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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. 950-1250 CE) in vegetation and hydrology, 

while abrupt changes occurred during the Little Ice Age (c. 1300-1850 CE) when water tables 

were highest, suggesting that these shifts were driven by changes in water table, modulated by A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

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, characterised by abundant Rhyncospora 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 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. 

1. 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 (Davidson and Janssens, 2006, Belyea, 2009). 

Peatlands contain approximately 30% of all terrestrial soil carbon, estimated at c. 500 ± 100 

billion tonnes (GT) (Gorham, 1991; Yu et al., 2010; Yu, 2012) 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) whilst also losing carbon via hydrological 

pathways in dissolved and particulate forms (Freeman et al., 2004, Blodau 2002). 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 and atmospheric CO2 

concentrations are important climatic variables that govern peatland resilience and functioning A
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(Turetsky et al., 2012). Increased temperatures and lower water tables  may promote vascular 

plant growth at the expense of Sphagnum mosses (e.g., Trinder et al., 2008, Metcalfe et al., 

2011, Dieleman et al., 2015). Sphagnum is important for maintaining peatland ecosystem 

functioning and resilience to climatic or anthropogenic perturbations (Bragazza et al., 2013; 

Kuiper et al.,2013). 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 (Fenner and Freeman, 2011; Bragazza 

et al., 2013). 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 (Rouse et al.,1997, 

Grillakis, 2019, Blodau, 2002, Norby et al., 2019). 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 fuller 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 ten 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 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., Ward 

et al., 2013, Dieleman et al., 2015), 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 A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

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, Turner et al., 2014, De Vleeschouwer et al., 2009). 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 understanding of peatland vegetation responses to climate 

change (Rull 2010; Seddon et al., 2014; Lamentowicz et al., 2016). 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 (Willis et al., 2010; 

Lamentowicz et al., 2016). 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 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 A
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(Lamb, 1965; Mann, 2002). The timing and magnitude of both events vary widely across regions, 

and neither were periods of ubiquitous warming or cooling (Matthews and Briffa., 2005; Mann, 

2002; Broecker, 2001; Neukom et al., 2019). The MCA was a period of generally warmer 

conditions over much of the Northern Hemisphere, characterised by a predominantly positive 

North Atlantic Oscillation (NAO) (Trouet et al., 2009). The LIA was characterized by pronounced 

cooling over the Northern Hemisphere and a predominantly negative NOA (Matthes, 1939; 

Lamb, 1965; Mann et al., 2009). Marine palaeoclimate reconstructions show that North Atlantic 

sea surface temperatures were warmer sea 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 

(Lamb, 1965; Proctor et al., 2000; Charman and Hendon, 2000). 

Previous studies have made great strides towards understanding peatland vegetation responses 

to climate change (e.g., Weltzin et al., 2003; Buttler et al., 2015; Malhotra et al., 2020); 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.

2. Study site, methods, and materials

2.1. Study site

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

Wales, east of the town of Borth (Lat: 52.50, Long: -4.01) (Figure 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 tetralix - Sphagnum papillosum raised and blanket mire type vegetation A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

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. 1m above sea level (Wilks, 

1979; Hughes and Schulz, 2001; CCW 2011). Based upon local measurements, annual 

precipitation rates (1981-2019) were 1236 mm y-1, average air temperatures (2010-2019) were 

11.1 ° C and average windspeeds were 3.1 m s-1 (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 (Poucher, 2009; Page et al., 2012; Mighall et al., 2017). 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 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).

2.2. Experimental setup

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 2). The 

intention of the experiment is to determine the effects of climate warming and drought upon 

ecosystem functions in northern ombrotrophic peatlands.

The experiment was established in the spring of 2010, consisting of twelve plots, replicated in 

three blocks along a transect. Each plot is subjected to one of four treatments (Table 1). The 

treatments reflect the lower range of climate-change predictions for the UK from the present 

until c. 2070 (Lowe et al., 2018).

This project uses open top chambers (OTCs) to simulate climate warming (Figure 2); these are 

commonly used to moderately elevate air and soil temperatures in field experiments (Aronson A
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and McNulty, 2009). OTCs were constructed from 2.5mm thick Perspex sheets, joined at the 

corners by cable ties, following designs used by the International Tundra Experiment (Marion et 

al., 1997a; 1997b; Arft et al., 1999; Shaver et al., 2000). OTCs passively warm the air within the 

chamber like a greenhouse, with studies typically reporting a 0.35-1.0°C air temperature increase 

(Ward et al., 2013; Walker et al., 2015).

Drought in this study refers to reduced precipitation resulting in lowered groundwater levels 

(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-metre 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, 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 

whilst 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 ten years, rather 

than the effects of long-term water table drawdown.

Each plot was equipped with HOBO Onset U10 Temperature loggers (Onset Computer 

Corporation; Massachusetts USA) 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, Christchurch, New Zealand) record water table height. Logger 

values were converted to water table depth (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.

2.3. Vegetation survey within experimental plots

Three fixed 25 x 25 cm quadrats, each enclosing a 5 x 5 grid, were used to quantify the plant 

community composition and abundance in each plot.  The quadrats were surveyed annually A
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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.

2.4. 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 characterised by a S. pulchrum lawn. The 

uppermost 50 cm was extracted using a monolith tin to ensure sufficient additional material for 

later analysis. Extracted cores were stored in guttering, wrapped in cling film, and refrigerated at 

4°C.

2.5.  Chronology

Sphagnum or other above-ground plant remains were hand-picked from 1 cm-thick sub-samples 

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 Piotowska 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 
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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 sub-sampled from the top 30 cm of the core at 1 cm 

resolution. SCPs were identified following criteria described by Rose (2008) using a high-powered 

microscope at 400x magnification. SCP concentration is reported as the number of particles per 

gram of dry mass (gDM-1).  

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 sub-surface 

chrono-horizon of macrocharcoal consisting of the remains of identifiable peatland species. 

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. Each sample was 

submerged in 6% H2O2 overnight before wet-sieving through a 125µm sieve, retaining the larger 

fraction. Charred fragments were counted under a stereo-microscope at low magnification (x10 – 

x100) using a Bogorov tray.

Age-depth models were generated using the package ‘rBacon’ (Blaauw 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 (MAP) prefixed circa (c.) and the max-min age range is given as cal CE. Year notations 

are reported as Common Era (CE) dates, following the Gregorian calendar.

2.6. Palaeo-vegetation.

We used plant macrofossil analysis to determine palaeo-vegetation community change through 

the core.  Four cm3 of peat were sampled at contiguous 1 cm intervals. These were submerged in 

10% potassium hydroxide solution for 24 hours prior to rinsing through a 125 µm sieve.

Primary 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) by Mauquoy et al., (2010). Components (e.g., total Sphagnum, Rhyncospora alba stem) A
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were expressed as percentages of total peat components. Plant macrofossils were identified with 

reference to Grosse-Brauckmann (1972), Smith (2004), Souto et al., (2016, 2017), Daniels and 

Eddy (1990) and Mauquoy et al., (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 recorded as “undifferentiated”.

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 stereo-microscope at 10-200x 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-powered stereo-

microscope at 100-200x 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).

2.7. 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 water 

table depth, 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 species-environment relationships (Charman et al., 2007; Payne and Mitchell, 2007).A
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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. (2015a).

Two cm3 samples (1 cm thick) were sub-sampled 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 355µm test-

sieve, retaining the smaller fraction. These were then centrifuged at 3000 rpm for 10 minutes 

before mounting in glycerol. Tests were counted at 250 x magnification using a high-powered 

stereo-microscope, 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).  

2.8. Statistical analyses.

All analyses were carried out using the statistical package ‘R’ (R core team, 2021). Further details 

(fixed effects, accounting for hierarchical and repeated measure design of the experiment) of the 

statistical methods used are provided in the supplementary materials. Statistical differences in 

temperature and water table between treatments were tested for using mixed effects linear 

models using the ‘lme4’ package in R (Bates et al., 2012), 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.

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

treatments were tested by generalised linear models (GLMs) using the ‘mvabund’ package (Wang 

et al., 2012; Wang et al., 2020).  GLMs are an extension of linear regression, relating linear 

models to their response variable via link functions.
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Functional type data were compared by removing vegetation from the modern data with no 

analogy in the palaeoecological record. The remaining counts were summed into taxonomic 

groups of Sphagnum (sub-genera), shrubs, sedges, and liverworts.

Stratigraphically constrained incremental sum of squares cluster analysis (CONISS; Grimm, 1987) 

was used to identify 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 

vegetation communities, we used analogue matching (AM) using the ‘analogue’ package 

(Simpson, 2007). This is a technique used to identify close modern analogues (CMAs) for fossil 

datasets (Overpeck et al., 1985; Simpson et al., 2007). Similarity coefficients were calculated 

between experimental and fossil communities using methods described by Bray & Curtis (1957). 

A number between 0 and 1 is assigned for each pair of samples 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 categorise CMAs at the 95% confidence interval. Data were square-root 

transformed prior to analysis to reduce possible differences between the two methods.

3. Results

3.1. Air temperature

To determine if the experimental treatments affected soil and air temperature or water table 

depth, 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: X2 (1) = 11.64, p = <0.001), increasing it by an average of 

0.47 °C throughout 2019 (Figure 3a). Temperature differences were greatest during summer 

months, differing by as much as c. 7.4 °C, with mean temperature differences greatest between A
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12 noon and 6pm (Figure 3a-c). During winter months, mean temperatures are often slightly 

cooler within the OTCs than in controls (Figure 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). 

3.2 Soil temperature

The OTCs significantly increased soil temperature (10 cm depth) by an average of 0.45 °C (95% CI: 

0.09–0.80 °C) throughout 2019 (Figure 3b). Soil warming in plots with OTCs was slightly higher 

during the winter months, indicative of a lag between air and soil temperatures (Figure 3b-d). 

3.3. Water table depth

Significant differences occurred in water table depth due to pumping during the 2019 water 

table drawdown experiment (LRT: X2 (1) = 1835.3, p = <0.001) (Figure 4). Pumping reduced water 

table depths by an average of 16.1 cm (95% CI: 13.7-18.4 cm) during the pumping period, 

comparable to the average water table depths within the plots during a drought that affected 

much of the Northern Hemisphere between June – August 2018 (16.4 cm). 

3.4. Vegetation changes in the 10-year experimental study.

 A total of 21 plant taxa occurs within the experimental plots. The most abundant species, 

Rhyncospora alba, constitutes 30.2±12.6% (1σ) of mean vegetation coverage in the plots. The 

second most abundant species recorded was Sphagnum pulchrum, at 28.4±11.1%. 

Supplementary Figures S1 to S6 illustrate changes in functional type and species differences 

between various treatments. The results of the Wald tests between each treatment are given in 

Table 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 to 26 %) in the combined A
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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 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. 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. Calluna vulgaris is relatively uncommon in the plots, achieving 

a mean relative abundance of 5.6% of the entire community by 2020. 

   3.5. Core chronology

The results of the radiocarbon analyses are shown in Table 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.

SCP concentrations in the core (Figure 6) were relatively low compared to other studies within 

the UK (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, 1995; Schulz, 2004). 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 1922-1690 CE at 29 cm makes it difficult to 

ascertain whether the SCPs within the deeper part of the profile were 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 sub-surface peak at 13 cm based upon A
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comparison of SCP profiles from Lakes in north and central Wales with corresponding 210Pb age-

depth profiles (Rose and Appleby, 2005).

At 12cm, a macrocharcoal layer containing >10mm fragments of charred peatland vegetation is 

considered to reflect the position within the core relating to the 1986 fire (see Figure 8). 

The age-depth model for BO17 (Figure 7) 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 whilst 

providing sufficient prior environmental context.

3.6. Plant macrofossils

Sphagnum is the principal plant macrofossil, accounting for 31.6±17.6% of peat components 

(Figure 8). Other abundant components include monocotyledon radicells (22.0±12.4%), 

ericaceous rootlets (21.1±12.4%), and unidentified organic matter (UOM: 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

3.7. Testate amoebae

The stratigraphic profile of core BO17 is mainly characterised 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 (Lamentowicz and Mitchell, 2005; Amesbury et al., 

2012). The relative abundance of testate amoebae throughout the stratigraphy of core BO17 is 

provided in the supplementary figures (S8). The water-table reconstruction for core BO17 is 

shown in Figure 9. The reconstruction indicates that water tables gradually increased from c. 600 A
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to c. 1800 CE, with a slight period of increasing water table depth between c. 1000 – 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 significant increase in water table 

depth from c. 1800 – 1970 CE, where the highest water table depths are attained, until water 

tables abruptly increase to their prior levels until the end of the profile. 

3.8. 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 (Goodall, 

1952; Birks, 2007 Mauquoy and Yeloff, 2008) in addition to the sources of error when comparing 

between them. For example, certain taxa (e.g., Rhyncospora 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 inflating their apparent abundance (Johnson and Damman, 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 close modern analogue (CMA) analysis is presented in Figure 10. From the 

experimental communities, 237 samples counted as CMAs for 52 fossil samples using a Bray-

Curtis (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. Close 

modern analogues appear to relate to the abundance of the two most common functional A
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groups within the modern datasets: sedges and Sphagnum sect. sphagnum, whilst showing little 

correspondence with periods of hydroclimatic change (Figure 10). Most of the CMAs were from 

control (77) and combined treatment communities (71), with warmed and drought 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 to 2012 cal CE. This period is 

dominated by ericaceous roots, S. pulchrum and S. tenellum. The depth 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 characterised 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. 

Groupings of CMAs also occur between c. 815 to 940 cal CE, c. 975 to 1280 cal CE, c. 1510 to 

1525 cal CE, and c. 1570 to 1615 cal CE (Figure 10). Climatic conditions and species composition 

vary between these periods. Between c. 815 to 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 section sphagnum. The period c. 970 to 1280 cal CE 

covers the timing of the MCA, where shrubs (c. 31%), sedges (30%) and Sphagnum sect. 

sphagnum (25%) type taxa dominated, mainly S. austinii. Groupings between c. 1510 to 1525 cal 

CE and c. 1570 to 1615 cal CE occur during the LIA and are characterised by high abundances of 

sedge (c. 50%) and Sphagnum section sphagnum (30%), the latter represented by S. papillosum. 

4. Discussion

4.1. Effect of experimental warming and drought upon peatland vegetation

Ericaceous shrubs became more abundant in response to warming over ten 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 1.6-4.1°C over five 

years, comparable to the temperature changes in this study. Buttler et al., (2015) conducted an A
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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.

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 (Weltzin et al., 2000; Fenner et al., 2007; Ward et al., 2013; Bell et al., 2018). 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 

of 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 (van Breemen, 

1995).

No significant changes occurred for Sphagnum due to increases in air temperature of 0.3–0.7°C 

over ten years (Figure 3), which is in-line with low range UK temperature 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 1.6-4.1°C. Similarly, Walker et al., 

(2006) found that Sphagnum cover did not significantly change with 1-3°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 A
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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 ten-

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 1850-1900 baselines, 

based on predictions by the IPCC (IPCC, 2021). 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.

Our results suggest that increased drought frequency does not significantly influence peatland 

vegetation, at least over a ten-year period. This disagrees with the results of other water table 

drawdown experiments (e.g., Strack et al., 2006; Murphy et al., 2009; Bragazza et al., 2013). 

However, ours differs from previous studies since we simulate repeated episodes of temporary 

seasonal drought, rather than inducing a permanent step-change in the water table. 

4.2. 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 to 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 10). The stability of peatland flora and hydrology during the MCA is 

typical of many peatland palaeoecological studies (e.g., Magnan et al., 2018). 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 A
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have moderated peatland responses to past changes in climate (Dise, 2009; Swindles et al., 2012; 

Churchill et al., 2015).  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 palaeovegetation 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 hydro-

climatic changes, reflecting interspecific competition 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. Sphagnum austinii was a formerly common and 

important peat-forming species in northern peatlands until its pronounced decline in the past 

2000 years (Swindles et al., 2015b). Many environmental and anthropogenic causes for this 

decline have been suggested (Swindles et al., 2015b). 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.

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 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 9). Other studies also document dramatic shifts in vegetation following the onset of the 

LIA (Mauquoy et al., 2002; Magnan et al., 2018). 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 A
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the MCA and drier conditions during the LIA (Lamb, 1965; Charman and Hendon, 2000; Turner et 

al., 2016), although other records disagree, likely due to a lack of spatial coherence proxy 

precipitation records across Britain (Proctor et al., 2000).

4.3. 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 or refuted by the palaeo record 

because the experimental droughts simulate short, episodic water table drawdown, rather than 

prolonged periods of water-table drawdown as are recorded by the long-term palaeo record 

(e.g., between c. 1800 to 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 7 and 9). 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 x 4-week simulated droughts 

over ten 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 

paleorecord. 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.A
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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 7 and 8). 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 sub-

genera 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 (Bentsson 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 (Mauquoy and van Geel, 2002; Bentsson et al., 2016). Therefore, this 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; Talbot et al., 

2014; Swindles et al., 2016). In palaeoecological studies, anthropogenic effects are the dominant 

drivers of many palaeoecological proxies (Turner et al., 2014; Gauthier et al., 2019). 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 A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

temperature is frequently identified as the dominant driver of change in experiments (Weltzin et 

al., 2000; Breeuwer et al., 2008; Heijmans et al., 2013; Dieleman et al., 2015), 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 longer (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 Helwith Moss over 50 years 

overcame the site's capacity to resist vegetation succession.

Approximately 15% of the world’s peatlands are in a state of degradation (Joosten, 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 (Ward et al., 2009; Dieleman et al., 2015), and these 

are, in turn, impacted by anthropogenic disturbance (Gatis et al., 2015). 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., 2002; Pellerin and Lavoie, 2003). 

Changes in vegetation are likely to impact ecosystem functions (Johnson and Damman, 1991; 

Hájek, 2009; 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, A
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1994). They are also useful, as in the case of this study, for contextualising experimental studies 

against the long-term history of a site, elucidating past vegetational changes and disturbances.

5. Conclusions

Our study compares the peatland vegetation response to a ten-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 ten years, a result supported by most 

warming experiments in peatland ecosystems. This result is corroborated by increases in Calluna 

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 UK, 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 warming or 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 ten-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.
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Based on this study, we suggest that studying the response of modern peatlands to climate 

change, either through experiments, resurveys, or 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 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 composition to climate change inferred from the peatland palaeoecological record 

may be unreliable as an analogue for future change because many peatlands, even seemingly 

‘pristine’ ones, have been influenced by anthropogenic drivers such as drainage or air 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.

Acknowledgements

This project was funded by the Leverhulme Trust (RPG-2017-029) with further financial 

assistance by the Ecological Continuity Trust. We thank the two anonymous reviewers for their 

constructive comments. We thank Natural Resources Wales, in particular Michael Bailey and 

Justin Lyons, for granting access and permission to conduct research on the site as well as for 

providing useful insights and expertise. We are grateful for help from Graeme Swindles (Queen's 

University Belfast) and Neil Rose (University College London). We thank Anna Keightley and Steve 

Blake for assisting in the vegetation surveys. We thank Tudur Jones for proof-reading our 

translated abstract. We dedicate this work to the memory of Richard Payne. 

References: 

Andrews, L.O., (2021). LA Plant community responses to experimental.xlsx. figshare. Dataset. 

[online] https://doi.org/10.6084/m9.figshare.15395199.v1 

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

Amesbury, M.J., Barber, K.E. and Hughes, P.D.M., (2012). The relationship of fine-resolution, 

multi-proxy palaeoclimate records to meteorological data at Fågelmossen, Värmland, 

Sweden and the implications for the debate on climate drivers of the peat-based 

record. Quaternary International, 268, pp.77-86. 

https://doi.org/10.1016/j.quaint.2011.05.027

Amesbury, M.J., Swindles, G.T., Bobrov, A., Charman, D.J., Holden, J., Lamentowicz, M., Mallon, 

G., Mazei, Y., Mitchell, E.A., Payne, R.J. and Roland, T.P., (2016). Development of a new 

pan-European testate amoeba transfer function for reconstructing peatland 

palaeohydrology. Quaternary Science Reviews, 152, pp.132-151. 

https://doi.org/10.1016/j.quascirev.2016.09.024

Appleby, P.G., Nolan, P.J., Oldfield, F., Richardson, N. and Higgitt, S.R., (1988). 210Pb dating of lake 

sediments and ombrotrophic peats by gamma essay. Science of the total environment, 69, 

pp.157-177. DOI:10.1016/0048-9697(88)90341-5 

Aquino-López, M.A., Blaauw, M., Christen, J.A. and Sanderson, N.K., (2018). Bayesian Analysis of 
210Pb Dating. Journal of Agricultural, Biological and Environmental Statistics, 23(3), 

pp.317-333. DOI: 10.1007/s13253-018-0328-7

Aquino-López, M.A., Ruiz-Fernández, A.C., Blaauw, M. and Sanchez-Cabeza, J.A., (2020). 

Comparing classical and Bayesian 210Pb dating models in human-impacted aquatic 

environments. Quaternary Geochronology, 60, p.101106. 

https://doi.org/10.1016/j.quageo.2020.101106

Arft, A.M., Walker, M.D., Gurevitch, J.E.T.A., Alatalo, J.M., Bret-Harte, M.S., Dale, M., Diemer, M., 

Gugerli, F., Henry, G.H.R., Jones, M.H. and Hollister, R.D., (1999). Responses of tundra 

plants to experimental warming: meta-analysis of the international tundra 

experiment. Ecological monographs, 69(4), pp.491-511. https://doi.org/10.1890/0012-

9615(1999)069[0491:ROTPTE]2.0.CO;2

Aronson, E.L. and McNulty, S.G., (2009). Appropriate experimental ecosystem warming methods 

by ecosystem, objective, and practicality. Agricultural and Forest Meteorology, 149(11), 

pp.1791-1799. https://doi.org/10.1016/j.agrformet.2009.06.007A
cc

ep
te

d 
A

rt
ic

le

https://doi.org/10.1016/j.quaint.2011.05.027
https://doi.org/10.1016/j.quascirev.2016.09.024


This article is protected by copyright. All rights reserved

Barber, K.E., (1993). Peatlands as scientific archives of past biodiversity. Biodiversity & 

Conservation, 2(5), pp.474-489. https://doi.org/10.1007/BF00056743

Barber, K.E., Chambers, F.M., Maddy, D., Stoneman, R. and Brew, J.S., (1994). A sensitive high-

resolution record of late Holocene climatic change from a raised bog in northern 

England. The Holocene, 4(2), pp.198-205. https://doi.org/10.1177/095968369400400209

Bardgett, R.D., Freeman, C. and Ostle, N.J., (2008). Microbial contributions to climate change 

through carbon cycle feedbacks. The ISME journal, 2(8), pp.805-814. 

https://doi.org/10.1038/ismej.2008.58

Bell, M.C., Ritson, J.P., Verhoef, A., Brazier, R.E., Templeton, M.R., Graham, N.J., Freeman, C. and 

Clark, J.M., (2018). Sensitivity of peatland litter decomposition to changes in temperature 

and rainfall. Geoderma, 331, pp.29-37. https://doi.org/10.1016/j.geoderma.2018.06.002

Belyea, L.R. and Clymo, R.S., (2001). Feedback control of the rate of peat formation. Proceedings 

of the Royal Society of London. Series B: Biological Sciences, 268(1473), pp.1315-1321. doi: 

10.1098/rspb.2001.1665

Bennett, K.D., (1996). Determination of the number of zones in a biostratigraphical 

sequence. New Phytologist, 132(1), pp.155-170. https://doi.org/10.1111/j.1469-

8137.1996.tb04521.x

Birks, H.J.B., (2014). Challenges in the presentation and analysis of plant-macrofossil 

stratigraphical data. Vegetation History and Archaeobotany, 23(3), pp.309-330. 

https://doi.org/10.1007/s00334-013-0430-2

Blaauw, M. and Christen, J.A., (2011). Flexible paleoclimate age-depth models using an 

autoregressive gamma process. Bayesian analysis, 6(3), pp.457-474. DOI: 10.1214/11-

BA618

Blaauw, M. and Christen, J.A., (2013). Bacon Manual v2. 3.3.

Blaauw, M. J., Christen, A. and Aquino-Lopez, M. A. (2021a). rplum: Bayesian Age-Depth 

Modelling of Cores Dated by Pb-210. R package version 0.2.1.A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

Blaauw, M. J., Christen, A. and Aquino-Lopez, M. A. (2021b). rbacon: Age-Depth Modelling using 

Bayesian Statistics. R package version 2.5.5. https://CRAN.R-project.org/package=rbacon

Blodau, C., (2002). Carbon cycling in peatlands A review of processes and controls. Environmental 

Reviews, 10(2), pp.111-134. https://doi.org/10.1139/a02-004

Booth, R.K., (2008). Testate amoebae as proxies for mean annual water-table depth in 

Sphagnum-dominated peatlands of North America. Journal of Quaternary Science: 

Published for the Quaternary Research Association, 23(1), pp.43-57. 

https://doi.org/10.1002/jqs.1114

Bradley, R.S. and Jonest, P.D., (1993). 'Little Ice Age' summer temperature variations: their nature 

and relevance to recent global warming trends. The Holocene, 3(4), pp.367-376. 

https://doi.org/10.1177/095968369300300409

Bragazza, L., Parisod, J., Buttler, A. and Bardgett, R.D., (2013). Biogeochemical plant–soil microbe 

feedback in response to climate warming in peatlands. Nature Climate Change, 3(3), 

pp.273-277. https://doi.org/10.1038/nclimate1781

Bragazza, L., Buttler, A., Robroek, B.J., Albrecht, R., Zaccone, C., Jassey, V.E. and Signarbieux, C., 

(2016). Persistent high temperature and low precipitation reduce peat carbon 

accumulation. Global Change Biology, 22(12), pp.4114-4123. DOI: 10.1111/gcb.13319

Bray, J.R. and Curtis, J.T., (1957). An ordination of the upland forest communities of southern 

Wisconsin. Ecological monographs, 27(4), pp.325-349. https://doi.org/10.2307/1942268

Bridgham, S.D., Pastor, J., McClaugherty, C.A. and Richardson, C.J., (1995). Nutrient-use 

efficiency: a litterfall index, a model, and a test along a nutrient-availability gradient in 

North Carolina peatlands. The American Naturalist, 145(1), pp.1-21. DOI 10.1086/285725

Broecker, W.S., (2001). Was the medieval warm period global? Science, 291(5508), pp.1497-

1499. DOI: 10.1126/science.291.5508.1497

Buttler, A., Robroek, B.J., Laggoun-Défarge, F., Jassey, V.E., Pochelon, C., Bernard, G., Delarue, F., 

Gogo, S., Mariotte, P., Mitchell, E.A. and Bragazza, L., (2015). Experimental warming 

interacts with soil moisture to discriminate plant responses in an ombrotrophic A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

peatland. Journal of vegetation Science, 26(5), pp.964-974. 

https://doi.org/10.1111/jvs.12296

Cappers, R.T.J., Bekker, R.M. and Jans, J.E.A., (2006). Digitale zadenatlas van Nederlands. 

Groningen archaeological studies 4. Eelde: Barkhuis Publishing, p.502.

Chambers, F.M., Mauquoy, D. and Todd, P.A., (1999). Recent rise to dominance of Molinia 

caerulea in environmentally sensitive areas: new perspectives from palaeoecological 

data. Journal of Applied Ecology, 36(5), pp.719-733. doi:10.1046/j.1365-

2664.1999.00435.x

Charman, D.J., Blundell, A. and Accrotelm Members, (2007). A new European testate amoebae 

transfer function for palaeohydrological reconstruction on ombrotrophic 

peatlands. Journal of Quaternary Science, 22(3), pp.209-221. 

https://doi.org/10.1002/jqs.1026

Charman, D.J., Hendon, D. and Woodland, W.A., (2000). The identification of testate amoebae 

(Protozoa: Rhizopoda) in peats; Technical Guide No. 9, Quaternary Research Association

Charman, D.J. and Hendon, D., (2000). Long-Term Changes in Soil Water Tables over the Past 

4500 Years: Relationships with Climate and North Atlantic Atmospheric Circulation and 

Sea Surface Temperature. Climatic Change, 47(1), pp.45-59. 

https://doi.org/10.1023/A:1005673624994

Clarke, K.J., 2003. Guide to the identification of soil protozoa-testate amoebae. Freshwater 

Biological Association (FBA).

Clymo, R.S., (1983). Peat. Ecosystems of the world 4A, Mires: Swamp, Bog, Fen and Moor, General 

Studies, pp.159-224.

CCW, (2011). Cors Fochno SAC management plan: COUNTRYSIDE COUNCIL FOR WALES CORE 

MANAGEMENT PLAN, version 18, Countryside Council for Wales, pp 1-31.

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

Crow, S.E. and Wieder, R.K., (2005). Sources of CO2 emission from a northern peatland: root 

respiration, exudation, and decomposition. Ecology, 86(7), pp.1825-1834. DOI: 

10.1890/04-1575

Cunningham, L.K., Austin, W.E., Knudsen, K.L., Eiríksson, J., Scourse, J.D., Wanamaker Jr, A.D., 

Butler, P.G., Cage, A.G., Richter, T., Husum, K. and Hald, M., (2013). Reconstructions of 

surface ocean conditions from the northeast Atlantic and Nordic seas during the last 

millennium. The Holocene, 23(7), pp.921-935. 

https://doi.org/10.1177/0959683613479677

Daniels, R.E. and Eddy, A., (1990). Handbook of European sphagna. HMSO.

Davidson, E.A. and Janssens, I.A., (2006). Temperature sensitivity of soil carbon decomposition 

and feedbacks to climate change. Nature, 440(7081), pp.165-173. 

https://doi.org/10.1038/nature04514

De Vleeschouwer, F., Piotrowska, N., Sikorski, J., Pawlyta, J., Cheburkin, A., Le Roux, G., 

Lamentowicz, M., Fagel, N. and Mauquoy, D., (2009). Multiproxy evidence of ‘Little Ice 

Age' palaeoenvironmental changes in a peat bog from northern Poland. The 

Holocene, 19(4), pp.625-637. https://doi.org/10.1177/0959683609104027

Dieleman, C.M., Branfireun, B.A., McLaughlin, J.W. and Lindo, Z., (2015). Climate change drives a 

shift in peatland ecosystem plant community: implications for ecosystem function and 

stability. Global change biology, 21(1), pp.388-395. https://doi.org/10.1111/gcb.12643

Dise, N.B., (2009). Peatland response to global change. Science, 326(5954), pp.810-811. DOI: 

10.1126/science.1174268

Dorrepaal, E., Aerts, R., Cornelissen, J.H., Callaghan, T.V. and Van Logtestijn, R.S., (2004). Summer 

warming and increased winter snow cover affect Sphagnum fuscum growth, structure and 

production in a sub-arctic bog. Global Change Biology, 10(1), pp.93-104. 

https://doi.org/10.1111/j.1365-2486.2003.00718.x

Dupont, L.M., (1986). Temperature and rainfall variation in the Holocene based on comparative 

palaeoecology and isotope geology of a hummock and a hollow (Bourtangerveen, The A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

Netherlands). Review of Palaeobotany and Palynology, 48(1-3), pp.71-159. 

https://doi.org/10.1016/0034-6667(86)90056-4

Fenner, N. and Freeman, C., (2011). Drought-induced carbon loss in peatlands. Nature 

geoscience, 4(12), pp.895-900. https://doi.org/10.1038/ngeo1323

Fenner, N., Freeman, C., Lock, M.A., Harmens, H., Reynolds, B. and Sparks, T. (2007). Interactions 

between elevated CO2 and warming could amplify DOC exports from peatland 

catchments. Environmental science & technology, 41(9), pp.3146-3152. 

https://doi.org/10.1021/es061765v

Fowles, A.P., Bailey, M.P. and Hale, A.D., (2004). Trends in the recovery of a rosy marsh moth 

Coenophila subrosea (Lepidoptera, Noctuidae) population in response to fire and 

conservation management on a lowland raised mire. Journal of Insect Conservation, 8(2-

3), pp.149-158. DOI: 10.1007/s10841-004-1339-y

Freeman, C., Ostle, N.J., Fenner, N. and Kang, H., (2004). A regulatory role for phenol oxidase 

during decomposition in peatlands. Soil Biology and Biochemistry, 36(10), pp.1663-1667. 

https://doi.org/10.1016/j.soilbio.2004.07.012

Frolking, S. and Roulet, N.T. (2007). Holocene radiative forcing impact of northern peatland 

carbon accumulation and methane emissions. Global Change Biology, 13(5), pp.1079-

1088. https://doi.org/10.1111/j.1365-2486.2007.01339.x

Frolking, S., Roulet, N. and Lawrence, D., (2009). Issues related to incorporating northern 

peatlands into global climate models. Carbon Cycling in Northern Peatlands, Geophys. 

Monogr. Ser, 184, pp.19-35. DOI:10.1029/2008GM000809

Gałka, M., Swindles, G.T., Szal, M., Fulweber, R. and Feurdean, A., (2018). Response of plant 

communities to climate change during the late Holocene: Palaeoecological insights from 

peatlands in the Alaskan Arctic. Ecological Indicators, 85, pp.525-536. 

https://doi.org/10.1016/j.ecolind.2017.10.062

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

Goodall, D.W., (1952). Some considerations in the use of point quadrats for the analysis of 

vegetation. Australian Journal of Biological Sciences, 5(1), pp.1-41. 

https://doi.org/10.1071/BI9520001

Gorham, E., (1991). Northern peatlands: role in the carbon cycle and probable responses to 

climatic warming. Ecological applications, 1(2), pp.182-195. 

https://doi.org/10.2307/1941811

Gorham, E., (1995). The biogeochemistry of northern peatlands and its possible responses to 

global warming. Biotic feedbacks in the global climate system: Will the warming feed the 

warming, pp.169-187.

Grillakis, M.G., (2019). Increase in severe and extreme soil moisture droughts for Europe under 

climate change. Science of The Total Environment, 660, pp.1245-1255. 

https://doi.org/10.1016/j.scitotenv.2019.01.001

Grimm, E.C., (1987). CONISS: a FORTRAN 77 program for stratigraphically constrained cluster 

analysis by the method of incremental sum of squares. Computers & geosciences, 13(1), 

pp.13-35. https://doi.org/10.1016/0098-3004(87)90022-7

Grosse-Brauckmann, G. and Streitz, B., (1972). Pflanzliche Makrofossilien mitteleuropäischer Torf 

3 d.

Gunnarsson, U., Granberg, G. and Nilsson, M., (2004). Growth, production and interspecific 

competition in Sphagnum: effects of temperature, nitrogen and sulphur treatments on a 

boreal mire. New Phytologist, 163(2), pp.349-359. https://doi.org/10.1111/j.1469-

8137.2004.01108.x

Hájek, T., (2009). Habitat and species controls on Sphagnum production and decomposition in a 

mountain raised bog. Boreal Environment Research, 14(6). 

Harte, J. and Shaw, R., (1995). Shifting dominance within a montane vegetation community: 

results of a climate-warming experiment. Science, 267(5199), pp.876-880. DOI: 

10.1126/science.267.5199.876

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

Hendon, D. and Charman, D.J., (1997). The preparation of testate amoebae (Protozoa: 

Rhizopoda) samples from peat. The Holocene, 7(2), pp.199-205. 

https://doi.org/10.1177/095968369700700207

Heslehurst, M.R., (1971). The point quadrat method of vegetation analysis: A review.

Hughes, P. D. M. and Schulz, J. (2001). The development of the Borth Bog (Cors Fochno) mire 

system and the submerged forest beds at Ynyslas. M.J.C. Walker, D. McCarroll (Eds.), The 

Quaternary of West Wales. QRA Field Guide, QRA, London (2001), pp. 104-112

IPCC, (2021). Summary for Policymakers. In: Climate Change 2021: The Physical Science Basis. 

Contribution of Working Group I to the Sixth Assessment Report of the Intergovernmental 

Panel on Climate Change [Masson-Delmotte, V., P. Zhai, A. Pirani, S. L. Connors, C. Péan, S. 

Berger, N. Caud, Y. Chen, L. Goldfarb, M. I. Gomis, M. Huang, K. Leitzell, E. Lonnoy, J.B.R. 

Matthews, T. K. Maycock, T. Waterfield, O. Yelekçi, R. Yu and B. Zhou (eds.)]. Cambridge 

University Press. In Press.

Johnson, L.C. and Damman, A.W. (1991). Species-controlled Sphagnum decay on a south Swedish 

raised bog. Oikos, pp.234-242. https://doi.org/10.2307/3545341

Jowsey, P.C. (1966). An improved peat sampler. New phytologist, 65(2), pp.245-248. 

https://doi.org/10.1111/j.1469-8137.1966.tb06356.x

Juggins, S. and Juggins, M.S., (2019). Package ‘rioja’.

Martin, K. (2019). Impacts of warming, drought and sea level rise on ombrotrophic peatlands. 

Doctoral thesis (PhD), Manchester Metropolitan University.

Keuper, F., Dorrepaal, E., Van Bodegom, P.M., Aerts, R., Van Logtestijn, R.S., Callaghan, T.V. and 

Cornelissen, J.H., (2011). A Race for Space? How Sphagnum fuscum stabilizes vegetation 

composition during long-term climate manipulations. Global Change Biology, 17(6), 

pp.2162-2171. https://doi.org/10.1111/j.1365-2486.2010.02377.x

Kilian, M.R., Van der Plicht, J. and Van Geel, B., (1995). Dating Raised Bogs: New Aspects of AMS^ 

1^ 4C Wiggle Matching, A Reservoir Effect and Climatic Change. Quaternary Science 

Reviews, 14(10), pp.959-966. https://doi.org/10.1016/0277-3791(95)00081-XA
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

Kuhry, P. and Turunen, J., (2006). The postglacial development of boreal and subarctic peatlands. 

In Boreal peatland ecosystems (pp. 25-46). Springer, Berlin, Heidelberg.

Kuiper, J.J., Mooij, W.M., Bragazza, L. and Robroek, B.J., (2014). Plant functional types define 

magnitude of drought response in peatland CO2 exchange. Ecology, 95(1), pp.123-131. 

DOI: 10.1890/13-0270.1

Laine, J., Harju, P., Timonen, T., Laine, A., Tuittila, E.S., Minkkinen, K., and Vasander, H. (2011). 

The intricate beauty of Sphagnum mosses - a Finnish guide to identification. University of 

Helsinki Department of Forest Sciences Publications, Hel

Lamb, H.H., (1965). The early medieval warm epoch and its sequel. Palaeogeography, 

Palaeoclimatology, Palaeoecology, 1, pp.13-37. https://doi.org/10.1016/0031-

0182(65)90004-0

Lamentowicz, M. and Mitchell, E.A. (2005). The ecology of testate amoebae (Protists) in 

Sphagnum in north-western Poland in relation to peatland ecology. Microbial 

ecology, 50(1), pp.48-63. https://doi.org/10.1007/s00248-004-0105-8

Lamentowicz, M., Słowińska, S., Słowiński, M., Jassey, V., Chojnicki, B., Reczuga, M., Zielińska, M., 

Marcisz, K., Barabach, J., Samson, M. and Kołaczek, P. (2016). Combining short-term 

manipulative experiments with long-term palaeoecological investigations at high 

resolution to assess the response of Sphagnum peatlands to drought, fire and 

warming. Mires and Peat, 18, p.20. DOI: 10.19189/MAP.2016.OMB.244

Langdon, P.G., Brown, A.G., Caseldine, C.J., Blockley, S.P.E. and Stuijts, I. (2012). Regional climate 

change from peat stratigraphy for the mid-to late Holocene in central Ireland. Quaternary 

International, 268, pp.145-155. https://doi.org/10.1016/j.quaint.2011.11.018

Levy, E. N., and Madden, E. A. (1933). The Point Method of Pasture Analysis. New Zealand Journal 

of Agriculture 46, pp. 267-79.

Loisel, J. and Yu, Z. (2013). Surface vegetation patterning controls carbon accumulation in 

peatlands. Geophysical Research Letters, 40(20), pp.5508-5513. 

https://doi.org/10.1002/grl.50744A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

Lowe, J.A., Bernie, D., Bett, P., Bricheno, L., Brown, S., Calvert, D., Clark, R., Eagle, K., Edwards, T., 

Fosser, G. and Fung, F. (2018). UKCP18 science overview report. Met Office Hadley Centre: 

Exeter, UK.

 Blaauw, M., Christen, J. A. and Aquino-Lopez, M. A. (2021b). rbacon: Age-Depth Modelling using   

Bayesian Statistics. R package version 2.5.5. https://CRAN.R-project.org/package=rbacon

Malhotra, A., Brice, D.J., Childs, J., Graham, J.D., Hobbie, E.A., Vander Stel, H., Feron, S.C., 

Hanson, P.J. and Iversen, C.M. (2020). Peatland warming strongly increases fine-root 

growth. Proceedings of the National Academy of Sciences, 117(30), pp.17627-17634. 

https://doi.org/10.1073/pnas.2003361117

Mann, M.E., Bradley, R.S. and Hughes, M.K. (1999). Northern hemisphere temperatures during 

the past millennium: Inferences, uncertainties, and limitations. Geophysical research 

letters, 26(6), pp.759-762. https://doi.org/10.1029/1999GL900070

Mann, M.E., Hughes, M.K., Cook, E.R. and Esper, J. (2002). Tree-ring chronologies and climate 

variability. Science, 296(5569), pp.848-849. DOI:10.1126/science.296.5569.848

Mann, M.E., Zhang, Z., Rutherford, S., Bradley, R.S., Hughes, M.K., Shindell, D., Ammann, C., 

Faluvegi, G. and Ni, F. (2009). Global signatures and dynamical origins of the Little Ice Age 

and Medieval Climate Anomaly. Science, 326(5957), pp.1256-1260. 

DOI:10.1126/science.1177303

Marion, G.M., Bockheim, J.G. and Brown, J. (1997a). Arctic soils and the ITEX experiment. Global 

Change Biology, 3(S1), pp.33-43. https://doi.org/10.1111/j.1365-2486.1997.gcb137.x

Marion, G.M., Henry, G.H.R., Freckman, D.W., Johnstone, J., Jones, G., Jones, M.H., Levesque, E., 

Molau, U., Mølgaard, P., Parsons, A.N. and Svoboda, J. (1997b). Open-top designs for 

manipulating field temperature in high-latitude ecosystems. Global Change Biology, 3(S1), 

pp.20-32. https://doi.org/10.1111/j.1365-2486.1997.gcb136.x

Matthes, F.E., (1939). Report of committee on glaciers, April 1939. Eos, Transactions American 

Geophysical Union, 20(4), pp.518-523. https://doi.org/10.1029/TR022i003p01006

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

Matthews, J.A. and Briffa, K.R. (2005). The ‘Little Ice Age’: re-evaluation of an evolving 

concept. Geografiska Annaler: Series A, Physical Geography, 87(1), pp.17-36. 

https://doi.org/10.1111/j.0435-3676.2005.00242.x

Mauquoy, D. and Van Geel, B. (2007). Plant macrofossil methods and studies: mire and peat 

macros. In Encyclopedia of quaternary science (pp. 2315-2336). Elsevier Science.

Mauquoy, D. and Yeloff, D., (2008). Raised peat bog development and possible responses to 

environmental changes during the mid-to late-Holocene. Can the palaeoecological record 

be used to predict the nature and response of raised peat bogs to future climate 

change?. Biodiversity and Conservation, 17(9), pp.2139-2151. 

https://doi.org/10.1007/s10531-007-9222-2

Mauquoy, D., Hughes, P.D.M. and Van Geel, B. (2010). A protocol for plant macrofossil analysis of 

peat deposits. Mires and Peat, 7(6), pp.1-5.

Mazei, Y. and Tsyganov, A.N. (2006). Freshwater testate amoebae. KMK, Moscow, 302.

Metcalfe, D.B., Fisher, R.A. and Wardle, D.A. (2011). Plant communities as drivers of soil 

respiration: pathways, mechanisms, and significance for global 

change. Biogeosciences, 8(8). https://doi.org/10.5194/bg-8-2047-2011

Mighall, T., Timberlake, S., Martínez-Cortizas, A., Silva-Sánchez, N. and Foster, I.D.L. (2017). Did 

prehistoric and Roman mining and metallurgy have a significant impact on vegetation?. 

Journal of Archaeological Science: Reports, 11, pp.613-625. DOI: 

10.1016/j.jasrep.2016.12.021

Mitchell, E.A., Charman, D.J. and Warner, B.G. (2008). Testate amoebae analysis in ecological and 

paleoecological studies of wetlands: past, present and future. Biodiversity and 

conservation, 17(9), pp.2115-2137. https://doi.org/10.1007/s10531-007-9221-3

Moore, T.R., Roulet, N.T. and Waddington, J.M. (1998). Uncertainty in predicting the effect of 

climatic change on the carbon cycling of Canadian peatlands. Climatic change, 40(2), 

pp.229-245. https://doi.org/10.1023/A:1005408719297

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

Murphy, M.T., McKinley, A. and Moore, T.R. (2009). Variations in above-and below-ground 

vascular plant biomass and water table on a temperate ombrotrophic 

peatland. Botany, 87(9), pp.845-853. https://doi.org/10.1139/B09-052

Neukom, R., Steiger, N., Gómez-Navarro, J.J., Wang, J. and Werner, J.P. (2019). No evidence for 

globally coherent warm and cold periods over the preindustrial Common Era. Nature, 

571(7766), pp.550-554. https://doi.org/10.1038/s41586-019-1401-2

Norby, R.J., Childs, J., Hanson, P.J. and Warren, J.M. (2019). Rapid loss of an ecosystem engineer: 

Sphagnum decline in an experimentally warmed bog. Ecology and Evolution, 9(22), 

pp.12571-12585. https://doi.org/10.1002/ece3.5722

Overpeck, J.T., Webb III, T. and Prentice, I.C. (1985). Quantitative interpretation of fossil pollen 

spectra: dissimilarity coefficients and the method of modern analogs. Quaternary 

Research, 23(1), pp.87-108. https://doi.org/10.1016/0033-5894(85)90074-2

Owens, M.J., Lockwood, M., Hawkins, E., Usoskin, I., Jones, G.S., Barnard, L., Schurer, A. and 

Fasullo, J., (2017). The Maunder minimum and the Little Ice Age: an update from recent 

reconstructions and climate simulations. Journal of Space Weather and Space Climate, 7, 

p.A33. https://doi.org/10.1051/swsc/2017034

Page, N., Hughes, G., Jones, R. and Murphy, K. (2012). Excavations at Erglodd, Llangynfelyn, 

Ceredigion: prehistoric/Roman lead smelting site and medieval trackway. Archaeologia 

Cambrensis, 161, pp.285-356.

Payne, R.J. and Mitchell, E.A. (2007). Ecology of testate amoebae from mires in the Central 

Rhodope Mountains, Greece and development of a transfer function for 

palaeohydrological reconstruction. Protist, 158(2), pp.159-171. doi: 

10.1016/j.protis.2006.11.003

Payne, R.J. (2014). A natural experiment suggests little direct temperature forcing of the peatland 

palaeoclimate record. Journal of Quaternary Science, 29(6), pp.509-514. DOI: 

10.1002/jqs.2732

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

Payne, R.J. and Mitchell, E.A. (2009). How many is enough? Determining optimal count totals for 

ecological and palaeoecological studies of testate amoebae. Journal of 

Paleolimnology, 42(4), pp.483-495. https://doi.org/10.1007/s10933-008-9299-y

Piotrowska, N., Blaauw, M., Mauquoy, D. and Chambers, F.M. (2011). Constructing deposition 

chronologies for peat deposits using radiocarbon dating. Mires and Peat, 7(10), pp.1-14.

Poucher P. (2009). Wetland Margins Survey: Cors Fochno. Dyfed Archaeological Trust

Proctor, C., Baker, A. and Barnes, W. (2002). A three thousand year record of North Atlantic 

climate. Climate Dynamics, 19(5), pp.449-454. https://doi.org/10.1007/s00382-002-0236-

x

R Core Team (2021). R: A language and environment for statistical computing. R Foundation for 

Statistical Computing, Vienna, Austria. URL https://www.R-project.org/

Ramsey, C.B. (1995). Radiocarbon calibration and analysis of stratigraphy: the OxCal 

program. Radiocarbon, 37(2), pp.425-430. DOI: 

https://doi.org/10.1017/S0033822200030903

Reimer, P.J., Austin, W.E., Bard, E., Bayliss, A., Blackwell, P.G., Ramsey, C.B., Butzin, M., Cheng, H., 

Edwards, R.L., Friedrich, M. and Grootes, P.M. (2020). The IntCal20 Northern Hemisphere 

radiocarbon age calibration curve (0–55 cal kBP). Radiocarbon, 62(4), pp.725-757. 

DOI:10.1017/RDC.2020.41

Rhodes, A.N. (1998). A method for the preparation and quantification of microscopic charcoal 

from terrestrial and lacustrine sediment cores. The Holocene, 8(1), pp.113-117. 

https://doi.org/10.1191/095968398671104653

Robroek, B.J.M., Limpens, J., Breeuwer, A., Crushell, P.H. and Schouten, M.G.C. (2007). 

Interspecific competition between Sphagnum mosses at different water tables. Functional 

Ecology, 21(4), pp.805-812. https://doi.org/10.2307/3544935

Rochefort, L., Isselin-Nondedeu, F., Boudreau, S. and Poulin, M. (2013). Comparing survey 

methods for monitoring vegetation change through time in a restored peatland. Wetlands 

Ecology and Management, 21(1), pp.71-85. DOI 10.1007/s11273-012-9280-4A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

Rodwell, J.S. (1991). British plant communities: volume 4, aquatic communities, swamps and tall-

herb fens (Vol. 4). Cambridge University Press.

Rose, N.L. (2008). Quality control in the analysis of lake sediments for spheroidal carbonaceous 

particles. Limnology and Oceanography: Methods, 6(4), pp.172-179. 

https://doi.org/10.4319/lom.2008.6.172

Rose, N.L. and Appleby, P.G. (2005). Regional applications of lake sediment dating by spheroidal 

carbonaceous particle analysis I: United Kingdom. Journal of Paleolimnology, 34(3), 

pp.349-361. https://doi.org/10.1007/s10933-005-4925-4

Rose, N.L., Harlock, S., Appleby, P.G. and Battarbee, R.W. (1995). Dating of recent lake sediments 

in the United Kingdom and Ireland using spheroidal carbonaceous particle (SCP) 

concentration profiles. The Holocene, 5(3), pp.328-335. 

https://doi.org/10.1177/095968369500500308

Roulet, N.T., Lafleur, P.M., Richard, P.J., Moore, T.R., Humphreys, E.R. and Bubier, J. (2007). 

Contemporary carbon balance and late Holocene carbon accumulation in a northern 

peatland. Global Change Biology, 13(2), pp.397-411. doi:10.1111/j.1365-

2486.2006.01292.x

Rouse, W.R., Douglas, M.S., Hecky, R.E., Hershey, A.E., Kling, G.W., Lesack, L., Marsh, P., 

McDonald, M., Nicholson, B.J., Roulet, N.T. and Smol, J.P. (1997). Effects of climate 

change on the freshwaters of arctic and subarctic North America. Hydrological 

processes, 11(8), pp.873-902. DOI: 10.1002/(SICI)1099-1085(19970630)11:8<873::AID-

HYP510>3.0.CO;2-6

Rull, V. (2010). Ecology and palaeoecology: two approaches, one objective. The Open Ecology 

Journal, 3(1). DOI: 10.2174/1874213001003020001

Samson, M., Słowińska, S., Słowiński, M., Lamentowicz, M., Barabach, J., Harenda, K., Zielińska, 

M., Robroek, B.J., Jassey, V.E., Buttler, A. and Chojnicki, B.H. (2018). The impact of 

experimental temperature and water level manipulation on carbon dioxide release in a 

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

poor fen in Northern Poland. Wetlands, 38(3), pp.551-563. 

https://doi.org/10.1007/s13157-018-0999-4

Schlachter, K.J. and Horn, S.P. (2010). Sample preparation methods and replicability in 

macroscopic charcoal analysis. Journal of Paleolimnology, 44(2), pp.701-708. DOI 

10.1007/s10933-009-9305-z

Seddon, A.W., Mackay, A.W., Baker, A.G., Birks, H.J.B., Breman, E., Buck, C.E., Ellis, E.C., Froyd, 

C.A., Gill, J.L., Gillson, L. and Johnson, E.A. (2014). Looking forward through the past: 

identification of 50 priority research questions in palaeoecology. Journal of 

Ecology, 102(1), pp.256-267. https://doi.org/10.1111/1365-2745.12195

Shaver, G.R., Canadell, J., Chapin, F.S., Gurevitch, J., Harte, J., Henry, G., Ineson, P., Jonasson, S., 

Melillo, J., Pitelka, L.F. and Rustad, L. (2000). Global warming and terrestrial ecosystems: a 

conceptual framework for analysis. Bioscience, 50(10), pp.871-882 

https://doi.org/10.1641/0006-3568(2000)050[0871:GWATEA]2.0.CO;2

Siemensma, F., (2019). Microworld – world of amoeboid organisms. [online] Arcella.nl. Available 

at: <https://www.arcella.nl/> [Accessed 1 March 2019].

Simpson, G. L. (2019). permute: Functions for Generating Restricted Permutations of Data. R 

packageversion 0.9-5. https://CRAN.R-project.org/package=permute

Simpson, G.L. (2007). Analogue Methods in Palaeoecology: Using the analogue Package Journal 

of Statistical Software, 22(2), 1—29

Slater, F. M. (2012). Surface profile change at Cors Fochno (Borth Bog), Wales, UK. Presented 

at: 14th International Peat Congress, Stockholm, Sweden, 3-8 June 2012. Proceedings of 

the 14th International Peat Congress.

Smith, A.J.E. (2004). The moss flora of Britain and Ireland. Cambridge university press.

Souto, M., Castro, D., Pontevedra-Pombal, X., Garcia-Rodeja, E. and Fraga, M.I. (2017). 

Characterisation of Holocene plant macrofossils from North Spanish ombrotrophic mires: 

bryophytes. Mires & Peat, 19. DOI: 10.19189/MaP.2016.OMB.263A
cc

ep
te

d 
A

rt
ic

le

https://cran.r-project.org/package=permute


This article is protected by copyright. All rights reserved

Souto, M., Castro, D., Pontevedra-Pombal, X., Garcia-Rodeja, E. and Fraga, M.I. (2016). 

Characterisation of Holocene plant macrofossils from North Spanish ombrotrophic mires: 

vascular plants. Mires Peat, 18, pp.1-21. DOI: 10.19189/MaP.2016.OMB.236

Stace, C. (2010). New flora of the British Isles. Cambridge University Press.

Strack, M. and Waddington, J.M. (2007). Response of peatland carbon dioxide and methane 

fluxes to a water table drawdown experiment. Global Biogeochemical Cycles, 21(1). 

https://doi.org/10.1029/2006GB002715

Strack, M., Waddington, J.M., Rochefort, L. and Tuittila, E.S. (2006). Response of vegetation and 

net ecosystem carbon dioxide exchange at different peatland microforms following water 

table drawdown. Journal of Geophysical Research: Biogeosciences, 111(G2). DOI: 

10.1029/2005JG000145

Straková, P., Anttila, J., Spetz, P., Kitunen, V., Tapanila, T. and Laiho, R. (2010). Litter quality and 

its response to water level drawdown in boreal peatlands at plant species and community 

level. Plant and Soil, 335(1-2), pp.501-520. https://doi.org/10.1007/s11104-010-0447-6

Swindles, G.T., Holden, J., Raby, C.L., Turner, T.E., Blundell, A., Charman, D.J., Menberu, M.W. and 

Kløve, B., (2015a). Testing peatland water table depth transfer functions using high-

resolution hydrological monitoring data. Quaternary Science Reviews, 120, pp.107-117. 

https://doi.org/10.1016/j.quascirev.2015.04.019

Swindles, G.T., Morris, P.J., Mullan, D.J., Payne, R.J., Roland, T.P., Amesbury, M.J., Lamentowicz, 

M., Turner, T.E., Gallego-Sala, A., Sim, T. and Barr, I.D., (2019). Widespread drying of 

European peatlands in recent centuries. Nature Geoscience, 12(11), pp.922-928. 

https://doi.org/10.1038/s41561-019-0462-z

Swindles, G.T., Roland, T.P., Amesbury, M.J., Lamentowicz, M., McKeown, M.M., Sim, T.G., 

Fewster, R.E. and Mitchell, E.A. (2020). Quantifying the effect of testate amoeba 

decomposition on peat-based water table reconstructions. European Journal of 

Protistology, p.125693. https://doi.org/10.1016/j.ejop.2020.125693

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

Swindles, G.T., Turner, T.E., Roe, H.M., Hall, V.A. and Rea, H.A. (2015b). Testing the cause of the 

Sphagnum austinii (Sull. ex Aust.) decline: Multiproxy evidence from a raised bog in 

Northern Ireland. Review of Palaeobotany and Palynology, 213, pp.17-26. DOI: 

10.1016/j.revpalbo.2014.11.001

Swindles, G.T. (2010). Dating recent peat profiles using spheroidal carbonaceous particles (SCPs). 

Mires and Peat, 7(03), pp.1-5.

Trinder, C.J., Artz, R.R. and Johnson, D. (2008). Contribution of plant photosynthate to soil 

respiration and dissolved organic carbon in a naturally recolonising cutover peatland. Soil 

Biology and Biochemistry, 40(7), pp.1622-1628. 

https://doi.org/10.1016/j.soilbio.2008.01.016

Trouet, V., Esper, J., Graham, N.E., Baker, A., Scourse, J.D. and Frank, D.C. (2009). Persistent 

positive North Atlantic Oscillation mode dominated the medieval climate 

anomaly. science, 324(5923), pp.78-80. DOI: 10.1126/science.1166349

Strack, M., Waddington, J.M., Turetsky, M., Roulet, N.T. and Byrne, K.A. (2008). Northern 

peatlands, greenhouse gas exchange and climate change. Peatlands and climate change, 

44.

Turetsky, M.R., Bond-Lamberty, B., Euskirchen, E., Talbot, J., Frolking, S., McGuire, A.D. and 

Tuittila, E.S. (2012). The resilience and functional role of moss in boreal and arctic 

ecosystems. New Phytologist, 196(1), pp.49-67. doi: 10.1111/j.1469-8137.2012.04254.x.

Turner, T.E., Swindles, G.T. and Roucoux, K.H. (2014). Late Holocene ecohydrological and carbon 

dynamics of a UK raised bog: impact of human activity and climate change. Quaternary 

Science Reviews, 84, pp.65-85. https://doi.org/10.1016/j.quascirev.2013.10.030

Van Breemen, N. (1995). How Sphagnum bogs down other plants. Trends in ecology & 

evolution, 10(7), pp.270-275. https://doi.org/10.1016/0169-5347(95)90007-1

Waddington, J.M., Morris, P.J., Kettridge, N., Granath, G., Thompson, D.K. and Moore, P.A., 

(2015). Hydrological feedbacks in northern peatlands. Ecohydrology, 8(1), pp.113-127. 

https://doi.org/10.1002/eco.1493A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

Walker, T.N., Ward, S.E., Ostle, N.J. and Bardgett, R.D. (2015). Contrasting growth responses of 

dominant peatland plants to warming and vegetation composition. Oecologia, 178(1), 

pp.141-151. https://doi.org/10.1007/s00442-015-3254-1

Walker, M.D., Wahren, C.H., Hollister, R.D., Henry, G.H., Ahlquist, L.E., Alatalo, J.M., Bret-Harte, 

M.S., Calef, M.P., Callaghan, T.V., Carroll, A.B. and Epstein, H.E. (2006). Plant community 

responses to experimental warming across the tundra biome. Proceedings of the National 

Academy of Sciences, 103(5), pp.1342-1346. https://doi.org/10.1073/pnas.0503198103

Wang, Y., Naumann, U., Wright, S., Warton, D., Wang, M.Y. and Rcpp, I. (2020). Package 

‘mvabund’.

Wang, Y.I., Naumann, U., Wright, S.T. and Warton, D.I. (2012). mvabund–an R package for model-

based analysis of multivariate abundance data. Methods in Ecology and Evolution, 3(3), 

pp.471-474. https://doi.org/10.1111/j.2041-210X.2012.00190.x

Ward, S.E., Ostle, N.J., Oakley, S., Quirk, H., Henrys, P.A. and Bardgett, R.D. (2013). Warming 

effects on greenhouse gas fluxes in peatlands are modulated by vegetation 

composition. Ecology letters, 16(10), pp.1285-1293. https://doi.org/10.1111/ele.12167

Weltzin, J.F., Bridgham, S.D., Pastor, J., Chen, J. and Harth, C. (2003). Potential effects of warming 

and drying on peatland plant community composition. Global Change Biology, 9(2), 

pp.141-151. https://doi.org/10.1046/j.1365-2486.2003.00571.x

Weltzin, J.F., Pastor, J., Harth, C., Bridgham, S.D., Updegraff, K. and Chapin, C.T. (2000). Response 

of bog and fen plant communities to warming and water-table 

manipulations. Ecology, 81(12), pp.3464-3478. https://doi.org/10.1890/0012-

9658(2000)081[3464:ROBAFP]2.0.CO;2

Wilks, P.J. (1979). Mid-Holocene sea-level and sedimentation interactions in the Dovey Estuary 

area, Wales. Palaeogeography, Palaeoclimatology, Palaeoecology, 26, pp.17-36. 

https://doi.org/10.1016/0031-0182(79)90138-X

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

Willis, K.J., Bailey, R.M., Bhagwat, S.A. and Birks, H.J.B., 2010. Biodiversity baselines, thresholds 

and resilience: testing predictions and assumptions using palaeoecological data. Trends in 

ecology & evolution, 25(10), pp.583-591. https://doi.org/10.1016/j.tree.2010.07.006

Yavitt, J.B., Williams, C.J. and Wieder, R.K., 1997. Production of methane and carbon dioxide in 

peatland ecosystems across North America: effects of temperature, aeration, and organic 

chemistry of peat. Geomicrobiology Journal, 14(4), pp.299-316.

Yu, Z., Loisel, J., Brosseau, D.P., Beilman, D.W. and Hunt, S.J., 2010. Global peatland dynamics 

since the Last Glacial Maximum. Geophysical research letters, 37(13).

Yu, Z.C., 2012. Northern peatland carbon stocks and dynamics: a review. Biogeosciences, 9(10), 

p.4071.

A
cc

ep
te

d 
A

rt
ic

le



 

 

Tables  

Table 1. Experimental treatments in the Cors Fochno climate manipulation experiment.  The two experimental  

levels are denoted by shading of the table rows. Presence of open top chambers (OTCs) and groundwater  

pumping treatments (Pumped) are denoted by an x. Combined warming and drought plots are referred to as  

‘combined’.  

 6 

 7 

 8 

 9 

   

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 



 

 

Table 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 shaded white 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. 

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 

 

  



 

 

Table 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 (Ramsey, 1995).  

 

Depth 

(CM) 

Lab code Material dated 14C Age 14C error Calibrated age range 

(years CE) 95.4% 

Median age 

(Years CE) 

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 

stem and leaves 

1729 33 247-408 334 
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Figure 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. 

Figure 2. Cors Fochno Experiment climate manipulation plots: a. plot with open top chamber (OTC); b: Control plot; 

c: Drought plot undergoing drought manipulation and d: Schematic of plot design (Kay, 2019).

Figure 3. Temperature variations between treatments for the year 2019. Temperatures for plots without 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.12pm, early 

evening c. 6pm.

Figure 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 (12th August) and end 

(6th September) of the drought manipulation for this year.

Figure 5. Responses of shrubs to treatments relative to controls over the ten-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.

Figure 6. Spheroidal carbonaceous particles (SCP) concentration (gDM-1) profile for Cors Fochno core (BO17). The 

radiocarbon date given for 29cm is the calibrated date for the sample.A
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Figure 7. Age depth model for core BO17, based on integrated radiocarbon, macrocharcoal and spheroidal 

carbonaceous particles (SCPs). The model was generated using rBacon (Blaauw and Christen, 2011; 2013; Blaauw et 

al., 2021b). Probability distribution functions (PDFs) for 14C dates are shown in blue, 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 S7.

Figure 8. 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 5 in all levels are omitted although these 

data are included in all other analyses.

Figure 9. 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 (MAP). Shaded areas denote 

sample-specific errors, based on 1000 bootstrapping cycles.

Figure 10. 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 (MAP). 
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