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Chapter 1 General Introduction 

The purpose of the research outlined in this thesis was to explore the potential of a range of 

remote sensing and modelling techniques to assist in the management of Lantana camara 

L. (lantana), an invasive weed of importance in Australia and indeed globally. This 

introductory chapter outlines the biology of lantana along with the social, economic and 

ecological impacts associated with it. It then goes on to describe the remote sensing and 

modelling systems employed in this research, along with their potential benefits for 

managing this weed. The chapter concludes with the specific aims of the research and an 

outline of the thesis structure. 

1.1 Invasive species and their impacts 
The provision of benefits to human societies has been the main reason behind many 

deliberate introductions of non-native species throughout the world. These benefits include 

food, shelter, medicine and aesthetic enjoyment. However, many of these introduced 

species have become invasive in natural as well as agricultural ecosystems (Groves et al., 

2001). An invasive species is broadly defined as an introduced species that becomes 

established and spreads outside its native range (Jeschke & Strayer, 2005). They are also 

referred to as aliens, naturalised species, non-native or non-indigenous, pests, weeds and 

exotics (Alpert, 2006; Cox, 1999; Dukes & Mooney, 1999; Sax & Gaines, 2008; Soule, 

1990). The issue of biological invasions is the focus of much attention and research since it 

has led to increasing biotic homogenization of the Earth’s flora and fauna (Hobbs, 2000; 

Mooney & Hobbs, 2000). The impacts of invasive species are numerous but the main ones 

are a global loss of biodiversity (Czech & Krausman, 1997; Dirzo & Raven, 2003) and 

alteration of ecosystem structure and function (Binggeli, 1996; Sutherst, 2000; Vitousek et 

al., 1997). Plant invaders, in particular, can impact native ecosystems through changes in 

fire regime, nutrient cycling, hydrology and energy budgets, thus causing a reduction in the 

abundance or survival of native species (Mack et al., 2000). The economic costs associated 

with biological invasions are also substantial due to lost yields and control efforts, 

particularly in agriculture (Vitousek et al., 1997).  

In Australia, invasive plant species or weeds have major social impacts such as damage to 

natural landscapes, agricultural lands, waterways and coastal areas. Their impact on 

agriculture in terms of lost production and control costs is approximately $4 billion per 

annum, not to mention contamination of produce and livestock poisoning (Commonwealth 
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of Australia, 2007). Weeds also pose a significant threat to biodiversity in Australia 

(Commonwealth of Australia, 2007): there are now 2700 species of introduced plants 

established, of which 429 have been declared noxious or are under some form of 

legislative control (Commonwealth of Australia, 2007; Australian Weeds Committee, 

2011). 

1.2 Lantana 
Lantana is a major weed in many tropical and subtropical countries outside its native range 

(Day et al., 2003). The Invasive Species Specialist Group has ranked it among the 100 

world’s worst invasive alien species (Lowe et al., 2000) while Sharma et al. (2005) 

considered it one of the world’s ten worst weeds.  

1.2.1 Lantana biology 
The genus Lantana (family Verbenaceae) has neotropical origins (Day et al., 2003; Day et 

al., 2009). It is a heavily branching shrub that occurs in small clumps of about 1 m in width 

in its native range of tropical America (Palmer & Pullen, 1995). However, it can form 

dense monospecific stands in its naturalised range to a height and width of 4 m with some 

varieties able to climb trees and reach heights of 8–15 m (Stock et al., 2009; Swarbrick et 

al., 1998). Lantana stems have spines and the leaves are 2–10 cm long with toothed edges, 

although the size and shape can differ with different varieties and the amount of light and 

moisture available. The root system consists of a short tap root with lateral roots branching 

out to form a mat. The flowers occur in clusters of 20–40, with five main colour types, 

pink, white, pink-edged red, red and orange (Stock et al., 2009). Flowering can occur all 

year round if enough light and moisture are present (Gujral & Vasudevan, 1983) but in 

cooler and drier regions, this is restricted to warmer or wetter months (Swarbrick et al., 

1998). Pollination is carried out by butterflies, moths, bees and thrips (Day et al., 2003; 

Stock et al., 2009). The fruit are 5–7 mm long and grow in clusters, being green when 

unripe and changing to shiny black or purple as they ripen (Stock et al., 2009). Seed 

dispersal mainly occurs via birds (Sharma et al., 2005; Swarbrick et al., 1998) although 

some mammals could also be involved (Day et al., 2003; Sharma et al., 2005; Stock et al., 

2009). The seeds germinate quickly if light and moisture levels are adequate but 

germination and growth are limited by low temperature and light, dry conditions, salinity 

and waterlogging. Lantana can also spread through layering where horizontal stems form 

roots if they are in contact with moist soil (Day et al., 2003; Stock et al., 2009). Lantana 



 
 

4 

can also reduce the vigour of plant species nearby through allelopathy (Achhireddy & 

Singh, 1984; Gentle & Duggin, 1997; Holm et al., 1991; Sahid & Sugau, 1993).  

Lantana’s tolerance for a wide range of environmental conditions has allowed it to 

successfully invade diverse habitats although it prefers open unshaded areas such as 

wastelands, pasture, rainforest edges, beachfronts and forests recovering from fire or 

logging (Sharma et al., 2005). It also grows well in disturbed areas such as roadsides, 

railway tracks and canals (Munir, 1996). Although it does not appear to have an upper 

temperature or rainfall limit (Day et al., 2003), lantana seldom occurs in areas where 

temperatures frequently fall below 5°C (Cilliers, 1983). Stirton (1977) reports that in South 

Africa, it is found in areas with a mean annual surface temperature of over 12.5°C. 

Lengthy periods of cold temperatures cause defoliation and kill aerial woody branches 

(Winder, 1980). Lantana can be found in tropical areas which receive 3000 mm of rainfall 

per year (Day et al., 2003) as long as the soils are well drained. It does not tolerate 

waterlogging, having a tendency to rot in boggy or hydromorphic soils (Hamilton, 1919), 

and is sensitive to aridity (van Oosterhout, 2004). Thaman (1974) described poorly drained 

soils as one of the major factors limiting the range of lantana.  

The genus Lantana includes up to 150 herb and shrub species (Gujral & Vasudevan, 1983; 

Mabberley, 1997). Many of these species are native to South America, Central America or 

southern North America, while a few species occur naturally in Africa and Asia (Munir, 

1996). Lantana camara was introduced to Europe in 1687 and underwent substantial 

horticultural breeding (Maschinski et al., 2010). There is considerable uncertainty 

associated with the taxonomy of the genus. Four distinct groups can be recognised in the 

genus (Sanders, 1987). These are referred to as Lantana sections: Calliorheas, Sarcolippia, 

Rhytocamara and Camara. Lantana section Camara is divided into three complexes L. 

urticifolia, L. hirsuta and L. camara. The L. camara complex contains the weedy lantana 

generally referred to as L. camara L. sensu lato with a pan-tropical distribution (Day et al., 

2003). Lantana camara sensu stricto is known from Jamaica, Trinidad, Mexico, Brazil and 

Florida (Sanders, 1987). It may have a wider native distribution in South America 

(Waterhouse & Norris, 1987), extending to Argentina and Uruguay (Day et al., 2003; 

Moldenke, 1944). This thesis only addresses the ‘weedy taxa’ of Lantana section Camara 

which are the most prevalent taxa in the genus due to economic and environmental 

impacts. This form is regarded as a hybrid species (Sanders, 2006) and within this group, 

there are many variants of L. camara, here referred to as varieties. Twenty-nine varieties 
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are recognised in Australia (Smith & Smith, 1982). The common name lantana is used in 

this thesis to refer to the weedy taxa of the section Camara.  

1.2.2 Lantana distribution 
Lantana is native to Central and northern South America and the Caribbean. However, it is 

now naturalised in approximately 60 countries or island groups between 35°N and 35°S 

(Day et al., 2003). It is reported as being most problematic in eastern Africa, South Africa, 

southern Asia, Australia and the Pacific Islands (Holm et al., 1991). It was introduced into 

Australia as an ornamental species in the 19th century and has persisted, both as an 

ornamental and as a weed (Swarbrick, 1986). Currently, it occupies more than 5 million ha 

of coastal and sub-coastal areas in Queensland and New South Wales (Day et al., 2003; 

DERM, 2010). Its distribution extends from the Torres Strait, throughout eastern 

Queensland to the southern border of New South Wales. Some areas of Western Australia 

and Northern Territory have also been invaded with isolated infestations in Victoria and 

South Australia (Johnson, 2009). Lantana’s tolerance for a wide range of climatic and 

environmental conditions is reflected in its diverse geographic distribution (Day et al., 

2003).  

1.2.3 Impacts of lantana 
Lantana has a range of economic, environmental and social impacts and it can invade 

natural and agricultural ecosystems (Kohli et al., 2006; Thomas & Ellison, 2000). Its 

impacts are particularly damaging in native forests that have undergone disturbance. In 

such situations, lantana forms a dense understorey, disrupts succession and decreases 

biodiversity (Day et al., 2003; Lamb, 1991). In areas that have a high density of lantana, 

species richness is reduced (Fensham et al., 1994; Gooden et al., 2009) and local flora is 

threatened (Dobhal et al., 2011; Sharma & Raghubanshi, 2006). In natural systems, dense 

lantana infestations can alter fire regimes (Humphries & Stanton, 1992) because it burns 

readily under hot and dry conditions, even when green (Gujral & Vasudevan, 1983). 

Lantana has a number of impacts on agricultural systems. It is a weed of crops such as 

coffee, oil palms, coconuts, cotton, bananas, pineapples, sugarcane, tea, rubber and rice in 

various countries (Holm et al., 1991). It forms dense thickets in pastures, outcompeting 

desirable pasture species and rendering infested areas useless for pasture (Day et al., 2003; 

Holm et al., 1991). Dense stands of lantana may exacerbate soil erosion by reducing the 

water absorption capacity of the soil and causing an increase in surface run-off (Cilliers, 
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1983). Lantana has also been implicated in the poisoning of various animals such as cattle, 

sheep and goats (Sharma, 1988).  

In Australia, lantana impacts primary industries, tourism, biodiversity and socially 

important cultural areas (Johnson, 2009). It costs the grazing sector over $121 million per 

annum in lost production and management (AEC Group, 2007) as well as affecting 

commercial forestry in terms of establishment and harvesting costs (Wells, 1984). One of 

its other major impacts is a widespread loss of native plant species caused by alteration in 

ecosystem structure and function as well as limiting the recruitment of native species 

(Fensham et al., 1994; Gentle & Duggin, 1997; Gooden et al., 2009; Sharma et al., 2005; 

Swarbrick et al., 1995). Up to 303 native species and 154 ecological communities 

(including regional ecosystems) have been identified as high priority environmental assets 

that are under immediate threat from lantana in Australia (Biosecurity Queensland, 2010). 

Of the threatened native species, 113 plant species and nine animal species as well as ten 

ecological communities were listed as nationally threatened under the Commonwealth 

Environment Protection and Biodiversity Conservation Act (EPBC, 1999).  

1.3 Information requirements for management of lantana 
The initial goal of most management plans is eradication of the target species. However, 

this may not be possible in cases of advanced infestation. Eradication of lantana is not 

feasible due to its widespread distribution in Australia (Johnson, 2009). Therefore, current 

management approaches involve containment and mitigation of its impacts. A triage 

approach has been adopted to conserve biodiversity by prioritising assets for management 

(Biosecurity Queensland, 2010). This approach ensures that the limited resources available 

for this purpose can be used effectively to optimise benefits in terms of damage reduction 

and cost effectiveness. One crucial aspect of lantana management is the gathering of 

information on its actual and potential distribution. The identification of areas that are 

severely affected or are likely to be affected in the future and their separate prioritisation 

will enable more cost-effective management strategies to be formulated. To this end, 

remote sensing techniques and species distribution modelling tools provide considerable 

opportunities.  

1.3.1 Remote sensing  
Remote sensing technology has attracted widespread attention in the field of biotic 

invasions. It offers many advantages over traditional methods for classification and 
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mapping of invasive species. Conventional techniques of mapping invasives such as aerial 

photography and ground surveys across large areas tend to be prohibitively expensive in 

terms of time, personnel and cost, particularly for large and remote areas. Remote sensing 

offers a synoptic view as well the choice of multi-spectral (MS) or hyperspectral imagery 

in digital formats which make it more suitable for automated image processing and 

analysis and is more practical for large areas of interest (Tsai & Chou, 2006). This 

technology has been widely used in studying the location, extent of infestations and rate of 

spread of invasive plant species (Asner et al., 2008; DERM, 2010; Frazier & Wang, 2011; 

Ismail & Mutanga, 2011; Laba et al., 2010; Lawrence et al., 2006; Noujdina & Ustin, 

2008; Pengra et al., 2007; Xin et al., 2011).  

1.3.2 Remote sensing techniques: image fusion 
Most sensors of earth resource satellites such as SPOT, IKONOS and Quickbird provide 

panchromatic (PAN) and multi-spectral (MS) images at different spatial and spectral 

resolutions (Zhang, 2002). MS colour imagery has high spectral resolution while PAN 

imagery has high spatial resolution (Wald, 2000; Zhang, 2004). Image or data fusion 

provides the opportunity to utilise such images more effectively. Image fusion or merging 

techniques of remote sensing imagery is generally carried out to enhance image 

interpretation for a variety of uses (Teggi et al., 2003) and PAN sharpening is an example 

of image fusion which involves the merging of two images acquired respectively by an MS 

sensor and by a panchromatic sensor (Teggi et al., 2003; Wald et al., 1997; Zhang, 2004). 

This technique effectively combines the high spectral resolution of the MS image with the 

high spatial resolution of the PAN image, resulting in a fused product with good spectral 

and spatial resolutions. Such fused products have many benefits in precision farming, 

urban studies and land-cover and invasive species mapping. Image fusion may improve 

digital classification of land-cover types (Amarsaikhan & Douglas, 2004; Nikolakopoulos, 

2008) but not always (Teggi et al., 2003). Any improvements in mapping accuracy of land-

cover obtained by image fusion depend on the spectral quality of the fused product. 

Furthermore, the spectral quality of the fused product depends on the fusion technique 

employed. Image fusion techniques fall into three broad categories: projection and 

substitution techniques, band ratio and arithmetic combination, and multi-resolution 

analysis (MRA). 

The Intensity–Hue–Saturation (IHS) fusion and Principal Component Analysis (PCA) 

fusion algorithms fall in the projection and substitution group of techniques. The IHS, also 
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called Hue–Saturation–Value (HSV) algorithm involves a colour space transformation 

where an RGB image is converted into colour (hue), purity (saturation) and intensity or 

brightness (value). The intensity band is then replaced with the high spatial resolution PAN 

band, and the hue and saturation bands are re-sampled to the high spatial resolution pixel 

size using a nearest neighbour technique. Histogram matching of the PAN image is carried 

out before substitution. This involves radiometrically transforming the PAN image by a 

constant gain and bias in such a way that it exhibits mean and variance that are the same as 

the intensity (Aiazzi et al., 2007). Finally, the panchromatic image together with the hue 

and saturation images are reversibly transferred from the IHS space into the RGB space, 

resulting in a fused colour image (Zhang & Hong, 2005). The HSV transform is defined 

for only three components, thus only three of the four bands at a time can be merged from 

the input MS image. 

In the PCA technique, a principal components transformation is performed on the MS data. 

The first component (PC1) is replaced by a high-resolution PAN image for the fusion. 

Before replacement, the PAN image is scaled to match the PC1 to avoid distortion of the 

spectral information. This is necessary since the mean and variance of PC1 are generally 

far greater than those of the PAN image. Finally, the PAN image is fused into the low-

resolution MS bands by performing a reverse PCA transform (Zhang, 2002, 2004). 

Algorithms such as Brovey Transform, Synthetic Variable Ratio (SVR) and Ratio 

Enhancement (RE) come under the band ratio and arithmetic combination group. There are 

many possibilities in this category of combining data using multiplication, ratios, 

summation or subtraction. The Brovey Transform first multiplies each MS band by the 

high-resolution PAN band and then divides each product by the sum of the MS bands. The 

SVR and RE techniques are similar, but involve more sophisticated calculations for the MS 

sum for better fusion quality (Zhang, 2002, 2004; Zhou et al., 1998). 

Wavelet fusion is a common technique in the multi-resolution analysis group. The PAN 

image is decomposed into a set of low-resolution PAN images. Each level has a wavelet 

coefficient. The low-resolution PAN image is replaced with an MS band at the same 

resolution and a reverse wavelet transform is carried out to convert the decomposed and 

replaced PAN image to the original PAN resolution (Pohl, 1999; Ranchin & Wald, 2000; 

Zhang, 2002).  
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Different fusion algorithms result in fused products of varying spectral quality. The closer 

the colour of the merged image to the original MS image, the better the spectral effect of 

the merging method and the more details the merging image shows, and the better the 

spatial effect of the merging method (Zhang, 1999). A common problem associated with 

image fusion is spectral distortion in the merged image and this has implications for 

vegetation mapping using such products. Therefore, it is important to investigate the 

usefulness of a range of image fusion techniques and assess their impacts on mapping 

accuracy before decisions are made as to which algorithm is best suited to invasive species 

and, in particular, lantana mapping. 

1.3.3 Types of imagery  
Remotely sensed imagery comes in a variety of spatial and spectral resolutions, depending 

on the sensor.  Furthermore, remote sensing systems can be grouped into two major types: 

multi-spectral (MS) and hyperspectral. Multi-spectral systems record energy in a few 

bands of the electromagnetic spectrum (Jensen, 2005) while hyperspectral sensors acquire 

data in hundreds of spectral bands (Goetz, 2002). Some examples of MS systems are 

Landsat Thematic Mapper (TM) and Landsat 7 Enhanced Thematic Mapper Plus (ETM+) 

with a spatial resolution of 30 m × 30 m. SPOT 5, the latest in the series of SPOT 

satellites, was developed by the French Centre National d’Etudes Spatiales (CNES, 2011). 

It has visible, near-infrared and shortwave infrared bands at 10 m × 10 m and a 

panchromatic band with a 2.5 m × 2.5 m pixel size. Quickbird, launched by DigitalGlobe, 

Inc., has a 0.61 m × 0.61 m panchromatic band and four visible/near-infrared bands at 

2.44 m × 2.44 m spatial resolution (DigitalGlobe, 2011). Hyperspectral sensors, on the 

other hand, can be placed on aircrafts and on satellites. Hyperion, on board the Earth 

Observing 1 (EO-1) satellite, is an example of a hyperspectral satellite sensor. Hyperion 

provides a high-resolution hyperspectral imager capable of resolving 242 spectral bands 

from 400–2500 nm with a 30-m spatial resolution and a 10-nm sampling interval. The 

instrument can image a 7.5 × 100-km area per image, and provides detailed spectral 

mapping across all channels with high radiometric accuracy (USGS, 2003).  

The variety of satellite imagery types offers many opportunities for mapping invasive 

species. Although multi-spectral imagery is commonly used to map invasive species 

(Armstrong et al., 2007; D'Iorio et al., 2007; Everitt & Yang, 2007; Everitt et al., 2007), 

hyperspectral data is also becoming popular for this purpose (Asner et al., 2008; Hamada et 

al., 2007; Lass et al., 2005). Hyperspectral data present certain advantages over 
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multispectral data in discriminating between plant species. This is because many species 

have characteristic features in their spectral signature, which occur in very narrow 

bandwidths and as such can only be ‘sensed’ by narrow band sensors. The narrow 

bandwidths of hyperspectral sensors deliver more information about the fine spectral 

features of vegetation, thus permitting a range of more precise applications such as 

invasive species identification. However, in general, neighbouring bands in hyperspectral 

data are often strongly correlated and this may mean that they provide similar information 

(de Backer et al., 2005). Consequently, not all of the bands may be required for a particular 

application. Some studies have shown that for classification tasks, it is often sufficient to 

select only a dozen specific bands for adequate results (Bruce et al., 2002; Serpico & 

Bruzzone, 2001). Hence, identification of optimal hyperspectral bands for specific 

applications such as invasive species mapping would be useful. 

Furthermore, the trade-off between spatial and spectral resolution in remote sensing space-

borne imagery must also be considered (Otazu et al., 2005). These two factors have an 

impact on the accuracy with which individual species can be mapped. Therefore, using 

satellite data to map invasive species must involve decisions concerning the relative 

importance of both factors. In general, mapping at the community level may be carried out 

with moderate resolution imagery because the spatial resolution is generally too coarse to 

distinguish individual species unless present as a monoculture (Everitt et al., 1996; Sohn & 

McCoy, 1997). Spectral resolution is also a significant factor in determining overall 

classification accuracy because if spectral differences between weeds and surrounding 

vegetation are not obvious, then discrimination using sensors with a limited spectral range 

will be difficult (McGowen et al., 2001). The costs involved in acquiring satellite imagery 

are also an important consideration. For this reason, it may be prudent to compare satellite 

imagery of varying spatial and spectral resolutions so that the mapping accuracy for 

lantana yielded by each can be assessed. Issues of cost effectiveness can also be addressed 

in such studies to determine which type of imagery provides the most cost-effective option 

for lantana mapping. 

1.3.4 Species distribution models (SDMs) 
While remote sensing techniques offer opportunities for mapping actual distribution of 

invasives such as lantana, species distribution modelling provides useful tools for mapping 

potential distribution. Biosecurity agencies involved in the management of biotic invasions 

need a synoptic view of invasions as early as possible for risk assessment and also to 
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facilitate formulation of long-term management strategies (Kriticos et al., 2003a, 2003b). 

To this end SDM tools provide remarkable opportunities. Such models are also called 

bioclimatic or ecological niche models (ENMs) (Beaumont et al., 2005; Fitzpatrick et al., 

2007; Guisan & Zimmerman, 2000; Franklin, 2010; Peterson et al., 2011). The distribution 

data for a species and environmental data are used to form a species profile that describe 

how known occurrences are distributed in relation to environmental variables, commonly 

termed the ‘environmental envelope approach’ (Barry & Elith, 2006). The fundamental 

principle underlying this approach is that climate is the primary determinant of the 

potential range of plants and other poikilotherms (Andrewartha & Birch, 1954). The 

environmental envelope of a species is characterised in terms of upper and lower 

tolerances and the model is used to produce a habitat map that describes the environmental 

suitability of each location for the species (Barry & Elith, 2006). Based on this approach, a 

range of computer-based systems have been developed that are designed to model species’ 

current or future distributions. Some commonly used systems are ANUCLIM, DOMAIN, 

GARP, CLIMEX, HABITAT, BIOCLIM (Kriticos & Randall, 2001) and Maximum 

Entropy (MaxEnt) (Phillips et al., 2004). In invasive species distribution modelling, the 

environmental conditions of sites of known occurrence within the species’ native 

distribution are used to make projections to other regions to identify potentially suitable 

areas that can be colonised by non-native populations of the species (Peterson, 2003). 

These models provide a useful tool for identifying areas where invasive species can 

establish and persist, and thus are useful for assessing the magnitude of the threat posed.  

The modelling tool, CLIMEX (Sutherst & Maywald, 1985), allows users to model the 

potential distribution of organisms, drawing upon a variety of information types, including 

direct experimental observations of a species’ growth response to temperature and soil 

moisture, its phenology and knowledge of its current distribution. It has been used by many 

researchers involved in estimating invasive species’ potential distributions, under current 

climate (Dunlop et al., 2006; Kriticos et al., 2005; Poutsma et al., 2008; Sutherst & Bourne, 

2009; Sutherst & Maywald, 2005; Vera et al., 2002) as well as under various climate 

change scenarios (Chejara et al., 2010; Kriticos et al., 2003a, 2003b; Sutherst & Floyd, 

1999; Watt et al., 2009).  

CLIMEX software works on the basis of an eco-physiological model that assumes a 

species may experience a favourable season with positive population growth and an 

unfavourable season that causes population decline at each location (Sutherst et al., 2007). 
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Parameters can be inferred that describe the species’ response to climate based on its 

geographic range or phenological observations (Sutherst et al., 2007). CLIMEX can also 

be used deductively to apply climate response parameters extracted from experimental 

observations to climatic datasets. In practice, both approaches can be applied to inform the 

selection of parameter values. These parameters can then be applied to novel climates to 

project the species potential range in new regions or climate scenarios (Kriticos et al., 

2003a; Webber et al., 2011). An annual growth index (GIA) describes the potential for 

population growth during favourable climate conditions. Four stress indices (cold, wet, hot 

and dry) and up to four interaction stresses (hot–dry, hot–wet, cold–dry and cold–wet) are 

used to describe the probability that the population can survive unfavourable conditions. 

The growth and stress indices are calculated weekly and combined into an overall annual 

index of climatic suitability, the Ecoclimatic index (EI) which is theoretically scaled from 

0 to 100. Establishment is only possible if EI > 0. In practice, EI values close to the 

maximum are rare, and confined to species with an equatorial range, as this would imply 

ideal growing conditions year-round (Sutherst, 2003).  

Although species distribution models are widely used, parameter uncertainties related to 

the data and the methods used to calibrate the model present many challenges (Hanspach et 

al., 2011) and can have serious implications for the accuracy of the model output. A better 

understanding of the uncertainties associated with model parameterisation can be gained 

by explorations of error using techniques such as sensitivity analysis (Burgman et al., 

2005), as these identify the parameters that have the most influence on model results 

(Hamby, 1994). Such analyses assist in identifying parameters that are functionally 

important and thus provide a better understanding of which aspects of climate have a larger 

impact on the distribution of the invasive species.  

Species’ distributions are determined by a multitude of factors; the main assumptions 

underlying CLIMEX are that the distribution of a species is primarily determined by 

climate (Sutherst & Maywald, 1985; Sutherst et al., 2007) and that the species is in 

equilibrium with the environment in which it is being modelled. CLIMEX does not include 

other biophysical factors such as land-use, soil, disturbance levels and dispersal ability, 

although these non-climatic factors can be considered in a stepwise manner after the 

climate modelling has been completed (Sutherst & Maywald, 1985). Inclusion of these 

other factors may help to further refine the distribution and improve the reliability of the 

modelling results. The issue of the scale at which factors other than climate are included in 



 
 

13 

species distribution models has received some attention recently. There is widespread 

acceptance that the importance of climate is best expressed at macro-scales and therefore 

data with coarse spatial resolution may be most appropriate for projecting species 

distributions based on climate (Pearson et al., 2002; Rahbek & Graves, 2001; Willis & 

Whittaker, 2002). In general, climate imposes range limits through direct physiological 

constraints on survival or reproduction (Gavin & Hu, 2006). On the other hand, factors that 

influence the distribution of species within the climate envelope occur at differing spatial 

scales (Collingham et al., 2000; Pearson & Dawson, 2003; Pearson et al., 2004). Therefore, 

SDMs that provide risk assessments at continental scales can be refined for state or local-

level assessments by incorporating factors that are appropriate to those scales (Bradley et 

al., 2010; Guisan & Thuiller, 2005; Pearson & Dawson, 2003) such as soil nutrient, water 

holding capacity and existing land use (Rogers et al., 2007) and soil characteristics 

(Kolomeitz & van Klinken, 2004).  

Climate change is also likely to have an impact on the distribution of invasive species as 

favourable climate conditions allow invaders to expand into new ranges (Bradley et al., 

2010). Indeed climate change and invasive species have been described as two of the main 

factors driving global change (Dukes & Mooney, 1999; Mack et al., 2000). SDMs are 

particularly useful in this case because climate change scenarios can be incorporated into 

the modelling, thus providing information on future potential distributions under climate 

change. Such analyses are useful in highlighting new areas that may be at risk of invasion 

in the future as well as identifying important biodiversity regions that may be affected. 

Potential future distribution maps can be used to inform strategic planning by biosecurity 

agencies in prioritising areas that need to be targeted for eradication and in determining 

areas where containment would be cost-effective.  

The final section of this chapter outlines the general aims of the research and the structure 

of the thesis, which is submitted in journal article format. 
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1.4 General aims 
The main objective of this study was to investigate the potential of remote sensing and 

modelling techniques in lantana mapping and distribution. This major objective has been 

broken down into the following specific aims: 

- Investigate the impact of four image fusion techniques, Brovey, Hue-Saturation-

Value (HSV), Principal Components (PC) spectral sharpening, and Gram-Schmidt 

(GS) spectral sharpening, on classification accuracy for lantana mapping. 

- Compare costs and effectiveness of imagery of varying spatial and spectral 

resolutions for supervised classification and mapping of lantana.  

- Determine optimal narrow bands for lantana discrimination using spectrometer data 

and evaluate the usefulness of these selected bands using Hyperion data to 

determine the impact on classification accuracy of lantana. 

- Model the effect of climate change on the potential geographic distribution of 

lantana world-wide using CLIMEX, a species distribution modelling package. 

- Model the impacts of climate change and land-use on the potential geographic 

distribution of lantana in Australia. 

- Model the impact of climate change, land-use and soil drainage on the potential 

geographic distribution of lantana in Queensland. 

- Conduct a sensitivity analysis to identify climatic parameters that are functionally 

more important in lantana distribution. 

The thesis is presented as a series of journal articles, three of which have been published or 

accepted for publication, with four presently under review. The theme linking these studies 

is the management of lantana and specifically how remote sensing and modelling 

techniques might lead to more efficient and cost effective management of this 

economically important weed. Between them these techniques can provide vital 

information on the actual and potential distribution of lantana to assist management 

strategies. The chapters on remote sensing examine a range of techniques to determine the 

most potent and cost effective methods for determining current lantana distribution. Those 

chapters on modelling using CLIMEX demonstrate how the future distribution patterns of 

lantana might be determined against a range of climate change scenarios and other 

biophysical factors such as land use and soil type. The study also involved the use of 

CLIMEX at a local (Queensland), national (Australia) and global level. 
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1.5 Format of thesis 
This thesis comprises nine chapters including this introduction, the experimental chapters 

and general conclusions. The introduction sets out the aims of the study and reviews 

briefly the literature relevant to the area of study. Each experimental chapter (2–8) is 

presented in the format of journal articles, as submitted, with an abstract, introduction, 

aims, methods, results, discussion and conclusion.  

Chapter 2 investigated the effectiveness of four image fusion techniques for merging 

Quickbird multi-spectral and panchromatic imagery and the impact that each technique had 

on lantana mapping accuracy. This work has been published in the journal 

Photogrammetric Engineering and Remote Sensing. Chapter 3 reports on the cost 

effectiveness of three types of satellite imagery from three sensors, Quickbird II, Landsat 

Thematic Mapper 5 and SPOT 5 multispectral imagery for lantana mapping. This work has 

been published in the Journal of Spatial Science. Chapter 4 reports the methodology used 

to determine optimal narrow bands for lantana discrimination using spectrometer data. The 

usefulness of the identified bands was evaluated using Hyperion satellite data to determine 

the impact on classification accuracy of lantana. This work has been accepted for 

publication in International Journal of Remote Sensing. 

Chapter 5 describes the potential distribution of lantana world-wide under current and 

future climates using the CLIMEX species distribution modelling software. This work is 

under review with PLoS ONE. Chapter 6 examines the combined effects of climate change 

and land-use on the potential distribution of lantana in continental Australia. This work is 

under review with Weed Research. 

Chapter 7 investigates the combined effects of climate change, land-use and soil drainage 

on the potential future distribution of lantana in Queensland, Australia. This work is under 

review with Biological Invasions. Chapter 8 describes the sensitivity analysis of model 

parameters that was conducted in the CLIMEX modelling software to identify parameters 

that were more sensitive to change and therefore had a larger impact on lantana 

distribution. This work is under review with PLoS ONE. Chapter 9 presents general 

conclusions that describe the main findings of each chapter. Research implications are 

described and future research needs are highlighted. 
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CHAPTER 2 

 

Mapping Lantana camara: Accuracy Comparison 

of Various Fusion Techniques 
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comparison of various fusion techniques. Photogrammetric Engineering and Remote 
Sensing, 76(6), 691-700. 
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Chapter 9 General Conclusions 

9.1 Introduction 
The overall aim of this research was to investigate the potential of a range of remote sensing and 

modelling techniques to assist in the management of Lantana camara, an invasive weed of 

ecological and economic importance in Australia and globally (Holm et al. 1991; Day et al. 

2003). Lantana is particularly damaging to Australian agriculture and biodiversity due to its 

tolerance of a wide range of environmental conditions as well as its highly competitive nature 

(Day et al. 2003; Stock et al. 2009). Its core distribution is along the eastern coast of Australia, 

extending from the Torres Strait, throughout eastern portions of Queensland to the New South 

Wales southern border, and it may further increase in density within this core area of infestation 

(Johnson 2009). A crucial aspect of lantana management is the gathering of information on its 

actual and potential distribution. Many remote sensing and modelling techniques can be 

investigated for this purpose. The utility of different types of satellite imagery, image fusion and 

hyperspectral remote sensing for lantana mapping and management has not been previously 

investigated in the Australian context. Potential lantana distribution under current and future 

climate is another area that requires exploration. This study has attempted to address these 

research gaps. 

This concluding chapter summarises the main findings of the research under two headings: 

remote sensing and modelling. It goes on to highlight the main management implications, and 

discusses future research needs. 

9.2 Summary of Main Findings 

9.2.1 Remote Sensing 
For remote sensing to be most effective, it is important to develop techniques that distinguish 

effectively between lantana and other surrounding species. The first three studies in this thesis 

have focused on this aspect of remote sensing. 

The new generation of satellite sensors, such as Quickbird, are more advanced in terms of 

enhanced spatial resolution and thus can be more effectively used for weed detection. Quickbird 

provides panchromatic and multi-spectral images at different spatial and spectral resolutions. 

Image fusion can be applied to utilise such images more effectively. However, the spectral 

quality of the fused product is important if it is to be used for weed mapping. Of the fusion 

techniques assessed in this study, Principal Components and Gram-Schmidt Spectral Sharpening, 
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were best at preserving the spectral quality of the original MS image. This resulted in an 

improvement in overall accuracy when compared to the original MS image, as well as a higher 

kappa statistic. Brovey and Hue–Saturation–Value fusion algorithms produced spectral distortion 

in the merged image which caused significant misclassification, resulting in lower overall 

accuracy.  

An assessment of some commonly available imagery for weed mapping and their cost 

effectiveness indicated that Landsat TM, Quickbird and SPOT 5 were equally effective in 

lantana mapping, as there was no statistically significant difference in accuracy between the 

three images. Therefore, the cheapest image (in terms of price of image, time required for 

processing and storage requirements) provided the most cost-effective option. Quickbird was the 

most costly in terms of data storage and the time required for processing, followed by SPOT 5 

and then Landsat TM. In terms of cost of imagery, Landsat TM was the cheapest of the three and 

thus provided the most cost-effective choice. 

Hyperspectral data can also be useful in weed mapping but neighbouring bands in such data are 

often strongly correlated and thus may provide similar information (de Backer et al., 2005). As a 

result, not all of the bands may be required for a particular application. Thus identification of 

spectral channels where differences in reflectance between lantana and its surrounding 

vegetation is greatest will be useful. Statistical analysis of the reflectance spectra of lantana and 

seven co-occurring species identified 86 bands where lantana reflectance was significantly 

different from neighbouring species. Similar analysis of the first derivative of the reflectance 

(FDR) spectra narrowed this down to 18 bands. The effectiveness of these bands was evaluated 

by classifying the original Hyperion image using a set of 155 bands as well as the identified set 

of 86 and 18 bands from the reflectance and first derivative data, respectively. There was no 

significant difference in overall accuracies between the three images. The FDR analysis 

combined with the statistical analysis was a useful procedure for data reduction by refining the 

discrimination to fewer optimal bands for lantana detection with no adverse impacts on 

classification accuracy. 

9.2.2 Modelling 
Potential distribution modelling of lantana provides useful information for planning management 

programs for this weed. This study employed CLIMEX to model the distribution of lantana at a 

global, national (Australia) and state level (Queensland) under current and future climate 

scenarios. Furthermore, the inclusion of biophysical factors, specifically land-use and soil 

drainage, was used to refine potential distributions. 
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Globally, under current climate, much of the tropics and subtropics was projected to have 

suitable climatic conditions for lantana. Areas that were identified as having highly suitable 

climatic conditions included large parts of South and Central America, the southern states of the 

USA, Asia, Australia, sub-Saharan Africa, Madagascar and the high volcanic Pacific island 

groups such as Fiji, Vanuatu, Samoa and New Caledonia. Warm temperate areas such as 

northern New Zealand and southern Mediterranean Europe including Portugal, Italy and Greece 

were projected to have marginal climatic conditions under current climate.  

Under future climate scenarios, there was a substantial reduction in the potential global 

distribution of lantana throughout the Americas and Africa. However, climatic suitability 

improved in some European and North African locations that were previously unsuitable or 

marginal. This shift was more marked for 2070. A considerable reduction in potential range was 

also seen in most Asian countries except China where the potential range shifted further inland 

into areas that are currently too cold.  

Within Australia, inclusion of land-use led to a more refined distribution, although the core area 

of infestation along the east coast of Australia remained climatically suitable for lantana under 

current climate. Under future climate scenarios, lantana range expanded into areas that are 

currently too cold, such as Victoria, South Australia and Tasmania, and contracted from the 

northern areas of the continent. This trend continued with the inclusion of land-use data, 

although with a more restricted distribution as locations with suitable climate but unsuitable 

land-use were filtered out. 

At the state level, modelling results for Queensland showed that the inclusion of land-use and 

soil drainage led to a substantial reduction in highly suitable areas for lantana under current 

climate, although the area in the suitable category increased. Under climate change scenarios, 

availability of suitable climate in northern Queensland became restricted. Inclusion of land-use 

and soil drainage also led to a restriction in highly suitable locations along the Queensland coast 

but an increase in suitable areas. 

Finally, a sensitivity analysis of temperature, soil moisture and cold stress parameters in 

CLIMEX demonstrated that, in terms of temperature parameters, lantana distribution was highly 

sensitive to changes in limiting low and limiting high temperatures. Of the moisture parameters, 

limiting low soil moisture was the most sensitive because it revealed large shifts in lantana 

distribution with small changes compared to the other soil moisture parameters. Cold stress 
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temperature threshold and minimum degree-day cold stress threshold also showed modest levels 

of sensitivity to change. 

Having provided a brief summary of the overall findings from the seven studies in this thesis, the 

following section draws out some key implications for the management of lantana and other 

invasive species. 

9.3 Implications of the Study 
This study has demonstrated the potential of image fusion techniques for improved lantana 

classification. The capability to remotely distinguish lantana using high spatial resolution 

satellite imagery and image fusion techniques can provide reliable, up-to-date information on its 

abundance. This is necessary for evaluation of control strategies, prevention of spread to 

unaffected areas, and improved management. Management approaches include chemical, 

biological and mechanical control, as well as burning. These are invariably costly and time 

consuming, so identifying and mapping lantana infestations more accurately can lead to 

significant savings in terms of cost and effort.  

The identification of optimal hyperspectral bands for lantana also provides the potential for 

better discrimination between lantana and co-occurring vegetation. This may assist resource 

managers involved in lantana management in selecting a sensor suitable for their particular 

context. Furthermore, the identified optimal bands can be of use with programmable sensors 

used on small aircraft. Such sensors can be programmed in advance with the required number of 

bands and bandwidths for targeted applications. 

Biosecurity and weed control agencies need information on the potential distribution of lantana 

under current and future climate scenarios to formulate effective strategies to manage the 

invasion. This study showed how CLIMEX software could be used to provide this information at 

global, national and local levels. Furthermore, it demonstrated that the inclusion of factors other 

than climate, such as soil drainage and land-use, can significantly refine the potential invasion 

range of lantana. At present, complete records of soil drainage are only available for the state of 

Queensland in Australia. However, this research indicates that if more soil drainage data 

becomes available, it could be employed to provide more potent modelling of the invasive 

potential of lantana and other weeds of economic and ecological importance. 

The inclusion of land-use also assists in refining potential distribution models. However, an 

obvious note of caution needs to be raised about this technique. Land-use is not constant and the 

further into the future models project, the more likely it is that land-use may have changed. 
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However, if interpreted with caution, models that include land-use as a parameter may be 

extremely useful when providing potential future lantana distribution, particularly at a local 

level. 

Finally, the study indicated the need for caution when using regional and global climate change 

models on projected lantana distribution because of the high level of sensitivity of its distribution 

to the upper and lower limits of temperature tolerance. Results from species distribution models 

will vary depending on which emissions scenario is used. Therefore, management decisions 

should be based on results from an ensemble of scenarios. The findings of this study has broader 

implications in the field of biological invasions because the remote sensing and modelling 

techniques identified here are also applicable in the management of other invasive species. 

9.4 Recommendations 
Only four fusion techniques were evaluated in this study using Quickbird imagery due to time 

constraints and the cost of imagery. There is scope to evaluate other fusion techniques such as 

the wavelet algorithm with imagery from sensors other than Quickbird to determine the most 

effective combination of imagery type and fusion algorithm for mapping lantana. 

The hyperspectral research reported here could be extended to reflectance measurements at the 

canopy level to quantify the differences between lantana and surrounding vegetation. This would 

confirm whether the wavelength positions identified for lantana discrimination through leaf level 

measurements are the most suitable for lantana discrimination at the canopy level. Furthermore, 

the stability of these identified optimal bands requires investigation across a range of 

environmental conditions, terrains and seasons. 

This study has utilised one modelling software program to determine potential distribution of 

lantana, namely CLIMEX. It would be useful to conduct a comparative study with other species 

distribution modelling software packages such as Genetic Algorithm for Rule-set Production 

(GARP) (Stockwell and Peters, 1999) and Maximum Entropy (MaxEnt) (Phillips et al., 2004). In 

general, species distribution modelling methods use gridded climate datasets of moderate spatial 

resolution. The impact of varying the spatial resolution of climatic datasets on the potential 

distribution of lantana is another issue that requires further exploration. 

Future changes in lantana distribution as a consequence of climate change will impact on 

biodiversity, especially endangered ecological communities (EEC). Modelling the potential 

distributions of EECs, in tandem with lantana, could highlight areas of potential co-occurrence, 

allowing management strategies to be devised for the protection of EECs. 
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