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Abstract Ecologists have found the distributions of many groups of organisms to be elevationally stratified.
Consequently, various taxa (or species) have been proposed as indicators for inclusion within long-term monitoring
programmes to quantify the ecological impacts of future climatic change. Ideal indicators should be restricted to
a particular elevational range (i.e. have high specificity) and be readily detectable across space and time (i.e. have
high fidelity). This, however, has not been rigorously tested for elevational studies. We employed a spatially and
temporally replicated sampling design to test the utility of tree, ant, and canopy and understorey moth species as
indicators of elevation within continuous subtropical rainforest of eastern Australia. Using the classical indicator
value protocol, we tested (i) whether the number of indicator species (all taxa) found in the observed data was
significantly greater than the number obtained by chance; (ii) whether the indicator species (ants and moths)
identified from one sampling season responded to elevation in a similar way in samples obtained from other
seasons; and (iii) whether the indicator species (ants) identified from one elevational transect responded to elevation
in a similar way in a nearby transect that incorporated similar elevational ranges. All groups had significantly greater
numbers of indicator species than expected by chance. Temporal fidelity of moth indicator species was lower than
that of ants as the suite of moth indicator species showed high seasonal variation. In contrast, ants showed high
spatial and temporal fidelity. Most ant indicator species were, however, indicative of low and mid-elevations, and
only one species was indicative of the highest elevation, suggesting their relatively low conservation significance in
relation to climate warming in this region. It is essential that we understand how spatial and temporal variation
affects the distributions of different taxonomic groups when incorporating multiple taxa for long-term monitoring
programmes.
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INTRODUCTION

Humans are modifying environments at an unprec-
edented rate at both local (e.g. deforestation, pollu-
tion) and global scales (e.g. atmospheric CO2 releases)
(Hansen et al. 2013; Laurance et al. 2014). It is
becoming ever more crucial to understand how biodi-
versity responds to altered habitat conditions. To this
end, ecologists often focus upon environmental gradi-
ents that provide a useful framework to understand
how species (or whole communities) respond to pro-
gressive changes in environmental conditions (Liow

et al. 2001; Sanford et al. 2009). An increasingly well-
studied environmental gradient is that of elevation up
mountain slopes, which are often used as a surrogate
for changes in temperature and other climatic condi-
tions (Egger & Hoinka 1992; Hodkinson 2005).
Increases in elevation are accompanied by adiabatic
decreases in temperature (0.4–0.8°C per 100 m
increase in elevation, Strong et al. 2011) and changes
in humidity near peak elevations (such as cloud forest
in Australian tropical and subtropical forests, Hutley
et al. 1997). Elevational gradients provide strong
environmental gradients within short geographical
distances, offering opportunities to study the influence
of climatic variation and potential impacts of future
climate changes on species distribution patterns
(Körner 2007).

*Corresponding author.
Accepted for publication May 2015.

Austral Ecology (2015) ••, ••–••

bs_bs_banner

© 2015 Ecological Society of Australia doi:10.1111/aec.12291

mailto:a.nakamura@xtbg.ac.cn


Many species are known to be restricted to certain
elevational ranges (Pyrcz & Wojtusiak 2002; Chatzaki
et al. 2005; Botes et al. 2006), and some are only
found at the upper limits of elevational gradients
(Wilson et al. 2007). Species showing elevationally
restricted distributions are considered to have narrow
‘bioclimatic envelopes’ (note that ‘bioclimatic enve-
lope’ also refers to latitudinally restricted species dis-
tributions, e.g. Berry et al. 2002). Many predictive
models have suggested that the climatic envelopes
(and hence the distributions) of elevationally restricted
organisms will shift in response to future climate
changes, and that changes in distributions along
elevational gradients will occur over shorter distances
than would be needed along latitudinal gradients for
the same temperature change (Chen et al. 2011). The
concept of bioclimatic envelopes, however, has been
heavily criticized as it is fundamentally based upon the
premise that climate is the dominant driver of species
distributions (Pearson & Dawson 2003), without suf-
ficiently addressing other important aspects such as
ecological interactions (competition, mutualism and
trophic interactions, Davis et al. 1998; Gilman et al.
2010), behavioural adaptation (Sunday et al. 2014),
rapid evolutionary adaptations (Hoffmann & Sgro
2011) and dispersal ability (Pearson & Dawson 2003).
Indeed, meta-analysis of distribution changes has
found that latitudinal and elevational shifts of some
species were unrelated to recent climatic changes
(Chen et al. 2011). Despite these anomalies, range
shifts in a majority of species have tended to follow
predictions based on climatic variation, suggesting that
assemblages as a whole will respond to climatic varia-
tion (Parmesan & Yohe 2003; Thomas 2010; Chen
et al. 2011).

Previous elevational studies have identified species
or sets of species with restricted elevational distribu-
tions and suggest these as focal groups to effectively
monitor and predict the ecological impacts of climate
change on biodiversity (e.g. Wilson et al. 2005; Wilson
et al. 2007; Maunsell et al. 2013). These focal groups
are defined as ecological indicators (sensu McGeoch
1998) whose distributions are restricted to certain
habitats or a range of environmental gradients (in our
case, elevation), and possibly represent the character-
istics of the whole assemblages (‘predictor sets’,
Kitching & Ashton 2013). The choice of ecological
indicators is, however, often biased towards certain
groups of organisms based on the taxonomic expertise
of researchers, with little attention given to cross-taxon
assessment of their usefulness as indicator species
(Andersen 1999).

Ideal ecological indicators should exhibit not only
high habitat specificity (i.e. exclusive occurrence
within particular elevations) but also temporal and
spatial fidelity without being substantially influenced
by background ‘noise’, such as seasonal variations and

other habitat heterogeneities (Dufrêne & Legendre
1997). Species with high temporal fidelity should con-
sistently be recorded from particular habitats (or
elevations) regardless of seasonal and/or annual fluc-
tuations in environmental conditions, such as tem-
perature and precipitation. Nevertheless, species with
low temporal fidelity may still be good indicators if
their elevational shifts are predictable (e.g. elevational
migration in response to seasonal changes in food
resources and predation regimes, McGuire &
Boyle 2013). Species with high spatial fidelity should
occur ubiquitously within a given habitat without
being influenced by small-scale within-habitat hetero-
geneity (e.g. geology, aspects and other changes in
microhabitat conditions).

For logistical reasons, many elevational studies spa-
tially aggregate replicate sites of the same (or similar)
elevations (e.g. Brehm & Fiedler 2003; Kitching et al.
2011; Sam et al. 2015). Indicator species of very
narrow elevational ranges should therefore be treated
with caveats as their distribution may not necessarily
be driven solely by climatic factors, but influenced by
other local habitat conditions. Alternatively, species
whose elevational distributions encompass the lowest
and/or highest elevations may not be good indicator
species as the trailing (lower) or leading (upper) edge
of their elevational distribution may lie beyond eleva-
tions of the mountain slopes under consideration,
making it difficult to predict or quantify the impacts of
climate change.

One of the best studied groups within elevational
gradients are trees (e.g. Swenson et al. 2010; Tang
et al. 2012). Trees are structurally dominant compo-
nents of many plant communities and play essential
roles in many aspects of ecosystem functioning (e.g.
carbon sequestration). Invertebrates are also proposed
as potential candidates for monitoring climate change
impacts as many species are known to have limited
elevational distributions due to restricted thermal tol-
erances (Hodkinson 2005; Sunday et al. 2014).
Although vertebrate and plant species are often sug-
gested as ecological indicators of elevational changes,
the shorter lifespan of invertebrates may allow them
to track future climate change more closely (Wilson
et al. 2007). Invertebrates, however, may be more
susceptible to influence by seasonal fluctuations in
temperature and resource availability (Levings 1983).
Understanding the usefulness of different taxonomic
groups as ecological indicators of elevational ranges
may have important implications for monitoring the
biodiversity responses to future climate changes.

Here we compared trees and three arthropod groups
(ants, and canopy and understorey moths) for their
use as ecological indicators of elevational ranges. We
aimed to investigate the following: (i) whether the
number of indicator species (trees, ants, and canopy
and understorey moths) found in the observed data

2 A. NAKAMURA ET AL.

© 2015 Ecological Society of Australiadoi:10.1111/aec.12291



was greater than the number obtained by chance using
a null model, and if so by how much; (ii) whether
the indicator species (ants, and canopy and
understorey moths) identified from one sampling
season responded to elevation in a similar way in
samples obtained from other seasons; and (iii) whether
the indicator species (ants only) identified from one
elevational transect responded to elevation in a similar
way in a nearby transect that incorporated similar
elevational ranges, but different soil types and aspects.

METHODS

Survey areas

Our study was conducted in Lamington National Park in
eastern Australia (28° 13’S, 153° 08′ E), located just north of
the state border between Queensland and New South Wales.
This park comprises 23 000 ha of broad-leaved subtropical
rainforest, spanning the Lamington Plateau, which forms the
northern flanks of the Mt Warning erosion caldera (Strong
et al. 2011).The park is divided into two sections, the Green
Mountains section to the west and the Binna Burra section to
the east (Fig. 1). Annual average rainfall varies with eleva-
tion, with areas at higher elevation receiving more rainfall.
At the Green Mountains National Park headquarters (about
940 m a.s.l.), annual average rainfall is 1827 mm, 21% more
rainfall than a nearby weather station at 100 m a.s.l.
(Canungra Finch Road meteorological station). Precipitation
at higher elevations (≥900 m) is supplemented by moisture
inputs from frequent low cloud and fog. Average temperature
decreased by 1.5°C per 200 m at Green Mountains (based
on hourly temperature recordings from July 2007 to June
2008 measured from 300 m to 1100 m a.s.l., Strong et al.
2011). Soil is generally derived from tertiary basaltic rocks,
forming loam to silty clay loam. Lower elevations of the
Binna Burra section are characterized by the presence of
rhyolite (Strong et al. 2011).Vegetation types vary with eleva-
tion, with low elevations (about 300 m) characterized by
Araucarian notophyll vine forest, mid-elevations (about 500–
900 m) by complex notophyll vine forest, and high elevations
(≥1000 m) by microphyll fern forest dominated by Antarctic
beech, Nothofagus moorei (Laidlaw et al. 2011).

Sampling

We established one elevational transect within the Green
Mountains section to sample trees, moths and ants, and
another transect within the Binna Burra section to sample
ants (Fig. 1). At Green Mountains, the elevational transect
was subdivided into five elevational zones (viz. 300, 500, 700,
900 and 1100 m a.s.l.). Four survey plots were established
at similar elevations at each of the elevational zones (actual
elevation of the plots were within a mean of 37 m of
each elevational zone, Kitching et al. 2011). Likewise, the
elevational transect at Binna Burra was subdivided into seven
elevational zones (450, 600, 750, 850, 950, 1000, 1100 m
a.s.l.), and two plots were established per elevational zone,

with the exception of 1000 and 1100 m where only one plot
each was established. All plots at Green Mountains were
established at approximately the same north-easterly aspect
to minimize temperature variation due to varying degrees of
insolation. At Binna Burra, however, aspects varied substan-
tially from westerly to north-easterly. Survey plots at Green
Mountains were separated by at least 400 m, but plots at
Binna Burra at the same elevational zone were as close as
100 m.

At each of the Green Mountains survey plots, a permanent
20 m × 20 m marked quadrat was established. In August
2006, all trees greater than 5-cm diameter at breast height
(d.b.h., measured at 1.3 m above the ground) were num-
bered and identified to species within each quadrat (see
Laidlaw et al. 2011 for more details).Within, or in the imme-
diate vicinity of, each quadrat, moths were sampled in
October 2006 (austral spring) and March 2007 (early
autumn) using two Pennsylvania style light traps, one in the
understorey and one at the canopy level. Canopy traps were
suspended by ropes approximately 35 m from the ground,
just below the canopy crown, and understorey traps were
suspended approximately 2 m above the ground. The two
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Fig. 1. Map of Lamington National Park, showing Green
Mountains and Binna Burra sections (grey lines represent
roads or paved walking tracks). At Green Mountains, survey
plots were elevationally stratified into 300 m (triangle),
500 m (square), 700 m (circle), 900 m (inverse triangle) and
1100 m a.s.l. (diamond). Additional plots were established at
Binna Burra to sample ants at elevations similar to those at
Green Mountains.
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traps at each plot were set simultaneously for three nights.
Traps were emptied daily, and moths with a wing length
greater than 1 cm (plus smaller Pyraloidea) were sorted to
families and species or morphospecies (see Ashton et al.
2011 for more details). Samples collected from three
trapping nights were pooled for each trap. Canopy and
understorey moths were analysed separately as assemblages
were clearly compartmentalized between these two strata
(L. A. Ashton et al., unpubl. data, 2015). Due to logistical
problems, we did not collect canopy moths from all four plots
at 300 m in October 2006, or canopy and understorey moths
at two of the four plots at 500 m in March 2007.

Ants were collected in three seasons (October 2006,
March 2007 and January 2008) using three different sam-
pling techniques. Just outside each survey quadrat, we col-
lected two sets of litter samples to extract litter-dwelling ants.
Each litter sample was derived from 1 m2 of leaf litter col-
lected as four 50 cm × 50 cm squares at least 5 m away from
each other. We selected sampling areas that had relatively
uniform litter coverage and avoided rain-washed areas. All
litter and loose surface soil within the squares were collected
by hand, sieved with a litter sifter and ants were extracted
using Tullgren funnels for 24–36 h. Ants inhabiting living
tree trunks were collected by spraying 10 tree trunks greater
than 30 cm d.b.h. within and outside each quadrat with
pyrethroid insecticide. Falling arthropods were collected on a
rectangular sheet (160 cm × 105 cm) placed at the base of
each tree for approximately 15 min after spraying. Ants were
also hand-collected for 60 min per plot within a 50-m radius
from the centre of each quadrat between 09.00 and 17.00
hours. Foraging worker ants on the ground, logs, foliage and
tree trunks, as well as nests located within various types of
microhabitats (including epiphytes), were collected by hand.
We employed these three sampling techniques in order to
maximize the number of ant species living in various
microhabitats (as opposed to using the Ants of the Leaf Litter
(ALL) Protocol developed by Agosti et al. (2000), which
targets ground-dwelling ants only). Additional ant samples
were collected from the Binna Burra transect using the same
three sampling techniques in February 2008. All worker ants
were identified to genus and species or morphospecies (see
Burwell & Nakamura 2011 for more details).

Data analyses

We generated a single dataset for trees (surveyed in August
2006), two datasets for each of canopy and understorey
moths (October 2006 and March 2007), and four datasets
for ants (October 2006, March 2007 and January 2008, and
Binna Burra samples).Tree and moth datasets were based on
square root-transformed abundance of species per survey
plot, but the ant dataset was based on incidences of species
due to their eusocial nature.

We first generated coverage-based rarefaction curves to
compare sampling sufficiency among the four groups of
datasets (Chao & Jost 2012). Coverage-based rarefaction
curves plot sample completeness, expressed as a proportion,
against a given number of individuals (for trees, and canopy
and understorey moths) or samples (for ants), suggesting
what proportion of the community is represented by those
samples. Rarefaction curves were drawn and sample com-

pleteness calculated using the iNEXT package ver. 1.0 avail-
able in R statistical software ver. 3.1.0 (Hsieh 2013).

Effectiveness of tree, ant, and canopy and understorey
moth species as indicators of elevational changes was
assessed using the classical indicator value protocol devel-
oped by Dufrêne and Legendre (1997). For this analysis, we
used trees surveyed in August 2006, ants, and canopy and
understorey moths collected at the same time in March
2007. March samples were selected because these were
more species-rich (105, 447 and 467 species of ants, canopy
moths and understorey moths, respectively) compared with
October 2006 (104, 353 and 385 species). The indicator
value protocol assesses individual species as indicators of
certain habitat types (in our case, elevations) by quantifying
species habitat specificity and fidelity to a given habitat,
expressed as a percentage. A maximum indicator value of 1.0
(or 100%) is given to a species if it achieves maximum
specificity (it occurs only within the habitat of interest) and
fidelity (it occurs in all sampling plots within that habitat).

We calculated the indicator values of all species for each
individual elevational zone (e.g. 300 m, 500 m) and all
possible ranges of sequential elevations (e.g. 300–500 m,
500–900 m, 500–1100 m), excluding the entire range of the
transect (300–1100 m), giving a total of 14 indicator
values per species. A species was deemed indicative of the
elevational zone or range where the highest indicator value
was attained for that species. The significance of this indica-
tor value was then tested by permuting the samples 999
times, so that species with patchy distributions (e.g. single-
tons and doubletons) were not selected as indicator species.
We summed the number of significant indicator species for
each of the four groups. The total number of significant
indicator species, however, cannot be compared directly
because species richness varied greatly among the groups
(i.e. a dataset with more species is likely to yield a greater
number of significant indicator species). The usefulness of
individual groups was therefore compared by measuring the
departure of the number of observed indicator species from
those based on the null model. A total of 999 permuted
datasets were generated by shuffling the samples (note that
we did not shuffle individuals so that ecological integration of
species was maintained within each plot). We calculated the
effect size of the four taxonomic groups by calculating the
differences in the numbers of significant indicator species
between the observed and the mean of the null data divided
by the standard deviation of the null data. R code to conduct
these analyses was written by MK and AN using the labdsv
package ver. 1.6-1 (code is available upon request from the
corresponding author).

We tested the temporal and spatial fidelity of ant and moth
indicator species by examining whether these species consist-
ently occurred at similar elevations when sampled in different
seasons and locations. We employed canonical analysis of
principal coordinates (CAP) to model how the assemblage
composition of ant and moth indicator species changed with
elevation. Unlike unconstrained ordination methods (e.g.
non-metric multidimensional scaling ordination), CAP gen-
erates canonical axes that best separate a priori groups (eleva-
tions in our study) through the multivariate points of a given
similarity matrix (Anderson 2005). We then incorporated
new data (collected from different seasons or location) to test
whether the model could predict the actual elevations at
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which the new samples had been collected. If the indicator
species respond to elevational variation in a similar way
between samples collected in different seasons or locations,
then the model should give a good fit between predicted and
actual elevations. The model was generated using significant
indicator species based on March samples, and the new data
consisted of October samples for moths, and October and
January samples for ants, and only of species that were found
to be significant indicator species based on March samples
(this allowed us to test the predictive power of indicator
species found in one season). Ants were also tested using data
collected from the Binna Burra transect (again only using
indicator species based on March samples from Green
Mountains) as the new data to test the spatial fidelity of
indicator species. We used CAP available within the
PERMANOVA + add-on package in PRIMER6 statistical
software (Clarke & Gorley 2006). Similarity matrices were
calculated using Bray–Curtis (for square root abundance of
moths) and Sørensen (for ant incidence data) indices.

RESULTS

We sampled a total of 114 tree, 147 ant, 624 canopy
moth and 643 understorey moth species from the
entire surveys (i.e. all datasets). Despite large numbers
of moth species, over half were either singletons (256
and 245 species of canopy and understorey moths with
one individual, respectively) or doubletons (82 and 85
species with two individuals), whereas only 35% of
tree species were either singletons or doubletons
(20 species each). We recorded plot-level incidence
data for ants with 28 uniques and 11 duplicates
(i.e. those that occurred at one or two plots from the
entire survey). Although ants were intensively surveyed
(three seasons and two transects), a relatively small
number of species was collected due to their low
spatial and temporal turnover between surveys (104,
105, 123 and 82 species from October, March,
January and Binna Burra surveys, respectively, com-
prising a total of 147 ant species).

Coverage-based rarefaction curves showed over
85% sample coverage for all datasets, suggesting that
the actual communities along the elevational transects
were well represented by our samples. Relatively low
sample coverage was obtained from canopy and
understorey moths collected in October (88% and
91%, respectively) and ants collected from the Binna
Burra transect (93%) compared with at least 95%
coverage for all other datasets.

The indicator value protocol identified 36 tree, 33
ant, 56 canopy moth and 75 understorey moth species
as being significant indicator species. Most species of
trees and ants were indicative of a range of elevations,
with only 33% (12 indicator species) of tree and
18% (6 indicator species) of ant species indicative of a
single elevational zone, whereas 69% (38 indicator

species) and 45% (34) of canopy and understorey
moth species, respectively, were indicative of a single
elevational zone.

Observed numbers of indicator species for all four
groups were substantially larger than the number of
indicator species obtained from any of the 999 null
data (Fig. 2). It is not surprising that we found more
indicator species of moths due to the large number of
species investigated. However, when we compared the
effect sizes (standardized differences in the number of
indicator species between observed and null data),
ants showed the largest effect size (14.1), followed by
trees (12.7), understorey (10.3) and canopy moths
(6.9). Omitting ‘uniques’ (i.e. those that occurred only
at one plot) from the same analysis generated essen-
tially the same effect sizes (13.3, 12.3, 9.8, 7.4 for ants,
trees, understorey and canopy moths, respectively). As
we employed three different sampling techniques to
sample ants (as opposed to only one sampling tech-
nique to capture moths), we reran the indicator value
protocol on ants collected by a single trapping tech-
nique (litter extraction) in March. Although we found
only 12 significant indicator species out of a total of 51
litter ant species, the effect size (11.2) was still larger
than those of canopy and understorey moths but lower
than that for trees.

Elevational distributions of ant indicator species
were concentrated around low to mid-elevations
(300–700 m), and few species were indicative of high
elevations (Fig. 3). In fact, only one ant species
(Monomorium IBISCA2) was indicative of the highest
elevational zone of 1100 m a.s.l., as opposed to
4 trees, 7 canopy and 14 understorey species of moths
restricted to 1100 m.
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Using indicator species of ants and moths collected
in March, we generated CAP models and assessed
whether these models could predict the actual eleva-
tions at which samples comprising the additional
datasets were collected. For ant indicator species, we
found very high levels of correlation (correlation coef-
ficient = 0.98) with an almost 1:1 relationship between
predicted and actual elevations of samples collected
from October surveys (Fig. 4). The same near 1:1
relationship was found for January data (correlation
coefficient = 0.99, Appendix S1). Good predictive
power was also found for ants collected from the Binna
Burra transect with a correlation coefficient of 0.97
(Fig. 4).The predictive power of the CAP model based
on both canopy and understorey moth datasets was
inferior to that of ants. Correlation coefficients
between predicted and actual elevations of both
canopy and understorey moth assemblages (0.59 and
0.89, respectively) were lower than that of ants. Pre-
dicted elevations for both canopy and understorey
moths were higher at lower elevation plots and lower at
higher elevation plots, resulting in more horizontal
relationships between predicted and actual elevations
(Fig. 5). Further investigation of data revealed that
there were many moth indicator species that occurred
outside their indicative elevational ranges (based on
March samples) or were simply absent in October
samples, whereas ant indicator species showed good
spatial and temporal fidelity (Appendices S2 and S3).

DISCUSSION

Elevational indicator species

All four groups of organisms were elevationally strati-
fied (see Ashton et al. 2011; Burwell & Nakamura
2011; Laidlaw et al. 2011 for more details), and our

results show that numerous species were significantly
restricted to certain elevational ranges. This is in
concordance with other elevational studies claiming
that their target organisms are good for long-term
monitoring of global-scale climate change as their
species had elevationally restricted distributions (e.g.
Maunsell et al. 2013; Smith et al. 2014; Hall et al.
2015). Here we shed light on the relative differences in
the usefulness of different groups of organisms for
monitoring along elevational gradients.
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Compared with trees and ants, we found larger
numbers of both canopy and understorey moth
species that had elevationally restricted distributions.
However, the effect sizes of canopy and understorey
moths were surprisingly smaller than trees and ants as
the elevational distributions of moth species were
patchier than those of ants and trees. Furthermore, our
study design spatially aggregated replicated plots
within each elevational zone (which is a common
problem in other elevational studies). Many moth
species were indicative of a single elevational zone;

hence, it is unclear whether those species are
elevationally restricted due to climatic variation or
other local habitat conditions (e.g. distribution of
larval host plants).

Despite smaller numbers of indicator species, ants
and trees exhibited larger effect sizes than those of
moths. As opposed to moths, many indicator species of
ants and trees showed less patchy occurrences and
distributions extending over more than one elevational
zone.The use of ants as indicator species for monitor-
ing, however, requires a caveat from an ecological and
conservation point of view as they were restricted
largely to low and mid-elevational zones. It is a well-
known phenomenon that the upper elevations of
mountain ranges are often characterized by high levels
of endemism as they provide climatically stable
refugial habitat in the face of historical climate
change allowing the in situ speciation of relictual taxa
(Yeates et al. 2002). In Lamington National Park,
there are many regional and local endemic species
that are restricted to the 1100-m elevational zone,
including plant (e.g. Parsonsia tenuis) and moth species
(Lychnographa heroica and Middletonia hemichroma)
(Kitching et al. 2013a). Despite intensive surveys, we
found only a single species of ant to be a significant
indicator of the peak elevation at 1100 m. The lack of
high elevation specialist species suggests that the con-
servation implications of climate change for ants may
be relatively low, provided that species of lower eleva-
tions can shift their distributions upslope.The paucity
of high elevation specialist species is probably univer-
sal for tropical and subtropical ants, as the ant species
richness in these regions generally declines with
increasing elevation (e.g. Bruhl et al. 1999; Longino
et al. 2014). In contrast, the role of ants as predators
may have strong ecological implications. Predation
pressure exerted from ants was observed to decline
with increasing elevation within our study location
(Bito et al. 2011) and elsewhere (Sam et al. 2015) due
to decline not only in species richness but total abun-
dance of ants at high elevations. If climate change
causes upslope shifts of ant species, and thus an
increase in ant abundance, increased predation pres-
sure at high elevations may cause reduction or local
extinction of endemic species within this region.

Like ants, tree species showed a high effect size, but
in contrast many species were indicative of the highest
(as well as mid and low) elevations. Their use for
monitoring, however, may be limited as their lifespan
is generally much longer than that of vertebrates and
invertebrates; hence, their response may lag behind the
actual velocity of climate change. Indeed, Feeley et al.
(2011) found that the rate of upslope migration of tree
species lags behind recent temperature increase for
the same region. The use of seedling and understory
plant species may be more useful. Lenoir et al. (2009)
compared elevational distributions of seedlings with
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Fig. 5. Correlation between actual and predicted elevations
of canopy (top) and understorey (bottom) moth samples
collected in October. Predicted elevations were calculated
based on CAP models derived from the moth indicator species
collected in March, and using only the abundance of these
species in October samples. Line of equality is also shown.
Note that lower number of points for canopy moths is because
moths from all four 300-m plots were not sampled from the
canopy in October, and two of the 900-m plots were not
included as no indicator species were collected.
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those of adult trees, and found that average elevational
distributions at the seedling life stage were higher
upslope than those at the adult life stage probably due
to recent increase in temperature. Elevational distribu-
tions of seedlings are currently being surveyed in our
study location and will also be used to monitor the
impacts of climate change (M. J. Laidlaw et al.,
unpubl. data, 2015).

Due to the small elevational range encompassed by
our study transect, most species were indicative of
elevations that included the lowest (300 m) or highest
(1100 m) elevational bands. These indicator species
are less than ideal as the upper or lower limits of their
potential elevational distributions in the region cannot
be determined. Other elevational studies, such as those
conducted on Andean mountain slopes (which can
encompass elevational ranges up to 4000 m a.s.l.),
found many species restricted to mid-elevations (e.g.
Escobar et al. 2005; Herzog et al. 2013). Elevational
ranges of Australian studies are limited by the avail-
ability of high mountains (the highest mountain
in Australia is Mt Kosciuszko at 2228 m). In addition,
the presence of human disturbance at lower elevations
further limits available elevational ranges, making
it difficult to detect species with mid-elevational
ranges.

Spatial and temporal fidelity

Despite the large number of moth indicator species,
the CAP model did not predict the correct elevations
of new samples collected in the austral spring
(October).The CAP model was calculated using indi-
cator species collected in late summer (March); hence,
we expected that the same indicator species may have
been absent or shifted their elevational distribution
downslope in response to the cooler and drier condi-
tions in October (detailed seasonal climatic conditions
for each elevational bands available from Strong et al.
2011).The response patterns of moth indicator species
were, however, rather random, and many low and high
elevation indicators were absent or very rare from
October samples (Appendix S3). Furthermore, some
species indicative of mid-elevations actually shifted
upslope despite the cooler climatic conditions in
October. The seasonal phenology of moths can be
highly variable, and mass emergence of moths occurs
in response to leaf flushing and rain, making seasonal
and inter-annual fluctuations of moth species rather
unpredictable (Intachat et al. 2001). Indeed, Kitching
et al. (2013b) collected moths at the same time of year
in two consecutive years from the same areas of
Bornean tropical rainforest and found significant dif-
ferences in moth assemblage between years.The use of
plurivoltine moth species may reveal more consistent
patterns throughout the year; however, we know little

about the biologies of moth species in subtropical (let
alone tropical) rainforests. More intensive sampling
investigating both inter- and intra-annual fluctuations
of moths may be required to reveal their phenological
patterns along the elevation gradient, and thus the
effectiveness of individual species as elevational
indicators.

Unlike moths, we observed high seasonal fidelity of
ant indicator species with the CAP model correctly
predicting actual elevations of both October and
January samples. Although a few species showed
inconsistent patterns, the overall fidelity of most
species was very high (Appendix S2). This high tem-
poral fidelity is probably attributable to the eusocial
nature of ants: their nests within soil, forest litter or
tree cavities are generally perennial, persisting for
more than a year. Furthermore, unspecialized food
resources of many ant species (they are primarily scav-
engers) may not be substantially influenced by sea-
sonal availabilities of food resources.

To our surprise, the elevational distributions of ant
indicator species were consistent between the Green
Mountains and Binna Burra sections where aspects
and soil types were different. At both large and small
spatial scales, changes in average temperature are
known to strongly influence ant community composi-
tion, and other factors such as net primary productiv-
ity and geometry (i.e. mid-domain effect) play
relatively minor roles (Sanders et al. 2007; Longino &
Colwell 2011). Elevation is a good surrogate for tem-
perature at our study location (Strong et al. 2011) and
elsewhere (Körner 2007); consequently, ant assem-
blages showed progressive and consistent changes with
elevation (Burwell & Nakamura 2011). One exception
lies at the peak elevation (>1000 m a.s.l.) where high
moisture levels are maintained throughout the year
due to cloud stripping (Strong et al. 2011). As a result,
ants (and other organisms including trees and moths)
had substantially different assemblage composition
at this elevation. Our results suggest that elevational
distributions of ant species are likely to be determined
by temperature (and moisture at the peak elevations),
while other factors such as aspect and soil type do
not significantly influence ant species that have
elevationally restricted distributions.

One may argue that if an elevational study involves
transects that are separated by tens of kilometres (if
not hundreds or thousands), indicators at this taxo-
nomic resolution (i.e. species) may no longer be
useful. A survey that encompasses both latitudinal and
elevational differences (e.g. elevational transects across
different latitudes) inevitably incorporates biogeo-
graphical complexities whereby latitudinally distant
transects may have functionally similar, yet entirely
different suites of species (Kitching et al. 2004). For
studies at much larger spatial scales than the current
study, taxonomic resolution may need to be ‘diluted’
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(to genus, family or above), or indicator species
may need to be identified for individual elevational
transects.

Here we have demonstrated that despite the assem-
blage composition of all four groups of organisms
being elevationally stratified, the relative usefulness of
their species as indicators of elevation, as well as the
conservation and ecological implications, differ among
these groups. Our aim here was not to choose the best
groups for monitoring climate change impacts, but to
stress the importance of a multi-taxon approach as
different taxonomic groups with different biologies
often show different biodiversity patterns along the
same environmental gradient.
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