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ABSTRACT

Background. The Lupande Game Management Area (GMA) and the adjacent South Luangwa
National Park (NP) in Zambia allow comparison of fire regimes in African savannas with different
human densities. Aims. To investigate humans’ effects on fire regimes within a sub-Saharan
savanna ecosystem. Methods. We delineated burned areas for the Lupande GMA and South
Luangwa NP using 156 Landsat images from 1989 to 2017. We performed comparisons of fire
regimes between the Lupande GMA and South Luangwa NP using various burned area variables
and assessed their association with precipitation. Key results. Overall, and compared with the
South Luangwa NP, the Lupande GMA had a greater extent of burned area and a higher
frequency of repeat burns. The Lupande GMA experienced fires earlier in the fire season,
which are typically less damaging to woody vegetation. We observed a significant positive
relationship between precipitation and burned area trends in South Luangwa NP but not in
the Lupande GMA, suggesting that precipitation increases burned area in South Luangwa NP.
Conclusions. Results support the theory that human fire management mitigates climate’s effect,
particularly rainfall, on interannual burned area variation. Implications. This study shows that
human-dominated fire regimes in savannas can alter the influence of precipitation.

Keywords:
rainfall, South Luangwa, Zambia.

burnt area, fire management, Game Management Area, human land use, Lupande,

Introduction

Fires play an integral role in determining the composition and structure of African
savannas (Govender et al. 2006; Lehmann et al. 2009). Without disturbances such as
fire, many savannas experiencing annual rainfall amounts over 650-700 mm are likely to
develop into closed woodlands (Andersen et al. 2003; Bond et al. 2005; Sankaran et al.
2005; Govender et al. 2006; Staver et al. 2011). How fires affect the woody vegetation of
savannas is contingent on many variables such as fire frequency, fire severity, fuel loads,
seasonality and climate (Bond et al. 2005; Werf et al. 2008; Grégoire et al. 2013; Andela
and van der Werf 2014). With the human population increasing in many African savan-
nas, it is also important to note that humans are a critical component of fire regimes, with
human activities producing most ignitions in African savanna fires (Archibald et al. 2009;
Bowman et al. 2011). Little research has focused on teasing apart the human from natural
effects on fire regimes in Africa in response to human population growth. Research that
has been performed uses low-resolution (500 m) satellite data (Archibald et al. 2009).
Understanding the relationship between fire regimes and human habitation in African
savannas would benefit from more spatially focused, higher-resolution studies.

The two main factors impacting how fires in savanna ecosystems affect woody plants
are frequency and fire severity, and these two factors are negatively correlated with each
other (Higgins et al. 2000; Midgley et al. 2010; Smit et al. 2010; Giddey et al. 2022).
Frequent fires typically reduce tree cover, whereas infrequent fires promote tree cover
(Trollope and Tainton 1986; Bond et al. 2003; Hoffmann and Solbrig 2003; van
Langevelde et al. 2003; Bond et al. 2005; Archibald et al. 2010; Staver et al. 2011;
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Daskin et al. 2016). Concerning fire severity, more severe
fires can force resprouting at the base of small trees, reduc-
ing overall aboveground woody biomass compared with fire
exclusion sites (Trapnell 1959; Hodgkinson 1998; Higgins
et al. 2000; Govender et al. 2006). The present study uses
the term fire severity following the definition proposed by
Keeley (2009), which states that fire severity refers to the
loss of or change in organic matter above ground and below
ground as a result of a fire, although the precise metric
varies with management needs. When tree canopy cover
exceeds 40%, a feedback effect occurs, signalling a tipping
point between two stable states of forest and fire-maintained
grasslands (Bond et al. 2005; Archibald et al. 2009). To
comprehensively understand the trajectory of a savanna’s
vegetative composition necessitates an understanding of
various factors, including but not limited to current fire
severity and frequency.

The timing of fires in savanna ecosystems is a multifa-
ceted process influenced by a range of interconnected
factors, including climatic conditions, seasonal changes,
winds, leaf drop and other variables that can vary both
gradually and suddenly depending on the specific character-
istics of the savanna in question. Traditionally, it has been
suggested that late dry season fires tend to be more intense
owing to drier conditions and larger grass fuel loads, whereas
early dry season fires are considered less intense (Brockett
et al. 2001; Bond et al. 2005; Govender et al. 2006; Smit et al.
2016). However, recent research, such as the work by Laris
et al. (2017) has challenged the binary classification of fire
seasons, demonstrating that fire temperature and burn com-
pleteness can be highest during the middle of the season,
blurring the distinction between early and late fire periods.
Furthermore, the factors contributing to tree die-back in rela-
tion to fire, whether fire severity, the vulnerability of trees at
the time of later fires (e.g. low moisture content or releafing)
or other variables, remain areas of ongoing investigation. This
highlights the complexity and variability of fire season
dynamics in savannas, and the need for a more nuanced
and region-specific understanding of these processes.

Previous research found that the relationship between
available moisture and fire activity is highly variable and
ecosystem-dependent (Abatzoglou et al 2018), with
continent-scale fire-climate models showing rainfall varia-
bility explaining interannual variability in fire activity north
of the equator but failing to explain any variability of
burned areas in Africa’s southern hemisphere (Andela and
van der Werf 2014; Zubkova et al. 2019). It is important to
mention that on smaller scales, rainfall variability has less
effect on fire activity in mesic savannas than on xeric savan-
nas (Karp et al. 2023). However, moisture conditions before
a fire season in the drier savannas of southern Africa can
promote biomass productivity and increase flammable fuel
loads in the following year (Archibald et al. 2009). To
determine the degree to which climate influences fire
regimes can be difficult as humans are also a significant

influence on fire activity in Africa. As a result, it can be
challenging to decouple the effects of these two drivers from
each other (Bowman et al. 2011; Zubkova et al. 2019).

Certain human activities such as land-use modification,
fire ignitions and fire suppression can dampen or magnify
the effects of climate on fire (Archibald et al. 2009; Grégoire
et al. 2013; Andela and van der Werf 2014; Laris et al. 2015;
Abatzoglou et al. 2018). As human density increases in the
savanna regions of Africa, fires are expected to decrease in
burnt area and fire activity owing to fuel load becoming
more fragmented (Archibald et al. 2009). The most impor-
tant human factors influencing burnt area size are road
density, grazing, the fraction of transformed land (rural/
urban) and population density (Archibald et al. 2009).
Previous research using the Moderate Resolution Imaging
Spectroradiometer (MODIS) burned area data has shown a
decline in fire activity in southern Africa’s savannas with
increased human density or savanna-to-cropland conversion
(Archibald et al. 2009; Grégoire et al. 2013). However, using
the low-resolution MODIS burned area product (MCD64A1)
to measure trends in burned area has limitations. The
MODIS product fails to capture most burn scars less than
100 ha, resulting in underestimates in regions with small
fires dominating the total burned area, such as in areas of
human habitation (Liu et al. 2018; Boschetti et al. 2019;
Roteta et al. 2019).

This study examines the fire regimes of two protected
areas in Zambia: the uninhabited South Luangwa National
Park (South Luangwa NP) and the Lupande Game
Management Area (Lupande GMA). Additionally, it models
how climatic variables may be influencing trends in burned
areas within these regions. These sites present an ideal study
location to investigate how different human densities and
fire management strategies impact fire regimes in African
savannas. South Luangwa NP, being uninhabited with no
established fire management program, offers a contrasting
scenario, while the Lupande GMA has a growing human
population that follows local fire practices. Specifically, we
anticipate that in the Lupande GMA, individual burned
areas will decrease in size, and fires will occur earlier in
the fire season (Laris et al. 2018). Despite these differences,
these protected areas are adjacent, located in the Luangwa
Valley, and contain similar ecological and climatic condi-
tions as indicated by the General Management Plans for
both study sites created by the Department of National
Parks and Wildlife of Zambia (DNPW 2011a, 2011b).
To ensure a valid comparison, the present study compares
locations with similar characteristics between the two sites,
including elevation, slope and distance from roads, to
minimise confounding variables. The annual rainfall in the
Luangwa Valley ranges from 700mm in the south to
900 mm in the north (Astle 1999; Shrader et al. 2010).
This transitional precipitation zone represents a shift from
grass-dominated (<700 mm) savannas to tree-dominated
(>900 mm) savannas, as determined by previous research
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in the region. Within this transitional zone, the influence of
fire, soil moisture, precipitation and other environmental
variables begins to shift towards disturbance-dependent
tree-dominated savannas (Campo-Bescds et al. 2013). By
utilising 29 years (1989-2018) of 30-m resolution Landsat
satellite imagery and climate data, the present study aims to
achieve two main objectives:

(1) To investigate and decouple the impacts of climate
variability and human population growth on historical
changes in fire regimes within South Luangwa NP and
Lupande GMA; and

(2) To examine how the unique rainfall zone, around the
cusp of 750-900 mm, impacts the relationship between
fire regimes and different levels of human densities.

Data and methods

Study area

As stated, this study focuses on South Luangwa NP and
the Lupande GMA, which are situated in the Luangwa Valley
of Zambia (see Fig. 1). South Luangwa NP (9050 km?) does
not allow permanent human settlement within its borders
and is a protected area where biodiversity and ecosystem
processes flourish. South Luangwa NP is renowned for its

abundance and variety of wildlife and attracts approxi-
mately 10000 tourists annually (Mvula 2001). The
Lupande GMA (4725 km?) flanks the eastern edge of South
Luangwa NP, functions as a buffer zone and encourages the
sustainable use of wildlife through trophy hunting and
photo tourism to generate money for local communities
(Astle 1999; Watson et al. 2015). As of the 2010 Zambian
census, the Lupande GMA has a total population of 45 000
(Nyirenda et al. 2010). Within the Lupande GMA, human
settlement is concentrated mainly along major tributaries
and roads (Watson et al. 2015). Previous research has dem-
onstrated that the rural farmers in Lupande GMA use fires in
the early dry season to encourage vegetation regeneration
for pasture, create firebreaks, prevent destructive late dry
season fires, and kill pests and weeds (Eriksen 2007;
Hollingsworth et al. 2015). In the late dry season, people
use fires to clear the bush, clear and fertilise arable fields,
collect honey, facilitate hunting and produce new animal
pastures (Friksen 2007; Hollingsworth et al. 2015).
However, the Lupande GMA experienced rapid growth in
the human population within recent decades (69% between
2000 and 2010) (Kakumbi 2011). The effect this growth
may have on the fire regimes of the Lupande GMA and the
adjacent South Luangwa NP is unclear. However, previous
studies in other regions would lead us to expect a decline in
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roads, major rivers and tributaries.

Study site location showing South Luangwa National Park (green) and Lupande GMA (yellow), as well as
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Table 1. Satellite imagery used in the fire analysis of South
Luangwa NP and the Lupande GMA.
Satellite Sensor/ Path/ No. of Spatial
product row bands resolution (m)
Landsat 5 ™ 170/69 7 30
Landsat 8 OLI/TIRS 170/69 I 30
SPOT5 - - 4 2.5%
SPOT 6 - - 4 1.5%
SPOT7 - - 4 .54
MODIS MCDé4A1 - | 500

burned area

APan-sharpened resolution.

area burned with increasing agriculture from population
growth (Archibald et al. 2010; Laris et al. 2018).

Image data and pre-processing

Landsat surface reflectance data with Worldwide Reference
System (WRS)-2 coordinates (Path 170, Row 69) obtained
between 1989 and 2017 were utilised in this research. In
addition, selected images with less than 30% cloud cover
were used, along with other satellite imagery sources (see
Table 1). Landsat 7 was excluded from the analysis owing
to scan line error. The sparsity of imagery between 2002 and
2013 due to this exclusion of any Landsat 7 data makes it
challenging to compile complete fire season burned areas for
these years. A total of 156 images were used, including 100
Landsat 5 Thematic Mapper (TM) images and 56 Landsat 8
Operational Land Imager (OLI) images. The quality assess-
ment band (QA-band) provided with each Landsat image
was used to delete pixels containing clouds and shadows
from the data. Each pixel in the QA-band contains a decimal
value representing surface, atmosphere and sensor conditions
that can affect the overall usefulness of a given pixel. Pixels
shown to contain cloud and cloud shadows were used to
identify and remove these sources of error from the analysis.
Additionally, areas of permanent water were removed using
the Global Surface Water dataset from the European
Commission and manual delineation (Pekel et al. 2016).
Lastly, all possible hill-shaded areas falsely detected as burned
areas were omitted from further analysis through the use of
the hill-shade tool in ArcMap and elevation data from a 30-m
digital elevation model (DEM) compiled from the Shuttle
Radar Topographic Mission (SRTM) obtained from US
Geological Survey (GS) Earth Explorer website in February
2019. To determine the maximum possible area affected by
shade, the sun angle and azimuth used in calculating possible
hill shade used the conditions found during the winter solstice
of Zambia, which was 20 June at 10 a.m.

Four SPOT (Satellite Pour I’Observation de la Terre)
satellite images (SPOT 5: 2.5m pan-sharpened, SPOT 6
and 7: 1.5m) that coincided with available Landsat images
were acquired for determining the appropriate burned area

index and optimal threshold. SPOT images were used as
they were the highest-resolution imagery available for the
area across this time period and had the greatest temporal
resolution. The locations and dates of these SPOT images
were stratified to see how year and location affect burned
area delineation accuracy. The time of capture for the SPOT
images was stratified across the fire season to ascertain how
the time of year affects fire delineation (Fig. 2). The image
taken in 2014 was taken during the end of the dry season in
South Luangwa NP. The image of 2016 was located at the
intersection of South Luangwa NP and the Lupande GMA
taken during the beginning of the dry season. The image of
2018 was taken during the middle of the dry season and
located in the Lupande GMA. The last SPOT image was
taken on 12 July 2006, for determining a new threshold
for Landsat 5 imagery owing to the differences in wave-
length designations between Landsat 5 and 8.

Burned area delineation

Burned area delineation using observed burned areas
relied on the visual interpretation of the SPOT imagery, as
there are no reference data for burned areas in the Luangwa
valley. Despite the potential to introduce errors of commis-
sion or omission, visual interpretation is commonly used in
remote sensing studies to identify burn scars (Bastarrika
et al. 2011; Liu et al. 2018). The Landsat images that tem-
porally corresponded with the SPOT images were converted
into three indices: the Burned Area Index (BAI) (Chuvieco
and Martin 1998), the Normalized Burned Ratio 2 (NBR)
(Garcia and Caselles 1991), and the Mid-Infrared Burned
Index (MIRBI) (Trigg and Flasse 2001) (Table 2). Each of
these indices has been used in remote sensing studies of
burned area, providing accurate results (Chuvieco et al
2002; Veraverbeke et al. 2010; Yang et al. 2013; Vargas-
Sanabria and Campos-Vargas 2020; van Gerrevink and
Veraverbeke 2021; Wall et al. 2021; Alcaras et al. 2022;
Wu et al. 2022).

Approximately one point per 2 km? was randomly gener-
ated within each SPOT image. These points were used as
accuracy assessment locations (whether the ground at a
point appears burnt within the SPOT image). The threshold
value of a tested index was then compared with these points,
with the overall accuracy recorded using an error matrix.
This accuracy assessment process was iteratively repeated
across the three different burned area indices, varying the
threshold with each iteration. BAI started at a threshold
value of 10 and increased by a factor of 10 until the thresh-
old value of 100. MIRBI started at the value of 1 and
increased by a factor of 0.1 for 10 intervals. NBR started
at 0.1 and increased by a factor of 0.03 for 10 intervals. The
maximum value used for each index represents an approxi-
mate 95% quantile value for the 2016 image. Owing to the
differences in burned areas between the 2006 SPOT image
and the corresponding Landsat image, a manual delineation
of sections with limited burned area disparities was used for

4



www.publish.csiro.au/wf

International Journal of Wildland Fire 33 (2024) WF23020

Legend
[ sPOT7 15/09/2104
[1 sPOT6 30/05/2016
[ sPoT6 26/07/2018

Legend

[ sPOT 5 12/07/2006
[ Delinated areas

N N aa—_— km
0 125 25 50 75 100

Fig. 2.

(a) SPOT imagery extents for the years of 2018, 2016, 2014 and 2006 used for accuracy assessment with the Landsat

imagery. The position and placement of the SPOT imagery extents are a result of combination of imagery availability and the aim
to encompass representative areas within protected regions. The different years for each SPOT image were used to test
threshold values for different points in the dry season and for the burn indices derived from the different Landsat satellites.
(b) Display of the manually delineated areas within the 2006 SPOT image that were used for accuracy assessment analysis.

Table 2. Spectral indices and their equations.

Spectral index Equation

Burned Area Index BAIl = !
(0.2 — Red)? + (0.06 + NIR)2

Mid-Infrared MIRBI = 10 x LSWIR — 9.8 x SSWIR + 2
Burned Index
Normalised Burned — NIR—LSWIR

NBR = SR+ Lswir

Ratio 2

NIR, near-infrared band of the Landsat imagery (0.77-0.90 ym Landsat 5)
(0.845—-0.885 uym Landsat 8);

Red, red band of the Landsat imagery (0.63-0.69 ym Landsat 5)
(0.630-0.680 um Landsat 8);

SSWIR, shorter short-wave infrared (1.55-1.75 ym Landsat 5) (1.56—1.66 um
Landsat 8);

LSWIR, longer short-wave infrared (2.09-2.35 ym Landsat 5) (2.10-2.30 ym
Landsat 8).

threshold assessment (Fig. 2). A flow chart of the burned
area delineation methods can be seen in Fig. 3. Briefly,
Landsat images were converted to various indices to be
compared with SPOT imagery to determine the optimal
index and threshold. The final index and threshold were
applied to the rest of the Landsat imagery to create a
Landsat burned area product.

According to the error matrix (Supplementary Table S1),
BAI had the highest overall accuracy (percentage correctly
classified value) for the study area. Each year, BAI had the
highest overall accuracy value of the three indices and

across each image. The final threshold used for Landsat 8
imagery was 50, the average of the three thresholds of 2018,
2016 and 2014. Meanwhile, the threshold used for Landsat
5 imagery was 90.

To analyse changes in burn seasonality, the Landsat
images were binned into early burn season (May-June),
middle burn season (July-August) and late burn season
(August-September) for each year within the study consist-
ent with previous studies that stratify the burning season in
this manner (Chidumayo 1995; Hollingsworth et al. 2015).
Landsat burned area products that fell into one of these bins
were consolidated into a single burned area image for that
period. Burned areas in previous periods were removed from
subsequent burn periods. For instance, an area burned in the
early season would not qualify as being burned in the mid-
dle or late season.

Study area comparison of South Luangwa NP
and the Lupande GMA

Propensity score matching (PSM) was used to directly
compare the Lupande GMA and South Luangwa NP, which
allows the creation of a control group (South Luangwa NP)
with similar location characteristics when compared with
units from the treated group (Lupande GMA) based on their
propensity score. By doing this, PSM attempts to reduce bias
from confounding variables that could be affecting the out-
comes among treatment and control units (Rosenbaum and
Rubin 1983). The propensity score can be interpreted as an

5


https://www.publish.csiro.au/wf

J. R. Dewald et al.

International Journal of Wildland Fire 33 (2024) WF23020

Threshold determination

Creation of burned area product

Initial Landsat ~ Convert to Compare thresholds
images various indices for each index with the
SPOT training dataset

2018 BAI,
Landsat MIRBI
image and NBR

2018 SPOT
training dataset

2016 BAI, 2016
Landsat MIRBI SPOT training
image and NBR dataset

2014 SPOT
training dataset

2008 BAI,
Landsat MIRBI 2008 SPOT
image and NBR training dataset

Best index and All
threshold for Landsat 5
Landsat 5

Apply optimal Compile yearly
index and threshold total burned area
across all available  maps for the study

imagery area (2018—-1989)

Best index and All
threshold for Landsat 8 2017

images

Analyse
results

Fig. 3. A flow chart detailing the
1990 methods used to delineate burned
areas across the compiled Landsat 5
and Landsat 8 images.

images

40 60 80

Study area

[ Lupande GMA
[ south Luangwa NP

[ selected

index of the characteristics of the unit of analysis weighted
by their importance in predicting exposure to confounding
variables (Rosenbaum and Rubin 1983; Blackman 2013).
Using propensity score matching, selected areas of the
Lupande GMA and South Luangwa NP that have similar
conditions relating to elevation, slope and distance from
roads were averaged on a 3km grid matrix (Archibald
et al. 2009; Estes et al. 2017). The propensity score for
each grid cell was calculated and treated units (the
Lupande GMA grid cells) were matched to the control units
(South Luangwa NP grid cells) using a 1-to-1 nearest neigh-
bour method (see Fig. 4). The matched areas were used to
compare the fire regimes within the Lupande GMA and
South Luangwa NP, while the unmatched areas were

Fig. 4. Results of propensity score matching
between South Luangwa NP and the Lupande GMA
selecting the areas determined to have similar condi-
tions relating to elevation, slope and distance from
roads.

discarded from further analysis. Through the use of the
landscape metric measurement software Fragstats, four vari-
ables were extracted from the delineated burned areas: (1)
percentage of area burned, (2) burn seasonality, (3) burn
frequency, and (4) the number of individual fires (McGarigal
et al. 2012). Overall fire frequency can be quantified by the
fire rotation period (FRP), which is the time needed to burn
an area of the same extent (Pereira Junior et al. 2014).

FRP = NS
zA

where N is the number of years in the study period, S is the
area susceptible to burn in the study area, A is the annual
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area burned, and ¥ A is the sum of A within the period N.
The burned areas from each Landsat image were compiled
into yearly comprehensive maps to analyse the heterogeneity
of fires within both the Lupande GMA and South Luangwa
NP. Burned areas that were detected in multiple images
within a year were attributed to the earliest image. The
number of individual burned areas for each year was
counted using the Fragstats software. The propensity score-
matched areas were used to compare burn scar heterogeneity
between the two study locations (Fig. 4). As the propensity
score-matched areas are equal in size, the number of burned
areas would also indicate the density of burned areas for
each study location. The number of Landsat images used to
determine the total burned area for each year varies within
the data set. These variations would likely influence a direct
comparison of the number of burned areas across time.
Therefore, a ratio was created of the number of burned
areas in the Lupande GMA versus the number of burned
areas of South Luangwa NP for each year and these values
were compared across time. This ratio indicates the relation-
ship and differences between the individual burned areas
within the Lupande GMA when compared with South
Luangwa NP. Lastly, the mean and standard deviation of
individual burned area sizes (km?) were also calculated for
the Lupande GMA and South Luangwa NP per year.

Environmental drivers of fire: climate

Following the methodology of Zubkova et al. (2019), the
effect climate might have on burned area was calculated by
using the Famine Early Warning Systems Network Land
Data Assimilation System (FLDAS) data (Zubkova et al
2019). This dataset contains a monthly series of land surface
parameters relating to climate at a resolution of 0.1 x 0.1
degrees, simulated from the Noah 3.6.1 model in the Famine
Early Warning Systems (FEWS) network. The FEWS network
and FLDAS dataset use rainfall and other meteorological
inputs (temperature, humidity, radiation and wind) to pro-
duce multi-model and multi-forcing estimates of hydro-
climate conditions such as soil moisture, evapotranspiration
and runoff (McNally et al. 2017). For the purposes of the
present study, the variables used were precipitation rate
(kg/mz-s), evapotranspiration (kg/mz-s) and soil moisture
(0-10 cm underground) (m3/m>). Precipitation and evapo-
transpiration values were converted to millimetres per
month. A fourth variable, effective rainfall, was calculated
by taking the difference between precipitation and evapo-
transpiration. Only precipitation, effective rainfall and soil
moisture were considered for analysis as previous African
fire studies found them to be strong drivers of determining
burned area (Daniau et al. 2013; Lehmann et al. 2014;
McNally et al. 2017; Zubkova et al. 2019). Yearly values
for each variable across the two study locations (South
Luangwa NP and the Lupande GMA) were calculated by
accumulating the monthly averages for each rainy season
preceding each fire season. The variability of each variable

for each study location can be seen in Fig. 5. For example,
the climate variable values for the 2016 burn season used
data from July 2015 through June 2016. Preparation of the
multilinear models was conducted using R software and
ArcGIS v. 10.8 (R CoreTeam 2020).

Concurrent and antecedent climate conditions were used
within a multilinear model to estimate each variable’s rela-
tionship to burned area. This model also log-transformed
burned areas, as previous studies have demonstrated that
burned areas tend to be right-skewed.

log;,(burned area) = BC + B,G + ¢

This model was built for each variable in each land system
(South Luangwa NP and Lupande GMA). § and f3; are the
slopes of the concurrent (C) and antecedent (C;) climate
conditions, respectively, and & represents the error term of
the equation. The ratio of the slopes from the predicted and
observed burned areas’ linear interpolations were calculated
to determine what climate variables can drive the degree of
burned area in the two systems. To test for multicollinearity,
the Variance Inflation Factor (VIF) for each predictor varia-
ble (C and C;) was calculated. This test concluded that all
South Luangwa NP and Lupande GMA predictor variables
demonstrated no multicollinearity across the various mod-
els. Finally, to test for temporal autocorrelation, the
Durbin-Watson test was used, which provided no evidence
of temporal autocorrelation across the predictor variables in
the models (D-W statistic 2.03, P-value 0.986).

To further investigate the relationship of fire and precip-
itation within the study area, Collection 6 MODIS Global
Burned Area Product (MCD64A1) data were obtained to
construct a burned area time series for both the Lupande
GMA and South Luangwa NP for each month between 2002
and 2018. Monthly average precipitation in millimetres was
extracted for both systems across the same time scale using
the Climate Hazards Center InfraRed Precipitation with
Station (CHIRPS) dataset. The burned area and precipitation
variables were de-seasonalised by subtracting the seasonal
component from the time series for each system to ensure
stationarity and that the less apparent trends were retained
rather than the dominant trends associated with seasonal
cycles. From there, cross-correlation analysis was conducted
to test if the variability in precipitation could affect the
burned area in the subsequent fire season.

Results

Burned area trends

Throughout the study’s time span, the analysis using the
propensity score-matched areas revealed that 66.15% of
the total area of the Lupande GMA burns every year,
whereas 31.89% of the area within South Luangwa NP
burns. Across the time span of the study, there was no
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statistically significant change in the total burned area for
the Lupande GMA (P = 0.95), whereas South Luangwa NP
had a slightly positive trend, although it was not statistically
significant (P = 0.21) (Fig. 6). When observing the seasonal
differences between the two systems, it is apparent that
the Lupande GMA experiences a higher proportion of burn-
ing during the early (May-June) and middle dry season
(July-August) (Supplementary Fig. S1). On average, 25%
of the total burned area occurs during the early dry season,
and 51% occurs during the middle dry season. Meanwhile,
South Luangwa NP experienced burns later in the dry
season, with 49% of the total burned area occurring during
the late dry season (September—October) (Table 3).
Additionally, Supplementary Fig. S1 visually highlights
that fires in South Luangwa NP tend to be larger and less
fragmented compared with those in the Lupande GMA.
Regarding the fire rotation period, the Lupande GMA
experienced a consistent fire rotation interval of 1-2 years
throughout the study’s time span. However, the fires in
South Luangwa NP were less frequent, with a rotation inter-
val of 3-4years during the 1990s, then 2-3years in the
2010s (Table 4). In reference to fire heterogeneity, the
number of individual burns in the Lupande GMA always
were greater than those found in South Luangwa NP. On
average, the Lupande GMA had a 4.07 times more patches

than South Luangwa NP (Supplementary Table S2). The
linear model indicated no significant trend (R? = 0.01,
P value 0.27) in the ratio values over time (Fig. 7,
Supplementary Table S3). Concerning the difference in the
average patch size of individual burned areas (Supplementary
Table S2) between Lupande GMA and South Luangwa NP, the
individual Mann-Whitney U test found that they were statis-
tically different for 20 out of the 23 years analysed for this
study. Further, the overall average individual burned area
across all the years was statistically significantly smaller
(P < 0.05) in the Lupande GMA (0.02km?) than in South
Luangwa NP (0.03 km?).

Climate and burned area

The results of the multilinear models revealed significant
positive correlations (P < 0.05) between yearly burned area
(km?) in South Luangwa NP and antecedent soil moisture
and antecedent effective rainfall (Supplementary Table S4
and Fig. 8). No significant correlations were found between
burned area in the Lupande GMA and any of the concurrent
or antecedent climate variables (Supplementary Table S5).
The models that performed best in both systems relied on
soil moisture, explaining 14.01% of the observed burned
area trend in South Luangwa NP and 13.53% in the
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Table 3. Percentage of total area burned for each system and in each dry season category within the propensity score matched areas.
System Average burned s.d.
area (%)
Total burned area Lupande GMA 65.16 12.89
South Luangwa NP 31.89 9.67
Early dry season (May—June)” Lupande GMA 25.23 20.39
South Luangwa NP 11.98 8.57
Middle dry season (‘luIy—August)A Lupande GMA 51.13 17.60
South Luangwa NP 38.95 21.04
Late dry season (September—October)” Lupande GMA 23.64 16.13
South Luangwa NP 49.08 21.36

AValues are associated with the respective total burned area.

Table 4. Fire rotation periods for two decades in the study
timeframe using results from the 3 x3km propensity score
matched areas.

Site and time period Fire rotation period (years)

South Luangwa NP 1990s 3.51
South Luangwa NP 2010s 2.75
Lupande GMA 1990s 1.55
Lupande GMA 2010s 1.56

These values are based on the burned area data and FRP equation.

Lupande GMA (Tables 5 and 6). Effective rainfall accounted
for only 1.17% of the observed trend in burned area for
South Luangwa NP and 4.64% for the Lupande GMA, whereas
precipitation explained —7.59% for South Luangwa NP and
—5.52% for the Lupande GMA. Furthermore, despite the lack
of statistically significant correlations for the Lupande GMA
and the other climate variables in South Luangwa NP, the
models for both study areas reasonably reproduced the gen-
eral shapes of the observed burned area trends (Fig. 8). This
suggests that although climatic conditions may not mediate
the trends in burned area, they still hold importance
(Tables 5 and 6).


https://www.publish.csiro.au/wf

J. R. Dewald et al. International Journal of Wildland Fire 33 (2024) WF23020

10.0 -

75 - D -
o
P4 .
§ 5.0 - A - .
15 < = . - — L]

25 e ® e . * e L) °

L]
0.0 -
| 1 1
1990 2000 2010

Fig. 7. Linear regression of the Lupande GMA/

Years South Luangwa NP ratio values from 1989 to 2018.

South Luangwa NP

5000 -
CE 4000 -
=3 —— BA obs
« 3000 -
o —— BA pred ER
©
8 2000 - —— BA pred P
§ —— BA pred SM
@ 1000 A
0 -
1990 2000 2010
Year
Lupande GMA
5000 -
4000 -
T
=< 3000 - — BA obs
8 — BApred ER
©
8 —— BA pred P
£ 2000 1 — BA pred SM
@
1000 -
0 .
1990 2000 2010
Year

Fig. 8. Observed versus predicted burned area in South Luangwa NP and the Lupande GMA.
(BA obs, burned area estimated from the Landsat imagery; BA pred, burned area predicted by linear

models; ER, effective rainfall; P, precipitation; SM, soil moisture). Dashed lines represent lines of
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MODIS de-seasoned climate analysis and 19-month temporal lags reveals that South Luangwa NP,

Within South Luangwa NP, the 9- and 19-month lags showed  a largely unmanaged savanna ecosystem, showed a positive
a significant positive correlation between precipitation and  relationship of precipitation with burned area, meaning that
burned area (see Fig. 9). The strong positive correlation at 9- increases in precipitation during the wet season led to
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increases in burned area during the dry season. It is worth
mentioning that there is an unexplained strong negative
correlation at a 19-month lag. In the Lupande GMA, the
relationship of burned area with precipitation is reversed.
Increased wet season rainfall in the Lupande GMA leads to a
reduction in burned area during the dry season. Significant
negative correlations between precipitation and burned area
were found at 3- and 18-month lags (Fig. 9). The 18-month

Table 5. Fraction of burned area trend explained by the climate
variables.
Climatic variable South Luangwa Lupande
NP (%) GMA (%)
Soil moisture (SM) 14.01 13.53
Effective rainfall (ER) 1.17 4.64
Precipitation (P) -7.59 -5.52

Table 6. Trend details for the predictive linear models.

GMA Trends South Luangwa NP Trends

Model Trend MAE Model Trend MAE
(% year™") (% year™")

BA obs 0.35 = BA obs 1.96 =

BA pred P -0.03 10.73 BA pred P -0.11 20.40

BA pred ER 0.00 16.62 BA pred ER 0.09 31.03

BA pred SM 0.05 10.06 BA pred SM 0.27 25.29

MAE is the mean absolute error as a percentage of the average observed
burned area.
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Fig. 9. Cross-correlation function (CCF) graphs
de-seasoned data of burned area and precipitation.
correlation is a measure of similarity of the two time series as a
function of the displacement of one relative to the other, with —| and
| indicating maximum correlation and 0 indicating no correlation. The
blue lines denote the values beyond which the correlations are
(statistically) significantly different from zero. Strong positive corre-
lations at 8- and 18-month delays can be seen in South Luangwa NP.

comparing
Cross-

lag was more substantial than the 3-month lag, indicating
that the antecedent precipitation conditions were more influ-
ential than concurrent conditions.

MODIS trend analysis

The cross-correlation analysis was repeated with the trends
extracted from the raw time series data to investigate if the
general trends in burned area and precipitation were corre-
lated. There were significant positive correlations between
precipitation levels within South Luangwa NP and trends of
burned area when a 1-year lag was present (see Fig. 10),
indicating that increases in rainfall during the wet season
relate to increases in burned area in the subsequent year.
However, no significant correlations were detected between
the precipitation and burned area within the Lupande GMA,
and any correlations that were measured were negative
(Fig. 10). Thus, varying levels of rainfall within the
Lupande GMA did not result in any changes in burned area.

Discussion

The populated Lupande GMA and the adjacent unpopulated
South Luangwa NP provide an opportunity to investigate the
effects humans have on fire regimes within a sub-Saharan
savanna ecosystem over various time and space scales.
Overall, the Lupande GMA had a greater burned area per
year, a higher frequency of fires and earlier fires when
compared with South Luangwa NP. It is worth noting that

NP precipitation and burned area trend comparison
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Fig. 10. Cross-correlation graphs comparing trends of burned area
and precipitation. Cross-correlation is a measure of similarity of the
two time series as a function of the displacement of one relative to
the other, with —| and | indicating maximum correlation and 0
indicating no correlation. The blue lines denote the values beyond
which the correlations are (statistically) significantly different from
zero. South Luangwa NP demonstrated a correlation between pre-
cipitation and burned area at multiple lags, unlike the Lupande GMA.
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although less intense fires in the Lupande GMA may indeed
limit the immediate impact of fire on mature woody vegeta-
tion, the ecological implications extend beyond recruitment
alone. Although many tree species in these fire-prone eco-
systems have evolved adaptations to withstand frequent
fires, such as vigorous resprouting and seedling production,
concern arises from the potential for recurrent fires to ‘trap’
trees in the juvenile phase and contribute to dieback of
mature trees over time (Higgins et al. 2000; Higgins et al.
2007; Bond 2008; Case and Staver 2017). So, although the
current fire regime may not be reducing woody vegetation
in the Lupande GMA, it can potentially limit the ability for
new trees to become established and maintain current tree
cover.

Climate variability, particularly changes in precipitation
patterns, played a significant role in shaping the fire regimes
of the two areas. According to our study using Landsat-
derived burned area data, antecedent soil moisture in
South Luangwa NP is a predictor of burned area (Zubkova
et al. 2019). This result is likely due to soil moisture in
previous wet seasons promoting herbaceous biomass pro-
ductivity and hence more flammable fuels for subsequent
years (Lehmann et al. 2008; Archibald et al. 2010). The
influence of soil moisture over burned area would suggest
that the fire regime of South Luangwa NP is, at least in part,
dictated by fluctuations in the climatic conditions. This
result is important when compared with previous research
that investigated the drivers of large-scale vegetation
change in southern African savannas. That research found
that soil moisture in areas with similar amounts of annual
rainfall to the Luangwa valley is less influential on changes
in vegetation patterns than variables such as fire (Campo-
Bescos et al. 2013). Our results provide more specific infor-
mation on the relationship between fire regimes and soil
moisture and demonstrate that soil moisture itself may be
driving the increased influence of fire in these savannas.
However, it is still important to consider, especially at
finer scales, that this relationship between fire and soil
moisture is potentially contingent on the degree of human
influence on the fire regimes, as there was no significant
relationship between soil moisture and burned area in the
Lupande GMA. The results of the time series models using
the MODIS burned area data further support the finding that
the influence of climate on burned area differs between the
two areas. The relationship between precipitation and
burned area trends is positive and significant in South
Luangwa NP. In contrast, the negative correlation between
precipitation and burned area in the Lupande GMA suggests
that a lack of precipitation increased burned area. Overall,
these results support the theory that human fire manage-
ment in African savannas mediates the effect of climate on
interannual burned area variation (Archibald et al. 2010;
Laris 2011).

The growth of the human population in the Lupande
GMA did not result in any positive or negative trend in

burned areas over time. However, the human-dominated
landscape of the Lupande GMA demonstrated a higher fire
frequency and larger burned area than the non-human-
dominated South Luangwa NP. In contrast to Lupande
GMA, there was a slight increase in burned area over time
for South Luangwa NP. The lack of any observable trend in
burned areas indicates that an increase in the number of
people per square kilometre alone does not determine the
threshold (Archibald et al. 2009; Archibald et al. 2010).
Furthermore, burned area trends did not emerge despite
extensive land cover conversions to agriculture in the past
30 years (Grégoire et al. 2013). This can likely be explained
by the chitimene burned regimes that are used by communi-
ties in Miombo woodlands. Despite clearing land for agricul-
ture, within chitimene practices, fires are still used as a
fertilisation method in cleared plots (Fritz 2013). This prac-
tice explains the continued detection of burned areas in
places that have undergone land cover change (Chidumayo
1987). The consistently large burned area in the Lupande
GMA contradicts previous studies’ findings suggesting that
burning was more extensive inside national parks of south-
ern Africa than outside (Grégoire et al. 2013). This may be
the result of the present study’s use of higher-resolution
Landsat imagery, which allows the detection of smaller
burned areas in the human-dominated area of the GMA.
Building on our findings concerning fire regimes and
their underlying drivers, it is essential to place our research
within the broader context of mitigating methane emissions
from savanna wildfires, a globally recognised challenge
linked to reducing methane, a potent greenhouse gas, with
increasing concerns about wildfires as a significant contribu-
tor (Lipsett-Moore et al. 2018; Laris et al. 2021, 2023).
Although earlier research had suggested the potential for
substantial emission reductions through a global-scale strat-
egy of shifting fire periods to the early dry season in African
savannas (Lipsett-Moore et al. 2018), our findings challenge
this assumption. In regions where human influence domi-
nates fire regimes, exemplified by the Lupande GMA, fires
are already prevalent during the early dry season, and this
pattern persists irrespective of changes in human population
density. This observation underscores that mere adjustments
to the timing of fire regimes may prove inadequate for
achieving substantial emissions reductions, given that many
communities across sub-Saharan Africa are already initiating
fires early in the dry season. Furthermore, as others have
noted, the complex nature of wildfire emissions from fires
raises doubts about whether altering the timing of burning
would yield the desired outcomes (Laris et al. 2021, 2023).
Although this study did produce significant findings
regarding the fire regimes, there were also several limita-
tions inherent to the study. The largest limitation is the
temporal gaps in Landsat imagery, which are due to the
Landsat 7 scan-line correction failure, cloud cover and
lack of available imagery. This results in multiple years
with few or no available images to be used in determining
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total burned area. These constraints reduced the amount of
imagery we could draw from for making yearly composites
of burned area. Furthermore, the 16-day return period of the
Landsat satellites results in yet another unavoidable
omission in the dataset. Burn scars are also ephemeral,
and certain recent burned areas may not have been detected
as they may have decreased in intensity by the time of image
acquisition. Previous research suggests that the remotely
sensed signal of a burned area can return to pre-burn levels
in as little as 1-2 weeks (Trigg and Flasse 2000). These
temporal gaps mean that we may have underestimated the
impact of fire on tree cover in South Luangwa NP in partic-
ular, because fires that burned large areas in the national
park may have occurred during the temporal gaps in the
Landsat data.

Conclusion

As the climate becomes more variable and human pressure
on African savannas increases, developing a better under-
standing of relationships and improving management prac-
tices in such sensitive and vital landscapes is imperative.
Our studied showed that the different management practices
of the South Luangwa NP and the Lupande GMA resulted in
contrasting burned area patterns, the ramifications of which
could have lasting implications for the ecology of the region
over time. The recruitment of new trees in Lupande GMA
will struggle as the frequent fires will inhibit growth of
young trees. Additionally, woody vegetation in the
Lupande GMA is felled for agriculture and local communi-
ties continue to harvest wood for home use (Watson et al.
2015). As for South Luangwa NP, woody vegetation may
increase as a relatively low fire frequency will allow more
growth. This study contributes to the growing body of liter-
ature illuminating the relationship between anthropogenic
pressures, climatic conditions and fires, but additional
remote sensing analysis of human fire behaviour is needed
in other southern African localities to further validate the
relationships observed. A key finding relates to how climatic
conditions outweigh human influences in unpopulated areas
such as the areas within South Luangwa NP. Such findings
are crucial to contribute to the broader literature on savanna
fire systems and highlight important factors for considera-
tion in managing both protected areas.

Supplementary material

Supplementary material is available online.
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