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Abstract. Fire management is increasingly acknowledged as a necessary tool to maintain diversity in desert
environments such as the Great Victoria Desert of Australia, but it needs to be informed by accurate fire history data.
We compared and assessed the utility of Landsat-derived and Moderate Resolution Imaging Spectroradiometer (MODIS)-
derived burnt area mapping (30 m and 250 m resolution, respectively) for sub-regional, landscape and habitat scale
management. We did so by using Sentinel-2-derived, 10 m resolution, burnt area mapping as a reference, to determine the
most appropriate product to support land management planning. At the landscape scale, Landsat had significantly lower
average omission and commission errors (3.4% and 8.0%, respectively) compared with that of MODIS (42.2% and 19.9%,
respectively). At the habitat scale, Landsat burnt area percentage was more accurate, in plots of 500 m x 500 m (root mean
square error (RMSE) 0.6% to 8.6%), but offered lower accuracy when estimating partially burnt habitat plots of
120 m x 120 m (RMSE 14.1% to 23.9%). Only Landsat-derived fire scar mapping provided enough detail to produce
reliable fire history maps to inform fire management and biodiversity conservation operations at a sub-regional scale,
landscape scale and a habitat scale of 500 m by 500 m.
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Introduction

Fire has shaped the desert ecosystems of Australia, and con-
tinues to play an important role in driving processes across a
diversity of habitats. Rainfall from cyclones and summer
thunderstorms encourages the growth of grasses among other
vegetation that promotes the incidence of summer bushfires
from lightning storms (Griffin e al. 1983; Burrows et al. 1991).
The flammability of the desert regions has also been facilitated
by the relatively recent displacement of Aboriginal people from
parts of the deserts, and the subsequent decline of their patch-
burning practices (Allan and Southgate 2002; Burrows et al.
2006; Bird et al. 2008). Wildfires over vast areas of the desert are
now reported more frequently, reducing the historical small-
scale pyrodiversity of the vegetation in the landscape (Burrows
and Christensen 1991), and increasing the risks of predation or
habitat removal to native species (Letnic and Dickman 2006;
Southgate et al. 2007; Yates et al. 2008).

While cultural burning practices have been widely disrupted
over several generations, there is a growing recognition of the
value of returning these practices to the desert country for
cultural and biodiversity outcomes (Bird et al. 2012). These
patchy burns break up the fire proneness of the landscape and
can mitigate the effects of large-scale bushfires (Russell-Smith
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et al. 1997). Traditional Owners are now taking ownership of
their land management practices through Native Title and
Indigenous Protected Area management planning (Tran and
Andriolo 2015). Identifying which areas in the landscape to
burn is pivotal to burn planning, and subsequent fire manage-
ment operations.

Contemporary fuel management programs are informed
from fire scar maps and prescribed fire plans. In the central
deserts of Australia, localised fire history is mapped from field
observations. However, across larger scales, imagery captured
from satellites is used to interpret fire history and delineate fire
scar boundaries, and to predict and manage wildfire risk in the
future.

The Great Victoria Desert is Australia’s largest desert,
covering an area of 42.2 million hectares within Western
Australia and South Australia. As with other spinifex (7riodia
spp.)-dominated Australian deserts, the contemporary fire pat-
tern in the Great Victoria Desert is characterised by cycles of
large areas burnt by hot fires in spring and summer (Haydon
et al. 2000). Traditional Owners in this region have an interest in
managing Country, and fire management is an integral compo-
nent of their management. In this regard, intense fire is one of the
critical threats facing the Great Victoria Desert. Contemporary
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bushfires follow good rainfall periods, typically after summer
storms. Although fire has always been part of the desert
ecosystem, the scale and intensity of fire in the Great Victoria
Desert has increased at a dramatic rate. In a study by Burrows
and Chapman (2018), an analysis of aerial photography from the
Great Victoria Desert in 1960 to 1961 showed mean and
maximum fire scars of 11 ha and 3953 ha, respectively.
However, recent statistics from satellite imagery over a
17-year study period (2000-2017) show a mean and maximum
fire scar size 0f 3699 ha and 1 033 121 ha, respectively (Burrows
and Chapman 2018).

The Northern Australian Fire Information (NAFI) remote
sensing service generates fire scar maps with MODIS (Moderate
Resolution Imaging Spectroradiometer) imagery for the Great
Victoria Desert. MODIS-derived fire mapping has been shown
to produce relatively high levels of omission errors (Roy and
Boschetti 2009). In desert and rangeland environments such as
the Great Victoria Desert, NAFI acknowledges that their work-
flow is not as efficient at detecting fires compared with that for
northern parts of Australia, where NAFI was originally designed
to operate (Jacklyn 2017). These errors can have a significant
impact on defining fire boundaries for planning operational
burns, and for identifying long-unburnt habitat that may support
conservation of significant species.

In this context, land and Indigenous managers who focus on
prescribed burning for asset and cultural area protection, or
for biodiversity conservation, become reliant on accurate
spatial fire-history mapping products (Srivastava et al. 2013).
In the Great Victoria Desert, retaining particular vegetation fire
ages is required to protect important habitat and refugia for
fauna. The critically endangered sandhill dunnart (Sminthopsis
psammophila), for example, are mostly found in areas that have
not burned for 12 to 24 years (Moseby et al. 2016). Similarly,
reducing the flammability around important mulga patches of
>18 years since fire is required to conserve preferred mallee-
fowl (Leipoa ocellata) nesting and breeding sites (Benshemesh
and Bode 2011). Many lizard species in the Great Victoria
Desert are also very habitat-specific, requiring different stages
of post-fire recovery (Pianka 1996), further highlighting the
need of accurate fire history maps to understand and manage
their habitat appropriately.

To address the need to improve fire history data, Landsat
imagery becomes a viable option, having been shown to be a
powerful tool for mapping the spatial and temporal distribution
of fire across regional desert landscapes (Burrows and
Christensen 1991; Haydon et al. 2000). To date, however, no
study has evaluated Landsat fire mapping in desert environ-
ments to contemporary remote sensing approaches at different
spatial scales (sub-regional, landscape and habitat). The use of
higher resolution imagery to validate lower resolution imagery
has been widely applied elsewhere, mostly in the context of
MODIS fire scar validations using Landsat as the reference
(Bastarrika et al. 2011; Boschetti ef al. 2019). In other cases, the
accuracy of Landsat fire scars was validated with visual assess-
ments of Landsat (Stroppiana et al. 2012) or higher resolution
imagery (Hudak and Brockett 2004).

In this paper, we validate the accuracy of Landsat and
MODIS fire scar maps in the Great Victoria Desert bioregion
of Western Australia using higher spatial resolution-derived
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(10 m Sentinel-2) fire scars as a reference, at the landscape
(30 km by 30 km) and habitat (120 m by 120 m and 500 m by
500 m) scales. We also compare Landsat-derived and MODIS-
derived fire statistics at the sub-regional and landscape scales
over a 19-year period (2000 to 2019). We discuss these data in
the context of informing fire management at different spatial
scales within the Great Victoria Desert. The information has
application for fire managers with an interest in planning
prescribed burns to protect long-unburnt habitats as important
refugia for fauna; however, the approach is transferable to fire
management programs in desert regions elsewhere.

Methods

Study region

The Great Victoria Desert bioregion extends across Western
Australia and South Australia and is divided into six IBRA
(Interim Biogeographic Regionalisation for Australia) floristic
sub-regions (Thackway and Cresswell 1997; Beard et al. 2014).
The Western Australian extent of the Great Victoria Desert — the
focus of this study (Fig. 1) — covers an area of 21.8 million ha.
This bioregion is characterised by an arid climate with low var-
iable rainfall (Fig. 2), mostly concentrated between November
and March. Rainfall within the region can be highly localised and
unpredictable, with substantial fluctuations occurring from year
to year. Its land values are primarily managed by Traditional
Owners under Native Title, as well as pastoral and mining leases.
The region’s dominant vegetation is spinifex grasslands and
mallee eucalypts, which are highly flammable.

Spatial datasets
MODIS

MODIS-derived annual fire scar maps over a significant
portion of the Australian continent are freely available as
shapefiles from the NAFI website (https://www.firenorth.org.
au/nafi3). These fire scar maps are generated through a semi-
automated process using imagery from the MODIS sensor. In
order to identify burnt areas, NAFT uses the 250 m resolution
near infrared (NIR) band in an object-oriented segmentation
process, using SAGA (System for Automated Geographic
Analysis) software (Fisher and Edwards 2015; Jacklyn 2017).
Fire scar maps are generated on a monthly basis, and are then
merged into annual datasets.

Annual fire scar shapefiles from 2000 (the first year in which
these are available) to 2019 were downloaded, and areas outside
the Landsat comparison extent (Fig. 1) were removed.

Landsat

The Landsat series of satellites capture imagery at 30 m
resolution across several spectral bands with a periodicity of
16 days. Imagery for this study (one Landsat scene per year from
2000 to 2019 for scenes shown in Fig. 1) were downloaded from
the United States Geological Survey (https://earthexplorer.usgs.
gov/) and further corrected to top-of-atmosphere, using coeffi-
cients in the image report file, scene parameters and pixel-based
values such as solar zenith (https://ieeexplore.ieee.org/docu-
ment/978120). Annual Landsat images mostly correspond to
dates between October and December, which provide the best
conditions for cloud-free imagery.
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Fig. 1. Study area in the Great Victoria Desert of Western Australia.
Sentinel-2 difference value per segment was used to classify areas of change

Since late 2015, the Sentinel-2 satellites have captured at
10 m spatial resolution images in the blue, green, red and
infrared bands, with a periodicity of 5 to 10 days. Four-band
image composites that overlapped with the four 90000 ha
comparison areas (Fig. 1) were created for each year from
2016 to 2019, using data downloaded from the Australian
National Computing Infrastructure (https://nci.org.au/our-ser-
vices/data-services). To optimise Landsat and Sentinel-2 fire
scar comparisons, we aimed at selecting Sentinel-2 images that
matched, as close in time as possible, the Landsat image dates.

Fire scar mapping methodology

Fire scars were mapped using Landsat and Sentinel-2 to com-
pare them with MODIS fire scar maps (downloaded from
NAFI). Annual fire mapping was carried out on Landsat and
Sentinel-2 images using eCognition software.

For Landsat imagery, burnt areas were identified through two
different burn indices: the Normalised Burn Ratio (NBR), where
NBR = (Near Infrared — Short wave Infrared)/(Near Infrared +
Short wave Infrared) (Key and Benson 1999), and the near
infrared band (Band 4 in Landsat 5 and 7) by itself. Annual
difference images for each index (ANBR and dB4) were created
by subtracting two consecutive year index images. Difference
images were segmented through an object-based image analysis
process (Kettig and Landgrebe 1976). The mean dNBR or dB4

through a threshold value manually set for each fire. Fire scars
were manually edited (through addition or removal of segments)
if needed and exported as shapefiles.

For Sentinel-2 imagery we followed an identical process as
with Landsat using eCognition. However, Sentinel-2 10 m
spatial resolution image composites lack a short-wave infrared
band, which is necessary to compute the NBR index. As an
alternative, we computed a Normalised Difference Vegetation
Index (NDVI), where NDVI = (Near Infrared — Red)/(Near
Infrared + Red) difference image (ANDVI), and used it to
complement fire scars generated with the near infrared differ-
ence (dB4) image.

Landscape and habitat scale fire mapping

Landsat and MODIS fire scars were compared with Sentinel-2
fire scars in the ArcGIS 10.6.1 environment at the landscape
scale through classification accuracy metrics (producer’s, user’s
and overall accuracies, and kappa statistic (Congalton 1991)).
At the habitat (plot) scale, two different resolutions were
investigated: 120 m by 120 m plots and 500 m by 500 m plots.
For each plot size, grids (of 120 m and 500 m in cell size,
respectively) were created and overlaid on top of the four
90000 ha landscape areas for two of the three fire seasons,
2017-2018 and 2018-2019 (results from the 2016-2017 season
would have provided redundant results due to a generalised lack
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of fire), for a total of 14 230 plots for the 500 m plots and 247 134
plots for the 120 m plots. At this scale, burn percentage
according to Sentinel-2 within each plot was contrasted with
burn percentage according to Landsat and MODIS. With the
goal of detecting over/under-estimation of burnt percentages as
well as mean relative error of the estimates, mean bias error
(MBE) and root mean square error (RMSE) are reported for
different levels of burn percentage (Fernandez et al. 1997).

All statistics were calculated by exporting the ArcGIS out-
puts into the R statistical environment.

Sub-regional and landscape scale fire mapping

We quantified differences in two fire parameters (years since
last burn and annual burn area) between MODIS and Landsat
fire scar maps at landscape and sub-regional scales, for the
period 2000-2019. At the landscape scale, two 90 000 ha areas
that correspond with prospective fire-management experimen-
tal areas were selected (Fig. 1). At the sub-regional scale, two
separate areas of 8.7 million ha and 4.3 million ha, corre-
sponding to two different broad vegetation types within the
western Great Victoria Desert, were used (Fig. 1).

Years since last burn comparisons

In the R statistical environment, a raster was generated with
each pixel having a value of the number of years since last burn,
for both Landsat and MODIS datasets. Due to data acquisition
dates, it is possible that a fire scar detected by both sensors might
be assigned to year » in MODIS (annual fire scars from January
to December) and year n + 1 in Landsat (annual fire scars mostly
from November to the following November), and vice versa.

By overlaying the Landsat and MODIS years since last burn
rasters, we determined whether both methods provided the same
years since last burn value, a difference of only 1 year (to
account for the possibility of a 1-year lag) or a difference of 2 or
more years. In this latter case, we determined whether the
MODIS years since last burn value was an overestimate or an
underestimate.

Results
Landscape scale fire mapping comparisons

Fire classification accuracy metrics at the landscape scale for
Landsat and MODIS fire scars, using Sentinel-2 fire scars as a
reference dataset, are reported in Table 1. Producer’s, user’s and
overall accuracies were averaged between the four 90 000 ha
areas and across the three fire seasons studied.

Habitat scale fire mapping

Performance of Landsat and MODIS fire scars at the habitat
scale are reported in Table 2. This part of the study was done at
two different resolutions: 120 m by 120 m plots and 500 m by
500 m plots. MBE, which gives an indication of over- or under-
estimation, and RMSE, which gives an indication of the mean
relative error of the estimates, were calculated by grouping plots
according to area burnt based on Sentinel-2 fire scars. At a
resolution of 120 m by 120 m, Landsat is able to provide
accurate estimates in plots that are completely unburnt or
completely burnt (MBE 1.2% and 1.9%, respectively). At this
scale, however, Landsat provides overestimated and highly
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variable burn percentage estimates for areas that have been
partially burnt (RMSE 23.9% and 14.1%). In 500 m x 500 m
plots, Landsat provides accurate estimates for all burn percen-
tages studied (MBE 0%, 3.5%, 3.7% and 0.2%). MODIS
accuracy at the habitat scale is high when predicting fully
unburnt plots at 500 m resolution (MBE 1.0% and RMSE 8.8%)),
whereas for all other estimates, variability is higher (RMSE
from 38.8% to 49.9%).

Sub-regional and landscape scale fire mapping: years since
last burn comparison

Years since last burn raster layers produced with Landsat and
MODIS fire scar maps were overlayed and the level of agree-
ment, at the sub-regional and landscape scales, is reported in
Fig. 3. At the sub-regional scale, coincident years since last burn
pixels (which includes pixels where years since last burn is the
same or +/1) account for 64% and 68% of the sub-regions’ area,
respectively. At the landscape scale, these values are more vari-
able between the two studied areas (54% and 75%, respectively).
At both scales MODIS tends to overestimate years since last
burn, which is coherent with the large omission errors observed at
the landscape scale during the comparison process.

Fig. 4 shows years since last burn maps generated with
Landsat and MODIS fire scar maps at the landscape scale. In the
exact same extents, areas that appear white (not burnt), cover a
larger proportion of the landscape in the MODIS years since last
burn maps, and are caused by MODIS omission errors observed
at this scale.

Sub-regional and landscape scale fire mapping: annual
burnt area comparison

Annual burnt area from Landsat and MODIS fire scar maps, at the
sub-regional and landscape scales, are reported in Figs 5 and 6.
At the sub-regional scale, Landsat and MODIS burnt area esti-
mates follow similar trends, although differences can be observed,
particularly in years 2000 to 2003, 2008, 2013, 2015, 2017 and
2018 (Fig. 5). For most years, Landsat burn area estimates are
larger than MODIS’s. Magnitude of difference is variable and
may be related to either MODIS omission errors or to the 1-year
lag explained earlier.

At the landscape scale (Fig. 6), annual differences between
both datasets are larger.

Fire scar comparison

A visual analysis of all Landsat and MODIS mapping that
compares fire scars across all sub-regions was not performed.
However, Landsat fire scar boundaries have been compared
with those from MODIS in the same area on the same year to
exemplify some fundamental differences (Fig. 7). These dif-
ferences include omission errors that are likely due to small
burnt areas (Fig. 7¢, d) and recently burnt vegetation, which is
sparse, re-burning (Fig. 7a). A commission error, with an
ephemeral waterbody mapped as a fire, is also shown (Fig. 7b).

Management outcomes: years since last burn comparisons

We further investigated management implications of the dif-
ferent levels of accuracy at the sub-regional and landscape
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scales. Fig. 8 shows the percentage of each studied sub-region
and landscape in which MODIS provided a 10 year or more
over- and under-estimation of time since last burn. These results
indicate that, for example, if a practitioner using MODIS fire
scar maps were to select a random area within Landscape 1 to
estimate its years since last burn, the practitioner should be
aware that 13% of the landscape (equivalent to 11700 ha in a
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landscape of 90 000 ha) has had its last burn age overestimated
by more than 10 years.
Discussion

The results of this study suggest the choice of satellite imagery
that land managers use to assess the fire history of a large
(desert) area should depend upon the spatial scale targeted for
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Fig. 2. Mean monthly rainfall (above) and minimum and maximum temperatures (below) in the Great Victoria Desert,
averaged from 2005 to 2021. Rainfall data correspond to three different locations (Ilkurlka, Laverton and Tjukayirla), and
temperature data correspond to one single location (Warburton airfield). Locations were selected based on proximity to
study area and data availability. Data source: Bureau of Meteorology (http://www.bom.gov.au/; 2021).
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management. For the Great Victoria Desert, we used an inde-
pendently generated Sentinel-2 10 m resolution fire scar dataset
to validate Landsat and MODIS fire scar maps at two spatial
scales (landscape and habitat). Although all data that are based
on the interpretation of imagery will be subject to some degree
of error, we found that mapping from Landsat imagery provided
relatively lower errors at both the smaller habitat and wider
landscape scales to detect and profile fire scars when compared
with MODIS.

Comparison of Landsat and MODIS fire scar mapping:
landscape and habitat scales

Our study highlights that MODIS fire scar maps used in this
study frequently miss burnt areas. The spectral characteristics of
burnt areas in the desert, together with the limited spectral
information in MODIS used to generate the fire scars, may
provide an insight to explain this discrepancy. NAFI identifies
areas in which MODIS near infrared (NIR) band reflectance has
decreased (Jacklyn 2017). This change in reflectance is related
to a darkening of vegetation caused by carbonisation and occurs
in the tropical savannas of northern Australia, where MODIS is
primarily applied (Jacklyn 2017). In desert environments,
however, vegetation composition is structurally and spatially

Table1. Classification accuracies of Landsat and MODIS-derived fire
scar maps, using Sentinel-2 fire scar maps as a reference
Values correspond to the averages and standard errors (in brackets) of
accuracy parameters calculated over three consecutive fire seasons (2016 to
2019) in four different 90000 ha areas of the Great Victoria Desert.
Omission error (probability of classifying an area as unburnt when it had
burnt) is calculated as 100 — Average Producer’s Accuracy, and commission
error (probability of classifying an area as burnt when it did not burn) is
calculated as 100 — Average User’s Accuracy. Differences between Landsat
and MODIS accuracies are tested for significance through a 7-test

LANDSAT MODIS t-test
Overall accuracy (%) 97.8 (0.3) 77.2 (6.4) P<0.01
Producer’s accuracy (%) 96.6 (0.6) 57.8 (13.9) P <0.05
User’s accuracy (%) 92.0 (1.1) 79.1 (2.6) P <0.001
Kappa statistic 0.94 (0.01) 0.54 (0.12) P<0.001
Omission error (%) 34 422 -
Commission error (%) 8.0 19.9 -
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sparser: a burnt open area may initially signal a strong negative
reflectance response shortly after a fire, but wind and similar
factors may reduce ash cover to produce a positive reflectance
due to an increased exposure of the sand. It might be reasonable
to think that given the high frequency of MODIS capture (four
times per day), there should be little issue detecting ash reflec-
tance. However, NAFI fires are produced by comparing two
satellite images that are generally 1 or 2 weeks apart (Jacklyn
2017). If within that time period, the presence of ash and car-
bonised vegetation is reduced, and/or if a particular fire burnt
through very sparse vegetation, exposed sand will dominate the
spectral signature of burnt areas, causing an increase of NIR
reflectance, which is not detected by the NAFI method. We
hypothesise that this effect could be the cause behind the high
level of omission errors by MODIS in desert environments with
large patches of exposed sand. However, a comprehensive
assessment of omissions should be performed to identify the
main cause of these errors with more certainty.

MODIS fire scar maps generated by NAFI displayed rela-
tively lower and more stable commission error compared with
its omission error, which is consistent with other assessments of
MODIS fire scar accuracy found elsewhere (Roy and Boschetti
2009; Liu et al. 2018). However, a commission error of 19.9%
indicates that a significant proportion of unburnt areas are still
being mapped as burnt. This could be caused by two factors.
First, a ground spatial resolution of 250 m suggests that fire
edges are likely to be rectangular and potentially include
adjacent unburnt areas (see Fig. 7¢, d). It also means that internal
unburnt patches under a certain size are likely to be missed and
classified as fire. Second, the vast extent mapped by NAFI on a
monthly basis (almost 75% of the Australian land mass), makes
it more likely for human supervision to miss areas that have
suffered a reduction in NIR reflectance when these are actually
unburnt areas (e.g. ephemeral water bodies, Fig. 7b).

Landsat fire scar maps had high producer’s accuracies,
suggesting our method is unlikely to miss a historical fire
(omission error of 3.4%). This result outperforms similar studies
assessing the producer accuracy of Landsat (Hudak and Brockett
2004; Bastarrika et al. 2011; Goodwin and Collett 2014;
Vanderhoof et al. 2017) but is comparable to results provided
by Stroppiana et al. (2012) who also use a combined spectral
index approach. In our study, improved performance in Landsat
compared with MODIS can be explained by the broader range of

Table2. Landsatand MODIS fire scar mapping errors at two habitat scales (120 m by 120 m and 500 m by 500 m plots), calculated as mean bias error
(MBE) and root mean square error (RMSE)

Errors are calculated in 120 m x 120 m and 500 m x 500 m grids, respectively, over four 90 000 ha areas in the western Great Victoria Desert and two

consecutive fire seasons (2017-2018 and 2018-2019). Positive MBE values indicate overestimations of burnt areas and negative indicate underestimations of

burnt areas
Landsat error MODIS error

Proportion of plot burnt 120 m plots 500 m plots 120 m plots 500 m plots
according to Sentinel-2 MBE (%)  RMSE (%)  MBE (%) RMSE(%) MBE (%) RMSE(%) MBE %)  RMSE (%)
0% 0 1.2 0 0.6 0.7 8 1 8.8
1-50% 93 239 35 8.6 422 61.5 12.3 38.3
50-99% 54 14.1 3.7 7.6 27 34.9 -57 35.8
100% 0 1.9 02 1 -20.2 443 -25.6 49.4




892 Int. J. Wildland Fire

100 1
75 -

(0]

D

8

S 50

o

(O]

o
25 -
0

J. Ruscalleda-Alvarez et al.

Years since last burn
comparison

. Agree

. +/- 1 year

. MODIS overestimate
MODIS underestimate

Sub-region 1 Sub-region 2

Landscape 1

Landscape 2

Fig.3. Comparison between Landsat and MODIS years since last burn maps at the landscape and sub-regional scales. The y-axis shows
the percentage of each area in which both maps showed similar or different years since last burn estimations.

spectral information used to generate the fire scars. By identify-
ing changes in two different spectral indices (ANBR and dB4),
we were able to detect burnt areas with different spectral
characteristics. Recently burnt areas show low reflectance in
the NIR and high reflectance in the short wave infrared (SWIR).
Consequently, we were able to map recent fires by identifying a
decrease in NBR. Older burnt areas in which burnt vegetation
has disappeared and soil is exposed will see a sharp increase in
NIR reflectance. Contrary to the NAFI process, our method
identified areas with an increase in NIR reflectance, allowing us
to map this type of fire scars.

Our results also show that the main component of Landsat
error is commission error (8.0%), which is consistent with
previous studies (Goodwin and Collett 2014; Vanderhoof
etal 2017; Liuet al. 2018). This is likely caused by inaccuracies
in fire edge delineation as well as internal unburnt patches being
mapped as burnt.

At the habitat scale, we show that Landsat can be confidently
used to estimate burn area in plots as small as 500 m x 500 m
(with small overestimation errors probably related to rectangu-
lar edges and missed internal unburnt patches), whereas at lower
resolutions (120 m) we only get accurate estimates if plots are
fully burnt or fully unburnt. This is consistent with Landsat

resolution (30 m) and with low omission and commission errors
reported at the landscape scale. MODIS errors at the habitat
scale are larger, reflecting a coarser spatial resolution. Although
large omission and commission errors were observed at the
landscape scale, MODIS can quite accurately identify fully
unburnt 500 m x 500 m plots.

Mapping effort

An important factor to consider when comparing different
satellite products in the context of their application to land
management projects is the effort (time, and implicitly costs)
involved in obtaining the final product. Time to process raw
satellite data into fire scar datasets depends, among other
factors, on the skill of the operator. In our case, processing of
all Landsat and Sentinel-2 satellite datasets has been performed
by the same operator, software and hardware, standardising the
comparison of processing time between products. It took sev-
eral weeks to map 25 years of fire history over an area of
21.8 million ha (8.5% of the area of Western Australia) using
Landsat imagery. In relative terms (averaged as time required
to map a unit area), Sentinel-2 mapping required ~5 times
more effort (4.3 h per 10000 km?) than the Landsat mapping
(51 min per 10000 km?). In our study, MODIS fire scars were
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Fig.4. Landscape scale level comparison of years since last burn maps, using Landsat and MODIS fire scar maps in

the Great Victoria Desert.

downloaded from the NAFI website, so the operator time to use
NAFI-generated MODIS fire scars was virtually negligible.
However, as we illustrate, these results come with some — and
at times high — detection errors depending on the spatial scale
of interest by land managers. Although Sentinel-2-based
datasets offer a higher resolution option (and implicitly
higher accuracy) for smaller areas, managers need to factor in
the higher time and therefore cost associated with processing
the data. Therefore, we suggest that for the purpose of mapping
fire history in the Great Victoria Desert, Landsat imagery
analysed through the method we have described provides the
right balance between required accuracy levels and time/cost
considerations.

In this regard, many studies that have used Landsat to map
fire scars have focussed on developing algorithms that can be
efficiently automated to work over large areas and involve low
levels of supervision (Hudak and Brockett 2004; Stroppiana
etal. 2012; Goodwin and Collett 2014), and less effort compared
with the method presented here. Results seem appropriate for
monitoring burnt area trends over scales such as landscapes
(30 km by 30 km area) and over larger areas covered by several
Landsat scenes (180 km by 180 km each). However, these
methods show levels of commission and omission errors
(mostly above 10% for both error types) that could translate
into detection inaccuracies with implications for burn planning
on the ground (e.g. planning resource time for ground burns in
unsuitable habitats).

Years since last burn comparisons: management
applications

Large proportions of a landscape (from 8 to 15% in our two
Landscape examples in Fig. 8) where vegetation age has been
over- or under-estimated by more than 10 years could have sig-
nificant negative implications in terms of survey planning and
field operations and, ultimately, conservation outcomes. Our
results at the plot scale indicate that fire history can be predicted
more confidently within a 500 m x 500 m plot using Landsat, but
less so in a smaller plot of 120 m by 120 m. This might be useful
for ecological studies where sampling needs to focus on partic-
ular fire ages. For example, a fauna study plot planned to be
within a certain vegetation age using Landsat fire history would
have to be established within a patch of that fire age that is at least
500 m x 500 m. Therefore, improving the accuracy of satellite-
derived fire maps for these desert biomes has practical — and
cost — implications to fire management planning.

Although all three fire scar products presented in this study
(MODIS, Landsat and Sentinel-2) provide valuable fire history
information at various scales, each have their use and their
limitations when applied to management practices on the
ground. In this context, we have identified the advantages and
disadvantages associated with each mapping approach to sup-
port fire managers and scientists working with remote sensing
maps in desert environments (Table 3). We demonstrate that
Landsat data provides an accurate and verifiable approach
across a broad range of spatial scales for mapping the fire history
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of desert regions such as the Great Victoria Desert. Conse- such as carbon farming surveillance under the Australian Emis-
quently, it can support reliable fire planning and prescribed fire sions Reduction Fund (South Pole 2019) to manage landscapes
management, and it may be a useful tool for future opportunities and habitats for fire. The application of Landsat is designed to be
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Table3. A summary of the advantages and disadvantages of satellite products compared in this study, within the context of the Great Victoria Desert

Satellite data source  Spatial scale Advantages Disadvantages
MODIS (250 m Sub-regional e Identifies general trends in burn areas. e Cannot generate reliable years since last burn
ground resolution) (4.7Mha to estimates at these scales.
8.3Mha)
Landscape (900km?) e Provides cost-effective fire scar data at
sub-regional and landscape scales.
Habitat (120 m to e Identifies wholly-unburnt 500 m by 500 m plots. e Cannot identify wholly-burnt 500 m by 500 m
500 m plots) plots.
e (Cannot estimate burn percentage in 500 m by
500 m plots.

e Cannot identify wholly-unburnt plots nor esti-
mate burn percentage in 120 m by 120 m plots.

Landsat (30 m Sub-regional e Identifies general trends in burn areas.
ground resolution) Landscape Provides cost-effective fire scar data at
sub-regional and landscape scales.
Generates reliable years since last burn estimates.
Habitat

Reliably estimates burn percentage and identifies e Cannot estimate burn percentage in 120 m by
fully burnt or fully unburnt 500 m by 500 m plots.

120 m plots.

e Identifies fully burnt or fully unburnt 120 m by

120 m plots.
e Provides cost-effective fire scar data at the habitat
scale.
Sentinel-2 (10m Sub-regional e Less cost-effective fire scar data than MODIS or
ground resolution) Landscape Landsat.
Habitat e Estimates burn percentage and identifies fully

burnt or fully unburnt 500 m by 500 m and 120 m

by 120 m plots.

as reliable as possible while balancing user-time and costs
associated with image interpretation. Our work serves as pri-
mary data for a broader assessment of the recent fire history and
associated vegetation fire parameters of the wider landscape
across the Great Victoria Desert, and for delivering ecologically
sustainable fire management in this bioregion.
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