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Abstract Elevational gradients are powerful natural experiments for the investigation of ecological responses to
changing climates. Automated modified Pennsylvania light traps were used to sample macro-moth assemblages for
three consecutive nights at each of 24 sites ranging from 200 m asl to 1200 m asl within continuous tropical
rainforest at Eungella, Queensland, Australia (21°S, 148°E). A total of 13 861 individual moths representing
approximately 713 morphospecies and 10 045 individuals belonging to approximately 607 morphospecies where
sampled during November 2013 and March 2014 respectively. Moth assemblages exhibited a strong elevational
signal during both sampling seasons; we grouped these into lowland and upland assemblages.The dispersal pattern
of moth assemblages across the landscape reflected the stratification of vegetation communities across elevation and
correlated with shifts in eco-physical variables, most notably temperature and substrate organic matter. Regional
historical biogeographical events likely contributed to the observed patterns.The analysis presented here identifies
a set of statistically defined elevationally restricted moths which may be of use as part of a multi-taxon predictor set
for monitoring future ecosystem level changes associated with elevation and, by implication, with climate.
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INTRODUCTION

Over the past century, average global temperatures
have increased by 0.78°C (IPCC 2013) and are pre-
dicted to continue to rise throughout the 21st century
(National Research Council 2008). Pragmatic climate
projections estimate a global shift in average tempera-
tures by 3–6°C within the coming century (IPCC
2013), with some areas, such as mountains and high
latitudes experiencing greater levels of warming than
others (Diaz et al. 2003; Nogués-Bravo et al. 2007;
Kohler & Maselli 2009; World Bank 2012). Under-
standing the impacts and responses of ecosystems to
climate change is essential if measures to ameliorate
and predict the impacts of climate change are to be
effective (Shaver et al. 2000).

A broad range of organisms from several bio-
geographical regions have been shown to have
responded to recent changes in the global climate
(Parmesan 2007; Cook et al. 2008; Thackeray et al.
2010). Changes in species distributions and
phenological events are among the most widely
observed (Williams et al. 2003; Thomas et al. 2004;
Chen et al. 2009; Hughes 2012). Shifts in the timing of
flowering, bud burst, emergences, migrations and
nesting have been observed (Van Asch et al. 2007;
Møller et al. 2008; Burkle et al. 2013), some of which

have resulted in functional asynchronies among
important biological events (Root et al. 2003; Kiers
et al. 2010; Thackeray et al. 2010; Rafferty & Ives
2011; Bellard et al. 2012; Nakazawa & Doi 2012).

Temperature, solar radiation, precipitation, sea level
as well as the timing and magnitude of extreme events
are all anticipated to change under global climate
change. The likely impacts on biological diversity of
change in several of these variables can be investigated
using elevational gradients. Elevational gradients are
powerful natural experimental systems for investigat-
ing ecological responses to climatic influences (Körner
2007). They offer a unique opportunity to observe
potential responses of ecosystems to climate change by
presenting naturally steep climatic gradients within
relatively small geographical ranges and therefore
allow sampling from a narrow species pool. This sub-
stitution of space for time, however, is not without
issues especially given the uncertainty in trajectories of
future change. Nevertheless, by monitoring the
elevational distributions of in situ assemblages, we can
begin to understand how ecosystems may respond to a
globally changing climate. In contrast to locations in
the Northern Hemisphere, Australia, in general, lacks
the necessary long-term historical datasets and
phenological monitoring that have allowed for the
detection of a range of biodiversity impacts of climate
change to date (Hughes 2003). Recent climate
warming in Australian is now well established with
observable consequences for biodiversity (Steffen et al.
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2009; IPCC 2014).The establishment of baseline dis-
tribution data and the identification of potential pre-
dictor species remains an essential need if our
understanding of climate change, monitoring and
management responses are to be sensible and timely
(Hughes 2000; Huddleston 2012). The present paper
contributes one such baseline.

Indicator species or groups of species whose behav-
iour mimics that of a larger set of variables are useful
for their ability to convey information about environ-
mental change (Bohac 1999; Niemi & McDonald
2004; Trindade-Filho & Loyola 2011). Individual
species may be used to detect environmental changes
but, when community level changes are probable, sets
of organisms are likely to be more powerful and useful
(Kitching et al. 2000; Kitching & Ashton 2013). Inver-
tebrates are widely accepted as powerful indicators of
ecosystem states. Aquatic taxa such as Ephemeroptera,
Plecoptera and Trichoptera have been widely used
with considerable success to assess stream quality and
environmental health of rivers (Blattenberger et al.
2000; Carignan & Villard 2002; Wright et al. 2007;
EHMP 2008). In terrestrial ecosystems, Lepidoptera
(moths and butterflies) and Coleoptera (beetles) are
commonly employed as indicator groups to measure
environmental quality (Niemelä et al. 2000; Rainio &
Niemelä 2003; Maleque et al. 2009; Gerlach et al.
2013). The present study examines elevation-related
changes in a Queensland tropical rainforest in order
to select statistically defined sets of night-flying
Lepidoptera (moths) that may be used to monitor
future ecosystem level changes.

METHODS

Study site

Eungella (21°S, 148°E), located 80 km west of Mackay on
the Clarke Range, is the largest patch of remnant rainforest
between the Wet Tropics of far northern Queensland and the
Macpherson Range and Tweed Caldera in the subtropical
south-east of Queensland and north-eastern New South
Wales. The rainforests of the Eungella massif present a con-
tinuum ranging from lowland rainforest at about 200 m asl to
montane rainforest above 1100 m asl. In contrast to the
forests of the Wet Tropics and the Tweed Caldera, the rain-
forest of Eungella have been little studied ecologically.

Eungella’s rainforest massif is known as an area of
endemism, with numerous local species including vertebrates
such as the Eungella honeyeater (Lichenostomus hindwoodi),
the orange speckled forest skink (Eulamprus luteilateralis), the
Eungella day frog (Taudactylus eungellensis) and the, now
extinct, Eungella gastric brooding frog (Rheobatrachus
vitellinus). A high level of endemism has similarly been
observed in the region’s invertebrates, with Eungella-
producing unique suites of species in multiple studies
(Kitching et al. 2001, 2004; Majer et al. 2001).

The region’s mountains are frequently covered by a cloud
cap. This produces condensation which helps maintain a
consistently moister environment in the upland forest, par-
ticularly in the dry season. Cloud forests are generally thought
of as crucial for the maintenance of high elevation rainforest
structure and the associated arthropod assemblages of upper
elevational zones (Nadkarni et al. 2000; Oosterhoorn &
Kappelle 2000; Williams-Linera 2002). Direct precipitation
from cloud caps mitigates moisture loss and provides a stable
moist environment suitable for the development and mainte-
nance of montane rainforest. Notophyll vine forests (Webb
1978), characteristic of low nutrient soils, dominate higher
elevations and gradate into mesophyll forests (Webb 1978) at
lower elevations.Some baseline information is available on the
vegetation, of which most is derived from a permanent plot
maintained by the Commonwealth Scientific and Industrial
Research Organisation (CSIRO) (Graham 2006) located to
the south of the Clarke Range on basaltic soils. Much of the
northern section of the Clarke Range, however, has developed
upon an extensive granitic landscape (early Miocene to
Palaeocene) (Graham 2006). Few studies provide detail on
vegetation composition or structure for forests on these gra-
nitic soils. Little if any information is available on the associ-
ated invertebrates.

Study design

The methodology of this study follows those of the Investigating
the Biodiversity of Soil and Canopy Arthropods (IBISCA)
Queensland project (Ashton et al. 2011; Kitching et al. 2011).
The continuity in sampling techniques allows for uncompro-
mised comparisons of data between Eungella and previous
studies (see Ashton et al. 2011; Ashton 2013).The comparisons
drawn among these studies, uncompromised by the use of
incompatible methodologies, contributes to the development of
a more general understanding of ecosystem responses to eleva-
tion and climate, and how these respond to changing climate.

This study was carried out along an elevational gradient at
Eungella National Park to investigate changes in moth
assemblages between 200 m asl and 1200 m asl. Sampling
occurred among elevational bands at 200 m elevation inter-
vals at 200 m asl, 400 m asl, 600 m asl, 800 m asl, 1000 m asl
and 1200 m asl. Four plots spaced at least 500 m apart were
established within each elevational band (Fig. 1, see Appen-
dix S1 for site coordinates). However, in contrast to the
IBISCA Queensland project, the spatial positioning of the
plots within each elevational band were not placed in a line to
account for spatial autocorrelation factors.

Light trapping

Moths were sampled using modified Pennsylvania light traps
(Kitching et al. 2005).These use a vertically mounted 8-watt
actinic fluorescent tube (Philips, 350–410 nm) that emits
short wave blue (and white) light which is surrounded by a
trio of transparent vanes which intercept the flight paths of
attracted moths.These moths are thus directed into a bucket
suspended below the light. Moths are euthanized in situ using
dichlorvos impregnated resin strips. The traps are powered
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by a single 12-volt battery and are operated via a timer
enabling precise, synchronized sampling for a 13-h period
between 6 pm and 7 am.

Two traps were used to sample the moth fauna at each site,
one positioned in the understory and the other suspended in
the canopy. Previous work has shown marked contrast
between the ground and canopy fauna of rainforest moths
(Basset et al. 1992; Schulze et al. 2001; Brehm 2007). The
separation of traps ensures a broad sampling of the noctur-
nally active moth fauna and provides an adequate represen-
tation of individuals from different strata.

Sampling design

The moth fauna was sampled twice, once at the beginning of
the wet season (November 2013) and again at its end (March
2014).A pilot study using a similar but not identical set of sites
was conducted in March 2013. Ground and canopy traps at
each site were run simultaneously for three nights, with each
night’s catch collected the following morning and transferred
to a field laboratory for processing.All moths with a fore-wing
length equal to or greater than 1 cm were processed. This

cut-off ensured the sampling of a large proportion of all
Lepidoptera while avoiding the technical (and taxonomic)
difficulties associated with the handling of some micro-
lepidopteran groups, as the expertise and taxonomic informa-
tion is absent for the Australian fauna. All pyraloid moths,
however, were processed regardless of size. Individual moths
were sorted into morpho-species, with representative indi-
viduals of each morpho-species mounted and included in a
numbered reference collection. Subsequent encounters with
easily recognizable morpho-species were simply recorded and
the moths discarded. Individuals were identified to the lowest
possible taxonomic level using available collections at Griffith
University and the Queensland Museum in addition to pub-
lished sources (see Common 1990). In total 288 single-night
trap samples were processed during November 2013 and
March 2014.

Vegetation survey

At each site, 20 × 20 m vegetation plots were established. All
trees with a diameter at breast height (DBH) greater than 5 cm
within this plot were marked with a permanent aluminium tag

Fig. 1. Topographic map of Eungella study sites. Contours occur at 100 m intervals. ▲ = 200 m asl, ▼ = 400 m asl, ■ = 600 m
asl, ● = 800 m asl, ◆ = 1000 m asl, ✶=1200 m asl.
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and assigned a unique identification number.A record of all trees
and their circumference is available and will be published in due
course. Species identification was completed by Dr. W.
MacDonald (Queensland Herbarium,Toowong).

Temperature

Local elevational climatic data were obtained using elec-
tronic data loggers (i-Buttons) suspended within ventilated
sections of polyester piping from November 2013 to January
2015. These were deployed at three out of four sites at each
elevation. Two i-Buttons remained in situ at each of the
selected plots: one in the understory and the other positioned
in the canopy. Each device was synchronized and pro-
grammed to sample the local temperature on an hourly basis.

Soil

Five soil core samples were randomly collected within each
site. All leaf litter and surface organic matter was first moved
aside before obtaining a 6 × 6 × 15 cm deep soil core. These
five cores were then thoroughly mixed and a subsample
extracted to represent each plot. A range of physical, chemi-
cal and mineralogical characteristics of the soil was tested by
Phosyn Analytical Pty Ltd (Andrews, Queensland, Australia)
with all extraction protocols following those outlined in
Rayment and Higginson (1992).

Data analysis

Combined canopy and ground data were pooled across all
three trap nights to form a single data point per site. Species
data were converted to proportions and square root trans-
formed before analysis. Plymouth Routines in Multivariate
Ecological Research (PRIMER) 6 (Clarke & Gorley 2006)
was used to investigate patterns in moth assemblages across
elevational zones. Permutational multivariate analysis of
variance (PERMANOVA), found in the PERMANOVA +
add-on software of PRIMER 6, was used to test for signifi-
cant differences in moth assemblages across the six
elevational bands.The dissimilarity in assemblages was deter-
mined with the Bray–Curtis dissimilarity index (Clarke &
Gorley 2006) and transformed into multidimensional scaling
(MDS) ordinations calculated with 100 random restarts to
illustrate the relationship of moth assemblages among differ-
ent sites.

The degree to which the spatial distribution of the plots
influenced and/or explained the datasets, in comparison to
elevational differences was also explored. Longitudes and
latitudes of site locations were entered into PRIMER 6 to
construct a Principal components analysis (PCA) ordination.
The resulting x and y coordinates were used to produce a
between-site distance matrix based on measures of Euclidean
distance. Mantel tests (available as the RELATE function of
PRIMER 6) calculated correlation coefficients and associ-
ated probabilities between the distance matrices of the moth
assemblages and site locations. This same analysis was then
re-run using elevational coordinates.

Relationships among moth assemblages and environmen-
tal data were compared using the Mantel type Spearman
rank correlation (found in the RELATE function of
PRIMER) with 999 permutations. A vector overlay based on
Pearson’s correlation (more than 0.9) (Gerstman 2003) was
superimposed on the MDS ordination and isolated promi-
nent plant species and families which may be possibly
responsible for driving the distribution patterns of the moth
assemblages.

In addition to these multivariate analyses values of Fisher’s
diversity index (α) were calculated for each elevation. Fish-
er’s index is a parametric index combining species richness
and logged values of species abundances. The index is sup-
posedly independent of sample size once that sample size
exceeds 1000 individuals (Kempton & Taylor 1976). The
value has been widely used in previous studies of moth
assemblages (Brehm et al. 2003; Brehm & Fiedler 2005;
Axmacher & Fiedler 2008) and was calculated here for ease
of comparison with those studies.

To test the completeness of our sampling, we calculated
values of the abundance coverage estimator for each eleva-
tion and the location as a whole. Abundance-based coverage
estimators approximate the true number of species in a given
area by taking rare species into consideration (Chao et al.
2005; Colwell et al. 2012). This method has been recom-
mended for datasets with large numbers of rare species, such
as this one (Chao et al. 2000; Colwell et al. 2012) and have
been shown to be less biased than incidence-based estimators
for simulated mobile organisms (Brose & Martinez 2004).

In order to select a suite of statistically robust and easily
monitored predictor species, we categorized morpho-species
as either ‘common’ or ‘rare’ using the algorithm P = (1 – 1/
n)N based on a 95% chance of repeat encounter (see Novotny
et al. 2007). Morpho-species whose chance of repeat
encounter was greater than 95% were designated as
common, and those lower than 95% as rare. All species with
an encounter rate less than the calculated cut-off were
excluded for consideration as a potential predictor species.
Predictor species and elevationally restricted species were
identified using the IndVal package offered in R Studio
(RStudio 2013). This analysis identifies elevationally
restricted species based on distributions, fidelity to
elevational zone and repeat capture across sites within an
elevational zone. For example, a species that occurs only at a
single elevation (or a number of adjacent elevations) and
appears in all sites from that elevation (or elevations) is
ranked highly as a potential indicator. In this fashion, an
‘indicator group’ of species that could form the basis of
future monitoring protocols can be developed, and the dis-
tributional changes of moths over time tracked (Kitching &
Ashton 2013). IndVal analyses were executed on all possible
combinations of elevational zonation and performed using
9999 iterations.

RESULTS

Vegetation

A total of 1567 stems with a DBH greater than 5 cm
were surveyed along the elevational transect. These
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consisted of 110 species from 40 families (see Table 1
for a summary). Patterns in vegetation communities
explored using the Euclidian distance index showed a
clear and significant stratification of communities
across elevation (P < 0.001) (Fig. 2). Correlation of
the vegetation data to the spatial distribution of sites
was determined using the Mantel type Spearman rank
correlation and found to be largely independent of
distribution (Rho = 0.42, P < 0.0001).

Temperature

Temperature decreased with increasing elevation;
however, little thermal variation existed between the
200 m asl and 400 m asl sites (Fig. 3, Appendix S2).
Microclimate thermal stratification occurring between
the canopy and the understory was minimal.

Summary statistics of macro-moths along an
elevational gradient

During November 2013, a total of 13 861 individuals
representing 713 morpho-species was sampled from

six adjacent elevations along the elevational gradient in
Eungella. A second sampling event in March 2014
encountered a further 10 045 individuals comprising
of 607 morpho-species (Table 2). Abundance
coverage-based estimator (ACE) analysis indicated
that this was approximately 76–80% of the total esti-
mated richness for the region. Individual ACE values
of moth fauna at each of the investigated elevations
(Table 2) showed a slight (but insignificant), mid
elevational peak in species richness. Values of Fisher’s
alpha paralleled this result. Abundance data also
showed a mid elevational peak at 800 m before sharply
declining. Both high (1000 and 1200 m) and low
(200 m) elevations had similar abundances.

Moth assemblages along an elevation gradient

Ordination plots of moths sampled in November 2013
and March 2014 (Fig. 4) show clear elevational
stratification. PERMANOVA analyses indicate a sig-
nificant relationship between elevation and moth
assemblages for both sampling seasons (P < 0.05).

Table 1. Summary of vegetation and environmental parameters of the Eungella elevational transect

200 m 400 m 600 m 800 m 1000 m 1200 m

Stem count 254 206 285 319 260 243
Species richness 48 42 45 31 43 24
No. of families 24 23 24 17 18 15
Average organic matter (%) 9.9 10.1 12.0 12.2 16.6 15.7
Median temperature (°C) 19.4 18.7 17.7 16.6 15.3 14.5

Fig. 2. Multidimensional scaling (MDS) ordination based on the Euclidean distance index of Eungella vegetation
communities. Significance was confirmed using permutational multivariate analysis of variance (PERMANOVA) (P < 0.05).
Vegetation communities split similarly to moth assemblages into ‘lowland’ and ‘upland’ assemblages; this is represented by the
dotted line. ▲ = 200m asl, ▼ = 400m asl, ■ = 600m asl, ● = 800m asl, ◆ = 1000m asl, ✶ = 1200m asl.
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Table 2. Summary of catches from combined ground and canopy traps over three sampling nights during (a) November 2013
and (b) March 2014

(a) November 2013

200 m 400 m 600 m 800 m 1000 m 1200 m

Abundance 1591 1845 1258 2723 1553 1075
Richness 284 (9.24) 304 (10.04) 208 (9.81) 221 (9.03) 189 (7.11) 155 (8.15)
ACE Mean 389 441 334 388 265 278
Fisher’s Alpha 99.9 103.6 71.0 56.8 56.4 49.7
Erebidae abundance 47 88 35 183 196 148

richness 34 34 16 37 29 18
Geometridae abundance 231 267 235 435 424 257

richness 107 98 63 91 94 65
Noctuidae abundance 192 201 192 549 188 178

richness 64 79 46 74 59 52
Pyraloidea abundance 789 743 338 228 255 135

richness 137 144 73 69 60 32
Other abundance 332 546 458 1328 490 357

richness 144 148 98 115 103 83

(b) March 2014

200 m 400 m 600 m 800 m 1000 m 1200 m

Abundance 1628 2535 2783 3805 1524 1586
Richness 319 (10.82) 370 (11.3) 352 (11.6) 309 (9.93) 221 (8.93) 210 (9.83)
ACE Mean 446 557 474 475 322 338
Fisher’s Alpha 118.6 119.3 106.7 79.4 71.8 64.9
Erebidae abundance 106 134 109 427 189 147

richness 30 60 42 51 37 22
Geometridae abundance 257 480 553 495 488 469

richness 94 145 161 108 99 110
Noctuidae abundance 185 289 220 820 157 192

richness 106 133 94 154 83 82
Pyraloidea abundance 728 1065 1223 896 407 512

richness 169 190 165 112 102 67
Other abundance 352 567 678 1167 283 266

richness 127 152 151 110 73 69

Abundance and richness are summarized for five moth taxa or groups of taxa; Erebidae, Geometridae, Noctuidae, Pyraloidea
and ‘Others’. ‘Others’ is the sum total of all target families less the Erebidae, Geometrica, Noctuidae and Pyraloidea. Numbers
in brackets are standard deviations of richness. Estimated species richness has been approximated by abundance-based coverage
estimator (ACE mean) and Fisher’s Alpha estimates diversity.
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Spatial auto-correlation analyses performed in
PRIMER 6 indicate that this distribution of moths is
better explained by changes associated with elevation
(Nov13 Rho = 0.7, Mar14 Rho = 0.7) than by spatial
distribution (Nov13 Rho = 0.3, Mar14 Rho = 0.6).
Temperature changes associated with elevation were
identified as the most important environmental vari-
able, particularly for lower elevations. Organic matter
surpassed median temperature as the most important
determinant at high elevations.The composition of the
vegetation assemblages was also similarly explained by
median temperature and organic matter.

The similarity between moth assemblages and veg-
etation communities was lower than expected during
both seasons (Nov13 Rho = 0.4, Mar14 Rho = 0.5).
The preliminary study conducted in March 2013
indicated a significantly higher correlation between
moth assemblages and vegetation communities
(Mar13Rho = 0.9). Nevertheless, both moth and veg-
etation assemblages were both best explained by the
same two environmental variables: median tempera-
ture and organic matter.

Moth predictor set

Using the formula of Novotny et al. (2007) (see
above), ‘common’ morpho-species were defined as
those represented by 70 individuals or more. Only
morpho-species with 70 or more individuals were
retained for the IndVal analysis. As per McGeoch et al.
(2002), the benchmark of 70% was adopted to desig-
nate morpho-species as ‘strong’ indicators. We identi-
fied those species with a value greater than or equal to

0.70 from the IndVal analysis as being sufficiently
restricted and common at specific elevations to form
part of our predictor set (Table 3). In this fashion, 18
morpho-species were identified as strong indicators of
elevation during March 2014 (Table 3): four of which
were confined to above 1000 m asl and another 5
which only occurred at 1200 m asl. In November
2013, 10 morpho-species were selected via this
method (Table 3, Appendix S3). These species are
nominated to form part of a multi-taxon predictor set
that can be used to assess ecosystem level changes
associated with climate. A more stringent benchmark,
such as an IndVal of 0.80, should be used if a more
robust predictor set is required.These species are illus-
trated in Appendix S3.

DISCUSSION

This study has examined elevation related changes in
moth assemblages along a transect in Eungella
National Park, Queensland. Characteristic assem-
blages of moths occurred at each elevation. These can
be separated into two clusters: ‘lowland’ (200 m–
600 m asl) and ‘upland’ (800 m–1200 m asl).We have
confirmed this in two seasons (November 2013 and
March 2014) and identified a suite of species with
indicator potential.

Assemblage stratification

Our results confirm that elevational gradients are pow-
erful natural experimental systems in which the

Fig. 4. Multidimensional scaling (MDS) ordination plots based on the Bray–Curtis dissimilarity index of moths assemblages
in (a) March 2014 and (b) November 2013. Ground and canopy samples from individual sites were pooled across all three
sampling nights to form a single data point. The significance of the observed patterns were confirmed using permutational
multivariate analysis of variance (PERMANOVA); (a) P = 0.001, (b) P = 0.001. Super imposed vectors are environmental
parameters significantly correlated to assemblage composition (median temperature P < 0.001, organic matter P < 0.005). The
dotted line indicates the clear demarcation between ‘lowland’ and ‘upland’ sites for both seasons sampled. ▲ = 200m asl,
▼ = 400m asl, ■ = 600m asl, ● = 800m asl, ◆ = 1000m asl, ✶=1200m asl.
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ecological responses of changing climates may be
investigated. A set of inter-related environmental vari-
ables change predictably along elevational gradients
and may well, in turn drive biotic turnover (Raich et al.
2006; Barry 2008; Sun et al. 2009; Lewandowska et al.
2012). The existence of clearly defined sets of species
of moths at different elevations suggests that there are
deterministic processes involved in community assem-
bly at different elevations. The challenge is to identify
the drivers of the elevation-specific process (or pro-
cesses) of assembly.

For the Lepidoptera, larval food plants have been
widely promoted as the main determinants of moth
ranges (Novotny et al. 2007; Mattila et al. 2009).
This carries the implication that the presence of a
particular adult moth is an indication that its larval
food plant is close by (Novotny et al. 2003). Accord-
ingly, any stratification in moth assemblages should

reflect the stratification of sets of plant species. This
association assumes two things. First, that most
moths are more or less host plant specific and,
second that adult moths have low mobility. Existing
information on moths and their food-plants suggests
that most species are restricted to a single genus, or
small group of genera, of host plants (Common
1990; Novotny et al. 2003), although there are a
small number which exhibit extreme polyphagy
(Robinson et al. 2001). The second assumption of
restricted vagility is generally accepted to be true,
with notable exceptions of some robust larger moths
and well-known migratory species (Williams 1930;
1937; Johnson 1969; Beck and Kitching 2007).
Our vegetation surveys indicated a similar split in
lowland and upland floral communities suggesting
some correlation between moth and vegetation
communities.

Table 3. Common morpho-species sampled during (a) November 2013 and (b) March 2014 identified by the IndVal analysis
with an indicator value greater than 0.7

(a) November 2013

Family Species IndVal Probability Fig. 200 m 400 m 600 m 800 m 1000 m 1200 m

Noctuidae Caradrina sp. 0.9028 0.0010 D
Crambidae Nacoleia oncophragma 0.7373 0.0270 V
Crambidae Margarosticha australis 0.9410 0.0002 U
Noctuidae Proteuxoa tibiata 0.8006 0.0214 C
Nolidae Meceda mansueta 0.8776 0.0214 B
Erebidae Scoliacma nana 0.9485 0.0002 G
Erebidae Eilema sp. 1.0000 0.0002 H
Geometridae Ectropis sp. 0.9253 0.0002 O
Notodontidae Syntypistis opaca 0.9776 0.0002 F
Crambidae Parotis atlitalis 0.8448 0.0076 P

(b) March 2014

Family Species IndVal Probability Fig. 200 m 400 m 600 m 800 m 1000 m 1200 m

Crambidae Margarosticha australis 0.8710 0.0016 U
Erebidae Lambula pristina 0.9299 0.0002 J
Noctuidae Hydrillodes lentalis 0.7383 0.0176 E
Geometridae Idaea sp. 0.7358 0.0216 N
Crambidae Nacoleia oncophragma 0.8241 0.0108 V
Erebidae Camptomatyx sp. 0.8500 0.0024 K
Geometridae Taxeotis epigaea 0.9375 0.0002 M
Erebidae Scoliacma nana 0.9375 0.0002 G
Erebidae Eilema sp. 0.7815 0.0064 H
Crambidae Hyalobathra crenulata 0.7680 0.0034 R
Notodontidae Syntypistis chloropasta 0.7882 0.0002 W
Geometridae Polyacme dissimilis 0.7333 0.0010 L
Crambidae Palpita horakae 0.7978 0.0002 Q
Pyralidae Lacalma sp. 0.8730 0.0048 T
Noctuidae Achaea janata 0.7100 0.0432 A
Erebidae Hesychopa chionora 0.7379 0.0056 I
Crambidae Herpetogramma licarsisalis 0.7873 0.0440 S
Notodontidae Syntypistis opaca 0.8119 0.0016 F

These individuals are strongly indicative of elevation and form a multi-taxon predictor set for future monitoring of elevational
change within Eungella National Park.
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Ecologically speaking, the upper and lower
elevational boundaries of a species distribution is
determined, at least in part, by a species’ capacity to
match its climatic tolerances to the climatic profile of
the landscape (Hodkinson et al. 1999; Hodkinson
2005). In reality, these boundaries are often con-
tracted, or more rarely expanded, to reflect the
availability of resources to support survival and
establishment of a population (Barton 1993).
Elevation-related changes in the landscape matrix,
such as the loss of habitat surface area and changes to
the environment both in terms of its physicochemical
properties and available resources, influence the pres-
ence and survivorship of species at different elevations
(Damken et al. 2012). Such changes doubtlessly
underlie the transition of Eungella’s rainforest from
mesophyll forest at low elevations to complex
notophyll vine forest at high elevations. This, in turn,
will drive the turnover of moths across elevation
through the food plant mechanism previously
discussed.

The observed moth and vegetation communities at
Eungella cannot be wholly understood without con-
sidering the regions biogeographic history. Little is
known about the specific biogeographic history of
Eungella, and subsequently, how this biogeographic
history has affected the evolution, diversity and distri-
bution of flora and fauna in this region. We can,
however, infer general information from broader scale
biogeographic historical information, such as that
available about the eastern Queensland coast and
neighbouring rainforests. During the Quaternary, Aus-
tralia experienced several glacial and interglacial
periods (Williams et al. 2006), which, at times, gave
rise to land bridges and fragmented landscapes. Rain-
forests which previously covered the Australian land-
scape retracted heavily during glacial periods giving
rise to more arid habitats (Kershaw et al. 2007).
Several regions of rainforest, however, persisted along
eastern Queensland (Macphail 1997). Paleontological
records from other eastern Queensland rainforests
indicate a dramatic increase in rainforest flora and
fauna in the late Miocene suggesting these remaining
patches of rainforest acted as refugia (Hekel 1972;
Hocknull 2005). During interglacial periods, however,
these rainforests expanded and reconnected (Kershaw
et al. 2007).These series of events may have acted as a
species pump and facilitated the assembly of different
communities across elevation. Furthermore, fossil
records from south of Eungella at Mt Etna show bio-
geographic links to Papua New Guinea suggesting a
mixing of species throughout the central and northern
Queensland coast (Hocknull 2005). These historical
changes in environmental conditions and the refugia
provided by these forests offer some explanation for
the observed patterns in species richness and commu-
nity assembly at Eungella.

The moth predictor set

The suite of moths nominated here as potentially
useful indicators of climatic change is tentative.
Further, complementary, experimental studies and
investigations into moth life histories are needed to
confirm that these species are indeed proxies for biotic
and environmental shifts.The paucity of data on moth
life histories currently constrains these demands.

General physiological considerations suggest that
moths, either directly or through their food plants, are
likely to be sensitive to environmental changes, and
these responses may serve as analogues for climate
change (Janzen 1967; Addo-Bediako et al. 2000;
Deutsch et al. 2008). The indicator species identified
here demonstrate high levels of fidelity to particular
elevational zones suggesting a high future probability
of repeated capture at current (or shifted) elevational
bands during future sampling efforts. Those species
restricted to upper elevations may be vulnerable to
local extinctions under future warming scenarios as no
local higher elevational destinations are available to
them (see Ashton et al. 2011; Kitching & Ashton
2013).The highest elevations will likely become occu-
pied by ‘refugee’ species migrating from lower eleva-
tions in an attempt to match their thermal tolerances
and environmental needs with the climatic profile of
the landscape. More challenging, however, is any
attempt to predict the future composition of the biotic
communities at the lowest elevations. It is unknown
which species will tolerate or adapt to the new and
unfamiliar environmental conditions. Here we may
expect to find novel ecosystems (Hobbs et al. 2009) to
arise of currently unknown (and unpredictable) com-
position and functionality.

The results described here mirror those of other
plant and arthropod taxa sampled during this study
and will be published in due course. These results
should be combined with the other taxonomic groups
to develop a multi taxon predictor set which should be
used, and may be more powerful, for the future moni-
toring of ecological changes in composition and
functioning. The specificity of species in conjunction
with the high degree of variability in climatic and
environmental conditions across landscapes limits this
set of nominated indicator species to use within
Eungella National Park.

This study represents the fourth elevational transect
in a much larger body of cross latitudinal work sam-
pling moth fauna in Queensland (see Ashton et al.
2011; Ashton et al. this volume; Ashton 2013) and
elsewhere. The results presented here contribute to
necessary baseline data of lepidopteran assemblages
across elevation in Eungella National Park, Queens-
land, Australia. Future monitoring programmes and
additional complementary research should expand on
and draw information from the results of this
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investigation. Baseline datasets such as these are essen-
tial tools for the accurate identification of future shifts
in local ecological regimes.
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