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Abstract 

Projected 21st-century climate change could cause widespread permafrost 

peatland degradation with implications for global radiative forcing. In this 

thesis, I address three research gaps regarding the climatic controls, 

ecological trajectories, and hydraulic properties of permafrost peatlands. To 

simulate the changing future climate space of permafrost peatlands in Europe 

and Western Siberia, I fitted climate envelope models to their modern 

distribution and drove these models with CMIP6 climate projections. My 

bioclimatic modelling indicates that permafrost peatlands persist close to their 

climatic threshold in Fennoscandia, where suitable climates are projected to 

disappear by 2040. By the 2090s, large parts of Western Siberia are projected 

to become climatically unsuitable for peatland permafrost, with simulated 

climate space losses under moderate- to no-mitigation scenarios potentially 

affecting a peatland area storing 37.0–39.5 Gt of peat carbon. Once climates 

become unsuitable, the fate of peatland carbon is likely to be strongly 

determined by changes to peatland vegetation and hydrology. To investigate 

Holocene vegetation dynamics of circum-Arctic peatlands, specifically 

peatland shrubification, I synthesised 76 previously-published plant 

macrofossil records and analysed normalised time series of these data at 

hemispheric and regional scales. My meta-analysis indicates that woody 

vegetation and Sphagnum mosses have increased in abundance in circum-

Arctic peatlands since ~8,000 years BP, while peatland shrubification has been 

spatially heterogenous in recent centuries, owing to variability in peatland 

surface drying. To measure the horizontal saturated hydraulic conductivity (Kh) 

of peat in degrading Swedish palsas, a property that influences lateral 

drainage, I analysed 82 near-surface samples in the laboratory. By fitting a 

linear mixed-effects model, I demonstrated that simple measurements of peat 

properties can skilfully predict Kh in degrading palsas. Unexpectedly, I found 

no significant difference in Kh between desiccating palsas with permafrost and 

collapsed palsas without permafrost. Together, these findings could improve 

large-scale model representations of permafrost peatland dynamics.   
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Chapter 1.  
Introduction 

 

1.1. Circum-Arctic peatlands under changing 

climate  

1.1.1. Peatlands and permafrost 

Northern peatlands form one of the world’s largest terrestrial carbon stores, 

covering an estimated 3.7 ± 0.5 million km2 and containing 500 ± 100 Gt of soil 

organic carbon (SOC) (Hugelius et al., 2020a; Yu et al., 2021). Peat 

accumulates where cold or wet conditions restrict decomposition, preventing 

plant detritus from fully decomposing (Clymo, 1984; Lourenco et al., 2022). An 

estimated 1.7 ± 0.5 million km2 of northern peatlands lies within the circum-

Arctic permafrost zone, containing 185 ± 70 Gt peat SOC (Hugelius et al., 

2020a). The presence of permafrost, to varying extents and depths, beneath 

many circum-Arctic peatlands renders these perennially frozen ecosystems 

highly vulnerable to 21st-century climate change, which could rapidly transform 

their morphology, ecology and hydrology (Olefeldt et al., 2021). 

Permafrost is defined as ground that remains consistently below 0°C for two 

or more years (Muller, 1945). Permafrost aggrades where cold, dry climates 

prevent deep winter frosts from fully thawing during summer, when maximum 

monthly temperatures are reached (Seppälä, 1986; Luoto et al., 2004). The 

distribution of circum-Arctic permafrost has been subdivided into zones of 

areal coverage, namely the continuous (90–100 % coverage), discontinuous 

(50–90 %), sporadic (10–50 %), and isolated (< 10 %) permafrost zones 

(Brown et al., 2002). At coarse spatial scales, the extent of permafrost broadly 

aligns with the latitudinal or altitudinal positions of suitable temperature 

thresholds (Brown, 1960). At its southern limit, permafrost is restricted to 

ground overlain with thick organic soils, such as peats, which insulate ground 

temperatures more effectively against surrounding air temperatures than 
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mineral soils (Smith and Riseborough, 2002; Zoltai, 1995). Peatland 

permafrost is most widely distributed across Alaska (Fewster et al., 2020), 

Canada (Zoltai et al., 2000), northern Fennoscandia (Luoto et al., 2004), north-

western Russia (Zhang et al., 2018; Piilo et al., 2023), and Siberia (Peregon et 

al., 2008; Kirpotin et al., 2011), although more isolated permafrost peatlands 

have also been observed in Svalbard (Sim et al., 2021a) and Greenland 

(Wetterich et al., 2019).  

 

1.1.2. Types of circum-Arctic peatlands 

A range of peatland types exist across the circum-Arctic, including fens, bogs, 

palsas, peat plateaus and polygon mires (Zoltai and Tarnocai, 1975; National 

Wetlands Working Group, 1998; Minke et al., 2007; Treat et al., 2016). During 

the Holocene (i.e., the past ~11,700 years BP), circum-Arctic peatlands 

predominately initiated as fens—saturated wetlands that are dominated by 

herbaceous vegetation (e.g., Carex spp. and Eriophorum spp.) and exhibit 

comparatively high rates of peat decomposition and methane (CH4) release 

(Väliranta et al., 2017; Treat et al., 2021b). Over time, fens have widely 

transitioned into raised bogs—ombrotrophic peatlands characterised by 

Sphagnum sect. Acutifolia and acidic surface waters that are considered more 

effective net carbon sinks than fens (Turunen et al., 2002; Loisel and Bunsen, 

2020; Magnan et al., 2022). This fen-bog transition (FBT) is often triggered 

once surface peats are disconnected from the influence of the local water 

table, either by shifting climate or by surface elevation following the 

aggradation of underlying permafrost, autogenic accumulation of peat, or 

vertical growth of Sphagnum (Hughes and Barber, 2003; Treat and Jones, 

2018; Loisel and Bunsen, 2020).  

Permafrost has aggraded in circum-Arctic peatlands since ~9,000 years BP 

(Treat et al., 2021b), creating distinct landforms that characterise the local 

permafrost dynamics (Zoltai and Tarnocai, 1975). Palsas are perennial, peat-

covered frost mounds up to 10 m high (Seppälä, 1994) often colonised by 

ericaceous dwarf shrubs (e.g., Salix sp. and Betula nana), Rubus 
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chamaemorus, Sphagnum fuscum, or lichens (Railton and Sparling, 1973; 

Zuidhoff and Kolstrup, 2005; Kuhry, 2008) (Figure 1.1). Palsas develop in cold, 

dry climates where thin snow covers facilitate deep winter freezing, creating 

segregated ice lenses that are only partially thawed during summer and 

progressively expand to elevate the peat surface (Seppälä, 1986, 2011). Peat 

plateaus are morphologically similar to palsas, but are lower lying (often raised 

≤ 1 m high), more aerially expansive (up to several km2), and are commonly 

treed in North America (e.g., with Picea mariana) (Zoltai and Tarnocai, 1975; 

Zoltai, 1993; Kuhry, 2008). Because of the morphological similarities of palsas 

and peat plateaus, this thesis does not hereafter distinguish between these 

permafrost landforms, unless specified. Palsas/peat plateaus are distributed 

broadly across the discontinuous and sporadic permafrost zones of North 

America (Fewster et al., 2020), Fennoscandia (Luoto et al., 2004), and western 

Siberia (Peregon et al., 2008). 
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Figure 1.1. Degrading palsas in northern Sweden at (a) Rensjön palsa mire, near 

Kiruna; and (b) Stordalen Mire, near Abisko (own images). Cross-section of a 

mature palsa (adapted from Seppälä (1986)). 

 

Under colder climates further north, ice-wedge polygons have developed 

following centuries of intense freeze-thaw processes and thermal cracking of 

peat surfaces, which enables meltwater to accumulate in summer and 

subsequently refreeze and expand during winter (Minke et al., 2007; Olefeldt 

et al., 2021). Low-centred polygons form where ice wedge formation uplifts 

sediments, forming marginal ridges that retain water-saturated conditions in 

intervening depressions (Figure 1.2) (Minayeva et al., 2016). High-centred 

polygons form where consistent peat accumulation elevates the polygon into 
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a central dome (Figure 1.2) (Zoltai and Tarnocai, 1975). In polygon mires, low-

centred depressions are often colonised by Carex spp. and non-Sphagnum 

mosses (de Klerk et al., 2011), trenches are dominated by Sphagnum spp. 

(Zoltai and Tarnocai, 1975), while raised centres and ridges can exhibit 

ericaceous dwarf shrubs and lichens (Minayeva et al., 2016). Polygon mires 

dominate northern Siberia and the arctic coastal plains of North America 

(Minke et al., 2007; Minayeva et al., 2016) (Figure S2.4). 

  

Figure 1.2. Cross sections of typical polygon mire forms, showing (a) a high-centred 

polygon and (b) a low-centred polygon (adapted from (Minayeva et al., 2016)).  
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1.1.3. Drivers of ecohydrological change in circum-Arctic 

peatlands 

1.1.3.1. Climate 

At coarse spatial scales, the distribution of circum-Arctic peatlands is strongly 

controlled by climate, because peatlands require cool, moist climates to form 

and do not exist under extremely arid climates, such as polar deserts 

(Gajewski et al., 2001). Prolonged reductions to precipitation can lower water 

tables in fens and drive hydroseral succession, by enabling peat surfaces to 

be increasingly colonised by dry-favouring Sphagnum (Hughes, 2000; Elliott 

et al., 2012). Alternatively, palaeoecological records from eastern Canada 

indicate that persistently raised water tables during Holocene wet periods have 

reversed FBTs, although this process requires long timescales (Van Bellen et 

al., 2013; Robitaille et al., 2021). The southernmost extent of peatland 

permafrost is closely aligned with mean annual temperature (MAT) thresholds, 

and the depth of seasonal thaw is primarily determined by summer 

temperatures (Vitt et al., 1994; Sannel et al., 2016). Precipitation also exerts 

an important influence, because the high thermal conductivities of water-

saturated peats make them conducive to deep winter freezing, while surface 

waterbodies formed by intense summer rainfall can increase permafrost thaw 

(Jorgenson et al., 2010; Seppälä, 2011). Snowfall is widely considered to exert 

a critical control on the formation and persistence of permafrost in palsas/peat 

plateaus, because thick snow covers insulate ground temperatures, which 

limits the depth of winter frost penetration (Jorgenson et al., 2010; Seppälä, 

1986, 1994, 2011). Snow depths are highly spatially variable across individual 

peatlands, with reduced snow covers found on exposed Sphagnum hummocks 

(Camill and Clark, 1998) and palsas (Seppälä, 2011), or beneath dense tree 

stands (Zoltai, 1995). 

In response to recent climate change, circum-Arctic peatlands have evidenced 

abrupt thawing of permafrost (e.g., Camill, 2005; Payette et al., 2004; Olvmo 

et al., 2020), peatland vegetation shifts (e.g., Sim et al., 2019; Magnan et al., 

2022; Varner et al., 2022) and changes to their hydrological functioning 

(Quinton et al., 2019; Disher et al., 2021). Such observations demonstrate the 
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potential for peatlands to exhibit non-linear, threshold responses to changing 

climate (Belyea, 2009; Swindles et al., 2015). For example, Swindles et al. 

(2015) conceptualised a five-phase model for palsa degradation in 

Fennoscandia, suggesting that increased drying under continuous climate 

warming causes surface cracking, which can trigger runaway permafrost 

degradation resulting in surface collapse and inundation. Alternatively, 

permafrost thaw can sometimes also increase peatland drainage, for example, 

in polygon mires where ice-wedge thaw removes impermeable barriers to 

groundwater flow (Olefeldt et al., 2021). Boreal peatlands undergoing surface 

drying, either because of reduced precipitation or increased 

evapotranspiration, have recently evidenced accelerated ecological 

succession into Sphagnum-dominated peatlands, for example, in northern 

Alberta (Magnan et al., 2018) and eastern Canada (Magnan et al., 2022).  

 

1.1.3.2. Internal mechanisms 

At local scales, peatland vegetation composition, hydrology, and permafrost 

extent are also determined by a myriad of alternative, internal mechanisms. 

For example, peatland permafrost can persist for some time under unsuitable 

climates where Sphagnum peats are present, because their low dry bulk 

densities insulate permafrost against summer thaw, while their high thermal 

conductivities when saturated increase the depth of winter freezing (Camill and 

Clark, 1998; O’Donnell et al., 2009). These properties have enabled relict 

permafrost to persist for several decades under unsuitable climates at its most 

southerly limit in central Canada (Halsey et al., 1995) and Fennoscandia 

(Olvmo et al., 2020), although the duration of this temporal lag in permafrost 

thaw remains unquantified. Peat layers need to be sufficiently thick to restrict 

summer thaw (Luoto and Seppälä, 2002; Jorgenson et al., 2010), although 

polygon mires exhibit thin peat covers due to climatic restrictions on plant 

productivity and thus peat accumulation (Zoltai and Tarnocai, 1975). While 

Sphagnum peats are characteristic of FBTs, Sphagnum establishment can 

also follow permafrost aggradation, because frost-heaved, elevated surfaces 

in saturated sedge fens become dry and nutrient-poor (Treat et al., 2016; 
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Kjellman et al., 2018; Sannel et al., 2018; Olefeldt et al., 2021). Continued 

permafrost aggradation may facilitate the growth of lichens, shrubs, and trees 

(Treat et al., 2016; Wolter et al., 2016), although established Sphagnum 

communities can also engineer acidic, nutrient-poor, anoxic environments that 

restrict vascular plant growth (van Breemen, 1995).  

 

1.1.4. The future of circum-Arctic peat carbon: sink or source? 

Ongoing and future changes to peatland permafrost, vegetation, and 

hydrology have important implications for the circum-Arctic peatland SOC 

store, but it remains unclear whether these potentially fragile ecosystems will 

represent an overall carbon sink or source by 2100, due to continuing 

disagreements between field observations and model simulations (Schädel et 

al., 2018; Miner et al., 2022). In permafrost peatlands, thaw-driven wetting and 

vegetation shifts to more readily decomposed sedges can increase release of 

methane (CH4), a potent greenhouse gas (Masson-Delmotte et al., 2021), 

although such changes can simultaneously supress carbon dioxide (CO2) 

release (Holmes et al., 2022). Observations indicate that palsa/peat plateau 

thaw can increase the export of dissolved organic carbon (Olefeldt and Roulet, 

2014; Burd et al., 2020), while increased wildfire occurrence in drying sites can 

exacerbate the release of deep peat carbon (Turetsky et al., 2015). However, 

recent observations of increased plant productivity (Crichton et al., 2022; 

Hough et al., 2022), rapid terrestrialisation of thermokarst pools (Payette et al., 

2004), and Sphagnum expansion under recent warming (Magnan et al., 2022; 

Piilo et al., 2023), indicate that greenhouse gas emissions from degrading 

permafrost peatlands may be partly offset by increased carbon sequestration 

in the coming decades. Uncertainty regarding the relative, future strengths of 

these opposing carbon-cycle feedbacks mean model projections currently 

range from scenarios where the circum-Arctic permafrost region becomes a 

substantial net carbon source by 2100 (Zhao and Zhuang, 2023) to those 

where a net carbon sink will persist (Gallego-Sala et al., 2018; Chaudhary et 

al., 2020, 2022). 



9 
 

 
 

The overarching aim of this thesis is to improve scientific understanding of the 

response of peatland permafrost, vegetation, and hydraulic structures to 

changing climate. In sections 1.2, 1.3 and 1.4 (below), I identify three important 

knowledge gaps regarding the climate space of permafrost peatlands, and 

climate-induced changes in permafrost peatland vegetation and peat hydraulic 

properties, which presently limit scientific estimations of the radiative forcing 

potential of circum-Arctic peatlands. These three knowledge gaps form the 

research objectives of this thesis.  

 

1.2. Changing future climate space of permafrost 

peatlands  

1.2.1. Distribution of permafrost peatlands and peat carbon 

Coarse-scale peatland mapping products indicate that permafrost peatlands 

are most spatially expansive in Alaska, Canada, Fennoscandia and Siberia 

(Hugelius et al., 2020a), but maps that distinguish permafrost peatland 

landforms, for example palsas/peat plateaus and ice-wedge polygons, have 

been developed primarily at regional scales (Luoto et al., 2004; Peregon et al., 

2008; Fewster et al., 2020). The modern spatial extent of palsas/peat plateaus 

is most confidently constrained in Fennoscandia, where several studies have 

collated observations from geomorphological surveys, aerial imagery and field 

excursions (Luoto et al., 2004; Parviainen and Luoto, 2007; Aalto et al., 2017; 

Borge et al., 2017). Remote sensing studies have identified a latitudinal 

gradient of permafrost peatland landforms in Western Siberia, with palsas/peat 

plateaus occupying the boreal zone and polygon mires located in northernmost 

Arctic regions (Peregon et al., 2008; Terentieva et al., 2016). Fewster et al. 

(2020) mapped the distribution of palsas/peat plateaus in North America from 

published observations, although the limited availability of observational data 

caused some underestimation of their true distribution in Labrador (Wang et 

al., 2023). Similar meta-analysis techniques have recently been employed to 

map the circum-Arctic distribution of ice-wedge polygons, which exist in both 

peatland and mineral soil settings (Karjalainen et al., 2020). Since the 
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publication of Chapter 2 of this thesis (Fewster et al., 2022), Könönen et al. 

(2022) have compiled observations of palsas/peat plateaus from across the 

circum-Arctic, producing a mapped distribution that closely aligns with my own 

circum-Arctic estimate (presented later in this thesis, in Figure S2.4). Mapped 

estimates for the SOC stock of circum-Arctic peatlands were recently revised 

by Hugelius et al., (2020), who also estimated the fraction of peatland 

permafrost using a broad relationship with MAT. The widespread availability of 

published observations of permafrost peatland landforms and new datasets 

describing the distribution of peat SOC presents an opportunity to further 

investigate the modern and future climate spaces of permafrost peatlands at 

broad spatial scales.  

 

1.2.2. Modern climate space of permafrost peatlands  

Although several Earth system models (ESMs) now incorporate permafrost 

components, the latest-generation of ESMs still fail to distinguish between 

different permafrost forms, for example ice lenses or ice wedges (Burke et al., 

2020), and peatlands remain poorly represented (Chadburn et al., 2022). To 

establish the climatic controls on permafrost peatlands, climate envelope 

models have been used to statistically relate modern climate to maps of 

landform distribution in Fennoscandia (Luoto et al., 2004; Fronzek et al., 2006; 

Parviainen and Luoto, 2007; Aalto et al., 2014, 2017) and North America 

(Fewster et al., 2020). For Fennoscandia, a variety of modelling techniques, 

spatial scales, and predictor combinations have been used to quantify the 

modern climate space of palsas/peat plateaus, but models consistently agree 

that cold, dry climates are most suitable (Luoto et al., 2004; Parviainen and 

Luoto, 2007; Aalto et al., 2017). Parviainen and Luoto (2007) reported that 

palsas/peat plateaus exist alongside a MAT range of -4.42–0.42°C and total 

annual precipitation of 403–868 mm yr-1, while several studies have indicated 

an important role for seasonal climate metrics, such as thawing degree days 

(Luoto et al., 2004; Fronzek et al., 2006; Aalto et al., 2014). A model developed 

by Fewster et al. (2020) predicted that the more spatially expansive distribution 

of palsas/peat plateaus in North America are supported by a broader range of 
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suitable MATs (-11.32–0.19°C). Climate envelope models do not currently 

exist for other types of permafrost peatland, such as polygon mires (Figure 

1.2). Limited meteorological measurements taken near polygon mires suggest 

that these landforms are supported by colder climates than palsas/peat 

plateaus (Teltewskoi et al., 2016; Wolter et al., 2016), and may therefore 

exhibit rapid responses to climate warming (Karjalainen et al., 2020). 

Furthermore, at the time of writing Chapter 2, no previous study had modelled 

the climate space of permafrost peatland landforms in Western Siberia, which 

prevented regional comparisons of their modern climatic controls and SOC 

stocks.  

 

1.2.3. Changing future climate space of permafrost peatlands 

Climate envelope models have simulated the past (Fewster et al., 2020) and 

future distribution of suitable climates for palsas/peat plateaus in specific 

geographic regions (Fronzek et al., 2006; Aalto et al., 2014, 2017; Könönen et 

al., 2022), and indicate the potential for substantial redistribution of peatland 

permafrost under warming climates. Using future climate projections from the 

second phase of the Coupled Model Intercomparison Project (CMIP), Fronzek 

et al. (2006) demonstrated that a 1°C temperature rise could halve the present 

palsa distribution in Fennoscandia and that suitable climates could disappear 

from the entire region by 2070–2099 under moderate to high anthropogenic 

emissions. Using more recent CMIP5 climate projections, Aalto et al. (2017) 

simulated substantial losses of suitable climate space for palsas/peat plateaus 

by 2040–2069 even under low warming across a smaller subregion of 

Fennoscandia. Since Chapter 2 was published (Fewster et al., 2022), Könönen 

et al. (2022) have attempted to simulate the future redistribution of suitable 

climates for palsas/peat plateaus across the circum-Arctic, again using CMIP5 

projections, and found that moderate- to high-anthropogenic emissions could 

threaten 89–98 % of their suitable environmental space by 2061–2080. This 

finding aligns with simulations by Karjalainen et al. (2021), which showed that 

under a CMIP5 high emission scenario the circum-Arctic environmental space 

of ice-wedge polygons could more than halve by 2061–2080, although this 
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modelling was not specific to peatlands. At the time of writing Chapter 2 no 

previous study had established the climatic controls of polygon mires, 

modelled the modern climate spaces of permafrost peatland landforms in 

Western Siberia, or projected the future redistribution of suitable climates using 

the latest generation of global climate models, CMIP6 (Eyring et al., 2016).  

CMIP6 ESMs incorporate improved climate physics that commonly project 

higher levels of 21st century warming than earlier CMIP generations (Zelinka 

et al., 2020). Additionally, CMIP6 model projections have been driven by a new 

suite of future emission pathways, the Shared Socioeconomic Pathway (SSP) 

scenarios, which are based on revised assessments of 21st century societal 

development and recent anthropogenic emissions (O’Neill et al., 2016) (Table 

1.1). These models project that future warming is likely to occur most quickly 

at high northern latitudes due to polar amplification feedbacks (Davy and 

Outten, 2020), while Arctic precipitation is projected to both increase in volume 

and be more frequently unfrozen (McCrystall et al., 2021). The unprecedented 

rate and magnitude of 21st-century warming projected by CMIP6 ESMs 

suggests that previous bioclimatic modelling may have underestimated the 

timing and extent of near-future changes to the climate space of permafrost 

peatlands, which has important implications for their radiative forcing potential. 

Projections from climate envelope models of permafrost peatlands have also 

rarely been compared to maps of SOC, meaning the peatland SOC stock at 

risk from future, climate-induced permafrost degradation remains uncertain.  

 

Thesis objective 1 

Simulate the changing climate spaces of permafrost peatlands in Europe and 

Western Siberia under a range of 21st-century climate scenarios, and estimate 

the associated risk for present-day peatland SOC stocks (Chapter 2).  
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Table 1.1. Description of the four primary Shared Socioeconomic Pathway (SSP) 

scenarios used to drive the CMIP6 future climate projections in Chapter 2 and 

comparisons to CMIP5 representative concentration pathways (RCPs). 

Adapted from O’Neill et al. (2016, 2017). 

Scenario Description 2100 

forcing (W 

m-2) 

Equivalent 

CMIP5 

iteration  

SSP1-2.6 Sustainability – Taking the green road: 

Global societies move toward a more 

sustainable and less resource-intensive 

lifestyle. Mitigation strategies are 

aggressively implemented with few 

barriers to adaptation.  

2.6  

(low) 

RCP2.6 

SSP2-4.5  Middle of the road: Global societies, 

economies and technologies continue to 

follow recent trajectories. Sustainable 

development is uneven across the world, 

with some countries implementing 

stronger mitigation and adaptation 

strategies than others.  

4.5 

(medium) 

RCP4.5 

SSP3-7.0 Regional rivalry – A rocky road: Climate 

adaptation and mitigation is hindered by a 

political shift towards national and 

regional self-interests. Environmental 

issues are not an important priority for 

global societies. Slow economic growth 

restricts sustainable development.    

7.0 

(high) 

N/A 

SSP5-8.5 Fossil-fuelled development – Taking the 

highway: The economic success of 

industrialising nations leads to increased 

exploitation of plentiful natural resources. 

Environmental problems are solved at a 

local level by new technologies, with few 

attempts to tackle global issues. Global 

population reaches its peak this century.  

8.5 

(high) 

RCP8.5 
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1.3. Holocene vegetation shifts in circum-Arctic 

peatlands  

1.3.1. Peatland succession and shrubification 

Once climates become unsuitable and peatland permafrost begins to degrade, 

the radiative forcing attributable to thawing peatlands is strongly determined 

by changes to the composition of peatland vegetation (Johansson et al., 2006; 

Holmes et al., 2022). The vegetation communities of circum-Arctic peatlands 

have changed through time in response to shifting climate (e.g., Magnan et al., 

2018, 2022), altered hydrological conditions (e.g., Van Bellen et al., 2013; Sim 

et al., 2021b), and permafrost aggradation and thaw (e.g., Olefeldt et al., 2021; 

Treat et al., 2021b). Saturated, sedge-dominated fens exhibit increased CH4 

emissions compared to Sphagnum-dominated bogs and permafrost peatland 

landforms, such as palsas/peat plateaus, which are often considered more 

effective net carbon sinks (Treat et al., 2018; Holmes et al., 2022; Varner et 

al., 2022), although permafrost aggradation can also produce unvegetated 

peat surfaces that are net sources of CO2 (Väliranta et al., 2021). Many 

observational studies have identified a poleward expansion of trees and woody 

shrubs across the Arctic tundra in recent decades due to climate warming 

(Elmendorf et al., 2012; Myers-Smith et al., 2015, 2020; Myers-Smith and Hik, 

2018; Heijmans et al., 2022), a process termed shrubification (Mekonnen et 

al., 2021). These findings indicate a potential trajectory where trees and shrubs 

become increasingly dominant at high latitudes under future climate warming, 

increasing the carbon sink potential of Arctic environments, but the 

shrubification of peatlands remains understudied at large spatial scales. Tree 

and shrub growth can increase aboveground biomass in peatlands and woody 

detritus is slow to fully decompose (Camill et al., 2001). Conversely, trees and 

shrubs increase fuel availability for wildfire, which can exacerbate peat 

permafrost degradation through deep heating (Gibson et al., 2018) and 

combustion of dry peat layers (Turetsky et al., 2011, 2015). Thaw of peatland 

permafrost following burning can rapidly reverse hydroseral succession even 

under stable climates, and repeated cycles of wildfire-initiated succession are 

evident in Canadian peat records (Zoltai, 1993).  
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Previous research into circum-Arctic peatland shrubification has primarily been 

experimental (Holmgren et al., 2015; Limpens et al., 2021), although a recent 

remote sensing analysis has identified woody encroachment in a fen in the 

Hudson Bay Lowlands (Robinson et al., 2021). Field experiments by Limpens 

et al. (2021) in subarctic peatlands have shown that tree seedlings survive 

most effectively on the sides of hummocks and beneath shrubs, where 

sheltered microclimates persist, and found the presence of permafrost 

restricted seedling establishment. Field observations of polygon mires have 

similarly found woody shrubs to be most prevalent atop raised peat surfaces, 

for example ridges and high-centred polygons (Wolter et al., 2016), suggesting 

that local hydrological dynamics may exert an important control. Indeed, 

experiments in permafrost-free, boreal peatland settings have found that shrub 

and tree establishment is most successful on hummocks and following 

temperature increases and drought, which deepen water tables, extend 

growing seasons, and limit growth of competing mosses (Heijmans et al., 

2013; Limpens et al., 2014b; Holmgren et al., 2015). A process-based, 

dynamic global vegetation model (DGVM) recently projected future shrub 

expansion in circum-Arctic peatlands under 21st-century climate change 

(Chaudhary et al., 2022), while evidence of recent, widespread peatland drying 

(Zhang et al., 2022) may provide suitable peat surfaces for woody 

encroachment. However, the spatiotemporal dynamics of recent and long-term 

peatland shrubification remain understudied at broad spatial scales.   

 

1.3.2. Palaeoecology of circum-Arctic peatlands 

Core-based analyses of plant macrofossils present archives for the past in situ 

composition of peatland vegetation and may be recorded for each peat layer 

as the dominant peat-forming vegetation, numerical counts (e.g. for seeds and 

fruits), or directly-comparable, relative abundances (%) of individual species 

or plant functional types (PFTs) (Mauquoy et al., 2010). Plant macrofossils are 

often sampled contiguously and dated using radioisotopes, for example 

radiocarbon (14C) or lead-210 (210Pb). Probabilistic age-depth models are then 

fitted to analyse vegetation change through time (e.g., Blaauw and Christen, 
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2011; Aquino-López et al., 2018). Despite palaeoecological analyses being 

time-intensive to undertake, plant macrofossils have been studied in circum-

Arctic peatlands for > 25 years, meaning large numbers of published records 

are now available. 

Compilations of plant macrofossil records have previously shown spatially-

consistent trends in peatland vegetation change during the Holocene at 

regional (Magnan et al., 2022; Piilo et al., 2023) and hemispheric spatial scales 

(Treat et al., 2016, 2021b; Treat and Jones, 2018). Treat et al. (2016) classified 

changes in the wetland type and primary vegetation of 280 circum-Arctic 

peatlands based on the dominant macrofossil component (> 30 %) or 

lithological description of individual peat layers. This analysis showed that past 

permafrost aggradation in boreal and tundra sites has led to peatland 

vegetation communities resembling modern permafrost-free bogs and fens, 

respectively. Later studies that reanalysed this dataset by Treat et al. (2016) 

have shown that Holocene permafrost aggradation was most prevalent in 

circum-Arctic peatlands during neoglaciation and the Little Ice Age (Treat and 

Jones, 2018), and that late-Holocene FBTs and permafrost aggradation 

caused a ~20 % decline in CH4 emissions. However, because this dataset only 

contained information for the dominant vegetation of each peat layer (Treat et 

al., 2016), changes to the relative composition of PFTs through time have not 

previously been assessed. At regional scales, compositional plant macrofossil 

data for the last ~200 years has been synthesised from 17 peatlands in 

Quebec by Magnan et al. (2022). This study identified a northwards 

progression of Sphagnum sect. Acutifolia under late 20th-century climate 

warming, but found no evidence for concurrent peatland shrubification. Piilo et 

al. (2023) have recently analysed plant macrofossil compositions for 16 sites 

in Fennoscandia and European Russia and similarly recorded consistent 

transitions to dry, Sphagnum-dominated microhabitats during recent centuries.  

Despite the recent publication of several plant macrofossil catalogues, 

previous studies have not examined the circum-Arctic extent of Holocene 

peatland shrubification, which limits our understanding for how permafrost 

peatland vegetation may change under changing climate. Furthermore, 

several recent palaeoecological reconstructions have recorded late 20th-
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century shrub expansion in high latitude peatlands, for example in northern 

Alaska (Gałka et al., 2018) and High Arctic Canada (Sim et al., 2019), but these 

studies are not included in existing catalogues. Given the breadth of published 

palaeoecological data available for circum-Arctic peatlands, the 

spatiotemporal dynamics of Holocene peatland shrubification should now be 

investigated further.    

 

Thesis objective 2 

Determine the recent and long-term spatiotemporal dynamics of peatland 

vegetation succession, including shrubification, across the circum-Arctic 

(Chapter 3). 

 

1.4. Hydraulic properties of permafrost peatlands  

1.4.1. Controls on peat hydraulic properties 

Besides the succession of peatland vegetation, an important component for 

understanding the effect of permafrost peatland degradation on radiative 

forcing regards changes to peatland hydrology. In addition to strongly 

determining plant community composition, peat surface wetness influences 

near-surface peat decomposition, the relative magnitudes of plant productivity 

and ecosystem respiration, and CH4 fluxes (Holden, 2006; Limpens et al., 

2008; Voigt et al., 2019). A rise in the peatland water table, for example, 

following palsa/peat plateau thaw, increases the thickness of the anoxic zone 

in which peat decomposition and vascular root growth are inhibited (Clymo, 

1984; van Breemen, 1995) and where restricted oxidation promotes CH4 

release (Heikkinen et al., 2002; Holmes et al., 2022). Peatland wetness is 

controlled by climate, peatland topography, and permafrost dynamics 

(Swindles et al., 2019; Zhang et al., 2022), but also peat hydraulic properties, 

which influence peatland groundwater flows and drainage (Ingram, 1982; 

Quinton et al., 2008). A pressing research gap in peatland hydrological 

research concerns the water retention capacity of permafrost peatlands, 
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specifically palsa mires, and their response to climate-induced permafrost 

degradation.   

A hydraulic property that has been studied for several decades in peatlands is 

saturated hydraulic conductivity (Ksat), a measure of peat permeability with 

dimensions of L T-1. Under any given hydraulic gradient, peats with low Ksat 

drain slowly, resulting in shallow water tables and increased moisture 

retention. Horizontal saturated hydraulic conductivity (Kh) strongly determines 

near-surface groundwater flows in Arctic peatlands, due to the widespread 

presence of impermeable permafrost (Quinton et al., 2008), while vertical 

saturated hydraulic conductivity (Kv) is useful for studying infiltration and 

atmospheric exchanges of moisture (Rycroft et al., 1975). A range of methods 

exist for measuring peat Ksat in the field (e.g., using piezometers) and in the 

laboratory (e.g., using permeameters or the modified cube method) (Morris et 

al., 2022).  

Peat Ksat generally reduces with increasing depth, compaction (for example, 

dry bulk density), and degree of humification (e.g., measured using the von 

Post scale) (Päivänen, 1973; Morris et al., 2022). Feedbacks between Ksat and 

peat properties are closely interrelated; recently-deceased plant litter has 

stronger material structures and larger open pores than deeper, older peats, 

which have undergone prolonged decomposition and compaction. Permafrost 

peats are subjected to distinct climatic and ecohydrological processes that 

may cause differences in peat Ksat from boreal and temperate sites, but 

measurements from permafrost peatlands are spatially limited. Cold, dry 

climates mean permafrost peatlands experience annual freeze-thaw cycles, 

which have been found to generally reduce peat Ksat (Liu et al., 2022). Wildfires 

can also reduce Ksat in peat plateaus, through peat shrinkage and pore infilling 

with ash (Ackley et al., 2021). Observations of peat profile collapse following 

palsa/peat plateau thaw (e.g., Swindles et al., 2015) and differences in peat 

properties between permafrost and permafrost-free peatlands (Smith et al., 

2012; Treat et al., 2016) suggest that permafrost degradation may cause 

important changes to peat hydraulic structures, but the impact of thaw on peat 

Ksat remains understudied. 
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Large-scale pedotransfer functions have recently been developed to predict 

peat Ksat based on large catalogues of published data from boreal and 

temperate regions (e.g., Lennartz and Liu, 2019; Liu and Lennartz, 2019; 

O’Connor et al., 2020; Morris et al., 2022). The most skilful of these models 

predict peat Ksat using continuous measurements of peat properties (e.g., 

depth, dry bulk density and degree of peat humification) and categorical 

descriptors (e.g., trophic type, microform and climate) (Morris et al., 2022); and 

evidence similar predictive power to site-specific models (e.g., Morris et al., 

2019). Pedotransfer functions have the potential to improve hydrological 

characterisations of peatlands in ESM land surface schemes (Chadburn et al., 

2022) and greatly reduce the time required for field and laboratory analyses of 

peat Ksat. However, existing large-scale models have been trained almost-

exclusively on boreal and temperate peatlands, meaning their applicability in 

permafrost regions remains to be evaluated. 

   

1.4.2. Peat hydraulic conductivity in permafrost regions 

For permafrost peatlands, Ksat has been primarily measured in peat plateaus 

at the long-term research station at Scotty Creek, NWT, Canada (Quinton et 

al., 2008, 2019; Quinton and Baltzer, 2013; Nagare et al., 2013; Gharedaghloo 

et al., 2018; Ackley et al., 2021) and organic-rich soils (including peats) on the 

Alaskan North Slope (O’Connor et al., 2019, 2020). At Scotty Creek, Quinton 

et al. (2008) measured peat Kh using laboratory and field techniques, and 

made direct comparisons to tracer test measurements from organic tundra 

soils at Granger Creek, Yukon (Quinton et al., 2004) and Siksik Creek, NWT 

(Quinton et al., 2000). This between-site comparison identified similar depth 

profiles for near-surface permafrost peats: an upper zone (≤ 0.1 m depth) of 

homogeneously high Kh (1.2 × 10-4 to 1.2 × 10-2 m s-1); a transitionary zone 

(0.1–0.2 m depth) where Kh rapidly declined with depth; and a deeper zone (≥ 

0.2 m) of consistently low Kh (5.8 × 10-6 to 5.8 × 10-5 m s-1) (Quinton et al., 

2008, 2019). Quinton and Baltzer (2013) incorporated these measurements 

into simulations of peat plateau runoff at Scotty Creek, demonstrating that thaw 

can reduce groundwater flows by decreasing hydraulic gradients and lowering 
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the unfrozen, saturated zone into deep, low Ksat peats. Later studies have 

recorded similar vertical profiles of Ksat in peat plateaus at Scotty Creek 

(Nagare et al., 2013; Gharedaghloo et al., 2018; Ackley et al., 2021) and 

elsewhere in North America, for example, near Churchill, Manitoba (Morison 

et al., 2017). Alternatively, dry bulk density has been identified as a universally 

strong predictor of Ksat in organic soils on the Alaskan North Slope (O’Connor 

et al., 2020). 

Peat hydraulic properties have been rarely measured in permafrost peatlands 

outside of North America (Gupta et al., 2021). For palsa mires in 

Fennoscandia, the only previous measurements of peat Ksat have been made 

by Wetzel et al. (2003) near Kautokeino, Norway. This study analysed nine, 

near-surface samples, which evidenced high peat bulk densities (up to 0.3 g 

cm-3) and reductions to Kv with depth (3.0 × 10-6 to 2.9 × 10-4 m s-1). However, 

no measurements currently exist for Kh in European permafrost peatlands. It 

therefore remains unclear whether peat properties exert similar controls on 

peat Kh in Fennoscandian palsa mires as in boreal and temperate peatlands, 

and whether existing, large-scale pedotransfer models of peat Ksat (e.g., Morris 

et al., 2022) are applicable to permafrost peatlands. Furthermore, palsa mires 

often contain mosaics of desiccating, albeit intact, palsas and collapsed, 

permafrost-free areas, which provides an opportunity to study the effect of 

permafrost degradation on peat hydraulic properties for the first time.  

 

Thesis objective 3 

Establish the controls on saturated hydraulic conductivity in a degrading 

permafrost peatland complex in northern Europe, and evaluate the predictive 

performance of an existing model trained on boreal and temperate peatlands 

(Chapter 4).  
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1.5. Research strategy  

1.5.1. Bioclimatic modelling of permafrost peatlands (Chapter 2)  

To simulate the modern and future distribution of suitable climates for 

palsas/peat plateaus and polygon mires in Europe and Western Siberia (thesis 

objective 1), I will develop climate envelope models fitted specifically to the 

modern distribution of each landform. To accomplish this, Chapter 2 will firstly 

define the distribution of extant permafrost peatland landforms across the 

circum-Arctic by constructing a spatial catalogue of published observations 

from a structured literature search. I will then use one-vs-all logistic regression 

modelling to establish the modern climate spaces of palsas/peat plateaus and 

polygon mires in Europe and Western Siberia, by statistically relating the 

landform distributions to modern climate. Future climate projections from 12 

CMIP6 ESMs will then drive my climate envelope models to simulate the 

changing climate space of permafrost peatlands for each decade from the 

2020s to the 2090s. These CMIP6 simulations of 21st century climate will cover 

four Shared Socioeconomic Pathway (SSP) scenarios: SSP1-2.6 (strong 

climate change mitigation), SSP2-4.5 (moderate mitigation), SSP3-7.0 (no 

mitigation baseline) and SSP5-8.5 (no mitigation, worst case) (Table 1.1). I will 

constrain my bioclimatic simulations to loci that are environmentally plausible 

using published maps of peatland distribution. Finally, I will compare the 

modern and future climate spaces of each landform to a map of peat SOC 

(Hugelius et al., 2020a), to estimate the risk associated with the loss of suitable 

climates. 

   

1.5.2. Meta-analysis of palaeoecological records (Chapter 3)  

To investigate the Holocene vegetation dynamics of circum-Arctic peatlands 

(thesis objective 2), I require directly-comparable palaeoecological records of 

past vegetation composition. To achieve this, Chapter 3 will firstly employ a 

meta-analysis approach to construct a catalogue of plant macrofossil relative 

abundance data from previously-published records from the circum-Arctic 

permafrost region. To ensure that the age estimation of each sample is 
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consistent, I will fit new age-depth models for each core using the latest 

IntCal20 radiocarbon calibration curve (Reimer et al., 2020) and available 

chronological controls, including uncalibrated radiocarbon (14C) dates and 

lead-210 (210Pb) dating. To analyse changing compositions of peatland 

vegetation through time, the plant macrofossil data will be grouped into four 

plant functional types (PFTs): woody vegetation, herbaceous taxa, Sphagnum, 

and non-Sphagnum mosses. I will also normalise the data in each core to 

magnify the direction of change in PFT abundance. To investigate 

spatiotemporal variation in Holocene peatland vegetation shifts, I will 

aggregate these palaeoecological data between sites and by geographic 

regions and zones of modern permafrost coverage (Brown et al., 2002). 

Temporal trends of peatland vegetation change will then be identified from time 

series of aggregated and normalised data. Lastly, I will undertake a 

multivariate statistical analysis to identify associations between PFTs.  

 

1.5.3. Measuring saturated hydraulic conductivity in degrading 

palsas (Chapter 4)  

To establish the controls on peat Kh in degrading palsas (thesis objective 3), I 

will firstly sample near-surface peat cores from desiccating and collapsed 

palsas near Rensjön, Arctic Sweden. To characterise the site, I will survey 

surface vegetation and active-layer thickness. In the laboratory, I will measure 

at continuous depth intervals within each core: peat Kh using a permeameter 

method; dry bulk density (g cm-3); and the degree of humification (von Post 

score). To identify significant controls on peat Kh, I will fit a linear mixed-effects 

model (LMM) from continuous predictors of peat properties (depth, dry bulk 

density, von Post score), a categorical factor describing the stage of palsa 

degradation, and a random effect describing core identity. This modelling will 

also determine whether peat Kh differs significantly between desiccating and 

collapsed palsas. Lastly, I will statistically evaluate the performance of an 

existing pedotransfer model by Morris et al. (2022), which has been fitted to 

primarily temperate and boreal sites, for predicting peat Kh in degrading palsas.   
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1.6. Thesis structure 

This thesis is broadly structured around three core research chapters 

(Chapters 2, 3, and 4), written in the format of journal articles to address each 

research objective (outlined in sections 1.2, 1.3, and 1.4, above). Each 

research chapter contains a focussed review of the relevant literature, a 

description of the methods, and an independent discussion of the results. 

Where appropriate, supplementary materials are presented at the end of each 

chapter, while supplementary data for each chapter and the supplemental age-

depth models for Chapter 3 have been uploaded online alongside this thesis. 

Chapter 5 provides a summary of the research completed, additional context 

and discussion of the main findings, and an agenda for future research. As 

such, this thesis is structured as follows:  

1. Thesis introduction 

2. Imminent loss of climate space for permafrost peatlands in Europe and 

Western Siberia 

3. Holocene vegetation dynamics of circum-Arctic permafrost peatlands 

4. Controls on saturated hydraulic conductivity in a degrading permafrost 

peatland complex 

5. Extended discussion, priorities for future research, and conclusions. 
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Chapter 2. 
Imminent loss of climate space for 

permafrost peatlands in Europe and Western 
Siberia 

 

2.1. Abstract 

Human-induced climate warming by 2100 is expected to thaw large expanses 

of northern permafrost peatlands. However, the spatio-temporal dynamics of 

permafrost peatland thaw remain uncertain due to complex permafrost-climate 

interactions, the insulating properties of peat soils, and variation in model 

projections of future climate. Here we show that permafrost peatlands in 

Europe and Western Siberia will soon surpass a climatic tipping point under 

scenarios of moderate-to-high warming (SSP2-4.5, SSP3-7.0, and SSP5-8.5). 

The total peatland area affected under these scenarios contains 37.0–39.5 Gt 

carbon (equivalent to twice the amount of carbon stored in European forests). 

Our bioclimatic models indicate that all of Fennoscandia will become 

climatically unsuitable for peatland permafrost by 2040. Strong action to 

reduce emissions (SSP1-2.6) by the 2090s could retain suitable climates for 

permafrost peatlands storing 13.9 Gt carbon in northernmost Western Siberia, 

indicating that socioeconomic policies will determine the rate and extent of 

permafrost peatland thaw.  

 

2.2. Main 

2.2.1. Introduction 

Permafrost peatlands represent ~45 % (185 Gt) of the soil organic carbon 

(SOC) stored in northern peatlands (Hugelius et al., 2020a) and are particularly 

threatened by rapid 21st century climate change across the Arctic (Davy and 

Outten, 2020). Thawing of peatland permafrost enhances CO2 emissions 
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(Voigt et al., 2019), while waterlogging from surface collapse can increase CH4 

emissions (Swindles et al., 2015). Peatland permafrost responds differently to 

changing climates than mineral-soil permafrost, due to the insulating 

properties of organic soils (Du et al., 2022), but peatlands remain poorly 

represented in Earth system models (Hugelius et al., 2020a). Some dynamic 

global vegetation models (DGVMs) have approximated permafrost distribution 

in peatlands using simulated soil temperatures (Chaudhary et al., 2020; Müller 

and Joos, 2021), but do not distinguish different permafrost forms (e.g. ice 

lenses or ice wedges) or their differing relationships with climate. Modelling of 

permafrost-temperature relationships has predicted that a warming of 2°C 

above preindustrial climates would thaw 700,000 km2 of peatland permafrost 

along its southern limit, which would shift northern peatlands from a net carbon 

sink to a net carbon source (Hugelius et al., 2020a). However, the timing of 

such changes is highly uncertain. Furthermore, snow cover and summer 

rainfall are known to play important roles in determining the distribution of 

peatland permafrost (Seppälä, 2011; Karjalainen et al., 2020), meaning future 

changes to precipitation regimes must also be considered. The latest 

generation of global climate models (CMIP6) project substantially warmer 

climates by 2100 than previous generations (e.g. CMIP5) (Fan et al., 2020; 

Tebaldi et al., 2021), raising the pressing question of how these new 

projections may impact estimates of 21st century permafrost peatland thaw.  

Peatland permafrost distributions can be mapped from the presence of 

characteristic landforms. Peat-covered frost mounds, termed palsas or peat 

plateaus depending on their spatial extent (Zoltai and Tarnocai, 1971), are 

formed through the frost heaving of segregated ice lenses and predominantly 

exist in regions of discontinuous permafrost (Seppälä, 2011). Further north, 

where permafrost is continuous, ice-wedge polygons form where extreme 

winter temperatures cause thermal cracking of peatland surfaces (Minke et al., 

2007; O’Neill et al., 2019). Modern permafrost peatland distributions are well-

constrained in Fennoscandia (Luoto et al., 2004; Fronzek et al., 2006) and 

Western Siberia (Peregon et al., 2008; Terentieva et al., 2016), but 

observations from North America are more sporadic (Zoltai et al., 2000; 

Fewster et al., 2020) and are absent across much of central and eastern 
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Siberia. We may expect these distinct ice forms, and their carbon stocks, to 

exhibit different responses to climate, yet large-scale, forward-looking 

simulations have never compared them. 

Bioclimatic models fitted specifically to palsa/peat plateau distributions in 

Fennoscandia (Luoto et al., 2004; Fronzek et al., 2006; Parviainen and Luoto, 

2007; Aalto et al., 2017) and North America (Fewster et al., 2020) suggest that 

these landforms occupy narrow climate envelopes of cold, dry conditions. 

Such models have suggested that a 1°C temperature increase could halve the 

present palsa extent in Fennoscandia, and that medium to high anthropogenic 

emissions could render the entire region climatically unsuitable for palsas by 

2070–2099 (Fronzek et al., 2006). Future modelling of ice-wedge polygons, 

including those from non-peat soils, suggest that these ice forms are supported 

by intensely cold environments with < 300 mm yr-1 rainfall: an envelope that 

could halve by 2061–2080 under very high emissions (Karjalainen et al., 2020).  

Anthropogenic climate change is expected to cause widespread thawing of 

permafrost peatlands (Fronzek et al., 2006; Chaudhary et al., 2020; Hugelius 

et al., 2020a). The increased warming projected by CMIP6 models suggests 

that previous studies may have underestimated the extent of near-future 

permafrost peatland degradation. Climate envelope models are powerful tools 

for understanding permafrost peatland responses to changing climate 

(Fronzek et al., 2006; Aalto et al., 2017; Fewster et al., 2020; Karjalainen et 

al., 2020), but such models have not yet been fitted to palsas, peat plateaus 

and polygon mires in Western Siberia. Here, we determine the changing 

climate envelopes of permafrost peatlands in Europe and Western Siberia 

during the 21st century, and estimate the associated risk for peat carbon 

stocks. To achieve this, we compiled a new dataset of permafrost peatland 

landforms and developed bioclimatic models which were driven by CMIP6 

climate projections. We then compared our simulations to a peat carbon map 

(Hugelius et al., 2020a), to identify peatlands at risk under future climate 

change.   

We used one-vs-all logistic regression modelling to establish the modern 

baseline (1961–1990) climate envelopes that support palsas/peat plateaus 
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and polygon mires in Europe and Western Siberia. We drove these bioclimate 

models using future climate projections from the Coupled Model 

Intercomparison Project phase 6 (CMIP6) (Eyring et al., 2016) for each decade 

from the 2020s to the 2090s, to estimate likely spatiotemporal changes in 

permafrost peatland climate envelopes. We combined our bioclimate 

projections with a map of peatland SOC (Hugelius et al., 2020a), as a measure 

of the risk associated with shrinking climate envelopes. CMIP6 represents the 

latest generation of general circulation and Earth system models, many of 

which provide higher estimates of climate sensitivity than previous CMIP 

generations (Fan et al., 2020; Tebaldi et al., 2021). We selected an ensemble 

of 12 independent CMIP6 models (i.e., without shared components or a 

common origin) (Brunner et al., 2020) (see methods). Our CMIP6 ensemble 

has an equilibrium climate sensitivity range of 1.9–4.8°C (median of 3.0°C) 

(Table S2.2). To produce 21st century climate projections, CMIP6 models were 

driven by Shared Socioeconomic Pathways (SSPs), a range of scenarios that 

span potential future societal developments and anthropogenic emissions 

(O’Neill et al., 2016). We selected four scenarios for analysis: SSP1-2.6 

(strong climate change mitigation), SSP2-4.5 (moderate mitigation), SSP3-7.0 

(no mitigation baseline) and SSP5-8.5 (no mitigation, worst-case). 

 

2.2.2. Modern climate envelopes of permafrost peatlands 

Our study presents a newly compiled, binary, 0.5° × 0.5° spatially-gridded 

catalogue of observed permafrost peatland landforms across the northern 

hemisphere, with 885 grid cells containing observed palsas/peat plateaus and 

510 grid cells containing observed polygon mires (supplementary datasets 

S2.1 and S2.2). The majority (71 %) of gridded observations were 

concentrated in Europe and Western Siberia, between 25°W and 95°E (Figure 

S2.4). By comparison, the low density of observations in Canada, Alaska, and 

central and eastern Siberia suggests that the true distribution of landforms in 

these regions is underestimated by published records. We therefore focused 

on regional predictions for Europe and Western Siberia, where we have 

greatest confidence in the modern observed distribution of permafrost 

peatlands (see methods for details on the study domain).  
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Our climate envelope models for Europe and Western Siberia (Tables S2.3 

and S2.4) showed predictive accuracies of 94 % for palsas/peat plateaus, and 

96 % for polygon mires (Table S2.5), indicating that climate is the primary 

control of permafrost peatlands at broad spatial scales (Luoto et al., 2004; 

Parviainen and Luoto, 2007; Fewster et al., 2020; Karjalainen et al., 2020). Our 

models slightly overpredict the southern extent of observed permafrost 

peatland landforms (Figure 2.1a,b), which suggests that our projections of 

future climate space likely represent an upper limit. Our results indicate that 

cold, dry climates are optimal for palsa/peat plateau persistence in Europe and 

Western Siberia (spatial medians of 30-year mean annual temperature (MAT) 

= -4.7°C; and mean annual rainfall = 283 mm yr-1) (Table S2.6). Palsas in 

Fennoscandia were previously identified alongside an average MAT of -2.6°C–

-2.4°C during 1961–1990 (Luoto et al., 2004; Parviainen and Luoto, 2007), 

which suggests that Fennoscandian palsas exist under warmer climates than 

elsewhere, for example those in Western Siberia. Polygon mires require even 

colder temperatures (MAT = -8.3°C) and < 300 mm yr-1 of snowfall, which 

agrees with previous pan-Arctic modelling (Karjalainen et al., 2020). We 

estimate that 1.14 million km2 of Europe and Western Siberia, and 34.4 Gt peat 

C, existed within the suitable climate envelope for palsas/peat plateaus during 

the modern baseline period (1961–1990); whilst 591,000 km2, and 15.3 Gt peat 

C, existed within the suitable climate envelope for polygon mires (Figure 2.1).  
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Figure 2.1. Distributions of the suitable climate space for permafrost peatlands in 

Europe and Western Siberia during the modern baseline period (1961–1990). 

Maps showing: a) the predictive performance of our palsa/peat plateau model; 

b) the predictive performance of our polygon mires model; and c) the 

distribution of gridded peat soil organic carbon content (hg m-2), based on 

recent soil maps (Hugelius et al., 2020a, 2020b) (see methods for details) and 

coloured according to the predicted presence and absence of suitable climatic 

conditions for permafrost peatlands. For gridded peat soil organic carbon 

mass (Mt), see Figure S2.5. Map outlines are from Brownrigg (2022). 
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2.2.3. Climate space loss under the strongest mitigation scenario  

SSP1-2.6 represents a low emissions pathway with strong climate mitigation 

policies, where global net CO2 emissions become negative after 2075. 

Radiative forcing peaks and begins to decline during the late 21st century (Fan 

et al., 2020), reaching 2.6 W m-2 by 2100 (O’Neill et al., 2016). Our CMIP6 

model ensemble projects an inter-model median change in MAT from the 

modern baseline period (1961–1990) of +2.8°C (interquartile range (IQR) = 

1.7–3.1°C) during the 2090s under SSP1-2.6 for peatlands of Europe and 

Western Siberia, compared to +2.0°C (IQR = 1.7–2.5°C) globally (Table 2.1). 

Previous projections of peatland permafrost thaw under +0.5°C to +2.0°C 

equilibrium warming scenarios (Fronzek et al., 2006; Aalto et al., 2014; 

Hugelius et al., 2020a) therefore underestimate the levels of warming that our 

estimates project for the late 21st century. Where climates do become 

unsuitable, the insulating properties of peat soils could allow relict peatland 

permafrost to endure for some time, although new permafrost would no longer 

develop (Halsey et al., 1995; Camill and Clark, 1998).  
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Table 2.1. Projected regional mean annual temperatures for 2090–2099, with 

comparisons to the modern baseline period (1961–1990). Median projected, 

bias-corrected values of mean annual temperature (MAT) by 2090–2099; the 

change from the modern baseline period (1961–1990) (Δ MAT); and standard 

deviations of MAT across our CMIP6 model ensemble (Std. dev). MAT values 

were averaged across all grid cells that were classified to be climatically 

suitable for palsas/peat plateaus and polygon mires during the modern 

baseline period (Figure 2.2), for Fennoscandia and Russia. Our Russia region 

excludes the Kola Peninsula and Karelia, which are included in Fennoscandia. 

Antarctica is not included in CRU TS 4.04 (Harris et al., 2020), so we exclude 

it from our global terrestrial average. For projected changes in other relevant 

climate predictors, see Tables S2.7–S2.10.  For details on the bias-correction 

of climate variables, see methods.  

Scenario  MAT (Δ MAT, Std. dev) (°C) 
 

Palsas/peat 

plateaus in 

Fennoscandia  

Palsas/peat 

plateaus in Russia  

Polygon mires 

in Russia 

Global land 

surface, 

excluding 

Antarctica 

SSP1-2.6 -0.3  

(+2.6, ±1.1) 

-1.6 

(+3.5, ±1.3)  

-4.6 

(+3.7, ±1.6)  

11.0 

(+2.0, ±0.6) 

SSP2-4.5 1.1  

(+4.0, ±1.0) 

-0.4  

(+4.7, ±1.2) 

-3.0  

(+5.2, ±1.5) 

12.2 

(+3.3, ±0.7) 

SSP3-7.0 2.7  

(+5.6, ±1.3) 

2.2  

(+7.3, ±1.7) 

0.0  

(+8.2, ±1.9) 

13.6 

(+4.7, ±0.9) 

SSP5-8.5 3.7   

(+6.6, ±1.6) 

4.4 

 (+9.5, ±2.2) 

2.1  

(+10.4, ±2.4) 

14.6 

(+5.7, ±1.3) 

 

 

Under SSP1-2.6, our simulations suggest that between 1961–1990 and 2020–

2029 the suitable climate envelope for palsas/peat plateaus will have 

contracted by 38 % or 431,000 km2 (Figures S2.6 and S2.7). During this 

period, our modelling projects the envelope in Fennoscandia to have 

contracted by 89 % (129,000 km2). Late 21st century cooling following a mid-

century temperature peak under SSP1-2.6 will not be sufficient to re-establish 

suitable climatic conditions in Fennoscandia. Given the comparatively low 

levels of warming presented by SSP1-2.6 (Table 2.1), this suggests that 

permafrost peatlands in Fennoscandia are close to, or may have already 
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passed, a climatic tipping point. It therefore seems possible that large areas of 

the suitable climate space seen in the baseline period may have already been 

lost. Published observations indicate that palsa/peat plateau thaw has 

occurred throughout the late 20th century in Fennoscandia (Borge et al., 2017), 

with degradation accelerating at several sites from the mid-1990s (Åkerman 

and Johansson, 2008; Olvmo et al., 2020). Our estimates show permafrost 

peatlands in Fennoscandia contain substantially less SOC (1.5 Gt C) than 

those in Western Siberia (35.9 Gt C), but widespread thaw could also cause 

extensive inundation (Payette et al., 2004; Swindles et al., 2015), habitat and 

vegetation shifts (Treat et al., 2016; Dearborn et al., 2021), and release of 

dissolved organic carbon (Olefeldt and Roulet, 2012; Burd et al., 2020) and 

heavy metals (Klaminder et al., 2008) into aquatic systems. Ongoing 

ecological and hydrological changes in Fennoscandian peatlands over the 

coming decades will provide important early indications of likely ecosystem 

trajectories elsewhere across the pan-Arctic. 

Our modelling projects mean losses of the palsa/peat plateau climate envelope 

under SSP1-2.6 of 70,000 km2 per decade from the 2030s to the 2070s, 

reaching a minimum extent of 357,000 km2 by the 2070s (Figures S2.6 and 

S2.7). Unlike in Fennoscandia, a partial climatic recovery in Western Siberia 

by the 2090s is projected to return the climatically suitable area there to 

563,000 km2, with 257,000 km2 located further north than during 1961–1990 

(Figure 2.2), covering a region currently characterised by polygon mires (Minke 

et al., 2007; Peregon et al., 2008). However, this median projected area is less 

certain than some of our other predictions because our CMIP6 12-model 

ensemble presents a wide range of projections for the 2090s under SSP1-2.6 

(IQR = 508,000 km2) (Figure S2.6). 
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Figure 2.2. Future climate space for permafrost peatlands in Europe and Western 

Siberia. Projected distributions of the suitable climate envelopes for 

palsas/peat plateaus and polygon mires in Europe and Western Siberia during 

the modern baseline period (1961–1990), and during 2090–2099 under four 

SSP scenarios: SSP1-2.6 (strong climate change mitigation), SSP2-4.5 

(moderate mitigation), SSP3-7.0 (no mitigation baseline) and SSP5-8.5 (no 

mitigation, worst-case). For earlier projections from 2020–2029 to 2080–2089 

see Figures S2.7–S2.10. Map outlines are from Brownrigg (2022). 
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By the 2090s, our simulations indicate that peatlands containing 24.9 Gt SOC 

will no longer exist within the suitable climate envelope for palsas/peat 

plateaus under SSP1-2.6. An additional 7.6 Gt SOC may be affected by the 

temporary contraction of the climate envelope, before a partial recovery 

beginning in the 2080s (Figure 2.3). The resilience of permafrost peatlands to 

temporary periods of climatic deterioration and recovery have rarely been 

considered. Observations from Finland have shown palsas completely thawing 

in less than 10 years (Luoto and Seppälä, 2003; Seppälä, 2011), although 

frozen soils may persist longer where local environmental conditions offset 

unsuitable climates. For example, in central Canada some relict peatland 

permafrost has persisted since the Little Ice Age (Halsey et al., 1995; Vitt et 

al., 2000; Turetsky et al., 2007). Once thawed, thermokarst ponds and 

changing vegetation may prevent permafrost from re-aggrading for several 

decades, even if suitable climates return (Jorgenson et al., 2010; Magnússon 

et al., 2020).  
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Figure 2.3. Comparisons of the total peat carbon (Gt) that is within the suitable climate 

envelopes for peatland permafrost in Europe and Western Siberia under four 

CMIP6 emission scenarios. Decadal time series showing for SSP1-2.6, SSP2-

4.5, SSP3-7.0 and SSP5-8.5 the total peat soil organic carbon stock in Europe 

and Western Siberia that is: a) within the suitable climate envelope for 

palsas/peat plateaus; and b) within the suitable climate envelope for polygon 

mires. Whiskers indicate the full range of values from the 12 CMIP6 models in 

our ensemble, lower hinges indicate the 25th percentiles, upper hinges indicate 

the 75th percentiles, and centre lines indicate median values. Dashed lines 

represent the total peat soil organic carbon stock that is within the respective 

suitable climate envelopes during the modern baseline period (1961–1990). 

For comparisons of the total peatland area (km2) that is within the suitable 

climate envelopes for peatland permafrost, see Figure S2.6.  
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Our results suggest that under SSP1-2.6 the suitable climate space for 

polygon mires in Western Siberia will contract to 99,000 km2 by the 2070s, 

before recovering to 150,000 km2 by the 2090s. The minimum extent reached 

by the 2070s represents an 83 % reduction in the modern climate envelope 

and would cause peatlands containing 13.7 Gt SOC to no longer exist under 

suitable climatic conditions for ice-wedge polygons. From the 2040s, however, 

the Yamal and Gyda peninsulas are predicted to fall within the northwards-

moving climate envelope for palsas/peat plateaus, suggesting that new 

permafrost peatland landforms may begin to develop where suitable peat 

depths and Sphagnum moss communities exist (Zoltai, 1995; Fewster et al., 

2020). The exact duration of palsa formation remains uncertain, but field 

experiments have observed nascent palsas developing after three years of 

snow clearances (Seppälä, 1982, 2011). Considering palsas/peat plateaus 

and polygon mires together, the climatic recovery projected for the 2090s 

under SSP1-2.6 would provide suitable climates for permafrost peatlands 

across 599,000 km2, a 58 % reduction from 1961–1990. However, these 

suitable climate envelopes would exist further north than present, supporting 

Arctic peatlands that contain substantially less carbon than those at lower 

latitudes, because cold, dry climates have caused restricted plant productivity 

and peat accumulation rates there since the early-Holocene (Yu et al., 2010). 

These envelopes would therefore only support a combined permafrost 

peatland carbon stock of 14.9 Gt, a 62 % reduction from 1961–1990 (Figure 

2.3). 

 

2.2.4. Future changes under uninterrupted warming 

The scenarios SSP2-4.5, SSP3-7.0 and SSP5-8.5 represent medium, high 

and very high 21st century emissions scenarios, resulting in global radiative 

forcings by 2100 of 4.5, 7.0, and 8.5 W m-2, respectively (O’Neill et al., 2016). 

Overall, our CMIP6 climate model ensemble indicates that peatlands in Europe 

and Western Siberia will experience inter-model median MAT increases from 

the modern baseline period (1961–1990) to the 2090s of +4.0°C (SSP2-4.5; 

IQR = 3.3–4.2°C), +5.9°C (SSP3-7.0; IQR = 5.1–7.0°C), and +7.3°C (SSP5-

8.5; IQR = 6.2–8.0°C), which are greater than the projected global increases 
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(Table 2.1). Northern high latitudes are projected to warm more quickly than 

other regions due to Arctic amplification (Serreze and Barry, 2011). By the 

2050s, projected increases in MAT under SSP5-8.5 in some northern parts of 

Western Siberia, currently characterised by polygon mires, will surpass even 

the worst-case scenarios (+5.5–6°C warming) considered by recent 

equilibrium-climate modelling of permafrost peatlands (Hugelius et al., 2020a). 

Our ensemble also projects considerable increases in growing degree days, 

with warming winters leading to large increases in annual rainfall by the 2090s 

(Tables S2.8 and S2.9).  

Our simulations indicate areal losses of the suitable climate envelope for 

palsas/peat plateaus across Europe and Western Siberia by the 2060s of 75 

% (SSP2-4.5), 81 % (SSP3-7.0), and 93 % (SSP5-8.5) (equivalent to 0.85, 

0.92, and 1.05 million km2 respectively) (Figures S2.8–S2.10). By the 2090s, 

these projected losses have increased to 87 % (SSP2-4.5), 98 % (SSP3-7.0), 

and 100 % (SSP5-8.5) (equivalent to 0.99, 1.11, and 1.14 million km2) (Figure 

2.2) and the inter-model agreement is strong compared to SSP1-2.6 (Figure 

S2.6). Climate space is projected to contract most quickly before the 2070s. 

From the 2040s, suitable climates for palsas/peat plateaus are projected to be 

absent from Fennoscandia and persist only on the Yamal and Gyda peninsulas 

in Western Siberia, an area presently characterised by polygon mires (Minke 

et al., 2007; Peregon et al., 2008). However, continued warming under SSP3-

7.0 and SSP5-8.5 would likely hinder any new palsa/peat plateau formation in 

these northernmost regions. 

A shift towards warmer and wetter Arctic climates means that under 

continuous warming scenarios the modern climate envelope that supports 

polygon mires will have almost completely disappeared by the 2060s (with 

losses of 551,000–591,000 km2, or 93–99.9 %, depending on scenario) 

(Figures S2.8–S2.10). By the 2090s, our simulations indicate that almost all of 

Europe and Western Siberia would be climatically unsuitable for permafrost 

peatlands under these scenarios, potentially leaving 37.0 (SSP2-4.5)–39.5 

(SSP5-8.5) Gt of permafrost peatland carbon vulnerable to post-thaw 

decomposition (Figure 2.3). In comparison to SSP1-2.6, the combined suitable 

climate envelopes would support 12.1 (SSP2-4.5) to 14.9 (SSP5-8.5) Gt less 
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permafrost peatland carbon by the 2090s, equivalent to 61–75 % of the total 

carbon stored in European forests (Thurner et al., 2014). 

We provide projections of the future climate spaces of palsas/peat plateaus 

and polygon mires in Europe and Western Siberia. Empirical modelling of ice-

wedge polygons from all settings, including those formed in mineral soils, has 

suggested that some northern parts of Western Siberia could retain suitable 

climatic conditions during 2061–2080 under CMIP5’s medium (RCP4.5) and 

very high (RCP8.5) warming scenarios (Karjalainen et al., 2020). Although this 

previous analysis demonstrated that ice-wedge distributions are primarily 

controlled by climate, these projections of suitable environmental space were 

also constrained by certain non-climatic predictors, including the availability of 

flat topography and coarse sediments (Karjalainen et al., 2020). Our modelling 

of broadly-equivalent CMIP6 scenarios indicates suitable climatic conditions 

for peatland polygons will exist only in the northernmost extremities of Western 

Siberia by the 2070s under medium warming (SSP2-4.5), and will be entirely 

absent from the region from the 2060s under very high warming (SSP5-8.5). 

Fennoscandia was previously projected to become climatically unsuitable for 

palsas during 2040–2069 under the CMIP2 scenario for very high warming 

(A2) (Fronzek et al., 2006), but our CMIP6 modelling now indicates that 

widespread losses of climate space will occur imminently even under low 

warming (SSP1-2.6).   

 

2.2.5. Post-thaw possibilities for peatland carbon 

Once a climatic threshold is surpassed, the presence of thick peat soils and 

peatland vegetation are thought to delay permafrost thaw by maintaining cool 

ground temperatures (Seppälä, 1986; Jorgenson et al., 2010). Local-scale 

negative feedbacks such as this may allow some peatland permafrost to 

endure for a considerable time after climates become unsuitable (Halsey et al., 

1995). The magnitude of this time lag in degradation varies between years 

(Seppälä, 2011) and decades (Halsey et al., 1995; Mamet et al., 2017), 

although observations suggest that thaw rates have accelerated under recent 

temperature increases (Payette et al., 2004; Camill, 2005). Active-layer depths 
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of certain palsas/peat plateaus in northern Sweden (Åkerman and Johansson, 

2008) and north-western Canada (Quinton and Baltzer, 2013) have increased 

at rates of 2.3–3.3 cm yr-1 during recent decades. Indeed, the magnitude of 

21st century climate change projected by our CMIP6 model ensemble (Tables 

2.1, S2.7–S2.10) may be sufficient to overcome these feedbacks, rendering 

climate-induced thaw of permafrost peatlands unavoidable. For example, the 

rainfall increases projected for Fennoscandia could encourage seasonal 

inundation, which can lead to the complete thawing of palsas within a single 

year and prevent refreezing (Seppälä, 2011). Future peatland permafrost thaw 

may occur more quickly under higher emission pathways, with our simulations 

showing twice as much warming in Western Siberia by the 2090s under SSP5-

8.5 than under SSP2-4.5 (Table 2.1). We found no observational evidence of 

peatland permafrost persisting in Europe and Western Siberia under mean 

annual temperatures > 2.2°C during 1961–1990. However, under the SSP2-

4.5, SSP3-7.0, and SSP5-8.5 scenarios only 29 %, 16 %, and 8 % of peat-

containing grid cells are projected to remain below this MAT threshold by the 

2090s.  

Widespread thaw of northern permafrost peatlands will likely alter large-scale 

biosphere-atmosphere carbon fluxes, but the direction of the resulting radiative 

forcing remains an ongoing research question. On sub-decadal timescales, 

thaw of ice-rich palsas/peat plateaus and polygon mires often causes surface 

collapse and saturation as thermokarst ponds develop. Degrading permafrost 

peatlands can then transition into inundated Arctic fens (Swindles et al., 2015), 

which commonly exhibit high CH4 emissions (Turetsky et al., 2002). If 

meltwaters drain away, enhanced aerobic decomposition are likely to provoke 

large CO2 emissions (Schädel et al., 2016). Under warming climates, woody 

vegetation is expected to expand northwards (Myers-Smith and Hik, 2018), 

increasing the susceptibility of northern peatlands to wildfire. Active layer 

depths in recently burned peatlands can be 30–90 cm deeper than in 

neighbouring unburned sites, which can greatly increase respiration of deep 

peat carbon (Gibson et al., 2018, 2019), although such losses are inhibited by 

thermokarst (Estop-Aragonés et al., 2018). Conversely, the projected onset of 

warmer, wetter climates would increase plant productivity in Arctic peatlands 
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and eventually drive new surface peat accumulation, for example through 

terrestrialisation of thermokarst ponds (Payette et al., 2004; Magnússon et al., 

2020), which could offset losses of deep peat carbon by 40 to > 100 % (Treat 

et al., 2021a).  

The expected simultaneous increases to peat decomposition and 

accumulation make it highly unlikely that entire peatland carbon stocks would 

be lost following thaw. Empirical modelling of post-thaw chronosequences 

suggests that deep peat carbon losses by respiration would occur rapidly (e.g. 

< 10 years), and would take several centuries to be replaced by new peat 

accumulation (Jones et al., 2017; Hugelius et al., 2020a; Turetsky et al., 2020). 

Modelled net carbon losses only exist for a small number of sites and vary 

widely (-35 to +2.7 kg C m-2 century-1) (Jones et al., 2017; Heffernan et al., 

2020), depending on relative timings of peat initiation and permafrost 

aggradation (Treat et al., 2021a). An analysis of five permafrost peatland 

chronosequences of varying permafrost histories from Alaska and north-

western Canada has reported an average net carbon loss of 19 % during the 

first 100 years post-thaw (Hugelius et al., 2020a; Turetsky et al., 2020), but 

similar analyses do not exist for peatlands in Europe or Western Siberia.  

Previous hemispheric-scale modelling of CMIP5 simulations has suggested 

that northern peatlands will remain a weak carbon sink until the end of the 21st 

century (Gallego-Sala et al., 2018; Chaudhary et al., 2020; Qiu et al., 2020), 

but these assessments should now be revised to incorporate the climate 

changes projected by CMIP6 ensembles. For example, DGVM simulations 

forced by CMIP6 climate projections indicate that northern peatlands will 

become net carbon sources by 2100, even under SSP1-2.6 (Müller and Joos, 

2021). Here, our own CMIP6 modelling projects imminent, widespread losses 

of suitable climate space for permafrost peatlands in Europe and Western 

Siberia, which would have important implications for the future net carbon 

balance of northern peatlands.  

Our modelling, which uses the latest generation of CMIP6 future climate 

projections, suggests that the suitable climate envelopes for palsas/peat 

plateaus and polygon mires in Europe and Western Siberia are close to a 
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tipping point. We project the widespread loss of climate space in Fennoscandia 

within the coming decade, and across the entire study region by 2100. Under 

the full range of future emission pathways, only 8,000–16,000 km2 of 

Fennoscandia will retain climatically suitable conditions for palsas/peat 

plateaus by the 2030s, a reduction of 89–94 % compared to 1961–1990. In 

Western Siberia, even under the most optimistic climate scenario (SSP1-2.6) 

93 % of current palsas/peat plateaus and 79 % of polygon mires will fall outside 

their suitable climate envelope by the 2070s, as both envelopes move 

northwards. Further warming projected by the 2090s under SSP3-7.0 and 

SSP5-8.5 would cause all of Europe and Western Siberia to become 

climatically unsuitable for peatland permafrost. Peatlands projected to no 

longer climatically support permafrost by the 2090s contain 24.9 (SSP1-2.6), 

37.0 (SSP2-4.5), 39.2 (SSP3-7.0) and 39.5 (SSP5-8.5) Gt peat C. The onset 

of substantially warmer, wetter climates at these sites could accelerate 

permafrost thaw and exacerbate greenhouse gas emissions. However, 

probable increases in plant productivity and peat accumulation mean that the 

net effect upon radiative forcing warrants further investigation. SSP1-2.6, 

characterised by strict climate change mitigation, is the only scenario where 

our models project a partial recovery of the suitable climate envelope for 

palsas/peat plateaus by 2100.  

 

2.3. Methods 

2.3.1. Catalogue of Permafrost Peatland landforms 

We collated all recorded locations of palsas/peat plateaus and polygon mires 

across the northern hemisphere using a structured literature search 

(supplementary dataset S2.1). We searched for the terms “palsa”, “peat 

plateau”, “polygon mire”, “high-centre polygon”, “low-centre polygon”, and 

“permafrost peatland” alongside the names of selected regions (e.g. 

“Fennoscandia), countries (e.g. “Canada”), states (e.g. “Alaska”), Russian 

federal subjects (e.g. “Yamalo-Nenets Autonomous Okrug”), provinces and 

territories (e.g. “Quebec”) in Google Scholar. Other permafrost peatland types, 
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such as permafrost fens (Olefeldt et al., 2013), have been less readily 

observed and were not considered here. We prioritised research literature for 

which permafrost peatlands were the primary focus, but also scrutinised 

broader research publications that provided sufficient evidence to determine 

the type and location of individual landforms. Terminologies vary between 

regions, so where possible we used site descriptions and photographs to verify 

permafrost peatland classifications. The terms “palsa” and “peat plateau” are 

used interchangeably by some authors, so we combined these landforms into 

a single category. The focus of our study is permafrost peatlands. We did not 

consider permafrost landforms in non-peat soils (for example lithalsas, mineral 

palsas, or ice-wedge polygons in mineral soils) because such landforms are 

likely to respond differently to modern climate (Pissart, 2002; Wolfe et al., 

2014).  

The original coordinates of each site were converted to a 0.5° × 0.5° spatial 

resolution, to match the spatial grid of the modern baseline climate data (see 

below) (supplementary dataset S2.2). Sources varied in spatial resolution from 

site-specific studies to gridded 0.5° supervised classifications. Where 

landforms were reported without exact coordinates, we used site maps to 

record their location as the nearest 0.5° grid cell. Distributions of permafrost 

peatland landforms appear to be more fully defined in Fennoscandia, Western 

Siberia, and northern Alaska due to the availability of broad-scale gridded 

datasets (Luoto et al., 2004; Peregon et al., 2008; Terentieva et al., 2016; Lara 

et al., 2018), which were lacking for Canada, and eastern and central Siberia. 

Polygon mire presence in northern Alaska was principally identified using a 

remotely-sensed classification of polygonal tundra (Lara et al., 2018), with the 

presence of peat verified by local surface lithology descriptions (Jorgenson 

and Grunblatt, 2013). Our final catalogue presents a binary map for the 

presence of palsas/peat plateaus and polygon mires across the northern 

hemisphere. Our catalogue expands on the North American catalogue of 

palsas/peat plateaus by Fewster et al. (2020), with 1,199 additional sites from 

Europe and Siberia, and 553 observations of polygon mires from across the 

pan-Arctic (2,102 total sites) (see Figure S2.4 and supplementary dataset 
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S2.1). We set the southern limit of our study domain to be 44°N to encompass 

all observed permafrost peatland landforms. 

 

2.3.2. Modern Distribution of Northern Peatlands 

To estimate the modern distribution of northern peatlands, we primarily used 

the PEATMAP database (Xu et al., 2018). PEATMAP shapefiles were 

rasterised, reclassified, and sampled in ArcMap v.10.6.1 (ESRI, 2018) to 

produce a binary map of peatland presence/absence for each 0.5° × 0.5° grid 

cell north of 44°N. We improved our estimate of modern peat coverage in 

northern Alaska using the peat distribution map constructed by Fewster et al. 

(2020), and reclassified a small portion of grid cells that were classified as non-

peat containing by these peatland maps, but which contained observations of 

palsas/peat plateaus or polygon mires.  

 

2.3.3. Study Domain 

Our study domain consists of European and Western Siberian peatlands, 

which we define as all terrestrial 0.5° × 0.5° grid cells that contain evidence of 

peat, and which are located north of 44°N and between 25°W and 95°E (4,615 

grid cells in total). We focused our analyses on Europe and Western Siberia 

because the spatial extents of palsas, peat plateaus and polygon mires are 

much better constrained here than in other northern areas. Our study domain 

omits most of central Siberia, and all of eastern Siberia. Our literature search 

returned only 10 observations of permafrost peat landforms east of 95°E, 

which we believe severely underestimates their true extent. Although the 

number of records in Canada and Alaska was higher (367 grid cells contained 

permafrost peatland observations), the density of these observations was low 

compared to Europe and Western Siberia (where 934 grid cells contained 

permafrost peatland observations) and their distribution was patchy (Figure 

S2.4). Previous broad-scale mapping products indicate that several parts of 

Canada that lack observations are extensively covered by peatlands (Xu et al., 

2018) and permafrost (Brown et al., 2002), suggesting that the locations of 
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some permafrost peatland landforms in North America are missing from 

published records (Fewster et al., 2020). For this reason, our study domain 

also omits North America. We only considered grid cells in Europe and 

Western Siberia that presently contain peat, because any new peat deposits 

that form outside of this domain are unlikely to reach a sufficient thickness to 

support permafrost peatland landforms before 2100. The remaining 4,615 grid 

cells in our study domain therefore represent plausible locations for permafrost 

peatland landforms to exist during the 21st century. 

 

2.3.4. Estimation of Northern Peatland SOC stocks 

We analysed the soil organic carbon (SOC) maps of histels and histosols by 

Hugelius et al. (2020) in QGIS v.3.12 (QGIS.org, 2020) to produce gridded 

estimates of peatland soil carbon (available from: 

https://bolin.su.se/data/hugelius-2020). These maps combined core-based 

analyses with machine-learning methods and showed greater spatial coverage 

than previous products (Hugelius et al., 2013). The maps estimate that 

histosols north of 23°N contain 230 ± 81 Gt SOC, whilst histels contain 185 ± 

66 Gt SOC (see Hugelius et al. (2020) for details on agreement with previous 

estimates). These SOC stocks have high associated uncertainties caused by 

high spatial variation in peat depths and sampling densities, but represent the 

best gridded estimates of northern peat carbon currently available. Although 

histel and histosol maps include peatlands, they may also include other 

organic soils, such as mucks that are more heavily decomposed than peat 

(Everett, 1983). To improve confidence in our estimates, we therefore used 

our mapped extent of northern peatlands (described above) to only calculate 

SOC values for grid cells that are known to contain peat. This does necessarily 

assume that for grid cells where peat is present, the carbon mass of histosols 

and histels refers solely to peat soils, which may lead to some overestimation 

where non-peat organic soils are also present. 

To estimate the peat soil organic carbon mass (SOCM) (hg) of each 0.5° grid 

cell, we first converted the soil organic carbon content (SOCC) (hg m-2) maps 

by Hugelius et al. (2020) from rasters to polygons, and intersected any 

https://bolin.su.se/data/hugelius-2020
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polygons that extended across more than one grid cell. We calculated the 

surface area of each SOCC polygon and grid cell using the data’s original 

World Azimuthal Equidistant projection. We then multiplied the surface area of 

each polygon by its SOCC and aggregated these values to the 0.5° grid cell in 

which they were located. To provide SOCC estimates at 0.5° spatial resolution, 

we divided our gridded estimates for SOCM by the surface area of each 0.5° 

grid cell. SOC data were available for all 4,615 peat containing grid cells in our 

study area for Europe and Western Siberia, equating to a total SOC stock of 

141.1 Gt.  

 

2.3.5. Modern climate data 

We used a custom Python script (available from 

https://github.com/refewster/Imminent-loss-of-climate-space-for-Eurasian-

permafrost-peatlands-) to extract and average mean monthly temperature and 

precipitation values during 1961–1990 from the gridded CRU TS 4.04 

climatology (Harris et al., 2020) to represent modern baseline climate. We 

selected the period 1961–1990 to reduce any disequilibrium (Halsey et al., 

1995) between landform distributions and the modern climate data, because 

the magnitude of anthropogenic climate change was less than at present 

(Fewster et al., 2020). The use of an earlier time period was deemed 

unsuitable because climate station coverage at high latitudes increased 

substantially during the second half of the 20th century, particularly in Eastern 

Europe and the Arctic where several regions previously lacked observational 

precipitation data (Harris et al., 2020). Furthermore, previous climate envelope 

modelling of North American palsas/peat plateaus found models fitted to 

climate data from 1961–1990 performed better than equivalent models fitted 

to general circulation model (GCM) simulations of preindustrial climate 

(Fewster et al., 2020). We obtained modern baseline climate data for all 4,615 

grid cells within our study domain. 

 

https://github.com/refewster/Imminent-loss-of-climate-space-for-Eurasian-permafrost-peatlands-
https://github.com/refewster/Imminent-loss-of-climate-space-for-Eurasian-permafrost-peatlands-
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2.3.6. Future climate simulations 

We obtained projected decadal 21st century climate projections from an 

ensemble of 12 GCMs included in the Coupled Model Intercomparison Project 

6 (CMIP6) (Eyring et al., 2016), to represent future climates. To build our 

ensemble, we selected one CMIP6 GCM from each of the model groupings by 

Brunner et al. (2020) to ensure that our GCMs were independent from one 

another (i.e., without shared components or a common origin). Where multiple 

candidate GCMs were available, we selected the model from each grouping 

which displayed the highest native spatial resolution, and which simulated 

historical climates for our study region that most closely reproduced the mean 

temperature and precipitation values from our modern observational 

climatology for the period 1961–1990 (see above). Some CMIP6 models have 

a very high equilibrium climate sensitivity (ECS) of > 5°C, but none of these 

models were chosen by our model selection criteria and they were therefore 

not included in this study. Some studies have shown that CMIP6 model 

ensembles project lower warming when constrained by historical observational 

trends (Tokarska et al., 2020) or model weighting metrics (Brunner et al., 

2020), but such constraints were not applied to our simulations. We obtained 

our CMIP6 climate projections from the Earth System Grid Federation 

(https://esgf-node.llnl.gov/search/cmip6/). Our final ensemble has an 

equilibrium climate sensitivity range of 1.9–4.8°C (median of 3.0°C) (Table 

S2.2), which closely aligns with the IPCC Assessment Report 6 “very likely” 

range of 2.0–5.0°C (best estimate = 3.0°C) (Forster et al., 2021). Our ensemble 

presents greater warming than CMIP5 ensembles, but slightly less warming 

than if all CMIP6 models were included (Flynn and Mauritsen, 2020). 

We used a custom Python script (available from 

https://github.com/refewster/Imminent-loss-of-climate-space-for-Eurasian-

permafrost-peatlands-) to extract and average projected mean monthly 

temperature and precipitation values for each decade during 2020–2099. We 

first converted temperature values from Kelvin (K) to degrees Celsius (°C) and 

converted precipitation values from mean precipitation flux (kg m-2 s-1) to mean 

monthly totals (mm). We then downscaled and bias-corrected CMIP6 outputs 

to a 0.5° × 0.5° spatial resolution, following an almost identical method to 

https://esgf-node.llnl.gov/search/cmip6/
https://github.com/refewster/Imminent-loss-of-climate-space-for-Eurasian-permafrost-peatlands-
https://github.com/refewster/Imminent-loss-of-climate-space-for-Eurasian-permafrost-peatlands-
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(Morris et al., 2018). This downscaling procedure retains terrestrial climates 

for islands and coastlines by initially extrapolating terrestrial climate data 

across the domain using a Poisson equation solver with overrelaxation. To 

downscale our climate data to a 0.5° × 0.5° spatial resolution, we favoured the 

use of bilinear interpolation over the bicubic spline approach used by Morris et 

al. (2018), because this approach is more widely used in climate science, and 

because bicubic interpolation can cause unrealistically high climatic variability 

(Latombe et al., 2018). We then used the CRU TS 4.04 land-sea mask to 

remove all oceanic 0.5° grid cells, resulting in an output that matched the 

spatial domain of the modern baseline climate data. We corrected for spatial 

biases in our downscaled CMIP6 future climate projections, again using the 

method of Morris et al. (2018). For temperature, we calculated the anomaly in 

simulated temperatures between the historical (1961–1990) and future time 

periods (from 2020–2029 to 2090–2099), and added this anomaly to the 

relevant observational mean (covering 1961–1990). For precipitation, we 

multiplied our simulated future precipitation values by a correction factor, 

derived from simulated and observational precipitation values for the historical 

baseline period (1961–1990) (see Morris et al. (2018) for full details).  

 

2.3.7. Statistical Modelling and Evaluation 

We fitted two climate envelope models to statistically predict the modern 

baseline (1961–1990) and future distributions of climates suitable for 

palsas/peat plateaus and polygon mires in Europe and Western Siberia (see 

above for study domain details). We used one-vs-all (OVA) binary logistic 

regression to fit our climate envelope models, where the two landform classes 

(palsas/peat plateaus, and polygon mires) were considered as a separate 

binary response (Galar et al., 2011). Logistic regression models relate binary 

observations to continuous predictors and have previously predicted 

palsa/peat plateau distributions in North America (Fewster et al., 2020) and 

Fennoscandia (Luoto et al., 2004). Multinomial logistic regression was 

unsuitable for this purpose because this method requires mutually exclusive 

classes (Petrucci, 2009) and our study domain included 76 grid cells where 

both palsas/peat plateaus and polygon mires were present. We then drove our 
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climate envelope models with projections of future climate from 12 CMIP6 

models (Table S2.2) and calculated the median agreement of predicted 

presence/absence. 

To fit our bioclimatic models, we selected five candidate climate variables that 

have previously been linked to permafrost peatland distributions in 

Fennoscandia (Luoto et al., 2004; Fronzek et al., 2006, 2011; Parviainen and 

Luoto, 2007; Aalto and Luoto, 2014; Aalto et al., 2017) and North America 

(Fewster et al., 2020):  mean annual temperature (MAT); annual temperature 

range (TRANGE); growing degree days (GDD5); rain precipitation 

(RAINFALL); and snow precipitation (SNOWFALL) (see Table S2.11 for 

variable descriptions). We calculated each climate variable from mean monthly 

temperature and precipitation values, following Fewster et al. (2020). We did 

not constrain our modelling with other non-climatic factors, such as the 

composition of peatland vegetation or peat cover thickness, because suitable 

geospatial data were unavailable. Multicollinearity was evident in our modern 

baseline climate dataset, with all five climatic predictor variables found to be 

significantly correlated with one another (p < 0.025) according to a Spearman’s 

Rank correlation matrix (Table S2.12). Multicollinearity of climatic predictors 

was present in grid cells with and without landform observations (Tables S2.13 

and S2.14). Whilst climate variables are often highly correlated, the presence 

of multicollinearity means that individual predictor coefficients in our models 

should be interpreted with caution, even if the model predictions as a whole 

can be considered robust (Graham, 2003). Additionally, strong correlations 

between predictors can, in some cases, cause significant predictors to be 

incorrectly excluded during model calibration and can impact model 

performance where predictions are extrapolated to a different time or place 

(Dormann et al., 2013; Graham, 2003). To limit multicollinearity, we omitted 

several similar variables from our modelling at an early stage. The frost number 

(FROST) has previously been linked to permafrost distributions at broad 

spatial scales (Anisimov and Nelson, 1997), but was too closely correlated with 

MAT for both variables to be included reliably. We experimented with 

preliminary models fitted with each variable separately and found that those 

models that included MAT consistently outperformed those fitted with FROST. 
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Furthermore, we included seasonal rather than annual precipitation metrics so 

that the insulating properties of snow cover (Aalto et al., 2017) and dry soils 

(Seppälä, 2011) could be represented individually in our modelling. Cross-

validated evaluation statistics, generated by splitting the data randomly into 

separate calibration and evaluation subsets, are almost identical to those from 

models fitted to the full domain (Table S2.5), giving us confidence in the 

predictive capabilities of our final models (see below for full details).  

We fitted our logistic regression models (Tables S2.3 and S2.4) in IBM SPSS 

Statistics 23 following the method of Fewster et al. (2020). We entered all five 

climatic predictors simultaneously (block entry), alongside the squared form of 

each variable (MAT*, TRANGE2, RAINFALL2, SNOWFALL2 and GDD5
2). We 

calculated MAT* as the product of MAT and its absolute value, |MAT|, to retain 

the sign of negative temperatures in its quadratic term. We sequentially 

removed non-significant pairs of predictors (e.g., TRANGE and TRANGE2) 

using a stepwise backwards-deletion approach, until all remaining 

untransformed predictors significantly contributed to the model’s predictive 

performance (based on deviance scores). Where untransformed predictor 

variables were found to be significant predictors of landform presence, we 

retained their quadratic terms irrespective of their significance, because 

previous studies have shown that permafrost peatland landforms exist within 

optimum climatic windows and do not relate linearly to climate (Luoto et al., 

2004; Fewster et al., 2020). We used Bonferroni correction to select a stricter 

significance criterion for predictor removal (Student’s t; p < 0.025 threshold) 

than Fewster et al., (2020), to limit the occurrence of Type I errors (i.e., non-

significant variables falsely appearing to be significant) when fitting two models 

to the same training set (Armstrong, 2014). We then tested the addition of 

several first-order interaction terms (i.e., two variables multiplied together to 

form a single, combined predictor). To prevent spurious predictions where 

future climates exceeded modern climatic ranges, we added a plausibility 

criterion to nullify model predictions in grid cells where RAINFALL exceeded 

1,500 mm yr-1, which is more than twice the maximum rainfall (729 mm yr-1) 

under which palsas/peat plateaus or polygon mires presently exist (Fewster et 
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al., 2020). We calculated standardised parameter coefficients (βs) for each 

predictor variable following Menard (2011). 

To make predictions with a logistic regression model, the continuous response 

variable (predicted probability) is classified into a binary prediction of 

presence/absence according to a threshold probability, which we refer to as 

the classification threshold. Positive cases (observations of landform 

presence) in our training set for Europe and Western Siberia were relatively 

rare (only 934 or 20 % of the 4,615 grid cells contained permafrost peatland 

landforms). We therefore selected an optimised classification threshold for 

each of our models that maximised model informedness (see below), a metric 

that is unaffected by case prevalence (Powers, 2011; Fewster et al., 2020). 

Our final climate envelope model for palsas/peat plateaus has an optimised 

classification threshold of 0.273, and our model for polygon mires has an 

optimised classification threshold of 0.130 (outputs shown in Figures 2.1 and 

2.2). 

We evaluated the predictive classifications of our logistic regression models 

using three complementary evaluation metrics: accuracy, informedness, and 

the area under the curve (AUC) of a receiver operating characteristic plot 

(Powers, 2011; Fewster et al., 2020) (Table S2.5). Accuracy evaluates the 

proportion (0–1) of correctly classified cases (both presence and absence) 

(Powers, 2011). Informedness evaluates both presence and absence to 

assess how informed a model’s prediction is compared to chance, and how 

consistently a model can correctly predict a case, with values ranging from 1 

(all cases classified correctly) through 0 (random predictions) to -1 (all cases 

classified incorrectly) (Powers, 2011). AUC is also unaffected by case 

prevalence but compares predictions across all possible classification 

thresholds, with scores ranging from 0.5 (random classification) to 1 (perfect 

classification) (Pearce and Ferrier, 2000).  

To assess the predictive performance of our climate envelope modelling for 

predicting data points outside of the model calibration setting, we used five-

fold cross-validation. We split our modern climate dataset into five random 

subsets of similar size. For palsas/peat plateaus and polygon mires in turn, we 
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used four subsets to calibrate a model, which we then used to predict landform 

presence/absence in a fifth, unused validation subset. From this prediction, we 

calculated model accuracy, informedness, and AUC. We repeated this process 

five times for palsas/peat plateaus and polygon mires respectively, each time 

omitting a different subset from the calibration set to be used for model 

evaluation. We then used these validation set predictions to calculate the 

cross-validated mean and standard error of each performance metric for each 

model type (palsas/peat plateaus and polygon mires) (Table S2.5). Final 

parameter estimates for both climate envelope models were calibrated from 

the full modern climate dataset, and not from cross-validation subsets. 
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2.5. Supplementary material for Chapter 2 

Table S2.2. General circulation models included in our CMIP6 model ensemble. 

Outputs from these models were used to represent future climates. Transient 

climate response (TCR) (°C) and equilibrium climate sensitivity (ECS) (°C) 

scores are taken from Meehl et al. (2020).  

Model TCR (°C) ECS (°C) 

 INM-CM5-0  - 1.9 

 CAMS-CSM1-0 1.7 2.3 

 MIROC6  1.6 2.6 

 GFDL-ESM4 1.6 2.6 

 MPI-ESM1-2-HR 1.7 3.0 

 FGOALS-f3-L 2.1 3.0 

 BCC-CSM2-MR 1.7 3.0 

 MRI-ESM2-0 1.6 3.2 

 IPSL-CM6A-LR  2.3 4.6 

 ACCESS-CM2  2.1 4.7 

 CESM2-WACCM 2.0 4.8 

 CNRM-CM6-1 2.1 4.8 
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Table S2.3. Summary of the logistic regression model which describes the modern 

climate envelope of palsas/peat plateaus in Europe and Western Siberia. βs 

are standardised coefficients, according to the method of Menard (2011). 

Variable Coefficient Standard error βs t Significance 

Constant 7.091 × 101 8.719 - 8.133 < 0.001 

MAT -4.616 3.369 × 10-1 -9.708 × 10-1 -13.703 < 0.001 

MAT* 3.030 × 10-1 2.286 × 10-2 5.251 × 10-1 13.254 < 0.001 

TRANGE -4.371 3.863 × 10-1 -1.493 -11.314 < 0.001 

TRANGE2 4.221 × 10-2 3.941 × 10-3 7.948 × 10-1 10.709 < 0.001 

GDD5 2.232 × 10-2 2.871 × 10-3 6.646 × 10-1 7.776 < 0.001 

GDD5
2 -7.653 × 10-6 1.013 × 10-6 -9.621 × 10-1 -7.556 < 0.001 

RAINFALL -1.169 × 10-1 1.930 × 10-2 -1.290 -6.054 < 0.001 

RAINFALL2 1.998 × 10-5 4.760 × 10-6 4.394 × 10-1 4.198 < 0.001 

SNOWFALL -2.291 × 10-2 4.850 × 10-3 -9.405 × 10-2 -4.723 < 0.001 

SNOWFALL2 1.925 × 10-5 6.961 × 10-6 4.777 × 10-2 2.765 0.006 

RAINFALL × 

TRANGE 
3.804 × 10-3 5.299 × 10-4 4.266 × 10-1 7.179 < 0.001 

 

 

Table S2.4. Summary of the logistic regression model which describes the modern 

climate envelope of polygon mires in Europe and Western Siberia. βs are 

standardised coefficients, according to the method of Menard (2011). 

Variable  Coefficient Standard 

error 

βs t Significance 

Constant  -3.066 × 101 3.372 - -9.092 < 0.001 

MAT  -6.739 5.384 × 10-1 -9.316 × 10-1 -12.517 < 0.001 

MAT*  3.865 × 10-1 3.251 × 10-2 4.404 × 10-1 11.888 < 0.001 

SNOWFALL 6.271 × 10-2 2.122 × 10-2 1.693 × 10-1 2.955 0.003 

SNOWFALL2 -2.153 × 10-4 4.905 × 10-5 -3.512 × 10-1 -4.388 < 0.001 
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Table S2.5. Cross-validated model performance statistics and optimised classification 

thresholds for our climate envelope models of palsas/peat plateaus and 

polygon mires for Europe and Western Siberia (from 25°W to 95°E). Mean 

values (and standard errors) for each evaluation metric were calculated from 

predictions generated from five validation subsets. We optimised the 

classification thresholds for each model, because of the imbalance of landform 

presence and absence in our training datasets (see methods for further 

details).  

Metric Palsas/peat plateaus Polygon Mires 

Accuracy 94.1 % (± 0.004) 96.1 % (± 0.005) 

Informedness 0.886 (± 0.006) 0.936 (± 0.003) 

AUC 0.982 (± 0.002) 0.991 (± 0.002) 

Optimised classification threshold 0.273 0.130 
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Table S2.6. Predicted climate envelopes for palsas/peat plateaus and polygon mires 

in Europe and Western Siberia (from 25°W to 95°E), estimated using our 

logistic regression models (Tables S2.3 and S2.4) for the modern baseline 

period (1961–1990). Spatial minima, medians and maxima are presented, 

calculated from climatically suitable grid cells. Hyphens represent non-

significant climate variables.  

Climate Envelope  MAT  
(°C) 

TRANGE 
 (°C) 

GDD5  
(°C 

days) 

RAINFALL 

 (mm yr
-1

) 

SNOWFALL 

 (mm yr
-1

) 

Palsas/peat 

plateaus  

Min -9.4 11.6 0 141 130 

Median -4.7 38.2 1246 283 222 

Max 2.6 43.5 1672 471 751 

       

Polygon Mires  Min -12.1 - - - 108 

Median -8.3 - - - 209 

Max -5.2 - - - 297 
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Table S2.7. Median projected values of regional annual temperature range 

(TRANGE) by 2090–2099; the change from the modern baseline period 

(1961–1990) (Δ TRANGE); and standard deviations of TRANGE across our 

CMIP6 model ensemble (Std. dev). TRANGE values were averaged across 

all grid cells that were classified to be climatically suitable for palsas/peat 

plateaus and polygon mires during the modern baseline period (Figure 2.2), 

for Fennoscandia and Russia. Our Russia region excludes the Kola Peninsula 

and Karelia, which are included in Fennoscandia. 

Scenario  TRANGE (Δ TRANGE, Std. dev) (°C) 
 

Palsas/peat 

plateaus in 

Fennoscandia  

Palsas/peat plateaus in 

Russia  

Polygon mires  

in Russia  

SSP1-2.6 27.1  

(-0.7, ±1.9) 

37.9 

(-0.6, ±1.7)  

35.5 

(-1.4, ±2.1)  

SSP2-4.5 26.5 

(-1.3, ±1.9) 

37.3  

(-1.2, ±1.5) 

35.1 

(-1.7, ±1.7) 

SSP3-7.0 25.6 

(-2.2, ±2.2) 

36.1 

(-2.3, ±2.4) 

33.1 

(-3.7, ±2.4) 

SSP5-8.5 26.2  

(-1.6, ±2.0) 

35.0 

 (-3.5, ±3.0) 

32.6 

(-4.2, ±3.6) 
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Table S2.8. Projected regional growing degree days (GDD5) for 2090–2099, with 

comparisons to the modern baseline period (1961–1990). See Table S2.7 

caption for full details.  

Scenario  GDD5 (Δ GDD5, Std. dev) (°C days) 
 

Palsas/peat 

plateaus in 

Fennoscandia  

Palsas/peat plateaus in 

Russia  

Polygon mires  

in Russia  

SSP1-2.6 1419 

(+496, ±208) 

1615 

(+322, ±160)  

1249 

(+428, ±168)  

SSP2-4.5 1639 

(+716, ±155) 

1876 

(+583, ±213) 

1442 

(+621, ±209) 

SSP3-7.0 1892 

(+968, ±227) 

2167 

(+874, ±307) 

1648 

(+827, ±241) 

SSP5-8.5 1970  

(+1046, ±349) 

2591 

 (+1298, ±425) 

2049 

(+1227, ±391) 
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Table S2.9. Projected regional rainfall for 2090–2099, with comparisons to the 

modern baseline period (1961–1990). See Table S2.7 caption for full details.  

Scenario  RAINFALL (Δ RAINFALL, Std. dev) (mm yr-1) 
 

Palsas/peat 

plateaus in 

Fennoscandia  

Palsas/peat plateaus in 

Russia  

Polygon mires  

in Russia  

SSP1-2.6 357 

(+69, ±27) 

317 

(+35, ±29)  

230 

(+33, ±20)  

SSP2-4.5 407 

(+118, ±29) 

362 

(+80, ±34) 

250 

(+53, ±37) 

SSP3-7.0 445 

(+156, ±39) 

374 

(+91, ±39) 

308 

(+111, ±48) 

SSP5-8.5 472  

(+183, ±58) 

418 

 (+136, ±52) 

328 

(+131, ±58) 
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Table S2.10. Projected regional snowfall for 2090–2099, with comparisons to the 

modern baseline period (1961–1990). See Table S2.7 caption for full details. 

Scenario  SNOWFALL (Δ SNOWFALL, Std. dev) (mm yr-1) 
 

Palsas/peat 

plateaus in 

Fennoscandia  

Palsas/peat plateaus in 

Russia  

Polygon mires  

in Russia  

SSP1-

2.6 

243 

(-29, ±25) 

234 

(+14, ±25)  

224 

(+15, ±21)  

SSP2-

4.5 

243 

(-30, ±17) 

219 

(-1, ±22) 

233 

(+24, ±21) 

SSP3-

7.0 

233 

(-40, ±22) 

226 

(+6, ±22) 

225 

(+16, ±26) 

SSP5-

8.5 

233  

(-39, ±27) 

217 

 (-3, ±33) 

215 

(+6, ±34) 

 

Table S2.11. Description of candidate climate variables. 

Variable  Description Units 

Mean annual temperature 
(MAT) 

Average annual air temperature °C 

Temperature range 
(TRANGE) 

Difference between maximum and minimum 
monthly air temperatures 

°C 

Growing degree days 
(GDD5) 

Annual time integral of monthly air 
temperatures above 5°C 

°C days 

Rain precipitation 
(RAINFALL) 

Total annual precipitation in months with 
average air temperatures > 0°C 

mm yr-1 

Snow precipitation 
(SNOWFALL) 

Total annual precipitation in months with 
average air temperatures < 0°C 

mm yr-1 
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Table S2.12. Spearman’s Rank correlation matrix for candidate climate variables 

included in our climate envelope modelling of Europe and Western Siberia. 

Correlation coefficients, rs, and significance values, p, are presented. See 

Table S2.11 for variable descriptions.   

  MAT TRANGE GDD5 RAINFALL SNOWFALL 

MAT - p < 0.001 p < 0.001 p < 0.001 p < 0.001 

TRANGE rs = -0.783 - p < 0.001 p < 0.001 p < 0.001 

GDD5 rs = 0.897 rs = -0.473 - p < 0.001 p < 0.001 

RAINFALL rs = 0.877 rs = -0.773 rs = 0.732 - p < 0.001 

SNOWFALL rs = -0.627 rs = 0.390 rs = -0.707 rs = -0.438 - 
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Table S2.13. Spearman’s Rank correlation matrix for candidate climate variables for 

grid cells in Europe and Western Siberia where observations of palsas/peat 

plateaus are present (n = 671) and absent (n = 3,944). Correlation coefficients, 

rs, and significance values, p, are presented. See Table S2.11 for variable 

descriptions.   

   MAT TRANGE GDD5 RAINFALL SNOWFALL 

MAT Presence 
 

p = 0.213 p < 0.001 p < 0.001 p = 0.036 

 Absence  p < 0.001 p < 0.001 p < 0.001 p < 0.001 

TRANGE Presence rs = -0.048 
 

p < 0.001 p < 0.001 p = 0.014 

 Absence rs = -0.787  p < 0.001 p < 0.001 p < 0.001 

GDD5 Presence rs = 0.390 rs = 0.825 
 

p < 0.001 p = 0.011 

 Absence rs = 0.879 rs = -0.455  p < 0.001 p < 0.001 

RAINFALL Presence rs = 0.712 rs = 0.385 rs = 0.668 
 

p = 0.056 

 Absence rs = 0.857 rs = -0.816 rs = 0.670  p < 0.001 

SNOWFALL Presence rs = -0.081 rs = 0.095 rs = -0.098 rs = 0.074  

 
Absence rs = -0.636 rs = 0.359 rs = -0.724 rs = -0.413 
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Table S2.14. Spearman’s Rank correlation matrix for candidate climate variables for 

grid cells in Europe and Western Siberia where observations of polygon mires 

are present (n = 339) and absent (n = 4,276). Correlation coefficients, rs, and 

significance values, p, are presented. See Table S2.11 for variable 

descriptions.   

   MAT TRANGE GDD5 RAINFALL SNOWFALL 

MAT Presence 
 

p < 0.001 p < 0.001 p < 0.001 p < 0.001 

 Absence  p < 0.001 p < 0.001 p < 0.001 p < 0.001 

TRANGE Presence rs = 0.802  
 

p < 0.001 p < 0.001 p = 0.001 

 Absence rs = -0.810  p < 0.001 p < 0.001 p < 0.001 

GDD5 Presence rs = 0.983  rs = 0.864  
 

p < 0.001 p < 0.001 

 Absence rs = 0.874 rs = -0.473  p < 0.001 p < 0.001 

RAINFALL Presence rs = 0.797 rs = 0.555  rs = 0.800  
 

p < 0.001 

 Absence rs = 0.854 rs = -0.807  rs = 0.676  p < 0.001 

SNOWFALL Presence rs = 0.401  rs = 0.181  rs = 0.408  rs = 0.835   

 
Absence rs = -0.696 rs = 0.414  rs = -0.786  rs = -0.488  
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Figure S2.4. Distribution of observed permafrost peatland landforms in our catalogue 

of published records (supplementary dataset S2.1). Dark purple box indicates 

our study domain (north of 44°N and between 25°W and 95°E). Map outlines 

are from Brownrigg (2022). 
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Figure S2.5. The distribution of gridded peat soil organic carbon mass (Mt), based on 

recent soil maps (Hugelius et al., 2020a, 2020b) (see methods for details) and 

coloured according to the predicted presence and absence of suitable climatic 

conditions for permafrost peatlands. Map outlines are from Brownrigg (2022). 
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Figure S2.6. Comparisons of the total peatland area (m km2) that is within the suitable 

climate envelopes for peatland permafrost in Europe and Western Siberia 

under four CMIP6 emission scenarios. Decadal time series showing for SSP1-

2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5 the total peatland area in Europe and 

Western Siberia that is: a) within the suitable climate envelope for palsas/peat 

plateaus; and b) within the suitable climate envelope for polygon mires. 

Whiskers indicate the full range of values from the 12 CMIP6 models in our 

ensemble, lower hinges indicate the 25th percentiles, upper hinges indicate the 

75th percentiles, and centre lines indicate median values. Dashed lines 

represent the total peatland area that is within the respective suitable climate 

envelopes during the modern baseline period (1961–1990).  
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Figure S2.7. Projected decadal distributions of the suitable climate envelopes for 

palsas/peat plateaus and polygon mires in Europe and Western Siberia under 

SSP1-2.6 (strong climate change mitigation) from 2020–2029 to 2080–2089. 

Map outlines are from Brownrigg (2022). 
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Figure S2.8. Projected decadal distributions of the suitable climate envelopes for 

palsas/peat plateaus and polygon mires in Europe and Western Siberia under 

SSP2-4.5 (moderate mitigation) from 2020–2029 to 2080–2089. Map outlines 

are from Brownrigg (2022). 
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Figure S2.9. Projected decadal distributions of the suitable climate envelopes for 

palsas/peat plateaus and polygon mires in Europe and Western Siberia under 

SSP3-7.0 (no mitigation baseline) from 2020–2029 to 2080–2089. Map 

outlines are from Brownrigg (2022). 
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Figure S2.10. Projected decadal distributions of the suitable climate envelopes for 

palsas/peat plateaus and polygon mires in Europe and Western Siberia under 

SSP5-8.5 (no mitigation, worst-case) from 2020–2029 to 2080–2089. Map 

outlines are from Brownrigg (2022). 

 

2.6. Supplementary data for Chapter 2 

Any remaining data used to produce this research are included in the 

supplementary datasets S2.1 and S2.2 (uploaded alongside this thesis). 
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Chapter 3. 
Holocene vegetation dynamics of circum-

Arctic permafrost peatlands 

 

3.1. Abstract  

Vegetation shifts in circum-Arctic permafrost peatlands drive feedbacks with 

important consequences for peatland carbon budgets and the extent of 

permafrost thaw under changing climate. Recent shrub expansion across 

Arctic tundra environments has led to an increase in above-ground biomass, 

but the long-term spatiotemporal dynamics of shrub and tree growth in circum-

Arctic peatlands remain unquantified. We investigate changes in peatland 

vegetation composition during the Holocene using previously-published plant 

macrofossil records from 76 sites across the circum-Arctic permafrost zone. In 

particular, we assess evidence for peatland shrubification at the continental 

scale. We identify increasing abundance of woody vegetation in circum-Arctic 

peatlands from ~8,000 years BP to present, coinciding with declining 

herbaceous vegetation and widespread Sphagnum expansion. Ecosystem 

shifts varied between regions and present-day permafrost zones, with late-

Holocene shrubification most pronounced where permafrost coverage is 

presently discontinuous and sporadic. After ~600 years BP, we find a 

proliferation of non-Sphagnum mosses in Fennoscandia and across the 

present-day continuous permafrost zone; and rapid expansion of Sphagnum 

in regions of discontinuous and isolated permafrost as expected following 

widespread fen-bog succession, which coincided with declining woody 

vegetation in eastern and western Canada. Since ~200 years BP, both shrub 

expansion and decline were identified at different sites across the pan-Arctic, 

highlighting the complex ecological responses of circum-Arctic peatlands to 

post-industrial climate warming and permafrost degradation. Our results 

suggest that shrubification of circum-Arctic peatlands has primarily occurred 

alongside surface drying, resulting from Holocene climate shifts, autogenic 

peat accumulation, and permafrost aggradation. Future shrubification of 
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circum-Arctic peatlands under 21st century climate change will likely be 

spatially heterogeneous, and be most prevalent where dry microforms persist. 

 

3.2. Introduction  

Twenty-first century climate change is projected to drive widespread 

vegetation shifts in permafrost peatlands, which presently cover 1.7 ± 0.5 

million km2 and contain 185 ± 70 Gt carbon (C) (Hugelius et al., 2020a). 

Permafrost (perennially frozen ground) renders these vast, fragile carbon 

stores vulnerable to warming, because thaw-induced surface collapse can 

drive peatland inundation, which strengthens methane emissions (Heffernan 

et al., 2022; Holmes et al., 2022). Future peat carbon release may be partially 

offset by increased plant productivity under warming climates and a poleward 

shift in woody vegetation, termed shrubification (Myers-Smith et al., 2015; 

Mekonnen et al., 2021). Shrubification has been widely recognised across 

upland tundra in response to late-20th century climate change by decadal 

observations and satellite imagery (Myers-Smith and Hik, 2018; Chen et al., 

2021; Mekonnen et al., 2021), although permafrost thaw in lowland tundra has 

driven thermokarst formation and succession towards graminoid-dominated 

vegetation (Magnússon et al., 2021; Heijmans et al., 2022). Peatlands 

represent poorly-drained environments that are often resistant to succession 

until ecohydrological thresholds are surpassed (Belyea, 2009; Swindles et al., 

2015) and may therefore exhibit less linear vegetation transitions under 

warming climates than mineral-soil tundra. Experimental studies suggest that 

climate warming and drought increase peatland suitability for shrub and tree 

encroachment owing to deeper water tables, longer growing seasons, thicker 

active layers, and restricted moss growth (Heijmans et al., 2013; Limpens et 

al., 2014b, 2021; Holmgren et al., 2015). Shrubs and trees also survive most 

effectively on raised peatland surfaces, such as hummocks formed of 

Sphagnum sect. Acutifolia (Pouliot et al., 2011; Holmgren et al., 2015). During 

recent decades, many circum-Arctic peatlands have evidenced surface drying 

(Zhang et al., 2022), while abundances of Sphagnum sect. Acutifolia have 
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rapidly increased in Canadian permafrost regions (Magnan et al., 2018, 2022) 

and the European sub-Arctic (Piilo et al., 2023), providing potentially suitable 

environments for peatland shrubification. Indeed, some core-based 

palaeoreconstructions of the recent past have identified shrubs expanding in 

high-latitude peatlands in North America following late-20th century warming 

(Gałka et al., 2018; Sim et al., 2019), but no study has yet quantified the 

broader spatial extent of shrubification in circum-Arctic peatlands, or its long-

term context.  

Peatland vegetation shifts have important implications for carbon cycling, peat 

decomposition, and permafrost dynamics (Loisel et al., 2014; Treat et al., 

2016). Herbaceous-dominated fens generally exhibit high methane emissions 

and decay rates (Treat et al., 2021b), meaning that Sphagnum-dominated 

bogs are overall more effective carbon sinks (Loisel and Bunsen, 2020; 

Holmes et al., 2022; Magnan et al., 2022). Tree and shrub establishment on 

peatlands can substantially increase aboveground biomass and, like 

Sphagnum, woody material is highly resistant to decay (van Breemen, 1995; 

Camill et al., 2001; Moore et al., 2007). Conversely, peatland shrubification 

also increases fuel for wildfires, which can combust deep peat carbon in dry 

sites (Turetsky et al., 2015) and accelerate peat permafrost thaw (Zoltai, 1993; 

Gibson et al., 2018). Thaw can reverse hydroseral succession (the transition 

from open waterbodies to fens and bogs), creating saturated depressions that 

restrict growth of woody vegetation and become recolonised by hydrophilic 

Sphagnum and sedges (Camill, 1999; Minke et al., 2009; Varner et al., 2022), 

although ice-wedge degradation can also increase lateral drainage (Olefeldt et 

al., 2021). Therefore, a clear understanding of both recent and long-term 

successional trends is vital for predicting the future vulnerability of circum-

Arctic peatlands.  

Plant macrofossils record the past composition of in situ plant communities, 

and enable the study of past changes in peatland vegetation composition 

(Mauquoy et al., 2010). In a recent compilation by Treat et al. (2016), more 

than half of the 280 studied peatlands showed fen–bog transitions (FBTs) 

during the Holocene, while permafrost aggradation in boreal and tundra 

peatlands resulted in vegetation communities akin to permafrost-free bogs and 
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fens, respectively. A subsequent reanalysis by Treat and Jones (2018) of the 

same catalogue showed that permafrost aggraded most rapidly in northern 

peatlands during neoglaciation and the Little Ice Age (LIA), which has been 

linked to a 20 % reduction in methane emissions (Treat et al., 2021b). 

However, these studies did not analyse compositional changes in Holocene 

peatland vegetation, but rather identified changes in wetland types and primary 

vegetation, based on the dominant macrofossil component (> 30 %) or 

lithological description of peat layers (Treat et al., 2016; Treat and Jones, 

2018). Woody vegetation rarely comprised the dominant peat-forming material 

in any of the studied wetland types (Treat et al., 2016), so past peatland 

shrubification trends may have been concealed by this approach. Magnan et 

al. (2022) collated data on plant macrofossil composition from peatlands in 

Quebec for the last ~200 years and found no evidence of enhanced peatland 

shrubification under late 20th-century warming, but rather a rapid, northwards 

expansion of Sphagnum. The findings from this study in Quebec contrast 

recent palaeoecological reconstructions of shrub expansion in other areas, 

such as northern Alaska (Gałka et al., 2018) and High Arctic Canada (Sim et 

al., 2019); therefore, the spatiotemporal dynamics of late-Holocene peatland 

shrubification warrant further investigation.   

Existing palaeoecological syntheses have not yet analysed Holocene peatland 

shrubification at continental scales, and many recently published plant 

macrofossil records have not been included in previous palaeoecological 

compilations. Here, we compile and analyse a catalogue of 76 previously-

published plant macrofossil records from peatlands across the circum-Arctic 

permafrost region to explore proportional changes in peatland vegetation 

during the Holocene. Our analysis provides long-term context for recent 

observations of shrubification and Sphagnum expansion in circum-Arctic 

peatlands.  
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3.3. Methods 

3.3.1. Dataset compilation 

We used a structured literature search to collate published plant macrofossil 

records from peatlands across the circum-Arctic permafrost region. We 

searched Google Scholar for the terms “permafrost”, “peatland”, “plant 

macrofossil”, “paleoecology” in conjunction with names of selected regions 

(e.g., Fennoscandia), countries (e.g., Sweden), states (e.g., Alaska), and 

provinces and territories (e.g., Nunavut) until June 2022. We selected peat 

core records from peer-reviewed studies that: i) were located within the circum-

Arctic permafrost zone (Brown et al., 2002); ii) contained peat depth and 

proportional plant macrofossil composition (%) information; and iii) reported 

uncalibrated radiocarbon (14C) dates. We only considered cores with at least 

two radiometric dates. We prioritised cores for which raw data are available in 

the public domain. To reduce bias towards peatlands where multiple plant 

macrofossil records existed, we selected a single core for each site based on 

a combination of chronological detail, sampling resolution, core length, 

proximity to the peatland’s centre, and an absence of obvious disturbances in 

the palaeoecological record (e.g. water-filled voids and stratigraphic 

unconformities). We grouped cores into broad regional subgroups according 

to geographical boundaries and core locations (Figure 3.1) and determined the 

zone of contemporary permafrost coverage for each site using the Circum-

Arctic Map of Permafrost and Ground-Ice Conditions, Version 2 (Brown et al., 

2002). Contemporary permafrost coverage is categorised as continuous (90–

100 %), discontinuous (50–90 %), sporadic (10–50 %), or isolated (< 10 %) 

(Brown et al., 2002). Plant macrofossils represent in situ peatland vegetation 

(Mauquoy et al., 2010), so our approach does not seek to characterise the full 

spatial heterogeneity found within complexes of circum-Arctic peatlands. 

Rather, we explore broad-scale trends in Holocene peatland vegetation 

change using a subset of well-dated, directly-comparable plant macrofossil 

records from across the circum-Arctic permafrost region.  
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Figure 3.1. Distribution of the 76 compiled cores across the circum-Arctic permafrost 

region, coloured by regional grouping. Circles represent sites used in the 

regional analyses in Figures 3.3 and S3.7. Extent of contemporary permafrost 

coverage derived from Brown et al. (2002). 

 

From our selection criteria, we assembled published Holocene plant 

macrofossil data from 76 peat cores (supplementary dataset S3.1), including 

35 cores not included in previous meta-analyses; and 41 cores previously 

analysed by Treat and Jones (2018) and/or Magnan et al. (2022). Published 

site descriptions indicate that our selected cores were sampled from a broad 

range of permafrost and permafrost-free peat types. However, in common with 

previous peatland syntheses (Loisel et al., 2014; Treat et al., 2016; Magnan et 

al., 2022), suitable records from fens (n = 11) were less readily available than 

for bogs (n = 19) and palsas/peat plateaus (peat-covered frost mounds)  (n = 

36), likely due to the difficulty of recovering useable samples from saturated 

fen peats. The collated plant macrofossil records were primarily extracted from 

Sphagnum microhabitats (e.g., hummocks, lawns), partly because shrub and 
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tree roots are more difficult to core through, which may cause some 

underestimation of recent peatland shrubification in our analyses. Additionally, 

only nine cores are from polygon mires, which are found in remote northern 

extremes in cold climates (Fewster et al., 2022). Reconstructions from 

permafrost peatlands can be hindered by slow net peat accumulation, and 

even net peat loss during some periods (Väliranta et al., 2021). The temporal 

lengths of records from permafrost peatlands can also be limited where only 

unfrozen, active-layer peats are sampled above the local frost table (Zhang et 

al., 2020; Sim et al., 2021b). The peat cores in our dataset are from North 

America (n = 47) and Eurasia (n = 29), and span contemporary zones of 

permafrost coverage (continuous, n = 19; discontinuous, n = 21; sporadic, n = 

16; isolated, n = 20) (Figure 3.1). However, the spatial representation of 

suitable plant-macrofossil records varied across the circum-Arctic, with a 

majority of cores located in western Canada (n = 14), eastern Canada (n = 19), 

and Fennoscandia (n = 19). Conversely, published records of relative plant-

macrofossil compositions were rare across Alaska (n = 4), Arctic Canada (n = 

6), and Siberia (n = 2), where polygon mires are most abundant (Minke et al., 

2007; Peregon et al., 2008).  

For each core, we compiled information on peat sampling depth, radiometric 

chronological controls, plant macrofossil proportions (%) at the taxonomic 

resolution reported by the original authors, and relevant in-text site 

descriptions. Plant macrofossil assemblages were recorded by the original 

authors using standard techniques. We omitted plant macrofossil counts from 

our analyses (e.g., numbers of fruits and seeds), because these counts cannot 

be compared directly to relative abundance data, which summarise the major 

peat forming components through time. Our analyses may therefore 

underestimate some phases of peatland shrubification where the presence of 

woody vegetation was only indicated in count data. Additionally, we omitted 

plant macrofossil data from basal, non-peat sediments. Where numerical plant 

macrofossil datasets were unavailable in the public domain, we extracted plant 

macrofossil information from stratigraphic diagrams using WebPlotDigitzer 

v.4.5 (Rohatgi, 2021).  
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To enable comparisons of peatland vegetation between cores, we grouped the 

plant macrofossil data into four plant functional types (PFTs) previously used 

by Treat et al. (2016): woody (e.g., shrubs, trees, ligneous roots), herbaceous 

(e.g., grasses, Equisetum, and Cyperaceae), non-Sphagnum mosses (e.g., 

brown and feather mosses), and Sphagnum spp.. Because not all plant 

macrofossil records were recorded to species level, we did not differentiate 

between Sphagnum functional types (hummock, lawn, hollow) in our analyses. 

We included an additional group “other” to quantify the combined proportion of 

ambiguous material (e.g., uncategorised roots) and unidentified organic matter 

(UOM) resulting from decomposition. When summed, the collated plant 

macrofossil proportions did not always total 100 %, even when we extracted 

data directly from published datasets. For these samples, we rescaled the 

relative abundances of each plant macrofossil group recorded by the original 

authors to a 0-100 % scale, by dividing by the sample total. Our final catalogue 

contains plant macrofossil records for 2,581 distinct samples from 76 cores, 

and includes 1,076 samples compiled into a synthesis dataset for the first time 

(see supplementary dataset S3.2). 

 

3.3.2. Age-depth modelling 

We constructed new age-depth models for each core to ensure our peatland 

chronologies were standardised against the latest radiocarbon calibration 

curve, IntCal20 (Reimer et al., 2020). For all cores, we collated uncalibrated 

14C dates and their associated laboratory errors. We used reported dates of 

core extraction as surface ages, but for seven cores without such information 

we estimated surface ages to be three years prior to study publication dates. 

For 26 cores, near-surface peat layers were dated by high-precision lead-210 

(210Pb) chronologies, and where possible we collated calibrated 210Pb ages 

and errors. We interpret the most recent changes in the 37 cores from present-

day sporadic and discontinuous permafrost zones with some caution, because 

only 10 of these 37 cores were dated with 210Pb chronologies, while 23 of 37 

were missing data for the most recent part of the record (1975–2022 C.E.). By 

comparison, 28 of the 39 cores from regions of isolated and continuous 

permafrost included data for this recent period.  
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For the majority of cores (n = 58/76), where at least four uncalibrated 

radiocarbon dates were available, we constructed Bayesian age-depth models 

using the rbacon package (v.2.5.7) (Blaauw and Christen, 2011) in R v.4.1.3 

(R Core Team, 2022). For six cores, where calibrated 210Pb dates were 

unavailable but sufficient data on 210Pb activity, laboratory errors, and bulk 

density were accessible, we derived age-depth models using the rplum 

package (v.0.2.2) (Aquino-López et al., 2018). A Bayesian approach was 

deemed unsuitable for cores with fewer than four dates, and so for the 12 cores 

that reported only two or three radiocarbon dates we instead developed 

classical age-depth models, using the clam package (v.2.4.0) (Blaauw, 2010). 

Of the 12 age-depth models we constructed in clam, 10 were for cores located 

in regions of present-day continuous and discontinuous permafrost. We 

calculated the calibrated age of each sample according to the probability 

estimates provided by each age-depth model, and do not therefore include 

chronological uncertainties in our subsequent analyses. Information on the 

prior settings used for our Bayesian age-depth models, and the regression 

functions used for our classical models, are presented in Figures S3.9–S3.84 

(see supplementary material S3.2, uploaded alongside this thesis).  

 

3.3.3. Statistical analysis 

To investigate long-term trends of peatland vegetation change during the 

Holocene, we binned the plant macrofossil relative abundance data (%) into 

non-overlapping 200-year age bins using calibrated dates derived from the 

age-depth models described in section 3.3.2., above. To ensure that cores with 

greater temporal sampling frequency did not distort the binned mean across 

sites, we calculated the mean of any samples from the same core in the same 

timestep prior to binning, following Magnan et al. (2022). To identify shorter-

term shifts, we also binned the plant macrofossil assemblages into 50-year 

bins, although the binned data rarely comprised a continuous record for every 

50-year timestep. Because our 200-year binned data exhibited greater site 

replication for each timestep (see Figures S3.6–S3.8 for the temporal 

distribution of core records), we conducted all time-series analyses at a 200-
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year resolution and present the equivalent 50-year data as supplementary 

scatter plots.  

We also calculated normalised binned plant macrofossil records for each core, 

which emphasised the direction of change in PFT relative abundance rather 

than the absolute magnitude. This approach was useful for identifying subtle 

but potentially important shifts in PFTs with low abundance, because the 

coexistence of several PFTs at the time of peat formation may obscure trends 

in non-dominant PFTs in data averaged across multiple sites. For example 

present-day treed peat plateaus often exhibit an understory of Sphagnum, 

non-Sphagnum mosses and lichens (Jones et al., 2017), meaning woody 

vegetation rarely comprises a dominant peatland-forming component in these 

sites (Treat et al., 2016), except in rootlet peat layers (Sannel and Kuhry, 

2008). Our normalisation approach rescaled the maximum binned relative 

abundance of each PFT within each core to 100 %, and was calculated as:  

𝑁𝑖,𝑗,𝑡 =  
𝐴𝑖,𝑗,𝑡

𝐴𝑖,𝑗,𝑚𝑎𝑥
 × 100     (1) 

where Ni,j,t is the normalised binned relative abundance of PFT i in core j at 

timestep t; Ai,j,t is the non-normalised binned relative abundance of PFT i in 

core j at timestep t; and Ai,j,max is the maximum non-normalised binned relative 

abundance of PFT i in core j throughout the core record.  

We then combined Ni,j,t and Ai,j,t values between multiple cores to establish 

trends at different spatial scales. We considered: i) the circum-Arctic (Figures 

3.2 and S3.6), ii) geographical regions with at least 10 cores (i.e., western 

Canada, eastern Canada, and Fennoscandia) (Figures 3.3 and S3.7); and iii) 

present-day permafrost zones (Brown et al., 2002) (Figures 3.4 and S3.8). 

Within each grouping of cores, for each PFT i at each 200-year timestep t, we 

calculated the between-core sum of Ai,j,t; the between-core mean of Ni,j,t, which 

we refer to as the mean normalised relative abundance (MNRA200); and the 

between-core standard error of Ni,j,t. We also calculated the between-core 

mean of Ni,j,t for each 50-year timestep, which we refer to as MNRA50 

(presented in Figures S3.6–3.8). We excluded three cores from our normalised 

200-year trends that only contained data for the most recent 200-year 
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timestep, but included these cores in our normalised 50-year analysis. To 

show the effect of our data normalisation, we also present the between-core 

mean of Ai,j,t at 50-year and 200-year intervals for each core grouping in 

Figures S3.6–S3.8. 

We define Holocene subdivisions as early (~11,700–~8,200 years BP), middle 

(~8,200–~4,200 years BP), and late (~4,200 years BP–present) (Walker et al., 

2019). Henceforth, we report ages as 200-year bin midpoints, unless otherwise 

specified, and abbreviate “calibrated years BP” to “years BP”.  

To identify associations between PFTs, we conducted a non-metric 

multidimensional scaling (NMDS) analysis with the Bray-Curtis dissimilarity 

index using the vegan library v2.6-2 in R (Oksanen et al., 2022) (Figure 3.5). 

For this analysis, we assessed the between-core mean of Ai,j,t for each PFT i 

at 50-year intervals, averaged across all available cores during the Holocene 

(since ~11,700 years BP) (Figure S3.6c), because these data provided a much 

greater sample size (n = 228) than our equivalent 200-year binned data (n = 

59). We limited our ordination to two dimensions to aid interpretability, while 

ensuring the ordination stress of our final solution was < 0.2, following Clarke 

(1993).   
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Figure 3.2. Holocene vegetation shifts in the studied circum-Arctic peatlands 

 presented in 200-year bins as: (a) the between-core summed relative 

abundance of plant functional types (PFTs); and (b) the between-core mean 

normalised relative abundance (%) of PFTs, MNRA200, with shading 

representing the standard error of MNRA200. Other refers to unidentified 

organic matter or ambiguous material. Increasing summed data over time 

reflects continued peatland initiation (see Figure S3.6a for core distribution 

through time). For details of data normalisation, see methods section 3.3.3., 

and for the between-core mean normalised relative abundance in 50-year 

bins, MNRA50, see Figure S3.6d.    
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Figure 3.3. Spatiotemporal variation in Holocene peatland vegetation shifts between 

geographic regions (see Figure 3.1 for details). The between-core summed 

relative abundance of plant functional types (PFTs) in 200-year bins for cores 

from (a) western Canada, (c) eastern Canada, and (e) Fennoscandia. Other 

refers to unidentified organic matter or ambiguous material. Increasing 

summed data over time reflects continued peatland initiation (see Figure 

S3.7a–c for core distribution through time). The between-core mean 

normalised relative abundance (%) of PFTs in 200-year bins, MNRA200, for 

cores from (b) western Canada, (d) eastern Canada, and (f) Fennoscandia. 

Shading represents the standard error of MNRA200. For details of data 

normalisation, see methods section 3.3.3., and for the between-core mean 

normalised relative abundance in 50-year bins, MNRA50, see Figure S3.7j–l.    
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Figure 3.4. Spatiotemporal variation in Holocene peatland vegetation shifts between 

present-day permafrost zones. The between-core summed relative 

abundance of plant functional types (PFTs) in 200-year bins for cores from the 

(a) continuous, (c) discontinuous, (e) sporadic, and (g) isolated permafrost 

zones. Other refers to unidentified organic matter or ambiguous material. 

Increasing summed data over time reflects continued peatland initiation (see 

Figure S3.8a–d for core distribution through time). The between-core mean 

normalised relative abundance (%) of PFTs in 200-year bins, MNRA200, for 

cores from the (b) continuous, (d) discontinuous, (f) sporadic, and (h) isolated 

permafrost zones. Shading represents the standard error of MNRA200. For 

details of data normalisation, see methods section 3.3.3., and for the between-

core mean normalised relative abundance in 50-year bins, MNRA50, see 

Figure S3.8m–p.    
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3.4. Results  

3.4.1. Overall spatiotemporal changes in vegetation 

The number of peatland sites represented by our binned 200-year timesteps 

increased throughout the Holocene from four cores at ~11,000 years BP to 61 

cores at ~0 years BP (Figure S3.6a). Relative changes in peatland vegetation 

during the early-Holocene should be interpreted with some caution because of 

the low availability of core records, particularly in regions of present-day 

continuous and isolated permafrost (Figure S3.8a,d). We therefore focus our 

interpretations primarily on changes to vegetation composition during the mid- 

and late-Holocene, when the number of core records increased (Figure S3.6a). 

Additionally, 11 cores in our database contain no data before ~400 years BP. 

During the full length of peat core records, the 200-year binned relative 

abundance of herbaceous taxa decreased in 59 cores, while woody vegetation 

and Sphagnum increased in 44 and 41 cores, respectively. Proportions of 

woody vegetation and Sphagnum predominantly increased in cores extracted 

from palsas/peat plateaus (woody, n = 24/36; Sphagnum, n = 21/36) and bogs 

(woody, n = 13/19; Sphagnum, n = 13/19).  

Overall, circum-Arctic peatlands evidenced a shift from communities 

dominated by herbaceous taxa prior to ~4,000 years BP, to those composed 

primarily of Sphagnum, non-Sphagnum mosses and woody vegetation at ~0 

years BP (Figures 3.2 and S3.6). Transitions from herbaceous communities to 

assemblages dominated by Sphagnum and non-Sphagnum mosses 

accelerated from ~600 years BP, although woody expansion continued more 

gradually (Figure 3.2b), reflecting heterogeneity between geographical regions 

and present-day permafrost zones (see section 3.4.2 below). The MNRA200 of 

PFTs averaged across all sites indicates a consistent expansion of woody 

vegetation from ~8,200 years BP to present (Figure 3.2b). However, recent 

increases to woody material were often of a smaller magnitude than 

Sphagnum and non-Sphagnum mosses, possibly due to the bias in field 

sampling towards Sphagnum-dominated microhabitats, which resulted in a 

slight decline in non-normalised mean woody abundance at ~0 years BP 

(Figures 3.2a and S3.6b). The MNRA200 of woody vegetation increased 
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steadily during ~8,200–3,800 years BP and since ~1,800 years BP, although 

a temporary decline occurred during ~3,600–2,600 years BP. Our results 

indicate a substantial increase in the MNRA200 of Sphagnum between ~7,400 

and 3,600 years BP, when Sphagnum became the dominant PFT for the first 

time (Figure S3.6), following a steady reduction in herbaceous taxa across the 

same period (Figure 3.2b). Sphagnum expansion in circum-Arctic peatlands 

occurred in three main phases during the mid- to late-Holocene: during 

~7,400–4,800 years BP, ~3,400–2,600 years BP, and since ~800 years BP. 

Sphagnum expansion temporarily slowed during ~1,600–800 years BP, 

enabling herbaceous taxa to briefly re-emerge as the dominant PFT (Figure 

S3.6). However, following a recent rapid decline, herbaceous taxa became the 

least abundant PFT at ~0 years BP, while the MNRA200 of Sphagnum 

increased sharply after ~600 years BP. Non-Sphagnum mosses evidenced 

comparatively low MNRA200 during ~5,800–400 years BP, but increased 

rapidly thereafter, with the greatest expansion occurring in cores from the 

continuous permafrost zone (see section 3.4.3 below).  

Our NMDS ordination highlighted the underlying dissimilarity between PFTs in 

circum-Arctic peatlands and presented a temporal gradient of vegetation 

succession along Axis 1 (Figure 3.5). Binned mean assemblages from before 

~6,000 years BP were commonly distributed to the right of the ordination 

space, alongside the herbaceous and non-Sphagnum moss PFTs. All binned 

mean assemblages since ~2,000 years BP recorded negative Axis 1 scores 

and were closely clustered, with low Axis 1 scores evidencing close 

association with Sphagnum and woody vegetation. Axis 2 indicated further 

dissimilarity between the PFTs, with Sphagnum and non-Sphagnum mosses 

shown to be strongly dissimilar across both axes.   
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Figure 3.5. Non-metric multidimensional scaling (NMDS) plot showing Bray-Curtis 

dissimilarities between the mean relative abundance (%) of plant functional 

types in 50-year bins, averaged across all available cores. Other refers to 

unidentified organic matter or ambiguous material. For the time-series of these 

data, see Figure S3.6c. Binned samples are colour-coded by age (years BP).  

    

3.4.2. Spatiotemporal variation in Holocene shrubification 

The MNRA200 of woody vegetation gradually increased through the mid- to 

late-Holocene across the present-day discontinuous, sporadic, and isolated 

permafrost zones (Figures 3.4 and S3.8), with late-Holocene increases 

prominent in cores from Fennoscandia and western Canada (Figure 3.3). In 

the discontinuous permafrost zone, woody vegetation in some cores peaked 

prior to ~10,000 years BP (Figure 3.4d), for example in early deglaciated 

regions of Alaska (Hunt et al., 2013) and northwestern Russia (Oksanen et al., 

2001). However, during ~9,400–8,000 years BP the MNRA200 of woody 

vegetation in this zone was generally low. After ~6,000 years BP, the MNRA200 
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of woody vegetation in the discontinuous permafrost zone greatly increased, 

although large fluctuations occurred during this period, with lower abundances 

particularly evident during ~3,600–2,200 years BP. Similarly, cores from the 

sporadic permafrost zone evidenced a consistent expansion of woody 

vegetation after ~5,000 years BP, in parallel with Sphagnum increases (Figure 

3.4f). In the isolated permafrost zone, the MNRA200 of woody vegetation 

primarily increased before ~4,000 years BP and remained high throughout the 

late-Holocene, despite a steady decline after ~600 years BP (Figure 3.4h). 

The late-Holocene expansion of woody vegetation in the contemporary 

discontinuous and sporadic permafrost zones was largely driven by increases 

in Fennoscandia, where 49 % (n = 18/37) of cores from these permafrost 

zones are located. The MNRA200 of woody vegetation was low in 

Fennoscandia throughout the early- and mid-Holocene, but increased rapidly 

during ~1800–1400 years BP and after ~400 years BP (Figure 3.3f). A 

comparable increase in the MNRA200 of woody vegetation occurred in western 

Canada during ~1,800–600 years BP, although proportions in this region have 

subsequently declined (Figure 3.3b). Our results for the isolated permafrost 

zone were dominated by cores located in eastern Canada (n = 14/20), where 

a longer-term decline in the MNRA200 of woody vegetation was indicated from 

~2,000 years BP to present (Figure 3.3d).  

In contrast, five cores from the present-day continuous permafrost zone 

exhibited maximum values for the 200-year binned relative abundance of 

woody vegetation between ~6,600 and 3,000 years BP (Figure 3.4b), while 

four cores from this zone exhibited no woody material throughout the entire 

core record (Ellis and Rochefort, 2004; Nakatsubo et al., 2015; Sim et al., 

2019). The density of core records for the continuous permafrost zone in each 

200-year timestep prior to ~2,000 years BP was low, but increased thereafter 

(Figure S3.3a). Between ~2,000 and ~200 years BP the MNRA200 of woody 

vegetation persisted at relatively low levels in the continuous permafrost zone, 

but noticeably increased at ~0 years BP when six cores recorded maximum 

200-year binned relative abundances of woody vegetation.   
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Of the 52 cores that contained data for both the ~200 and ~0 years BP 

timesteps, a comparable number evidenced recent woody expansion (n = 23) 

and decline (n = 24), with both trajectories evident across all permafrost zones. 

Very recent shifts in vegetation composition should be interpreted with some 

caution, because relatively undecomposed organic matter may be present in 

some near-surface samples. Despite this, a greater number of cores in eastern 

Canada between ~200 and ~0 years BP evidenced reductions in woody 

vegetation (n = 8) than increases (n = 5), coinciding with rapid Sphagnum 

expansion (see section 3.4.3 below). Considering all records, we found that 

maximum values for the 200-year binned relative abundance of woody 

vegetation were reached at ~0 years BP in 16 cores, of which a majority were 

located northwards of 65°N (n = 11/16), for example in Fennoscandia (Sim et 

al., 2021b), Arctic Canada (Sim et al., 2019), Alaska (Gałka et al., 2018), and 

Siberia (de Klerk et al., 2011).  

 

3.4.3. Holocene moss expansion in permafrost peatlands 

Peatlands in regions of contemporary discontinuous, sporadic and isolated 

permafrost exhibited late-Holocene shifts from herbaceous- to Sphagnum-

dominated assemblages, while peatlands in the continuous permafrost zone 

indicated rising abundances of non-Sphagnum mosses from ~1,800 years BP 

(such as Calliergon spp., Dicranum spp. and Scorpidium spp.) (Figure 3.4). 

During the early- and mid-Holocene, the MNRA200 of herbaceous taxa was 

high across the circum-Arctic, but declined steadily in regions of continuous, 

discontinuous and sporadic permafrost from ~2,400 years BP, ~4,600 years 

BP, and ~5,800 years BP, respectively. Conversely, the MNRA200 of 

herbaceous taxa remained stable in the isolated permafrost zone until ~400 

years BP, but decreased sharply thereafter. Our dataset indicates a steady 

expansion in the MNRA200 of Sphagnum in regions of discontinuous and 

sporadic permafrost during ~4,600–2,600 years BP and ~2,800–1,800 years 

BP, respectively. The MNRA200 of Sphagnum in the discontinuous and 

sporadic permafrost zones subsequently declined until ~800 years BP and 

~1,200 years BP, respectively, when herbaceous communities temporarily 

recovered (Figure 3.4c-f). In the isolated permafrost zone, the MNRA200 of 
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Sphagnum has increased consistently since ~3,000 years BP and rapidly since 

~600 years BP. Continued late-Holocene expansion of Sphagnum meant that 

at ~0 years BP, Sphagnum was the dominant PFT in the studied cores from 

regions of discontinuous, sporadic, and isolated permafrost (Figure 3.4c,e,g).  

Conversely, in the continuous permafrost zone non-Sphagnum mosses were 

the dominant PFT at ~0 years BP (Figure 3.4a), following consistent increases 

from ~1,800 years BP, which accelerated after ~400 years BP (Figure 3.4b). 

By comparison, the MNRA200 of Sphagnum in the continuous permafrost zone 

has persisted at low levels since ~2,400 years BP. Rapid increases to the 

MNRA200 of non-Sphagnum mosses also occurred after ~400 years BP in 

cores from the discontinuous, sporadic, and isolated permafrost zones, 

although absolute increases in relative abundance in these cores were lesser 

than those from the continuous permafrost zone (Figures 3.4 and S3.8). 

Our regional analyses indicate moderate Sphagnum abundance in cores from 

eastern Canada from ~6,000 years BP, while Sphagnum expansion in 

Fennoscandian cores primarily occurred during ~2,400–1,800 years BP and 

after ~1,200 years BP (Figure 3.3). After ~1,000 years BP, the MNRA200 of 

Sphagnum increased steadily in western Canada and rapidly in eastern 

Canada, with eight cores from these regions exhibiting maximum values for 

the 200-year binned relative abundance of Sphagnum at ~0 years BP. In 

Fennoscandia, a steady decline in the MNRA200 of herbaceous taxa from 

~6,200 years BP accelerated from ~400 years BP, when the MNRA200 of non-

Sphagnum mosses substantially increased (Figure 3.3f).  

 

3.5. Discussion  

3.5.1. Drivers of Holocene peatland vegetation dynamics  

3.5.1.1. Early succession (prior to ~6,000 years BP)  

Cores in our plant macrofossil compilation with basal dates indicate distinct 

spatial patterns of peat initiation prior to ~6,000 years BP, when peatlands 

primarily established in early-deglaciated regions of Fennoscandia (Kjellman 
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et al., 2018; Sannel et al., 2018), northwestern Russia (Oksanen et al., 2001, 

2003; Väliranta et al., 2003), western Canada (Vardy et al., 1997, 1998; Kettles 

et al., 2003; Bauer and Vitt, 2011) and Alaska (Hunt et al., 2013). Although 

only seasonally-thawed peats from the active layer were sampled from some 

permafrost peatland sites, these spatiotemporal patterns of peatland 

development corroborate previous findings (MacDonald et al., 2006; Morris et 

al., 2018; Treat et al., 2021b). Early peat initiation in these regions occurred 

during warming growing seasons (Morris et al., 2018) following the onset of 

the Holocene Thermal Maximum (HTM) at ~11,000–8,000 years BP (Kaufman 

et al., 2004; Weckström et al., 2010; Salonen et al., 2011), with proxy records 

indicating that generally warm, stable climates continued in these regions until 

~5,000 years BP (Korhola et al., 2002; Salonen et al., 2011; Kaufman et al., 

2016; Sejrup et al., 2016). In Fennoscandian cores, high abundances of 

herbaceous taxa and non-Sphagnum mosses from inception (Figure 3.3e–f) 

have been inferred to represent direct peat establishment onto wet mineral 

substrates (Kjellman et al., 2018; Sannel et al., 2018). Conversely, cores 

compiled from northwestern Russia and western Canada indicated peat 

initiation by terrestrialisation (infilling of waterbodies), with aquatic plants pre-

dating fen species (Vardy et al., 1997, 1998; Oksanen et al., 2001, 2003), or 

paludification of existing forests, indicated by woody basal materials (Oksanen 

et al., 2001; Väliranta et al., 2003). Extensive peat initiation is thought to have 

started later in eastern Canada between ~8,000 and ~4,000 years BP 

(Payette, 1984; MacDonald et al., 2006; Fewster et al., 2020), following the 

final deglaciation of the Laurentide Ice Sheet during ~8,200–6,700 years BP 

(Ullman et al., 2016). Core records for eastern Canada in our synthesis begin 

from ~7,200 years BP (Figure 3.3c–d) and indicate peat initiation through 

paludification (Robitaille et al., 2021) and terrestrialisation (Beaulieu-Audy et 

al., 2009; Langlais et al., 2021).  

Our dataset contains limited evidence for woody expansion in circum-Arctic 

peatlands prior to ~6,000 years BP, despite existing evidence that treelines 

were located farther north than present in early-deglaciated regions during the 

HTM (Payette and Lavoie, 1994; MacDonald et al., 2000). High peaks in the 

MNRA200 of woody vegetation prior to ~10,000 years BP in the contemporary 
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discontinuous permafrost zone more likely indicate early paludification or alder 

fen formation than peatland shrubification, because abundances quickly 

declined and remained low during 9,400–8,000 years BP (Figure 3.4c–d). A 

previous review of subfossil peatland tree chronologies suggested that a 

scarcity of tree subfossils for the early-Holocene resulted from an absence of 

ombrotrophic peatlands (Edvardsson et al., 2016), likely owing to the generally 

long timescales required for FBTs (centuries to several millennia) (Beaulieu-

Audy et al., 2009; Väliranta et al., 2017; Sannel et al., 2018), although some 

later-forming cores indicate Sphagnum fuscum presence since initiation 

(Sannel and Kuhry, 2008). Alternatively, woody vegetation may have grown in 

alder fens, but these wetlands are uncommon in permafrost regions. Indeed, 

the MNRA200 of herbaceous taxa was high across the circum-Arctic prior to 

~6,000 years BP (Figure 3.2), particularly in cores from Fennoscandia (Figure 

3.3e–f), where several of the studied peatlands persisted as sedge-dominated 

fens throughout this period (Kjellman et al., 2018; Sannel et al., 2018). Even 

alongside the favourable warm climates of the HTM, shrub growth in 

minerotrophic fens would have been complicated by continuously high water 

tables, which reduce oxygen availability for roots (Leuschner et al., 2002). 

However, proportions of woody vegetation did increase in several herbaceous-

dominated sites before ~6,000 years BP (Oksanen et al., 2001; Väliranta et 

al., 2003; Vardy et al., 1998, 2005; van Bellen et al., 2011), for example where 

isolated hummocks provided suitably dry substrates for ligneous root growth 

(Kjellman et al., 2018).  

 

3.5.1.2. Mid- to late-Holocene (~6,000–~1,000 years BP) 

After ~6,000 years BP, circum-Arctic peatland communities experienced a 

widespread shift towards Sphagnum and woody vegetation (Figure 3.2), 

particularly in regions of present-day discontinuous, sporadic and isolated 

permafrost (Figure 3.4c–f). Across the Arctic, this period is characterised by 

neoglacial climate cooling (Seppä and Birks, 2001; Gajewski, 2015; McKay et 

al., 2018). Multiproxy analyses indicate that the onset of neoglacial cooling was 

spatially variable, beginning earliest in Fennoscandia and Russia from ~7,000 

years BP where cooling accelerated after ~2,000 years BP (McKay et al., 
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2018), when binned assemblages in our analyses were primarily associated 

with Sphagnum and woody vegetation (Figure 3.5). Treelines retracted to their 

contemporary geographical limit at ~3,500 years BP across much of the Arctic 

(Payette and Lavoie, 1994; MacDonald et al., 2000), but continued to retreat 

southwards in Fennoscandia and European Russia after ~3,000 years BP 

(Seppä and Birks, 2001; Fang et al., 2013).  

The sharp decline in herbaceous vegetation after ~6,000 years BP, and rising 

abundances of Sphagnum across all permafrost zones, is indicative of 

widespread FBTs and permafrost aggradation across the circum-Arctic from 

~7,500 years BP (Treat et al., 2021b). Autogenic peat accumulation occurred 

rapidly during the HTM (Jones and Yu, 2010; Yu et al., 2010; Loisel et al., 

2014), causing peat surfaces in many sites to rise above local water tables, 

which facilitated growth of hummock-forming Sphagnum and shifts to 

ombrotrophic conditions during the mid-Holocene (Kuhry, 2008; Beaulieu-

Audy et al., 2009; Langlais et al., 2021; Robitaille et al., 2021). These raised, 

ombrotrophic surfaces likely provided more suitable environments for shrub 

and tree colonisation than preceding wet fens. The persistence of high 

herbaceous abundances during ~4,000–1,200 years BP in regions of present-

day continuous permafrost (Figure 3.4a–b) may partly be attributed to the 

initiation of several new peatlands, exhibiting initially wet conditions that 

favoured growth of sedges and brown mosses (Fritz et al., 2016; Teltewskoi et 

al., 2016; Gałka et al., 2018). Furthermore, herbaceous-dominated 

communities persisted in several Fennoscandian cores until ~2,400 years BP 

(Figure 3.3e–f), with ombrotrophication of these sites likely delayed by cold 

and moist neoglacial climates (Seppä and Birks, 2001) and the late 

aggradation of permafrost in this region (Kjellman et al., 2018; Sannel et al., 

2018; Treat and Jones, 2018). Temporary reversions to fen vegetation also 

occurred in some established Sphagnum-dominated peatlands after ~6,000 

years BP, in response to water table fluctuations (Robitaille et al., 2021) or 

permafrost degradation (Sannel and Kuhry, 2008), highlighting that peatland 

succession is not a unidirectional process.   

The continued expansion of woody vegetation may also have been facilitated 

by early peat permafrost aggradation. Previous syntheses indicate steady 
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rates of permafrost aggradation in peatlands across the circum-Arctic from 

~9,000 years BP, and peat permafrost became widespread in high latitude 

regions of Alaska, western Canada and Siberia by ~2,500 years BP (Treat and 

Jones, 2018; Treat et al., 2021b). In a similar manner to ombrotrophication, 

permafrost aggradation can create raised surfaces that are conducive to shrub 

colonisation, for example atop palsas/peat plateaus that exhibit deeper water 

tables than neighbouring fens (Zoltai and Tarnocai, 1975). Considering all 

cores in our dataset, original author interpretations suggest that peat 

permafrost aggradation occurred earliest in cores from western and central 

Canada (before ~4,000 years BP) (Vardy et al., 1998; Sannel and Kuhry, 2008; 

Bauer and Vitt, 2011), as indicated by alternating Sphagnum fuscum and 

rootlet layers, and rising abundances of Ericaceae. Although evidence exists 

for peat permafrost occurrence in some parts of northeastern Quebec from 

~5,500 years BP (Treat and Jones, 2018), pollen records suggest that warm, 

moist climates persisted in Quebec until ~2,000 years BP (Kaufman et al., 

2004; Viau and Gajewski, 2009), and most cores compiled for eastern Canada 

appear to have been permafrost-free throughout the Holocene. Increases to 

the MNRA200 of Sphagnum and woody vegetation in eastern Canada after 

~6,000 years BP were therefore more likely driven by FBTs, accelerated by 

rapid peat accumulation under favourable climates (Beaulieu-Audy et al., 

2009; Robitaille et al., 2021). Furthermore, previous research indicates that 

peat permafrost aggradation in Fennoscandia and northwestern Russia 

primarily occurred after ~1,000 years BP (Kjellman et al., 2018; Sannel et al., 

2018; Treat and Jones, 2018).   

The declining MNRA200 of woody vegetation in western Canada during 

~3,200–1,800 years BP (Figure 3.3a–b) may indicate that cooling climates 

across the MacKenzie River Basin after ~5,000 years BP (Viau and Gajewski, 

2009) eventually restricted peatland shrubification through reduced growing 

season temperatures or rising water tables. Simultaneous increases in 

Sphagnum perhaps reflects their broader tolerance to wet, anoxic conditions, 

low temperatures, and low nutrient availability (van Breemen, 1995; Gajewski 

et al., 2001). Alternatively, this temporary woody decline may be explained by 

peatland wildfires, which increased in frequency and severity in parts of 
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western and central Canada after ~4,000 years BP (Zoltai, 1993; Camill et al., 

2009; Pelletier et al., 2017), and some cores from these regions evidenced a 

recurrence of charcoal and burnt materials after ~3,600 years BP (Kettles et 

al., 2003; Sannel and Kuhry, 2008).  

 

3.5.1.3. Last millennium (since ~1,000 years BP) 

Peatland vegetation succession accelerated in circum-Arctic peatlands after 

~1,000 years BP, when late-Holocene climate shifts increased rates of 

ombrotrophication (Magnan et al., 2022) and peat permafrost aggradation and 

thaw (Treat and Jones, 2018). In common with previous suggestions by Treat 

et al. (2016), we identified differing successional pathways between peatlands 

in boreal and tundra ecoregions, with peatlands in the continuous permafrost 

zone evidencing a rapid expansion of non-Sphagnum mosses from ~1,800 

years BP (Figure 3.4b). Although this late-Holocene expansion of non-

Sphagnum mosses primarily occurred in polygon mires (Ouzilleau Samson et 

al., 2010; de Klerk et al., 2011; Teltewskoi et al., 2016; Sim et al., 2019), 

several cores from palsas/peat plateaus and bogs in Fennoscandia also 

indicated increased proportions of non-Sphagnum mosses in recent centuries 

(Kjellman et al., 2018; Sannel et al., 2018; Sim et al., 2021b) (Figure 3.3e–f). 

In contrast to other permafrost regions, the MNRA200 of Sphagnum in the 

continuous permafrost zone remained comparatively low during the last 

millennium, perhaps indicating that growing seasons at high northern latitudes 

have been too cold for enhanced Sphagnum productivity (Gajewski et al., 

2001; Loisel et al., 2012). Alternatively, in some High Arctic wetlands 

Sphagnum growth may have been restricted by high calcium concentrations 

(Vicherová et al., 2015), which can develop in shallow Arctic peats that overlie 

carbonate landscapes and that are seasonally inundated by snowmelt and 

ground-ice melt (Woo and Young, 2006). Recent peatland succession in the 

studied polygon mires appears to have been strongly influenced by shifts in 

local hydrology, resulting from permafrost-driven changes to microtopography 

(Ellis and Rochefort, 2004; de Klerk et al., 2011; Teltewskoi et al., 2016). 

Recent non-Sphagnum moss growth was primarily attributable to hydric moss 

expansion (e.g., Calliergon spp. or Drepanocladus spp.) in cores extracted 
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from wet polygon depressions or thawed trenches (Ouzilleau Samson et al., 

2010; de Klerk et al., 2011; Sim et al., 2019), and mesic moss expansion (e.g., 

Aulacomnium turgidum and Dicranum spp.) in cores from drier, high-centred 

polygons and ridges (Ellis and Rochefort, 2004; Vardy et al., 2005; Teltewskoi 

et al., 2016).  

Although six cores from the continuous permafrost zone recorded maximum 

values for the 200-year binned relative abundance of woody vegetation at ~0 

years BP, non-normalised woody proportions remained low (≤ 11 %) at this 

time in many of the available cores from this zone (n = 13/16) (Figure S3.8a). 

This may suggest that permafrost peatlands in the High and Low Arctic have 

not, as yet, undergone the widespread shrubification observed in tundra 

environments (Mekonnen et al., 2021; Heijmans et al., 2022). Notable 

examples of recent peatland shrubification in regions of continuous permafrost 

were identified in cores from northern Alaska (Gałka et al., 2018) and a coastal 

fen in High Arctic Canada (Sim et al., 2021b), where binned woody 

abundances have greatly increased since ~200 years BP. In the latter fen site, 

woody vegetation was subsequently replaced by non-Sphagnum mosses after 

2,000 C.E., a transition previously attributed to the preferential herbivory 

patterns of Arctic geese (Sim et al., 2019). Phases of increased shrubification 

also occurred in some polygon mire sites during recent millennia, but 

predominantly in cores extracted from elevated high-centred polygons and 

ridges (Vardy et al., 1997, 2005; Teltewskoi et al., 2016), supporting previous 

observational studies of polygon mire succession (Minke et al., 2009; Wolter 

et al., 2016). Conversely, core assemblages from low-centred polygons and 

troughs were dominated by herbaceous taxa and non-Sphagnum mosses 

throughout the Holocene (de Klerk et al., 2011; Sim et al., 2019). These 

localised depressions commonly exhibit persistent wet conditions, because 

neighbouring polygon rims create strong hydraulic gradients and act as 

hydrological barriers within the landscape (Helbig et al., 2013). Furthermore, 

vegetation compositions in low-centred polygons are more greatly influenced 

by the hydraulic properties of the underlying mineral soil, particularly where 

active-layers have deepened, because these sites exhibit shallower peat 
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layers than high-centred polygons and palsas/peat plateaus (Zoltai and 

Tarnocai, 1975).  

Considering all cores in our dataset, the MNRA200 of woody vegetation was 

consistently highest after ~1,000 years BP (Figure 3.2b), following the warm 

summer temperatures of the Medieval Climate Anomaly (MCA) in the Arctic 

during ~1,030–890 years BP (Werner et al., 2018). Temperatures varied 

across the northern hemisphere during the MCA, becoming mild in eastern 

Canada and northern Europe, but remaining cool across much of Siberia 

(Mann et al., 2009; Werner et al., 2018). Climatic conditions in Fennoscandia 

during the MCA were favourable for shrubification, as evidenced by altitudinal 

upshifts in the Pinus sylvestris treeline in Fennoscandia (Hiller et al., 2001; 

Kullman, 2015). The MNRA200 of woody vegetation in the discontinuous and 

sporadic permafrost zone generally stabilised after ~1,000 years BP (Figure 

3.4c–f), but evidenced continued increases in Fennoscandia after ~400 years 

BP (Figure 3.3e–f). Woody growth in these regions therefore continued during 

the coldest temperatures of the LIA (~550–100 years BP) (Mann et al., 2009; 

Werner et al., 2018), when peatland permafrost reached its most southerly 

extent (Halsey et al., 1995; Treat and Jones, 2018). LIA cooling deepened 

water tables in some peatlands in western Canada and Fennoscandia, often 

through climate-induced permafrost aggradation, which resulted in drier peat 

surfaces favourable for Sphagnum and woody encroachment (Magnan et al., 

2018; Zhang et al., 2018). By contrast, the declining MNRA200 of woody 

vegetation in eastern Canada after ~2,000 years BP coincided with regional 

increases to precipitation (Viau and Gajewski, 2009; Rodysill et al., 2018) and 

recent peatland surface wetting (Zhang et al., 2022). For example, reduced 

evapotranspiration during the LIA caused water tables to rise in some poor fen 

sites in Quebec, resulting in an expansion of hydrophilic Sphagnum (Van 

Bellen et al., 2013). Furthermore, recent woody decline has occurred in 24 

cores across the circum-Arctic since ~200 years BP, during the peak period of 

Holocene peat permafrost thaw (Magnan et al., 2018; Treat and Jones, 2018).  

In agreement with previous studies by (Magnan et al. (2018, 2022) and Piilo et 

al.  (2023) our results demonstrated a rapid, concurrent expansion of 
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Sphagnum during recent centuries in peatlands from western and eastern 

Canada and Fennoscandia (Figure 3.3), coinciding with the end of the LIA and 

the onset of recent anthropogenic climate change. Magnan et al. (2018; 2022) 

demonstrated that peatlands from regions of sporadic and isolated permafrost 

in eastern Quebec and Alberta widely transitioned from fens to bogs during the 

20th century and experienced a rapid expansion of Sphagnum sect. Acutifolia 

after 1980 CE in response to recent climate warming and increased 

evapotranspiration. Our data compilation includes 17 cores from eastern and 

western Canada that were included in these two studies, a majority of which 

are located in the isolated permafrost zone (n = 15), which explains why our 

results for this permafrost zone show similarly rapid increases to Sphagnum 

abundance after ~200 years BP (Figure 3.4g–h). In some alternative cores 

from the James Bay Lowlands, Quebec, that were not previously analysed by 

Magnan et al. (2022), there is evidence of earlier shifts towards Sphagnum 

sect. Acutifolia (Beaulieu-Audy et al., 2009; van Bellen et al., 2011), while 

Sphagnum fuscum developed from ~760 years BP in a palsa near Duncan 

Lake, Quebec (Tremblay et al., 2014). We interpret very recent changes in the 

isolated permafrost zone with greater confidence than other regions, because 

65 % of our age-depth models from this permafrost zone (n = 13/20) included 

210Pb dating profiles for near-surface peats in addition to 14C chronologies, 

compared to 23 % of cores from all other permafrost zones (n = 13/56). Slow 

peat accumulation rates, low sampling resolutions, and intermixing of 

deceased plant material can also sometimes disrupt near-surface 14C dating 

(Goslar et al., 2005). Given such chronological limitations, we refrained from 

making conclusions on recent peatland vegetation trends at sub-centennial 

timescales. However, at the broad ~200-year resolution of our analyses, we 

identified similar, recent shifts to high Sphagnum abundance in well-dated 

cores from regions of discontinuous and sporadic permafrost. For example, 

several cores from Fennoscandia (Sim et al., 2021b) and the Seward 

Peninsula, Alaska (Hunt et al., 2013) exhibited increased Sphagnum 

abundance after ~400 years BP in response to 20th century climate warming 

and late-Holocene permafrost aggradation and thaw.   
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3.5.2. The importance of peatland hydrology for shrubification  

Our catalogue of plant macrofossil records provides further evidence that 

Holocene tree and shrub growth on circum-Arctic peatlands has predominantly 

coincided with shifts to raised and drier peatland surfaces, resulting from 

autogenic peat accumulation, warming climates, and peat permafrost 

aggradation. However, recent shrubification signals were often concealed in 

non-normalised trendlines, because increases to binned relative abundances 

of woody vegetation were comparatively smaller during recent centuries than 

increases to Sphagnum (Figures S3.6–S3.8), which accelerated following late-

Holocene FBTs and peat permafrost expansion. Woody vegetation and 

Sphagnum showed strong dissimilarity to wet-favouring herbaceous taxa 

(Figure 3.5) and both PFTs expanded through time as herbaceous vegetation 

declined (Figure 3.2). Herbaceous species presently dominate water-

saturated fens and thermokarst wetlands (Vitt, 2006; Treat et al., 2016), with 

high water tables and anoxic conditions that restrict shrub and tree root growth 

(Szumigalski and Bayley, 1996; Jones et al., 2013). Our findings generally 

concur with recent experimental studies that have shown increased seedling 

survival on raised Sphagnum hummocks (Holmgren et al., 2015) and that 

increased evapotranspiration from newly-established trees may provide a 

positive feedback that further encourages woody encroachment (Limpens et 

al., 2014a). However, woody decline was also identified in several palsas/peat 

plateaus and bogs experiencing rapid, recent Sphagnum expansion (van 

Bellen et al., 2011; Tremblay et al., 2014; Magnan et al., 2018; Sim et al., 

2021b), suggesting that Sphagnum can sometimes outcompete ligneous 

species through rapid vertical growth (Ohlson et al., 2001) or by engineering 

conditions that are slowly-draining, acidic, and nutrient-poor (van Breemen, 

1995). While our study sought to establish between-site trends in past peatland 

vegetation change across the circum-Arctic, future studies could further 

investigate the importance of local hydrology and peatland microhabitat on the 

within-site variability of vegetation succession through analyses of closely-

sampled, replicate cores (e.g., Piilo et al., 2023).  

We found limited evidence of woody-herbaceous communities developing 

during recent centuries, although this may partly reflect a sampling bias in 
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existing palaeoecological studies towards Sphagnum-dominated 

microhabitats, and shrubified fens presently exist in some boreal permafrost 

regions (e.g., Davies et al. (2022)). Future palaeoecological analyses of cores 

from such fen sites may reveal alternative mechanisms for recent peatland 

shrubification. During the mid- and late-Holocene, woody vegetation 

developed in some herbaceous-dominated cores in eastern Canada, prior to 

major Sphagnum establishment (Loisel and Garneau, 2010; Tremblay et al., 

2014; Primeau and Garneau, 2021; Robitaille et al., 2021) (Figures 3.3 and 

S3.7). Climate drying may have facilitated this temporary shrubification of fens 

by deepening water tables (Loisel and Garneau, 2010; Robitaille et al., 2021), 

because abundances of woody vegetation subsequently declined as regional 

precipitation increased in Quebec and Labrador after ~5,000 years BP (Viau 

and Gajewski, 2009). Available peatland water-table depth reconstructions, for 

example using testate amoebae, from boreal and coastal peatlands in eastern 

Canada indicate increased hydrological variability in the region from ~3,000 

years BP (van Bellen et al., 2011; Magnan and Garneau, 2014; Primeau and 

Garneau, 2021). However, similar palaeohydrological reconstructions have 

currently only been synthesised since the LIA for permafrost regions (Zhang 

et al., 2022), which prevented detailed comparisons with our findings. The 

development of additional, long-term palaeohydrological records for circum-

Arctic peatlands would further elucidate the relative importance of water tables 

and climate for past peatland shrubification.   

The widespread Holocene expansion of Sphagnum in our dataset is consistent 

with previous syntheses of northern peat core records (Treat et al., 2016; Treat 

and Jones, 2018; Magnan et al., 2022), but unravelling the implications of the 

shift to Sphagnum-dominated assemblages was complicated by an absence 

of species-level records for more than a quarter of our compiled cores. 

Sphagnum mosses occupy wide environmental gradients, from minerotrophic, 

poor fens (e.g., S. riparium and S. lindbergii) to ombrotrophic bogs (e.g., S. 

fuscum, S. rubellum or S. capillifolium) (Treat and Jones, 2018; Magnan et al., 

2022). Relative abundance data at a species-level is therefore required to 

determine wetland types from plant macrofossil records (Treat et al., 2016). It 

may also be possible to infer environmental niches of Holocene Sphagnum 
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communities through correlations with other PFTs, but the closed 

compositional nature of our dataset made such analyses unsuitable. Where 

species-level Sphagnum data were available, we found that Sphagnum 

expansion in the vast majority of cases was associated with eventual shifts to 

ombrotrophic indicators (n = 31 cores), while only three cores transitioned 

towards hydrophilic Sphagnum. However, this finding should be interpreted 

cautiously, and we reinforce previous recommendations that future studies 

should differentiate between Sphagnum species to improve palaeoecological 

reconstructions.   

Our long-term palaeoecological analyses suggest that future peatland 

shrubification may occur heterogeneously in circum-Arctic peatlands under 

21st century warming, and will likely be limited to sites where dry, ombrotrophic 

microhabitats persist. Warming climates can shift the hydrological balance of 

permafrost peatlands in divergent trajectories, as shown by recent 

palaeohydrological studies of changing peatland surface wetness since the 

LIA (Sim et al., 2021b; Zhang et al., 2022), with important implications for 

peatland vegetation composition. Projected future warming is expected to 

cause widespread peat permafrost degradation (Fewster et al., 2022) and 

peatland inundation (Olefeldt et al., 2016), but also increased surface drying 

through enhanced evapotranspiration (Swindles et al., 2015). Our Holocene 

dataset indicates that woody growth was initially restricted in sites that became 

saturated post-thaw, which resulted in rising abundances of sedges and 

hydrophilic Sphagnum. However, future plant productivity increases under 

warming climates could accelerate peat accumulation and FBTs, which 

previously drove increases to woody vegetation and Sphagnum sect. Acutifolia 

in the studied records. Furthermore, recent ice-wedge degradation has drained 

polygon depressions (Wolter et al., 2016), which may raise the likelihood of 

future shrub encroachment at northern high latitudes.   
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3.6. Conclusions 

Our synthesis of plant macrofossil records from peatlands in the circum-Arctic 

permafrost region indicates a consistent, widespread expansion of woody 

vegetation and Sphagnum in circum-Arctic peatlands from ~8,000 years BP to 

present, as herbaceous vegetation declined. Transitions from herbaceous 

vegetation to Sphagnum accelerated after ~1,000 years BP, coinciding with 

continued neoglacial cooling and extensive peat permafrost aggradation. 

Sphagnum expanded rapidly after ~800 years BP in sites located in present-

day regions of discontinuous and isolated permafrost, while non-Sphagnum 

mosses have become dominant in the continuous permafrost zone. Peatland 

shrubification during recent centuries was highly spatially variable, with our 

dataset evidencing widespread increases in Fennoscandia but a general 

decline in western and eastern Canada. Our findings suggest that shrub and 

tree growth will not occur as widely in circum-Arctic peatlands under 21st 

century climate warming as in upland tundra environments, and will more likely 

be restricted to peatlands experiencing surface drying.  
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3.8. Supplementary material (S3.1) for Chapter 3  

 

Figure S3.6. Holocene vegetation shifts in the studied circum-Arctic peatlands 

presented as: (a) the total cores included in each 200-year (black) and 50-

year bin (red); (b) the between-core mean non-normalised relative abundance 

(%) of plant functional types (PFTs) in 200-year bins, with shading 

representing the standard error; (c) the between-core mean non-normalised 

relative abundance of PFTs in 50-year bins; and (d) the between-core mean 

normalised relative abundance of PFTs in 50-year bins, MNRA50.  
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Figure S3.7. Spatiotemporal variation in Holocene peatland vegetation shifts between 

geographic regions (see Figure 3.1 for details). The total cores included in 

each 200-year (black) and 50-year bin (red) for (a) western Canada, (b) 

eastern Canada, and (c) Fennoscandia. The between-core mean non-

normalised relative abundance (%) of plant functional types (PFTs) in 200-

year bins for cores from (d) western Canada, (e) eastern Canada, and (f) 

Fennoscandia, with shading representing the standard error. The between-

core mean non-normalised relative abundance of PFTs in 50-year bins for 

cores from (g) western Canada, (h) eastern Canada, and (i) Fennoscandia. 

The between-core mean normalised relative abundance of PFTs in 50-year 

bins, MNRA50, for cores from (j) western Canada, (k) eastern Canada, and (l) 

Fennoscandia. 
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Figure S3.8. Spatiotemporal variation in Holocene peatland vegetation shifts between 

present-day permafrost zones. The total cores included in each 200-year 

(black) and 50-year bin (red) for the (a) continuous, (b) discontinuous, (c) 

sporadic, and (d) isolated permafrost zones. The between-core mean non-

normalised relative abundance (%) of plant functional types (PFTs) in 200-

year bins for cores from the (e) continuous, (f) discontinuous, (g) sporadic, and 

(h) isolated permafrost zones, with shading representing the standard error. 

The between-core mean non-normalised relative abundance of PFTs in 50-

year bins for cores from the (i) continuous, (j) discontinuous, (k) sporadic, and 

(l) isolated permafrost zones. The between-core mean normalised relative 

abundance of PFTs in 50-year bins, MNRA50, for cores from the (m) 

continuous, (n) discontinuous, (o) sporadic, and (p) isolated permafrost zones. 
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3.9. Supplementary material (S3.2) and 

supplementary data for Chapter 3 

Any remaining data used to produce this research, including all age-depth 

models, are included in supplementary material S3.2 and supplementary 

datasets S3.1 and S3.2 (uploaded alongside this thesis).  
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Chapter 4. 
Controls on saturated hydraulic conductivity 
in a degrading permafrost peatland complex 

 

4.1. Abstract 

Permafrost peatlands are vulnerable to rapid structural changes under climatic 

warming, including vertical collapse. Peatland water budgets, and therefore 

peat hydraulic properties, are important determinants of vegetation and carbon 

fluxes. Measurements of hydraulic properties exist for only a limited number of 

permafrost peatland locations, primarily concentrated in North America. The 

impacts of thaw-induced collapse upon properties such as horizontal saturated 

hydraulic conductivity (Kh), and thus lateral drainage, remain poorly 

understood. We made laboratory determinations of Kh from 82 peat samples 

from a degrading Swedish palsa mire. We fitted a linear mixed-effects model 

(LMM) to establish the controls on Kh, which declined strongly with increasing 

depth, humification and dry bulk density. Depth exerted the strongest control 

on Kh in our LMM, which demonstrated strong predictive performance (r2 = 

0.605). Humification and dry bulk density were influential predictors, but the 

high collinearity of these two variables meant only one could be included 

reliably in our LMM. Surprisingly, peat Kh did not differ significantly between 

desiccating and collapsed palsas. We compared our site-specific LMM to an 

existing, large-scale model, fitted primarily to boreal and temperate peatlands. 

The large-scale model made less skilful predictions (r2 = 0.528) than our site-

specific model, possibly due to latitudinal differences in peat compaction, 

floristic composition and climate. Nonetheless, low bias means the large-scale 

model may still be useful for estimating peat Kh at high latitudes. Permafrost 

peatlands remain underrepresented in large-scale models of peat hydraulic 

properties, and measurements such as ours could be used to improve future 

iterations.  



107 
 

 
 

4.2. Introduction  

Permafrost peatlands represent a globally-important soil organic carbon (SOC) 

store of 185 ± 70 Gt (Hugelius et al., 2020a), which has accumulated under 

cold climates that restrict microbial decomposition (Fewster et al., 2020, 2022). 

This important carbon store is threatened by projected climate warming, 

because permafrost thaw enables microbial decomposition to resume 

(Schädel et al., 2016; Voigt et al., 2019) and drives threshold changes in 

peatland physical and hydraulic structures, including surface collapse and 

increased hydrological connectivity between near-surface peats and drainage 

outlets (Olefeldt et al., 2021). Once thawed, saturated conditions protect peat 

carbon from aerobic decomposition, thereby limiting carbon dioxide emissions, 

but coincidently increase methane emissions (Turetsky et al., 2008; Grosse et 

al., 2011; Holmes et al., 2022). Model projections currently disagree as to 

whether permafrost peatland degradation will exert a net climate cooling or 

warming effect by 2100 (Gallego-Sala et al., 2018; Chaudhary et al., 2022; 

Zhao and Zhuang, 2023), because post-thaw greenhouse gas emissions may 

be partially offset by increased ecosystem productivity and carbon 

sequestration under warming climates (Holmes et al., 2022). The future 

radiative forcing of permafrost peatlands is therefore closely tied to their water 

retention, and an improved understanding of the peat hydraulic properties that 

mediate groundwater flows is valuable for predicting the future trajectories of 

these ecosystems.  

One of the most important peat hydraulic properties is saturated hydraulic 

conductivity (Ksat) (dimensions of L T-1). In permafrost peatlands, the 

widespread presence of a shallow, impermeable frost table means that vertical 

exchanges between the peat and underlying aquifers are limited, and 

horizontal saturated hydraulic conductivity (Kh) is relevant to determining rates 

of subsurface drainage (Quinton et al., 2008); while vertical saturated hydraulic 

conductivity (Kv) is more relevant to surface-atmosphere exchanges of 

moisture and heat (Nagare et al., 2012; O’Connor et al., 2020). Peat Ksat has 

been widely measured in boreal and temperate regions and these data have 

been used to develop large-scale pedotransfer functions (Lennartz and Liu, 
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2019; Liu and Lennartz, 2019; Morris et al., 2022), the most skilful of which 

demonstrate strong predictive performance (cross-validated r2 = 0.747) (Morris 

et al., 2022). However, peat Ksat has been rarely measured in permafrost 

peatlands outside of North America, and permafrost dynamics are not currently 

represented in pedotransfer functions of peat Ksat (Morris et al., 2022), so it is 

unclear whether such models can be reliably applied in permafrost regions.  

Existing Ksat measurements from permafrost peatlands are concentrated in 

specific geographic locations, particularly around Scotty Creek Research 

Station, Northwest Territories, Canada (Quinton et al., 2008, 2019; Quinton 

and Baltzer, 2013; Nagare et al., 2013; Gharedaghloo et al., 2018; Ackley et 

al., 2021) and the North Slope of the Brooks Mountain Range, Alaska 

(O’Connor et al., 2019, 2020). Scotty Creek is located in the discontinuous 

permafrost zone where peat-covered frost mounds are prevalent, termed 

palsas or peat plateaus depending on their areal extent (Zoltai and Tarnocai, 

1975). Analyses of these peat plateaus have identified strong, vertical 

variations in near-surface Ksat across several orders of magnitude: an upper 

zone (depth ≤ 0.1 m) of high Ksat and a deeper zone (depth ≥ 0.2 m) of 

consistently low Ksat (Quinton et al., 2008, 2019; Nagare et al., 2013). Vertical 

gradients in peat Ksat are driven by changes in properties such as dry bulk 

density and peat humification (Päivänen, 1973; Morris et al., 2022). Deeper, 

older peats have typically been subjected to more decomposition and 

compaction, which weakens cellular structures and causes pores to collapse 

and become less connected (Pichan and O’Kelly, 2012; Rezanezhad et al., 

2016). Other Canadian permafrost sites have evidenced similar depth 

relationships (Quinton et al., 2000, 2004; Morison et al., 2017), and dry bulk 

density has been identified as a universally strong predictor of Ksat in organic 

soils (including peats) on the Alaskan North Slope (O’Connor et al., 2020). 

Palsas and peat plateaus are also susceptible to desiccation and burning, 

which can remove the most permeable, near-surface peats (Ackley et al., 

2021). Furthermore, pore network structures in permafrost peatlands are likely 

to be influenced by peat floristic composition (McCarter et al., 2020) and 

annual freeze-thaw cycles (Liu et al., 2022). Thaw can reduce groundwater 

flows by lowering the water table into deep, low Ksat peats, decreasing 



109 
 

 
 

hydraulic gradients across permafrost landforms, and shifting the peat-forming 

vegetation towards more readily-decomposed sedges (Quinton and Baltzer, 

2013; Olefeldt et al., 2021), although it remains unknown whether permafrost 

thaw has any direct impact on peat hydraulic properties.  

Permafrost peatlands in Fennoscandia appear to be close to a climatic tipping 

point (Fewster et al., 2022) and often exhibit mosaics of desiccating, raised 

palsas and collapsed areas that are now permafrost-free (Swindles et al., 

2015). Surface collapse would appear to have the potential to drive important 

changes in pore structure and peat permeability, and ongoing thaw in these 

sites provides an opportunity to study peat hydraulic properties at different 

stages of palsa degradation. To our knowledge, only Wetzel et al. (2003) have 

previously measured peat Ksat in permafrost peatlands in Fennoscandia. They 

identified high dry bulk densities (up to 0.3 g cm-3) and declining Kv with 

increasing depth in nine samples from Norwegian palsas. However, peat Kh 

remains unstudied for palsas in this region, which limits our understanding for 

their hydrological functioning following thaw, and it remains unclear how 

generalisable existing, spatially-limited measurements from permafrost 

peatlands are to Fennoscandian palsas. 

We aimed to characterise peat Kh, and to establish its controls, in a degrading 

European palsa mire. Specifically, we addressed the following research 

questions:  

1. Can combinations of easily-measured properties, such as depth, dry 

bulk density and the von Post hand-squeeze test for degree of 

humification, be used to predict peat Kh in degrading palsas?  

2. Can an existing model, trained primarily on boreal and temperate peats 

(Morris et al., 2022), reliably predict peat Kh in a degrading permafrost 

peatland? 

3. Do desiccating and collapsed areas of the palsa mire exhibit 

characteristic differences in peat Kh?  
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4.3. Methods  

4.3.1. Study site 

Rensjön palsa mire, sometimes also known as ‘Railway Bog’, is a degrading 

permafrost peatland in northern Sweden (68.0868°N, 19.8314°E; 488 m above 

sea level) (Figure 4.1), bordered by a regional railway line to the east, a 

watercourse to the south, and forested, mineral-soil uplands to the west. The 

site contains a mosaic of desiccating palsas with remaining permafrost, and 

collapsed areas and inundated fens that are permafrost-free, which 

characterises the trajectory of permafrost peatland degradation in 

Fennoscandia (Swindles et al., 2015). Desiccating palsas have either bare 

peat surfaces, or surface vegetation primarily comprised of Cladonia sp., 

Empetrum nigrum, Andromeda polifolia, Betula nana, Salix sp. and Rubus 

chamaemorus. Collapsed palsas are dominated by brown mosses, feather 

mosses and Rubus chamaemorus, with some Sphagnum spp., Empetrum 

nigrum, Andromeda polifolia, and Betula nana. Thermokarst and open-fen 

areas contain Eriophorum spp., Carex spp., Sphagnum spp., brown mosses, 

and Lycopodium sp., while Salix sp. are prevalent along the site’s permafrost-

free, eastern margin. Palsas from Rensjön palsa mire have previously been 

sampled for palaeohydrological reconstructions, which have indicated 

peatland surface drying and reduced local C accumulation during the late-20th 

century (Sim et al., 2021b). At the nearby Rensjön weather station (68.0730°N, 

19.8351°E; 493 m above sea level), mean annual temperature is currently 

−0.7°C with monthly average temperatures ranging from −13.3°C in January 

to 13.0°C in July, while annual unfrozen precipitation is 508.1 mm yr−1 (10-year 

averaging period: 2013–2022) (Swedish Meteorological and Hydrological 

Institute, 2023).  
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Figure 4.1. The Rensjön palsa mire study site: (a) the location of the site within 

Sweden (inset) and the Kiruna Municipality; and aerial imagery (August 2022) 

of the site overlain with (b) the 20 coring locations, coloured by the stage of 

palsa degradation; and (c) active-layer thickness across the site, measured 

using a ~2 m-long steel probe. Land cover data sourced from 

www.lantmateriet.se/. Aerial imagery sourced from ESRI (2023). 

 

4.3.2. Field sampling 

We extracted shallow peat cores from 20 locations across Rensjön palsa mire 

in July 2022, following a similar method to Morris et al. (2019). We inserted a 

cylindrical section of polyvinyl chloride (PVC) downpipe of 0.5 m length × 0.1 

m diameter carefully into the peat using the scissor-cut method of Green and 

Baird (2012) to minimise sample compression. Each core was then carefully 

excavated using a spade. Cores were retained within their PVC cylinders 

during transport to the laboratory at the University of Leeds, UK, where they 

were stored in an upright, refrigerated state at ~4.0°C. To investigate whether 

peat hydraulic properties vary between different stages of palsa degradation, 

we collected 10 cores from desiccating palsas with intact, underlying 

http://www.lantmateriet.se/
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permafrost, and 10 cores from permafrost-free, collapsed palsas (Figure 4.1). 

Peat in inundated fen areas was too wet and loose to be recovered as intact 

samples.  

At each coring location, we surveyed surface vegetation in a 0.5 × 0.5 m 

quadrat and measured the active-layer thickness adjacent to the coring 

location using a ~2 m-long steel probe. We also conducted a more extensive 

survey of active-layer thickness by taking 200 probe measurements across the 

site (Figure 4.1c). Active-layer thickness at coring locations on desiccating 

palsas ranged from 0.31–0.41 m (median = 0.36 m), which is similar to 

desiccating palsas across the site (0.22–0.46 m). No coring locations on 

collapsed palsas contained permafrost within the ~2 m reach of the steel 

probe, which enabled deeper samples to be collected for Kh determinations 

from collapsed areas than from desiccating palsa peats (Figure 4.2a). More 

broadly, some collapsed palsas across the site retained some permafrost at 

depths between 0.30 and 1.68 m, while 64 out of the 110 probed locations on 

collapsed palsas had no permafrost within ~2 m of the peat surface.  

 

4.3.3. Laboratory analysis 

We determined peat Kh in the laboratory using a custom-built permeameter 

method. We froze each peat core prior to our analysis at ~−18.0°C. We 

carefully cut open the PVC downpipes containing each frozen peat core using 

a thin-bladed angle grinder and checked the surface of each peat core for any 

cracks or voids. We used a pillar drill with a customised core drill bit to cut 

horizontal, cylindrical samples of 4.2 cm diameter from each frozen peat core. 

We then removed curved end faces from each subsample using a sharp knife. 

Samples were thawed overnight in cold storage at ~4.0°C and were then 

sealed inside an acrylic split-cylinder (4.0 cm internal diameter × 12.0 cm 

length), which consisted of two half cylinders that allowed the sample to be 

inserted without damage. We fastened a thin, neoprene gasket to the edge of 

one of these half cylinders, to form a water-tight seal when the sample was 

enclosed. We lined the acrylic cylinders with petroleum jelly to prevent 

preferential flow along the acrylic-peat interface and used tensioned rubber O-
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rings to secure the two halves of the PVC split-cylinder together during Kh 

determinations (Figure S4.4).  

Each enclosed subsample was saturated with pool water from a blanket bog 

in northern England (Keighley Moor) with a similar acidity (pH range: 3.91–

4.13) to our studied palsa peats (pH range: 3.95–4.42).  

Once saturated, a Mariotte regulator was positioned above the sample to 

generate a hydraulic gradient, with an outflow tube positioned into a measuring 

cylinder with a ‘U’ bend to control the outflow head (Figure S4.4). We took care 

at all times to ensure no air entered the saturated sample. We adjusted the 

height of the Mariotte regulator to ensure that the flow rate across the sample 

was similar for peats with different degrees of humification (e.g., shallow 

hydraulic gradients were required for highly permeable samples with open, 

connected pores). We ran pool water through the sample for an initial settling 

period of 30 minutes before running any tests. To measure peat Kh, we 

recorded the volume of water released through the split-cylinder during time 

intervals of between 10 and 20 minutes and calculated Kh from Darcy’s Law, 

as described by Beckwith et al. (2003). Tests were repeated five times to 

evaluate any drift in measured Kh over time and we deemed Kh to have 

stabilised if at least three of the five Kh measurements were within ± 5 % of the 

median; any measurements outside this range were considered outliers and 

were removed. We temperature-corrected each Kh measurement to 20°C 

(Thomas et al., 2016), to account for the temperature-dependence of fluidity. 

For each sample, we then calculated the between-replicate harmonic mean of 

Kh from our standardised measurements (harmonic mean is appropriate in this 

situation, where the average is calculated from properties that have 

dimensions of velocity). In total, we measured peat Kh in 82 samples, 

comprising 35 from desiccating palsas and 47 from collapsed palsas 

(supplementary dataset S4.1). 

We measured peat dry bulk density (g cm−3) (DBD) by sampling known 

volumes of peat (between 1.0 and 2.5 cm3) in peat offcuts immediately 

adjacent to each sample used for our Kh determinations, and oven-dried these 

samples at 105°C overnight, following Chambers et al. (2011). We repeated 
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this process three times for each sample and calculated the arithmetic mean 

of DBD. We also established the degree of peat humification for each sample 

using immediately adjacent peat offcuts, following the von Post classification 

method (Ekono, 1981).  

 

4.3.4. Model development 

Because we measured peat Kh at multiple depths in each core, it is possible 

that our dataset contains a hierarchical structure whereby measurements may 

exhibit greater variance between cores than within cores. Any such structured 

variance would violate the assumption of independent observations required 

by standard multiple regression. We therefore fitted a linear mixed-effects 

model (LMM) with core identity treated as the subject for a random intercept in 

an attempt to account for any between-core effects.  

We developed a LMM to predict our measurements of peat Kh using: three 

continuous fixed-effect predictors (depth, DBD and von Post score); one 

categorical fixed-effect predictor describing the stage of palsa degradation 

(two levels: desiccating and collapsed); and the random effect describing core 

identity. We considered von Post score to be a continuous predictor, following 

the rationale of Morris et al. (2019). Our Kh measurements extended across 

four orders of magnitude, producing highly skewed, non-linear relationships 

with all continuous predictors. We therefore log10–transformed our 

measurements of peat Kh, following Morris et al. (2022). We also log10-

transformed depth and DBD, because residuals from preliminary models fitted 

with transformed variables were more closely aligned with a Gaussian (normal) 

distribution. These transformations resulted in approximately linear, 

homoscedastic relationships between our continuous predictors and log10(Kh).  

During the model building process, we experimented with the inclusion of two-

way, fixed-effect interactions between palsa degradation stage (desiccating or 

collapsed) and each continuous, fixed-effect predictor: log10(depth) × 

degradation stage; log10(DBD) × degradation stage; and von Post score × 

degradation stage. Additionally, we considered two-way interactions between 
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pairs of continuous, fixed-effect predictors: log10(depth) × log10(DBD); 

log10(depth) × von Post score; and log10(DBD) × von Post score.  

We refined the specification of our LMM using a stepwise, forwards and 

backwards model building procedure, which balanced predictive performance 

with model parsimony, in R v.4.1.3 (R Core Team, 2022) using the lmer 

function from the lme4 package (v.1.1-29) (Bates et al., 2014). We began by 

including all candidate fixed-effect predictors (log10(depth), log10(DBD), von 

Post score, and degradation stage), and core identity as a random effect. We 

then tested whether the addition of any interactions (see above) significantly 

improved model performance, before testing the removal of the remaining 

fixed effects. To evaluate the significance of each alteration, we followed the 

method of Morris et al. (2022) to calculate the difference in the corrected 

Akaike Information Criterion (AICc) (Hurvich and Tsai, 1989) for each model 

iteration. This approach considered AICc to be a Chi-squared statistic with 

degrees of freedom reflecting the difference in the number of predictors 

included in each model. We removed any predictor or interaction from our LMM 

where their omission led to a non-significant increase (p > 0.05) or decrease 

in AICc (lower AICc indicates improved model performance). Lastly, we 

assessed each pair of remaining predictors for any evidence of high 

collinearity, by calculating the Spearman’s Rank correlation coefficient (rs), and 

the generalised variance-inflation factor (GVIF) using the vif function from the 

R package car (v.3.1-0) (Fox and Weisberg, 2018). We deemed any predictor 

that exhibited a GVIF greater than √5 to be too highly collinear with at least 

one other predictor. In such cases, we excluded one of the affected predictors 

and recalculated GVIF. For our final LMM, we calculated standardised 

coefficients for each predictor by re-running our LMM with standardised 

predictors and response (Schielzeth, 2010), which we calculated using the std 

function in the sjmisc package (v.2.8.9) (Lüdecke, 2018). 
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4.3.5. Applicability of a model trained on boreal and temperate 

peats 

We evaluated the ability of an existing pedotransfer function for peat Ksat by 

Morris et al. (2022), trained primarily on boreal and temperate peats, to predict 

our measurements of log10(Kh) at Rensjön palsa mire. We tested the best 

performing model from Morris et al. (2022), which they termed Model 1, and 

which requires the continuous predictors log10(depth), log10(DBD), and von 

Post score (all measured in this study), and the categorical predictors trophic 

type (e.g., bog, fen), microform (e.g., hummock, hollow), and the Kerner 

Oceanity Index (KOI) (Morris et al., 2022). We initially classified the trophic 

type and microform of our samples as the unspecified category given by Morris 

et al. (2022), because palsa mires were not represented in the training data 

used to fit their model. However, given that our site exhibits ombrotrophic 

characteristics, including low peat pH (see section 4.3.3., above) and a 

prevalence of lichens, shrubs, and mosses at the coring locations, we also 

tested the use of the raised bog classification for trophic type. Following Morris 

et al. (2022), we calculated the KOI of Rensjön palsa mire from gridded mean 

monthly temperature data from the CRU TS 4.04 climatology (spatial 

resolution 0.5° latitude × 0.5° longitude) (Harris et al., 2020), averaged across 

the period 1961–1990. This classified the local climate to be oceanic (KOI = 

10.8), albeit close to the KOI threshold for continental and subcontinental 

climates.    

 

4.3.6. Evaluation of model performance  

We evaluated the predictive performance of each model using the standard 

coefficient of determination (r2), which we calculated from the linear 

relationship between measured and modelled values of log10(Kh). We also 

adjusted this value (r2
adj) to account for the number of predictors in each model, 

using the Wherry formula-1 in Yin and Fan (2001). We assessed bias in model 

predictions using Lin’s concordance correlation coefficient (ρc), which has a 

range of −1 to 1, and which quantifies the agreement of the linear relationship 

between measured and modelled values to a line of perfect concordance. 
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Higher values of ρc indicate lower bias (i.e., closer agreement), while 0 

indicates no agreement and −1 indicates perfect disagreement (Lin, 1989). We 

calculated ρc using the CCC function in the DescTools package (v0.99.47) 

(Signorell et al., 2022). 

 

4.4. Results  

4.4.1. Controls on peat Kh in degrading palsas 

Measured values of peat Kh for Rensjön palsa mire varied from 4.85 × 10−7 to 

3.61 × 10−4 m s-1. Palsa peats evidenced varying degrees of humification (H1 

to H8) and had higher bulk densities (median = 0.14 g cm−3; range = 0.05–0.31 

g cm−3) than many boreal and temperate peats used to train existing, 

pedotransfer functions of peat Ksat (Morris et al., 2022). Inspection of simple 

bivariate plots indicates that log10(Kh) is negatively related to log10(depth), 

log10(DBD) and von Post score (Figure 4.2a–c).  
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Figure 4.2. Peat hydraulic properties in degrading palsas. Top row: the response of 

Kh to (a) depth, (b) dry bulk density, and (c) von Post score. Middle row: 

bivariate correlation plots showing collinearity between continuous predictors 

(d–f); rs is the Spearman’s Rank correlation coefficient. Data points are 

coloured by the stage of palsa degradation. Bottom row: variation in (g) Kh, (h) 

dry bulk density, and (i) von Post score between stages of palsa degradation. 

Kh, depth and dry bulk density are presented on a log10 scale. In panels g–i: 

centrelines indicate median values; boxes indicate the interquartile range 

(IQR), and whiskers extend to 1.5 times the IQR beyond the upper and lower 

quartiles.   

  

Our final LMM for Rensjön palsa mire indicates that log10(Kh) declines 

significantly with increasing log10(depth) (p < 0.001) and von Post score (p < 

0.001) (Table 4.1). The removal of either log10(depth) or von Post score leads 

to a significant increase in AICc (both p < 0.001), so both predictors were 
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retained. However, retaining both log10(DBD) and von Post score in our LMM 

resulted in GVIF scores greater than 3.4 for both predictors, indicating 

unacceptable levels of variance inflation in their parameter estimates. The 

predictors log10(DBD) and von Post score were strongly, positively correlated 

(rs = 0.818) (Figure 4.2f), while lower levels of collinearity were evident 

between log10(depth) and von Post score (rs = 0.387), and between 

log10(depth) and log10(DBD) (rs = 0.254) (Figure 4.2d,e). The omission of either 

von Post score or log10(DBD) from our LMM did not lead to a significant 

increase in AICc, but the omission of both variables did. For this reason, it was 

necessary to omit one of log10(DBD) or von Post score from our final LMM. 

Residuals for a LMM fitted with von Post score were more closely aligned with 

a Gaussian (normal) distribution than an equivalent LMM fitted with 

log10(DBD), so we retained von Post score and omitted log10(DBD) for our final 

model. However, predictive performance is similar for these two LMMs, and 

either predictor could be used effectively for modelling peat Ksat in degrading 

palsas. During the backwards removal of fixed effects, we found that the stage 

of palsa degradation (desiccating or collapsed) did not have any significant, 

independent effect on log10(Kh) and its removal caused AICc to decrease  (see 

section 4.4.3., below). 

Our final LMM has normally distributed, unstructured residuals with low GVIF 

scores for log10(depth) (1.4) and von Post score (1.4), indicating that the issue 

of multicollinearity has been resolved. The standardised parameter coefficient 

for log10(depth) (−0.587) suggests that it exerts a stronger influence on 

log10(Kh) than von Post score does (−0.343). Model performance metrics 

indicate that our LMM explains a substantial proportion of the variance in 

measured log10(Kh) (r2 = 0.605; r2
adj = 0.590) with low predictive bias (ρc = 

0.756) (Figure 4.3a). Our LMM generally underestimates near-surface, high 

values of log10(Kh) and overestimates deeper, low values (Figure 4.3a).  

While testing the addition of two-way interactions in our model building 

process, we discounted the interaction between log10(DBD) and von Post 

score, because the inclusion of an interaction between these two highly 

correlated predictors (Figure 4.2f) risked introducing severe multicollinearity to 

our LMM. No addition of any interactions improved model performance, so 
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none were included in our final LMM. As expected, our dataset exhibits some 

evidence of within-core dependency, indicated by a significant increase in 

model AICc (p < 0.05) if the random subject for core identity is removed. Our 

final LMM therefore includes core identity as the subject of a random intercept 

term.  

 

Table 4.1. Summary of fixed effects for our linear mixed-effects model to characterise 

log10(Kh) in Rensjön palsa mire.  

Predictor Coefficient Std. Error Std. Coeff. t p 

Constant −5.62066     0.29293 - −19.188 < 0.001 

log10(depth) (m) −1.60117 0.18781   −0.58673 −8.526 < 0.001 

Von Post score −0.15609 0.03702   −0.34339 −4.217 < 0.001 
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Figure 4.3. Performance plots showing measured values against modelled values for: 

(a) our linear mixed-effects model (LMM); and for an existing, large-scale 

model by Morris et al. (2022) with trophic type specified as (b) unspecified and 

(c) raised bog. Dashed line indicates perfect concordance between measured 

and modelled values; solid line indicates a linear regression between 

measured and modelled values; r2 is the coefficient of determination; and ρc is 

Lin’s concordance correlation coefficient, used to estimate model bias.  



122 
 

 
 

4.4.2. Performance of an existing Ksat model 

The peat Ksat model by Morris et al. (2022) accounted for a lower proportion of 

the variance in log10(Kh) at Rensjön palsa mire (r2 = 0.528; r2
adj = 0.429) than 

our site-specific LMM (see section 4.4.1., above). Setting the trophic type of 

the site to be unspecified resulted in model predictions that had substantial 

bias (ρc = 0.604) and consistently underestimated measured log10(Kh), 

particularly for shallow peats with high log10(Kh) (Figure 4.3b). Changing the 

trophic type to raised bog removed some of this bias, increasing ρc to 0.693 

(Figure 4.3c). This level of bias is similar to that of our LMM (Figure 4.3a). For 

high measured values of log10(Kh), the model by Morris et al. (2022) more 

commonly overpredicted values for collapsed palsas and underpredicted 

values for desiccating palsas, although no discernible trends were evident in 

predictions of lower log10(Kh) values (Figure 4.3b–c).  

 

4.4.3. The effect of palsa collapse on peat Kh 

The stage of palsa degradation did not exert a significant, independent control 

on measured log10(Kh) at Rensjön palsa mire. Measurements of Kh were 

similar between desiccating palsas (median = 1.79 × 10−5 m s−1) and collapsed 

palsas (median = 1.17 × 10−5 m s−1) (Figure 4.2g). Contrary to our 

expectations, DBD was generally higher in peats from desiccating than 

collapsed palsas (medians of 0.17 and 0.11 g cm-3, respectively) (Figure 4.2h), 

and the most highly humified peats were also sampled from desiccating palsas 

(Figure 4.2i). However, when all fixed effects were included during the 

stepwise model building process, there was almost no evidence of the 

categorical variable for degradation stage exerting an effect on log10(Kh) (p = 

0.983) and the removal of this predictor caused model AICc to decline (an 

improvement in model performance). Furthermore, no interactions involving 

degradation stage (log10(depth) × degradation stage; log10(DBD) × 

degradation stage; or von Post score × degradation stage) gave any significant 

improvement in the performance of our LMM.  
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4.5. Discussion  

4.5.1. Horizontal permeability of degrading palsas  

Peat Kh in degrading palsas near Rensjön evidenced similar negative 

relationships with depth, humification and DBD to previous studies of northern 

peatlands, with our highest Kh values occurring in lightly decomposed, near-

surface peats. While between-site comparisons of peat Kh are somewhat 

complicated by different measurement techniques (Morris et al., 2022), our 

measured values for the upper 0.1 m of peat were at least one order of 

magnitude lower than those reported for peat plateaus at Scotty Creek, 

Northwest Territories, Canada (Quinton et al., 2008; Gharedaghloo et al., 

2018), perhaps due to the comparatively lower DBD of unburnt peats at that 

site (Ackley et al., 2021). The higher DBD values for Rensjön palsa mire are 

comparable to previous DBD measurements from Fennoscandian palsas 

(Wetzel et al., 2003; Sim et al., 2021b) and our maximum Kh value (3.61 × 10−4 

m s−1) is similar to the highest Kv value recorded for palsas near Kautokeino, 

Norway (2.94 × 10−4 m s−1) (Wetzel et al., 2003). The minimum value of peat 

Kh measured in our study (4.85 × 10−7 m s−1) is similar to some previous 

measurements from anoxic peats on the Alaskan North Slope (O’Connor et 

al., 2020).  

Log10(depth) exerted the strongest control on log10(Kh) in our LMM, as 

indicated by its high standardised coefficient, while the von Post measure of 

peat humification also exerted a highly significant control (Table 4.1). Peat 

depth accounts for some of the variation in both peat compaction and decay 

because the structural matrix of deeper, older peats is weakened by prolonged 

decomposition, which increases their susceptibility to compression under the 

weight of fresher, overlying peats (Ohlson, 1998; Branham and Strack, 2014). 

Alternatively, declining Kh with depth may relate to differences in peat hydraulic 

properties between the oxic and anoxic components of the peat profile 

(O’Connor et al., 2020), increased pore tortuosity, and loss of pore connectivity 

(Gharedaghloo et al., 2018). Peat desiccation can also drive a vertical 

displacement of the peat profile through peat shrinkage and compression 

(Hobbs, 1986; Ackley et al., 2021) or by rendering raised palsa surfaces 
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susceptible to aeolian erosion (Seppälä, 2003). Log10(depth) was positively 

correlated with von Post score (Figure 4.2e), although low GVIF scores 

suggest that any collinearity is not great enough to destabilise parameter 

estimates and that each predictor exerts a strong, independent effect on 

log10(Kh) in our LMM.  

The high collinearity of log10(DBD) and von Post score (Figure 4.2f) was 

greater than reported for previous studies (Morris et al., 2019, 2022) and 

prevented us from including both predictors in our final LMM due to 

unacceptable inflation of parameter variance. However, even after omitting 

log10(DBD), the high explanatory power of our LMM (r2 = 0.605) suggests that 

only one of these predictors is required to explain this portion of variance for 

log10(Kh) in degrading palsas. Indeed, our preliminary analyses identified a 

similar level of predictive performance from an equivalent LMM fitted with 

log10(DBD) instead of von Post score, and DBD has independently explained 

large portions of peat Ksat variance in other permafrost sites (O’Connor et al., 

2020). The retention of log10(depth) and von Post score, and removal of 

log10(DBD), means that our LMM contains the same continuous predictors as 

Model 2 by Morris et al. (2022), which allows for rapid field estimation of peat 

Ksat without the need for any laboratory measurements. 

Estimated slope coefficients for log10(depth) and von Post score in our LMM 

(Table 4.1) closely align with those from the large-scale meta-analysis by 

Morris et al. (2022), providing some support for the assertion by Quinton et al. 

(2008) that peats with a similar degree of decomposition and compaction 

evidence similar Ksat irrespective of their geographic location. However, the 

generally high DBD of palsas at our study site means that our near-surface Kh 

determinations are towards the lower tail of values recorded for the upper 0.35 

m of boreal and temperate peats (Morris et al., 2022). This may partly explain 

why the large-scale pedotransfer function by Morris et al. (2022) made less 

skilful predictions of log10(Kh) at Rensjön palsa mire than our site-specific LMM 

(Figure 4.3), and had less explanatory power (r2 = 0.528) than for the boreal 

and temperate peatlands on which it was trained (cross-validated r2 = 0.747). 

Alternatively, its reduced performance may relate to unrepresented processes 

specific to permafrost peatlands, such as their different floristic composition or 
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freeze-thaw dynamics (discussed below). Regardless, the large-scale model 

still explained approximately half of the total variance in unseen values of 

log10(Kh) in degrading palsas and exhibited similar levels of bias to our site-

specific model, which may be considered adequate depending on the 

application.  

 

4.5.2. Permafrost thaw and peat hydraulic properties 

Contrary to our expectations, we did not find any significant difference in peat 

Kh between desiccating and collapsed palsas (Figure 4.2g), nor any significant 

interaction involving the stage of palsa degradation. For the uppermost peat 

layers (< 0.1 m depth), the range of peat Kh was almost identical in desiccating 

and collapsed palsas (Figure 4.2a), despite samples from desiccating palsas 

often having higher DBD and slightly greater degrees of peat humification 

(Figure 4.2d,e,h,i). Alternative, unmeasured factors, such as macroporosity, 

may have reduced any differences in the Kh of these shallow peats (Holden et 

al., 2001), particularly because some deeper, lightly-humified samples from 

collapsed palsas did have higher Kh than comparably-deep, desiccating palsa 

peats (Figure 4.2a,e), although unequal sampling of deep peats may affect this 

comparison. Raised, desiccating palsa surfaces were more commonly 

inhabited by ligneous shrubs than collapsed areas, where saturated, anoxic 

conditions restrict root growth (Limpens et al., 2021; Olefeldt et al., 2021). 

Ligneous roots can increase Ksat, even in decayed and compacted peats, 

through the creation of macropores and relict root channels (Holden, 2009; 

Surridge et al., 2005; McCarter et al., 2020). Shallow, impenetrable frost tables 

in desiccating palsas force rooting zones to be near-surface and to extend 

laterally, meaning shrub roots may be less influential for the Kh of deeper peats 

or Kv. Alternatively, freeze-thaw cycles can increase the macroporosity of low 

Ksat peats through the formation of ice lenses in micropores, which produce 

cracks upon expansion that subsequently increase peat Ksat (Liu et al., 2022). 

Conversely, for peats with initially high Ksat, freeze-thaw processes generally 

reduce peat Ksat, because existing macropores can become blocked by the 

breakdown of large aggregates (Liu et al., 2022).  
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Given the similarity of peat Kh between desiccating and collapsed areas of the 

palsa complex, thaw-driven changes to the hydraulic functioning of the site will 

more likely be driven by increases to active layer thickness and reduced 

topographical gradients than any direct alterations to peat hydraulic properties. 

Currently, lateral runoff from desiccating palsas into neighbouring, collapsed 

areas and inundated fens is driven by the high Kh of the uppermost, 

seasonally-thawed peats, steep hydraulic gradients, and the prevalence of 

near-surface, impermeable permafrost. As palsas thaw and active layers 

thicken, water tables may be initially lowered into deeper peats with lower Kh, 

which could increase water retention as hydraulic gradients simultaneously 

decline (Quinton and Baltzer, 2013). A shift to persistently saturated, anaerobic 

conditions may explain why many collapsed palsa peats unexpectedly had 

lower humification and DBD, although this could also indicate that compaction 

following subsidence occurs deeper in the peat profile, below the active layer. 

Longer-term permafrost degradation may increase the hydrological 

connectivity of the site, because water tables in collapsed areas persist closer 

to the surface, where peat Kh is highest (Figure 4.2a), and thaw removes 

impermeable, frozen barriers to groundwater flows (Quinton and Baltzer, 2013; 

Connon et al., 2014; Haynes et al., 2018). 

 

4.5.3. Opportunities for future research 

Our modelling demonstrates that simple, affordable measurements of peat 

properties can be used to predict Kh in peatlands beyond the boreal and 

temperate regions to which many existing, pedotransfer functions are currently 

fitted (e.g., Liu and Lennartz, 2019; Morris et al., 2022). Generalisable models 

of peat Ksat have the potential to provide skilful estimations for the hydrological 

functioning of remote Arctic peatlands without the need for extensive field or 

laboratory measurements, although our findings indicate that permafrost 

peatlands firstly require greater representation in their training datasets. During 

our analysis, we found that changing the trophic type classification of Rensjön 

palsa mire from unspecified to raised bog reduced the predictive bias of the 

model by Morris et al. (2022) (Figure 4.3b–c). Developing additional 

categorical descriptors to account for permafrost-specific processes could 
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further improve model predictions of peat Ksat for Arctic regions, once suitable 

training data are available.  

Further research is also required to explore spatial variability in peat hydraulic 

properties of permafrost peatlands in Fennoscandia and Siberia, because 

measurements remain sparse in these regions and other permafrost peatland 

types remain understudied, such as polygon mires (Helbig et al., 2013). The 

sparsity of previous research at Rensjön palsa mire means it is unknown when 

these palsas began to thaw, but spatial chronosequences of palsa mires with 

different ages of permafrost degradation could be analysed to assess whether 

the post-thaw stability of peat hydraulic properties changes with time. Limited 

aerial imagery of our study site indicates that thermokarst drainage and 

collapse scar formation occurred at some point between 1960 and 2013 (Sim 

et al., 2021b). For more intensively-studied sites, monthly observations of 

snow-cover, active-layer thickness, and disturbance (e.g., burning) may 

account for some unexplained variance in peat Kh (Ackley et al., 2021). Lastly, 

future studies could attempt to measure peat Ksat in newly terrestrialising areas 

of inundated fens, which represent the final stage of palsa degradation after 

collapse (Swindles et al., 2015) and are important for the longer-term 

hydrological functioning of the site following permafrost thaw.  

 

4.6. Conclusions  

We found that much of the variance in log10(Kh) of degrading Arctic palsas can 

be explained using simple measurements of peat properties, in a similar 

manner to previous models of boreal and temperate peatlands. Our LMM 

showed that log10(depth) exerted the strongest, independent control on 

log10(Kh), while the highly influential effects of von Post score and DBD were 

found to be highly collinear, meaning the latter was omitted from our final 

model. An existing pedotransfer function of peat Ksat, fitted primarily to boreal 

and temperate peatlands, was less skilful at predicting log10(Kh) in degrading 

palsas than our site-specific LMM, with differences in predictive performance 

likely related to the high DBD of palsa peats, their floristic composition, or their 
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exposure to freeze-thaw processes. Near-surface peat Kh did not significantly 

differ between desiccating and collapsed palsas, indicating that any post-thaw 

changes to their hydrological functioning will be more likely driven by reduced 

hydraulic gradients than altered peat properties. Our study emphasises the 

need for permafrost peatlands to be better represented in large-scale models 

of peat Ksat before such models can be reliably extended to Arctic regions. 
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4.8. Supplementary material for Chapter 4 

  
Figure S4.4. Diagram outlining the experimental setup for measuring horizontal 

saturated hydraulic conductivity of peat. The head difference across the 

sample (H) is calculated from the end of the Mariotte bubble tube and the 

end of the outflow tube positioned in the measuring cylinder. We repositioned 

the Mariotte bubble tube to adjust H for peats with different degrees of 

humification (e.g., a lower H was required for highly permeable peats with 

open, interconnected pores).  

 

4.9. Supplementary data for Chapter 4 

The laboratory measurements used to produce this research are included in 

the supplementary dataset S4.1 (uploaded alongside this thesis). 
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Chapter 5. 
Extended discussion, priorities for future 

research, and conclusions 

 

Each research chapter (Chapters 2, 3 and 4) includes its own discussion of 

the findings and a comparison to the wider literature. This chapter therefore 

aims to: summarise briefly the key findings for each research objective outlined 

in Chapter 1; discuss the potential wider applications of this research; provide 

an extended discussion for the timescale of peatland response; and identify 

priorities for future research.  

 

5.1. Summary of key findings 

This thesis has investigated the past, present and future development of 

circum-Arctic peatlands, through use of bioclimatic modelling, a meta-analysis 

of palaeoecological data, and laboratory analyses of peat hydraulic properties 

in degrading palsas. This section briefly summarises the key findings to 

demonstrate that each primary research objective has been achieved. 

 

Thesis objective 1 

Simulate the changing climate spaces of permafrost peatlands in Europe and 

Western Siberia under a range of 21st-century climate scenarios, and estimate 

the associated risk for present-day peatland SOC stocks.  

In Chapter 2, I fitted climate envelope models for permafrost peatland 

landforms in Europe and Western Siberia, which demonstrated that cold, dry 

climates maintain palsas/peat plateaus and that polygon mires exist under 

colder extremes. Driving these models with future climate projections from the 

Coupled Model Intercomparison Project 6 (CMIP6) indicates that palsas/peat 

plateaus in Fennoscandia exist close to a climatic tipping point and are likely 
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to become climatically unsupported by the 2040s; indeed, some palsas/peat 

plateaus in this region may already exist beyond this climatic threshold. Under 

Shared Socioeconomic Pathway (SSP) scenarios of moderate- (SSP2-4.5) to 

no-mitigation (SSP5-8.5), my simulations indicate that a peat soil organic 

carbon (SOC) stock of 37.0 to 39.5 Gt could be vulnerable to climate-induced 

permafrost degradation by the 2090s, although the timescale and direction of 

peatland response remains uncertain. Only strong action to reduce emissions 

(SSP1-2.6) would retain a substantial area of suitable climate for permafrost 

peatlands by the 2090s (599,000 km2), an area containing 14.9 Gt peat SOC. 

This analysis highlights the importance of socio-economic polices for 

determining the rate and extent of future permafrost peatland thaw.  

 

The radiative forcing attributable to circum-Arctic peatlands following climate 

warming and permafrost degradation will be strongly determined by changes 

to peatland vegetation and water budgets. I therefore addressed research 

objectives 2 and 3 (Chapters 3 and 4, respectively) to resolve key knowledge 

gaps in scientific understanding of these ecohydrological controls. 

 

Thesis objective 2 

Determine the recent and long-term spatiotemporal dynamics of peatland 

vegetation succession, including shrubification, across the circum-Arctic 

(Chapter 3). 

In Chapter 3, I constructed a palaeoecological dataset of 76 plant macrofossil 

records from circum-Arctic peatlands, including 35 records compiled into a 

meta-analysis catalogue for the first time. Peatland shrubification trends were 

often concealed when the plant macrofossil relative abundance data was 

averaged across large numbers of sites, so I normalised the data to magnify 

the direction of change in plant functional types (PFTs) in each core. 

Normalised trends showed a steady expansion of woody vegetation and 

Sphagnum in circum-Arctic peatlands from ~8,000 years BP to present, 

coinciding with widespread herbaceous decline. During the late-Holocene, 
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peatland shrubification was evident in the sporadic and discontinuous 

permafrost zones, while from ~600 years BP widespread increases in 

Sphagnum and non-Sphagnum mosses occurred in eastern Canada and the 

continuous permafrost zone, respectively. Past phases of peatland 

shrubification and moss expansion often coincided with peatland surface 

drying, resulting from shifting climate, permafrost aggradation, and peat 

accumulation. In recent centuries, peatland shrubification did not occur 

ubiquitously and some sites have evidenced notable declines in woody 

vegetation. These findings suggest that future peatland shrubification may be 

less widespread in degrading permafrost peatlands than in upland tundra and 

will primarily occur in sites with drying surfaces.  

 

Thesis objective 3 

Establish the controls on saturated hydraulic conductivity in a degrading 

permafrost peatland complex in northern Europe, and evaluate the predictive 

performance of an existing model trained on boreal and temperate peatlands.  

In Chapter 4, I measured horizontal saturated hydraulic conductivity (Kh) and 

other peat properties in 82 near-surface samples from a degrading palsa 

complex near Rensjön, northern Sweden, in the laboratory. Peat Kh in 

degrading palsas ranged 4.85 × 10−7 to 3.61 × 10−4 m s-1 and declined with 

increasing depth, dry bulk density and humification (von Post score). My linear 

mixed-effects model (LMM), fitted to simple, low-cost measurements of peat 

properties, explained much of the variance in log10-transformed Kh (r2 = 0.605), 

with log10(depth) found to exert the strongest control. Due to the high 

collinearity of von Post score and dry bulk density, only von Post score was 

retained in my final LMM. An existing, large-scale model by Morris et al. (2022) 

performed less well at predicting log10(Kh) in degrading palsas (r2 = 0.528), 

possibly because these palsa peats had higher levels of humification and 

compaction than many of the boreal and temperate peats to which that model 

was primarily fitted, although model bias was relatively low. The stage of palsa 

degradation (desiccating or collapsed) did not exert a significant control on 
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peat Kh, despite an apparently large collapse of the peat profile. It is possible 

that macroporosity, a property I did not measure in this analysis, may partly 

explain this similarity in peat Kh following palsa collapse. Freeze-thaw 

processes and woody roots of shrubs, which were prevalent on desiccating 

palsas, can create large pores even in highly humified, compacted peats. The 

findings of this chapter emphasise the need to improve the representation of 

permafrost peatlands in large-scale models of peat Kh before these models are 

applied to Arctic regions.  

 

5.2. Broader applications of this research 

Research throughout this thesis has demonstrated the complex, interrelated 

feedbacks between peatland permafrost, vegetation, hydrology, and climate, 

illustrating potential means to improve the representation of permafrost 

peatland ecosystems in large-scale model dynamics of the Earth’s surface. 

Chapter 2 also illustrates that the need to do so is pressing, because 

permafrost peatlands in Europe and Western Siberia currently exist close to a 

climatic tipping point.    

Chapter 2 of this thesis has presented a decadal time-series of projected 21st 

century changes to the suitable climate space for permafrost peatlands in 

Europe and Western Siberia, maps that could inform future modelling of these 

major peatland carbon stores. For example, my simulations provide a basis 

from which to target computationally-intensive, land-surface schemes on 

peatlands at risk of future climate-induced thaw, such as models of permafrost 

peatland microtopography (Smith et al., 2022). Process-based models, such 

as dynamic global vegetation models (DGVMs), contain representations of 

ecological, chemical, and hydrological peatland processes, which are not 

included in my climate envelope models. However, DGVMs do not currently 

differentiate between ice lenses or ice wedges and predict permafrost 

presence from simulations of active-layer thickness (Wania et al., 2009; Qiu et 

al., 2020). Furthermore, peatlands were not represented in CMIP6 Earth 

system models or their simulations of future permafrost degradation 
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(Chadburn et al., 2022). Existing projections of the peatland SOC stock at risk 

from future permafrost degradation are based on changes in mean annual air 

temperature under scenarios of global climate stabilisation at +0.5°C to +6°C 

above the preindustrial (Hugelius et al., 2020a). By comparison, my models 

also consider important changes in seasonality and precipitation and my 

projections account for spatiotemporal variability in 21st-century climate 

change under a range of possible anthropogenic emission scenarios. For 

those peatlands projected to be at risk from 21st century permafrost 

degradation (Figures 2.2 and S2.7–S2.10), scientific understanding for their 

future ecohydrological development and radiative forcing could now be refined 

using process-based models that account for site-specific characteristics (e.g., 

Treat et al., 2021, 2022).  

My analyses of Holocene peatland vegetation change in Chapter 3 could 

enable new, large-scale spatiotemporal assessments of model simulations of 

permafrost peatland plant functional types (PFTs). For example, only a handful 

of core-based records were previously used to evaluate hindcast simulations 

of permafrost peatland vegetation change made by the Lund-Potsdam-Jena 

General Ecosystem Simulator (LPJ-GUESS) DGVM (Chaudhary et al., 2017), 

a model which has since projected widespread 21st-century shrub expansion 

in circum-Arctic peatlands (Chaudhary et al., 2022). Alternatively, my 

palaeoecological catalogue may be combined with existing datasets of peat 

properties (Loisel et al., 2014; Treat et al., 2016) and palaeohydrological 

reconstructions (Zhang et al., 2022) for calibrating ecohydrological models to 

permafrost peatlands, in a similar manner to the recent parameterisation of 

boreal processes in DigiBog_Boreal (Ramirez et al., 2023). My identification of 

recent spatial heterogeneity in peatland shrubification provides important 

context for field-based experiments (Limpens et al., 2021) and core-based 

reconstructions of 20th century shrub expansion in high latitude peatlands 

(Gałka et al., 2018; Sim et al., 2019).  

From my laboratory measurements in Chapter 4, I have constructed the first 

model to predict peat Kh in Fennoscandian palsas, although its ability to predict 

Kh in palsas other than those in the study site remains to be tested. Both my 

site-specific LMM and an existing, large-scale model by Morris et al. (2022) 
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accounted for more than half of the variance in log10(Kh) in degrading palsas 

near Rensjön, Sweden. It therefore appears reasonable that pedotransfer 

models based on simple, low-cost descriptors of peat properties may soon be 

used to predict saturated hydraulic conductivity (Ksat) in unstudied permafrost 

peatlands, avoiding the need for time-intensive field and laboratory 

experiments. However, I firstly recommend that permafrost peatlands are 

better represented in the training datasets of large-scale models, by combining 

my measurements from Chapter 4 with previous data from North America 

(e.g., Quinton et al., 2008; O’Connor et al., 2020; Ackley et al., 2021). Such an 

endeavour would be aided by some additional measurements of Ksat from 

permafrost peatlands in Fennoscandia and Siberia, where data remain sparse 

compared to western Canada and Alaska. The methods of Chapter 4 could be 

easily replicated for this purpose—a range of techniques exist to estimate peat 

Ksat in the field or laboratory (Morris et al., 2022), and I measured peat 

properties using simple, low-cost methods.  

 

5.3. Timing of permafrost peatland response  

Although permafrost peatlands can demonstrate abrupt responses to climatic 

perturbations, several internal mechanisms may enable these ecosystems to 

resist change for some time. For example, my research has suggested that 

some peatland permafrost in Fennoscandia may already persist under 

unsuitable climates (Chapter 2), while several of the palaeoecological records 

I have studied indicate non-linear trajectories of past peatland succession and 

signs of ecosystem resilience (Chapter 3). Additionally, peat hydraulic 

properties did not significantly differ between desiccated and collapsed areas 

of the degrading palsa complex near Rensjön, Sweden (Chapter 4). This 

section provides a deeper consideration of the factors controlling the timescale 

of permafrost peatland response.  

Interactions between peatland permafrost and surface vegetation, hydrology, 

and microtopography can delay the onset of thaw and extend its duration under 

unsuitable climates (Halsey et al., 1995). So-called relict permafrost is known 
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to exist in some peatlands in continental western Canada (Halsey et al., 1995; 

Vitt et al., 2000) and northern Sweden (Sannel et al., 2016; Olvmo et al., 2020). 

However, there are no established methods for quantifying which permafrost 

peatlands presently exist in climatic equilibrium, or how long the temporal lag 

in permafrost degradation will be once climates become unsuitable. These 

uncertainties prevented me from estimating how much peatland permafrost 

will degrade during the 21st century (Chapter 2). Permafrost may be protected 

from warming climates by the low thermal conductivities of dry Sphagnum 

peats, and shading and reduced snow depths beneath shrubs and trees 

(Camill and Clark, 2000). Conversely, thaw may be accelerated by the 

cracking of desiccated peat surfaces (Swindles et al., 2015) or the combustion 

of peatland vegetation by wildfire (Ackley et al., 2021), both of which increase 

the thermal connectivity of permafrost to the atmosphere. Historical 

orthophotos have shown that some palsas in Fennoscandia have been 

laterally degrading for several decades (Olvmo et al., 2020; de la Barreda-

Bautista et al., 2022; Verdonen et al., 2023), although the timing of aerial 

surveys is too sporadic to determine when thaw began. New remote-sensing 

methods that track vertical subsidence in palsas may be used to refine these 

estimates, but the temporal coverage of high-resolution satellite imagery also 

remains limited (de la Barreda-Bautista et al., 2022; Sjogersten et al., 2023).  
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Figure 5.1. Site photographs of degrading palsas at Rensjön palsa mire, northern 

Sweden, (own images) showing: (a) the vegetation shift between degrading 

palsas and inundated thermokarst fens; and typical coring locations for (b) 

desiccating palsas with intact permafrost and (c) permafrost-free, collapsed 

palsas.  

 

To somewhat account for this temporal lag, I fitted my climate envelope models 

in Chapter 2 using observational climate data from a period slightly before 

present (1961–1990), when the spatial coverage of meteorological stations 

was also greatest (Harris et al., 2020). However, it is possible that some 
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permafrost peatlands already existed under unsuitable climates at this time. 

Previous analyses by Fewster et al. (2020) found that climate envelope models 

of North American palsas/peat plateaus fitted to the same mid-20th century 

baseline (1961–1990) outperformed equivalent models fitted to preindustrial 

data from a global climate model (Valdes et al., 2017; Morris et al., 2018). 

Future studies could attempt to fit climate envelope models to earlier 20th 

century time periods (e.g., 1941–1970, 1951–1980, etc.) or proxy-based 

reconstructions of preindustrial climate (e.g., Emile-Geay et al., 2017) to 

investigate this further. Analysing multiple, baseline time periods would likely 

increase the range of model uncertainty, but may also improve predictive skill 

through increased model flexibility (Title and Bemmels, 2018).  

Several of the plant macrofossil records I compiled for Chapter 3 evidenced 

ecological resistance or resilience (Belyea, 2009) of peatlands to Holocene 

environmental perturbations. Some Sphagnum-dominated peatlands may 

particularly resist succession under changing climate (Keuper et al., 2011), 

because Sphagnum mosses have broad hydrological tolerances (Rydin and 

Mcdonald, 1985), protect peat permafrost from warming climates (Zoltai, 

1993), and engineer acidic, nutrient-poor conditions that can restrict 

shrubification (van Breemen, 1995). A previous palaeoecological analysis of 

Rensjön palsa mire, my study site for Chapter 4, identified Sphagnum fuscum 

resistance to 20th-century climate warming and surface drying (Sim et al., 

2021b), which is similarly reflected in other Fennoscandian records (Piilo et al., 

2023). Cores from western continental Canada have also demonstrated that 

Sphagnum fuscum can recover quickly following wildfire and associated 

permafrost thaw (e.g., Zoltai, 1993; Sannel and Kuhry, 2008). Resilience of 

peatland vegetation may ultimately be exceeded where long-term hydrological 

changes occur (Robitaille et al., 2021), for example surface inundation 

following permafrost collapse, which commonly drives succession towards 

sedge-dominated fens (Olefeldt et al., 2021). High-resolution drone 

photography may be used to study the recent responses of permafrost 

peatland vegetation to disturbance in more detail (e.g., Palace et al., 2018; 

Sjogersten et al., 2023).  
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In future decades, peatland resistance to change may be lessened if the 

magnitude of 21st-century climate change occurs to the same degree as 

projected by CMIP6 ESMs under no-mitigation scenarios (Chapter 2). High 

future warming could rapidly overcome the insulating effect that Sphagnum 

layers exert on peat permafrost, while increases to water stress and wildfire 

frequency may disrupt poleward shifts in peatland vegetation. The future 

stability of the permafrost peatland carbon store will therefore be closely tied 

to the trajectory of global anthropogenic emissions.  

 

5.4. Research priorities 

In this thesis, I have addressed three important knowledge gaps concerning 

past, present and future changes to permafrost peatlands under changing 

climate, at spatial scales ranging from the circum-Arctic (Chapter 3), to 

regional (Chapter 2 and 3), and site-level (Chapter 4). This section outlines 

persisting data gaps in peatland science at each of these scales that should 

be prioritised to build upon this work.   

Across the circum-Arctic permafrost region, published data remains most 

spatially limited in central and eastern Siberia, where the past composition of 

peatland vegetation (Chapter 3), the modern distribution of permafrost 

peatland landforms and their carbon stocks (Chapter 2), and present-day peat 

hydraulic properties (Chapter 4) have been sparsely recorded. Other 

commonly understudied regions include parts of Alaska, Arctic Canada, the 

Kola Peninsula, Greenland and Svalbard. Spatial heterogeneity in peatland 

sampling restricted the spatial extent of my climate envelope modelling and 

palaeoecological comparisons (Chapters 2 and 3), while large-scale mapping 

of peat carbon stocks is still reliant on extensive spatial interpolation (e.g., 

Hugelius et al., 2020). Records of plant macrofossil relative abundance were 

largely unavailable for the Western Siberian lowlands (Chapter 3), where 

widespread future shrub expansion is projected to occur (Chaudhary et al., 

2022). While lithological descriptions of peat-forming vegetation are available 

for some peatlands in this region (Treat et al., 2016; Treat and Jones, 2018), 
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such data were unsuitable for my study of compositional changes in peatland 

vegetation through time. Future permafrost peatland research should therefore 

focus on improving data availability in these understudied regions, although 

conducting fieldwork in remote, northerly locations is challenging. Any new 

data could be easily appended to the datasets I have constructed in this thesis, 

which are freely-available alongside the publications of Chapter 2 in Nature 

Climate Change (Fewster et al., 2022) and Chapter 3 in Quaternary Science 

Reviews (Fewster et al., 2023).  

Since the publication of Chapter 2 (Fewster et al., 2022), Könönen et al. (2022) 

have attempted the first circum-Arctic simulations for the environmental 

spaces of palsas/peat plateaus, accounting for both climate and soil 

characteristics, and have made direct comparisons to my own published 

simulations. This study recorded a similar circum-Arctic distribution of 

observed palsas/peat plateaus to my own literature-based estimate (Figure 

S2.4) with minor additions, for example in European Russia and far eastern 

Siberia. Mapped distributions of permafrost peatland landforms have also 

recently been updated for the Labrador Sea coastline (Wang et al., 2023), but 

these data were not included in Könönen et al. (2022). Therefore, published 

maps still likely underestimate the true circum-Arctic distribution of permafrost 

peatland landforms, particularly in large parts of the Canadian and Alaskan 

interior and in central and eastern Siberia. Accordingly, the circum-Arctic 

simulations by Könönen et al. (2022) can be seen as an extrapolation of 

models fitted primarily to the well-constrained distribution of palsas/peat 

plateaus in Fennoscandia, Western Siberia, and parts of North America. 

However, there is currently insufficient observational data to validate circum-

Arctic simulations, most notably in central and eastern Siberia, and it is 

unknown whether palsas/peat plateaus exhibit homogenous relationships with 

climate in these largely understudied regions. The importance of missing 

observations for bioclimatic model performance is illustrated by my climate 

envelope model for palsas/peat plateaus in Europe and Western Siberia 

demonstrating stronger predictive power (cross-validated informedness = 

0.886; Chapter 2) than a previous model for North America, where landform 

observations were comparatively sparse (informedness = 0.624) (Fewster et 
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al., 2020). Furthermore, Könönen et al. (2022) only considered CMIP5 

moderate- and high-warming scenarios (RCP4.5 and RCP8.5, respectively) 

for their future projections of suitable environmental space. For Europe and 

Western Siberia, these projections indicate similar widespread, 21st-century 

losses of suitable climates for palsas/peat plateaus to the updated versions of 

these scenarios that were considered by my own CMIP6 modelling (Figures 

2.2, S2.8, and S2.10).  

Large-scale analyses often group permafrost peatlands into broad 

classifications (e.g., palsa mire, polygon mire) that simplify the complex 

arrangement of permafrost landforms, permafrost-free collapse scars and 

inundated thermokarst features that exist within these sites (Figure 5.1). 

Climate envelope models somewhat describe this variability in their simulation 

of a continuous probability distribution for permafrost peatland presence, which 

is then converted to a binary prediction based on a defined cut-off threshold, 

and probabilistic maps could be analysed more explicitly by future studies. 

Non-climatic predictors, such as soil characteristics and geology, may also 

refine large-scale modelling of peatland permafrost, where appropriate 

datasets are available (O’Neill et al., 2019; Karjalainen et al., 2020; Könönen 

et al., 2022).  

Existing core-based analyses of permafrost peatland complexes have 

predominately studied Sphagnum-dominated microhabitats, for example peat 

plateaus, while inundated fens and polygon mires have been less frequently 

sampled. It is currently unknown whether near-surface peat Kh will remain 

similarly consistent during the longer-term development of thermokarst fens, 

as I found it to during palsa desiccation and collapse at Rensjön palsa mire 

(Chapter 4), because inundated fens commonly exhibit an ecological transition 

towards sedge-dominated vegetation (Figure 5.1). I found these fen peats to 

be too wet and loose to retrieve useable samples from using Polyvinyl Chloride 

(PVC) cylinders and the scissor-cut method (Green and Baird, 2012), so it may 

be more appropriate to measure their hydraulic properties using alternative, 

field-based methods (e.g., Hogan et al., 2006). My core-based approach also 

restricted my laboratory determinations of peat Ksat to one direction 

(horizontal), so additional research is needed to quantify whether peat Ksat is 
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anisotropic (i.e., directionally-dependent) in degrading palsas. Ahead of my 

fieldwork in July 2022, transport of my sampling equipment to northern 

Sweden was delayed, and ultimately never completed, because of ongoing 

strikes by Scandinavian Airlines. This resulted in several days of lost time, 

while I sought alternative equipment from Kiruna and Abisko. These 

unforeseen logistical challenges and time constraints meant I was unable to 

sample more than one site for this first, detailed study of the peat hydraulic 

properties of Fennoscandian palsas. The spatiotemporal variability of peat Ksat 

in degrading palsas could now be explored further through peatland 

chronosequences, which have previously uncovered time-dependent changes 

in peat Ksat following agricultural disturbance (Hyväluoma et al., 2020). New 

measurements are also required for polygon mire peats (Helbig et al., 2013), 

but this is complicated by their remote location (Figure S2.4).  

Encapsulating site-wide variability in permafrost peatlands is particularly 

challenging for core-based studies (Chapters 3 and 4), because peat cores are 

typically only a few centimetres wide and record changes in the immediate 

vicinity of the sampling location, forming point measurements within a 

heterogeneous landscape. By increasing the number of coring locations and 

by sampling a range of microhabitats, some interpretation of within-site 

heterogeneity can be made, for example for peat permeability (Baird et al., 

2016) or past vegetation succession (Piilo et al., 2023). However, such 

detailed analyses are time-intensive to complete and representative sampling 

of some microhabitats (e.g., saturated fen peats) remains a challenge. Even 

where a representative number of cores are available, it is difficult to include 

these data in large-scale averages without introducing a spatial bias related to 

the varying number of cores between sites, although this bias may be reduced 

in certain cases through data normalisation (Treat and Jones, 2018).  

Detailed, multiproxy reconstructions are useful for elucidating the drivers of 

past peatland developments, but many of the cores I studied in Chapter 3 only 

have published records of plant macrofossils and peat properties (e.g, dry bulk 

density), which limited my interpretations. Existing proxy reconstructions of 

permafrost peatland palaeohydrology, for example using testate amoebae, are 

spatially clustered and have only been synthesised for the past four centuries 
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(Zhang et al., 2022). Where plant macrofossils have been identified to a 

species-level, particularly Sphagnum, these data can provide some indication 

of palaeohydrological trends without the need for additional proxy evidence 

(e.g., Piilo et al., 2023), but this is only possible where macrofossils are 

sufficiently well-preserved. Additionally, palaeoecological records from 

permafrost peatlands often have low temporal resolutions, owing to slow peat 

accumulation under cold climates (e.g., Vardy et al., 1997, 2005; Oksanen et 

al., 2001), which restricted my analyses to coarse 200-year time steps. The 

precision of core chronologies has improved since the 1990s with the 

development of accelerator mass spectrometry techniques for radiocarbon 

(14C) dating, which require smaller peat samples than older procedures 

(Holmquist et al., 2016), and refinements to lead-210 (210Pb) dating (Aquino-

López et al., 2018). These improvements have facilitated recent, decadal-

scale reconstructions of late-Holocene vegetation change in some circum-

Arctic peatlands, enabling regional-scale assessments of peatland responses 

to late 20th-century warming (e.g., Sim et al., 2021b; Magnan et al., 2022; Piilo 

et al., 2023). As more temporally-resolute, multiproxy records become 

available, changes to permafrost peatland ecohydrology during short-term 

Holocene climate events may be studied at broader spatial scales.  

 

5.5. Thesis conclusions 

This thesis provides an important advance in scientific understanding of the 

climatic controls, ecological responses and hydraulic characteristics of 

permafrost peatlands, research that should now be integrated into large-scale 

modelling of circum-Arctic peatlands. In Chapter 2, I developed the first climate 

envelope models of permafrost peatlands in Western Siberia, which have 

enabled new simulations for the loss of suitable climates under CMIP6 

projections of 21st-century climate change, and some identification of the peat 

carbon stores at risk of permafrost degradation. In Chapter 3, I constructed a 

new dataset of previously-published plant macrofossil records and conducted 

a first, long-term analysis of the spatiotemporal extent of Holocene 
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shrubification in circum-Arctic peatlands. In Chapter 4, I performed the first 

laboratory measurements of peat Kh in degrading palsas in Fennoscandia and 

fitted a new model to predict Kh in palsas based on simple, low-cost 

measurements of peat properties. Throughout I have used methods that are 

easily replicable and compared my results to the wider published literature. 

Preferential sampling of Sphagnum-dominated microhabitats and remaining 

data gaps in North America and Siberia pose important barriers to permafrost 

peatland research and should be addressed by future studies. Lastly, in this 

chapter I have summarised the key findings, outlined the wider applications of 

my results and identified priorities for future research.  

My research has highlighted that permafrost peatlands in Europe and Western 

Siberia exist close to their climatic threshold, particularly in Fennoscandia, and 

are projected to be widely exposed to unsuitable climates during the coming 

decades. Once climates become unsuitable and permafrost thaws, changes 

to the net carbon balance of circum-Arctic peatlands are difficult to predict and 

likely to be spatially heterogenous, driven by changes to peatland vegetation 

composition and hydrology. My palaeoecological analyses suggest that 

Sphagnum and woody vegetation have steadily increased in abundance in 

circum-Arctic peatlands since ~8,000 years BP, but during recent centuries 

peatland shrubification has been spatially heterogeneous, reflecting between-

site variability in permafrost degradation and peatland surface drying. 

Hydrology appears to exert a primary control on ecological succession in 

permafrost peatlands, with ensuing implications for peatland carbon fluxes. 

However, my laboratory measurements of near-surface peat Kh in a degrading 

permafrost peatland in northern Sweden did not exhibit any significant 

difference between desiccating palsas and collapsed areas, suggesting that 

any post-thaw changes to peatland hydrology may be driven more by structural 

changes to peatland topography rather than alterations to peat properties. 

Taken together, these findings have important implications for understanding 

the radiative forcing potential of permafrost peatlands during the coming 

decades.  
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