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Abstract. In this review, the impacts of climate change on Lepidoptera species and communities are
summarized, regarding already registered changes in case of individual species and assemblies, and
possible future effects. These include changes in abundance, distribution ranges (altitude above sea level,
geographical distribution), phenology (earlier or later flying, number of generations per year). The paper
also contains a short description of the observed impacts of single factors and conditions (temperature,
atmospheric CO, concentration, drought, predators and parasitoids, UV-B radiation) affecting the life of
moths and butterflies, and recorded monitoring results of changes in the Lepidoptera communities of
some observed areas. The review is closed with some theoretical considerations concerning the
characteristics of “winner” species and also the features and conditions needed for a successful invasion,
conquest of new territories.
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Introduction

Changes in climatic conditions greatly influence the development and range of
insects. According to current estimates, the annual average temperature of the Earth
increases with 1°C by 2025 and the probable rise in temperature by the end of the
century is expected to reach 3°C (IPCC, 2007). Additionally, forecasts point to higher
atmospheric CO; levels and changing patterns of UV radiation. The impacts of climate
change must be studied from various aspects, such as forestry or agriculture (e.g.:
Spencer et al., 2009; Ladanyi and Horvath, 2010), human medicine (Kearney et al.,
2009; Kiritani, 2006; Takken and Knolsm, 2007), phytogeography (Uniyal and Uniyal,
2009) etc. This vast work requires the interdisciplinal cooperation of research from
many different fields (Hilker and Westerhoff, 2007; Strand, 2000), and it must be noted
that the effects of human interference, ecosystem-climate control and feedbacks should
also be studied (Drégelyi-Kiss et al., 2008).

The order of Lepidoptera is the fourth largest order of insects in Europe with 8470
species living in the area of 35 countries (Karsholt and Razowski, 1996). Due to this
species richness, the taxon list of a given area provides an extremely detailed view of
the environmental conditions of the site, and this is also true vice versa: butterflies and
moths show a sensitive reaction to the change of abiotic factors. Thus, butterflies and
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moths can be considered as good indicator species in monitoring climate change
(Ronkay, 2004).

Researchers started to study the potential effects of climate change on Lepidoptera in
the early 1990’s (Hedden, 1989; Peters, 1990; Watt et al., 1990; Dennis and Shreeve,
1991; Porter et al., 1991; Dennis, 1993; Williams and Liebhold, 1995; Harrington and
Woiwod, 1995; Harrington and Stork, 1995). According to Woiwod (1997), climate
change has three main impacts on Lepidoptera species:

1. Changes in abundance
2. Changes in range, distribution or area
3. Changes in phenology

It is also necessary to study the potential interactions of these effects. For instance,
there is a well documented relation between abundance and distribution, since
(temperate) species with the largest number of individuals generally have a large area as
well (Lawton, 1995). It is also understood that phenological changes can also affect
abundance (via the synchronization of predators and parasitoids with Lepidoptera as
prey organisms and also the synchronization of larvae and their host plants (Watt and
Woiwod, 1999), or the appearance of one or more extra generations in a year).
According to Porter et al. (1991) and Logan et al. (2003) the following possible impacts
can be expected in the near future: increasing rate of overwintering, prolonged
development stage, changes in the synchronization of host plant and pest, changes in
interspecific interactions including modifications in the relation of Lepidoptera and their
natural enemies, increasing severity of invasions of migrant pests, changes in the
frequency of damages due to gradation and general decrease in biodiversity.

According to Bale et al. (2002) the following problems have to be resolved to clarify
the direct impacts of climate change on Lepidoptera:

1. Lepidoptera species already encounter and cope with vast temporal and spatial
variability among natural conditions, therefore their reactions to climate change can
significantly differ depending on their habitat location (e.g. altitude), feeding regime
(e.g. poliphagous or monophagous) and host plant (good or inferior quality) not to
mention other biotic interactions. It is hard to decide which effects can be attributed
definitely to climate change, and often it is very complicated to separate direct and
indirect effects.

2. Even some single factors can often have quite different effects depending on the
extent of change and the affected species (e.g. increasing temperature can be harmful
for the overwintering of some species by decreasing the snow cover and weakening the
synchronization with the host plant, but in a warmer climate the development of some
species can accelerate and some species will be able to colonize new areas (Ayres and
Lombardero, 2000).

3. The niche width of many species is probably determined, at least in part, by
temperature regime. Although we often know which species replace each other along
climatic gradients, there is much less information on why one species replaces another.

Changes in abundance: decreasing or increasing number of individuals

There are many problems to cope with in monitoring abundance changes caused by
climate change. First of all, appropriate monitoring requires long-term data series since
the individual numbers of Lepidoptera species can show great variability in short term
and that can easily lead to misinterpreted short-term trends (Woiwod, 1991). The other
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problem is that even if we had long-term data, the observed changes can not be
attributed definitely to climate change because the size of Lepidoptera populations is
affected by many factors. These problems can only be overcome by very thorough,
long-term study of some species or communities, but such data series are quite rare
(Woiwod, 1997).

Decreasing number of individuals

Since the 1960°s the Rothamsted Insect Survey have been collecting light-trap data
over 430 points of Great Britain (the number of traps varies from year to year because
many light-traps have been operated by volunteers). More than 730 Macrolepidoptera
species has been caught since the system started operation, and more than 10 million
data have been recorded. In 1995, Pollard et al. predicted a further increasing trend in
the area and abundance of the prevalent Lepidoptera species of the British Isles, since
the results of the study showed that higher summer temperatures increase the number of
Lepidoptera individuals. The results calculated with regression models by Roy et al.
(2001) were quite similar: hot summer increased the number of individuals in 28 of the
31 studied Lepidoptera species, especially when the last year was rainy and the current
year dry. Forecasts predict increasing abundance of most species, only the Pieris
brassicae was seen declining. In contrast with these results, Conrad et al. (2004)
conducted a TRIM analysis (Pannekoek and Van Strien, 2001; Van Strien et al, 2001)
on a 35-year time series of 338 Macrolepidoptera species and showed that the individual
numbers of 54°% of the species had decreased. 24°% of the species showed a stable
population and strong increase in the individual numbers was shown by only 6 species.
It was also stated that most species feeding on deciduous trees, shrubs, grass and low
growing plants showed decreasing populations, while most lichen-feeders and conifer-
feeders were increasing. The number of individuals of most species overwintering in
egg stage decreased and fared worse than species overwintering as larvae or pupae,
which are also mostly decreasing. Species overwintering as adults, on average, have
increased, but the number of species was small and quite variable. The timing of the
adult flight period showed an interesting relationship with abundance trends. Only those
species which fly through the autumn, winter and spring showed populations which are,
on average, increasing. Species which fly at other times of the year showed average
(declining) population trends with species that fly only in the autumn or the summer and
autumn having the greatest average decrease. In a later study, Conrad et al. (2006)
analysed the Rothamsted Insect Survey (RIS) data for 337 species, each of which was
represented by more than 500 individuals captured over the 35-year sampling period
(1968-2002). Half of the studied species experienced a 10-year decline of at least 12%,
and results suggest that British macro-moths have undergone declines at least as severe
as British butterflies: the percentage of moth species declining (66%) was similar to the
proportion of butterflies declining (71%) and greater than the proportion of birds (54%)
or plants declining (28%).

Conrad et al. (2002) studied the population dynamics of Arctia caja on the British
Isles between 1968 and 1999. It was shown that the average number of catches (4.2)
rapidly fell after 1983 to 3.0 which is a 28°% decline. Many sources reported a
declining number of individuals (Rotschild, 2000; Waring, 2000; Conrad et al., 2001)
and later the spatial changes were also analysed by the SADIE (Spatial Analysis by
Distance Indices) method (Conrad et al., 2006). Three different stages were observed in
the spatial distribution: 1969-78 spatial distribution with a strong structure, 1979-90
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almost stochastic distribution, and 1991-99 strong structure again with a powerful
decrease in abundance). Conrad et al. (2003) pointed out that besides winter
precipitation and spring temperatures the abundance of the species is also affected by
the EA-index (East Atlantic teleconnection pattern). No relation was found however
between the population dynamics and the NAO (North-Atlantic Oscillation) index
significantly determining the winter climate of North Europe. Since the value of EA-
index has been considerably growing in the last 5 decades, further decrease in the
abundance of Arctia caja can be prognosticated according to the model mentioned
above.

Conrad et al. (2003) analysed the Rothamsted Insect Survey (RIS) data between 1968
and 2003 for those species which were represented by at least 500 individuals. It was
pointed out that the abundance of 71 species decreased in an extent that these species
must be regarded as endangered according to IUCN criteria. Since in the case of these
species we do not know about long-range migration, it is quite improbable that these
decreasing populations might be “saved” by individuals from the continent.

Roberts et al. (1993) and Gray (1994) observed that the populations of Lymantria
dispar can collapse in the United States after winters where the number of warm days
was high. The probable reason for this is that warm temperature induces faster rate of
metabolism in the individuals and the nutrient reserves needed for overwintering will be
exhausted earlier.

Increasing number of individuals

Salama et al. (2007) studied Macro-moths caught in a Rothamsted trap, operating
from 1968 to 2003 as part of the Rothamsted Insect Survey. These data were used to
investigate the long-term population trends of moth populations on East Loch
Lomondside, Scotland. In total, 367 species of macro moths were recorded during this
study. Over the 35 years of this study, an increase was recorded both in the overall
number of individuals and moth diversity (Fischer’s a: 19°% growth compared to
1968). Four of the most consistently abundant species, collectively constituting 27% of
the average annual catch, were subjected to more detailed analysis. The three species
that emerge during the summer months Eulithis populata (the northern spinach),
Hydriomena furcata (july highflier) and Idaea biselata (the small fan-footed wave)
became more abundant throughout the study period, (although for the latter species not
significantly so). For Eulithis populata and Idaea biselata their emergence time became
earlier, over the study period and in Eulithis populata and Hydriomena furcata, the
flight duration also became longer. In contrast, the species that emerges as an adult
during autumn and winter, Epirrita dilutata (the november moth) did not exhibit a
significant change in abundance, emergence date or flight duration in this study.

Changes in area (changes in latitude/altitude of dispersion)

The number of individuals per unit area (density) of Lepidoptera species decreases
with higher geographical latitude — Gaston and Williams (1996), Wilf and Labandeira
(1999) — and a similar trend can be observed in the case of increasing altitude over sea
level. It can be expected that as a result of warming, the majority of Lepidoptera species
living in the temperate zone will colonize areas with higher altitude and latitude
(Hickling et al., 2006), although this can be limited by the mobility of the species and
natural barriers (e.g. host-plant availability, sea, high mountains).
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Horizontal changes in the range of distribution

Fossil findings show that insects also had to react to climatic changes in the past
(Coope, 1970, 1987, 1995; McGavin, 1994; Ashworth, 1997). Wilf and Labandeira
(1999) observed increased damage intensity, frequency and diversity on late Paleocene
host plant leaves in Southwest Wyoming. These observations prove that damage
intensity and diversity of phytophagous insects living on the same latitude increased as
a consequence of warming. Change in precipitation patterns can also heavily affect the
change in area, though this impact is realized indirectly (via host plants and natural
enemies), and it is very difficult to prognosticate. According to Bale et al. (2002),
species which currently have wide latitudinal ranges, already encounter considerable
temperature variation and are, in a sense, preadapted to cope with temperature change.
Loss of habitats or changes in the microclimate of the habitats are severely affecting
factors, but these are very difficult to attribute definitely to climate change since the role
of human activity seems to be more determining. (E.g. according to Asher (2001), 70 %
of semi-natural habitats have been lost in the British Isles since 1940 due to the
intensification of agriculture.) Studying 46 butterfly species in Great Britain, Warren et
al. (2001) showed a marked difference between the distribution and abundance of
habitat specialist and habitat generalist species: generally area expansion was observed
by the generalists and the specialist species showed contraction. Consequently those
species whose distribution is primarily limited by climatic conditions (like Polygonia c-
album, which appears 220 km to the North compared to 1970) can be expected to
further expand their area. Specialist species with low mobility (like Plebejus argus) will
be limited in their colonization of new areas with suitable climate by the great distances
between their isolated habitats. Fox et al. (2003) reports a dramatic drop in the number
of individuals of low-mobility, specialist species since 1970 (Argynnis adippe, Leptidea
sinapis, Boloria euphrosyne, Euphydryas aurinia, Coenonympha tullia, Plebeius argus,
Hamearis lucina, Erynnis tages, Boloria selene). Only one habitat specialist species
with area expansion has been found (Limenitis camilla). Thomas et al. (2004) studied
the distributional changes of 58 Lepidoptera species endemic for Great Britain. Results
showed that 71 % of the species suffered area contraction and in the last four decades
these species became extinct from 13 % of the 10 km® quadrates inhabitated in 1970.
Two species become entirely extinct and the extent of area loss significantly exceeded
that of plants and birds recorded in the British Isles.

Expansion towards higher latitudes and altitudes are supported by the observations
below:

Parmesan (1996) monitored the distribution of Euphydryas editha on the ground of
historical data sets at 151 sites in Canada, US and Mexico. Results showed that the
species contracted from the southern border of its area and the decrease in individual
numbers in low altitudes significantly exceeded that in higher altitudes. This was the
first survey which studied the abundance of a Lepidoptera species on the full area of its
distribution.

Parmesan et al. (1999) studied the distributional changes of 35 Lepidoptera species in
Europe (none of them migratory species). According to their results, 63 % of the species
expanded towards North (the Northern border of distribution moved 35-240 km to the
North) and only 3 % of the species showed a southward expansion.

Parmesan and Yohe (2003) monitored 1700 taxa (insects, mammals, fish species,
trees, birds and lichens) and observed that their distribution expanded annually 6,1 km
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to the North or vertically 6,1 m to higher altitude and events in spring (first singing of
birds, arrival of migrant birds, appearance of butterflies, choruses and spawning in
amphibians, shooting and flowering of plants) will commence 2.3 days earlier per
decade.

Saarinen et al. (2003) reports northward shift of 7 butterfly species based on data
between 1991 and 2000 of the National Butterfly Recording Scheme in Finland.
Mitikka et al. (2008) constructed a model for the range shift of the map butterfly
(Araschnia levana) in Finland for the period of 2000-2004. A significant relationship
between annual maximum dispersal distance of the species and late summer
temperature was detected, and empirical data showed that between 2000 and 2004 the
range of the species moved continuously towards the North, especially in East Finland.
Parmesan (2006) also concludes that primarily warm summers induced the northward
shift of many North-European Lepidoptera species.

Kuchlein and Donner (1993) reported that Phyllonorycter platani (Gracillariidae)
was first caught in 1965 in the Netherlands but since then it became the most common
species in the country. Stigter and Frankenhuyzen (1991) reported that since the first
catch (1985) of Phyllonorycter leucographella in the Netherlands, the species spread
rapidly in the country. According to Vos and Zumkehr (1995), Omphaloscelis lunosa
(Noctuidae) was caught only in the Southern part of the Netherlands until 1980, but by
1994 the species became common in the Northern part of the country and even appeared
in the relatively cool Frisian Islands (number of annual catches increased from 10 to
260).

Kiritani (2006) cited reports on the northward range expansions of more than 50
butterfly species in Japan, and establishment of permanent populations of 10 butterfly
species which had been considered to be migrant species before. Kiritani attributes the
increasing abundance of Helicoverpa armigera and Trichoplusia ni to climate change,
however his results show that global warming is more favourable for the natural
enemies (with the exception of spiders) of the pests, since they are able to develop more
generations annually than their preys.

Hill et al. (1999) forecast that Pararge aegeria will colonize all suitable habitats in
the next 50 years in the British Isles.

According to one of the theories of theoretical ecology, when the climate of a given
area changes, then the areas of the species living in this area and limited by climate in
their distribution will also change. This theory was tested by Hellmann et al. (2008) by
comparing the northward shift of a small-bodied specialist (Erynnis propertius) and a
large-bodied generalist (Papilio zelicaon). Both species showed a positive reaction to
warming and both species can expand their areas northwards, but in line with the
expectations, the abundance and number of larvae of the large-bodied generalist showed
a more powerful growth at the northern edge of distribution than the small-bodied
specialist.

According to Thomas et al. (2001) both evolutionary and ecological processes react
to climate change, thus playing a role in area shifts. In their study, 4 Lepidoptera species
continuously increasing their area in the British Isles during the past 20 years were
observed. It was observed that two species (Hesperia comma, Aricia agestis) colonized
new types of habitats. Aricia agestis changed its main host plant (among experimental
circumstances females participating in the colonization laid two-third of their eggs on
Geranium molle which is more prevalent on the newly colonized territories, and only
one-third of the eggs was laid on the former main host, Helianthemum chamaecistus).

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 9(1): 43-72.
http://www.ecology.uni-corvinus.hu @ ISSN 1589 1623 (Print) ® ISSN 1785 0037 (Online)
© 2011, ALOKI Kft., Budapest, Hungary



Kocsis — Hufnagel: Impacts of climate change on Lepidoptera species and communities
_49 -

Braschler and Hill (2007) pointed out alternative use of host plants by the British Isles
populations of the (polyphagous) Polygonia c-album species (Ulmus glabra and Urtica
dioica instead of the formerly consumed Humulus Ilupulus). Nylin et al. (2009)
compared the populations of Polygonia c-album in Norway, Sweden, Great-Britain,
Belgium and Spain, and found that the host plant preference shifted from Salix caprea
to Urtica dioica facilitating rapid development (more generations per year), in regions
where the host plant was available.

Species without diapause or overwintering in active form the rate of overwintering
individuals will grow as winters become warmer. With the increase in winter average
temperatures these species can shift northwards and higher altitudes.

The quiescence of most temperate Lepidoptera species is in winter which is spent in
inactive pupa or larva form accompanied by slowing metabolism in order to increase
frost tolerance. In most of the species the temperature required to finish winter diapause
is lower than the temperature needed for the development, active stage and these reflect
the summer and winter temperatures of the given area. Geographical range of some
species i1s limited by the cold tolerance of their winter form, therefore their northern
limit of distribution follows the isotherm of the winter minimum temperatures (Uvarov,
1931; Danilevskii, 1965). In case of a warming climate it is expected that the northern
distribution of these species will be expanded.

As a consequence of warm winters, at the southern distribution border of some
species the temperature will exceed the threshold required for the induction of diapause,
so the southern border will shift northwards. For example the rate of survival of
individuals in quiescence of Inachis io and Aglais urticae decreases significantly at
10°C compared to that at 2°C (Pullin and Bale, 1989), and the decrease in the rate is
more marked in case of Inachis io. Therefore the southern range of Inachis io follows
the isotherm of the 10°C mean January temperature, and the southern boundary of
distribution of Aglais urticae can be found at a bit lower latitude (Bryant et al., 1997). If
winters become warmer, the southern border of distribution will shift northwards, but
since Aglais urticae is already present at the northernmost point of Norway (Nordkapp,
North Cape, 71°10° N, 24°11” E) and can not move to the North because of the sea, its
area will certainly decrease. Hill et al. (2002) monitored 51 Lepidoptera species in the
British Isles and observed that 11 out of 46 southerly distributed species have expanded
in the northern part of their distributions. For a subset of 35 species, they modelled the
role of climate in limiting current European distributions and predicted potential future
distributions for the period 2070-2099. Results show that most northerly distributed
species will have little opportunity to expand northwards and will disappear from areas
in the south, resulting in reduced range sizes. Southerly distributed species will have the
potential to shift northwards, resulting in similar or increased range sizes. However, 30
out of 35 study species have failed to track recent climate changes because of lack of
suitable habitat.

Vertical changes in the range of distribution

Hodar and Zamora (2004) monitored the damages of the polyphagous Thaumatopoea
pityocampa between 1992-2001 and found that the pest damaged plants at higher and
higher altitudes. The vertical distribution of the species is greatly affected by winter
temperatures determining the development of larvae. While the upper limit of
distribution was around 1500 m above sea level, the species damaged mainly the Pinus
nigra pine species. Following the very warm winters of 1997 and 1998 the moth
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damaged plants at 2000-2100 m above sea level, where populations of the boreal relict
Pinus sylvestris nevadensis can be found. This raises conservation concerns, especially
because it is expected that the intensity and frequency of damages and defoliation will
both increase due to warmer winters.

Larval development period can become shorter in species where the
development/temperature reaction curve grows rapidly, like Saturnia pavonia. This
decreases the exposition time to predators/parasitoids (Bernays, 1997). These species
are going to expand both in sense of geographical latitude and altitude above sea level.
Species however which can be characterized by long larval period, slowly growing
development/temperature curve, narrow ranged and low optimum temperatures (e.g.
Lasiocampa quercus callunae), will face the challenge that habitats in the South and at
low altitudes become too hot and these species are forced to shift their ranges to the
North and higher altitudes (Bale et al., 2002). A similar reaction can be expected by
species with two or more years of life cycle, where slow development decreases the
opportunity of quick adaptation.

According to Butterfield and Coulson (1997), those species can be considered
vulnerable which live among heavily limited climatic conditions, especially
mountainous and cold-adapted species. Wilson et al. (2005) studied the Lepidoptera
fauna of central Spain. It was observed that the lower elevational limits of 16 butterfly
species had risen on average by 212m between 1967 and 2004, accompanying an
increase of 1.3 1C in the mean annual temperature (equivalent to an approximate 225m
uphill shift in isotherms). The vertical changes in these Lepidoptera species mean the
loss of approximately one-third of suitable habitats, and this is expected to increase to
50-80 % during the 21* century.

Vertical changes had also been observed in the tropical areas: Chen et al. (2009)
studied the Geometrid population of Mount Kinabalu in Borneo and reported that the
area of 102 montainous species shifted upwards by 67 metres in average in the last 42
years.

Models, forecasting changes in area using climate scenarios

“Climate envelope” models are used to forecast future distribution of species.
“Climate envelope” is the set of environmental and climatic variables. Populations of
species are able to live, feed and propagate between the upper and lower limits of these
variables. This principle is applied by many computer programs, for instance CLIMEX,
HABITAT, BIOCLIM and DOMAIN. Other researchers use linear models and GIS-
techniques to forecast area shifts. These models are frequently used to prognosticate
future distributions of artificially colonized, introduced species, e.g. Chiasmia
inconspicua and C. assimilis (Palmer et al., 2007) and Euclasta whalleyi (Mo et al.,
2000) in Australia, or to forecast the global distribution of species, like in the case of
Cactoblastis cactorum (Legaspi and Legaspi, 2010). Petranyi et al. (2007) used the most
widely accepted scenarios (IPCC, 1990, 1995, 2001, 2007; Murphy, 1995) of global
general circulation models, Hungarian meteorological data of OMSZ (Hungarian
Meteorological Service) and the CRU grid database of IPCC to create a forecast of the
future changes of the Hungarian Lepidoptera fauna with a method applying
geographical analogies. Results showed that moving southward on the Balkan
peninsula, the share of members of Hungarian fauna gradually decreased and the
proportion of species leaving or becoming extinct in Hungary and also the proportion of
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species potentially migrating to Hungary because of changing climate increased. Data
obtained for the whole Lepidoptera order were compared with similar data gained for
Macrolepidoptera and Microlepidoptera. It was observed that Macrolepidoptera data
were significantly higher and Microlepidoptera data were significantly lower than those
obtained for the entire order. Supposedly, this can be attributed to better flying and
migratory characteristics of Macrolepidoptera. By studying individual species of
Macrolepidoptera families it was found that Sphingidae species (with the best flying
abilities) had the least endemic species in Hungary, while Geometridae species showed
a relatively high proportion of endemic species, therefore these species are appropriate
indicators of climate change in Hungary. As a summary, it was concluded that in case of
realization of the studied scenarios, their effect would not impact 55-81 % of the
Hungarian Lepidoptera fauna. Loss of the current fauna in species would attain 19-45 %
at most, and these are species living on the northern limit of their distribution. The
appearance of new species can be expected at most in a proportion of 19-31 % of the
current fauna, and the area of these species is mainly of South-eastern character.

Some ecologists heavily criticize climatic mapping models and also call the attention
that the area shift of a given species is the result of the complicated effects of many
different factors; and currently we don’t have appropriate knowledge on interspecific
relations. What’s more in many cases we have only scarce understanding on the most
important physiological parameters of a single species (Davis et al., 1998; Lawton,
1998; Hodkinson, 1999; Baker et al., 2000). Araujo and Luoto (2007) stated by
monitoring the European distribution of Parnassius mnemosyne with the “climate
envelope” method, that biotic interactions heavily affect the predictive power and
reliability of such models. Pearson and Dawson (2003) determined three general non-
climatic factors fundamentally affecting the distribution of a given species:

1. biotic interaction like competition and predation

2. fast local evolution inducing area shift without environmental changes

3. limiting effect of barriers.

However, even the hardest critics of climate mapping models recognize that these
methods can be applied with great benefits as a “first approach” or “null models™.

Thomas et al. (2004) applied a model created on the basis of the ,,climate envelope”
method on 20 % of the Earth’s terrestrial area and used three different scenarios (slight,
medium and drastic change) to prognosticate the number of species (mammals, birds,
Lepidoptera, reptiles, frogs and plants) becoming extinct as a consequence of climate
change. Results show that by 2050, 18-35% of the studied taxa can disappear
depending on the pace of change.

Zalucki and Furlong (2005) made forecasts with the CLIMEX model on the
expansion of Helicoverpa punctigera and H. armigera in Australia. Using Australian
climate data as a starting point, it was also determined where future expansion of H.
armigera can be expected around the globe.

Beaumont and Hughes (2002) simulated the future area of 24 Australian Lepidoptera
species by using BIOCLIM climate models. In case of a very conservative climate
scenario (0.8-1°C rise in temperature by 2050), 88 % of species with relatively wide
temperature optimum showed area contraction, and in 54 % of the species this
contraction exceeded 20 % of their current area. When applying an extreme scenario
(2.1-3.9°C rise in temperature by 2050), it was found that 92 % of he species showed
contraction in their distribution, and 83 % of the species the extent of contraction
exceeded 50 % of their current area.
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Gutierrez et al. (2006) applied four different climate scenarios to forecast the future
distribution of Pectinophora gossypiella, a pest damaging cotton plantations in
California and Arizona. The scenarios of the GIS-based simulation reflected 1, 1.5, 2,
and 2.5°C rise in daily maximum and minimum temperatures, and models also
contained further variables representing values of solar radiation, precipitation, nitrogen
content of soil, relative humidity and wind speed. Practically no impact was found as a
consequence of 0.5 and 1°C rise in average temperature, but when the rise in average
temperature reached 1.5°C the size of population surviving the winter grew significantly
and the area of feeding (damaging) also expanded. This species is not considered yet as
a serious pest in the South-Eastern states of the US. Venette and Hutchinson (1999)
studied in a CLIMEX simulation that what areas can be expected to be colonized by the
pest. Results show that the area expansion and serious damages of the species are
inhibited by high amounts of precipitation and cold summer and winter temperatures.
The model shows that there is 80 % chance that by rising temperatures, the species can
appear and can cause severe damages in some parts of Arkansas, Louisiana, Mississippli,
Alabama, Florida and Georgia.

The model by Fleming and Candau (1998) forecasts increasing severity of
defoliation by Choristoneura fumiferana (Tortricidae) in Canadian pine forests due to
decreasing number of late spring frosty days. The model by Hassell et al. (1993)
suggests that if the tortricid larvae serving as hosts of parasitoids hatch earlier and
earlier, they can avoid the appearance of adult parasitoid forms. As a consequence of
the “refuge in time” phenomenon, it is possible that larvae can entirely avoid the threat
of parasitoids. Based on the CGCM3-B1 climate scenario, Gray (2008) forecasts that
between 2081 and 2100 (atmospheric carbon-dioxide level reaches 550 ppm) the
defoliation damage by Choristoneura fumiferana will increase by 15 % in East-
Canadian pine forests, the length of gradation periods will increase due to drier and
warmer climate and the damages caused by the species will shift northwards.

Some researchers use life-cycle based classic eco-physiological models to study the
impacts of climate change (Kingsolver, 1989; Logan et al., 1976; 2003). These models
consider the metabolism of the larvae, thermoregulation and effects of temperature
exerted on the insects via host plants. Yamamura and Kiritani (1998) used heat unit
models for rapid estimation of potential changes in number of generations per year.
Morimoto et al. (1998) prognosticated the future expansion of three damaging
Lepidoptera species (Plutella xylostella, Chilo suppressalis, Ephestis kiihniella) and a
Coleoptera (Tenebrionidae) species (Tribolium confusum) by a model using heat units,
photoperiodic conditions, maximum and minimum temperatures. Results showed that in
case of a 2°C increase in annual average temperature, P. xylostella could develop 2
extra generations per year, and the distribution of C. suppressalis can spread northwards
by 300 km.

Phenology
Earlier flight

According to Woiwod (1997), many factors can influence the beginning of the flight
period, but temperature and precipitation immediately preceding the flight have the
greatest effects. Since temperature (heat units) is of fundamental importance, the start of
flight is one of the climate change related phenomena which can be studied easiest.
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Studying the effects of climate change does not solely include monitoring of the
beginning of the flight, but also the length of the flight period of adults and the time
elapsed between generations and number of generations per year. Brakefield (1987)
studied the flight of Maniola jurtina and Pyronia tithonus and showed that the extent of
flight asynchronities can be different in species depending on habitat preference. Wing
spotting and body size (smaller) of Maniola jurtina populations flying later in the year
were significantly different from those individuals flying earlier (Brakefield, 1987).

Forister and Shapiro (2003) studied the first appearance of flying adults of 23
Lepidoptera species in California on a 31-year time series. It was observed that the first
observation dates of individuals of species flying significantly earlier in this area of
Mediterranean climate became earlier by 42 days in general.

Earlier flight of Macrolepidoptera was observed by Stefanescu et al. (2003) when
analyzing trap data from 1988-2002 in Spain. The average date of the first flight of 8
species among the 19 species caught in large numbers advanced significantly.

Kearney et al. (2010) studied the appearance of Heteronympha merope in Southeast
Australia, near to Melbourne by using data from 1941-2005. In the last 65 years the
mean date of flight advanced by 1.5 days per decade — the average increase in
temperature in this period had been 0.16°C per decade.

Kuchlein and Ellis (1997) monitored 104 Microlepidoptera species in the
Netherlands which had been caught at least 30 individuals per year. It was observed that
the first date of appearance of these species advanced by 11.6 days between 1975 and
1994. This was attributed primarily to warmer springs, the influence of warmer
summers was found less determining.

Since it had been observed in Great Britain that mites usually appeared earlier on
agricultural fields than in the 1960’s, Woiwod (1997) studied at six sites whether this
phenomenon could be observed at Lepidoptera species. For the sake of simplicity, only
univoltine species were studied only at those sites where at least 20 individuals per year
had been caught, and 5, 25, 50, 75 and 95 percentile of the appearances were studied.
Results showed that Orthosia gothica flew almost a month earlier than in 1976 with all
percentiles being significant. As a result of expanded monitoring, Woiwod (1997) found
significant differences at 93 species, 88 showing earlier and 5 later mean dates of
appearance. These results were quite similar to those found at mites by Zhou et al.
(1996). It was concluded that during the next 20-30 years the first appearance dates of
most mite and Lepidoptera species will advance depending on the pace of warming.
Roy and Sparks (2000) prognosticated that 1°C rise in the annual average temperature
of the British Isles moves the start and peak of flight period earlier by generally 2-10
days.

Later flight

Woiwod (1997) observed that the species Xestia xanthographa caught at Cockayne
Hatley light-trap behaved in a very interesting way, since this has been the only species
at which the appearance of the flying adults slid to a later date during the past 20 years.
The appearance of this species is relatively late, so it was supposed that the appearance
can move to an even later date as a response of further warming. A similar phenomenon
was described by Buse and Good (1996) during experimental conditions by
Operophtera brumata.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 9(1): 43-72.
http://www.ecology.uni-corvinus.hu @ ISSN 1589 1623 (Print) ® ISSN 1785 0037 (Online)
© 2011, ALOKI Kft., Budapest, Hungary



Kocsis — Hufnagel: Impacts of climate change on Lepidoptera species and communities
_54 -

Appearance of extra generations

Future warming will affect species with different generations per year in a different
way and extent. Higher temperatures (ceteris paribus) can result in faster development
and consequently the appearance of extra generations in multivoltine species, like Pieris
brassicae (Pollard and Yates, 1993). The area of most of these species might expand to
higher latitudes and altitudes (Pollard et al., 1995; Hill et al., 1999; Parmesan et al.,
1999).

Altermatt (2009) studied 355 bi- or multivoltine Lepidoptera species in Central
Europe and observed augmented frequency of second and subsequent generations
relative to the first generation in a warm period since 1980, and 44 species even
increased the number of generations after 1980.

In case of 2°C increase in mean temperature, Morimoto et al. (1998) forecast the
appearance of two new generations per year by Plutella xylostella in Japan.

Tobin et al. (2008) studied the phenology of the multivoltine Paralobesia viteana
and found that the importance of warmer winters and springs is especially high, since
the species begins diapause 2-3 weeks after the summer equinox (therefore the increase
of heat units after this date has a limited effect on voltinism). An increase of above 2°C
in mean temperatures however, can significantly bring forward the egg-laying of the
second generation, so the probability of appearance of a third generation grows.

Effects of influencing factors, climatic components and interspecific relations
(temperature, atmospheric CO, content, UVB radiation, wind, precipitation,
predators and parasitoids)

Undoubtedly, temperature can be studied and measured easiest among all the
environmental conditions, this is why the decisive majority of the already published
studies deal with this factor and its effects. Climate change results however not only in
the change of temperature conditions, but affects the metabolism, phenology and
distribution of Lepidoptera in many ways.

Changes in temperature

Change of temperature can modify the life of Lepidoptera in many ways: the length
of the life-cycle (development rate), voltinism, density and size of population, the
genetic structure of the population, the extent of host plant exploitation, colonization of
new areas, geographical distribution (presence-absence) can be altered. In most of the
species, the limiting facto is the lack of the summer warmth (heat units), and not the
appearance of the lethal heat stress. Bale et al. (2002) states however, that the effects of
temperature change are frequently contradictory. Higher temperatures can help to
accelerate the development of individuals and increase the survival rate but these4 can
accompanied by lower adult body mass and lower fertility. There are some examples
that the development rate of some species showed temperature-independence during
examinations conducted in transects including areas from different altitudes, but
laboratory trials detected temperature-dependence in these species, e.g.: (Butterfiled,
1976; Coulson et al., 1976; Fielding and Tatchell, 1995). The reason for this is that
insects are able to actively manipulate their thermal micro-environment (May, 1979;
Heinrich, 1977; Porter, 1982; Bryant et al., 2000).
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Change in atmospheric CO,-content: Impact of changing atmospheric CO,-content
on Lepidoptera through host plants

The effect of increasing atmospheric CO;-levels to Lepidoptera can be quite various
(Bezemer and Jones, 1998; Whittaker, 1999). According to Coviella and Trumble
(1999), increasing atmospheric CO»-levels can have four main consequences to insect
populations:

1. Local disappearance of some species.

2. Changes in the grading of some insect species (endangered, pest).

3. The area of some species will be changed, limited to the areas where exploitable

host plants can be found.

4. Population dynamics of some species can be changed, and this will affect the

interactions with other insects and plant species.

High CO, levels are unfavourable for the larvae, primarily because of the altered
physiological attributes of the host plant. Almost all studies agree that the survival of
the larvae decreases due to the unfavourable content of the food (lower water and
nitrogen content, increased C:N ratio, higher phenolic compound and tannin content,
and their development period becomes longer. In these cases compensatory feeding is
quite characteristic: larvae consume more (up to 25 % more) from the inferior food.
Contradictory conclusions have been drawn from the studies: according to forestry
trials, increasing atmospheric CO, content (ceteris paribus) can lead to decreased level
of defoliation (Knepp et al., 2005), while others state that due to compensation feeding,
the intensity of damages is expected to grow (Lincoln et al., 1984).

Plants where eggs are to be laid on can be more hardly found by females of some
Lepidoptera species at high atmospheric CO, levels.

Results of studies conducted on Lepidoptera and Orthoptera larvae at high
atmospheric CO, levels (Lincoln et al., 1984, 1986, 1993; Lincoln and Couvet, 1989)
showed decreasing populations, however the extent of decrease was not significant in
every case.

Agrell et al. (2003) studied the effect of normal (38748 ul/l) and elevated (696+2
ul/1) atmospheric CO, content on Orgyia leucostigma larvae on three tree species among
different light conditions. Higher CO,-concentration had a massive impact on the
chemical composition of the foliage of the tree species: reduced water and nitrogen
content with higher starch, phenolic glycoside (salicortine and tremulacine) and tannin
content. The survival rate of larvae decreased by 62 %, development time increased and
larval mass significantly decreased.

Goverde and Erhardt (2003) studied the development of Coenonympha pamphilus
(Satyridae) larvae at elevated CO, concentration on four host plants. It was observed
that due to the changes in the nutrient content of the plants, the development of larvae
took 2 days longer in average, and plants gave different reactions on the change in CO;-
content which can affect host plant selection in the future.

Johns and Hughes (2002) studied the development of Dialectica scalariella
(Gracillariiddae) introduced to Australia for the control of the weed Echium
plantagineum (Boraginaceae) on host plants grown at elevated CO, level. Results
showed that the mortality of the larvae increased, the body-mass of the adults decreased
and their development required longer periods. Lincoln et al. (1984) studied the
development of Pseudoplusia includens (Noctuidae) at three different atmospheric level
of CO; on soy host plants. Due to decreasing nitrogen content of the leaves,
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consumption of the larvae increased at higher CO; levels, therefore authors concluded
that increasing damages of herbivore insects can be expected at elevated CO, levels.

Slower development and higher mortality of Junonia coenia (Nymphalidae) larvae
fed by Plantago lanceolata host plants grown in atmosphere with elevated atmospheric
CO; content (350 and 700 ppm CO,) have been observed by Fajer et al. (1989). Authors
concluded that this was caused by lower water and nitrogen content and not by the
change in the concentrations of defensive metabolites (glucosides). However, in a
following series of studies, slower development of larvae was not observed (Fajer et al.,
1991).

According to the results of Dury et al. (1998), larval development of Operophtera
brumata was detrimentally affected by increased phenolic content and decreased
nitrogen content of oak leaves due to higher CO; levels. Those Lepidoptera species that
are not able to feed longer than normal (Slansky, 1989) — in order to compensate lower
nitrogen content — become vulnerable for their natural enemies (Hochuli, 1996).
According to Woodward (1992) the effect of elevated CO; on the quality of foliage can
vary between plant species, and Lloyd and Farquhar (1996) state that the nutrient
content of the soil also has a great impact in this respect. The reaction of different
Lepidoptera species to elevated CO; levels can also be different, e.g. the performance of
Lymantria dispar improved on Quercus rubra while Malacosoma disstria did not show
any changes. At elevated CO, levels the development of Lymantria was unchanged
while that of Malacosoma disstria decreased on Acer saccharum (Lindroth et al., 1993).
This is supported by the observation of Traw et al. (1996), that the productivity of
Lymantria dispar in an elevated CO, atmosphere depends heavily on the host plant.
Buse et al. (1998) also states that the effect of CO, on larval development is not
unanimous.

Stiling and Cornelissen (2007) studied the development of 6 leaf-miner species in a
9-year series of studies at elevated CO, levels on 3 different host plants. Results showed
that high CO,-content decreased abundance of species by 21.6 %, increased relative
food utilization by 16.5 % and development time by 3.87 % and total consumption by
9.2 %. The feed conversion of individuals and pupal mass decreased significantly (-
19.9 % and -5,03 % respectively).

Stange (1997) observed that the CO,-emission of Opuntia stricta host plants play an
important role in the egg-laying of Cactoblastis cactorum females. Released CO, is
captured by special receptors of the females and eggs are laid on the healthiest plants.
At elevated CO; levels, females tend to find host plants more slowly and number of laid
eggs also showed a significant decline.

Changes in the intensity of UV-B radiation

According to the results of the (relatively small number of) available studies,
increasing UV-B radiation is very unfavourable for Lepidoptera species. This is because
the defensive mechanisms of host plants are unfavourable for the Lepidoptera, and some
data describing tritrophic interactions are also state that parasitoids prefer the weakest
larvae.

Hatcher and Paul (1994) studied the effect of elevated UV-B radiation on
Autographa gamma larvae feeding on pea. According to their results the phenolic
compound and nitrogen content of plants increased significantly, but this affected the
feeding of the larvae only in a small extent. Due to increased nitrogen content, larvae
utilized the consumed plant parts more effectively, however their total consumption
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decreased slightly. McCloud and Berenbaum (1994) observed definitely unfavourable
effects when studying the survival of Trichoplusia ni larvae on Citrus jambhiri leaves
exposed to UV-B radiation, because the plant metabolized toxic fumarocumarines as a
response to radiation.

Caputo et al. (2006) observed no significant reactions of Plutella xylostella larvae on
Arabidopsis thaliana host plant when exposed to UV-B radiation, female adults
however laid significantly less eggs in case of stronger radiation. According to the
results of the studies conducted by Foggo et al. (2007), scars done by Plutella xylostella
larvae on irradiated plant were smaller and more shallow, though the number of scars
was higher (but not significantly). When females could choose between irradiated and
untreated plants, most of them preferred the untreated plants for egg laying. It was also
observed that females of the parasitoid Cofesia plutellae species preferred those larvae
that were feeding on irradiated plants.

Changes in precipitation, impacts of drought

Drought periods are expected to become more frequent which is going to increase the
intensity of damages by herbivore insects due to various reasons. First, according to
Mattson and Haack (1987) the temperature of plants exposed to drought stress is 2-4°C
higher than those with appropriate water balance (closure of stoma inhibits transpiration
cooling), therefore these plants provide a favourable microhabitat for pests, this way
facilitating their fecundity (Sanders et al., 1978) and accelerating their development
(Lysyk, 1989). Second, the concentration of metabolites facilitating the fecundity of
female Lepidoptera (carbohydrates, protein-hydrolizates) in the host plant with water
deficit stress increases (Martinat, 1987). This is the reason why the frequency of total
defoliation and a northward shift in the geographical distribution of damages by
defoliators was prognosticated in North America by Williams and Liebhold (1995),
Hanson and Weltzin (2000), Volney and Fleming (2000) and Logan et al. (2003),
though in some Lepidoptera species (e.g. Aglais urticae) drought decreased fertility
(Pollard et al., 1997).

Changes in the activities of predators and parasitoids

The most important factor determining the efficacy of natural enemies are:
weakening of prey-predator (parasitoid) synchronization i.e. the ,refuge in time” effect
(Fleming and Candau, 1998), variability of the climate, extreme weather phenomena
and conditions (Stireman et al., 2005), changes in the foliage structure of host plants
(Chen and Welter, 2007), proximity of host plants of alternative prey species and the
presence or absence of the regional source population (Bell et al., 2006).

Fleming and Volney (1995) observed that the tortricid Choristoneura fumiferana
propagates earlier and earlier due to increasing temperature in Canada, and this way the
species might avoid the parasitoids in time.

Hance et al. (2007) studied the effects of extreme temperatures on parasitoids and
reported that due to the difference in thermal preferences the synchronization of host-
parasitoid relation can weaken both in space and time, which can lead to gradations.
Thomson et al. (2010) monitored the distribution of natural enemies of the polyphagous
tortricid Epiphyas postvittana in Australia and New Zealand and called the attention of
the plant protection experts to the importance of alternative host plants of parasitoids.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 9(1): 43-72.
http://www.ecology.uni-corvinus.hu @ ISSN 1589 1623 (Print) ® ISSN 1785 0037 (Online)
© 2011, ALOKI Kft., Budapest, Hungary



Kocsis — Hufnagel: Impacts of climate change on Lepidoptera species and communities
_58 -

Visser and Holleman (2001) described and Walther et al. (2002) also mentioned that
due to warmer springs, the budburst of oaks and the synchronization of Operophtera
brumata had weakened, and as a consequence the moth is less available for its predator

(Parus major). This causes severe disturbance in the propagation of the predator (Visser
et al., 1998).

Changes in species numbers, biodiversity and migrations
Observed changes in some communities

Panigaj and Panigaj (2008) monitored the Lepidoptera population of the
Temnosmrecinska valley (Slovakia, High Tatra) at seven sites and compared the catch
data with those 55 years before. 15 members of the earlier species list had disappeared,
but 6 new species have been caught. The main reasons for this were the changes in
abiotic factors and plant communities. Number of species which were caught at more
than one site simultaneously decreased significantly, and the number of species which
were caught at only one sight has grown. Kulfan and Zach (2006) also reported about
the change of abundance and structure of local Lepidoptera communities in Skalnata
valley (High Tatra, Slovakia), which can be traced back to the change of climatic
conditions.

Franzen and Johannesson (2007) monitored both nocturnal and diurnal
Macrolepidoptera communities on approx. 100 km® in the Kullaberg Nature Reserve,
Sweden. The findings were compared with a species list from 1950. According to the
results, out of 597 species, 159 (22 %) formerly on the list disappeared and 22 new
species appeared. The extent of decrease in species numbers was higher in case of
diurnal butterflies and moths than in nocturnal and other Macrolepidoptera species.
Individual numbers of disappeared species showed a strong decline in Finland as well
and individuals of species observed in Kullaberg were also caught in Finland. In case of
species not showing any change in abundance, Finnish trap data remained constant.
70 % of habitat specialist species disappeared and not just from the nature reserve but
also the Finnish traps were not able to catch them, so it was concluded that this change
of the latest 50 years affected a large area.

Bolotov (2004) reported that abundance and dominance characteristics of the taiga
Lepidoptera fauna of the Western Russian Plains has changed significantly due to
warming that started in the early 1990s. Species with formerly southern distribution
appeared in the area (Gonopterix rhamni, Euphydryas maturna, Melitataea athalia,
Limenitis populi, Argynnis paphia, Argynnis aglaja), and some migrant species also
appeared who were not able to adapt to the conditions in an extent to settle down, but
were regularly observed in the area (Vanessa atalanta, Vanessa cardui, Inachis io,
Colias hyale). Following the warm years of 1977-1978 and 1983, settling of southern
species was observed on the southern part of the Jamal-peninsula by Bogacheva and
Olschwang (1978), Olschwang (1992) and Bogacheva (1986), and also on the north-
western part of the Kola-peninsula by Isakov and Gromov (1997), but in the latter case,
the settled population had been decimated by the first hard winter.

The GIS-based model processing data on 292 Lepidoptera species by Kerr (2001)
shows the importance of habitat heterogeneity. Results showed that different types of
plant cover present in the same quadrate heavily affected the species richness of the
given area.
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Appearance of invasive species

Invasive or introduced species can severely affect the native biodiversity of the area.
40 % of North America’s main insect pests are introduced (Niemela and Mattson,
1996), this ratio in Great-Britain is around 30 %, and what’s more, 62 % of the 29 main
defoliators damaging forests are not indigenous (Pimentel, 2002). The success of
invasion is determined by various factors which can be modified by climate change in
different directions, therefore it is quite complicated to forecast the final impact (Ward
and Masters, 2007)

By studying some species, predisposing attributes which facilitate the species to
become invasive can be defined. The most important attributes are as follows:

1. A wide range of diet (generalist/specialist)

2. Phenological plasticity (voltinism)

3. Life-cycle strategy (overwintering, frost tolerance)

4. Mobility and fast reproduction ability, introduction pressure

Width of diet range (generalist/specialist species, mono-/polyphagy)

Invasion success is often linked with the width of diet range (Ehrlich, 1986;
Simberloff, 1989). Generalist species have greater chance to find some kind of suitable
food plant on a new area than specialist species feeding on only one or just a few plant
species. However, taxonomic generalism can mean nutrient specialism in many cases
(McNeill and Southwood, 1978; Lawton and McNeill, 1979; Bernays and Minkenberg,
1997), and it is also possible that the reason why a species is a generalist is that it has
such a mixed nutrient requirement which can only be satisfied by consuming various
plant species (Bernays et al., 1994). A specialist species often consumes only one plant
species or just plant species belonging to the same order or family, but it is also possible
that a specialist species become able to cope with the changing nutrient concentration of
the plant (McNeill and Southwood, 1978). It is also possible that though generalists
have a broader food-plant range, they can not cope with the increasing phenolic
compound and decreasing nitrogen concentration of the plants which is expected due to
increasing CO,-levels (Bezemer and Jones, 1998). This is especially true in case of
species belonging to such a guild the members of which do not conduct compensation
feeding (Hamilton et al., 2004). And finally, it is also possible that a given species
changes food plant in a new area, or increases its diet range (Pearson and Callaway,
2003).

Phenological plasticity

A tight synchrony can be observed between herbivore insects and their food plants
(those periods when the food plant is available). A good example for this is the
Lymantria dispar (Hunter and Elkington, 2000), feeding on Quercus rubra and Quercus
velutina species. If there is no alternative food plant and larvae hatch before budburst,
they won’t be able to find food and if they hatch well after budburst, the quality of the
food will not be appropriate, so the fecundity of the species decreases. Phenological
events of the spring (budburst, flowering) are becoming earlier and earlier (Sparks et al.,
1997, 2000; Fitter and Fitter, 2002), which can severely affect the insect feeding on a
given plant species.
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Due to earlier springs, the length of the active period increases, which can be quite
favourable for multivoltine species. A given food plant can become available for more
Lepidoptera species than before. Therefore invasive species are expected mostly to
require less tight synchronization with the given host plant (including multivoltine
species).

Life-cycle strategy, overwintering, frost tolerance

Detailed knowledge on the biological processes of overwintering and frost tolerance
can provide a good indication on whether the survival of a species is possible or not in
the new area (Bale and Walters, 2001). However, we do not possess these information
in case of many species. Overwintering strategies of individual species are quite well
known on the other hand. Most temperate species have some kind of winter diapause
(Leather et al, 1993), which is generally obligate in univoltine and facultative in
multivoltine species, where diapause is induced by some abiotic or biotic triggers.
According to Bale et al. (2002) the area of those species will be expanded which are
multivoltine, developing quickly, have no diapause, and those species which do not
require low temperatures to induce diapause. Fast individual development can also be a
decisive factor of the success of invasion (Lawton and Brown, 1986; Crawley, 1987).

Mobility and fast reproduction ability, introduction pressure

Introduction pressure is a function of the number and reproduction rate of propagules
introduced to the new area, and these factors are determined by the mobility of the
species and the size of the new area and the distance from the source habitat.
(Lockwood et al., 2005; Memmott et al., 2005). Changes in climate can provide better
conditions for those species expanding in their flying form, since they can reach new
areas in times when conditions are suitable for colonization, e.g. developing a new
generation.

The success of colonization is heavily affected by the reactions of local communities
to newly arriving populations (nutrients, niches). Various theories tried to explain the
success of invasion and the extent of the newly establishing diversity, e.g. the theory of
fluctuating resources (Davis et al., 2000), and the intermediate disturbance hypothesis
(Grime, 1973; Horn, 1975; Connell, 1987; Roxburgh et al., 2004). Human impacts must
not be disregarded and these can be either unfavourable (destruction of habitats etc.) or
favourable (introduction of species, establishment of protected environment for example
with glasshouses or production of new host plants).

Summary and outlook

As a consequence of climate change, changing conditions exert various effects on
Lepidoptera communities. Results of faunistical studies decisively show decreasing
number of individuals, however the role of human impacts must be huge in this
respects. A number of studies showed the horizontal and vertical expansion of
butterflies and moths. Temperate Lepidoptera species show a general trend of
expanding towards higher latitude and altitude, which is also supported by the forecasts
of the applied models. Higher mean temperatures induce earlier flight of adults,
appearance of new generations and due to area changes, food plant changes also can be
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observed in case of some species. One of the reasons for this is the weakened
synchronization with the food plant. Increasing CO, levels are usually unfavourably
affecting larvae, causing lower body mass and worse feed conversion. Intensification of
UV-B radiation is also detrimental for the development of the larvae due to the
enhanced defensive mechanisms and tritrophic interspecific interactions. Drought
reduces the reproduction success of many Lepidoptera species, though defensive
mechanisms of plants are expected to weaken, therefore the intensity of damages by
some species is prognosticated to grow.

Predicting and monitoring the impacts of climate change have many pitfalls and
challenges, which can fundamentally affect the results, e.g. human activity causing the
destruction of habitats etc. According to Bale et al. (2002) future research must consider
the following aspects:

1. By predicting the direct impact is of climate change on Lepidoptera and other
insect species, the phenotipical and genotipical flexibility of individual species
must also be considered.

2. Much greater attention has to be paid to the interactions of climatic factors. For
example the direct effect of temperature can be modified by changes in
precipitation, and this can affect relative humidity which greatly determines
physiological functions (e.g. reproduction, fertility). Besides, direct impacts of
climate change on the development of Lepidoptera and other insects must be
interpreted in a broader context, especially in regard of natural enemies and host
plants.

3. We have only little knowledge on the long-term population level responses and
reactions of Lepidoptera and other insects to global environmental changes.

4. Scientific studies should be extended to other biological systems (e.g. terrestrial
and sweetwater systems). The majority of currently available research results
deal with terrestrial insects.

These ideas support the need for cooperation of researchers from various fields of
science in order to clarify the individual effects and their complex resultant impacts.
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