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Abstract 
The Statewide Landcover and Trees Study (SLATS) maps and monitors Queensland’s 
woody vegetation cover using Landsat Thematic Mapper (TM) and Enhanced Thematic 
Mapper Plus (ETM+) satellite imagery. These woody vegetation cover and change data 
sets are used by Natural Resources & Mines (NR&M) for vegetation management, 
greenhouse gas accounting and as inputs to landscape process models. In this paper the 
latest method used by SLATS to map Foliage Projective Cover (FPC) of woody 
vegetation is presented. 
 
Previously, the method used to map woody FPC was based on a polynomial relationship 
between woody FPC, the Normalised Difference Vegetation Index (NDVI), and 
Landsat TM Band 5 (TM5) (1.6µm mid-infrared). While this method worked well in 
most cases, it tended to be affected by variation in soil brightness and colour, and in 
particular by areas of dark cracking clay soils. The effect of these problems were 
minimised by stratification of scenes, but in many cases it was not possible to stratify at 
the level of detail required.  
 
To identify an improved spectral index for mapping woody FPC, a statistical analysis 
was performed on the spectral signatures of measured field sites. The statistical analysis 
examined single and multiple regression relationships between vegetation cover and 
individual bands, various traditional vegetation and soil indices. From this analysis a 
Multiple Regression Vegetation Index (MRVI) was developed between woody FPC and 
the Landsat imagery based on multiple regression, with an adjusted r2 value of 0.8 .  
 
The calculation of a woody FPC image involved an iterative approach with the addition 
of non-woody signatures to recalculate the coefficients, until an accurate woody FPC 
classification was achieved. The MRVI has improved the accuracy of woody FPC 
mapping and it has overcome many of the problems of soil colour and brightness 
variation, without any additional stratification. The largest remaining source of error in 
the woody FPC images is the differential illumination effects caused by topography. 
This error will be significantly reduced when topographic correction is incorporated into 
the radiometric correction procedure.  



Introduction 
The Statewide Landcover and Trees Study (SLATS) project was initiated by the 
Queensland Government to provide accurate information on land cover and trends in 
land clearing, tree growth and regrowth. This data is important for use in policy and 
community planning decisions regarding sustainable land management and the National 
Greenhouse Gas Inventory (Danaher et al., 1998). 
 
Landsat Thematic Mapper (TM) and Enhanced Thematic Mapper Plus (ETM+) satellite 
imagery are analysed to detect change in tree cover across the entire State and provide 
baseline 1991 landcover and Foliage Projective Cover (FPC) data. The vegetation and 
landcover information produced provides information on the extent and trend of woody 
vegetation in Queensland. Estimation of tree cover aids in the assessment of impacts of 
tree clearing and woodland regrowth on Queensland’s greenhouse gas emission balance. 
Woody vegetation cover estimates can be combined with vegetation community 
mapping for improved woodland and forest inventory across the State. 
 
In a previous study, the method used to map woody vegetation cover using the 1991 
Landsat imagery was based on a polynomial relationship between woody FPC, 
Normalised Difference Vegetation Index (NDVI), and Thematic Mapper Band 5 (TM5) 
(Kuhnell et. el., 1998). While this method worked well in most cases, it tended to be 
affected by variation in soil brightness and colour, and in particular by areas of dark 
cracking clay soils. While stratification of the TM imagery is possible using existing 
GIS soil layers, the data available over Queensland is not mapped at an appropriate 
scale for this purpose. Mis-registration between the imagery and GIS layers also limits 
the usefulness of GIS for soil stratification. SLATS minimised the effects caused by soil 
differences by on-screen digitising of black soil areas within scenes, but in many cases 
it was not possible to stratify at the level of detail desired due to project driven time 
constraints. 
 
In this work, statistical analysis is performed on the spectral signatures of over 1800 
field sites to identify an improved spectral index for mapping woody FPC. These sites 
were acquired between 1996 and 1999 through an extensive field program covering the 
entire State of Queensland. Measurements consisted of a range of vegetation properties 
over various community types and tree densities, such as basal area, FPC, tree height, 
dominant species, soil colour and visual landcover observations. 

Background 
Previous Woody FPC Classification 
The SLATS project has previously established that woody FPC correlates with TM5 
and NDVI (Kuhnell et al., 1998). The relationship was based on the observed increase 
in NDVI and decrease in TM5 with increasing woody vegetation cover. Field 
measurements of tree basal area and FPC were used to optimise the coefficients of an 
equation (equation 1) that estimated perennial woody FPC from TM5 and NDVI. Tree 
basal areas and woody FPC could then be calculated for mature woody vegetation 
across the State.  
 
The woody FPC classification method involved plotting field measured woody FPC in 
multi-temporal NDVI and multi-temporal TM5 feature space using the average 



reflectance values from three scenes (1988, 1991 and 1995). Sites across the scene were 
checked to ensure the relationship held between woody FPC, NDVI and TM5. These 
data together with data from one or more adjacent scenes and several zero FPC points 
were then used to estimate the coefficients of a standard second order polynomial 
equation. The model described by equation 1 was found to be the best fit that modelled 
the general pattern of field measured woody FPC in terms of multi-temporal NDVI and 
TM5 (Kuhnell et al., 1998). 
 
Woody FPC = a + b * NDVI + c*NDVI² + d*TM5 + e*TM5² + f*NDVI*TM5          (1)  

Where woody FPC units are %. 
 
This equation was then applied to each individual scene to estimate a continuous range 
of FPC values for woody areas. The classification was checked in overlap areas with 
adjacent completed scenes before the final classification was accepted. 
 
With the extensive variety of landcover characteristics over the State of Queensland, 
this woody FPC classification process highlighted some limitations, particularly when 
dealing with variations across scenes due to soil colour, soil moisture, topographic 
variation and regrowth. One of the most problematic areas was the black and cracking 
clays, especially when wet. With the increase in TM5 and TM4 absorption due to soil 
moisture and dark colour, the reflectance values are decreased causing these areas to 
appear more woody, resulting in an overestimation of the woody cover. 
Image Pre-Processing 
All imagery used by the SLATS project have been geometrically corrected using 
ground control points measured by a Differential Global Positioning System (DGPS). 
The full geometric correction procedure along with a discussion on spatial anomalies 
within certain satellite image data sets is described in Armston et al., 2002. 
 
An empirical radiometric correction described by Danaher (2002) has been applied to 
both the TM and ETM+ imagery.  This correction accounts for much of the systematic 
variation in image brightness, caused by differences in solar azimuth, solar elevation 
and scan angle.  When processing Landsat 5 TM imagery it is re-calibrated before 
applying the empirical radiometric correction. This involves reversing the calibration 
based on the instrument calibration lamps and re-calibrating based on a function 
describing the decay in sensor response over time (Danaher pers. com.). These 
radiometric corrections ensure matching of adjacent scenes and enable the use of multi-
temporal data in analyses. They also enable combined analysis of site signatures over 
the entire State of Queensland. 
Field Methodology 
As previously mentioned, extensive fieldwork was undertaken between 1996 and 1999 
to calibrate and validate the SLATS classifications. Approximately 1.5 weeks of 
fieldwork per scene were spent in collecting measurements to validate the accuracy of 
the preliminary vegetation change classification and to calibrate the NDVI/TM5 woody 
FPC model. 
 
Sample sites were based on 1991 imagery, with each site’s observations covering a 
minimum area of 5625 m2 or equivalent to a block of 3x3 TM pixels resampled to a 



resolution of 25 m. Accurate site coordinates were established by recording a bearing 
and distance back to a DGPS set up in the vehicle. 
 
Sites were chosen in typically uniform, mature stands over a variety of vegetation 
communities on various soil types and across a range of tree basal areas from very 
sparse open woodland communities to dense rainforest. Each tree basal area was 
measured from an average of 5 recordings, (central and 25 m to the north, south, east 
and west) using a calibrated optical wedge (Dilworth and Bell, 1971). In addition to 
these basal area measurements, an average of five FPC transects (100 m long) per scene 
were measured in contrasting communities (Danaher et al., 1992). These measurements 
were also used to calibrate and validate the empirical equation between overstorey FPC 
and basal area developed by Danaher and Carter (Danaher et al., 1992 and Wood et al., 
1996). 
  
Other observations recorded include the proportions of dominant vegetation species in 
the overstorey, understorey and ground layer, soil and rock colour, slope, aspect, 
overstorey height, the presence/absence of termites, evidence of logging or fire and the 
hydrology at the site. 

Development of MRVI Methodology 
In identifying an improved woody FPC index, a number of simple and multiple 
regressions were performed on the spectral signatures of the measured field sites. The 
aim of the classification was to model average woody FPC over a continuos range (0-
100% FPC) in preference to amalgamating classes into discreet groupings, although this 
grouping can be done to more clearly represent the data in map form. 
 
Temporal averages over two scene dates (1991 and 1995; 1995 and 1997) and three 
scene dates (1991, 1995 and 1997) were used in the regression analyses. The three year 
temporal average (1991, 1995 and 1997) ultimately provided the best results in 
smoothing out the effects of seasonal differences, such as soil moisture and vegetation 
greenness.  
 
To best represent site areas and reduce the effects of geometric mis-registration between 
different date imagery, 3x3 cell global means were adopted for all site signatures. The 
relative position of each site was also visually checked to ensure that any mis-
registration between images did not influence the position of the sites on the imagery. 
This ensured that site reflectance means were extracted from relatively homogeneous 
areas of the image that were representative of the landcover at each site. 

 
Traditional Vegetation Indices and TM Bands Examined 
A number of traditional vegetation and soil colour indices were evaluated for their 
ability to improve the existing woody FPC classification over Queensland. Some of the 
vegetation and soil indices examined include: 
 

• Normalised Difference Vegetation Index (NDVI) (Rouse et al., 1973); 
• Ratio Vegetation Index (RVI) (Pearson and Miller, 1972); 
• Normalised Greenness Vegetation Index (NGVI) (Kauth and Thomas, 1976); 



• Modified Soil Adjusted Vegetation Index (MSAVI) (Qi et al., 1994); 
• Perpendicular Vegetation Index (PVI) (Richardson and Everitt, 1992); 
• Aerosol Free Vegetation Index (AFRI) (Karnieli et al., 2001); 
• Redness Index (RI) (Escadafal and Huete, 1991); 
• Soil colour Index (SCI) (Taube, 2000). 

 
Since tree basal area rather than woody FPC was measured in the field in most cases, 
woody FPC has been derived from the empirical equation (2) developed by Danaher 
and Carter (Danaher et al., 1992 and Wood et al., 1996).  
 
Woody FPC = 1.896 + 2.674*Basal Area – 0.016*(Basal Area)²                                  (2) 

Where woody FPC units are % and basal area units are m² ha¯¹ 
 

Simple regressions were calculated after plotting woody FPC values against the 
individual TM bands, the natural logarithms of the TM bands and the six vegetation 
indices for the entire statewide dataset of 1,865 sites. From the results in Table 1 it can 
be seen that for all cases the three date temporal mean gives the best fit with woody 
FPC. It should also be noted that the natural logarithm outperforms the raw reflectance 
values for each TM band except for TM4. 
 

Table 1. Correlation coefficient (r²) values for the individual TM bands, the natural 
logarithms of the TM bands and the six vegetation indices versus woody FPC over three 

temporal averages. 

 1991-95-97 1991-95 1995-97 
TM1 0.6150 0.6021 0.5776 

ln(TM1) 0.6424 0.6235 0.6050 
TM2 0.6572 0.6484 0.6385 

ln(TM2) 0.7010 0.6912 0.6854 
TM3 0.6701 0.6639 0.6569 

ln(TM3) 0.7265 0.7184 0.7175 
TM4 0.2840 0.2556 0.2744 

ln(TM4) 0.2789 0.2500 0.2697 
TM5 0.6782 0.6649 0.6611 

ln(TM5) 0.7188 0.6994 0.7084 
TM7 0.6739 0.6667 0.6577 

ln(TM7) 0.7265 0.7116 0.7176 
RVI 0.6795 0.6607 0.6661 

NDVI 0.7239 0.7133 0.7024 
NGVI 0.5865 0.5707 0.5487 

MSAVI 0.6659 0.6596 0.6527 
PVI 0.5917 0.5772 0.5591 

AFRI 0.6141 0.6153 0.6012 
 
The two best performing vegetation indices (RVI and NDVI) were then selected for 
integration with the RI and SCI soil indices in an attempt to reduce soil colour effects. 
Relationships between the soil indices and the vegetation indices were calculated to 
enable soil-corrected vegetation indices to be analysed. The regressions from these soil-



corrected vegetation indices vs woody FPC were then evaluated for their ability to 
remove soil effects and provide a useful measure of woody vegetation cover. 
 
The RI soil-corrected vegetation indices (RVI and NDVI) provided inconclusive results. 
The RI soil-corrected NDVI resulted in less correlation (RI corrected NDVI r2 = 0.6906 
vs uncorrected NDVI r2 = 0.7239) though the RI soil-corrected RVI gave only a slightly 
better result (RI corrected RVI r2 = 0.6869 vs uncorrected RVI r2 = 0.6795). The results 
showed that, although both vegetation indices were corrected for soil colour effects, it 
was at the expense of accurately delineating vegetation density. It was thought that by 
minimising the redness in correcting for soil colour, the two RI soil-corrected vegetation 
indices (both of which incorporate a ratio of NIR and red reflectance) were becoming a 
ratio of NIR over NIR. 
 
The soil colour correction using the SCI showed that the two SCI soil-corrected 
vegetation indices (RVI and NDVI) vs woody FPC relationship were simply inversed 
and no changes were apparent in soil colour variation. The correlations of the SCI soil-
corrected RVI and NDVI with respect to woody FPC, while better than that of the RI 
soil-corrected indices, were both inferior to the uncorrected vegetation indices (SCI soil-
corrected NDVI r2 = 0.6462 vs uncorrected NDVI r2 = 0.7239 and SCI soil-corrected 
RVI r2 = 0.6517 vs uncorrected RVI r2 = 0.6795). 
 
Combinations of the best performing soil colour corrected indices, vegetation indices 
and single bands were plotted against woody FPC values and were evaluated using 
correlation analysis to determine the optimal index combinations in predicting woody 
FPC. The strongest relationships were those of RVI vs TM5 (r² = 0.66) and NDVI vs 
TM5 (r² = 0.66). This is congruent with Duncan et al. (1993), who found that NDVI and 
RVI had the highest correlation with woody shrub cover in a semi-arid environment. It 
also supports the proven success of the SLATS previous woody FPC classification 
model of combining TM5 and NDVI. 
 
Multiple Regressions  
In an attempt to improve on the existing NDVI/TM5 woody FPC model, multiple 
regression analyses were conducted on the vegetation and soil indices, the individual 
TM bands, and the natural logarithms of the TM bands. It was found that the mean 
between all three dates (1991-95-97) provided the best fit with the data inputs (Table 2). 
As previously mentioned, this can be attributed to a reduction in the effects of seasonal 
variations of greenness, soil colour, moisture and remaining atmospheric effects. 
 
A number of variable combinations were used for the analysis. These variables were the 
spectral reflectance signatures calculated from the traditional vegetation indices (NDVI 
and RVI), soil colour indices (SCI and RI), single TM bands and natural logarithms of 
the single TM bands. The interactions of bands (e.g. lnTM2 x lnTM3) also showed 
significant relationships with woody FPC and were included in the multiple regression. 
 
Values for long term average (1957-2000) vapour pressure deficit (VPD) were also 
included because the evaporative potential of the atmosphere strongly influences FPC 
(Specht and Specht, 1999). The VPD values were extracted for each site from 5 km 
resolution spatial surfaces of VPD (Jeffrey et al., 2001). 



 
Similar adjusted r2 values of 0.8 were obtained for a number of different models. These 
models were then tested after creating woody FPC classifications. The scenes used 
contained various soil properties (black cracking clay soils, red sand), vegetation 
communities (Acacia sp., Eucalyptus sp.) and landcover features (mountains, fire scars). 
The processing used an iterative approach to arrive at the final woody FPC values. The 
first iteration was run using model coefficients derived from 1,865 signatures from the 
statewide dataset.  Each subsequent iteration of the model added non-wooded signatures 
(incorrectly classified as having woody FPC values greater than zero) to recalculate new 
coefficients for the next run of the model. This iterative process continued until it was 
clear that non-wooded areas were correctly classified. After processing several scenes 
with each of the three new indices (models 1 – 3 in Table 2), model 1 (MRVI) proved to 
be the most consistent in predicting woody FPC cover. Despite the improvement over 
the old NDVI/TM5 woody FPC model, limitations were still apparent in crop areas and 
hilly areas due to terrain effects. 
 

Table 2. Correlation coefficient values (adjusted r2) of the new MRVI compared to the 
previously used NDVI/TM5 woody FPC model. (* = variables used in model) 

Model 1 (MRVI) 2 3 4 5 6 
Years 1991-95-97 1995-97 1991-95 1991-95 1995-97 1991-95-97 

Adjusted r2 0.807 0.789 0.776 0.736 0.728 0.701 
Variables       

NDVI    * * * 
TM5    * * * 
vpd  *     

(vpd)2 *  *    
ln(TM2) * * *    
ln(TM3) * * *    
ln(TM4) * * *    
ln(TM5) * * *    
ln(TM7) * * *    

ln(TM2) x ln(TM3) * * *    
ln(TM2) x ln(TM4) * * *    
ln(TM2) x ln(TM5)  * *    
ln(TM2) x ln(TM7)  *     
ln(TM3) x ln(TM5) * * *    
ln(TM3) x ln(TM7) * * *    
ln(TM4) x ln(TM5) * * *    
ln(TM4) x ln(TM7) * * *    
ln(TM5) x ln(TM7) * * *    

 

Validation of the MRVI 
Independent data sets such as aerial photography and aerial video were used extensively 
in the refinement stages of the procedure to map woody FPC using the MRVI. An 
independent laser altimetry data set was used to validate the final MRVI woody FPC 
classifications. The laser data used for this validation were measured for a project 
conducted by the Forest Ecosystem Research and Assessment group of NR&M in 
November 1999. Over 1000 km of laser altimeter transects were recorded while FPC 



was measured in the field at 22 sites across a broad range of forest types (Weller et al., 
2001). 
 
This project successfully demonstrated that airborne laser altimetry can provide a 
profile of the canopy and understorey vegetation structure. It offers promise as an 
efficient and reliable supplement to ground-based survey, and as a complement to 
coarser satellite-based sensors such as Landsat TM. 
 
Laser measurements were sampled using a laser pulse with a 15 cm diameter beam 
emitted vertically downwards towards the vegetation canopy. The signal was reflected 
back to the recording device in the helicopter which flew at approximately 40 to 60 
km/hr 30 to 50 m above the tree canopy. Navigation was controlled through an on-board 
DGPS. Following the field data capture stage, in-house programs were written to reduce 
the raw laser altimeter data to delineate the ground to vegetation canopy separation. 
This enabled the determination of tree height and laser woody FPC values. 
 
FPC field measurements were recorded at the 22 sites at 1 m intervals using a tube and 
crosshair method developed by Specht (1970). Transects measured were either 100 or 
200 m in length. For a given transect, the percent FPC is equivalent to the number of 
green leaf (GL) occurrences divided by the total number of observations. For the 
purposes of this study, only GL occurrences were used in the comparison between laser 
and field FPC values.  

y = 0.7707x + 1.2519
r2 = 0.9000
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Figure 1. Measured overstorey and shrub green leaf FPC compared to the raw laser 

woody FPC measurements. 

Figure 1 shows the relationship between measured green leaf FPC from 12 sites and the 
equivalent laser woody FPC measurements. For measured GL values equal to zero, the 
laser measures ground reflectance only, and hence the regression should pass through 
the origin. To promulgate this conclusion, several (GL = 0 and laser woody FPC = 0) 
points were added to strengthen this aspect of the laser woody FPC relationship. The 
results of the subsequent regression are shown in Figure 1. 



Woody FPC values were created using the MRVI woody FPC model for two 1999 
SLATS scenes. These were the Chinchilla and Goondiwindi scenes captured in 
September 1999. Crop areas were edited to reduce overestimation in the calculated 
SLATS MRVI woody FPC values. These values were given an FPC value of zero.  
 
While a reasonable fit between raw laser woody FPC measurements and calculated 
SLATS woody FPC values exists, a more meaningful comparison is that between 
ground measured woody FPC values and SLATS woody FPC values. While we do not 
have enough directly measured woody FPC values within the two scenes being studied, 
we can compare the SLATS woody FPC values with the adjusted laser woody FPC 
values by using the equation from Figure 1 (equation 3).  
 
Woody green leaf FPC = 0.7707*Raw Laser Woody FPC + 1.2519                             (3)     

Where woody FPC units are %. 
 
The high r2 value (0.90) from the regression in Figure 1 gave us the confidence to 
convert the raw laser woody FPC measurements into surrogate values for actual woody 
FPC values. A comparison of these proxy woody FPC values with SLATS woody FPC 
values is shown in Figure 2. The regression fit is almost a 1:1 relationship between the 
“true ground based” FPC values and calculated SLATS woody FPC values. 

y = 1.1005x + 2.7913
R2 = 0.7745
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Figure 2. SLATS MRVI woody FPC values compared to the adjusted laser woody FPC 
measurements.  Note: Colours represent frequency – purple (1); blue (2-3); green (4-5); 

yellow (6-8); orange (10-14); and red (128). 

One of the major problems encountered with the NDVI/TM5 feature space 
classification of woody FPC was the effect of different soil colour on the classification. 
Vegetation on black soils invariably was classified with a higher woody FPC value than 



existed on the ground. Stratification based on soil type was used to improve the overall 
woody FPC classification for scenes containing both lighter coloured soils and black 
soils. An example of the soil colour problem is shown in Figure 3. Polygons A and B in 
Figure 3 are black soil areas on the Cunnamulla scene while polygons C and D are red 
soil areas. Being relatively small areas, the two red soil polygons were not excluded in 
the black soil mask when stratification of the Cunnamulla image took place. As a result 
the red soil areas C and D have been under-classified in the NDVI/TM5 woody FPC 
classification (Map 3 in Figure 3). Also the two deep black soil areas A and B are still 
over-classified in this image even after soil stratification.  

 
Figure 3. Comparison of NDVI/TM5 woody FPC vs MRVI woody FPC classification 

outputs over black soil areas. 

The MRVI woody FPC classification greatly reduced the soil colour effects problematic 
in the NDVI/TM5 woody FPC classification model. Map 1 in Figure 3 shows an 
improved classification in both the two deep black soil areas (A and B) and the two red 
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