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Abstract 

 

Storage of atmospheric carbon in northern peatlands imparts a cooling effect upon 

global climate. Climate change may alter peatland carbon cycling, accelerating both 

decomposition and plant productivity, potentially driving positive or negative climate 

feedbacks. Experimental and palaeoecological methods are commonly used to 

investigate peatland responses to climate change, but results are often in disagreement. 

Whether positive or negative climate feedbacks will dominate in the future is uncertain. 

This thesis links experimental and palaeoecological approaches on a raised bog in Wales 

(Cors Fochno), testing the effects of ten-years of warming and increased drought 

frequency upon ecosystem functioning, and comparing climate responses with those 

that have occurred in the bog during the past ~1500 years.  

In the experimental plots, warming reduced both carbon accumulation and methane 

emissions, and when combined with drought caused the bog to become a net carbon 

emitter. Shrub abundance increased with warming, which was also seen in the 

palaeoecological record. Sphagnum abundance did not respond to experimental 

manipulations. During the past ~1500 years, changes in carbon accumulation 

corresponded with vegetational succession. Sustained water table drawdown and 

wildfires resulted in more decay-resilient plant communities. Climate manipulation 

altered the stabilisation of organic matter with depth. Temperature increases similar to 

those in the past millennium did not affect decay rates in the plots. Decay during the 

last ~1500 years resulted from vegetation changes, rather than from temperature 

changes.  

Climate change may cause positive feedbacks to dominate in the short term, but long-

term shifts towards more decay resistant plant species may offset emissions and 

contribute to climate cooling. The climatic sensitivity of peatland palaeoecological 

proxies should be tested in modern settings before they are used to test climate models. 

As a result of anthropogenic disturbance, palaeoecological records are no longer a good 

analogue for contemporary and future peatland functioning.  
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Chapter 1: Introduction 

1.1. Motivation 

In 2015, global average atmospheric carbon dioxide concentrations exceeded 400 ppm 

for the first time in recorded history. As of 2021, average rates exceed 415ppm and are 

increasing (NOAA, 2021). The past six years have seen record breaking global 

temperatures, with 2020 and 2016 the warmest years since records began (Voosen, 

2021). 

 

aƻǎǘ ƻŦ ǘƘŜ ǿƻǊƭŘΩǎ ŜŎƻǎȅǎǘŜƳǎ ŀǊŜ ŀŦŦŜŎǘŜŘ ōȅ ŀƴǘƘǊƻǇƻƎŜƴƛŎ ŎƭƛƳŀǘŜ ŎƘŀƴƎŜ (Nolan et 

al., 2018). These impacts may affect ecosystem functions such as carbon cycling in 

terrestrial ecosystems, potentially impacting feedback mechanisms that may ameliorate 

or intensify climate warming (Field et al., 2007). One such ecosystem is peatlands, which 

store around 600 billion tonnes of carbon in their soils (Yu, 2011). This has accumulated 

throughout the past c. 10,000 years due to an imbalance between productivity and 

decay (Gorham, 1991; MacDonald et al., 2006). Peat initiation mainly occurs in cooler, 

wetter ecosystems such as those that occur in higher latitudes (Limpens et al., 2008; Xu 

et al., 2018). While rropical and Southern Hemispheric peatlands also represent globally 

significant carbon stores and are also responsive to the effects of climate change (Leng 

et al., 2019), the focus of this thesis is on Northern Hemispheric peatlands. In the 

Northern Hemisphere, the biggest future changes in temperatures and precipitation are 

projected to occur due to climate change (Lee et al., 2021). These changes may disrupt 

the carbon balance of peatlands (Belyea, 2009; Frolking et al., 2011).  
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Peatland ecosystems are complex and climate change may impact on a number of 

ŀǳǘƻƎŜƴƛŎ ŀƴŘ ŀƭƭƻƎŜƴƛŎ ǇǊƻŎŜǎǎŜǎ ǘƘŀǘ ƳƻŘŜǊŀǘŜ ŀ ǎƛǘŜǎΩ ǊŜǎǇƻƴǎŜ ǘƻ ŎƭƛƳŀǘŜ ŎƘŀƴƎŜ 

stressors (Frolking et al., 2009; Waddington et al., 2015). Peatlands influence climate 

primarily through exchanges of two important greenhouse gases with the atmosphere: 

carbon dioxide (CO2) and methane (CH4) (Blodau, 2002; Bridgham et al., 2006). The 

former is more abundant, but the latter has a more potent effect upon radiative forcing 

(Forster et al., 2021). CO2 is mainly produced in aerobic conditions whereas CH4 

production occurs under anaerobic conditions beneath the water table, and peatlands 

absorb CO2 by photosynthesis of plants and microbes living on their surface (Bubier et 

al., 1995; Wu and Roulet, 2014). Currently, pristine peatlands are considered to be net 

carbon sinks, cooling global climate (Korhola, 1995; Frolking and Roulet, 2007). 

However, the effects of climate change are likely to affect the proportion in which these 

gases are emitted to the atmosphere from peatlands: warming may increase plant 

productivity, increasing CO2 uptake, but may also increase the rate of decay resulting in 

increased CO2 production (Fenner and Freeman, 2001; Loisel and Yu, 2013). Likewise, 

CH4 emissions may increase with rising temperatures but soil drying may reduce CH4 

production (Couwenburg, 2009; Huang et al., 2021). Climate change is also likely to 

influence plant community composition in peatlands, which are fundamental for peat 

growth and ecosystem functioning (Walker et al., 2016; Dieleman et al., 2015). Changes 

in peatland vegetation may influence carbon accumulation, decomposition rates and 

CH4 emissions (Ward et al., 2013; 2015; Bell et al., 2018). Peat soils are mainly composed 

from the remains of dead vegetation. The character of the overlying plant community 

therefore directly influence rates of carbon accumulation and decomposition (Dieleman 

et al., 2015; Walker et al., 2016).Sphagnum mosses are an important peat forming moss 
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which function as ecosystem engineers, maintaining peatland ecosystem functioning 

(van Breemen, 1995). Changes in Sphagnum cover and replacement by other vegetation 

types (e.g., vascular plants such as shrubs or sedges) may drive substantial changes in 

soil biogeochemistry, hydrology, plant productivity and decomposition (Ward et al., 

2013; Norby et al., 2019), resulting in changes in carbon cycling. In UK peatlands, a 

particularly abundant shrub species is Calluna vulgaris (Walker et al., 2015). This species 

forms associations with ericoid mycorrhizal fungi in the soil, allowing them to acquire 

additional resources from the nutrient-sparse peat (Read et al., 2004). While shrubs 

such as Calluna vulgaris are able to grow rapidly, sequestering relatively large amounts 

of carbon relative to slower growing Sphagnum mosses (Walker et al., 2015), they also 

produce root exudates which may prime decomposition of belowground peat, 

enhancing CO2 emissions (Walker et al., 2016). Sedges are another type of vegetation 

that commonly inhabit peatlands. In northern peatlands, the most widespread sedges 

are those of the genus Carex and the species Eriophorum vaginatum (Robroek et al., 

2017). Sedges exhibit both high productivity rates and rapid biomass turnover, meaning 

that they may contribute little to carbon accumulation, but like shrubs they can 

stimulate peat decay by increasing the supply of readily decomposed plant litter and 

root exudates into the sub-soil (Marinier et al., 2004). Furthermore, sedges can increase 

emissions of CH4, owing to some species possessing specialised cells in their roots called 

aerenchyma that can facilitate methane transport from deep peat (Greenup et al., 2000; 

Strack et al., 2006a).  

 

It is currently unclear how peatlands will respond to projected climate changes in the 

future. Two different approaches are generally used to investigate this issue: 
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Experimental and palaeoecological studies. Experimental studies manipulate changes in 

environmental conditions (e.g., temperature, precipitation) in laboratory or field 

settings and monitor how peatland ecosystem functions and processes respond to these 

changes (e.g., Ward et al., 2013, Dieleman et al., 2015; Jassey et al., 2015; Wilson et al., 

2016; Li et al., 2021). Palaeoenvironmental studies investigate how long-term 

accumulation of carbon by peatlands, inferred from peat cores, changes in response to 

climate over both space and time (Mauquoy et al., 2002; Gallego-Sala et al., 2018). Both 

approaches have specific advantages and limitations: Experimental studies can be highly 

detailed and allow for control of climate variables, but are typically small scale, short 

lived and are subject to experimental artefacts (Updegraff et al., 2001; Johnson et al., 

2013). Palaeoecological studies allow for consideration of peatland responses to real 

climate change events over time-periods far longer than are possible with experimental 

studies (multi-decadal to millennial), but do not allow for mechanisms of change to be 

explored at the same level of detail as is possible with experimental studies (Mauquoy 

and Yeloff, 2008). Additionally, carbon accumulation rates derived from peat cores are 

subject to artefacts relating to differences in the degree of decomposition that has taken 

place through time, as well as by removal of peat, which may occur as a result of wildfire, 

loss via hydrological pathways, erosion, or peat extraction (Holden, 2005; Ratcliffe et al., 

2018). Core-derived carbon accumulation rates cannot  quantify carbon losses from the 

system (Young et al., 2019; 2020). Both methods are complimentary and could be 

applied together for the same site. This may allow for a better understanding of the 

results of experimental studies in the context of ŀ ǎƛǘŜǎΩ long-term history and to better 

understand the mechanisms that influence both short- and long-term processes (e.g., 

carbon accumulation) in peatlands (Lamentowicz et al., 2016).  
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However, these approaches are rarely applied together. The results of both approaches 

are often very different. For example, experimental research in peatlands suggests that 

climate warming may result in the rapid loss of ancient, deep carbon, enhancing climate 

warming (Dorrepaal et al., 2009; Walker et al., 2016). By contrast, much of the 

palaeoecological research suggests the opposite: peatlands accumulate greater 

quantities of carbon under warmer climatic conditions (Mauquoy et al., 2002; Charman 

et al., 2013; Gallego-Sala et al., 2018).  

 

The aim of this thesis is to understand how climate change (warming and drought) may 

affect northern peatlands in an interdisciplinary study, combining experimental and 

palaeoecological approaches to identify which result is closest to reality. 

 

1.2. Aims, objectives and hypotheses 

The objectives of this thesis are addressed using a long-term climate manipulation 

experiment that integrates passive experimental warming with simulated periods of 

episodic, seasonal water table drawdown to determine the effects of climate warming 

and drought upon ecosystem functions in northern ombrotrophic peatlands. Droughts, 

as defined in this study, refer to reduced precipitation resulting in low streamflow in 

rivers and low water levels in lakes and groundwater (van Loon, 2015). Palaeoecological 

reconstructions are generated using a peat core taken from the same peatland, adjacent 

to the experimental site. The overarching aim of this thesis is to integrate 

palaeoecological and experimental studies to better understand peatland ecosystem 
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function and climate feedback responses to climate warming and increased drought 

severity.  

 

This thesis tests the following primary hypothesis:  Peatlands will impart a net positive 

climate feedback in response to projected warming and increased drought frequency due 

to anthropogenic climate change. This will be accomplished by addressing four general 

objectives: 

 

1. Calculate modern carbon budgets for the experimental treatments 

This study will measure CO2 and CH4 fluxes and porewater DOC concentrations from 

experimentally manipulated plots on an ombrotrophic peat bog and assess how each 

carbon flux differs in response to experimental warming, drought and combined 

warming and drought. Functional relationships will be calculated between measured 

carbon fluxes and environmental variables, and models used to estimate multi-year 

annual carbon budgets for all measured carbon fluxes within each plot, using logged 

environmental conditions for each experimental treatment. These multi- year carbon 

budgets will then be assessed to test the effects of each climate manipulations upon 

annual carbon accumulation rates. 

 

2. Relate the long-term context of carbon accumulation to the modern carbon budgets 

This study will create a record of Late Holocene peat accumulation for the site where 

the experiment is located, as well as long-term (Holocene) average apparent rates of 

carbon accumulation. Average apparent carbon accumulation rates (derived from a peat 
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core) will be calculated for known periods of climate change during the Late Holocene. 

These results will be compared with the modern multi-year carbon budgets for each 

experimental treatment, to assess where the carbon budgets for the different 

manipulations fall within the late Holocene envelope. Finally, possible reasons for the 

general disagreement between core-derived carbon accumulation rates and estimated 

net ecosystem carbon budgets will be explored. 

 

3. Test the sensitivity and effectiveness of palaeoenvironmental proxies to simulated 

warming and drought 

This study will assess how organic matter decomposition rates and commonly used 

palaeoecological proxies for decomposition are affected by warming, drought and 

combined warming and drought within the experimental site. The climatic sensitivity of 

each palaeoenvironmental proxy to changes in temperature within the experimental 

plots will be tested. The changes in temperature imparted by the experimental warming 

are comparable to those that have occurred during the Late Holocene. The magnitude 

and direction of changes observed within the experiment will be compared with changes 

in each proxy, reconstructed from the Late Holocene record, in order to see how 

faithfully these proxies reflect climate change effects seen in the experiment. 

 

4. Compare responses in the experiment with responses to real climatic change in the 

past 

This study will compare peatland responses to warming and drought seen in the 

experiment with responses to real climate change that the site has experienced during 
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the Late Holocene. By correlating Late Holocene carbon accumulation rates at Cors 

Fochno with long-term (> 350 year) instrumental measurements of environmental 

conditions for central England, and reconstructed average temperature anomalies for 

the Northern Hemisphere, relationships between long-term drivers of carbon 

accumulation may be explored. The drivers of long-term carbon accumulation will be 

compared with those governing contemporary carbon fluxes in the experimental plots. 

Furthermore, changes in vegetation community composition and carbon accumulation 

rates between known periods of climate change: the Medieval Climate Anomaly (MCA; 

c. 950 ς 1250 CE) and the Little Ice Age (LIA; c. 1350 ς 1850 CE) (Mann et al., 2009) will 

be compared with the annual carbon budgets from the experimental plots, to determine 

whether the experiment realistically reflects the magnitude and direction of change 

seen following climatic changes in the past. 

 

Together, these objectives meet the overarching aim of uncovering the reasons 

underlying the apparent disparity between the results of experimental and 

palaeoecological studies and will reduce uncertainty as to how peatlands may respond 

to future anthropogenic climate change, determining their future role in the global 

climate system. 

 

1.3. Thesis structure 

This thesis is presented as a sequence of three standalone papers, applying a novel suite 

of interdisciplinary methods to address the above set of objectives. The first chapter 

provides a general introduction, setting the motivation, aims and objectives of the 

thesis. This is followed by a literature review summarising the background and rationale 
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behind the project. The second chapter provides a comprehensive methodology for the 

thesis, detailing how the objectives will be met using a multi-disciplinary framework, 

applying a suite of field, laboratory, and statistical methods. The third chapter assesses 

whether changes in vegetation community seen in the experimental treatments are 

represented by the long-term palaeo-vegetation record during past periods of warming 

and water table drawdown.  

 

In this thesis, the following hypotheses are tested: 

1. The experimental site at Cors Fochno imparts a significant treatment effect upon 

air temperature and water table depth comparable to future projected climate 

changes for the region.  

2. Ten years of experimental warming, drought and combined warming and 

drought drives significant changes in plant community composition in our 

experimental site. 

3. The effects of experimental warming and drought upon plant community 

composition are amplified in the plots where these treatments are applied in 

combination.  

4. Changes in plant community composition seen in the experimental plots 

resemble those that occurred in the long-term vegetation record within the 

same site over the past c. 1500 years in response to past warming and drought. 

 

In chapter four, measured carbon fluxes and multi-year annual carbon budgets are 

compared with core-derived long-term carbon accumulation rates from the same site, 
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and reasons for the apparent disparity between palaeo and experimental studies are 

explored. This chapter tests the following hypotheses:  

1. Experimental warming, drought and combined warming and drought cause a net 

reduction in carbon accumulation rates within the experimental plots. 

2. Experimental warming, drought and combined warming and drought increase 

the rate of net carbon dioxide emissions from the experimental plots. 

3. Experimental warming, drought and combined warming and drought reduce the 

productivity rate of vegetation within the experimental plots. 

4. Experimental warming, drought and combined warming and drought increases 

the rate of methane emissions within the experimental plots. 

5.  Experimental warming, drought and combined warming and drought increase 

the production rate of dissolved organic carbon within the experimental plots. 

6. Experimental warming, drought and combined warming and drought cause the 

peatland to switch from a net sink to a net source of carbon. 

7. The effects of warming and drought upon each component of the carbon cycle 

are amplified within the combined treatment plots. 

8. The main environmental drivers governing carbon accumulation rates in the 

experimental plots resemble those that have controlled long-term carbon 

accumulation rates for the same site. 

9. Long-term carbon accumulation rates derived from peat cores are comparable 

to carbon budgets estimated for the experimental plots. 

10. Changes in carbon accumulation rates seen in the experimentally manipulated 

plots resemble those seen during warmer and/or drier periods in the 

palaeoecological record of the same site.  



 
35 
 

  

Finally, the effects of experimental warming and drought upon organic matter 

decomposition and stabilisation and the sensitivity of three palaeoecological 

decomposition proxies are tested in chapter five. This chapter tests the following 

hypotheses:  

1. Increased temperatures and drought frequency increase the rate of 

decomposition for below and above-ground litter. 

2. These changes are driven by differences in environmental conditions, such as 

temperature, water table depth and vegetation community composition, within 

the experimental plots.  

3. Changes in decomposition and litter stabilisation rates are reflected by changes 

in the palaeoecological proxies. 

4. The changes seen in the palaeoecological proxies in response to experimentally 

simulated warming and drought reflect those seen in the palaeoecological 

record in terms of magnitude and direction in response to past climate 

warming and/or drying.  

 

Chapter six synthesises the results of these three chapters and discusses their overall 

implications, fit ting them into the context of the existing literature and discussing the 

implications of these findings for peatlands in the UK and for northern peatlands as a 

whole. A final concluding chapter describes how, when taken together, the chapters 

meet the aims and objectives of this thesis and whether we can accept the primary 

hypothesis. 
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1.4. Literature review 

1.4.1. Climate change 

¢ƘŜ ǘŜǊƳ Ψclimate ŎƘŀƴƎŜΩ ŘŜǎŎǊƛōŜǎ ƭƻƴƎ and short-term changes in local, regional, or 

global temperature and weather patterns. ¢ƘǊƻǳƎƘƻǳǘ 9ŀǊǘƘΩǎ ƘƛǎǘƻǊȅΣ ŀǘƳƻǎǇƘŜǊƛŎ 

greenhouse gas concentrations have influenced global climate (MacDonald et al., 2006; 

Haywood et al., 2011). For example, the transition between the generally warmer 

Medieval Climate Anomaly (MCA; c. 950 ς 1250 CE) to the cooler Little Ice Age (LIA; c. 

1350 ς 1850 CE) was associated with reduced atmospheric CO2 concentrations of 

between 7 ς 10 ppmv (Lamb, 1965; Mann et al., 2008; 2009).  

 

The global carbon cycle describes the movement of carbon between the ocean, 

atmosphere, and terrestrial biosphere (IPCC, 2021; Figure 1.1.). The carbon-based 

greenhouse gases CO2 and CH4 are important components of this cycle (Friedlingstein et 

al., 2020). Since 1750, atmospheric concentrations of CO2 and CH4 have risen by 47 % 

and 156 % respectively, mainly as a consequence of anthropogenic activities such as 

fossil fuel combustion and land use changes (IPCC, 2021). This has warmed global mean 

surface temperatures, such that 2001 ς 2020 was the warmest 20-year period in 

recorded history, with temperatures higher by c. 1°C relative to 1850 ς 1900 baselines 

(IPCC, 2021). Projections of future climate change indicate that global mean 

temperatures will continue to increase throughout the 21st century (Lowe et al., 2018; 

IPCC 2021). Even the most optimistic projections indicate that global temperatures will 

increase by at least 1.5 °C by 2100 (IPCC, 2021). Climate warming is projected to affect 

global weather patterns, change regional precipitation rates, and may increase the 

frequency and intensity of droughts in some regions (Lee et al., 2021).  
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Figure 1.1. Simple model of the global carbon cycle showing its main components. Figure 
adapted from IPCC, 2021. 
 

Terrestrial ecosystems such as peatlands are important contributors to the biological 

carbon cycle, exchanging CO2 and CH4 with the atmosphere and storing vast quantities 

of organic carbon in their soils (Gorham, 1991; Clymo et al., 1998; Davidson and Jassens, 

2006; Nichols and Peteet, 2019). Their ability to sequester and store carbon depends 

upon prevalent climatic conditions that govern the balance between carbon uptake and 

microbial decay (Harenda et al., 2018). Future climate change threatens to disrupt this 

balance, potentially releasing ancient, stored carbon into the atmosphere (Chapin et al., 

2006; Dorrepaal et al., 2009). This potential for climate feedback means that 

understanding how peatlands will respond to future climate changes is an important 

research priority (Wilson et al., 2016; Hopple et al., 2020). 

  

1.4.2. What are peatlands? 

Peatlands are terrestrial wetland ecosystems characterised by their anoxic, waterlogged 

soils, which are composed mostly of organic material (>60 %) (Joosten and Clarke, 2002; 

Chambers and Charman, 2004). Peatlands differ from other terrestrial wetlands due to 

their shallow water table and anoxic biogeochemistry that facilitates their highly 
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efficient carbon store function (Charman, 2002). They are important habitats for many 

specialised species of plants and animals and provide a wealth of ecosystem services 

that are of importance to society, such as drinking water provision, flood mitigation and 

carbon sequestration (Gorham, 1991; Gao et al., 2016; Fenner et al., 2021).  

 

Peatlands cover approximately 4.2 million km2 of terrestrial land, roughly equivalent to 

the area covered by all EU member states (Xu et al., 2018). They develop where climatic 

and topographic conditions allow for organic matter to accumulate more quickly than it 

can decay (Clymo et al., 1998). These conditions are most prevalent in the Northern 

Hemisphere (between 45 ς 75 °N), where c. 80 % of all peatlands reside, with the largest 

concentrations found in Russia, Canada, and the United States of America (Limpens et 

al., 2008; Xu et al., 2018). In these regions, a large proportion of peatlands are underlain 

by permafrost (Hugelius et al., 2020). 

 

1.4.3. Peatland formation, classification, and development 

Modern peatland initiation in the Northern Hemisphere began following the end of the 

last Glacial Period. The oldest sites developed in ice-free portions of North America and 

Asia c. 16 ς 14 kyr BP (thousand years before present: 1950 CE) followed by more 

widespread initiation as glacial ice receded, with the highest rates of peat initiation 

occurring between 12 and 8 kyr BP (MacDonald et al., 2006). Peat initiation occurs by 

three pathways: 1. terrestrialisation, where organic matter fills a lake or depression until 

peatland vegetation establishes; 2. primary peat formation on exposed mineral soils, 

where peat develops without an aquatic phase (Noble et al., 1984; van Breemen, 1995) 
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and 3. paludification, where peat expands laterally from its site of initiation (Korhola et 

al., 1996; Anderson et al., 2003).  

 

Methods for the classification of peatlands differ regionally and between disciplines 

(Lindsay, 2016). Peatlands are mostly described in terms of their hydrology. For 

example, ombrotrophic (rain-fed) bogs depend upon precipitation for their hydrological 

and mineral inputs, whereas minerotrophic fens are fed by ground or surface water and 

thus their soils are relatively enriched by nutrients and minerals (Wheeler and Proctor, 

2000; Bridgham et al., 2008). Fens can be further classified by the relative richness of 

their mineralogical supply, ranging from relatively nutrient poor (oligotrophic) to heavily 

enriched (eutrophic) sites (Lindsay, 2016). Fens may also be differentiated by their water 

source: some are fed primarily by ground water (topogenous) while others by overland 

water flow (soligenous) (Wheeler, 1984).  

 

Following initiation, peatlands undergo gradual vegetational successions resulting in 

ecological transition in response to changes in their hydrology and nutrient supply over 

time (Granath et al., 2010). For example, a fen may transition into a relatively nutrient 

ŘŜŦƛŎƛŜƴǘ ΨǇƻƻǊ ŦŜƴΩ ƻǊ ōŜŎƻƳŜ ŀƴ ƻƳōǊƻǘǊƻǇƘƛŎ ΨōƻƎΩ ŀǎ vertical peat accumulation 

separates the surface peat from its groundwater supply (Ingram, 1982; Belyea, 2009). 

Transitions into ombrotrophic bogs only occur in areas where precipitation rates exceed 

those of evapotranspiration and run-off, allowing a positive water balance to be 

maintained (Lindsay, 2016). Ombrotrophic bogs often differ from one-another in terms 

of their continental setting; oceanic bogs receive increased supplies of nutrients and 

ions from seawater than continental sites and thus often exhibit differing vegetation and 
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ecosystem functions (Sparling et al., 1967). Large differences in pore water chemistry, 

litter quality, trace gas fluxes, carbon accumulation rates and water table levels can 

occur between sites of differing trophic status (Bridgham et al., 1996; 1998; 2008; 

Chapin et al., 2004). Differences in nutrient supply often mean peatlands exhibit large 

variation in plant community composition, with fens typically having more abundant 

sedges and limited shrub cover, while ombrotrophic bogs are mostly dominated by 

mosses (Lindsay, 2016). These differences in vegetation may explain the variation in 

ecosystem functioning between fens and bogs, since plant community composition in 

peatlands are key drivers behind many ecosystem functions (Ward et al., 2013; Kuiper 

et al., 2014; Robroek et al., 2015; 2017).  

 

The waterlogged, acidic, and nutrient deficient conditions characteristic of peatland soils 

are hostile to many types of vegetation, thus northern peatlands are botanically simple 

ecosystems (Rodwell, 1991). Northern peatlands are typically dominated by bryophytes, 

particularly in the case of ombrotrophic bogs (Rydin and Jeglum., 2006). Mosses of the 

family Sphagnaceae are characteristic of northern peatlands and are widely considered 

to be the most important peat-forming vegetation in the world (van Breemen, 1995). 

Sphagnum mosses grow vertically from their terminal apex (the capitulum). They 

feature multiple branches that radiate from a central stem, covered by single celled 

leaves, featuring two distinctive cell types. One type of cell is enlarged, porous and 

thickened, facilitating water storage and vertical transport to the growing parts of the 

plant (hyaline cells). The other cell type is smaller and enclosed, facilitating 

photosynthesis (chlorophyllose cells) (Clymo and Hayward, 1982). Sphagnum mosses 

are fundamental to the stability and resilience of northern peatlands (Turetsky et al., 



 
41 
 

2012), producing decay-resistant litter (Dorrepaal et al., 2005; Ward et al., 2009), 

antimicrobial compounds that inhibit decomposition (van Breemen, 1995; Opelt et al., 

2007) and contributing to the water-holding capacity of peat, whilst simultaneously 

creating their own ecological niche at the expense of other vegetation (van Breemen, 

1995).  

 

 

Despite the adverse growing conditions created by Sphagnum mosses, other vegetation 

also frequently co-occur in peatlands (Dorrepaal et al., 2005; Kuiper et al., 2014). These 

include vascular plants such as sedges, forbs, grasses, shrubs, and trees. The latter two 

often occur as stunted, dwarfed forms due to the nutrient deficient and waterlogged 

conditions in which they grow (van Breemen, 1995). The distribution of peatland 

vegetation varies within sites across ecological gradients, relating to spatial variation in 

nutrient availability and hydrology (Andersen et al., 2011). This spatial differentiation 

results in the development of an undulating microtopography across peatland surfaces. 

Within this heterogenous landscape, the distribution of competing species depends 

upon their ecological preferences (Andersen et al., 2011). Dry-tolerant species may form 

raised hummocks while others occupy hollows or lawns which are closer to the water 

table (Clymo and Pearce, 1995; Anderson et al., 2011).  

 

1.4.4. Peat accumulation, carbon cycling and storage 

Peat grows over thousands of years as vegetative material accumulates vertically over 

time. Decomposition is inhibited by the anaerobic and cool conditions in the sub-soil 

(Yavitt et al., 1997; Billet et al., 2010). Organic carbon stored within this buried organic 
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matter may be stored for thousands of years under these conditions (Davidson and 

Jassens, 2006; Belyea, 2009). The steady accumulation of peat over thousands of years 

has resulted in northern peatlands storing more carbon than any other terrestrial 

ecosystem, estimated at around 612 billion tonnes of carbon (Gt C) (Yu 2011), despite 

their relatively small extent (c. 3 % of terrestrial land cover) (Gorham, 1991; Xu et al., 

2018). This constitutes around one third of all terrestrial soil stocks (Gorham, 1991; 

Waddington et al., 2015), while some estimates suggest that the peatland carbon store 

is higher than 1000 Gt C (Nichols and Peteet, 2020). The continuous sequestration and 

storage of atmospheric carbon by peatlands since their initiation is estimated to have 

cooled global temperatures by 1.5-2.0°C throughout the Holocene (Korhola et al., 1995; 

Frolking and Roulet, 2007). Peatlands do not always have a cooling effect upon global 

climate (MacDonald et al., 2006). Peat soils can also be sources of greenhouse gases, 

emitted in the form of CO2 and CH4, which are produced as end products of decay 

processes in the peat (Blodau, 2002; Bridgham et al., 2006).  

 

A simplified version of the peatland carbon cycle is shown by Figure 1.2. Peatland carbon 

balances are governed by different processes occuring within two separate stratigraphic 

zones, differentiated by aerated (oxic) and permanently waterlogged (anoxic) conditions 

(Frolking et al., 2009). The uppermost zone, representing recently accumulated peat 

above the water table is termed the acrotelm (Ingram, 1978). This zone is typically 

between 20 ς 30 cm thick and is characterised by fluctuating soil moisture levels, living 

vascular plant roots and a large supply of labile (readily decomposed) organic material 

(Lindsay, 1996; Limpens et al., 2008). In the acrotelm, peat is relatively uncompacted, 

allowing for water to flow both laterally and vertically (Reeve et al., 2000; Jennings et 
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al., 2020). Here, atmospheric CO2 is sequestered by autotrophs (vegetation and 

photosynthetic microbes) in the uppermost surface (Jassey et al., 2015). Northern 

peatlands typically sequester CO2 at a rate of between 20 to 60 g CO2 ς C m-2 y-1 (Wu and 

Roulet, 2014), with productivity rates governed by the availability of light, temperature, 

soil moisture and the composition of the overlying vegetation community (Frolking et 

al., 1998; Bubier et al., 1999; Dinsmore et al., 2013; Peichl et al., 2018). Within this zone, 

aerobic conditions allow heterotrophic microbes to use oxygen in their metabolic 

processes, producing mainly CO2 as a by-product of the decay of organic matter (Clymo 

and Hayward, 1982). The high abundance of labile (readily decayed) organic material in 

the acrotelm means that c. 90 % of all the carbon stored in this zone is promptly returned 

to the atmosphere (Gorham, 1995).  

 

Decay rates decline as temperatures fall and recalcitrant (decay resistant) organic 

matter concentrations increase with depth throughout the peat profile (Gorham, 1995; 

Moore, 2002). Remaining buried organic material eventually enters the zone of peat 

permanently beneath the water table, termed the catotelm (Ingram, 1978). This zone is 

characterised by reduced hydraulic conductivity, lower soil temperatures and the 

presence of methanogens; organisms of the kingdom Euryarchaeota (Domain Archaea). 

These methanogens produce CH4 as the final  product in the decay of organic material. 

In the catotelm, the rate of decay is greatly reduced and organic carbon entering this 

zone may be stored for timescales from centuries to millennia (Wilson et al., 2016). 

Radiocarbon analysis of CH4 and CO2 emissions from peat suggests that most trace gas 

emissions derive from recently deposited material rather than older carbon (Charman 

et al., 1999; Chasar et al., 2000; Wilson et al., 2016). This suggests that most CH4 
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production is not entirely derived from the older accumulation of peat buried at depth 

(Chasar et al., 2000). Therefore, although decay processes do continue at depth, carbon 

stored within the catotelm is more-or-less stable.  

 

Because the depth of each zone is defined by the height of the water table, hydrological 

changes determine the volume of substrate available for aerobic and anaerobic decay 

to occur (Rowson et al., 2013). Lowered water tables, resulting from drought or 

anthropogenic disturbance, increase the depth of the acrotelm, generally facilitating 

increased CO2 emissions and reducing CH4 emissions (Turetsky et al., 2008; Frolking et 

al., 2011). Such changes can cause individual peatlands to switch from being net carbon 

sinks to sources (Moore and Roulet, 1993; Alm et al., 1999). 

 

 

Figure 1.2. Simple model of the peatland carbon cycle. 
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1.4.5. Methane production, emission, and oxidation 

CH4 production (methanogenesis) occurs under anaerobic conditions and is mainly 

driven by soil moisture and water table depth (Moore and Roulet, 1993; Bubier et al., 

1995). Other important controls also include plant community composition, 

temperature, the character of the microbial community, and the chemical properties of 

the soil (Turetsky et al., 2008; Ward et al., 2013). Due to the number of factors that can 

influence methanogenesis, the rate of CH4 production can show great spatial and 

temporal variation (Moore et al., 1990). In peatlands, acetoclastic methanogenesis and 

CO2 reduction are the most common pathways for CH4 generation (Conrad, 1999, Figure 

1.3). In fens with a high abundance of Carex sedges, the supply of high-quality root 

exudates has been shown to favour CH4 promotion by acetate fermentation (Galand et 

al., 2005; Keller and Bridgham 2007; Noyce et al., 2014) whereas in Sphagnum 

dominated peat bogs, more methane is produced by the reduction of dissolved CO2 

(Kelly et al., 1992).  

Figure 1.3. Diagram illustrating methane production pathways in peatlands (Based upon 

Kotsyurbenko et al., 2019).  
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 In general, CH4 production rates increase along with increasing temperatures and fall 

with increased water table depth (Turetsky et al., 2008; Frolking et al., 2011). Methane 

production rates are also influenced by the abundance of other microorganisms that 

compete with archaea for metabolic substrates (Kotsyurbenko et al., 2019) such as 

sulphate or iron reducing bacteria and acetogens (Hunger et al., 2015). A large portion 

of the CH4 produced by peatlands is oxidised into CO2 by methanotrophic organisms in 

the oxic layer above the water table (Smemo and Yavitt, 2011; Gupta et al., 2012; Boon 

et al., 2014). The balance between CH4 production (methanogenesis) and oxidation 

(methanotrophy) determines the rate at which CH4 is emitted from peatlands into the 

atmosphere (Couwenburg, 2009). Some methanotrophs are symbiotic with Sphagnum, 

meaning that the presence of Sphagnum may limit the amount of CH4 released from 

peatlands (Hornibrook et al., 2009; Kip et al., 2010; Nichols et al., 2014).  

 

CH4 is transported through the peat into the atmosphere by three pathways: diffusion 

through the soil, ebullition (bubbling) and via plant mediated transport, channelled 

through gas conduits termed aerenchyma, present in the roots of vascular plant species, 

mostly sedge-type vegetation (Bubier and Moore, 1994; Joabsson et al., 1999; 

Couwenburg, 2009; Greenup et al., 2000). Aerenchyma are an adaptation that allow 

species possessing them to survive in waterlogged soils by providing a route for oxygen 

to reach their growing roots (Kelker and Chanton, 1997). Transport of CH4 either through 

aerenchyma or by ebullition means CH4 can bypass the methanotrophic layer at the peat 

surface, and thus high sedge abundance can lead to large CH4 emissions (Segers, 1998; 

Bridgham et al., 2013; Couwenberg, 2009). Because sedges often develop roots that can 
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be tens of centimetres deep, the presence of these vegetation may greatly enhance CH4 

production and transport, greatly increasing CH4 emissions (Lai, 2009). 

 

Ebullition is another major pathway for methane emissions from peatlands (Ramirez et 

al., 2015). Ebullition is the process whereby CH4 is emitted to the atmosphere as 

bubbles, which form when pore waters become super-saturated with CH4 (Chanton and 

Whiting, 1995). These bubbles accumulate within the pore-spaces in the peat and travel 

through the peat column as more CH4 is produced (Ramirez et al., 2015). If these bubbles 

are emitted slowly, much of this CH4 may be consumed by methanotrophs, however 

abrupt emissions can occur if this gas is suddenly released all at once, either the result 

of a gas pressure threshold being crossed, or following disturbance (Lai, 2009; Ramirez 

et al., 2015).  

  

Greenhouse gases have differing radiation absorption efficiency and atmospheric 

residency times, therefore their effect upon climate is often disproportionate to their 

total emissions. Peatlands are one of the biggest natural sources of atmospheric CH4, 

emitting almost as much CH4 annually as is produced by human activity (Mikaloff-

Fletcher et al., 2004; Frolking et al., 2011). CH4 is an important greenhouse gas, 

contributing c. 20% of all radiative forcing related to greenhouse gasses and contributes 

the most to climate change after CO2, despite constituting only a minute fraction (c. 1 % 

on a mol/mol basis) of total atmospheric carbon (Abdalla et al., 2016). The relative 

contributions of greenhouse gases are often compared using an index known as Global 

Warming Potential (GWP). This index accounts for differences in the radiative properties 

and atmospheric lifetimes of different greenhouse gases relative to CO2 (Stoker et al., 
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2013). Most studies follow the Kyoto Protocol for estimating GWP, which uses a 100-

year time horizon and only considers direct radiative effects of greenhouse gas pulse 

emissions (Grubb et al., 1999; Roulet, 2000). The IPCC considers CH4 to have a GWP c. 

27.2 times higher than CO2 over a 100-year horizon (Forster et al., 2021). By this 

protocol, the combined contributions of CO2 and CH4 from peatlands are frequently 

considered to act as net sources of atmospheric greenhouse gases, and thus contribute 

towards climate warming over short timescales (Whiting and Chanton, 2001; Frolking 

and Roulet, 2007). However, over 100 years, the warming effect of CH4, which has an 

atmospheric half-life of c. 8.6 years, diminishes (Muller and Muller, 2017). By this time 

the warming effect of the remaining CH4 is overcome by the net sequestration of CO2 by 

peatlands, and they are considered net greenhouse gas sinks, imparting a net cooling 

effect upon global climate (Frolking et al., 2006; Whiting and Chanton 2001; Frolking and 

Roulet, 2007). However, GWP estimates are highly uncertain due to their reliance on 

several doubtful assumptions, e.g., that atmospheric concentrations of greenhouse 

gases, are unchanging over time (Roulet, 2000; Lashof, 2000) They may be misleading, 

because these estimates are based upon single pulse emissions and do not consider the 

cumulative effects of changes in CH4 emissions over time (Allen et al., 2018; Lynch et al., 

2020).   

 

1.4.6. Hydrological carbon fluxes from peatlands 

Another important yet often overlooked component of peatland soil carbon fluxes are 

those lost via hydrological pathways, in the form of particulate and dissolved organic 

carbon (POC and DOC) as well as dissolved inorganic carbon (DIC). (Freeman et al., 

2004a; Dawson et al., 2004; Strack et al., 2008; Dinsmore et al., 2013). DOC includes 
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organic carbon smaller than 0.45µm (Thurman, 1985) and is comprised of a mixture of 

simple organic acids and complex molecules such as humic and fulvic acids, principally 

derived from plant exudates and soil organic matter (Moore and Dalva, 2001; 

²ƛƱƪƻƳƛǊǎƪƛ ŀƴŘ aŀƭŀǿǎƪŀΣ нлмм). Studies of aquatic carbon fluxes from peatlands tend 

to focus on DOC, because the other fluxes typically represent a relatively insignificant 

portion of peatland carbon losses, particularly in pristine sites where peat erosion is 

minimal (Lindsay, 2010; Dinsmore et al., 2013), although a certain amount of DIC can be 

added in the form of dilute carbonic acid in rainfall and as dissolved CO2 (Lindsay, 2010).  

 

Fluxes of both POC and DIC are generally considered to be low from acidic peat soils, 

although both have the potential to represent important carbon fluxes from peatland 

systems (Davidson and Janssens, 1997). These fluxes are commonly ignored in peatland 

carbon budgeting studies (Ryder et al., 2014), with the exception of a few studies for 

upland peat catchments in the UK (e.g., Worrall et al., 2003; 2007). 

 

DOC can be quantified both in terms of its in-situ production and export from a site 

(Strack et al., 2008). Pore-water DOC concentrations vary widely between sites, with 

values ranging from 3 to 400 mg l-1, although values typically average around 30 mg l-1 

(Strack et al., 2008). DOC production has been linked to several physical and hydrological 

factors, including soil properties and vascular plant productivity, with increased root 

exudate supply promoting DOC production (Moore and Dalva, 2001; Freeman et al., 

2004a; Dinsmore et al., 2013). Reduced soil moisture has been shown to increase pore-

water DOC production by enhancing the rate of peat erosion (Holden, 2005). Other 

factors include changes in atmospheric CO2
 concentration, higher air and soil 



 
50 
 

temperatures, changes in microbial and enzyme activity and soil chemistry (Worrall and 

Burt, 2008; Freeman et al., 2001a; 2004a; Monteith et al., 2007; Oulehle et al., 2013; 

Kang et al., 2018). DOC concentrations in waterways have increased in peatland 

dominated catchments throughout the past few decades (Schlunz and Schneider, 2000; 

Freeman et al., 2001; Worrall et al., 2003; Evans et al., 2012).  

 

While future changes in water table depth, vegetation, and droughts due to climate 

change may enhance DOC production (Freeman et al., 2004a; Tang et al., 2013), the 

increased DOC production seen in recent years has been attributed to changing DOC 

solubility following recovery after acidification (Kang et al., 2018). The export of peat 

DOC is controlled by hydrology and is greater in peatlands with higher discharge rates 

(Pastor et al., 2003; Freeman et al., 2001). Large hydrological carbon fluxes can occur 

following extreme flow events such as storms (Hinton et al., 1997; Austnes et al., 2010), 

especially following periods of prolonged drought, as biogeochemical and physical 

changes promote decomposition and erosion of peat (Freeman et al., 2001; Worrall and 

Burt, 2004; Worrall et al., 2006; Ryder et al., 2014). DOC fluxes following storm events 

tend to be highest during the summer and autumn relative to those occurring during the 

winter and spring, due to the rapid flushing of DOC produced during the warmer months 

following the first heavy rainfall event (Kohler et al., 2009; Jennings et al., 2020).  

 

Rates of DOC efflux from intact peatlands typically range between 10 ς 20 g C mҍн yrҍм 

(Frolking et al., 2009) but can be as high as 25 ς 40 g C mҍн yrҍм from degraded sites 

(Billett et al., 2004; Dinsmore et al., 2010; Strack and Zuback, 2013). Therefore, DOC can 
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represent an important carbon flux, sufficiently large to cause a peatland to switch from 

being a net sink to a net source when considered in annual carbon budgets.  

 

1.4.7. Nitrous oxide 

In addition to CO2 and CH4, peatlands contribute the greenhouse gas N2O to the 

atmosphere. N2O has a GWP 273 times greater than CO2 over a 100-year time-period 

(Forster et al., 2021). However, fluxes of this gas are negligible from intact peatlands, 

which contribute less than 0.2% of total N2O emissions from natural sources (Frolking et 

al., 2011). Although these relatively small emissions have the potential to impart a 

significant climate forcing affect considering their GWP, N2O is not a component of the 

carbon cycle of peatlands. For these reasons, we do not consider N2O emissions in this 

study. 

 

1.4.8. Effects of anthropogenic disturbance on peatland carbon cycling 

Although natural peatlands are considered overall net sinks and stores of carbon, these 

ecosystem functions have been negatively impacted by anthropogenic disturbance in 

recent centuries (Turetsky and St. Louis, 2006). Approximately 15 % of all peatlands have 

been degraded by human activities such as drainage, land conversion for agriculture, 

grazing, burning and deposition of atmospheric pollutants such as nitrogen and sulphur 

(Turetsky and St. Louis, 2006; Payne, 2014; Meyer et al., 2015; Joosten, 2016). In Europe, 

this disturbance has disrupted peatland hydrology over the past c. 300 years, such that 

only c. 50% of the estimated c. 600,000 km2 of existing peatlands are still actively 

accumulating peat (Tannenberger et al., 2017; Swindles et al., 2019). These changes 
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have caused many degraded peatlands to become net carbon sources (Turetsky et al., 

2002), despite a net reduction in CH4 emissions following water table drawdown 

(Drosler et al., 2008; Swindles et al., 2019; Frolking and Roulet, 2007; Turetsky et al., 

2012). Even in relatively pristine or restored sites, peatland functioning may be affected 

by past disturbances or atmospheric pollution (Talbot et al., 2014; Swindles et al., 2016). 

Anthropogenic disturbance can also alter the vegetation composition in peatlands. This 

may be gradual, in response to changes in environmental conditions (Page et al., 2016), 

or abrupt, resulting from chance events such as wildfire (Shiller et al., 2014). 

Anthropogenic pollution, such as increased inputs of atmospheric nutrients, also drives 

local or regional extinction of key species, such as the case for Sphagnum austinii, which 

was a formerly common species in northern peatlands prior to its widespread decline 

over the past c. 2000 years (Swindles et al., 2015; Schillereff et al., 2021). Changes in 

peatland vegetation composition have been shown to influence carbon accumulation 

rates and greenhouse gas emissions (Malmer and Wallén, 2004; Ward et al., 2013; Gatis 

et al., 2016; Swindles et al., 2019). Changes in the stoichiometry of phosphorous and 

nitrogen in peat soils due to human activities can also influence decomposition rates 

and carbon accumulation rates, which may initially stimulate peat accumulation, but 

also higher rates of decay once certain ecological thresholds are crossed (Schillereff et 

al., 2021). Peatlands are, therefore, susceptible to become carbon sources as a direct 

result of human activities.  

 

1.4.9. The role of peatlands in the future climate system 

In recent years, there has been growing awareness of the potential vulnerability of the 

peatland carbon balance and store to anthropogenic climate change impacts (Millar et 
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al., 2018). Processes that increase the rate of carbon emissions to the atmosphere could 

amplify climate warming (Belyea, 2009; Frolking et al., 2011). Climate change is expected 

to transform the ecology and ecosystem functioning of peatlands, modifying 

decomposition rates, hydrology, and vegetation communities (Bu et al., 2011). Climate 

change driven increases in land surface temperatures and changes in precipitation rates 

are projected be greatest in the northern latitudes where most peatlands reside (Xu et 

al., 2018; Lee et al., 2021) (Figure 1.4). The stability of the vast carbon pool stored by 

northern peatlands may be vulnerable to such changes, which threaten to disrupt the 

hydroclimatic balance favouring peat accumulation above decay. Such concern is based 

on several studies where warmer and drier conditions lead to enhanced decay rates 

from peatlands (Ise et al., 2008; Dorrepaal et al., 2009; Fenner and Freeman, 2011). Drier 

conditions may promote CO2 production in peatlands but also suppress CH4 emissions 

(Huang et al., 2021). These two competing responses confound attempts to determine 

the magnitude and direction of future climate feedbacks from peatlands in response to 

warming (Losiel et al., 2021; Huang et al., 2021).  
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Figure 1.4. Figure illustrating how mid-range climate projections will affect areas with 
existing peatland climate change. a. PEATMAP, showing global distribution of peatlands. 
The horizontal dashed line reflects the position of the 45° parallel. All peatlands north 
of this line are northern peatlands. Figure from Xu et al. (2018). b. Projected annual 
mean temperature changes for the period 2081-2100 relative to 1850-1900 baselines at 
2°C global warming. c. annual mean changes in precipitation for the period 2081-2100 
relative to 1850 ς 1900 baselines. Panels b and c are adapted from IPCC, (2021). 

 

On one hand, warmer temperatures are likely to enhance decay rates and promote CO2 

emissions sufficient to alter the carbon sink capacity of many peatlands (Ise et al., 2008; 

Bridgham et al., 2008; Dorrepaal et al., 2009; Huang et al., 2021). Such a change may 

lead to substantial losses of deep, ancient peat (Dorrepaal et al., 2009). Changes in soil 

moisture and thermal regimes may expose formerly waterlogged peat to oxygen, 

increasing rates of aerobic decay (Blodau et al., 2004; Roulet et al., 2007; Bridgham et 
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al., 2008; Walker et al., 2016). Increased peatland carbon emissions may be triggered by 

the Ψenzymic latchΩ mechanism (Fenner and Freeman, 2001; Freeman et al., 2004b). 

Waterlogged conditions inhibit phenol oxidase activity, an enzyme that degrades 

phenolic compounds that limit organic matter decomposition in peat. Increased phenol 

oxidase activity may occur as peat is oxygenated following drought or increased 

evapotranspiration (Fenner and Freeman, 2001). This may increase CO2 and CH4 

emissions and promote the production of DOC by removing the constraints that usually 

inhibit decay (Fenner and Freeman, 2011; Freeman et al., 2004b; Huang et al., 2021). 

Warming in northern regions is also likely to promote permafrost thaw, resulting in 

increased decomposition and greenhouse gas emissions from affected sites, driving 

positive feedbacks upon global climate (Christensen et al., 2004; Heimann and 

Reichstein, 2008). Permafrost thaw may also expose formerly frozen labile organic 

material to aerobic conditions whilst simultaneously changing the structure and 

hydrological conductivity of peat, facilitating lower water tables and increased soil 

aeration. This may accelerate CO2 production further, enhancing positive climate 

feedbacks (Frolking et al., 2011; Wisser et al., 2011). Future climate projections also 

indicate that some regions will experience an increase in the rate, duration, and severity 

of droughts (Stocker et al., 2013; IPCC, 2021). Seasonal drought can shift peatlands from 

functioning as carbon sinks to becoming significant sources (Freeman et al., 2001), 

although the severity of this depends upon many factors including the water-holding 

capacity of the soil, the sensitivity of overlying vegetation to drought, the duration and 

severity of the drought and the time of year in which the drought occurs (Heimann and 

Reichstein, 2008; Lund et al., 2012; Goodrich et al., 2017). While the effects of single 

drought events and sustained water table drawdown have been relatively well studied 
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in recent years (e.g., Rinne et al., 2020), few studies have examined the long-term effects 

that may occur due to increased drought occurrence. In addition to drought, increased 

shrub-abundance and drier conditions may promote the frequency and severity of 

wildfires. These indirect climate change impacts may further exacerbate carbon losses 

from peatlands in affected regions (Hogg et al., 1992; Turetsky et al., 2011a; 2011b; 

Bourgeau-Chavez et al., 2020). 

 

On the other hand, peatland carbon accumulation may benefit from increased 

temperatures, longer growing seasons and increased atmospheric CO2 concentrations 

(Lund et al., 2010; Charman et al., 2013). Warmer conditions may promote plant 

productivity in areas where moisture levels are unchanged or enhanced by runoff from 

permafrost thaw, increased snowmelt, or changes in precipitation (Davidson and 

Janssens, 2006; Strack and Waddington, 2007; Mauquoy et al., 2002; 2008; Yu et al., 

2011; Loisel and Yu, 2013; Charman et al., 2013). This increased productivity may 

compensate for increases in decomposition. The notion that carbon accumulation may 

increase in northernmost regions is supported by evidence from peat cores, where 

carbon accumulation rates have accelerated throughout the last century across boreal 

regions (Hinzman et al., 2005; Klein et al., 2013; Loisel and Yu, 2013). Warmer 

temperatures may also permit peatlands to expand beyond their current climatic range 

(Clymo et al., 1998; Limpens et al., 2008; Yu et al., 2011; Frolking et al., 2011; Dieleman 

et al., 2015). However, there may be topographical limits to this expansion (Anderson et 

al., 2003) as well as temperature thresholds that limit the amount of warming that can 

be withstood by peatland vegetation (Gallego-Sala et al., 2018). Reduced soil moisture 

due to enhanced evapotranspiration and changing precipitation may reduce CH4 
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emission rates, as drier conditions inhibit CH4 production, compensating for increased 

CO2 emissions in the short-term (Strack et al., 2004; Huang et al., 2021).  

 

Peatlands exhibit a number of autogenic (internal) feedbacks that are mainly governed 

by the position of the water table (Waddington et al., 2015). These feedbacks are 

complex and interact over a range of spatial and temporal scales, making integrating 

peatlands into global climate models challenging (Frolking et al., 2009). The response of 

the carbon cycle to these feedbacks can be both positive and negative (Waddington et 

al., 2015). Autogenic feedbacks regulate peatland responses to external influences and 

may in some cases confer to them some resistance against changes in climate (Heimann 

and Reichstein, 2008; Dise, 2009; Belyea, 2009; Waddington et al., 2015). For example, 

peatland surfaces are able to adjust in response to changing soil moisture, rising and 

falling along with fluctuations in the water table. This feedback helps peatlands to 

maintain a relatively constant water level, reducing the effects of changes in water table 

depth upon water availability for Sphagnum (Dise, 2009, Waddington et al., 2015). 

Accelerated peat growth may result in the accumulation of loose, poorly decomposed 

peat, enhancing its water holding capacity (Dise, 2009; Ise et al., 2008). This allows the 

water table to rise along with the growing peat surface, promoting further growth 

(Waddington et al., 2015). Conversely, this may also increase the rate at which water 

flows laterally through the surface peat, potentially increasing water losses that drive 

increases in peat humification. Increased peat decay can reduce hydrological 

conductivity, allowing more water to be retained (Price et al., 2008). Encroachment of 

vascular plants in response to a lowering of the water table may increase transpiration 

and interception rates, causing additional increases in water table depth whilst 
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promoting further encroachment by vascular plants (Weltzin et al., 2015, Waddington 

et al., 2015). However, increased vascular plant cover increases the amount of shading, 

which may reduce evapotranspiration rates (Ketteridge et al., 2013). When dessicated, 

Sphagnum capitula become lighter in colour (Waddington et al., 2015). This bleaching 

causes evapotranspiration rates to decline as water is no longer drawn up by Sphagnum 

from the water table to the peatland surface (Thompson and Waddington, 2008). This 

bleaching may increase surface albedo, reflecting heat and maintaining cool conditions 

beneath the surface (Ketteridge and Baird, 2008).  

 

Within autogenic systems, negative feedbacks typically outweigh positive feedbacks; 

however, the strengths of these feedbacks vary by site depending on environmental and 

site-specific conditions such as climatic setting and trophic status, with bogs and poor 

fens in continental areas showing a greater propensity towards positive feedbacks than 

fens or bogs and poor fens in coastal areas (Waddington et al., 2015). Therefore, 

autogenic feedbacks alone cannot be relied upon to prevent ecosystem changes 

following changes in climate or environmental conditions. 

 

 

1.4.10. Vegetation change and associated feedbacks 

An important additional feedback mechanism relates to changes in peatland vegetation 

resulting from changes in climate. Although peatland plant communities are generally 

stable through time and are resilient to changes in climate (Backéus, 1972; Belyea, 2009; 

Churchill et al., 2015), abrupt changes may occur, often in response to relatively small 
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changes in hydrology or temperature (Belyea and Malmer, 2004; Yu, 2006; Belyea 2009; 

Mauquoy et al., 2002; Magnan et al., 2019). Such abrupt shifts are frequently seen in 

peatland palaeoecological records, where rapid changes in vegetation can occur in 

response to relatively gradual changes in climate (Klein et al., 2013; Magnan et al., 

2019). Vegetation composition is fundamental to peatland carbon cycling and carbon 

storage (Ward et al., 2013; 2015); therefore, the response of peatlands to climate 

change is intrinsically linked to the response of their overlying vegetation communities 

(Vitt, 2006; Ward et al., 2013; 2015; Walker et al., 2016; Dieleman et al., 2015). 

Vegetation responses to climate change stressors can differ between species, making 

future changes difficult to predict (Weltzin et al., 2000) and studies linking vegetation 

responses to greenhouse gas fluxes and carbon accumulation rates are limited, and 

often of short duration (e.g., Ward et al., 2013). 

 

Of all peatland vegetation, Sphagnum is the most vital for maintaining the stability and 

resilience of peatlands to environmental change and upholds key ecosystem functioning 

including carbon sequestration and storage (Turetsky et al., 2012; van Breemen, 1995; 

Kuiper et al., 2014). Sphagnum productivity is sensitive to changes in soil moisture 

(Gunnarsson, 2005; Robroek et al., 2007a; 2007b), as these mosses conduct water to 

their growing parts (capitula) via capillary action (Thompson and Waddington., 2008). 

How Sphagnum mosses will respond to warming is less clear. In some cases, Sphagnum 

productivity has been shown to increase alongside rising temperature (Pakarinen, 1978; 

Johansson and Linder, 1980; Lindholm and Vasander, 1990; Gerdol et al., 1998; 

Dorrepaal et al., 2004; Robroek et al., 2007b), while in other cases warming either has 
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no effect (Weltzin et al., 2000; 2003; Walker et al., 2006) or reduces productivity 

(Dorrepaal et al., 2004; Breeuwer et al., 2008). A critical temperature for Sphagnum 

decline appears to exist, with productivity falling when Sphagnum is exposed to 

temperature increases c. 5°C above ambient conditions (Dieleman et al., 2015; Bragazza 

et al., 2016; Norby et al., 2019).  

 

Changes in peatland plant community composition that reduce Sphagnum cover in 

favour of other vascular plants may significantly alter peatland carbon cycling (Dieleman 

et al., 2015; 2016; Norby et al., 2019). Increased temperatures, water table depths and 

elevated atmospheric CO2 concentrations have been shown to favour vascular plant 

expansion at the expense of Sphagnum, since vascular plants are often better adapted 

to cope with drier conditions (Weltzin et al., 2000, Strack et al., 2006a; Gallego-Sala and 

Prentice, 2012; Pearson et al., 2013; Dieleman et al., 2015). This has been seen in 

permafrost areas, where increased thermokarst lake development and peat subsidence 

has facilitated plant succession, resulting in a shift towards non-peat forming 

communities (Christensen et al., 2004; Swindles et al., 2015). Warming has been shown 

to drive increases in the abundance of ericaceous shrubs (Weltzin et al., 2003; Buttler et 

al., 2015; Malhotra et al., 2020), which can increase soil respiration rates (Ward et al., 

2013). Increased vascular plant expansion and Sphagnum decline may stimulate 

microbial activity, as increased supply of readily decomposed (high quality) litter and 

root exudates coincide with a reduced supply of inhibitory polyphenol compounds from 

Sphagnum (Crow and Wieder, 2005; Fenner and Freeman, 2011; Bragazza et al., 2013; 

Bell et al., 2018). Taller vegetation may also shade out low-lying vegetation and drive a 

reduction in soil moisture, negatively impacting Sphagnum productivity (Norby et al., 
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2019). Sphagnum decline is not unanimously reported with warming (e.g., Dorrepaal et 

al., 2004), and in areas where warming increases Sphagnum productivity, Sphagnum 

mosses may be able to maintain their competitive advantage over other plants, 

stabilising peatland vegetation against change (Keuper et al., 2011). Increased 

graminoid cover due to climate change (e.g., Dieleman et al., 2015) may drive increases 

in both CO2 and CH4 emissions, as aerenchyma present in the roots of these plants 

facilitates the transport of oxygen into previously anoxic peats, while simultaneously 

providing a conduit for CH4 emissions to travel un-impeded through the peat (Greenup 

et al., 2000; Strack et al., 2006b; Hardie et al., 2009). Increased graminoid cover may 

also increase evapotranspiration rates, leading to reduced soil moisture and 

accelerating CO2 production (Admiral and Lafleur, 2007a; 2007b) although this effect 

may also inhibit CH4 production (Abdalla et al., 2016).  

 

Increased vascular plant cover does not always negatively impact carbon accumulation 

rates. Calluna vulgaris litter (a commonly occurring shrub type species) has been shown 

to suppress microbial activity where it falls, lowering soil respiration rates (Read et al., 

2004; Ward et al., 2009; 2015). Vascular plant expansion can also increase primary 

productivity rates in some cases, as these plant types are typically faster growing than 

Sphagnum (Pearson et al., 2013). 

 

1.4.11. Addressing this problem using palaeoecological and experimental approaches 

It is important to determine whether positive or negative feedback mechanisms will 

dominate when assessing the future role of peatlands in the global climate system 

(Limpens et al., 2008). It is considered that terrestrial ecosystems will provide mostly 
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positive feedbacks under climate warming (Charman et al., 2013; Heimann and 

Reichstein, 2008) and expert assessment suggests that peatlands will undergo net losses 

in their carbon stores (Loisel et al., 2021), with recent developments suggesting that 

projected drier conditions will cause a net increase in CO2 and reduction of CH4 

emissions from peatlands, causing a net warming effect on future climate (Huang et al., 

2021; Evans et al., 2021). However, confidence in these projections is low (Loisel et al., 

2021). Because of these uncertainties, and the complexity and variation of peatland 

responses to climate change, peatlands are rarely included in global terrestrial models 

(IPCC, 2021) and have yet to be incorporated into any Earth system models (Loisel et al., 

2021). This is despite their proven role in driving changes in global climate throughout 

the Holocene (MacDonald et al., 2006) and the potential for large positive feedbacks 

should their carbon store be compromised (Limpens et al., 2008).  

 

Two approaches are in common usage to address the issue of whether peatlands will 

intensify or ameliorate future climate change: experimental climate manipulation and 

palaeoecological methods. Climate manipulation studies, which can be either field 

based or undertaken in vitro using peat mesocosms simulate climatic, chemical, and 

hydrological changes in peatlands to measure ecosystem responses to changing 

environmental conditions (e.g., Bridgham et al., 2008; Dorrepaal et al., 2009; Ward et 

al., 2013, Dieleman et al., 2015; Jassey et al., 2015; Wilson et al., 2016; Li et al., 2021). 

Over the past c. 20 years, such studies have been increasingly used to probe the 

responses of carbon cycling (Dorrepaal et al., 2009; Zhang et al., 2021), decomposition 

(Bell et al., 2018; Górecki et al., 2021), and vegetation communities (Keuper et al., 2011; 

Ward et al., 2013; Walker et al., 2016; Malhotra et al., 2020) to changes in temperature, 
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water table depths and a number of other environmental stressors in peatlands 

(Updegraff et al., 2001; Strack and Waddington, 2007; Chivers et al., 2009). Climate 

manipulation studies generally report increased greenhouse gas emissions occur with 

warming (e.g., Turetsky et al., 2008; Sampson et al., 2018) and increased CO2 emissions 

but reduced CH4 emissions occur following water table drawdown (Deng et al., 2015). 

However, studies also report varying effects of warming and water table drawdown 

upon plant productivity and net carbon accumulation rates, which are sometimes 

influenced by the methods used to achieve warming (Eriksson et al., 2010a; Pearson et 

al., 2015; Gong et al., 2020). In some cases, certain studies produce results that are in 

stark contrast with those of other studies, promoting further uncertainty (Laiho, 2006; 

Eriksson et al., 2010a; 2010b). To resolve the often-contrasting results of these studies, 

Gong et al. (2020) analysed the results of multiple field climate manipulation 

experiments in northern peatlands in a meta-analysis. They found that most studies 

indicate that warming significantly increased CO2 emissions, productivity and CH4 

emissions from peat, overall resulting in reduced carbon accumulation rates. However, 

these results were based on a limited number of studies (20). Huang et al. (2021) were 

able to compile a much larger data set (96 publications) to test the effects of water table 

drawdown upon greenhouse gas fluxes. They projected these findings onto estimated 

future water table conditions for global peatlands under high-range climate change 

emission scenarios, finding that water table drawdown due to climate change and 

human activities will increase CO2 emissions by approximately 1.1 Gt yr-1
, whereas CH4 

CO2-equivalent emissions will decrease by 0.26 Gt yr-1. Thus, experimental studies 

indicate that future projected changes in climate are likely to increase net carbon 

emissions and exert a positive climate feedback. 
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Climate manipulation studies are frequently short-lived, rarely exceeding five growing 

seasons (Updegraff et al., 2001; Lafleur et al., 2005, see Table 1.1). Therefore, these 

studies are of limited use for probing long-term responses to sustained climate change, 

as these can occur over longer time periods (Belyea, 2009). Gong et al. (2020) report 

that CO2 and CH4 emission rates are higher where warming has been sustained for 

longer periods, although only two long-term studies were used to draw these 

conclusions. Experimental studies can also be affected by experimental artefacts due to 

disturbance during establishment or by taking repeated measurements. Potential drying 

by infra-red lamps, and substantial differences between the results of laboratory and 

field experiments can also artificially influence results (Kennedy, 1995; Kreyling and 

Beier, 2013; Johnson et al., 2013; Frei et al., 2020; Gong et al, 2020). Experimental 

manipulation studies are also biased towards the study of fen-type ecosystems, with 

ombrotrophic sites relatively underrepresented in the literature (Gong et al., 2020, see 

Table 1.1). Additionally, many regions are poorly represented by global datasets. In 

particular, there is a lack of data from Russian peatlands, despite this region containing 

> 30 % of global peatlands within the higher latitudes where the greatest changes in 

temperature and precipitation are projected to occur (Xu et al., 2018; Fewster et al., 

2022). These issues limit the usefulness and reliability of such studies for capturing the 

long-term responses of peatlands to future projected climate change (Dorrepaal et al., 

2009). 

 

Peatlands record a sensitive archive of environmental and climatic change within their 

stratigraphic profiles, tracing environmental change over decadal to millennial 



 
65 
 

timescales (Barber, 1993; Chambers and Charman, 2004). Palaeoenvironmental 

conditions can be inferred from biological, chemical, or physical proxies throughout a 

peat core using methods such as testate amoebae (Mitchell et al., 2008) and peat 

humification analysis (Payne and Blackford, 2008), allowing for detailed reconstructions 

of palaeoenvironmental change through time. Peat profiles can be dated using a suite 

of methods, allowing for a high level of chronological control, often within sub-decadal 

resolution (Turetsky et al., 2004; Piotrowska et al., 2011; Swindles, 2010; Swindles et al., 

2010). These studies allow for the examination of long-term peatland responses to 

climatic and environmental change, for example, changes in carbon accumulation rates 

can be derived from peat cores and related to changes or spatial differences in 

environmental conditions (Beilman et al., 2009; Charman et al., 2013; 2015; Holmquist 

et al., 2014; 2016; Gallego-Sala et al., 2018; Magnan et al., 2019). Records covering the 

past millennium are particularly useful for assessing peatland contributions to global 

carbon cycling, since climatic conditions during this relatively recent time-period are 

well-known for many regions (Gallego-Sala et al., 2016).  

 

Palaeoecological studies are limited by the difficulty of discerning climatic effects from 

anthropogenic impacts in some instances (Turner et al., 2014), as well as by issues 

relating to dating uncertainties and taphonomic effects influencing the preservation of 

biological proxies throughout a core (Mauquoy and Yeloff, 2008). These factors reduce 

the precision with which mechanisms of change can be probed using these methods 

(Kuhry and Turunen, 2006, Mauquoy and Yeloff, 2008; Swindles et al., 2020). Past 

changes in climate may be poor analogies for future climate changes due to 

anthropogenic emissions, since most projected increases in temperature due to climate 
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change exceed the variation seen throughout the Holocene (Mauquoy and Yeloff, 2008). 

In addition, many commonly used proxies are qualitative and have not been tested 

experimentally. While reconstructions based upon biological proxies (most commonly 

testate amoebae in ombrotrophic peatlands) have been validated and refined by 

experimental and comparative studies (e.g., Charman et al., 2009; Payne et al., 2011; 

Swindles et al., 2015; 2020), several commonly used qualitative climate proxies 

measuring changes in decomposition rates through time (e.g., peat humification, C/N 

ratios) have rarely been tested experimentally (Zaccone et al., 2018). The validity of 

these methods for faithfully reconstructing paleoclimatic signals has been criticised 

(Yeloff and Mauquoy, 2006; Payne and Blackford, 2008); however, they remain 

frequently used in recent peat-based palaeoenvironmental reconstructions (e.g., Zhang 

et al., 2021; Tsyganov et al, 2021; Babeshko et al., 2021).  

 

Our understanding of peatland responses to future climate change across short and long 

timescales could be improved by incorporating both climate manipulation studies and 

centennial or millennial-scale proxy records (Rull 2010; Seddon et al., 2014; 

Lamentowicz et al., 2016). Both methods are complementary, and could be applied 

together for the same site, permitting comparison between short-term (experimental) 

changes with long-term changes in response to warmer and/or drier conditions, and 

comparison between short and long-term drivers of change (Rull, 2010; Seddon et al., 

2014; Lamentowicz et al., 2016). The use of palaeoecology alongside experimental 

studies may also allow for present-day responses to be considered in the context of its 

long-term history (Willis et al., 2010; Lamentowicz et al., 2016). 
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Palaeoecological and experimental studies are rarely applied together (Frolking et al., 

2014; Lamentowicz et al., 2016). Both methods often produce contrasting results. For 

instance, while there is a great deal of variation in the results of experimental studies 

examining the effects of warming and drought upon peatlands (Table 1.1), they 

generally indicate that climate warming will lead to rapid loss of older, formerly stored 

carbon, resulting in positive feedbacks to climate change (Ise et al., 2008; Bridgham et 

al., 2008; Dorrepaal et al., 2009; Walker et al., 2016; Huang et al., 2021). In contrast, 

many palaeoecological studies suggest that peatlands have accumulated more carbon 

in the past under warmer climatic conditions (van Bellen et al., 2011; Charman et al., 

2013; Turner et al., 2014; van der Linden et al., 2014). For example, van Bellen et al. 

(2020) took cores from seven sites around Northern Alberta in Canada, finding that the 

highest rates of carbon accumulation occurred around c. 1100 CE and the lowest rates 

were around c. 1750 CE, during the MCA and LIA respectively. Other studies have found 

similar results. Malmer and Wallén (2004) analysed carbon accumulation rates and 

environmental conditions from Swedish peatlands, finding that southern sites 

accumulated more carbon during the MCA, and both southern and northern sites 

accumulated less carbon during the LIA. Large global compilations of peat accumulation 

rates have been related to spatial variation in environmental and climatic conditions 

(Charman et al., 2013; Gallego-Sala et al., 2018). Charman et al. (2013) found evidence 

to support the notion that warmer climatic conditions will enhance carbon accumulation 

rates. Gallego-Sala et al. (2018) found that the length of the growing season was the 

dominant factor governing carbon accumulation in northern peatlands and that, while 

rising temperatures may drive increased carbon accumulation, a temperature threshold 

may be met by 2100 CE that could reverse this trend, causing peatlands to switch from 
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exerting a negative climate feedback to a positive one. Both studies suggest that climatic 

variables governing productivity rates are the dominant controls influencing long-term 

carbon accumulation rates over hydrological conditions that govern decay (Charman et 

al., 2013; Gallego-Sala et al., 2018). However, studies of carbon accumulation rates 

based upon individual cores frequently show a relationship between carbon 

accumulation rates and the botanical composition of the peat (Malmer and Wallén, 

2004; Mauquoy et al., 2002; Loisel and Garneau, 2010). Anthropogenic disturbances 

such as wildfires and nitrogen pollution have also had great impacts upon apparent 

carbon accumulation rates in peatlands in recent years, even in relatively pristine sites 

(Shiller et al., 2014; Lamentowicz et al., 2016).  

 

Another factor that complicates the integration of experimental and palaeoecological 

methods is that carbon accumulation rates derived from contemporary greenhouse gas 

measurements from peatland ecosystems often fail to converge with long term carbon 

accumulation rates derived from peat cores (Frolking et al., 2014; Ratcliffe et al., 2018). 

This has been related to a known artefact that affects palaeoecological estimates of 

carbon accumulation. Losses of carbon through time cannot be quantified by these 

methods and negative values are impossible, resulting in an apparent reduction of 

carbon accumulation rates during periods of carbon loss (Clymo, 1984; Yu, 2011; 

Frolking et al., 2014; Young et al., 2019; 2021). In addition, carbon accumulation rates 

derived from recently accumulated peat are often higher than in the deeper peats, due 

to the incomplete decomposition of labile organic material at the peat surface (Young 

et al., 2019; 2021). These artefacts mean that carbon accumulation rates derived from 

a peat core do not accurately reflect the amount of carbon accumulated at the time of 
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deposition, but instead reflect the amount of carbon retained after initial capture. Some 

studies have related changes in recently accumulated carbon rates to land management 

practices (Heinemeyer et al., 2018; Marrs et al., 2019), however these rates are not 

directly comparable to those from deeper peat (Young et al., 2019).  

 

Despite these issues, studies that link palaeo and experimental approaches may improve 

our understanding of how future climate change will affect peatland ecosystem 

functioning over different timescales (Lamentowicz et al., 2016). Interdisciplinary 

studies that link both approaches and research communities are necessary to work 

towards generating a common understanding of peatland carbon dynamics and drivers.



 
70 
 

Table 1.1. Table of peatland climate manipulation experiments and their results. Experimental treatment effects are given as reported in the cited 
paper where available. Site names are given except when they are not reported, instead state names or nearby locations are given. Increases in 
temperature and water table depths are indicated by a plus sign. The study by Rowson et al. (2012) indicated by an asterisk, relates to this study, 
reporting on the early results of the experimental climate manipulation experiment used in this thesis. This is not a comprehensive list of all climate 
manipulation experiments that have been conducted in peatlands.  

Source Years Dates Experiment 
type 

Location Peatland 
type 

Measured 
fluxes 

Experimental treatments Results 

Ballantyne et al., 
2014 

2 2009-2010 Field Seney National 
Wildlife Refuge 
peatland, Michigan 
USA 

Fen CO2, CH4 Long-term (>80 years) 
water table drawdown of 
+ 15 cm and inundation by 
10 cm  

Inundation decreased CO2 
respiration and productivity, but 
increased CH4 emissions. Reduced 
water tables increased CO2 
respiration and productivity but 
decreased CH4 emissions. 

Bragazza et al., 
2016 

3 2011 ς 2013 Transplantation 
(climate 
gradient) 

Hoscrajen and 
Lormoos bogs, 
Switzerland 

Bog CO2 Warming (+5°C) and 
reduced precipitation (-60 
%) 

Soil respiration increased and peat 
accumulation fell by 30 % in 
transplanted mesocosms. 

Bridgham et al., 
2008 

7 1994 ς 2002 Mesocosm Alborn, Minnesota, 
USA 

Fen and 
Bog 

Soil 
carbon 
balance 
(changes 
in mean 
surface 
height) 

Warming by infrared 
lamps between 1.6 ς 4.1°C 
and increased water table 
depth (+3, +16, +25 cm) 

Bog: Initial increase in carbon 
accumulation, greatest with higher 
water tables, but levels off after 3 
years. Fen: losses in carbon or no 
change, with the greatest losses 
occurring in the drier and warmer 
mesocosms. 

Chivers et al. 
2009 

2 2005 - 2006 Field Alaska Peatland 
Experiment (APEX), 
Alaska, USA 

Fen CO2 Warming (0.7 °C) by OTCs 
and increased (+5 ς +8 cm) 
and reduced (-9 ς -11 cm) 
water table depths. 

Lowered water tables reduced 
productivity, weakening, or 
reversing the carbon sink function. 
Flooded plots were greater CO2 
sinks due to increased 
productivity. Warming increased 
both CO2 emissions and 



 
71 
 

productivity, and thus did not 
affect carbon balances. 

Deng et al., 2015 3 2004 ς 2006 Field Alaska Peatland 
Experiment (APEX), 
Alaska, USA 

Fen CO2, CH4 Warming (+0.7°C, 0.9°C 
and 0.6°C by OTCs, and 
increased (+8.1cm) and 
decreased (-20 cm) water 
table depths. 

CO2 uptake was reduced in both 
very cold or very warm conditions 
and increased with increased soil 
moisture. CH4 emissions increased 
with increasing temperatures and 
higher water tables. 

Dorrepaal et al., 
2009 

8 2000 ς 2007 Field Abisko, north Sweden Blanket 
bog 

CO4 Warming (OTC) c. +1° C CO2 emissions increased due to 
warming, with the emissions 
traced isotopically as being from 
deep, ancient peat. 

Eriksson et al., 
2010b 

2 2005 ς 2006 Field Degerö Stormyr, 
Sweden 

Mixed 
mire 

CH4 Warming (OTC) +1.5°C CH4 emissions were reduced by 
warming by 30 % on average 

Eriksson et al., 
2010a 

12 1996 ς 2007 Mesocosm Degerö Stormyr, 
Sweden 

Mixed 
mire 

CH4 Warming (OTCs +~3.6°C Warming decreased CH4 
production by 34%. 

Hanson et al., 
2020 

3 2016 ς 2018 Whole 
ecosystem 

S1 Bog, Minnesota, 
USA 

Bog CO2, CH4 Warming (+ 2.3°C, + 4.5°C, 
+ 6.8°C, + > 9°C) by 
propane fired furnaces 
and increased 
atmospheric CO2 (+ 800 ς 
900 ppmv) 

Increased CO2 and CH4 emissions 
with increased warming, 
accelerating carbon losses by 4.5 
to 18 times relative to historical 
accumulation rates. No effect of 
increased atmospheric CO2 
concentrations. 

Hopple et al., 
2020 

5 2015 ς 2018 Whole 
ecosystem 

S1 Bog, Minnesota, 
USA 

Bog CO2, CH4 Warming (+2.3°C, + 4.5°C, 
+ 6.8°C, + > 9°C) by 
propane fired furnaces 
and increased 
atmospheric CO2 (+ 500 
ppmv) for last 3 years 

Warming increases CH4 and CO2 
emissions, while increased 
atmospheric CO2 has no 
discernible effect on gas fluxes. 

Johnson et al., 
2013 

2 2009 - 2010 Field Site in Michigan, USA Fen CO2, CH4 Warming by OTCs (no 
significant warming 
effect) and Infrared heat 
lamps of +1.4 ς 1.9°C 

Warming with infra-red lamps 
increased productivity, while OTCs 
had no effect on CO2 fluxes. 
Warming from both OTCs and 
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Infra-red lamps increased CH4 
emissions however. 

Juszczak et al., 
2016 

1 2015 Field Rzecin peatland, 
Poland 

Fen CO2 Reduced precipitation (35 
%) and warming of air 
temperatures (0.4°C) 
using heat lamps 

Warming increased CO2 emissions 
and productivity, drought reduced 
productivity and for combined 
warming and drought CO2 
emissions were reduced. 

Laine et al., 2019 3 2011 ς 2013 Field Sites near Siikajoki, 
Finland 

Fens CO2, CH4 Warming by OTCs and 
land use differences 
resulting in water table 
differences of ~ + 20 cm. 

Warming increased productivity 
rates for all land use types. 
Reduced water table depth and 
temperature increases increased 
CH4 only slightly since these sites 
were already dry. 

Li et al., 2021 2 2018-2020 Mesocosm La Guette peatland, 
France 

Fen CO2, CH4 Warming of air 
temperature (0.9°C) using 
OTCs 

Increased CO2 uptake with 
warming. Respiration, carbon 
balances and CH4 not effected. 

Munir and 
Strack, 2014 

3 2011 ς 2013 Field Wandering River, 
Canada 

Bog CH4 Warming by OTCs + ~1°C) 
and increased water table 
depth (+ 38, + 74 and + 
120 cm) 

Water table drawdown reduced 
CH4 emissions differently 
depending on the age of drainage 
(emissions were higher in areas 
that had been drained for longer). 
Warming increased CH4 flux, which 
also increased with water table 
drawdown. In hummocks, the 
opposite happened. CH4 emissions 
were reduced by warming and 
declined further with as water 
table depths fell. Combined 
warming and drought effects on 
CH4 were overall negative but not 
significant. 

Munir et al., 
2014 

3 2011 - 2013 Field Wandering River, 
Canada 

Bog CO2 Warming (~1°C) by OTCs 
and increased water table 

CO2 accumulation increased with 
warming, showing an interaction 
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depth (+ 38, + 74 and + 
120 cm) over long and 
short terms. 

with water level. Net carbon 
uptake was enhanced by warming 
and long-term drainage, while 
short term drainage accelerated 
carbon losses. 

Olefeldt et al., 
2017 

9 2005 ς 2013 Field Alaska Peatland 
Experiment (APEX), 
Alaska, USA 

Fen CO2, CH4 Warming by OTCs (0.7°C, 
0.9°C and 0.6°C for 
control), and increased 
and lowered water table 
depth (+ 8.1, -20 cm) 

Water table drawdown reduced 
productivity, carbon accumulation 
and CH4 emissions. 

Pearson et al., 
2015 

3 2008 ς 2010 Field Lakkasuo, Narhinneva 
and Lompolojankka, 
sites in Finland. 

Fens CO2, CH4 Warming by OTCs 
between +0.2 ς 2.0°C) and 
long-term water table 
drawdown (+5 - 10 cm and 
+10 - 30 cm) 

Warming effects were negligible 
for CO2 emissions. Water level 
drawdown overrode any 
temperature effect except at the 
northernmost Lompolojankka site. 
CH4 emissions fell with long-term 
drainage at all sites and fell slightly 
with warming. 

Rowson et al., 
2012* 

3 2010 ς 2012 Field Cors Fochno, Wales Bog CO2 Warming by OTCs + 0.7°C 
and episodic, seasonal 
drought (average + 10 cm 
increase in water table 
depth during summer) 

Warming and drought reduced net 
ecosystem exchange of CO2. 
Combined warming and drought 
have a cumulative effect and these 
plots effectively became carbon 
neutral or weak sources. 

Strack et al., 
2004 

3 2001 ς 2003 Mesocosm St. Charles-de-
Bellachasse, Quebec, 
Canada 

Fen CH4 Water table drawdown c + 
20 cm 

CH4 emissions were reduced by up 
to 97 % following water table 
drawdown. 

Strack et al., 
2006a 

2 2001 ς 2002 Field St. Charles-de-
Bellachasse, Quebec, 
Canada 

Fen CO2 Water table drawdown c 
+20 cm 

CO2 emissions were higher in the 
drained sites, while productivity 
was reduced in hummocks but 
increased at drained lawns and 
hollows. 
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Strozecki et al., 
2020  

3 2015 ς 2017 Field Rzecin peatland, 
Poland 

Fen CH4 Warming of air (+ 0.4°C) 
by heat lamps. Reduced 
precipitation by 24 % and 
38 % for 2016 to 2017. 

Warming and reduced 
precipitation increased CH4 
emissions except during a wet and 
warm year (2017). 

Turetsky et al., 
2008 

2 2005-2006 Field Alaska Peatland 
Experiment (APEX), 
Alaska, USA 

Fen CH2 Warming (+0.7°C, 0.9°C 
and 0.6°C by OTCs, and 
increased (+ 8.1 cm) and 
decreased (-20 cm) water 
table depths. 

Warming increased CH4 emissions 
while raised water tables increased 
CH4 emissions. 

Updegraff et al., 
2001 

3 1995 ς 1997 Mesocosm Toivola bog, Alborn 
fen, Michigan, USA. 

Bog, Fen CO2, CH4 Warming by Infrared 
lamps (+ 3°C). and 
manipulated water table 
depths (-1, +10 and +20 
cm) 

CO2 emissions increased at a 
similar rate for fen and bogs due to 
temperature increases, while not 
responding to changes in water 
table depth. CH4 emissions were 
three times higher in the bog and 
increased along with temperature 
and reduced water table depth. 
CH4 emissions became 
progressively stronger each year. 

Ward et al., 2013 2 2009 ς 2010 Field Moorhouse nature 
reserve, England 

Blanket 
bog 

CO2, CH4 Warming by OTCs ~1°C Warming increased soil 
respiration, but the effect of 
warming on carbon accumulation 
and CH4 emissions were governed 
by vegetation communities. 

White et al., 2008 6 1994 ς 1999 Mesocosm Sites in northeast 
Minnesota, USA 

Bog, Fen CH4 Warming by infrared 
lamps + 1.6 ς 4.1°C. Water 
table depth 
manipulations, increased 
and decreased 

CH4 emissions mostly increased 
with rising water tables, but are 
indirectly influenced by DOC and 
plant productivity, that increase 
with higher temperature. 



1.5. Summary 

Northern peatlands contain a vast store of carbon and are important components of the 

global carbon cycle. Anthropogenic climate change threatens to disrupt the ecosystem 

functioning of peatlands and may cause this carbon to be returned to the atmosphere, 

potentially imparting large positive feedbacks, amplifying climate warming. However, 

the future response of peatlands to climate change is unclear, and they are not currently 

included in Earth System Models, despite their significance in the global climate system. 

An important impediment in resolving this uncertainty is the disconnect between 

different approaches used by experimental ecologists and palaeoecologists. By 

combining both palaeoecological and experimental approaches using an inter-

disciplinary approach, this project aims to make substantive progress towards reducing 

this uncertainty. 

  



 
76 
 

1.6. References 

Abdalla, M., Hastings, A., Truu, J., Espenberg, M., Mander, Ü. and Smith, P., (2016). 

Emissions of methane from northern peatlands: a review of management 

impacts and implications for future management options. Ecology and 

Evolution, 6(19), 7080-7102. 

Admiral, S.W. and Lafleur, P.M., (2007a). Partitioning of latent heat flux at a northern 

peatland. Aquatic Botany, 86(2), 107-116. 

Admiral, S.W. and Lafleur, P.M., (2007b). Modelling of latent heat partitioning at a bog 

peatland. Agricultural and Forest Meteorology, 144(3-4), 213-229. 

Allen, M. R., Shine, K. P., Fuglestvedt, J. S., Millar, R. J., Cain, M., Frame, D. J., and Macey, 

A. H. (2018). A solution to the misrepresentations of CO2-equivalent emissions 

of short-lived climate pollutants under ambitious mitigation. Npj Climate and 

Atmospheric Science, 1(1), 1-8. 

Alm, J., Saarnio, S., Nykänen, H., Silvola, J. and Martikainen, P., (1999). Winter CO 2, CH 

4, and N 2 O fluxes on some natural and drained boreal 

peatlands. Biogeochemistry, 44(2), 163-186. 

Andersen, R., Poulin, M., Borcard, D., Laiho, R., Laine, J., Vasander, H. and Tuittila, E.T., 

(2011). Environmental control and spatial structures in peatland 

vegetation. Journal of Vegetation Science, 22(5), 878-890. 

Anderson, R.L., Foster, D.R. and Motzkin, G., (2003). Integrating lateral expansion into 

models of peatland development in temperate New England. Journal of 

Ecology, 91(1), 68-76. 



 
77 
 

Austnes, K., Evans, C. D., Eliot-Laize, C., Naden, P. S., and Old, G. H. (2010). Effects of 

storm events on mobilisation and in-stream processing of dissolved organic 

matter (DOM) in a Welsh peatland catchment. Biogeochemistry, 99(1), 157-173. 

.ŀōŜǎƘƪƻΣ YΦ±ΦΣ {ƘƪǳǊƪƻΣ !ΦΣ ¢ǎȅƎŀƴƻǾΣ !ΦbΦΣ {ŜǾŜǊƻǾŀΣ 9Φ9ΦΣ DŀƱƪŀΣ aΦΣ tayne, R.J., 

Mauquoy, D., Mazei, N.G., Fatynina, Y.A., Krasnova, E.D. and Saldaev, D.A., 

(2021). A multi-proxy reconstruction of peatland development and regional 

vegetation changes in subarctic NE Fennoscandia (the Republic of Karelia, Russia) 

during the Holocene. The Holocene, 31(3), 421-432. 

Backéus, I., (1972). Bog vegetation re-mapped after sixty years, studies on 

Skagershultamossen, central Sweden. Oikos, 384-393. 

Ballantyne, D.M., Hribljan, J.A., Pypker, T.G. and Chimner, R.A., (2014). Long-term water 

table manipulations alter peatland gaseous carbon fluxes in Northern 

Michigan. Wetlands Ecology and Management, 22(1), 35-47. 

Barber, K.E., (1993). Peatlands as scientific archives of past biodiversity. Biodiversity and 

Conservation, 2(5), 474-489. 

Basiliko, N., Stewart, H., Roulet, N.T. and Moore, T.R., (2012). Do root exudates enhance 

peat decomposition? Geomicrobiology Journal, 29(4), 374-378. 

Beilman, D.W., MacDonald, G.M., Smith, L.C., and Reimer, P.J., (2009). Carbon 

accumulation in peatlands of West Siberia over the last 2000 years. Global 

Biogeochemical Cycles, 23(1). 

Bell, M.C., Ritson, J.P., Verhoef, A., Brazier, R.E., Templeton, M.R., Graham, N.J., 

Freeman, C., and Clark, J.M., (2018). Sensitivity of peatland litter decomposition 

to changes in temperature and rainfall. Geoderma, 331, 29-37. 



 
78 
 

Belyea, L. R., and Malmer, N. (2004). Carbon sequestration in peatland: patterns and 

mechanisms of response to climate change. Global Change Biology, 10(7), 1043-

1052.  

Belyea, L.R. and Baird, A.J., (нллсύΦ .ŜȅƻƴŘ άǘƘŜ ƭƛƳƛǘǎ ǘƻ ǇŜŀǘ ōƻƎ ƎǊƻǿǘƘέΥ /ǊƻǎǎπǎŎŀƭŜ 

feedback in peatland development. Ecological Monographs, 76(3), 299-322. 

Belyea, L.R., (2009). Nonlinear dynamics of peatlands and potential feedbacks on the 

climate system. Carbon cycling in northern peatlands, American Geophysical 

Union. 184, 5-18.  

Berghuis, B. A., Yu, F. B., Schulz, F., Blainey, P. C., Woyke, T., and Quake, S. R. (2019). 

Hydrogenotrophic methanogenesis in archaeal phylum Verstraetearchaeota 

reveals the shared ancestry of all methanogens. Proceedings of the National 

Academy of Sciences, 116(11), 5037-5044. 

Billett, M.F., Charman, D.J., Clark, J.M., Evans, C.D., Evans, M.G., Ostle, N.J., Worrall, F., 

Burden, A., Dinsmore, K.J., Jones, T., and McNamara, N.P., (2010). Carbon 

balance of UK peatlands: current state of knowledge and future research 

challenges. Climate Research, 45, 13-29. 

.ƛƭƭŜǘǘΣ aΦCΦΣ tŀƭƳŜǊΣ {ΦaΦΣ IƻǇŜΣ 5ΦΣ 5ŜŀŎƻƴΣ /ΦΣ {ǘƻǊŜǘƻƴπ²ŜǎǘΣ wΦΣ IŀǊƎǊŜŀǾŜǎΣ YΦWΦΣ 

Flechard, C. and Fowler, D., (нллпύΦ [ƛƴƪƛƴƎ ƭŀƴŘπŀǘƳƻǎǇƘŜǊŜπǎǘǊŜŀƳ ŎŀǊōƻƴ 

fluxes in a lowland peatland system. Global Biogeochemical Cycles, 18(1). 

Blodau, C., (2002). Carbon cycling in peatlands A review of processes and 

controls. Environmental Reviews, 10(2), 111-134. 

Blodau, C., Basiliko, N. and Moore, T.R., (2004). Carbon turnover in peatland mesocosms 

exposed to different water table levels. Biogeochemistry, 67(3), 331-351. 



 
79 
 

Boon, A., Robinson, J.S., Chadwick, D.R. and Cardenas, L.M., (2014). Effect of cattle urine 

addition on the surface emissions and subsurface concentrations of greenhouse 

gases in a UK peat grassland. Agriculture, Ecosystems and Environment, 186, 23-

32. 

Bourgeau-Chavez, L.L., Grelik, S.L., Billmire, M., Jenkins, L.K., Kasischke, E.S. and 

Turetsky, M.R., (2020). Assessing boreal peat fire severity and vulnerability of 

peatlands to early season wildland fire. Frontiers in Forests and Global Change, 3, 

p.20. 

Bragazza, L., Parisod, J., Buttler, A. and Bardgett, R.D., (2013). Biogeochemical plantςsoil 

microbe feedback in response to climate warming in peatlands. Nature Climate 

Change, 3(3), 273-277. 

Bragazza, L., Bardgett, R.D., Mitchell, E.A. and Buttler, A., (2015). Linking soil microbial 

communities to vascular plant abundance along a climate gradient. New 

Phytologist, 205(3), 1175-1182. 

Bragazza, L., Buttler, A., Robroek, B.J., Albrecht, R., Zaccone, C., Jassey, V.E. and 

Signarbieux, C., (2016). Persistent high temperature and low precipitation reduce 

peat carbon accumulation. Global Change Biology, 22(12), 4114-4123. 

Bragazza, L., Parisod, J., Buttler, A. and Bardgett, R.D., (2013). Biogeochemical plantςsoil 

microbe feedback in response to climate warming in peatlands. Nature Climate 

Change, 3(3), 273-277. 

Breeuwer, A., Heijmans, M.M., Robroek, B.J. and Berendse, F., (2008). The effect of 

temperature on growth and competition between Sphagnum 

species. Oecologia, 156(1), 155-167. 



 
80 
 

.ǊƛŘƎƘŀƳΣ {Φ5ΦΣ /ŀŘƛƭƭƻπvǳƛǊƻȊΣ IΦΣ YŜƭƭŜǊΣ WΦYΦ ŀƴŘ ½ƘǳŀƴƎΣ vΦΣ (2013). Methane emissions 

from wetlands: biogeochemical, microbial, and modeling perspectives from local 

to global scales. Global Change Biology, 19(5), 1325-1346. 

Bridgham, S.D., Megonigal, J.P., Keller, J.K., Bliss, N.B. and Trettin, C., (2006). The carbon 

balance of North American wetlands. Wetlands, 26(4), 889-916. 

Bridgham, S.D., Pastor, J., Dewey, B., Weltzin, J.F. and Updegraff, K., (2008). Rapid 

carbon response of peatlands to climate change. Ecology, 89(11), 3041-3048. 

Bridgham, S.D., Pastor, J., Janssens, J.A., Chapin, C. and Malterer, T.J., (1996). Multiple 

limiting gradients in peatlands: a call for a new paradigm. Wetlands, 16(1), 45-

65. 

Bridgham, S.D., Updegraff, K. and Pastor, J., (1998). Carbon, nitrogen, and phosphorus 

mineralization in northern wetlands. Ecology, 79(5), 1545-1561. 

Bu, Z., Hans, J., Li, H., Zhao, G., Zheng, X., Ma, J. and Zeng, J., (2011). The response of 

peatlands to climate warming: A review. Acta Ecologica Sinica, 31(3), 157-162. 

Bubier, J.L. and Moore, T.R., (1994). An ecological perspective on methane emissions 

from northern wetlands. Trends in Ecology and Evolution, 9(12), 460-464. 

Bubier, J.L., Frolking, S., Crill, P.M. and Linder, E., (1999). Net ecosystem productivity and 

its uncertainty in a diverse boreal peatland. Journal of Geophysical Research: 

Atmospheres, 104(D22), 27683-27692. 

Bubier, J.L., Moore, T.R., Bellisario, L., Comer, N.T. and Crill, P.M., (1995). Ecological 

controls on methane emissions from a northern peatland complex in the zone of 

discontinuous permafrost, Manitoba, Canada. Global Biogeochemical 

Cycles, 9(4), 455-470. 



 
81 
 

.ǳǘǘƭŜǊΣ !ΦΣ wƻōǊƻŜƪΣ .ΦWΦΣ [ŀƎƎƻǳƴπ5ŞŦŀǊƎŜΣ CΦΣ WŀǎǎŜȅΣ ±Φ9ΦΣ tƻŎƘŜƭƻƴΣ /ΦΣ .ŜǊƴŀǊŘΣ DΦΣ 

Delarue, F., Gogo, S., Mariotte, P., Mitchell, E.A. and Bragazza, L., (2015). 

Experimental warming interacts with soil moisture to discriminate plant 

responses in an ombrotrophic peatland. Journal of Vegetation Science, 26(5), 

964-974. 

Chambers, F.M. and Charman, D.J., (2004). Holocene environmental change: 

contributions from the peatland archive. The Holocene, 14(1), 1-6. 

Chanton, J. P., and Whiting, G. J. (1995). Trace gas exchange in freshwater and coastal 

marine environments: ebullition and transport by plants. Biogenic trace gases: 

measuring emissions from soil and water, 98-125. 

Chapin, C.T., Bridgham, S.D. and Pastor, J., (2004). pH and nutrient effects on above-

ground net primary production in a Minnesota, USA bog and 

fen. Wetlands, 24(1), 186-201. 

Chapin, F.S., Woodwell, G.M., Randerson, J.T., Rastetter, E.B., Lovett, G.M., Baldocchi, 

D.D., Clark, D.A., Harmon, M.E., Schimel, D.S., Valentini, R. and Wirth, C., (2006). 

Reconciling carbon-cycle concepts, terminology, and methods. Ecosystems, 9(7), 

1041-1050. 

Charman, D. J., Aravena, R., Bryant, C. L., and Harkness, D. D. (1999). Carbon isotopes in 

peat, DOC, CO2, and CH4 in a Holocene peatland on Dartmoor, southwest 

England. Geology, 27(6), 539-542. 

Charman, D., (2002). Peatlands and environmental change. John Wiley and Sons Ltd. 

Charman, D.J., Amesbury, M.J., Hinchliffe, W., Hughes, P.D., Mallon, G., Blake, W.H., 

Daley, T.J., Gallego-Sala, A.V. and Mauquoy, D., (2015). Drivers of Holocene 



 
82 
 

peatland carbon accumulation across a climate gradient in northeastern North 

America. Quaternary Science Reviews, 121, 110-119. 

Charman, D.J., Barber, K.E., Blaauw, M., Langdon, P.G., Mauquoy, D., Daley, T.J., Hughes, 

P.D. and Karofeld, E., (2009). Climate drivers for peatland palaeoclimate 

records. Quaternary Science Reviews, 28(19-20), 1811-1819. 

Charman, D.J., Beilman, D.W., Blaauw, M., Booth, R.K., Brewer, S., Chambers, F.M., 

Christen, J.A., Gallego-Sala, A., Harrison, S.P., Hughes, P.D. and Jackson, S.T., 

(2013). Climate-related changes in peatland carbon accumulation during the last 

millennium. Biogeosciences, 10(2), 929-944. 

Chasar, L. S., Chanton, J. P., Glaser, P. H., Siegel, D. I., and Rivers, J. S. (2000). Radiocarbon 

and stable carbon isotopic evidence for transport and transformation of 

dissolved organic carbon, dissolved inorganic carbon, and CH4 in a northern 

Minnesota peatland. Global Biogeochemical Cycles, 14(4), 1095-1108. 

Chivers, M.R., Turetsky, M.R., Waddington, J.M., Harden, J.W. and McGuire, A.D., (2009). 

Effects of experimental water table and temperature manipulations on 

ecosystem CO 2 fluxes in an Alaskan rich fen. Ecosystems, 12(8), 1329-1342. 

Christensen, T.R., Johansson, T., Åkerman, H.J., Mastepanov, M., Malmer, N., Friborg, T., 

Crill, P. and Svensson, B.H., (нллпύΦ ¢ƘŀǿƛƴƎ ǎǳōπŀǊŎǘƛŎ ǇŜǊƳŀŦǊƻǎǘΥ 9ŦŦŜŎǘǎ ƻƴ 

vegetation and methane emissions. Geophysical Research Letters, 31(4). 

Churchill, A.C., Turetsky, M.R., McGuire, A.D., and Hollingsworth, T.N., (2015). Response 

of plant community structure and primary productivity to experimental drought 

and flooding in an Alaskan fen. Canadian Journal of Forest Research, 45(2), 185-

193. 



 
83 
 

Clymo, R.S. and Hayward, P.M., (1982). The ecology of Sphagnum. In: Bryophyte 

ecology (229-289). Springer, Dordrecht. 

Clymo, R.S. and Pearce, D.M.E., (1995). Methane and carbon dioxide production in, 

transport through, and efflux from a peatland. Philosophical Transactions of the 

Royal Society of London. Series A: Physical and Engineering Sciences, 351(1696), 

249-259. 

Clymo, R.S., (1984). The limits to peat bog growth. Philosophical Transactions of the 

Royal Society of London. B, Biological Sciences, 303(1117), 605-654. 

Clymo, R.S., Turunen, J. and Tolonen, K., (1998). Carbon accumulation in peatland. Oikos, 

368-388. 

Conrad, R. (1999). Contribution of hydrogen to methane production and control of 

hydrogen concentrations in methanogenic soils and sediments. FEMS 

microbiology Ecology, 28(3), 193-202. 

Couwenberg, J., (2009). Methane emissions from peat soils (organic soils, histosols): 

facts, MRV-ability, emission factors. Methane emissions from peat soils (organic 

soils, histosols): facts, MRV-ability, emission factors. 

Crow, S.E., and Wieder, R.K., (2005). Sources of CO2 emission from a northern peatland: 

root respiration, exudation, and decomposition. Ecology, 86(7), 1825-1834. 

Davidson, E.A. and Janssens, I.A., (2006). Temperature sensitivity of soil carbon 

decomposition and feedbacks to climate change. Nature, 440(7081), 165-173. 

Dawson, J.J., Billett, M.F., Hope, D., Palmer, S.M. and Deacon, C.M., (2004). Sources and 

sinks of aquatic carbon in a peatland stream continuum. Biogeochemistry, 70(1), 

71-92. 



 
84 
 

Deng, J., Li, C. and Frolking, S., (2015). Modeling impacts of changes in temperature and 

water table on C gas fluxes in an Alaskan peatland. Journal of Geophysical 

Research: Biogeosciences, 120(7), 1279-1295. 

Dieleman, C.M., Branfireun, B.A., McLaughlin, J.W. and Lindo, Z., (2016). Enhanced 

carbon release under future climate conditions in a peatland mesocosm 

experiment: the role of phenolic compounds. Plant and Soil, 400(1), 81-91. 

Dieleman, C.M., Branfireun, B.A., McLaughlin, J.W. and Lindo, Z., (2015). Climate change 

drives a shift in peatland ecosystem plant community: implications for ecosystem 

function and stability. Global Change Biology, 21(1), 388-395. 

Dinsmore, K.J., Billett, M.F. and Dyson, K.E., (2013). Temperature and precipitation drive 

temporal variability in aquatic carbon and GHG concentrations and fluxes in a 

peatland catchment. Global Change Biology, 19(7), 2133-2148. 

Dinsmore, K.J., Billett, M.F., Skiba, U.M., Rees, R.M., Drewer, J. and Helfter, C., (2010). 

Role of the aquatic pathway in the carbon and greenhouse gas budgets of a 

peatland catchment. Global Change Biology, 16(10), 2750-2762. 

Dise, N.B., (2009). Peatland response to global change. Science, 326(5954), 810-811. 

Dorrepaal, E., Aerts, R., Cornelissen, J.H., Callaghan, T.V. and van Logtestijn, R.S., (2004). 

Summer warming and increased winter snow cover affect Sphagnum fuscum 

growth, structure, and prƻŘǳŎǘƛƻƴ ƛƴ ŀ ǎǳōπŀǊŎǘƛŎ ōƻƎΦ Global Change 

Biology, 10(1), 93-104. 

Dorrepaal, E., Cornelissen, J.H., Aerts, R., Wallen, B.O. and van Logtestijn, R.S., (2005). 

Are growth forms consistent predictors of leaf litter quality and decomposability 

across peatlands along a latitudinal gradient? Journal of Ecology, 93(4), 817-828. 



 
85 
 

Dorrepaal, E., Toet, S., van Logtestijn, R.S., Swart, E., van De Weg, M.J., Callaghan, T.V. 

and Aerts, R., (2009). Carbon respiration from subsurface peat accelerated by 

climate warming in the subarctic. Nature, 460(7255), 616-619. 

Drösler, M., Freibauer, A., Christensen, T.R. and Friborg, T., (2008). Observations and 

status of peatland greenhouse gas emissions in Europe. In: The continental-scale 

greenhouse gas balance of Europe (243-261). Springer, New York, NY. 

Eriksson, T., Öquist, M.G. and Nilsson, M.B., (2010a). Effects of decadal deposition of 

nitrogen and sulphur, and increased temperature, on methane emissions from a 

boreal peatland. Journal of Geophysical Research: Biogeosciences, 115(G4). 

Eriksson, T., Öquist, M.G. and Nilsson, M.B., (2010b). Production and oxidation of 

methane in a boreal mire after a decade of increased temperature and nitrogen 

and sulfur deposition. Global Change Biology, 16(7), 2130-2144.  

9ǾŀƴǎΣ /Φ5ΦΣ WƻƴŜǎΣ ¢ΦDΦΣ .ǳǊŘŜƴΣ !ΦΣ hǎǘƭŜΣ bΦΣ ½ƛŜƭƛƵǎƪƛΣ tΦΣ /ƻƻǇŜǊΣ aΦ5ΦΣ tŜŀŎƻŎƪΣ aΦΣ 

Clark, J.M., Oulehle, F., Cooper, D. and Freeman, C., (2012). Acidity controls on 

dissolved organic carbon mobility in organic soils. Global Change Biology, 18(11), 

3317-3331. 

Evans, C.D., Peacock, M., Baird, A.J., Artz, R.R.E., Burden, A., Callaghan, N., Chapman, 

P.J., Cooper, H.M., Coyle, M., Craig, E. and Cumming, A., (2021). Overriding water 

table control on managed peatland greenhouse gas emissions. Nature, 

593(7860), 548-552. 

Fenner, N. and Freeman, C., (2011). Drought-induced carbon loss in peatlands. Nature 

Geoscience, 4(12), 895-900. 



 
86 
 

Fenner, N., Meadham, J., Jones, T., Hayes, F. and Freeman, C., (2021). Effects of climate 

change on peatland reservoirs: a DOC perspective. Global Biogeochemical 

Cycles, 35(7), p.e2021GB006992. 

Fewster, R. E., Morris, P. J., Ivanovic, R. F., Swindles, G. T., Peregon, A. M., and Smith, C. 

J. (2022). Imminent loss of climate space for permafrost peatlands in Europe and 

Western Siberia. Nature Climate Change, 12(4), 373-379. 

Field, C.B., Lobell, D.B., Peters, H.A. and Chiariello, N.R., (2007). Feedbacks of terrestrial 

ecosystems to climate change. Annu. Rev. Environ. Resour., 32, 1-29. 

Forster, P., T. Storelvmo, K. Armour, W. Collins, J. L. Dufresne, D. Frame, D. J. Lunt, T. 

Mauritsen, M. D. Palmer, M. Watanabe, M. Wild, H. Zhang, (нлнмύΣ ¢ƘŜ 9ŀǊǘƘΩǎ 

Energy Budget, Climate Feedbacks, and Climate Sensitivity. In: Climate Change 

2021: The Physical Science Basis. Contribution of Working Group I to the Sixth 

Assessment Report of the Intergovernmental Panel on Climate Change [Masson-

Delmotte, V., P. Zhai, A. Pirani, S. L. Connors, C. Péan, S. Berger, N. Caud, Y. Chen, 

L. Goldfarb, M. I. Gomis, M. Huang,  K. Leitzell, E. Lonnoy, J.B.R. Matthews, T. K. 

Maycock, T. Waterfield, O. Yelekçi, R. Yu and B. Zhou (eds.)]. Cambridge 

University Press. In Press. 

Freeman, C., Evans, C.D., Monteith, D.T., Reynolds, B. and Fenner, N., (2001). Export of 

organic carbon from peat soils. Nature, 412(6849), 785-785. 

Freeman, C., Fenner, N., Ostle, N.J., Kang, H., Dowrick, D.J., Reynolds, B., Lock, M.A., 

Sleep, D., Hughes, S. and Hudson, J., (2004a). Export of dissolved organic carbon 

from peatlands under elevated carbon dioxide levels. Nature, 430(6996), 195-

198. 



 
87 
 

Freeman, C., Ostle, N.J., Fenner, N. and Kang, H., (2004b). A regulatory role for phenol 

oxidase during decomposition in peatlands. Soil Biology and 

Biochemistry, 36(10), 1663-1667. 

Frei, E.R., Schnell, L., Vitasse, Y., Wohlgemuth, T. and Moser, B., (2020). Assessing the 

effectiveness of in-situ active warming combined with open top chambers to 

study plant responses to climate change. Frontiers in Plant Science, 11. 

Friedlingstein, P., O'sullivan, M., Jones, M.W., Andrew, R.M., Hauck, J., Olsen, A., Peters, 

G.P., Peters, W., Pongratz, J., Sitch, S. and Le Quéré, C., (2020). Global carbon 

budget 2020. Earth System Science Data, 12(4), 3269-3340. 

Frolking, S. and Roulet, N.T., (2007). Holocene radiative forcing impact of northern 

peatland carbon accumulation and methane emissions. Global Change 

Biology, 13(5), 1079-1088. 

Frolking, S., Roulet, N. and Fuglestvedt, J., (2006). How northern peatlands influence the 

Earth's radiative budget: Sustained methane emission versus sustained carbon 

sequestration. Journal of Geophysical Research: Biogeosciences, 111(G1). 

Frolking, S., Roulet, N. and Lawrence, D., (2009). Issues Related to Incorporating 

Northern Peatlands Into Global Climate Models. Geophysical Monographs, 184, 

19-35. 

Frolking, S., Talbot, J., and Subin, Z.M., (2014). Exploring the relationship between 

peatland net carbon balance and apparent carbon accumulation rate at century 

to millennial time scales. The Holocene, 24(9), 1167-1173. 

Frolking, S., Talbot, J., Jones, M.C., Treat, C.C., Kauffman, J.B., Tuittila, E.S. and Roulet, 

N., (нлммύΦ tŜŀǘƭŀƴŘǎ ƛƴ ǘƘŜ 9ŀǊǘƘΩǎ нмǎǘ ŎŜƴǘǳǊȅ ŎƭƛƳŀǘŜ ǎȅǎǘŜƳΦ Environmental 

Reviews, 19(NA), 371-396. 



 
88 
 

Frolking, S.E., Bubier, J.L., Moore, T.R., Ball, T., Bellisario, L.M., Bhardwaj, A., Carroll, P., 

Crill, P.M., Lafleur, P.M., McCaughey, J.H. and Roulet, N.T., (1998). Relationship 

between ecosystem productivity and photosynthetically active radiation for 

northern peatlands. Global Biogeochemical Cycles, 12(1), 115-126. 

Galand, P. E., Fritze, H., Conrad, R., and Yrjala, K. (2005). Pathways for methanogenesis 

and diversity of methanogenic archaea in three boreal peatland 

ecosystems. Applied and Environmental Microbiology, 71(4), 2195-2198. 

Gallego-Sala, A., Charman, D. and Brewer, S., (2016), April. Peatlands and the C cycle 

during the last millennium. In EGU General Assembly Conference 

Abstracts (EPSC2016-7889).  

Gallego-Sala, A.V. and Prentice, I.C., (2013). Blanket peat biome endangered by climate 

change. Nature Climate Change, 3(2), 152-155. 

Gallego-Sala, A.V., Charman, D.J., Brewer, S., Page, S.E., Prentice, I.C., Friedlingstein, P., 

Moreton, S., Amesbury, M.J., Beilman, D.W., Björck, S. and Blyakharchuk, T., 

(2018). Latitudinal limits to the predicted increase of the peatland carbon sink 

with warming. Nature Climate Change, 8(10), 907-913. 

Gao, J., Holden, J. and Kirkby, M., (нлмсύΦ ¢ƘŜ ƛƳǇŀŎǘ ƻŦ ƭŀƴŘπŎƻǾŜǊ ŎƘŀƴƎŜ ƻƴ ŦƭƻƻŘ ǇŜŀƪǎ 

in peatland basins. Water Resources Research, 52(5), 3477-3492. 

DŀǘƛǎΣ bΦΣ [ǳǎŎƻƳōŜΣ 5ΦWΦΣ DǊŀƴŘπ/ƭŜƳŜƴǘΣ 9ΦΣ IŀǊǘƭey, I.P., Anderson, K., Smith, D., and 

Brazier, R.E., (2016). The effect of drainage ditches on vegetation diversity and 

/hн ŦƭǳȄŜǎ ƛƴ ŀ aƻƭƛƴƛŀ ŎŀŜǊǳƭŜŀπŘƻƳƛƴŀǘŜŘ ǇŜŀǘƭŀƴŘΦ Ecohydrology, 9(3), 407-

420. 

Gerdol, R., Bonora, A., Marchesini, R., Gualandri, R. and Pancaldi, S., (1998). Growth 

response of Sphagnum capillifolium to nighttime temperature and nutrient level: 



 
89 
 

mechanisms and implications for global change. Arctic and Alpine 

Research, 30(4), 388-395. 

Gong, Y., Wu, J., Vogt, J. and Ma, W., (2020). Greenhouse gas emissions from peatlands 

under manipulated warming, nitrogen addition, and vegetation composition 

change: a review and data synthesis. Environmental Reviews, 28(4), 428-437. 

Goodrich, J.P., Campbell, D.I. and Schipper, L.A., (2017). Southern Hemisphere bog 

persists as a strong carbon sink during droughts. Biogeosciences, 14(20), 4563-

4576. 

DƽǊŜŎƪƛΣ YΦΣ wŀǎǘƻƎƛΣ !ΦΣ {ǘǊƽȍŜŎƪƛΣ aΦΣ DŊōƪŀΣ aΦΣ [ŀƳŜƴǘƻǿƛŎȊΣ aΦΣ _ǳŎƽǿΣ 5ΦΣ YŀȅȊŜǊΣ 5Φ 

and Juszczak, R., (2021). Water table depth, experimental warming, and reduced 

precipitation impact on litter decomposition in a temperate Sphagnum-

peatland. Science of The Total Environment, 771, 145452. 

Gorham, E., (1991). Northern peatlands: role in the carbon cycle and probable responses 

to climatic warming. Ecological Applications, 1(2), 182-195.  

Gorham, E., (1995). The biogeochemistry of northern peatlands and its possible 

responses to global warming. In: Biotic feedbacks in the global climatic system: 

will the warming feed the warming, Oxford University Press 169-187. 

Granath, G., Strengbom, J. and Rydin, H., (2010). Rapid ecosystem shifts in peatlands: 

linking plant physiology and succession. Ecology, 91(10), 3047-3056. 

Greenup, A.L., Bradford, M.A., McNamara, N.P., Ineson, P. and Lee, J.A., (2000). The role 

of Eriophorum vaginatum in CH4 flux from an ombrotrophic peatland. Plant and 

Soil, 227(1), 265-272. 

Grubb, M., Vrolijk, C., and Brack, D., (2018). Kyoto Protocol (1999): A Guide and 

Assessment. Routledge. 



 
90 
 

Gunnarsson, U., (2005). Global patterns of Sphagnum productivity. Journal of 

Bryology, 27(3), 269-279. 

Gupta, V., Smemo, K.A., Yavitt, J.B. and Basiliko, N., (2012). Active methanotrophs in two 

contrasting North American peatland ecosystems revealed using DNA-

SIP. Microbial ecology, 63(2), 438-445. 

Hardie, S.M.L., Garnett, M.H., Fallick, A.E., Ostle, N.J. and Rowland, A.P., (2009). Bomb-

14C analysis of ecosystem respiration reveals that peatland vegetation facilitates 

release of old carbon. Geoderma, 153(3-4), 393-401. 

Harenda, K.M., Lamentowicz, M., Samson, M., and Chojnicki, B.H., (2018). The role of 

peatlands and their carbon storage function in the context of climate change. 

In Interdisciplinary approaches for sustainable development goals (169-187). 

Springer, Cham. 

Haywood, A.M., Ridgwell, A., Lunt, D.J., Hill, D.J., Pound, M.J., Dowsett, H.J., Dolan, A.M., 

Francis, J.E. and Williams, M., (2011). Are there pre-Quaternary geological 

analogues for a future greenhouse warming? Philosophical Transactions of the 

Royal Society A: Mathematical, Physical and Engineering Sciences, 369(1938), 

933-956. 

Heimann, M. and Reichstein, M., (2008). Terrestrial ecosystem carbon dynamics and 

climate feedbacks. Nature, 451(7176), 289-292. 

Heinemeyer, A., Asena, Q., Burn, W. L., and Jones, A. L. (2018). Peatland carbon stocks 

and burn history: Blanket bog peat core evidence highlights charcoal impacts on 

peat physical properties and longπterm carbon storage. Geo: Geography and 

Environment, 5(2), e00063. 



 
91 
 

Hinton, M.J., Schiff, S.L. and English, M.C., (1997). The significance of storms for the 

concentration and export of dissolved organic carbon from two Precambrian 

Shield catchments. Biogeochemistry, 36(1), 67-88. 

Hinzman, L.D., Bettez, N.D., Bolton, W.R., Chapin, F.S., Dyurgerov, M.B., Fastie, C.L., 

Griffith, B., Hollister, R.D., Hope, A., Huntington, H.P. and Jensen, A.M., (2005). 

Evidence and implications of recent climate change in northern Alaska and other 

arctic regions. Climatic Change, 72(3), 251-298. 

Hogg, E.H., Lieffers, V.J. and Wein, R.W., (1992). Potential carbon losses from peat 

profiles: effects of temperature, drought cycles, and fire. Ecological 

Applications, 2(3), 298-306. 

Holden, J., (2005). Peatland hydrology and carbon release: why small-scale process 

matters. Philosophical Transactions of the Royal Society A: Mathematical, 

Physical and Engineering Sciences, 363(1837), 2891-2913. 

Holmquist, J.R., Finkelstein, S.A., Garneau, M., Massa, C., Yu, Z., and MacDonald, G.M., 

(2016). A comparison of radiocarbon ages derived from bulk peat and selected 

plant macrofossils in basal peat cores from circum-arctic peatlands. Quaternary 

Geochronology, 31, 53-61. 

Holmquist, J.R., MacDonald, G.M. and Gallego-Sala, A., (2014). Peatland initiation, 

carbon accumulation, and 2 ka depth in the James Bay Lowland and adjacent 

regions. Arctic, Antarctic, and Alpine Research, 46(1), 19-39. 

Hopple, A.M., Wilson, R.M., Kolton, M., Zalman, C.A., Chanton, J.P., Kostka, J., Hanson, 

P.J., Keller, J.K. and Bridgham, S.D., (2020). Massive peatland carbon banks 

vulnerable to rising temperatures. Nature Communications, 11(1), 1-7. 



 
92 
 

Hornibrook, E. R. C., Bowes, H. L., Culbert, A., and Gallego-Sala, A. V. (2009). 

Methanotrophy potential versus methane supply by pore water diffusion in 

peatlands. Biogeosciences, 6(8), 1491-1504. 

Huang, Y., Ciais, P., Luo, Y., Zhu, D., Wang, Y., Qiu, C., Goll, D.S., Guenet, B., Makowski, 

D., De Graaf, I. and Leifeld, J., (2021). Tradeoff of CO2 and CH4 emissions from 

global peatlands under water table drawdown. Nature Climate Change, 1-5. 

Hugelius, G., Loisel, J., Chadburn, S., Jackson, R.B., Jones, M., MacDonald, G., 

Marushchak, M., Olefeldt, D., Packalen, M., Siewert, M.B. and Treat, C., (2020). 

Large stocks of peatland carbon and nitrogen are vulnerable to permafrost 

thaw. Proceedings of the National Academy of Sciences, 117(34), 20438-20446.  

Ingram, H.A.P., (1978). Soil layers in mires: function and terminology. Journal of Soil 

Science, 29(2), 224-227. 

Ingram, H.A.P., (1982). Size and shape in raised mire ecosystems: a geophysical 

model. Nature, 297(5864), 300-303. 

IPCC, (2021). Summary for Policymakers. In: Climate Change 2021: The Physical Science 

Basis. Contribution of Working Group I to the Sixth Assessment Report of the 

Intergovernmental Panel on Climate Change [Masson-Delmotte, V., P. Zhai, A. 

Pirani, S. L. Connors, C. Péan, S. Berger, N. Caud, Y. Chen, L. Goldfarb, M. I. Gomis, 

M. Huang, K. Leitzell, E. Lonnoy, J.B.R. Matthews, T. K. Maycock, T. Waterfield, 

O. Yelekçi, R. Yu and B. Zhou (eds.)]. Cambridge University Press. In Press. 

Ise, T., Dunn, A.L., Wofsy, S.C. and Moorcroft, P.R., (2008). High sensitivity of peat 

decomposition to climate change through water table feedback. Nature 

Geoscience, 1(11), 763-766. 



 
93 
 

Jansen, E., Overpeck, J., Otto-Bleisner, W., Peltier, R., Rahmstorf, S., Ramesh, R., 

Raynaud, D., Rind, D.H., Mosley-Thompson, L.T. and Zachos, J., (2005). 

Paleoclimate. Notes, 18. 

Jassey, V.E., Signarbieux, C., Hättenschwiler, S., Bragazza, L., Buttler, A., Delarue, F., 

Fournier, B., Gilbert, D., Laggoun-Défarge, F., Lara, E., and Mills, R.T., (2015). An 

unexpected role for mixotrophs in the response of peatland carbon cycling to 

climate warming. Scientific reports, 5(1), 1-10. 

Jennings, E., de Eyto, E., Moore, T., Dillane, M., Ryder, E., Allott, N., Nic Aonghusa, C., 

Rouen, M., Poole, R. and Pierson, D.C., (2020). From highs to lows: Changes in 

dissolved organic carbon in a peatland catchment and lake following extreme 

flow events. Water, 12(10), p.2843. 

Joabsson, A., Christensen, T.R. and Wallén, B., (1999). Influence of vascular plant 

photosynthetic rate on CH4 emission from peat monoliths from southern boreal 

Sweden. Polar Research, 18(2), 215-220. 

Johansson, L.G. and Linder, S., (1980). Photosynthesis of Sphagnum in different 

microhabitats on a subarctic mire. Ecological Bulletins, 181-190. 

Johnson, C.P., Pypker, T.G., Hribljan, J.A. and Chimner, R.A., (2013). Open top chambers 

and infrared lamps: A comparison of heating efficacy and CO 2/CH 4 dynamics in 

a northern Michigan peatland. Ecosystems, 16(5), 736-748. 

Joosten, H. and Clarke, D., (2002). Wise use of mires and peatlands. International Mire 

Conservation Group and International Peat Society, 304. 

Joosten, H., (2016). Peatlands across the globe. In Peatland restoration and ecosystem 

services: Science, Policy, and Practice, 19-43. Cambridge: Cambridge University 

Press. 



 
94 
 

WǳǎȊŎȊŀƪΣ wΦΣ /ƘƻƧƴƛŎƪƛΣ .ΦΣ ¦ǊōŀƴƛŀƪΣ aΦΣ [ŜǏƴȅΣ WΦΣ {ƛƭǾŜƴƴƻƛƴŜƴΣ IΦΣ [ŀƳŜƴǘƻǿƛŎȊΣ aΦΣ 

.ŀǎƛƵǎƪŀΣ !ΦΣ DŊōƪŀΣ aΦΣ {ǘǊƽȍŜŎƪƛΣ aΦΣ {ŀƳǎƻƴΣ aΦ ŀƴŘ _ǳŎƽǿΣ 5ΦΣ (2016) Short 

term response of a peatland to warming and droughtςclimate manipulation 

experiment in W Poland. In Geophysical Research Abstracts (Vol. 18). 

Kang, H., Kwon, M.J., Kim, S., Lee, S., Jones, T.G., Johncock, A.C., Haraguchi, A. and 

Freeman, C., (2018). Biologically driven DOC release from peatlands during 

recovery from acidification. Nature Communications, 9(1), 1-7. 

Kelker, D. and Chanton, J., (1997). The effect of clipping on methane emissions from 

Carex. Biogeochemistry, 39(1), 37-44. 

Keller, J.K. and Bridgham, S.D., (2007). Pathways of anaerobic carbon cycling across an 

ombrotrophicπminerotrophic peatland gradient. Limnology and 

Oceanography, 52(1), 96-107. 

Kelly, C. A., Dise, N. B., and Martens, C. S. (1992). Temporal variations in the stable 

carbon isotopic composition of methane emitted from Minnesota 

peatlands. Global Biogeochemical Cycles, 6(3), 263-269. 

Kennedy, A.D., (1995). Temperature effects of passive greenhouse apparatus in high-

latitude climate change experiments. Functional Ecology, 340-350. 

Kettridge, N., and Baird, A. (2008). Modelling soil temperatures in northern 

peatlands. European Journal of Soil Science, 59(2), 327-338. 

Kettridge, N., Thompson, D. K., Bombonato, L., Turetsky, M. R., Benscoter, B. W., and 

Waddington, J. M. (2013). The ecohydrology of forested peatlands: Simulating 

the effects of tree shading on moss evaporation and species 

composition. Journal of Geophysical Research: Biogeosciences, 118(2), 422-435. 



 
95 
 

Keuper, F., Dorrepaal, E., van Bodegom, P.M., Aerts, R., van Logtestijn, R.S., Callaghan, 

T.V. and Cornelissen, J.H., (2011). A Race for Space? How Sphagnum fuscum 

stabilizes vegetation composition during ƭƻƴƎπǘŜǊƳ ŎƭƛƳŀǘŜ 

manipulations. Global Change Biology, 17(6), 2162-2171. 

Kip, N., Van Winden, J.F., Pan, Y., Bodrossy, L., Reichart, G.J., Smolders, A.J., Jetten, M.S., 

Damsté, J.S.S. and Op den Camp, H.J., (2010). Global prevalence of methane 

oxidation by symbiotic bacteria in peat-moss ecosystems. Nature 

Geoscience, 3(9), 617-621. 

Klein, E.S., Yu, Z., and Booth, R.K., (2013). Recent increase in peatland carbon 

accumulation in a thermokarst lake basin in Southwestern 

Alaska. Palaeogeography, Palaeoclimatology, Palaeoecology, 392, 186-195. 

Köhler, S. J., Buffam, I., Seibert, J., Bishop, K. H., and Laudon, H. (2009). Dynamics of 

stream water TOC concentrations in a boreal headwater catchment: Controlling 

factors and implications for climate scenarios. Journal of Hydrology, 373(1-2), 

44-56. 

Korhola, A., (1995). Holocene climatic variations in southern Finland reconstructed from 

peat-initiation data. The Holocene, 5(1), 43-57. 

Kotsyurbenko, O. R., Glagolev, M. V., Merkel, A. Y., Sabrekov, A. F., and Terentieva, I. E. 

(2019). Methanogenesis in soils, wetlands, and peat. Handbook of hydrocarbon 

and lipid microbiology Series. Biogenesis of hydrocarbons/AJM Stams and Diana 

Z. Sousa (Eds.) Springer-Verlag. Berlin Heidelberg. https://doi. org/10.1007/978-

3-319-53114-4_9-1. 

Kreyling, J. and Beier, C., (2013). Complexity in climate change manipulation 

experiments. Bioscience, 63(9), 763-767. 



 
96 
 

Kuhry, P. and Turunen, J., (2006). The postglacial development of boreal and subarctic 

peatlands. In: Boreal Peatland Ecosystems (25-46). Springer, Berlin, Heidelberg. 

Kuiper, J.J., Mooij, W.M., Bragazza, L. and Robroek, B.J., (2014). Plant functional types 

define magnitude of drought response in peatland CO2 exchange. Ecology, 95(1), 

123-131. 

Kuiper, J.J., Mooij, W.M., Bragazza, L. and Robroek, B.J., (2014). Plant functional types 

define magnitude of drought response in peatland CO2 exchange. Ecology, 95(1), 

123-131. 

Lafleur, P.M., Moore, T.R., Roulet, N.T. and Frolking, S., (2005). Ecosystem respiration in 

a cool temperate bog depends on peat temperature but not water 

table. Ecosystems, 8(6), 619-629. 

Lai, D.Y.F., (2009). Methane dynamics in northern peatlands: a 

review. Pedosphere, 19(4), 409-421. 

Laiho, R., (2006). Decomposition in peatlands: Reconciling seemingly contrasting results 

on the impacts of lowered water levels. Soil Biology and Biochemistry, 38(8), 

2011-2024. 

Laine, A.M., Mäkiranta, P., Laiho, R., Mehtätalo, L., Penttilä, T., Korrensalo, A., 

Minkkinen, K., Fritze, H. and Tuittila, E.S., (2019). Warming impacts on boreal fen 

CO2 exchange under wet and dry conditions. Global Change Biology, 25(6), 

1995-2008. 

Lamb, H.H., (1965). The early medieval warm epoch and its sequel. Palaeogeography, 

Palaeoclimatology, Palaeoecology, 1, 13-37. 

[ŀƳŜƴǘƻǿƛŎȊΣ aΦΣ {ƱƻǿƛƵǎƪŀΣ {ΦΣ {ƱƻǿƛƵǎƪƛΣ aΦΣ WŀǎǎŜȅΣ ±ΦΣ /ƘƻƧƴƛŎƪƛΣ .ΦΣ wŜŎȊǳƎŀΣ aΦΣ 

½ƛŜƭƛƵǎƪŀΣ aΦΣ aŀǊŎƛǎȊΣ YΦΣ .ŀǊŀōŀŎƘΣ WΦΣ {ŀƳǎƻƴΣ aΦ ŀƴŘ YƻƱŀŎȊŜƪΣ tΦΣ (2016). 



 
97 
 

Combining short-term manipulative experiments with long-term 

palaeoecological investigations at high resolution to assess the response of 

Sphagnum peatlands to drought, fire and warming. Mires and Peat, 18, 20. 

Lashof, D.A., (2000). The use of global warming potentials in the Kyoto Protocol. Climatic 

Change, 44(4), p.423. 

Lee, J. Y., J. Marotzke, G. Bala, L. Cao, S. Corti, J. P. Dunne, F. Engelbrecht, E. Fischer, J. C. 

Fyfe, C. Jones, A. Maycock, J. Mutemi, O. Ndiaye, S. Panickal, T. Zhou, (2021). 

Future Global Climate: Scenario Based Projections and Near-Term Information. 

In: Climate Change 2021: The Physical Science Basis. [Masson-Delmotte, V., P. 

Zhai, A. Pirani, S. L. Connors, C. Péan, S. Berger, N. Caud, Y. Chen, L. Goldfarb, M. 

I. Gomis, M. Huang, K. Leitzell, E. Lonnoy, J.B.R. Matthews, T. K. Maycock, T. 

Waterfield, O. Yelekçi, R. Yu and B. Zhou (eds.)]. Cambridge University Press. In 

Press. 

Leng, L. Y., Ahmed, O. H., and Jalloh, M. B. (2019). Brief review on climate change and 

tropical peatlands. Geoscience Frontiers, 10(2), 373-380. 

Li, Q., Leroy, F., Zocatelli, R., Gogo, S., Jacotot, A., Guimbaud, C. and Laggoun-Défarge, 

F., (2021). Abiotic and biotic drivers of microbial respiration in peat and its 

sensitivity to temperature change. Soil Biology and Biochemistry, 153, p.108077. 

Limpens, J., Berendse, F., Blodau, C., Canadell, J.G., Freeman, C., Holden, J., Roulet, N., 

Rydin, H. and Schaepman-Strub, G., (2008). Peatlands and the carbon cycle: from 

local processes to global implicationsςa synthesis. Biogeosciences, 5(5), 1475-

1491. 



 
98 
 

Lindholm, T. and Vasander, H., (1990), January. Production of eight species of Sphagnum 

at Suurisuo mire, southern Finland. In Annales Botanici Fennici (145-157). The 

Finnish Botanical Publishing Board. 

Lindsay, R. (2010). Peatbogs and carbon: a critical synthesis to inform policy 

development in oceanic peat bog conservation and restoration in the context of 

climate change. University of East London, Environmental Research Group. 

Lindsay, R., (2016). Peatland (mire types): based on origin and behavior of water, peat 

genesis, landscape position, and climate. Springer Netherlands. 

Loisel, J. and Garneau, M., (2010). Late Holocene paleoecohydrology and carbon 

accumulation estimates from two boreal peat bogs in eastern Canada: Potential 

and limits of multi-proxy archives. Palaeogeography, Palaeoclimatology, 

Palaeoecology, 291(3-4), 493-533. 

Loisel, J. and Yu, Z., (2013). Surface vegetation patterning controls carbon accumulation 

in peatlands. Geophysical Research Letters, 40(20), 5508-5513. 

Loisel, J., Gallego-Sala, A.V., Amesbury, M.J., Magnan, G., Anshari, G., Beilman, D.W., 

Benavides, J.C., Blewett, J., Camill, P., Charman, D.J. and Chawchai, S., (2021). 

Expert assessment of future vulnerability of the global peatland carbon 

sink. Nature Climate Change, 11(1), 70-77. 

Lowe, J.A., Bernie, D., Bett, P., Bricheno, L., Brown, S., Calvert, D., Clark, R., Eagle, K., 

Edwards, T., Fosser, G. and Fung, F., (2018). UKCP18 science overview 

report. Met Office Hadley Centre: Exeter, UK. 

Lund, M., Christensen, T.R., Lindroth, A. and Schubert, P., (2012). Effects of drought 

conditions on the carbon dioxide dynamics in a temperate 

peatland. Environmental Research Letters, 7(4), p.045704. 



 
99 
 

Lund, M., Lafleur, P.M., Roulet, N.T., Lindroth, A., Christensen, T.R., Aurela, M., Chojnicki, 

B.H., Flanagan, L.B., Humphreys, E.R., Laurila, T. and Oechel, W.C., (2010). 

Variability in exchange of CO2 across 12 northern peatland and tundra 

sites. Global Change Biology, 16(9), 2436-2448. 

Lynch, J., Cain, M., Pierrehumbert, R., and Allen, M. (2020). Demonstrating GWP*: a 

means of reporting warming-equivalent emissions that captures the contrasting 

impacts of short-and long-lived climate pollutants. Environmental Research 

Letters, 15(4), 044023. 

MacDonald, G.M., Beilman, D.W., Kremenetski, K.V., Sheng, Y., Smith, L.C., and Velichko, 

A.A., (2006). Rapid early development of circumarctic peatlands and atmospheric 

CH4 and CO2 variations. Science, 314(5797), 285-288. 

aŀƎƴŀƴΣ DΦΣ [Ŝ {ǘǳƳπ.ƻƛǾƛƴΣ ;ΦΣ DŀǊƴŜŀǳΣ aΦΣ DǊƻƴŘƛƴΣ tΦΣ CŜƴǘƻƴΣ bΦ ŀƴŘ .ŜǊƎŜǊƻƴΣ ¸ΦΣ 

(2019). Holocene vegetation dynamics and hydrological variability in forested 

peatlands of the Clay Belt, eastern Canada, reconstructed using a 

palaeoecological approach. Boreas, 48(1), 131-146. 

Malhotra, A., Brice, D.J., Childs, J., Graham, J.D., Hobbie, E.A., Vander Stel, H., Feron, S.C., 

Hanson, P.J. and Iversen, C.M., (2020). Peatland warming strongly increases fine-

root growth. Proceedings of the National Academy of Sciences, 117(30), 17627-

17634. 

Malmer, N. and Wallén, B., (2004). Input rates, decay losses and accumulation rates of 

carbon in bogs during the last millennium: internal processes and environmental 

changes. The Holocene, 14(1), 111-117. 

Mann, M.E., Zhang, Z., Hughes, M.K., Bradley, R.S., Miller, S.K., Rutherford, S. and Ni, F., 

(2008). Proxy-based reconstructions of hemispheric and global surface 



 
100 

 

temperature variations over the past two millennia. Proceedings of the National 

Academy of Sciences, 105(36), 13252-13257. 

Mann, M.E., Zhang, Z., Rutherford, S., Bradley, R.S., Hughes, M.K., Shindell, D., Ammann, 

C., Faluvegi, G. and Ni, F., (2009). Global signatures and dynamical origins of the 

Little Ice Age and Medieval Climate Anomaly. Science, 326(5957), 1256-1260. 

Marinier, M., Glatzel, S., and Moore, T. R. (2004). The role of cotton-grass (Eriophorum 

vaginatum) in the exchange of CO2 and CH4 at two restored peatlands, eastern 

Canada. Ecoscience, 11(2), 141-149. 

Marrs, R.H., Marsland, E.L., Lingard, R., Appleby, P.G., Piliposyan, G.T., Rose, R.J., 

hΩwŜƛƭƭȅΣ WΦΣ aƛƭƭƛƎŀƴΣ DΦΣ !ƭƭŜƴΣ YΦ!ΦΣ !ƭŘŀȅΣ WΦDΦ ŀƴŘ {ŀƴǘŀƴŀΣ ±ΦΣ όнлмфύΦ 

Experimental evidence for sustained carbon sequestration in fire-managed, peat 

moorlands. Nature Geoscience, 12(2), 108-112. 

Mauquoy, D. and Yeloff, D., (2008). Raised peat bog development and possible 

responses to environmental changes during the mid-to late-Holocene. Can the 

palaeoecological record be used to predict the nature and response of raised 

peat bogs to future climate change? Biodiversity and Conservation, 17(9), 2139-

2151. 

Mauquoy, D., van Geel, B., Blaauw, M. and van der Plicht, J., (2002). Evidence from 

ƴƻǊǘƘǿŜǎǘ 9ǳǊƻǇŜŀƴ ōƻƎǎ ǎƘƻǿǎ Ψ[ƛǘǘƭŜ LŎŜ !ƎŜΩ ŎƭƛƳŀǘƛŎ ŎƘŀƴƎŜǎ ŘǊƛǾŜƴ ōȅ 

variations in solar activity. The Holocene, 12(1), 1-6. 

Mauquoy, D., Yeloff, D., van Geel, B., Charman, D.J. and Blundell, A., (2008). Two 

ŘŜŎŀŘŀƭƭȅ ǊŜǎƻƭǾŜŘ ǊŜŎƻǊŘǎ ŦǊƻƳ ƴƻǊǘƘπǿŜǎǘ 9ǳǊƻǇŜŀƴ ǇŜŀǘ ōƻƎǎ ǎƘƻǿ ǊŀǇƛŘ 

climate changes associated with solar variability during the midςlate 



 
101 

 

Holocene. Journal of Quaternary Science: Published for the Quaternary Research 

Association, 23(8), 745-763. 

Meyer, C., Diaz-de-Quijano, M., Monna, F., Franchi, M., Toussaint, M. L., Gilbert, D., and 

Bernard, N. (2015). Characterisation and distribution of deposited trace 

elements transported over long and intermediate distances in north-eastern 

France using Sphagnum peatlands as a sentinel ecosystem. Atmospheric 

Environment, 101, 286-293. 

Mikaloff Fletcher, S.E., Tans, P.P., Bruhwiler, L.M., Miller, J.B. and Heimann, M., (2004). 

CH4 sources estimated from atmospheric observations of CH4 and its 13C/12C 

isotopic ratios: 1. Inverse modeling of source processes. Global Biogeochemical 

Cycles, 18(4). 

Millar, D.J., Cooper, D.J. and Ronayne, M.J., (2018). Groundwater dynamics in mountain 

peatlands with contrasting climate, vegetation, and hydrogeological 

setting. Journal of Hydrology, 561, 908-917. 

Mitchell, E.A., Charman, D.J. and Warner, B.G., (2008). Testate amoebae analysis in 

ecological and paleoecological studies of wetlands: past, present, and 

future. Biodiversity and Conservation, 17(9), 2115-2137. 

Monteith, D.T., Stoddard, J.L., Evans, C.D., De Wit, H.A., Forsius, M., Høgåsen, T., 

Wilander, A., Skjelkvåle, B.L., Jeffries, D.S., Vuorenmaa, J. and Keller, B., (2007). 

Dissolved organic carbon trends resulting from changes in atmospheric 

deposition chemistry. Nature, 450(7169), 537-540. 

Moore, T. R., and Knowles, R. (1990). Methane emissions from fen, bog, and swamp 

peatlands in Quebec. Biogeochemistry, 11(1), 45-61. 



 
102 

 

Moore, P.D., (2002). The future of cool temperate bogs. Environmental 

Conservation, 29(1), 3-20. 

Moore, T.R. and Dalva, M., (2001). Some controls on the release of dissolved organic 

carbon by plant tissues and soils. Soil Science, 166(1), 38-47. 

Moore, T.R. and Roulet, N.T., (1993). Methane flux: water table relations in northern 

wetlands. Geophysical Research Letters, 20(7), 587-590. 

Muller, R., and Muller, E. (2017). Fugitive methane and the role of atmospheric half-

life. Geoinformatics and Geostatistics: An Overview, 5(1). 

Munir, T.M. and Strack, M., (2014). Methane flux influenced by experimental water table 

drawdown and soil warming in a dry boreal continental bog. Ecosystems, 17(7), 

1271-1285. 

Munir, T.M., Perkins, M., Kaing, E. and Strack, M., (2014). Carbon dioxide flux and net 

primary production of a boreal treed bog: responses to warming and water table 

manipulations. Biogeosciences Discussions, 11(9). 

National Oceanic and Atmospheric Administration (NOAA), (2021). [online] Trends in 

Atmospheric Carbon Dioxide. [online source] Available 

at: <https://gml.noaa.gov/ccgg/trends/gl_trend.html>  [Accessed 02/12/2021]. 

Nichols, J.E. and Peteet, D.M., (2019). Rapid expansion of northern peatlands and 

doubled estimate of carbon storage. Nature Geoscience, 12(11), 917-921. 

Nichols, J. E., Isles, P. D., and Peteet, D. M. (2014). A novel framework for quantifying 

past methane recycling by Sphagnumπmethanotroph symbiosis using carbon and 

hydrogen isotope ratios of leaf wax biomarkers. Geochemistry, Geophysics, 

Geosystems, 15(5), 1827-1836. 



 
103 

 

Noble, M.G., Lawrence, D.B. and Streveler, G.P., (1984). Sphagnum invasion beneath an 

evergreen forest canopy in southeastern Alaska. Bryologist, 119-127. 

Nolan, C., Overpeck, J.T., Allen, J.R., Anderson, P.M., Betancourt, J.L., Binney, H.A., 

Brewer, S., Bush, M.B., Chase, B.M., Cheddadi, R. and Djamali, M., (2018). Past 

and future global transformation of terrestrial ecosystems under climate 

change. Science, 361(6405), 920-923. 

Norby, R.J., Childs, J., Hanson, P.J. and Warren, J.M., (2019). Rapid loss of an ecosystem 

engineer: Sphagnum decline in an experimentally warmed bog. Ecology and 

Evolution, 9(22), 12571-12585. 

Noyce, G. L., Varner, R. K., Bubier, J. L., and Frolking, S. (2014). Effect of Carex rostrata 

on seasonal and interannual variability in peatland methane emissions. Journal 

of Geophysical Research: Biogeosciences, 119(1), 24-34. 

Olefeldt, D., Euskirchen, E.S., Harden, J., Kane, E., McGuire, A.D., Waldrop, M.P. and 

Turetsky, M.R., (2017). A decade of boreal rich fen greenhouse gas fluxes in 

response to natural and experimental water table variability. Global Change 

Biology, 23(6), 2428-2440. 

Opelt, K., Chobot, V., Hadacek, F., Schönmann, S., Eberl, L. and Berg, G., (2007). 

Investigations of the structure and function of bacterial communities associated 

with Sphagnum mosses. Environmental Microbiology, 9(11), 2795-2809. 

Oulehle, CΦΣ WƻƴŜǎΣ ¢ΦDΦΣ .ǳǊŘŜƴΣ !ΦΣ /ƻƻǇŜǊΣ aΦ5Φ!ΦΣ [ŜōǊƻƴΣ LΦΣ ½ƛŜƭƛƵǎƪƛΣ tΦ ŀƴŘ 9ǾŀƴǎΣ 

C.D., (2013). Soilςsolution partitioning of DOC in acid organic soils: results from 

a UK field acidification and alkalization experiment. European Journal of Soil 

Science, 64(6), 787-796. 



 
104 

 

Page, S.E., and Baird, A.J., (2016). Peatlands and global change: response and resilience. 

Annual Review of Environment and Resources, 41, 35-57. 

Pakarinen, P., (1978). Production and nutrient ecology of three Sphagnum species in 

southern Finnish raised bogs. In: Annales Botanici Fennici (15-26). Finnish 

Botanical Publishing Board. 

Pastor, J., Solin, J., Bridgham, S.D., Updegraff, K., Harth, C., Weishampel, P. and Dewey, 

B., (2003). Global warming and the export of dissolved organic carbon from 

boreal peatlands. Oikos, 100(2), 380-386. 

Payne, R. J. (2014). The exposure of British peatlands to nitrogen deposition, 1900ς

2030. Mires and Peat, 14(04), 1-9. 

Payne, R.J., and Blackford, J.J., (2008). Peat humification and climate change: a multi-

site comparison from mires in south-east Alaska. Mires and peat, 1-11. 

Payne, R.J., Lamentowicz, M. and Mitchell, E.A., (2011). The perils of taxonomic 

inconsistency in quantitative palaeoecology: experiments with testate amoeba 

data. Boreas, 40(1), 15-27. 

Pearson, M., Penttilä, T., Harjunpää, L., Laiho, R., Laine, J., Sarjala, T., Silvan, K. and Silvan, 

N., (2015). Effects of temperature rise and water table-level drawdown on 

greenhouse gas fluxes of boreal sedge fens. Boreal Environment Research, 20(4). 

Pearson, R.G., Phillips, S.J., Loranty, M.M., Beck, P.S., Damoulas, T., Knight, S.J. and 

Goetz, S.J., (2013). Shifts in Arctic vegetation and associated feedbacks under 

climate change. Nature Climate Change, 3(7), 673-677. 

tŜƛŎƘƭΣ aΦΣ DŀȌƻǾƛőΣ aΦΣ ±ŜǊƳŜƛƧΣ LΦΣ 5Ŝ DƻŜŘŜΣ 9ΦΣ {ƻƴƴŜƴǘŀƎΣ hΦΣ [ƛƳǇŜƴǎΣ WΦ ŀƴŘ bƛƭǎǎƻƴΣ 

M.B., (2018). Peatland vegetation composition and phenology drive the seasonal 

trajectory of maximum gross primary production. Scientific reports, 8(1), 1-11. 



 
105 

 

Piotrowska, N., Blaauw, M., Mauquoy, D. and Chambers, F.M., (2011). Constructing 

deposition chronologies for peat deposits using radiocarbon dating. Mires and 

Peat, 7(10), 1-14. 

Price, J. S., Whittington, P. N., Elrick, D. E., Strack, M., Brunet, N., and Faux, E. (2008). A 

method to determine unsaturated hydraulic conductivity in living and 

undecomposed Sphagnum moss. Soil Science Society of America Journal, 72(2), 

487-491. 

Ramirez, J. A., Baird, A. J., Coulthard, T. J., and Waddington, J. M. (2015). Ebullition of 

methane from peatlands: Does peat act as a signal shredder?. Geophysical 

Research Letters, 42(9), 3371-3379. 

Ratcliffe, J., Andersen, R., Anderson, R., Newton, A., Campbell, D., Mauquoy, D. and 

Payne, R., (2018). Contemporary carbon fluxes do not reflect the long-term 

carbon balance for an Atlantic blanket bog. The Holocene, 28(1), 140-149. 

Read, D.J., Leake, J.R. and Perez-Moreno, J., (2004). Mycorrhizal fungi as drivers of 

ecosystem processes in heathland and boreal forest biomes. Canadian Journal of 

Botany, 82(8), 1243-1263. 

Reeve, A.S., Siegel, D.I. and Glaser, P.H., (2000). Simulating vertical flow in large 

peatlands. Journal of hydrology, 227(1-4), 207-217. 

Rinne, J., Tuovinen, J.P., Klemedtsson, L., Aurela, M., Holst, J., Lohila, A., Weslien, P., 

±ŜǎǘƛƴΣ tΦΣ _ŀƪƻƳƛŜŎΣ tΦΣ tŜƛŎƘƭΣ aΦ ŀƴŘ ¢ǳƛǘǘƛƭŀΣ 9Φ{ΦΣ (2020). Effect of the 2018 

European drought on methane and carbon dioxide exchange of northern mire 

ecosystems. Philosophical Transactions of the Royal Society B, 375(1810), 

p.20190517. 



 
106 

 

Robroek, B.J., Jassey, V.E., Kox, M.A., Berendsen, R.L., Mills, R.T., Cécillon, L., Puissant, 

WΦΣ aŜƛƳŀπCǊŀƴƪŜΣ aΦΣ .ŀƪƪŜǊΣ tΦ!Φ ŀƴŘ .ƻŘŜƭƛŜǊΣ tΦ[ΦΣ (2015). Peatland vascular 

plant functional types affect methane dynamics by altering microbial community 

structure. Journal of Ecology, 103(4), 925-934. 

Robroek, B.J., Jassey, V.E., Payne, R.J., Martí, M., Bragazza, L., Bleeker, A., Buttler, A., 

/ŀǇƻǊƴΣ {ΦWΦΣ 5ƛǎŜΣ bΦ.ΦΣ YŀǘǘƎŜΣ WΦ ŀƴŘ ½ŀƧŊŎΣ YΦΣ (2017). Taxonomic and functional 

turnover are decoupled in European peat bogs. Nature Communications, 8(1), 1-

9. 

Robroek, B.J., Limpens, J., Breeuwer, A. and Schouten, M.G., (2007b). Effects of water 

level and temperature on performance of four Sphagnum mosses. Plant 

Ecology, 190(1), 97-107. 

Robroek, B.J.M., Limpens, J., Breeuwer, A., Crushell, P.H. and Schouten, M.G.C., (2007a). 

Interspecific competition between Sphagnum mosses at different water 

tables. Functional Ecology, 21(4), 805-812. 

Rodwell, J.S., (1991). British Plant Communities: Volume 5, Maritime Communities and 

Vegetation of Open Habitats (Vol. 5). Cambridge University Press. 

Roulet, N.T., (2000). Peatlands, carbon storage, greenhouse gases, and the Kyoto 

Protocol: Prospects and significance for Canada. Wetlands, 20(4), 605-615. 

Roulet, N.T., Lafleur, P.M., Richard, P.J., Moore, T.R., Humphreys, E.R. and Bubier, J.I.L.L., 

(2007). Contemporary carbon balance and late Holocene carbon accumulation in 

a northern peatland. Global Change Biology, 13(2), 397-411. 

Rowson, J.G., Payne, R.J., Dise, N.B. and Caporn, S.J., (2012). CARBON BUDGETS FROM A 

FIELD SCALE MANIPULATION EXPERIMENT: THE EFFECTS OF CLIMATE CHANGE 

ON RAISED BOGS. 14th International Peat Congress 1 Extended abstract No. 289 



 
107 

 

Rowson, J.G., Worrall, F., and Evans, M.G., (2013). Predicting soil respiration from 

peatlands. Science of the Total Environment, 442, 397-404. 

Rull, V. (2010). Ecology and palaeoecology: Two approaches, one objective. The Open 

Ecology Journal, 3(1).  

Ryder, E., de Eyto, E., Dillane, M., Poole, R., and Jennings, E. (2014). Identifying the role 

of environmental drivers in organic carbon export from a forested peat 

catchment. Science of the total environment, 490, 28-36. 

Rydin, H., and Jeglum, J.K., (2006). Peatlands around the world. In: In The biology of 

peatlands. Oxford University Press. 

{ŀƳǎƻƴΣ aΦΣ {ƱƻǿƛƵǎƪŀΣ {ΦΣ {ƱƻǿƛƵǎƪƛΣ aΦΣ [ŀƳŜƴǘƻǿƛŎȊΣ aΦΣ .ŀǊŀōŀŎƘΣ WΦΣ IŀǊŜƴŘŀΣ YΦΣ 

½ƛŜƭƛƵǎƪŀΣ aΦΣ wƻōǊƻŜƪΣ .ΦWΦΣ WŀǎǎŜȅΣ ±Φ9ΦΣ .ǳǘǘƭŜǊΣ !Φ ŀƴŘ /ƘƻƧƴƛŎƪƛΣ .ΦIΦΣ (2018). 

The impact of experimental temperature and water level manipulation on 

carbon dioxide release in a poor fen in Northern Poland. Wetlands, 38(3), 551-

563. 

Schillereff, D.N., Chiverrell, R.C., Sjöström, J.K., Kylander, M.E., Boyle, J.F., Davies, J.A., 

Toberman, H. and Tipping, E., (2021). Phosphorus supply affects long-term 

carbon accumulation in mid-latitude ombrotrophic peatlands. Communications 

Earth and Environment, 2(1), 1-10. 

Schlünz, B. and Schneider, R.R., (2000). Transport of terrestrial organic carbon to the 

oceans by rivers: re-estimating flux-and burial rates. International Journal of 

Earth Sciences, 88(4), 599-606. 

Seddon, A.W., Mackay, A.W., Baker, A.G., Birks, H.J.B., Breman, E., Buck, C.E., Ellis, E.C., 

Froyd, C.A., Gill, J.L., Gillson, L. and Johnson, E.A., (2014). Looking forward 



 
108 

 

through the past: identification of 50 priority research questions in 

palaeoecology. Journal of Ecology, 102(1), 256-267. 

Segers, R., (1998). Methane production and methane consumption: a review of 

processes underlying wetland methane fluxes. Biogeochemistry, 41(1), 23-51. 

Shiller, J.A., Finkelstein, S.A. and Cowling, S.A., (2014). Relative importance of climatic 

and autogenic controls on Holocene carbon accumulation in a temperate bog in 

southern Ontario, Canada. The Holocene, 24(9), 1105-1116. 

Shiller, J.A., Finkelstein, S.A. and Cowling, S.A., (2014). Relative importance of climatic 

and autogenic controls on Holocene carbon accumulation in a temperate bog in 

southern Ontario, Canada. The Holocene, 24(9), 1105-1116. 

Simpson, G.L., (2007). Analogue Methods in Palaeoecology: Using the analogue Package. 

Journal of Statistical Software, 22(2), 1τ29 

Smemo, K.A. and Yavitt, J.B., (2011). Anaerobic oxidation of methane: an 

underappreciated aspect of methane cycling in peatland 

ecosystems? Biogeosciences, 8(3), 779-793. 

Sparling, J.H., (1967). The occurrence of Schoenus nigricans L. in blanket bogs: I. 

Environmental conditions affecting the growth of S. nigricans in blanket bog. The 

Journal of Ecology, 1-13. 

Stocker, B.D., Roth, R., Joos, F., Spahni, R., Steinacher, M., Zaehle, S., Bouwman, L. and 

Prentice, I.C., (2013). Multiple greenhouse-gas feedbacks from the land 

biosphere under future climate change scenarios. Nature Climate Change, 3(7), 

666-672. 



 
109 

 

Strack, M. and Waddington, J.M., (2007). Response of peatland carbon dioxide and 

methane fluxes to a water table drawdown experiment. Global Biogeochemical 

Cycles, 21(1). 

Strack, M. and Zuback, Y.C.A., (2013). Annual carbon balance of a peatland 10 yr 

following restoration. Biogeosciences, 10(5), 2885-2896. 

Strack, M., Waddington, J.M. and Tuittila, E.S., (2004). Effect of water table drawdown 

on northern peatland methane dynamics: Implications for climate 

change. Global Biogeochemical Cycles, 18(4). 

Strack, M., Waddington, J.M., Bourbonniere, R.A., Buckton, E.L., Shaw, K., Whittington, 

P., and Price, J.S., (2008). Effect of water table drawdown on peatland dissolved 

organic carbon export and dynamics. Hydrological Processes: An International 

Journal, 22(17), 3373-3385. 

Strack, M., Waller, M. F., and Waddington, J. M. (2006a). Sedge succession and peatland 

methane dynamics: A potential feedback to climate change. Ecosystems, 9(2), 

278-287. 

Strack, M., Waddington, J.M., Rochefort, L. and Tuittila, E.S., (2006b). Response of 

vegetation and net ecosystem carbon dioxide exchange at different peatland 

microforms following water table drawdown. Journal of Geophysical Research: 

Biogeosciences, 111(G2). 

{ǘǊƻȊŜŎƪƛΣ aΦΣ wŀǎǘƻƎƛΣ !ΦΣ /ƘƻƧƴƛŎƪƛΣ .ΦΣ [ŜǏƴȅΣ WΦΣ ¦ǊōŀƴƛŀƪΣ aΦΣ hƭŜƧƴƛƪΣ WΦΣ .ŀǎƛƵǎƪŀΣ !ΦΣ 

[ŀƳŜƴǘƻǿƛŎȊΣ aΦΣ _ǳŎƽǿΣ 5ΦΣ DŊōƪŀΣ aΦ ŀƴŘ WƽȊŜŦŎȊȅƪΣ 5ΦΣ (2020), May. Impact of 

reduced precipitation and increased temperature on CH4 emission from 

peatland in Western Poland. In EGU General Assembly Conference Abstracts (p. 

17989). 



 
110 

 

Swindles, G.T., (2010). Dating recent peat profiles using spheroidal carbonaceous 

particles (SCPs). Mires and Peat, 7(03), 1-5. 

Swindles, G.T., De Vleeschouwer, F. and Plunkett, G., (2010). Dating peat profiles using 

tephra: stratigraphy, geochemistry, and chronology. Mires and Peat, 7. 

Swindles, G.T., Morris, P.J., Mullan, D., Watson, E.J., Turner, T.E., Roland, T.P., Amesbury, 

M.J., Kokfelt, U., Schoning, K., Pratte, S. and Gallego-Sala, A., (2015). The long-

term fate of permafrost peatlands under rapid climate warming. Scientific 

Reports, 5(1), 1-6. 

Swindles, G.T., Morris, P.J., Mullan, D.J., Payne, R.J., Roland, T.P., Amesbury, M.J., 

Lamentowicz, M., Turner, T.E., Gallego-Sala, A., Sim, T. and Barr, I.D., (2019). 

Widespread drying of European peatlands in recent centuries. Nature 

Geoscience, 12(11), 922-928. 

Swindles, G.T., Morris, P.J., Wheeler, J., Smith, M.W., Bacon, K.L., Edward Turner, T., 

Headley, A., and Galloway, J.M., (2016). Resilience of peatland ecosystem 

services over millennial timescales: evidence from a degraded British 

bog. Journal of Ecology, 104(3), 621-636. 

Swindles, G.T., Roland, T.P., Amesbury, M.J., Lamentowicz, M., McKeown, M.M., Sim, 

T.G., Fewster, R.E. and Mitchell, E.A., (2020). Quantifying the effect of testate 

amoeba decomposition on peat-based water table reconstructions. European 

Journal of Protistology, 74, p.125693. 

Talbot, J., Roulet, N.T., Sonnentag, O., and Moore, T.R., (2014). Increases in aboveground 

biomass and leaf area 85 years after drainage in a bog. Botany, 92(10), 713-721. 

Tang, R., Clark, J.M., Bond, T., Graham, N., Hughes, D. and Freeman, C., (2013). 

Assessment of potential climate change impacts on peatland dissolved organic 



 
111 

 

carbon release and drinking water treatment from laboratory 

experiments. Environmental Pollution, 173, 270-277. 

Tanneberger, F., Moen, A., Joosten, H. and Nilsen, N., (2017). The Peatland Map of 

Europe. Mires and Peat, 19, p.22. 

Thompson, D.K. and Waddington, J.M., (2008). Sphagnum under pressure: towards an 

ecohydrological approach to examining Sphagnum productivity. Ecohydrology: 

Ecosystems, Land and Water Process Interactions, 

Ecohydrogeomorphology, 1(4), 299-308. 

Thurman, E.M., (1985). Aquatic humic substances. In Organic geochemistry of natural 

waters (273-361). Springer, Dordrecht. 

Tolonen, K. and Turunen, J., (1996). Accumulation rates of carbon in mires in Finland and 

implications for climate change. The Holocene, 6(2), 171-178. 

Tsyganov, A.N., Zarov, E.A., Mazei, Y.A., Kulkov, M.G., Babeshko, K.V., Yushkovets, S.Y., 

Payne, R.J., Ratcliffe, J.L., Fatyunina, Y.A., Zazovskaya, E.P. and Lapshina, E.D., 

(2021). Key periods of peatland development and environmental changes in the 

middle taiga zone of Western Siberia during the Holocene. Ambio, 1-14. 

Turetsky, M., Wieder, K., Halsey, L. and Vitt, D., (2002). Current disturbance and the 

diminishing peatland carbon sink. Geophysical research letters, 29(11), 21-1. 

Turetsky, M.R. and Louis, V.L.S., (2006). Disturbance in boreal peatlands. In Boreal 

peatland ecosystems (359-379). Springer, Berlin, Heidelberg. 

¢ǳǊŜǘǎƪȅΣ aΦwΦΣ .ƻƴŘπ[ŀƳōŜǊǘȅΣ .ΦΣ 9ǳǎƪƛǊŎƘŜƴΣ 9ΦΣ ¢ŀƭōƻǘΣ WΦΣ CǊƻƭƪƛƴƎΣ {ΦΣ aŎDǳƛǊŜΣ !Φ5Φ 

and Tuittila, E.S., (2012). The resilience and functional role of moss in boreal and 

arctic ecosystems. New Phytologist, 196(1), 49-67. 



 
112 

 

Turetsky, M.R., Donahue, W. and Benscoter, B.W., (2011). Experimental drying 

intensifies burning and carbon losses in a northern peatland. Nature 

Communications, 2(1), 1-5.se to climate change. Global Change Biology, 10(7), 

1043-1052. 

Turetsky, M.R., Donahue, W. and Benscoter, B.W., (2011b). Experimental drying 

intensifies burning and carbon losses in a northern peatland. Nature 

Communications, 2(1), 1-5. 

Turetsky, M.R., Kane, E.S., Harden, J.W., Ottmar, R.D., Manies, K.L., Hoy, E., and 

Kasischke, E.S., (2011a). Recent acceleration of biomass burning and carbon 

losses in Alaskan forests and peatlands. Nature Geoscience, 4(1), 27-31. 

Turetsky, M.R., Manning, S.W., and Wieder, R.K., (2004). Dating recent peat 

deposits. Wetlands, 24(2), 324-356. 

Turetsky, M.R., Treat, C.C., Waldrop, M.P., Waddington, J.M., Harden, J.W. and McGuire, 

A.D., (нллуύΦ {ƘƻǊǘπǘŜǊƳ ǊŜǎǇƻƴǎŜ ƻŦ ƳŜǘƘŀƴŜ ŦƭǳȄŜǎ ŀƴŘ ƳŜǘƘŀƴƻƎŜƴ ŀŎǘƛǾƛǘȅ ǘƻ 

water table and soil warming manipulations in an Alaskan peatland. Journal of 

Geophysical Research: Biogeosciences, 113(G3). 

Turner, T.E., Swindles, G.T. and Roucoux, K.H., (2014). Late Holocene ecohydrological 

and carbon dynamics of a UK raised bog: impact of human activity and climate 

change. Quaternary Science Reviews, 84, 65-85. 

Updegraff, K., Bridgham, S.D., Pastor, J., Weishampel, P. and Harth, C., (2001). Response 

of CO2 and CH4 emissions from peatlands to warming and water table 

manipulation. Ecological Applications, 11(2), 311-326. 

van Bellen, S., Shotyk, W., Magnan, G., Davies, L., Nason, T., Mullan-Boudreau, G., 

Garneau, M., Noernberg, T., Bragazza, L. and Zaccone, C., (2020). Carbon and 



 
113 

 

nitrogen accumulation rates in ombrotrophic peatlands of central and northern 

Alberta, Canada, during the last millennium. Biogeochemistry, 151(2), 251-272. 

van Breemen, N., (1995). How Sphagnum bogs down other plants. Trends in Ecology and 

Evolution, 10(7), 270-275. 

van Loon, A.F., (2015). Hydrological drought explained. Wiley Interdisciplinary Reviews: 

Water, 2(4), 359-392. 

Vitt, D.H., (2006). Functional characteristics and indicators of boreal peatlands. In Boreal 

peatland ecosystems (9-24). Springer, Berlin, Heidelberg. 

Voosen, P., (2021). Global temperatures in 2020 tied record highs. Science, 371(6527), 

334-335. 

Waddington, J.M., Morris, P.J., Kettridge, N., Granath, G., Thompson, D.K. and Moore, 

P.A., (2015). Hydrological feedbacks in northern peatlands. Ecohydrology, 8(1), 

113-127. 

Walker, M.D., Wahren, C.H., Hollister, R.D., Henry, G.H., Ahlquist, L.E., Alatalo, J.M., Bret-

Harte, M.S., Calef, M.P., Callaghan, T.V., Carroll, A.B. and Epstein, H.E., (2006). 

Plant community responses to experimental warming across the tundra 

biome. Proceedings of the National Academy of Sciences, 103(5), 1342-1346. 

Walker, T.N., Garnett, M.H., Ward, S.E., Oakley, S., Bardgett, R.D. and Ostle, N.J., (2016). 

Vascular plants promote ancient peatland carbon loss with climate 

warming. Global Change Biology, 22(5), 1880-1889. 

Ward, S.E., Bardgett, R.D., McNamara, N.P. and Ostle, N.J., (2009). Plant functional group 

ƛŘŜƴǘƛǘȅ ƛƴŦƭǳŜƴŎŜǎ ǎƘƻǊǘπǘŜǊƳ ǇŜŀǘƭŀƴŘ ŜŎƻǎȅǎǘŜƳ ŎŀǊōƻƴ ŦƭǳȄΥ ŜǾƛŘŜƴŎŜ ŦǊƻƳ ŀ 

plant removal experiment. Functional Ecology, 23(2), 454-462. 



 
114 

 

Ward, S.E., Orwin, K.H., Ostle, N.J., Briones, M.J., Thomson, B.C., Griffiths, R.I., Oakley, 

S., Quirk, H. and Bardgett, R.D., (2015). Vegetation exerts a greater control on 

litter decomposition than climate warming in peatlands. Ecology, 96(1), 113-123. 

Ward, S.E., Ostle, N.J., Oakley, S., Quirk, H., Henrys, P.A. and Bardgett, R.D., (2013). 

Warming effects on greenhouse gas fluxes in peatlands are modulated by 

vegetation composition. Ecology letters, 16(10), 1285-1293. 

Weltzin, J.F., Bridgham, S.D., Pastor, J., Chen, J. and Harth, C., (2003). Potential effects 

of warming and drying on peatland plant community composition. Global 

Change Biology, 9(2), 141-151. 

Weltzin, J.F., Pastor, J., Harth, C., Bridgham, S.D., Updegraff, K. and Chapin, C.T., (2000). 

RespƻƴǎŜ ƻŦ ōƻƎ ŀƴŘ ŦŜƴ Ǉƭŀƴǘ ŎƻƳƳǳƴƛǘƛŜǎ ǘƻ ǿŀǊƳƛƴƎ ŀƴŘ ǿŀǘŜǊπǘŀōƭŜ 

manipulations. Ecology, 81(12), 3464-3478. 

Wheeler, B.D. and Proctor, M.C.F., (2000). Ecological gradients, subdivisions, and 

ǘŜǊƳƛƴƻƭƻƎȅ ƻŦ ƴƻǊǘƘπǿŜǎǘ 9ǳǊƻǇŜŀƴ ƳƛǊŜǎΦ Journal of Ecology, 88(2), 187-203. 

Wheeler, B.D., (1984). British fens: a review. European mires, 237-281. 

White, J.R., Shannon, R.D., Weltzin, J.F., Pastor, J. and Bridgham, S.D., (2008). Effects of 

soil warming and drying on methane cycling in a northern peatland mesocosm 

study. Journal of Geophysical Research: Biogeosciences, 113(G3). 

Whiting, G.J. and Chanton, J.P., (2001). Greenhouse carbon balance of wetlands: 

methane emission versus carbon sequestration. Tellus B, 53(5), 521-528. 

²ƛƱƪƻƳƛǊǎƪƛΣ .Φ ŀƴŘ Malawska, M., (2004). Characteristics of humic substances in peat 

of selected peatlands from north-eastern Poland. Soil Science and Plant 

Nutrition, 50(6), 931-934. 



 
115 

 

Willis, K. J., Bailey, R. M., Bhagwat, S. A., and Birks, H. J. B. (2010). Biodiversity baselines, 

thresholds, and resilience: Testing predictions and assumptions using 

palaeoecological data. Trends in Ecology and Evolution, 25(10), 583ς 591.  

Wilson, R.M., Hopple, A.M., Tfaily, M.M., Sebestyen, S.D., Schadt, C.W., Pfeifer-Meister, 

L., Medvedeff, C., McFarlane, K.J., Kostka, J.E., Kolton, M., and Kolka, R.K., (2016). 

Stability of peatland carbon to rising temperatures. Nature 

Communications, 7(1), 1-10. 

Wisser, D., Marchenko, S., Talbot, J., Treat, C. and Frolking, S., (2011). Soil temperature 

response to 21st century global warming: the role of and some implications for 

peat carbon in thawing permafrost soils in North America. Earth System 

Dynamics, 2(1), 121-138. 

Worrall, F., and Burt, T. (2004). Time series analysis of longπterm river dissolved organic 

carbon records. Hydrological processes, 18(5), 893-911. 

Worrall, F., and Burt, T.P., (2008). The effect of severe drought on the dissolved organic 

carbon (DOC) concentration and flux from British rivers. Journal of 

hydrology, 361(3-4), 262-274. 

Worrall, F., Burt, T., Adamson, J., Reed, M., Warburton, J., Armstrong, A., and Evans, M. 

(2007). Predicting the future carbon budget of an upland peat 

catchment. Climatic Change, 85(1), 139-158. 

Worrall, F., Burt, T. P., and Adamson, J. K. (2006). Trends in drought frequencyςthe fate 

of DOC export from British peatlands. Climatic Change, 76(3), 339-359. 

Worrall, F., Burt, T. and Shedden, R., (2003). Long term records of riverine dissolved 

organic matter. Biogeochemistry, 64(2), 165-178. 



 
116 

 

Wu, J., and Roulet, N.T., (2014). Climate change reduces the capacity of northern 

peatlands to absorb the atmospheric carbon dioxide: The different responses of 

bogs and fens. Global Biogeochemical Cycles, 28(10), 1005-1024. 

Xu, J., Morris, P.J., Liu, J. and Holden, J., (2018). PEATMAP: Refining estimates of global 

peatland distribution based on a meta-analysis. Catena, 160, 134-140. 

Yavitt, J.B., Williams, C.J. and Wieder, R.K., (1997). Production of methane and carbon 

dioxide in peatland ecosystems across North America: effects of temperature, 

aeration, and organic chemistry of peat. Geomicrobiology Journal, 14(4), 299-

316. 

Young, D.M., Baird, A.J., Charman, D.J., Evans, C.D., Gallego-Sala, A.V., Gill, P.J., Hughes, 

P.D., Morris, P.J. and Swindles, G.T., (2019). Misinterpreting carbon 

accumulation rates in records from near-surface peat. Scientific Reports, 9(1),1-

8. 

Young, D.M., Baird, A.J., Gallego-Sala, A.V. and Loisel, J., (2021). A cautionary tale about 

using the apparent carbon accumulation rate (aCAR) obtained from peat 

cores. Scientific Reports, 11(1), 1-12. 

Yu, Z., (2006). Holocene carbon accumulation of fen peatlands in boreal western Canada: 

A complex ecosystem response to climate variation and 

disturbance. Ecosystems, 9(8), 1278-1288. 

Yu, Z., (нлммύΦ IƻƭƻŎŜƴŜ ŎŀǊōƻƴ ŦƭǳȄ ƘƛǎǘƻǊƛŜǎ ƻŦ ǘƘŜ ǿƻǊƭŘΩǎ ǇŜŀǘƭŀƴŘǎΥ Dƭƻōŀƭ ŎŀǊōƻƴ-

cycle implications. The Holocene, 21(5), 761-774. 

Zhang, D., Chen, L., Feng, Z., Ran, M., Yang, Y., Zhang, Y. and Liu, Q., (2021). Four peat 

humification-recorded Holocene hydroclimate changes in the southern Altai 

Mountains of China. The Holocene, p.09596836211011674.  



 
117 

 

Chapter 2: Methodology 

 

2.1. General introduction 

The purpose of this work is to integrate short-term peatland manipulation experiments 

with long-term high-resolution palaeoecological investigations, to better understand 

how these ecosystems may respond to future warming and increased drought frequency 

as a result of anthropogenic climate change. Integrating both approaches in this manner 

will improve interpretations for both approaches, helping to reduce the current 

uncertainty surrounding the future role of peatlands in the global climate system. To 

achieve this aim, it is necessary to implement a cross-disciplinary approach, integrating 

a suite of field, laboratory, and statistical methods from both the biological 

(experimental ecology) and geographical (palaeoecology) sciences.  

 

2.2. Study site 

To fulfil the objectives outlined in the previous chapter, this thesis makes use of an 

experimental climate manipulation experiment situated on Cors Fochno, located in mid-

Wales (Figure 2.1). Cors Fochno (Lat: 52.50, Long: -4.01) is located east of the town of 

Borth, on the south side of the Dyfi estuary (Figure 2.1). The canalised River Leri runs 

through the western margin of the bog. Peat initiation began at the site around c. 6 kyr 

BP (Wilks, 1979). In the central raised portion of the bog, the peat attains depths greater 

than 7 m and the peatland surface is approximately 1 m above sea level (Wilks, 1979; 

Hughes and Schulz, 2001; CCW 2011). The site is underlain by estuarine silts and clays, 

while the underlying geology of the area is of Silurian Aberystwyth grits group (Howells, 

2007). 
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Figure 2.1. Location of the experimental site: a. Map of Wales. Red shaded areas show 
the area indicated by the following panel. b. topographic map showing the area from 
Machynlleth (red dot) to Aberystwyth (yellow dot). (Stamen terrain background). c. ESRI 
Satellite image of Cors Fochno showing the location of the experimental site and 
location of core BO17 (blue dot).  
 

Cors Fochno is a nature reserve of international importance. It forms part of the Dyfi 

UNESCO Biosphere Reserve, the only example of such a reserve in Wales. It is also a 

Special Area of Conservation and a Site of Special Scientific Interest. It represents the 

type locality for estuarine raised mires and is one of the largest remaining expanses of 

primary surface lowland bog in Britain. The central active zone comprises c. 2 km2 of 

primary surface peat, surrounded by c. 4 km2 of degraded peatland, which was drained 

for peat harvesting or improved for agriculture (Poucher, 2009).  
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Throughout much of its history, the site experienced only low-level human activity 

characterised by local mining, habitation, grazing and burning (Poucher, 2009; Mighall 

et al., 2017). Around the 10th century CE, a wooden trackway was built traversing the 

southern side of the bog (Page et al., 2012). Human activity intensified towards the end 

of the 18th century, reaching its zenith during the 1940s as the war effort increased the 

need for agricultural land (Poucher, 2009; Page et al., 2012; Mighall et al., 2017). Around 

1970, the first restoration efforts began to restore degraded areas of the bog. As a result 

of this, many formerly damaged areas are now actively regenerating and support peat-

forming vegetation; however, large areas of improved acidic grassland persist, with 

some areas overlying peat which are still actively grazed by sheep (Poucher, 2009). In 

the present day, restoration work continues, with the EU-LIFE funded project New LIFE 

for Welsh Raised Bogs improving marginal areas and blocking former drainage channels 

on the site (Natural Resources Wales, 2021).  

 

The vegetation on the central active zone compares with the National Vegetation 

Classification M18: Erica tetralix ς Sphagnum papillosum raised and blanket mire 

(Rodwell, 1991). Figure 2.2 shows the typical vegetation community composition of the 

central portion of the site. Other areas feature vegetation communities resembling M1, 

M2, M3, M19 and M20 plant communities, all of which are classes associated with raised 

mires (Rodwell, 1991; Elkington et al 2001). Vegetation communities are dominated by 

Sphagnum, mostly by S. pulchrum (Figure 2.3), and the site is one of the last refugia for 

the formerly abundant species S. austinii. Other species abundant in the relatively 

undisturbed central portion of the site include Rhynchospora alba, Andromeda polifolia, 

Drosera anglica, Eriophorum angustifolium, Calluna vulgaris, Erica tetralix and Myrica 
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gale. The maritime margins of the site are characterised by Schoenus nigricans. 

Degraded areas are characterised by Molinia caerulea, Phragmites and Juncus spp.,, and 

some areas are covered by wet woodland and areas of dense Pteridium aquilinum scrub.  

 

 

Figure 2.2. View from the central portion of Cors Fochno (facing North) showing the 
vegetation community composition and microtopography of the site (Sphagnum carpet 
overlain by hummocks Myrica gale, Calluna vulgaris and Rhynchospora alba). (Photo: 
Luke Andrews) 
 
 

 
 

Figure 2.3. Photograph of Sphagnum pulchrum growing on Cors Fochno, a dominant 
peat-forming species in the central raised portion of the bog. Each capitulum is c. 1 cm 
across. (Photo: Luke Andrews) 
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This site has been the subject of many scientific studies over many decades. These vary 

from studies examining the ecological effects of peatland management (Fox; 1984; 

Slater and Agnew, 1977; Slater, 2012), biogenic gas production and movement in peat 

soils (Baird et al., 2004; Kettridge and Binley, 2008; Redeker et al., 2015) and testing 

remote sensing techniques for measuring peatland hydrology (Harris et al., 2006), 

amongst many others. Much of the research of the site has concerned the long-term 

ƘƛǎǘƻǊȅ ƻŦ ŜŎƻƭƻƎƛŎŀƭ ŎƘŀƴƎŜǎ ǘƘŀǘ ƘŀǾŜ ƻŎŎǳǊǊŜŘ ǎƛƴŎŜ ǘƘŜ ǎƛǘŜǎΩ ŘŜǾelopment, ranging 

from examination of the long-term peatland development and plant succession (Schulz, 

2005; Hughes and Schulz, 2001) to changes in land use and pollution (Godwin and 

Newton, 1938; Hughes et al., 2007; 2008; Mighall et al., 2009; 2017). 

 

2.3. Experimental setup 

2.3.1.  Experimental site history and purpose 

The Cors Fochno experiment was established between March ς June of 2010. It is a fully 

factorial in-situ climate manipulation experiment, consisting of twelve 2 x 2 m plots of 

Sphagnum lawn, replicated in three blocks along a transect (Figure 2.4). The vegetation 

in this area comprises mostly of Sphagnum pulchrum lawns. In some areas, shallow 

pools are populated by Sphagnum cuspidatum, while the sedges Rhynchospora alba and 

Eriophorum angustifolium are abundant in wetter areas. In drier areas, Sphagnum 

capillifolium and Sphagnum papillosum form hummocks which are often densely 

populated by the dwarf-shrubs Calluna vulgaris, Erica tetralix and Myrica gale (CCW, 

2011). 
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Each plot is subjected to one of four experimental treatments, controls (no treatment), 

warming, increased drought frequency and combined warming and increased drought 

frequency (an additional drought every c. 2.5 years). The purpose of this experiment is 

to determine the effects of climate warming and drought at the range predicted for the 

region from the present until c. 2070 (Lowe et al., 2018) upon ecosystem functions in 

northern ombrotrophic peatlands.  

 

UK temperatures are projected to increase by 0.3 ς 2.6 °C by 2080 ς 2099 based upon 

the RCP2.6 climate scenario, relative to baseline temperatures for 1981 ς 2000 (Lowe et 

al., 2018). Precipitation is projected to increase in winter and decrease in summer (Lowe 

et al., 2018), resulting in increasingly frequent and severe seasonal drought and 

rainstorms (Hanlon et al., 2021). Although there is a great deal of regional variation, with 

between 1.5 ς 4.0 °C of warming, average summer drought severity is projected to 

increase by as much as 19 %, while days in which high-impact heavy rainfall events occur 

are projected to increase by 1 ς 8 per year (Hanlon et al., 2021).  

 

 

Figure 2.4. Experimental design schematic, showing the position of each experimental 
plot along the boardwalk (not to scale). The blocks are delineated by dashed vertical 
lines. 
 


