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a b s t r a c t

If Quaternary palaeoclimatic reconstructions are to be adequately contextualised, it is vital that the
nature of modern datasets and the limitations this places on interpreting Quaternary climates are made
explicit – such issues are too infrequently considered. This paper describes a coexistence method for the
reconstruction of past temperature and precipitation parameters in Australia, using fossil beetles. It
presents the context for Quaternary palaeoclimatic reconstruction in terms of climate space, bioclimatic
envelope data derived from modern beetle distributions, and the palaeoclimatic limitations of biocli-
matic envelope-based reconstructions. Tests in modern climate space, using bioclimatic envelope data
for 734 beetle taxa and 54 site-based assemblages from across the continent, indicate that modern
seasonal, especially summer, temperatures and precipitation are accurately and, in the case of temper-
ature, precisely reconstructed. The limitations of modern climate space, especially in terms of the limited
seasonal variation in thermal regimes and subsequent lack of cold winters in the Australian region,
renders winter predictions potentially unreliable when applied to the Quaternary record.

Crown Copyright � 2009 Published by Elsevier Ltd. All rights reserved.
1. Introduction

The reconstruction of past climates is a fundamental concern of
Quaternary research. The ability to reconstruct the rate and
magnitude of climate variability in terms of thermal and moisture
regimes allows a range of key questions regarding climate
dynamics, environmental and human history to be addressed. In
Australia, as elsewhere, approaches to palaeoclimatic reconstruc-
tion have relied heavily on pollen analysis (Harle et al., 2004; Cook
and van der Kaars, 2006; Turney et al., 2006b; Kershaw and van der
Kaars, 2007; Williams et al., 2009). Pollen-based methods have
many advantages for reconstructing past vegetation history,
mainly the potential for temporal continuity at moderate to high
time resolutions and small sample size requirements. They can
be problematic, however, for quantification of past climates –
especially during glacial periods– principally because of major
differences in the nature of glacial assemblages relative to those
encountered in the recent record and at present (Jackson and
Williams, 2004; Nielsen and Odgaard, 2004).

These issues are amplified in southeastern Australia where
pollen assemblages are dominated by a small number of highly
009 Published by Elsevier Ltd. All
speciose pollen types and few indicator taxa are present. Further,
the relative paucity of ideal pollen sites means that calibration
datasets are derived from a wide variety of contexts ranging from
swamps and fens to freshwater and playa lakes making meaningful
comparison of pollen assemblages difficult, if not impossible. The
probable physiological effects of lowered CO2 on plant growth
(Hesse et al., 2003), micro-topographic influences on bioclimates,
and the lack of good analogues for Australian glacial assemblages
(Kershaw and Bulman, 1996), imply that assemblage-based recon-
structions using pollen data need to be interpreted cautiously. The
continuing use of qualitative descriptive terms like ‘warm’, ‘wetter’,
‘dry’, ‘colder’ in reference to the climatic significance of pollen
assemblage data in Australia (e.g. Turney et al., 2006a,b; Kershaw
and van der Kaars, 2007; Williams et al., 2009), and frequent use of
relative rather than absolute estimates of past changes in temper-
ature and precipitation (see Williams et al., 2009 for a recent
example), illustrates the qualified nature and continued ambiguity
regarding the climatic significance of past pollen assemblages in the
region. In the Australian context, the last several decades have seen
the development and application of a range of methods for recon-
struction of past climates from Quaternary data. These techniques,
borrowed, sometimes uncritically, from the Northern Hemisphere,
have been based largely on analysis of the extensive pollen record
assembled over the last 40 years (Kershaw and Nix, 1988; Kershaw
rights reserved.
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et al., 1994, 2004; Kershaw and Bulman, 1996; Harle et al., 2004;
Cook and van der Kaars, 2006; van der Kaars et al., 2006).

Growing interest in the nature of past climates in terms of their
influence on the history of flora and fauna (Crisp et al., 2004; Byrne
et al., 2008), and for modelling the distribution of vegetation and
species under past climatic conditions (Hugall et al., 2002; Martı́-
nez-Meyer et al., 2004; Hilbert et al., 2007; Banks et al., 2008;
Nogués-Bravo et al., 2008), has resulted in Quaternary palae-
oclimate data increasingly being utilised by researchers from
outside the Quaternary community. The appropriate use of palae-
oclimatic data requires that users are adequately informed in
regard to the significance and limitations of specific palaeoclimatic
reconstruction results.

This paper describes the details of a new approach to palae-
oclimatic reconstruction in Australia using bioclimatic envelope
data derived from modern beetle distribution records. It explicitly
explores the uncertainties that arise when attempting to use
bioclimatic data derived from the distribution of species in modern
climate space and presents an approach that is relevant to other
proxies and regions. An overview of Quaternary entomology with
context and implications for the Australian record was presented by
Porch and Elias (2000) and a review of Last Glacial sites by Porch
(2007). Quaternary beetle assemblages have been recovered from
a range of Australian sites spanning the Quaternary, the description
and interpretation of which will appear in a series of papers that
begins with Sniderman et al. (2009) and Porch et al. (2009).

2. Aims

If quantitative climate reconstructions are to be developed,
refined and, importantly, to some extent reflect Quaternary reality,
it is essential to have a detailed understanding of the potential and
limitations of individual proxies and methods. This paper presents
the context, rationale, and methods developed for the reconstruc-
tion of past climates in Australia using coexistence methods applied
to beetle assemblages.

The aims of the paper are:

� To provide an assessment of considerations relating to the use
of bioclimatic envelopes, based on modern taxa, derived from
modern climate space, and how this potentially influences
reconstruction of climatic parameters.
� To describe the methodological approach developed for the

reconstruction of past climates using beetle assemblages in
Australia.
� To assess the relative utility of employing a range of temperature

and precipitation parameters in palaeoclimatic reconstructions.
� To test the method using modern jack-knifed assemblages and

meteorological data.
� To clearly state the limitations of the method for reconstructing

past climates in the context of modern and potential past
climate space configurations.
� To assess the utility of the method developed in the context of

previous research and alternative approaches.
3. Background

3.1. The bioclimatic niche concept

The nature of an organism’s response to thermal and moisture
regimes is determined by the unique physiology of the taxon
(Kearney and Porter, 2004), which cannot practically, however, be
experimentally determined for large assemblages of species. For
large datasets the simplest way to determine thermal and moisture
requirements is by derivation from the broad-scale relationships to
environmental gradients. This ‘bioclimatic envelope’ method and
its derivatives are widely used to predict the potential distribution
of species from specimen collection records (Busby, 1986; Linden-
mayer et al., 1991; Nix, 1991; Beaumont and Hughes, 2002; Hampe,
2004; Pearson et al., 2004; Beaumont et al., 2005; Pearson et al.,
2007), to predict the response of species to climate change (Berry
et al., 2002; Pearson and Dawson, 2003; Williams et al., 2003;
Araújo et al., 2005; Thuiller et al., 2005), and to reconstruct past
climates (Atkinson et al., 1987; Elias, 1997; Mosbrugger and
Utescher, 1997; Moine et al., 2002; Marra et al., 2004).

In Australia, bioclimatic envelope methods have been used to
reconstruct past climates using ‘indicator’ taxa (McKenzie and
Busby, 1992; Lloyd and Kershaw, 1997; McKenzie and Kershaw,
1997) or assemblages (Kershaw and Nix, 1988, 1989; Kershaw,
1997), and to predict the past distribution of rainforest and rain-
forest biota in the wet tropics region of northeastern Australia (Nix,
1991; Williams, 1998; Hugall et al., 2002; Graham et al., 2006). The
approach adopted here, and described below, builds on the seminal
work of Kershaw and Nix (1988, 1989), which used the overlap of
bioclimatic ranges of rainforest plants to reconstruct late Quater-
nary climates of the wet tropics region of northeastern Australia.

3.2. Complexities of taxon–climate relationships

In Quaternary science it is generally assumed that the current
distribution pattern of an organism reflects the climate in which
that taxon can exist. Therefore, Quaternary climates can be recon-
structed in reference to the modern ecology– in this case biocli-
matic envelope data– of taxa that occur in the fossil record (Coope,
1977; Bartlein, 1997; Birks, 2003). This is, potentially, only partly
true. An organism may be able to exist in other climatic regimes,
but is dispersal limited– that is, it cannot reach such suitable
habitats because of physical barriers, or it may not be in equilibrium
with modern climate because of its limited dispersal ability
(Prentice, 1986; Guisan and Zimmermann, 2000; Pulliam, 2000;
Gaston, 2003; Hampe, 2004; Araújo and Pearson, 2005). Alterna-
tively, the full range of climates that exist today may not encompass
the full range of climates in which a taxon could potentially exist
(Jackson and Overpeck, 2000; Jackson and Williams, 2004)
meaning we have a limited insight into the potential climatic
significance of the taxon. Microclimatic effects may mean taxa may
maintain themselves in habitats that would otherwise be outside
their geographic and climatic range (Andersen, 1993). Finally,
through human or other agency, an organism may have been
regionally extirpated from a part of its potential climatic range, an
issue generally neglected in the species climatic modelling
community but well recognised in the Quaternary community
(Dinnin and Sadler, 1999; Whitehouse, 2006; Porch, 2008).

4. Methods

4.1. Modern Australian climate space

A dataset that represents the modern climate space of the
Australian region includes a total of 16,696 data points from across
the continent (see Fig. 1). The majority of points (16,484) are
derived from a stratified sample (by latitude and longitude) of
a continental scale 0.025� digital elevation model– AUS40.DEM
(CRES, 1999). The remaining 212 points represent supplementary
data to ensure capture of topographic highs in montane regions.
These points are derived from point elevation values from the
Australian 1:250,000 topographic map series (AUSLIG, 2000) and
represent mountain peaks from the principal mountain ranges of
Australia.
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Fig. 1. The Australian climate space (ACS) illustrated by x–y plots of selected BIOCLIM temperature and precipitation (note log scale) parameters. High point density represents
parameter combinations that are common in climate and geographic space whereas low point density represents parameter combinations that are rare in climate and geographic
space. (A) Annual; note the domination of arid, semi-arid and relatively low precipitation mesic climates relative to high precipitation climates and the relatively limited annual
temperature range for arid and semi-arid climates. (C) Cold season. In contrast to warm season (B) climates there is a relatively strong negative correlation (see also Table 2)
between temperature and precipitation reflecting the dry winter of northern Australia and the wet winter of southern Australia. (D) Temperature annual range (Trange) plotted
against maximum temperature of the warmest month (TmaxM). The domination of the Australian continent by moderately continental climates is clearly evident with equable or
maritime climates represented by relatively few points in climate and geographic space. (E) Seasonal temperature regime; the strong correlation between warm season and winter
temperatures (see also Table 2) illustrated here is greater in the cooler half of ACS. Note the difference between equable Tasmania and the more continental mainland southeastern
Australia. Maritime influence clearly is demonstrably important in relation to temperature regimes and is something that should be considered when interpreting palaeoclimatic
records under altered coastline conditions. (F) This plot is a replot of the data shown in (D) with overlays of the points in ACS with more than 1250 mm of mean annual precipitation
(MAP, circles) and less than 250 mm of MAP (squares). It illustrates the limited range of temperature variability for mesic and arid climates respectively. For mesic climates with
more than 1250 mm MAP the range of warm season climates encompasses the range of all TmaxM values in ACS; however, in terms of Trange, there are no strongly continental
areas (high Trange values) with >1250 mm MAP. Conversely, arid areas (<250 mm MAP) have a very narrow climatic range in terms of both warm season temperatures (TmaxM)
and annual range (Trange).
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4.2. Climate relationships for beetle taxa

4.2.1. Database of Australian beetle distribution
Distribution and ecological records for most Australian species

of aquatic, riparian and dung beetles and a selected range of further
common taxa were assembled in a BioLink (Shattuck and Fitzsim-
mons, 2002) database. These data were derived from four principal
sources: government and museum databases; literature records;
museum records collated by the author; and field collections.
Detailed distribution records are included for approximately 2400
species from 5500 separate collection localities (1–124 species per
locality), adding up to a total of ca 80,000 individual records.

4.2.2. Geocoding
Approximately 95% of the 5500 localities included in the

database have been assigned latitude and longitude values on the
basis of their label data. The quality of geocodes is pivotal to
developing accurate estimates of climatic parameters from
a locality and questionable localities have been excluded from
consideration in the bioclimatic model. Reasons for exclusion
include: old records that refer to a region rather than a specific
locality; records based on questionable identifications; multiple
localities of the same name; and locality records substantially
beyond a known range of a taxon. Altitudes for the remaining
localities were derived from label data, and, where possible, from
topographic maps. The use of digital elevation models to derive
elevation was discounted due to the probability of substantial
errors, especially in terrain with high relief (Rowe, 2006). In many
cases, however, the accuracy of the elevation derived from topo-
graphic maps can be questioned due to the lack of specific detail
provided in the description of the collection locality. If the
collection locality could not be identified on the basis of the label
data provided, such that the potential for elevation error was
greater than �100 m, the locality was excluded from further
consideration. This reduced the number of three dimensionally
geocoded localities to approximately 4100.
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4.2.3. Bioclimatic analysis of geocoded locality data
BIOCLIM is a bioclimatic modelling program currently incor-

porated within the software package ANUCLIM 5.1 (Houlder et al.,
2000). Using a thin-plate smoothing spine interpolation method,
BIOCLIM interpolates climatic parameter values for geocoded
(latitude, longitude, altitude) locations from climatic and physical
data from a network of meteorological stations (Houlder et al.,
2001). For Australia BIOCLIM uses a network of more than 1000
stations to derive temperature estimates and more than 15,000
stations to derive precipitation estimates; these are based on long-
term mean values for temperature (1920–1995), precipitation
(1920–1995), radiation (1920–1983) and pan evaporation (1920–
1995) (Houlder et al., 2001). Previous versions of BIOCLIM allowed
the estimation of 12 and 24 parameters for any point, compared
with the current 35. Table 1 lists all temperature and precipitation
parameters produced by BIOCLIM.

Bioclimatic profiles were constructed for a total of 734 beetle
species. Taxa were selected primarily because they were candidates
for inclusion in the Quaternary record (aquatic, riparian and
otherwise hygrophilic taxa), had been recovered from the fossil
record, or belonged to groups that are commonly recovered from
the fossil record elsewhere. For each of these taxa, a bioclimatic
profile was derived from the three dimensionally geocoded data.
Output includes a bioclimatic profile (.pro) that summarises, in
terms of minima, maxima, percentile values and standard devia-
tion, the climatic range of a taxon. An associated ‘sites’ file (.bio)
summarises the parameter values for a taxon at each of the geo-
coded sites contributing to the bioclimatic profile.

4.2.4. Contrasting responses to temperature and precipitation
parameters

Fig. 2 illustrates the distribution of 10 Australian beetle taxa in
geographic space (the maps) and climate space (x–y plots)–
described by the intersection of warm season temperatures
(temperature and precipitation of the warmest quarter: see below).
The distribution maps clearly show that most taxa (like Chlaenius
greyanus White in southwestern Australia and Hydaticus vittatus
Fabricius in northern Australia, for example) are primarily
restricted to marginal areas of the continent. This geographic
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Table 1
Bioclimatic parameters estimated by BIOCLIM. Parameters 20–27 and 28–35
describe radiation and soil moisture indices and are not shown here or considered
further.

No. Parameter Abbreviation

1 Annual mean temperature MAT
2 Mean diurnal range (monthly maximum) Tmdr
3 Isothermality (parameter 2/parameter 7) Tiso
4 Temperature seasonality (coefficient of variation) Tseas
5 Maximum temperature of warmest perioda TmaxM
6 Minimum temperature of coldest period TminM
7 Temperature annual range (5 � 6) Trange
8 Mean temperature of wettest quarterb TwetQ
9 Mean temperature of driest quarter TdryQ
10 Mean temperature of warmest quarter TwarmQ
11 Mean temperature of coldest quarter TcoldQ
12 Mean annual precipitation MAP
13 Precipitation of wettest period PwetM
14 Precipitation of driest period PdryM
15 Precipitation seasonality (C of V) Pseas
16 Precipitation of wettest quarter PwetQ
17 Precipitation of driest quarter PdryQ
18 Precipitation of warmest quarter PwarmQ
19 Precipitation of coldest quarter PcoldQ

a BIOCLIM allows use of month or week time step for period. For the purpose of
this project period refers to a month (consecutive 5 weeks rather than calendar
month). In the remainder of this paper ‘period’ will be replaced with ‘month’.

b In BIOCLIM Quarter refers to 13 consecutive weeks.



Fig. 2. Australian climate space (small grey crosses/shading) and the realised bioclimatic niches of 10 Australian beetle taxa described in terms of warm season temperature and
rainfall. The maps show the geographic distribution of the georeferenced records that contribute to the bioclimatic envelopes of these taxa and the x–y plots show the distribution
the same taxa in climate space. In this example ACS and the realised bioclimatic niches of the beetle taxa are simplistically described in terms of the intersection of the parameters
temperature of the warmest quarter and precipitation of the warmest quarter and reflect warm season, rather than summer environments – in southern Australia the warm season
is summer, however in northern monsoonal regions the cooling effects of the monsoon offset the warmest quarter to spring–early summer. The derivation of the bioclimatic
envelope of Agrypnus caliginosus, for the illustrated parameters, is shown as the dashed bounding box (envelope) – in this case it seems probable that the bioclimatic niche of this
taxon would include climate space not represented in modern ACS (areas with warmer summers than presently exist). This issue is complex. Examination of the geographic and
climatic space for many of the taxa shown here suggests they would be capable of existing under a range of climates that do not presently exist in the Australian region. The
coincidence of the edge of ACS in terms of TwarmQ and the distribution of Onthophagus sloanei in ACS suggests this species could certainly cope with hotter TwarnQ values than
presently exist in ACS. Similarly, for Philipis in terms of high levels of summer rainfall, Chlaenius greyanus and Berosus nutans in terms of low levels of summer rainfall, and
Onthophagus mniszechi in terms of cooler summer values. In essence, there exists a wide range of climate space limitations in terms of the intersection of modern climate space (ACS
in this case) and the realised climatic niche of individual species that limit the value of bioclimatic envelope models and data. In order to overcome these issues, or at least limit their
impact, it would be necessary to examine their consequences on each taxon individually, something well beyond the scope of this paper.
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restriction reflects the extant arrangement of temperature and
precipitation regimes relative to the bioclimatic niche of the
species.

Histograms of temperature relationships approach normal with
the majority of records derived from a relatively narrow climatic
range, when compared with the total climatic range of the taxon
(Fig. 3). In contrast, precipitation relationships are positively
skewed for taxa from mesic regions, but less so, or not at all, for taxa
from xeric regions; this skew in precipitation parameters reflects
the variability of influence of moisture regimes in determining or
limiting the distribution of beetle, and other, species. In mesic
regions most species are almost certainly able to cope with higher
moisture levels than exist in the modern climate. In this case the
positive skew represents the relative rarity of high precipitation
environments in Australian climate space and therefore the low
frequency of records from such regions in bioclimatic profiles,
because of the unlikelihood of collection from these spatially
restricted habitats. In contrast, for taxa adapted to xeric
environments, upper moisture limits are physiologically limiting
and there are few climate space issues.
4.3. Error estimation

Large numbers of collection localities for a stenotopic taxon are
adequate to describe its bioclimatic profile; however, the distri-
bution data for less well-collected taxa, especially if they are
eurytopic, will underestimate their realised bioclimatic niche.
I agree with the argument of Marra et al. (2004), in reference to
developing palaeoclimatic reconstruction methods using New
Zealand beetle assemblages, that comparatively poor modern
datasets necessitate a method of estimating the error associated
with estimating climatic range based on a limited modern dataset.
This is similarly true for Australia.

It is impossible to assess the value of error estimates without
resort to at least one of two methods. These are:



Fig. 3. Histograms of temperature of the warmest quarter (TwarmQ, above) and precipitation of the warmest quarter (below) values derived from the bioclimatic profiles of the 10
Australian beetle taxa shown in Fig. 2. Temperature profiles approximate normal curves whereas the precipitation profiles, for mesic taxa, are often positively skewed, reflecting the
relative rarity of high precipitation climates in Australian climate space. For the temperature plots the TwarmQ range on the x-axis represents the range of values in ACS. Note how
the histograms for several taxa abut the cold (Scopodes simplex grp.) and warm (Hydaticus vittatus, Berosus nutans, Onthophagus sloanei) edges of ACS implying these taxa could cope
with more extreme climates than presently exist in Australia. In contrast to the two-dimensional plots of warm season climate shown in Fig. 3 it can be difficult to assess potential
for climate space edge effects from histograms. For example the histogram for TwarmQ for Onthophagus mniszechi implies no edge effects for summer temperature, yet consid-
eration of Fig. 3 shows this taxon reaches the edge of ACS – there is no climate space with the combination of cool summer temperatures and relatively low summer rainfall
available in ACS in which O. mniszechi could potentially occur.
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(1) comparison of data-poor bioclimatic envelopes with data
enhanced profiles arising from increased access to new distri-
butional data (new collections, access to previously inacces-
sible or unacknowledged data);

(2) testing the accuracy and precision of the method using jack-
knifed modern assemblage data.

I use the former approach to assess the most reliable method for
estimating error and then the latter approach to test the reliability
of the method adopted.

A range of methods of estimating the bioclimatic range from
incomplete distributional data were examined; none were entirely
satisfactory, primarily because it is impossible to predict whether
the actual bioclimatic limits of a taxon was represented in the
available distributional data and, secondly, because modern
collection strategies generally violate the assumption of random
sampling. The most reliable method for ensuring that the actual
bioclimatic limit of the taxon was included in the estimated range
of a particular temperature parameter was by comparing the effect
of increasing data quality on the range of the parameter. For some
species more than one bioclimatic profile was produced during the
course of the project because new distributional data became
available: this sometimes doubled (or rarely trebled) the number of
records for a taxon. Comparison of the initial bioclimatic profiles
with the increasingly well-resolved profiles meant that it was
possible to examine the effect of increased data quality on the range
of bioclimatic parameters.

For temperature parameters, iterative examination of the rela-
tionship between old and new parameter ranges for 50 species
indicated that the old profile maximum plus four times the range
per record value, and the old profile minimum minus four times the
range per record value, included both the new profile maximum
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and minimum in approximately 90% of cases, generally with some
overlap, and was the most effective method for determining errors
whilst retaining the precision of the estimated range. In less than
10% of cases (four species), there was underestimation of the new
profile parameter maxima or minima by less than 1 �C; in less than
5% of cases (two species) underestimation was by more than 1 �C.
These instances all involved the doubling or trebling of the number
of records from a relatively large number of initial records,
suggesting that the errors arise when extreme values are encoun-
tered, like those at the margins of the actual bioclimatic range of
a species. This possibility is less likely for taxa with an initially small
number of records because of their initially large range per record
value, and consequently larger estimated range meant that these
extremes, when encountered, were included within the estimated
range. In these cases it is likely the estimated parameter range
overestimates the actual bioclimatic range for the species. For
precipitation a similar, but slightly different approach was taken to
limit the influence of infrequent high values on minimum value
estimates. In this case, rather than using the entire range for the
minimum estimate, the range/record value excludes the upper
quartile (raw data minimum minus five times 0–75% range per
record value). For the maximum estimate the entire range of the
raw data is used (raw data maximum plus five times parameter
range per record value).

The estimated ranges of the bioclimatic profiles are referred to
as estimated parameter ranges (EPR) to contrast them with the raw
data represented in the bioclimatic profiles. In essence, EPR values
mainly serve to decrease the precision of assemblage-based esti-
mates compared with raw data value estimates, but are more likely
to reflect real uncertainties that are based on the lack of perfect
knowledge of the distribution of taxa in modern climate space.

4.4. Climatic parameter reconstruction

Assemblage-based approaches to palaeoclimatic reconstruction
frequently rely on establishing the overlap of climatic parameter
values for taxa in a given assemblage. This approach, in various
Fig. 4. Estimating parameter values using the parameter overlap or ‘coexistence’ of taxa with
beetles in a modern assemblage from Fitzroy Crossing in northwestern Australia. In the left
their abbreviations, is shown. The right figure uses the estimated parameter range (EPR) val
taxon. The best estimate of the modern value based on the assemblage represents the med
maximum (upper bound) and the warmest minimum (lower bound). Parameter values ar
structure. Box-plots: A box-plot represents a range of statistical characteristics of the data. T
that represents the inter-quartile range (IQR) of the data, that is the 25% of observations on ei
observation that is not an outlier or extreme value. An outlier (open circle) is 1.5 times the
forms, is commonly utilised in Neogene palaeoclimatology. Here I
refer to the approach utilised as the coexistence approach following
Mosbrugger and Utescher (1997) in order to distinguish it from
alternative beetle-based approaches like mutual climatic range
(Atkinson et al., 1986; Sinka and Atkinson, 1999) and maximum
likelihood envelope (Marra et al., 2004). It should be noted that in
this context the term ‘coexistence’ refers to potential coexistence
(in terms of climatic parameters) rather than range overlap in
geographic space. For approaches that utilise parameter overlap the
structure of modern data is fundamental to understanding the
value of individual bioclimatic profiles and therefore the utility of
the reconstruction. Box-plots represent the best combination of
data transparency and usability and are a preferred method of
presenting information that describes the nature and structure of
data. Minimum–maximum (range) plots conceal information on
data quality and, when displayed without further information on
the number of records contributing to the range, may represent as
few as two data points.

For each taxon, data for climatic parameters is derived from the
BIOCLIM sites file (.bio) as noted above. For each assemblage, and
for each reconstructed parameter, a series of box-plots summarise
the climatic responses of the individual taxa contributing to the
assemblage. The data summarised by each box-plot are the raw
data derived from the bioclimatic profile of the taxa. The estimated
parameter range (EPR) value, calculated for each parameter and for
each taxon, is represented as a bar that extends the raw data range
summarised in the box-plot. The predicted parameter range for
either a modern or a fossil assemblage is defined by the highest
minimum value and the lowest maximum value for the range of
taxa contributing bioclimatic data to the assemblage (see Fig. 4). In
order to test the value of the method the modern tests were jack-
knifed: parameter values for the species at a test site were excluded
from the beetle-based prediction of the climates climate. Finally, to
assess the relative utility of different ecological groups a series of
five assemblages were independently assessed. These are: ‘All Taxa’
representing all species in an assemblage, ‘Aquatic’ including
only obligate aquatic species, ‘Dung/Saprophilic’ including dung
in an assemblage. In this example the assemblage is represented by 14 species of water-
figure the raw data derived directly from the bioclimatic profiles of the taxa, listed by
ues. The number of records contributing to the bioclimatic profile is indicated for each
ian of the range that is indicated as a transparent envelope determined by the coolest
e plotted as box-plots for each species allowing rapid assessment of data quality and
he median value of the data range is represented by a thick black bar in the blue ‘box’
ther side of the median (25–75% range). The ‘whisker’ (black bar) extends to the nearest
breadth of the IQR from the edges of the IQR and an extreme, three times this value.
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beetles and leaf litter obligates, ‘Forest’ representing wet forest
species, and ‘Riparian’ including only marginal aquatic species of
ground beetles.

5. Results

5.1. Australian climate space

Strong correlations exist at the continental scale between many
parameters in the ACS dataset (Table 2). For example, seasonal
temperature extremes (e.g. maximum temperature of the warmest
month – TmaxM) are highly correlated with seasonal temperature
averages (e.g. temperature of the warmest quarter- – TwarmQ) and
mean annual temperature is, unsurprisingly, highly correlated with
seasonal averages (TwarmQ, TcoldQ) and to a lesser degree with
seasonal extreme values (TmaxM, TminM). Annual temperature
range (Trange) is least correlated with the other parameters
although moderately correlated with TmaxM, reflecting increasing
temperature seasonality and increasing summer maximum
temperatures in inland Australia. It is important to consider,
however, that correlations across a continent statistically subsume
local and regional variability in the relationships between param-
eters that may be of biotic significance.

For precipitation parameters strong continental scale correla-
tions exist for a range of seasonal and annual parameters (Table 2),
however, the issue of regional variability being subsumed into
broad-scale continental correlations is magnified, relative to
temperature parameters. At the continental scale precipitation of
the warmest quarter (PwarmQ) is highly correlated with precipi-
tation of the wettest quarter (PwetQ). This results from the spatial
domination of tropical monsoonal climates in the north, and
summer rainfall climates in eastern and much of central Australia.
In southwestern Australia the relationship between PwetQ and
PwarmQ is inverse to the continentally dominant trend because
southwestern Australia has a winter dominated rainfall regime. For
this reason the ecological significance of strong correlations
between certain parameters at the continental scale need to be
considered in light of the contribution that spatially dominant
climate systems make to the correlation.

5.2. Reconstructed temperature parameters

Fig. 5 illustrates the observed versus beetle-predicted results for
six temperature parameters. For each parameter and each assem-
blage category Table 3 presents correlation coefficients based on
linear and polynomial (3rd order), regressions (strength of the
relationship), standard deviations of the differences (SDD) between
observed and predicted values (precision of predictions), and the
percentage of observed values that fall within the predicted range
(test of jack-knifing). The difference between linear and polynomial
regression-based correlation coefficients is a measure of the
influence of edge effects on the parameter; similar results indicate
edge effects are relatively insignificant. The SDD values are
a measure of the precision of predictions; smaller values mean that
predictions are more precise but are best compared across cate-
gories within a parameter because the range of the parameter in
climate space is not taken into account. The number of assemblages
where the observed value falls within the predicted range includes
only those where the difference between the observed value and
the predicted range is greater than the error associated with BIO-
CLIM temperature estimates (0.5 �C); this reflects the possibility
that, in such cases, the failure to overlap represents the estimation
error of BIOCLIM.

Observed values fall within the jack-knifed predicted range for
96.8% of all assemblages and the average value for each parameter
exceeds 95%. Results for the All Taxa category range between 94.4%
and 98.1% (Table 3) and average 95%. Examination of assemblages
that fail to overlap the observed value indicate two principal
contributing factors. The first is assemblages at the extremes of
climate space; in this case excluding extreme values from the
bioclimatic profile of taxa in the assemblage results in underesti-
mation of highs or overestimation of lows because there are no
such extreme localities represented for each of the taxa in the
assemblage. The second is the occurrence, in an assemblage, of
a taxon in a location at the edge of its geographic range (often
further south than the major part of its geographic range); in this
case the occurrence of an extreme value in the bioclimatic profile of
a well-collected taxon, when excluded during jack-knifing, pulls
the assemblage toward its core range. It is likely that, in some cases,
especially of the latter situation, that misidentification of speci-
mens may contribute to lack of overlap of the predicted range and
observed value. Of a total of 1248 individual combinations of
assemblage, parameter, and taxon categories there are only two
instances of taxa in an assemblage failing to overlap after jack-
knifing.

Results based upon the complete assemblage (All Taxa) suggest
that estimates of MAT, TwarmQ and TcoldQ to within about 1–2 �C,
are routinely possible, reflecting the strong correlations between
the observed and predicted values; SDD: MAT, 1.3 �C; TwarmQ,
1.2 �C; TcoldQ, 1.6 �C (Table 3). Dung/Scarab taxa give very similar
results, reflecting the stenotopic nature of many dung beetle taxa.
Significantly, aquatic taxa alone give less accurate results (SDD: 1.6–
2.0 �C); however, they allow the prediction of warm season
climates independently of precipitation effects (see below). The less
precise results for TmaxM and TminM (SDD values: Table 3) reflect
the larger range of these parameters in climate space, relative to
MAT, TwarmQ and TcoldQ, rather than the lack of predictive
accuracy. The strong relationship between number of taxa and the
precision of the predicted value compared to the observed value is
illustrated in Fig. 6. As number of taxa with bioclimatic profiles
included in an assemblage increases, the difference between
observed and predicted values diminish rapidly – for 10 of the 11
assemblages with more than 20 included taxa, this difference is less
than 1 �C.

5.3. Reconstructed precipitation parameters

The results for precipitation parameters (Fig. 7 and Table 4) are
not as satisfying as those for temperature parameters, although
they bear out some of the assumptions discussed previously. As
expected, aquatic taxa perform poorly for most parameters, sup-
porting the assumption that they are relatively independent of
precipitation influences. The Dung/Saprophilic category performs
better than the other ecological categories, contributing to the
overall better results for the All Taxa category. On the basis of the
results for the modern test sites, it is unlikely that predictions of
precipitation parameters using the best estimate (median of pre-
dicted range) are as accurate as the temperature predictions; they
nonetheless are strongly indicative of precipitation regimes.

Examination of the taxonomic composition of assemblages from
sites that have large differences between observed and predicted
values of mean annual precipitation (MAP) for the All Taxa category
shows them to be largely dominated by aquatic or hygrophilic taxa.
For All Taxa and for the Dung/Saprophilic category, the minimum of
the predicted range provides a good estimate of the observed value
for sites with less than 700 mm, rather than the ‘best estimate’ or
middle of the predicted range. For sites with more than 700 mm,
this pattern breaks down, with the best estimate value usually
providing a better prediction, although above 1200 mm these
values underestimate the observed values at most sites. This



Fig. 5. Observed–predicted relationships for six temperature parameters for the All Taxa, Aquatic, Dung/Saprophage, Forest and Riparian assemblages. The diamonds represent the
intercept of the observed value and the median of the predicted range, which is shown as error bars. The regression shown is the best fitting third-order polynomial to allow
assessment of edge effects (see text). Assemblages that fail to include the observed value in their predicted range are shown as open diamonds and the extent of lack of overlap is
presented in boxes.
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Table 3
Summary of success of observed versus predicted tests for temperature parameters in modern climate space. CC Poly/Lin are correlation coefficients for 3rd order polynomial
and linear regressions, respectively. SDD is the standard deviation of the difference between observed values and predicted values (�C). Sites in range is the percentage of test
sites for which the observed value falls within the jack-knifed predicted range.

Temperature Test groups

Parameters All taxa (54) Aquatic (63) Dung (46) Forest (32) Riparian (14)

Tmat CC Poly/Lin 0.96/0.96 0.93/0.93 0.97/0.96 0.83/0.80 0.96/0.95
SDD (�C) 1.3 1.6 1.1 1.6 1.6
Sites in range (%) 94.4 98.4 97.8 96.9 92.1

Trange CC Poly/Lin 0.65/0.64 0.61/0.60 0.72/0.64 0.37/0.34 0.84/0.60
SDD (�C) 3.1 3.7 3.0 2.4 3.0
Sites in range (%) 98.1 100 97.8 100 100

TmaxM CC Poly/Lin 0.93/0.93 0.85/0.84 0.93/0.92 0.74/0.71 0.96/0.92
SDD (�C) 1.8 2.3 1.8 1.7 1.6
Sites in range (%) 94.4 95.2 95.7 100 100

TwarmQ CC Poly/Lin 0.96/0.96 0.91/0.91 0.96/0.96 0.81/0.81 0.94/0.94
SDD (�C) 1.2 1.7 1.2 1.4 1.5
Sites in range (%) 94.4 96.8 97.8 100 92.3

TminM CC Poly/Lin 0.90/0.84 0.85/0.65 0.91/0.85 0.73/0/60 0.96/0.78
SDD (�C) 1.9 2.3 1.9 1.7 2.2
Sites in range (%) 94.4 98.4 97.8 96.9 92.3

TcoldQ CC Poly/Lin 0.95/0.95 0.92/0.89 0.95/0.95 0.73/0.73 0.97/0.96
SDD (�C) 1.6 2.0 1.5 1.9 1.5
Sites in range (%) 94.4 98.4 100 93.7 100
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pattern holds for PwetM, PwetQ, and PwarmQ. For PdryM, PdryQ,
PcoldQ, and precipitation seasonality (Pseas) the best estimate
values provide a good prediction of the observed values, although
there are wide ranges and, consequently, substantial errors for
some assemblages, many related to the inclusion of assemblages
dominated by aquatic and hygrophilic taxa.

In light of these factors, an observation that must be considered
when assessing the results presented and discussed above is that
the predicted range is meaningful regardless of whether the best
estimate is close to the observed value. Consequently, if the pre-
dicted range for a parameter is wide, then it is quite possible the best
estimate is really a poor indicator of the true value for the modern or
fossil assemblage. Conversely, when the predicted range is narrow
the best estimate must by necessity be close to the true value.

6. Discussion

6.1. Parameters for palaeoclimatic reconstruction

The parameters mean diurnal range (Tmdr), temperature iso-
thermality (Tiso), and temperature seasonality (Tseas) are not
Number of taxa in assemblage
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Fig. 6. Relationship between number of taxa in an assemblage and the prediction error
for the parameter Temperature of the Warmest Quarter (difference between observed
and predicted value). The accuracy of the prediction increases markedly with
increasing numbers of taxa represented in the assemblage.
considered further for several reasons: in the modern tests they
performed poorly (Tmdr, Tseas); the potential influence on alter-
native climate spaces is difficult to assess (Tmdr, Tiso); they are
generally moderately well correlated with mean annual tempera-
ture (Tmdr, Tseas), which has been included, or there are good
reasons why they may not be significantly influential on the
distribution of beetles (Tiso, Tmdr). Temperature of the wettest and
driest quarters have been excluded because of the lack of
discrimination of temperature seasonality and are subsequently
difficult to interpret in Quaternary contexts– the timing of the
wettest or driest quarter would remain unclear making the thermal
significance of the parameter difficult to interpret. Several param-
eters that are potentially subject to significant limitations when
reconstructing Quaternary climates have been included in the set of
parameters for reconstruction. Issues relating to these parameters
are discussed in the following section.

The best performing temperature parameters were MAT,
TmaxM, TwarmQ, TminM and TcoldQ, all of which were recon-
structed successfully and with precision in modern climate space.
The strong correlation in ACS, however, between the warm season
parameters, the cold season parameters, and to some extent MAT,
suggests that it may be realistic only to attempt reconstruction of
a single warm season and/or single cold season parameter. Given
the biological significance of warm season temperatures and
probable lack of significance of cold season temperatures in the
Australian context, TwarmQ, which measures overall summer
warmth, is considered the most reliable parameter for
reconstruction.

Only three precipitation parameters (MAP, PwarmQ, PcoldQ)
need to be reconstructed to describe the annual and seasonal
moisture regimes across the continent. The parameters PdryM,
PwetM, PdryQ and PcoldQ, although reliably reconstructed, are, as
discussed above, subject to precipitation seasonality influences,
making meaningful comparison across the continent impossible.
6.2. Considerations pertinent to Quaternary application

6.2.1. Comparison with alternative approaches to quantification
Several methods have been used for quantification of past

climates using fossil beetle assemblages. The mutual climatic range
(MCR) method is frequently used to reconstruct seasonal temper-
ature regimes, using beetle assemblages and other taxa, in Europe



Table 4
Summary of success of observed versus predicted tests for precipitation parameters in modern climate space. CC Poly/Lin are correlation coefficients for 3rd order polynomial
and linear regressions, respectively. SDD is the standard deviation of the difference between observed values and predicted values (mm). Sites in range is the percentage of test
sites for which the observed value falls within the jack-knifed predicted range.

Precipitation Test groups

Parameters All Taxa (54) Aquatic (63) Dung (46) Forest (32) Riparian (14)

Pmap CC Poly/Lin 0.80/0/80 0.50/0.46 0.85/0/79 0.45/0.42 0.85/0.60
SDD (mm) 252 421 233 331 249
Sites in range (%) 100 98.4 100 96.9 100

PwetM CC Poly/Lin 0.80/0/80 0.46/0.44 0.88/0.88 0.38/0.37 0.84/0.80
SDD (mm) 45 84 38 44 47
Sites in range (%) 96.3 93.7 100 96.9 100

PdryM CC Poly/Lin 0.92/0.92 0.74/0.73 0.90/0.87 0.55/0.42 0.93/0.92
SDD (mm) 9 17 11 13 6
Sites in range (%) 94.4 95.2 95.7 96.9 100

PwarmQ CC Poly/Lin 0.80/0.78 0.69/0.65 0.82/0.80 0.80/0.74 0.91/0.91
SDD (mm) 97 132 116 71 74
Sites in range (%) 100 100 100 100 100

PcoldQ CC Poly/Lin 0.91/0.91 0.80/0.76 0.91/0.91 0.63/0.60 0.95/0.70
SDD (mm) 58 101 46 114 80
Sites in range (%) 96.3 96.8 100 100 100
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and North America (Atkinson et al., 1986, 1987; Elias, 1994; Moine
et al., 2002). Most frequently, MCR is used to construct two-
dimensional bioclimatic envelopes (species climatic ranges – SCR)
using the parameters TMAX (mean temperature of the warmest
month) and TRANGE (difference between mean temperature of the
warmest and coldest months). The overlap of the SCR for taxa in
a fossil assemblage represents the mutual climatic range and best
estimate of summer warmth and annual seasonality.

The MCR approach has several potential limitations in the
Australian context, especially the lack of modern data points rela-
tive to better collected regions and subsequent difficulty of infer-
ring estimated ranges in two-dimensional climate space (Porch and
Elias, 2000). This is equally true of other regions with similarly
poorly known modern faunas. As Marra et al. (2004) noted, in
reference to New Zealand, the lack of significance of thermal sea-
sonality (something clearly revealed in the modern test data in this
paper) limits the utility of the traditional implementation of MCR.
To date there has been no published examination of the intercept of
climate space with the species climatic ranges contributing to MCR
estimates, meaning the contribution of climate space artefacts to
climatic parameter estimation in MCR is unknown.

Marra et al. (2004) developed the MLE (maximum likelihood
envelope) approach to overcome some of the limitations of MCR,
noted above. The method described here is similar to the MLE
approach but differs in several relatively minor ways. First, in MLE
elevation is derived from digital elevation model data rather that
individually geocoded from label or topographic maps. Second,
MLE uses a sine model to fit maximum likelihood estimates to the
upper and lower bounds of a parameter for each taxon, whereas
the method presented here is based on the relationship between
sampling density and data quality for a range of increasingly well-
sampled taxa. Third, the value of the MLE approach remains
unexplored by jack-knifed tests in modern climate space,
meaning it is impossible to assess the efficacy of the method,
especially given that the number of specimen records contrib-
uting to the MLE estimates is never published. Burge and Schul-
meister (2007) used MLE to reconstruct precipitation without
consideration of the strong positive skew of precipitation profiles
relative to those for temperature. Although the approach
described here is limited, similarly, by this issue it is explicitly
recognised that maximum precipitation estimates need to be
interpreted with caution. Future research should compare the
value of a range of alternative beetle-based palaeoclimatic
reconstruction methods in order to better facilitate meaningful
comparison to their results.
6.2.2. Environmental space limitations
A potentially major limitation of the quantitative reconstruction

of Quaternary climates, noted above, is related to the intersection of
the bioclimatic envelopes of taxa and environmental space,
specifically, in this case, climatic space. Under the present
arrangement of land, climate systems, and environments, the
bioclimatic envelopes of taxa necessarily fall within the range of
values expressed in the modern climate space– they are derived
from this range of values. In the past, and under potential future
climate regimes, the range of values certainly has, and will, exceed
the range of present values.

In terms of reconstructing past climates this fact introduces
a potentially intractable limitation. For example, strongly conti-
nental climates are limited to the interior of Australia, a region that
today is semi-arid to arid. Increased continentality during glacial
periods resulting from lowered sea-levels and generally colder
southern oceans (Barrows and Juggins, 2005), means that mesic
southeastern Australian regions were, presumably, relatively more
continental than they are today (e.g. Kirkpatrick and Fowler, 1998).
In modern Australia, the complete absence of mesic beetles in
thermally continental environments means all reconstructions
based on fossil beetle assemblages that are dominated by (or even
include), mesic taxa must, by modern association, be reconstructed
as having a moderately equable or maritime thermal regime. Thus,
palaeoclimatic reconstruction methods that utilise modern biocli-
matic profiles, or indeed the relationship of modern assemblage
composition to modern climate, will always be limited to recon-
structing the modern climate space relationships. Statistical tech-
niques, like transfer functions, that rely on this relationship can
estimate values outside the bounds of the modern dataset, but the
value of such predictions is likely to be extremely limited.

A related problem, essentially the reverse of that described
above, is similarly limiting. This is the rarity of some climatic
regimes in geographical space. Such localities, where the rarity of
climate regime may be related to elevation or insularity, for
example, are often unlikely to contribute significantly, or at all, to
modern datasets that describe the distribution of taxa or assem-
blages. Thus, if a fossil assemblage is derived from one of these
localities, and there are no modern assemblage data from similar
climatic regimes in the modern dataset, the reconstructed climate
will reflect the most similar sites at which there is modern data,
rather than the values for this site itself. This issue is likely to be
particularly acute on islands and on climatic islands, like mountain
tops, where the modern climate space is geographically, and
therefore climatically, limited.



Fig. 7. Observed–predicted relationships for six precipitation parameters for the All Taxa, Aquatic, Dung/Saprophilic, Forest and Riparian assemblages. The diamonds represent the
intercept of the observed value and the median of the predicted range, which is shown as error bars. The regression shown is the best fitting third-order polynomial to allow
assessment of edge effects (see text).
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The coexistence method, using fossil beetles, can be successfully
used for palaeoclimatic reconstruction in Australia, provided
a number of issues are carefully considered. Perhaps the most
critical consideration is the limitation of past climate spaces that
include significantly colder winter climates than exist in the
Australian region today. The modern tests presented and discussed
in this article show that the winter parameters (TminM, TcoldQ)
and annual parameters (MAT, Trange) are reconstructable with
high levels of precision and accuracy in modern climate space. It is
potentially unwise to assume that this would be the case under
conditions of increased continentality across the region. The
limited winter climate space of the Australian region means that
the increased seasonality of climates that has been suggested by
Miller et al. (1997) as characterising the Last Glacial, for example,
are not able to be reconstructed. Consequently, a prediction that
winter climates were similar to modern can mean two things: the
winter climate was the same as modern climate or, alternatively, it
was potentially colder, possibly markedly so. This limitation is not
restricted to beetle-based methods; indeed, it is a rarely recognised
problem of Southern Hemisphere Quaternary palaeoclimatology.
The extensive land cover extending into arctic regions means this
issue is less significant in the Northern Hemisphere.

Precipitation reconstructions are not subject to the same climate
space limitations of many temperature parameters when Quater-
nary records are sited in lowland southeastern Australia; this
region spans the gradient from dominantly winter, to dominantly
summer precipitation regimes. Nonetheless, there are still issues
that need to be considered when using bioclimatic niche data and
coexistence methods to reconstruct past precipitation regimes.
Paramount is the recognition that some taxa are likely to be better
indicators of precipitation regimes and others are likely to be
uninformative. This consideration is reflected in the decision to
assess the utility of ecological categories for prediction of temper-
ature and precipitation. It is also necessary to consider that narrow
envelopes for precipitation values can simply result from a narrow
temperature response (stenotopic species) and the subsequent
relationships of the precipitation values in climate space. In such
a case, precipitation may not be limiting the taxon at all. For this
reason it is critical to assess the utility of individual taxa in
Quaternary assemblages, based on the distribution and
ecological characteristics, in relation to their contribution to
precipitation reconstructions.
7. Conclusion

The development of coexistence methods for the reconstruction
of past climates using the bioclimatic envelopes of beetles is
a potentially powerful approach to the problem of quantitative
palaeoclimate reconstruction in Australia. Palaeoclimatic interpre-
tation of Quaternary beetle records will allow comparison of
snapshots and short sequences of Quaternary climate with the
more continuous pollen record of the region. The relative rarity of
accessible organic sequences in Australia means it is less likely that
beetle-based palaeoclimatic reconstructions will be developed for
extended Quaternary sequences. Nonetheless the ability to
compare beetle-derived precipitation and temperature values
with quantitative reconstructions based on other proxies, like
pollen, will allow critical consideration of the value of individual
reconstructions derived from a range of proxies and approaches.
Providing that careful consideration of the influence of
climate space is included in the interpretation of beetle-based
results, beetles will contribute to the resolution of a range of crit-
ical questions regarding the climates of Australia during
the Quaternary.
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