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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.  
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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., 
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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 
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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 
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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 
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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. 
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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. 
 



 
123 

 

This experimental site was originally devised as part of a NERC-funded study examining 

the effects of nitrogen pollution upon peatland biodiversity in a warming and drying 

world (PEATBOG project), which ran from 2009 until 2013. The position of each plot was 

originally chosen along the transect so that each plot enclosed an area characterised by 

vegetation that was representative of the site. The Cors Fochno experiment was 

established to represent a relatively undisturbed ƳƛǊŜΣ ƛƴ ŎƻƳǇŀǊƛǎƻƴ ǿƛǘƘ ŀ ΨǎƛǎǘŜǊ ǎƛǘŜΩ 

located in Whixall bog between Whitchurch and Ellesmere in England, which had a 

similar experimental design but a much higher nitrogen load, owing to historical 

disturbance and local sources. The study at Whixall ended in 2013, whereas the Cors 

Fochno experiment continued, where it was used as part of a NERC-funded PhD project 

examining the impacts of climate change and sea-level rise on lowland raised bog 

ecosystem functioning, which ran from 2013 until 2017 (Kay, 2019). Since 2017, the 

experimental site has continued with funding by the Leverhulme Trust for the project 

ΨtŜŀǘƭŀƴŘ ŎŀǊōƻƴ ōŀƭŀƴŎŜ ŀƴŘ ŎƭƛƳŀǘŜ ŎƘŀƴƎŜΥ ŦǊƻƳ ǘƘŜ Ǉŀǎǘ ǘƻ ǘƘŜ ŦǳǘǳǊŜΩ. The results 

of this project culminated in this thesis. 

 

2.3.2. Experimental climate manipulations  

The Cors Fochno experiment uses open top chambers (OTCs) to passively warm the air 

within the chamber like a greenhouse, simulating climate warming. OTCs are a 

commonly used method for inducing moderate increases (typically between 0.35 ς 

1.0°C) in air temperature in field experiments (Aronson and McNulty, 2009; Ward et al., 

2013; Walker et al., 2016). An example of one of the OTCs used in this project is 

illustrated in Figure 2.5a. The OTCs follow designs originally proposed by the 

International Tundra Experiment (Marion et al., 1997a; 1997b; Arft et al., 1999; Shaver 
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et al., 2000). OTCs were constructed from Perspex sheets 2.5mm thick, joined at the 

corners by cable ties inserted through four holes, drilled into the edge of each sheet.  

 

Drought in this study refers to a period of reduced precipitation resulting in lowered 

groundwater levels (van Loon, 2015). In the case of this experimental study, this 

lowering of the groundwater (ƘŜƴŎŜŦƻǊǘƘ ŀƭǎƻ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ΨŘǊƻǳƎƘǘΣΩ as well as 

ΨŘǊƻǳƎƘǘ ƳŀƴƛǇǳƭŀǘƛƻƴǎΩ ƻǊ ΨǎƛƳǳƭŀǘŜŘ ŘǊƻǳƎƘǘΩύ ƛǎ simulated by pumping groundwater 

from within the plots using an automated system. Water was drawn from four 

excavated, plastic tube-lined wells located in the corner of each droughted plot using 

macerator-style pumps attached to four inlets, one for each well (Figure 2.5b, c). The 

drought plots were hydrologically separated from the surrounding peat using 1.5 m 

deep plastic piling to prevent lateral recharge of groundwater. In the non-droughted 

plots, the disturbance associated with their insertion was replicated by inserting 0.5 m 

piling, which were drilled with holes to allow water to travel between the plots and the 

surrounding peat. A more comprehensive description of the experimental drought setup 

and design is given in chapter three. Each period of experimental drought lasted four 

weeks, and each plot was monitored daily, with two weeks either side of the experiment 

used to test pre-and post-drought conditions. By the point of the completion of this 

current project, drought simulations had been repeated four times at the site, during 

2010, 2011, 2014 and 2019. Each simulation occurred during the summer, between the 

months of August and September. 
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Figure 2.5. a. Warmed and drought plot with open top chamber (plastic covers) and 
drought simulation pumps (black cables). b. Drought plot showing internal plot-furniture 
and pumping mechanism. c. Close-up image of one of the corner wells from which water 
is pumped from within the plot. d. Plot schematic, showing the internal design of a 
typical plot (figure adapted from Kay, 2019). 
 
 
2.3.3. Measurement of environmental conditions 

Air and soil (10 cm depth) temperatures at the site were measured every six hours within 

each of the plots between 2010 until 2021 using HOBO Onset U10 Temperature loggers 

(Onset Computer Corporation; Massachusetts USA). In November 2018, these were 

replaced by HOBO U23 Pro v2 temperature sensors, although the Onset loggers 
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remained in place until August 2021, ensuring adequate overlap and compatibility 

between measurements. 

 

Water table depths were measured using TruTrack WT-HR 2000 water height data 

loggers (Trutrack, Christchurch, New Zealand), which were inserted into an excavated, 

plastic lined well in the centre of each plot. Logger values were converted to water table 

depth (WTD) by calibration against regular manual water table depth measurements, 

measured using a battery powered probe similar in design to those proposed by Bodley 

et al. (1989). Water table depth (relative to the height of the surface peat) was measured 

from two wells within each plot, both located either side of a central well which 

contained the TruTrack probes. Mean water table depths were calculated for each plot 

by averaging the two measurements between each well.  

 

For the whole site, photosynthetically active radiation (PAR) was measured using a QSO-

S PAR sensor (Apogee instruments inc., Logan, Utah, United States) at 15-minute 

intervals and the data were stored on a Decagon EM50 data-logger (Pullman, 

Washington, United States). Data were compiled throughout the experiment to achieve 

a near-continuous data set spanning the ten years of the project. Gaps in the data were 

filled using linear interpolation with temperature and water table depth records from 

neighbouring plots, as well as from an adjacent dip-well and weather station operated 

by Natural Resources Wales. 

 

The effects of each climate manipulation treatment upon environmental conditions 

were tested using Generalised Linear Mixed Effect Models. The environmental variable 
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of interest was tested as the response variable. Plots, nested in blocks and measurement 

date were included as random factors. 

 

2.4. Hand coring 

A 1.5 m core (BO17) was excavated from Cors Fochno in November 2017. This core was 

used to fulfil almost all of the palaeoecological objectives of this thesis, from which all 

reconstructions pertaining to the period of interest of this study (the last c. 1500 years) 

were made. Core BO17 was extracted using a 5 cm diameter Eijkelkamp Russian-style 

chamber corer (Jowsey, 1966). This type of corer secures the cored sediment within a 

chamber, cutting the peat with a blade that then encloses the sample, shielding it from 

contamination as it is extracted. Core sections 50 cm long were extracted alternatively 

from two holes less than 20 cm apart. Each core section overlapped by 5 cm (Jowsey, 

1966).  

 

The coring location was located c. 3 m from the experimental site, in an area between 

experimental plots two and three. The coring location was characterised mainly by S. 

pulchrum lawn with abundant Rhynchospora alba. Cores taken from lawn 

microtopographic features are considered to be the most sensitive to environmental 

change, owing to their proximity to the water table (De Vleeschouwer et al., 2010). The 

uppermost 50 cm of core was extracted using a monolith tin, ensuring sufficient 

quantities of material were recovered for the multiple analyses necessary to fulfil the 

objectives of this thesis.  
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Three full-length cores (BO18 1 ς 3) were also taken in November 2018 using a 5 cm-

diameter Russian peat sampler from approximately equal distances along the 

experimental transect. These cores were used to assess the long-term average apparent 

rate of carbon accumulation (LORCA or LARCA) from the point of peat initiation (Korhola 

et al., 1995; Clymo et al., 1998). As with core BO17, the uppermost 50 cm of each core 

was extracted using a monolith tin. Extracted core sections were stored in guttering and 

wrapped in cling film to prevent drying. Cores were kept in a cold store at temperatures 

of ~4°C prior to sub-sampling. 

 

2.5. Field measurements of carbon fluxes 

2.5.1. Greenhouse gas flux measurements 

To determine the effects of the experimental climate manipulations upon short-term 

greenhouse gas emissions and carbon cycling, fluxes of CO2 and CH4 and pore-water 

dissolved organic carbon (DOC) were measured during frequent field excursions from 

within each experimental plot. Measurements were made during all months of the year 

to capture a full range of environmental conditions  

Surface exchange of the greenhouse gases CO2 and CH4 were measured using the closed 

chamber method (Alm et al., 2007). Gas flux measurements were made by placing a 

closed chamber system upon a PVC collar inserted into the peat within each plot. A 

rubber seal was glued to the rim of the chamber to prevent gas from entering or 

escaping the chamber. To ensure a good seal between the chamber and the collar, the 

chamber was weighted down around the rim (Figure 2.6). Air within the chamber was 

circulated by a fan to prevent the stratification of gases. The type of chamber used for 

all measurements is shown in Figure 2.6 and 2.7. While the use of a fan may influence 
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the advection of greenhouse gases from the soil, this effect is reduced in sites where the 

water table is close to the surface, since the area in which mixing and stratification of 

gases can occur is reduced (Redeker et al., 2015). The placement of dam piling around 

the perimeter of the plots disconnects them from the main body of peat, therefore wind 

speeds are assumed to have had a negligible effect upon gas flux measurement error in 

this study.  

 

For each field campaign, measurements were taken between the times of 09:00 and 

16:30. As a consequence, diurnal changes in greenhouse gas emissions are not 

represented in this dataset (Pavelka et al., 2018). This may have resulted in the 

underestimation of CH4 emissions, which can be higher during the night (Dooling et al., 

2018). The majority of measurements were taken during the summer when rates of 

carbon uptake are highest. This may have resulted in annual productivity rates being 

overestimated (Byrne et al., 2004; Goulsbra et al., 2016). 

 

During measurements, air within the chamber was circulated through inlets connected 

to a gas analyser. Between 2010 ς 2016, carbon dioxide measurements were made using 

a factory-calibrated EGM-4 Infra-Red Gas Analyser (PP Systems, MA, USA). From 2017, 

a factory-calibrated Los Gatos Ultra-Portable Greenhouse Gas Analyser (Los Gatos, 

California) was used. The Los Gatos device simultaneously measured ambient air 

temperatures and the concentration of CO2 and CH4. Air temperatures and 

photosynthetically active radiation (PAR) within the chamber were measured at 1 

second frequency and recorded by a Delta-T GP1 Irrigation Monitor data logger. Fluxes 
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were monitored in real-time using a wireless user interface, allowing for a degree of 

quality control during sampling. 

 

Net CO2 balances were measured as Net Ecosystem Exchange (NEE). This is the net 

balance between autotrophic productivity and soil respiration. CO2 emissions were 

measured as Net Ecosystem Respiration (NER), which represents respiration from 

autotrophs and heterotrophs. NER was measured by placing a dark cover over the 

chamber, while NEE was measured under ambient light conditions. Dark measurements 

were always taken before light measurements, to avoid warming the inside of the collar. 

Gross Primary Productivity (GPP) was inferred from the difference between these 

measurements (NEE minus NER), assuming that respiration rates are equal between 

light and dark measurements. GPP represents the sum of CO2 taken up by plant 

photosynthetic productivity and released by autotrophic respiration. CH4 fluxes were 

calculated from the measurements taken under ambient light conditions, as disturbance 

following placement of the chamber over the collar may have resulted in the initial 

displacement of pore-water CH4 by ebullition (Hutchinson and Livingston, 1993). Each 

flux measurement lasted more than 120 seconds. Gas fluxes were calculated using the 

following equation 1, following Dossa et al. (2015): 

Ὂὰόὼ        (equation 1) 

Where P= pressure (atm), V=volume (m3), R= 0.082058 L atm/mol K, T = air temperature 

(ƛƴ YύΣ !Ґ {ǳǊŦŀŎŜ ŀǊŜŀ ƻŦ ǘƘŜ ŎƻƭƭŀǊΣ ʵ/ Ґ /ƘŀƴƎŜ ƛƴ ƳŜŀǎǳǊŜŘ Ǝŀǎ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƛƴ ǇǇƳ 

ŀƴŘ ʵǘ Ґ aŜŀǎǳǊŜƳŜƴǘ ǘƛƳŜ (in hours). For this study, collar values were V= 0.0088 m3 

and A= 0.0707. 9ƭŀǇǎŜŘ ǘƛƳŜ ǿŀǎ ʵǘ Ґ лΦлоооΦ t ǿŀǎ ǘǊŜŀǘŜŘ ŀǎ ŀ ǎǘŀƴŘŀǊŘ (1 atm). Both 

the collars and the chamber had diameters of 15 cm. Due to the relatively small size of 
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the experimental plots and the limited footprint of the measurement collars, the spatial 

heterogeneity of greenhouse gas fluxes was likely underestimated in this study (Pavelka 

et al., 2018; Lees et al., 2018). 

 

Flux concentration changes were calculated using the period for each measurement 

where the most linear change in concentration occurred, using an Excel program. This 

equation gives the mass of gaseous change in terms of moles. The molecular mass of 

CO2 is calculated by multiplying this value by 44, and for CH4 this number is divided by 

16. Fluxes with an r2 less than 0.9 were visually assessed to ensure that the 

measurements were linear. If this was not the case, they were discarded. CO2 and CH4 

fluxes measured by these methods are reported as g CO2 m-2 h-1 and g CH4 m-2 h-1, 

respectively.  

 

Figure 2.6. Photograph showing a typical gas flux measurement being taken under 
ambient light conditions. 
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Figure 2.7. Photograph of inside of flux chamber used when measuring greenhouse gas 
fluxes. 
 

2.5.2. Measurements of pore water dissolved organic carbon  

Rhizon samplers (pore size 1.5µm) for sampling pore-water DOC from 10 cm beneath 

the peat surface were inserted into each of the experimental plots in September 2017. 

An incision was made into the peat within each plot, and a rhizon inserted horizontally 

into the slit to a depth of 10 cm, before being gently pushed into the adjacent, uncut 

peat. Samples were not taken for four months following installation as the peat 

surrounding the newly implanted rhizons stabilised. Each rhizon was attached to a tube 

protruding from the peat surface. At the end of each tube, an attachment allowed for a 

syringe to draw pore-water from the sampling depth. For each sample, c. 40ml of pore 

water was drawn from the peat. Sampling time typically took longer during drier 

periods. Samples were stored in 50 ml centrifuge tubes, which were kept under cool and 

dark conditions after sampling, to limit sample degradation prior to laboratory analysis, 
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usually within 1-2 days of sampling. Each sample was filtered through a 0.45 µm filter to 

remove particulate organic matter and microbes, and each filter was flushed using a 

small amount of sample to remove potential contaminants from the surface of the filter 

(Norrman, 1992). In some cases, it was necessary to freeze samples prior to analysis, 

which always occurred after filtering. DOC concentrations were analysed using an 

Elementar Vario TOC Select analyser and are reported as g l-1 in this study. 

 

2.6. Vegetation surveys 

Vegetation surveys were conducted annually during late summer (August ς September) 

to characterise vegetation change at the species, plant functional type and community 

level over time. Each year, three fixed 25 x 25 cm quadrats enclosing a 5 x 5 grid were 

surveyed within each plot. Plant taxa were quantified using the pin-quadrat method 

(Levy and Madden, 1933; Rochefort et al., 2013). A skewer was inserted through the 

top-right corner of each of the 25 squares on each grid. Total touches of each species of 

(living) vascular plant on the skewer were tallied for each square. Species abundance 

data were then summed between each square for each plot, accounting for pseudo-

replication. During the surveys, all taxa were recorded to species level where possible. 

Surface cover (e.g., Sphagnum species, liverworts, bare peat) was recorded on a 

presence/absence basis for each segment, potentially resulting in the underestimation 

of surface cover species in the experimental plots. By the end of this project, a 

continuous, ten-year record of vegetation change from within each experimental plot 

had been generated. Many of the recorders were the same individuals during this 10-

year period, with the author of this thesis present every summer from 2017 until 2020.  
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2.7. Litterbag decomposition experiment 

 

The effects of the experimental manipulations upon organic matter decomposition at 

different depths were tested using the Tea Bag Index (TBI) method developed by 

Keuskamp et al. (2013). Traditional litter bag methods quantify decomposition rates in 

soils by measuring how much mass is lost from plant litter, requiring multiple 

measurements over long periods of time (Keuskamp et al., 2013). These types of study 

typically employ locally produced plant litter to measure site-specific decomposition, 

making it difficult to compare the results of such studies between sites (Wider, 1982). 

The TBI method measures decomposition two types of substrates of differing 

susceptibility to decay (green tea to represent labile organic matter and rooibos tea to 

represent recalcitrant organic matter). This allows for decay rates (k) and stabilisation 

factors (S) of labile organic matter to be calculated in just a few months, while the use 

of consistent substrate allows for differences in these parameters to be compared 

between sites (Keuskamp et al., 2013). S represents the transformation of labile organic 

matter into more recalcitrant compounds as a result of microbial activity and 

environmental conditions (Prescott, 2010; Górecki et al., 2021). S influences long-term 

carbon storage, with higher values of S indicating greater organic matter retention 

(Keuskamp et al., 2013). k reflects the rate of decomposition as a result of microbial 

decay and short-term carbon dynamics (Prescott, 2010; Keuskamp et al., 2013). In this 

experiment, non-woven tetrahedron bags (Brand: Lipton) were used as opposed to the 

woven bags with a consistent mesh size as recommended by Keuskamp et al. (2013), 

since production of the woven mesh bags discontinued in 2017. Mesh size can affect the 

size of particles that entering or escaping from litterbags, therefore the use of non-
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woven mesh bags without consistent mesh size may reduce comparability between the 

tea bags used (Keuskamp et al., 2013). However, a study by Zhai et al. (2019) found that 

mesh size had no significant effect upon litter decay rates, therefore it is assumed that 

mesh size had a trivial effect upon the results of this study.  

 

The TBI method has been tested and compared with the decomposition of other plant 

litter types. MacDonald et al., (2018) and Didion et al. (2016) compared how the results 

of the TBI method compared with those of traditional litter bag studies using different 

plant litters. They found that the TBI method faithfully replicated the results of 

traditional litter bag studies, although decomposition rates were often overestimated. 

Blume-Werry et al. (2021) compared how decomposition rates and leaching of water-

soluble compounds differed between the green and rooibos tea employed by the TBI 

method and litter from plant species found in temperate peatlands. They found that 

green tea lost more mass by leaching than the leaves of the peatland species studied, 

however rooibos tea leached less, potentially offsetting this difference in the calculation 

of decomposition rates. Duddigan et al. (2000) subjected samples of the two types of 

tea used in the TBI method to experimental incubation, analysing their remains to test 

how changes in the stoichiometry of carbon and nitrogen compared with other litters. 

Both Duddigan et al. (2000) and Blume-Werry et al. (2021) concluded that the tea types 

used in the TBI method were suitable proxies for peatland vegetation, although Blume-

Werry et al. (2021) noted that that green tea lost more mass than other litter types due 

to leaching. However, the TBI method observed similar responses to environmental 

variables and trends between wet and dry sites, indicating that the results of the TBI 

method reflect the same spatial patterns in decomposition as traditional methods. 
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This litter bag experiment was applied to test for differences in above and below ground 

decomposition between the climate manipulations. Prior to incubation, each type of tea 

bag was oven-dried at temperatures less than 45°C for 48 hours prior to weighing. The 

mass of tea was calculated per bag by subtracting the weight of each bag from the 

average empty bag weight, calculated from the mean weight of five empty bags for each 

tea type. Samples were not flushed prior to incubation, as this can inhibit compatibility 

between samples (Blume-Werry et al., 2021).  

 

Five replicate pairs of green and rooibos tea bags were placed onto the surface of each 

plot, and another five pairs were buried beneath the peat surface to a depth of c. 8cm. 

Samples were buried by selecting an area containing vegetation representative of the 

plot as a while. An incision was made into the peat and each tea bag was individually 

inserted to a depth of c. 8 cm. Tea bags on the surface of the plot were tied to skewers 

inserted into the peat. The experimental incubation began on the 12th of September 

2019 and were retrieved following 92 days of field incubation on the 13th of December 

2019. This time-period was chosen because leaf-fall from woody deciduous shrubs on 

this site occurs mostly during the autumn months. Although low temperatures may have 

affected decomposition rates during this time, the contribution of above-ground litter 

and heterotrophic respiration to net ecosystem respiration in terrestrial ecosystems is 

often greatest during the autumn and spring, in accordance with the increased rates of 

litterfall (Luo and Zhou, 2006; Jovani-Sancho et al., 2021). While few studies have 

studied the partitioning of heterotrophic and autotrophic respiration in temperate 

ombrotrophic peatlands, a study of a riparian peatland in north Wales showed that 
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enzyme activity associated with the decay of freshly accumulated above-ground litter 

increased following litterfall in October (Bonnett et al., 2006).  

 

Recovered bags were dried at <45°C for 48 hours after retrieval. Following drying, each 

bag was opened, and the contents were examined under a low-powered microscope. 

Foreign particles (Sphagnum leaves, ericaceous rootlets) were removed, although these 

were few. After this, the bag contents were re-weighed. Changes in mass following 

incubation allowed for the calculation of mass loss (%) for each bag, as well as the 

calculation of TBI parameters S and k using the following equations (from Keuskamp et 

al., 2013): 

 ὡ ὸ ὥὩ ρ ὥ      (equation 2) 

From this equation, k can be calculated. W(t) is the weight of the substrate following 

incubation time (t), a is the labile fraction and 1-a is the recalcitrant fraction of the tea.  

S is calculated using the equation: 

 Ὓ ρ         (equation 3) 

Where ag is the decomposable fraction and Hg is the hydrolysable fraction of green tea 

(given as a constant: 0.842). Calculation sheets used to determine k and S were 

downloaded from http://www.teatime4science.org/. 

 

 Following analysis, remaining material from the green tea bags were homogenised 

using a ball mill and processed using standard methods for colorimetric peat 

humification (Aaby and Tauber 1975; Blackford and Chambers 1993), C/N ratios 

(Malmer and Holm, 1984; Kuhry and Vitt, 1996), and loss on ignition (LOI) (Bouyoucos, 

1934; Leifield et al., 2020). This allowed the sensitivity of these palaeoecological 

http://www.teatime4science.org/
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decomposition proxies to be compared with the TBI parameters and allowed the 

sensitivity of each proxy to the climate manipulations to be tested. 

 

2.8. Laboratory methods 

2.8.1. Core description and sub-sampling 

Core stratigraphy was described in the laboratory using the Troels-Smith method for 

characterising sediments (Troels-Smith, 1955). Before analysis, core sections were 

cleaned by scraping away c. 1 mm of surface material using a scalpel. Peat was sub-

sampled throughout the core using a scalpel and a spatula. Thin nail scissors were 

occasionally employed to facilitate sampling of fibric peat.  

 

2.8.2. Core dating methods  

2.8.2.1. Radiocarbon dating 

Radiocarbon dates were taken and measured from core BO17 to generate a core 

chronology, allowing for calculation of long-term carbon accumulation rates and the 

correlation of changes in palaeoenvironmental conditions reconstructed from this core 

with known periods of climate change. Samples of Sphagnum or other above-ground 

plant remains were picked from 1 cm-thick sub-samples using tweezers, extracted from 

points of interest within the core (e.g., changes in peat stratigraphy, core basal date). 

After extracting, each sample was carefully examined using a low-powered microscope 

at 10 ς 100x magnification and rootlets and other potential sources of contamination by 

younger carbon were removed (Kilian et al., 1995). When insufficient identifiable plant 

remains were present for a particular section of peat, bulk peat was analysed instead. 

In this case, a 1 cm thick section of peat was rinsed through a 250 µm sieve and the fine 
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particulate fraction (<250 µm) retained, following guidelines by Piotrowska et al. (2011). 

Samples were alkali-acid washed before oven drying at <45°C. Dried, prepared samples 

were dated by Accelerator Mass Spectrometry (AMS) 14C dating at DirectAMS, 

Washington, USA. 

 

For core BO17, an initial series of three 14C dates were used to determine a rough 

chronology for the core. Based on these measurements it was decided that 

palaeoecological analyses would focus on the top 1 m of peat, since this section of core 

represented the past c. 1500 years of interest to this study. After this, further 14C dates 

were sampled from within this section, to refine the age-depth model within the top 

metre.  

 

For cores BO18 1-3, basal dates were generated by radiocarbon dating 1 cm3 bulk peat 

samples at the point of peat initiation for each core, which were processed using the 

same methods for bulk peat as were detailed above. All radiocarbon dates in this study 

were calibrated using the IntCal20 radiocarbon calibration curve in OxCal version 4.4 

(Bronk-Ramsey, 2017). By calibrating radiocarbon dates, the effect that changes in 

atmospheric concentrations of 14C through time have upon radiocarbon dates are 

accounted for (Reimer et al., 2020). 

 

2.8.2.2. 210Pb dating of recently accumulated peat 

210Pb dating was used to date recently accumulated peat in core BO17 (Appleby, 1998; 

Turetsky et al., 2004). 210Pb is a naturally occurring isotope that is part of the radioactive 

decay chain of 238U. Solid 210Pb is produced as a product of the radiative decay of the 
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gaseous 222Rn, which then falls with precipitation where it can accumulate in soils. 210Pb 

has a half-life of c. 22.3 years; therefore, changes in its concentration with depth can be 

a useful indicator of peat age (Appleby, 1998; Turetsky et al., 2004). Contiguous, 1 cm-

thick sub-samples were sampled throughout the top 30 cm of core BO17. Bulk density 

was measured for each sample by dividing the volume of wet peat by its weight after 

drying for 24 hours at <45°C (Chambers et al., 2011). Sample preparation followed 

methods described by Appleby (1998). Samples were homogenised using scissors, 

weighed, and sealed in air-tight vials for three weeks, allowing for equilibrium of the 

daughter nucleotide 226Ra within each vial. 210Pb activity for each sample was measured 

by gamma spectroscopy using well detectors at the Consolidated Radio-Isotope Facility 

(CoRIF), University of Plymouth.  

 

2.8.2.3. Spheroidal Carbonaceous Particles 

An additional method for the dating of surface peat is through the use of Spheroidal 

Carbonaceous Particles (SCPs). SCP dating is a relatively rapid and low-cost alternative 

to radiometric methods for dating recently accumulated peat (Swindles, 2010). SCPs are 

a component of fly ash pollution and are formed by high temperature fossil fuel 

combustion (Rose, 2008). Samples were prepared for SCP analysis following procedures 

outlined by Swindles (2010). Samples of peat 1cm3 were dried overnight at 45°C and 

then weighed. Dried samples were submerged in 6 ml of concentrated nitric acid (HNO3) 

and were left for 24 hours. The following day, the remaining acid was evaporated away 

by heating the sample on a hot plate. The remaining material was mixed with 10 ml of 

water. This was transferred into a centrifuge tube and centrifuged for five minutes at 

1500 rpm. After decanting the supernatant, this process was repeated twice more to 
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wash the remaining acid from the sample. The residue was then transferred into an 

Eppendorf tube of known weight, and the weight of the tube and the sample was 

measured again. Samples were stirred and a quantity of the residue was transferred 

onto a coverslip and dried. The Eppendorf tube was re-weighed. Prepared coverslips 

were mounted on microscope slides using Histamount, owing to its low refractive index. 

Total SCPs were counted using light microscopy at x400 magnification. SCPs were 

identified according to criteria described by Rose (2008). SCP counts were expressed as 

the number of dry particles per gram of dry peat (gDM-1). This was calculated using the 

following equation: 

Ὁ ρππ ὠ ὠ Ⱦὠ ὠ        (equation 4) 

Where VE is the mass of the empty Eppendorf tube, VS is the mass of the tube containing 

the sample and VSUB is the mass of the tube after the coverslip has been prepared.  

 

2.8.2.4. Tephrochronology 

Far-travelled volcanic ash can form discrete but sometimes invisible layers in peat soils, 

providing geochemically distinct isochrons that allow for correlation with eruptive 

events of known age (Davies, 2015). Previous studies from Cors Fochno have revealed 

the presence of at least three geochemically identifiable cryptotephra horizons in the 

top meter of peat (Watson et al., 2017); therefore, it was anticipated that those results 

could be replicated in this study and that the identification of these cryptotephra 

isochrons could be used to complement and support the age-depth model of core BO17. 

¢ƘŜ ǎǘŀƴŘŀǊŘ ΨŀǎƘƛƴƎΩ ƳŜǘƘƻŘ (combustion of peat at 550°C) was adopted to identify 

cryptotephra (Swindles et al., 2010; Gehrels et al., 2008). Contiguous 3cm3 samples were 

taken throughout the core at 3 cm resolution. Remnant material was mounted on 
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microscope slides using Histamount and examined beneath a microscope at 400x 

magnification under cross-polarised light. Note was taken of the colouration and 

character of the glass shards.  

 

Where tephra was identified (e.g., Figure 2.8), additional samples were extracted from 

the core at 1 cm resolution to identify the position of the tephra horizon more precisely. 

Once a precise horizon was identified, additional peat samples were extracted for 

geochemical analysis of cryptotephra shards. Organic matter was removed from the 

samples by acid digestion using sulphuric and nitric acids, as detailed by Newton et al. 

(2007). This allows for the removal of organic material without affecting the 

geochemical composition of the shards.  
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Figure 2.8. Tephra shards identified from Cors Fochno during this study. Note the 

vesicular morphology and brown colouration of the shards. Samples were identified at 

a depth between 35 ς 38 cm from core BO17. Micro-photographs taken by Maria 

Gehrels. 

 

 

DŜƻŎƘŜƳƛŎŀƭ ΨŦƛƴƎŜǊǇǊƛƴǘƛƴƎΩ ƻŦ ƛŘŜƴǘƛŦƛŜŘ ǘŜǇƘǊŀ ǎƘŀǊŘǎ ŀƭƻƴƎ ǿƛǘƘ ƭŀōƻǊŀǘƻǊȅ ǎǘŀƴŘŀǊŘǎ 

(BCR2g and Lipari) was carried out at the Edinburgh Tephra Analytical Unit (TAU) using 

a Cameca SX100 Electron Microprobe (Hayward, 2012; Hall and Hayward, 2014). The 

geochemistry of each identified layer was compared with those from tephras of known 

origin, archived within the Tephrabase database (Newton et al., 2007). 
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2.8.2.5. Macrocharcoal 

A wildfire event that occurred in 1986 affected the central portion of the site, including 

the coring location (Fowles et al., 2004). It was anticipated that such a significant event 

would leave a trace in the peat stratigraphy, as a chronostratigraphic marker of 

macrocharcoal likely consisting of large fragments of vegetation, indicative of burning 

in-situ (Clark, 1988). In addition, macrocharcoal was used as an indicator of wildfires 

resulting from human activity, since the temperate, oceanic climate of Cors Fochno 

precludes the probability of significant natural burning events occurring following 

lightning strikes. Macrocharcoal was sampled and analysed following procedures by 

Rhodes (1998) and Schlachter and Horn (2010). Contiguous 1 cm3 sub-samples were 

taken at 1 cm resolution throughout core BO17. Each sample was submerged in 6% H2O2 

overnight before wet-sieving through a 125 µm sieve. The larger fraction of material was 

retained for analysis. Charred fragments were counted under a stereomicroscope at low 

magnification (x10 ς x100) using a Bogorov tray. Samples were reported as charcoal 

fragments per cubic centimetre (n cm3).  

 

2.8.3. Palaeoecological proxies 

2.8.3.1. Plant macrofossil analysis 

The long-term development of local vegetation at Cors Fochno was reconstructed 

throughout core BO17 using plant macrofossil analysis. 4 cm3 sub-samples of peat were 

sampled at contiguous 1 cm intervals. These were submerged in 10% potassium 

hydroxide solution for 24 hours prior to wet sieving through a 125 µm sieve. Main peat 

components were assessed using a low-power stereomicroscope at 11.2x magnification, 

following an adapted version of the quadrat and leaf count method (Barber et al., 1994) 
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by Mauquoy et al. (2010). A magnified, live image of the sample beneath the microscope 

was projected onto a computer screen. The sample was floated in a large dish and the 

relative volume percentages of each primary peat component (e.g., total Sphagnum, 

Rhynchospora alba) were assessed by counting the number of instances in which they 

occurred beneath each square of a 10 x 10 grid, projected over the live image. This 

process was repeated 15 times, by systematically moving the dish beneath the 

microscope, and the results were averaged to represent the whole sample. From these 

values, relative percentage abundance was calculated for each component.  

 

Seeds and other vegetative components of interest were also counted. Samples were 

washed through a 1 mm test sieve and both fractions were retained for analysis. 

Samples <1 mm were analysed at low magnification (10 ς 200x) using a Bogorov tray. 

Material >1 mm was analysed by pouring the sample into a petri-dish, forming a single 

layer of material within the dish. This petri dish was underlain with numbered squares, 

which facilitated rapid counting of seeds and other remains, which were recorded as 

total counts (n). 

 

Sphagnum percentage counts were estimated by selecting >100 leaves from each 

sample. A Pasteur pipette was used to draw a selection of leaves from each sample, to 

ensure selection was random. These were mounted on microscope slides in water and 

identified to species level using a high-powered stereomicroscope at 100-200x 

magnification. Leaf counts are expressed as percentages of the total identifiable 

Sphagnum %. 
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Plant macrofossils were identified with reference to Grosse-Brauckmann (1972), Smith 

(2004), Souto et al. (2016, 2017), Daniels and Eddy (1990) and Mauquoy and van Geel 

(2007). Plant remains were identified to species level where possible. In situations 

where material was insufficiently preserved to facilitate species-level identification, 

plant types were ǊŜŎƻǊŘŜŘ ŀǎ άǳƴŘƛŦŦŜǊŜƴǘƛŀǘŜŘΦέ Identification of seeds was achieved 

by referring to Cappers et al. (2006) and Souto et al. (2016). To identify Sphagnum, 

reference was made to Mauquoy and van Geel (2007) and Laine et al. (2011) alongside 

reference material collected from the site. 

 

2.8.3.2. Peat humification 

Humic acids concentrate in peat as a by-product of organic matter decay, which 

increases in the aerobic acrotelm under drier/warmer conditions (Clymo, 1984). Humic 

acids are dark brown, so darkly coloured peat is assumed to reflect a high degree of 

humification (de Jong et al., 2010). By chemically extracting humic acids from peat and 

measuring the optical absorption of the resulting solution using colorimetric procedures 

(light spectroscopy), the degree of decomposition can be discerned. Colorimetric peat 

humification is commonly used as a qualitative proxy for changes in hydrological 

conditions in peatland palaeoecological studies (Aaby, 1976; Blackford and Chambers, 

1993).  

 

Humification was determined in this study following methods outlined by Roos-

Barraclough et al. (2004). Contiguous 1 cm3 sub-samples of peat 1 cm thick were 

sampled throughout the core BO17 and dried at <45°C for 24 hours. Samples were 

milled using a ball mill, and sub-samples of 0.02 g were weighed and placed into a 50 ml 
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centrifuge tube containing 8 % sodium hydrochloride solution. Samples were agitated 

using a vortex mixer for ten seconds to ensure the sample was fully mixed into the 

solution. Stirred samples were then heated for 60 minutes in a water bath at 95°C, 

ōŜŦƻǊŜ ŦƛƭǘŜǊƛƴƎ ǘƘǊƻǳƎƘ ²ƘŀǘƳŀƴ ǘȅǇŜ ΨлΩ ǉǳŀƭƛǘŀǘƛǾŜ ŦƛƭǘŜǊ ǇŀǇŜǊΦ CƛƭǘŜǊŜŘ ǎŀƳǇƭŜǎ ǿŜǊŜ 

then diluted to 20 ml with deionised water and centrifuged at 3000 rpm for five minutes, 

to remove any mineral fractions of the peat that might influence results (Blackford and 

Chambers, 1993). Each sample was poured from the centrifuge tube into a beaker, from 

which sub-samples were poured into 5ml cuvettes for analysis. Humification was 

inferred from measurements of % light transmission using a spectrophotometer, set at 

550 µm (Aaby and Tauber, 1975; de Jong et al., 2010). Each measurement was replicated 

to ensure similar results were measured. Sample batches were limited to 20 samples for 

a single run, and measurements made at the beginning of a batch were re-measured at 

the end to ensure no colour loss had occurred. A strict time-schedule was kept, with all 

samples analysed sequentially, within two hours of being mixed with the alkali solution. 

Humification increases throughout a peat core with depth, therefore residual % 

transmission data were calculated based upon the linear relationship between 

humification and depth, to account for this effect (Chambers et al., 2011). 

 

Samples of decomposed green tea recovered from the tea bag decomposition 

experiment were analysed following exactly the same procedures as above, to test the 

effectiveness of peat humification as a proxy for decomposition.  
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2.8.3.3. Loss on ignition (LOI) 

Loss on ignition (LOI) is commonly used in peatland palaeoecological studies as a 

measure of total organic matter content and is often used as a proxy for the carbon 

content in soils (Hoogsteen et al., 2015). Inorganic matter concentrations can increase 

in peat as organic matter is lost by decay (Dean, 1974; Heiri et al., 2001; Leifield et al., 

2011). To measure LOI throughout core BO17, Contiguous 1 cm thick peat sub-samples 

were weighed in ceramic crucibles of known weight. Samples were ashed at 550°C for 6 

hours to ensure all organic matter had burned away (Heiri et al., 2001). Ashed samples 

were re-weighed, and the percentage of mass lost calculated as % LOI following 

Chambers et al. (2011). Samples of decomposed green tea recovered from the tea bag 

decomposition experiment were analysed following exactly the same procedures as 

above, to test the effectiveness of LOI as a proxy for decomposition.  

 

2.8.3.4. C/N ratios 

Carbon (C) is preferentially lost over nitrogen (N) as a result of decomposition processes 

in peat; therefore, increases in the ratio of C and N percentages in peat are considered 

to reflect the extent of decomposition that has occurred while the peat was in the 

aerobic acrotelm (Malmer and Holm, 1984; Leifeld et al., 2020). To measure C/N ratios 

throughout core BO17, contiguous 1 cm-thick peat samples were sub-sampled and dried 

at 45°C for 24 hours. Samples were milled using a ball mill and transferred into 

aluminium foil cups of known weight. The percentage mass of C and N in each sample 

was measured by analysing 55 ± 5 mg of milled peat using a Vario Macro 

Carbon/Nitrogen Analyser.  
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Samples of decomposed green tea recovered from the tea bag decomposition 

experiment were analysed following exactly the same procedures as above, to test the 

effectiveness of C/N ratios as a proxy for decomposition.  

 

2.8.3.5. Testate amoebae 

Testate amoebae are unicellular soil organisms that form distinctive shells that are well 

preserved in Holocene peat deposits (Mitchell et al., 2008). They are sensitive indicators 

of local hydrological conditions (Booth, 2002; Mitchell et al., 2008; Langdon et al., 2012). 

Relationships between modern testate species and local hydrology can be applied to 

fossil testate amoebae assemblages using transfer functions, allowing for quantitative 

reconstruction of changes in peatland palaeohydrology, which are widely applied in 

peatland palaeoecological studies (Charman et al., 2007; Payne and Mitchell, 2007).  

 

Slices 1 cm thick, consisting of 2 cm3 of peat were sub-sampled at 2 cm intervals from 

core BO17. Tests were extracted from the peat following adapted methods by Hendon 

and Charman (1997). Samples were submerged in 200ml of water along with a single 

lycopodium tablet (Batch number: 3862) and stirred using a glass rod. Samples were 

then gently heated on a hot plate for 20 minutes to disaggregate the material. Samples 

were sieved through a 355 µm test-sieve, and the smaller fraction was retained. These 

were then centrifuged at 3000 rpm for 10 minutes.  

 

A small amount of sample residue was transferred onto a microscope slide and mounted 

in glycerol. Tests were counted at 200 ς 400x magnification using a high-powered 

stereomicroscope, with minimum counts of 100 individuals achieved following 
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recommendations by Payne and Mitchell (2009). Testate amoebae were identified with 

reference to Charman et al. (2000), Clarke (2003), Mazei and Tsyganov (2006), and 

Siemensma (2019).  

 

To reconstruct approximate long-term mean average changes in water table depths 

through time (Booth, 2008), the weighted averaging transfer function model of 

Amesbury et al. (2016) was chosen, based on a training set of 1302 samples spanning 

35° of latitude and 55° of longitude. No new local training set samples were included.  

. 

2.9. Statistical methods 

2.9.1. Net ecosystem carbon budget modelling 

Multi-year carbon budgets were estimated for each experimental plot using 

interpolation and extrapolation methods. NER was modelled based on measured fluxes 

using the (2z + S) model (Rowson et al., 2013). This model links the Arrhenius 

relationship between soil temperature and measured NER (Lloyd and Taylor, 1994) to 

plant functioning, accounting for feedbacks between water levels, plant root exudates 

and plant senescence. Seven constants required for the Rowson et al. (2013) model 

were identified using the generalised reduced gradient (GRG2) nonlinear optimisation 

code in Excel (Lasdon et al., 1978). Model parameters were fit to the continuous 

temperature and water table depth time series data measured within each plot, 

allowing NER to be modelled. Different data combinations were explored to find the 

best fit for the model including modelling by plot, treatment and for measurements 

taken from 2010 ς 2021 and 2017 ς 2021. Model selection was based upon which set of 

models had the best predictive power (R2) and the lowest sum of squared error (SSE). 
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To model GPP and CH4, significant relationships were tested for between 

photosynthetically active radiation, soil and air temperatures and water table depth 

using simple linear regression. Where significant relationships were found, different 

relationships (linear, exponential, logarithmic) were tested between the response and 

predictor variables, and the strength of each model was tested by comparing R2 and SEE 

values. Fluxes were modelled based upon interpolation using the model that provides 

the best fit. 

 

The dynamics of DOC fluxes from peatland catchments are often quantified using a DOC 

end-member mixing model, which calculate the mixing of waters and the expected 

dilution of DOC from its various sources (Worrall et al., 2006). This study lacked the 

relevant infrastructure to measure stream flow rates, and measurements were not 

taken of DOC from stream-waters draining from Cors Fochno, meaning that a mixing 

model could not be used. In order to incorporate DOC fluxes into the annual carbon 

budgets for Cors Fochno, a simple hydrological model previously proposed by Ridley 

(2014) was used. This model assumes a plug-low of DOC throughout the system, 

providing a rough estimate of annual DOC flux by multiplying annual total discharge with 

the mean average pore-water DOC concentrations measured from within each plot. 

Evapotranspiration rates were measured from Plas Gogerddan, Aberystwyth (600 mm 

m-2 y-1) and adjusted by a conversion factor of 0.7 to account for the water-holding 

capacity of Sphagnum, resulting in an annual evaporation rate of 420 mm m-2 yr-1. This 

value was subtracted from the total annual precipitation measurements from Frondirion 

taken between 2010 to 2019 (Justin Lyons, pers. comm). Ridley (2014) found that this 

model produced DOC fluxes comparable to those reported from other raised bogs, 
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although they note that the estimated fluxes were too crude to be compared confidently 

with estimates from other sites. This method assumes all water not lost by 

evapotranspiration escapes the site via overland flow and does not account for mixing 

or the dilution of DOC with rainfall. Therefore, DOC fluxes are likely to be overestimated 

in this study. Between 8 ς 9.5% of rainfall that lands upon Cors Fochno is lost via water 

movement through the catotelm (Baird et al., 2006), which is not accounted for here. 

Neither does this model account for increased DOC export following heavy rainfall 

events which may have increased annual DOC release rates from the site (Hope et al., 

1994). 

 

Pore-water concentrations of particulate organic carbon (POC), dissolved inorganic 

carbon (DIC) and dissolved gaseous carbon (CO2 and CH4) were not measured in this 

study, as these fluxes are usually assumed to be low from relatively undisturbed 

ombrotrophic peatlands (Lindsay, 2010). Estimates of POC and DIC fluxes were 

generated for Cors Fochno using values reported by Heinemeyer et al. (2019) and 

Dawson et al. (2002).  

 

Annual net carbon accumulation rates were estimated by calculating the molar mass of 

carbon for each modelled annual flux, and adding these estimates together. Estimates 

for each flux were multiplied by 6 to account for the 6-hourly timeseries data used to 

model each gaseous flux. Net annual carbon fluxes are reported as g C m-2 y-1.  

 

To assess whether proportional changes between CO2 and CH4 emissions affected the 

greenhouse gas sink function of the site, CH4 was converted to its CO2 equivalent for 100 
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years by multiplying the total annual modelled CH4 flux estimates by 28 (Ishikura et al., 

2018), accounting for the higher infra-red absorptivity of CH4 relative to CO2. CH4 ς CO2 

equivalent values were combined with NEE as a measure of the total gaseous CO2-

equivalent emissions from the site. 

 

Differences were tested for between measured carbon fluxes, total gaseous CO2-

equivalent greenhouse gas emissions and annual carbon budgets using generalised 

mixed effects linear models (D[aaǎύΦ ¢ƘŜǎŜ ǘŜǎǘǎ ǿŜǊŜ ǇŜǊŦƻǊƳŜŘ ǳǎƛƴƎ ǘƘŜ Ψ[ƳŜпΩ 

ǇŀŎƪŀƎŜ ƛƴ ǘƘŜ ǎǘŀǘƛǎǘƛŎŀƭ ǇǊƻƎǊŀƳ ΨwΩ (Bates et al., 2015; R core team, 2021). When 

testing gas flux measurements, environmental variables were included as model 

covariates, which were determined using single-term deletions. For each statistical test, 

plots nested in blocks and year were included as random factors to account for the 

repeated measures used in this study. Experimental treatments were set as fixed 

factors.  

 

2.9.2. Dupont Hydrological Index  

Changes in palaeohydrological conditions through time were reconstructed for core 

BO17 using a hydrological index based upon changes in the botanical composition of 

peat throughout core BO17, using plant macrofossil analysis. Changes in bog surface 

wetness (BSW) inferred from peatland palaeoecological proxies such as plant 

macrofossils provide a qualitative measure of soil moisture, which is related mostly to 

changes in precipitation, but also weakly linked to climate (Charman et al., 

2009). Weighted values ŀǊŜ ŀǎǎƛƎƴŜŘ ǘƻ Ǉƭŀƴǘ ǘŀȄŀ ǳǎƛƴƎ 5ǳǇƻƴǘΩǎ ƘȅŘǊƻƭƻƎƛŎŀƭ ƛƴŘŜȄ 

(DHI) based upon their hydrological preferences (1= wettest and 8= driest) (Dupont, 
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1986; Mauquoy et al., 2008). Each species/taxa type were allocated a score relative to 

their hydrological preferences. Species that were not assigned DHI scores (following 

indices by Mauquoy et al., 2008, with the addition of Sphagnum denticulatum) were 

removed from the dataset and relative percentage abundances recalculated. Taxa 

scores used to calculate the DHI are provided in the supplementary materials 

(Supplementary Text 2.1) 

 

2.9.3. Analysis of changes in vegetation community composition through time 

Vegetation change through time as a result of the experimental climate manipulations 

was tested using multivariate analysis of abundance (Wang et al., 2012). Changes in 

vegetation (both by species and functional type) over time across all combinations of 

tǊŜŀǘƳŜƴǘǎ ǿŜǊŜ ǘŜǎǘŜŘ ǳǎƛƴƎ ǘƘŜ ΨƳǾŀōǳƴŘΩ ǇŀŎƪŀƎŜ ƛƴ w (Wang et al., 2012; Wang et 

al., 2020). This method fits a separate generalised linear model (GLM) to each 

species/group with a common set of explanatory variables (treatment, time, and the 

interaction between them) (Warton, 2011). This method was used because it provides 

ƎǊŜŀǘŜǊ ǎǘŀǘƛǎǘƛŎŀƭ ǇƻǿŜǊ ǘƘŀƴ ǘǊŀŘƛǘƛƻƴŀƭ ŘƛǎǘŀƴŎŜπōŀǎŜŘ ƳŜǘƘƻŘǎ ƻŦǘŜƴ ǳǎŜŘ ǘƻ 

measure treatment effects upon multivariate data, such as principal response curves 

(van den Brink et al., 2009, Warton, 2011, Warton et al., 2012), and allows for the testing 

of individual species responses, as opposed to simply measuring change at the 

community level. Data were fitted to negative binomial models, which were chosen to 

account for overdispersion. The significance of the fixed effects and their interactions 

upon vegetation were calculated using Wald tests (Bates et al., 2009), with PIT-trap 

resampling of 999 permutations, assuming an uncorrelated response between variables 

(Warton et al., нлмтύΣ ǳǎƛƴƎ ǘƘŜ ǇŀŎƪŀƎŜ ΨǇŜǊƳǳǘŜΩ ƛƴ w (Simpson et al, 2019). Samples 
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were restricted to plots within blocks, accounting for the hierarchical design of the 

experiment, and repeated measurements were accounted for by retaining the sample 

order when permuting the entire time series. When testing between sub-divisions of 

factors (e.g., control vs. combined warming and drought treatment plots) the maximum 

number of permutations possible (719) were used to calculate the p-value, and in these 

cases, there was no need to restrict sampling to blocks. Treatment effect at the 

community level is calculated as the summed deviance of all species in the treatment 

plots (Wang et al., 2012). 

 

2.9.4. Age-depth modelling 

Robust age depth models are a fundamental aspect for palaeoecological studies, 

allowing for dates to be ascribed to climate change events and correlation between 

different proxy archives (Lacourse and Gajewski, 2020). In particular, a robust age-depth 

model is essential for generating accurate carbon accumulation rates from peat cores 

(CƛŀƱƪƛŜǿƛŎȊ-YƻȊƛŜƱ et al., 2014). Two age-depth models were generated for core BO17. 

The first incorporated a mix of radiocarbon, SCP dates and a macrocharcoal 

chronohorizon ǳǎƛƴƎ ǘƘŜ ǇŀŎƪŀƎŜ ΨǊ.ŀŎƻƴΩ ƛƴ w (Blaauw et al., 2021b), This modelling 

approach uses Bayesian statistics to generate accumulation histories by combining 

radiocarbon and other dates with prior assumptions about accumulation rates and 

variability (Blaauw and Christen, 2013). This model generates maximum age 

probabilities at set intervals (1 cm in this thesis), together with maximum and minimum 

ages based upon the 95% confidence interval. Radiocarbon dates were calibrated using 

the IntCal20 Northern Hemisphere radiocarbon age calibration curve (Reimer et al., 
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2020). This model was used to date changes in plant community composition through 

time, relating changes to periods of known climate change.  

 

A second model was used to generate carbon accumulation rates for the Late Holocene 

from core BO17. Data used in the former model was complemented by the 

incorporation of additional 210Pb and tephrochronological dates. These were modelled 

ǳǎƛƴƎ ǘƘŜ ǇŀŎƪŀƎŜ ΨǊǇƭǳƳΩ ƛƴ w (Aquino-López et al., 2018; Blaauw et al., 2021a). This 

method works in a similar way to rbacon but also models 210Pb dates using supported 

and unsupported 210Pb data. This method improves on traditional techniques for 

modelling 210Pb, allowing for the integration of 210Pb dates with other dating methods 

without the need for re-modelling the 210Pb dates, and generates model uncertainties 

in more statistically robust manner than traditional methods (Appleby and Oldfield, 

1978; Aquino-López et al., 2018, 2020). 

 

2.9.5. Long term apparent rate of carbon accumulation (LORCA) 

Holocene long term apparent average rates of carbon accumulation (LORCA) were 

calculated for cores BO18-1 ς 3. Bulk density was measured at contiguous 10 cm 

resolution. Wet peat samples were weighed, and their volume was measured using 

water displacement, reported in cm3. Samples were then oven dried at 45°C for 48 hours 

and re-weighed. Bulk density was calculated by dividing the dry weight with wet volume 

(Chambers et al., 2011). On occasion, samples were less than 10 cm thick, and the 

difference in sample interval was accounted for in the calculations. %C was measured 

by analysing 55 ± 5 mg of milled material using a Vario Macro Carbon/Nitrogen Analyser, 

using birch leaf powder as an analytical standard. LORCA was calculated by dividing the 
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sum mass of accumulated carbon by the basal date for each core (Clymo et al., 1998) 

using the following equation by Korhola et al. (1995): 

 

!ҐǊˊ       (equation 5) 

Where A= dry mass accumulation , r= net rate of peat accumulation 

 ŀƴŘ ˊ Ґ ŘǊȅ ōǳƭƪ ŘŜƴǎƛǘȅ ƻŦ ǇŜŀǘ. In this study, the rate of carbon accumulation is 

reported in units of g m-2 y-1, net peat accumulation rate as mm y-1 and bulk density as 

g cm3. 

 

Net rate of peat accumulation is calculated by calculating the sum total mass of carbon 

accumulated throughout the peat profile and dividing this with the basal peat age, 

calculated from a single radiocarbon date extracted from the base of each core. The 

LORCA for the site was calculated as the mean value between the three cores. LORCA 

was reported as g C m-2 y-1. 

 

2.9.6. Apparent rate of carbon accumulation (aCAR) 

Late Holocene apparent rates of carbon accumulation (aCAR) were calculated for core 

BO17. Bulk density was measured for each sample, and %C measured by analysing 55 ± 

5 mg of milled material with a Vario Macro Carbon/Nitrogen Analyser. Samples were 

taken at contiguous 1 cm intervals. Carbon density was calculated by multiplying dry 

bulk density (g cm3) with %C. aCAR was measured following methods by Belshe et al. 

(2019). Sedimentation rates generated from the age-depth model for core BO17 in 

rplum were used to calculate aCAR for each 1 cm interval. Peat accumulation rates were 

converted from y cm-1 to cm y-1 by converting the posterior probability density functions 
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of the accumulation times from Gamma to inverse Gamma distributions. Carbon 

accumulation rates were calculated by multiplying the accumulation rate (in cm y-1) by 

organic carbon density in units of g OC cm-3. Organic carbon density were derived by 

multiplying bulk density with carbon % content. Mean and median aCAR rates and 95% 

confidence intervals were calculated from the cumulative density function (Belshe et al., 

2019). 

 

2.9.7. Comparing long-term carbon accumulation with hydroclimatic change 

Associations between aCAR and testate amoebae-derived water table depth 

reconstructions and the DHI scores were explored to test for relationships between 

these variables, to see how hydroclimatic changes influence aCAR. To account for the 

lower sampling resolution of the testate amoebae samples (1 cm thick samples every 2 

cm), data were gap-filled by calculating the mid-value between adjacent samples. aCAR 

was also compared with broad changes in the long-term record of plant community 

composition derived from the plant macrofossil analysis. The effect of climate upon 

aCAR was tested by estimating the correlation between aCAR rates and reconstructed 

Northern Hemisphere temperature anomalies covering the past c. 1000 years, as well 

as the Central England temperature dataset (Manley, 1953; 1974; Mann et al., 1999; 

нллуΤ tŀǊƪŜǊ ŀƴŘ IƻǊǘƻƴΣ нллрύΦ ¢Ƙƛǎ ǿŀǎ ŘƻƴŜ ǳǎƛƴƎ ǘƘŜ ǇŀŎƪŀƎŜ Ψ.Lb/hwΩ ƛƴ w 

(Polanco-Martinez et al., 2018). This package allows for the correlation of two unevenly 

spaced time series, including instrumental and palaeoclimatic time series (Polanco-

Martinez et al., 2019), using binned correlation. This method resamples the irregular 

time series into a series of bins on a regular grid, and then assigns the mean values of 
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each variable being tested within those bins (Mudelsee, 2010). Correlations can be 

calculated by estimating the cross-correlation of the binned time series. 

 

These correlations may be affected by the resolution and accuracy of the testate 

amoebae-derived water table reconstructions. While testate amoebae are known to be 

sensitive to changes in water-table depth, comparisons between modern and fossil 

assemblages used to calculate these changes may be influenced by taphonomic effects 

relating to the preservation and distribution of tests throughout the peat profile. It is 

difficult to assess how the movement of testate amoebae throughout the peat profile 

may affect palaeoecological reconstructions (Mitchell et al., 2008), however living 

testate amoebae exhibit only a limited degree of infaunality (Roe et al., 2002), therefore 

the vertical movement of living testate amoebae is assumed to be small. While species 

with tests composed of secreted biosilica plates do not preserve well in the 

palaeoecological record (Swindles et al., 2020), this has a negligible impact upon water 

table reconstructions (Mitchell et al., 2008). Therefore, test taphonomy is assumed to 

have had a minimal effect upon the resultant water table depth values reported in this 

study. 

 

2.9.8. Statistical methods for the analysis of plant macrofossil data 

To identify groups of stratigraphically adjacent plant community assemblages in the 

plant macrofossil record for core BO17, constrained incremental sum of squares cluster 

analysis (CONISS; Grimm, 1987) was used. Since CONISS is unable to deal with the 

different data types generated by the plant macrofossil analysis (Relative % abundance 
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and count data) (Birks, 2014), only the main percentage peat components were used to 

partition palaeo-vegetation into zones. 

 

2.9.9. Comparing vegetation responses to climate change 

Modern vegetation assemblages from the climate manipulation experiment for all years 

were compared with the long-term palaeoecological record of vegetation change using 

a novel application of the modern analogue technique (Simpson, 2007). The modern 

analogue technique is normally used to identify close modern analogues (CMAs) for 

fossil datasets as part of transfer function assessment for palaeoecological 

reconstructions (Overpeck et al., 1985; Simpson et al., 2007). This method assigns 

dissimilarity scores to comparisons of every experimental survey and macrofossil 

sample, using methods described by Bray and Curtis (1957). A number between 0 and 1 

was assigned for each pair of samples based on the statistical (dis)similarity between 

communities, with 0 indicating samples that are completely identical, while a coefficient 

of 1 indicates samples that are completely unalike. A Monte-Carlo simulation with 

10,000 permutations was employed as described by Simpson (2007) to define a critical 

value for dissimilarity to categorise CMAs at the 95% confidence interval. This method 

draws two sets of data at random and compares them, recording the (dis)similarity 

between the two samples. This process generates a randomisation distribution of 

(dis)similarity values expected by random sample comparison, allowing for a threshold 

of similarity that is unlikely to have occurred by chance to be calculated. This method is 

utilised to quantify how well the vegetation within the experimental plots resembles the 

fossil communities, as well as the frequency with which the palaeo-vegetation 
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communities throughout the core were close modern analogues for the vegetation 

within the experimental plots.  

 

This method assumes that the relative abundance of plant functional types estimated 

by plant macrofossil analysis are comparable to the relative abundances of species 

measured using the pin-touch method in the experimental plots. This may not be the 

case due to methodological differences between the modern and palaeoecological 

methods employed in this study. For the pin-touch method, certain taxa that possess 

wider, taller, spreading leaves or dense growth patterns may appear to be more 

abundant, due to increased detection by this method (Heslehurst, 1971). Sphagnum and 

other surface cover vegetation may be underrepresented since they are only measured 

once per quadrat. For plant macrofossil analysis, the representation of certain taxa in 

the palaeoecological record will be biased, owing to differences in preservation. Robust 

plant remains (e.g., Sphagnum leaves and ericaceous roots) are preserved more 

commonly over more fragile remains (e.g., ericaceous woody remains and flowers) 

(Mauquoy and Yeloff, 2008). These differences make it difficult for quantitative 

comparisons to be made between palaeoecological and modern vegetation 

communities. 

 

The total number of CMAs between the experimental and the palaeo-vegetation 

communities were used as a measure of how well the vegetation in the experimental 

plots resembled the vegetation within the core. Vegetation from the experimental 

surveys that have no analogy in the palaeoecological record were removed from the 

data set, in order to account for the preferential decay and absence of certain plant 
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remains in plant macrofossil assemblages. The remaining counts were summed into 

taxonomic groups of Sphagnum (sub-genera), and into physiognomic functional groups: 

shrubs, sedges, and liverworts similar to those used by Ward et al. (2013). The relative 

abundance of each group was calculated. The data were square root transformed prior 

to analysis to reduce possible differences between the palaeoecological and 

experimental methods for determining plant community composition. 

 

This was done to make the differing datasets more comparable, however this is at the 

expense of the loss of a great deal of information regarding differences in species-

specific characteristics and behaviours (Verheijen et al., 2015). Furthermore, this 

decision may heavily bias the results, with CMAs more likely to be detected while the 

species present may have been substantially different to what exist within the site 

presently. 

 

2.9.10. Comparing long-term carbon accumulation with net ecosystem carbon budgets 

Modelled carbon emissions were partitioned into each of their components (CO2, CH4, 

DOC) and compared to the aCAR record for core BO17. Differences in aCAR were initially 

compared with GPP, and each carbon flux was aggregated to GPP in turn, to see how 

the aggregation of different fluxes improves or compromises comparison and 

interpretation of contemporary carbon budgets with aCAR rates throughout the past 

millennium. This assumes that multi-year estimates of net ecosystem carbon balances 

are comparable with carbon accumulation rates derived from cores. In reality, these 

records are unlikely to perfectly converge. Carbon accumulation rates derived from peat 

cores are frequently smaller than contemporary carbon budgets from the same site 
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(Byrne et al., 2004; Ratcliffe et al., 2018). Apparent rates of carbon accumulation derived 

from peat cores represent full-year accumulation rates averaged over a much longer 

period of time than net ecosystem carbon budgets, which are typically estimated for 

individual years and may differ greatly depending upon annual climatic variability (Byrne 

et al., 2004). However, theoretically, when net ecosystem carbon measurements are 

averaged over time periods equal to the chronological resolution seen in 

palaeoecological studies (> 10 years), these estimates may converge (Ratcliffe et al., 

2018).  

 

2.9.11. Comparing the sensitivity and effectiveness of palaeoecological decomposition 

proxies 

To determine whether vegetation communities influence decomposition, vegetation 

survey data measured during 2019 (the year of the litter bag decomposition experiment) 

were expressed as species percentage relative abundance and vegetation-groups were 

determƛƴŜŘ ǳǎƛƴƎ ƘƛŜǊŀǊŎƘƛŎŀƭ ŎƭǳǎǘŜǊƛƴƎΦ ²ŀǊŘΩǎ ƳƛƴƛƳǳƳ ǾŀǊƛŀƴŎŜ ƳŜǘƘƻŘ ǿŀǎ ǳǎŜŘ 

to identify clustering structures, and the number of clusters determined using the 

ŀǾŜǊŀƎŜ ǎƛƭƘƻǳŜǘǘŜ ŀǇǇǊƻŀŎƘΦ !ƭƭ ŀƴŀƭȅǎŜǎ ǿŜǊŜ ǇŜǊŦƻǊƳŜŘ ǳǎƛƴƎ ǘƘŜ ǇŀŎƪŀƎŜ ΨŎƭǳǎǘŜǊΩ ƛƴ 

R (Maechler et al., 2013). 

 

The sensitivity of each proxy to the decomposition measured by the TBI was tested using 

redundancy analysis. This technique is an extension of multiple linear regression, that 

allows regression of multiple response variables on multiple explanatory variables, 

aiming to maximise the amount of variance explained by the linear combination of 

explanatory variables (Isreals, 1984). Both explanatory (TBI parameters k and S) and 
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response variables (% light transmission, C/N ratios, LOI) were standardised and square 

root transformed, owing to the dimensionally heterogenous and non-linear 

relationships exhibited by the variables. The magnitude and direction of change in the 

palaeoecological proxies were compared with the changes seen in each proxy 

throughout the Late Holocene record of Cors Fochno, to determine whether the 

magnitude and direction of changes reflect changes seen in the experimental plots. 

 

2.10. Synopsis 

 This section describes the methodology employed to integrate short-term peatland 

manipulation experiments with long-term high resolution palaeoecological 

investigations. It shows how the experimental and palaeoenvironmental objectives of 

the thesis will be met, and what methods were used to facilitate comparison between 

the results of both approaches. By directly comparing the results of both approaches for 

the same site, this study aims to make substantive progress towards developing an 

understanding of how peatlands will respond to future climate changes, and whether 

positive or negative climate feedbacks will dominate in a warming world.  
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3.1. Abstract 

We test whether vegetation community composition from a 10-year climate 

manipulation experiment on a Welsh peat bog resembles vegetation communities 

during periods of climate change inferred from a peat core. Experimentally warmed and 

combined warmed and droughted treatments drove significant increases in ericaceous 

shrubs but Sphagnum was unaffected. Similarly, Calluna vulgaris seeds increase during 

inferred warmer periods in the palaeoecological record. Experimental short-term 

episodic drought (four 4-week drought treatments) did not affect vegetation. Plant 

community composition has undergone several abrupt changes throughout the past c. 

1500 years, often in response to human disturbance. Only slight changes occurred 

during the Medieval Climate Anomaly (c. 950ς1250 Common Era [CE]) in vegetation and 

hydrology, while abrupt changes occurred during the Little Ice Age (c. 1300ς1850 CE) 

when water tables were highest, suggesting that these shifts were driven by changes in 

water table, modulated by climate. A period of water table drawdown c. 1800, 

synchronous with historical records of increased drainage, corresponds with the 

development of the present-day vegetation community. Modern analogues for fossil 

material, characterized by abundant Rhynchospora alba and Sphagnum pulchrum, are 

more common after this event. Vegetation changes due to climate inferred from the 

palaeo record differ from those observed in the experiments, possibly relating to 

differences in the importance of drivers of vegetation change over varying timescales. 

Whereas temperature is frequently identified as the dominant driver of plant 

community change in experiments, sustained changes in water table appear to be more 

important in the long-term record. We find evidence that recent climate change and 

other anthropogenic stressors (e.g., drainage, heavy metal, and nitrogen pollution) may 
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promote the development of novel plant communities without analogues in the fossil 

record. These communities may be poorer at sequestering carbon and may respond 

differently to future climate change. 

 

3.2. Introduction 

Peatlands accumulate vegetative material over thousands of years, which preserves as 

peat under anaerobic and cool conditions beneath the water table (Yavitt et al., 1997). 

As peat grows, carbon is retained, and can be stored indefinitely (Belyea, 2009; Davidson 

and Janssens, 2006). Peatlands contain approximately 30% of all terrestrial soil carbon, 

estimated at c. 500 ± 100 billion tonnes (GT) (Gorham, 1991; Yu, 2012; Yu et al., 2010) 

despite only occupying c. 3% of global land area (Waddington et al., 2015). Peatlands 

emit atmospheric carbon via gaseous exchange of carbon dioxide (CO2) and methane 

(CH4) while also losing carbon via hydrological pathways in dissolved and particulate 

forms (Blodau, 2002; Freeman et al., 2004). This constant carbon cycling produces both 

positive and negative climate feedbacks (Bridgham et al., 1995; Gorham, 1995; Moore 

et al., 1998). Overall, pristine peatlands are considered net carbon sinks, cooling global 

climate (Frolking and Roulet, 2007). 

 

Anthropogenic climate change is projected to alter global temperatures and weather 

patterns, with the most pronounced changes in temperature and precipitation rates 

predicted for the Northern Hemisphere (IPCC, 2021). Temperature, water table depth 

(WTD) and atmospheric CO2 concentrations are important climatic variables that govern 

peatland resilience and functioning (Turetsky et al., 2012). Increased temperatures and 

lower water tables may promote vascular plant growth at the expense 
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of Sphagnum mosses (e.g., Dieleman et al., 2015; Metcalfe et al., 2011; Trinder et 

al., 2008). Sphagnum is important for maintaining ecosystem functioning and resilience 

to climatic or anthropogenic perturbations in many northern peatlands (Bragazza et 

al., 2013; Kuiper et al., 2014). By modifying the hydrology and biochemistry of the 

soil, Sphagnum creates waterlogged and acidic substrates that decay slowly (van 

Breemen, 1995). If Sphagnum cover is reduced in favour of vascular plants, 

decomposition may be accelerated, as the supply of readily decomposed (labile) 

exudates from vascular plant roots increases, coinciding with fewer inhibitory 

polyphenol compounds released by Sphagnum (Bragazza et al., 2013; Fenner and 

Freeman, 2011). This may significantly impact peatland ecosystem functioning, 

decreasing its carbon sink capacity (Dieleman et al., 2015). Other indirect climate change 

impacts, such as drought and wildfire, may also weaken or reverse peatland carbon sink 

functioning (Blodau, 2002; Grillakis, 2019; Norby et al., 2019; Rouse et al., 1997). By 

understanding how changes in climate and hydrology will affect peatland plant 

communities, we can better anticipate future peatland ecosystem responses to 

anthropogenic climate change. A complete understanding of these responses and their 

associated feedbacks may lead to future improvements in global climate models 

(Frolking et al., 2009). 

 

We compare changes in plant community composition following 10 years of climate 

manipulation (warming and episodic drought) on Cors Fochno, an ombrotrophic 

peatland in Wales, with the long-term palaeo-vegetation history of the bog. We 

generate a high-resolution testate amoebae-derived hydroclimatic reconstruction for 

the past c. 1500 years from a peat core, relating hydrological shifts with changes in plant 
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community composition in the long-term record. We compare vegetation community 

composition within the experimental plots and test the hypothesis that vegetation 

community composition within the experimentally warmed and droughted plots 

resembles that of dry/warm periods over the past one and a half millennia. 

 

Climate manipulation studies simulate climatic and hydrological changes in peatlands 

(e.g., Dieleman et al., 2015; Ward et al., 2013), allowing examination of ecosystem 

responses to a range of environmental stressors. However, such experiments are 

frequently short-lived, rarely exceeding five growing seasons and therefore become 

increasingly imprecise for predicting how peatlands will respond to climate change over 

longer timescales. Nevertheless, peatlands also record a sensitive archive of 

environmental and climatic change over long-term (decadal to millennial) timescales 

(Barber, 1993; Chambers and Charman, 2004). Changes in environmental conditions 

may be inferred from biological or physical proxies that record changes in precipitation, 

reinforced by temperature (Charman et al., 2004, 2009) and may be compared with 

changes in vegetation (e.g., Chambers et al., 1999; De Vleeschouwer et al., 2009; Turner 

et al., 2014). Such studies can be limited by the difficulty of discerning climatic effects 

from anthropogenic impacts in some instances, dating uncertainties and differential 

preservation of biological proxies (Kuhry and Turunen, 2006; Mauquoy and Yeloff, 2008; 

Swindles et al., 2020). 

 

Studies incorporating both climate manipulation studies and centennial or millennial-

scale proxy records are rare (Lamentowicz et al., 2016). However, the methods are 

complementary and can be applied together to improve the understanding of peatland 
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vegetation responses to climate change (Lamentowicz et al., 2016; Rull, 2010; Seddon 

et al., 2014). Interpretation of the results of long-term in situ climate manipulation 

experiments may also be improved by considering the present state of an ecosystem in 

the context of its long-term history (Lamentowicz et al., 2016; Willis et al., 2010). 

Lamentowicz et al. (2016) considered the long-term palaeo-vegetation history for two 

experimental sites at Linje mire, northern Poland and Mukhrino in western Siberia, and 

found that the vegetation cover in both sites had changed during the past c. 200 years: 

due to human activities (drainage) on Linje mire and following changes in climate and 

bog microforms on the relatively pristine Mukhrino. They argue changes in vegetation 

following anthropogenic disturbances and climate changes have modified ecosystem 

functioning in peatlands. 

 

For the palaeo-vegetation reconstruction at Cors Fochno, we focus on the past c. 

1000 years, as temperature variation during this period (c. 0.2°C, Mann et al., 2009) 

likely resembled the simulated temperature differences imparted by the experiment 

(Bradley and Jonest, 1993; Mann et al., 2009). Climatic variability during the past 

millennium for the Northern Hemisphere included relatively warm conditions from the 

mid-9th to the mid-13th century Common Era (CE), followed by cooler conditions from 

the 14th to the mid-19th century CE (Mann et al., 1999). These events are loosely 

termed the Medieval Climate Anomaly (MCA) and Little Ice Age (LIA) respectively 

(Lamb, 1965; Mann et al., 2002). The timing and magnitude of both events vary widely 

across regions, and neither were periods of ubiquitous warming or cooling 

(Broecker, 2001; Mann et al., 2002; Matthews and Briffa, 2005; Neukom et al., 2019). 

The MCA was a period of generally warmer conditions over much of the Northern 
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Hemisphere, characterized by a predominantly positive North Atlantic Oscillation 

(Trouet et al., 2009). The LIA was characterized by pronounced cooling over the 

Northern Hemisphere and a predominantly negative North Atlantic Oscillation 

(Lamb, 1965; Mann et al., 2009; Matthes, 1939). Marine palaeoclimate reconstructions 

show that North Atlantic Sea surface temperatures were warmer during the MCA and 

fell during the LIA (Cunningham et al., 2013), corresponding with palaeoclimate data 

showing that conditions were generally drier throughout much of Britain during the 

MCA and wetter or more variable throughout the LIA (Charman and Hendon, 2000; 

Lamb, 1965; Proctor et al., 2000). 

 

Previous studies have made great strides towards understanding peatland vegetation 

responses to climate change (e.g., Buttler et al., 2015; Malhotra et al., 2020; Weltzin et 

al., 2003); however, to our knowledge, no previous study has attempted to combine in 

situ temperature and water table manipulation with palaeoecological approaches to 

test how well the changes in these experimental studies replicate past changes. 

Comparing plant community composition changes in the experimental and 

palaeoecological record over the past c. 1000 years provides insights on how well 

climate manipulation experiments reflect actual long-term ecological changes and if 

changes in past vegetation community composition can serve as useful analogies for 

future responses to anthropogenic climate change. 
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3.3. Study site, methods, and materials 

3.3.1. Study site 

Cors Fochno is a Sphagnum-dominated raised (ombrotrophic) bog near the Ceredigion 

coast, Wales, east of the town of Borth ([ŀǘΥ рнΦрлΣ [ƻƴƎΥ ҍпΦлмύ (Figure 3.1). It is the 

largest expanse of primary surface lowland raised bog in Wales, with a central active 

zone comprising c. 2 km2 of primary surface peat, surrounded by c. 4 km2 of degraded 

peatland (Poucher, 2009). The vegetation on the central dome is consistent with the UK 

National Vegetation Classification M18: Erica tetralixςSphagnum papillosum raised and 

blanket mire-type vegetation communities, dominated by Sphagnum pulchrum lawns 

(Rodwell, 1991). Cors Fochno overlays tidal mud flats, and the underlying geology is of 

Silurian Aberystwyth grits group (Howells, 2007). Peat initiation began at the site around 

c. 6000 BCE (Wilks, 1979). The peat attains a maximum depth above 7 m in the central 

raised dome, which sits c. 1 m above sea level (CCW, 2011; Hughes and Schulz, 2001; 

Wilks, 1979). Based upon local measurements, annual precipitation rate (1981ς2019), 

average air temperature (2010ς2019) and average wind speed were 1236 mm yearҍм, 

11.1°C and 3.1 m sҍм respectively (unpublished data). 

 

The site has experienced low-level disturbance from human activities such as 

agriculture, peat cutting and mining activities throughout much of its history, which 

intensified at the end of the 18th century (Mighall et al., 2017; Page et al., 2012; 

Poucher, 2009). Population increases at this time drove demand for increased 

agriculture and fuel, resulting in the excavation of extensive drainage channels after 

1815 and the conversion of large areas of the bog to farmland (Poucher, 2009). Annual 

burning of peripheral areas of the site began in the early 19th century and continued at 
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a near annual basis until 1986 (CCW, 2011). Drainage and peat cutting continued until 

the 1970s, at which time restoration work began, restoring former water levels and re-

establishing peat bog conditions in degraded areas (Poucher, 2009). 

 

Figure 3.1. Satellite image of Cors Fochno, Ceredigion, West Wales. The red dot denotes 
the location of the experimental plots and core. The inset map shows the location of 
Cors Fochno within Wales (blue dot). Satellite image sourced from Bing maps 
 
 
3.3.2. Experimental set-up 

The Cors Fochno experiment is a long-term (10-year), fully factorial in situ climate 

manipulation experiment consisting of hydrologically isolated plots of Sphagnum lawn 

(Figure 3.2). The intention of the experiment is to determine the effects of climate 

warming and drought upon ecosystem functions in northern ombrotrophic peatlands. 
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This project uses open top chambers (OTCs) to simulate climate warming (Figure 3.2); 

these are commonly used to moderately elevate air and soil temperatures in field 

experiments (Aronson and McNulty, 2009). OTCs were constructed from 2.5-mm thick 

Perspex sheets, joined at the corners by cable ties, following designs used by the 

International Tundra Experiment (Arft et al., 1999; Marion, Bockheim, et al., 1997; 

Marion, Henry, et al., 1997; Shaver et al., 2000). OTCs passively warm the air within the 

chamber like a greenhouse, with studies typically reporting a 0.35ς1.0°C air temperature 

increase (Walker et al., 2016; Ward et al., 2013). 

 

Table 3.1. Experimental treatments in the Cors Fochno climate manipulation 
experiment. The two experimental levels are denoted by shading of the table rows. The 
presence of open top chambers (OTCs) and groundwater pumping treatments (Pumped) 
are denoted by an X. CombƛƴŜŘ ǿŀǊƳƛƴƎ ŀƴŘ ŘǊƻǳƎƘǘ Ǉƭƻǘǎ ŀǊŜ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ΨŎƻƳōƛƴŜŘΩ 
 

 
 
 
 
 
 

 

 

Drought in this study refers to reduced precipitation resulting in lowered groundwater 

levels (van Loon, 2015). Drought simulation was achieved by automated groundwater 

pumping from within the plots. In the corner of each drought plot, we inserted a 1-m-

long, 11-cm-diameter perforated tube vertically into the peat and removed the peat 

inside. During drought simulation, plots were drained by macerator-style pumps 

attached to inlets (fitted with one-way valves to prevent water backflow) for each tube. 

Plastic piling, 1.5 m long, hydrologically separates the plots from the surrounding peat, 

Treatment OTC Pumping Number of plots Plot ID 

OTC x 
 

6 1, 3, 5, 8, 10, 12 

Pumped 
 

X 6 1, 4, 6, 8, 9, 12 

Control 
  

3 2, 7, 11 

Warmed x 
 

3 3, 5, 10 

Drought 
 

X 3 4, 6, 9 

Combined x X 3 1, 8, 12 
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preventing lateral flow into the drought plots. Shorter, 0.5 m piling drilled with holes 

were inserted into warmed and control plots to replicate this disturbance while still 

allowing for lateral water exchange to take place. Drought simulation was repeated 

during 2010, 2011, 2014 and 2019, each time lasting four weeks between August and 

September. This study tests the effects of increased drought incidence upon vegetation 

over 10 years, rather than the effects of long-term, sustained water table drawdown. 

 

 

Figure 3.2. Cors Fochno Experiment climate manipulation plots: (a) plot with open top 
chamber; (b) control plot; (c) drought plot undergoing drought manipulation; and (d) 
schematic of plot design (Kay, 2019) 
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Each plot was equipped with HOBO Onset U10 Temperature loggers (Onset Computer 

Corporation) measuring air and soil (10 cm depth) temperature. These were later 

replaced with HOBO U23 Pro v2 temperature sensors in 2018. TruTrack WT-HR 2000 

water-height data loggers (Trutrack) record water table height. Logger values were 

converted to WTD by calibration against regular manual WTD measurements. Data gaps 

were filled by linear interpolation with temperatures and WTD records from 

neighbouring plots, as well as from an adjacent dip-well and weather station operated 

by Natural Resources Wales. 

 

3.3.3. Vegetation survey within experimental plots 

Three fixed 25 × 25 cm quadrats, each enclosing a 5 × 5 grid, were used to quantify the 

plant community composition and abundance in each plot. The quadrats were surveyed 

annually using the pin-quadrat method (Levy and Madden, 1933; Rochefort et al., 2013). 

A pin was pushed through the top-right corner of the 25 grid squares. Total touches for 

each species of vascular plant were tallied for each plot. Sphagnum (recorded to 

species), liverworts and bare peat were recorded on a presence/absence basis for each 

segment. 

 

3.3.4. Core collection and storage 

We extracted a 1.5-m-long core (BO17) from the bog in November 2017 using a 5-cm 

diameter Russian corer, with 5 cm of overlap between core sections (Jowsey, 1966). The 

coring location was proximal to the experimental site and was characterized by a S. 

pulchrum lawn. The uppermost 50 cm was extracted using a monolith tin to ensure 
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sufficient additional material for later analysis. Extracted cores were stored in guttering, 

wrapped in cling film, and refrigerated at 4°C. 

 

3.3.5. Chronology 

Sphagnum or other above-ground plant remains were hand-picked from 1 cm thick 

subsamples in the core for Accelerator Mass Spectrometry 14C dating. Rootlets were 

removed to avoid contamination by younger carbon (Kilian et al., 1995). When 

insufficient identifiable plant remains were present, we analysed bulk peat. In those 

cases, a 1 cm thick, 1 cm3 section of peat was washed through a 250 µm sieve and the 

fine particulate fraction (<250 µm) retained for analysis, following Piotrowska et al. 

(2011). Samples were alkali-acid washed before oven drying at <45°C. 

 

Recently accumulated peat was dated using spheroidal carbonaceous particles (SCPs). 

SCPs are a component of black carbon that are only formed through fossil fuel 

combustion at high temperatures. SCP samples were prepared following procedures 

outlined by Swindles (2010). Changes in SCP concentrations throughout the soil profile 

are related to known ages of historical fuel combustion and can be compared with 

known fallout rates from other dated sedimentary sequences (Rose and Appleby, 2005; 

Swindles, 2010). SCP dating is a relatively rapid and low-cost alternative to radiometric 

methods for dating recently accumulated peat. SCPs are less mobile in peat than some 

radiometric isotopes such as 137Cs; however, some chronological accuracy may be lost 

compared to the absolute, continuous dating possible with 210Pb (Turetsky et al., 2004). 

Contiguous 1 cm3 samples of peat were subsampled from the top 30 cm of the core at 

1 cm resolution. SCPs were identified following criteria described by Rose (2008) using 
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a high-powered microscope at 400× magnification. SCP concentration is reported as the 

number of particles per gram of dry mass (g DMҍм). 

 

An additional chronostratigraphic marker is provided by a well-documented wildfire 

affecting the coring site during 1986 (Fowles et al., 2004). Such an event would provide 

a clear subsurface chrono-horizon of macrocharcoal consisting of the remains of 

identifiable peatland species. Macrocharcoal was sampled and analysed following the 

procedures by Rhodes (1998) and Schlachter and Horn (2010). Contiguous 

1 cm3 subsamples were taken at 1 cm resolution. Each sample was submerged in 6% 

H2O2 overnight before wet sieving through a 125 µm sieve, retaining the larger fraction. 

Charred fragments were counted under a stereomicroscope at low magnification (10 ς 

100x) using a Bogorov tray. 

 

Age-ŘŜǇǘƘ ƳƻŘŜƭǎ ǿŜǊŜ ƎŜƴŜǊŀǘŜŘ ǳǎƛƴƎ ǘƘŜ ǇŀŎƪŀƎŜ ΨǊ.ŀŎƻƴΩ ό.ƭŀŀǳǿ et al., 2021a), 

incorporating all SCPs, macrocharcoal and 14C dates. This Bayesian model generates a 

maximum age probability at set (1 cm in this study) intervals together with maximum 

and minimum ages, based upon the 95% confidence interval. Dates within this study are 

reported as the median age probability prefixed circa (c.), and the max-min age range is 

given as cal CE. Year notations are reported as CE dates, following the Gregorian 

calendar. 

 

3.3.6. Palaeo-vegetation 

We used plant macrofossil analysis to determine palaeo-vegetation community change 

through the core. Peats of 4 cm3 were sampled at contiguous 1 cm intervals. These were 
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submerged in 10 % potassium hydroxide solution for 24 h prior to rinsing through a 125 

µm sieve. 

 

Primary peat components were assessed using a low-power stereomicroscope at 11.2× 

magnification following an adapted version of the quadrat and leaf count method 

(Barber et al., 1994) by Mauquoy et al. (2010). Components (e.g., 

total Sphagnum, Rhynchospora alba stem) were expressed as percentages of total peat 

components. Plant macrofossils were identified with reference to Grosse-Brauckmann 

and Streitz (1972), Smith (2004), Souto et al. (2016, 2017), Daniels and Eddy (1990) and 

Mauquoy et al. (2010). Plant remains were identified to species level where possible. In 

situations where material was insufficiently preserved to facilitate species-level 

ƛŘŜƴǘƛŦƛŎŀǘƛƻƴΣ Ǉƭŀƴǘ ǘȅǇŜǎ ǿŜǊŜ ǊŜŎƻǊŘŜŘ ŀǎ ΨǳƴŘƛŦŦŜǊŜƴǘƛŀǘŜŘΩΩΦ 

 

Each sample was washed through a 1-mm test sieve, with both fractions retained. A 

Bogorov tray was used to count seeds within the <1 mm fraction, whereas material 

>1 mm was counted by creating a single layer of material in a Petri dish underlain with 

numbered squares. Seeds and other objects (e.g., Myrica gale bud scales) were 

identified and counted for each square within the Petri dish. Seed identification was 

achieved by referring to Cappers et al. (2006) and Souto et al. (2016). Seeds were 

counted under a low-power stereomicroscope at 10 ς 200× magnification and are 

presented as total counts. 

 

Sphagnum percentage counts were estimated by selecting >100 leaves from each 

sample for identification to species level. Sphagnum leaves were identified under a high-
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powered stereomicroscope at 100 ς 200× magnification, with reference to Mauquoy 

and van Geel (2007) and Laine et al. (2011) alongside reference material collected from 

the site. Leaf counts are expressed as percentages of the total 

identifiable Sphagnum. Sphagnum nomenclature follows Daniels and Eddy (1990), 

bryophytes follow Smith (2004) and vascular plants follow Stace (2010). 

 

3.3.7. Testate amoebae 

Testate amoebae are unicellular soil organisms, useful as proxies for hydrological change 

in peatlands (Langdon et al., 2012). Testate community composition changes in 

response to WTD, with species distributions reflecting their ecological optima 

(Booth, 2008; Mitchell et al., 2008). Their shells (tests) often allow identification to 

species level and are frequently preserved in peat (Mitchell et al., 2008). Quantitative 

reconstruction of WTD based on fossil assemblages is possible following the 

development of numerical transfer function methods using present-day speciesς

environment relationships (Charman et al., 2007; Payne and Mitchell, 2007). 

 

We used the weighted averaging transfer function model of Amesbury et al. (2016) 

based on a training set of 1302 samples spanning 35° of latitude and 55° of longitude. 

The efficacy of the model (tolerance down weighted with inverse de-shrinking) has been 

rigorously tested by both statistical validation and comparison with independent test 

sets with associated instrumental data by Swindles et al. (2015). 
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Samples of 2 cm3 (1 cm thick) were subsampled at 2 cm intervals. Tests were extracted 

following an adaptation of protocols by Hendon and Charman (1997). Each sample was 

submerged in water with a lycopodium tablet (Batch: 3862) then washed through a 355-

µm test sieve, retaining the smaller fraction. These were then centrifuged at 30 Hz for 

10 min before mounting in glycerol. Tests were counted at 250× magnification using a 

high-powered stereomicroscope, with minimum counts of 100 individuals achieved 

following Payne and Mitchell (2009). Testate amoebae are identified with reference to 

Charman et al. (2000), Clarke (2003), Mazei and Tsyganov (2006) and Siemensma (2019). 

 

3.3.8. Statistical analyses 

!ƭƭ ŀƴŀƭȅǎŜǎ ǿŜǊŜ ŎŀǊǊƛŜŘ ƻǳǘ ǳǎƛƴƎ ǘƘŜ ǎǘŀǘƛǎǘƛŎŀƭ ǇŀŎƪŀƎŜ ΨwΩ (R core team, 2021). 

Further details (fixed effects, accounting for hierarchical and repeated measure design 

of the experiment). Statistical differences in temperature and water table between 

ǘǊŜŀǘƳŜƴǘǎ ǿŜǊŜ ǘŜǎǘŜŘ ŦƻǊ ǳǎƛƴƎ ƳƛȄŜŘ ŜŦŦŜŎǘǎ ƭƛƴŜŀǊ ƳƻŘŜƭǎ ǳǎƛƴƎ ǘƘŜ ΨƭƳŜпΩ ǇŀŎƪŀƎŜ 

in R (Bates et al., 2015), and significant differences tested for using likelihood ratio tests 

(LRT). These tests assesses the goodness of fit of two statistical models, one with and 

another without the fixed effect of treatment against time, based on the ratio of their 

likelihoods. The environmental variable of interest was the dependent variable, and the 

experimental treatments were fixed factors. Plots, nested in block, and measurement 

time were included in the model as random factors. 

 

Changes in vegetation (by species and physiognomic functional type) over time across 

all combinations of treatments were tested by generalized linear models (GLMs) using 

ǘƘŜ ΨƳǾŀōǳƴŘΩ ǇŀŎƪŀƎŜ (Wang et al., 2012, 2020). GLMs are an extension of linear 
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regression, relating linear models to their response variable via link functions. More 

information regarding the statistical methods used here is included in the 

supplementary information (Supplementary Text 1.1). Functional type data were 

compared by removing vegetation from the modern data with no analogy in the 

palaeoecological record, due to differential preservation of vegetation types in plant 

macrofossil assemblages (Mauquoy and Yeloff, 2008), although this is likely to bias the 

results, potentially causing CMAs to be detected where the vegetation were quite 

different at the species level.. Furthermore, by reducing plant species data to static plant 

functional types, a large amount of detail related to species-specific properties and 

behaviours may be lost (Verheijen et al., 2015). 

 

Stratigraphically constrained incremental sum of squares cluster analysis (CONISS; 

Grimm, 1987) was used to identify the groups of stratigraphically adjacent plant 

community assemblages, indicating changes have occurred between identified clusters 

throughout core BO17. Since CONISS is unable to deal with the different data types 

(relative % abundance and counts) in the plant macrofossil data (Birks, 2014), only the 

percentage peat component data were used to partition palaeo-vegetation zones. 

 

To compare palaeoecological plant community composition with modern experimental 

ǾŜƎŜǘŀǘƛƻƴ ŎƻƳƳǳƴƛǘƛŜǎΣ ǿŜ ǳǎŜŘ ŀƴŀƭƻƎǳŜ ƳŀǘŎƘƛƴƎ ǳǎƛƴƎ ǘƘŜ ΨŀƴŀƭƻƎǳŜΩ ǇŀŎƪŀƎŜ 

(Simpson, 2007). This is a technique used to identify close modern analogues (CMAs) for 

fossil data sets (Overpeck et al., 1985; Simpson, 2007). Similarity coefficients were 

calculated between experimental and fossil communities using methods described by 

Bray and Curtis (1957). A number between 0 and 1 is assigned for each pair of samples 
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based on the statistical (dis)similarity between communities, with 0 indicating that 

samples are identical, while a coefficient of 1 indicates samples are completely unalike. 

A Monte-Carlo simulation with 10,000 permutations was employed as described by 

Simpson (2007) to define a critical value for dissimilarity to categorize CMAs at the 95% 

confidence interval. Data were square root transformed prior to analysis to reduce 

possible differences between the two methods.  

 

3.4. Results 

3.4.1. Air temperature 

To determine if the experimental treatments affected soil and air temperature or WTD, 

we analysed temperature data from 2019 as a representative year and WTD 

measurements from the 2019 drought manipulation experiment. OTCs have a significant 

warming effect on air temperature (LRT: ̝ 2(1) = 11.64, p = <.001), increasing it by an 

average of 0.47°C throughout 2019 (Figure 3.3a). Temperature differences were 

greatest during summer months, differing by as much as c. 7.4°C, with mean 

temperature differences greatest between 12 PM and 6 PM (Figure 3.3aςc). During 

winter months, mean temperatures are often slightly cooler within the OTCs than in 

controls (Figure 3.3c), with a maximum cooling of 3.4°C. This is likely due to sheltering 

by the OTCs, restricting heat transport by wind passing over the vegetation canopy 

(Samson et al., 2018). 

 

3.4.2. Soil temperature 

The OTCs significantly increased soil temperature (10 cm depth) by an average of 0.45°C 

(95% CI: 0.09 ς 0.80°C) throughout 2019 (Figure 3.3b). Soil warming in plots with OTCs 
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was slightly higher during the winter months, indicative of a lag between air and soil 

temperatures (Figure 3.3b ς d). 

 

3.4.3. Water table depth 

Significant differences occurred in WTD due to pumping during the 2019 water table 

drawdown experiment (LRT: ̝ 2(1) = 1835.3, p = <.001) (Figure 3.4). Pumping reduced 

WTDs by an average of 16.1 cm (95% CI: 13.7 ς 18.4 cm) during the pumping period, 

comparable to the average WTDs within the plots during a drought that affected much 

of Europe between June and August 2018 (16.4 cm). 
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Figure 3.3. Temperature variations between treatments for the year 2019. 
Temperatures for plots without open top chambers (OTCs) are shown in purple; plots 
with OTCs are in yellow. (a, b) LOESS curves showing the differences in a. air and b. soil 
temperatures throughout the year. (c, d) Differences in monthly mean air (c) and soil (d) 
temperatures during different time periods for different times of year. Periods = 
midnight c. 12 AM; morning c. 6 AM; midday c. 12 PM; and early evening c. 6 PM 
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Figure 3.4. Difference in water table depths (WTD) between pumped (blue) and not 
pumped (black) plots during the 2019 drought manipulation experiment. Six weeks of 
daily WTD measurements are shown, including week-long measurements post- and pre-
drought manipulation. Dashed vertical lines indicate the start (12 August) and end (6 
September) of the drought manipulation for this year 
 
 
3.4.4. Vegetation changes in the 10-year experimental study 

A total of 21 plant taxa occur within the experimental plots. The most abundant 

species, R. alba, constitutes 30.2 ± 12.6% (1 )̀ of mean vegetation coverage in the plots. 

The second most abundant species recorded was S. pulchrum, at 28.4 ± 11.1%.  

Although this number is consistent with the countryside council for Wales (CCW, 2011) 

estimate that Sphagnum represent >25% of the primary bog surface, species 

abundances may have been underestimated due to the sampling method used. As a 

ground-cover species, Sphagnum were only allocated one touch per quadrat, whereas 

the abundance of widely branching species such as Rhynchospora alba were frequently 

counted, potentially overestimating their relative cover.  

 

Other Sphagnum species were less abundant within the plots. The most common 

species after Sphagnum pulchrum was Sphagnum papillosum, with a mean coverage of 

only 4.9 ± 6.6 % of the total assemblage. Sphagnum capillifolium and Sphagnum 
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cuspidatum represented 1.4 ± 3.9 % and 1.3 ± 3.3 % respectively. Mean values for 

Sphagnum medium and Sphagnum tenellum represented <1 % of the total plant cover 

within the experimental plots. Supplementary figures 1.1 ς 1. 1.6 illustrate changes in 

functional type and species differences between various treatments. The results of the 

Wald tests between each treatment are given in Table 3.2. 

 

 
Shrub abundance significantly increased under both warmed and combined treatments 

relative to controls. However, this effect only significantly affected overall plant 

community composition in the plots with OTCs, which increased by >200 % (rising from 

4 % of total cover within the plots to 29 %) between 2010 and 2020, relative to >90 % 

(increase in cover 14 %ς26 %) in the combined treatment plots and a >7 % decrease in 

the control plots during this time. Shrub taxa were less abundant in the warmed and 

combined treatment plots at the beginning of the experiment, which is in part a 

consequence of the small number of experimental plots (three for each treatment), a 

practical limitation of this study. However, in both cases, the 95 % CIs overlapped with 

controls at the start, and in both cases the increase in shrubs was logarithmic, reaching 

a plateau in 2016, six years after the start of treatments (Figure 3.5). Drought had no 

significant effect upon vegetation abundance, indicating that the significant increase in 

shrubs in the combined treatments was due to warming alone. The presence of OTCs 

had a significant effect upon the plant community at the species level relative to 

controls. This was mostly driven by increases in Calluna vulgaris, which doubled in 

abundance between 2010 and 2020, and increased significantly in the warmed plots. C. 

vulgaris is relatively uncommon in the plots, achieving a mean relative abundance of 5.6 

% of the entire community by 2020. 
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Figure 3.5. Responses of shrubs to treatments relative to controls over the 10-year 
experiment. The y-axis abundance is total summed counts for each plot +1, plotted on 
a log-linear scale. Shading indicates the 95 % confidence interval. 
 
 
 
3.4.5. Core chronology 

The results of the radiocarbon analyses are shown in Table 3.3. Dates are in stratigraphic 

order, except for the 44 and 50 cm depths, where the median date for the overlying 

sample is older than that of the underlying sample. The age ranges for these two depths 

overlap completely, indicating that their ages are statistically indistinguishable. This is 

the same for 75 and 80 cm depths. All other ages are significantly different from each 

other. These overlaps are likely to reflect non-linearity in the IntCal20 terrestrial 

calibration curve (Figure 3.6). The calibration curve exhibits periods of decline for both 

periods for which pairs of radiocarbon dates overlap. For both of these periods, several 

centuries of radiocarbon years equate to around one century of calendar years. Blaauw 

et al. (2003) found similar overlap in radiocarbon dates from a peat core, with equivalent 

differences in depth between samples to those in this study. 
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Figure 3.6. Probability distribution functions of calibrated radiocarbon dates (grey 
shapes) from core BO17 compared with the IntCAL20 calibration curve in blue (Reimer 
et al., 2020). Figure generated using OxCal version 4.4 (Bronk-Ramsey, 1995). 
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Table 3.2. Results of the statistical tests for vegetation differences between plots. Each 
plot with OTCs (OTC in table) and each pumped plot (Pumped in table) are compared 
against the plots without OTCs and plots that are not pumped as controls. The results of 
these tests are unshaded in the table. All other comparisons are made between 
individual treatments: control, warmed, drought and combined (combined warming and 
drought), these tests are shaded in light blue. Significant results are highlighted in bold 
and delineated by an asterix. 
Control           

Functional 

Types 

 

Res.DF DF.diff Wald p. val Functional types 

OTC 

 

110 10 7.493 0.055 

Shrubs (Wald: 7.493; 

p=0.035) 

Pumped  110 10 7.828 0.359 NA 

Warmed 

 

44 10 12.892 0.001* 

Shrubs (Wald: 10.897; 

p=0.001) 

Drought  44 10 10.636 0.10 NA 

Combined 

 

44 10 9.579 0.20 

Shrubs (Wald: 7.744; 

p=0.033) 

Individual taxa  Res.DF DF.diff Wald p. val Species 

OTC  110 10 16.70 0.039* No single species 

Pumped  110 10 12.871 0.324 NA 

Warmed 

 

44 10 13.825 0.35 

Calluna vulgaris (Wald: 

7.108; p=0.013) 

Drought  44 10 13.291 0.20 NA 

Combined  44 10 13.088 0.60 NA 

Warmed            

Functional 

Types 

 

Res.DF DF.diff Wald p. val Functional types 

Drought  44 10 8.145 0.05* No single species 

Combined  44 10 6.168 0.75 NA 

Individual taxa  Res.DF DF.diff Wald p. val Species 

Drought  44 10 12.524 0.35 NA 

Combined  44 10 11.455 0.60 NA 

Drought            

Functional 

Types 

 

Res.DF DF.diff Wald p. val Functional types 

Combined  44 10 8.145 0.35 NA 

Individual taxa  Res.DF DF.diff Wald p. val Species 

Combined  44 10 11.900 0.20 NA 
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Table 3.3. Table of AMS 14C dates from BO17 core, Cors Fochno. Dates were calibrated 
using the IntCal20 calibration curve (Reimer et al., 2020) in OxCal version 4.4 (Bronk-
Ramsey, 1995) 
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29 D-AMS 
034826 

Sphagnum stems 
and leaves 

94 26 1690-1922 1837 
 

44 D-AMS 
029938 

Sphagnum stems 
and leaves 

427 26 1426-1613 1455 

50 D-AMS 
034971 

Sphagnum stems 
and leaves 

379 24 1449-1630 1498 

60 D-AMS 
034827 

Sphagnum stems 
and leaves 

724 29 1230-1381 1281 

70 D-AMS 
034972 

Sphagnum stems 
and leaves 

1129 25 775-994 933 

75 D-AMS 
029939 

Sphagnum stems 
and leaves 

1016 31 979-1153 1022 

80 D-AMS 
034828 

Sphagnum stems 
and leaves 

1052 27 897-1032 1002 

100 D-AMS 
034973 

Fine fraction of bulk 
peat 

1514 27 400-638 569 

135 D-AMS 
029940 

Racomitrium 
lanuginosum stems 
and leaves 

1729 33 247-408 334 

 

SCP concentrations in the core (Figure 3.7) were relatively low compared to other 

studies within the United Kingdom (e.g., Rose and Appleby, 2005), probably due to the 

predominantly westerly winds blowing relatively clean air from the Irish and Atlantic 

seas. The SCP profile is bimodal, with peaks at 13 and 20 cm. Such a double peak has 

been identified in previous SCP profiles from Cors Fochno and nearby sites (Rose et 

al., 1995; Schulz, 2005). The upper profile is consistent with typical SCP profiles for 

Britain and Northern Ireland (Rose et al., 1995), with the sharp decline above 10 cm 

reflecting the success of air pollution legislation in the last decades of the 20th century. 

The age distribution of a calibrated radiocarbon date of 1922ς1690 CE at 29 cm makes 

it difficult to ascertain whether the SCPs within the deeper part of the profile were 
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deposited in situ or relate to downward mobility of SCPs resulting from water table 

fluctuations. Because of this, only a single date could be tentatively ascribed: 1976 ± 3 

for the subsurface peak at 13 cm based upon comparison of SCP profiles from Lakes in 

north and central Wales with corresponding 210Pb age-depth profiles (Rose and 

Appleby, 2005). 

 

Figure 3.7. Spheroidal carbonaceous particle (SCP) concentration (gDMҍ1) profile for 
Cors Fochno core (BO17). The radiocarbon date given for 29 cm is the calibrated date 
for the sample. At 12 cm, a macrocharcoal layer containing >10 mm fragments of 
charred peatland vegetation is considered to reflect the position within the core relating 
to the 1986 fire (see Figure 3.9). 
 

The age-depth model for BO17 (Figure 3.8) has a mean 95% confidence range of 

185 years and a maximum range of 287 years between 35 and 65 cm. All dates used 

overlap with the model, producing a relatively linear trend as is commonly observed in 

peat (Belyea and Clymo, 2001). A maximum sampling depth of 100 cm was chosen for 

all palaeoecological analyses based on the age-depth model, capturing the past c. 

1000 years within the mean 95% CI of the model while providing sufficient prior 

environmental context.  
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Figure 3.8. Age depth model for core BO17, based on integrated radiocarbon, 
macrocharcoal and spheroidal carbonaceous particles (SCPs). The model was generated 
using rBacon (Blaauw et al., 2021b; Blaauw and Christen, 2011, 2013). Probability 
distribution functions (PDFs) for 14C dates are shown in blue, and PDFs for calendar dates 
(SCPs and macrocharcoal) are shown in green. Black shading denotes interpolated age 
distributions for all depths. 95% confidence intervals are denoted by dashed lines. Plots 
for model performance are presented in Supplementary Figure 1.8.  
 
 
3.4.6. Plant macrofossils 

Sphagnum is the principal plant macrofossil, accounting for 31.6 ± 17.6 % of peat 

components (Figure 3.9). Other abundant components include monocotyledon radicells 

(22.0 ± 12.4 %), ericaceous rootlets (21.1 ± 12.4 %) and unidentified organic matter 

(20.8 ± 13.8 %). Above-ground remains (e.g., identifiable leaves, stems, and flowers) of 

vascular plants are poorly represented. Nine phases of significant vegetation 

development were identified. Large quantities of UOM below the depth of the acrotelm 



 
217 

 

may indicate that beneath this depth, more readily decomposed species were present 

that are no longer represented in the plant macrofossil record. Therefore, plant 

community composition below this depth may be biased towards species possessing 

remains that are resilient to decay.
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Figure 3.9. Plant macrofossil diagram for core BO17. CONISS illustrates the hierarchical clustering upon which the diagram zonation is based, red 
horizontal lines indicate zone boundaries. A broken stick model was used to determine the number of significant zones (Bennett, 1996). Peat 
components accounting for less than 5% of the overall percentage abundance and seeds with count numbers less than five in all levels are omitted 
although these data are included in all other analyses.
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3.4.7. Testate amoebae 

The stratigraphic profile of core BO17 is mainly characterized by the 

species Amphitrema wrightianum, Archerella flavum, Arcella discoides and Phryganella 

arcopodia. These are indicators of wet conditions (Charman et al., 2000) and occur 

throughout the profile. Dry periods are indicated by abundant Difflugia 

pulex and Cryptodifflugia oviformis types. The former typically prefers slightly wetter to 

intermediate conditions (e.g., Charman et al., 2007), although these are rare in modern 

samples and thus have poorly constrained optima (Swindles, et al., 2015). The latter 

prefers deeper water tables (Amesbury et al., 2012; Lamentowicz and Mitchell, 2005). 

The relative abundance of testate amoebae throughout the stratigraphy of core BO17 is 

provided in Supplementary Figure 1.7. The water table reconstruction for core BO17 is 

shown in Figure 3.10. The reconstruction indicates that water tables gradually increased 

from c. 600 to c. 1800 CE, with a slight period of increasing WTD between c. 1000 and 

1300 CE. Mean values were above the peat surface from c. 1550 to 1750, suggesting the 

coring location underwent an aquatic phase at this time. This is followed by a significant 

increase in water table depths from c. 1800 to 1970 CE, where the highest depths are 

attained, until water tables abruptly increase to their prior levels until the end of the 

profile. 
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Figure 3.10. Testate amoebae inferred water table depth reconstruction generated 
using the pan-European training set developed by Amesbury et al. (2016). Age is given 
as the median age probability. Shaded areas denote sample-specific errors, based on 
1000 bootstrapping cycles. WTD: water table depth 
 
 
3.4.8. Comparing experimental vegetation composition and palaeoecological data 

The methods used to quantify plant populations differ between the experimental (pin-

touch and quadrat) and palaeoecological (leaf count) studies; both have limitations of 

their own (Birks, 2007; Goodall, 1952; Mauquoy and Yeloff, 2008) in addition to the 

sources of error when comparing between them. For example, certain taxa (e.g., R. alba) 

may have elevated counts from the pin-touch method due to their wide, tall, spreading 

shape and the density in which they can grow together (Heslehurst, 1971), whereas the 

representation of certain taxa in the palaeoecological record may be biased by 

taphonomic effects favouring more recalcitrant remains (e.g., Sphagnum leaves) over 

more labile remains (e.g., ericaceous woody remains) (Mauquoy and Yeloff, 2008). Even 

within Sphagnum, certain species are more robust than others (Bengtsson et al., 2016) 

and are therefore likely to be preserved better and be more readily identified, falsely 
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inflating their apparent abundance in palaeoecological records (Johnson and 

Damman, 1991). This may have the effect of reducing the visibility of certain plant types 

with high rates of biomass turnover, such as grasses, sedges, and woody shrubs 

(Greenwood and Donovan, 1991). Some Sphagnum species also lose their leaves more 

readily from their branches, and therefore contribute leaves to the palaeoecological 

record in differing quantities (Barber, 1981). These differences and limitations hinder 

our ability to make quantitative comparisons between palaeoecological and modern 

vegetation communities from peatlands. However, comparisons can still be made on a 

qualitative basis.  

 

The result of the CMA analysis is presented in Figure 3.11. From the experimental 

communities, 237 samples counted as CMAs for 52 fossil samples using a BrayςCurtis 

(dis)similarity cut-off of 0.1106. These were only 1.8 % of the total number of 

comparisons made, indicating that the current vegetation composition in all the plots 

(control and treatments) is unlike nearly all the inferred plant communities in the bog 

over the last 1500 years. CMAs appear to relate to the abundance of the two most 

common functional groups within the modern data sets: sedges 

and Sphagnum sect. sphagnum, while showing little correspondence with periods of 

hydroclimatic change (Figure 3.11). Most of the CMAs were from control (77) and 

combined treatment communities (71), with warmed and droughted plots less likely to 

be CMAs (47 and 42 respectively). The dominant vegetation within the experimental 

plots is S. pulchrum and R. alba, members of these functional groups. Most (70.5 %) of 

the CMAs occurred within the top 28 cm of the core, between c. 1822 and 2012 cal CE. 

This period is dominated by ericaceous roots, S. pulchrum and S. tenellum. The depth 
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with the most CMAs occurred at 26 cm, which matched with 36 experimental vegetation 

communities. This sampling interval represents c. 1840 cal CE and is characterized by 

high Sphagnum sect. Cuspidatum (50 %) and sedge abundance (35 %), with shrubs 

representing a further 11 % and Sphagnum sect. Sphagnum representing only 4 % of the 

total assemblage. Most of the CMAs for this depth were from control (14) and combined 

(13) plots. 

 

 
Figure 3.11. Relative changes in plant functional types and total number of close modern 
analogues of vegetation community composition (CMAs) for each sampling interval 
from core BO17. Horizontal coral-coloured bars denote periods of lower water table 
(drier/warmer periods), blue bars denote periods of higher water table (wetter/cooler 
periods), as inferred from the testate amoebae based palaeohydrological 
reconstruction. Age cal BP is given as the median age probability. WTD, water table 
depth. 
 

Groupings of CMAs also occur between c. 815 and 940 cal CE, c. 975 and 1280 cal CE, c. 

1510 and 1525 cal CE, and between c. 1570 and 1615 cal CE (Figure 3.11). Climatic 

conditions and species composition vary between these periods. Between c. 815 and 
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940 cal CE, the vegetation community composition composed predominantly of sedges 

(c. 40 %) and the formerly abundant S. austinii (c. 27 %), a species within 

the Sphagnum sect. Sphagnum. The period c. 970 to 1280 cal CE covers the timing of the 

MCA, where shrubs (31 %), sedges (30 %) and Sphagnum sect. Sphagnum (25%) type 

taxa dominated, mainly S. austinii. Groupings between c. 1510 and 1525 cal CE and 

between c. 1570 and 1615 cal CE occur during the LIA and are characterized by high 

abundances of sedge (50%) and Sphagnum sect. Sphagnum (30 %), the latter 

represented by S. papillosum. 

 

3.5. Discussion 

3.5.1. Effect of experimental warming and drought upon peatland vegetation 

Ericaceous shrubs became more abundant in response to warming over 10 years. 

Increased ericaceous shrub cover is commonly reported with warming in climate 

manipulation experiments in peatlands. For example, Weltzin et al. (2003) reported a 

50% increase in shrub cover in a bog mesocosm experiment following summer 

temperature increases between 1.6 and 4.1°C over five years, comparable to the 

temperature changes in this study. Buttler et al. (2015) conducted an in-situ climate 

warming experiment using OTCs on an ombrotrophic bog in the Jura mountains, finding 

that Andromeda polifolia increased over five years due to increased rooting depth. 

Malhotra et al. (2020) found similar results in an entire ecosystem manipulation 

experiment on a forested ombrotrophic bog in northern Minnesota. Increased soil 

temperatures expanded the below-ground growing season, increasing root density.  
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This finding has several implications for peatland ecosystem functions including the 

peatland carbon sink. Increased ericaceous shrub dominance due to warming may 

initially increase the rate of CO2 sequestration due to their high productivity, although 

this may be offset by increased carbon respiration resulting from increased root 

exudates and a reduction in the quality of plant litter (Bell et al., 2018; Fenner et 

al., 2007; Ward et al., 2013; Weltzin et al., 2000). In addition, vascular plant expansion 

may affect local evapotranspiration rates, particularly where grasses increase in cover 

(Hirano et al., 2016). This can result in reduced soil moisture and peat aeration, (Admiral 

and Lafleur, 2007), allowing aerobic decomposition to occur. Other vegetation types, 

particularly Sphagnum, may be suppressed by shrubs due to shading and enhanced 

water use, increasing the depth to the water table (Norby et al., 2019). Loss or decline 

in Sphagnum is an important indicator of the future direction of peatland functioning 

under climate change due to its importance as a peat-former and ecosystem engineer 

in many northern peatlands (van Breemen, 1995).  

 

The relatively slow rate of change seen in Calluna vulgaris abundance in this experiment 

suggests that peatland vegetation changes to future warming will occur at a similar pace. 

However, it is possible that the presence of OTCs may have delayed the rates of  

vegetation change within the plots. OTCs can prevent new species from establishing and 

may shield the plants inside from pollination by wind and insects (Totland and Eide, 

1999; Richardson et al., 2000). 

 

No significant changes occurred for Sphagnum due to increases in air temperature of 

0.3 ς 0.7°C over ten years (Figure 3.3), which is in-line with low range UK temperature 
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projections until c. 2070 (Lowe et al., 2018). Weltzin et al. (2000, 2003) found no 

significant change in Sphagnum cover in bog mesocosms with increased summer soil 

temperatures of 1.6 ς 4.1°C. Similarly, Walker et al. (2006) found that Sphagnum cover 

did not significantly change with 1 ς 3°C of warming across multiple sites in Arctic 

regions. Some studies even suggest that modest warming may increase the production 

of certain Sphagnum species (Dorrepaal et al., 2004; Robroek et al., 2007). However, a 

critical temperature for Sphagnum decline appears to exist. Dieleman et al. (2015) 

found that Sphagnum from a poor (nutrient deficient) fen in Ontario, Canada declined 

significantly following temperature increases of 8°C in a mesocosm experiment. A 

transplantation study by Bragazza et al. (2016) of peat mesocosms from a Swiss 

ombrotrophic bog to a warmer location (+ 5°C) reduced the productivity of S. fallax by 

60 %. Norby et al. (2019) found that Sphagnum productivity in an ombrotrophic bog in 

northern Minnesota initially increased with warming but declined at temperature 

increases above 5°C, declining by nearly 100 % with warming of 9°C.  

 

The experiment therefore showed that the expected change in climate by the mid-

century for this region does not reach the critical temperature threshold 

for Sphagnum decline over a 10-year period. However, it does not rule out a change in 

Sphagnum over the longer term, either in direct response to a sustained 

temperature/water table change, or indirectly through a community shift driven by the 

influx of shrubs. Projections for temperature increases in Northern Hemispheric regions 

by 2100 range from 2°C to above 8°C relative to 1850 ς 1900 baselines, based on 

predictions by the IPCC (IPCC, 2021), with increased temperatures and faster rates of 

change projected for higher-latitude areas (Masson-Delmotte et al., 2018; IPCC, 2021). 
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The negative effect of experimental warming to such a rapid and dramatic increase in 

temperature upon Sphagnum is commonly achieved using infrared heat lamps, which 

may scorch the Sphagnum and unrealistically increase soil drying (Harte and 

Shaw, 1995; Johnson et al., 2013). Whether the effects of high temperatures 

on Sphagnum cover using infrared heat lamps should be considered realistic responses 

to warming or experimental artefacts depends on how rapidly we expect temperatures 

to increase in these regions. Sim et al. (2021) found that Sphagnum populations in 

permafrost peatlands demonstrated remarkable resilience to warming despite 

temperatures increasing two to three times faster than global averages (Masson-

Delmotte et al., 2018), supporting the notion that Sphagnum may be resilient to 

warming above this threshold in areas where rapid increases in temperature are 

projected to occur. 

 

Our results suggest that increased drought frequency did not significantly influence 

peatland vegetation in our experimental site, at least over a 10-year period. This 

disagrees with the results of other water table drawdown experiments (e.g., Bragazza 

et al., 2013; Murphy et al., 2009; Strack et al., 2006). However, our study differs from 

previous studies since we simulate repeated episodes of temporary seasonal drought, 

rather than inducing a permanent step-change in the water table. 

 

Despite being an abundant species across most of the central portion of the site, no 

significant changes occurred in Rhynchospora alba abundance following ten years of 

experimental warming and increased drought frequency. In Cors Fochno, where water-

tables are generally close to the surface, the high abundance of R. alba indicates that 
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the site may emit substantial quantities of CH4
 into the atmosphere (Strack, 2006). 

However, while R. alba is a common species in the central dome area of Cors Fochno, 

its relative abundance may have been overestimated in the experimental study due to 

increased detection by the pin-touch method.  

 

3.5.2. Vegetation changes in the palaeoecological record 

Vegetation and inferred water tables were stable for much of the palaeo-vegetation 

record of Cors Fochno. For example, between c. 850 and 1300 cal CE, during the warmer 

MCA, there were few changes in vegetation community composition, and only slight 

changes in hydrology towards drier conditions (Figure 3.11). The stability of peatland 

flora and hydrology during the MCA is typical of many peatland palaeoecological studies 

(e.g., Magnan et al., 2019). Plant communities and their functional diversity often 

exhibit remarkable stability due to several autogenic feedback mechanisms that result 

in a degree of homeostasis in peatland hydrology (Belyea, 2009). These have moderated 

peatland responses to past changes in climate (Churchill et al., 2015; Dise, 2009; 

Swindles et al., 2012). Peatland feedback mechanisms are known to operate over a 

range of timescales (Belyea, 2009), and it may be that peatland vegetation is resilient to 

short-term changes in water table but may rapidly shift to a new composition in 

response to long-term shifts. 

 

This stability in the Cors Fochno palaeo-vegetation record is punctuated by relatively 

abrupt changes in vegetation which occur without obvious changes in water table depth. 

These seem to occur either because of anthropogenic disturbances (burning) or may be 

mediated by hydroclimatic changes, reflecting interspecific competition 
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between Sphagnum and other plant species in response to long-term, gradual changes 

in water table depth (Robroek et al., 2007). For example, between c. 1300 and 1500 

CE, Sphagnum austinii disappears and E. tetralix reach a peak following a burning event 

at c. 1400 CE. Peatlands are known to undergo changes in plant community composition 

following wildfire (Guêné-Nanchen et al., 2022). Controlled burns on peatlands may 

have a lasting negative effect upon Sphagnum cover (Noble et al., 2018), while large, 

uncontrolled fires can remove Sphagnum entirely (Maltby et al., 1990). It can take 

between 10 to 40 years for Sphagnum to re-establish following wildfire (Kuhry, 1994; 

Clarke et al., 2015). In the immediate aftermath of a fire, pioneer species (typically 

sedges) rapidly colonise the burnt areas (Bret-Harte et al., 2013). In a palaeoecological 

study of a UK upland blanket peatland, the disappearance of Sphagnum and its 

replacement by Calluna vulgaris occurred following a fire event (Blundell and Holden, 

2015). It appears that similar processes occurred following wildfire events at Cors 

Fochno, with Sphagnum austinii being replaced by Erica tetralix twice throughout the 

1500-year record.  

 

Sphagnum austinii was a formerly common and important peat-forming species in 

Europe until its pronounced decline in the past 2000 years (Swindles, et al., 2015). Many 

environmental and anthropogenic causes for this decline have been suggested 

(Swindles, Turner, et al., 2015). In core BO17, it is virtually absent by c. 1300 CE, later 

than the formerly established date of its extinction from this site of 1100 cal CE by 

Hughes and Schulz (2001). While it is beyond the scope of this paper to identify the cause 

of the S. austinii extinction, its timing in the core following a fire event suggests possible 

anthropogenic influence. 
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During the c. 1200-year period between the start of the record until c. 1800 CE, water 

table depth is relatively stable, exhibiting a general monotonic trend towards wetter 

conditions. A sudden shift towards more aquatic vegetation occurred around c. 1500 CE 

and lasted until c. 1800 CE. This shift is an indicative of the development of a bog pool, 

reflected in the palaeo-hydrology of the site, where average reconstructed water tables 

rise above the peatland surface (Figure 3.10). Other studies also document dramatic 

shifts in vegetation following the onset of the LIA (Magnan et al., 2019; Mauquoy et 

al., 2002). The correspondence of this shift with increasingly wet, cool conditions 

suggests it was climatically mediated, with thresholds for compositional change defined 

by the position of the water table. These changes in water table depth agree with several 

studies which often show generally wetter conditions in Britain during the MCA and 

drier conditions during the LIA (Charman and Hendon, 2000; Lamb, 1965; Turner et 

al., 2014), although other records disagree, likely due to a lack of spatial coherence 

between proxy precipitation records across Britain (Proctor et al., 2000). 

 

3.5.3. Comparing past and future vegetation responses to climate change 

This study demonstrates that ericaceous shrubs increased in abundance with warming 

in both experimental and palaeoecological studies from the same site. This 

correspondence suggests that where ericaceous cover has increased in response to 

warming in peatlands in the past, it may continue to do so with future climate change. 

The lack of a significant effect of increased drought in our experimental study can 

neither be supported nor be refuted by the palaeo record because the experimental 

droughts simulate short, episodic water table drawdown, rather than prolonged periods 
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of water table drawdown as are recorded by the long-term palaeo record (e.g., between 

c. 1800 and 1970 CE). We see that during that time there is a shift in vegetation, with 

bog pool vegetation (particularly S. denticulatum) making way for more terrestrial 

species, including hummock-forming Sphagnum species such as S. medium and S. 

capillifolium. During this time, ericaceous rootlets increase after having previously 

declined during the very wet preceding conditions. This event corresponds to a period 

of intensive drainage at Cors Fochno (Poucher, 2009). The palaeo record suggests that 

water tables returned to pre-drainage levels by c. 1970 CE, likely in response to drainage 

blocking and peatland restoration taking place around this time (Poucher, 2009). No 

large changes in peatland vegetation occurred following this restoration 

(Figures 3.8 and 3.10). These findings suggest that while sustained water table 

drawdown may have a dramatic effect upon vegetation communities, increased 

hydrological droughts at the frequency, magnitude and timescale imparted by our study 

(four × 4-week simulated droughts over 10 years) are unlikely to result in significant 

changes in vegetation, although we cannot be sure that this will remain the case over 

longer timescales. Manipulation experiments are unlikely to capture changes resulting 

from slow, long-term changes in climate which can be seen in the palaeo record. 

Conversely, the palaeo record may not be sufficiently fine-scaled to identify annual to 

decadal-scale changes in vegetation that may respond more to temperature change 

than to water table fluctuations. 

 

Sedge-type taxa were present throughout the past c. 1500 years at Cors Fochno. 

Although their above-ground remains are poorly preserved, the seeds of R. alba occur 

regularly throughout the peat profile, along with abundant monocot radicells. The 
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abundance of these remains fell during apparent warmer or drier periods, possibly in 

response to long-term increases in water table depth (figure 3.11). This suggests that 

sedge abundance may decrease on Cors Fochno, should future projected warming result 

in a lowering of the water table at the site. This agrees with the results of some studies 

where higher water tables facilitated sedge expansion into peatlands (Churchill et al., 

2015; Olefeldt et al., 2017) Despite this, how sedges will respond to climate warming 

remains unclear. Some studies suggest that sedge abundance is unaffected by climate 

change (e.g., Dieleman et al., 2015), while other show that fluctuations in water table 

depth can reduce their abundance in ombrotrophic peatlands (Strack et al., 2006; 

Breeuwer et al., 2009). In other cases, sedge abundance increased with drying, at the 

expense of Sphagnum (Weltzin et al., 2003; Dieleman et al., 2015; _ǳŎƽǿ et al., 2017). 

Sedge abundance may also increase in peatlands as a result of future increases in 

nitrogen deposition (Berendse et al., 2001).  

 

Increased sedge abundance may alter carbon cycling in peatlands, with sedges 

exhibiting rapid biomass turnover and priming decomposition by supplying root 

exudates and oxygen to deeper peat (Breeuwer et al., 2009; Armstrong et al., 2012; Zeh 

et al., 2019). Additionally, sedges provide a conduit for CH4 to travel from the sub-peat, 

bypassing methanotrophs in the oxic layer and increasing net CH4 emissions (Strack et 

al., 2006). The effects of sedge abundance upon CH4 emissions relates to the height of 

the water table, with wetter conditions facilitating greater release with sedges present, 

while under drier conditions sedges appear to ameliorate CH4 emissions (Strack et al., 

2006). The effects of sedges upon greenhouse gas fluxes are more pronounced in fens 

than bogs (Weltzin et al., 2000). 
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We find that the current vegetation composition of Cors Fochno, including the species 

within the experimental plots, has few analogues in the palaeo record as far back as 600 

CE. We find most CMAs are from control or combined treatments, rather than warmed 

or droughted plots. This suggests that these treatments produce fewer analogues since 

periods of warming typically coincide with periods of drying. Most close analogues occur 

near the top of the profile, following the development of the modern-day vegetation 

community in the central dome of the site, around c. 1800 CE (Poucher, 2009). This is 

contemporaneous with a period of enhanced human activity and peatland drainage, as 

indicated by the macrocharcoal and palaeohydrological reconstructions 

(Figures 3.8 and 3.9). This suggests that changes in the modern-day plant communities 

are a consequence of human activity during recent centuries. 

 

The later development of the modern-day vegetation community is likely to have 

resulted in a change in carbon sequestration, with the dominant S. pulchrum being a 

member of the subgenera Sphagnum sect. Cuspidatum that produces more readily 

decomposed litter, meaning more carbon is lost to the atmosphere by decay (as CO2) 

then is retained in the soil (Bengtsson et al., 2016); however, the waterlogged lawn 

environments that this species occupies delays their 

decomposition. Sphagnum sect. Sphagnum type species (e.g., S. austinii) have similar 

productivity rates but are less prone to decomposition and, like S. pulchrum, used to 

occupy lawns (Bengtsson et al., 2016; Mauquoy and van Geel, 2007). Therefore, this 
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change in dominant species is likely to have resulted in a net decline in carbon 

sequestration rates. 

 

The intensification of anthropogenic impacts on peatlands over the past c. 300 years 

may have driven threshold shifts in plant communities (Swindles et al., 2019). Even 

where apparently pristine conditions have been maintained or restored, peatlands may 

still be affected by climate change, past disturbance, or atmospheric pollution (e.g., 

Berendse et al., 2001; Swindles et al., 2016; Talbot et al., 2014). In palaeoecological 

studies, anthropogenic effects are the dominant drivers of many palaeoecological 

proxies (Gauthier et al., 2019; Turner et al., 2014). Differences in the relative importance 

of the drivers of vegetation change over time represents an important distinction 

between the results of palaeoecological and experimental studies. Whereas 

temperature is frequently identified as the dominant driver of change in experiments 

(Breeuwer et al., 2008; Dieleman et al., 2015; Heijmans et al., 2013; Weltzin et 

al., 2000), in palaeoecological studies, hydrological conditions are often of greater 

importance (Charman et al., 2009). This suggests that the importance of the main drivers 

of vegetation change differ between short (sub decadal) and long (multidecadal to 

millennial) timescales, although this may also be a consequence of the low-temperature 

sensitivity of peatland palaeo records (Payne, 2014). This study supports the notion that 

peatlands are less resistant to direct anthropogenic disturbances such as burning or 

drainage than they are to climate change. This agrees with Swindles et al. (2016) who 

found that multiple anthropogenic disturbances at Swarth Moor over 50 years 

overcame the site's capacity to resist vegetation succession. 
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Approximately 15 % of the world's peatlands are in a state of degradation (Joosten et 

al., 2012) and many of Europe's peatlands have undergone substantial drying 

throughout the past c. 300 years on account of human activity (Swindles et al., 2019). 

Species turnover and functional diversity affect peatland ecosystem service provision 

(Dieleman et al., 2015; Ward et al., 2009), and these are, in turn, impacted by 

anthropogenic disturbance (Gatis et al., 2016). Atmospheric deposition of sulphuric and 

nitric acid has been shown to have negatively affected Sphagnum as well as other 

bryophytes in UK peatlands, in some cases causing localised extinctions (Ferguson et al., 

1978; Gorham et al., 1984; Hogg et al., 1995). The combined effects of anthropogenic 

climate change, drainage, burning and environmental pollution may result in the 

development of novel vegetation communities (Alexander et al., 2015; Ordonez et 

al., 2016). Woody plant encroachment and the establishment of generalists and exotic 

species has been related to the effects of climate change (Gunnarsson et al., 2004; 

Pellerin and Lavoie, 2003). In some cases, peatlands that have experienced significant 

levels of disturbance have remained resilient to changes in climate. Despite initial 

changes in ecosystem functioning and vegetation following drainage, degraded 

peatlands are often able to recover to their previous condition (Swindles et al., 2016; 

_ǳŎƽǿ et al., 2020), although this recovery can be slow (Page and Baird, 2016).  

 

The degree of disturbance and atmospheric deposition of anthropogenic pollutants 

varies regionally and latitudinally. For example, the deposition of anthropogenic 

pollutants is more pronounced in temperate regions than in the northernmost latitudes, 

reflected by the decreasing bioaccumulation gradients of pollutants from south to north 

across the Northern Hemisphere (Pakarinen and Tolonen, 1976; Ross, 1987; Galloway et 
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al., 2004). However, permafrost thaw and increasing rates of atmospheric deposition 

may still lead to increased nitrogen availability in these regions (Galloway et al., 2004; 

Keuper et al., 2012) encouraging the encroachment of vascular plants at the expense of 

Sphagnum (Berendse et al., 2001; Sim et al., 2021). Historically, peatland degradation in 

the Northern Hemisphere has mostly occurred in Europe and North America (Xu et al., 

2019), however peatlands are susceptible to a range of anthropogenic disturbances 

(e.g., burning and wildfire, peat extraction, oil sands mining, conversion to agriculture 

or forestry) (Turetsky et al., 2002).  

 

It is important to note that the results of this study are based upon the analysis of a 

single core. The climatic sensitivity of different coring locations within a site can vary 

depending upon differences in the climatic sensitivity of different macroforms (Loisel 

and Garneau 2010). The spatial distribution of microforms vary in space and time, 

depending upon differences in the availability of moisture, nutrients, and light, as well 

as interactions with nearby vegetation within sites (Andersen et al., 2011). As a result of 

the microscale variability of peatland surface cover, different cores from within the 

same site, even those taken a short distance from one another, may exhibit differing 

patterns of vegetation change over time (Charman et al., 1999). While studies have 

shown that adjacent cores can exhibit broadly similar patterns of past vegetation (e.g., 

Chiverrell et al., 2001) substantial differences may occur (e.g., Mauquoy et al., 2002). 

Therefore, while not invalidating the results of this study, these findings should not be 

considered as representative of past changes in vegetation across the site as a whole.  

Similarly, while the vegetation community composition within the experimental plots 

was characteristic of the plant community composition that characterises the central 
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raised dome, which represents approximately one-third of the site, a further two-thirds 

are dominated by Molinia caerulea, Phragmites and Juncus s (Poucher, 2009; CCW, 

2011). The presence of these species suggests that these areas receive more 

groundwater influence and nutrients than the experimental site and have also been 

subjected to a greater degree of disturbances such as drainage and peat cutting (Hughes 

et al., 2007; Poucher, 2009; Swindles et al., 2016). Such areas are likely to be less resilient 

to the effects of climate change (Page and Baird, 2016; Swindles et al., 2016) and are 

also likely to show greater rates of carbon loss than the central dome, owing to increased 

erosion, decomposition, and differences in vegetation cover as a result of disturbance 

(Frolking et al., 2011; Aslan-Sungur et al., 2019; Burdun et al., 2021). While this study 

was focused on the response of relatively intact ombrotrophic peatlands to future 

changes in climate, it does not consider how degraded areas will respond (Leifeld and 

Menichetti, 2018). 

 

Changes in vegetation are likely to impact ecosystem functions (Hájek, 2009; Johnson 

and Damman, 1991; Swindles et al., 2019). Consequently, past peatland responses to 

climate changes may differ from future responses and may not be accurately 

represented within the palaeo record. It is for this reason that we recommend long-term 

experimental climate manipulation studies continue, since these can provide clues as to 

the direction of future changes under post-disturbance baselines. Palaeoecological 

records may still provide an important source of information on how peatlands have 

responded to climate change under pre-disturbance conditions, improving our 

understanding by documenting responses to environmental and climatic changes 

beyond those that can be obtained from experimental studies alone (Graumlich, 2002). 
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They are also useful, as in the case of this study, for contextualizing experimental studies 

against the long-term history of a site, elucidating past vegetational changes and 

disturbances. It is also important to acknowledge that some sites, such as those in the 

highest latitudes, exhibit near pristine conditions, therefore palaeoecological studies 

from these sites may remain useful sources of information for future peatland climate 

responses. 

 

3.6. Conclusions 

Our study compares the peatland vegetation response to a 10-year climate 

manipulation experiment with those inferred over the last 1500 years from the palaeo 

record in response to climate and habitat change. The results of our experimental study 

showed that warming increased the abundance of shrub-type vegetation over 10 years, 

a result supported by most warming experiments in peatland ecosystems. This result is 

corroborated by increases in C. vulgaris seeds during apparently warmer periods in the 

long-term vegetation record, supporting the likelihood of increased shrub dominance in 

peatlands with warming. We see no evidence for a significant change in Sphagnum, 

likely since the c. 0.5°C warming imparted by this study, in line with changes expected 

over the next 70 years for the United Kingdom, does not appear to exceed a critical 

threshold for Sphagnum decline. An increase in ericaceous shrub dominance may result 

in changes in the carbon balance of peatlands, potentially resulting in increased carbon 

losses due to enhanced root exudates and a reduction in litter quality. The persistence 

of Sphagnum, at least over the short term, may ameliorate this change. However, we 

cannot rule out that Sphagnum may eventually decline in response to either sustained 
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warming as is projected to occur in the northernmost latitudes, or due to ecological 

changes, particularly increases in shrub cover. 

 

Vegetation community composition in ombrotrophic bogs is resilient to increases in 

short-term episodic droughts at the severity imparted by our manipulations (four 

additional 4-week droughts over a 10-year period). The long-term palaeoecological 

record does not record individual drought events but rather periods of long-term water 

table drawdown, therefore this result could not be corroborated by the palaeoecological 

record. The results of the experimental study suggest that the predicted increase in 

short-term episodic droughts may not compound the effects of warming upon peatland 

vegetation in the near future. Our palaeoecological study, on the other hand, suggests 

vegetation composition may change in response to long-term sustained water table 

drawdown, which agrees with experimental studies that replicate such a scenario. 

 

Based on this study, we suggest that studying the response of modern peatlands to 

climate change, either through experiments, resurveys, or through targeted gradient 

studies, provides the best way to predict peatland responses to climate change over the 

next few decades or more. Since all such studies benefit from understanding the long-

term environmental and disturbance context of a site, peatland palaeoecological studies 

are still highly valuable in our understanding of peatland ecosystem dynamics. To better 

predict future climate change responses, long-term studies have the capacity to identify 

the long-term drivers of changes in vegetation, possibly allowing for the identification 

of tipping points that drive the large magnitude changes in vegetation communities 

frequently observed in palaeoecological studies. Responses in vegetation community 
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composition to climate change inferred from the peatland palaeoecological record may 

be unreliable as an analogue for future change because many peatlands, even seemingly 

ΨǇǊƛǎǘƛƴŜΩ ƻƴŜǎΣ ƘŀǾŜ ōŜŜƴ ƛƴŦƭǳŜƴŎŜŘ ōȅ ŀƴǘƘǊƻǇƻƎŜƴƛŎ ŘǊƛǾŜǊǎ ǎǳŎƘ ŀǎ ŘǊŀƛƴŀƎŜ ƻǊ ŀƛǊ 

pollution. Such anthropogenic impacts have become stronger drivers of change in 

peatland plant community composition than climate, and peatland autogenic feedbacks 

do not confer the same level of resistance to these impacts. It is important to stress, 

however, that the findings of this study are based upon the results of a single 

experimental site and a single core within a relatively undisturbed area of original 

surface peatland, and therefore may not be representative of changes over the site as a 

whole, or of global peatlands more generally.  
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4.1. Abstract 

Peatlands are important sinks and stores of terrestrial carbon, but their future role in 

the global climate system under climate change is uncertain. Palaeoecological and 

experimental climate manipulation studies are commonly used to address these 

uncertainties, although their results often contradict each other. Furthermore, carbon 

accumulation rates estimated from both methods frequently fail to converge. We 

examine the effects of warming and episodic drought on carbon cycling from a long-

term experimental site in an ombrotrophic peatland in Wales, simulating expected 

changes in temperature and drought frequency for the next c. 70 years. We compare 

carbon accumulation rates modelled from the 10-year experiment (2010 ς 2020) with 

those derived from a peat core covering the past c. 1500 years. We partition 

components of the annual carbon budget for each experimental treatment and compare 

them with core-derived carbon accumulation rates. Significant differences in carbon 

accumulation occurred between experimental treatments, resulting from cumulative 

non-significant changes in decay rates and productivity, driven by differences in air 

temperature and water table depth. We identify a positive time-lagged relationship 

between carbon accumulation and reconstructed temperature anomalies in the long-

term carbon accumulation record. Changes in carbon accumulation also correspond to 

vegetation changes. We suggest that palaeoecological studies should not consider 

changes in plant productivity to be the sole determinant controlling carbon 

accumulation rates and should acknowledge the role of changing decay rates following 

plant succession upon long-term carbon accumulation. Carbon accumulation rates 

estimated from both methods may converge, but often differ due to unquantifiable 

losses such as by reduced productivity, decay, or anthropogenic disturbances like fire. 
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We conclude that both methods are useful for discerning future peatland responses to 

climate change; however, core derived rates should be interpreted with consideration 

of all the contemporary mechanisms governing carbon accumulation. Based on these 

findings, we posit that the carbon sink function of existing peatlands will be weakened 

by increased warming and drought.  

  

4.2. Introduction 

Understanding how climate change will affect the carbon balance of terrestrial 

ecosystems is important because of their sensitivity to climatic conditions. Future 

changes in climate may drive ecological transformations that disrupt ecosystem 

functions such as carbon storage (Seddon et al., 2014; Nolan et al., 2018). Climate 

change is expected to substantially alter the ecology and ecosystem functioning of 

peatlands (Bu et al., 2011), which are mostly located in the Northern Hemisphere where 

the greatest changes in climate are predicted, particularly in the northernmost latitudes 

(Hoegh-Guldberg et al., 2018; Lee et al., 2021). Peatlands are important components of 

the global carbon system, containing at least 500 ± 100 billion tonnes (GT) of organic 

carbon in their soils (Gorham, 1991; Yu, 2012). They continuously cycle atmospheric and 

fluvial carbon as CO2, CH4 and dissolved organic carbon (DOC) (Blodau, 2002). When 

carbon accumulation exceeds decay, peatlands exert a negative climate feedback, 

cooling global temperatures over multi-centennial timescales. However, over shorter 

timescales, the relative contributions of CH4 over CO2 (CH4 is a more potent greenhouse 

gas but has a shorter atmospheric residence time) means peatlands may contribute a 

net warming effect (Frolking and Roulet, 2007; Turetsky et al., 2012). 
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How peatlands will respond to climate change is uncertain (Moore et al., 1998; Loisel et 

al., 2021). Warmer conditions and increased water table depths may accelerate CO2 

losses (Ise et al., 2008; Bridgham et al., 2008; Dorrepaal et al., 2009; Huang et al., 2021). 

Permafrost thaw may promote CH4 releases in sub-arctic regions (Christensen et al., 

2004). Indirect impacts (e.g., increased drought and wildfires) may further amplify 

carbon loss (Turetsky et al., 2011a; 2011b; Lee et al., 2021). However, expansion of 

peatlands into northern territories beyond their current range could offset carbon losses 

(Limpens et al., 2008; Frolking et al., 2011; Dieleman et al., 2015). Warmer, drier 

conditions may also reduce CH4 emissions (Strack et al., 2004; Huang et al., 2021). While 

previous studies have suggested that reduced CH4 emissions may  offset the effects of 

increasing CO2 emissions over 100 year timescales, (Frolking et al., 2006), the methods 

used to calculate the CO2 equivalent emissions of CH4 and other greenhouse gases  

misrepresent the residency time of these gases in the atmosphere and how their 

concentrations change over time, instead only comparing instantaneous pulse 

emissions of gases, as opposed to cumulative emissions over time (Cain et al., 2019). 

While, on balance, it is expected that peatlands will undergo net losses in carbon due to 

climate change, confidence in this projection is low (Loisel et al., 2021). This uncertainty 

means peatlands are rarely included in global terrestrial models (Lee et al., 2021) and 

are not yet incorporated in any Earth system models (Loisel et al., 2021), despite their 

importance to the global carbon system.  
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The impact of climate change on peatlands is commonly investigated using either 

experimental or palaeoecological methods. Experimental studies artificially simulate 

environmental changes, allowing for the calculation of functional relationships between 

carbon fluxes and environmental variables (e.g., Updegraff et al., 2001, Li et al., 2021). 

These studies are limited by their short duration, making them unable to quantify long-

term responses to climate change. They may also be affected by experimental artefacts. 

Carbon accumulated over a longer period may be inferred from peat cores (e.g., Clymo 

et al., 1998; Ratcliffe et al., 2018). When dated, these cores provide opportunities to 

estimate changes in carbon accumulation rates that can be related to proxy-based 

climate reconstructions or long-term instrumental datasets to identify drivers of change 

(Mauquoy et al., 2002; 2004; Charman, 2007). This method permits comparison 

between carbon accumulation rates during periods of past climate change, such as the 

Medieval Climate Anomaly (MCA; c. 950 ς 1250 CE) (Mann et al., 2009) and the Little Ice 

Age (LIA; c. 1350 ς 1850 CE) (Lamb, 1965), periods of relatively warmer and cooler 

conditions, respectively, in the Northern Hemisphere.  

 

Integrating experimental and palaeoecological studies should improve our 

understanding of peatland responses to climate change (Frolking et al., 2014; 

Lamentowicz et al., 2016), but these methods often produce contradictory results. Most 

experimental studies suggest that warmer and drier conditions will enhance carbon 

losses (Dorrepaal et al., 2009; Walker et al., 2016) while many palaeoecological studies 

suggest the opposite, that carbon accumulation has increased during warmer periods 

relative to cooler periods (Charman et al., 2013; van der Linden et al., 2014). 
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Direct comparison of carbon accumulation rates derived from the two approaches is 

also complicated by artefacts inherent in core-derived estimates. Frolking et al. (2014) 

compared core-derived accumulation rates to net ecosystem carbon budgets using a 

process-based peatland model, finding that net ecosystem carbon budgets can differ 

from the past apparent carbon accumulation rates over short periods. Although these 

two estimates should converge, loss of carbon throughout the core (e.g., due to climatic 

perturbations, burning or drought) will reduce the apparent rate of carbon accumulation 

for older peat deposited prior to these events, limiting their comparability. Periods of 

carbon loss are reflected as a deceleration of carbon accumulation in palaeoecological 

studies, since core-derived values cannot be negative, providing no measure of carbon 

losses from the system (Yu, 2011; Young et al., 2021). Carbon accumulation rates are 

therefore based on the amount of carbon retained throughout the profile, whereas 

contemporary carbon budgets can include all major carbon fluxes. In addition, peat 

core-derived accumulation rates in the acrotelm are inflated due to incomplete 

decomposition and decrease downcore due to continual carbon losses through time, 

meaning that carbon accumulation rates based on recently accumulated peats do not 

reflect later long-term storage (Clymo 1984; Yu, 2011; Young et al., 2019, 2021).  

 

In this study, we model annual carbon budgets for twelve experimental treatment plots 

(triplicates of: control, warmed, droughted and combined warmed and droughted 

treatments) from a ten-year climate manipulation experiment on an ombrotrophic peat 

bog in Wales. We test how increased warming and short-term, episodic drought affect 
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the carbon sink functioning of peatlands. Drought in the context of this experimental 

study refers to sustained summer water table drawdown. We investigate any apparent 

disparities between palaeoecological and experimental approaches by partitioning 

different components of the annual carbon budget (CO2 emissions and accumulation, 

CH4 emissions, DOC fluxes) from our modelled budgets and comparing these with core-

derived accumulation rates. We also compare dominant drivers of carbon accumulation 

in experimental plots with those in the long-term record.  

 

The aim of this study is to understand this disparity in peatland carbon accumulation 

estimates between palaeoenvironmental and experimental methods, and to resolve 

differences between contemporary modelled annual carbon budgets and core-derived 

estimates. By corroborating the results of experimental and palaeoecological studies, 

we seek to reduce the uncertainty concerning the future effects of climate change on 

peatland carbon cycling. 

 

4.3. Methods 

4.3.1. Study site and coring location 

Cors Fochno is a coastal lowland raised bog in Ceredigion, Wales (Figure 4.1). It is the 

largest expanse of primary surface lowland raised bog in both England and Wales. The 

central active zone comprises c. 2 km2 of primary surface peat, surrounded by c. 4 km2 

of degraded peatland (Poucher, 2009). The vegetation is dominated by Sphagnum 

pulchrum lawns, with an undulating topography of hummocks (characterised mainly by 

Sphagnum papillosum and Sphagnum medium), and hollows (populated mainly by 
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Sphagnum cuspidatum). Other common species include Rhynchospora alba, Eriophorum 

angustifolium, Calluna vulgaris, Erica tetralix and Myrica gale. For a full list of plant 

species on the central portion of the site, refer to Andrews et al. (2021).  

 

A single core (code BO17) was collected in September 2017 from a representative area 

of Sphagnum pulchrum carpet adjacent to the experimental site used in the study 

(Figure 4.1). The core was collected using a Russian peat sampler with a 5cm overlap 

between core sections. The top 50 cm was taken using a monolith tin. In addition to the 

data described in this paper, the core was analysed for plant macrofossils following 

adapted methods by Barber et al. (1994) and Mauquoy et al. (2010), and testate amoeba 

following methods by Hendon and Charman (1997). Full details and results of these 

analyses are provided in Andrews et al. (2021). In combination with these analyses, an 

age-depth model was generated using 14C dates in addition to macrocharcoal and 

spheroidal carbonaceous particle (SCP) chronohorizons (Andrews et al., 2021). In this 

study, we add new 210Pb dates and tephrochronological markers and calculate apparent 

rates of carbon accumulation throughout the core (henceforth abbreviated to aCAR) 

based on an improved age-depth model for core BO17.  
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Figure 4.1. 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 to Aberystwyth (Stamen terrain background). The location of Frondirion, 
where precipitation data were measured, is shown as a red dot. The location of Plas 
Gogerddan, where pan evapotranspiration rates were measured, is shown as a yellow 
dot. c. ESRI Satellite image Cors Fochno. showing the location of the experimental site 
and location of core BO17 (blue dot).  

 

Three full-length cores (BO18 1-3) were taken along the length of our experimental 

transect (described below) at approximately equal distances also using the Russian peat 

sampler. These were used to calculate the long-term apparent rate of carbon 

accumulation (LORCA) (Clymo et al., 1998).  
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4.3.2. Age-depth model improvement 

4.3.2.1. 210Pb dating 

210Pb dating is commonly used for dating recently accumulated peat in palaeoecological 

studies (Appleby, 1998; Turetsky et al., 2004). To measure 210Pb, 1 cm thick sub-samples 

were taken throughout core BO17. Bulk density was measured for each sample by 

dividing the volume of the wet peat sample by the sample weight after oven drying for 

24 hours at <45°C (Chambers et al., 2011). Samples were prepared following methods 

described by Appleby (1998). 210Pb activity for each sample was measured by gamma 

spectroscopy using well detectors at the Consolidated Radio-Isotope Facility (CoRIF), 

University of Plymouth. 

 

4.3.2.2. Tephrochronological analysis 

We adopted ǘƘŜ ǎǘŀƴŘŀǊŘ ΨŀǎƘƛƴƎΩ ƳŜǘƘƻŘ (combustion of peat at 550°C) (Swindles et 

al., 2010) to identify cryptotephra in core BO17 from contiguous 3 cm3 samples taken 

throughout the core at 3 cm resolution. The remnant material was mounted on 

microscope slides using Histamount, and tephra identified at 400x magnification under 

cross-polarised light. Where tephra shards were identified, additional samples were 

taken at 1 cm resolution to determine a more precise position of the tephra horizon. 

Once precise horizons were identified, additional peat samples were extracted for 

geochemical analysis of cryptotephra shards by acid digestion using sulphuric and nitric 

acids, as detailed by Newton et al. (2007). 
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DŜƻŎƘŜƳƛŎŀƭ ΨŦƛƴƎŜǊǇǊƛƴǘƛƴƎΩ ƻŦ ƛŘŜƴǘƛŦƛŜŘ ǘŜǇƘǊŀ ǎƘŀǊŘǎ ŀƭƻƴƎ ǿƛǘƘ ƭŀōƻǊŀǘƻǊȅ ǎǘŀƴŘŀǊŘǎ 

(BCR2g and Lipari) were carried out at the Edinburgh Tephra Analytical Unit (TAU) using 

a Cameca SX100 Electron Microprobe (Hayward, 2012; Hall and Hayward, 2015). A 

comparison with the Tephrabase database (Newton et al., 2007) enabled identification 

of the volcanic eruptions from which tephras originated.  

 

4.3.2.3. Age-depth modelling 

210tō Řŀǘŀ ǿŜǊŜ ƳƻŘŜƭƭŜŘ ǿƛǘƘƛƴ ŀ .ŀȅŜǎƛŀƴ ŦǊŀƳŜǿƻǊƪ ǳǎƛƴƎ ǘƘŜ ǇŀŎƪŀƎŜ ΨǊǇƭǳƳΩ 

(Aquino-López et al., 2018; Blaauw et al., 2021) along with the new tephra dates and the 

existing chronohorizons of Andrews et al. (2021). rplum generates a maximum age 

probability (MAP) at user-defined intervals (here every 1 cm), together with maximum 

and minimum ages, based upon the 95% confidence interval. This method improves on 

traditional techniques for modelling 210Pb, allowing for the integration of 210Pb dates 

with other dating methods in age-depth models without the need for re-modelling 

(Aquino-López et al., 2018, 2020). 

 

4.4. Core-derived carbon accumulation rates 

4.4.1. Peat physical properties 

We measured bulk density and total carbon content (%C) throughout each core. 

Contiguous 10 cm-thick sub-samples were taken from cores BO18 1 ς 3 from the point 

of peat initiation to the top of the core. Bulk density was measured for each sample, and 

%C measured by analysing 55 ± 5 mg of milled material with a Vario Macro 

Carbon/Nitrogen Analyser.  
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The same procedures were carried out using material from core BO17, although samples 

were taken at contiguous 1 cm intervals. Carbon density was calculated by multiplying 

dry bulk density (g cm3) by %C.  

 

4.4.2. Long term apparent rate of carbon accumulation (LORCA) 

Peat initiation dates were estimated using radiocarbon dating of samples from the point 

of peat initiation for each of the long cores (BO18 1 ς 3). Subsamples of 1 cm3 were 

extracted and washed through a 250 µm sieve. The fine particulate fraction (<250 µm) 

was retained for analysis following Piotrowska et al. (2011). Samples were cleaned by 

acid-alkali-acid washing and oven dried at < 45°C. Samples were analysed by accelerator 

mass spectrometry at DirectAMS (Washington, USA). Radiocarbon dates were calibrated 

using the IntCal20 radiocarbon calibration curve in OxCal version 4.4 (Bronk-Ramsey, 

2017; Reimer et al., 2020). We calculated LORCA by dividing the sum mass of 

accumulated carbon by the basal date for each core (Clymo et al., 1998).  

 

4.4.3. Apparent rates of carbon accumulation (aCAR) 

We calculated aCAR following an adapted version of methods by Belshe et al. (2019). 

Sedimentation rates from the rplum model for core BO17 were converted from y cm-1 

to cm y-1 by converting the posterior probability density functions of the accumulation 

times from Gamma to inverse Gamma distributions. We calculated carbon accumulation 

rates by multiplying the accumulation rate (in cm y-1) by organic carbon density for each 

sampling interval. Mean and median aCAR rates and 95 % confidence intervals were 

then calculated from the cumulative density function. 
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4.4.4. Palaeoenvironmental reconstructions  

Hydrological variability was reconstructed using a testate amoebae-based water table 

depth reconstruction and plant macrofossil analysis (Andrews et al., 2021). Bog surface 

wetness (BSW) was reconstructed by applyinƎ 5ǳǇƻƴǘΩǎ IȅŘǊƻƭƻƎƛŎŀƭ LƴŘƛŎŜǎ (DHI) to the 

plant macrofossil data (Dupont, 1986). Changes in BSW mostly reflect changes in 

precipitation, which is linked to temperature (Charman et al., 2009). Each component of 

the peat was allocated a score relative to its hydrological preference (1= wettest and 8= 

driest). Species not assigned DHI scores (following indices by Mauquoy et al., 2008, with 

the addition of Sphagnum denticulatum) were removed from the dataset and relative 

percentage abundances recalculated. Taxa scores are listed in the appendices 

(Supplementary Text 2.1).  

 

4.5. Experimental analyses 

4.5.1. Experimental design 

The Cors Fochno experiment is a long term, fully factorial climate manipulation 

experiment started in the spring of 2010. This experiment simulates year-round climate 

warming and increased growing-season drought frequency by using open top chambers 

(OTCs) (Aronson and McNulty, 2009) and by drawdown of the water table in summer 

approximately every three years. The experimental setup is fully described by Andrews 

et al. (2021). Climatic conditions (measured by a weather station operated by Natural 

Resources Wales) for the period 2010 ς 2019 are presented in Table 4.1. 
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Table 4.1. Maximum, minimum and average climatic conditions measured on Cors 
Fochno between 29/04/2010 and 28/01/2019. 

 
 

WIND 
SPEED 
(M/S) 

AIR TEMP 
(°C) 

SOIL TEMP 
(10CM) 
(°C) 

SOIL TEMP 
(30CM) 
(°C) 

PRECIPITATION (MM/H) 

MAX 15.7 32.26 24.04 17.99 21.73 
MIN 0 -10 1 3 0 
AVERAGE 3.15 11.15 12.01 11.97 0.12 

 

4.5.2. Greenhouse gas fluxes and dissolved organic carbon measurements  

Surface exchanges of CO2 and CH4 were measured using the closed chamber method 

(Alm et al., 2007; Rowson et al., 2013). Gas flux measurements were made by placing a 

closed chamber system upon a PVC collar inserted in the soil within each plot. A fan 

circulated the air inside the chamber, and a rubber seal prevented the exchange of gases 

between the chamber and the atmosphere. Each measurement took a minimum of two 

minutes. Air was circulated from within the chamber into a factory-calibrated EGM-4 

Infra-Red Gas Analyser (PP Systems, MA, USA), which was used to measure CO2 fluxes 

between 2010 and 2016. Air temperatures and photosynthetically active radiation (PAR) 

within the chamber were measured at 1 second frequency and recorded by a Delta-T 

GP1 Irrigation Monitor data logger. From 2017 onwards, a factory-calibrated Ultra-

Portable Los Gatos Greenhouse Gas Analyser (Los Gatos, California) was used to 

measure CO2 and CH4 fluxes as well as ambient air temperature. 

 

We measured the net balance of CO2 sequestration/efflux as Net Ecosystem Exchange 

(NEE) and greenhouse gas emissions as Net Ecosystem Respiration (NER). Gross Primary 

Productivity (GPP) was inferred from the difference between these measurements (NEE-
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NER). From November 2017, we also measured the NEE of CH4. We use the micro-

meteorological sign convention in this study, with negative values indicating a carbon 

sink and positive values indicating a carbon source.  

 

Sampling points were monitored at irregular intervals during field excursions that took 

place between 2010 and 2020, with more frequent sampling taking place during 

summer months (>50 % of the total number of measurements). The number of 

measurements, and the months of the year in which these took place are shown in Table 

4.2.  Throughout the 10 years of monitoring, measurements were taken at all months of 

the year with the exception of April. Gas flux measurements began in July 2010 and 

ended in September 2011, resuming again in December 2017 at the beginning of this 

project, with the most recent measurements taken in August 2020. Further sampling 

took place between 2014 ς 2016, however these data were lost and therefore not 

included in this thesis.  

 

Although each season is reasonably well represented in the dataset, there is a bias 

towards summertime measurements. This is largely due to the regular daily sampling 

that took place during the six-week drought experiments. This may bias the results of 

this study, potentially resulting in the overestimation of emissions and plant productivity 

rates (Byrne et al., 2004). In addition, all measurements were taken between the times 

of 09:00 and 16:30, when daily temperatures and light-levels are likely to be highest. As 

a result, differences in greenhouse gas fluxes at night are not represented by this dataset 

(Pavelka et al., 2018). Emissions of CH4 from peatlands can be greater at night than day 
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(Dooling et al., 2018), whereas rates of CO2 uptake and emissions decline (Goulsbra et 

al., 2016). This may result in our estimates of CO2 fluxes being overestimated, while CH4 

fluxes may be underestimated in this study 

 
Table 4.2. Total number of gas flux measurements (net ecosystem exchange, gross 
primary productivity and net ecosystem respiration of CO2 taken throughout the study. 
Measurements of net ecosystem exchange of CH4 measurements were taken from 2017 
onwards.  
  

2010 2011 2017 2018 2019 2020 TOTAL 

ALL: 768 821 24 110 418 60 2201 

JAN 0 24 0 0 0 0 24 

FEB 0 24 0 12 0 12 48 

MAR 0 24 0 0 24 0 48 

APR 0 0 0 0 0 0 0 

MAY 0 48 0 14 22 0 84 

JUN 0 24 0 24 0 0 48 

JUL 120 120 0 24 0 0 264 

AUG 480 528 0 12 240 48 1308 

SEP 96 29 0 0 120 0 245 

OCT 24 0 0 0 0 0 24 

NOV 24 0 0 24 0 0 48 

DEC 24 0 24 0 12 0 60 

 

 

NER was measured beneath a light impermeable cover. NEE was measured under 

ambient light conditions. CH4 fluxes were calculated from measurements taken without 

a cover (Hutchinson and Livingston, 1993) and all measurements lasted >120 seconds. 

Gas-flux calculation methods followed Alm et al. (2007) using the closed chamber 

method (Dossa et al., 2015). Any fluxes with an r2 <90 % were visually assessed for poor 

measurements, in which case they were discarded.  
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Pore-water DOC samples were taken by extracting c. 40ml of pore water from each plot 

using a 50ml syringe attached to a Rhizon sampler (pore size 1.5µm) inserted 10cm 

beneath the peat surface. Samples were taken at irregular intervals from 2018 until 2020 

and stored in cool and dark conditions to avoid degradation prior to analysis. Each 

sample was filtered through a 0.45 µm filter to remove particulate organic matter and 

promptly analysed after sampling. Filters were flushed using a small amount of sample 

to remove possible contaminants (Norrman, 1993). In some cases, samples were frozen 

after filtering. DOC concentrations were calculated using an Elementar Vario TOC Select 

analyser. We sampled pore-water DOC from each plot on 17 occasions, taken at the end 

of each field excursion from 2018 to 2020 (Table 4.3) Two samples were excluded from 

the dataset due to potential contamination. 

Table 4.3. Total number and timing of dissolved organic carbon measurements taken 
throughout the study period (2018 ς 2020).  
  

2018 2019 2020 TOTAL 

ALL: 6 9 2 17 

JAN 0 0 0 0 

FEB 1 0 1 2 

MAR 0 1 0 1 

APR 0 0 0 0 

MAY 1 1 0 2 

JUN 1 0 0 1 

JUL 1 0 0 1 

AUG 1 4 1 6 

SEP 0 2 0 2 

OCT 0 0 0 0 

NOV 1 0 0 1 

DEC 0 1 0 1 

 

We tested for differences in measured carbon fluxes between treatments with mixed 

ŜŦŦŜŎǘǎ ƭƛƴŜŀǊ ƳƻŘŜƭǎ ǳǎƛƴƎ ǘƘŜ ΨƳŜпΩ ǇŀŎƪŀƎŜ ƛƴ ǘƘŜ ǎǘŀǘƛǎǘƛŎŀƭ ǇŀŎƪŀƎŜ ΨwΩ (Bates et al., 

2012; R core team, 2021). Environmental variables were included as model covariates, 

determined by single-term deletions.  
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4.5.3. Flux modelling of greenhouse gases. 

We generated multi-year carbon budgets for each experimental plot using interpolation 

and extrapolation techniques. Carbon budgets were generated for the years 2011 to 

2018 using environmental variables measured from within each plot. Models for each 

flux were generated using data collected after 2017, since these models had the best 

predictive power (R2) and the lowest sum of squared error (SSE).  

Annual NER for each plot was modelled based on measured fluxes using the (2z + S) 

model (Rowson et al., 2013), which expands upon the widely used Lloyd and Taylor 

(1994) model. The (2z + S) model links the Arrhenius relationship between soil 

temperature and measured NER to plant functioning, accounting for feedbacks between 

water tables, plant root exudates and seasonality. We fit the derived parameters of the 

modelled NER to temperature and water table depth data from each plot. Seven 

constants required for the Rowson et al. (2013) model was identified using the 

generalised reduced gradient (GRG2) nonlinear optimisation code in Excel (Lasdon et al., 

1978).  

 

To model GPP and CH4 emission rates, linear and non-linear relationships between these 

fluxes and measured environmental variables were investigated for each plot. From 

these relationships, a continuous time-series of estimated greenhouse gas fluxes was 

extrapolated using 6-hourly instrumental measurements measured from 2010 ς 2019 

from within each plot Due to instrumental malfunctioning that occurred between 2017 

and 2019, PAR measurements for the site were deemed unreliable, and efforts to gap-

fill using weather station data produced erroneous results. To account for dark-induced 
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plant senescence during periods of low light, we followed similar methods to Creevy et 

al. (2020), using light intensity data to eliminate GPP fluxes in the absence of PAR, 

however Creevy et al. (2020) modelled GPP based upon a second order (quadratic) 

polynomial relationship.  

  

In the absence of streamflow data for the site, a simple model proposed by Ridley (2014) 

was used to calculate annual DOC fluxes from Cors Fochno. Annual evapotranspiration 

rates were subtracted from net rainfall for Cors Fochno measured between 2010-2019. 

The remaining value was multiplied by the mean pore-water DOC concentration for each 

plot, arriving at an annual estimate for DOC flux. Net annual rainfall from the site was 

calculated from continuous measurements taken from 2010 to 2019 from a location 

near Borth (Frondirion) (Figure 4.1b) (Justin Lyons, pers. comm.). Average pan 

evaporation rates from Plas Gogerddan, Aberystwyth (Figure 4.1b) (600 mm m-2 y-1) 

were adjusted by a conversion factor of 0.7, accounting for the water-holding capacity 

of Sphagnum, giving an annual evaporation rate of 420 mm m-2 yr-1 (Ridley, 2014). This 

model assumes a bulk lateral sub-surface movement of rainfall throughout the peat and 

plug-flow of DOC throughout the system. It is assumed that all water not returned to 

the atmosphere by evapotranspiration is lost rapidly via overland flow. All water 

released from the site contains the same amount of DOC as was measured within the 

plots, and no mixing of water occurred. These assumptions are doubtful since mixing is 

likely to occur within Cors Fochno. Between 8 ς 9.5 % of the water lost from the site is 

estimated to have moved through the catotelm (Baird et al., 2006). Furthermore, while 

the majority of precipitation is likely to be quickly lost from the system via overland flow 

when the water table is high (Waddington and Roulet, 1997), lowering of the water-
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table may increase the water-holding capacity of the site, allowing more water to be 

retained (Holden, 2005). DOC production is also likely to exhibit high spatial variability 

due to differences in peat macroforms and vegetation, with areas dominated by grasses 

or sedges experiencing a greater supply of root exudates than areas dominated by 

Sphagnum or Calluna vulgaris (Ritson et al., 2017). These assumptions mean that the 

DOC fluxes estimated for this study are likely to have been overestimated.  

Although not directly quantified in this study, dissolved inorganic carbon (DIC) and 

particulate organic carbon (POC) can also contribute significantly to the hydrological 

carbon budgets of peatlands (Rowson et al., 2010). Concentrations of POC have been 

shown to occur relative to those of DOC at a ratio of 1:10 in stream water draining from 

upland peat in the UK (Hope et al., 1997; Heinemeyer et al., 2019). Dawson et al. (2002) 

found that POC constituted 22.7% of the total hydrological carbon flux from a Welsh 

peat-fed upland catchment, relative to 69% DOC. In relatively undisturbed ombrotrophic 

peatlands, POC fluxes are considered to be low and are generally not included in carbon 

budget studies (Lindsay, 2010). Here, we assume that the 1:10 ratio applies to Cors 

Fochno and estimate POC as being 10 % of annual estimated DOC fluxes. 

Contributions of DIC are also likely to be small from Cors Fochno, due to the acidic nature 

of the peat pore-water at the site. In low pH waters that characterise ombrotrophic 

peatlands, DIC only occurs as dissolved free CO2 and HCO3- ions (Neal and Hill, 1994) and 

there is likely to be little to no DIC input from groundwater or weathering within the 

central dome due to the ombrotrophic nature of this portion of the site (Reid et al., 

1981). Dawson et al. (2002) estimated that DIC from streams draining from two acidic 

peat-fed catchments in Scotland and Wales represented 2.1 % and 8.3 % of total 

hydrological fluxes, respectively. For both sites, average DIC concentrations were c. 3.0 
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mg l-1. This average value was used to estimate annual DIC fluxes for the site, using the 

same model as was used to estimate DOC fluxes for each year. As these estimates for 

both POC and DIC are based upon the same model used to estimate DOC fluxes, they 

are subject to the same uncertainties, meaning estimates of both fluxes are likely to be 

overestimated in this study.  

 

Annual budgets for each component of the carbon cycle were calculated for the years 

2011 - 2018 by summing the modelled GPP, NER, CH4, and DOC values for each year and 

plot. The modelled annual estimates for each carbon flux were multiplied by 6 to 

account for the 6-hourly intervals between measurements of environmental variables 

inside each plot The mass of each flux in terms of carbon (reported in units of g C m-2 y-

1) was calculated for each plot and year..  

  

CH4 is an important greenhouse gas with a global warming potential (GWP) c. 28 times 

that of CO2, owing to its enhanced infrared absorptivity, and a shorter residence time in 

the atmosphere (Whiting and Chanton, 2001; Myhre et al., 2011). We calculated the 

GWP for CH4 to convert this gas to its CO2 equivalent for 100 years by multiplying the 

total annual modelled CH4 flux estimates by 28, following the GWP100 protocol (Myhre 

et al., 2011). This was summed with NEE to calculate the total CO2-equivalent emissions. 

We tested for significant differences of annual carbon budgets between treatments 

using generalised linear mixed effects models (GLMMs). Plots nested in blocks and year 

were included as random factors and treatments were set as fixed factors. 
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4.5.4. Environmental controls affecting aCAR  

We compared core-derived aCAR throughout the whole core and in catotelmic peats 

against testate amoebae-derived water table depths and a qualitative measure ŦƻǊ ΨōƻƎ 

ǎǳǊŦŀŎŜ ǿŜǘƴŜǎǎΩ (BSW) using the DHI index by comparing the model fit of the data with 

a suite of linear and non-linear regressions. BSW is a qualitative measure of past 

hydroclimatic conditions at the peatland surface and is driven mostly by changes in 

precipitation reinforced by temperature (Charman et al., 2009). The influence of climate 

was tested by comparing aCAR with a 1000 year-long reconstruction of mean annual 

temperature anomalies for the Northern Hemisphere (Mann et al., 1999) and the 

Central England Temperature (CET) dataset (Manley, 1953; 1974; Parker et al., 1992; 

Parker and Horton, 2005) using cross-correlation analysis (Ψ.Lb/hwΩ ǇŀŎƪŀƎŜΣ tƻƭŀƴŎƻ-

Martínez et al., 2019). This approach, proposed by Mudelsee (2010), calculates 

correlations between values obtained on different time points.  

 

4.6. Results 

4.6.1. Tephrochronology, 210Pb and improved age-depth model  

We identified three tephra layers in core BO17, at 13 cm (BO17-1), 27cm (BO17-2) and 

37 cm (BO17-3). Identified shards possessed similar geochemistry to layers previously 

identified in Cors Fochno by Watson et al. (2017). Tephra are identified by comparing 

the geochemical data generated in this study with the results of previous studies 

(Swindles et al., 2010). We compared the geochemistry of these shards with tephra 

shard geochemistry profiles from Britain, the Republic of Ireland, Northern Ireland, and 
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Iceland (Figure 4.2) and concluded that sherds derived most likely from the eruptions of 

Hekla in 1947 (tephra BO17-1), 1845 (BO17-2) and 1510 CE (BO17-3). These age 

assignments are consistent with the 210Pb, SCP, charcoal and 14C chronologies. 

(Supplementary Figure 2.2) 

 

Figure 4.2. Major element bi-plots showing tephra shard glass chemistry from the BO17-
1, BO17-2 and BO17-3 layers detected from core BO17 at Cors Fochno (shown as black 
points) contrasted with the glass geochemistry of known tephras based on type data 
(Swindles, 2006; Pilcher et al., 1996; Watson et al., 2015; Matthews, 2008; Housley et 
al., 2010; Cole and Mitchel, 2003; Rea et al., 2012; Dugmore et al., 1995 and Larsen et 
al., 1999) shown as red points.  

 

The three new tephra dates and 210Pb data were added to the previous age-depth model 

for core BO17 generated by spheroidal carbonaceous particles, microcharcoal and 

radiocarbon dates (Andrews et al., 2021). The position of these dates within the 210Pb 

profile generated in this study are illustrated in Supplementary Figure 2.2. The new 

Bayesian age-depth model generated in rplum, incorporating former and newly 

generated dates, is shown in Figure 4.3. Accumulation rates notably slow down between 
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the Hekla 1845 and the Hekla 1510 tephra-horizons, suggesting that peat accumulation 

rates were exceptionally low between these dates.  

 

 

Figure 4.3. Age-depth model for core BO17 plotted using rplum (Aquino-López et al., 
2018; 2020). Dark blue shapes indicate posterior distributions of 14C dates, green shapes 
indicate calendar dates (tephra horizons, charcoal, or spheroidal carbonaceous particle 
dates). Yellow shapes within the plot reflect the probability density functions for 14C 
dates. The shaded bars towards the top of the profile show the supported (purple) and 
unsupported (light blue) 210Pb activity and their uncertainties. The plots on the top of 
the figure show model performance and parameters, illustrating (from left to right) 1: 
the MCMC iterations 2: the prior (green) and posterior (grey) distributions for the 
ŀŎŎǳƳǳƭŀǘƛƻƴ ǊŀǘŜ ʰΣ оΥ ƳŜƳƻǊȅ ˖Σ пΥ 210Pb supply and 5: the supply of supported 210Pb. 
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4.6.2. Long term apparent rate of carbon accumulation (LORCA) 

LORCA estimates for all three cores showed good agreement. Mean LORCA values were 

31.3 ± 2.1 g C m-2 y -1 (нˋύΦ ¢ƘŜ ōŀǎŀƭ ŘŀǘŜ ŦƻǊ .hму-1 was younger than BO18-2 and 

BO18-3 by c. 300 years. Details of the carbon content carbon throughout each core and 

their basal ages are provided in Supplementary Figure 2.3 and Supplementary Tables 2.8 

ς 2.9.  

 

4.6.3. aCAR and palaeoenvironmental reconstruction 

Reconstructed aCAR, along with changes in bog surface wetness, inferred water table 

depth, macrocharcoal and changes in vegetation throughout core BO17 are shown in 

Figure 4.4. The median aCAR for the whole of core BO17 was 45 (40 - 52) g C m-2 y-1. High 

aCAR occurs in the acrotelm above 12cm, following c. 1985 CE. Median aCAR for this 

period was 127 (105 - 157) g C m-2 y-1. For catotelmic peat (beneath 12cm) median aCAR 

was 34 (30 - 42) g C m-2 y-1. For the time-periods encompassing the Medieval Climate 

Anomaly (c. 950 ς 1250 yrs. CE) and LIA (c.1300 ς 1850 yrs. CE) aCAR was 33 (26 ς 43) 

and 34 (27 ς 5 0) g C m-2 y-1 respectively; however, aCAR rates throughout the Little Ice 

Age varied substantially.  

 

The Dupont Hydrological Index and water table depth reconstructions show good 

agreement, with major trends in reconstructed water table depth being reflected by 

simultaneous shifts in the same direction in the DHI curve. For example, increasing water 

tables coincide with increased bog surface wetness between c. 1600 ς 1800 CE (Figure 

4.4). Bog surface wetness fluctuates between the periods c. 590 ς 740 CE and c. 1320 ς 



 
294 

 

1460 CE, with a general trend towards reduced BSW coinciding with macrocharcoal 

peaks; however, this is not reflected by the reconstructed water table. This is likely an 

artefact of the effect of the burning event upon plant community composition resulting 

in a shift in the botanical composition of the peat currently. DHI values were inflated 

owing to the low relative abundance of Sphagnum and other wet indicator species 

during this time, with the peat being composed mostly of ericaceous rootlets during this 

period inflating the DHI value (Andrews, 2021).  

 

 

Figure 4.4. Apparent rate of carbon accumulation (aCAR) from core BO17, estimated 
using methods outlined by Belshe et al. (2019). The red line is the mean, the black line 
signifies the median aCAR and the purple shading is the 95% probability distribution 
function for each depth. This is plotted against (from left to right) the macrocharcoal, 
Dupont Hydrological Index and testate amoebae-derived water table depth 
reconstruction for core BO17 (Andrews et al., 2021). The light blue horizontal bar 
running through the testate amoebae water table depth reconstruction indicates the 
position of the water table. The horizontal bars on the far left of the figure show the 
time envelope (minimum and maximum age range) of the Medieval Climate Anomaly 
(MCA; orange) and the Little Ice Age (LIA; green).  
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4.6.4. Correlation with environmental conditions 

No significant cross correlation occurred between aCAR and the CET temperature record 

(Figure 4.5a). A significant negative time-lagged correlation was identified between 

reconstructed Northern Hemisphere temperature anomalies and aCAR (CCF; rx,y =0.454 

at 95 % C.I., lag=14), indicating that temperature increases are preceded by reduced 

aCAR by 129 ς 164 years (Figure 4.5b). The direction of this relationship is reversed when 

acrotelm aCAR is excluded (Figure 4.5c): increased temperatures precede increased 

aCAR by c. 51 years (CCF; rx, y =0.369 at 95 % C.I., lag=-5).  

 

To handle negative values, a constant (+10) was added to the reconstructed water table 

depths to plot these values on a negative axis. We found that the relationship between 

the palaeoecological proxies and carbon accumulation rates were best explained with 

logarithmic models. This may relate to the logarithmic relationship between average 

annual temperatures and peat decomposition rates commonly seen in peatlands (Clymo 

et al., 1998). Weak but highly significant relationships were identified between aCAR 

and both reconstructed water table depths (p = <0.001; R2 = 0.17) and BSW (p = <0.001; 

R2 = 0.31) (Figure 4.6a-b) for the catotelmic portion of the core. These relationships 

remained significant when aCAR for the whole core (including the acrotelm) were 

included between reconstructed water table depths (p = <0.01; R2 = 0.17) and BSW (p = 

<0.02; R2 = 0.06) (Figure 4.6c-d).  
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Figure 4.5. Cross correlation functions showing time-lagged correlations between a: 
apparent rates of carbon accumulation (aCAR) throughout core BO17 and the central 
England Temperature (CET) series; b: aCAR and reconstructed temperature anomalies 
for the Northern Hemisphere (NHTA) and c: aCAR beneath the catotelm and Northern 
Hemisphere temperature anomaly reconstruction. 
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Figure 4.6. Logarithmic models showing the relationships between hydrological proxies 
(a and c: Dupont Hydrological Index; b and c: Testate amoebae derived water table 
reconstructions) for core BO17 and apparent rates of carbon accumulation throughout 
the core. Plots a and b are for the catotelmic peats, whereas plots c and d are for the 
whole core. Grey shaded areas show the 95% confidence interval for each regression 
model. 

 

4.6.5. Environmental variables and experimental treatment effects 

Continuous six-hourly time series for temperature (air and soil at 10 cm depth) and 

water table depth were measured between 27/08/2010 and 06/08/2019 for each plot. 

This allowed the calculation of annual net ecosystem carbon budgets (NECB) for each 

plot for the years 2011 to 2018 (the years for which full annual temperature records 

were available). The results of the generalised linear models are provided in Table 4.4. 

Average six-hourly time series data across all plots for all measured climatic variables 

are given in Supplementary Figure 2.1. 
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Table 4.4. Summary of generalised mixed effects linear models testing for treatment 
effects upon environmental conditions (air and soil temperature at 10cm depth, water 
table depth), for the years 2011-2018. Values for Gross Primary Productivity (GPP), Net 
Ecosystem Exchange (NEE), Net Ecosystem Respiration (NER) are g CO2 M-2 h-1. CH4 

values are g CH4 M-2 h-1. Dissolved Organic Carbon (DOC) concentration values are g/l-3. 
Fixed factor (treatment) estimates are the mean effect of the fixed factor upon the 
measured variable, with CI showing the 95% confidence interval for this estimate.  

 

 Air temperature °C 10cm depth soil temperature °C Water table depth (cm) 

Treatment Estimates CI Statistic p Estimates CI Statistic P Estimates CI Statistic P 

Controls 
(Intercept) 

11 10.6 ς 11.5 47.4 <0.001 11.4 10.9 ς 11.9 41.9 <0.001 8.2 5.2 ς 11.2 5.3 0.001 

Warmed 0.8 0.1 ς 1.4 2.4 0.042 0.2 -0.5 ς 0.9 0.6 0.571 -1 -4.8 ς 2.9 -0.5 0.641 

Drought 0.1 -0.5 ς 0.7 0.2 0.837 -0.5 -1.2 ς 0.2 -1.4 0.197 1 -2.9 ς 4.8 0.5 0.636 

Combined 0.1 -0.5 ς 0.7 0.4 0.688 0.6 -0.2 ς 1.3 1.5 0.169 1.9 -1.9 ς 5.8 1 0.361 

Warming Estimates CI Statistic p Estimates CI Statistic P Estimates CI Statistic P 

Controls 
(Intercept) 

11.1 10.7 ς 11.4 59.3 <0.001 11.1 10.7 ς 11.5 54 <0.001 8.7 6.4 ς 11.0 7.3 0.001 

All 
warmed 

0.4 -0.1 ς 0.9 1.7 0.123 0.6 0.1 ς 1.2 2.4 0.038 0 -2.8 ς 2.8 0 0.999 

Drought Estimates CI Statistic p Estimates CI Statistic P Estimates CI Statistic P 

Controls 
(Intercept) 

11.4 11.0 ς 11.8 57.6 <0.001 11.5 11.0 ς 12.0 45.7 <0.001 7.7 5.5 ς 9.9 6.8 0.003 

Drought -0.3 -0.8 ς 0.2 -1.1 0.31 -0.1 -0.8 ς 0.6 -0.3 0.797 1.9 -0.5 ς 4.4 1.6 0.159 

 

Average annual air temperatures varied by less than 2°C between years, with the 

warmest year being 2017. Average air temperature in the warmed treatment plots was 

significantly higher than controls by c. 0.8°C, however there was no significant 

difference in air temperature between the combined (warmed and droughted) plots and 

controls. Mean soil temperatures varied little by year, ranging between 11 and 12°C. 

Soil temperature was significantly higher in both the warmed and the combined 

(warmed plus droughted) plots than those plots without OTCs, by c. 0.6°C, indicative of 

a warming effect owing to the presence of OTCs.  

 

Mean water table depths varied between years, with water table declines occurring 

during (natural) drought years in 2014 and 2018. During these years, mean water table 

depths were c. 11 cm deeper than average. Over the ten years of the study, mean water 
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table level fell by 5 cm, indicating that the site is becoming drier, possibly due to ongoing 

reductions in summer precipitation rates and increased temperatures for the region 

(Compo et al., 2011; Swindles et al., 2019). There was no significant effect of the four 

experimental summer droughts on the average water table over the seven-year period, 

suggesting that, although groundwater pumping significantly changed water table 

depths in the droughted plots (Andrews et al., 2021), simulated droughts did not have a 

long-term effect upon water table depths.  

 

4.6.6. Measured components of the peatland carbon budget 

The results of the generalised linear mixed effects models on the measured components 

of the peatland carbon budgets are shown in Supplementary Table 2.7. Significant 

differences in net ecosystem exchange were identified in all warmed plots. This effect 

was the same between warmed and combined treatment plots, with a mean reduction 

of  c. 0.07 g CO2 m-2 h-1 across both treatments relative to controls. We also found that 

CH4 efflux was significantly reduced with warming, by 0.36 mg CH4 m-2 h-1 relative to 

controls.  

 

4.6.7. Modelling of CO2 and CH4 fluxes 

Use of the (2z + S) model to estimate NER of CO2 improved the average R2 of each plot 

from 0.29 to 0.49 compared with the Lloyd and Taylor (1994) model and reduced the 

SSE from 0.37 to 0.20. Therefore, the Rowson et al. (2013) model was used since it 

provided a more robust estimate of annual NER due to the improvements in fit and error 

terms compared to the Lloyd and Taylor model. This model reduces the probability that 
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NER emissions will be underestimated during the summer months and overestimated in 

the winter (Rowson et al., 2013). However, model improvements were modest, and the 

models only explain ~ 50 % of the variance in the data on average, therefore our 

confidence in these model projections is relatively low. 

 

The models used in this study to estimate annual fluxes of NER, GPP and CH4 showed 

relatively poor agreement with the measured data, although the degree of this 

agreement varied between each plot and for each flux. In general, the disagreement was 

highest during warmer periods. For NER of CO2, the modelled coefficient of 

determination varied between plots (range R2 = 0.28 ς 0.76). The relationship between 

observed and predicted NER is illustrated by Figure 4.7.    

 

CH4 fluxes were extrapolated based upon their exponential relationship with soil 

temperature, shown in Figure 4.8. A similar exponential response of CH4 to soil 

temperature was found by Zhu et al. (2020), relating to the temperature dependence of 

processes that govern the production and oxidation of CH4. Water table level and soil 

temperature are usually the dominant controls of methane fluxes in peatlands, due to 

soil temperatures influencing the rate of microbial processes and water tables governing 

the depth of the area where methanogenesis can take place (Ma et al., 2017). However, 

including water table depth in the models resulted in unrealistic estimates of methane 

emissions rates in this study. Large uncertainties are common in models of CH4 

emissions from peatlands (Ma et al., 2017). In the case of this study, the model shows 

relatively poor predictive ability where temperatures and fluxes of CH4 are highest. This 
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is possibly due to large increases in CH4 emission that were seen during the start of the 

2019 drought period. The poor model fits may relate to ebullition events following the 

rapid removal of pore-water from the plots.  

 

In the absence of a reliable time series of PAR data, GPP were modelled based upon the 

exponential relationship between GPP and soil temperature (Figure 4.8). The modelled 

coefficient of determination varied between plots (range R2 = 0.11 ς 0.59, mean= 0.32). 

The R2 for all models used are shown in Table 4.5. The applicability of an exponential 

model to explain temperature sensitivity of GPP is supported by Zhang et al. (2017), 

where an exponential model was used to fit respiration rates with temperature for 

temperate terrestrial non-forest ecosystems, including permanent wetlands. This 

exponential relationship may relate to the temperature dependence of photosynthesis. 

Zheng et al. (2016) state that conceptually, GPP may decrease were a temperature 

threshold to be crossed. Therefore, this exponential model is dependable only within 

the normal range of temperatures experienced at the site. The use of this model may 

have resulted in an overestimation of GPP rates during extreme heatwave events (e.g., 

the summer of 2018), which may explain the larger residuals that occur under warmer 

conditions (Figure 4.8).  

 

Comparisons between modelled and measured fluxes are shown in figures 4.9 ς 4.11 for 

CH4 efflux, GPP and NER respectively. These show that the modelled data were in 

general agreement with the measured data, although large departures occur for all, 

particularly for certain plots during the summer months.  
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Figure 4.7. Biplot of observed and predicted net ecosystem respiration rates for the (2z 
+ S) model (Rowson et al., 2013). The black line shows the line of best fit for all modelled 
values. 

 

 

 

Figure 4.8. Exponential models used to estimate gross primary productivity of CO2 and 
net ecosystem exchange of CH4 using continuous measurements of soil temperature 
taken from within each plot. The points show the measured values for each flux while 
the lines show the exponential line of best fit used to estimate these fluxes. 
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Figure 4.9. Timeline comparisons of predicted (black dots and lines) and measured (red 
dots) methane efflux rates for each plot from November 2017 - August 2020. The black 
line shows the trend between adjacent points in the predicted data. 

 

 

Figure 4.10. Timeline comparisons of predicted (black dots and lines) and measured (red 
dots) gross primary productivity rates for each plot from November 2017 - August 2020. 
The black line shows the trend between adjacent points in the predicted data. 
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Figure 4.11. Timeline comparisons of predicted (black dots and lines) and measured (red 
dots) net ecosystem respiration rates for each plot from November 2017 - August 2020. 
The black line shows the trend between adjacent points in the predicted data. 

 

Table 4.5. R2 values for models chosen for NER and GPP of CO2 and CH4 fluxes.  

NER (CO2) R2 GPP 
(CO2) 

R2 CH4 R2 

BO1 0.31 BO1 0.26 BO1 0.29 

BO2 0.51 BO2 0.56 BO2 0.63 

BO3 0.52 BO3 0.29 BO3 0.36 

BO4 0.32 BO4 0.38 BO4 0.31 

BO5 0.38 BO5 0.26 BO5 0.25 

BO6 0.68 BO6 0.33 BO6 0.25 

BO7 0.76 BO7 0.19 BO7 0.25 

BO8 0.71 BO8 0.26 BO8 0.27 

BO9 0.35 BO9 0.33 BO9 0.32 

BO10 0.50 BO10 0.35 BO10 0.29 

BO11 0.59 BO11 0.59 BO11 0.42 

BO12 0.27 BO12 0.12 BO12 0.27 

 

4.6.8. Modelled greenhouse gas fluxes and annual budgets 

Modelled annual carbon fluxes are illustrated as box plots in Figure 4.12. The results of 

the generalised linear mixed effects models on the modelled components of the 

greenhouse gas budget are given in Supplementary Table 2.8. We identify a significant 
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treatment effect upon modelled net ecosystem exchange. Pairwise comparisons 

identified significant differences between control and warmed plots, combined and 

control, and combined and drought plots, with differences being mostly due to a 

significant effect of experimental warming (Supplementary Table 2.7). Control and 

drought treatment plots were consistent sinks of CO2, sequestering 221.5 ± 111.6 and 

162.6 ± 62.2 g CO2 m-2 y-1, respectively. These are within the range of annual net 

ecosystem exchange rates of CO2 reported by Roulet et al. (2007) from raised bogs in 

Canada (7 to 411 g CO2 m-2 y-1) and by Arneth et al. (2002) of 179 to 223 g CO2 m-2 y-1 

from raised bogs in Siberia. Combined treatment plots were a consistent source of CO2, 

emitting at a rate of 14.3 ± 88.0 g CO2 m-2 y-1, an increase of c. 106 % while treatment 

plots subjected to warming alone were small sinks of carbon, sequestering 97.9 g CO2: 

56 % less than controls.  

 

Modelled annual CO2 respiration was on average 256.1 ± 120.6 g CO2 m-2 y-1 across all 

plots. Control plots were the lowest emitters of CO2, averaging 163.7 ± 21.7 g CO2 m-2 y-

1. Net ecosystem respiration significantly increased both due to combined warming and 

drought, as well as due to the presence of OTCs Warming and drought increased CO2 

emissions by c. 205 CO2 m-2 y-1 relative to controls, while  annual respiration rates 

increased by c. 139 CO2 m-2 y-1 relative to controls across all plots with OTCs 

(Supplementary Table 2.7).  

 

We identified no significant effects of treatment upon gross primary productivity, which 

was on average -373.1 ± 90.3 g CO2 m-2 y-1 across all plots. Estimated annual dissolved 
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organic carbon fluxes were on average 25.0 ± 5.9 g C m-2 y-1 between all plots across all 

measurement years and did not differ significantly due to the treatments. Although no 

significant changes occurred in DOC due to the treatments, slight differences in the 

median values suggest that drought had a slight positive effect upon DOC production. 

This may relate to changes in the physical and chemical structure of the peat following 

drying, resulting in increased DOC production rates (Holden and Burt, 2002; Holden, 

2005). DOC constituted a significant carbon flux in our experimental plots, representing 

an average of 27.5 ± 8.8 % of all modelled annual carbon fluxes. Our DOC flux estimates 

are relatively high compared to ranges reported from other studies of raised bogs. For 

example, in Canada DOC fluxes rates ranged between 13 ς 21 g C m-2 y-1 and in Sweden 

they were much lower, between 4.2 ς 6.7 g C m-2 y-1 (Waddington and Roulet, 2000; 

Roulet et al., 2007). The estimates reported here exceed those reported from a UK 

upland peat complex (Dawson et al., 2002). This suggests that the DOC fluxes predicted 

in this study using the plug flow model of Ridley (2014) were overestimated.  

 

Estimated POC and DIC fluxes were very low for the site. If the 1:10 ratio for POC:DOC 

concentration is assumed to hold true for Cors Fochno, then POC is released from the 

site at an average rate of 2.5 ± 0.5 g C m-2 y-1 across all treatment plots. Estimated annual 

DIC fluxes were roughly equal to POC fluxes, at 2.6 ± 0.5 g C m-2 y-1. Together, we 

estimate that POC and DOC represent c. 20 % the total hydrological carbon flux. As with 

DOC, this value may be an overestimation, however these estimates do not consider the 

increasing effects that drought and storm events may have upon these fluxes (Hope et 

al., 1994). 
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4.6.9. Methane, methane-CO2 equivalent emissions and annual net carbon budgets 

Annual estimated methane fluxes were on average 4.89 ± 1.3 g CH4 m-2 yr-1 between all 

experimental plots. This is within the range of 4 ς 6 g CH4 m-2 yr-1 reported from raised 

bogs in Canada (Roulet et al., 2007) and is close to a reported average of 5 g CH4 m-2 yr-

1 from a Swedish raised bog (Waddington and Roulet, 2000). Net ecosystem respiration 

of CH4 was 5.3 ± 0.9 g CH4 m-2 y-1 in the control plots and 6.4 ± 1.0 g CH4 m-2. Emissions 

were significantly lower in the combined warmed and drought plot, which emitted CH4 

at a rate of 3.8 ± 0.9 g CH4 m-2 y-1. The presence of OTCs significantly reduced CH4 

emissions from an average of 5.9 ± 0.9 g CH4 m-2 y-1 to 4.1 ± 0.9 g CH4 m-2 y-1, a reduction 

of c. 1.7 g CH4 m-2 y-1, a change of c. 29 %. Annual estimates for carbon dioxide equivalent 

CH4 emissions varied widely across all plots (22.9 ± 127.5 g C m-2 y-1), with significant 

differences identified between treatments. 

 

Total estimated annual carbon budgets differed significantly between treatments. The 

control plots had the highest carbon accumulation rates, with average annual 

accumulation budgets of 56.4 ± 30.4 g C m-2 y-1. This estimate is within the estimated 

range for the annual carbon budgets of two UK blanket bog sites (56 ς 72 g C m-2 y-1) 

(Billet et al., 2010), although it is greater than estimates by Dinsmore et al. (2009) for 

Auchencorth Moss (30.7 g C m-2 y-1), an ombrotrophic bog in Scotland. The combined 

warming and drought treatments had the lowest overall carbon accumulation rates, 

which we estimated to be losing carbon at a rate of 34.6 ± 23.3 g C m-2 y-1. Warming 

alone also significantly reduced annual carbon sequestration by 40.3 ± 13.4 g C m-2 y-1 in 
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comparison to control plots, although these plots were still on average weak sinks of 

carbon, accumulating 0.6 ± 37.9 g C m-2 y-1. 

 

 

Figure 4.12. Box plots of modelled annual carbon budget flux components, displaying 
differences by treatment, from the Cors Fochno experimental site. Years modelled 
were 2011-2018.  

 

4.7. Discussion 

4.7.1. Explaining the discrepancy between contemporary and core derived carbon 

accumulation 

We find that the inferred environmental variables governing carbon accumulation rates 

differ between the experimental study and the long-term record. In the experimental 

study, carbon accumulation rate (NEE) is driven mostly by water table depth and the 

availability of photosynthetically active radiation (PAR). Respiration (NER) increases with 

increased air temperature, reflecting increased decomposition rates in the acrotelm 
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with warming (Bu et al., 2011). Primary productivity is mainly governed by air 

temperature and photosynthetically active radiation, likely reflecting increased 

productivity during the summer. Including aCAR from surface peats appears to produce 

weaker correlations when compared with past changes in hydrology or temperature 

(CƛƎǳǊŜ пΦсύΦ ¢Ƙƛǎ ƭƛƪŜƭȅ ǊŜƭŀǘŜǎ ǘƻ ǘƘŜ ƪƴƻǿƴ ΨŀŎǊƻǘŜƭƳ ŜŦŦŜŎǘΣΩ occurring due to the 

incomplete decomposition of organic material above the catotelm causing apparently 

high carbon accumulation rates in this section of the core (Young et al., 2019).  

 

No significant relationship was found between carbon accumulation rates and the 

Central England Temperature record. This likely relates to the low number of binned 

data points (n = 14) for this analysis using the BINCOR method, highlighting the difficulty 

of correlating palaeoecological data with even relatively long instrumental datasets. We 

caution against interpreting changes in aCAR in recently accumulated peats in relation 

to changes in climate or any other environmental variable, since the increased aCAR in 

acrotelmic peats are the result of incomplete decomposition and therefore do not 

realistically reflect long-term carbon accumulation rates (Young et al., 2019). 

 

When acrotelmic peats are excluded from the analysis, we report a positive time-lagged 

relationship with air temperature anomalies, with increases in aCAR appearing to occur 

prior to temperature increases by 52 years. This lag may reflect  the amount of time 

organic material spends in the aerobic acrotelm before it is incorporated into the 

anaerobic catotelm, as peat humification is often considered to be a measure of this 

initial period of decay (Chambers et al., 2011) . This suggests that warming may benefit 
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long term carbon retention in sub-surface peat (Clymo, 1984; Frolking et al., 2014). 

However, chronological uncertainty increases in the lower sections of the core, due to a 

paucity of additional dating methods other than 14C for these sections. Therefore, this 

time lag may simply be the result of chronological uncertainty in our age-depth model 

(Polanco-Martinez et al., 2019).  

It is important to note that the analyses here are based upon measurements from a 

single core. These carbon accumulation rates may not be representative for the site as 

a whole. Within-site comparisons of carbon accumulation rates derived from cores can 

show considerable variation, relating to spatial differences in vegetation community 

composition and macroforms (Turunen et al., 2004; Loisel and Garneau, 2010). 

Furthermore, the effects of temperature upon carbon accumulation at Cors Fochno are 

likely to differ from the hemispheric average calculated by Mann et al. (1999). While 

there is greater legitimacy in making a geographical teleconnection with the Central 

England Temperature Record, this record proved too short for correlations to be made. 

This highlights the difficulty of correlating peatland long-term palaeoecological records 

with meteorological datasets. 

 

Despite the results of these correlations, there are notable exceptions within the 

palaeoecological record where carbon accumulation rates increase during relatively 

wetter/cooler periods. Carbon accumulation rates were more variable during the Little 

Ice Age than during the Medieval Climate Anomaly, despite no significant overall 

differences in mean aCAR during these periods. In core BO17, between c. 1150 and 1450 

CE, aCAR showed an increase. This followed a shift in the botanical composition of the 
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peat, characterised by a transition from Sphagnum austinii/Sphagnum pulchrum to Erica 

tetralix and monocot-dominated communities. Accumulation rates increased again 

following a shift towards Sphagnum papillosum dominance between c. 1410 and 1460 

CE. As water tables continued to increase throughout this period, aCAR rates rapidly 

declined until reaching their lowest values c. 1600 CE, coincident with the development 

of bog pool conditions dominated by Sphagnum denticulatum remains (Andrews et al., 

2021). During this time, there is an apparent reduction in peat accumulation in the age-

depth model. Carbon accumulation rates fell as the site became increasingly wet, and 

aquatic conditions persisted at the coring location until the development of the modern-

day vegetation community around c. 1850 CE, coincident with a period of abrupt water 

table drawdown attributed to drainage activity (Poucher, 2009; Andrews et al., 2021). 

In contrast with the LIA, during the MCA carbon accumulation rates, hydrological 

conditions and peat botanical composition were relatively stable, with vegetation 

dominated by Sphagnum austinii. Other studies report similar patterns of stability in 

water table and vegetation during the MCA and instability during the LIA (e.g., Klein et 

al., 2013; Magnan et al., 2019). This suggests that these changes in aCAR are determined 

by changes in the botanical composition of the peat, as well as the degree of 

waterlogging occurring during this time. Certain vegetation produces more readily 

decomposed litter than other types (Bengtsson et al., 2016; Bell et al., 2018). Species 

that grow in wetter conditions on peatlands typically decompose more readily, but are 

also often more productive, than those associated with drier conditions (Mauquoy et 

al., 2002). For example, hummock-forming species such as the Sphagnum sect. 

Sphagnum species (e.g., Sphagnum papillosum, Sphagnum austinii) produce more 

recalcitrant litter than Sphagnum sect. Cuspidatum type species which are usually 
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associated with hollows or bog pools (e.g., Sphagnum cuspidatum, Sphagnum pulchrum) 

(Bengtsson et al., 2016) and grow closer to the water table. An imbalance between GPP 

and NER resulting from highly labile material and low productivity during the LIA may 

explain the very low carbon accumulation rates during the bog pool period in core BO17.  

 

Similar changes in vegetation with increasingly wet conditions as are seen in core BO17 

during the LIA are frequently reported in palaeoecological studies (Blackford and 

Chambers, 1993; Mauquoy et al., 2002; Magnan et al., 2019). A study from subarctic 

Quebec, Canada, found reduced precipitation during this time resulted in drier 

conditions, which drove an increase in aCAR (Loisel and Garneau, 2010), suggesting that 

precipitation is more important than changes in temperature in driving these shifts. In 

contemporary gas flux studies, bog pools are consistent sources of carbon (McEnroe et 

al., 2009). This would be reflected in the long-term carbon accumulation record as a 

decline in aCAR, as occurs during the end of the LIA. We cannot corroborate this with 

our experimental findings, however, since the vegetation within our experimental plots 

are not analogous with those found in areas of prolonged standing water. This suggests 

that changes in aCAR reflect the relative recalcitrance of organic carbon in the acrotelm, 

governed by the characteristics of the plant material (Loisel and Garneau, 2010). 

Vegetation community composition in peatlands is itself controlled by hydroclimatic 

conditions (Breeuwer et al., 2008), with non-linear, abrupt changes often occurring in 

response to sustained changes in water table depth (Belyea, 2009), as seen in the 

botanical composition of the peat in core BO17. 
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Some palaeoecological studies have interpreted differences in aCAR between the MCA 

and the LIA as the result of changes in light availability and growing season length 

affecting plant productivity, with increased cloudiness during the LIA and increased 

growing season length during the MCA given as primary causes for these differences 

(Charman et al., 2013; van der Linden et al., 2014). However, this interpretation 

downplays the importance of decomposition processes. Whilst these are controlled by 

hydroclimatic conditions (Belyea, 2009; Breeuwer et al., 2008), botanical characteristics 

of the peat are likely to govern carbon accumulation rates over longer time periods. Our 

experimental measurements show that soil respiration rates are governed mainly by air 

temperature, with measured NER reflecting net carbon losses in the acrotelm due to 

aerobic respiration (Yu et al., 2001). This may be due to the mostly non-limiting moisture 

conditions that characterise wet sites such as Cors Fochno during non-drought periods, 

where temperature is the dominant controlling variable (Steinweg et al., 2012). In 

contrast, the amount of carbon retained within specific sections throughout the peat 

column depends upon the recalcitrance of the plant remains in the peat. Similar 

conclusions were reached by Mauquoy et al. (2002) and Loisel and Garneau (2010) when 

comparing differences in carbon accumulation rates between the MCA and the LIA in 

peatland palaeoecological records. We argue that the results of experimental 

manipulation studies, which show that warmer climatic conditions weaken carbon 

accumulation rates, are not in dispute with palaeoecological studies. Since it is not 

possible to quantify whether changes in carbon accumulation rates inferred from peat 

cores are due to changes in productivity or decomposition, a single climatic driver should 

not be used to explain differences in carbon accumulation between time periods. 

However, understanding how decomposition varies between vegetation communities 
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may aid interpretation of such changes, leading to ecologically informed interpretations 

of changes in decomposition and accumulation rates through time. 

 

Experimental studies indicate that, in the future, increased temperature and reduced 

water tables will drive increases in ericaceous shrub cover in peatlands (Weltzin et al., 

2003; Buttler et al., 2015; Malhotra et al., 2020; Andrews et al., 2021). This may coincide 

with a reduction in Sphagnum cover (Norby et al., 2019). Such a change may initially 

increase productivity rates (Ward et al., 2013) but may be offset by accelerated 

decomposition due to increased root exudate supply, a loss of inhibitory polyphenols 

associated with Sphagnum and a decline in recalcitrant litter (Weltzin et al., 2000; Norby 

et al., 2019). This suggests that while short-term carbon accumulation rates may 

increase with increased ericaceous cover, this will be reflected by increased soil 

respiration and over the long-term lead to an overall reduction in carbon accumulation 

rates.  

 

Periods of burning are indicated throughout the palaeoecological record of Cors Fochno. 

These do not appear to coincide with periods of reduced aCAR. This may be due to the 

addition of charcoal into the soil, derived from the carbonisation of the above-ground 

biomass during the fire events. Charcoal is largely biologically unavailable and can form 

a recalcitrant layer of rapidly deposited carbon in peatlands. This influx of carbon may 

cause an apparent increase of aCAR rates following fires. Similar findings were found by 

Heinemeyer et al. (2018), where increased charcoal inputs derived from managed 

burning of the above-ground biomass correlated with aCAR from three UK blanket bog 



 
315 

 

sites. However, the relative amount of carbon released into the atmosphere due to 

burning was not quantified (Young et al., 2019).    

4.7.2. Comparing aCAR and net ecosystem carbon budgets 

We partitioned the modelled annual carbon budgets for each treatment to compare 

with the long term aCAR record from core BO17. In this section, carbon uptake is 

presented as positive values to facilitate comparison with core-derived estimates (Figure 

4.13a). The partitioned components of the net ecosystem carbon budgets for all 

modelled years are shown in Figure 4.13b. 

 

From the top of the core and through the acrotelm, we see that aCAR overlaps with the 

average annual rate of carbon uptake (GPP) for all plots (101 ± 24 g C m-2 y-1) and all 

treatments. In this layer, little to no decomposition has taken place, therefore aCAR 

mostly reflects carbon accumulated by the surface vegetation, which does not differ 

significantly between treatments. When carbon losses following ecosystem respiration 

are accounted for, average modelled carbon accumulation rates fall to 31 ± 36.8 g C m-

2 y-1
 for all plots. While the range of carbon accumulation rates between treatments still 

overlap with the 95% uncertainty of the aCAR record, there are clear differences that 

reflect the significant effect of experimental warming upon modelled NER rates. Mean 

annual carbon budgets indicate control plots remain carbon sinks, sequestering 32.6 ± 

32.5 g C m-2 y-1, overlapping with aCAR following the development of the present-day 

vegetation community after c. 1850 CE and with increased rates during the early LIA 

between c. 1200 ς 1450 CE. Mean annual carbon budgets indicate the drought 

treatment plots are also still net sinks, sequestering carbon at a rate of 13.9 ± 15.6 g C 
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m-2 y-1 and still overlap with these periods where aCAR is highest. For control and 

drought plots, mean annual carbon budgets are above the average LORCA for Cors 

Fochno, whereas aCAR rates the warmed plots are lower than the average LORCA. Mean 

annual carbon accumulation rates from warmed plots remain weak sinks, sequestering 

carbon at 0.6 ± 37.9 g C m-2 y-1, which overlaps with aCAR throughout the MCA period. 

The greatest difference between aCAR and modelled annual budgets are seen within 

the combined warming and drought plots. These plots become net carbon sources due 

to CO2 emissions alone, losing 34.6 ± 23.2 g C m-2 y-1. 

 

 Carbon losses due to CH4 efflux have little effect upon reducing total carbon 

accumulation rates, reflecting the slow decomposition of material stored throughout 

the entire depth of the catotelm (Clymo, 1984). Therefore, the reduction in CH4 emission 

seen with warming is unlikely to have a substantial effect upon aCAR rates. This effect 

contrasts with most studies that report a positive relationship between CH4 production 

and temperature (e.g., Granberg et al., 2001; Updegraff et al., 2001; Lai, 2009; Zhang et 

al., 2021). Other studies have shown reductions in CH4 emissions due to reduced soil 

moisture and lower water tables (e.g., Strack et al., 2004; Turetsky et al., 2008; Eriksson 

et al., 2010). While no significant effects upon water table depth occurred due to 

warming, increased temperatures may have reduced soil moisture in the aerobic levels 

sufficiently to alter soil decay processes. Alternative explanations may relate to the 

effect of experimental warming upon soil microbial communities, which may favour 

bacteria over methanogens (Kim et al., 2012). However, other studies have found that 

warming changes methanogens abundance, community structure and type (Kim et al., 

2012; Turetsky et al., 2008). The effects of climate change upon microbial communities 
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and decay are poorly understood but have been shown to vary by site. These differential 

effects may result in variation in changes in the relative emissions of greenhouse gases 

with changes in climate (Kolton et al., 2019). Such changes may also drive a shift in 

methane oxidation activity with warming, favouring increased methane oxidation due 

to methanotrophy (Kip et al., 2010). However, increased temperatures have been 

shown exert a greater influence upon methanogenesis than CH4 oxidation (Dunfield et 

al., 1993).  

 

By accounting for DOC fluxes out of the bog, average carbon accumulation rates fall 

further, with the control plots accumulating carbon at a rate of 32.4 ± 32.5 g C m-2 y-1. 

While median carbon accumulation rates in the control plots remain within the range of 

aCAR in the catotelm (29.8 ς 41.5 g C m-2 y-1) and the average LORCA measurements 

(31.6 ± 2.2 g C m-2 y -1), mean carbon budgets are much lower than mean aCAR, since 

these quantify periods of carbon loss, which cannot be accounted for in core-derived 

estimates (Young et al., 2019).  Prolonged carbon losses would be reflected as a slowing 

down of aCAR, as occurs between c. 1600 ς 1800 CE during the latter half of the LIA in 

the BO17 record. Including our estimated annual POC and DIC fluxes into this calculation 

reduces the average carbon accumulation rates further, with carbon accumulation rates 

within the control plots falling to c. 27.4 g C m-2 y-1, slightly below the range of aCAR 

estimated for the catotelm. While relatively small, POC and DIC fluxes combined are 

equal to c. 16 % of the estimated carbon accumulation rates within the control plots.  

However, the hydrological fluxes estimated by this study are highly uncertain and are 

likely to be significantly overestimated.  
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There is a need for POC and DIC to be measured and modelled more accurately in 

peatland net ecosystem carbon budget studies, as these fluxes may be more important 

pathways for carbon loss from peatlands then they are generally assumed to be. This 

may be particularly true under climate change, as increasing drought frequency and 

severity may cause POC fluxes from peatlands to be greater due increased peat erosion 

following physical and biogeochemical changes in peat due to drying (Evans et al., 2005).  

In addition to drought, storm events can also increase hydrological fluxes from peatlands 

and are also projected to increase in frequency and severity in some regions (Clark et 

al., 2007; Austnes et al., 2010). Most of the DOC (31 ς 66 % of total annual DOC export) 

exported in rivers draining from peatland catchments is released following storm events 

(Hinton et al., 1997; Clark et al, 2007). Incorporating accurate assessments of 

hydrological fluxes during storm events requires high resolution, long-term monitoring 

that was beyond the scope of this study (Clark et al., 2007), however we acknowledge 

that not accounting for these fluxes increases the uncertainty of our hydrological flux 

estimates (Clark et al., 2007; Austnes et al., 2010).  

 

Our results suggest that carbon accumulation rates between palaeoecological and 

modelled net ecosystem carbon budgets can overlap. There are many instances where 

this occurs in other studies. For example, Roulet et al. (2007) compared multi-year 

annual carbon balances (CO2, CH4 and DOC) from the Mer Bleue peatland in Ottawa, 

Canada, calculating a mean carbon balance of -21.5 ± 39.0 g Cm-2 y-1. This was 

comparable with LORCA from two cores from the same site (21.9 ± 2.8 and 14.0 ± 37.6 
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g C m-2 y-1). Our results demonstrate the importance of including hydrological carbon 

fluxes in NECB estimates, despite often being poorly understood (Blodau, 2002). These 

fluxes are often important components of the carbon cycle in peatlands and their 

inclusion provides more accurate estimates of carbon accumulation, comparable with 

core derived estimates (Webb et al., 2019).  

 

While it is unclear why the NECB is greater than the LORCA from the same sites in some 

studies (e.g., Ratcliffe et al., 2018; Yu, 2012), this likely relates to unquantifiable carbon 

losses resulting from disturbance episodes (e.g., burning, drought) potentially removing 

large quantities of organic carbon from the peat column over time, compromising 

comparison between the two records (Frolking et al., 2014; Ratcliffe et al., 2018). These 

losses will have a greater influence upon LORCA in heavily disturbed sites relative to 

others, the relatively pristine conditions of Cors Fochno possibly explaining the relatively 

good comparability between modelled and core-derived carbon accumulation rates in 

this study. Despite a few instances of apparent in-situ wildfires affecting Cors Fochno in 

the palaeoecological record and extensive drainage from c. 1850 until the mid-20th 

century (Andrews et al., 2021), the central portion of Cors Fochno is relatively pristine 

compared with many other sites. These effects limit the applicability of joint 

experimental and palaeoenvironmental studies in heavily disturbed sites for inferring 

functional relationships between carbon accumulation and climate over differing 

timescales.  
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Figure 4.13. a: Apparent rates of carbon accumulation for core BO17 compared with 
modelled net ecosystem carbon budgets for all treatments (control, warmed, drought 
and combined warming and drought). The purple shade represents the 95% confidence 
interval for carbon accumulation rates, based upon age uncertainty. The green bar 
represents the average long-term rate of carbon accumulation (LORCA) and its 
uncertainty. The red dashed line indicates the level of zero carbon accumulation; values 
above this line represent carbon sinks and below carbon sources. Age is given as the 
median age probability from the age-depth model for core BO17. b. Partitioned 
components of the net ecosystem carbon budget, showing the contributions of each 
carbon source into the final net carbon budget. 

 

 

4.7.3. Future carbon dynamics with climate change 

We find that experimental warming combined with increased drought frequency (four 

x 4-week-long droughts) over the course of ten years reduced the carbon sink capacity 


