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Abstract

This study assessed potential changes in the distributions of Australian butterfly species
in response to global warming. The bioclimatic program, BIOCLIM, was used to deter-
mine the current climatic ranges of 77 butterfly species restricted to Australia. We found
that the majority of these species had fairly wide climatic ranges in comparison to other
taxa, with only 8% of butterfly species having a mean annual temperature range span-
ning less than 3°C.

The potential changes in the distributions of 24 butterfly species under four climate
change scenarios for 2050 were also modelled using BIOCLIM. Results suggested that
even species with currently wide climatic ranges may still be vulnerable to climate
change; under a very conservative climate change scenario (with a temperature increase
of 0.8-1.4°C by 2050) 88% of species distributions decreased, and 54% of species distri-
butions decreased by at least 20%. Under an extreme scenario (temperature increase of
2.1-3.9°C by 2050) 92% of species distributions decreased, and 83% of species distribu-
tions decreased by at least 50%. Furthermore, the proportion of the current range that was
contained within the predicted range decreased from an average of 63% under a very
conservative scenario to less than 22% under the most extreme scenario.

By assessing the climatic ranges that species are currently exposed to, the extent of
potential changes in distributions in response to climate change and details of their life
histories, we identified species whose characteristics may make them particularly vul-
nerable to climate change in the future.
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Introduction

Since the 1970s, global mean annual temperature has
increased approximately 0.15°C per decade (Hulme &
Sheard, 1999). Pre-instrumental proxy climate data sug-
gest that the last 100years, and in particular the last
decade, were the warmest of the last millennium (Mann
et al., 1999). By the end of this century global mean annual
temperature is projected to rise 1.4-5.8 °C (IPCC, 2001).
This prediction has lead to widespread concern about
the possible effects of climate change on species” distri-
butions, abundance, and interactions. The life histories
and fitness of ectotherms such as insects, that rely on
external heat sources and sinks to regulate their body
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temperature, are strongly influenced by temperature
and precipitation. Temperature influences the rates of
biochemical reactions, and basic metabolic functions of
ectotherms may change dramatically in response to fairly
small changes in temperature (Dawson, 1992). Hence,
temperature influences the consumption and develop-
mental rate of insects (Scriber & Lederhouse, 1983;
Gilbert, 1984; Casey, 1993; Ayres & Scriber, 1994; Drake,
1994; Stamp & Bowers, 1994; Liu et al., 1995; Buse et al.,
1999), fitness, distribution, and migration (Drake, 1994;
Liu et al., 1995), voltinism (Pollard & Yates, 1993), larval
emergence (Dewar & Watt, 1992; Buse & Good, 1996;
Sparks & Yates, 1997; Buse et al., 1999), and survival
(Taylor, 1988). Furthermore, high ambient temperature
reduces the time required for insects to raise their
body temperature to the flight activity threshold (Drake,
1994). As a result, flight-dependent activities such as
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mate-location, hill-topping (Wickman, 1988), and egg
laying, may increase (Jones et al., 1982; Dennis, 1993).
Elevated temperature may also lower survival if the
species’ temperature threshold is exceeded (Dennis,
1993).

As for other insects, temperature and moisture
strongly regulate the life cycle of lepidoptera. The distri-
bution and abundance of butterflies appears to be influ-
enced by climate, and in particular, temperature (Pollard,
1988; Dennis, 1993; Pollard & Yates, 1993; Sparks & Yates,
1997). For example, in Britain and Finland, there is a close
association between species richness and climatic vari-
ables, suggesting that a change in climate may result
in species ranges shifting (Dennis, 1993; Virtanen &
Neuvonen, 1999). As climate changes, species are hy-
pothesised to be affected in several ways: (a) distribu-
tions may shift polewards as low latitude areas become
less climatically favourable, and high latitude areas
become more favourable (Parmesan, 1996; Parmesan
et al., 1999; Hughes, 2000); (b) populations and species
at low latitudes may be more prone to extinction than
those at high latitudes (Kristiansen, 1993), and (c) insects
may undergo earlier larval emergence and prolonged
flight periods (Kristiansen, 1993).

Preliminary data suggest that such responses have al-
ready occurred among some butterfly species found in
the Northern Hemisphere. Conspicuous range expan-
sions have occurred in some British lepidoptera since
the 1970s (Pollard et al., 1995, 1996), and while poleward
range expansions have been recorded for numerous other
European lepidoptera (Hill et al., 1999; Parmesan et al.,
1999), only a small proportion of species appear to have
shifted to lower latitudes (Parmesan et al., 1999). A census
of populations of Edith’s checkerspot butterfly, Euphydras
editha, indicated a significant altitudinal and latitudinal
cline in population extinctions along the west coast of
North America, with populations in Mexico being four
times more likely to have become extinct than those in
Canada (Parmesan, 1996). Further, since 1975, the flight
peak of microlepidoptera in the Netherlands has occurred,
on average, almost 12days earlier (Ellis et al., 1997;
Kuchlein & Ellis, 1997). Shifts toward earlier flight dates
have also been recorded in British Lepidoptera (Pollard,
1991), where it has been estimated that a warming of 1°C
may advance flight dates by 2 to 10 days (Roy & Sparks,
2000).

Although studies such as these have detected a range
of responses in some species of butterflies to changes in
climate experienced so far, field and laboratory experi-
ments alone will never be sufficient to determine the
potential responses of large numbers of species. There-
fore, there is a growing need to use bioclimatic models to
assess potential changes in species distributions, and
to identify those species that may be most vulnerable to
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climate change. Bioclimatic models enable species to be
studied either individually, or en-masse, and for hypoth-
eses to be developed regarding factors that may limit
distributions. These models attempt to match the current
distribution of a species with a number of climatic
variables, producing an envelope that describes the
climate within a species’ current range. The parameters
of the climatic envelope can then be used to estimate
potential changes in distribution under various climate
change scenarios (e.g. see Bennett et al., 1991, Hughes
et al., 1996; Eeley et al., 1999).

In this study, we used bioclimatic modelling to deter-
mine the potential responses of a large group of endemic
Australian butterfly species to climate change. Butterflies
were chosen for several reasons. First, the strong effect of
temperature on butterflies and recent evidence of shifts in
the distribution and flight phenology of butterfly species
from the Northern Hemisphere indicate that these taxa
may be vulnerable to climate change. Second, Australia
has already experienced significant warming; air tem-
peratures have risen 0.5-0.9°C since the beginning of
the 20th century (Salinger et al., 1996), which is slightly
higher than the global average of 0.6°C (IPCC, 2001).
Precipitation patterns have also changed (Nicholls &
Lavery, 1992) along with the frequency and intensity of
El Nifio events (Salinger et al., 2000). Over the next
50 years, mean annual temperatures in Australia are pre-
dicted to rise between 0.8 and 3.9°C, depending upon
CO, emission rates, while precipitation is expected to
decrease over much of the continent (Hulme & Sheard,
1999). Third, butterflies are one of the few insect taxa in
Australia for which good distribution records exist, due
to their conspicuousness and popularity with collectors.
Over 110000 location records of approximately 400
species of butterflies found in Australia have been com-
piled in the Dunn & Dunn, National Database of
Australian Butterflies (for details see Dunn & Dunn,
1991). Records were collated from both public and pri-
vate collections, as well as the published literature. For
many species, records date back to the early 20th century.
This database, along with the bioclimatic model,
BIOCLIM v 5.0 (Houlder et al., 1999), was used to investi-
gate three issues:

(i) Climatic envelopes of species. We modelled the climatic
envelopes of 77 latitudinally restricted species, making
this the largest bioclimatic study of Australian inverte-
brates. The climatic envelope of a species enables us to
identify those species who may be at risk from future
warming by comparing their current climatic range to the
magnitude of predicted climatic changes. Previous stud-
ies have shown that a large number of Australian euca-
lypts (Hughes et al., 1996) and endangered vertebrates
(Bennett et al., 1991) may soon be faced with temperature
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and precipitation patterns to which they are not currently
exposed.

(ii) Potential changes in species’ distributions. As the cli-
mate changes, Australian butterfly species may respond
by shifting their distributions, as have some European and
North American species. We modelled the potential
changes in the distributions of 24 of the original 77 species
in response to four climate change scenarios for 2050.

(iif) Identification of vulnerable species. We examined
characteristics of species’ life histories, the width of
their climatic envelope, and potential changes in their
distributions to identify those that may be most vulner-
able to climate change.

Methods

Bioclimatic model

Bioclimatic models are descriptive and/or predictive
tools that can be used to describe the climate within a
species” current distribution, to identify other locations
that have the same climate as that found in a species’
current distribution, and to estimate how distributions
may change in relation to future climate.

BIOCLIM (Houlder et al., 1999) uses climate surfaces
generated from long-term monthly averages of climate
variables at over 900 temperature stations and 11000
precipitation stations throughout Australia (Busby,
1991). Provided the latitude, longitude and elevation of
a location is known, its climate can be interpolated (for a
full description of BIOCLIM, see Nix, 1986; Houlder et al.,
1999). Predictive error is usually less than 10% of the
monthly precipitation values and 5% for mean maximum
and minimum temperature values (Nix, 1986). Using five
climatic variables (maximum temperature, minimum
temperature, rainfall, radiation, evaporation) for all
known locations of the species in question, BIOCLIM
derives monthly values for 35 parameters that describe
the bioclimatic range occupied by a species, and pro-
duces a climatic envelope for that species (see Nix,
1986). Each bioclimatic parameter can be expressed in
percentiles, hence areas within a species range where
populations are not exposed to climatic extremes (‘core
areas’) can be determined. For the purpose of this study,
core areas were defined as locations where values of all
bioclimatic parameters were within the 2.5-97.5% values
(95th percentile range). These locations were considered
to possess a climate suitable for the species. If values for
one or more parameters fell outside this range, but were
within the total climatic range, the climate was con-
sidered to be marginal, and locations were termed
‘range areas’. Conversely, if values for any parameter
lay outside the total range, then the area was deemed
climatically unsuitable for the species in question.

In order to use BIOCLIM as a predictive system,
a Digitial Elevation Model (DEM) was required.
BIOCLIM summarised the climate within each grid cell
of the DEM, then identified all cells in the climatic grid
that fitted within the parameters of the species’ climatic
envelope. This produced the current potential climatic dis-
tribution of a species, i.e. all locations where the species in
question may occur if climate alone determines distribu-
tion.

To assess how a species may shift its distribution under
a particular climate scenario, a new climatic grid was
generated, which incorporated seasonal temperature
and precipitation changes from the climate change scen-
arios. Again all cells within the new climatic grid that
contained a suitable climate for each species were identi-
fied, hence indicating how a species range may shift in
response to climate change.

Climate change scenarios

The Climatic Research Unit (CRU) at the University of
East Anglia supplied climate change scenarios for the
year 2050. These scenarios were chosen for three reasons.
First, they were the most up-to-date scenarios available.
Second, the scenarios were at a higher spatial resolution
than previous scenarios for Australia, with a gridbox of
2.5° latitude by 3.75° longitude. Third, the scenarios pro-
vided changes in mean summer, autumn, winter, and
spring temperature and precipitation.

The four scenarios used will be referred to as very
conservative, conservative, low extreme, and high ex-
treme scenarios, respectively (Tablel). The scenarios
relate to four levels of future greenhouse gas emissions
defined by the IPCC, with atmospheric CO, levels by
2050 ranging from 480 p.p.m.v. in the very conservative
scenario to 560 p.p.m.v. in the high extreme scenario
(Hulme & Sheard, 1999). The scenarios represent the
median response of 10 global climate model simulations,
performed by seven climate laboratories located in six
countries (Hulme & Sheard, 1999). Changing sulphate
aerosol concentrations were not considered, and scen-
arios assumed that there were no climate policy imple-
mentations. The 10 models sometimes yielded different
regional climate responses, and naturally, there is uncer-
tainty in these models. In addition, Tasmania and many
coastal areas were treated as ocean, not land, by most of
the models used to create these scenarios, and this may
affect the climate change signal (J. Crossley CRU, pers
comm.). Values for temperature were expressed as the
change in °C from the average 1961-1990 climate, while
precipitation was the per cent change from the average
1961-1990 climate (Hulme & Sheard, 1999).

The scenarios indicate that by 2050 average annual
temperatures across Australia may be up to 3.9°C

© 2002 Blackwell Science Ltd, Global Change Biology, 8, 954971



BUTTERFLY RANGE SHIFTS AND CLIMATE CHANGE 957

Table 1 Estimated increases in atmospheric CO, concentrations, global mean annual temperature (MAT), and mean annual tempera-
ture and precipitation (MAP) within Australia for 2050 (Hulme & Sheard, 1999). Different regions in Australia are predicted to change at
varying rates, hence MAT increase and MAP decrease are shown as ranges

CO, increase Global MAT Australian Australian
Scenario (p.pm.v.) increase (°C) MAT increase (°C) MAP decrease (%)
Very conservative 479 0.9 0.8-1.4 0-18
Conservative 492 1.5 1.2-2.2 0-29
Low extreme 555 1.8 1.4-2.6 0-34
High extreme 559 2.6 21-39 0-59

warmer than at present. Temperature increases are pre-
dicted to be greatest in summer and spring, and increase
more rapidly in continental Australia than coastal areas.
Most of Australia may be affected by a decrease in rain-
fall in summer, while in winter, seasonal rainfall in parts
of south-western and central Australia may decline by
more than 50%. Conversely, rainfall in north-east
Queensland may not change significantly compared to
the natural 30-year variability.

(i) Derivation of butterfly species climatic envelopes.
Approximately 400 species of butterflies are found in
Australia, of which around 173 are restricted to this con-
tinent. A major aim of our study is to identify species that
may be vulnerable to climate change. Hence, as it is well
recognised that species with narrow distributions may be
vulnerable (Peters & Darling, 1985), criteria for inclusion
in this study were that species be restricted to Australia,
and have a distribution spanning less than 20° latitude.
Further, in order to produce climatic envelopes, each
species had to have records of their known distribution
in the Dunn and Dunn National Database of Australian
Butterflies. Ultimately, 77 species from five families were
chosen: Hesperiidae (21 species), Lycaenidae (27 species),
Nymphalidae (21 species), Papilionidae (1 species),
Pieridae (7 species) (nomenclature in accordance with
Common & Waterhouse 1981). The latitude and longi-
tude of known locations for species were derived from
Dunns’ Database.

Distributions of all species were mapped in a
Geographic Information System (Unix Arc/Info v7.2)
(ArcInfo V. 7.2 (1999)) and compared to maps in
Butterflies of Australia (Common & Waterhouse, 1981) to
identify anomalous points that may have resulted from
incorrect geocoding or identification. Questionable loca-
tions were removed from further analysis.

The elevation of all locations was derived using a DEM
developed by the Australian National University, Aus40.
DEM (AUS40.DEM (1999)), which has a resolution of
1/40 of a degree (approximately 2.5 km?). This DEM has
an accuracy of +/—10m in relatively flat topography
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and +/—100m in mountainous regions (D. Houlder,
pers comm.). Temperature ranges and rainfall ratios
(highest rainfall:lowest rainfall) were calculated.
Relationships between the latitudinal extent of species’
known ranges and both their temperature range and
precipitation ratios were analysed using the statistical
package, SPSS (v8.0.2) (SPSS v 8.0.2 (1998)).

(if) Potential changes in the distributions of species. We
modelled the potential changes in the distributions of 24
of the original 77 species in response to four climate
change scenarios. These species were chosen because
they have very restricted distributions (spanning less
than 15° latitude), and together are found in a wide
range of habitat types.

The potential distribution of each species under each
climate change scenario was classified into range and
core areas, and mapped in ArcView (v3.0) (ArcView
V3.0 (1999)). Changes in the latitudinal width of each
species’ range and core areas under each climate change
scenario were calculated and expressed as a per cent
increase or decrease in latitudinal extent. The number of
BIOCLIM grid cells in a species distribution can be used
as an approximation of area, hence we compared the
change in the number of grid cells in the potential distri-
bution of a species under each climate change scenario to
that species” current potential climatic range. Results
were expressed as a per cent increase or decrease in the
size of range and core areas. Furthermore, to determine
the extent to which species may have to shift their distri-
butions in response to climate change, we calculated the
proportion of grid cells present in each climate change
scenario that were also present in each species current
potential climatic range. Results are given for each
species entire distribution, and for those locations classi-
fied as core areas. The relationship between changes in
distribution size, latitudinal width, and mean annual
temperature range and precipitation ratios were analysed
using multiple regression in SPSS.

(ii) Identification of Vulnerable Species. Peters & Darling
(1985) identified characteristics of species that may make
them vulnerable to a changing climate. These included
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(1) species that are narrowly distributed or geographic-
ally localised, (2) habitat specialists, (3) alpine species, (4)
poor dispersers, (5) genetically impoverished species,
and (6) species with peripheral and/or disjunct popula-
tions. Species with these characteristics may be vulner-
able to climate change because the probability of finding
new habitats with suitable climates, and surviving in
these areas, may be low. Of the 77 species studied, we
identified species with at least two of the above charac-
teristics and which also had either: (i) very narrow
climatic ranges or (ii) were predicted to lose large pro-
portions of their current climatic range under the climate
change scenarios. We classified these species as poten-
tially vulnerable to climate change.

Results

(i) Species climatic envelopes

The majority of the 77 endemic Australian butterfly
species we studied encounter a wide range of tempera-
ture and precipitation conditions within their range
(Table 2). Only six species (8%) have a mean annual tem-
perature range of less than 3°C (Fig.1). As temperature
may be elevated beyond this by 2050, these species may
be left without a suitable bioclimate within their current
range. CRU scenarios for 2080 suggest that under high
CO, conditions, temperatures in Australia may rise in
excess of 6°C. This could potentially result in 18 species
(23%) experiencing mean annual temperatures beyond
those to which they are currently exposed. Only two
species (3%) have less than a 1.2-fold range of mean
annual precipitation. As such, few species as a whole
would be directly affected by decreases in rainfall of
20%, although many local populations may be at risk
(Fig.2).

As expected, regressions indicated that there was a
statistically significant relationship between the latitu-
dinal extent of species known distributions and the
mean annual temperature range they experience
(r*=0.277, P <0.001, n="77). However, latitudinal range
did not have a significant relationship with precipitation
ratios (r*=0.035, P =0.102, n = 77).

(ii) Potential changes in species’ distributions in response to
climate change

Our bioclimatic models indicated that the distributions of
the majority of the 24 butterfly species modelled may
decrease in size and latitudinal extent as the intensity of
climate change increases (Figs 3a—-d and 4a—d), due to
range contractions at both the northern and southern
boundaries (Table 3). Furthermore, our models suggested
that future ranges may become more fragmented

compared to the current potential climatic range (for
example, the predicted distributions of Tisiphone helena
in Fig.5).

Changes in latitudinal width The very conservative cli-
mate change scenario for 2050 suggests that the latitu-
dinal extent of two of the 24 species studied (Trapezites
macqueeni and Tisiphone helena) may expand as climate
changes, although the latitudinal extent of both species
distributions may contract under the more extreme scen-
arios (Table4). Three species may have a negligible re-
sponse (Jalmenus daemeli, Prosotas felderi, Hypocysta
euphemia). However, the remaining 19 species may suffer
a decrease in the latitudinal extent of their range.
Significantly, four of these species (Anisynta sphenosema,
Chaetocneme porphyropis, Hypochrysops halyaetus, Jalmenus
inous) may have the latitudinal extent of their range con-
tract by more than 20% of their current climatic range
(Fig.3a—d). Should climate match that of the most ex-
treme climate change scenario, then 21 of the 24 species
may suffer a decrease in their latitudinal extent, and nine
may decrease in excess of 20% (A. sphenosema, A. tillyardi,
C. porphyropis, Exometoeca nycteris, Trapezites heteromacula,
H. halyaetus, |. eichhorni, ]. inous, Appias melania).

Core areas are locations within the 2.5th to 97.5th per-
centiles of the species climatic envelope, that is, areas
where climatic extremes are not met. Populations may
be more likely to persist in these locations. However, the
latitudinal extent of core areas decreased dramatically
with increasing severity of climate change. Under each
of the four scenarios, 2, 6, 7 and 15 species lost more than
20% of the latitudinal extent of core areas, respectively
(Fig. 3a-d).

Changes in area As with latitudinal extent, the general
pattern that emerged from this study was that the major-
ity of species may undergo a decrease in range size
(Fig.4a-d). However, changes in area (number of
BIOCLIM grid cells) indicated a much stronger effect of
global warming on butterfly species’” distributions than
that estimated by latitudinal width (Fig.3a-d). For
example, Nesolycaena albosericea loses only a small propor-
tion of its latitudinal extent under the very conservative
scenario (1.6%) and gains slightly under the high extreme
scenario (0.5%). However, under these two scenarios, N.
albosericea may lose 20-66% of the actual size of its range,
due to a decrease in longitudinal distribution and range
fragmentation (Table4). Similarly, the latitudinal extent
of T. macqueeni is estimated to increase slightly under the
very conservative scenario, and yet the size of this species
distribution under the same scenario decreases by 43%.
In the very conservative scenario, range sizes of three
butterfly species are estimated to increase (A. sphenosema,
E. nycteris, T. helena), while core areas increased for two of
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Table 2 Climatic envelopes of 77 endemic Australian butterfly species. The latitudinal range of each species was derived from the Dunn
& Dunn National Database of Australian Butterflies (Southern Hemisphere: north = low latitude, south = high latitude). The mean
annual, maximum, and minimum temperature and precipitation, plus the temperature range and precipitation ratio (highest:lowest)
were derived using BIOCLIM

Latitude Temperature Precipitation
Species North  South  Range @ MAT Max Min Range MAP Max  Min Ratio
Hesperiidae
Anisynta cynone 29.3 37.2 7.9 15.7 17.8 9.6 8.2 507 1505 331 45
A. dominula 299 42.6 12.8 9.2 16.6 33 13.3 1285 2869 520 55
A. monticolae 33.8 38.0 42 10 13.9 3.3 10.6 1148 2530 630 4
A. sphenosema 28.7 35.0 6.3 17.1 19.5 14.7 4.8 828 1141 437 26
A. tillyardi 26.7 321 5.5 13.5 17.4 9.7 7.7 1123 1862 735 25
Chaetocneme beata 16.8 34.5 17.7 18.3 24.5 13.7 10.8 1358 2183 694 31
C. denitza 10.7 28.1 17.4 21.9 27.5 17.4 10.1 1293 2183 666 3.3
C. porphyropis 16.1 19.0 2.9 21.8 245 19 5.5 2330 4187 1216 34
Dispar compacta 244 39.0 14.7 13.5 19.6 6.7 129 1008 1953 574 34
Euschemon rafflesia 15.5 324 17.0 19.4 24.5 14.4 10.1 1642 3376 665 51
Exometocea nycteris 31.5 35.0 3.5 16.6 17.9 15.1 2.8 904 1112 341 3.3
Trapezites argenteoornatus 20.4 33.3 12.9 19.6 25.2 16.7 8.5 594 930 199 4.7
T. heteromacula 10.2 19.2 9.1 24 26.3 19.9 6.4 1670 2183 939 23
T. iacchoides 28.7 375 8.9 14 17.2 9.7 7.5 1171 1862 760 25
T. iacchus 10.6 30.0 194 22.3 26.3 18.2 8.1 1402 2088 643 32
T. luteus 23.7 43.4 19.7 14 21.8 8.6 13.2 745 1619 337 48
T. macqueeni 13.4 19.8 6.4 219 254 19 6.4 1387 2037 803 25
T. petalia 16.8 34.6 17.8 18.9 239 14.5 9.4 1064 2037 520 39
T. phigalioides 28.5 38.5 10.1 12.3 18.3 6.4 11.9 1027 2094 574 3.6
T. praxedes 26.0 39.1 13.1 16.1 20.2 10.8 9.4 1233 1834 799 23
T. sciron 313 36.6 53 15.6 18 12.9 51 572 1118 240 47
Lycaenidae
Candalides cyprotus 21.9 36.5 14.6 16.8 24.1 9.2 14.9 849 1412 244 58
C. gilberti 11.2 17.9 6.8 26.6 27.6 25.6 2 1295 1570 672 23
Hypochrysops epicurus 23.6 329 9.3 19.6 22 16.8 52 1496 1864 901 2.1
H. halyaetus 244 32.1 7.7 18.6 221 17 51 658 1053 214 49
H. hippuris 12.7 12.8 0.1 25 25 24.7 0.3 1767 1778 1732 1
H. miskini 15.3 282 12.9 214 245 19 5.5 1679 3523 1050 34
H. piceata 28.0 28.0 0.1 17 17.2 16.5 0.7 660 662 649 1
Jalmenus clementi 20.7 228 2.1 24.2 26.1 23 3.1 310 351 277 13
J. daemeli 16.9 30.5 13.6 19.6 245 12.8 11.7 836 2183 470 4.6
J. eichhorni 10.7 18.1 7.4 24.7 26.2 19.9 6.3 1605 1851 747 25
J. evagoras 21.1 38.2 17.1 154 223 5.6 16.7 969 1984 586 34
J. icilius 215 38.5 17.0 15.7 25.8 10.9 14.9 586 1094 195 5.6
J. inous 24.9 34.0 9.1 17.2 21.9 15.6 6.3 823 1053 216 49
J. lithochroa 317 35.1 34 159 18.3 15 3.3 487 646 223 29
J. pseudictinus 16.8 279 11.1 19.7 23.7 175 6.2 1003 2126 630 34
Neolucia hobartensis 30.0 43.5 13.5 7.9 13.7 3.3 10.4 1593 2530 521 49
N. mathewi 315 415 10.0 14.3 17.2 33 13.9 1246 2530 703 3.6
Nesolycaena albosericea 23.7 27.5 3.8 7.9 13.7 3.3 10.4 1593 2530 521 49
N. urumelia 119 18.6 6.7 26.7 27.6 25.1 2.5 1183 1559 497 3.1
Ogyris aenone 10.6 28.0 17.5 20.2 26.3 16.5 9.8 1209 2245 633 35
O. barnardi 20.2 33.0 129 18.7 23.2 10.9 12.3 546 1576 209 75
O. ianthis 25.0 34.0 9.0 16.9 18.2 14.4 3.8 936 1298 593 22
O. idmo 293 384 9.1 159 19.7 12.3 7.4 775 1178 329 36
O. iphis 12.5 20.7 8.3 22 27.3 194 79 1428 1953 589 33
O. otanes 29.3 36.4 7.1 15.8 19.7 129 6.8 524 881 237 37
Prosotas felderi 245 345 10.1 18.4 212 10.4 10.8 1263 2070 633 33
Pseudalmenus chlorinda 30.4 43.1 12.7 11.7 16.4 5.6 10.8 1004 2252 513 44
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Table 2 (continued)

Nymphalidae

Argynnina cryila 28.1 39.1 11.0 12.9
A. hobartia 41.0 43.6 2.6 9.3
Geitoneura acantha 23.8 38.7 14.9 14
G. minyas 26.2 35.0 8.8 17.7
Heteronympha banksii 26.7 39.1 124 13.5
H. cordance 30.0 43.6 13.6 9.7
H. mirifica 26.5 37.6 11.1 16.4
H. paradelpha 28.6 38.5 10.0 12.8
H. penelope 28.2 43.6 15.4 11.1
H. solandri 33.7 39.1 5.4 9.3
Hypocysta euphemia 28.2 37.3 9.1 15.3
H. irius 10.7 29.7 19.0 224
H. pseudirius 16.8 35.3 18.5 17.7
Nesoxenica leprea 41.0 43.5 2.6 7.9
Oreixenica correae 35.4 37.9 2.5 7.6
O. kershawi 31.8 38.7 6.9 11.2
O. lathoniella 28.8 43.6 14.7 10
O. latialis 33.9 375 3.6 72
O. orichora 35.4 422 6.9 6.6
O. ptunarra 41.4 42.5 1.1 7.9
Tisiphone helena 16.1 212 5.1 219
Papillionidae

Ornithoptera richmondia 25.5 31.9 6.4 18.5
Pieridae

Appias melania 14.0 23.1 9.2 22.4
Delias harpalyce 28.2 38.8 10.6 13.4
Elodina angulipennis 19.0 33.9 14.9 18.2
E. perdita 12.8 21.2 84 22.8
E. queenslandica 9.6 25.4 15.8 23.8
E. tongura 11.0 14.0 3.0 26.1
E. walkeri 10.2 17.5 74 26.1

18.3 3.3 15 1135 2530 350 7.2
12.3 5 7.3 1313 2949 517 5.7
20.1 5.6 14.5 989 1882 528 3.6
21.3 12.9 8.4 698 1148 206 5.6
18 8.7 9.3 1124 2070 592 3.5
15.4 3.3 12.1 1351 2922 554 53
19.8 9.7 10.1 1274 2419 666 3.6
17 7.9 9.1 1111 1984 643 3.1
16.4 3.3 13.1 1069 2715 520 52
13.4 3.3 10.1 1404 2530 748 34
18.3 10.3 8 1132 2070 693 3

26.2 16.8 9.4 1661 3582 693 52
23.2 11.3 11.9 1047 1915 576 3.3
11.8 43 7.5 1770 2960 685 4.3
12.8 3.3 9.5 1683 2530 809 3.1
16.4 3.3 13.1 1221 2530 656 39
14.4 3.3 11.1 1275 2922 540 54
12.5 3.3 9.2 1602 2530 501 5

12.5 3.3 9.2 1682 2530 641 39
11 5.4 5.6 894 2478 452 55
24.5 17.5 7 2017 3602 470 7.7
20.8 14.4 6.4 1679 2327 1053 22
24.8 18.2 6.6 1859 3376 965 3.5
19 6.7 12.3 948 1906 349 55
23.7 9.7 14 1304 2070 632 3.3
25 19.2 5.8 1473 1981 953 21
26.7 18.8 7.9 1645 2363 747 32
27 254 1.6 1184 1449 1067 1.4
27.5 21.7 5.8 1467 3425 756 4.5

these species (A. sphenosema, E. nycteris). However, under
both of the conservative scenarios, 13 species and 19
species may lose at least 20% of their distribution, respect-
ively. Significantly, in the conservative scenario, with a
mean annual temperature increase of between 1.2 and
2.2°C, C. phorphyropis loses all of its core areas. In the
high extreme scenario, all but two species (E. nycteris, ].
inous) are estimated to suffer a decrease in range size, with
20 species estimated to lose more than 50% of their current
potential climatic range, while 21 species may lose more
than 50% of their current core areas.

Changes in similarity ~As scenarios become progressively
more extreme, the number of cells that remain suitable
under both the current climate and the predicted climate
decreases (Fig.6a-d). On an average, 63% of cells cur-
rently suitable remain so under the very conservative
scenario. Under the high extreme scenario, on average
80% of cells that are climatically suitable lie outside areas
that are currently suitable. This becomes more severe
with core areas, with on average, only 14% of currently

suitable core areas remaining so by 2050 under the high
extreme scenario.

As expected, there is a positive relationship between
the size and latitudinal width of species current potential
climatic ranges, and mean annual temperature ranges
(size: ?=0512, P<0.001, n=24; latitudinal extent:
*=0.343, P =0.003, n=24). As climate change scenarios
become more extreme, the relationship between per cent
change in the latitudinal width of species distributions
and mean annual temperature range becomes stronger,
such that species with narrower temperature ranges lose a
greater proportion of the latitudinal width of their distri-
bution (very conservative scenario: *=0.153, P=0.059,
n=24; conservative scenario: r*=0.25, P =0.013, n=24;
low extreme scenario r*=0.358, P=0.002, n=24; high
extreme scenario: r* =0.373, P =0.002, n = 24).

(iii) Identification of vulnerable species

Of the original 77 species studied, seven were identified
as most vulnerable to climate change: the hesperiids

© 2002 Blackwell Science Ltd, Global Change Biology, 8, 954971
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(line) of the mean annual precipitation
ranges (highest average rainfall:lowest) for 0
77 latitudinally restricted Australian butter- 1-1.2
fly species.

Exometocea nycteris and Trapezites heteromacula, and the
lycaenids Hypochrysops halyaetus, H. piceata, Jalmenus clem-
enti, | lithchroa, and Nesolyceana urumelia (Table 5). Each of
these species have a number of characteristics that sug-
gested they may have difficulty adjusting to climate
change. First, five species (E. nycteris, H. piceata, ]. clem-
enti, . lithochroa, and N. urumelia) have very narrow cli-
matic envelopes, with mean annual temperature ranges
spanning less than 4°C. Climate change scenarios indi-
cated that mean seasonal temperature by 2050 may
exceed values to which these species are currently ex-
posed. Second, of the 24 species for which range shifts
under the climate change scenarios were modelled, two
species (T. heteromacula and H. halyaetus) lost large pro-
portions of the size of their distributions under all scen-
arios (Table4). Third, these species include habitat
specialists, mutualists, and poor dispersers, and all cur-
rently have narrow geographical distributions.

Discussion

Bioclimatic modelling indicates that climate change may
have adverse effects on the geographical ranges of a large
number of endemic Australian butterfly species from a

© 2002 Blackwell Science Ltd, Global Change Biology, 8, 954-971
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2-3 34 45 56 67 7-8

8-9 9-10 10-15 >15
Mean Annual Temperature Range (°C)

34 4-5 5-6 67

Mean Annual Rainfall Ratio (highest:lowest)

diverse range of habitat types, even though many species
currently have large climatic ranges.

(i) Climatic envelopes of species

The climatic envelopes and geographic ranges of butter-
fly species were large in relation to previous studies on
Australian flora and fauna such as eucalypts (Hughes
et al., 1996), and vertebrates (Bennett et al., 1991). As
expected, there was a significant positive relationship
between the size and latitudinal extent of butterfly
species known distributions, and the mean annual tem-
perature range within these areas.

(ii) Potential changes in distributions

Statistical analyses supported the hypothesis that as cli-
mate change becomes more extreme, species with
narrower geographic distributions, and hence narrower
climatic ranges, will suffer greater latitudinal range con-
tractions than those with wider geographic and climatic
ranges. However, our models demonstrated that even
species with wide climatic ranges may still lose substantial



962 L.]J. BEAUMONT & L. HUGHES

Very Conservative Decrease Increase
d |
| Ll
50% - D Total Distribution
Il Core Arca
40% A
B 30% 4
3
o
w
X 20% -
10% o
0% T T |:l T T T T T E._V
—-50 to —100% —20 to —50% —10 to —20% -5 to-10% 0 to—5% 0 0 to 5% >5%
% Change in Latitudinal Widths of Butterfly Distributions
Conservative
50% 9
40% -
S 30%4
3
o
w2
X 20% A
- ’_i ’_I
% I—I ’_l
50 t0—100% 20 10 —50%—10 t0-20% —S5 t0—10% 0 to—S% 0 to 5% >5%
% Change in Latitudinal Widths of Butterfly Distributions
Low Extreme
50%
40% -
B 30%4
3
Q
7]
X 20%
N L V—I L l
0%
—-50 to —100% —20 to— 50%—10 to —2()" 0 —5to— 10” o 0 to—-5% 0 to 5% >5%
% Change in Latitudinal Widths of Butterfly Distributions
High Extreme
50% = Fig. 3 (a)-(d) Change in the latitudinal width
of 24 butterfly species distributions, in response
40% to four climate change scenarios. Results are
expressed as the percentage change in latitu-
£ 30%+ dinal width of distributions under the climate
L
& change scenario, compared to each species cur-
X 20%
rent potential climatic range as determined by
10% BIOCLIM. Results are given for both total dis-
tribution (light bars) and core areas (dark bars),
0% which are those locations where climatic par-
—-50 to 7100“ 020 to 50% 10 to 20“ v =5 to 710” v 0 to 5% 0 to 5% >5% ameters lie within the 2.5th to 97.5th percentﬂes
% Change in Latitudinal Widths of Butterfly Distributions of the species’ climatic envelopes.

© 2002 Blackwell Science Ltd, Global Change Biology, 8, 954971



Fig. 4 (a)-(d) Change in the number of
BIOCLIM grid cells of 24 butterfly species dis-
tributions, in response to four climate change
scenarios. The number of grid cells approxi-
mates area, and the results are expressed as
the percentage change in number of cells
under each climate change scenario, compared
to the number of cells in each species current
potential climatic range. Results are shown for
the percentage change in the total size of distri-
butions (light bars), and change in core areas
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Table 3 Mean change in latitude at which 24 butterfly species’ northern and southern edges are predicted to occur, in response to

four climate change scenarios for 2050 (standard deviation in brackets). Positive values for species northern boundaries suggest that

this edge may move to higher latitudes (polewards) in response to a changing climate, while negative values for species southern

boundaries suggest that this edge may move to lower latitudes in response to climate change, with the net result being a range

contraction

Climate change

Change in degree latitude
of northern range limit

Change in degree latitude
of southern range limit

scenario

Very conservative 0.41 (0.96)
Conservative 0.61 (1.35)
Low extreme 0.87 (1.58)
High extreme 1.31 (2.03)

~0.13 (0.32)
—0.16 (0.67)
—0.35 (0.83)
—0.37 (0.78)

proportions of their potential distribution. For example,
Neolucia mathewi has a mean annual temperature range
and precipitation ratio of 13.9°C and 3.6, respectively,
and yet this species was estimated to lose almost 27% of
its current potential climatic range under the very con-
servative scenario, and as much as 77% under the high
extreme scenario.

The bioclimatic models indicated that two of the 24
species modelled (Anisynta sphenosema and Exometoeca
nycteris) may benefit from global warming. These species
are currently restricted to south-western Western
Australia, a region predicted to increase in temperature
from between 0.9 and 3.4°C and decrease in precipitation
by up to 28% by 2050 (Hulme & Sheard, 1999). The
models suggest that under global warming, similar cli-
matic conditions may be found in South Australia,
resulting in more climatically suitable habitat for these
two species. However, it is doubtful that these species are
capable of migrating in excess of 1000 km across a very
arid environment to take advantage of climatically suit-
able habitat in South Australia.

Maps of the potential changes in the distributions of
the 24 butterfly species indicated that not only do distri-
butions decrease in area, but climatically suitable patches
may also become increasingly isolated. Furthermore, as
the magnitude of future change becomes greater, the
proportion of species’ predicted distributions that coin-
cide with their current potential climatic range decreases
dramatically, indicating that species may need to shift
their distributions to take advantage of other climatically
suitable areas.

Our results also suggest that the southern (high lati-
tude) margins of species ranges will, on average, move to
slightly lower latitudes, while the northern (low latitude)
margins will shift polewards, thus resulting in range
contractions. This is in contrast to observations of some
Northern Hemisphere species, where the northern
boundary has shifted polewards with little change in
the southern boundary, thus resulting in range expan-
sions for some species (Parmesan et al., 1999).

(iii) Identification of vulnerable species

We identified seven endemic Australian butterfly species
that may be at particular risk from a changing climate; E.
nycteris, T. meteromacula, H. halyaetus, H. piceata, ]. clementi,
J. lithochroa, and N. urumelia. The narrow geographic and
climatic ranges of most of these species plus their inability
to migrate and general life history characteristics
(Common & Waterhouse, 1981; Kitching et al., 1999) sug-
gests they may be unlikely to shift their distributions to
track either a changing climate or concurrent changes in
the distribution of their host plants.

With the exception of N. urumelia, the lycaenids (H.
halyaetus, H. piceata, ]. clementi, and ]. lithochroa) are
obligate myrmecophiles; hence for a shift in distribution
to be possible, these butterflies must find habitats that are
not only climatically suitable but which also have requis-
ite larval food plants and mutualistic ant species.
Populations of N. urumelia, ]. clementi, ]. lithochroa and
T. heteromacula are very localised, often reflecting the
patchy  occurrence of their preferred habitat.
Hypochrysops piceata and ]. lithochroa, in particular, are
threatened by habitat destruction (Braby, 2000).
Exometoeca nycteris is from a monotypic genera, and its
lack of close relatives suggests that this species is relictual
(Braby, 2000).

Under each of the four climate change scenarios, H.
halyaetus and T. heteromacula consistently suffered greater
range contractions than the other 22 species for which
distributions were modelled. Hypochrysops halyaetus is
restricted to coastal and subcoastal areas of Western
Australia where colonies are found in heathland and
are fairly localised. Our models suggest that this species
may lose between 58% and 99% of its current climatic
range, depending upon the magnitude of change. Less
that 27% of its predicted distribution under the very
conservative scenario occurs in locations that the species
may currently occupy.

Only a slight increase in temperature is required to
reduce the distribution of the rare Trapezites heteromacula

© 2002 Blackwell Science Ltd, Global Change Biology, 8, 954971
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Fig.5 These maps identify the current known
distribution of Tisiphone helena, as well as the
current potential distribution, i.e. all areas iden-
tified by BIOCLIM that contain a bioclimate
suitable for T. helena. The potential changes to
this species distribution under four climate
change scenarios for 2050 are also mapped.
Locations containing suitable bioclimate are
identified as either range or core areas (which
are those locations where climatic parameters
lie within the 2.5th to 97.5th percentiles of the
species climatic envelope).

Known Distribution

Current Potential Climatic Range

N

Very Conservative Scenario

Conservative Scenario

Low Extreme Scenario

High Extreme Scenario
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Fig. 6 (a)-(d) Percentage similarity indicates the proportion of
grid cells present in each climate change scenario that are also

Results are given for each species entire distribution (light bars)

present in the current potential climatic range of each species.
(light bars), and for those locations classified as core areas in each

pair of scenarios (dark bars). Core areas are defined as locations

where climatic parameters lie within the 2.5th to 97.5th percent-

iles of the species climatic envelopes.
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to less than 37% of the size of its current climatic range,
while under the high extreme scenario, this species dis-
tribution may decrease in size by more than 90%. Less
than 35% of areas suitable under the very conservative
scenario coincide with areas that are currently suitable.
Under the high extreme scenario, less than 7% of this
species potential distribution is predicted to lie in loca-
tions that are currently climatically suitable. Trapezites
heteromacula is restricted to north-east Queensland,
where its distribution spans less than 10° latitude.
Colonies are discrete and highly localised (Braby, 2000),
and the larval food plant, Lomandra, is rarely found in
large patches at any one location. Hence population dens-
ity is low (Kitching et al., 1999), and the likelihood of this
species shifting its distribution to compensate for habitat
loss under climate change is poor.

Sources of uncertainty

Bioclimatic models do not represent forecasts of future
distributions, but rather provide an indication of the
potential magnitude of the impact climate change may
have on these species distributions (Hill ef al., 1999).
Bioclimatic models remain the only method available to
rapidly assess potential broadscale changes in the distri-
butions of multiple species in response to a changing
climate. However, the effects of global change on species
distributions are unlikely to be as simple as bioclimatic
models infer. Factors that may influence the reliability of
our results can be placed into three categories: (a) limita-
tions associated with BIOCLIM, (b) uncertainty in climate
change scenarios, and (c) complex biotic interactions.

(a) Limitations associated with BIOCLIM Nix (1986) has
outlined in detail the limitations and errors associated
with BIOCLIM. These include errors associated with tax-
onomy, incorrect locations, and limitations of computer
models. The Dunn & Dunn National Database of
Australian Butterflies has attempted to control for errors
associated with species’ distributions by using up-to-date
taxonomy lists, and by re-examining specimens that have
undergone important taxonomic changes. However,
there may still be errors in defining locations on speci-
men labels, and similarly, the current ranges of species
may not yet be fully known.

The effectiveness of any model is also governed by its
assumptions. Firstly, bioclimatic models assume that cli-
mate limits species distributions (Panetta & Mitchell,
1991a), hence only a species fundamental niche is mod-
elled, while factors that determine the realised niche such
as host plant availability, predators, and competitors are
not considered. Secondly, the model assumes that there
is genetic homogeneity in the response of a species to
climate (Panetta & Mitchell, 1991a,b), and thirdly, that

© 2002 Blackwell Science Ltd, Global Change Biology, 8, 954-971

species have reached the limits of their current climatic
range. The effectiveness of BIOCLIM has been ques-
tioned by some authors (see Walker & Cocks, 1991;
Carpenter et al., 1993; Kriticos & Randall, 2001), primarily
because the suitable range for each climatic variable is
described as a rectilinear volume in Euclidean space. As a
result, habitat suitability may not be predicted correctly.
However, BIOCLIM remains a useful tool for studying
potential changes in distributions and for identifying
species on which to focus future field work. Further, at
present, it is, to our knowledge, the most feasible pro-
gram for studying the potential responses of a large
number of species to climate change.

(b) Uncertainty in climate change scenarios As the level of
resolution of climate change scenarios increases, so too
does uncertainty. Naturally, results obtained from this
study are applicable only for those scenarios used, and
as yet it is uncertain how robust BIOCLIM estimations
are to standard deviations of climate change scenarios.
Future field studies will be necessary to determine
whether trends hypothesised from this study have actu-
ally occurred.

Furthermore, it is largely unknown how temperature
and precipitation changes estimated from global circula-
tion models (GCMs) will translate into changes in
the microclimate of species (e.g. see Kennedy, 1997).
Bioclimatic models apply a uniform increase in tempera-
ture over each cell of the climatic grid, but undoubtedly,
temperature changes estimated by GCMs will not trans-
late into the same temperature changes within different
microhabitats.

(c) Complex biotic interactions As climate changes, the
ability of a species to take advantage of climatically suit-
able areas will depend upon a suite of factors not con-
sidered in bioclimatic models, such as competition and
predation between existing species, and the potential
impact of interactions with new species. The ability of
species to shift their distributions will also depend upon
their dispersal abilities and the distribution and quality
of host plants (see Coviella & Trumble, 1999). Many
Australian butterfly species (such as Trapezites) are
unable to migrate, and the dispersal ability of groups
such as the lycaenids are also believed to be limited
(Kitching et al., 1999). Furthermore, the spatial structure
of many butterfly populations is consistent with metapo-
pulation theory, that is, populations are more likely to be
present in habitat patches that are large and in close
proximity to one another (Thomas & Hanski, 1997).
Land clearance and habitat fragmentation due to human
land use has already played a major role in the demise of
many Australian butterfly species. Future fragmentation
of habitat as a result of climate change may compound



970 L. J. BEAUMONT & L. HUGHES

existing problems and have further implications for dis-
persal success and the stability of the metapopulation
structure. Distributions may also be affected if closely
coupled phenologies of host plants and herbivores
become desynchronised (e.g. see Dewar & Watt, 1992;
Buse et al., 1998). Hence, in many cases, the distribution
changes hypothesised in this study may represent best-
case scenarios.

It is possible that some species may be able to adapt in
situ rather than shift their distributions. Adaptations of
British butterflies that now occur in warmer and drier
regions throughout the world have been studied exten-
sively (Pollard & Yates, 1993), and suggest that some
species may respond in a number of ways, including
changes in voltinism, dates of emergence, delayed matur-
ation of eggs (Pollard & Yates, 1993), and the length-of-
the-flight period (Brakefield, 1987; Pollard, 1991).

To gain a broader understanding of the potential re-
sponses of species to climate change, ongoing monitoring
of vulnerable species is required. Compared to many
countries in the Northern Hemisphere, Australia suffers
a lack of peer-reviewed literature related to the potential
responses of species to climate change. Studies such as
this can help to identify areas in which we can focus our
future research.
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