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ABSTRACT

Aim Our first aim was to determine the environmental factors associated with

two native Australian Lepidoptera species, Lomera caespitosae and Oncopera

alpina, key herbivores of alpine and subalpine Poa grasses. Both species have

been associated with areas of extensive grass death in Australian alpine regions,

possibly affecting vegetation succession and recovery. Our second aim was to

generate and evaluate potential distributional changes for both these moths

and their host plants under scenarios of climate change.

Location Alpine regions in south-eastern Australia.

Methods We surveyed alpine regions in south-eastern Australia to compile

presence–absence datasets for both moth species. We constructed ecological

niche models from our survey data, in addition to predicting distributions of

suitable host-plant species for the moths. Grass damage sites attributed to the

moths were used additionally as independent test datasets to validate model

performance. Future effects on species distributions under climate change sce-

narios were then investigated.

Results The environmental factors affecting distributions differed between the

moth species; for example, precipitation variables appeared to be important for

L. caespitosae, while low winter–spring temperatures were expected to limit

O. alpina. The findings were related to the presence of grass damage, which was

greater in areas where species distributions overlapped. A declining trend in

suitability was predicted for both herbivore species under climate change, while

Poa spp. distributions were expected to be less influenced by climate change.

Main conclusions The distributions of both moth species are more likely to

be restricted by climate than host-plant availability. Predicted climate change

effects are likely to put L. caespitosae under greater immediate risk of local

extinction than O. alpina as a result of large areas of habitat loss by 2050.

Keywords
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INTRODUCTION

There has been increasing interest in predicting the effects of

climate change on alpine plant and animal communities,

because of both the perceived sensitivity of alpine species to

drought and thermal extremes, and the vulnerability of many

unique alpine communities that are restricted to small areas

(Good, 2008; Gottfried et al., 2012; Thuiller et al., 2014).

Climate change is expected to lead to extinctions of species

from higher elevation communities as suitable climate space

for those species disappears. Within alpine environments,

shifts in the distribution of herbivorous insects using specific

plant hosts may be particularly responsive to climate change

(Hodkinson & Bird, 1998; Ara�ujo & Luoto, 2007; Barea-

Azc�on et al., 2014), either directly as a consequence of shifts

in host-plant distributions that limit insect distributions

(Hanspach et al., 2014), or because of indirect effects such as

altered plant herbivore defences (Rasmann et al., 2014). With
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predictions of range contraction or range shifts of alpine

plant species under climate change (Walther et al., 2005;

Gottfried et al., 2012), it is important to understand the

extent to which host-related effects and other factors limit

insect distributions.

To explore host plant–herbivore distributions and responses

to climate change, ecological niche models (ENMs) have

proved to be useful tools for characterizing species–climate

relationships, which can then be projected onto future climate

scenarios, and these have been successfully applied in alpine

environments (Parolo et al., 2008; Rinnhofer et al., 2012).

While the correlative nature of ENMs means that interactions

and other ecological processes are often implicitly incorpo-

rated through the use of distribution data (Elith & Leathwick,

2009), the role of non-climatic factors that may mediate spe-

cies responses to climate change are increasingly being incor-

porated explicitly into ENMs for alpine communities (Parolo

et al., 2008). Such factors may include topography, land cover

and soil data (Parolo et al., 2008; Eskildsen et al., 2013) or

processes including competitive or facilitative interactions with

species of the same or adjacent trophic levels (Heikkinen et al.,

2007; Hof et al., 2012), resulting in changing community com-

position and driving range shifts (Van der Putten et al., 2010;

Walther, 2010). Such interactions are likely to play important

roles in the response of alpine species to climate change, and

can be incorporated into models to improve predictions of

distribution shifts at different spatial levels (Wisz et al., 2013;

Ara�ujo & Rozenfeld, 2014). The predictive ability of ENMs is

also constrained by the availability of data, including both

accurate species survey records and climate layers at an appro-

priate level of resolution (Ara�ujo et al., 2005; Osborne &

Leit~ao, 2009). High-resolution layers allow for greater climatic

heterogeneity to be incorporated into ENMs and may help

to identify potential refugia (Randin et al., 2009; Willis &

Bhagwat, 2009).

The Australian Alps are unique in sustaining an alpine

environment at elevations considered to be relatively low by

world standards, as a result of its geo-climatic position (Pic-

kering & Armstrong, 2000; Hughes, 2011). This environment

is considered to be particularly vulnerable to climate change

(Hennessy et al., 2003). Projected climate trends for the 21st

century point to the disappearance of many niches (Williams

et al., 2007), leading to the likelihood of species extinction,

especially for species restricted to high elevations and having

limited geographical ranges (Good, 2008; Hughes, 2011).

We considered the probable effects of climate change on

two poorly known but important native Australian alpine

Lepidoptera, Lomera caespitosae Oke (Psychidae; alpine case

moth; Fig. 1a) and Oncopera alpina Tindale (Hepialidae;

alpine grass grub; Fig. 1b), which represent dominant larval

herbivores of alpine snow grass (Poa spp., Poaceae). Because

of their selective feeding on Poa spp. and observed wide-

spread distribution (Chadwick, 1966), larvae of either or

both species have often been considered responsible for

widespread Poa deaths across Victorian and New South

Wales alpine regions (McKeown, 1951; Carr & Turner, 1959;

Chadwick, 1969; Green & Osborne, 1994; Edwards, 2002).

Grass deaths allow the establishment of other vegetation,

including shrubs and forbs, which require open areas to

develop (Williams et al., 2014). These moth species may

therefore play a role in creating vegetation heterogeneity

within the alpine area.

In this study, we describe the potential role of plant–insect
interactions in the current and predicted distribution of the

two alpine moths, using an ENM framework. We examined

model predictions to identify areas of overlapping climate

space between the distributions of the moths and their host

alpine grasses (Poa spp.) to identify suitable climate space

under present and future (2030, 2050 and 2070) scenarios.

This framework allowed us to ask three main questions. (1)

Does climate or host availability play a greater role in limiting

both moth species’ distributions? (2) Are moth models able to

predict areas of grass death occurrences? (3) Will habitat suit-

ability for these species decrease under future climate change?

MATERIALS AND METHODS

Data collection

Surveys of the sessile larval stage of the moths were con-

ducted during the summers of 2010 and 2011 in alpine and

subalpine zones of the Bogong High Plains area of Victoria

and the Kosciuszko–Kiandra region of New South Wales

(NSW), Australia. Surveys involved a standardized 30–40-
min search at each site for larval activity around Poa tus-

socks, where larvae form camouflaged structures (Fig. 1a,b).

The presence of L. caespitosae was determined from lancet-

shaped cases that the larvae build after hatching from dead

grass (Poa spp.) and silk (Fig. 1a); these remain consistent

throughout their growing period irrespective of raw materi-

als. The presence of O. alpina was recorded through observa-

tion of aboveground grassy extensions of the belowground

soil tunnel, also made out of dead grass (Poa spp.) blades

coarsely combined with silk, in a circular fashion perpendic-

ular to the length of the tunnel (Fig. 1b). Occasionally addi-

tional vegetation was incorporated for aboveground tunnel

building, but the pattern remained the same. The morphol-

ogy of the cast pupal cases that adult O. alpina leave behind

after hatching (Fig. 1b) also helped field identification. Spe-

cies presence was recorded above 700 m a.s.l., although the

two species were never found on Poa below 1000 m. We

recorded species at ≥ 250-m intervals (except for a few

records at the top and bottom of mountains, which were

recorded at a 100-m elevation interval). Geo-referenced data

including elevation data were obtained with a hand-held

GPS receiver (Magellan© eXplorist, MiTAC International

Corporation, Santa Clara, CA, USA).

Modelling framework

We employed a framework that incorporated two correlative

ENM approaches, appropriate for the type of data available

Journal of Biogeography 42, 1210–1221
ª 2015 John Wiley & Sons Ltd

1211

Climate change and plant–herbivore interactions



to us. We modelled the host plants and moths separately

and then examined the effect of including host-plant model

predictions to mask moth model predictions (i.e. allowing

moths to occur only within suitable host-plant climate

space). Host-plant species were modelled individually using

the presence–background method with Maxent 3.3.3.k

(Phillips, 2010) across a large geographical area (Fig. 2) and

then merged into composite maps (see Fig. S1 in Appendix

S1 of the Supporting Information) to represent the available

host range, specific for each moth species based on their

observed feeding choices of Poa spp. This framework was

developed based on selecting appropriate backgrounds (or

geographical areas), environmental predictors (or covariates),

constructing appropriate correlative models and then project-

ing those models onto future climate surfaces.

Background selection

We selected a background that represented areas higher than

700 m a.s.l. in south-eastern Australia, reflecting a wide

range of environmental conditions and accessible areas for

both host plants (Poa spp.; Walsh & Entwisle, 1994; Wilson,

2009) and moths (Barve et al., 2011), as well as providing a

buffer zone of approximately 300 m beyond (lower eleva-

tion) known occurrences. For modelling moth species, we

restricted our study area to regions of Australia within the

states of Victoria and NSW (Fig. 2) between 145–150° E and

35–38° S, based on occurrence data (Elith et al., 2011).

Environmental predictors

For the moth models we chose an initial predictor variable

set of 19 bioclimatic layers built in anuclim 6.1 (Fenner

School of Environment and Society, Australian National Uni-

versity, Acton, Australia), representing means and trends of

temperature and precipitation. These variables were unpro-

jected and reflected a grid cell resolution of 250 m 9 250 m

at the equator, to match fine-scale sampling efforts better.

Correlation estimates for all pairwise combinations of the 19

predictor layers were calculated in ENMTools 1.3 (http://

enmtools.blogspot.com.au, accessed August 2012) (Warren

et al., 2010). The full set of predictors was included in

boosted regression tree (BRT) models (see below), to assess

model contribution and high correlation (r ≥ 0.8) between

predictor pairs. A subset (n = 5) of the most important con-

tributing predictor variables with low pairwise correlations

was used in the final models.

Building composite host-range maps

Both moth species have different host Poa spp. associations

(M. Parida, unpublished data), so we constructed composite

maps matching host-plant preference of each moth species.

For L. caespitosae, three Poa species (Poa hiemata Vickery,

Poa costiniana Vickery and Poa phillipsiana Vickery; Poa3)

were selected, whereas for O. alpina, five Poa species (P. hie-

mata, P. costiniana, P. phillipsiana, Poa fawcettiae Vickery

and Poa hothamensis var. hothamensis N.G. Walsh, hereafter

referred to as P. hothamensis; Poa5) were selected. Coverage

of Poa5 and Poa3 thus represented the maximal habitat

range for each moth species (Fig. S1).

Moth modelling

BRT have been applied successfully to a range of different

species (Buston & Elith, 2011; Mellin et al., 2012; Jaeschke

et al., 2013), particularly because of their strong predictive

performance and reliable identification of relevant variables

and interactions (Elith et al., 2008). Moth distribution mod-

els were fitted in R 3.0.2 (R Core Team, 2013) using gbm

package version 2.1 (Ridgeway et al., 2013) implemented

through the dismo package (Hijmans et al., 2013). Model

settings included optimization of tree complexity (tc) and

learning rate (lr), such that predictive deviance was mini-

mized without over-fitting. Initial model performance and

predictions revealed that we did not have enough true

(a) (b)

Figure 1 Field identification features of two

Australian alpine Lepidoptera species. (a)

Lomera caespitosae mature larva, inside its
distinctly ornate case built of silk and dead

Poa grass. (b) Oncopera alpina grass tunnel
(aboveground extension of underground

soil tunnel) coarsely made out of silk and
dead Poa grass, with cast pupal case at its

upper end.

Journal of Biogeography 42, 1210–1221
ª 2015 John Wiley & Sons Ltd

1212

M. Parida et al.

http://enmtools.blogspot.com.au
http://enmtools.blogspot.com.au


absence data to calibrate our models sufficiently. To address

this issue we randomly sampled (n = 1000 or until cell cov-

erage) in nearby similar environments (between 700 m and

1000 m) where we had not found either of the moth species,

and incorporated them as pseudo-absence data to increase

the number of observations. We examined the effects of add-

ing these pseudo-absences through model sensitivity rates.

Once the optimal combination of tc and lr was found, the

predictive performance was evaluated further using a 10-fold

cross-validation procedure. Measures of model performance

included predictive deviance expressed as a percentage of

total deviance, and discrimination ability measured as the

area under the receiver operating characteristic curve (AUC)

in each model (e.g. Buston & Elith, 2011). Fitted functions

were visualized using partial dependence plots that showed

the predictor effect on the species response after accounting

for the average effect of other variables in the model. We ran

the moth models first without host-plant layers and then

restricted predictions to binary suitable/non-suitable climate

space from each composite (Poa3 and Poa5) map for com-

parison.

For model evaluation we used five k-fold partitions on the

initial datasets (80:20 split of presences and true absences)

and then added the pseudo-absences to the training dataset

for each respective partition. We examined AUCTEST on the

held-out fold (i.e. building a model per iteration on four of

the k-fold partitions and obtaining an AUC score using the

remaining fold for testing; Hill et al., 2012), and repeated

this process 10 times to give a total of 50 AUCTEST values

per species. As we had increased the number of observations

for the models through pseudo-absences and inherently

inflated the AUC statistic, we examined model performance

further through sensitivity and specificity rates encapsulated

in the true skill statistic (TSS) (Allouche et al., 2006). The

TSS is threshold-specific so model performance was evalu-

ated at maximum sensitivity plus specificity (Liu et al., 2013)

across the same folds generated for AUCTEST.

Ecological niche comparison

To examine similarity in niches between the two moth spe-

cies, we employed the niche identity test within ENMTools

to compare habitat suitability scores based on known occur-

rence points. For this test to be consistent, we took the final

predictor variables that were used for both moth species

independently and combined them into a single variable set

(for additional details, see Warren et al., 2008, 2010). The

aim of the niche identity was to determine whether ENMs

generated from the two species were more different than

expected if they were drawn from the same underlying distri-

bution in numbers equalling the empirical data. The process

of pooling empirical occurrence points for the two species

and randomizing sampling (repeated 100 times) was per-

formed in ENMTools. Similarity scores (Schoener’s D) were

compared between ENMs built from known occurrences and

the distribution of similarity scores of ENMs built from ran-

domly drawn pooled occurrences, to test whether they were

more different than expected. Additionally, we performed a

principal components analysis (PCA) to summarize the

information at occurrence points across these eight predictor

variables, and visually examined the overlap within environ-

mental space between the moth species and across the study

background.

Detecting grass-damage sites

Within the Australian alpine environment, grass death

caused by moth attack occurs sporadically (Chadwick,

1966). In affected areas, only Poa spp. are targeted

and damage is exhibited by loose grass cut at sheath level,

with a bleached appearance after winter snow. Data for

Figure 2 Backgrounds defined for modelling Australian alpine
host-plant species (Poa spp.; represented by lighter shading) and

two herbivore Lepidoptera species, Lomera caespitosae and
Oncopera alpina (represented by darker shading), showing

presence records for individual host Poa spp. All shaded areas
represent high-elevation regions above 700 m a.s.l. used as a

mask. The rectangular box in the inset shows the location of the
study area on a map of Australia.
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grass-death occurrences included field recordings made by

the authors and others (see Acknowledgements), including

published accounts (Chadwick, 1966), from early 1943 to

2012. Damage sites with an expanse > 50 m2 were included.

We used this grass-damage information (data resolution

matched to climatic resolution) (see Fig. S2 in Appendix

S2) as an independent test dataset to evaluate further our

complete moth models by recording the predictive ability at

damage sites as both AUCTEST and omission error rates

(sensitivity – 1).

Climate change predictions

To examine potential changes under future climate change,

we projected models into the A1FI (fossil fuel intensive)

emission scenario (IPCC, 2007) for 2030, 2050 and 2070.

This was performed separately for each Poa species and then

composite maps were made as before for each projection sce-

nario. Both moth species models were projected onto future

climate surfaces with and without the corresponding pro-

jected composite host Poa spp. map as a mask. We measured

niche overlap in predictions of habitat suitability between

current and future ENM projections, using Schoener’s D sta-

tistic in ENMTools (Warren et al., 2010). An overlap range

from 0 (completely discordant projections) to 1 (identical

projections) was calculated by taking the difference in suit-

ability score between model predictions at each grid cell

(Warren et al., 2008, 2010).

RESULTS

Moth modelling

As a result of our survey effort, 61 presences and 52 absences

were recorded for L. caespitosae, and 126 presences and 25

absences for O. alpina (see Fig. S2a,b in Appendix S2 for

species presences). The optimal settings that achieved mini-

mum predictive deviance with 10-fold cross-validation in

both species were tc = 6, lr = 0.005, using a bag fraction

(the proportion of data selected at each step; see Elith et al.,

2008, for details) of 0.5.

Predictor variables and combinations of these variables

contributed differently (see Fig. S3a,b in Appendix S3) to

the two moth ENMs, indicating that the species responded

differently to shared climatic predictors. Habitat suitability

for L. caespitosae appeared to be driven by a multitude of

factors, such as mean temperature of wettest quarter

(BIO08), precipitation of driest period (BIO14), minimum

temperature of coldest period (BIO06) and mean tempera-

ture of warmest quarter (BIO10), explaining 88.8% of the

model behaviour. However, for O. alpina BIO08 alone

explained 81.8% of the model variance. Species response

to low mean temperatures during the wettest quarter (July–
September) (BIO08) increased positively below 3 °C for

L. caespitosae, reaching the highest suitability at 0 °C,
whereas for O. alpina suitability increased below 5 °C, reach-

ing its highest point at 0 °C. High precipitation (> 15 mm)

values during the driest period (BIO14) were suitable for

both species; however, the contributory effect of BIO14 was

higher for L. caespitosae (22.6%) compared with O. alpina

(6.9%). Habitat suitability decreased with rising mean tem-

perature (> 15 °C) of the warmest quarter (December–Feb-
ruary) (BIO10) and minimum temperature (> –4 °C) of the

coldest period (BIO06) for L. caespitosae. For O. alpina, hab-

itat suitability was affected least by climatic variables such as

maximum temperature of warmest period (BIO05) (4.3%)

and precipitation values during the wettest period (BIO13)

(2.5%).

We found that the addition of pseudo-absence data for

each species improved the fit of the data (when examined

spatially) and predictive performance (increased AUC val-

ues). Additionally, sensitivity increased with the addition of

pseudo-absences, coupled with a decrease in the modelled

threshold at which maximum sensitivity plus specificity was

obtained (Table 1). The final models yielded high AUCTEST

scores (0.82 � 0.01 and 0.94 � 0.01 for L. caespitosae and

O. alpina, respectively) supported by good to high TSS

scores (0.59 � 0.13 and 0.87 � 0.07 for L. caespitosae and

O. alpina, respectively) (Table 2). Importantly, our models

also showed new areas of suitable climate space for further

sampling efforts. For L. caespitosae these included parts of

the Snowy Mountains in the north and lower southern

extremes of the Alpine National Park, including Reynard and

Nap Nap Marra in Victoria. New suitability regions for

O. alpina included the Bimberi Nature Reserve bordering

NSW and Australian Capital Territory (ACT) and parts of

the Snowy Mountains in Victoria.

Comparing ecological niche models between moths

The niche identity test between moth species (Schoener’s

D = 0.6) suggested that the observed niche overlap score

under the cumulative effect of all final predictor variables

was no different than expected if it had been drawn from the

same underlying distribution (Fig. 3a). This implied an

absence of any significant ecological differences between the

two species’ niches. The PCA supported overlapping envi-

ronmental conditions between the species, but additionally

the species appeared to occupy specific environmental space

within the study area and in relation to the Poa5 mask

(Fig. 3b).

Moth distribution and grass damage

By using Poa spp. damage sites (Fig. S2) as an independent

test dataset for both final moth models, very high AUC

values were obtained for each species (L. caespitosae 0.92,

O. alpina 0.98). Omission error rates across these damage

sites at a threshold of least training presence (sensitivity = 1;

obtained from the complete datasets across final model

scores; see Table 1) were low for O. alpina (0.04), whereas

for L. caespitosae they were higher (0.17; Table 2).
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Climate change responses

Under the climate change scenarios investigated here, there

was an overall trend of declining suitability for the host Poa

spp. (see Figs S1 & S4a in Appendices S1 & S3, respectively).

While the same decline was expected for both moth distribu-

tions, the species’ responses differed, with models predicting

further decline in suitability for L. caespitosae (Fig. 4, and see

Table 1 Predictive performance of boosted regression tree (BRT) models with and without additional pseudo-absence data for two

alpine species of Lepidoptera from Australia. For each species, the number of observations (n) represents presences and true absences
including pseudo-absences followed by presences and true absences only (Lomera caespitosae, n = 117; Oncopera alpina, n = 149). The

values reflect the scores obtained from the R package gbm involving 10-fold cross-validation procedures on the entire observation
dataset. Sensitivity (Se) and specificity (Sp) are reported at the threshold that maximizes sensitivity + specificity. AUC, area under the

receiver operating characteristic curve.

Species No. observations (mean) No. trees (mean) AUC Threshold Se Sp

L. caespitosae 498–556 (528) 650–1200 (955) 0.98 � 0.00 0.37 � 0.04 1.00 � 0.01 0.98 � 0.01

L. caespitosae 117 600–1900 (1165) 0.84 � 0.02 0.51 � 0.05 0.95 � 0.03 0.97 � 0.02

O. alpina 533–556 (549) 900–1150 (980) 0.99 � 0.00 0.17 � 0.00 1.00 � 0.00 0.98 � 0.01

O. alpina 149 650–1150 (855) 0.95 � 0.01 0.75 � 0.04 0.93 � 0.01 1.00 � 0.00

Table 2 Evaluation scores obtained for final models of two alpine species of Lepidoptera in Australia across 5 k-fold partitions and

evaluated using both area under the receiver operating characteristic curve (AUC) test (AUCTEST) and true skill statistic (TSS) scores
obtained at the threshold of maximum sensitivity plus specificity. Within each partition, models were built with all data including

pseudo-absence data, but then tested only on presences and true absences. Values for damage sites reflected the predictive ability of the
final models constructed on the entire dataset against an independent test dataset, and were evaluated through AUCTEST across these

sites as well as the omission error rate [sensitivity (Se) – 1].

Species AUCTEST Threshold TSS Se AUCTEST (damage sites) Omission error rate (damage sites)

Lomera caespitosae 0.82 � 0.01 0.53 � 0.21 0.59 � 0.13 0.79 � 0.19 0.92 0.17

Oncopera alpina 0.94 � 0.01 0.78 � 0.18 0.87 � 0.07 0.89 � 0.07 0.98 0.04

(a) (b)

Figure 3 Environmental similarity between two Australian alpine Lepidoptera species, Lomera caespitosae and Oncopera alpina. (a)
Histogram showing scores representing the expected degree of niche overlap (Schoener’s D) when samples of L. caespitosae and O.

alpina are drawn from the same distribution. The vertical dashed line indicates the observed overlap between species, while the
histogram illustrates the distribution of overlaps from pseudo-replicates. The results indicate non-significant differences in the ecological

niches for both moth species. (b) Principal components analysis (PCA) of eight environmental predictors at presence localities for L.
caespitosae and O. alpina. The red dots are 1000 random samples across the alpine study area. The purple dots are 1000 random

samples across the host-plant map (Poa costiniana, P. fawcettiae, P. hothamensis, P. hiemata and P. phillipsiana; Poa5). Principal
component 1 (PC1) loadings are BIO13 (46.02%), BIO15 (19.70%) and BIO08 (13.44%). Principal component 2 (PC2) loadings are

BIO15 (35%), BIO14 (17.78%) and BIO05 (13.41%) (see text for details). Ellipses represent 95% probabilities of each grouping
(dataset). Arrows indicate the importance and correlation of each bioclimatic variable on the two significant axes. Var., variance.
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Fig. S4b in Appendix S3) than O. alpina (Fig. 5, and see Fig.

S4c in Appendix S3). The declining suitability for both spe-

cies was accompanied by decreased connectivity as a result of

increased isolation of suitable habitats among mountain

ranges within and between Victoria and NSW that continued

through all future scenarios. The decline was relatively rapid

for L. caespitosae by 2050, with populations in Mt Buller and

associated regions in Victoria predicted to be lost, while

those for O. alpina were predicted to persist. This trend con-

tinued for both species through to 2070, with L. caespitosae

restricted to fewer isolated patches in the Victorian Alps than

in the Kosciuszko area. Oncopera alpina on the other hand,

appeared to be more restricted in range in the Kosciuszko

area than in the Victorian Alps by 2070. Niche overlap scores

between model predictions dependent and independent of

host, for both species, under current and future climatic sce-

narios (Fig. S4b,c), supported the notion that suitable cli-

mate space is likely to decrease under climate change for

both species. The presence of host plants altered this decline

in L. caespitosae (Schoener’s D = 0.7, under baseline sce-

nario) but the effect was not as pronounced as in O. alpina

(Schoener’s D = 0.9, under baseline scenario), suggesting

L. caespitosae is relatively more limited by host range than

O. alpina.

DISCUSSION

We investigated the distribution of two insect herbivores and

their host plants in an Australian alpine environment to

determine factors potentially limiting the spatial distribution

of these species and their responses under climate change. As

in the case of the majority of European butterflies (Schweiger

et al., 2012), we found that climate rather than host avail-

ability was the main factor limiting distributions. Observed

distributions and ENM-predicted ranges of the moths were

more restricted than those of the Poa hosts, occupying only

a subset of the available climatic space (as indicated through

PCA). This suggests that the ranges of alpine Lepidoptera are

limited by climatic factors rather than host range.

As with other ENMs, our interpretations on current and

future distributions for the moth herbivores are limited by

certain model assumptions, such as invariant relationships in

correlations between predictor variables and also between

predictor and response variables throughout the entire time

span until 2070. However, novel climate space may arise for

a species under climate change and provide additional areas

of refuge, or alternatively a faster rate of loss of suitable cli-

mate space than projected, and such novel scenarios have

not been considered here (Williams et al., 2007). Similarly,

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 4 Predicted maps at 250-m

resolution showing suitable habitat
distribution for Lomera caespitosae, an

alpine Lepidoptera species from Australia,
(a) with and (b) without a background of

the species’ host-plant preference (three
species of Poa, P. hiemata, P. costiniana and

P. phillipsiana; Poa3), under current

climatic space and future climatic space for
(c, d) 2030, (e, f) 2050 and (g, h) 2070. The

legend indicates suitability from 0 (not
suitable) to 1 (perfect suitability). The

rectangular box represents the extent of the
predictor layers and the light grey area

represents the elevation above 700 m a.s.l.
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our models are unable to account for plastic or evolutionary

changes in physiological traits to counter stressful conditions

under the climatic change projected for this area (Hoffmann

& Sgro, 2011). Lepidoptera from alpine areas may have phys-

iological resilience, as reflected by an ability to acclimate as

well as an ability to undergo local adaptation to different mi-

croclimates (Fischer & Karl, 2010). These considerations also

apply to the Poa host plants, which show potential for adap-

tation through plastic and genetic means based on transplant

experiments (Byars et al., 2007) and phenological studies

(Hoffmann et al., 2010).

An occurrence outlier (see Fig. S2a in Appendix S2) was

detected in L. caespitosae in the relatively low-lying eastern

alpine region. This outlier may reflect model under-predic-

tion as a result of insufficient sampling of these types of

environments, or perhaps a site with a microclimate suitable

for moth persistence outside the core distribution. Beyond

the rare geographical outliers, the ENMs predicted all other

occurrence points, including the high plain region of Bimberi

(ACT), as mentioned in Chadwick (1966) but not sampled

here. Our models accurately predicted grass-damage sites for

both moth species, providing an independent means of con-

firming the models. The moth species have overlapping dis-

tributions, with no detrimental effects of competition

detected at the scale of the study employed here, supporting

the notion that these species differ in their feeding and shel-

tering zones (White, 1948; Chadwick, 1966, 1969).

The different climatic factors influencing these moth spe-

cies account for their range mismatch, as reflected in the

niche overlap score (Schoener’s D = 0.6) and also the spe-

cific environmental space occupied by each species within

the study area. The species differ in a number of biological

and behavioural characteristics that may affect their climatic

responses. For example, L. caespitosae larvae remain on aerial

parts of the host for feeding and hibernate under snow on

two occasions in their 2-year life cycle, while L. caespitosae

adults emerge to lay eggs during the warmest quarter of the

year (White, 1948). In contrast, O. alpina has an annual life

cycle (M. Parida et al., unpublished data), and larvae shelter

in underground soil tunnels where they are less likely to be

exposed to climatic extremes.

The association between snow grass damage and the pres-

ence of the moth species remains unclear (Chadwick, 1966;

Edwards, 2002). We were therefore particularly interested in

testing whether records of damage matched the distribution

of a particular species. We found that Poa damage sites

tended to be found in areas where the distribution of the

two species overlapped, although these areas were

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 5 Predicted maps at 250-m
resolution showing suitable habitat

distribution for Oncopera alpina, an alpine
Lepidoptera species from Australia, (a) with

and (b) without a background of the
species’ host-plant preference (five species of

Poa, P. costiniana, P. fawcettiae, P.
hothamensis, P. hiemata and P. phillipsiana;

Poa5), under current climatic space and
future climatic space for (c, d) 2030, (e, f)

2050 and (g, h) 2070. The legend indicates
suitability from 0 (not suitable) to 1

(perfectly suitable). The rectangular box
represents the extent of predictor layers and

the light grey area represents the elevation
above 700 m a.s.l.
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particularly suitable for O. alpina. Perhaps the presence of

both species is required for high levels of damage to become

evident.

In response to recent warming, large shifts in species

ranges have already been observed in butterfly communities

across Europe and North America (Parmesan et al., 1999;

Breed et al., 2012). Our results support the prevailing view

that climate limits the distribution of Lepidoptera at cool or

higher latitude range margins (Schweiger et al., 2012). How-

ever, unlike in the Northern Hemisphere, higher elevations

or latitudes are unavailable as climate refugia in Australia.

The Australian Alps region has warmed at a rate of about

0.2 °C per decade from 1950 to 2001 (Hennessy et al., 2003;

Wahren et al., 2013) and future predictions suggest continu-

ously rising temperatures, with average temperatures pre-

dicted to increase by +0.6 °C to +2.9 °C by 2050. These

changes are expected to be accompanied by a reduction in

snow cover and also a reduction in precipitation by up to

24% compared with 1990 levels (Worboys & Good, 2011).

We found that the distributions of both host and herbivore

species are projected to decline across time as conditions

become unfavourable, consistent with the projected response

of other cold-adapted animal and plant species in bioclimatic

modelling studies (Brereton et al., 1995; Habel et al., 2011;

Gottfried et al., 2012).

Habitat range and spatial connectivity is predicted to

decline within and between mountain ranges in both species,

which might limit gene flow between populations across dis-

junct and non-disjunct habitats, as has been observed in his-

torically isolated habitats (Osborne et al., 2000; Igawa et al.,

2013), particularly in species with poor dispersive abilities

(Gaublomme et al., 2013). Climate space for both the moth

species is expected to decline rapidly and become frag-

mented in the future. Such a range contraction will have

wider effects because these herbivores contribute to the

diversity of vegetation and associated fauna in the Australian

Alps. For instance, by causing localized grass death, the

moths create bare patches of ground that are essential for

the colonization of shrubs and forbs (Williams et al., 2014).

Our results also point to probable regional differences in cli-

matic effects, with L. caespitosae at greater risk of extinction

in the Victorian Alps and O. alpina at greater risk in the

Kosciuszko region. However, the wider distribution of Poa

spp. suggests that these species are more resistant to warm-

ing than their moth herbivores. Resilience of grassland com-

munities to climate warming has been observed globally

both in alpine and non-alpine areas (Pickering & Armstrong,

2000; Vittoz et al., 2009; Craine et al., 2012), in contrast

with vascular plant communities (Good, 2008; Gottfried

et al., 2012).

In summary, our study indicates that the spatial distribu-

tions of two alpine Lepidoptera species are climatically dri-

ven and likely to be more affected than their host species

under climate change scenarios. Lomera caespitosae is pre-

dicted to have a higher risk of range contraction than O. alp-

ina. Snow grass damage appears to be associated with zones

where these moth species’ distributions overlap. If both moth

species need to be present in an area to generate damage to

grasslands, there is likely to be less damage in future years.

There may also be other consequences of contracting moth

species distributions in future years, particularly for local

biodiversity.
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