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Abstract - Multitemporal principal components analyses 
(PCAs) of pre- and post-burn Landsat Thematic Mapper 
images were used to map fire scars in Madikwe Game Reserve 
(MGR), South Africa. Prior to MGR's inception in 1991, 
when the land was used for extensive cattle ranching, 
overgrazing and fire suppression lead to bush encroachment. 
Fire is currently being used to control bush encroachment. 
Bands 3, 4, 5, 7 and a NDVI band from both pre- and post- 
burn images were included in both the 1994 and 1996 PCAs. 
Fire scars comprised the fourth principal component (PC4) in 
both years. Fire intensities were classified via a density slice 
of the PC4 data within fire scars. In 1994, fires covered 31% 
of MGR and in 1996, 56%. In both years, fires were more 
frequent and intense on soils with lower bush densities (and 
therefore higher grass fuel loads) than on soils with higher 
bush densities. These fire scar maps are aiding ongoing fire 
management efforts in MGR. 

INTRODUCTION 

Fire is an important determinant of savanna ecosystem 
structure and composition [I]. In the absence of fire, tree and 
shrub densities increase [2] while senescent plant material 
accumulates in the grass understory [3]. As fire intensity 
increases so does top-kill of woody plants [4]. Grazing 
reduces grass fuel loads, thus suppressing fire and releasing 
woody plants from fire inhibition. Ultimately, a positive 
feedback loop can develop: as woody biomass increases, grass 
biomass decreases, further reducing fuel loads and thus further 
suppressing fire [5]. The gradual displacement of grasses by 
woody plants is termed "bush encroachment" in the Republic 
of South Africa (RSA). 

Savanna fires are mainly fueled by the understory grass 
sward. Specific fuel and weather conditions are required to 
achieve the high fireline intensities necessary to control bush: 
dry weather (relative humidity <25%), wind speeds of 6-10 
km/hr, and fully cured grass fuel loads of >5,000 kglha [6]. 
These conditions should result in a fire intensity of at least 
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2,500 kWlm that will achieve significant top-kill of bush 
<2m in height [7]. Studies throughout the southern Africa 
region have confiied that hot fires in the late dry season 
(August-October) favor grass at the expense of trees [8]. 

Several previous studies have employed Landsat satellite 
data to map fire scars. A multitemporal principal components 
analysis (PCA) of Multispectral Scanner (MSS) images was 
first used to map fire scars in southwestern Cape Province, 
RSA [9]. Landsat MSS images were also used to construct 
the fire history of Kakadu National Park, Australia [lo]. 
Landsat Thematic Mapper (TM) channels 3, 4, 5 and 7 were 
found to contain the most useful fire scar spectral information 
[ l  11. Reference [12] mapped fire scars in Pilanesberg National 
Park, RSA, using pre- and post-burn TM images. For the 
multitemporal PCA, they selected bands 3, 4, and 5 from 
each image, and then calculated and included normalized 
difference vegetation index (NDVI) bands from each image as 
well. Adding NDVI bands to the multitemporal PCA 
effectively weighted the relatively important spectral 
information contained in bands 3 and 4. 

STUDY LANDSCAPE 

Madikwe Game Reserve (MGR) was established in 199 1 on 
59,527ha of bush-encroached savanna. Mean annual rainfall is 
550rnm, and landscape soil patterns vary from heavy clay to 
very rocky. Prior to 199 1 MGR was used for extensive cattle 
ranching. Managers at MGR have reintroduced the former 
suite of large herbivores, including elephant, and commenced 
a fire management program to control bush encroachment. 

METHODS 

Pre- and post-bum TM images were purchased (SACICSIR, 
Pretoria, RSA) to map fires in both 1994 and 1996 in MGR. 
The 1994 TM scenes were acquired on 29 April and 20 
September 1994, and the 1996 scenes on 21 June and 11 
October 1996. Field spectra gathered on 27110196 with a 
hand-held radiometer (Exotech 1 OOBX, Exotech Inc., 
Gaithersburg, MA) were used to atmospherically correct and 
calibrate bands 1-4 of the 1 1110196 image using the empirical 



line calibration method. Radiance bands of the other 3 images 
(as well as bands 5 and 7 of the 11/10196 image) were 
corrected for atmospheric path radiance using the dark object 
subtraction method, then calibrated and converted into 
reflectance values. Finally, all four images were georegistered 
to vector maps from a geographic information system (GIS), 
using an affine transformation function with nearest neighbor 
radiometric resampling. 

Bands 3, 4, 5, 7 and a NDVI band from each image were 
included in the 1994 and 1996 multitemporal PCAs, 
performed using ENVI image processing software (RSI, 
Boulder, CO). NDVI was calculated according to (1): 

cells. Next, a threshold value was selected from each PC4 
image to separate burned from unburned areas. Inspecting 
image histograms, and comparing the PC4 images to fire 
distribution maps that had been previously hand-drawn in the 
field, helped in choosing each threshold. A density slice of the 
PC4 data on the "burned" side of each threshold was used to 
classify the fire scars into five intensity classes of equal 
interval. Finally, using the soil and vegetation layers from 
the GIS, the proportional area of each of four broad 
communities occurring within each of the five fire intensity 
classes was calculated from the 1994 and 1996 fire scar maps. 

RESULTS 
NDVI = (band 4 - band 3) / (band 4 + band 3) 

Fire scars proved to be the fourth principal component 
(PC4) in both the 1994 and 1996 PCAs. For spatial analysis, 
PC4 images were transferred into ARCIINFO GRID (ESRI, 
Redlands, CA). To help conserve disc space and processing 
time, pixels were aggregated into 100 x lOOm (lha) grid 

1994 Fire Scars 

It was determined that 18,23 1ha (31 %) in MGR burned in 
1994, compared with 33,213ha (56%) in 1996. Fig. 1 shows 
the 1994 and 1996 fire scar maps. Figs. 2 and 3 illustrate the 
proportional area of each of four broad soil divisions 
occurring in each of five fire intensity classes in 1994 and 
1996, respectively. 
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Fig. 1. Fire scar maps of Madikwe Game Reserve, 1994 and 1996 
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Fig. 2. Proportional area of four broad soil divisions found 
within five 1994 fire intensity classes. Soil divisions 
represent distinct vegetation communities. 
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Fig. 3. Proportional area of four broad soil divisions found 
within five 1996 fire intensity classes. Soil divisions 
represent distinct vegetation communities. 



DISCUSSION C.G. Trapnell, "Ecological results of woodland 
burning experiments in northern Rhodesia," J. 
Ecology, vol. 47, pp. 129-168, 1959. Fire intensity classes are more conservative in 1996 than in 

1994. Fire scars on the 20109194 post-burn image were 
highly pronounced because most fires were set only two 
weeks beforehand. In contrast, more time elapsed between 
many 1996 fires and acquisition of the post-burn image, 
allowing time for new grass growth stimulated by the fires to 
obscure the spectral signature of the fire scars. In addition, 
higher grass fuel loads and more flammable weather 
conditions resulted in wider fire distribution and higher fire 
intensities in 1996 than in 1994. 

In Kruger National Park, RSA, fire frequencies were found 
to vary according to vegetation type; rnoistlinfertile savanna 
burned every 3 years whereas arid/fertile savanna burned every 
8 years [13]. In MGR, vegetation on black clay and dolomitic 
soils is considered moist/infertile savanna, whereas vegetation 
on loam soils is considered aridlfertile savanna. Vegetation on 
moistlinfertile soils has a more open physiognomy and, 
through mutual feedbacks, a higher propensity to bum. The 
fact that more moistlinfertile savanna intensely burned in 
both 1994 and 1996 is corroborating spatial evidence for a 
higher fire frequency on black clay and dolomitic soils. 

The utility of satellite imagery for mapping fire intensities 
requires further research. One possibility that is being pursued 
is to use color infrared (CIR) digital aerial photography to 
sample a number of fire scar sites. The higher resolution CIR 
images will be classified into fire intensity classes based on 
ash hue and patterning; these classes will then be used to 
calibrate the Landsat TM image-derived fire intensity classes. 
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