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Abstract

Globally peatlands contain ca. 550 GT of ancient carbon and there is the potential for a positive feedback
between peatland degradation and global climate change. Peatlands cover a substantial area of the British
Uplands and the effects of wildfire and traditional managed burning on their ecological integrity are issues of
growing debate. Land-managers and conservationists continue to argue over the effects of managed and wild
fire on peatland carbon dynamics. Clear differences do exist in the severity of moorland fires and wildfires,
though often intense, are not necessarily severe. The aim of our project was to document variation in the severity
and ecological effects of a spate of peatland wildfires that burnt during the springs of 2011 and 2012. We
identified a number of fire locations that included coverage of variation in major north-south and east-west
bioclimatic conditions and peatland types. Fire severity was described using a modified form of the semi-
quantitative Composite Burn Index. Fuel consumption was assessed using destructive harvesting of burnt- and
unburnt fuel loads. Carbon dioxide and methane fluxes were assessed using samples taken from gas flux
chambers. Fire severity varied substantially both within and between individual fires. Average severity varied
up to two-fold between fires but as much as three-fold within some fires. Total carbon loss varied substantially
between and within wildfires. Average fire-level consumption was 0.64+ 0.12 kg C m™?but this estimate should
be treated with caution. Consumption was best described by a mixed effects model than included random
intercepts for different fires and plots within fires and random slopes for different plots. The evidence for
differences in consumption between fires was weak due to the small sampling size and the substantial within
plot and fire variation in fuel load. There was a linear relationship between pre-fire fuel surface load and surface
fuel consumption but no obvious difference between the prescribed and wild fires in how the proportion of fuel
consumed changed with increasing fuel load. Soil methane fluxes were consistently lower on burnt sites whilst
carbon dioxide fluxes were generally higher. Day-night temperature fluctuations in burnt plots were frequently
more than twice that seen in unburnt plots. Our results demonstrate substantial variation in fire severity both
within and between individual wildfire events. Assessment of the effects of wildfires requires intensive
sampling efforts and drawing robust conclusions about the implications of wildfire on ecosystem C dynamics
is thus fraught with difficulties.

Keywords: carbon dioxide, Composite Burn Index, fuel consumption, methane, soil gas flux, soil microclimate

1. Introduction

Globally peatlands contain ca. 550 GT of ancient carbon (Mitra et al. 2005) but there is considerable
concern about the potential for a positive feedback between peatland degradation and global climate
change (Turetsky et al. 2002, Dorrepaal ef al. 2009). Many temperate and boreal peatlands experience
wildfires and when these fires ignite peat deposits substantial amounts of carbon can be released (e.g.
Davies et al. 2013). Ecosystem recovery following such severe burns can be extremely slow due to
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the destruction of below-ground plant propagules (Granstrém and Schimmel 1993). More pernicious
fire effects, such as scorching of the peat surface or removal of ground fuel layers overlying peat
deposits, are also possible but the ecosystem implications of such impacts are relatively poorly-studied.
The results of Maltby et al. (1990) however suggest that ecosystem recovery in such cases can take
decades or longer. Little quantitative evidence exists of the extent to which peatland wildfire severity
varies, the fuel and fire weather drivers of variation in severity or the ecological impacts of such
variation.

Peatlands cover a substantial area of the British Uplands and the effects of wildfire and traditional
managed burning on their ecological integrity are issues of growing debate (Davies ef al. 2008a). Fire
is an integral part of the traditional management of heaths and moorlands and is used to create a
diversity of heather (Calluna vulgaris, hereafter Calluna) dominated habitat structures that support
large surplus populations of red grouse (Lagopus lagopus scoticus) for hunting (Tharme et al. 2001).
Traditional burning also provides fresh growth of heather for sheep and deer grazing (Smith and
Thomas 1956), creates habitats for rare wildlife (Tharme ef al. 2001) and may help to manage fuel
loads reducing the potential for large or severe wildfires (Davies et al. 2008a). Nevertheless, land-
managers and conservationists continue to argue over the effects of fire on peatland habitat structure,
biodiversity and soil carbon dynamics. With regards to the latter there remains rather little scientific
information to inform best-practice fire management (Blodau 2002).

Relatively few studies have directly examined the effects of fire on soil carbon fluxes or hydrology in
U.K. peatlands. For the studies that do exist, most come from a single long-term experiment at Moor
House in northern England. Here Ward et al. (2007) recorded increased net ecosystem respiration and
reduced methane emissions as a result of burning. Additionally, Worrall et al. (2007) observed higher
water tables in plots subject to more frequent managed burns. A larger number of studies have
examined the effect of fire on the production of dissolved organic carbon though the results remain
difficult to interpret and somewhat controversial. Holden et al. (2012) point to discrepancies between
plot and catchment scale experiments and suggest that the results of catchment scale studies showing
increased DOC production (e.g. Clutterbuck and Yallop 2010) should be treated with some caution.
Clear differences do exist in the severity of moorland fires and we can distinguish between high
severity burns, that consume surface and ground fuels, whilst igniting or scorching underlying peat
(e.g. Maltby et al. 1990) and lower severity prescribed burns that have more limited ecosystem effects
(Davies et al. 2010). However, wildfires, though often intense, are not necessarily severe (Bullock and
Webb 1995). There is thus a clear need to describe the extent to which fire severity varies in peatland
ecosystems and to understand what processes drive this variation. During the springs of 2011 and 2012
a large number of intense and severe wildfires burnt across heaths and moorlands throughout the UK.
The extent of these fires, associated environmental degradation and the costs of restoration have added
to increasing concern about potential feedbacks between climate, fire frequency, fire severity and
carbon fluxes from moorlands (e.g. Davies ef al. 2008a). Research on the impacts of such fires on UK
peatlands is urgently needed to inform the development of fire danger rating systems (e.g. Kitchen et
al. 2006) and to fill fundamental knowledge gaps regarding fire, peatland and global change.

The aim of our project was to document variation in the severity and ecological effects of a spate of
peatland wildfires that burnt during the springs of 2011 and 2012. Here we report the results of
preliminary analyses of variation in i) peatland fire severity; ii) carbon lost from direct combustion of
above-ground biomass and iii) changes in methane and carbon dioxide fluxes following burning.

2. Methods

2.1. Study sites
Though regional Fire and Rescue Services collect some data on the occurrence of wildfire there is
currently no national system in place for reporting wildfire outbreaks. We therefore worked in
collaboration with land management agencies, land owners and other stakeholder groups to identify a
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number of fire locations that included coverage of variation in major north-south and east-west
bioclimatic conditions and peatland types (Figure 1).

Figure 1. Location of wildfire study sites across the U.K. Sites covered a range of bioclimatic conditions and included
fires in dry heath communities on shallow, stony organic soils (Finzean, Birse), active blanket bogs dominated by
Molinia caerulea and Sphagnum spp. (Loch Doon) as well as wet and dry Calluna- and grass/sedge dominated
moorland on peat soils (Angelzarke, Wainstalls, Marsden).

Each wildfire was assessed using a walk-over survey with the relevant land-owner. We created or
obtained maps of the fire perimeter and carefully noted qualitative evidence of variation in fire
severity. In each fire we selected three to six locations for further monitoring that best represented the
range of severities we observed.

2.2. Monitoring fire severity
Fire severity was described using a modified form of the semi-quantitative Composite Burn Index
(CBI; Key and Benson 2006). This method was adapted for use on treeless moorlands and bogs
similarly to Schepers et al. (2014). The CBI uses qualitative descriptions of fire effects on a number
of vegetation strata and ecosystem properties each scored on a rating of zero to three. These scores are
then averaged within strata and the averages summed across strata to produce an overall severity index.
Our method included assessment of fire effects on surface and ground fuel layers. We thus examined:
litter/ light fuel consumption, duff/peat consumption, exposure of mineral soil, damage or loss of
Sphagnum capitula, moss scorching and consumption, recovery of Sphagnum/moss species,
percentage of shrubs top-killed, fine/crown fuel consumption, frequency of burnt shrubs or grass/sedge
tussocks resprouting, evidence of new colonizers and the potential for changes in species composition.

CBI plots were circular, 20 m in diameter and established both as stand-alone plots in the fire interior
and as paired burnt/unburnt plots close to the fire perimeter (Figure 2). For paired plots, we avoided
edge-effects by ensuring the burnt plot centre was always located < 30 m from the edge of the fire. No
part of any plot was < 5 m from the fire perimeter or, for unburnt plots, in obviously scorched
vegetation. We were careful to ensure that burnt and unburnt plots had similar pre-fire fuel structures
by locating them in the same pre-fire Calluna stand through careful observation of stem density and
basal diameters either side of the fireline. Due to the large size of the wildfires, the substantial spatial
separation of the plots and variation in pre-fire fuel structure we considered each CBI plot or paired-
plot to be an independent observation in a manner similar to the “microplot” approach of Fernandes et
al. (2000).
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Figure 2. Layout of CBI monitoring plots showing the two fuel quadrats (squares), located at random distances along
the N-S axis, and five soil gas flux chambers (circles) located at random co-ordinates in each plot

2.3. Variation in above ground carbon loss

Fuel consumption was assessed using destructive harvesting of fuel loads in two 50 x 50 cm quadrats
located at random co-ordinates within the paired burnt/unburnt plots (two paired plots per fire). All
above ground biomass was harvested down to the top of the peat. We harvested surface fuels (shrubs,
grasses, etc.) separately from ground fuels (Sphagnum spp., other mosses + plant litter, grass/sedge
tussock bases and duff). Fuel was also harvested in a similar manner from five gas flux chambers
(diameter = 38 cm; see below) located at random locations throughout each plot. Samples were
processed in the lab and dried at 80°C for 48 hours before being weighed. Fuel consumption was
defined as average unburnt plot biomass minus average burnt plot biomass. Combustion completeness
was defined as the proportion of fuel consumed and above-ground carbon loss was estimated by
assuming all fuel components had a C proportion of 0.48 (Legg et al. 2010). We compared
consumption and combustion completeness of our wildfires with data from 26 prescribed fires
described by Davies et al. (2009). This comparison was however limited to changes in surface fuels
(herbaceous and shrub species) as data on consumption of ground fuels were limited for the prescribed
burns.

Total fuel consumption (i.e. all fuel components pooled) was analysed by making a square root
transformation of the data and using a General Linear Mixed Model in the “Ilme4” package (Bates et
al. 2013) of R 2.15.0 (R Development Core Team 2012). Plot and fire were defined as random effects
whilst status (burnt/unburnt) and sample (chamber/quadrat ID) were defined as fixed effects. We
initiated analysis using the full model (random slopes, according to status, and intercepts) and
simplified the model by reference to AIC. Parametric bootstrapping was used to fit 95% confidence
intervals around mean fire-level fuel consumption that accounted for uncertainty due to sampling
variation in quadrats/chambers and plots.

2.4. Assessing soil carbon fluxes
Carbon dioxide and methane fluxes were assessed using samples taken from five gas flux chambers
permanently located at random co-ordinates within each side of our burnt/unburnt plot pairs (Figure
2). The chambers were made of black plastic, had a diameter of ca. 38 cm and a volume of ca. 30 L.
Chamber bases were buried 3-5 cm below the top of the peat. We made five measurements of the
distance from the chamber top to the internal ground level in order to determine the installed chamber
volume. As we were interested in variation in fire effects on the soil ecosystem we chose to contrast
carbon fluxes in our burnt plots with a “zero severity burn” in the unburnt plot and in the absence of
plant photosynthesis and respiration. This was achieved by removing all vegetation (surface and
ground fuels) in the chambers down to the top of the peat. Any variation in flux was thus solely a result
of varying fire effects on the soil. We acknowledge that the removal of vegetation can cause changes
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in the production of root exudates which might alter the structure and activity of soil microbial
communities. However, since the above ground components of plants were removed in both burnt and
unburnt plots, we suggest any difference should be attributable to temperature pulses from the fire,
scorching or heat induced alteration of peat structure. Chambers were sealed using metal lids and gas
samples extracted using a syringe. The sample was then used to fill an airtight vial. Samples were
extracted immediately following closure and at ten minute intervals thereafter to produce a total of
five samples per chamber. Methane and carbon dioxide concentrations were analysed using a gas
chromatograph and fluxes estimated by standard regression-based methods.

Due to the importance of soil temperature in determining peatland soil carbon fluxes (e.g. Updegraff
et al. 2001) we buried iButton™ temperature loggers 2 cm below the top of the peat (and thus below
overlying layers of moss, litter and duff in unburnt plots) in a random subsample of our paired plots.
Two loggers were buried in each plot — one each in the burnt and unburnt subplot. Loggers recorded
soil temperature hourly and were left in place for up to a month and half during August and September.
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Figure 3. Variation in fire severity between and within four wildfires (data for Finzean to be analysed). Symbols show
fire mean (green), minimum (blue) and maximum (orange) Composite Burn Index score.

3. Results

3.1. Variation in fire severity
Fire severity varied substantially both within and between individual fires. Interestingly average
severity varied up to two-fold between fires but as much as three-fold within some fires (Figure 1).

3.2. Variation in above ground carbon loss
Total carbon loss varied substantially between and within wildfires (Figure 4) but average fire-level
consumption was 0.64+ 0.12 kg C m across the five wildfires we studied. Average fire-level losses
were relatively consistent with the exception of Finzean. Here mean carbon losses were both notably
higher than other fires and the amount of variation between plots rather small.
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Figure 4. Variation in total (ground and surface fuels) carbon loss due to combustion across five wildfires. Blue and
orange points are the minimum and maximum losses recorded respectively.

Fuel consumption was best described by a model than included the fixed effects of plot status
(burnt/unburnt), quadrat ID and random intercepts for different fires and plots within fires and random
slopes for different plots. The evidence for differences between fires was weak but was retained in the
model as the relatively small sample size meant such differences couldn’t be categorically discounted.
Consumption thus varied substantially between plots within fires but there was limited evidence of a
difference in average consumption between fires (Figure 2). Parametric bootstrapping was used to fit
95% confidence intervals and revealed substantial uncertainty in the prediction of mean fire fuel
consumption due to sampling variation in quadrats/chambers and plots (Figure 2).

There was a linear relationship between pre-fire surface fuel load and surface fuel consumption but no
obvious difference between the two types of fire in how the proportion of fuel consumed changed with
increasing fuel load (Figure 6). Surface fuel consumption increased linearly with increasing fuel load
up to a load of ca. 1.25 kg m™%, thereafter fuel consumption appeared to reach an asymptote. This was
reinforced by the apparent decline in combustion completeness with increasing fuel load. It was
noticeable that the surface fuel load of the prescribed fires was, on average, higher than that found on
the wildfire sites we monitored.
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Figure 5. variation in total fuel consumption (kg/m2) between and within five different wildfires (left). Bootstrapped
95% Confidence Intervals showing uncertainty in fire mean fuel consumption due to within plot and within fire
variation in fuel load (right).
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Figure 6. The relationship between pre-fire surface (herbaceous and shrub) fuel load and combustion completeness
(left), and fuel consumption (right) for five wildfires (diamonds) and the 26 prescribed burns (grey circles) described
by Davies et al. (2009). For wildfires each point is a CBI paired plot rather than a fire per se. Colours define each
wildfire — Angelzarke (green), Finzean (red), Loch Doon (purple), Marsden (orange) and Wainstalls (blue). Note that
for clarity errors are not shown here but they are likely to be large (see Figure 5)

3.3. Variation in soil gas fluxes
Both CO2 and CHa4 fluxes were noticeably different between burnt and unburnt plots but substantial

differences also existed between different fires. Methane fluxes were consistently lower on burnt sites
whilst carbon dioxi
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Figure 7. Variation in mean carbon dioxide (left) and methane (right) fluxes recorded in paired burnt/unburnt CBI
plots across five different wildfire sites.

Substantial differences were recorded in both mean soil temperature and diurnal temperature trends
between brunt and unburnt plots. Day-night temperature fluctuations in burnt plots were frequently
more than twice that seen in unburnt plots (Figure 8).
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Figure 8. Example of typical patterns of diurnal soil temperature variation in unburnt and burnt plots

4. Discussion

Our results demonstrate substantial variation in fire severity both within and between individual
wildfire events (Figure 4). Given the potential for substantial variation in fuel structure (Davies et al.
2008b) and fire weather (Legg ef al. 2007) in the British uplands this is perhaps not surprising. A key
finding of our work is therefore that robust assessment of the effects of wildfires requires substantial
sampling effort. Variation in CBI and our estimates of fuel consumption were greater within a number
of fires than that recorded, on average, between different burns. Managers needing to understand the
effects of wildfires on landscapes, or researchers and policy makers wanting to quantify the effects of
burning on landscape C storage, must therefore ensure that their monitoring is representative of this
variation. Despite investing substantial monitoring effort in assessing fuel structure in burnt and
unburnt stands the variation in fuel load encountered at both the sub-plot and fire levels mean we were
unable to draw any robust conclusions about differences in consumption between fires (Figure 5). It is
also clear that the estimate of mean carbon released by combustion we present should be treated with
caution.

Though our monitoring captured a range of fuel structures it was clear from comparison with data from
prescribed burns that this did not adequately reflect the range of fuel loads found on British peatlands
(Figure 6). Broad differences in fuel consumption between and within wildfires could generally be
related to pre-fire fuel composition. High levels of combustion completeness were recorded across all
sites but this tended to be lower on wetter sites like Loch Doon. In such bog communities strong
vertical gradients in the moisture content of standing Molinia litter may limit fuel consumption
(Hamilton 2000). Prescribed fires in Calluna-dominated fuels generally consume all fine fuels < ca. 2
mm in diameter leaving behind larger, live woody stems (Davies 2006). This relationship is apparent
in Figure 6 where the asymptote in fuel consumption as a function of fuel load is a consequence of the
higher proportion of coarse, woody fuels in these older stands. In very severe burns this woody material
may also be consumed but, the relationship we observed between pre-fire fuel load and fuel
consumption (Figure 6) suggests that carbon release from the direct combustion of surface fuels only
can be predicted from pre-fire fuel load for all but the most severe fires. Further analysis is needed to
allow for comparison of consumption of ground fuels during prescribed burns and wildfires, and on
fuel consumption during higher severity wildfires. This will allow us to determine whether, or under
what burning conditions, differences in combustion processes operate and lead to altered rates of C
emission.

For fires that do not lead to consumption or scorching of ground fuel layers and peat the carbon lost
from combustion should, in theory, be of comparatively little concern. Calluna and other moorland
plants such as Molinia and Erica spp. are able to regenerate rapidly both from seed and vegetatively
(e.g. Hobbs and Gimingham 1984, Davies et al. 2010). Regeneration may, however, be delayed,
lacking or follow alternative successional trajectories in older stands (Hobbs and Gimingham 1984,
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Davies et al. 2010), where fire severities are high (Legg et al. 1992) or where there are compounded
disturbances such as grazing and trampling by livestock (e.g. Legg ef al. 1992). Understanding the
consequences of wildfire for landscape carbon storage thus requires robust monitoring of post-fire
vegetation regeneration. Assuming regeneration progresses communities back towards their pre-fire
state, there are nevertheless substantial consequences of fire for carbon dynamics. Authors have
provided contrasting data on dissolved organic carbon production and CO2 and CH4 fluxes and most
of this information comes from low severity prescribed burns. Severe moorland wildfires have the
potential to deliver large temperature pulses belowground, to remove insulating ground and surface
fuel layers all of which may alter soil temperature (Figure 8), moisture, water table and microbial
community dynamics. Previous authors (e.g. Worrall ef al. 2007) have observed a raised water table
in more frequently burnt sites and others were surprised to see reduced CHa fluxes following burning
(Ward et al. 2007) at the same site. Our results mirror those recorded by for methane by Ward et al.
(2007), albeit for wild rather prescribed fires and for a wider range of sites. There is this increasing
evidence for a decline in CH4 production in at least the first year following burning. Data on longer-
term trends is now needed. Contrary to Ward et al. (2007), burning generally reduced CO: fluxes for
our sites. Differences between burnt and unburnt plots were, however, very small for two of our fires
and COz2 production increased at Angelzarke. Our results suggest fire-related disturbance of microbial
communities but identifying the underlying processes, and understanding site-to-site differences in
response, will require further research. We also recorded substantial changes in diurnal soil
temperature fluxes (Figure 8). Given that soil temperature is closely related to soil C flux (Updegraff
et al. 2001) additional fine-temporal scale assessment of variation in C fluxes would be worthwhile.
In conclusion our data show that drawing robust conclusions about the implications of wildfire on
ecosystem C dynamics is fraught with difficulties. Characterising the effects of fuel consumption is
made difficult by substantial variation in fuel structure between and within individual fires and the
need to understand the nature of post-fire regeneration. Wildfires appeared to have substantial effects
on soil ecological processes generally leading to reduced CH4 and CO2 fluxes. At this point it is
difficult to determine whether this is due to the direct impacts of the fires themselves or associated
changes in vegetation and soil microclimate. Key objectives of our on-going research include:

¢ Quantifying the relationship between carbon fluxes and fire (CBI) severity

e Modelling variation in carbon fluxes to differences in fire weather

e Describing how vegetation recovery varies as a function of fire severity

e Defining the mechanisms by which fuel structure and fire weather control fire severity (see

Grau et al. this volume).
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