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1  |  INTRODUC TION

In the UK, large areas of peatland occur in upland areas covered by 
low-growing moorland vegetation (Holden et al., 2007). These upland 
areas provide a range of important environmental services including 

moderation of downstream flood risk and a water source for 70% of 
the UK's population (Martin-Ortega et  al.,  2014). The widespread 
occurrence of peatland soils means the UK uplands are a particularly 
important carbon store (Bain et  al.,  2011; Chapman et  al.,  2009), 
storing an estimated 5100 Mt of carbon (Smith et al., 2007).
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Abstract
1.	 In the Scottish uplands, prescribed burning of moorland vegetation is widely prac-

tised either to boost gamebird numbers for recreational shooting or to improve 
livestock grazing. In recent years, this system of land management has become 
controversial due to concerns over the potential impacts on ecosystem services. 
However, there are limited data on the extent, distribution or frequency of burn-
ing and it is unclear whether there are long-term trends in burning. Crucially, the 
extent of burning on peat soils is not well known.

2.	 We used a time series of Landsat imagery covering 7750 km2 of moorland in 
Eastern Scotland to detect annual variation in area burnt from 1985 to 2022. 
Burnt areas were detected using annual changes in Normalised Burn Ratio.

3.	 An accuracy evaluation conducted over eight sites covering 415 km2 using a com-
bination of Google Earth imagery, and field studies suggested a user's accuracy of 
90% and a producer's accuracy of 77%.

4.	 We estimate an average annual mean area burnt of 61 km2 with large interannual 
variability and no significant change in area burnt over the 38-year study period. 
We estimate that 32% of burning (19 km2 year−1) occurred on deep peat soils with 
no reduction in burning on deep peat after the revision of national guidelines (the 
Muirburn Code) in 2017 recommended ceasing this practice.

5.	 We find that in Eastern Scotland there has been no significant change in moorland 
area burnt over the last four decades. The fractional area burnt that is on deep 
peat is a matter of management concern.
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Many upland areas in the UK are intensively managed for the 
recreational shooting of red grouse (Lagopus lagopus scotica Lath.) 
(Miller,  1980). Management includes prescribed burning (Worrall 
et al., 2010) to create a patchwork of young and old heather (Calluna 
vulgaris) and boost red grouse numbers (Thompson et  al.,  2016). 
Prescribed burning of moorland and peatland in the UK has become 
increasingly controversial (Brown & Holden, 2020) particularly due 
to potential impacts on ecosystem services (England & Glaves, 2013; 
Harper et al., 2018).

Peatland fires release large quantities of carbon dioxide 
(Friedlingstein et  al.,  2022). Prescribed burning can significantly 
reduce carbon sequestration of blanket bog (Garnett et al., 2000; 
Marrs et al., 2019) and reduce carbon stocks in surface peat (Ward 
et al., 2007). Burning also impacts peatland hydrology, downstream 
flood risk (Holden et al., 2014, 2015), erosion (Li et al., 2018) as 
well as macro-invertebrate diversity (Brown et  al.,  2013) and 
stream water quality (Clay et al., 2012; Ramchunder et al., 2013). 
Fires emit pollutants which impact air quality (Graham, Pope, 
McQuaid, et  al.,  2020; Graham, Pope, Pringle, et  al.,  2020). 
Burning also impacts vegetation composition (Noble et al., 2018, 
2019) and prevents the natural succession of vegetation (Fuller & 
Calladine, 2014).

Advocates of prescribed burning note the biodiversity value 
of managed grouse moors, particularly with regard to bird species 
such as the Eurasian curlew (Numenius arquata; Baines et al., 2008; 
Newey et al., 2016; Tharme et al., 2001), though this value has been 
attributed to stringent predator control rather than to the burning 
regime (Littlewood et al., 2019; Ludwig et al., 2019). It is further ar-
gued that alternative land uses to grouse shooting such as afforesta-
tion or conversion to farmland would damage biodiversity, although 
this narrative has recently been questioned (Crowle et  al.,  2022). 
Management for grouse has been seen as an important factor in 
maintaining heather moorland (Robertson et  al.,  2001). There is 
a complex relationship between prescribed burning and wildfire 
risk; although prescribed burns can reduce wildfire risk in heather-
dominated moorlands, prescribed burns increase the dominance of 
fire-prone heather vegetation over blanket bog vegetation that is 
less easily burned (Worrall et al., 2010) potentially maintaining and 
exacerbating a fire-prone environment.

Scotland contains 88% of the UK's peatland carbon store due to 
the widespread extent of peatlands (Smith et al., 2007). In Scotland, 
prescribed burning is known as ‘muirburn’ and the ‘Muirburn Code’ 
(https://​www.​nature.​scot/​muirb​urn-​code) provides advice and guid-
ance on moorland burning. Muirburn is permitted between 1 October 
and 30 April inclusive, though burning in the latter half of April is 
not recommended. Land managers are advised to restrict burning to 
small areas, with a width of less than 30 m and to avoid burning steep 
slopes or close to water courses. The revised 2017 code also rec-
ommends against the use of burning on peatland. Burning within a 
Site of Special Scientific Interest (SSSI) may require permission from 
Scottish Natural Heritage (SNH) in some circumstances.

Despite the potential impacts of prescribed burning on nu-
merous important environmental services, there have been few 

previous studies on the extent of burning in the UK. Little is known 
about how much burning occurs on peat or whether the amount 
of burning has changed in recent years (Harper et al., 2018). Aerial 
photographs have been used to assess burning over limited regions 
of England (Yallop et al., 2006). Hester and Sydes  (1992) used his-
toric aerial photography from the 1940s, 1960s and 1980s to de-
tect changes in burning at 32 sites in the Grampian Mountains and 
Southern Uplands. Douglas et al.  (2016) also used aerial photogra-
phy in combination with MODIS satellite imagery to detect burning 
in UK moorland areas from 2001 to 2011, reporting an increasing 
number of fires over that period. A follow-up study in 2018 like-
wise used aerial photography and high-resolution satellite imagery 
to map burn distribution in Scotland (Matthews et al., 2020).

Coarse spatial resolution satellite data (250 m to 1 km) are now 
routinely used to map burnt area (Vetrita et  al.,  2021). However, 
the spatial resolution of these products is too coarse to detect 
small prescribed burns. More recently, higher resolution Landsat 
(30-m resolution) and Sentinel-2 (10–20 m) imagery has been ex-
ploited to identify and map small and fragmented burns that are 
not identified in lower resolution imagery (Boschetti et  al.,  2015; 
Gaveau et al., 2021; Ramo et al., 2021; Roteta et al., 2019, 2021; Roy 
et al., 2019). However, to date this higher resolution imagery has not 
been widely used to quantify burn extent across the UK.

Here, we use Landsat imagery to detect burnt area across up-
land areas of Scotland over the period 1985–2022. The temporal and 
spatial resolution of Landsat combined with its unbroken decades-
long image archive enables us to detect small burns and to produce 
annual estimates of burnt area based on postfire changes in vegeta-
tion. Our study aims to quantify the annual extent and distribution 
of muirburn in Scotland, to calculate the extent of burning on deep 
peat soils and to assess whether there have been changes in burn 
area over the period 1985–2022. We are aware of no quantitative 
estimate of the area burnt annually in Scotland over the past few de-
cades. Burning heather moorland has become a highly contentious 
issue (Davies et al., 2016). Through providing data on the extent and 
spatial distribution of fires, we hope our study will help inform future 
debate on this topic.

2  |  MATERIAL S AND METHODS

2.1  |  Study area

We focussed our analysis on Eastern Scotland where the majority 
of muirburn in Scotland occurs (Douglas et  al.,  2016). Our study 
area consists of the Grampian Mountains of North-East Scotland 
(the Cairngorm Mountains, Monadaliaths, Drumochter Hills, Angus 
Hills and Breadalbane Hills) and the Southern Uplands in the South-
East of Scotland (Lammermuir Hills, Tweedsmuir Hills, Lowther Hills, 
Moorfoot Hills and Pentland Hills) as shown in Figure 1. These up-
land areas are largely covered by low-growing moorland vegetation, 
principally heather with areas of acid grassland and blanket bog 
(Holden et al., 2007).
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Mean elevation and slope of the northern study area is 499 m 
and 10.2°, respectively, compared to 415 m and 10.8°, respectively, 
for the southern study area (derived from Jarvis et al., 2008). The 
mountains of the west Highlands provide a rainshadow from the pre-
vailing westerly winds, with annual mean rainfall of 1450 mm/year 
and 1300 mm/year for the north and south study areas, respectively, 
with the western sections of both wetter than the eastern (derived 
from 1991 to 2020 annual precipitation data from Hollis et al., 2019). 
For the northern study area, summer and winter temperatures are 
11.4°C and 1°C, respectively; for the southern study area, 12.3°C 
and 2.1°C, respectively (derived from 1991 to 2020 seasonal mean 
temperature data from Hollis et al., 2019). Overall, the study areas 
have a more continental-style climate (drier, and with cooler winters 
and warmer summers) compared with the Western Highlands.

We used the 20-m resolution Habitat Land Classification Map 
2020 (HLCM2020) (https://​spati​aldata.​gov.​scot/​geone​twork/​​srv/​
api/​recor​ds/​88cea​3bd-​8679-​48d8-​8ffb-​7d2f1​182c175) for the ex-
tent of the moorland, defined as ‘Raised and blanket bogs’, ‘Temperate 
shrub heathland’, ‘Dry Grasslands’, ‘Valley mires, poor fens and tran-
sition mires’, ‘Bare Land’ and ‘Seasonally wet and wet Grasslands’. 
We excluded ‘Alpine and subalpine Grasslands’ and ‘Artic, alpine and 
subalpine shrub’ where muirburning was rare. Eighty-three per cent 
and sixty-two per cent of the northern and southern study areas, 
respectively, were either temperate shrub heathland or raised and 
blanket bog, whilst 14% and 35%, respectively, were acid grassland 
(derived from HLCM2020).

We excluded isolated areas of moorland (less than 0.1 ha, equiv-
alent to 10 contiguous Landsat pixels), elevations exceeding 800 m 
where burning is rare, and any areas of clear-felled forest identified 
through analysis of Landsat RGB images, and their corresponding 
NBR values, as well as contemporary Google Earth imagery.

These steps resulted in a study area covering 775,380 ha of moor-
land under 800 m, consisting of a northern study area (Grampian 
Mountains) of 682,100 ha and a southern study area (Southern 
Uplands) of 93,275 ha.

2.2  |  Data sources

Information on protected areas was downloaded from the SNH 
Natural Spaces website (https://​www.​nature.​scot/​infor​matio​
n-​hub/​natur​escot​-​data-​services). These include Sites of Special 
Scientific Interest (SSSIs), Special Areas of Conservation (SACs) and 
Special Protection Areas (SPAs). There is considerable spatial over-
lap between all three designations. Elevation was taken from the 
30-m resolution Shuttle Radar Topography Mission (SRTM; Jarvis 
et al., 2008) and slope derived from this.

Information on peat soils was taken from the Carbon and 
Peatland Map (2016) produced by the James Hutton Institute. This 
dataset classes soils into six categories: deep peat of high conserva-
tion value (Class 1), deep peat of potentially high conservation value 
(Class 2), some areas of deep peat (Class 3), predominantly mineral 

F I G U R E  1 Map of study area, showing outline of study areas (black line), location of field study sites (triangles), NBR variability study 
(square), calibration sites (stars) and accuracy studies (dotted line). Elevation is indicated as shading from dark green (0 m) to white (1000 m).

 26888319, 2023, 4, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1002/2688-8319.12296 by T

est, W
iley O

nline L
ibrary on [18/12/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://spatialdata.gov.scot/geonetwork/srv/api/records/88cea3bd-8679-48d8-8ffb-7d2f1182c175
https://spatialdata.gov.scot/geonetwork/srv/api/records/88cea3bd-8679-48d8-8ffb-7d2f1182c175
https://www.nature.scot/information-hub/naturescot-data-services
https://www.nature.scot/information-hub/naturescot-data-services


4 of 18  |     SPRACKLEN and SPRACKLEN

soil with some peat (Class 4), deep peat soil but without peatland 
vegetation (Class 5) and mineral soil (Class 0). Deep peat is specified 
as a surface peat layer greater than 50 cm in depth. We define deep 
peat as the combination of Class 1, Class 2 and Class 5. There are 
377,500 ha of deep peat in our study area, all but 26,730 ha of this 
located in the northern study area (see Figure S1).

2.3  |  Landsat satellite imagery

We downloaded all Landsat 5, 7 and 8 Level-2 surface reflectance im-
ages from May 1984 to July 2022 for Path/Rows 205/020, 204/020, 
206/020, 205/021 and 204/021 (see Figure  1) with cloud cover 
less than 70% from https://​earth​explo​rer.​usgs.​gov (U.S. Geological 
Survey, n.d.). In total, this meant 1014 Landsat 5, 632 Landsat 7 and 
401 Landsat 8 images. Where available, we used cloud-free imagery 
from the start of June to the end of September, as these dates lay 
outwith the muirburning season, and have minimal snow cover. Due 
to poor coverage from persistent cloud cover, for 10 years (1984–86, 
1994, 1997–98, 2007, 2010, 2012 and 2016) we used images from the 
beginning to mid-October. Later than this date, noise from shadowing 
on the northern slopes becomes too high for images to be of use.

Many of the Landsat 5 images, especially those from the 
1990s, were significantly misaligned, in some cases by as much 
as 10–20 km. 1 May 1994 (Path/Row 205/020) is an example of 
such a misaligned image. We used six of these misaligned images, 
correctly realigning them through a network of locations over 
Scotland whose positions (latitude and longitude) are precisely 
known (ground control points). For each misaligned image, we 
used at least seven ground control points to ensure accurate re-
alignment, with the points that were actually used dependent on 
cloud cover.

We excluded cloud and cloud shadow using the supplied quality 
assessment (‘QA_Pixel’) layer. For each pixel in the image, this layer 
indicates conditions such as cloud and cloud shadow, allowing these 
pixels to be masked. This layer sometimes misses clouds, and so the 
RGB bands of each utilised image were visually examined, and any 
missed clouds, or cloud shadows, manually masked. The ‘QA_Pixel’ 
layer also indicates snow cover. However, many snow banks were 
missed in this layer, and ‘good’, non-snow-covered pixels wrongly 
classified as snow. We therefore manually masked snow-covered 
pixels from any images that were used.

For each year from 1984 to 2022, the image with the best cov-
erage (least cloud and snow cover) of our study area was chosen as 
the initial image. For 2018 and 2019, a single image for an area was 
sufficient. However, for all other years the initial image had at least 
some masked pixels due to the presence of cloud, cloud shadow or 
snow. Where available, these masked pixels were replaced with clear 
pixels from other images from the same year, resulting in a compos-
ite image combining imagery from the same year. Over our study 
area, typically less than 25% of pixels are obscured by cloud or snow 
(Figure S3) and most pixels have cloud-free data for at least 30 years 
of our 39-year time series (Figure S2).

This process results in 39 (largely composite) images, one for 
each year from 1984 to 2022 inclusive. For each of these images, we 
compute the Normalised Burn Ratio (NBR), as follows:

For Landsat 5 and 7, the NIR and SWIR bands used are 4 and 
7, respectively, whilst for Landsat-8 Bands 5 and 7 were used (see 
Table 1). NBR is a standard index used for classifying burnt land (de 
Bem et al., 2020; Gaveau et al., 2021; Santana et al., 2018).

Differences in NBRunadjusted may be caused by seasonal variation, 
atmospheric conditions or use of different Landsat sensors. We in-
vestigate the differences these factors cause in Section  2.4.2. To 
account for the effect these factors may have, a normalisation value 
(Miller & Thode, 2007; Parks et al., 2014) is added to the NBRunadjusted 
values:

The NBRoffset is calculated from the mean value of NBRunadjusted 
in a homogenous, unburnt area of moorland in the study region.

From these NBRadjusted images, we compute the annual change in 
NBRadjusted (ΔNBR) for each pixel and for a year t as:

For the earlier year, any ‘NoData’ pixels due to snow and cloud con-
tamination were replaced with the NBR value of the previous year. This 
resulted in 38 ΔNBR images, covering 1985 to 2022 inclusive.

We defined a pixel as burnt if (1) ΔNBR was less than or equal 
to −0.04, and (2) (NBRadjusted)t was less than or equal to 0.2. For the 
six Google earth calibration sites detailed below in Section  2.4.1, 

(1)NBR =
NIR − SWIR

NIR + SWIR

(2)NBRadjusted = NBRunadjusted + NBRoffset

(3)ΔNBR =
(

NBRadjusted

)

t
−
(

NBRadjusted

)

t−1

Landsat 5/7 Landsat 8

Bands Wavelength (μm) Bands
Wavelength 
(μm)

1 Blue 0.45–0.52 2 Blue 0.45–0.51

2 Green 0.52–0.6 3 Green 0.53–0.59

3 Red 0.63–0.69 4 Red 0.64–0.67

4 Near-Infrared (NIR) 0.77–0.9 5 Near-Infrared (NIR) 0.85–0.88

7 Infrared (SWIR) 2.08–2.35 7 Infrared (SWIR) 2.11–2.29

TA B L E  1 Bands of the Landsat 
satellites used in this study. All these 
bands have resolution of 30 m.
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the false positive rate and true positive rate were plotted for a few 
ΔNBR classification thresholds, resulting in a graph known as a re-
ceiver operating characteristic (ROC) curve (Hoo et al., 2017). The 
value closest to the top left-hand corner was selected as our thresh-
old value (see Figure S4a). We define the burning season as October 
to April inclusive (e.g. 2019 includes fires from October 2018 to April 
2019).

Many fires are smaller than an individual Landsat pixel. We used 
data from Google Earth imagery (Section 2.4.1) to estimate the frac-
tional area of each Landsat pixel burnt. We developed a simple linear 
relationship linking ΔNBR and burnt area (Section 3.1.1).

The Mann–Kendall test and the Theil–Sen estimator were ap-
plied to quantify trend significance and trend magnitude, respec-
tively, in the time series of annual burnt area for the two separate 
study areas. Mann–Kendall is a rank-based nonparametric test of 
whether a monotonic trend exists in a time series, whilst the Theil–
Sen estimator is a nonparametric technique for estimating the mag-
nitude of a linear trend, which is insensitive to outliers. All the image 
processing and statistical tests were done in Python2.7 using the 
‘rasterio’ and ‘gdal’ packages.

2.4  |  Calibration studies

2.4.1  |  Use of Google Earth to calibrate results

Muirburns are frequently of a similar size to an individual Landsat 
pixel (0.09 ha) which, combined with the shape of many burns (rec-
tangular, long and thin), means the fractional burned area of any one 
pixel is often less than 50%. Assuming each Landsat pixel classified 
as burnt is 100% burnt can therefore lead to an overestimate of burnt 
area. To investigate this issue, we use six sites covering 910 ha, two 
each covered by Google Earth imagery from 2021, 2020 and 2019. 
Five sites are in the northern study area and one in the southern 
(see ‘Calibration Sites’ in Figure 1). In each area, we used this Google 
Earth imagery to delineate the outline of burns for that year's im-
agery. We then used Huber regression to obtain a relationship be-
tween the ΔNBR of a pixel obtained from the Landsat imagery and 
the fractional area of pixel burnt indicated by the Google imagery. 
Site was used as an additional covariate. Huber regression is a linear 
regression model that is robust to outliers, effectively scaling down 
the outlier's contribution though not completely ignoring their ef-
fects. Because means are not robust, to estimate the goodness-of-fit 
of the relationship, an adjusted goodness-of-fit metric that used the 
median of the observed data instead of the mean was utilised (Leroy 
& Rousseeuw, 1987) where y are the observed values of area burnt 
and f are the burnt areas estimated by the model.

The six accuracy assessment and two field study sites (see 
Figure  1) were used to assess the accuracy of this fractional 

classification approach for a number of ΔNBR thresholds. In com-
parison, we also calculated accuracy for the case where any pixel 
that satisfied the conditions for ΔNBR and (NBRadjusted)t was classi-
fied as fully burnt. We refer to this latter case as binary classification 
as the pixel is classified as either completely burnt or completely un-
burnt. The accuracy was assessed using the true positive rate (TPR) 
and the false positive rate (FPR). The TPR and FPR are calculated, 
respectively, as

2.4.2  |  Variation in NBR—Time series

Whilst ideally we would have used imagery from approximately the 
same date every year, the study area's cloudiness meant this was not 
feasible. Additionally, both Landsat 5/7 (ETM) and Landsat 8 (OLI) 
sensors were used. It has been suggested that, dependent on land 
use, differing NBR values are obtained from these different sensors 
(Mancino et al., 2020). Therefore, to examine the variability of NBR 
in moorland over the seasons, the effect of burning on NBR, and 
whether NBR values differed between the sensors used in Landsat 
5/7 and Landsat 8, we carried out two time-series studies. The first 
computed mean NBR from 2013 to 2020 for 10 moorland patches in 
the North-East of Scotland that were burnt in winter 2017 (see ‘NBR 
Variability Study’ in Figure 1).

The second examined mean NBR over the whole study period for 
two unburnt areas of moorland, one in the Grampian Mountains and 
the other in the Southern Uplands, covering 22,770 and 3585 ha, 
respectively. In 1954, the Cairngorms National Nature Reserve was 
created, with a stated objective of keeping human intervention to 
a minimum, and as a result, in this area muirburning was largely es-
chewed. Even after the reserve was abolished in 2006, this volun-
tary moratorium was largely adhered to, and burning is minimal. This 
area is therefore ideal to check the susceptibility of NBR values to 
seasonal and sensor effects. An area in the Southern Uplands which 
had a low burning rate was also chosen. Within these two selected 
areas, we found no sign of burning in the Landsat imagery over the 
studied time period. The mean NBRunadjusted value for each site was 
computed for the available imagery.

2.5  |  Validation study

2.5.1  |  Field study

Two field study sites were chosen, both in the eastern Grampian 
Mountains (see Figure 1). All fieldwork was done in August 2021, 
to accord with the Landsat images of the area used to determine 
burning (Landsat 7 from 9 August 2020 and a Landsat-8 image 

(4)R2 = 1 −
median

(

yi− fi
)2

median
(

yi−ymedian

)2

(5)TPR =
Landsat Burn that is Burn

Landsat Burn that is Burn + LandsatNoBurn that is Burn

(6)

FPR =
Landsat Burn that isNoBurn

Landsat Burn that isNoBurn + LandsatNoBurn that isNoBurn
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from 17 August 2021). The first site (Ladder Hills) was the south-
ern and northern slopes of an eastwards descending ridge. The 
vegetation was dominated by C. vulgaris. Areas of the south-
facing slope had been burnt in the 2020–2021 burning season, 
with other areas burnt in prior years. Elevation ranged from 400 
to 600 m and slopes from about 15° at the northern and southern 
foot of the ridge, progressively declining to about 5° towards the 
top of the ridge.

The second site (Strathdon Hills) consisted of the eastern and 
western facing slopes of a northward descending ridge. It was also 
dominated by C. vulgaris along with reindeer lichen (Cladonia por-
tentosa (Dufour) Coem.) and crowberry (Empetrum nigrum L.). Areas 
of both slopes had been burnt in the 2020–2021 burning season. 
Elevation ranged from 450 to 550 m, with slopes of 5° to 15°.

The HLCM 2020 raster classed both areas as ‘Temperate shrub 
heathland’, with smaller areas of ‘Raised and Blanket Bog’. For both 
sites, the entire study area was walked, and the perimeter of patches 
burnt in the 2021 season recorded using GPS (Garmin GPSMAP64s).

2.5.2  |  Use of Google Earth and Sentinel-2 to 
estimate accuracy

To produce an estimate of the error rate, we used recent Google 
Earth imagery (https://​www.​google.​com/​earth/​​index.​html) alongside 
European Space Agency (ESA) Sentinel-2 imagery. We chose six sites 
across our study area, with three each situated in the northern and 
southern study areas. Each site was covered by a different year of 
Google Earth imagery—2013, 2016, 2017, 2019, 2020 and 2021—
and in total covered an area of 41,147 ha (see ‘Accuracy Boundaries’ 
in Figure 1). Within these sites, the boundaries of all muirburns seen 
in the high-resolution Google Earth imagery were delineated. Google 
Earth imagery has been used in previous studies to estimate muirburn 
distribution (Douglas et al., 2016; Matthews et al., 2020). To determine 
whether the burn was carried out in that year's burning season, the 
S-2 imagery (10-m resolution RGB images) from the previous year was 
examined, where the absence of the burn on the S-2 image, and its 
subsequent appearance on the Google Earth imagery, could be read-
ily seen. Recent muirburns look different from older burns, and so for 
the 2013 year, when no Sentinel imagery was available, we used this 
quality to judge whether a muirburn had been carried out in that year.

The resultant area burnt was then calculated across the sites 
and compared with the area given by our ΔNBR Landsat time-series 
raster for that year. Furthermore, the Landsat time-series area clas-
sified as burnt that corresponded to the Google Earth burn (true 
positive (TP)), the Landsat area classified as burnt that was unburnt 
in the Google imagery (false positive (FP)) and area that was burnt 
that was classified as unburnt in Landsat (false negative (FN)) were 
all calculated and recorded in a confusion matrix, with the producer's 
and user's accuracy given. Producer's accuracy is the burnt area that 
Landsat correctly classified divided by the Google Earth burnt area, 
and so equivalent to the true positive rate (Equation 4) expressed as 
a percentage:

User's accuracy is the burnt area that Landsat correctly classified 
divided by the area that Landsat classified as burnt.

Estimated error ranges for the total annual burn areas were 
computed using Monte Carlo simulations (a thousand runs) from the 
false positive and false negative error rates extracted from the valid-
ity study confusion matrices. Monte Carlo simulation is a powerful 
technique for incorporating uncertainty into models by repeatedly 
sampling from probability distributions.

2.6  |  Effect of muirburn on air quality

Muirburning can degrade local and regional air quality with nega-
tive impacts on human health. We estimate the particulate matter 
(PM) emissions from muirburn assuming only combustion of above-
ground vegetation (i.e. no combustion of peat) using:

where A is area burnt (in units of ha year−1), B is biomass loading (as-
sumed as 1300 g m−2), F is fraction burnt (assumed as 0.9), and EF is 
emission factor (assumed as 15 g kg−1). Values for B, F and EF are de-
fault values for grasslands from (Wiedinmyer et al., 2011). Fuel loads 
of 500–2000 g m−2 have been reported for Scottish moorlands (Davies 
et al., 2008), matching the default values we assumed.

3  |  RESULTS

3.1  |  Calibration studies

3.1.1  |  Calibration using Google Earth imagery

Figure 2 shows ΔNBR from the Landsat imagery against the frac-
tional area of pixel burnt indicated from the Google Earth imagery. 
Huber regression gives us the following relationship between ΔNBR 
and area burnt (in m2, maximum 900 m2) for each pixel:

We report area burnt based on this equation. The 97.5% con-
fidence intervals for the gradient are −638.5 to −680 and for the 
intercept −0.8 to 2.

(7)Producer�s accuracy =
TP

TP + FN
× 100

(8)Producer�s accuracy = TPR × 100

(9)User�s accuracy =
TP

TP + FP
× 100

(10)
User�s accuracy=

Landsat Burn that is Burn

Landsat Burn that is Burn+Landsat Burn that isNoBurn

×100

(11)E = A. B. F. EF

(12)Area burnt
(

m2
)

=
[

(ΔNBR × − 660) + 1
]

× 9
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3.1.2  |  NBR variability study

Figure  3 shows the variability in NBR between 2011 and 2021 
across 10 different moorland areas that were burnt in 2016–
2017. We note an increase in moorland NBR from spring values 
(April and May) to summer and autumn, possibly coinciding with 
the commencing of the growing season. The variability in the 
NBRunadjusted (Figure 3a) of unburned moorland shows the require-
ment for the NBRoffset term (Figure  3b). Burning causes a sharp 
reduction in NBR.

Figure  4 shows the variation in mean NBRunadjusted by Landsat 
sensor and time of year for relatively homogenous, unburnt moor-
land. NBR is lowest in April and May, and peaks in July and August, 
and is consistently above the NBR values of burnt areas (Figure 3).

3.2  |  Validation study

3.2.1  |  Estimation of error—From Google Earth, S-2 
imagery and field studies

In our two field studies, we recorded 182 and 137 burns, covering 
10.7 and 17.6 ha, at field Study Sites 1 and 2, respectively. The out-
line of the burns laid over the Landsat NBR and ΔNBR pixels can 
be seen in Figure  5. The largest burn was 0.57 ha (at Site 2) and 
the smallest 26 m2 (at Site 1). Mean (median) burn size was 0.06 ha 
(0.04 ha) and 0.13 ha (0.09 ha) at Sites 1 and 2, respectively.

Using Google Earth, over the six accuracy assessment and two 
field study sites covering 41,600 ha, we found 3900 ha of burnt land 
caused by 6073 burns, with a mean size of 0.6 ha (see Table 2). We 
give the confusion matrix for Site 1 for 2021 in Table 3, whilst the 
other site's confusion matrices are found in Tables S1–S15.

Our Landsat time-series estimate gave a total burnt area of 
3330 ha, an underestimate of 15% of the real burnt area of 3893 ha. 
We report 328.8 ha of this Landsat estimate was false positives, not 
containing any burn area. The main sources of this error are pixels 
along both watercourses and tracks and areas of shadow on steep 
north-facing slopes and gullies. The boundary between clear-felled 
forest and our study area contributed false positives when the study 
area edge pixels partially overlay the plantation. Other disturbances 
(scrapes, quarry activity, track construction and landslips) caused 
false positives, but contributed less than 10 ha in total, equivalent 
to about 0.2% of burn area. Overall producer's accuracy for burns is 
77%, and user's accuracy is 90.1%. Of the 6073 burns, we correctly 
identified at least one burnt pixel for 4380 (72%) burns. Site 3 was 
notably much poorer in this respect than the other sites, with only 
1003 (54%) of the 1859 burns identified.

Site 5 was unusual, with a high number of false positives and 
consequently a very low user's accuracy (see Table S10). This site, in 
the South-West of the Southern Uplands, was atypical, largely con-
sisting of acid grassland, interspersed with smaller heather patches, 
whereas most of our study area is heather, with small patches of 
acid grassland. Burning was infrequent on this site, and false pos-
itives seemed higher on grassland areas than on heather. The low 

F I G U R E  2 Fractional area of a pixel burned (%) versus ΔNBR for that pixel for six calibration sites, two each in (a) 2021, (b) 2020, (c) 2019 
and (d) all years together.
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8 of 18  |     SPRACKLEN and SPRACKLEN

producer's accuracy for Site 3 (see Tables S6–S8) was probably at-
tributable to the small size of burns on this site.

3.2.2  |  Comparison of fractional and binary Landsat 
pixel classification

Equation  (12) was used to calculate the fractional area of a 
Landsat pixel burnt. Figure  S4 shows the accuracy of this ap-
proach (fractional classification) compared with the use of bi-
nary classification, with the TPR and FPR values shown for a 
number of ΔNBR thresholds. It can be seen that fractional clas-
sification consistently yields more accurate results than binary 
classification.

3.3  |  Burnt area

3.3.1  |  Grampian Mountains

During 1985–2022, estimated area burnt across the Grampian 
Mountains was 4670 ± 290 ha (mean ± standard error; Figure 6a). 
Substantial annual variability is likely due to real year-to-year 
variability in fire combined with year-to-year differences in cloud 
occurrence impacting the detection of burns. Burning was concen-
trated along the eastern portion—to the east of Ben Chonzie, Ben 
Vrackie, Braemar and Grantown on Spey, and to the north, west 
and north-west of Grantown on Spey (Figure 7a, Figure S5).

There was no significant annual increase in estimated area burnt 
from 1985 to 2022 (z = 1.7, p = 0.09, Mann–Kendall test; estimated 

F I G U R E  3 Variability in (a) mean NBRunadjusted and (b) mean NBRadjusted calculated over 10 moorland areas burnt in 2016–2017. Blue 
shading shows 95% confidence intervals calculated from the pooled standard deviation of the pixels in the 10 areas. The shaded red vertical 
column shows time period in which the areas were burnt.
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    |  9 of 18SPRACKLEN and SPRACKLEN

increase of 46 ha year−1, 95% confidence intervals between −12 and 
99 ha year−1). The lack of significance is more marked if we exclude 
1985 and 1986 (low area burnt in these years largely caused by 
cloudy conditions from 1984 to 1986 giving z = 0.9 and p = 0.4).

Total burn area was dominated by small burns. Burns over 1 ha in 
size (consisting of at least 11 fully burnt contiguous pixels) accounted 
for 17% of burn area, varying from a minimum of 5% in 2020 to a 

maximum of 36% in 2019. Burns over 5 ha accounted for 8% of burn 
area, ranging from 1% in 2021 to 31% in 2019.

Mean elevation of burns was 443 m and mean slope 10° (see 
Figure 8a). Three per cent of burnt area was on slopes above that of 
the Muirburn Code's recommended limit of 27°, though this may be 
an overestimate as in our accuracy study ‘noise’ (false positives) were 
preferentially found on steeper north-facing slopes in shadow.

F I G U R E  4 Variability in mean NBRunadjusted across relatively homogenous, unburnt moorland for (a) northern study area and (b) southern 
study area. Error bars show standard deviation.
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10 of 18  |     SPRACKLEN and SPRACKLEN

3.3.2  |  Southern Uplands

Estimated burnt area was concentrated in the Lammermuir Hills 
in the east of the Southern Uplands (Figure  7b, Figure  S6). The 
mean ± standard error burnt area was 1410 ± 120 ha (Figure 6b). The 
increase in burning over the study period was not statistically signifi-
cant (z = 1.7, p = 0.08; estimated increase of 19 ha year−1, with 95% 
confidence intervals of between −4 and 43 ha year−1), particularly if 
1985 is excluded (z = 1.2, p = 0.2). The lowest value of burnt area (in 
2012) was due to poor coverage and possibly the construction of 
wind farms in the Lammermuir Hills region reducing the quantity of 
burning carried out, though burning resumed here in the subsequent 
years. Mean elevation of burns was 398 m and mean slope 9.2°, with 
2% of burnt area above 27° (Figure 8b). Large burns (>1 ha) made up 
21% of burn area, varying from a low of 5% in 1989 and a high of 
38% in 2000. Very large burns (>5 ha) comprised an average of 8% 
of total burn area.

3.4  |  Burning on peat and in protected areas

Figure 6 also shows the estimated area of burning that occurred on 
deep peat (classified as Categories 1, 2 and 5 collectively). In the 

Grampian Mountains, 34% (1590 ha year−1) of burning occurred 
on deep peat, compared to 23.4% (330 ha year−1) of burning in the 
Southern Uplands. Deep peat accounted for 50% and 24% of the 
moorland in the Grampian Mountains and Southern Uplands, re-
spectively. There was no significant change in burn area on deep 
peat over the study period. Following the introduction of the revised 
Muirburn Code in 2017, which recommended against burning on 
peatlands, no decline was found in the peat area burnt, with an aver-
age of 31.4% (1865 ha year−1) of burning on peat from 1985 to 2017 
and 32% (2280 ha year−1) from 2018 to 2022.

In the northern study area, moorland covered by 35 SAC, 18 SPA 
and 90 SSSI designations totalled 77,940, 203,820 and 107,680 ha, 
respectively, with considerable spatial overlap between the three cat-
egories. On average, 0.7% of the northern study area was burnt annu-
ally, compared with a mean of 0.5% of SAC, SPA and SSSI area. A large 
fraction (e.g. about 40% of SAC area) of protected area consisted of the 
Cairngorms, which had a low rate of burning of about 0.4%. Outwith 
the Cairngorms, burning in protected areas was about 0.7%.

In the southern study area, moorland covered by 5 SAC, 28 SSSI 
and 3 SPA designations totalled 8890, 590 and 19,145 ha, respec-
tively. On average, 1.5% of the southern study area was burnt, whilst 
a mean of 1%, 5% and 1.4% of SACs, SPAs and SSSIs was burnt an-
nually, respectively.

F I G U R E  5 Field survey showing prescribed burns (outlines in black) plotted over Landsat imagery. (a, c) NBR calculated from Landsat-8 
(27 August 2021 image). (b, d) ΔNBR between 9 August 2020 and 27 August 2021. Study site 1 shown in (a, b); Study Site 2 shown in (c, d).
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    |  11 of 18SPRACKLEN and SPRACKLEN

3.5  |  Impact of muirburning on air quality

With the assumptions given in Section 2.6, and using an annual area 
burnt of 6100 ha year−1, we estimate muirburn releases 1000 tonnes 
of PM annually. This is equivalent to transport emissions from 
Scotland (Transport Scotland, 2018), suggesting a potential contri-
bution of prescribed burning to regional air quality degradation.

4  |  DISCUSSION

We present the first analysis of annual muirburn across Scotland 
using Landsat imagery. The 30-m spatial resolution of Landsat 
imagery allows relatively small and fragmented burn areas to be 
mapped. Our field study indicated an average burn size of 0.1 ha, 
compared with a Landsat pixel size of 0.09 ha. The 16-day repeat 
cycle and extensive cloud cover preclude mapping of burnt area at 

higher temporal resolution than annual time series provided here. 
We used two methods to analyse the effectiveness of our approach. 
First, we conducted a field study in two areas in which burnt area 
was carefully mapped and compared with our Landsat results. 
Second, Landsat burnt area was compared with burn area obtained 
from the higher resolution Google Earth imagery. Both approaches 
corroborate our approach and provide evidence that our numbers 
are robust.

There have been few studies mapping the extent of muirburn 
in Scotland. A UK-wide visual analysis of aerial photography and 
Google Earth imagery (Douglas et al., 2016) produced a burn map 
(their Figure  1a), which shows a very similar spatial distribution 
of burns to our analysis. A study in the English uplands assessed 
aerial photography for a random sample of 2% of the study area 
(10,360 km2) and estimated an annual burn area of 11,400 ha year−1 
in the year 2000 (Yallop et al., 2006). Our estimated rate of burn-
ing in the Scottish uplands is 0.8% year−1 (or about 0.95% year−1 
if we apply the 15% underestimate in burn area suggested by 
Section 3.2.1), which is similar to the 1.1% year−1 rate of burning in 
the English uplands (Yallop et al., 2006). Hester and Sydes (1992) 
used aerial photography from 1988 of 32 randomly chosen sites in 
the Grampian Mountains and Southern Uplands, which suggested 
an annual burn rate of between 1% and 2%, the lower bounds of 
which is similar to our estimates.

Estimated annual burnt areas varied from 4000 to 8000 ha in the 
Grampian Mountains and 1000 to 3000 ha in the Southern Uplands. 
This interannual variability in area burnt is likely due to real vari-
ability in burning and to variability in cloud coverage obscuring im-
ages and causing burns to be allocated to the following year. In the 

TA B L E  2 Details of accuracy assessment sites. Latitude and longitude give coordinates of site's centroid. Year indicates burning season. 
Users and prod. indicate the user's and producer's accuracy for burnt areas, respectively. Burn no. is number of burns. FS1 and 2 indicate 
respective field study sites.

Site Latitude Longitude Year Area (ha) Burn no. Burn area (ha) Users (%) Prod. (%)

1a 57.437855 −3.534627 2021 15,935 659 503.9 96.2 57.9

1b — — 2020 — 129 85.7 77.1 60.2

1c — — 2019 — 428 2086.7 99.8 82.1

2a 56.983815 −2.86676 2019 6642 300 148.8 97.5 92.4

2b — — 2018 — 216 139.6 96.7 84.4

2c — — 2017 — 288 128.1 40.5 75.8

3a 56.540875 −3.954349 2018 6712 35 3.9 59.6 31.7

3b — — 2017 — 973 115.2 86.5 36.7

3c — — 2016 — 851 147.9 85.7 67.7

4 55.588468 −3.185695 2013 6295 49 84.9 91.0 70.1

5 55.519358 −3.197667 2016 3427 29 17.1 27.8 58.3

6a 55.710726 −3.005332 2021 2126 843 187.4 68.5 93.7

6b — — 2020 — 456 147.7 92.0 89.4

6c — — 2019 — 498 67.7 98.9 73.2

FS1 57.297693 −2.947927 2021 243 182 10.7 100 40.0

FS2 57.160348 −3.147791 2021 221 137 17.6 99.4 92.7

All — — — 41,601 6073 3893 90.1 77.1

TA B L E  3 Confusion matrix comparing burnt area obtained 
from Google Earth and from Landsat time series over 16,000 ha of 
moorland in North-East Scotland (Site 1) for the year 2021.

Google Earth (reference data)

Landsat No burn 
(ha)

Burn (ha) Total (ha)

No burn 15419.7 212.2 15631.9

Burn 11.5 291.7 303.2

Total 15431.2 503.9 15,935
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12 of 18  |     SPRACKLEN and SPRACKLEN

Grampian Mountains, estimated area burnt varied from 6200 ha in 
2017 to 3150 ha in 2018. Both years had almost completely clear 
coverage of the study area and so variability is likely to be influenced 
by weather conditions in the burning season, with especially wet 
years resulting in a decrease in area burnt, and dry, calm years in-
creasing area burnt. A mild and snow-free winter season is likely to 
have caused greater burning in 2017.

We found no significant trend in estimated area burnt over the 
period 1985 to 2022. Douglas et al. (2016) counted the number of 
fire hot spots throughout the burning season and reported increas-
ing burn frequency from 2001 to 2011 across Scotland. We found 
no significant increase in estimated burnt area during 2001–2011, 
although this period corresponded to poor availability of cloud-free 
images, and we use map burn area rather than hot spots so that our 

F I G U R E  6 Estimated annual area burnt in (a) Grampian Mountains and (b) Southern Uplands during 1985–2022. Stacked bars show 
area burned by category of underlying soil and peat. Years indicated in red text had less than 75% cloud-free pixel coverage area for 
their respective study area. Vertical dotted red line shows first year revised Muirburn Code was in effect. Error bars show the estimated 
uncertainty in total annual area burnt, computed from false positives and false negatives of validity study (see Section 2.5).
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    |  13 of 18SPRACKLEN and SPRACKLEN

results are not directly comparable. A study of aerial photography 
from the mid-1940s, mid-1960s and 1988 (Hester & Sydes, 1992) of 
32 sites in the Grampian Mountains and the Southern Uplands found 
a significant decline in area burnt in the Grampians but no change 

in the Southern Uplands over their study period. Another study of 
aerial photos (Hester et al., 1996) taken in 1946–1950 and 1988 over 
936 km2 in North-East Scotland also found a significant decline in 
muirburning over the time period, with the fraction of heather moors 

F I G U R E  7 Estimated burnt area during 2015 to 2022 (a) Grampian Mountains and (b) Southern Uplands. Selected peaks (triangles with 
associated numbers) and settlements (dots with associated letters) are shown.

F I G U R E  8 Fraction of burn area as a function slope of land (in degrees) for (a) Grampian Mountains and (b) Southern Uplands. Red dotted 
vertical line shows suggested maximum slope of burnt land.
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14 of 18  |     SPRACKLEN and SPRACKLEN

classified as being burnt declining from 26% to 10%. Our study sug-
gests that any decline in burnt area halted in the 1980s, as from 1985 
to 2022 we found no significant change in estimated annual area 
burnt in either the Grampian Mountains or the Southern Uplands.

To improve our burnt area estimates, we used a derived linear re-
lationship to estimate the proportion of Landsat pixel that was burnt. 
This meant using subpixel burnt area (fractional classification), as 
opposed to a binary wholly burnt/unburnt classification, where any 
pixel below the threshold NBR value is regarded as wholly burnt. For 
both our six calibration sites, and our six verification areas and the 
two field study sites, the binary burnt/unburnt classification gave 
less accurate results than the fractional classification, with higher 
false positive and lower true positive rates over a range of ΔNBR 
threshold values (see Figure S4). No significant trends were seen in 
the burnt area time series regardless of whether we used subpixel 
estimates of burnt area or wholly burnt pixels.

Our analysis suggests burning on deep peat is widespread, com-
prising 1920 ha year−1 or 31.5% of area burnt. This figure is com-
parable to a previous estimate of 27.6% based on analysis of aerial 
photography from 2011 and satellite photography from 2001 to 2010 
(Douglas et al., 2016). However, we note that peat depth can vary on 
scales of just a few metres, and the ‘Carbon and Peatland Map’ that 
we used to indicate the location of deep peat may not necessarily 
capture the fine spatial variation of soil type. The revised NatureScot 
Muirburn code suggests that burning should not occur on peat un-
less it is part of a habitat restoration plan approved by NatureScot. 
We found no significant change in area burnt on deep peat since 
this revision, suggesting that it has not been widely adopted by land 
managers. At present there is a government proposal in Scotland 
to introduce licencing for all muirburning, with a ban on burning on 
deep peat (deeper than 0.4 m) except for restoration of the natural 
environment, wildfire prevention or research (ScotGov, 2023). A pro-
hibition on burning on peat over 0.4 m deep within protected moor-
land areas is already in place in England (UKGov, 2021) though its 
effectiveness has been disputed. (Greenpeace, 2022; RSPB, 2023).

The widespread burning of areas of deep peat that we document 
here is likely to have negative impacts on a wide range of environ-
mental services (Worrall et al., 2011). Previous work has shown burn-
ing on peatlands reduces carbon sequestration (Garnett et al., 2000; 
Marrs et al., 2019) and reduces carbon stocks in surface peat (Ward 
et al., 2007). Burning peatland also increases downstream flood risk 
(Holden et al., 2014, 2015) and increases erosion (Li et al., 2018) as 
well as reducing macro-invertebrate diversity (Brown et  al.,  2013) 
and stream water quality (Clay et al., 2012; Ramchunder et al., 2013).

Many UK peatlands have been artificially drained (Holden, 
Chapman & Labadz, 2004; Holden et al., 2007) making them more 
susceptible to wildfire and increasing the likelihood that pre-
scribed burns will damage the peat. Peatland restoration, which 
can be achieved by blocking drains, raises the water-table depth 
and provides a range of environmental benefits (Evans et al., 2021; 
Parry et  al.,  2014; Ramchunder et  al.,  2012; Wallage et  al.,  2006; 
Worrall et al., 2007) including a reduction in the risk of fire (Glaves 
et  al.,  2020). Warmer and drier conditions due to climate change 

(Gallego-Sala et al., 2010) can further exacerbate the risk of fire in 
degraded peatlands and provide greater urgency to restore peatland 
hydrology.

Our analysis cannot distinguish between wildfire and pre-
scribed fire. Wildfires occur across the study area and are sub-
ject to yearly fluctuations, dependent on the weather conditions 
(McMorrow,  2011). One large wildfire burn area occurred in the 
North-east of the Grampian Mountains in 2019 (see Figure  7a), 
covering 2224 ha of our study area, 25% of that year's burn total. 
However, such large fires are unusual. Our analysis identifies very 
few large fires with fires larger than 5 ha only accounting for only 
10% of total burn area. Prior to 2009, and the introduction of the 
Incident Reporting System (IRS), there is limited standardised infor-
mation about wildfire burnt area. Since 2009, and based on the Fire 
and Rescue Service IRS data, we estimate average annual wildfire 
burn areas on moorland in our study area of 800 ha, a small frac-
tion of the total burn areas we are recording (ClimateXChange, n.d.; 
Gagkas et al., 2022). The data do show strong annual variability, and 
for our study area, our estimated wildfire burn area varied about 
twentyfold from 190 to 3500 ha. It has been estimated that over 
half of moorland burnt by wildfires may originate in prescribed 
fires that have escaped out of control (Holland et al., 2022; Worrall 
et al., 2010).

Prescribed burning occurs for a range of reasons including main-
tenance of grouse moor, or for improving grazing for livestock. We 
were unable to distinguish between burning for grouse shooting and 
burning for other purposes. Our map of burnt areas closely resem-
bles mapping of grouse butt location (Matthews et al., 2020), sug-
gesting that much of the burning is for grouse moor management. 
However, grass-dominated moor occurred in the west of the study 
area, especially the south-west of the Southern Uplands, inter-
spersed with smaller areas that were heather dominated. Here, the 
burns were larger and more infrequent, and it is likely that burning 
here was done to improve grazing for deer and livestock. Conversely, 
grouse moor burning was characterised by groups of tight clusters 
of small burns although in these areas larger burns often occurred 
alongside these groups of smaller burns. The Muirburn Code advises 
burning in small patches or strips. We found about 80% of the burnt 
area was in small (<1 ha) burns, in line with the Muirburn code.

We made a preliminary assessment of the particulate air pollu-
tion emissions arising from muirburn. We estimate particulate emis-
sions were similar to that emitted by road transport, suggesting that 
muirburn could have important negative impacts on air quality. We 
assumed that fires only burn above-ground vegetation and do not 
burn into peat soils. If fires burn peat soils, as can occur particu-
larly in degraded peatlands, biomass consumption and PM emissions 
would increase substantially. Future studies are needed to assess 
the impacts of prescribed burning on air quality and public health.

Our study has a few issues that could be improved in future 
work. First, changes in NBR are caused by a range of disturbances to 
vegetation, such as hill-track construction, quarrying and construc-
tion work as well as natural disturbance events such as landslides, 
or erosion of peat hags. Nevertheless, our analysis of Google Earth 
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imagery (see Section 3.2.1) suggests that the majority of disturbance 
came from muirburn, with just 0.2% of classified burn area attributed 
to disturbance caused other than by burning. Sentinel-2 imagery, 
available after 2015 with higher temporal (10–20 m) and spatial 
(repeat period of 5 days) resolution, has already been exploited for 
burnt area mapping (Gaveau et  al.,  2021; Tanase et  al.,  2020) and 
should allow a better monitoring of muirburn in the future. Our ver-
ification section showed that our producer's accuracy was lower for 
smaller muirburns (Site 3), with accuracies that were generally about 
half that seen in sites with larger burn areas. Previous work in other 
regions (Gaveau et al., 2021) has found that burnt area detected by 
Sentinel-2 was double the estimate from Landsat. Higher resolution 
data will also allow analysis of the size of burns, fire return inter-
vals and assessment of good burn practices such as avoiding water 
courses or steep slopes.

5  |  CONCLUSIONS

We use a Landsat time series to estimate area burnt over eastern 
Scotland from 1985 to 2022, with NBR and variation in NBR used 
to detect burnt pixels. To the best of our knowledge, this is the 
first large-scale study to use Landsat imagery to quantitatively es-
timate area burnt over a long time series in the United Kingdom. 
We estimate an annual average burn area of 6100 ha, with substan-
tial year-to-year variability. Our analysis suggests burning on deep 
peat is widespread, with 32% of total burn area on deep peat and 
no change in this fraction after a revised code of practise that ad-
vised against such burning was introduced in 2017. If the currently 
mooted Scottish legislation to tighten regulation of muirburning, in-
cluding a prohibition on peatland burning, and the introduction of 
a compulsory licence for muirburns, is enacted, free, publicly avail-
able medium resolution Landsat and Sentinel imagery should be well 
placed to allow a thorough assessment of the implementation of 
these measures.
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SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.
Figure S1. Deep peat areas in (a) northern study area and (b) southern 
study area.
Figure S2. Percentage of pixels across our study area that are not 
obscured by cloud, cloud shadow, snow or sensor malfunction.
Figure S3. This figure shows for each Landsat pixel how many years 
are clear (unobscured by snow, cloud, cloud shadow or sensor 
malfunction) for (a) northern study area and (b) southern study area. 
There are 39 years in our time-series analysis, covering 1984 to 2022 
inclusive. Therefore, the maximum value is 39, for a pixel which was 
clear every single year of our analysis.
Figure S4. True positive rate (TPR) plotted against false positive 
rate (FPR; both adjusted for site burn area) for a range of ΔNBR 
thresholds, calculated over (a) six calibration sites and (b) six accuracy 

assessment sites and two field sites, for fractional pixel classification 
(Equation 12) and binary pixel classification.
Figure S5. Burnt pixels for the northern study area grouped into 
seven periods.
Figure S6. Burnt pixels for the southern study area grouped into 
seven periods.
Table S1. Site 1 Year 2020: User's accuracy of 77.1% and producer's 
accuracy of 60.2% for burnt areas.
Table S2. Site 1 Year 2019: User's accuracy of 99.8% and producer's 
accuracy of 82.1% for burnt areas.
Table S3. Site 2 Year 2019: User's accuracy of 97.5% and producer's 
accuracy of 92.4% for burnt areas.
Table S4. Site 2 Year 2018: User's accuracy of 96.7% and producer's 
accuracy of 84.4% for burnt areas.
Table S5. Site 2 Year 2017: User's accuracy of 40.5% and producer's 
accuracy of 75.8% for burnt areas.
Table S6. Site 3 Year 2018: User's accuracy of 59.6% and producer's 
accuracy of 31.7% for burnt areas.
Table S7. Site 3 Year 2017: User's accuracy of 86.5% and producer's 
accuracy of 36.7% for burnt areas.
Table S8. Site 3 Year 2016: User's accuracy of 85.7% and producer's 
accuracy of 67.7% for burnt areas.
Table S9. Site 4: User's accuracy of 91% and producer's accuracy of 
70.1% for burnt areas.
Table S10. Site 5: User's accuracy of 27.8% and producer's accuracy 
of 58.3% for burnt areas.
Table S11. Site 6 Year 2021: User's accuracy of 68.5% and producer's 
accuracy of 93.7% for burnt areas.
Table S12. Site 6 Year 2020: User's accuracy of 92% and producer's 
accuracy of 89.4% for burnt areas.
Table S13. Site 6 Year 2019: User's accuracy of 98.9% and producer's 
accuracy of 73.2% for burnt areas.
Table S14. Field Study Site 1: User's accuracy of 100% and producer's 
accuracy of 40% for burnt areas.
Table S15. Field Study Site 2: User's accuracy of 99.4% and producer's 
accuracy of 92.7% for burnt areas.
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