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Supplementary material

CLIMEX

This following description of the CLIMEX model has been derived from the CLIMEX manual (Sutherst et al. 2007). The Compare 
Locations model in CLIMEX integrates the weekly responses of a population to climate into a series of indices that describe the climatic 
suitability of each location. The CLIMEX annual growth index (GIA) describes the potential for population growth of the organism as 
a function of air temperature and modelled soil moisture during favourable conditions, as,
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where TIw is the weekly temperature index and MIw is the weekly moisture index, both of which scale between 0 and 1. The species 
growth response to temperature and soil moisture follows Shelford’s Law of Tolerance (Shelford 1963). The response functions are 
defined using 3-segment plateau-shaped curves, and are described from lower, optimum and upper thresholds for both variables. The 
product of these weekly indices is integrated annually and converted to a percentile scale (eq. S1). By combining these indices multiplica-
tively the growth patterns conform with the Sprengel–Liebig Law of the Minimum, which holds that the most limiting factor determines 
the overall response (van der Ploeg et al. 1999).

Up to eight stress indices [cold (CS), wet (WS), hot (HS), dry (DS), cold-wet (CWS), cold-dry (CDS), hot-wet (HWS) and hot-dry 
(HDS)] may be used to determine the probability that the population can survive unfavourable conditions. Each of these indices is 
determined from a threshold temperature or soil moisture, and an accumulation rate for the stress beyond that threshold (see Table 1 
for parameters used for each stress). In CLIMEX, it is assumed that stress accumulates exponentially over time, to reflect the progressive 
increase in severity of the same amount of stress stimulus as time goes by and the population exhausts its resources. For dry stress the 
calculation is

Weekly Stress = Rate × (Threshold – average weekly soil moisture) × week number (S2)

There are three ways of defining Cold Stress in CLIMEX. Firstly, an organism may die because the daily thermal accumulation is too low 
to maintain metabolic function. This occurs when a threshold number of degree-days above the developmental temperature threshold 
(DVCS) are not reached. This threshold parameter is called the Cold Stress Degree-day Threshold (DTCS) and is in units of degree-days. 
Cold Stress accumulates at a given rate (DHCS) if the weekly number of degree-days above DVCS (DD) does not reach the threshold 
value (DTCS), (eq. S3).

if DD < DTCS, then CS = (DTCS – DD) × DHCS, 
if DD ≥ DTCS, then CS = 0,  (S3)

The fewer the number of degree-days experienced at a location, the more Cold Stress accumulates. If the weekly number of degree-days 
exceeds the designated threshold (DTCS), a zero Cold Stress value is returned for that week. The other two options for calculating cold 
stress follow the form of eq. S2, but using either weekly average minimum temperatures,or for an organism such as a colony-dwelling 
ant that is buffered from the daily extremes of temperature fluctuation, the average weekly temperature.

Stresses are reset to zero if an intervening growth period occurs, so caution is needed when interpreting stress accumulation in localities 
that experience bimodal climates (e.g., equatorial Africa). The stresses are calculated on a weekly basis and summed over the year, then 
combined with the GIA to define the ecoclimatic index as,
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The individual stress indices are scaled from zero to infinity, but in Equation S4, they are limited to a maximum value of 100.
A widely used distribution constraint is the annual heat sum (degree-day) requirement of the species for survival and reproduction 

(PDD). If PDD is used then EI = eq. (S4) when the annual heat sum above the base temperature for a particular location equals or 
exceeds the defined PDD value and EI = 0 when the PDD is less than the defined PDD.
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The EI ranges from zero for locations at which the species is not able to persist to 100 for locations that are optimal for the species. 
Equation S4 shows that if any component of stress is ≥ 100, or either MI or TI = 0 in eq. 1, then EI = 0.

Parameter values for the growth and stress functions in CLIMEX (Table 1) are usually fitted to the geographical distribution of the 
modelled organism in its native range, and if possible, in selected exotic ranges, to account for any observed climatic range expansions 
due to factors such as release from natural enemies ( Kriticos and Randall 2001, Keane and Crawley 2002, Wharton and Kriticos 2004). 
Phenological observations and relevant laboratory-based biological information can also be used to inform the selection of relevant 
parameters in CLIMEX.

Procedure for calculating goodness of fit and comparative statistics

Proportion of total area projected as suitable by a model is calculated using Equation S5.
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Where Ap = Area predicted as suitable by a given model; At = Total area projected (due to mismatches between climatic grids (Fig. S1), 
At is variable between models).

The root mean square error is calculated using eq. S6.
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Where n is the number of values (number of cells in the 0.025 grids), x1,i is the value of EI of the cell projected by model 1 and x2,i is the 
value of EI of the same cell projected by model 2. An RMS error of 0 indicates a perfect match between EI values projected by models 
1 and 2. The theoretical maximum value of RMSE is represented by the maximum value of EI (100).

Cohen’s kappa is calculated using eq. S7.

 
κ =

Pr(a) − Pr(e)

1− Pr(e)
  [S7]

Where Pr(a) is the relative observed agreement among datasets (model 1 vs model 2) and Pr(e) is the hypothetical probability of chance 
agreement using the observed data to calculate probabilities of each model randomly projecting each type of binary data. If the model 
projections are in complete agreement then κ = 1. If there is no agreement among the model projections (other than that expected by 
chance) then κ <= 0.
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Area loss from the climate dataset due to resampling process

Figure S1. Calculated area of Australia that does not contribute to the species niche model as a function of climate data precision, due 
to the climate fine data resampling process. Climatic variable monthly average rasters were resampled using a set of regular grids (0.05 
to 0.5 degree). These regular grids were created in ArcGIS and clipped to the coastline in order to avoid points falling in the sea. As a 
consequence, climate grid cells that only partially covered land areas and whose centroids fell in the ocean were ignored, leading to areas 
of no-data and mismatches between climatic grids.
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Comparison between up- and downscaled models

Upscaling
As the projection scale becomes progressively coarser, the values for Cohen’s kappa and RMSE deteriorated for both species, though 
considering Cohen’s kappa scores the agreement remained almost perfect within the range explored here (Table S1). The differences in 
scores generally increased as the difference in scale between climate surfaces used for the model fitting and projection increased, though 
the changes were not always monotonic. For example the values for the 0.5 and 0.05 comparisons were sometimes greater or less than 
the comparisons between the 0.5 and 0.025 results (Table S1).

Table S1. Comparative statistics between model projections for CLIMEX models of Uraba lugens and Bactrocera cucumis built using 
climate data at 0.025 degree scale and projected at different scales.

Comparative statistic Species

Cohen’s kappa Uraba lugens 0.025 0.05 0.1 0.25
0.05 0.962 – – –
0.1 0.935 0.936 – –
0.25 0.893 0.894 0.888 –
0.5 0.853 0.851 0.852 0.859

Bactrocera cucumis 0.025 0.05 0.1 0.25
0.05 0.973 – – –
0.1 0.956 0.957 – –
0.25 0.925 0.926 0.925 –
0.5 0.890 0.889 0.890 0.895

Root mean square error Uraba lugens 0.025 0.05 0.1 0.25
0.05 2.761 – – –
0.1 3.774 3.836 – –
0.25 5.161 5.147 5.191 –
0.5 6.361 6.353 6.287 6.163

Bactrocera cucumis 0.025 0.05 0.1 0.25
0.05 0.994 – – –
0.1 1.359 1.417 – –
0.25 1.991 1.962 2.066 –
0.5 2.924 2.947 2.878 3.082
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Downscaling
As indicated in Table S2, there was relatively close agreement between all downscaled model projections in terms of Cohen’s kappa and 
RMSE scores. As with the upscaling, generally, the kappa and RMSE scores deteriorated as the scale diverged between model projec-
tions.

Table S2. Comparative statistics between model projections for CLIMEX models of Uraba lugens and Bactrocera cucumis built using 
climate data at 0.5 degree scale and projected at different scales.

Comparative statistic Species

Cohen’s kappa Uraba lugens 0.025 0.05 0.1 0.25
0.05 0.965 – – –
0.1 0.939 0.940 – –
0.25 0.899 0.899 0.893 –
0.5 0.862 0.860 0.862 0.869

Bactrocera cucumis 0.025 0.05 0.1 0.25
0.05 0.968 – – –
0.1 0.947 0.946 – –
0.25 0.905 0.905 0.901 –
0.5 0.872 0.871 0.871 0.874

Root mean square error Uraba lugens 0.025 0.05 0.1 0.25
0.05 2.697 – – –
0.1 3.691 3.755 – –
0.25 5.073 5.054 5.108 –
0.5 6.194 6.195 6.126 5.999

Bactrocera cucumis 0.025 0.05 0.1 0.25
0.05 0.999 – – –
0.1 1.366 1.423 – –
0.25 2.002 1.972 2.079 –
0.5 2.954 2.977 2.912 3.109
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Climate data and modelled climate responses for B. cucumis for outlier locations

Figure S2. Climate responses of Bactrocera cucumis at selected outlying locations: (a) Kunanurra, Northern Territory, (b) Stanthorpe, 
Queensland, and (c) Boatharbour, New South Wales. The location of these records is indicated in Fig. 2. These distribution records are 
assumed to be of vagrant populations (Kununurra and Stanthorpe), or from an unrepresentative climate location (Boatharbour). At 
Kununurra, the climate appears to be only slightly suitable for growth for three months of the year, and excessive heat and wet stresses 
become lethal at other times of the year. At Stanthorpe, excessive cold stress precludes the establishment of permanent populations. At 
the nearest climate station to Boatharbour, the temperature profile is similar to that of Stanthorpe. Climate data was extracted from the 
0.5 degree climate dataset upscaled from the Bureau of Meteorology 0.025 degree climatology.
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