al., 2000; Mieczan, 2010; Roe et al., 200h®refore,
subfossil testate amoebae can be used to infer past environmental conditmmsthe 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 raoeatertable depths (WTE).
Certain species of testate amoebae with weak idiosomic siliceous tests (Wsbth)asuglypha

spp. ¢ preserve less favourably down core. WISTs do not typically introduce discernible bias in
WTD reconstruction, but it iscommended 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 temperatéBooth, 2008; Charman et al., 2007; Lamentowicz et al., 2008; Wilmshurst
et al., 2003; Woodland et al., 1998)oreal(Amesbury et al., 2013; Lamarre et al., 20a8)



subarctic regiongSwindles et al., 2015a; Taylor et al., 2019; Zhang et al., 20t&}e transfer
functions for hydrological conditions have beelinparily developed for ombrotrophic peatlands;

in more minerotrophic settings pH and nutrient levels become a more important factor in testate
amoeba species distributioflLamentowicz et al., 2013; Payne, 2Q1Ayditionally, there are
regional WTD transfer functions for Euroffemesbury et al., 2016North America(Amesbury et

al., 2018und AsigQin et al., 2021)Tre European transfer function has been applied in a regional
synthesis of 31 testate amoeba records across continental Europe, Scandinavia and Britain and
Ireland bySwindles 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 Hrasia and North America (e.gigH 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 irgrace of hydrological conditions for

the peatland carbon balang&vans et al., 2021; Loisel et al., 20ZDr this reason, the first aim

of this thesis is to develop arapply a testate amoeba transfer function for peatland WTD and pH

in Svalbard.

Figurel.3. Examples of peatland testate amoebae photographed at£200times magnification. Scale bar
is approximate. Asibbocarina galeataB)Padaungiella lageniformisC)Euglypha strigosaD)Centropyxis
aerophila,E)Arcella discoided=)Centropyxis gagpella, G)Heleopera roseand H)Campascus minutus

1.1.3.Plant macrofossils
Plant macrofossils are the partiatlgcomposed remains (e.qg. fruit, seeds, leaves, stems) of plants,

generally 0.5 to 2 mm in siZBirks, 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



10

coring location(Birks and Birks, 200@nd have been widely used to reconstruct past peatland
vegetation(e.g.DIF 1+ S It ®X wnamnT t AAf 2FurtBdimotefpbtE HAMDT
macrofossils have been used to estimate the timing of permafrost aggradation/thaw and fen/bog
transitions during the Holocen@reat et al., 2016; Treat and Jones, 20E®)wever, 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 tsp are ideal fot‘C dating because they are deposited in situ at

the time of death(Birks, 2017; Mauquoy et al., 2010plant macrofossils can be used to
guantitatively reconstruct past hydrological change in paatls using modern calibration data
(valiranta et al., 2007)However, unlike testate amoeba plant macrofossils are perennial and
spread slowly. Reconstruohs of peatland surface moisture from plant macrofossils may be less
sensitive than reconstructions using testate amoelfgéliranta et al., 2012) This differential
response strengthens the case for multiproxy palaeoenviromaestudies, particularly when
autogenic ecohydrological processes are so important for understanding the resistance, resilience
and vulnerability of midto highlatitude peatlandgWaddington et al., 2015 Consequently, the
second aim of this thesis is to investigabe ecohydrological and carbon dynamics response of
permafrost peatlands in a rapidly warming region of subarctic 8weatross multiple sitassing

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 decompogMooney and
Tinner, 2011)Since the pioneering work bfersen(1941) sedimentary charcoal records primarily

in lacustrine setting§Clark, 1988; Earle et al., 1996; MacDonald et al., 119849 long been used

as a proxy for past fire. Particles are generally separated into macrocharcoal (>30&ngdm
microcharcoal (<100 pm), with larger macrocharcoal particles dispersing a shorter distance and
reflecting more localised burning than microcharcoal parti(&nedera 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 burnir{§lorescu et al., 2018; Ohlson et al., 2006; Rius et al., 2011)
Similarly, peatland charcoal records are less likely to be subject rewyarksecondary deposition
than lacustrine record¢Clark and Patterson, 1997; Conedera et al., 2088) on occasion, an
intense smaldering peatland fire maglestroy part of the record (Davies et al., 2018)the last

two decades there have been a number of syntheses that reconstruct globalntineatal

biomass burning from sedimentary charcoal recof@sniau et al.,, 2012; Marlon et al., 2016,
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2008; Power et al., 2008; Vanniere et al., 2018pwever, currently no such syntheses exist
specifically for peatland ecosystems. Therefore, the third aim of this thesigavsynthesise and
examine existing Holocengeatland biomass burning recordsom North America, Europe and

Patagonia
1.2.Research aim and objectives

The overall aim of the thesis is:

dTo investigate trends in ecohydrology and fire regime in toidhigh-latitude peatlands during
the Holocene using palaeoeogical techniques, with a focus on better understanding autogenic
and dimateRNAXA Sy SO2aeaidSYy akKATFTOIaopé

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

chapters:

1. Develop and apply testate amoeba transfer functions for w#adte depth and pH for
hightlatitude peatlands in Svalbard (Chapter 2).

2. Investigate the ecohydrological and carbon dynamics response of permafrost peatlands
in a rapidly warmmg region of subarctic Swedaeross 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 related laboratoy 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 & Holocene. Ultimately, this enabled me to consider peatland

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

This thesis is presented largely in a traditional format, but the three individual rehafgers 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 o tiesearch objectives stated atlmvEach manuscript is

separated into an introduction, methods, results, discuss{ion a combined results and
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discussion) and conclusion section. Each chapter contained a separate reference list.
Contributions to each mangspt are listed on pagesi ito 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 Appendice€jAncludes the supporting information feach

of the results chapters.
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Abstract

Peatlands are valuable archives of information about past environmental conslittom
represent a globallymportant carbon store. Robust proxy methods are required to reconstruct
past ecohydrological dynamics in hilgititude peatlands to improve our understanding of change

in these carborrich ecosystemsThe High Arctic peatlands $valbard are at the northern limit of
current peatland distribution and have experienced rapidly rising temperatures of 0.81°C per
decade since 1958Ve examine the ecology of peatland testate amoebae in surfagetation
samples from permafrost peatlds on Spitsbergen, the largest island of the Svalbard archipelago,
and develop new transfer functions to reconstruct watable 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 findimpnsistent 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 amdme. No differences were found between transfer
functions including and excluding the taxa witleak idiosomic siliceous tes{@VISTs) that are

most susceptible to decay. The final models for application to fossil samples therefore excluded
these taxa. Té WTD transfer functiodemonstrates the best performance ABo= 0.719,
RMSERo= 3.2 cm), but the pH transfer function also performs welldgx= 0.690, RMSER=
0.320). The transfer functions were applied to a core from western Spitsbergen aressdggng
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 lelegm ecolydrological dynamics in tise rapidly

changing ecosystems.
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2.1. Introduction

Peatlands and wetlands are widespread across theglaniated areas of the High Art{gvalker

et al., 2005)and represent awbstantial carbon store, with soils holding an estimated 34 + 16 Pg
C(Hugelius et al., 2014Highlatitude regions in general are now warming at two to three times
the global aveage rate(MassonDelmotte et al., 2018nd High Arctic areas are especially
vulnerable to Arctic amplification feedbacKSerreze and Barry, 2011There are growing
concerns that waming 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 climati€oven et al., 2015; Schuur et al., 201Gynversely,
increases in productivity associated with longer and warmer growing seasons may result in greater
carbon accumulation in peatlands at matitudes and in particulaat highlatitudes(GallegeSala

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 increa8gd C
production from aerobic decomposition and inundation associated with elevateg@Huction

and flux to the atmospheréEvans et al., 2021; Lawrence et al., 2015; Olefeldt et al., 2013)
Noneheless, comparatively less is known about High Arctic peatland processgsared with

those in Boreal and Subarctic regiolmeproved understanding of autogenic factors relating to
permafrost thaw, hydrological change, productivimd decomposition arerucial for better
guantifying future peatland carbon dynami¢Sim et al., 2021; Waddington et al., 201B)is
therefore important that proxy methods for reconstructing pasbbgdrological dynamics in High
Arctic peatlands are developed and rigorously tested to increase understanding of ecosystem

change and to inform future predictions.

Testate amoebae are singbelled protists found on the surface of peatlands and are ralyin
used as palaeoenvironmental indicators because of the rapid response they demonstrate to
hydrological conditions and the resistance they show to decompositBooth et al., 2010;
Charman et al., 2000)ransfer functions to reconstruct past hydrological conditions have been
developed for a range of regions and peatland ty(eg.Amesbury et al., 2018, 2016; Charman

et al., 2007; Qin et al., 2021More specifically, a number of mafer functions have now been
developed in discontinuoud.amarre et al., 2013; Swindles et al., 2015; Zhang et al., 2047)
continuous(Taylor et al., 2019g)ermafrost peatlands. Taylor et al. (2019a) also developed a
transfer function for electrical conductivity as a proxy for trophic statnsaddiion, certain
species withweak idiosomic siliceous tesf@/ISTs) preserve less wgthyne, 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 whei®Wé are present in high

abundancgSwindles 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 (B&gens and
Bobrov, 2016) Previous studies have recorded the presence of testate amoebae in the
contemporary and fossil records across the High Af@&yens and Chardez, 1995; Sim et al.,
2019)and specifically in Svalbaf@Balik, 1994; Beyens et al., 1986¢, 1986b, 1986a; Beyens and
Chardez, 1987However, the potential to use testate amoebae to reconstruct past hydrological
conditions and/or trophic statugor 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 contempy 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 extling taxa withweak idiosomic siliceous tesfgV/ISTS)
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 Pigara, 2011) It is therefore considerably warmer than comparable
latitudes in Canada and Russia, with a mean annual temperatueG3C (averaging period 1981

2010) at Svalbard Airport near Longyearbyen (78.25°N, 15.47°E, 28 metres above sea level,
Farland et al., 2011Records for mean annual precipitation vary on a local scale with a mean
annual precipitation (averaging period 192000) of 196 mm at Svalbard Airport and 409 mm
~108 km north northwest at Nfilesind (HansserBauer et al., 2019Reanalysis temperature and
precipitation data suggests our predominantly laitude sampling sites (Figu&l; Table2.1)

are likely to experience similar climatic conditions to those at Svalbard Afgiktiamar Schuler
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and @stby, 2020)lce-free areas in Svalbard are characterised by tundra with vegetation types
including sedge, grass and browross wetlands and dwasghrub and herbgwWalker et al., 2005)

Soil cover in Svalbard is estimated to be around 10% thié majority of the landscape cover
being ice (70%) or exposed rock (2@PA)gelius et al., 2013Pespite 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., 201&hd longterm carbon accumulation rates 0€99.2 g nfyr* have

been recordedNakatsubo 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 tql2ahgserBauer

et al, 2019; Vikhamar Schuler and @stby, 202Burthermore, icecore temperature
reconstructions suggéswentieth century warming is the greatest experienced in the past 600
years(Isaksson et al., 2003 he rapid nature of recent warming makes Svalbard an interesting
area to study recent changes in peatland vegetatiomlrolpgy and carbon dynamics. Moreover,
under medium to high greenhouse gas emission scenarios the future climate of Svalbard (1971
2000 to 20712100) is projected to show an increase ef0°C in median annual temperature and

a 4565% increase in median @amal precipitation(HansserBauer et al., 2019)potentially

creating more favourable contitins for peat formation.

Scientists have studied testate amoebae in Svalbard since as early as the ninetieth century
(Ehrenterg, 1870; Scourfield, 18973ince then, pioneering researchers have investigated testate
amoebae in a largely exploratory and descriptive mar{Aeverinzew, 1907; Balik, 1994; Bonnet,
1965; Opravilova, 1989; Penard, 1903; Schénborn, 1986)e ecologyfocused researh in the

1980s found moisture content to be a key control on species distribution in lichens and mosses on
Northwest Spitsbergen, with notable taxa includigprythion dubiumCentropyxis aerophila
Trinema lineargAssulina muscorunfPhryganella acropdd and Euglypha rotundéBeyens et al.,
1986¢) In aquatic environments on Northwest Spitsbergéh, aerophilaand Paraquadrula
irregulariswere the most common species observed, with the former associated with nuide a
waters and the latter more alkalin®eyens et al., 1986bAdditionally, samples from nsses and

pools on Edgegyadocumented the first occurrence on the Svalbard archipelago of the
predominantly Arctic taxoonicocassigontigulasiformigBeyens et al., 1986afhanges in local
hydrological conditions between ~5000 and 3800 BP have been inferred from testate amoeba
preserved in peat layers didgegydBeyens and Chardez, 198fpwever, the number of testate
amoebae counted were extremely low and no statistical transfer function was used. More recent

ecological work in Svalba(tazei et al., 2018uggests a reduced abundancdofaicropodiaand
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C. aerophilan soils enriched with guano, tentatively linked with changintfieat supply and the

availability of fungal food sources.
2.3. Method

2.3.1.Sampling

In August 2019ve collected 103 surface vegetation samples from five permafrost peatland areas
in Svalbard, encompassing a representative range of environmental corgditioigure2.1 and
Table2.1). Surface vegetation samples mainly comprised bryophytes, but also included sedges
such a€riophorunmspp. andCarexspp. in hummock areas. Around 70% of Svalbard is covered by
glaciers or permanent icéHugelius et al., 2013}herefore ourstudy sampled aepresentative

range of environments frorthe main icefree 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 addlostone bedrock towards the east in Sassendalen
(Elvevold et al.,, 2007)Watertable depth (WTD) was determined by augering a well and
measuring the watetable at regular intervals until it had stabilised. Both pH and electrical
condwctivity (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 026 d¢ated

on the valley floor towards the southern margin of theshiaped valley bColesdalen, 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 byp&wceae and brown mosses, including
Tomentypnum nitenand Aulacomnium palustrel'he 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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Figure2.1. Site map showing locations for surface sampling and the coring site, alongside glacier coverage.
Digital elevation model data and glacier coverage sourced fromNibevegian Polar Institut¢2014a,
2014b)

Table2.1. Site overview and environmental conditions. Coordinates are averaged feurédcesamples
takenat each siteNegative WTD values means surface inundation.

. Latitude Longitude Altitudinal WTD range MC range EC range

Site pH range
CN) B range (m)  (cm) (%) (es*pm

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 vegetatioand peat properties

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

(Chambers et al., 2011yhe Colesdalen core was ssdmpled into icm slices and masurements
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were made of dry bulk density, less-ignition (LOI) and concentrations of carbon (C) and
nitrogen (N). Dry blk density (g cif) was calculated by divimg dry mass opeat (g; dried
overnight at 105C) by the total sample volume (énwhileLOI(%)was calculated by subtracting
ash nass (g; after 8 hours in a 550°C furnace) foonmass (gkefore dividing this by dry mass
and multiplyingthe productby 100(Chambers et al., 2011} and N contents were measured

a ThermoScientific Flash (2000) Series CHNS/O analyser.

2.3.3. Agedepth modelling

The chronology of the Colesdalen peat profites determinedising?!®Pb and“Cdating methods

The'C datesrf = 3) were analysed fronabove ground plant macrofo$sbon a 3MV accelerator

mass spectrometer (AMS) at the André E. Lalonde AMS Laboratory, University of Ottawa, Canada
(TableAl). The dates were calibrated using the IntCal20 calibration (iReener et al., 2020)

and an agelepth profile (Figuré\.1) was constructed using the R package RlquinoLopez et

al., 2018) Hum assumes a constant rate of supply (CR&fRIh within samples. However, unlike
previous CRS modglappleby, 2001; Appleby and Oldfield, 19P&m separates the agdepth
modelling process from th&°Pb decay equation and implements a Bayesian modelling approach
using a sethdjusting Markov Chain Monte Carlo (MCMC) algorithm. This Bayesian modelling
approach allows for better quantification of oertainty in modelled dates and more robust

integration of?!%Pb and““C dates. SeAquinoLépez et al. (2018)r full details.

2.3.4. Testate amoebae

Testate amoebae were prepared for analysis follovBiogth et al.(2010)for surface vegetation

and peat core samplaspalaeasamples were analysed every other centimetre down core; i.e. a
1-cm layer, every 2 cm. Approximately 5%wheach surface vegetation sample and around 2 cm
for each palaesample was boiled in watdor 10 minutes, passed through a 380Ysieve and
then backsieved through a 15 Ymesh. These processed samples were then stored at 4°C prior
to examination under a highowered, transmittedight microscope at between 200 and 480
magnification. A minimm of 100 individuals of taxa withoweak 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(8evandles et al., 202@nd
within our stuly included:Euglyphaspp., Trinemaspp.,Corythionspp.,Placocista spinostype,
Sphenodenria lentand Tracheleugipha denta In order to examine the influence of excluding
WISTswe conducted multivariate statistical analysis and developed transfectfons 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. Statisticd analyses

Multivariate statistical analysis was undertaken in R version 3®.Gore Team, 202@jth the
packages vegafOksanen et al., 202@nd analogu¢Simpson and Oksanen, 2020)xplore 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(s@esswindles et al.,

2009). We performed ordination with Nosmetric Multidimensional Scaling (NMDS) using the
BrayCurtis dissimilarity index. Additionally, Detrended Correspondence Analysis (DCA) showed
that the data had a long axis length (DCA1 all taxa = 4.15; DCA1 éhBVsd = 4.71) suggesting
heterogeneity in the data, high betiiversityand predominantly unimodal species distributiogs
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 pHne developed using the R package ridjaggins, 2020 he
following conmon 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 (Mlt)afi$iese
function models were developed and cressdidated using the leavene-out (LOO) method for

the entire dataset and then with WIST taxa removed. The metrics RM$SERPoq average bias

and maximum bias were used to evaluate transfer function gremince. 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 rangd# measured WTD (> 7.4 cm) and pH (> 0.617). Thisftut
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 a).2015; Taylor et al., 2019al)eaveone-site-out (RMSERs3) and segmentvise
(RMSER) cross validation methods were applied to the pruned WTD and pH transfer function
models with WISTs removed to further evaluate performance (Talle FigureA.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 performgseeAmesbury 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 testatemoebae from the Colesdalen code compared our WTD reconstruction for

the Colesdalen core with the outputs from other regional transfer function models:, Subarctic
SwedenSwindles et al., 2015panEuropear{Amesbunyet al., 2016) Arctic Alaskélaylor et al.,
2019a)and Subarctic Finland and WeRussigZhang et al., 2017)

2.4.Results

24.1. Relationship between species distribution and environmental variables

A total of 60testate amoeba taxa from 30 genera were identified in the surface vegetation
samples from peatlands in Svalbard (Tab), with a total count of 15,475 individuals. The
species occurring in the most samples wé&entropyxis aerophild&uglypha rotundaEuglypha
tuberculata Trinema lineareEuglypha strigosaDifflugia lucidaand Difflugia lithophila Other
notable species occurring in fewer samples, but at a high maximum abundancéleleeta tincta
(73.6%),Cryptodifflugia oviformig68.6%),Campascusninutus (67%) andValkanovia elegans
(50.4%). CCA shows that pH, WTD and EC are the most important controls of testate amoeba
distribution (Figure2.2; Table2.3). Partial CCAs when run for all taxa show pH explained 29.04%
of variance | < 0.001), WTD ekqined 24.99%p(= 0.002), EC explained 15.96%%(0.001) and

MC explained 6.67% € 0.344). When WISTs are removed the amount of variance explained by
environmental variables increased slightly, with pH explaining 33.p6%9.001), WTD explaining
26.44% p < 0.001), EC explaining 16.9%(0.001) and MC explaining 5.92%%(0.406). NMDS
analysis supports these findings, with all environmental variabiesluding MC; shown to be
important controls on species distribution, both when run for allasand then with WISTs
removed p < 0.001; Figur@.3; Table2.3). NMDS suggests the most important environmental
controls are WTD (all tax& R 0.51; WISTs removed R0.54) and pH (all tax& R 0.41; WISTs
removed R= 0.39). Figur@.3 highlights theassociation of the Sassendalen sitasderlain by a
limestone bedroclg with a higher pH and Colesdalerunderlain by sandstones, siltstones and

shales; with a slightly lower pH (Tabz1).
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Table2.2. Overview of60 testate amoebae taxa identified, type (testate amoeba = TA; taxa awtleak
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

Sphenoderia lenta
Tracheleuglypha denta
Trigonopyxis arcula
Trigonopyxis minuta
Trinema complanatum
Trinema enchelys
Trinema lineare
Valkanovia elegans

Wailesella eboracencis
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Figure2.2. CCA of species, samples and environmental variables for a) all taxa and b) with WISTs removed.
Species wittiewer thanfive occurrences and a mamumabundance < 2%ereremoved. See Table 2for
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Table2.3. Ordination statistics of environmental variabjémth including and excluding taxa witleak idiosomic siliceous test¢/ISTS)

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 WTDwBFand pH (Tdr) as both variables were
highly significant environmental controls on testate amoeba species distribution in the ordination
analysis. Rooand RMSEBowere used as the primary metrics to identify the best performing
models. Models were run including &ixa (Tk) and again with WISTs removed \dJfws) and
produced models of comparable performance (TahB. The Tko wisiteration of the models for

both Thvrpand Thk+ was used because of concerns over the preservation of WISTs down core
(Swindles et al., 2020tompounded by a complete absence of WISTs in our entire independent
palaeo dataset of testate amoeba abundance analysed from Colesdalen core (see Biguer
TRvronowistwith high residual values removed (residuals > 7.4 cm), all models showed |
RMSERscand RMSER,when compared to RMSE with the exception of ML (Tab4). 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) (Fig@de The best performing
model was component 2 of the WAPLS modélgdx 0.719, RMSES= 3.20 cm, RMSER=

3.53 cm, RMSER= 3.39 cm, average bias = 0.04 cm, maximum bias = 5.29=<85; Tabl@ 4;
Figure2.6). ML models for Tiono.wistdemongrated slightly higher Roocvalues. However, the

ML model had a greater number of high residual values (> 7.4 cm) in initial model runs and
demonstrated slightly higher RMSkfvalues (Table .4) ¢ therefore the WAPLS model was
preferred. Tronowistperforms well, but with a slight over prediction of low WTD values and
slight under prediction of high WTD values. For th@réfo.wistmodelthree species with low
maximum abundances Heleopera sylvatica= 3%, Hyalosphenia eleganss 0.9% and
Psuedodifflgia fulvatype = 0.9%) were removed owing to high residual values. Clear dry indicator
species includeAssulina muscorumCorythion dubium(WIST taxon),Valkanovia elegans
Hyalosphenia ovalendArcherella flavumwhile important wet indicator speciesdludeDifflugia
rubescens Difflugia globulosa Gibbocarina galeata Arcella hemisphaericaand Difflugia
acuminata(Figure2.4). WTD optima and tolerance statistics for individual species are presented

in Figure2.7.

For Thunowiswith high residual alues removed (> 0.617), all models showed lower RMSEP
when compared to RMSERcand RMSER (Table2.4). The WA.inv, WA.inv.tol, WAPLS and ML
models performed slightly worse in lowest pH segment (F8.49), yet the WA.cla and WA .cla.tol
models were more consistent across a range of pH values (FAd)reThe preferred model was
WA with classical desimking and tolerance downweighting (WA.cla.toj.g3= 0.690, RMSE®R

= 0.320, RMSEf= 0.439, RMSER= 0.331, average bias = 0.018, maximum bias = OrB%6,
70; Table2.4; Figure2.6). WA with classical deshrinking (WA.cla) demonstrated a highes
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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 FRnowstmodel two species with low maximum abundances
(Heleopera sylvatica 3% andQuadrulella symmetrica 0.8%) wes also removed due to high
residual valuesPeatland pHis generally linkedwith trophic status(Gorham et al., 1987;
Lamentowicz et al., 2018)nd is someting considered further in the discussion section. High pH
(more minerotrophic) indicator species includgampascus minutusArcella catinusand
Paraquadrula irregularjsvhile lower pH (less minerotrophic) indicator species incMdsglesella
eboracencis Assulina muscorunand Hyalosphenia ovaligFigure2.5). For pH some species
demonstrate bimodal peaks in abundance at low and high pH levelsAsgyilina muscorurand
Corythion dubiunfFigure2.5)
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Table2.4. Transfer function performance metriésr pruned WTD and pH models with WIST taxa remoRedt mean squared error of prediction (RMSEP) statistics
are based on leavene-out (RMSERJ, leaveone-site-out (RMSERs¢ and sgmentwise (RMSER) cross validation methods. Changes in model performance from
RMSERoto both RMSERscand RMSERare given irparentheses

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 Thronowst@and Thinowstmodels (Figure2.6) were applied to a peat core sampled in

Colesdalen taeconstruct pastWTDand pH from ~800 CE to preserfFigure2.9). The most

common subfossil taxa present in the core incli@dbocarina galeataGibbocarina gracilis
Conicocassipontigulasiformis Nebela tinctaand Centropyxis aerophildNotably, there was a

complete absence of WISTs in the palaeo record. Bothroh&wistand Thino.wisttransfer

functions were applied with no missing analogues. The quality of analogues was tested by
comparing maimum relative abundances of species in the palaeo and calibration datasets (Figure

Ao ® ¢KS YI22NAGe 2F GFEIF RSY2yadNISiScludngt t 02y &l
all taxa (with the exception oklablasta militari¥ showing a higher mamium abundance in the

palaeo dataset than the calibration dataset.

The Tlrono.wisteconstruction 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 perio®@iCH7
(Figure2.9). This spike in WTD ~1750 CE is associated with increased abundiletelaftincta

and a decrease iGibbocarina galeataFrom ~1750 CE onwards there is a general wetting trend,
particularly from ~1920 CE. Theyhto.wistreconstruction 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 gnd pH (

< 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 correlaificaigtly with both

WTD (DCA < 0.001; NMD$ < 0.001) and pH (DG 0.001; NMD$ < 0.001), suggesting both

our reconstructions are good representations of changes in the structure of the fossil data (Figure
A4).

We compared the Fwronowistteconstruction of the Colesdalen core with transfer functions
originally developed for other regions (Figl#d0). There were a humber of missing analogues
for the Colesdalen core in the Subarctic Sweden {2), parEuropeanti = 3), ArcticAlaska i =

9) andSubarctic Finland and West Rugsia 10)calibrationdatasets (See Tabke3). The range

in reconstructed WTD values is greater in transfer functions from other regions, in particular for
Arctic Alaska (Figuz10a), yet reconstructd zscores for the Svalbard transfer function are very
similar to those from other regions (Figu2elOb). In fact, WTD-gcores produced by Wrono.wist
correlate significantly with-scores produced by the Subarctic Sweder 0.002), parfEuropean

(p <0.001), Arctic Alaska & 0.001) andsubarctic Finland and West Rugqgia 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 Arcticq(Beyens and Bobrov, 2016ye identified 60 testate amoeba taxa in surface
vegetation samples(Table 2.2) ¢ including the regionalised High Arctic taxa ©@&ntropyxis
gasparella and Gonicocassipontigulasiformis In the palaeo core from Colesdalen spanning the
period ~800 CE to presei@7 taxa were identifiednd species diversityasrelatively stable down

core (Figure.9). Furthermore, testate amoeba were abusuat enough for the minimum count of

100 individuals in all palaeco samples. This diversity and abundance in both contemporary and

palaeo samples is uncharacteristic of other High Arctic redmgsSim et al., 2019nd may be
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as a result of thaunusual climate of Svalbard for its latitudehichis moderated by the West

Spitsbergen CurrerfiValczowski and Piechura, 2011)

2.5.1. Testate amoebae andhater-table depth

Wefound that peatlandVTD was a key control on testate amoeba species distribution in Svalbard
(Figure.2 and2.3; Table2.3) and developed a palaeohydrological transfer function. The majority
of taxa occupy WTD niches as expected from lower latitude peatl@mgl®\mesbury et al., 2018,
2016; Charman et al., 2007; Qin et al., 20&1d other permafrost peatland®.g.Lamarre et al.,
2013; Swindles et al., 2015a; Taylor et al., 2019a; Zhang et al., 2@iBthelesswe were able

to better quantify the hydrological nichex High Arctic testate amoeba in Svalbard, building on
initial pioneering studies from the twentieth centurye corroborate previous suggestions that
Assulinamuscorumprefers drier habitats in Svalbar@Beyens et al.1986c¢)and that Arcella
hemisphaericais a predominantly wet taxorfSchonborn, 1966)Similarly, our data confirm
previous observations from Svalbard sugges@egtropyxis aerophilaccurs across both wet and
dry habitats (Beyens et al., 1986¢c, 1986bJhe predominantly Arctic taxaConicocassis
pontigulasiformisand Centropyxis gasparell@Beyens and Bobrov, 2016; Bobrov and Wetterich,
2012)were observed in our surface samples, both with a wet WTD optimum of ~5 gungEi7).

This WTD optimum fo€.pontigulasiformisin Svalbard agrees with transfer function data from
Arctic AlaskdTaylor et al., 2019aBimilarly,C. gasparelldnas been observed in standing water
and wet mossegBeyens et al., 1986b; Chardez and Beyens, 1988)we present the first

inclusion of thé specieén a transfer function.

2.5.2. Testate amoebae andophic status (pH)

We found that pore water pH was an important control on testate amoeba species distribution
(Figure2.2 and2.3; Table2.3) and developed a transfer function to reconstruct pastpéhatland
pHhas a strong relationshiwith trophic status oligotrophic bogs are acidic, while minerotrophic
poor fens and rich fens demonstrate amcreasing alkalinity and concentration of dibed
minerals(see Gorham et al., 1987; Lamentowicz et al., 20b3)ontrast todwer-latitudes, there

are few true low pH bogs in the High Arcf@/oo and Young, 2006)nd 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 (2dbhlePoorfens

are generally donmated bySphagnummosses and shrubs; moderately rich fens are characterised
by brown mosses (e.drepanocladusp.) and sedges; while extremely rich fens also exhibit
brown mosses (e.gscorpidiumsp.) and sedge8Narner and Rubec, 1997However,nutrient

levels and pH will not always be coincident alorfgrabog gradient(Bridgham et al., 1996}-or
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example, phosphorus (P) concentrations gagcallyhigher in fens than bogs, but rapid nobial
mineralisation can result in similar levels of availablgétlogg and Bridgham, 2008)onetheless,

pH is a key control on bryophyte vegetati@fitt and Chee, 199@nd an important characteristic
used in the classification of wetland tyfeg.Tiner, 2016}; therefore,we suggest it is appropriate

to use pH as a proxy for trophstatus 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 taylor et al.(2019a) we found that
Gibbocarina galeatandArcherella flavumvere indicative of more oligotrophic conditions (Figure
2.8). We found that Assulina muscoruris abundant in more oligotrophic conditions supporting
earlier work byBeyens et al(19869 and Mitchell (2004) but the taxon was also presein
minerotrophic conditions (Figur25) as was observed Bhaylor et & (2019a) A. muscorunhas

a clearly defined unimodal WTD optima and only appeared with more than 5% abundance in
samples with a WTD over 13 cm (FigRe), therefore suggesting hydrological conditions were
the primary contrd on the distribution of this taxorRParaquadula irregulariwas more abundant

in the more minerotrophic samples (Figurd® and2.8), corroborating previous observations
from SvalbardBeyens et al., 1986biNonethelessP. irregularioccurred across a broad range of
WTDs (Figur2.4), suggesting species distribution is primarily driven byliohfis been suggested

that modification of surface soils by sea birds in Svalbard, linked partly to nutrient addition, may
reduce the abundance é&hyragrenella acropodiand Centropyxis aerophil@azei et al., 2018)
Nutrient levels were not directly measured in our study, but no clear abnormalities in abundance
were observed. BotR. acropodidype (h= 53, max abundance = 20.5%) abdaerophilgn = 95,

max abundance = 59.3%) were common taxa in the surface samplesZPalaled present across

a broad range of both WTD and pH values (FigR#eand2.5).

2.5.3. Application of transfer functions

The panEurope(Amesbury et al., 20165ubarctic Swedefswindles et al., 2015Arctic Alaska
(Taylor et al., 2019and Subarctic Finland and West Rug&hang et al., 201 Tjansfer functions

were also applied to Colesdalen core and produced WTD reconstructionghefr magnitude
shifts than the Tronowistnodel (Figur€.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, effectivelyrething the gradient. When -gcores were
standardised for each regional transfer function they all produced comparable reconstructions

that correlated significantly wht our reconstruction (Figure 2.1pbNonetheless, there were a
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number of missing moderanalogues for the palaeo dataset in the transfer functions from other
regions that were relatively abundant in peatlands in Svalbard (Té&8¢ Notably, C
pontigulasiformidgs absent from the Subarctic Sweden, gauropean andubarctic Finland and
Wed Russidransfer functions, whil€Centropyxis plagiostomia 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 functionpegeiencing missing analogues
showed noticeable discrepancies in standardised values to our reconstruction, e.g. ~1200 CE (67
cm; Figure2.10b). HoweverC. plagiostomavas not abundant in our calibration dataset< 11,

max = 1.6%) and optima for both WEDd pH would likely be better defined with further
sampling. Nonethelessje suggest that WTD transfer function models from other regions are less
applicable to peatlands in Svalbard, highlighting the importance of developing regional transfer

functionsc particularly in relatively unexplored environments.

The absence of taxa wittveak idiosomic siliceous tes§VISTs) down core (Figug&9) and
prevalence of degradedEuglyphaspp. in surface samples (Tabll) evidences the poor
preservation of these t&s and echoes previous taphonomic concerns over the-ferg
preservations of WISTs in older pe@@ayne, 2007; Swindles et al., 2020; Swindles and Roe,. 2007)
Removing WISTs had minimal impact on transfer function performance statistics Al2)bdand
actually slightly improved the degrexd variance in species abundance explained\byD ancpH
(Figure2.2; Table2.3). Thereforewe chose to use transfer functions excluding WISTs and can
have confidence that the removal of WISTs retains the effectiveness of our transfer function
models, wiile avoiding potential taphonomic issues. Testate amoebae diversity (Shannon Index)
remains relatively consistent down the core (Figdr®), evidencing good preservation of ron
WIST taxa. There is a drop in testate amoeba diversity ~1750 CE (33 cngpaudieg to a
dominance ofNebela tinctgFigure2.9). 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 geuine changes in WTD and pH are driving the shift in

testate amoeba populations.

Peatland pH is strongly linked with trophic sta{@rham et al., 1987; Lamentowicz et al., 2013)
therefore Thunowistis likely to be an effective proxy for interpreting past trophic conditions,
particularly when paired with plant macrofossil analysiseValiranta et al., 2017Payne(2011)
raised concerns over the application of palaeohydrological transfer functions through periods of
fen-bog transition in Mediterranearpeatlands. However,ni High Arctic Svalbard there is a
narrower trophic gradient from poor to rich fen systems (Tdblg and WTD remains a significant

control on species distribution across the entire pH range (FigRi2sand 2.3; Table2.3),
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therefore WTD reconstructions iSvalbard are likely to be more robust. FurthermdRMSERy
analysis suggests ghino.wis{WA.cla.tol) performs consistently across a range of pH values (Figure
A2). Thus, application of Jiowstand Tkronowistenables the reconstruction of pdand
dynamics during the Holocene, including indications of changing trophic statcisoing similar

findings from peatlands in Arctic Alagkaylor et al., 2019b)

The significant inverse correlation beten reconstructed WTD and pH for the Colesdalen qore (

< 0.01; Figure2.9) 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 onditions. Increases in precipitation across Svalbard in the twentieth century
(Farland et al., 201hay 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 SvalbarNowak and Hodson, 2014)he Casdalen core is located towards the
edge of a kkhaped valley (Figur@.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 feldsperd have a carbonate ceme(chlegel et al., 2013)
Consequently, greater chemical weathering in the Colesdalen catchment as a result of changing
drainage patterns linked to iaetreat, 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 multiproxgalaeoecological reconstructions in Svalbard. Moreover, application of
0KSaS NI yaFSNI FdzyOdA2y Y2RSfta gAftf 0SS dzaSTdA
rapid climate change during the twentieth century. Other avenues for future researdt work

to better quantify the influence of birds on soil nutrients and testate amoeba species in Svalbard
(see Mazei et al., 2018nvestigate the influence of increased salinity from salt spray or storm
inundation on testate amoebae diversity and richnésse Swindles et al., 2018)d look to add
regional transfer function data from highéatitude peatlands to an updated p&Buropean
transfer function modellAmesbury et al., 2016)mproved 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-kitfude peatlands with
warming (e.g. Gallegésala et al., 2018)Therefore, a study across multiple sites focusing on
peatland ecohydrological and carbon dynamics in Svalloaning the Holocene would be

particularly valuable.

%
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2.6. Conclusions

1. Wepresent 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 amoete occupy WTD niches as expected from lelattude
studies, althoughve were able to better quantify the hydrological niches of regionalised
High Arctic taxa, e.@entropyxis gagvella and Conicocassigontigulasiformis

3. Pore water pH was a signifidazontrol on testate amoeba species distribution and a proxy
for trophic statusg 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 pattens.

4. WISTs appear to preserve poorly in these peatlands, yet removal of WISTs from our
transfer function models had minimal impact upon their performance. Therefare,
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 undestanding of longerm ecohydrological dynamics in these rapidly

changing carbomich ecosystems.
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Abstract

Permafrost peatlands are found in hitdtitude regions and store globalignportant amounts of

soil organic carbon. These regions are warming at over twice the global average rate, causing
permafrost thaw, ad 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. Henge 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 drigredes on local factors and

the autogenic response of individual peatlantige find that bryophytedominated vegetation
demonstrates resistance, and in some cases resilience, to climatic and hydrological shifts. Drying
at four sites is clearly associatedtlwreduced carbon sequestration, while no clear relationship

at wetting sites is observetlVe highlight the complex dynamics of permafrost peatlands and warn
against an overbgimple 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 perrfrast soil QHugelius et al., 2014)
These ecosystems experience a short growing season where a seasonal active lay@triashs
2017) and C accunlates when the addition of plant litter exceeds losses from decompogitian

et al., 2011) The maitenance of a neasurface watettable by seasonal active layer thaw, snow
melt and summer precipitation(Woo and Winter, 1993)imits C losses from microbial
decomposition(Heffernan et al., 2020and encourages the growth of decompositimesistant

plants such aSphagnummossegRydin et al., 2006)

Highlatitude regions of the Northern Hemisphere are now experiencing warming at a rate two to
three times the global averagéMassonDelmotte et al., 2018)Permafrost extent is shifting
northwards with warmingevidenced by the thawing of peatlands in the discontinuous permafrost
zones of North AmericéCamill, 2005and Eurasigikerman 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 increasedyreenhouse gas (GHG) emissions and a positive feedback with climate
(Jeong et al., 2018)n addition, climatedriven drying may expose peat to increased aerobic
decomposition, leading to increases in carbon dioxide;Y@drissionglIse et al., 2008)while
thaw-induced wetting has been associated with elevated meth&DH) emissiongChrstensen

et al., 2004) However, these C losses may be partially offset or even reversed by improved plant
productivity during longer growing seasofGallegeSala 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 1990¢Johansson et al., 2006)herefore, a palaeoecological approach using

proxiesg such as testate amoebgdones et al., 2013; Lamarre et al., 2012; Pelletier et al., 2017;
Swindles et al., 2015a; Taylor et al., 2048) plant macrofossil§-ritzetl {f ®> HAamMc T DI O |
2017a)¢ provides a valuable longderm perspective. A recent palaeohydrological study of
European peatlands in mainly temperate latitudes showed widespread twentieth century drying
(Swindles et al2019) however, permafrost peatlands are subject to processes that are unique

to cold regions. Gradual permafrost thaw increases active layer thickness and can lead to

evaporationdriven drying(Zhang et al., 2018a, van Bellen et al., 2018 threshold pint in
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permafrost thaw is reached structural collapse and wetting can occur, often linked to deep C losses
ow2ySa SG IfdX wnmT T hQ5 2y hubtlefe is Svidentefthdtin seme M1 T
instances abrupt permafrost thaw can lead to increased {logtv C accumulation that partially

or completely offsetsleep C losseflones et al., 2013, Swindles et al., 2015b, Heffernan et al.,
2020) This noHdinear response suggests ecological thresh@dd 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 chamges
hydrological regime, vegetation shifts, and permafrost th{@wbott et al., 2016)In this studywve
investigate tle ecohydrological and carbon dynamics response of permafrost peatlands in a
rapidly warming region of subarctic SwedeWe conduct multiproxy palaeoecological
reconstructions from 10 peat profiles across eight sites that are reliably dated atésghution

using 2'%Phb, “C and tephrochronolgy. More specificalle 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 changesl aneasured climatic variables and

(i) 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 Swedenuifeig1) is in the discontinuous permafrost

zone and is characterised by extensive palsas, peat plateaus, bogs, and fens, many of which are
currently experiencing permafrost degradati¢hkerman and Johansson, 2088y are no longer

in equilirium with climate(Olvmo et al., 2020)Therefore, our study region may indicate how
peatland areas currently with more extensive permafrost may radpo 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 wagresent. Monoliths were cut out from the peat at all sites, with the
exception of Stordalen palsa and Maunuvuoma fen, that were sampled using a Russigeorer

Vleeschouwer et al., 2010Refer toFigures B.3B.33for imagery of ampling site locations.

The peatlands in our study region formed as early as ~9,500 yr BP following the retreat of the
Fennoscandian Ice Shg&annel et al., 2018)vith peatland initiation linked to warming growing
seasons and potentially increased precipitatidtorris et al., 2018)Yet, permafrost may only

have started forming in Fennoscandia from ~1500 y(B®at and Jones, 201§)erhaps as late

¢ dzN
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as the Little Ice Age. Abisko has warmed by 1.59°C in the last centume (B, far above the
mean global increase of 0.91{GISTEMP Team, 203@yerages for 19131922 against 2003

2012), with annual temperatures in some areas of our study region now above A°Key

threshold for permafrost and ecological dynam{€allaghan et al., 2010)
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Figure3.1. 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 paprArctic permafros extent (Brown et al., 2002)Climatic station data are shown for b)
growing degree days above 0°C (GP[B) 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 ofitlesss function. Topographic, watercourse and laoder

data sourced fromhttps://www.lantmateriet.se/

3.2.2. Age modelling

The chronology of these peat profiles was determined fféfiab,“C and tephrdayers“C dates

were calibrated using the IntCall3 calibration cuf®eimer et al., 2013and the northern

hemisphere zone 1 postomb calibration curvéHua et al., 2013 Annuallyresolved tephra layers

found in Stordalen palsa (Hekla 1158 at 23 cm; Hekla 1104 at 3QseaCooper et al., (2019)

were included in the agdepth model. Agalepth profiles Figures B.2B.30) were constructed

using PLUMAquinoLOpez et al., 2018yvhich is a Bayesian modelling approach, for a more robust

integration of?*%Pb,“C and tephra dates.
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3.2.3. Peat properties

Peat was stard at 4°C before bulk density and lassignition (LOI; %) analyses were completed

in the laboratory followingChambers et al., (2011Bulk density was measured for contiguous- 0.5

cm thick layers, while LQVvas determined for m thick layers. Bulk density (g émnwas
calculated by dividing dry mass of peat (g; dried overnight at 105°C) by the total sample volume
(cm®). LOI was calculated by subtracting ash mass (g; after 8 hours in 550°C furnace) frassdry

(9), dividing this by dry mass and multiplying the product by 100. C and nitrogen (N) content was
measured for 0..&£m layers in each peat profile on a Thermo Scientific Flash (2000) Series CHNS/O

analyser.

3.2.4. Carbon accumulation

Apparent C accumlation rate (ACAR; g C?nyr') was calculated for each peat profile by
multiplying the accumulation rate of peat (g?nyr?), determined from respective aggepth
models, by the proportion of C in each sample. Peat decay mod¢@ilygho, 1984has been
successfully used in other studies to calculate C accumulation under constant conditiens
partially accounting for incomplete decomposition of surface peatand to interpret he
influence of allogenic (external) forcifidhang et al., 2018b, 2020 owever, 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 {Belyea and Baird, 20Q6hade

use of such an approach inappropriate. Therefores have used acaseby-case discursive

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

3.2.5. Watertable reconstructions

Testate amoebae were prepared and analysed following a modified versigwott et al. (2010)

peat samples of 2 chrwere boiled in water for 10 minutes and stirred with a glass rod. This

solu2 y g+ a NAYASR (GKNR-d&zZANROBRoOODKNBWIKABORRE B8NOYSAK
Slides were made up for microscopy and a minimum of 100 individual testate amoebae were

counted per sample at 26000 x magnification. In 10.5% (24 out of 228) of gamples a

minimum of 50 individuals wereounted owing to low abundancdestate amoebae species

identification was aided by reference to relevant literaty@harman et al., 2000; Siemensma,

2021) Refer toSwindles et al. (2015kpr information on counting of testate amoebae in

Stordalen palsa and Maunuvuoma fen (an additional 54 samples

Taxonomies were harmonised to that of thhemesbury et al. (2016furopeanwide transfer

function which was then applied to testate amoeba abundance data to reconstruct past-water
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table degh (WTD). This transfer function uses a weighted average tolerdoe®m weighted
model with inverse deshrinking. Errors are based on 999 bootstrap cycles. Full testate amoeba
abundance datare presented in FiguresIBB.10. Standardised-gcores of WTDeconstructions
were calculated followingwindles et al. (20156 the periods 1500 CE to present (seeuFég

3.3) and 1913 CE to present (seeurég34).

Testate amoeba species were grouped bydans clustering into three groups (wet, intermediate
and dry indicators see Fjure 32) based upon their watetable 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 saphadd reterogeneity

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 contiguowilthick layers in all peat pradi. Samples of

5 cn?were washed under a warwater 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 subfasgblogical remains and vegetative
fragments (leaves, rootlets, epidermis) were identified using identification gé¢gdenés, 2003;

Mauquoy and van Geel, 2007; Smith, 200dntification of Sphagnumto species level was

carried out separately based upon analyses of stem leaves using specialig$Hk&er, 2010;

Laine et al., 2011B8eeD I O] I S { fot afmbre detairedimethddology for plant macrofossil

analysis. Entire plant macrofossil recorai® presented in Figures B-BI20, along with the

species groupings used for presentation irufég32. RefertdD | O | S U regardiagtibeH n M T | 0

plant macrofossil analysis of Stordalen palsa and Maunuvuoma fen.

3.2.7. Climatidlata

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

Swedish Meteorological and Hydrological Instituiéds://www.smhi.se/en. Climate data were

also provided by Abisko iBotific Research Station. Growing degree days (E@Ere calculated

annually by summing daily temperature values above 0°C.

For the Abisko station Penmdvionteith potential evapotranspiration (mm daywas calculated
for the period July 1984 CE to [Bedber 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 déts.
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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 Penmbfonteith calalations, roughness lengthgjzvalues
measured at a boreal Swedish peatlgadekseychik et al., 201@nhd albedo values from a study

at Stordalen(Stiegler et al., 2016yere used.

The peiod for which there is Penmalonteith evapotranspiration data is limited in timespan,
although temperature, GDLand sunlight hours datq related to evapotranspiration ratesare
available from 1913 to present. Therefore multiple linear regression nsatkhg these variables
were fitted to the PenmasMonteith evapotranspiration data at a monthly resolution for the
period July 1984 to December 2002 in R v.3(B.Core Team, 202Ihe relative quality of these
models was ssessed by comparing corrected Akaike information criterion (AlCc) values in the R
LI O1 I 3S & a daa LIyNTi 2 The tieStgperfobming model with a zero intercept had
GDD, temperature and sunlight hours as expaory variables and had an adjustees§uared of

0.87. This multiple linear regression model was then used to model monthly evapotranspiration
at Abisko from 1912017 CE.

3.2.8. Theisen regression

The relationship between climate variables (GDdvapotanspiration and precipitation) at Abisko

and WTD from 1922012 CE was explored using T{8#h robust regression in the R package

& RS Y A y JEher@aum20I8)WTD data was standardised followiBgindles et al., (2015c)

for the time period 1912012 CE. Climatic data were averaged for the time period each WTD
sample represented in the agtepth model to make data comparable. The testate amoebae
subfossil assemblage has accumulated over the time period represented by each sample slice
(typically 1cm) 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 pdaeoecological reconstructions span at least the last 500 years and show a varied
ecohydrological response to recent warming (F&g32). In terms of hydrological regime, local

regression (loess) models highlight a divergent response to recent warngnge(BB3). Stordalen

LIt &k {02NRIFfSy 6235 wAol addzzYdz®O 6235 . SNHT2NA
drying since the midwentieth century. In contrast, Gurasahpi palsa 1 and 2 and Maunuvuoma

fen have experienced a period of twentieth centdrying, 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 eair in the record (e.g. Stordalen palsa and Stordalen bog), but it is only within

the last century that highmagnitude shifts in hydrological regime have occurred across all sites.
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Figure3.2. 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) watable 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 (TAydtars and vii) plant
macrofossil remains (volume percentages). Sgpires B.1-B.20for full plant macrofossitiataand Table

B.1 for groupings
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Figure3.2. Continued.
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Figure3.3. 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 WiERDds. 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 akdlipopfilation to avoid
displacement during a period of strestarrison 1979)and in some cases resilience (the ability of

a populationto recover from change or disturbance when a period of stress has subsldatison

1979)to recent hydrological shifts and climatkange (Figre 32). In Rensjon palsa, Maunuvuoma

fen and Veigi bogSphagnum fuscunpopulations remain stable during the last century,
demonstrating resistance to warming and changing hydrological regimes, probably because of its
broad hydrological toleraze (Rydin and McDonald, 1985)n Gurasahpi palsa B. fuscum
demonstrates resilience with populations recovering following a period of intense drging
inferred from WTD reconstructions and high presence of unidentified organic matter (d@M)

the midtwentieth century. The resilience and resistanceSofuscunmay have bee 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-tengy and limit

future productivity(Dorrepaal et al., 2008) . 2 i K wA Ol a@dz2Ydz0 623 | YR
dominated byDicranumspp.¢ predominantly the hummock speci@cranumelongatum(Figures

B.11 and B.1)7¢ since ~1600 CE, with a period of Ericaceae dominance in the late twentieth
century. Initially, drying may have allowed Ericaceae to outcompetelongatum but further

drying appears to have favoured. elongatum¢ which can tolerate extreme dry habitats
(Sonesson et al., 2002)allowing the spcies to reemerge as dominantStordalen 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 VTof ~6 cm, while exhibiting shifts in plant communities i3 2a).

From ~1800 CE, brown mofxé¢panocladusp) dominates, from ~1900 CE there is a period of
Sphagnum lindbergéind sedge and herb dominance before a transition in recent decades to
Sphagnum balticumn the absence of clear hydrological change during this period, a reduction in
available nutrients could be driving the shift frdgn lindbergito S. balticum(Gunnarsson et al.,

2004) S. balticunis a species typical of moderateket conditions(Johansson and Linder, 1980)

yet demonstrates resistance to considerable drying since ~2000 CE. Similarly, in Stordalen bog the
typically wethollow specieSphagnum fallademonstrates resistance to drying in recent decades,

likely owing to its tolerance to desiccatigWwagner and Titus, 1984)

All sample locationg, excluding Maunvuoma feq are currently underlain byermafrost. A
transition from Cypercaceae and herb and UOM dominated assemblaggshtmgnum sppor
Dicranum sppdominance may represent the aggradation of permafrost in Maunuvuoma fen
~2150 cal. BP, in Orusjohka palsa ~400 cal. BP and ~200 calil&Rvundus bog (Rige 32).

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

oribatid mite communitiegMarkkula and Kuhry, 2020)

Any increases in C accumulation owing to improved productivity with warming or hydrological
changes are difult 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 Figre 32). Nonetheless, it is clear there is a decrease in C adation in Stordalen palsa,
wSyaecly LIfals wAol a@dz2Ydz0 623 |yR DdzNI &t KLIA LI f
A decrease in ACAR from the laeentieth century in Stordalen palsa (Big 32a) indicates a
reduction in C accumulation great@mngh to overcome any artefact of incomplete decomposition,
likely responsible for the increase in ACAR during thetmdohtieth century.We suggest this
decreased C accumulation in the surface peat is probably because of high levels of aerobic
decompositim 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 fatentieth 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 (Rige 32g). Shilarly, increased UOM; associated with high levels of
decompositocA & 20aASNISR | f 2y 34ARS RNEAY AreB20)andK S & dzNJF |
at ~1950 CE in Gurasahpi palsa 1ufleigd2d). The UOM layer in both of these sites is
stratigraphicdly 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®ffuscunfrom ~1990 CE alongside wetting in Géitas

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 importancérefin some North American
permafrost peatlandgCamill 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 instrumentakecords show an increase in temperature, growing degree days JGDD
evapotranspiration and precipitation during the earlgnd latetwentieth century, while
precipitation minus evaporation {B) experiences a slight increase since the late twentieth

century (Figires 3.1 and3.4). Precipitation observed at Abisko is lower than that of other local
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stations (Figre 31). Sites experiencing drying show a positive relationship between WTD and
climatic variables, while sites experiencing wetting or fluctuatvigD trends exhibit a negative
relationship (Figre 34). This suggests that autogenic processes angpieific factors play a key
role in the hydrological response to climatic forcing. Under a stessale climate, models of cyclic
palsa formation and degradation associated with vegetation and snow adation feedbacks
have been proposed, with drying during permafrost aggradation and wetting during degradation
(Zuidhoff and Kolstrup, 2®). However, recent and continued warming in our study region makes

further permafrost aggradation and palsa formation all but impossible.
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Figure3.4. Relationship between climatic variables and watsle depth (WTD) across all sites. Annual a)
growing degree days above 0°C (GDI days), b) evapotranspiratid&T; mm) and c) precipitatiomn);

d) precipitation minus evapotranspiration-8 mm) for Abisko, 1913 CE to present. Standardised WED dat
from e) drying and f) wetting or fluctuating peat profiles since 1913 CE, and gs&heigression matrix
(coefficients and betas) of standardised WTD by peat profile against each climatic variable. SP = Stordalen
palsa, SB = Stordalen bog, RB=®iliz2 YdzO0 623 .. I . SNHF2NER 06233 wt
palsa 1, GP2= Gurasahpi 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 Swedédannel et al., 2016)Therefore,
permafrost thaw, combined with increased growing season moisture from precipitation and
snowmelt provide a plausible explanation for sites experiencing recentinget(Figire 34).
Wetting from ~1990 CE in Gurasahpi palsa 1 and 2 and Maunuvuoma fen was preceded by a period
of drying (Figre 33). Here, a threshold point in drying and permafrost thaw may have been
reached causing surface collapse and associatedttmge (Swindles et al., 2015b¥uggesting

the state of localised permafrost degradation is enportant control on hydrological regime.
Additionally, increases in decomposition with dryiggs evidenced by a high midentieth
century concentration of UOM (~60%) in Gurasahpi palsa Lré~&2d) ¢ may have reduced
peatland surface hydraulic cdoctivity and drainage enough to facilitate recent wettiiMorris

et al., 2015hb)

wSOSyid RNEAY3I Ay {d2NRIFIfSy LIFtalrz {d2NRIfSy
(and drying prior to wetting in Gurasahpi palsa 1 and 2 and Maunuvuoma feine Big) is likely

driven by increaes in evapotranspiration and potentially productivity (i.e. GOE)re 34).
Evaporationdriven drying with recent warming has also been observed in other Fennoscandian
and northwest Russian permafrost peatlan@hang et al., 2018ajThe lower precipitation
experienced at Stordalen palsa and Stordalen bogi(&i§1) has perhaps madéése sites more
susceptible to drying. The slight recent increase-h &ppears to be of lesser importance to WTD

in drying sites, but shows a stronger relationship with WTD at wetting sitesréF&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. Inhatr studiegSonesson et al., 20Q)reater

S. fuscumor D. elongatumgrowth has been associated with increases in temperature and
precipitation, and this increased productivity may be the cause of a deepening of the-tabler

as the peat surface grows rapidly upwai@an Ellen 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 recenD. elongatumgrowth (Figire 32). The insulating properties of dry
bryophyte layersare likely to have reduced the amplitude of soil temperatures and conversely
may have acted to slow the rate of permafrost thé®oudzilovskaia et al.023) Nevertheless,
increased connectivity of drainage pathways with permafrost thaw could be increasing runoff,
leading to dryingHaynes et al., 201&) here local topographic setting is likely to be important.
Comparison ofmagery of our study sites from 198960 CE and 2012019 CE provides some

NY
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evidence of changes in permafrost peatland structure and drainkggpires B.3B.33. These
structural changes associated with permafrost thaw have the potential to cause bdtingvee.g.

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

Both Orusjohka palsa and Veigi bog experience fluctuations in wetness since theamniibth
century that are asynchronous to each other and the other sitesi(&i§3). This fluctuating WTD

may represent a flickering of ecosystem stdi&ang et al., 2012)with negative autogenic
feedbacks moderating the response to recent climate for¢®windles et al., 2012, Morris et al.,
2015a, Waddington et al., 2019)espite comparable growing season conditions, colder annual
temperatures recorded near these sites at Nikkalouktdista(Figire 31) may be slowing rates

of localised permafrost thaw, allowing autogenic feedbacks to dominate. For example, increases
in bryophyte productivity with higher Gihay facilitate rapid vertical growth and an increase in
relative WTD (i.e. deeyp watertables). Higher aerobic decomposition with dryingvidenced in
Orusjohka palsa ~1985 CE by a high UOM concentration (60%) and fungal remains ament (Fig
3.2j; Figure B.25% may cause a decrease in hydraulic conductivity of upper peats tleat th
reduces water loss, inducing wetting. These more favourable (wetter) hydrological conditions may
then again allow for greater bryophyte productivity as GBEe ¢ continuing to drive fluctuations

in hydrological conditions.

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

Herewe show a divergent response of permafrost peatland ecohydrological regimes to climate
change over the last century (Bigs 3.2, 3.3 and3.4) and highlight the importance of internal
autogenic and sitespecific factors in these ecosystemde link climatedriven drying with
reduced C accumulation at four sites, but observe no clear relationship between wetting sites and
C accumulation (Fime 32). Our data provide mulfiroxy highresoluton evidence to
substantiate previous suggestions of a heterogeneous response to recent warming in permafrost
peatlands from longer Holocene archives in Fennoscgitiiang et al., 2018land late Holocene
reconstructions in High Arctic Canaflaim et al., 2019)Our findings illustrate how localised
climatic variatims 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 wettidgdaying.
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 dgmics(e.g. Chaudhary et al., 2020e

likely to provide a truer representation of reality and heve 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 sitaspecific factors by: (i) collating existing palaeoecological records coupled
with climatic data from avariety of permafrost peatlands; and (ii) combining a palaeoecological
approach with models of peatland ecosystem developmerd. Morris et al., 2015a¥pecifically

adapted for permafraisconditions.

We show that bryophyte populations have demonstrated resistance and in some cases, resilience
to climatic and hydrological changes over the last centuryu(€ig2). Bryophytes are abundant
across higHatitude ecosystems, witBphagnunspp.¢ such asS. fuscum dominating boreal and
tundra permafrost peatland¢Treat et al., 2016)This bryophyte resistance and resilience may
allow for widespread increases in productivity with warm{@parman et al., 2013perhaps to

an extent where posthaw surface C accumulation offsets C losses from deeper(piedternan

et al., 2020) However, bryophyte popations may be vulnerable to replacement by vascular
plants with a greater availability of neaurface nitrogen (N{Berendse et al., 200HBssociated
with permafrost thawm(Keuper et al., 2013nd increasing atmospheric N depositi@alloway et
al., 2004) Nonetheless, despite levels of N deposition being greaternmészandia than other
permafrost regions in recent centuri€Salloway et al., 2004pur data show stable bryophyte
populations. This resistance and resilience suggests a degree g@étom@pryophyte sustainability

in global permafrost peatlands and through thigisulating propertie§Soudzilovskaia et al., 2013)

they may help slow rates of inevitable permafrost thaw.

The divergent response to recent warmiagen 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 permaftBsbwn et al.,
2002) Moreover, these areas of extensive permafrost peatlagdsich as northern Canada,
Alaska and northern Russ@are likely to experience greater increases in temperature and
precipitation than Fennoscandia in the twerfiyst century (Christensen et al., 2013)
Furthermore, there is likely to be regional variation in the importance of certain ecological
processes, such as fire frequengfor which our findings suggest has a limited role, currently, in
northern Sweden. Thereforaye 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 decompositiom) @lthough 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 perrfrast peatlands; and (iv) bryophyte populatiogspecificallyS.
fuscumand Dicranumspp. ¢ demonstrate resistance and in some cases resilience to recent
climatic and hydrological changé3ur study provides a detailed insight into the recent response
of permafrost peatlands to climate change in Fennoscandia and warns against ansovtly

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

Northern peatlands store globallynportant amourts of carbon in the form of past-decomposed
plant detritus. Dryingassociated with climate and laage change may lead to increastk
frequency andseverity in peatlands anithe rapid loss of carbogaccumulated over centuries to
millennia ¢ to the atmosphere. We synthesise existing peatland macrocharcoal recordssacr
North America, Europe and Patagonia to reveal regional variation in peatland burning during the
Holocene. Wealso used an existing database of proximal sedimentary charcoal to represent
regionalburning trends in the wider landscape for each regioratl@ds demonstrate lower
susceptibility to burning than the wider landscape, possibly because of autogenic prottegses
maintain high levels of neaurface wetness even during drought. Warmer conditions during the
HoloceneThermal Maximum were associatl with greaterpeatlandburning in central Canada,
b2 NIi K ! AtlSnidic@elstsauthern Scandinavia and the Baltiosl PatagonialLongterm
trends in peatland burning appear to be largely climate driwgith human activities having an
increasing ifluence in the late Holocene, particularly in EuroPeatland burning has declinéu
some areas of Europe and across North Amesilcee thelittle Ice AgeThis declinenirrors trends

in global biomass burning linked fice-suppression policies, adahdscape fragmentationaused

by agricultural expansion. Nonetheless, widespreadirying and degradationof peatlands
particularly in Europe has likely increased their vulnerability to burning racent centuries
Consequently, peatland restoration efforége 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 af¥a et al., 2018)but the carbon they store is
equivalent to around twice that of global foreq8an et al., 2011Peatlands have accumulated
~600 Gt of carbon during the Holocene, primarilynaitl- to highlatitudes in the Northern
Hemisphere(Yu et al., 2010)ncreasingly deepepeatland watertables associated with climate
change and human activities (e.g. agriculture, foregiag harvestingor road construction) will
likely increase the frequency and extent of firfgdannigan et al., 2009; Turetsky et al., 2015)
Furthermore, greater incidence of lightning with warming will increase the frequency of naturally
ignited wildfire, particularly in highatitude ecosystem@He et al., 2022; McCarty et al., 202T)e
burning of deep peat releases carbimmo the atmospherdhat has not been an active part of the
carbon cycle for centuries or millennia, and midngrefore contribute to posgtive feedbacks
influencingclimate warming (Davies et al., 2013; Lin et al., 2023%jmilarly, burningnfluences
peatlandvegetation dynamicsurface moisture anglant productivity¢ all of which influence the

carbon balance (Nelson et. al. 2021).

Peatlands are subject taoth smouldering and flaming combusticamouldering combustiomas
the potential to cause greatedirect carbon lossegRein, 2013) while burning of peatland
vegetation may lead to indirect carhdosses via modification of the thermal regirfgrown et
al., 2015)or hydrology(Wilkinson et al., 2020Peatlands store large amounts of biomass, but
typically have high surface moisture content, which limits the chance of ignéiuh fire
propagation (Frandsen, 1997)Furthermore, wildfire candrive pemafrost thaw in boreal
peatlands,leading to surface wettingGibson et al., 2018Pryingcaused bythe aggradation of
permafrostduring the Holocene has been shown to haveréasel the susceptibility of peatlands
to fire in North America(Zoltai et al., 1998)Contemporary kmatic warming and human
disturbanceare thought to beincreasng peatlandvulnerability to wildfire(Nelson et al., 2021)
The compositionof vegetation coversian importaninfluence orpeatland firedynamics Forested
peatlands generally burn mofeequentlythan open peatland&uhry, 1994; Magnan et al., 2012)

as these ecosystems hawereased abovground fuel availabilityThompson et lg, 2019)

Patterns in peatland burning vary among biomes and can differ from the fire regime at a landscape
scale. For example,obeal peatlands in Canada exhibit mean fire return intervals ofZ230D
yearscomparedto 200-1141 years irupland foress (Camill et al., 2009)n Europe, a mean fire
interval of ~475 years has beesstimated from peatland areas boreal Norway(Ohlson et al.,

2006) while a temperate peatlandreain continental Europe showedfeequency of @2 firesper
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1000 yeargdMarcisz et al., 2019 he complex ecohydrological dynamicspeftlandsinteract
with changes irlocal and extrdocal vegetation compositiorglimate and human activities to
affect the frequencyand severity of peatland fire~eurdean et al., 2022; Morris et al., 2015;
{O26AZa1A. SG [t d®Z HAHHD

The long timescales involved in peatland development, climatic change, vegetation dynamics and
fire regimes nean that contemporary monitoring studies may not provide a full picture of
peatland fire dynamics A number ofcontinentaland global syntheses have used sedimentary
charcoal records to reconstruct biomass burning on millennial times¢algsDaniau et al., 2012;
Marlon et al., 2008, 2016)but no such studies currently exist specifically for peatlands.
Consequently, uncertainties remain regarding the lbeign ecology of peatland fires on a
continental scale. Hereye use a palaeoenvironmental approacheixplore regional variability in
peatand burning trends at midto highlatitudes in North America, Europe and Patagonia on a
timescalethat provides a baseline for peatland fire dynamics andelocidatethe past controls

on peatland fire.

4.2. Materials and methods

4.2.1. Study region

We compiledand quality checkedhacrocharcoal recordsve defined macrocharcoal as particles
with a diameter>100 um(Mooney and Tinner, 201)13panning 10,00 cal. yr BP to the present
dayfrom mid- to highlatitude peatlands ilNorth Americagites = 68, records = 10&rope $ites

= 95, records = 10Q3and Patagonia (sites = 9, record4.0). The Patagonian region also includes

a record from the Falklant$lands. Chronological quality control criteria are outlined in Section
2.3. These data provide good spatial coverage of peatland areas in North Ameridauargke
(Figure4.1; Table @). Wedivided North America and Europe into sidgions to account fo
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 andregtons usig monthly climate data from

the CRU TS 4.04 dataset for the 12810 period(Harris et al., 2020)These data have been

interpolatedfrom climate stations to a 0.5° latitude By5°longitudespatial 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 Patters®87; Higuera et al., 2007Many studies
provide evidence of macrocharcoal records (>200 um) representing local scale fires within a
few hundred meters(Carcaillet et al., 2001; Clark and Royall, 1996, 1885)ithin several
kilometres(Feurdean et al., 2020a, 2022; Tinner et al., 2@®®&) coring location. Source areas of
macrocharcoal across Europe may be up to 40 km, but these finding® aetatively open
landscapes andpecifically for lacustrine settind&dolf 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 flial transport (Florescu et al., 2018;eRy et al., 2018)
Furthermore, the peatland recordsay provide higher resolution informatidmecausethey are

not subjected to the sameediment reworking as in laké€lark and Patterson, 1997; Conedera

et al., 2009; Oswald et.a2005)

For these reasons, we assume that our peatland macrocharcoal records (>100 pm) are primarily a
proxy for burning of peatlandbovegroundvegetation 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 sogrespecially from intense crown fires or
those ocurring during high wind¢Gardner and Whitlock, 2001; Peters and Higuera, 2007)
Similarly, particularly seevinsitu smouldering fires can consume much of the charcoal they

produce and caussomeloss of the peatland archiy@accone et al., 2014)

To enable a coparison of localised peatland burning to that in the widegionallandscape, we
selected records that were proximal to our peatland sisee(Figure @) from the Global Charcoal
Database (GCD) v.4.0.7 using the Paleofire package v.1.2.4 (Blarque2@t4)lin R v.4.0.5 (R
Core Team, 2021). These records from the @€lDde microcharcoal and macrocharcoal ame
from a variety of sedimentary archives, excludingsihdisted as a bog, fen or mire. These records
are assumed to provide a record of liegal biomass burninge.g. Marlon et al., 2016)We
ensured that the wider landscape sites that pertained to eachregiibn were within a convex
hull defined by the loci of the peatland sites in that selgion, or no more than 200 km outside it
(150 km in central Eupe to avoid duplication of siteslrurther details of the wider landscape
records selected fronthe GCD can be found in Figure C.1 and Talde @/here peatland
macrocharcoal records from the GCD met our quality control criteria, we included them in our

peatland burning datasdisee Table ).
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4.2.3.Agedepth modelling

In order to standardise the methodology used for atgpth modelling, weproduced new
Bayesianagedepth models(Figures C-£238) for each peatland record from chronological
information such as‘C,2%Pb, tephra layers anspheroidal carbonaceous particleS8GPs using
the rbacon package.2.5.7(Blaauw et al., 2021y R(R Core Team, 2021)Ve established quality
control criteria thatrequired cores to comprise at least ten samgkpths to have a chronology
spanningat least500 yearsandto have a dée (e.g.?*%Pb,'“C or tephra) at least every 2500 years
on averagePrior informatiornon accumulation rate and its memory or variability can be found for

each agadepth model inFigures C-Z 38.

4.2.4 Resampling and transformation

The peatland macrochenal 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 patrticle size
fractions (e.g. >125 um, >150 um and >0.5 mm). This variability in measurement appaoach c
result in values that differ by orders of magnitude and therefore data standardisation is required
to compare relative changes between records over t{fpewer et al., 2010Furthermore, owing

to varying accumulation rates within aaghongcores, standardisation of temporal resolution via
binning or smoothing is required to avoid an inflated influence of nggwolution samfes on any
subsequent analysedlacrocharcoabccurs in47.8% (12,321 out of 25,758) pfe-binned peat
samples We used proportional relative scaling (PR8gveloped specifically for systems where

fire is rare(McMichael et al., 2021)and presence/absence analyses to standsediur 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 equaly®er time bins usinglepth
intervals calculated from agdepth models(Figure (39). This approachminimises potential
distortion from nonrcontiguous sampling, particularly for records with infrequeamplingFigure

C40). Theproportion of samples containg 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/absefi¢e.calculated pesence/absence for each resampled
record and the percentage of sites containing charcoal for eacly&ar periodin North America,
Europe, Patagonia and suégions of interest. To calculate PRS dach record, wedivided

individual resampled charcoal values) (6/ the maximum resampled charcoal vafoem that



105

record (Gnay and multiplied by 100We then scaledhis value by the proportion of resampled

values containing charcoal. The PRS formula applied to our resampled charcdabddtalows:

o i — P TR
W 0
Where chanscaediS proportionally relatively scaled charcoal valu€sis a singular resampled
charcoal value within aecord Gnaxis the maximum resampled charcoal value witthiat same
record, f is the number ofresampled values containing charcoal (value x»vithin that same
record andN is the total number of resampled values withirat same recordWe subsequently
applied a cubic root transformation tBRS value® aid data visualisatiorand 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 lowulraqy of samples containing
charcoal was related to a lower maximum abundance of chai®deMichael et al., 2021\We
assessed the effect of PRS on our datadmpaingrecords from the three most common patrticle
sizes (>150 ym, >0.5 mm and >1 mm) that expressed dchlagu@antity as a concentration
(particles crf). 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 thmaximum charcoal value (&) of a recordincreased
across the three particle sizes when a greater proportion of resampled values contaiaedal
(FigureC41). This relationshipuggests the dowswveightingin PRS of sites exhibiting a low
proportion of total samples containing charcoal is an appropriate approach for-sitter

comparison®f peatland macrocharcoal data.

4.2.4.2 . Comparison of local peatland and regional biomass burning

Sufficient chronologial 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 B@ox, a mirmax and a-score transformatior{fDaniau et al., 2012; Marlon

et al., 2016, 2008Weapplied theBoxCox, miamaxandz-scoretransformatiorsto our peatland
dataset (Table @) and the wider landsqee dataset from the GCD (Tabl)iising the paleofire
packaggBlarquez et al., 20140 R.Peatland records with a complete absence of charcoal were

excluded from the analysi8Ve prebinned the data in 5§ear nonroverlapping bins and used a
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500year smoothing window to produce charcoal composite curves for North Americapdzuro
and subregions of interest. fiere were too few sites in the GCD to produce a robustae
recondruction 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

Fennoscandig although these data are included in the continental scale compasitees.

4.3. Resuk 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 incredn peatland burning from 10 to ~0.5 ka (Figure 48)Abut

there is a high degree of regional variability (Figure 4.3). These burning trends largely correspond
with changingclimatic 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 contrgn during droughtKettridge and
Waddington, 2014; Morris and Waddington, 2014dnd a general policy of fire suppression since

the earlytwentieth 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 whih 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 O.fglae (@.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 landscagmirning trends by region. The distribution of proportionally
relatively scaled (PRS) charcoal values (cubic root transformed) ipea®mins for A) North America and

D) Europe; box heights represent the upper and lower quartiles, centerlines indicatemsedhollow
triangles represent means, whiskers extend to 1.5 times the interquartile range beyond the upper and lower
guartiles, and hollow circles show the remaining observations. Trends in the proportion of samples (%) with
charcoal present within 5§ear 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 R} Europe
all with a 50B8year smoothing window and showing 95% bootstrap confidentarvals (1000 cycles). For
each panel the number of sites cesponds to 5§/ear 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 sumn@mperatures at a continental sca{®iau et al.,
2006) However, we have a dearth of records in therlg 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 westermnd 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 retreatGorham et al., 2007; Morris et al., 2018)

Warmer and drier conditions during the Holocene Thermal Maximum (HTM) were likely
responsible for greater peatlahburning from 8 to 7 ka in central Cangdalwards et al., 1996;
Kuhry, 1994) Similarly, increased burning in the wider landscape from 8 to 7 ka (RT3
coincides with the northward expansion airdfer forests(Williams, 2003and 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 cond{fongards

et al., 1996; Viau and Gajekis2009) 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 precipitéiau and Gajewski, 29)
correspond with decreased burning in the wider landscape, but peatland burning did not
consistently decrease until ~0.5 ka (Fig4r8A-C). Many peatlands in central Canada show
evidence of permafrost aggradation linked to laielocene cooling, pécularly during the LIA
(Treat and Jones, 2018prier peatland conditions caused by surface uplift during permafrost
aggradation may have contributed to sustained levels of peatland burning until 0.5 ka. Similarly,
permafrost thav driven by twentieth century warmin{Pelletier et al. 2017)offers a plausible
explanation for a recent decrease in peatland burning, although wetting from permafrost thaw

can be shoHived (Magnan et al., 2018)
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Figure4.3. Peatland and wider landscape burning trends by North Amemscdrregion. The distribution of proportionally relatively scaled (PRS) charcoal values (cubic
root transformed) in 50§ear bins for A) Central Canada, D) West Hudson Bay, G) East Hudson Bay and J) Atlantic coast; box heights represeahthbowppe
quartiles, centerlines indicate medians, hollow triangles represent means, whiskers extend to 1.5 times the interquailbayond the upper and lower quartiles,
and hollow circles show the remaining observations. Trends in the proportion of samphegtlii%harcoal present within 5gear 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 aigtapédditanass burning for C) Central
Canada, F) Wesludson Bay, I) East Hudson Bay and L) Atlantic ¢adkwith a 500year smoothing window and showing 95% bootstrap confidence intervals (1000
cycles). For each panel the number of sites corresponds-ie&0time steps.
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During the midHolocene, warmand 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., 20hé&se warmer conditions in

the midHolocene were assiated with less frequent intrusions of cool, dry Pacific or Arctic air
masses, resulting in fewer periods of laering or summer drought that are conducive to fire
activity (Carcaillet and Richard, 2000; Edwards et al., 199@) observe increasing levels of
peatland burning from 8 to 4.5akin 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 @Rjure
However, it should be noted that there are spatial gaps in our dataset with few records from
Hudson Bay.owlands and to the west of James Bay (Figut®e During the mieHolocene 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 khuilcof woody biomas likely
made peatlands more susceptible to fif@amill et al., 2009; Davies et al., 2021; Hokanson et al.,
2016; Magnan et al., 2012Hlowever, the timing of fen to bog transitions in the Hudson Bay region
exhibits a spatial gradient that mirrors the patterns of isostatic ufdifty. Glaser, Hansen, Siegel,
Reeve, & Morin, 2004 Peatland productivitynay have decreased during the Neoglacial, leading
to increased surface wetness, and in some instances bog to fen trangiteomBellen 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 northeastgmted States, increased burning in the
wider landscape and peatlands from 8 to 7 ka (FiguB8L) is associated with dry summers during

a period of low annual precipitatio(Carcaillet and Richard, 2000; Viau and Gajewski, 2009)
Increases in peatland burning from around 2 to 0.5 ka are at odds with coslimgner
temperatures and increasing annual precipitation in northern Qudbégu and Gajewski, 2009)
From ~4 ka (and especially from 2 ka) a reduction in broadleaf tree species and a shift to more
flammableconifershas been linkedo summer coolindBlarquez et al., 2015hich appears to

have driven increased landscape burning (Figuse). 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., 2018put the extent of these practices are widely contestBdrrét 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 (Figi3@K). The typically more open and
Sphagnurdominated maritime bogs of the Atlantimoast rarely experience firfLavoie et al.,
2009; Magnan et al., 2014)nd fire frequencies in open peatlands are lower than those with

greater tree densitfCamill et al., 2009; Kuhry, 1997 he 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 patrticularly following European colonisatiBtarquez 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 peatland@agnan et al., 2012)Therefore, the contrasting
decrease in peatland burning from 0.5 ka to mnesmay be related to the reduced susceptibility

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

Peatlands of the mid\tlantic Coastal Plain in the United States differ in the timing of peak burning
from boreal peatlands farther north. Minimal burning occurred prior@®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 oflesal rise (Willard et al., in prep). Low
levels of fire characterize the latdolocene, when miditlantic winters were cooler and wetter
(Watts, 1979; Webb Il et al., 198@nd the site had transitioned from a marsh to a forested
wetland. Since European colonizatiamainage of the peatland and logging activities resulted in

periodic severe fireéSpieran 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 coesity low PRS and presence/absence values
throughout, despite changes in wider landscape burning (Figd#C). The comparatively humid
climate of Britain and Ireland (Figuder) likely mitigated peatland fire. From the riitblocene,
burning in the wide 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 (F4€ may be linked to thhuman

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 (Woodbridgel., 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). PR&harcoal values decrease from 0.5 ka to present, whereaso® and
presence/absence values drop initially, before increasing slightly in recent centuries éiire

B). Cooler, wetter conditions in Britain and Ireland during the LIA (Swindles €118;,\&ebb et

al., 2022) likely contributed to reduced burning in peatlands and the wider landscape ~0.5 ka.
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Shifting land management practices, including peatland drainage and prescribed burning of
moorlands from ~AD 1850 (Holden et al., 2007), are caémtiaiith 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 (Figdpe.
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Figure4.4. Peatland and wider landscape burning trendsEwropeansub-region. The distribution of proportionally relatively scaled (PRS) charcoal values (cubic root
transformed) in 506/ear bins for A) Britain and Ireland, D) Central Europe, G) Southern Europe and J) Southern Scandinavia and Balttds; tepxdssigt the upper
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114

Central European sites in our database are characterised by greater peatlafgbt@rka, before
relatively constant levels of burning until the late Holocene, with decreased burning ~2 ka and an
increase from 1 ka to present (FigytdD-E). Burning in the wider landscape during the Holocene
generally showed a slow increase beforb 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 HolocéDavis et al., 2003; Mauri et al., 201%he
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 pr¢Sentdean et

al., 2020b) These cool, wet conditions and a stable or decreasing abundance of flammable
coniferous trees from the mitHolocene onwards, suggests that increased burning in the wider
landscape may be because of changing human activity. There is some evidence ofgatimter
initiated forest fires from as early as 8.5 ka, with hurnalated fires intensified during the Bronze
Age (~4 to 3 ka) and again from 1 ka to preg8atbek et al., 2018; Dietze et al., 201B¢atlands

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. Detreas
peatland burning at ~2 ka coincides with more humid conditions across central Europe
(Fohlmeister et al., 2012Wetter climatic conditions may have increased surface wetness in
peatlands(Pleskot et al., 2022jeducing susceptibility to burning in the wider landscape linked to
human activity. Howeer, peatland burning from ~1 ka onwards coincides with a pronounced
uptick in wider landscape burning (FigdrdEF), suggesting that human use of fire has exceeded
the ability of peatlands to resist burning. During the LIA from ~AD 1400 to AD 17G,reucod
maritime climate in western Europe helped maintain wetter peatlands, but many continental
peatlands in central Europe experienced dry{Marcisz et al., 2020)ikely increasing peatland
vulnerability to fire. Similarly, peatland water table reconstructions suggest many peatlands in
central Europe have become significantly drier in the #0390 years as a result of human and

climatic factorgSwindles et al., 2019)

Summer temperatures in southern Europe have generally increased since ~8 ka until present
(Davis and Brewer, 20Q9) addition, summer precipitation decreased throughout the Holocene
(Peyron et al., 2011 he 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 (Figuret.4Gl), which coincided with the onset die Neolithic and may have been driven by
increased slash and burn activities to clear forest for agriculi@ilek 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 PyréBjigeque
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et al., 2009) or an increased buitdp of woody biomass with a return to previous fire practices
following the Roman perio@vanniére et al.,, 2016)A marked decrease in peatland and wider
landscape burning from ~1 ka until present is likely linked to landsftagmentation and reduced

fuel for wildfires with the expansion of agricultu(®arlon et al., 2013)and the onset of cooler
conditions ~AD 1400 to AD 1700 during the(MaAnn et al., 2009)Fire suppression policies have
been widespread across southern Europe in recent deséBraons 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 (Figdi@sand 4.7).
Similarly, burning in southern Eapean peatlands shows good correspondence with burning in
the wider landscape from 8 ka until present, suggesting that these typically smaller peatlands

(Payne, 2018re 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 arstare values (Figu#4JK). This early Holocene trend is more
subtle in burning of the wier landscape, with slightly elevated burning 10 to ~8.5 ka (Figats.

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-BITd/6

ka (Davis et al., 2003; Mauri et al., 201Blowever, aquatic plant macrofossil evidence suggests
an earlier onset of the summer HTM Fennoscandia not captured in pollen reconstructions
(Valiranta et al., 2015)n 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 midHolocenemay have mitigated burning during the HT{8rown and
Giesecke, 2014; Feurdean et al.2@B). 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 regionfHammarlund et al., 2003; Heikkila and Seppa, 20/dl)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 plant€Q@lgna vulgarjsunder drier
conditions(Sillasoo et al., 2011)ncreased burning from 1 to 0.5 ka in peatlands and the wider
landscape may be liekl 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., 2010However, from 0.5 ka to present peatland bung decreased, perhaps
initiated by LIA cooling; while wider landscape burning continued to increase (Bigtte. This
divergent burning trend may be explained by slasittburn agricultural practices that were
widespread in southern Scandinavia and Baltics from ~AD 1650 to AD 183@éats et al., 2010;

Lehtonen and Huttunen, 1997These burning practices were typically low intensity and small
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scale(Parviainen, 2015and 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 (SWWepreno et al., 2018)This warm, dry period corresponds

to greater burning of lowland peatlands from 10 to 6 ka (FiguB@. From ~6 ka onwards there

was a general wetting and cooling of climate daghe equatorial migration of the SWWs and a
reduction in summer droughMarkgraf and Huber, 2010; McCulloch et a02@). 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 (Figus® Similarly, there is evidence of
persistentSphagnumcommunities in lowdnd peatlands from ~5.5 ka coincident with reduced
summer drought and fire activityMarkgraf and Huber, 2010)The absence of high severity
peatland fires was probably favourable $phagnunmosses in this regiofNelson et al., 2021)
Huber & Markgraf (2003uggest that increased fire activity in a southern Patagonian peatland
from ~AD 1600 onwards may be linked to changing indigenous hunting pradtdewing 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 Patagm
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Figure4.5. Peatland burning trends in Patagonia. The distribution of proportionally relatively scaled (PRS)
charcoal values (cubic root transformed) in 5@far bins. Box heights represent the uppserd lower
guartiles, 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 presenithin 50-year bins indicated by the red line. The number of sites
corresponds to 56/ear time steps.
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4.3.4.Peatland burning andlimatic space

Our subregions show some clear differences in the magnitude of burning (Fgdkevhich may
be explainedn part by regional differences in climate (Figdré). Gridded modern climate data
provide good context for the relative differences between sabions. We focused on the last 2
ka because this period is long enough to capture meaningful temporalrpatté 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 (Figuré.6). The warmest months in our Patagonian and Northern Fennoscandian sites
have relatively low precipitation, but are relatively cool compared to the otherregibns (Figure

4.7). Although, an annual precipitation of ~1000 to 1500 mm has been recordadvamber of

our Patagonia site@Broder et al., 2012; Schneider et al., 2QG3)ggesting our gridded climate

data may not be capturing some local variatiam fiainfall. Nevertheless, low summer
temperatures may be allowing peatlandespecially those dominated §phagnunt; to retain

surface moisture and to avoid the desiccated conditions that promote fire propag@fimetsky

et al., 2011; Waddington et al., 2019)he high levels of precipitation during the warmest month

in Britain and Ireland may prevent conditions favourable te.fln contrast, southern Europe is
characterised by sites with high temperatures and low precipitation for the warmest month, which
likely contribute to greater burning (Figuder). The East European Plain does not have the hottest

or driest summers, onwerage, yet experiences greater burning than other-segions. In this
instance, the summary variables presented in Figuvemay be less important than shegrm

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
subregionsappear tohave undergone changes in vegetation structure related to recent slash
and-burn agriculture(Barhoumi et al., 2019and 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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4.3.5.Controls on peatlandurning and wider implications

Our mmposite analysis of peatland macrocharcoal records front toithigh-latitude peatlands

in North America, Europe and Patagonia highlights regional variability in peatland burning during

the HoloceneWarmer and drier @inatic conditions during the HTM were associated with greater
LISFGEFYR 0dzNYyAYy3a Ay OSYyaGNlrt /FYylFIREFEZ b2NIK ! YSN
Baltics, and Patagonia (Figure8, 4.4 and4.5). Cooler or wetter climatic conditions duringeth

Neoglacial coincided with reduced peatland burning in central Canada and the western Hudson

Bay (Figuret.3). Similarly, there were widespread decreases in burning linked to the LIA across
Europe and North America (Figu#e8 and4 .4). Therefore,lamate appears to behe overarching

control on peatland fire until théate Holocenan Europeand perhaps until the present day in

North America and Patagoni@his echoes findings by Marlon et al. (2013), who suggested that

climate is the main influence aglobal 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, humasinduced fire may have led to increased peatland burning
from 7 t05.5 ka in southern Europe, and from 1 to 0.5 ka in southern Scandinavia and the Baltics
(Figured 4). Paradoxically, there have been widespread reductions in global biomass burning from
the late nineteenth century onwards, associated with fire suppresgaities and the expansion

of agriculture, despite increasing temperatures and rising global popul@tanion et al., 2008)

The conversion of land to agricultural uses has reduced fuel for wildfires and decreased landscape
connectivity (Arora and Melton, 208). These processes are probably responsible for recent
decreases iburning in thewider landscape in central Canadasern Hudsa Bay and southern
Europe (Figured4.3 and4.4). A key uncertainty is whether langse and firesuppression policies

in the 2% century will be able to offset the influence of warming. A modelling studilbgter,
Mahowald, Randerson, & Lawren2012) suggests that management could largely mitigate
future carbon enssions 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 f@ads, including retention of neasurface moisture

even during droughtWaddngton et al., 2015@and ecosystem state shifts such as -finyg
transitions(Valiranta et al., 2017)There area 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 Scagtinavia and the Baltics (Figur¢8 and4.4). In both instances, increased burning

in the wider landscape was likely driven by human activifi@larquez et al., 2018; Parviainen,
2015) The lower susceittility of peatlands to burning may be linked to cooler conditions during
the LIA ~AD 1400 to AD 170@ann et al., 2009 combination with internal mechanisms. More
specifically, the mostly extensive, open é@yphagnundominated peatlands of the Atlantic coast
region of North America are gerally resistant to fir§Lavoie et al., 2009; Magnan et al., 2014)
Here, a lower peatland edge-area ratio reduces rates of subsurface losses of water to adjacent
forests, and lowers the risk of deep burning of pédokanson et al., 2016; Nelson et al., 2021)
Similarly, larger peatland complexes in northern Poland have been shown to be more resistant to
disturbancegMarcisz et al., 2019)n contrast, fire records from the smaller and more fragmented
peatlands of southern Eurogfayne, 2018)orrelated closely with burning in the wider landscape

(Figure4 4), suggesting a greater vulnerability of these ecosystems.

Both future climate change and human activitieay 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 emssions(Flannigan et al., 2009; Turetsky et al., 2015)Europe, extensive
peatland drying has already been observed in recent cent{8esndles et al., 2019However,

our results predominantly show recent decreases in peatland burning from ~0.5 ka to present,
especially in North America (Figu#eg, 4.3 and4.4). A number of factors may be contributing to
this trend. Large areas of peatlands in North America remain relatively irggast 1.5% of
peatlandsthere are estimated to be degraded, in comparison to 18% in Eufdpk et al., 2017)
Therefore, less modified peatlands in North America mambee resilient to burningseeNelson

et al., 2021) Peatland fires commonly initiate elsewhere in the landscape before spreading onto
peatlands(Hokanson et al., 2016Jherefore, a reduction in wider landscape burning from ~0.5 ka
in some regions likely reduced the potential for peatland vegetatighite. Furthermore, the
resolution ofour analyseg50 years per sample) is unlikely to detect any increased burning in
recent decades.fie centennialto millennial timescales of peatland fires mean that even if the risk
of peatland fire has increaseditv 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 regionge.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, podicies ar
needed to enhance peatland resistance and resilience to fire. Rewetting of degraded peatlands
has been shown to reduce the risk of deep bui@sanath et al., 2016 Consequently, peatland
restoration will be an important strategy to mitigate the impact of climate cleaagd human
activities(Baird et al., 2019)

4.4.Conclusions

Our composite analysis of peatland macrocharcoal records from iidhigh-latitudes in North
America, Europe and Patagonia highlights regional variability in peatland burning during the
Holocene Peatlands are generally much less susceptiblére 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 thehhaidcene in Europe,

and perhaps until the psent 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
anthropogeric 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 restoratiobevilh important tool in

reducing the susceptibility of peatlands to fire.
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