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Abstract 13 

Many peatlands across the world suffer from degradation. Blanket peatlands 14 

are found mainly in high latitude oceanic areas and subpolar islands. 15 

Exacerbated erosion of blanket peatlands is common particularly where they 16 

have been disturbed by human influence or where climate has become more 17 

marginal for their functioning. A recently developed fluvial blanket peat erosion 18 

model, PESERA-PEAT was applied across 845 km2 of blanket peatlands in 19 

the North Pennines of northern England. The aim was to evaluate the spatial 20 

and temporal variability of erosion rates under climate change and land 21 

management scenarios. Climate change data to the end of the 21st Century, 22 
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derived from UKCP09 median emission projections aligned to the UK Met 23 

Office’s historical meteorological dataset, were downscaled to 100 m cells. 24 

Land management scenarios were developed which included intensified and 25 

extensified grazing, artificial drainage and prescribed burning. The modelling 26 

results showed that under current management, 21st Century climate change 27 

would slightly increase the overall fluvial erosion rates for the study region 28 

from the climatic baseline (2.2 t ha-1 yr-1) to the 2080s (2.3 t ha-1 yr-1). 29 

However, the predicted response to climate change was spatially very 30 

variable. Predicted erosion rates decreased at locations that are currently wet 31 

and cold while they increased in some warmer and drier locations by more 32 

than 50%. Summer desiccation was found to become more important for the 33 

study region under climate change. Thus, predicted autumn sediment yields 34 

became the biggest component of the annual budget by the 2080s. Less 35 

intensive management was shown to reduce blanket peat erosion but 36 

potentially enhance wildfire severity. The results demonstrated that land 37 

management change will be useful in mitigating the impact of 21st Century 38 

climate change on the amount and spatial pattern of blanket peat erosion. The 39 

results of our study can be used within blanket peatland regions to inform 40 

spatially-targeted management strategies.  41 

 42 

Keywords: Erosion modelling, peatlands, freeze-thaw, desiccation, climate 43 

change, land management 44 
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1 Introduction 45 

Peatlands are important global carbon stores (Yu, 2012). Peat can be the 46 

dominant soil type in some large regions including, for example, high latitudes 47 

of North America and Eurasia, eastern Siberia, tropical regions such as the 48 

Congo, Southeast Asia, and parts of the Amazon basin (Parish et al., 2008). 49 

Blanket peatlands, are a type of bog (rainwater-fed peatland) which can occur 50 

on flat or sloping terrain if there is sufficient rainfall and impeded subsurface 51 

drainage. Blanket peatlands can be susceptible to rapid erosion following 52 

disturbance of vegetation (Evans et al, 2006; Shuttleworth et al., 2015) 53 

because overland flow is common in these environments (Holden and Burt, 54 

2003; Evans and Warburton, 2007). Bog erosion has been reported 55 

particularly in many parts of the UK and Ireland (Evans and Warburton, 2005), 56 

but also local areas in Newfoundland (Glaser and Jansens, 1986), the 57 

Falkland Islands (Wilson et al., 1993), and Sweden (Foster et al., 1988). In the 58 

UK, blanket peat covers 17% of the landscape (Baird et al., 2009) and in 59 

some areas the erosion rate has been noted to be extreme in a global context 60 

(Evans and Warburton, 2007).  61 

 62 

Peat erosion leads to a series of ecological and economic problems, which 63 

includes disturbed terrestrial and aquatic habitats (Ramchunder et al., 2009), 64 

reduction of reservoir capacity (Labadz et al., 1991), discoloration of water 65 

(Pattinson et al., 1994), heavy metal pollution of river flow (Rothwell et al., 66 
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2005; 2007) and release of carbon (Evans et al., 2012; Grayson et al., 2012; 67 

Pawson et al., 2012). Recently there has therefore been a large amount of 68 

investment aimed at reducing erosion losses from blanket peatlands (Parry et 69 

al., 2014).  70 

 71 

Freshly exposed blanket peat surfaces are quite resistant to erosion given 72 

their strongly fibrous nature (Carling et al., 1997; Mulqueen et al., 2006). A 73 

period of weathering is therefore needed to break intact peat surfaces into 74 

loose materials which can be easily entrained and transported by erosive 75 

agents such as saturation-excess overland flow, winds and mass movement 76 

(Warburton, 2003; Foulds and Warburton, 2007a; b). Freeze-thaw and 77 

desiccation are dominant weathering mechanisms for sediment production in 78 

blanket peatlands (Francis, 1990; Labadz, 1991). Freeze-thaw is 79 

characterized by the formation of needle ice, which is supported by a strong 80 

thermal gradient between the cold surface and warmer peat at depth (Evans 81 

and Warburton, 2007). The removal of vegetation may increase the thermal 82 

gradient during cold conditions (Brown et al., 2015) and thus make the soil 83 

surface susceptible to freeze-thaw action in winter. Desiccation results from 84 

warm conditions and a lack of precipitation over several days and may be 85 

enhanced by sparse vegetation cover which encourages significant warming 86 

and drying of the peat surface in summer (Francis, 1990; Brown et al., 2015). 87 

Hence, sediment production from blanket peatlands is closely related to 88 
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temperature and soil moisture conditions (Evans and Warburton, 2007; 89 

Francis, 1990). Climate change may play an important role in driving changes 90 

in fluvial peat erosion rates as both temperature and precipitation patterns will 91 

drive peat weathering and transport rates. In addition, during some very dry 92 

periods, wildfire could have severe sediment production consequences since 93 

the size and severity of the fire may become more intense (McMorrow et al. 94 

2009; Rothwell et al., 2007; Esteves et al. 2012). Wildfire can lead to a 95 

destruction of the seed stock, loss of vegetation cover (Maltby, 1990) and 96 

subsequent generation of erodible peat surfaces with rapid connectivity (e.g. 97 

gullies, sheet erosion) to stream networks (Bower 1961; Stevenson et al. 98 

1990; Rothwell et al. 2007).  99 

 100 

Bioclimatic modelling results have suggested that many areas where there are 101 

currently blanket peatlands may no longer be under a climate suitable for 102 

active peat growth as the climate shifts over the 21st century (Clark et al., 103 

2010; Gallego-Sala et al., 2010; Gallego-Sala and Prentice, 2012). These 104 

bioclimatic modelling exercises have not examined peatland erosion directly. 105 

However, there is a possibility that where peatlands shift out of a suitable 106 

bioclimatic envelope for peat formation, they may be at a greater risk of 107 

degradation and erosion if the peat surface conditions are conducive. For 108 

example, under drier climate, desiccation could be enhanced to increase the 109 

erodible peat which can then be transported to stream channels during runoff 110 
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events. In addition, peatland wildfire risk may also be enhanced under future 111 

climate change (McMorrow et al., 2009; Rothwell et al., 2007; Alberston et al., 112 

2010), increasing potential erosion within blanket peatlands. However, in 113 

some areas it is equally plausible that, as climate changes, blanket peat 114 

erosion remains stable or is reduced. For example, under warmer conditions 115 

freeze-thaw weathering could be significantly weakened which may therefore 116 

reduce the supply of sediment available for subsequent transport.  117 

 118 

Land management practices including artificial drainage, grazing and 119 

prescribed burning for grouse and gun-sport management affect blanket peat 120 

erosion mainly through altering the balance between the forces of erosion 121 

(e.g. frost, desiccation, wind and runoff) and the retention of surface peat by 122 

vegetation. Artificial drainage alters hydrological properties of blanket peat and 123 

incision of ditch sides often results in more bare peat and thereafter erosion 124 

(Holden et al., 2004; 2007a; 2011; Wallage and Holden, 2011). Both rotational 125 

burning and grazing reduce vegetation cover, potentially enhancing the 126 

occurrence and spread of blanket peat erosion (Holden et al., 2007b). 127 

Additionally, there may also be interaction effects between wildfires and land 128 

management since surface vegetation fuel load may be greater without other 129 

active land management strategies (McMorrow et al., 2009; Worrall et al., 130 

2010; McMorrow, 2011) making the potential impact of a wildfire on peatland 131 

erosion worse. 132 
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 133 

To date it is not clear how important future climate change may be in terms of 134 

driving changes in peat erosion and its spatial variability compared with the 135 

importance of potential changes in UK land management practices. Previous 136 

studies have suggested two major end-member, but plausible, directions of 137 

change in land management practices in UK uplands from the current 138 

‘Business-As-Usual (BAU)’. They are i) managing the land for wildlife and 139 

carbon or ii) food security management (Reed et al., 2013). In the former, 140 

there would be a partial ‘rewilding’ of blanket peatlands including damming of 141 

existing drainage ditches, a reduction in stocking densities and the cessation 142 

of prescribed burning so that carbon can be enhanced. In terms of food 143 

security, this would require more land to put under production, and managing 144 

the land that is already used more intensively (Reed et al., 2013). In the case 145 

of UK blanket peatlands, often located in the uplands, it is more likely that 146 

those areas already drained, used for grazing or with prescribed burning 147 

would be used more intensively, rather than there being a widespread 148 

increase in the area of blanket peat under less intensive production. This is 149 

because, in marginal rural environments, stripped of subsidies under a more 150 

open food production market, intensive practices are likely to be the only 151 

profitable practices (Foresight Land Use Futures Project, 2010). Thus under a 152 

food security scenario there could be an increased intensity of drainage, 153 

grazing and prescribed burning on UK blanket peatlands in areas where these 154 
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practices already take place. Of course, it is also possible that a larger area of 155 

blanket peat could come under intensive use but in order to constrain the 156 

range of scenarios that we examined in our study below we have focused on 157 

intensification of areas already drained, grazed and burned. It is important to 158 

understand how such management change may impact peatland erosion 159 

rates in comparison with BAU land management and climate change. Given 160 

the impact of wildfire on peat erosion and its relationship with environmental 161 

conditions, it is also important to understand the interactions between possible 162 

future land management, climate change and wildfires, so that land managers 163 

can better understand the implications of management options and future 164 

climate. 165 

 166 

In order to understand the relative roles of climate change and land 167 

management in overall regional and spatial patterns of peat erosion it is 168 

advisable to model the effects and test different scenarios of future change 169 

against one another. A recently developed fluvial erosion model for blanket 170 

peatlands, PESERA-PEAT (Li et al., 2016a; b) offers an opportunity to fulfill 171 

the above needs. PESERA-PEAT was developed through modifying an 172 

existing fluvial erosion model, PESERA-GRID (Kirkby et al., 2008), to explicitly 173 

account for freeze-thaw and desiccation processes and also for typical land 174 

management practices in blanket peatlands. The advantage of PESERA-175 

PEAT compared to other existing erosion models such as USLE and CAESAR 176 
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(Wischmeier and Simth, 1978; Coulthard et al., 2002) is that it considers, for 177 

the first time, freeze-thaw and desiccation as dominant sediment production 178 

mechanisms in peatlands. PESERA-PEAT also has the potential to 179 

incorporate the occurrence of wildfires and their influences on erosion 180 

processes as the original PESERA model had already been successfully 181 

adapted to do so (Esteves et al., 2012).  182 

 183 

PESERA-PEAT was previously applied on particular points across Great 184 

Britain to predict the response of blanket peat erosion to environmental 185 

change (Li et al., 2016a). In that study blanket peatlands in different regions of 186 

Great Britain were represented by individual points, and the spatial variability 187 

of environmental conditions and peat erosion rates within each region 188 

represented by that point was not considered. There have been no studies 189 

that have examined the spatial variability of blanket peat erosion under 190 

environmental change within an individual region. Such an assessment may 191 

be useful for planning purposes so that more spatially-targeted conservation 192 

and peat protection measures (e.g. dams and revegetation) can be 193 

implemented by land managers to ensure efficient use of limited resources to 194 

protect peatlands. 195 

 196 

Here we used PESERA-PEAT to investigate fluvial erosion rates and wildfire 197 

severity in 845 km2 of blanket peatlands in northern England. We used 198 
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downscaled, spatially-distributed climate change forecasts and spatially-199 

distributed land-management scenarios to investigate spatial patterns of 200 

erosion rates and wildfire severity across the region to determine whether 201 

there were any distinct spatial patterns driven by these future scenarios. 202 

Erosion rates and wildfire severity were compared to those predicted under 203 

baseline climate and BAU land management to understand the relative roles 204 

of the different drivers of change.  205 

2 Study site 206 

The North Pennines (Figure 1) form the northernmost section of the Pennine 207 

range of hills which runs north-south through northern England, covering an 208 

area of approximately 2,000 km2. Blanket peatlands (with an organic 209 

content > 45 % and depth > 40 cm) cover 43% of the North Pennines, 210 

equating to 845 km2 (shaded areas shown in Figure 1a, b and c). The altitude 211 

of the blanket peat in the North Pennines ranges between 80 and 891 m 212 

(Figure 1c). Mean annual precipitation and temperature between 1961 and 213 

1990 was 1568 mm and 5.6 ΣC. The majority (around 95%) of the blanket 214 

peatlands are covered by what is classified by the UK Landcover Map (2000) 215 

as grassland and scrub (Figure 1a). Managed burning, grazing (light grazing / 216 

overgrazing) and artificial drainage are widespread (Figure 1b). Severe peat 217 

erosion in the Pennines has been a feature of the last 70 years (e.g. Bower, 218 

1961; Longden, 2009). Wildfires occur in the North Pennines during dry 219 

periods (McMorrow, 2011), triggering or exacerbating the rate and extent of 220 
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blanket peat erosion. There have been numerous previous studies conducted 221 

on the erosion rates and mechanisms in the North Pennines blanket 222 

peatlands (e.g. Holden and Burt, 2002; Warburton, 2003; Evans and 223 

Warburton, 2005; Evans et al., 2006; Grayson et al., 2012). Most of these 224 

studies focused on small catchments rather than the whole of the North 225 

Pennines and there have been no studies predicting blanket peat erosion 226 

under future environmental change.  227 

3 Materials and methodology 228 

3.1 Model description 229 

The first fluvial erosion model for blanket peatlands (PESERA-PEAT) has 230 

recently been developed (Li et al., 2016a; b), offering an opportunity to 231 

undertake investigations of how climate change might drive changes in fluvial 232 

blanket peat erosion. PESERA-PEAT is based upon the grid version of the 233 

Pan-European Soil Erosion Risk Assessment model (PESERA-GRID) (Kirkby 234 

et al., 2008), for which substantial modifications were made to ensure its 235 

suitability for the blanket peatland case. 236 

 237 

PESERA-GRID is a physically-based, spatially distributed model, estimating 238 

soil erosion on a monthly time step. It has three modules: hydrology, 239 

vegetation growth and erosion. The hydrological part of the model is centered 240 

on a water balance, with precipitation divided into overland flow, 241 

evapotranspiration and soil water storage. It is suitable for modelling runoff 242 
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production in blanket peatlands as the core of the hydrological part is 243 

TOPMODEL, which works well for saturation-excess overland flow dominated 244 

soil systems (Beven et al., 1984). The vegetation growth model is based on a 245 

biomass carbon balance to update the vegetation cover, vegetation biomass 246 

and soil organic matter on a monthly basis. Total sediment yield is estimated 247 

as the transporting capacity of runoff flow, driven by erodibility, overland flow 248 

and local relief, weighted for fractional vegetation cover, assuming erodible 249 

materials are always ample for runoff wash. The sediment yield is interpreted 250 

as the erodible materials produced on hillslopes and delivered to the base of 251 

each hillslope.  252 

 253 

In PESERA-PEAT, the hydrology and vegetation growth modules are the 254 

same as those of PESERA-GRID. However, the sediment yield in PESERA-255 

PEAT is dependent upon both sediment production and transport. Sediment 256 

production is a result of weathering processes (freeze-thaw and desiccation), 257 

which are linked with climatic (i.e. temperature) and soil moisture conditions 258 

through a novel sediment supply index (Li et al., 2016b). The transporting 259 

capacity is estimated in the same way as in PESERA-GRID. Both sediment 260 

supply and transport are considered to be impacted by vegetation cover. A 261 

storage component is also defined to indicate surplus erodible materials when 262 

erodible materials exceed transporting capacity. The soil erodibility in 263 

PESERA-PEAT refers to the sensitivity of weathered peat to erosion. 264 
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Reduced vegetation and changed soil moisture condition resulting from land 265 

management interventions interact with the hydrology, vegetation growth, 266 

sediment production and transport processes. A more detailed description of 267 

PESERA-PEAT including parameterizations and equations can be found in Li 268 

et al. (2016b). 269 

 270 

PESERA-PEAT can be implemented in two modes: equilibrium and time-271 

series (Li et al., 2016a; b). In equilibrium mode, the model iterates sufficient 272 

times to determine the equilibrium status of hydrology and erosion. Average 273 

monthly climate data over the study period are used as input values. 274 

Therefore, modelling outputs are also average monthly data. In time-series 275 

mode, the model runs only once through the whole time period. Climatic 276 

conditions for each month are required over the whole study period. The 277 

outputs from the time-series model are continuous monthly data for the study 278 

period. The applicability of PESERA-PEAT (equilibrium and time-series 279 

modes) for blanket peat erosion has previously been demonstrated with long-280 

term measured sediment flux data from several UK blanket peat-covered 281 

catchments, which were subject to varying erosion conditions and 282 

management intensities, and sensitivity analysis based on conditions of a 283 

typical blanket peat-covered catchment (i.e. Trout Beck catchment) in the 284 

North Pennines (Li et al., 2016b). In this paper, we used the equilibrium 285 

version of PESERA-PEAT to examine the spatial variability of fluvial blanket 286 
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peat erosion across the study region, given that, compared to the time-series 287 

model, the equilibrium model is easier to apply over a large spatial area at 288 

high resolution and for long-term periods because of its smaller data 289 

requirements. 290 

 291 

In order to estimate the monthly wildfire severity, in this paper simplified 292 

versions of fire algorithms (Equation 1) developed and tested independently 293 

by Venevsky et al. (2002) were incorporated into PESERA-PEAT. We did not 294 

model fire likelihood (occurrence of wildfire), so the wildfire severity here 295 

indicated the potential severity of wildfire (PFS) once the fire started.  296 

PFS ൌ VEGTN ሺͳ  ͷ ቆͳ െ ටAET PETൗ ቇሻ                  Equation 1 297 

where, VEGTN represents the vegetation biomass in kg m-2; AET and PET are 298 

actual and potential evapotranspiration in mm. 299 

 300 

3.2 Preparation of input data for PESERA-PEAT 301 

PESERA-PEAT requires climate, local relief, soil properties, land use and 302 

management information to operate. In this study, local relief, soil properties 303 

and land use were considered stable, while climate and land management 304 

changed in the future. Four time periods of climate data were chosen to 305 

characterize future climate shifts in the North Pennines. They are ‘climatic 306 

baseline’, ‘2020s’, ‘2050s’ and ‘2080s’, covering 30-year periods of 1961-307 
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1990, 2010-2039, 2040-2069 and 2070-2099 respectively. Climatic baseline 308 

data were provided by the UK Met Office Integrated Data Archive System 309 

(MIDAS), while future climate projections (2020s, 2050s and 2080s) were 310 

derived from the outputs of UKCP09 (Jenkins et al., 2009). The chosen 311 

periods and their names are consistent with those employed in future climate 312 

projections of UKCP09, ensuring climate projection data could be readily used 313 

in this study. Possible land management shifts in the future were established 314 

through quantifying the narrative scenarios proposed by Reed et al. (2013). 315 

 316 

3.2.1 Climate 317 

Baseline climate 318 

The equilibrium version of PESERA-PEAT requires six climate inputs: monthly 319 

total precipitation (P); mean precipitation per precipitation day (Pday); 320 

coefficient of variation of precipitation per precipitation day (CVpday); monthly 321 

temperature range (Trange); monthly temperature (T); and monthly potential 322 

evapotranspiration (PET). There were thirty two MIDAS stations with 323 

precipitation records between 1961 and 1990. All of these stations (Figure 1d) 324 

were chosen to produce a gridded surface of precipitation during the climatic 325 

baseline period. Twenty seven of them were selected for P and Ppday  326 

interpolation while the other five stations, were used for validation of the 327 

interpolated results. Stations used for the interpolation and validation were 328 

distributed as evenly as possible across the region rather than being 329 
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concentrated in one part of the region. P and Ppday were interpolated through 330 

linear regressions based on precipitation variables, elevation and coordinates. 331 

The CVpday was interpolated with the Inverse Distance Weighted (IDW) 332 

method because no good relationship could be found between CVpday, 333 

elevation and coordinates during winter months of both climatic baseline and 334 

future periods. For T and Trange, there were only eight stations with records 335 

(Figure 1d). All eight stations were used to interpolate the spatial baseline 336 

temperature data through a relationship between temperature variables, 337 

elevation and coordinates as elevation and coordinates were proved to be the 338 

dominant factors. Some example equations used for the interpolation of the 339 

climate variables during the climatic baseline period are given in Table 1. 340 

Potential evapotranspiration (PET) was derived from a temperature-based 341 

model originally proposed by Oudin et al. (2005). The model was modified to 342 

include wind speed and vegetation height, as used in the PET estimation by 343 

Clark (2005). Validation of the interpolated results demonstrated that the R2 344 

was generally over 0.75 and RMSE/Average was no more than 0.18 (Table 2). 345 

The R2 of CVpday was 0.46 and lower than those of other parameters. 346 

However, a low RMSE/Average (0.1) indicated that the overall difference in 347 

the value of the interpolated and actual CVpday was small. Overall, the 348 

interpolated results of the climate parameters were considered robust.  349 

 350 
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Future climate scenarios and their downscaling 351 

Future climate change was derived from 100 model realizations of medium-352 

emission climate projections produced by the UKCP09 weather generator, 353 

which can produce daily climate projections over the 21st Century with a 354 

spatial resolution of 5 km (Jenkins et al., 2009). Climatic variables were 355 

derived from values of central estimates (50% probability level) from UKCP09 356 

for each month to ensure we chose moderate rather than extreme conditions 357 

for each variable (Jenkins et al., 2009). Such a scenario establishment 358 

captured the likely change of each variable with time at a monthly scale and 359 

was suited to extrapolation onto gridded surfaces. 360 

 361 

Twelve points (Figure 1d) distributed over the North Pennines were selected 362 

to create gridded surfaces of future climate projections derived from the 363 

UKCP09 weather generator. Interpolation methods were the same as those 364 

used for the MIDAS climatic baseline datasets. However, future UKCP09 365 

climate projections used the Met Office’s historical (1961-1990) gridded 366 

datasets as a baseline climate (Perry and Hollis, 2005), which are not the 367 

same as the above climatic baseline gridded datasets we produced based on 368 

MIDAS records since interpolation methods are different (Perry and Hollis, 369 

2005; Jenkins et al., 2009). In order to ensure future climate projections were 370 

consistent with the MIDAS climatic baseline data we used, interpolated 371 

UKCP09 climate projections were transferred to MIDAS climatic baseline 372 
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gridded datasets using Equation 2: 373 

UKCPm = BASEm + (UKCP – BASEu)                          Equation 2 374 

where, UKCPm is the climate projections based on MIDAS climatic baseline 375 

gridded datasets (BASEm); UKCP is the gridded datasets of UKCP09 climate 376 

projections; BASEu Met Office’s historical (1961-1990) gridded datasets.  377 

The resolution of the UKCP09 data used was 5 km (Jenkins et al., 2009) 378 

which was too coarse to show the spatial pattern of climate (and drive 379 

spatially variable erosion) across the North Pennine landscape. Hence the 380 

transferred UKCP09 data was downscaled from 5 km to 100 m, which was 381 

considered a sufficiently fine resolution to show spatial variability across the 382 

landscape. The transferred temperature gridded datasets were downscaled 383 

with the assumption that temperature decreased with elevation at the 384 

standard lapse rate (i.e. 6.5 °C per 1 km) (Brunt, 1933). Downscaling of 385 

transferred precipitation variables (i.e. P, Ppday and CVpday) and temperature 386 

range (i.e. Trange) from 5 km to 100 m were conducted using the method 387 

proposed by Cooper et al. (2010). It was assumed that the ratio of each 100 m 388 

square value to 5 km square value remained stable from the climatic baseline 389 

to future periods. Regression equations resulting from MIDAS climatic 390 

baseline data were applied to produce gridded surfaces with resolutions of 391 

100 m and 5 km respectively (except for CVpday which was interpolated by 392 

IDW). The resulting gridded surfaces were then employed to identify the ratios 393 

of 100 m and 5 km square values. 394 
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 395 

During data transfer and downscaling, it was not possible to transfer CVpday, 396 

Ppday and PET directly with Met Office climatic baseline values based on 397 

Equation 2, as these three variables were not available in the Met Office 398 

UKCP09 climatic baseline gridded dataset (Jenkins et al., 2009). For baseline 399 

CVpday, the average value was taken on the selected 12 points derived from 400 

100 model realizations of the UKCP09 weather generator. These values were 401 

then interpolated into a gridded surface with IDW. Climatic baseline Ppday was 402 

calculated as Met Office gridded monthly precipitation divided by precipitation 403 

days per month. Precipitation days per month was the average of values 404 

derived from 100 model realizations of the UKCP09 weather generator, and 405 

interpolated into a gridded surface based on its relationship with elevation and 406 

coordinates. The 100 m PET was directly calculated using the downscaled 407 

temperature gridded surface (100 m), wind speed and vegetation height with 408 

the temperature-based model employed for the climatic baseline PET (Clark, 409 

2005; Oudin et al., 2005), without undergoing transfer and downscaling 410 

processes separately. 411 

 412 

3.2.2 Topography, soil, land use and management  413 

Local relief was calculated based on the 100-m DEM downloaded from 414 

Digimap (Digimap, 2012). Soil parameters were set according to Kirkby et al. 415 

(2008) and the PESERA manual (Irvine and Kosmas, 2003). The soil 416 
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erodibility in PESERA-PEAT refers to the sensitivity of soil to erosive agents 417 

after weathering processes, which has been demonstrated to be 2-3 times 418 

greater than of intact peat (Mulqueen et al., 2006). The erodibility of intact 419 

peat was estimated to be 1.16 mm through the pedo-transfer function 420 

presented in the PESERA manual (Irvine and Kosmas, 2003). Land-use types 421 

(Figure 1a) were derived from Land Cover Map 2000 (LCM2000) (Fuller et al., 422 

2002). The corresponding parameters for each land-use type were set in 423 

terms of the PESERA manual (Irvine and Kosmas, 2003). The distribution of 424 

ditches in the North Pennines was provided by the North Pennines AONB 425 

Peatland Partnership. ArcGIS 10 was employed to calculate the current 426 

drainage density based on the distribution of ditches. Maps provided by 427 

Natural England gave the exact extent of burning and overgrazing (Longden, 428 

2009). All areas other than where there was overgrazing were considered to 429 

receive light grazing. The combination of current land management practices 430 

is displayed in Figure 1b. 431 

3.3 Construction of environmental scenarios 432 

Twelve environmental scenarios, including interactions between climate 433 

change and land management shifts, were set up (Table 3). The current land 434 

management conditions were employed as the baseline land management 435 

scenario, and termed Business-As-Usual (BAU) (Figure 1b). In the BAU 436 

scenario, artificial drainage, light grazing and overgrazing were represented in 437 

PESERA-PEAT by the current artificial drainage density, 15% and 30% 438 
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vegetation removal (Li et al., 2016b). Typical prescribed burning frequencies 439 

for upland environments in the UK are between once in every 7 and once in 440 

every 25 years (Holden et al., 2007b). In the BAU scenario, we used a 10-441 

year burning frequency in the model to account for the vegetation removed by 442 

managed burning (Li et al., 2016b). A carbon storage scenario and a food 443 

security scenario previously described for future UK upland management 444 

(Reed et al., 2013) are represented as ‘Carbon’ and ‘Food’ in Table 3. As 445 

discussed in the introduction, the carbon storage scenario was represented by 446 

completely removing grazing, drainage and prescribed burning as a partial 447 

rewilding process to secure carbon storage. The food security scenario we 448 

modelled utilised more intensive use of land that is already under active 449 

management. For the food security scenario, burning frequency was 450 

increased from once in 10 years to once in 5 years in the areas where there is 451 

currently burning and drainage density was doubled in the areas where there 452 

is currently drainage. The intensity of grazing in currently overgrazed areas 453 

would be unlikely to increase further given its high impact on vegetation cover 454 

and biomass, but other areas that are currently grazed (i.e. 15% vegetation 455 

removal) were moved to ‘overgrazed’ (i.e. 30% vegetation removal) in the 456 

food security scenario. 457 

3.4 Model implementation 458 

During model implementation, the land cover category ‘artificial lands’ 459 

(covering less than 1 km2 of the total area) was masked out given that no 460 
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blanket peat erosion was considered to occur in these areas. The vegetation 461 

growth model calculated the vegetation cover on ‘Grassland or pasture’, 462 

‘Scrub’ and ‘Degraded natural land’. Vegetation biomass and soil organic 463 

matter were calculated by the vegetation growth model for all land-use types 464 

other than ‘Bareland’, where they were kept as zero. Land management 465 

practices were considered to only occur on ‘Pasture or grassland’, ‘Scrub’ and 466 

‘Degraded natural land’, which covered about 95% of the blanket peatlands in 467 

the North Pennines to impact soil moisture and vegetation conditions. In areas 468 

with multiple management practices, total vegetation cover and biomass 469 

removal was the sum of vegetation cover and biomass reduced by separate 470 

management practices. 471 

3.5 Analysis of modelling results 472 

Modelling results were compared with outputs based on the ‘Baseline_BAU’ 473 

scenario (i.e. baseline climate and current land management) to examine the 474 

response of the blanket peat ecosystem to environmental change. The impact 475 

of climate change was investigated with climate conditions for the 2020s, 476 

2050s and 2080s under the BAU land management scenario. Both Carbon 477 

and Food scenarios were applied with climate conditions at climatic baseline 478 

and for future climate in order to assess the impact of land management alone 479 

and also the interaction effects between land management shifts and climate 480 

change. 481 

 482 
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The highest monthly potential wildfire severity during the summer half year 483 

(April-September) was used to represent the potential wildfire severity for a 484 

year (annual potential wildfire severity). This is because higher temperatures 485 

and evapotranspiration in the summer half year facilitate the occurrence of 486 

wildfires (McMorrow et al., 2009; McMorrow, 2011, Esteves et al., 2012). 487 

Annual potential wildfire severity was employed to investigate the impacts of 488 

climate change, land management and their interactions on wildfires in the 489 

North Pennines. 490 

 491 

4 Results 492 

4.1 Climate change 493 

Using the downscaled climate projections, on average, from climatic baseline 494 

to 2020s, 2050s and 2080s mean annual temperature would increase by 1.5, 495 

2.4 and 3.2 °C respectively (Figure 2a), while mean annual precipitation would 496 

increase by 216.3, 204.8 and 220.2 mm respectively (Figure 2c). However, 497 

mean annual precipitation was projected to experience a slight decrease (i.e. 498 

11.5 mm) between the 2020s and 2050s, and then an increase of 15.4 mm 499 

between the 2050s and 2080s. Projections of mean monthly temperature 500 

suggested a 1.0 to 3.8 °C of increase from the climatic baseline to the three 501 

future periods (2020s, 2050s and 2080s) (Figure 2b). Mean monthly 502 

precipitation in winter months (December - February) was found to increase 503 

by 23.7 to 62.5 mm between the climatic baseline and the three future periods 504 
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(Figure 2d). In the summer months (June - August), mean monthly 505 

precipitation, compared to that of the climatic baseline period, would increase 506 

by up to 4.1 mm in the 2020s and decrease by 2.2 to 17.7 mm in subsequent 507 

time periods (2050s and 2080s) (Figure 2d). Overall, the North Pennines 508 

blanket peatlands were projected to experience warmer, wetter winters and 509 

warmer, drier summers in the future in terms of central estimates from 510 

UKCP09. 511 

 512 

Climatic baseline precipitation peaked in high-altitude areas and decreased in 513 

lower lying areas (Figure 3). Between the climatic baseline and the three 514 

future periods the increase of precipitation was projected to be greatest in the 515 

western and central part of the North Pennines where mean annual 516 

precipitation increased by over 400 mm (Figure 4a). In the central areas and 517 

some of the northern parts of the North Pennines mean annual precipitation 518 

would decrease from the climatic baseline to future time periods and the 519 

decrease of mean annual precipitation could be more than 200 mm in some 520 

places (Figure 4a). Changes in temperature over time formed a simpler 521 

pattern. Mean annual temperature increased more quickly in the southern part 522 

than in northern part of the North Pennines (Figure 4b). For the 2080s, most 523 

areas of the North Pennines were projected to be subject to a warmer mean 524 

annual temperature by over 3°C (Figure 4b). 525 
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4.2 Erosion 526 

Under climate change with BAU management (BAU scenarios), modelling 527 

results showed that mean annual sediment yield over the North Pennines 528 

blanket peatlands would slightly increase (< 5%) (Figure 5a). Mean sediment 529 

yield for the study region was predicted to decrease by up to 14.6% in winter 530 

and increase by up to 14.3% in other seasons (Figure 5b). For land 531 

management change scenarios excluding climate change, mean sediment 532 

yield for the region, compared to that of the ‘Baseline_BAU’ scenario, was 533 

predicted to decline by > 50% under carbon management scenarios 534 

(Baseline_Carbon) and increase by > 40% under food security scenarios 535 

(Baseline_Food) at both seasonal and annual scales (Figure 5a and b). Mean 536 

annual and seasonal sediment yield under interaction scenarios were 537 

predicted to follow a similar pattern to that of sediment yield under 538 

management scenarios.  539 

 540 

Under climate change with BAU management (BAU scenarios), the 541 

contribution of winter erosion was predicted to decline from 35.3% in the 542 

baseline period to 28.8% in the 2080s while spring, summer and autumn 543 

erosion was shown to contribute proportionally more to the annual sediment 544 

yield. Autumn erosion was demonstrated to become the biggest part (> 32%) 545 

of the annual soil loss in the 2050s and 2080s, while during the climatic 546 

baseline period and 2020s, winter erosion was predicted to contribute the 547 
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largest proportion of the annual budget (> 33%) (Figure 6). Land management 548 

change was shown to alter the seasonal distribution of annual sediment yield 549 

but less so than climate change. For each time period, the contribution of 550 

spring and autumn erosion to the annual sediment yield was predicted to 551 

remain stable while the contribution of summer erosion was predicted to 552 

decline and winter erosion was shown to rise with intensity of management 553 

practices (Figure 6).  554 

 555 

Under the ‘Baseline_BAU’ condition, locations with overgrazing had the 556 

highest predicted sediment yield of > 3.0 t ha-1 yr-1, while the lowest predicted 557 

sediment yield of < 1.0 t ha-1 yr-1 occurred on areas without management 558 

(Figure 1b, Figure 7a). Higher-altitude areas tended to have less erosion than 559 

lower-elevation regions. The southern and northeastern parts of the North 560 

Pennines tended to have low predicted sediment yields of < 1.5 t ha-1 yr-1.  561 

 562 

Modelled blanket peat erosion change for the study area from the 563 

‘Baseline_BAU’ condition was spatially highly variable (Figure 7b-l). Under 564 

climate change with BAU management (BAU scenarios) an increasing area of 565 

blanket peatlands was predicted to experience more severe erosion by the 566 

end of 21st Century (Figure 7b-d). Most of these areas were at relatively low-567 

elevations (i.e. 500 m or less) (Figure 1c, Figure 3). The greatest predicted 568 

rate of erosion increase occurred in the south and northeast, where mean 569 
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annual erosion was predicted to increase by over 1.5-fold from the climatic 570 

baseline period. The total area over which erosion was predicted to decline in 571 

the 2020s, 2050s and 2080s was 678, 431 and 366 km2 respectively, and 572 

these areas retreated to higher altitudes through time (Figure 1c, Figure 7b-d). 573 

 574 

Under management and interaction scenarios, in areas with land 575 

management shifts, sediment yield was predicted to decrease when land was 576 

managed for carbon storage and increase when land was managed for food 577 

security, regardless of the impacts of climate change (Figure 7e-l). Under 578 

carbon storage scenarios, the greatest relative reductions in predicted erosion 579 

rates (> 70%) occurred in areas that were overgrazed under BAU scenarios 580 

(Figure 7e-h, Figure 1b). Under food security scenarios, the greatest relative 581 

increases of predicted erosion rates (> 110%) were mainly found in the 582 

southern and northeastern parts of the North Pennines which, in BAU 583 

scenarios, were managed with artificial drainage and light grazing, light 584 

grazing and managed burning or artificial drainage, light grazing and 585 

managed burning (Figure 7j-l, Figure 1b). In addition, there were areas  with 586 

increased predicted erosion rates in ‘2020s_carbon’, ‘2050s_carbon’ and 587 

‘2080s_carbon’ scenarios (Figure 7f-h), and decreased modelled erosion 588 

rates in ‘2020s_food’, ‘2050s_food’ and ‘2080s_food’ scenarios (Figure 7j-l). 589 

These areas were mainly restricted to those without management options and 590 

so here blanket peat erosion change was driven by climate alone (Figure 1b). 591 
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Under ‘Baseline_BAU’ condition, approximately half of the blanket peatland 592 

area in the North Pennines was predicted to produce an annual sediment 593 

yield of 2.0 to 2.5 t ha-1 and areas with a higher (> 2.5 t ha-1) and lower (< 2.0 t 594 

ha-1) annual sediment yield were demonstrated to become smaller (Table 4). 595 

The distribution of blanket peatlands with different amounts of erosion under 596 

‘Baseline_BAU’ scenario was predicted to be similar to the distribution under 597 

future climates with BAU management (Table 4a). However, under carbon 598 

storage and food security scenarios the predicted spatial distribution was very 599 

different from that of the ‘Baseline-BAU’ condition, with > 98% of the area  600 

subject to an erosion rate of < 1.5 t ha-1 yr-1 for carbon storage scenarios 601 

or >67% of the area subject to an erosion rate of > 3.0 t ha-1 yr-1 for food 602 

security scenarios (Table 4b and c).  603 

 604 

4.3 Potential wildfire severity 605 

Under BAU scenarios an increasing area was predicted to move from a low 606 

PFS category (< 0.3) to a medium PFS category (0.3-0.5) (Table 5a), resulting 607 

in a predicted mean annual PFS increase from the climatic baseline to future 608 

time periods of between 4.5% and 13.0% (Figure 8). Over 95% of the area 609 

was predicted to have a low PFS (< 0.3) under carbon storage scenarios and 610 

a high PFS (> 0.5) under food security scenarios (Table 5b and c). As a result, 611 

mean annual PFS was predicted to increase by up to 181.7% under the 612 

carbon storage scenarios and decrease by up to 26.1% under the food 613 
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security scenarios. Variations of mean annual values and spatial patterns of 614 

the PFS with the management scenarios were predicted to be much bigger 615 

than with climate change (Figure 8, Table 5).   616 

 617 

5 Discussion 618 

 619 

5.1 The impacts of climate change 620 

Based on central estimates of UKCP09, the North Pennines will experience a 621 

warming climate with a spatially variable precipitation change (some drier and 622 

some wetter areas) to the end of the 21st Century (Figures 2-4). In average 623 

terms, the North Pennines is expected to have warmer, drier summers and 624 

warmer, wetter winters (Figure 2). Such patterns are consistent with the 625 

general climate change for the whole of the UK estimated by UKCP09, 626 

although the magnitude of climate change varies for different regions (Jenkins 627 

et al., 2009). 628 

 629 

At an annual scale, our results suggested that climate change over the 21st 630 

Century may lead to a slight increase (< 5%, Figure 5a) of mean fluvial 631 

erosion across blanket peatlands in the North Pennines compared to that of 632 

the climatic baseline period. This is consistent with the point modelling results 633 

of Li et al., (2016a), in which the relative erosion change for the North 634 

Pennines was lower than for other sites studied across Great Britain, possibly 635 
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because the North Pennines tend to have a higher altitude than the other 636 

sites, and therefore maintain cool, wet conditions conducive to active peat 637 

growth. The mean PFS of the North Pennines blanket peatlands was 638 

predicted to increase under 21st Century climate change. Meanwhile, the 639 

likelihood (occurrence) of wildfires in summer was also deemed to increase in 640 

the future (McMorrow et al., 2009; Albertson et al., 2010; McMorrow, 2011). 641 

Wildfire can lead to a destruction of the seed stock, loss of vegetation cover 642 

(Maltby, 1990) and subsequent generation of erodible peat surfaces with rapid 643 

connectivity (e.g. gullies, sheet erosion) to stream networks (Bower 1961; 644 

Stevenson et al. 1990; Rothwell et al. 2007). It is therefore implied that the 645 

erosion forecast by PESERA-PEAT may be an underestimate since wildfire-646 

induced erosion may lead to more enhanced erosion than predicted. 647 

 648 

The spatial pattern of erosion change under future climate was complicated 649 

but can be interpreted based on underlying driving mechanisms. The areas 650 

where there was a predicted decline in erosion rates retreated towards higher 651 

elevations over time under the BAU condition. At higher elevations such as 652 

the western part of the North Pennines, there is usually more precipitation and 653 

lower temperatures (Figures 3-4), which encourages frost action to dominate 654 

sediment production (Labadz et al., 1991; Charman, 2002; Evans and 655 

Warburton, 2007). Therefore, reduced blanket peat erosion is accounted for 656 

by weakened frost action induced by warmer climate. The decreased erosion 657 
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under climate change demonstrates the resilience of blanket peatlands to 658 

climate change. It may therefore be that the shrinkage of areas suitable for 659 

active peat growth induced by future climate change (Clark et al., 2010; 660 

Gallego-Sala et al., 2010; Gallego-Sala and Prentice, 2012) does not 661 

necessarily entail the loss of peat through fluvial erosion. At lower elevations 662 

such as southern and northeastern parts of the North Pennines, desiccation 663 

processes become more important due to a relatively warm and dry climate 664 

(Francis, 1990; Charman 2002; Evans and Warburton, 2007). A warmer future 665 

climate would enhance desiccation in these regions, resulting in more peat 666 

loss via fluvial processes. Southern and northeastern parts of the study region 667 

are also subject to low local relief (Figure 1c), which means that weathered 668 

peat produced by freeze-thaw and desiccation are more likely to be stored 669 

rather than transported to river channels. However, a wetter climate in the 670 

2020s, 2050s and 2080s (Figure 4) together with higher vegetation removal 671 

under intensified management conditions were demonstrated to significantly 672 

encourage sediment transport and enhance sediment yield at these locations 673 

(Figure 1b, Table 3).   674 

At a seasonal scale, mean sediment yield of the North Pennine blanket 675 

peatlands was forecast to peak in winter during the climatic baseline and 676 

2020s (Figure 6). For the 2050s and 2080s, increased temperature in winter 677 

months was predicted to weaken the impact of freeze-thaw (Labadz et al., 678 

1991; Charman, 2002; Evans and Warburton, 2007), so that sediment yield in 679 
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winter was predicted to decline despite a higher transport capacity resulting 680 

from wetter climate (Figure 2c and d). Elevated temperature and lower 681 

precipitation (Figure 2b, d) may aggravate desiccation in summer months 682 

(Francis, 1990; Charman 2002; Evans and Warburton, 2007). Therefore, more 683 

weathered surface peat is likely to be generated which can be washed away 684 

by subsequent storms (Figure 5b). As a result, the sediment flux was 685 

predicted to peak during autumn in the 2050s and 2080s (Figure 6). 686 

 687 

5.2 The impact of land management  688 

Modelling results showed that blanket peat erosion in areas with management 689 

options (i.e. artificial drainage, prescribed burning and grazing) were predicted 690 

to increase under carbon storage scenarios and decrease under food security 691 

scenarios (Figure 5 and Figure 7e-l). Artificial drainage lowers the water table 692 

(mainly downslope) within blanket peatlands (Holden et al., 2004; 2006; 2011;  693 

Wallage and Holden, 2011), and vertical incision creates ditch sides which 694 

often result in more bare peat and thereafter erosion (Holden et al., 2007a; 695 

Evans and Warburton, 2007). Prescribed burning (Brown et al., 2015; Holden, 696 

2008; Holden et al., 2007b; 2014; 2015) and grazing (Holden et al., 2007b; 697 

Holden, 2008; Meyles et al., 2006) are also known to impact peat surface 698 

conditions (e.g. removal of vegetation) and soil properties (e.g. infiltration 699 

rate). In PESERA-PEAT all management options are linked to changes in 700 

vegetation cover and biomass while the impact of artificial drainage on soil 701 
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moisture condition is also accounted for using empirical data available from 702 

the literature (Li et al., 2016b). Hence, the carbon storage scenario was 703 

associated with a decline in final sediment yield while the food security 704 

scenario was associated with increased final sediment yield.  705 

 706 

PFS responded to shifts in land management in the opposite way to erosion 707 

(Figure 5 and Figure 8) because as biomass increases, erosion declines but 708 

the fuel load increases (McMorrow et al., 2009; Worrall et al., 2010; 709 

McMorrow, 2011; Esteves et al., 2012). Intensified land management (i.e. food 710 

security scenarios), results in reduced vegetation biomass and therefore fuel 711 

load, but creates more bare areas which lead to increased peat erosion.  712 

Further work is therefore required to understand the interactions between land 713 

management and wildfire (fire probability and severity) and their interacting 714 

effects on blanket peat erosion. 715 

 716 

5.3 Interactions of climate and management shifts and their implications for peatland 717 

management 718 

Modelling results showed that management shifts employed in this paper 719 

were likely to be more influential than 21st Century climate change in altering 720 

both the rates and the spatial pattern of blanket peat erosion and PFS across 721 

the North Pennines (Figures 5, 7 and 8, Tables 4 and 5). It is acknowledged 722 

that our study only examined two opposing prescribed land management 723 
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changes in comparison to a BAU scenario and there are many other land 724 

management possibilities in between. However, our modelling results strongly 725 

suggest that careful land management could be a key factor in reducing 726 

blanket peat erosion risk and that particular types of management change 727 

could largely mitigate the effects of climate change on fluvial peat erosion and 728 

PFS in the 21st Century for the North Pennines. This assertion is supported by 729 

empirical studies that have shown the importance of blocking ditches and 730 

increased vegetation cover in reducing blanket peat erosion (e.g. Holden 731 

2007b; Evans et al., 2006; Grayson et al., 2010; Parry et al., 2014; 732 

Shuttleworth et al., 2015; Brown et al., 2015). 733 

 734 

The predicted spatial pattern of fluvial erosion change for the North Pennines 735 

blanket peatlands was quantitatively assessed (Figure 7b-l). This provides 736 

land managers with a spatially-distributed indicator of potential erosion risk or 737 

erosion mitigation potential through management decisions. PFS 738 

assessments are also helpful when evaluating the potential impact of wildfires 739 

enhanced by management strategies (Worrall et al., 2010; McMorrow, 2011). 740 

Using PESERA-PEAT outputs, land managers will be able to develop 741 

spatially-targeted peatland conservation and protection strategies, enabling 742 

limited funds and resources to be preferentially allocated to locations where 743 

management interventions might have the greatest impact under future 744 

climate change. Such a spatially-targeted strategy will also reduce impacts 745 
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associated with peat erosion including heavy metal pollution (Rothwell et al., 746 

2005; 2007), disturbed river ecology (Ramchunder et al., 2009) and loss of 747 

carbon (Evans et al., 2012; Grayson et al., 2012; Pawson et al., 2012). 748 

5.4 Implications for future work 749 

Our work showed how a spatially distributed erosion model can be applied to 750 

large study regions in the context of climate change. Future work could test a 751 

number of different spatial configurations of management change or different 752 

types of management interventions so that new erosion mitigation strategies 753 

can be developed. The model will also be able to incorporate future advances 754 

in process understanding of the influence of management practices on 755 

peatland processes (e.g. if prescribed burning is shown to impact peatland 756 

water tables as well as vegetation cover; Holden et al., 2011; 2015; Worrall et 757 

al., 2007), improving its capability in predicting the potential consequences of 758 

policies. 759 

 760 

5.5 Limitations of climate projections and modelling approaches 761 

Climate scenarios in this study were established based on central estimates of 762 

UKCP09 projections which inevitably reduced the variability of climate 763 

variables given they only cover one possibility (50% probability level) of future 764 

climate conditions. Therefore, climate change derived from other possible 765 

future climate projections such as IPCC AR5 (Christensen et al., 2013) also 766 

needs to be assessed in the future. As climate change is likely to be different 767 
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across the UK (Jenkins et al., 2009), and the current climate conditions are 768 

not the same across all UK blanket peatlands, the response of blanket peat 769 

erosion to climate change may vary across the UK (Li et al., 2016a) as well as 770 

across other global blanket peatland regions. Further work is therefore 771 

required to examine the response of blanket peat erosion to climate change 772 

and land management shifts at a national and international scale.  773 

 774 

PESERA-PEAT was developed based on field data collected from catchment 775 

outlets, implying that the erosion estimated by PESERA-PEAT is lumped 776 

hillslope and channel erosion (thereby inherently incorporating features such 777 

as gullies). This was a compromise because of a lack of long-term hillslope 778 

erosion records in blanket peatlands, and forms a limitation of the model. 779 

However, the suitability of such a simplification is supported by previous 780 

erosion studies on hillslope processes in blanket peatlands and stream bank 781 

processes in other soil systems (e.g. Evans and Warburton, 2007; Wynn et 782 

al., 2008). Wind erosion, which may be important at some blanket peat-783 

covered locations (Warburton, 2003; Foulds and Warburton 2007a; b), is 784 

currently not accounted for in PESERA-PEAT. The incorporation of more 785 

erosion processes into PESERA-PEAT is thus desirable in the future. 786 

 787 

There was a lack of a sufficiently fine-resolution DEM across the study region 788 

to support automated mapping of gullies using methods developed in previous 789 
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studies such as Evans and Lindsay (2010). Gullies, which can be 790 

parameterized in PESERA-PEAT using the ‘ditch level’ function (but with 791 

deeper and wider values), were not separately considered in the modelling 792 

work here. It may be that the erosion estimates provided in this paper are 793 

underestimates for areas of severe gullying. However, PESERA-PEAT is 794 

capable of directly considering gullies and so spatially distributed blanket peat 795 

erosion modelling that incorporates gully landforms can be conducted in the 796 

future for the North Pennines or other regions if gully maps and fine-resolution 797 

DEMs are available. 798 

 799 

6 Conclusions 800 

The first fluvial erosion model developed for blanket peatlands, PESERA-801 

PEAT, was applied across the North Pennines to predict the response of 802 

blanket peat erosion to environmental change. Modelling results showed that 803 

the reaction of blanket peat erosion to climate change was likely to be 804 

spatially highly variable. Increasing rates of blanket peat erosion with climate 805 

change within an individual large region are likely to be smaller in wetter and 806 

colder places. Summer desiccation may become a more important sediment 807 

source for blanket peat erosion in places under a warmer and drier future 808 

climate, leading to more sediment erosion released from blanket peatlands 809 

during subsequent rainstorms. Land management was found to have stronger 810 

impacts than climate change on blanket peat erosion. Conservation land 811 
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management practices can therefore potentially act as a useful tool in 812 

mitigating the impacts of climate change on blanket peat erosion. However, 813 

when blanket peatlands are managed to protect them from soil erosion 814 

through ensuring a thriving vegetation biomass cover, wildfire-awareness and 815 

precautionary fire measures would be required as the wildfire risk increased 816 

substantially with climate change and may also increase with some land 817 

management strategies. This study, for the first time, demonstrated how a 818 

spatially-distributed model (PESERA-PEAT) could be used to evaluate blanket 819 

peat erosion under environmental change at a regional scale. The model 820 

could be used for blanket peatlands in other regions of the world to assess 821 

fluvial erosion rates and to help land managers determine spatially-targeted 822 

land management and protection strategies. The model would also be 823 

potentially suitable for a range of organo-mineral soils that are located in 824 

regions where freeze-thaw or desiccation commonly drives surface sediment 825 

production.  826 

 827 

Acknowledgements 828 

This research was supported by the China Scholarship Council and a School 829 

of Geography, University of Leeds studentship. The UK Met Office is thanked 830 

for providing the MIDAS and UKCP09 data. Natural England, Land 831 

Information System, Centre for Ecology and Hydrology of the UK and the 832 

North Pennines AONB Peatland Partnership are also acknowledged for 833 



 ϯϵ 

supplying land cover and peat cover data, and data on the distribution of land 834 

management practices. 835 

 836 

 837 

References: 838 

Baird, A. J., Holden, J., and Chapman, P. 2009. A literature review of evidence 839 

on emissions of methane in peatlands. Defra Project SP0574, 840 

University of Leeds, Leeds. 841 

Beven, K., Kirkby, M. J., Schofield, N., Tagg, A. 1984 Testing a physically-842 

based flood forecasting model (TOPMODEL) for three UK catchments.  843 

Journal of Hydrology, 6, 119-143.  844 

Bower, M. M. 1961. The distribution of erosion in blanket peat bogs in the 845 

Pennines. Transactions of the Institute of British Geographers, 17-30. 846 

Brown, L. E., Palmer, S. M., Wearing, C., Johnston, K., Holden, J. 2015. 847 

Vegetation management with fire modifies peatland soil thermal 848 

regime. Journal of Environmental Management, 154, 166-176.  849 

Carling, P. A., Glaister, M. S., Flintham, T. P. 1997. The erodibility of upland 850 

soils and the design of preafforestation drainage networks in the United 851 

Kingdom. Hydrological Processes, 11,1963-1980.  852 

Charman, D. 2002. Peatlands and environmental change. Wiley, Chichester, 853 

UK. 854 

Christensen, J. H., Kumar Krishna, K., Aldrain, E., et al. 2013. Climate 855 



 ϰϬ 

phenomena and their relevance to future regional climate change. In 856 

Climate Change 2013: The physical science basis. Contribution to 857 

working Group 1 of the fifth assessment report of the intergovernmental 858 

panel on climate change. Stocker TF et al (eds.). Cambridge University 859 

Press. Cambridge, UK and New York USA: 1217-1308. 860 

Clark, J. 2005. Dissolved organic carbon dynamics in blanket peat, PhD 861 

thesis, University of Leeds, Leeds. 862 

Clark, J., Gallego-Sala, A., Allott, T., Chapman, S. 2010. Assessing the 863 

vulnerability of blanket peat to climate change using an ensemble of 864 

statistical bioclimatic envelope models. Climate Research, 10, 131-150. 865 

Cooper, D., Foster, C., Gooday, R., Hallett, P., Hobbs, P., Irvine, B., Kirkby, M. 866 

J., Ragab, R., Rawlins, B., Richards, M., Smith, P., Spurgeon, D., Tye, 867 

A. 2010. Use of ‘UKCIP08 Scenarios’ to determine the potential impact 868 

of climate change on the pressures/threats to soils in England and 869 

Wales. Final report to Defra, project SP0571. NERC. 870 

Coulthard, T., Macklin, M., Kirkby, M. J. 2002. A cellular model of holocene 871 

upland river basin and alluvial fan evolution. Earth Surface Processes 872 

and Landforms, 27, 3, 269-288. 873 

Digimap. 2012. 1:10 000 Raster [TIFF geospatial data], Scale 1:10000, 874 

Updated: June 2012, Ordnance Survey (GB), Using: EDINA Digimap 875 

Ordnance Survey Service, <http://digimap.edina.ac.uk>, Downloaded: 876 

Wed April 05 15:54:38 BST 2013 877 



 ϰϭ 

Esteves, T. C. J., Kirkby, M. J., Shakesby, R. A., Ferreira, A. J. D., Soares, J. 878 

A. A., Irvine, B., Ferreira, C. S. S., Coelho, C. O. A., Bento, C. P. M., 879 

Carreiras, M. A. 2012. Mitigating land degradation caused by wildfire: 880 

Application of the PESERA model to fire-affected sites in central 881 

Portugal. Geoderma, 191, 40-50. 882 

Evans, M., Allott, T., Holden, J., Flitcroft, C., Bonn, A. 2005. Understanding 883 

gully blocking in deep peat. Castleton Visitor Centre, Derbyshire. 884 

Evans, M. and Lindsay, J. 2010. High resolution quantification of gully erosion 885 

in upland peatlands at the landscape scale. Earth Surface Processes 886 

and Landforms, 35, 876-886. 887 

Evans, M., Stimson, A., Allott, T., Holland, N. 2012. Impacts of peatland 888 

restoration on dissolved carbon loss from eroded upland peatlands in 889 

the UK, EGU meeting, Vienna, Austria, pp. 2939. 890 

Evans, M., Burt, T., Holden, J., Adamson, J. 1999. Runoff generation and 891 

water table fluctuations in blanket peat: evidence from UK data 892 

spanning the dry summer of 1995. Journal of Hydrology, 221, 141-160.  893 

Evans, M., and Warburton, J. 2005. Sediment budget for an eroding peat-894 

moorland catchment in northern England. Earth Surface Processes and 895 

Landforms, 30, 557-577. 896 

Evans, M., Warburton, J., 2007. Geomorphology of Upland Peat: Erosion, 897 

Form and Landscape Change. Blackwell Publishing Ltd, Oxford, UK. 898 

Evans, M., Warburton, J., Yang, J. 2006. Eroding blanket peat catchments: 899 



 ϰϮ 

Global and local implications of upland organic sediment budgets. 900 

Geomorphology, 79, 45-57. 901 

Foresight Land Use Futures Project. 2010. Final Project Report. The 902 

Government Office for Science, London, UK. 903 

Foster, D., Wright, H., Thelaus, M., King, G. 1988. Bog development and 904 

landform dynamics in central Sweden and south-eastern Labrador, 905 

Canada. Journal of Ecology, 76,1164-1185.  906 

Foulds, S. A. and Warburton, J. 2007a. Wind erosion of blanket peat during a 907 

short period of surface desiccation (North Pennines, Northern 908 

England). Earth Surface Processes and Landforms, 32, 481-488.  909 

Foulds, S. A. and Warburton, J. 2007b. Significance of wind-driven rain (wind-910 

splash) in the erosion of blanket peat. Geomorphology, 83,183-192.  911 

Francis, I. S. 1990. Blanket peat erosion in a Mid-Wales catchment during 2 912 

drought years. Earth Surface Processes and Landforms, 15, 445-456. 913 

Fuller, R. M., Smith, G. M., Sanderson, J. M., Hill, R. A., Thomson, A. G. 2002. 914 

The UK Land Cover Map 2000: construction of a parcel-based vector 915 

map from satellite images. Cartographic Journal, 39, 15-25. 916 

Gallego-Sala, A. V, Clark, J. M., House, J. I., Orr, H. G., Prentice, I. C., Smith, 917 

P., Farewell, T., Chapman, S. J. 2010. Bioclimatic envelope model of 918 

climate change impacts on blanket peatland distribution in Great 919 

Britain. Climate Research, 45, 151-162. 920 

Gallego-Sala, A. V. and Prentice, I. C. 2012. Blanket peat biome endangered 921 



 ϰϯ 

by climate change. Nature Climate Change, 3, 152-155. 922 

Gao, J., Holden, J., Kirkby, M. J. 2015. A distributed TOPMODEL for modelling 923 

impacts of land-cover change on river flow in upland peatland 924 

catchments. Hydrological Processes, 29, 2867-2879.  925 

Glaser, P. H. and Janssens, J. A. 1986. Raised bogs in eastern North 926 

America: transitions in landforms and gross stratigraphy. Canadian 927 

Journal of Botany, 64, 395-415. 928 

Grayson, R., Holden, J., Jones, R., Carle, J., Lloyd, A. 2012. Improving 929 

particulate carbon loss estimates in eroding peatlands through the use 930 

of terrestrial laser scanning. Geomorphology, 179, 240-248. 931 

Grayson, R., Holden, J., Rose, R. 2010. Long-term change in storm 932 

hydrographs in response to peatland vegetation change. Journal of 933 

Hydrology, 389, 336-343. 934 

Holden J. 2008. Upland hydrology. In Drivers of change in upland 935 

environments; Bonn, A., Hubacek, K., Stewart, A., Allott, T. (eds). 936 

Routledge, London: 113-134. 937 

Holden, J. and Burt, T. P. 2002. Infiltration, runoff and sediment production in 938 

blanket peat catchments: implications of field rainfall simulation 939 

experiments. Hydrological Processes, 16, 2537-2557.  940 

Holden, J. and Burt, T. 2003. Runoff production in blanket peat covered 941 

catchments. Water Resources Research, 39, 1191. 942 

Holden, J., Chapman, P., Labadz, J. 2004. Artificial drainage of peatlands: 943 



 ϰϰ 

hydrological and hydrochemical process and wetland restoration. 944 

Progress in Physical Geography, 28, 95-123. 945 

Holden, J., Evans, M., Burt, T., Horton, M. 2006. Impact of land drainage on 946 

peatland hydrology. Journal of Environmental Quality, 35, 1764-1778.  947 

Holden, J., Gascoign, M., Bosanko, N. 2007a. Erosion and natural 948 

revegetation associated with surface land drains in upland peatlands. 949 

Earth Surface Processes and Landforms, 32, 1547-1557. 950 

Holden, J., Kirkby, M. J., Lane, S. N., Milledge, D. J., Brookes, C. J., Holden, 951 

V. and McDonald, A. T. 2008. Factors affecting overland flow velocity in 952 

peatlands. Water Resources Research, 44, W06415 953 

Holden, J., Palmer, S.M. Johnston, K., Wearing, C., Irvine, B., Parry L., 954 

Brown, L. E. 2015. Impact of prescribed burning on blanket peat 955 

hydrology. Water Resources Research. 51, 8, 6472-6484 956 

Holden, J., Shotbolt, L., Bonn, A., et al. 2007b. Environmental change in 957 

moorland landscapes. Earth-Science Reviews, 82, 75-100. 958 

Holden, J., Wallage, Z., Lane, S., McDonald, A. 2011. Water table dynamics in 959 

undisturbed, drained and restored blanket peat. Journal of Hydrology, 960 

402, 103-114. 961 

Holden, J., Wearing, C., Palmer, S., Jackson, B., Johnston, K., Brown, L. E. 962 

2014. Fire decreases near-surface hydraulic conductivity and 963 

macropore flow in blanket peat. Hydrological Processes, 28, 2868-964 

2876. 965 



 ϰϱ 

Irvine, B., Kosmas, C. 2003. Pan-European Soil Erosion Risk Assessment, 966 

School of Geography, University of Leeds, Leeds. 967 

Jenkins, G. J., Murphy, J. M., Sexton, D. M. H., Lowe, J. A., Jones, P., Kilsby, 968 

C. G. 2009. UK climate projects: Briefing report, Met Office Hadley 969 

Centre, Exeter, UK. 970 

Kirkby, M. J., Irvine, B., Jones, R., Govers, G. 2008. The PESERA coarse 971 

scale erosion model for Europe. I.Model rationale and implementation. 972 

European Journal of Soil Science, 59, 1293-1306. 973 

Labadz, J., Burt, T., Potter, A. 1991. Sediment yield and delivery in the blanket 974 

peat moorlands of the Southern Pennines. Earth Surface Processes 975 

and Landforms, 16, 255-271. 976 

Li, P., Holden, J., Irvine, B. 2016a. Prediction of blanket peat erosion across 977 

Great Britain under environmental change. Climatic Change, 134, 177-978 

191. 979 

Li, P., Holden, J., Irvine, B., Grayson, R. 2016b. PESERA-PEAT: an erosion 980 

model for blanket peatlands. Earth Surface Processes and Landforms. 981 

DOI͗ 10.1002/esp.3972 982 

Longden, K. 2009. Mapping the status of upland peat using aerial 983 

photographs, Natural England, London. 984 

Maltby, E., Legg, C. J., Procter, M. C. F. 1990. The ecology of severe 985 

moorland fire on the North York Moors: effects of the 1976 fires and 986 

subsequent surface and vegetation development. Journal of Ecology, 987 



 ϰϲ 

78, 490-518. 988 

McMorrow, J. 2011. Wildfire in the United Kingdom: status and key issues, 989 

The Second Conference on the Human Dimensions of Wildland Fire 990 

GTR-NRS-P, pp. 44. 991 

Meyles, E., Williams, A., Ternan, J., Anderson, J., Dowd, J. 2006. The 992 

influence of grazing on vegetation, soil properties and stream discharge 993 

in a small Dartmoor catchment, southwest England, UK. Earth Surface 994 

Processes and Landforms, 31, 622-631. 995 

McMorrow, J., Lindley, S., Aylen, J., Cavan, G., Albertson, K., Boys, D. 2009. 996 

Moorland wildfire risk, visitors and climate change: patterns, prevention 997 

and policy. Bonn, A., Allott, T., Hubacek, K. and Stewart, J (eds). 998 

Drivers of Change in Upland Environments, Routledge, London, 404-999 

431. 1000 

Mulqueen, J., Rodgers, M., Marren, N., Healy, M. 2006. Erodibility of hill peat. 1001 

Irish Journal of Agricultural and Food Research, 45,103-114. 1002 

Oudin, L., Hervier, F., Michel, C., Perrin, C., Andreassian, V., Anctil, F., 1003 

Loumagne, C. 2005. Which potential evapotranspiration input for a 1004 

lumped rainfall-runoff model ? Part 2--Towards a simple and efficient 1005 

potential evapotranspiration model for rainfall-runoff modelling. Journal 1006 

of Hydrology, 303, 290-306. 1007 

Parish, F., Sirin, A., Charman, D., Joosten, H., Minayeva, T., Silvius, M. 2008. 1008 

Assessment on peatlands, biodiversity and climate change. Global 1009 



 ϰϳ 

Environmental Centre, Kuala Lumpur, Malaysia, and Wetlands 1010 

International, Wageningen, The Netherlands. 1011 

Parry, L. E., Holden, J., Chapman, P. 2014 Restoration of blanket peatlands. 1012 

Journal of Environmental Management, 133, 193-205. 1013 

Pattinson, V. A., Butcher, D. P., Labadz, J. C. 1994. The management of water 1014 

color in peatland catchments. Journal of the Institution of Water and 1015 

Environmental Management, 8, 298-307. 1016 

Pawson, R., Evans, M., Allott, T. 2012. Fluvial carbon flux from headwater 1017 

peatland streams: significance of particulate carbon flux. Earth Surface 1018 

Processes and Landforms, 37, 1203-1212. 1019 

Perry, M. and Hollis, D. 2005. The generation of monthly gridded datasets for 1020 

a range of climatic variables over the UK. International Journal of 1021 

Climatology, 25, 1041-1054. 1022 

Ramchunder, S. J., Brown, L. E., Holden, J. 2009. Environmental effects of 1023 

drainage, drain-blocking and prescribed vegetation burning in UK 1024 

upland peatlands. Progress in Physical Geography, 33, 49-79. 1025 

Reed, M. S., et al. 2013. Anticipating and managing future trade-offs and 1026 

complementarities between ecosystem services. Ecology and Society, 1027 

18, 5. 1028 

Rothwell, J. J., Robinson, S.G., Evans, M. G., Yang, J., Allott, T. H. E. 2005. 1029 

Heavy metal release by peat erosion in the Peak District, southern 1030 

Pennines, UK. Hydrological Processes, 19, 2973-2989. 1031 



 ϰϴ 

Rothwell, J. J., Evans, M. G., Allott, T. E. H. 2007. Lead contamination of 1032 

fluvial sediments in an eroding blanket peat catchment. Appllied 1033 

Geochemistry, 22, 446–459. 1034 

Shuttleworth, L., Evans, M., Hutchinson, M., and Rothwell, J. 2015. Peatland 1035 

restoration: Controls on sediment production and reductions in carbon 1036 

and pollutant export. Earth Surface Processes and Landforms, 40, 459-1037 

472.  1038 

Stevenson, A. C., Jones, V. J., Battarbee, R. W. 1990. The cause of peat 1039 

erosion - a paleolimnological approach. New Phytologist, 114, 727-735. 1040 

Venevsky, S., Thonicke, K., Sitch, S., Cramer, W. 2002. Simulating fire 1041 

regimes in humanǦdominated ecosystems: Iberian Peninsula case 1042 

study. Global Change Biology, 8, 984-998. 1043 

Wallage, Z., Holden, J. 2011. Near-surface macropore flow and saturated 1044 

hydraulic conductivity in drained and restored blanket peatlands. Soil 1045 

Use and Management, 27, 247-254. 1046 

Warburton J. 2003. Wind-splash erosion of bare peat on UK upland 1047 

moorlands. Catena,  52, 191-207.  1048 

Wilson, P., Clark, R., McAdam, J. H., Cooper, E. A. 1993. Soil erosion in the 1049 

Falkland Islands: an assessment. Applied Geography, 13, 329-352. 1050 

Wischmeier, W. H. and Smith, D. D. 1978. Predicting rainfall erosion losses-A 1051 

guide to conservation planning. USDA Agriculture Handbook. 1052 

Department of Agriculture.Washington.  1053 



 ϰϵ 

Worrall, F., Armstrong, A., Adamson, J. K. 2007. The effects of burning and 1054 

sheep-grazing on water table depth and soil water quality in a upland 1055 

peat. Journal of Hydrology, 339, 1-14. 1056 

Wynn, T., Henderson, M., Vaughan, D. 2008. Changes in streambank 1057 

erodibility and critical shear stress due to subaerial processes along a 1058 

headwater stream, southwestern Virginia, USA. Geomorphology, 97, 1059 

260-273.  1060 

Yu, Z. 2012. Northern peatland carbon stocks and dynamics: a review. 1061 

Biogeosciences, 9, 4071-4085. 1062 

 1063 

Figure Captions 1064 

Figure 1 Maps of the study site (North Pennines), including land cover for blanket 1065 

peatlands (a); management combinations within blanket peatlands (b), each code 1066 

represents a management option: 1 = artificial drainage; 2 = light grazing; 3 = 1067 

overgrazing; 4 = managed burning; local relief (c); points selected for climate 1068 

interpolation (d).  1069 

Figure 2 Change of mean annual and monthly temperature (a and b) and precipitation (c 1070 

and d) for the North Pennines blanket peatlands evaluated based on the MIDAS baseline 1071 

(1961-1990) climate records and future (2020s, 2050s and 2080s) climate projections 1072 

derived from MIDAS baseline data and UKCP09 projections. Error bars show the range 1073 

of mean annual temperature and precipitation. Month 1-12 corresponds to January - 1074 

December. 1075 

 1076 

Figure 3 Mean annual precipitation temperature derived from the MIDAS baseline (1961-1077 

1990) records and elevation of North Pennines blanket peatlands. 1078 

 1079 

Figure 4 Spatial patterns of changes in mean annual precipitation (a) and temperature 1080 

(b) for the North Pennines blanket based on the MIDAS baseline (1961-1990) climate 1081 

records and future (2020s, 2050s and 2080s) climate projections derived from MIDAS 1082 

baseline data and UKCP09 projections. 1083 

 1084 

Figure 5 Predicted response of mean annual (a) and seasonal (b) sediment yield for the 1085 
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North Pennines blanket peatlands. ‘Baseline’, ‘2020s’, ‘2050s’ and ‘2080s’ represent the 1086 

climate condition of 1961-1990, 2010-2039, 2040-2069 and 2070-2099, while  ‘BAU’, 1087 

‘Carbon’ and ‘Food’ represent land management conditions of Business-As-Usual, 1088 

carbon storage and food security. 1089 

 1090 

Figure 6 Predicted seasonal distribution of erosion averaged over the whole blanket 1091 

peat-covered area of the North Pennines. ‘Baseline’, ‘2020s’, ‘2050s’ and ‘2080s’ 1092 

represent the climate condition of 1961-1990, 2010-2039, 2040-2069 and 2070-2099, 1093 

while ‘BAU’, ‘Carbon’ and ‘Food’ represent land management conditions of Business-As-1094 

Usual, carbon storage and food security. 1095 

 1096 

Figure 7 Predicted mean annual erosion under the ‘Baseline_BAU’ scenario (a) and 1097 

changes of mean annual erosion from the ‘Baseline_BAU’ scenario for other 1098 

scenarios (b-l). ‘Baseline’, ‘2020s’, ‘2050s’ and ‘2080s’ represent the climate 1099 

condition of 1961-1990, 2010-2039, 2040-2069 and 2070-2099, while ‘BAU’, ‘Carbon’ 1100 

and ‘Food’ represent management conditions of Business-As-Usual, carbon storage 1101 

and food security. 1102 

 1103 

Figure 8 Predicted response of mean annual potential wildfire severity in blanket 1104 

peatlands of the North Pennines to environmental change. ‘Baseline’, ‘2020s’, ‘2050s’ 1105 

and ‘2080s’ represent the climate condition of 1961-1990, 2010-2039, 2040-2069 and 1106 

2070-2099, while ‘BAU’, ‘Carbon’ and ‘Food’ represent land management conditions 1107 

of Business-As-Usual, carbon storage and food security 1108 
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