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Abstract

Climex® climate-matching and inferential-modelling was useeiamine the

naturalisation potential of genetically-modified and non-tramsgdpland Cotton
(Gossypium hirsutumariety hirsutum)in Australia north of latitude 225. The Climate-
Match (CM) function was used to identify locations in hegtist Australia where climate
matches (CM Index > 0.7) the experimental sites of Ba&i@02) in north-west Australia.
Most of Australia north of 22S had climate matching one or more of the sites of Eastick
(2002), locations where cotton is highly unlikely to naturalisemé&i inferential models
were developed using parameter values derived from the&s@M&nd OZCOT

simulation models and validated against the documenteddistns of (a) indigenous.
hirsutumin Central America, (b) where it is naturalised indt/&frica, and (c) Upland
Cotton in West Africa. The climate-based predictions oémpidl distribution in Australia
indicated that cotton has naturalisation potential only in thealaagions of north-east
Australia. The rest of Australia was either totwictoo dry, or both. These predictions were
further refined through overlay of soil-nutrient and existing landelase. The overlay of
soil nutrient data further restricted the most suitablasate coastal north-east Australia
primarily in the wet tropics between latitudes’86and 19S. Consideration of existing
land-use patterns indicated that the probability of naturalisdi these potentially suitable
areas was very low because these areas currentlyehibhee existing forests, or are used
for managed agricultural systems, principally sugarc&wmpetition from a suite of
aggressive tropical weeds further reduced naturalisation mitehtiless intensively-
managed and seasonally-dry areas, fire was considerafalimitation to naturalisation

of cotton. The Weed Risk Assessment (WRA) protos#diby Biosecurity Australia to
evaluate new plant importations into Australia, waed to produce an overall assessment of
the weediness risk for non-transgenic, Bollgafdatid Roundup ReafiyFlex cottons in
north-east Australia. Because neither the Bollg&rddr the Roundup Realigharacters
conferred any advantage in the north-east Australia environtherttansgenic status of
the plant did not alter the naturalisation potential or weadinsk. The WRA score of
cotton in north-east Australia (-5) indicates tih&ias essentially zero risk of establishing as a
weed in this area, especially when compared to WEbkes of other major crop plants and
the competing weed species.

Keywords Bollgard If°; Roundup Read¥/Flex; Climex; inferential modelling; climate
matching; familiarity; substantial equivalence



1. Introduction

In Australia, Bollgard {7, Roundup Ready/and Roundup Ready Fféxottons are
registered for use south of latitude ®(Monsanto, 2002, 2005) where in the 2005/06
season they represented approximately 80% of cotton plantingsvaGoih of these
cottons north of 22S has been restricted until weediness risk in the areetier
understood anBacillus thuringiensig¢Bt) resistance-management plans have been
developed for potential production areas.

Eastick (2002) completed five years of experimental work on tiwévaiand reproduction
of transgenic and non-transgenic cotton in non-agricultural siteseat locations
(Katherine, Northern Territory; Kununurra and Broome, Wasferstralia) in north-west
Australia north of latitude 225. She concluded that cotton - whether it contained iBtge
or not - was not likely to establish as a weed at thesg Isg#gcause dry stress prevented
plant survival and reproduction.

The principles of familiarity and substantial (or phenotypic) esjeivce are the starting
points for the safety assessment protocols for transgenits placiuding environmental,
food/ feed safety, and nutritional impacts of both intended and ndededifferences
(National Academy of Sciences, 1989; Tiedje et al., 1989; E28®4). The essence of
protocols using these concepts is that novel plants can hEacednito their non-
transformed equivalents that have an established historyeofisa. If the transformed
plant poses no new, or greater, risks than the familiar plader the anticipated conditions
of cultivation, then the novel plant is considered to posacaaptable risk. These
comparisons are usually done qualitatively (e.g. Smith, 2004yuaaititatively (Parker &
Kareiva, 1996). Ecological risk assessment is the subjedtiok debate and review,
commonly with recommendations for more effective and thorough stotlibe
environmental risks and benefits of transformed organismsBartsch & Schuphan,
2002; Snow et al., 2005.

Clear definitions of key terms, especially ‘weed’, ‘nalisetion’ and ‘invasive’, are
required prior to any risk assessment of a genetically meddifop because these terms
have been given a range of meaning in the invasion ecologtuiter leading to confusion
and uncertainty (Richardson et al., 2000). In this paper, withaegterminology
recommended by Richardson et al. (2000). Specifically, a naraglant is an alien
plant that reproduces consistently and sustains populationsnavsrlife cycles without
direct intervention by humans; an invasive plant is a nasediplant that produces
reproductive offspring, often in very large numbers, at coraidie distances from parent
plants, and thus which have the potential to spread over a caidelarea. Weeds are
plants (not necessary alien) that grow in sites where tieetyad wanted, and which usually
have detectable economic or environmental effects (Richardsbn 2000).

In terms of weediness assessments, important limitatiche icmplementation of the
principles of familiarity and substantial equivalence have bieedifficulty in determining
the naturalisation potential of crop plants (Hegde & Ellstra002; Pilson & Prendeville,
2004), or identifying factors that limit the potential distributadmaturalised populations
(National Academy of Sciences, 1989; Hegde & Ellstrand, 200yP& Prendeville,
2004). Additionally, there has been debate as to how to aseedfess. While the list of
weed traits proposed by Baker (1965, 1974) has been commonlyhuseddiness
assessments of transgenic plants (Parker & Kareiva, 199@f@mednces contained



therein), these traits have been given greater weightrfost ecologists would accept
(Parker & Kareiva, 1996; Williamson, 1994).

In this paper, we combine two analytical methods from anqietrof the weed science
domain that, in combination, go some way to overcoming theeutties. Firstly, we use
climate-matching and inferential modelling with Clifiesoftware (Sutherst et al., 2004) to
make naturalisation-potential and weediness-risksassents for non-transgenic and
transgenic cottons in Australia. This process aleatifies the key climate factors that limit
the potential distribution dBossypium hirsutumSecondly, we use the Weed Risk
Assessment (WRA) protocol (Pheloung, 1995, 2001) to raakeantitative assessment of
weediness risk for all three types of cotton. WiRA protocol is a validated weediness
assessment tool used by the Biosecurity Australia (Biosg@ustralia, 2006) to assess
weediness potential of potential plant imports into Australia.

1.1 Inferential modelling

Climate is recognised as the primary constraint in determthmgotential distribution of
plants, including weeds (Woodward, 1987; Kriticos & Randall, 2001,;e8stti2003). If
climate is suitable, then other factors such as soilapgenutrient status contribute to
determining actual distribution.

There were pre-1990’s attempts to correlate climate and gpatitil-distribution
(Woodward, 1987). However, computer software developed ovéaghdecade has
revolutionised the process of creating the necessary inf@ramddels of the target plant’s
potential distribution, and then visualising potentially suitddalbitats as maps (Sutherst,
2003). As a result, inferential modelling as a disciplineexpanded rapidly over the last
decade and maps of potential geographical distributions and @mvask’ assessments
have been completed for a wide range of plant species, inglaakny tropical and sub-
tropical weeds and potential weeds (e.g. McFadyen & Skate#6; Pheloung at al.,
1996; Csurhes & Edwards, 1998; Hold & Boose, 2000; Mo, 2000; Kriticoagd&ll,
2001; Brinkley & Bomford, 2002; Kriticos et al., 2002, 2003; Goolsby, 20@fdon at
al., 2004; Walden et al., 2004). These studies have confitregubtver of inferential
modelling to predict potential plant distributions, but the technibags not been
previously applied to assessing the naturalisation potentree@diness risk of a
genetically-modified plant.

CLIMEX (Version 1, Sutherst, et al., 1999; Version 2, Suthetst)., 2004) is one of the
most comprehensive and reliable inferential modelling soéywackages available
(Kriticos & Randall, 2001). It has been used successhotlynatching climates and
predicting the potential distribution of weeds by using a thengdrological Growth

Index (GI) and climatic stressors to govern the climatibeniSutherst, et al., 1999;
Kriticos & Randall, 2001). The Ecoclimatic Index (El) (dueabetween 0 and 100) gives
an overall measure of the potential of a given location to supgm@tmanent population
of a plant, and is calculated by subtracting the climatésses (cold (CS), hot (HS), wet
(WS) and dry (DS) stresses) from the Growth Index (Sutheadt, 4999). A species is
predicted to not persist at a location if stress indiotd more than the Gl, i.e. EI = 0.

The fitting of Climex model parameters to match known gewgcal distributions is in
essence, generating a hypothesis about the factors thahkndiistribution of an organism
(Sutherst et al., 2004). For many organisms, the temperaturaasitire responses are



largely unknown. In these cases, initial Climex parametires are typically chosen from
the Climex template that most closely fits the observedlaligion. However in the case
of Gossypium hirsutumreported here, the Climex parameter values wereatattalirectly
from detailed and intensive studies of the plant’s temperahdenoisture responses (see
Table 1 for details). Validation of Climex inferentiabdels can be achieved if species’
distribution data is available for more than one area of thedwdtlset of parameter
values is considered validated if values developed agaitisbdi®n data in one part of
the world successfully predict distribution elsewhere (Kriti&d2andall, 2001; Sutherst et
al., 2004).

Climex can use meteorological data from specific point locatorgsided data derived
from data developed by the Climate Research Unit, NornAdBh(Sutherst et al., 2004).
While both types of meteorological data cannot account for prediaticertainties
associated with microhabitat variation, these uncer&sman be reduced by the use of
finer-scale validated grided datasets. Such landscape datasets are currently being
developed and validated (e.g. Kolomeitz & van Klinken, 2004).

A recent development has been to overlay soil characterstioghe El predictions from
CLIMEX within a geographic information system (GIS) framekvtwr obtain a more
accurate assessment of growth potential and potential distritaftspecies of interest
(Kolomeitz & van Klinken, 2004; Lawson et al., 2004). Kolomeitza \Klinken (2004)
used soil water-holding capacity to refine predictions of buffetgCenchrus ciliari$
distribution, while Lawsomt al (2004) used a rating of each Australian soil type’s
potential for the growth of the same species. This approactinégotential to greatly
refine the quality of distribution predictions, especially vehire target species has a
known sensitivity to, or high requirement for, a particular guoysical factor or nutrient.

1.2 Weed Risk Assessment

Weed Risk Assessment (WRA) (Pheloung, 1995, 2001) is an eméiglngical science
discipline that can assist in reducing the numbers of newspéatering a region that
subsequently become weeds (Groves et al., 2001). It integralegical and ecological
information, with the geographical origins of plants and thedwious histories of
introduction and spread, to make predictions about the probability ahtlggcoming a
weed, if introduced. It uses inferential modelling of pagdmiant distributions as one of
its tools.

WRA in Australia was formalised by the development oassessment protocol by
Pheloung (1995, 2001). This protocol (Biosecurity Australia, 2006) us¢al af 49
questions to assess the available data on (a) history arebgraghy, 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-mhatdata (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).



The WRA protocol generates a numerical score that encapsihiatesk of the species
becoming a weed. For any proposed plant importations in AusthaigyRA score
determines the Biosecurity Australia response: ‘AccéRéject’ or ‘Further Evaluate’ the
species (Biosecurity Australia, 2006). Based on an aisaty the scores of 370 weed, non-
weed and crop species (Pheloung, 2001), the WRA system setsafaluesless to

provide an ‘Accept’ Outcome, while values of between 1 aredlsn an ‘Evaluate’
Outcome, meaning that more information and assessment iseckq@ArWRA value of 6

or greater generates a ‘Reject’ Outcome.

2. Materials and methods

Climex® V2 climate modelling software (Hearne Scientific Sofswaww.hearne.com.ju
was used for both the climate-matching and inferential-nindetomponents of this
study. Data sets were output from Climex and imported intG e V9 geographic
information system (GIS) software for further processingraagping.

The meteorological data sets used in the modelling wérde@yree grided data for

Australia, Africa and Central America. The 0.1 depgdata was based on the files available
from the Climatic Research Unit, Norwich, UK
(http://www.cru.uea.ac.uk/cru/data/hrg.htamd supplied in a Climex-ready format by Mr
Shaun Kolomeitz, Cooperative Research Ceotréd\ustralian Weed Management, CSIRO
Entomology, Brisbane (Australia and Central America) and¢eScientific Software
(Africa).

Present-day soil phosphorus data for Australia, specificaljt@(kg of plant-available
phosphorus per hectare), was obtained from the Australiand\&esources Data Library
(2005a). It was converted to a format compatible with the édigrided data so that soll
nutritional status could be overlaid on the Climex El miap&cGIS. Land-use data on a
0.01 degree cell size was obtained as the 1996/97 Land Usetadliayud/ersion 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 plaiitgrow (Woodward, 1987;
Kriticos & Randall, 2001; Sutherst, 2003), the Climate Mandek (CMI) of Climex was
used to determine the areas of Australia to which East{@02) experiments can be
extrapolated. CMI, as used here, is a composite icalexlated as the product of three
temperature match indices (minimum, maximum andagetemperature) plus indices for
total rainfall and rainfall pattern, all equally igbted. A CMI of 0.7 was set as the threshold
of climate similarity because CMI values of less tBahare considered a potentially
inadequate match between locations for the purpbpeedicting the success of biocontrol
agents against pest insects and weeds (Suthed8). 200cations with a Climate Match
Index (CMI) greater than 0.7 for one or more oftleéss (2002) sites were overlaid onto a
single map in ArcGIS to show the total area of Aal&t where the climate matches one or
more of Eastick’s (2002) experimental sites.



2.2 Inferential modelling

Modelling the potential distribution of transgenic and non-transgesitonin Australia
involved a sequence of five steps:

1. estimating of parameter values from the cotton physiologysamulation
modelling literature,

2. refining and validating Climex models for (a) pereni@alssypium hirsutum
variety punctatumindigenous to the Americas and naturalised in West Africa
(Hutchinson et al., 1947), and (b) Upland Cotton, an annual growth-habit
section ofGossypium hirsutumarietyhirsutum(Brubaker et al., 1999) using
the model-fitting procedures recommended by Sutleersit (2004),

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

4. producing an overall Suitability Index (SI) map for Upland CottoAustralia
by combining the El data from the Upland Cotton model wittrient-related
plant growth potential derived from total present-day plant-alvkal
phosphorus from the Australian Natural Resources Data Library (2005a

5. overlaying the SI map onto a map derived from the 1996/97 LandfUse
Australia, (Australian Natural Resources Data Library, 20@bBhow detail of
existing vegetation and land-use patterns that would impact @antl@lotton’s
ability to naturalise in areas where both climate and aodssuitable.

Modelling the distributions of (&. hirsutumvariety punctatum(the Indigenous
Gossypiunmodel) and (b) Upland Cotton were the focus of the inferemitalels because
the former is the primary source of modern Upland Cotton (Hutohi et al., 1947;
Hutchinson, 1951). Th&. hirsutunmvarietymarie-galantethe ‘tree cottons’ of northern
South America, are somewhat removed genetically from mddigland Cotton, and so
were not considered in detail here. Consequently, maps weeraresd for fit/ lack-of-fit
only as far south as the Guatemala — Nicaragua border wiaidts the transition zone
between th@unctatumandmarie-galantevarieties ofG. hirsutum

Temperature and moisture response parameter values for Upldaod @ete obtained
from the cotton physiology and growth model literature (Hearn, 19%dl; &t/al., 1994;
Hodges et al., 1998; Cothren, 1999; Retlal 2004), and transformed into Climex-
compatible Temperature and Moisture Index parameters and Kl Dry and Wet
Stress threshold values.

Maps associated with the Australian Soil Classificaflebell, 2002) show large areas of
the Australian soils in the tropics and sub-tropiah wiant-available water capacity
(PAWC) that vary widely from the global averagel&@®mm, the Climex default value
(Sutherst et al., 2004). Greacen and Williams (1983gwed available PAWC data,
concluding that the PAWC of Vertosols can typically rangeveen 80 and 150mm, while
Chromosols typically vary between 120 and 230mm, and Sodosols he2vee100mm.
Additionally, the physical properties of the Sodosols and some&s and Kandosols
also result in waterlogging at relative water contéimés are acceptable for plant growth in
freely draining soils. Because of these variations inckaitacteristics, a sensitivity
analysis was conducted using the Climex Wet Trodieahplate (Sutherst et al., 2004) to
compare soils with a range of PAWC and waterlogghmgacteristics. This analysis showed
that assumptions about PAWC and propensity for waterlogging hmachahimpact on El.



Consequently, this parameter was left at the Climex defalde of 2700mm for all
analyses presented here.

Because of the known xerophytic nature of Indiger®assypiun{Hutchinson et al.,
1947), the initial values of the lower threshold moisture (Sif@) Dry Stress threshold
(SMDS) parameters for the Indigendasssypiunraces were adjusted for increased Dry
Stress tolerance from the Upland Cotton values, by referterihie Climex Semi-Arid
Tropics Template (Sutherst et al., 2004).

The Indigenous$sossypiunmodel was refined by comparing the distribution predicted by
Climex with the known documented distribution of these cottor3eintral America, the
Caribbean and the United States Gulf coast (Hutchinson &04l). Where the predicted
distribution did not match the documented distribution, the sourtteedéck of fit was
identified by inspection of maps for CS, HS, DS and WS, aleyant parameter values
and stress thresholds adjusted accordingly, as recommended ystQithe (2004). For
the Indigenoussossypiummodel, this refinement process focussed on Cold Stress.

The potential-distribution suitability classes defined by Begld. Bomford (2002) (on

the basis of their and other researchers’ experience)usetewhen producing distribution
maps of potential suitability. A location with an El gter than 0 and less than 5 was rated
by Brinkley & Bomford (2002) as having a low probability of theses surviving in the
long term, i.e. naturalising in the terminology of Richardstoel.2000). An EIl of 5 — 30,
and greater than 30, indicated a moderate and high probalbildgig term survival,
respectively. Thus, areas with an El > 30 representasune of the target species’
potential area of naturalisation from the climate perspectiv

Once the IndigenouSossypiummodel accurately predicted the distribution of these
cottons in the Americas, the model was validated by comp#réngredicted distribution

for West Africa with the known distributioi;. hirsutumvariety punctatunraces have
become naturalised across the whole of the dry belt runningsa@vest Africa south of

the Sahara (Hutchinson, et al., 1947, p.107). The Upland Cotton masieleated by
reinstating the research-based values for the SMO and Sivis$ure parameters (Rath

al. 2004) to the validated IndigenoG®ssypiummodel, and then validated by comparing
the predicted and known distributions of Upland Cotton in West &fridutchinsoret al
(1947) record tha®. hirsutumvariety punctatunraces have become naturalised in areas of
West Africa where Upland Cotton does not survive.

The validated Upland Cotton model was run for Australia usie@ih degree data set and
the resulting EI map used to determine the potential disoibut Australia from the
perspective of climate. The climatic stress fadionging the potential distribution were
considered, including whether the stress factors identiye@limex would be altered by
the presence or activity of the Bollgarl #ind the Roundup Redt{lex genes.

The final Suitability Index for Upland Cotton in Australia waculated as the product of
(a) the Upland Cotton El value from the Climex inferemi@del, and (b) an index of
fertility-related plant-growth potential derived from tiopéant-available phosphorus GIS
data (Australian Natural Resources Data Library, 2005aystaet al (2004) used a
simple additive model to conjoin Climex El data with saiitzbility data, after excluding
areas where El was 0. This approach was considered inappdpritiis study, given
the pre-eminent role of climate in determining plant distrdou{MWoodward, 1987;



Kriticos & Randall, 2001; Sutherst, 2003). Rather, we usedlapticative model that
scaled the climate-based suitability with a measurbeosbil-related plant-growth
potential.

At a landscape-level, total plant-available phosphorus is coupkalteitrogen, and
ultimately Net Primary Productivity (i.e. plant photosyntBesplant respiration) (Raupach
at al, 2001). As nitrogen and phosphorus are the major nutrients deternatiog c

growth (Hearn, 1981), and soil phosphorus and nitrogen stores are d¢ogtaiated, a
classification of potential plant productivity (PR#sed on plant-available phosphorus can
broadly quantify plant-growth potential if climate is suitabige calibrated the PPP
classification system using nine Queensland districte/iitich we knew the nutrient-related
potential productivity (e.g. Reid et al., 1979; Reid &kBr, 1984; Reid & Macnish, 2000).
At 12 randomly-selected points in each districtadat total plant-available phosphorus per
hectare was extracted from the GIS dataset, and mea®$#ndonfidence intervals
calculated. Using these data, and data on original weggetaurrent land use, and
nutrient-related PPP at the landscape scale (e.g.eRald 1979; Reid & Baker, 1984;

Reid & Macnish, 2000), we defined four broad classes oftslifyafor plant growth on a 0
— 1 scale, defining class boundaries and a value that enatzosBPP.

The Upland Cotton EI values from the Climex analyses wene multiplied by the PPP
values to produce a final Suitability Index (Sl) for Upland @oih Australia. The critical

El values of Brinkley and Bomford (2002) were apglie the SI data on the basis that (a) the
El and Sl values are identical where the PPP ntieltiig 1, and (b) the areas of most interest
in this study are those of high suitability. Whitere is no experience on which to establish
with any certainty critical values for SI whereheit or both of El and PPP are lower, these
uncertainties are less important for this studyeiis focus on identifying areas of high
suitability for the naturalisation of the varioupég of Upland Cotton.

The dataset for 1996/97 Land Use of Australia (Version 2) (AlisstrNatural Resources
Data Library, 2005b) was reclassified into six categorias@hcapsulate various impacts
of current land use on the capacity of Upland Cotton to al&arin areas with suitable
climate and soils. These categories were (a) managediiéural systems, (b) forests, (c)
extensive livestock areas, (d) traditional indigenous lands andrathinal land use areas
(e) intensive land use (including urban residential), anddfer bodies and mangroves.

Managed agricultural systems included irrigated and drylanecropping, horticulture
and planted/ improved pastures. Cotton plants would be stijectgoing farm
management operations and so be unlikely to naturalise iofahgse systems. Forests
included open and closed native forest (50 — 80% and 80 — 100% czovepy
respectively), plantation forests and other managed natiests. Shading and
competition for water and nutrients would be extreme in aflsksrwith greater than 50%
canopy cover, while on-going management operations plus moderatetitiomper light,
water and nutrients would preclude naturalisation of cotton intther forest types.
Extensive livestock areas (i.e. lightly managed gramirgubstantially unaltered native
pastures), traditional indigenous lands, and other minimal lamdress (including native
open woodlands and grassland in national parks, and Defenceaepaand) were
considered separately because in these systems recognitisemoval of any naturalising
cotton population may be less likely than in other systehime probability of cotton
naturalising in intensive-use areas, mangroves, and wateshoa$econsidered to be zero.



2.3 Weed Risk Assessment

The Weed Risk Assessment protocol (Pheloung, 1995) was appligrdated Cotton with
the 49 questions answered specifically for the areas ofreasistralia identified as most
favourable by the Climex analyses. The question set wasestthree times — once for
non-transgenic cotton, and once each for Bollg&ramid Roundup Reafiycottons.

3. Results
3.1 Climate matching to Eastick (2002) study sites

Fig. 1 maps the distribution of climates similar (CMI > G&’jhose occurring at one or
more of Eastick’s (2002) sites at Broome, Katherine and Kununlirsaows that there is
a close degree of similarity between the Eastick (200@ystites and most of Australia
north of latitude 22S.

[insert Fig. 1 near here]

Figure 1 also identifies areas of Queensland nordtitiide 22°S which have climates
markedly different from the sites of Eastick (2002he3e areas include (a) the northern
and eastern parts of Cape York Peninsula, and (b) the mmststal areas and adjacent
tableland areas from north of Cooktown to latitude 22 deg $awe climate is the
primary determinant of plant distribution (Woodward, 1987; KriticoR&dall, 2001,
Sutherst, 2003), it is not possible to extrapolate from the findihgasiick (2002) to these
sites with non-matching climate. The inferential modelliuglies reported here are
especially relevant to these areas.

3.2 Inferential modelling

The results of the parameter estimation and refinementggdoethe Indigenous
Gossypiumand Upland Cotton models are given in Table 1. The initial raineof
IndigenousGossypiummodel showed a close match to the known distribution oBthe
hirsutumvariety punctatumcottons (Hutchinson et al., 1947, Fig. 10) in areas where
moisture stress was limiting. This indicates that tléstare parameters of the Indigenous
Gossypiunmodel adequately represented the xerophytic adaptation of th&yaim
cottons. There was, however, some lack-of-fit to the knowndision around the Gulf
Coast of the USA. Examination of the Cold Stress map stidatal levels of Cold Stress
(CS > 100) down to the Gulf of Mexico in areas of Mexico aeddBA where the plant is
known to occur (Hutchinson et al., 1947). This indicates thahitie estimates of the
DVO, DV1 and TTCS parameters were too restrictiveigiskasing of parameter values
(e.g. the cold temperature threshold (TTCS) was revisea £2.5C to 11.6C) provided a
predicted distribution for the IndigenoG®ssypiunthat matched the known distribution
(Hutchinson et al., 1947; Hutchinson, 1951) (Fig. 2). These repaaaneter values
remained within the bounds of the research-based temperaspanses documented by
Hearn (1994), Hodgest al (1998), and Cothren (1999).

[insert table 1 near here]
[insert Fig. 2 near here]
Hutchinsoret al (1947, P. 107) observed that formsfhirsutumvariety punctatum

have become acclimatised across West Africa south @ahara, especially in what is
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now Mali, and ‘provide the basis of the native cotton industryrvites too dry for
Upland (Cotton) to survive’. This description of naturalmatind spread of the primitive
and Upland cottons suggests that, in Climex terminology, Begalvould be in excess of
5, and possibly even as high as 30 for the primitive cottoasegs where El is O for
Upland Cotton.

The Indigenous$sossypiunmodel successfully predicts that these primitive cottons should
naturalise across much of West Africa (see Figure lisupplementary material), with El
values in southern half of Mali consistent with the descriptionduséhinsoret al (1947,

P. 107). This successful prediction of the Indiger®assypiunmodel of distribution in a
new continent validates the model, according to Climex method¢®wgherst et al.,

2004).

The Upland Cotton model predicts a much more restrictedldison in West Africa than
for IndigenousGossypiunisee Figure 2in the supplementary material), with Upland
Cotton El values zero throughout Mali. That is, the Indigef@assypiumand Upland
Cotton models reproduce the distributions documented by Hutchinsdr(1947) for
these two types of cotton in West Africa. This successftprediction validates the
Upland Cotton model. Note that all key parameter valuethéWUpland Cotton model are
identical to those from the cotton physiology / crop modellingditee (Table 1). In
essence, the Upland Cotton Climex model projects onto a geogrbgtate the
relationships captured in the crop-simulation models such &S®M (Hodgest al

1998) and OZCOT (Hearn, 1994).

The Upland Cotton model (Table 1) predicts that the only paAsgiralia that are
suitable for the long-term survival of Upland Cotton populationsnattee moister east
coastal regions (Fig. 3a). This distribution is determime@old Stress (Fig. 4a) and Dry
Stress (Fig. 4b); no Hot Stress or Wet Stress accumutatedy location in Australia.

The highest El values in Australia north of lati#l2P®S is 61 on the wet tropical coast near
Innisfail.

[insert figs. 3 and 4 near here]

In Australia, Dry Stress has a greater impact onibigton than Cold Stress and is
sufficient to preclude establishment of permanently surviving jpdipals anywhere in the
Northern Territory or north-west Western Australia indbsence of supplementary
moisture. This confirms the conclusions of Eastick (2002) frord &gperiments. North
of latitude 22°S, the Dry Stress values are in the range 250 - 600 foutathe east coastal
areas of Australia, i.e. 2.5 to 6 times the Dry Stregsired to preclude the establishment
of permanent populations. Even much more drought-tolerant plants/pteamd Cotton,

as modelled here, would not survive. Figs. 3a and 4b ptédicUpland Cotton
populations would not survive in either the Ord River irrigaticraaf Western Australia
or the Burdekin irrigation area because of Dry Stress. frediction has been confirmed
for both areas, as no naturalised cotton plants survivethier girea after the cessation of
cotton cultivation (S. Addison and R.E. Reid, personal obgens).

There is a chain of four logically-related reasfumsconcluding that the Bt status of plants

will not be important in determining the potentigtribution or weediness of Upland Cotton
in the Australian environment. These are:
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(a) there was no evidence that Bt-mediated insect herbivaegtafsurvival and
reproduction in north-west Australia (Eastick, 2002; Eastidkefarnden, in press),

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

(c) the present study confirms that dry stress is the primaeyrdmant of Upland
Cotton potential distribution in eastern Australia, as welbasorth-west Australia
(Eastick, 2002), and

(d) field trials of the Bollgard fi and Bollgard f/Roundup Read{varieties in
Australia have demonstrated that the growth charadgbstislisease resistance,
yield and fibre quality of these varieties are within the rasfgairrent
conventional commercial cotton varieties (Monsanto, 2002).

Roundup Read{/Flex cottons contain two copies of the gene that encodéisf@nzyme
CP4 EPSPS (Monsanto, 2004, 2005) which is able to function in thenoes of

glyphosate, the active ingredient in Rountitierbicides. There are no biologically or
agronomically meaningful differences between Roundup ReBlix cotton and the
equivalent non-transgenic cotton beyond the enzyme CP4 EPSPS (Monsant@02804
Smith, 2004). Thus, there is no basis on which to consideRthatdup Read{/Flex

cottons would be differentially affected by either of the aliimfactors that this analysis
has shown limit the potential distribution in Australia, Dey Stress and Cold Stress. In
the absence of Roundup herbicide, Roundup ReBlix and non-transgenic cottons behave
identically.

In the climatically suitable areas identified in &g 3b, glyphosate is one of the least used of
the range of broad-spectrum herbicides availablevé@d control in non-agricultural
situations, and in and around sugarcane in coastaleast Australia (Johnson & Ebert,

1999; O'Grady & Sluggett, 2000). Historically atraej diuron, 2-4,D and paraquat have
been commonly used in these coastal river catchri@otiason & Ebert, 1999; Simpson &
Ruddle, 2002), with glyphosate comprising less th& d0herbicide use in Queensland
sugarcane production areas (Simpson & Ruddle, 2@&3ause of this diversity of
alternative management options and the low incidefglyphosate use, there is little, if

any, potential for any Roundup Ready plants to olsaion-going selective advantage
compared to non-transgenic cotton.

For all of these reasons, the transgenic or non-traitsgtus of Upland Cotton was not
considered separately when examining potentiailoligion and or potential weediness in
Australia and the conclusions of this study candptied equally to non-transgenic and both
types of transgenic cotton.

Our assessment of the nutrient-related limitations on plamitgrthat would occur at an
otherwise climatically-suitable location is encapsulatettiénPPP class boundaries and
site-suitability multipliers in Table 2. The final Suithtyi Index (SI) prediction for

Upland Cotton (Fig. 3b) identifies the ecological niche in Aalist that is suitable for the
establishment of naturalised Upland Cotton populations, consideringlooate and soil
factors. These most suitable areas are markedly moretegsthan when climate alone is
considered (Fig. 3a). Queensland’s wet tropical coasteeetairns and Townsville
remains highly suitable, but the coastal areas further s@atbme markedly less suitable
once soil nutritional factors are included (Fig. 3b). Irséhareas, areas of high suitability
are restricted to a relatively small number of scattéocations on, or near, the coast.
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Close inspection of Fig. 5 (down to the 0.01 degree ddttiedand-use data) shows that
almost all of the land area for which Sl is greater tB@is covered by either forests or
managed agricultural systems, principally sugarcane. setheeas, while the climate and
soils may be suitable for the establishment of naturatiegdn populations, these
ecological niches are already occupied by stable ecosystgh®s, natural or man-made.
This presents a seemingly insurmountable barrier to Upland Catkmgwn poor
competitor with other plants. Within the areas wheris §teater than 30, there are some
areas shown in the GIS dataset as grasslands on the irfigessts and adjacent to areas
of managed agriculture — these would include lightly or non-manageas on the margins
of sugarcane fields, roadsides, and creeks, and limites fmeeattle grazing. In the moist
tropical and sub-tropical environments, these areas are occupéedhbge of aggressive
grass species including Para grd&&sa¢hiaria muticd, Guinea grasP@anicum maximuin
Johnson grassSerghum halepenyand barnyard grasE¢hinochloaspecies)
(Kleinschmidt & Johnson, 1977). In terms of the classificationothill et al (1982),

these are all ‘high fertility invaders’ with strong compeétabilities and able to exploit
disturbed habitats. All the competing species are aggegsapidly germinating and/or
growing species that would out-compete cotton for soil moistureatngnts, and shade
and smother any cotton seedlings.

[insert Fig. 5 near here]

In the areas with Sl less than 30 (Fig. 5) some limitedraksation may be potentially
possible. These areas are restricted to dryer, lesgddrparts of Cape York Peninsula
with minimal managed agriculture, and around the fringesai$ter, more suitable,
locations further south. Fire would be expected to have an impartpact on the success
of any naturalisation processes in these areas. In na@tlvestralia, fires that burn grass
and understorey vegetation are regular events every few(xeiKeague, 1992), and can
occur even in areas with high annual rainfall towards theoétiee dry season, when soil
moisture is low, the plants are dry, and the temperaturenaiede high. When they
occur, these fires can burn out substantial areas, limitecbgrdyeas of rainforest and
patterns of recently burnt areas. Such fires would impaahgrtotton plants growing in
the native open forests and woodlands, as well as in thdagrdss Eastick (2002) and
Brubaker (2002) both point to the importance of protection fronafirbeing an important
factor in the persistence of naturalised cotton populatiordgiiNorthern Territory.
Additionally, Eastick (2002) documented destruction of newly remliseedlings and the
death of most established plants after fires. From tlegsets (McKeague, 1992;
Brubaker, 2002; Eastick, 2002), it can be concluded that theardguaidence of fire in
open forests, woodlands and grasslands in coastal and sub-cegisias of eastern
Australia would greatly reduce the probability of cotton natsiradi in these areas.

3.3 Weed Risk Assessment

The WRA score for non-transgenic Upland Cotton in the eco-dtiaigt suitable areas of
north-east Australia was -5, an ‘Accept’ outcome under the Bimig Australia standards.
The Bollgard I and Roundup ReaflyFlex status of plants was considered in answering
the WRA questions, but no question was answered differently faraif the transgenic
types compared to the non-transgenic cotton. That is, bdigaRbll® and Roundup
Ready Flex cottons have a WRA score of -5, the same as for aasgenic 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 timegpy reason that cotton -
both Bt-transgenic and non-transgenic - cannot naturalise at ¢reeldloations in north-
west Australia. Even at the three most favourable gtasts surviving at May 2004
comprised less than 1% of the original seed sown in 2000 and2aMtick & Hearnden,

in press). Invasiveness Index values were all substgrigalt than 1 at all sites, indicating
that all populations were headed for extinction.

When Eastick’s (2002) results are considered in conjunction methlimate-matching
results reported here, it can be concluded that thereeis/dow probability (essentially
zero) of Upland Cotton — either genetically modified to produc:®8n, or non-transgenic
- successfully naturalising in the semi-arid regions oftreast Australia identified in Fig.
1 without access to supplementary water during the dry se&sonese areas, the
presence of supplementary water over the dry season would/beydimited extent (e.g.
bore drains), or would be associated with some form of intefmeiv crop agriculture,
(e.g. irrigation tail drains and ditches).

Virtually all of the northern Queensland areas identifeg@atential cotton production
areas by Yeates (2002) are included in the regions of simitarihe Eastick (2002)
locations (Fig. 1). The results of the climate-matching m®ceported here, and the lack
of invasiveness documented by Eastick (2002) in similar aiispandicate that in these
potential production areas there is little or no probabilitypd&nd cotton of any type
establishing naturalised populations away from irrigation areas.

4.2 Inferential modelling

The areas with the highest potential for the establishmentwifatiaed cotton populations
are the moister coastal regions of Queensland (Fig.ryever, the prospects for
successful naturalisation are reduced by the gldimited reproductive potential in these
environments. Eastick (2002) also observed rottirfguding structures during the wet
season and the successful production of maturs boly after the end of the wet season.
Additionally, premature square and boll sheddingbees observed to occur in the Central
American primitive cottons during the wet seasoihwuccessful seed production occurring
during the dry season (Hutchinson et al., 1947, $). 1This series of observations suggest
that in the areas identified as most suitable ésetbpment and survival of cotton plants
(Fig. 3b), the actual fecundity of cotton plantsuldbbe reduced to well below that seen in
dryer environments where crops are grown under troiga At this stage, it is not possible
to estimate how important boll rots and square aticshedding may be in limiting the seed
production by naturalised cotton plants. Howewas, an additional factor to consider when
examining the potential of cotton to establish pemn&populations. This phenomenon
could only reduce the capacity of cotton to estalgestmanent naturalised populations.

4.3 Weed Risk Assessment

Pheloung (2001) provides data on the calibration of the WRA sysiemdeta from 370
plant species. While the scores for non-weeds and serious s@adwhat overlapped in
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the 0 to +5 range, WRA values for all non-weeds were tess+5, while 85% of serious
weeds had WRA scores of greater than +5. Additionallgpeies listed as a serious
weed had a zero or negative WRA value. All majoradiral crops have WRA scores
that are higher than the -5 value recorded for Upland Cotten &g. -4.3 for wheat
(Triticum aestivury) +2 for soybeanGlycine maxandmaize Zea may) and +3 for grain
sorghum $orghum bicolor (P. Pheloung, personal communication). The WRA values for
cotton’s potential weed competitors identified earlier aretiyjosthe range +6 to +20.
As no species listed as a serious weed had a negativewalRe (Pheloung, 2001),
Upland Cotton — whether transgenic or non-transgenic - could negbhsded as having
the potential to be a serious weed, even in the areas Wbigrelimate and soil nutritional
levels are most suitable.

As a result of the analyses reported here, we conthadéhe risk of either transgenic
(Bollgard I* or Roundup ReadyFlex alone, or in combination) or non-transgeni¢adg
Cotton establishing permanent populations in nedstern Australia is very low. Further,
we conclude that the probability of any naturalipedulations of any of these types of cotton
then going on to become a serious weed is effegtaazo.

The methods used in this study have application for assessingttiralisation and
weediness potential of other transgenic crops. The key fdotdise success of this study
were (a) very detailed data on cotton’s temperature andurmigsponses, and (b) well-
documented historical data on the distribution and naturalsafiprimitive and modern
cottons in two different continents. If similar data isik@de for other crops for which
transgenic cultivars are being developed, then these satheds&ould be implemented
to provide estimates of potential distribution and weedineasamge of environments and
locations.
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Table 2
Potential plant productivity classes, class boundaries andgiiaukt for Climex El values.

Potential plant productivity Class boundaries (kg P/ha) PP E et
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 matchesahahe or more of the study sites of
Eastick (2002) at Broome, and Kununurra WA, and Katherine, Nmé&B Match Index >
0.7). Latitude 22S shown.

Fig. 2. Ecoclimatic index (EI) for indigeno@ossypium hirsuturoottons in central
America and the southern USA. Values: 0 — 5 (pale gBey)30 (grey) and >30 (dark
grey) represent a Low, Moderate and High El, respectively.
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Fig. 3. (a) Ecoclimatic Index (El) and (b) Suitabilitydex (SI) for Upland Cotton in
Australia. S| combines EI with potential plant guotivity — see text for details. Values: 0 —
5 (pale grey), 5 — 30 (grey) and >30 (dark grey) represkotva Moderate and High El

and SI, respectively. Latitude 28 shown.
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Fig 4. Distribution of (a) Cold Stress and (b) Dry Stresdfpland Cotton in Australia
using parameter values from Table 1, Column 7. Values oh@®8& >100 (no plant
survival) are dark grey, through to CS = 0 (white). La#tad°s shown.
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Fig. 5. Managed agricultural systems (pink), forests (dee&rg, extensive grazing
systems (yellow), traditional indigenous lands and other mirlandl use areas (light
green), intensive use (including urban residential) (brown), ater#odies and
mangroves (white), overlaid with Suitability Index data frbig. 3(b). Sl grey shades
from light to dark are Sl values of 0 -5, 5 — 30 and >86pectively. This Fig. has been
optimised for viewing in colour.
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Supplementary Figure 1. Ecoclimatic Suitability Index (El)derennialGossypium
hirsutumcottons in West Africa using Climex parameter values ffafle 1, Column 4.

Values: 0 — 5 (pale grey), 5 — 30 (grey) and >30 (dark gegyesent a Low, Moderate and
High Ecoclimatic Suitability, respectively.

Supplementary Figure 2. Ecoclimatic Suitability Index (El)Uptand Cotton in West
Africa using Climex parameter values from Table 1, Col@mvalues: 0 — 5 (pale grey),
5 — 30 (grey) and >30 (dark grey) represent a Low, ModeratélghdEcoclimatic
Suitability, respectively.
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