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levana (Lepidoptera: Nymphalidae) with increase in altitude
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Abstract. Climatic conditions can modify the life history traits, population dynamics and biotic interactions of species. Therefore,
adaptations to environmental factors such as temperature are crucial for species survival at different altitudes. These adaptive
responses, genetically fixed or plastic (phenotypic plasticity), can be determined by physiological thresholds and might vary between
sexes. The objective of this study was to determine whether the life history traits of the European Map butterfly (Araschnia levana)
differ at different altitudes. A field experiment was carried out along an altitudinal gradient from 350 to 1010 m a.s.l. in a low moun-
tainous region (Bavaria, Germany). 540 butterfly larvaec were placed at different altitudes in 18 planted plots of their larval host
plant, the stinging nettle (Urtica dioica). After three weeks the larvae were collected and reared under laboratory conditions. Devel-
opmental traits of the butterflies, mortality and percentage parasitism were measured. Larval development was generally slower at
higher altitudes and lower temperatures and larval weight decreased with increasing altitude and decreasing temperature. However,
there were no significant differences in pupation, adult lifespan and percentage mortality at the different altitudes and temperatures.
Female larvae were heavier than those of males, and the pupal and adult lifespans were longer in females than in males. However,
male and female butterflies reacted similarly to altitude and temperature (no significant interactions). None of the 188 larvae col-
lected were parasitized. In conclusion, the phenotypic plasticity of European Map butterfly has enabled it to adapt to different tem-
peratures, but the strategies of the sexes did not differ.

INTRODUCTION

Environmental and climatic conditions determine the
limits of the ranges of many plant and animal species
(Warren et al., 2001; Franco et al., 2006; Parmesan,
20006). Increasing temperatures, caused by climate warm-
ing, can modify species life history traits and may result
in reduced or enhanced species survival (Bale et al.,
2002). If species specific tolerances to temperature are
exceeded, the phenology of plants and animals or their
distribution will change or they will go extinct (Parmesan
& Yohe, 2003; Root et al., 2003; Primack et al., 2009).
Therefore, species might expand their ranges into cool
regions, polewards or move to higher altitudes (Wilson et
al., 2007; Merrill et al., 2008). Life history traits can
facilitate or impede species migration and shifts in geo-
graphic distribution (Berner et al., 2004).

Insects, especially, should be affected by temperature,
because of their short life cycles, ectothermic physiology
and often low dispersal ability (Bourn & Thomas, 2002).
Increasing temperature can cause physiological changes
in insects, like deviations in diapause or dormancy. In
mountainous regions insects often have to adapt to frag-
mented habitats and harsh environmental conditions
(Hodkinson, 2005). Therefore rapid changes in mountain
communities can be expected as the climate changes
(McCarty, 2001). However, there are only a few altitu-
dinal studies on the effect of temperature on insects (e.g.
Karl et al., 2008). Recent studies show that insects at

higher altitudes adapt to lower temperatures by having
fewer instars and generations per year (Hodkinson, 2005).
Enhanced adaptation to local climate and altitude can be
facilitated by high phenotypic plasticity (Karl et al.,
2008). Alpine species of insects, for example, are often
better adapted to low temperatures than widespread spe-
cies (Buse et al, 2001). Body size can increase with
increasing altitude (Angilletta & Dunham, 2003; Karl &
Fischer, 2008) and species fitness can decrease at low
temperatures (Hodkinson, 2005).

Extreme environmental conditions have different
effects on different trophic levels (Schweiger et al.,
2010). At high altitudes insects like parasitoids have to
adapt to both host dynamics and to harsh environmental
conditions, which might result in a decrease in the rates of
parasitisation (Both et al., 2009; Holt & Barfield, 2009).
Slower development of host species in colder habitats
also increases the time for which they are vulnerable and
can result in an increased risk of predation and parasitism,
according to the slow-growth-high-mortality hypothesis
(Benrey & Denno, 1997).

Most altitudinal studies on the effects of temperature
are laboratory based (e.g. Karl et al., 2008). Field studies
on the relation between altitude and life history parame-
ters are still rare, but of particular importance since indi-
viduals live in the context of complex environmental and
trophic interactions. The aim of this experimental field
study is to disentangle potential effects of altitudinal gra-
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dients on the life history of Araschnia levana and its host-
parasitoid interactions. The butterfly A. /evana is a good
model species as it extended its distribution over the last
few decades (Parmesan et al., 1999; Parmesan, 2001;
Konvicka et al.,, 2003) and therefore the butterfly and
interacting species might not be optimally adapted and
synchronized. 4. levana occurs naturally along the whole
altitudinal gradient in the study region and because it is
bivoltine it is easily reared. Developmental time, mor-
tality and percentage parasitism of larvae placed in
experiment plots along an altitudinal gradient were meas-
ured. It was hypothesized that: (1) butterflies reared at
high altitudes will take longer to develop, be lower in
weight and fewer will survive because of the more unsuit-
able climatic conditions there, compared to low altitudes
and that (2) fewer of the butterfly larvae transferred to
high altitude sites will be parasitized than of those trans-
ferred to low altitude sites.

MATERIAL AND METHODS

Study region and experimental sites

The study region is located in the nature park Fichtelgebirge,
a low-mountain region in northern Bavaria (Germany) close to
the boarder with the Czech Republic east of the German town
Bayreuth. The altitude ranges up to 1051 m a.s.l. Eighteen sites,
covering the whole altitudinal gradient from about 350 up to
1010 m, were selected. The sites were located in fields next to
forest and shrubs, where A. levana populations occurred natu-
rally. At each of the 18 sites patches of the main larval food
plant of 4. levana, nettle Urtica dioica, were established.

Experimental design

In October and November 2008 1 m? sized patches of U.
dioica were established at each of the 18 study sites by planting
four pots of U. dioica. Study sites were located next to natural
U. dioica patches. To assure that the larval food plants had the
same phenological and genetic background commercially avail-
able seeds (Appels Wilde Samen, Darmstadt, Germany) were
used. In contrast to vegetatively reproduced plants the seeds
have the advantage that they are homogenous and allow fast and
repeatable growing of one genetically homogenous cultivar.
Seedlings were reared in a greenhouse and each planted ina 10 1
plant pot containing potting soil with osmocote fertiliser (0.3%).
After six months in the greenhouse the plants were transferred
to the field. When necessary the plants at the study sites were
protected from large herbivores by surrounding the patches with
wire mesh fences. The nettles were initially watered. To obtain
the average temperatures along the altitudinal gradient the tem-
perature every second hour at each of the 18 nettle sites along
the altitudinal gradient (06 June — 08 July 2009) was measured
using iButtons dataloggers (Maxim Integrated Products Inc.,
Sunnyvale, CA, USA).

Study species

The European Map butterfly Araschnia levana (Linnaeus,
1758) (Lepidoptera: Nymphalidae) is a widespread species in
Europe and has recently expanded its range in all directions and
colonized higher altitudes (Parmesan et al., 1999; Parmesan,
2001; Konvicka et al., 2003). The species occurs naturally in the
Fichtelgebirge and has two polymorphic generations per year (in
the intensive surveys carried out in 2008, spring and summer
generations were detected up to 800 m; Wagner unpublished
data). A partial third generation is possible in warmer regions in
southern Germany and is recorded only for places below 400 m
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a.s.l. (Ebert & Rennwald, 1991). The generations of 4. levana in
spring and summer differ in wing colour (Fric & Konvicka,
2002). The larval host plant of A. levana is the stinging nettle,
U. dioica, but it might also feed on other Urtica species (Ebert
& Rennwald, 1991). The butterfly lays eggs in long strings on
the underside of nettle leaves, where the larvae develop in
groups of between 10-30 individuals until the last larval stage.
In the field pupae are rarely found on the larval host plant, per-
haps because the larvae disperse from the host plant before
pupating (Ebert & Rennwald, 1991). Most of the parasitoids of
butterflies attack the first or second instar larvae and emerge
from the fifth instar or pupae (see for example Briickmann et al.,
2011). Parasitoids recorded from 4. /levana, are the two ichneu-
monids Apechthis compunctor and Thyrateles camelinus, and
the tachinids Bactromyia aurulenta, Compsilura concinnata,
Phryxe nemea, Phryxe vulgaris and Sturmia bella (Hertin &
Simmonds, 1976). Other parasitoids e.g. braconids are also
commonly recorded parasitizing butterflies (Hertin & Sim-
monds, 1976).

In March 2009 15 first generation individuals of A. levana
were caught at a location about three kilometres from the
nearest study site (300 m a.s.l., 49°54'N, 11°40°E ). This loca-
tion was chosen as the individuals there are probably similar
genetically to the natural populations in the study region. To
encourage the butterflies to reproduce they were kept in a cli-
mate chamber (22°C, 16L : 8D). As it was unknown whether the
females had already mated in the field, both males and females
were placed together in a cage (50 x 50 x 70 cm) with U.
dioica, flowering plants, sucrose solution and water, which are
the optimum conditions for reproduction. Females were allowed
to deposit eggs on the nettles. To synchronize egg hatching, the
eggs were collected and kept at 14°C (16L : 8D). Afterwards the
eggs were kept at 22°C (16L : 8D) to induce hatching. The first
and second instar larvae were randomly distributed between the
experimental nettle patches at the study sites in the Fichtelge-
birge (09—10 June 2009). 30 larvae were put on the nettles at
each site. After three weeks (01-02 July 2009) the larvae were
collected and were in the fourth to fifth instar, but had not yet
pupated. Therefore, the larvae could have been attacked by
parasitoids but they would not have emerged before collection
(Briickmann et al., 2011). The larvae spent three weeks in the
field and adapted to the climatic conditions at the study sites
before they were collected and transferred in the laboratory.
These larvae were placed individually in boxes (125 ml) with
moistened filter paper and leaves of U. dioica (22°C, 16L : 8D).
When necessary the boxes were supplied with new leaves. The
weights (in mg) of the larvae (directly after collecting) and
pupae (one day after pupation) and the larval development time
from collection in the field to pupation in the laboratory (in
days) and the time spent in the pupal stage, were recorded . The
butterflies that emerged from the pupae were placed in boxes
(1 1) and provided with sucrose solution and water. Adult life
span was recorded (in days from emergence to natural death).
Percentage mortality of the 30 larvae transferred to each site and
percentage mortality which occurred after collecting the larvae
and prior to adult emergence in the laboratory was calculated
for each site. Sex was determined after the adults emerged from
the pupae.

Statistical analyses

The statistical analyses were conducted in R (v. 2.10.1).
Linear mixed effect models (library nlme; Pinheiro et al., 2010)
with a maximum likelihood method were calculated with the
fixed effects sex at first position and either temperature or alti-
tude at the second position plus the interaction between sex X
altitude or sex x temperature. As it was not possible to deter-



mine the sex of all the individuals due to mortality during devel-
opment, the analyses were carried out with and without sex as a
fixed factor. However, the results were consistent and only the
data with sex as a cofactor is presented. The following 7
response variables were recorded: (1) larval weight, (2) pupal
weight, (3) larval development time from collecting to pupation,
(4) duration of pupation, (5) adult lifespan (6) percentage larval
mortality in the field and (7) percentage larval mortality in the
laboratory. Percentage larval mortality for each site was arcsin-

sqrt transformed. As the mortality rates are a single value at
each site and the sex of the individuals that died was unknown,
simple regressions with altitude and temperature were calcu-
lated.

RESULTS

Temperature decreased with increase in altitude (y =
—0.0059x + 20.13; R? = 0.885; P < 0.001; N = 18 sites),

TaBLE 1. Mean + SE (arithmetic means and standard errors of back-transformed data), test-statistic, degrees of freedom and
p-values for the life history traits of the European Map butterfly (Araschnia levana). The dependence on altitude and temperature is
shown (significant P-values are presented in bold). Sex was used as an additional fixed factor for larval and pupal weight, larval
development time, pupal and adult life span. Percentage mortality at each site was related to temperature and altitude.

Mean + SE Test-statistic N P

Larval weight (mg) 72.03 +3.48 156

Females 78.63 £ 5.54 76

Males 65.76 +4.19 80
Altitude

Sex Fi140=4.20 156 0.042

Altitude Fi,3=9.83 15 0.008
Temperature

Sex Fi140=4.35 156 0.039

Temperature Fi15=18.96 15 <0.001
Pupal weight (mg) 129.41 +1.31 156

Females 140.01 = 1.59 76

Males 119.34 £1.28 80
Altitude

Sex Fi140=104.35 156 <0.001

Altitude Fi; =3.39 15 0.089
Temperature

Sex Fi140 = 106.66 156 <0.001

Temperature Fii5 = 6.69 15 0.023
Larval development time (days) 7.93+0.19 155

Females 8.14£0.26 76

Males 7.72+0.26 79
Altitude

Sex Fi130=16.88 155 0.010

Altitude Fi15=10.58 15 0.006
Temperature

Sex Fi130=6.71 155 0.011

Temperature Fi3=19.27 15 <0.001
Pupal life span (days) 11.26 £ 0.07 155

Females 11.51 +0.09 76

Males 11.01 £ 0.09 79
Altitude

Sex Fi130=13.93 155 <0.001

Altitude Fi13=0.15 15 0.709
Temperature

Sex Fi130=13.95 155 <0.001

Temperature Fi13=0.37 15 0.556
Adult life span (days) 23.52+0.97 156

Females 27.32+1.56 76

Males 19.91 +1.03 80
Altitude

Sex Fi140=16.10 156 <0.001

Altitude Fi13<0.01 15 0.990
Temperature

Sex F1,140 =16.10 156 <0.001

Temperature Fi135=0.20 15 0.661
Mortality in the field

Altitude Fi16=2.91 18 0.107

Temperature Fi16=4.15 18 0.059
Mortality in the laboratory

Altitude Fi13=0.13 15 0.724

Temperature Fi13=0.10 15 0.757
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Fig. 1. Relationship between life history traits of the European Map butterfly (Araschnia levana) and temperature: A — mean larval
weight for each site (y = 19.91x — 251.54; R? = 0.642; P < 0.001; N = 16 sites); B — mean larval development time (from collecting
to pupation) for each site (y = —1.06x +24.93; R? = 0.570; P = 0.001; N = 15 sites).

which confirms that both altitude and temperature can be
used as alternative explanatory variables.

Mortality and percentage parasitism

Of the 540 larvae placed at the 18 sites along an altitu-
dinal gradient a total of 188 larvae were found and col-
lected from 16 sites after 3 weeks. At two of the sites no
larvae were found. Thus, the average percentage mortality
of larvae per site is 65%. Percentage larval mortality did
not change significantly with temperature or altitude,
even though there was a tendency for the percentage mor-
tality to increase in the field with increase in temperature
(Table 1). No parasitoids emerged from the butterfly lar-
vae.

Life history traits

There was a strong relationship between altitude/tem-
perature and the weight of the butterfly larvae (Table 1;
Fig. 1A) and between altitude/temperature and length of
larval development (Table 1; Fig. 1B), whereas other life
history parameters were not associated with altitude or
temperature (all P > 0.1; Table 1). All the traits of the
female and male larvae differed significantly. Female
larvae and pupae were heavier than those of males (Table
1). Females lived longer than males and took longer to
develop and spent longer in the pupal stage (Table 1).
None of the interactions between sex x altitude or sex x
temperature had a significant effect on the life-histories
(all P > 0.05).

DISCUSSION

As cited in the literature there was a decrease of 0.6°C
for every 100 m increase in altitude (e.g. Rolland, 2003).
As predicted, the life history traits of the European Map
butterfly (Araschnia levana) changed with increase in
altitude and decrease in temperature. Life histories of
females and males differed, but did not interact with alti-
tude or temperature. Comparison of the associations
between life history traits with altitude and temperature,

450

revealed that the association with temperature was higher
than with altitude, which indicates the usefulness of
measuring temperature in addition to altitude at each loca-
tion.

Mortality and percentage parasitism

Species are restricted to defined climatic envelopes
(Walther et al., 2002). If climate becomes less favourable,
deviations from the optimal temperature can result in
increased mortality (Alonso 1999; Karban & Strauss,
2004). Therefore, an increase in mortality with increase in
altitude was expected. However, there were no significant
negative associations between percentage mortality and
increase in altitude and decrease in temperature. This
might be because the larvae collected from the field were
all reared under the same temperature conditions.

As the species richness of insects generally decreases
with increase in altitude and increase in harshness of the
climatic conditions at high altitudes (Begon et al., 1996) it
was assumed that percentage parasitism would be lower
at the higher altitudes. However, none of the larvae col-
lected were parasitized, even those collected at low alti-
tudes. In theory, less favourable conditions and longer
development times of the host lead to increased per-
centage parasitism (Benrey & Denno, 1997), but at this
study site only bottom-up effects controlled the system
and top-down-control by parasitoids did not occur. Larval
development is more strongly determined by host plant
quality and abiotic environmental factors (bottom-up con-
trol) than by top down control (Hunter et al., 1997). The
fact that the 4. levana larvae were not parasitized might
not be due to the absence of parasitoids, but due to the
parasitoids being unable to detect the larvae in the newly
planted experimental nettle plots. Microclimatic condi-
tions, a too low population density of A. levana or pos-
sible chemical and landscape properties may have
contributed to the lack of parasitoids. Nevertheless none
of the 208 larvae of 4. levana collected in an extensive
survey of sites where nettles were growing naturally, in



the same area as the study sites, (Fichtelgebirge) in 2009
were parasitized (Wagner, unpubl. data). Also the author
of an unpublished thesis from Sweden reports not finding
any parasitized A. levana larvae, which is attributed to the
relatively recent colonization of Sweden by A. levana
(Soderlind, 2009, unpubl).

Life history traits

As the rate of development in insects strongly depends
on temperature (Van Doorslaer & Stoks, 2005; Bernardo
et al., 2006) it is assumed that they adapt to and have dif-
ferent developmental strategies at different altitudes (Karl
et al., 2008). Laboratory studies provide evidence that an
interaction between temperature and the origin of butter-
flies affect larval growth rates and adult fecundity (Burke
et al., 2005; Karlsson & Van Dyck, 2005; Nylin, 2009).
In accordance with other altitudinal studies, the larvae of
A. levana were lighter and took longer to develop at high
compared to low altitudes, presumably because of the
lower temperatures and high plasticity (e.g. Alonso,
1999).

The comparison of insects collected from low and high
altitudes has revealed that developmental rate increases
with altitude (Berner et al., 2004). This increase in devel-
opmental rate is associated with an increase in metabolic
rate (Terblanche et al., 2009). In the current study the
individuals originally came from sites at a low altitude.
Their response to high altitudes might be an adaptive
response to local climate facilitated by high phenotypic
plasticity (Berner et al., 2004). In another transplant
experiment craneflies that were transferred from a high
altitude to a lower altitude emerged at the same time
despite the differences in temperature (Coulson et al.,
1976). This result contrasts with those of the current
study in which larvae from lower sites developed more
slowly and were less fit due to the lower temperatures at
the higher altitudes, probably not for genetic reasons but
because of their high plasticity.

Furthermore females took longer to complete their
larval and pupal development than males. This accords
with other laboratory studies and might be caused by pro-
tandry (Bauerfeind et al., 2009), which may also account
for the lower weight of male butterfly larvae and pupae
(Fischer & Fiedler, 2001).

CONCLUSION

The results indicate that altitudinal and temperature gra-
dients affect the life history traits of the European Map
butterfly (4raschnia levana). The assumption that butter-
flies at higher altitudes develop more slowly and fewer
survive because of unsuitable climatic conditions could
only partly be confirmed. The lower weights and slower
development recorded at high altitudes compared to low
altitudes, where the temperatures were higher, is probably
a consequence of this species phenotypic plasticity. Sex
differences in larval weight, pupal and adult lifespan
might be due to protandry. The absence of parasitoids
prevented a comparison of percentage parasitism at dif-
ferent altitudes and a test of the hypothesis that increasing
temperatures might disrupt biotic interactions e. g. in the

synchrony between parasitoids and hosts. However, the
complete absence of natural antagonists either indicates
that this kind of disruption has occurred or that top-down
regulation of 4. levana populations plays a minor role.

ACKNOWLEDGEMENTS. We thank M. Konvicka, two
anonymous referees, S. Briickmann, I. Karl and J. Steckel for
helpful suggestions on how the manuscript could be improved,
A. Aures, M. Ewald, A. Guhr, J. Hager, T. Leipold, N. Liidtke
and N.-N. Moske for help with collecting and feeding Araschnia
levana. This project was supported by the Deutsche Forschungs-
gemeinschaft (Effects of climate change on altitudinal distribu-
tion, trophic interactions and genetic diversity of butterflies in
low-mountain regions; Contract Number STE 957/8-1 to ISD
and JK).

REFERENCES

Aronso C. 1999: Variation in herbivory by Yponomeuta
Mahalebella on its only host plant Prunus mahaleb along an
elevational gradient. Ecol. Entomol. 24: 371-379.

ANGILLETTA M.J. & Dunnam A.E. 2003: The temperature-size
rule in ectotherms: simple evolutionary explanations may not
be general. Am. Nat. 162: 332-342.

BaLE J.S., Masters G.J., Hopkinson 1.D., Awmack C., BEZEMER
T.M., BrowN V.K., BurterrieLp J., Buse A., Courson J.C.,
FARRAR J., Goop J.E.G., HARRINGTON R., HARTLEY S., JONES
T.H., LinprotH R.L., PrRESs M.C., Symrniounis 1., WaTT A.D.
& WHITTAKER J.B. 2002: Herbivory in global climate change
research: direct effects of rising temperature on insect herbi-
vores. Glob. Change Biol. 8: 1-16.

BauerreInD S.S., PerLick J.E.C. & Fiscuer K. 2009: Disentan-
gling environmental effects on adult life span in a butterfly
across the metamorphic boundary. Exp. Geront. 44: 805-811.

BecoN MLE., HarPER J.L. & Townsenp C.R. 1996: Ecology. 3rd
ed. Blackwell, Oxford, 1068 pp.

Benrey B. & Denno R.F. 1997: The slow-growth-high-mortality
hypothesis: A test using the cabbage butterfly. Ecology 78:
987-999.

BerNaRDO U., PEDATA P.A. & Viceiant G. 2006: Life history of
Pnigalio soemius (Walker) (Hymenoptera: Eulophidae) and
its impact on a leafminer host through parasitization, destruc-
tive host-feeding and host-stinging behaviour. Biol. Control
37:98-107.

BeErRNER D., KOrRNER C. & BLANCKENHORN W.U. 2004: Grass-
hopper populations across 2000 m of altitude: is there life his-
tory adaptation? Ecography 27: 733-740.

Botu C., van AscH M., Bursma R.G., van DEN Burg A.B. &
Visser ML.E. 2009: Climate change and unequal phenological
changes across four trophic levels: constraints or adaptations?
J. Anim. Ecol. 78: 73-83.

Bourn N.A.D. & THomas J.A. 2002: The challenge of con-
serving grassland insects at the margins of their range in
Europe. Biol. Conserv. 104: 285-292.

BruckmanN S.V., Krauss J., vAN ACHTERBERG C. & STEFFAN-
DewenTER 1. 2011: The impact of habitat fragmentation on
trophic interactions of the monophagous butterfly Polyom-
matus coridon. J. Insect Conserv. (in press: DOI:
10.1007/s10841-010-9370-7).

Burke S., PuLLin A.S., WiLson R.J. & Thomas C.D. 2005:
Selection for discontinuous life-history traits along a con-
tinuous thermal gradient in the butterfly Aricia agestis. Ecol.
Entomol. 30: 613-619.

Buse A., HapLEY D. & Sparks T. 2001: Arthropod distribution
on an alpine elevational gradient: the relationship with pre-

451



ferred temperature and cold tolerance. Eur. J. Entomol. 98:
301-309.

CouLsoN J.C., HoroBIN J.C., BUTTERFIELD J. & SmitH G.R.J.
1976: Maintenance of annual life-cycles in 2 species of Tipu-
lidae (Diptera) — field study relating development, tempera-
ture and altitude. J. Anim. Ecol. 45: 215-233.

EBerT G. & ReEnnwALD E. 1991: Die Schmetterlinge Baden-
Wiirttembergs. Band 1, Tagfalter 1., Band 2, Tagfalter I
Ulmer, Stuttgart, 552 pp., 535 pp.

FiscHer K. & FiepLer K. 2001: Dimorphic growth patterns and
sex-specific reaction norms in the butterfly Lycaena hip-
pothoe sumadiensis. J. Evol. Biol. 14: 210-218.

Franco A.M.A., HiLL J.K., Kitscake C., CoLLingHAM Y.C., Roy
D.B., Fox R., HunTLEY B. & TrHomas C.D. 2006: Impacts of
climate warming and habitat loss on extinctions at species’
low-latitude range boundaries. Glob. Change Biol. 12:
1545-1553.

Fric Z. & Konvicka M. 2002: Generations of the polyphenic
butterfly Araschnia levana differ in body design. Evol. Ecol.
Res. 4: 1017-1032.

HertinG B. & Smmmonps F.J. 1976: 4 Catalogue of Parasites
and Predators of Terrestrial Arthropods. Section A. Host or
Prey/Enemy. Volume VII. Lepidoptera, Part 2 (Macrolepido-
ptera). Royal Commonwealth Agriculture Bureaux, Farnham,
221 pp.

Hopkimvson I.D. 2005: Terrestrial insects along elevation gradi-
ents: species and community responses to altitude. Biol. Rev.
80: 489-513.

Hort R.D. & BArrIELD M. 2009: Trophic interactions and range
limits: the diverse roles of predation. Proc. R. Soc. (B) 276:
1435-1442.

Hunter M.D., VarLEY G.C. & GRADWELL G.R. 1997: Estimating
the relative roles of top-down and bottom-up forces on insect
herbivore populations: a classic study revisited. Proc. Natl.
Acad. Sci. USA 94: 9176-9181.

KarBaN R. & Strauss S.Y. 2004: Physiological tolerance, cli-
mate change, and a northward range shift in the spittlebug,
Philaenus spumarius. Ecol. Entomol. 29: 251-254.

Kare I. & FiscHer K. 2008: Why get big in the cold? Towards a
solution to a life-history puzzle. Oecologia 155: 215-225.

Karr 1., Janowitz S.A. & Fiscuer K. 2008: Altitudinal life-
history variation and thermal adaptation in the copper but-
terfly Lycaena tityrus. Oikos 117: 778-788.

Karcsson B. & Van Dyck H. 2005: Does habitat fragmentation
affect temperature-related life-history traits? A laboratory test
with a woodland butterfly. Proc. R. Soc. (B) 272: 1257-1263.

Konvicka M., MaraDova M., Benes J., Fric Z. & Kepka P.
2003: Uphill shifts in distribution of butterflies in the Czech
Republic: effects of changing climate detected on a regional
scale. Glob. Ecol. Biogeogr. 12: 403—410.

McCarty J.P. 2001: Ecological consequences of recent climate
change. Conserv. Biol. 15: 320-331.

MEeRrRILL R.M., Gutierrez D., LEwis O.T., GUTIERREZ J., DIEz
S.B. & WiLson R.J. 2008: Combined effects of climate and
biotic interactions on the elevational range of a phytophagous
insect. J. Anim. Ecol. 77: 145-155.

NyLiv S. 2009: Gradients in butterfly biology. In Settele J.,
Shreeve T., Konvicka M. & Van Dyck H. (eds): Ecology of
Butterflies in Europe. Cambridge University Press, Cam-
bridge, pp. 198-216.

ParMEsaN C. 2001: Coping with modern times? Insect move-
ment and climate change. In Reynolds D.R. & Thomas C.D.

452

(eds): Insect Movement, Mechanisms and Consequences: Pro-
ceedings of the Royal Entomological Society’s 20th Sympo-
sium (Symposia of the Royal Entomological Society of
London). CABI, Wallingford, pp. 387—414.

ParmEsaN C. 2006: Ecological and evolutionary responses to
recent climate change. Annu. Rev. Evol. Syst. 37: 637-669.
ParMEsaN C. & YoHE G. 2003: A globally coherent fingerprint
of climate change impacts across natural systems. Nature

421: 37-42.

ParMEsaN C., RyruorM N., Steranescu C., HiL J.K., THoMmAS
C.D., DesciMoN H., HunTLEY B., KaiLa L., KULLBERG J., TaMm-
MARU T., TENNENT W.J., THomASs J.A. & WARREN M. 1999:
Poleward shifts in geographical ranges of butterfly species
associated with regional warming. Nature 399: 579-583.

PmwERO J., BAaTES D., DEB ROY S., SARKAR D. & THE R DEVELOP-
MENT Core TEAM 2010:. nilme: Linear and Nonlinear Mixed
Effects Models. R package version 3.1-97.

Privack R.B., IBanez 1., Hicuchi H., LEg S.D., MILLER-RUSHING
AlJ., WiLsoN A.M. & SiLanDER J.A. 2009: Spatial and inter-
specific variability in phenological responses to warming
temperatures. Biol. Conserv. 142: 2569-2577.

Rorranp C. 2003: Spatial and seasonal variations of air tem-
perature lapse rates in Alpine regions. J. Climate 16:
1032-1046.

Roort T.L., Price J.T., HaLL K.R., ScuNEIDER S.H., ROSENZWEIG
C. & Pounps J.A. 2003: Fingerprints of global warming on
wild animals and plants. Nature 421: 57-60.

ScHwEIGER O., BiesMEUER J.C., Bommarco R., HickrLer T.,
Huwme P.E., Krotzl S., Kunn 1., Moora M., NIELSEN A.,
OHLEMULLER R., PETaNIDOU T., PorTs S.G., PY$EK P., STOUT
J.C., Sykes M.T., TscHeuLIN T., ViLA M., WALTHER G.-R.,
WEesTPHAL C., WINTER M., ZoBEL M. & SETTELE J. 2010: Mul-
tiple stressors on biotic interactions: how climate change and
alien species interact to affect pollination. Biol. Rev. 85:
777-795.

SoperLIND C. 2009: Parasitism in an Expanding Species — Has
the European Map Butterfly Escaped from its Natural Ene-
mies? Thesis, Institutionen for Ekologi, Sveriges Lant-
bruksuniversitet, Uppsala, 37 pp. [in Swedish, English abstr.].

TerBLANCHE J.S., CruseLLa-Trurras S., DEeere J.A., VanN
VuureN B.J. & CHown S.L. 2009: Directional evolution of the
slope of the metabolic rate-temperature relationship is corre-
lated with climate. Physiol. Biochem. Zool. 82: 495-503.

VaN DoorsLAER W. & Stoks R. 2005: Thermal reaction norms
in two Coenagrion damselfly species: contrasting embryonic
and larval life-history traits. Freshwat. Biol. 50: 1982—1990.

WaLTHER G.R., Post E., ConvEYy P., MENZEL A., PARMESAN C.,
BeeBek T.J.C., FROMENTIN J.M., HOEGH-GULDBERG O. & BAIR-
LEIN F. 2002: Ecological responses to recent climate change.
Nature 416: 389-395.

WarreN M.S., Hir JK., Taoomas J.A., Asuer J.,, Fox R.,
HuntLEY B., Roy D.B., TELFER M.G., JEFFCOATE S., HARDING
P., JErrcoATE G., WILLIS S.G., GREATOREX-DAVIES J.N., Moss
D. & Tuomas C.D. 2001: Rapid responses of British butter-
flies to opposing forces of climate and habitat change. Nature
414: 65-69.

WiLsoN R.J., GuTIERREZ D., GUTIERREZ J. & MONSERRAT V.J.
2007: An elevational shift in butterfly species richness and
composition accompanying recent climate change. Glob.
Change Biol. 13: 1873-1887.

Received November 18, 2010; revised and accepted February 1, 2011



