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Abstract 
 

Climex® climate-matching and inferential-modelling was used to examine the 
naturalisation potential of genetically-modified and non-transgenic Upland Cotton 
(Gossypium hirsutum variety hirsutum) in Australia north of latitude 22 oS.  The Climate-
Match (CM) function was used to identify locations in north-east Australia where climate 
matches (CM Index > 0.7) the experimental sites of Eastick (2002) in north-west Australia.  
Most of Australia north of 22 oS had climate matching one or more of the sites of Eastick 
(2002), locations where cotton is highly unlikely to naturalise.  Climex inferential models 
were developed using parameter values derived from the GOSSYM and OZCOT 
simulation models and validated against the documented distributions of (a) indigenous G. 
hirsutum in Central America, (b) where it is naturalised in West Africa, and (c) Upland 
Cotton in West Africa.  The climate-based predictions of potential distribution in Australia 
indicated that cotton has naturalisation potential only in the coastal regions of north-east 
Australia.  The rest of Australia was either too cold, too dry, or both.  These predictions were 
further refined through overlay of soil-nutrient and existing land-use data.  The overlay of 
soil nutrient data further restricted the most suitable areas to coastal north-east Australia 
primarily in the wet tropics between latitudes 16 oS and 19 oS.  Consideration of existing 
land-use patterns indicated that the probability of naturalisation in these potentially suitable 
areas was very low because these areas currently have either existing forests, or are used 
for managed agricultural systems, principally sugarcane.  Competition from a suite of 
aggressive tropical weeds further reduced naturalisation potential.  In less intensively-
managed and seasonally-dry areas, fire was considered a major limitation to naturalisation 
of cotton.  The Weed Risk Assessment (WRA) protocol, used by Biosecurity Australia to 
evaluate new plant importations into Australia, was used to produce an overall assessment of 
the weediness risk for non-transgenic, Bollgard II® and Roundup Ready® Flex cottons in 
north-east Australia.  Because neither the Bollgard II® nor the Roundup Ready® characters 
conferred any advantage in the north-east Australia environment, the transgenic status of 
the plant did not alter the naturalisation potential or weediness risk.  The WRA score of 
cotton in north-east Australia (-5) indicates that it has essentially zero risk of establishing as a 
weed in this area, especially when compared to WRA scores of other major crop plants and 
the competing weed species.   
 
Keywords: Bollgard II®; Roundup Ready® Flex; Climex; inferential modelling; climate 
matching; familiarity; substantial equivalence 
 
 



  3 

1. Introduction 
 
In Australia, Bollgard II®, Roundup Ready® and Roundup Ready Flex® cottons are 
registered for use south of latitude 22 oS (Monsanto, 2002, 2005) where in the 2005/06 
season they represented approximately 80% of cotton plantings.  Cultivation of these 
cottons north of 22 oS has been restricted until weediness risk in the area is better 
understood and Bacillus thuringiensis (Bt) resistance-management plans have been 
developed for potential production areas.   
 
Eastick (2002) completed five years of experimental work on the survival and reproduction 
of transgenic and non-transgenic cotton in non-agricultural sites at three locations 
(Katherine, Northern Territory; Kununurra and Broome, Western Australia) in north-west 
Australia north of latitude 22 oS.  She concluded that cotton - whether it contained Bt genes 
or not - was not likely to establish as a weed at these sites because dry stress prevented 
plant survival and reproduction.   
 
The principles of familiarity and substantial (or phenotypic) equivalence are the starting 
points for the safety assessment protocols for transgenic plants, including environmental, 
food/ feed safety, and nutritional impacts of both intended and unintended differences 
(National Academy of Sciences, 1989; Tiedje et al., 1989; EFSA, 2004).  The essence of 
protocols using these concepts is that novel plants can be compared to their non-
transformed equivalents that have an established history of safe use.  If the transformed 
plant poses no new, or greater, risks than the familiar plant under the anticipated conditions 
of cultivation, then the novel plant is considered to pose an acceptable risk.  These 
comparisons are usually done qualitatively (e.g. Smith, 2004), not quantitatively (Parker & 
Kareiva, 1996).  Ecological risk assessment is the subject of active debate and review, 
commonly with recommendations for more effective and thorough studies of the 
environmental risks and benefits of transformed organisms, e.g. Bartsch & Schuphan, 
2002; Snow et al., 2005. 
 
Clear definitions of key terms, especially ‘weed’, ‘naturalisation’ and ‘invasive’, are 
required prior to any risk assessment of a genetically modified crop because these terms 
have been given a range of meaning in the invasion ecology literature, leading to confusion 
and uncertainty (Richardson et al., 2000).  In this paper, we use the terminology 
recommended by Richardson et al. (2000).  Specifically, a naturalised plant is an alien 
plant that reproduces consistently and sustains populations over many life cycles without 
direct intervention by humans; an invasive plant is a naturalised plant that produces 
reproductive offspring, often in very large numbers, at considerable distances from parent 
plants, and thus which have the potential to spread over a considerable area.  Weeds are 
plants (not necessary alien) that grow in sites where they are not wanted, and which usually 
have detectable economic or environmental effects (Richardson et al., 2000).  
 
In terms of weediness assessments, important limitations to the implementation of the 
principles of familiarity and substantial equivalence have been the difficulty in determining 
the naturalisation potential of crop plants (Hegde & Ellstrand, 2002; Pilson & Prendeville, 
2004), or identifying factors that limit the potential distribution of naturalised populations 
(National Academy of Sciences, 1989; Hegde & Ellstrand, 2002; Pilson & Prendeville, 
2004).  Additionally, there has been debate as to how to assess weediness.  While the list of 
weed traits proposed by Baker (1965, 1974) has been commonly used in weediness 
assessments of transgenic plants (Parker & Kareiva, 1996 and references contained 
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therein), these traits have been given greater weight than most ecologists would accept 
(Parker & Kareiva, 1996; Williamson, 1994).   
 
In this paper, we combine two analytical methods from another part of the weed science 
domain that, in combination, go some way to overcoming these difficulties.  Firstly, we use 
climate-matching and inferential modelling with Climex® software (Sutherst et al., 2004) to 
make naturalisation-potential and weediness-risk assessments for non-transgenic and 
transgenic cottons in Australia.  This process also identifies the key climate factors that limit 
the potential distribution of Gossypium hirsutum.  Secondly, we use the Weed Risk 
Assessment (WRA) protocol (Pheloung, 1995, 2001) to make a quantitative assessment of 
weediness risk for all three types of cotton.  The WRA protocol is a validated weediness 
assessment tool used by the Biosecurity Australia (Biosecurity Australia, 2006) to assess 
weediness potential of potential plant imports into Australia. 
 
1.1 Inferential modelling 
 
Climate is recognised as the primary constraint in determining the potential distribution of 
plants, including weeds (Woodward, 1987; Kriticos & Randall, 2001; Sutherst, 2003).  If 
climate is suitable, then other factors such as soil type and nutrient status contribute to 
determining actual distribution.   
 
There were pre-1990’s attempts to correlate climate and plant spatial-distribution 
(Woodward, 1987).  However, computer software developed over the last decade has 
revolutionised the process of creating the necessary inferential models of the target plant’s 
potential distribution, and then visualising potentially suitable habitats as maps (Sutherst, 
2003).  As a result, inferential modelling as a discipline has expanded rapidly over the last 
decade and maps of potential geographical distributions and ‘invasion risk’ assessments 
have been completed for a wide range of plant species, including many tropical and sub-
tropical weeds and potential weeds (e.g. McFadyen & Skarratt, 1996; Pheloung at al., 
1996; Csurhes & Edwards, 1998; Hold & Boose, 2000; Mo, 2000; Kriticos & Randall, 
2001; Brinkley & Bomford, 2002; Kriticos et al., 2002, 2003; Goolsby, 2004; Lawson at 
al., 2004; Walden et al., 2004).  These studies have confirmed the power of inferential 
modelling to predict potential plant distributions, but the techniques have not been 
previously applied to assessing the naturalisation potential or weediness risk of a 
genetically-modified plant.   
 
CLIMEX (Version 1, Sutherst, et al., 1999; Version 2, Sutherst, et al., 2004) is one of the 
most comprehensive and reliable inferential modelling software packages available 
(Kriticos & Randall, 2001).  It has been used successfully for matching climates and 
predicting the potential distribution of weeds by using a thermo-hydrological Growth 
Index (GI) and climatic stressors to govern the climatic niche (Sutherst, et al., 1999; 
Kriticos & Randall, 2001).  The Ecoclimatic Index (EI) (a value between 0 and 100) gives 
an overall measure of the potential of a given location to support a permanent population 
of a plant, and is calculated by subtracting the climatic stresses (cold (CS), hot (HS), wet 
(WS) and dry (DS) stresses) from the Growth Index (Sutherst et al., 1999).  A species is 
predicted to not persist at a location if stress indices total more than the GI, i.e. EI = 0.   
 
The fitting of Climex model parameters to match known geographical distributions is in 
essence, generating a hypothesis about the factors that limit the distribution of an organism 
(Sutherst et al., 2004).  For many organisms, the temperature and moisture responses are 
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largely unknown.  In these cases, initial Climex parameter values are typically chosen from 
the Climex template that most closely fits the observed distribution.  However in the case 
of Gossypium hirsutum reported here, the Climex parameter values were extracted directly 
from detailed and intensive studies of the plant’s temperature and moisture responses (see 
Table 1 for details).  Validation of Climex inferential models can be achieved if species’ 
distribution data is available for more than one area of the world.  A set of parameter 
values is considered validated if values developed against distribution data in one part of 
the world successfully predict distribution elsewhere (Kriticos & Randall, 2001; Sutherst et 
al., 2004). 
 
Climex can use meteorological data from specific point locations or grided data derived 
from data developed by the Climate Research Unit, Norwich, UK (Sutherst et al., 2004).  
While both types of meteorological data cannot account for prediction uncertainties 
associated with microhabitat variation, these uncertainties can be reduced by the use of 
finer-scale validated grided datasets.  Such landscape scale datasets are currently being 
developed and validated (e.g. Kolomeitz & van Klinken, 2004). 
 
A recent development has been to overlay soil characteristics onto the EI predictions from 
CLIMEX within a geographic information system (GIS) framework to obtain a more 
accurate assessment of growth potential and potential distribution of species of interest 
(Kolomeitz & van Klinken, 2004; Lawson et al., 2004).  Kolomeitz & van Klinken (2004) 
used soil water-holding capacity to refine predictions of buffel grass (Cenchrus ciliaris) 
distribution, while Lawson et al. (2004) used a rating of each Australian soil type’s 
potential for the growth of the same species.  This approach has the potential to greatly 
refine the quality of distribution predictions, especially where the target species has a 
known sensitivity to, or high requirement for, a particular soil physical factor or nutrient.   
 
1.2 Weed Risk Assessment 
 
Weed Risk Assessment (WRA) (Pheloung, 1995, 2001) is an emerging biological science 
discipline that can assist in reducing the numbers of new plants entering a region that 
subsequently become weeds (Groves et al., 2001).  It integrates biological and ecological 
information, with the geographical origins of plants and their previous histories of 
introduction and spread, to make predictions about the probability of a plant becoming a 
weed, if introduced.  It uses inferential modelling of potential plant distributions as one of 
its tools.   
 
WRA in Australia was formalised by the development of an assessment protocol by 
Pheloung (1995, 2001).  This protocol (Biosecurity Australia, 2006) uses a total of 49 
questions to assess the available data on (a) history and biogeography, and (b) biology and 
ecology.  The history/ biogeography assessment includes questions on: 

·  domestication and cultivation status (3 questions), 
·  climate suitability, including the quality of climate-match data (5 questions), and  
·  weediness elsewhere (5 questions). 

The biology/ ecology section includes questions on: 
·  undesirable traits (12 questions), 
·  plant type (4 questions), 
·  reproductive strategies (7 questions), 
·  dispersal mechanisms (8 questions), and  
·  persistence attributes (5 questions). 



  6 

The WRA protocol generates a numerical score that encapsulates the risk of the species 
becoming a weed.  For any proposed plant importations in Australia, the WRA score 
determines the Biosecurity Australia response: ‘Accept’, ‘Reject’ or ‘Further Evaluate’ the 
species (Biosecurity Australia, 2006).  Based on an analysis of the scores of 370 weed, non-
weed and crop species (Pheloung, 2001), the WRA system sets values of 0 or less to 
provide an ‘Accept’ Outcome, while values of between 1 and 5 return an ‘Evaluate’ 
Outcome, meaning that more information and assessment is required.  A WRA value of 6 
or greater generates a ‘Reject’ Outcome.   
 
2. Materials and methods 
 
Climex® V2 climate modelling software (Hearne Scientific Software www.hearne.com.au) 
was used for both the climate-matching and inferential-modelling components of this 
study.  Data sets were output from Climex and imported into ArcGIS® V9 geographic 
information system (GIS) software for further processing and mapping.    
 
The meteorological data sets used in the modelling were 0.1 degree grided data for 
Australia, Africa and Central America.  The 0.1 degree data was based on the files available 
from the Climatic Research Unit, Norwich, UK 
(http://www.cru.uea.ac.uk/cru/data/hrg.htm) and supplied in a Climex-ready format by Mr 
Shaun Kolomeitz, Cooperative Research Centre for Australian Weed Management, CSIRO 
Entomology, Brisbane (Australia and Central America) and Hearne Scientific Software 
(Africa).  
 
Present-day soil phosphorus data for Australia, specifically PTot0 (kg of plant-available 
phosphorus per hectare), was obtained from the Australian Natural Resources Data Library 
(2005a).  It was converted to a format compatible with the Climex grided data so that soil 
nutritional status could be overlaid on the Climex EI maps in ArcGIS.  Land-use data on a 
0.01 degree cell size was obtained as the 1996/97 Land Use of Australia, Version 2 from 
the Australian Natural Resources Data Library (2005b). 
 

2.1 Climate matching to Eastick (2002) study sites 
 
Because climate is the primary determinant of where plants will grow (Woodward, 1987; 
Kriticos & Randall, 2001; Sutherst, 2003), the Climate Match Index (CMI) of Climex was 
used to determine the areas of Australia to which Eastick’s (2002) experiments can be 
extrapolated.  CMI, as used here, is a composite index calculated as the product of three 
temperature match indices (minimum, maximum and average temperature) plus indices for 
total rainfall and rainfall pattern, all equally weighted.  A CMI of 0.7 was set as the threshold 
of climate similarity because CMI values of less than 0.6 are considered a potentially 
inadequate match between locations for the purpose of predicting the success of biocontrol 
agents against pest insects and weeds (Sutherst, 2003).  Locations with a Climate Match 
Index (CMI) greater than 0.7 for one or more of Eastick’s (2002) sites were overlaid onto a 
single map in ArcGIS to show the total area of Australia where the climate matches one or 
more of Eastick’s (2002) experimental sites. 
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2.2 Inferential modelling  
 
Modelling the potential distribution of transgenic and non-transgenic cotton in Australia 
involved a sequence of five steps: 

1. estimating of parameter values from the cotton physiology and simulation 
modelling literature,  

2. refining and validating Climex models for (a) perennial Gossypium hirsutum 
variety punctatum indigenous to the Americas and naturalised in West Africa 
(Hutchinson et al., 1947), and (b) Upland Cotton, an annual growth-habit 
section of Gossypium hirsutum variety hirsutum (Brubaker et al., 1999) using 
the model-fitting procedures recommended by Sutherst et al. (2004),  

3. determining the potential distribution of Upland Cotton in Australia from the EI 
map produced by the Upland Cotton model and identifying the key stress factors 
responsible for the distribution,  

4. producing an overall Suitability Index (SI) map for Upland Cotton in Australia 
by combining the EI data from the Upland Cotton model with nutrient-related 
plant growth potential derived from total present-day plant-available 
phosphorus from the Australian Natural Resources Data Library (2005a),  

5. overlaying the SI map onto a map derived from the 1996/97 Land Use of 
Australia, (Australian Natural Resources Data Library, 2005b) to show detail of 
existing vegetation and land-use patterns that would impact on Upland Cotton’s 
ability to naturalise in areas where both climate and soils are suitable. 

 
Modelling the distributions of (a) G. hirsutum variety punctatum (the Indigenous 
Gossypium model) and (b) Upland Cotton were the focus of the inferential models because 
the former is the primary source of modern Upland Cotton (Hutchinson et al., 1947; 
Hutchinson, 1951).  The G. hirsutum variety marie-galante, the ‘tree cottons’ of northern 
South America, are somewhat removed genetically from modern Upland Cotton, and so 
were not considered in detail here.  Consequently, maps were examined for fit/ lack-of-fit 
only as far south as the Guatemala – Nicaragua border which marks the transition zone 
between the punctatum and marie-galante varieties of G. hirsutum.  
 
Temperature and moisture response parameter values for Upland Cotton were obtained 
from the cotton physiology and growth model literature (Hearn, 1994; Wall et al., 1994; 
Hodges et al., 1998; Cothren, 1999; Roth et al. 2004), and transformed into Climex-
compatible Temperature and Moisture Index parameters and Cold, Heat, Dry and Wet 
Stress threshold values.   
 
Maps associated with the Australian Soil Classification (Isbell, 2002) show large areas of 
the Australian soils in the tropics and sub-tropics with plant-available water capacity 
(PAWC) that vary widely from the global average of 100mm, the Climex default value 
(Sutherst et al., 2004).  Greacen and Williams (1983) reviewed available PAWC data, 
concluding that the PAWC of Vertosols can typically range between 80 and 150mm, while 
Chromosols typically vary between 120 and 230mm, and Sodosols between 25 – 100mm.  
Additionally, the physical properties of the Sodosols and some Vertosols and Kandosols 
also result in waterlogging at relative water contents that are acceptable for plant growth in 
freely draining soils.  Because of these variations in soil characteristics, a sensitivity 
analysis was conducted using the Climex Wet Tropical Template (Sutherst et al., 2004) to 
compare soils with a range of PAWC and waterlogging characteristics.  This analysis showed 
that assumptions about PAWC and propensity for waterlogging had minimal impact on EI.  
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Consequently, this parameter was left at the Climex default value of 100mm for all 
analyses presented here.   
 
Because of the known xerophytic nature of Indigenous Gossypium (Hutchinson et al., 
1947), the initial values of the lower threshold moisture (SM0) and Dry Stress threshold 
(SMDS) parameters for the Indigenous Gossypium races were adjusted for increased Dry 
Stress tolerance from the Upland Cotton values, by reference to the Climex Semi-Arid 
Tropics Template (Sutherst et al., 2004).  
 
The Indigenous Gossypium model was refined by comparing the distribution predicted by 
Climex with the known documented distribution of these cottons in Central America, the 
Caribbean and the United States Gulf coast (Hutchinson et al., 1947).  Where the predicted 
distribution did not match the documented distribution, the source of the lack of fit was 
identified by inspection of maps for CS, HS, DS and WS, and relevant parameter values 
and stress thresholds adjusted accordingly, as recommended by Sutherst et al. (2004).  For 
the Indigenous Gossypium model, this refinement process focussed on Cold Stress.   
 
The potential-distribution suitability classes defined by Brinkley & Bomford (2002) (on 
the basis of their and other researchers’ experience) were used when producing distribution 
maps of potential suitability.  A location with an EI greater than 0 and less than 5 was rated 
by Brinkley & Bomford (2002) as having a low probability of the species surviving in the 
long term, i.e. naturalising in the terminology of Richardson et al. (2000).  An EI of 5 – 30, 
and greater than 30, indicated a moderate and high probability of long term survival, 
respectively.  Thus, areas with an EI > 30 represent a measure of the target species’ 
potential area of naturalisation from the climate perspective.   
 
Once the Indigenous Gossypium model accurately predicted the distribution of these 
cottons in the Americas, the model was validated by comparing the predicted distribution 
for West Africa with the known distribution; G. hirsutum variety punctatum races have 
become naturalised across the whole of the dry belt running across West Africa south of 
the Sahara (Hutchinson, et al., 1947, p.107).  The Upland Cotton model was created by 
reinstating the research-based values for the SM0 and SMDS moisture parameters (Roth et 
al. 2004) to the validated Indigenous Gossypium model, and then validated by comparing 
the predicted and known distributions of Upland Cotton in West Africa.  Hutchinson et al. 
(1947) record that G. hirsutum variety punctatum races have become naturalised in areas of 
West Africa where Upland Cotton does not survive.   
 
The validated Upland Cotton model was run for Australia using the 0.1 degree data set and 
the resulting EI map used to determine the potential distribution in Australia from the 
perspective of climate.  The climatic stress factors limiting the potential distribution were 
considered, including whether the stress factors identified by Climex would be altered by 
the presence or activity of the Bollgard II® and the Roundup Ready® Flex genes.  
 
The final Suitability Index for Upland Cotton in Australia was calculated as the product of 
(a) the Upland Cotton EI value from the Climex inferential model, and (b) an index of 
fertility-related plant-growth potential derived from total plant-available phosphorus GIS 
data (Australian Natural Resources Data Library, 2005a).  Lawson et al. (2004) used a 
simple additive model to conjoin Climex EI data with soil-suitability data, after excluding 
areas where EI was 0.  This approach was considered inappropriate for this study, given 
the pre-eminent role of climate in determining plant distribution (Woodward, 1987; 
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Kriticos & Randall, 2001; Sutherst, 2003).  Rather, we used a multiplicative model that 
scaled the climate-based suitability with a measure of the soil-related plant-growth 
potential. 
 
At a landscape-level, total plant-available phosphorus is coupled to soil nitrogen, and 
ultimately Net Primary Productivity (i.e. plant photosynthesis – plant respiration) (Raupach 
at al., 2001).  As nitrogen and phosphorus are the major nutrients determining cotton 
growth (Hearn, 1981), and soil phosphorus and nitrogen stores are highly correlated, a 
classification of potential plant productivity (PPP) based on plant-available phosphorus can 
broadly quantify plant-growth potential if climate is suitable.  We calibrated the PPP 
classification system using nine Queensland districts for which we knew the nutrient-related 
potential productivity (e.g. Reid et al., 1979; Reid & Baker, 1984; Reid & Macnish, 2000).  
At 12 randomly-selected points in each district, data for total plant-available phosphorus per 
hectare was extracted from the GIS dataset, and means and 95% confidence intervals 
calculated.  Using these data, and data on original vegetation, current land use, and 
nutrient-related PPP at the landscape scale (e.g. Reid et al., 1979; Reid & Baker, 1984; 
Reid & Macnish, 2000), we defined four broad classes of suitability for plant growth on a 0 
– 1 scale, defining class boundaries and a value that encapsulated PPP.   
 
The Upland Cotton EI values from the Climex analyses were then multiplied by the PPP 
values to produce a final Suitability Index (SI) for Upland Cotton in Australia.  The critical 
EI values of Brinkley and Bomford (2002) were applied to the SI data on the basis that (a) the 
EI and SI values are identical where the PPP multiplier is 1, and (b) the areas of most interest 
in this study are those of high suitability.  While there is no experience on which to establish 
with any certainty critical values for SI where either or both of EI and PPP are lower, these 
uncertainties are less important for this study, given its focus on identifying areas of high 
suitability for the naturalisation of the various types of Upland Cotton. 
 
The dataset for 1996/97 Land Use of Australia (Version 2) (Australian Natural Resources 
Data Library, 2005b) was reclassified into six categories that encapsulate various impacts 
of current land use on the capacity of Upland Cotton to naturalise in areas with suitable 
climate and soils.  These categories were (a) managed agricultural systems, (b) forests, (c) 
extensive livestock areas, (d) traditional indigenous lands and other minimal land use areas 
(e) intensive land use (including urban residential), and (f) water bodies and mangroves.   
 
Managed agricultural systems included irrigated and dryland row-cropping, horticulture 
and planted/ improved pastures.  Cotton plants would be subject to on-going farm 
management operations and so be unlikely to naturalise in any of these systems.  Forests 
included open and closed native forest (50 – 80% and 80 – 100% canopy cover, 
respectively), plantation forests and other managed native forests.  Shading and 
competition for water and nutrients would be extreme in all forests with greater than 50% 
canopy cover, while on-going management operations plus moderate competition for light, 
water and nutrients would preclude naturalisation of cotton in the other forest types.  
Extensive livestock areas (i.e. lightly managed grazing in substantially unaltered native 
pastures), traditional indigenous lands, and other minimal land use areas (including native 
open woodlands and grassland in national parks, and Defence Department land) were 
considered separately because in these systems recognition and removal of any naturalising 
cotton population may be less likely than in other systems.  The probability of cotton 
naturalising in intensive-use areas, mangroves, and water bodies was considered to be zero. 
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2.3 Weed Risk Assessment 
The Weed Risk Assessment protocol (Pheloung, 1995) was applied to Upland Cotton with 
the 49 questions answered specifically for the areas of eastern Australia identified as most 
favourable by the Climex analyses.  The question set was answered three times – once for 
non-transgenic cotton, and once each for Bollgard II® and Roundup Ready® cottons.   
 
3. Results  
3.1 Climate matching to Eastick (2002) study sites 
 
Fig. 1 maps the distribution of climates similar (CMI > 0.7) to those occurring at one or 
more of Eastick’s (2002) sites at Broome, Katherine and Kununurra.  It shows that there is 
a close degree of similarity between the Eastick (2002) study sites and most of Australia 
north of latitude 22 oS.   

 
[insert Fig. 1 near here] 

 
Figure 1 also identifies areas of Queensland north of latitude 22 oS which have climates 
markedly different from the sites of Eastick (2002).  These areas include (a) the northern 
and eastern parts of Cape York Peninsula, and (b) the moister coastal areas and adjacent 
tableland areas from north of Cooktown to latitude 22 deg S.  Because climate is the 
primary determinant of plant distribution (Woodward, 1987; Kriticos & Randall, 2001; 
Sutherst, 2003), it is not possible to extrapolate from the findings of Eastick (2002) to these 
sites with non-matching climate.  The inferential modelling studies reported here are 
especially relevant to these areas.   
 
3.2 Inferential modelling  
 
The results of the parameter estimation and refinement process for the Indigenous 
Gossypium and Upland Cotton models are given in Table 1.  The initial run of the 
Indigenous Gossypium model showed a close match to the known distribution of the G. 
hirsutum variety punctatum cottons (Hutchinson et al., 1947, Fig. 10) in areas where 
moisture stress was limiting.  This indicates that the moisture parameters of the Indigenous 
Gossypium model adequately represented the xerophytic adaptation of the primitive 
cottons.  There was, however, some lack-of-fit to the known distribution around the Gulf 
Coast of the USA.  Examination of the Cold Stress map showed fatal levels of Cold Stress 
(CS > 100) down to the Gulf of Mexico in areas of Mexico and the USA where the plant is 
known to occur (Hutchinson et al., 1947).  This indicates that the initial estimates of the 
DV0, DV1 and TTCS parameters were too restrictive; a slight easing of parameter values 
(e.g. the cold temperature threshold (TTCS) was revised from 12.5oC to 11.0oC) provided a 
predicted distribution for the Indigenous Gossypium that matched the known distribution 
(Hutchinson et al., 1947; Hutchinson, 1951) (Fig. 2).  These revised parameter values 
remained within the bounds of the research-based temperature responses documented by 
Hearn (1994), Hodges et al. (1998), and Cothren (1999).   
 

[insert table 1 near here] 
 

[insert Fig. 2 near here] 
 
Hutchinson et al. (1947, P. 107) observed that forms of G. hirsutum variety punctatum 
have become acclimatised across West Africa south of the Sahara, especially in what is 
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now Mali, and ‘provide the basis of the native cotton industry where it is too dry for 
Upland (Cotton) to survive’.  This description of naturalisation and spread of the primitive 
and Upland cottons suggests that, in Climex terminology, EI values would be in excess of 
5, and possibly even as high as 30 for the primitive cottons in areas where EI is 0 for 
Upland Cotton.   
 
The Indigenous Gossypium model successfully predicts that these primitive cottons should 
naturalise across much of West Africa (see Figure 1in the supplementary material), with EI 
values in southern half of Mali consistent with the descriptions of Hutchinson et al. (1947, 
P. 107).  This successful prediction of the Indigenous Gossypium model of distribution in a 
new continent validates the model, according to Climex methodology (Sutherst et al., 
2004).   
 
The Upland Cotton model predicts a much more restricted distribution in West Africa than 
for Indigenous Gossypium (see Figure 2in the supplementary material), with Upland 
Cotton EI values zero throughout Mali.  That is, the Indigenous Gossypium and Upland 
Cotton models reproduce the distributions documented by Hutchinson et al. (1947) for 
these two types of cotton in West Africa.  This successful co-prediction validates the 
Upland Cotton model.  Note that all key parameter values for the Upland Cotton model are 
identical to those from the cotton physiology / crop modelling literature (Table 1).  In 
essence, the Upland Cotton Climex model projects onto a geographical scale the 
relationships captured in the crop-simulation models such as GOSSYM (Hodges et al. 
1998) and OZCOT (Hearn, 1994). 
 
The Upland Cotton model (Table 1) predicts that the only parts of Australia that are 
suitable for the long-term survival of Upland Cotton populations are in the moister east 
coastal regions (Fig. 3a).  This distribution is determined by Cold Stress (Fig. 4a) and Dry 
Stress (Fig. 4b); no Hot Stress or Wet Stress accumulated for any location in Australia.  
The highest EI values in Australia north of latitude 22oS is 61 on the wet tropical coast near 
Innisfail. 
 

[insert figs. 3 and 4 near here] 
 
In Australia, Dry Stress has a greater impact on distribution than Cold Stress and is 
sufficient to preclude establishment of permanently surviving populations anywhere in the 
Northern Territory or north-west Western Australia in the absence of supplementary 
moisture.  This confirms the conclusions of Eastick (2002) from field experiments.  North 
of latitude 22 oS, the Dry Stress values are in the range 250 - 600 for all but the east coastal 
areas of Australia, i.e. 2.5 to 6 times the Dry Stress required to preclude the establishment 
of permanent populations.  Even much more drought-tolerant plants than Upland Cotton, 
as modelled here, would not survive.  Figs. 3a and 4b predict that Upland Cotton 
populations would not survive in either the Ord River irrigation area of Western Australia 
or the Burdekin irrigation area because of Dry Stress.  This prediction has been confirmed 
for both areas, as no naturalised cotton plants survived in either area after the cessation of 
cotton cultivation (S. Addison and R.E. Reid, personal observations).   
 
There is a chain of four logically-related reasons for concluding that the Bt status of plants 
will not be important in determining the potential distribution or weediness of Upland Cotton 
in the Australian environment.  These are: 
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(a) there was no evidence that Bt-mediated insect herbivory affects survival and 
reproduction in north-west Australia (Eastick, 2002; Eastick & Hearnden, in press),  

(b) the spectrum of Bt-susceptible Lepidopteran cotton-herbivores is the same in north-
west and north-east Australia (Yeates, 2002; CAB International, 2004; CSIRO, 
2005),  

(c) the present study confirms that dry stress is the primary determinant of Upland 
Cotton potential distribution in eastern Australia, as well as for north-west Australia 
(Eastick, 2002), and  

(d) field trials of the Bollgard II® and Bollgard II®/Roundup Ready® varieties in 
Australia have demonstrated that the growth characteristics, disease resistance, 
yield and fibre quality of these varieties are within the range of current 
conventional commercial cotton varieties (Monsanto, 2002).  

 
Roundup Ready® Flex cottons contain two copies of the gene that encodes for the enzyme 
CP4 EPSPS (Monsanto, 2004, 2005) which is able to function in the presence of 
glyphosate, the active ingredient in Roundup® herbicides.  There are no biologically or 
agronomically meaningful differences between Roundup Ready® Flex cotton and the 
equivalent non-transgenic cotton beyond the enzyme CP4 EPSPS (Monsanto, 2004, 2005; 
Smith, 2004).  Thus, there is no basis on which to consider that Roundup Ready® Flex 
cottons would be differentially affected by either of the climatic factors that this analysis 
has shown limit the potential distribution in Australia, i.e. Dry Stress and Cold Stress.  In 
the absence of Roundup herbicide, Roundup Ready® Flex and non-transgenic cottons behave 
identically.   
 
In the climatically suitable areas identified in Figure 3b, glyphosate is one of the least used of 
the range of broad-spectrum herbicides available for weed control in non-agricultural 
situations, and in and around sugarcane in coastal north-east Australia (Johnson & Ebert, 
1999; O’Grady & Sluggett, 2000).  Historically atrazine, diuron, 2-4,D and paraquat have 
been commonly used in these coastal river catchments (Johnson & Ebert, 1999; Simpson & 
Ruddle, 2002), with glyphosate comprising less than 10% of herbicide use in Queensland 
sugarcane production areas (Simpson & Ruddle, 2002).  Because of this diversity of 
alternative management options and the low incidence of glyphosate use, there is little, if 
any, potential for any Roundup Ready plants to obtain an on-going selective advantage 
compared to non-transgenic cotton.   
 
For all of these reasons, the transgenic or non-transgenic status of Upland Cotton was not 
considered separately when examining potential distribution and or potential weediness in 
Australia and the conclusions of this study can be applied equally to non-transgenic and both 
types of transgenic cotton.   
 
Our assessment of the nutrient-related limitations on plant growth that would occur at an 
otherwise climatically-suitable location is encapsulated in the PPP class boundaries and 
site-suitability multipliers in Table 2.  The final Suitability Index (SI) prediction for 
Upland Cotton (Fig. 3b) identifies the ecological niche in Australia that is suitable for the 
establishment of naturalised Upland Cotton populations, considering both climate and soil 
factors.  These most suitable areas are markedly more restricted than when climate alone is 
considered (Fig. 3a).  Queensland’s wet tropical coast between Cairns and Townsville 
remains highly suitable, but the coastal areas further south become markedly less suitable 
once soil nutritional factors are included (Fig. 3b).  In these areas, areas of high suitability 
are restricted to a relatively small number of scattered locations on, or near, the coast.  
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Close inspection of Fig. 5 (down to the 0.01 degree detail of the land-use data) shows that 
almost all of the land area for which SI is greater than 30 is covered by either forests or 
managed agricultural systems, principally sugarcane.  In these areas, while the climate and 
soils may be suitable for the establishment of naturalised cotton populations, these 
ecological niches are already occupied by stable ecosystems, either natural or man-made.  
This presents a seemingly insurmountable barrier to Upland Cotton, a known poor 
competitor with other plants.   Within the areas where SI is greater than 30, there are some 
areas shown in the GIS dataset as grasslands on the fringes of forests and adjacent to areas 
of managed agriculture – these would include lightly or non-managed areas on the margins 
of sugarcane fields, roadsides, and creeks, and limited areas for cattle grazing.  In the moist 
tropical and sub-tropical environments, these areas are occupied by a range of aggressive 
grass species including Para grass (Brachiaria mutica), Guinea grass (Panicum maximum) 
Johnson grass (Sorghum halepense) and barnyard grass (Echinochloa species) 
(Kleinschmidt & Johnson, 1977).  In terms of the classification of Tothill et al. (1982), 
these are all ‘high fertility invaders’ with strong competitive abilities and able to exploit 
disturbed habitats.  All the competing species are aggressive, rapidly germinating and/or 
growing species that would out-compete cotton for soil moisture and nutrients, and shade 
and smother any cotton seedlings.   
 

[insert Fig. 5 near here] 
 
In the areas with SI less than 30 (Fig. 5) some limited naturalisation may be potentially 
possible.  These areas are restricted to dryer, less forested parts of Cape York Peninsula 
with minimal managed agriculture, and around the fringes of moister, more suitable, 
locations further south.  Fire would be expected to have an important impact on the success 
of any naturalisation processes in these areas.  In north-east Australia, fires that burn grass 
and understorey vegetation are regular events every few years (McKeague, 1992), and can 
occur even in areas with high annual rainfall towards the end of the dry season, when soil 
moisture is low, the plants are dry, and the temperature moderate to high.  When they 
occur, these fires can burn out substantial areas, limited only by areas of rainforest and 
patterns of recently burnt areas.  Such fires would impact on any cotton plants growing in 
the native open forests and woodlands, as well as in the grasslands.  Eastick (2002) and 
Brubaker (2002) both point to the importance of protection from fire as being an important 
factor in the persistence of naturalised cotton populations in the Northern Territory.  
Additionally, Eastick (2002) documented destruction of newly recruited seedlings and the 
death of most established plants after fires.  From these reports (McKeague, 1992; 
Brubaker, 2002; Eastick, 2002), it can be concluded that the regular incidence of fire in 
open forests, woodlands and grasslands in coastal and sub-coastal regions of eastern 
Australia would greatly reduce the probability of cotton naturalising in these areas.   
 
3.3 Weed Risk Assessment 
 
The WRA score for non-transgenic Upland Cotton in the eco-climatically suitable areas of 
north-east Australia was -5, an ‘Accept’ outcome under the Biosecurity Australia standards.   
The Bollgard II® and Roundup Ready® Flex status of plants was considered in answering 
the WRA questions, but no question was answered differently for either of the transgenic 
types compared to the non-transgenic cotton.  That is, both Bollgard II® and Roundup 
Ready® Flex cottons have a WRA score of -5, the same as for non-transgenic cotton. 
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4. Discussion  
 

4.1 Climate matching to Eastick (2002) study sites 
 
The key finding of Eastick (2002) was that dry stress is the primary reason that cotton - 
both Bt-transgenic and non-transgenic - cannot naturalise at the three locations in north-
west Australia.  Even at the three most favourable sites, plants surviving at May 2004 
comprised less than 1% of the original seed sown in 2000 and 2001 (Eastick & Hearnden, 
in press).  Invasiveness Index values were all substantially less than 1 at all sites, indicating 
that all populations were headed for extinction. 
 
When Eastick’s (2002) results are considered in conjunction with the climate-matching 
results reported here, it can be concluded that there is a very low probability (essentially 
zero) of Upland Cotton – either genetically modified to produce Bt toxin, or non-transgenic 
- successfully naturalising in the semi-arid regions of north-east Australia identified in Fig. 
1 without access to supplementary water during the dry season.  In these areas, the 
presence of supplementary water over the dry season would be of very limited extent (e.g. 
bore drains), or would be associated with some form of intensive/row crop agriculture, 
(e.g. irrigation tail drains and ditches).   
 
Virtually all of the northern Queensland areas identified as potential cotton production 
areas by Yeates (2002) are included in the regions of similarity to the Eastick (2002) 
locations (Fig. 1).  The results of the climate-matching process reported here, and the lack 
of invasiveness documented by Eastick (2002) in similar climates, indicate that in these 
potential production areas there is little or no probability of upland cotton of any type 
establishing naturalised populations away from irrigation areas. 
 
4.2 Inferential modelling  
 
The areas with the highest potential for the establishment of naturalised cotton populations 
are the moister coastal regions of Queensland (Fig. 3b).  However, the prospects for 
successful naturalisation are reduced by the plant’s limited reproductive potential in these 
environments.  Eastick (2002) also observed rotting of fruiting structures during the wet 
season and the successful production of mature bolls only after the end of the wet season.  
Additionally, premature square and boll shedding has been observed to occur in the Central 
American primitive cottons during the wet season, with successful seed production occurring 
during the dry season (Hutchinson et al., 1947, p. 104).  This series of observations suggest 
that in the areas identified as most suitable for development and survival of cotton plants 
(Fig. 3b), the actual fecundity of cotton plants would be reduced to well below that seen in 
dryer environments where crops are grown under irrigation.  At this stage, it is not possible 
to estimate how important boll rots and square and boll shedding may be in limiting the seed 
production by naturalised cotton plants.  However, it is an additional factor to consider when 
examining the potential of cotton to establish permanent populations.  This phenomenon 
could only reduce the capacity of cotton to establish permanent naturalised populations. 
 
4.3 Weed Risk Assessment 
 
Pheloung (2001) provides data on the calibration of the WRA system using data from 370 
plant species.  While the scores for non-weeds and serious weeds somewhat overlapped in 
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the 0 to +5 range, WRA values for all non-weeds were less than +5, while 85% of serious 
weeds had WRA scores of greater than +5.  Additionally, no species listed as a serious 
weed had a zero or negative WRA value.  All major agricultural crops have WRA scores 
that are higher than the -5 value recorded for Upland Cotton here, e.g. -4.3 for wheat 
(Triticum aestivum), +2 for soybean (Glycine max) and maize (Zea mays), and +3 for grain 
sorghum (Sorghum bicolor) (P. Pheloung, personal communication).  The WRA values for 
cotton’s potential weed competitors identified earlier are mostly in the range +6 to +20.  
As no species listed as a serious weed had a negative WRA value (Pheloung, 2001), 
Upland Cotton – whether transgenic or non-transgenic - could not be regarded as having 
the potential to be a serious weed, even in the areas where both climate and soil nutritional 
levels are most suitable.   
 
As a result of the analyses reported here, we conclude that the risk of either transgenic 
(Bollgard II® or Roundup Ready® Flex alone, or in combination) or non-transgenic Upland 
Cotton establishing permanent populations in north-eastern Australia is very low.  Further, 
we conclude that the probability of any naturalised populations of any of these types of cotton 
then going on to become a serious weed is effectively zero.   
 
The methods used in this study have application for assessing the naturalisation and 
weediness potential of other transgenic crops.  The key factors for the success of this study 
were (a) very detailed data on cotton’s temperature and moisture responses, and (b) well-
documented historical data on the distribution and naturalisation of primitive and modern 
cottons in two different continents.  If similar data is available for other crops for which 
transgenic cultivars are being developed, then these same methods could be implemented 
to provide estimates of potential distribution and weediness in a range of environments and 
locations.   
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Table 2 
Potential plant productivity classes, class boundaries and multipliers for Climex EI values. 

Potential plant productivity Class boundaries (kg P/ha) PPP Multiplier  
Very Poor 0 - 499 0.1 
Poor 500 - 999 0.3 
Moderate 1000 - 1999 0.7 
Good > 2000 1.0 
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Fig. 1.  Australian locations whose climate matches that at one or more of the study sites of 
Eastick (2002) at Broome, and Kununurra WA, and Katherine, NT (Climate Match Index > 
0.7).  Latitude 22 oS shown. 
 
 

 
Fig. 2. Ecoclimatic index (EI) for indigenous Gossypium hirsutum cottons in central 
America and the southern USA.  Values: 0 – 5 (pale grey), 5 – 30 (grey) and >30 (dark 
grey) represent a Low, Moderate and High EI, respectively. 
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Fig. 3. (a) Ecoclimatic Index (EI) and (b) Suitability Index (SI) for Upland Cotton in 
Australia.  SI combines EI with potential plant productivity – see text for details.   Values: 0 – 
5 (pale grey), 5 – 30 (grey) and >30 (dark grey) represent a Low, Moderate and High EI 
and SI, respectively.  Latitude 22 oS shown.  
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Fig 4. Distribution of (a) Cold Stress and (b) Dry Stress for Upland Cotton in Australia 
using parameter values from Table 1, Column 7.  Values of CS and DS >100 (no plant 
survival) are dark grey, through to CS = 0 (white).  Latitude 22 oS shown. 
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Fig. 5. Managed agricultural systems (pink), forests (dark green), extensive grazing 
systems (yellow), traditional indigenous lands and other minimal land use areas (light 
green), intensive use (including urban residential) (brown), and water bodies and 
mangroves (white), overlaid with Suitability Index data from Fig. 3(b).  SI grey shades 
from light to dark are SI values of 0 -5, 5 – 30 and >30, respectively.  This Fig. has been 
optimised for viewing in colour. 
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Supplementary Figure 1.  Ecoclimatic Suitability Index (EI) for perennial Gossypium 
hirsutum cottons in West Africa using Climex parameter values from Table 1, Column 4.  
Values: 0 – 5 (pale grey), 5 – 30 (grey) and >30 (dark grey) represent a Low, Moderate and 
High Ecoclimatic Suitability, respectively. 
 
 

 
Supplementary Figure 2. Ecoclimatic Suitability Index (EI) for Upland Cotton in West 
Africa using Climex parameter values from Table 1, Column 5.  Values: 0 – 5 (pale grey), 
5 – 30 (grey) and >30 (dark grey) represent a Low, Moderate and High Ecoclimatic 
Suitability, respectively. 


