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Abstract

Climate warming is predicted to affect species and trophic interactions worldwide, and alpine
ecosystems are expected to be especially sensitive to changes. There are few studies on how
insect herbivory respond to warming. Therefore, the aim of this study was to examine if
experimental warming had an effect on herbivory by leaf-chewing insects in an alpine plant
community. To manipulate the climate | used open-top chambers (OTCs) from an ongoing
long-term experiment at Finse, Norway. By recording feeding damages on the vascular plants
in the OTCs and in control plots, | found that warming increased the herbivory pressure on
Dryas octopetala, but not on Bistorta vivipara and Salix reticulata. The increase was
significant both in early and late season. Species-specific responses suggest that warming
might have caused changes in herbivore activity or plant quality. A feeding preference
experiment with the larvae of the moth Zygaena exulans, a common herbivore at the study
site, showed a strong dislike for Saussurea alpina. However, no significant difference
between the preference for D. octopetala, B. vivipara, S. reticulata, and S. herbacea was
found. There was little consistence between the feeding experiment and the field registrations.
This discrepancy might be caused by the presence of additional insect herbivore species in the
field or the fact that the feeding experiment was based on an introductory no-choice test. Even
with the limitations in using OTCs for herbivory research, the present study indicates that
some species, such as D. octopetala, will be more susceptible to insect herbivory than others
when temperatures increase. Although the impact of increased herbivory on plant
performance has not been assessed in this study, the increase in damages on D. octopetala
suggests that it is important to take insect herbivory into consideration when predicting

changes in alpine plant communities due to climate warming.
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1 Introduction

Global mean temperatures have already increased due to climate change and the warming is
predicted to continue (IPCC 2007). Worldwide, this is affecting species and trophic
interactions (Parmesan & Yohe 2003; Parmesan 2006; Tylianakis et al. 2008; Walther 2010).
Alpine ecosystems are expected to be especially sensitive to changes (Shen & Harte 2000)
and climate change is predicted to be the major driver of shifts in biodiversity and species

composition (Sala et al. 2000).

Most of the research on the effects of climate warming, both in alpine and other ecosystems,
has focused on plants (Arft et al. 1999; Elmendorf et al. 2012; Pieper et al. 2011; Walker et al.
2006). Some focus has been directed to the effects on insects, for example studies showing
range shifts to higher latitudes or altitudes (e.g. Dieker et al. 2011; Drees et al. 2011; Hickling
et al. 2006) or studies examining abundance in response to experimental warming (e.g. Adler
et al. 2007; Dollery et al. 2006). Less studies have focused on the plant-insect interaction in
general and insect herbivory in particular (but see Richardson et al. 2002; Roy et al. 2004),
even though this may be important for understanding how ecosystems respond to climate
warming (Roy et al. 2004; Tylianakis et al. 2008).

How insect herbivory will change due to warming is difficult to predict (Richardson et al.
2002), therefore scientists ask for research on interactions between herbivores and plants
under climate warming in various ecosystems (Li et al. 2011). Especially, long-term warming
experiments in the field are considered to be important (Adler et al. 2007). Warming
experiments studying insect herbivory in alpine and arctic areas have included various plant
species and different guilds of insect herbivores such as leaf-chewing, leaf-mining, and
sap-sucking insects. These experiments found that some plants experienced decreased
herbivory, some experienced no change, whereas others experienced increased herbivory with
warming (Richardson et al. 2002; Roy et al. 2004).

The above mentioned studies indicate that the response varies between plant species.
Therefore it is likely that some species will be more susceptible to increased insect herbivory
than others when the temperatures increase. In order to predict which species that will
experience increased herbivory, it is essential to gain knowledge about the feeding
preferences of insect herbivores. At present, this information is incomplete or missing for

many species. A common way to study feeding preferences is to conduct feeding preference
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experiments in the laboratory (e.g. Hernandez et al. 2011; Hagvar 1976; Pérez-Harguindeguy
et al. 2003).

The aim of this study was to examine if experimental warming had an effect on herbivory by
leaf-chewing insects in an alpine plant community. To manipulate the climate, | used
open-top chambers (OTCs) from an ongoing long-term warming experiment at Finse,
Norway. | also examined the food preference of the larvae of the diurnal moth Zygaena
exulans (Hohenwart 1792), a common species at Finse and one of the main insect herbivores

in the study area (Hagvar 1976). | ask the specific questions:

(1) Does warming have an effect on the amount of insect herbivory?

(2) Does the effect of warming on the amount of insect herbivory vary between the plant
species?

(3) Does warming have an effect on the amount of insect herbivory both early and late in
the season?

(4) What is the preferred food plant of Z. exulans?

2 Materials and methods

2.1 Study site and study species

Field work was performed during the summer 2012 at Finse, situated in the northern part of
Hardangervidda mountain plateau, southwest Norway. The study site was located in the
midalpine zone at 1450 m a.s.l. on the southwest facing slope of Sanddalsnuten (60°36.8’N-
7°31.2’ E). Finse has an alpine-oceanic climate with 6.3°C as mean temperature June - August
(Aune 1993), and 89 mm as mean monthly precipitation during the same period
(Ferland 1993).

The dominant plant in the study area is the wintergreen dwarf shrub Dryas octopetala L.,
which often forms heath communities on dry calcareous soils in arctic-alpine environments
(Elkington 1971; Mossberg & Stenberg 2007). Alpine Dryas heaths are biodiversity hotspots
with common species like Bistorta vivipara (L.) Delarbre, Salix reticulata L., Saussurea
alpina L., and Tofieldia pusilla (Michx.) Pers. Important leaf-chewing insects feeding on
vascular plants at Finse are Lepidoptera (e.g. Z. exulans, Boloria napaea (Hoffmannsegg

1804), Erebia pandrose (Borkhausen 1788)), beetles (e.g. Curculionidae, Chrysomelidae),
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sawflies (e.g. Tenthredinidae) and a grasshopper (Melanoplus frigidus (Boheman 1846))
(Hagvar 1975; Hagvar 1976; Seglen 1967; Solhgy 1997).

2.2 Warming experiment

Open-top chambers (OTCs) were established in the study area in 2003 (Fig. 1). OTCs are
frequently used to simulate regional climate warming and are considered to have few
undesired side effects (Arft et al. 1999; Hollister & Webber 2000; Marion et al. 1997). During
the growth season, the mean air temperature in the OTCs compared to ambient temperature is
1.6°C warmer at 5 cm above ground (Sandvik & Eide 2009). This is in accordance with an
expected warming of 0.2-0.5°C per decade until 2050 for the Norwegian mainland
(Hanssen-Bauer & Farland 2001). Further details about the OTCs can be found in Sandvik
and Eide (2009).

Figure 1. OTCs at the slope of Sanddalsnuten, Finse, Norway, 2012. Photo: T. Hasle

For the registrations | used a subset of 10 out of the 32 OTCs in the study area. | selected the
OTCs to use randomly, but made sure most of them contained D. octopetala so their
conditions were as similar as possible and comparable to the research done by another master
student, S. Bergmann, at a higher elevation site at Sanddalsnuten (1550 m a.s.l.). | established

10 control plots randomly around the OTCs, but made sure most of them also contained



D. octopetala to make their conditions similar to the OTCs. The control plots were placed at

least 1 m from OTCs to avoid being influenced by my registration activity.

| did registrations inside a 50 x 50 cm frame in each OTC and control plot. The frame was
divided into subplots to make registrations easier. To avoid edge effects from the walls, | put
the frame in the middle of the OTCs. | recorded the feeding damages made by leaf-chewing
insects on all living vascular plants inside the frame in each plot. | also recorded all
leaf-chewing insects known to feed on vascular plants (ca one hour of searching per plot). If
there were insects in an OTC, but not inside the frame, | recorded them too because the
insects move fast and might as well have been inside the frame. To obtain comparable data, |
also recorded insects close to the control plots (< 15 cm). In order not to disturb the
experiment, no insects were removed from the plots. Therefore, all species identification was
done on site or later from photographs. Because of the limited scope of a 30 credits master
thesis, |1 did no other insect collections. | estimated the percentage cover separately for
D. octopetala, B. vivipara, and S. reticulata inside the frame in each plot. To detect
differences in herbivory between early and late season, | did the same field registrations twice
during the summer (early: 19.-28.06.12 and late: 01.-04.08.12).

2.3 Feeding preference experiment

I conducted a feeding preference experiment together with S. Bergmann in late June 2012 to
identify the preferred food plants of the polyphagous Z. exulans larvae (Naumann et al. 1999).
This species was selected because we observed it in high abundances in the study area. Based
on a combination of literature on preferred food plants (Hagvar 1976; www.lepidoptera.no
s.a.), own observation of common plants species, and own observation of species with feeding
damages, we decided to use D. octopetala, B. vivipara, S. reticulata, S. herbacea, and
S. alpina in the experiment. First we did an introductory no-choice test (Schoonhoven et al.
2005) to see which plant species to exclude from the main test, a paired-choice test (Horton
1995). In the paired-choice test each larva was given two plant species in each trial to observe
which one it preferred. However, feeding marks were found in only 17% of the trials as the
larvae became inactive after ca one week in the laboratory. Therefore, the data from the
paired-choice test are not presented, and | used the data from the no-choice test to approach

the feeding preferences of Z. exulans.



We collected larvae in vegetation similar to the study area 20-100 m away from the OTCs and
brought them back to the laboratory at Finse Research Station. Each larva was put in a
separate plastic box with a ca 1 cm thick layer of plaster of Paris at the bottom (Fig. 2). To
prevent the larvae from escaping, but allow air circulation, we covered the boxes with netting.
We used lids with a hole in the middle to secure the netting. Large windows in the laboratory
ensured similar day and night cycles as outside. Room temperature was ca 21°C during the
day and ca 16°C during the night. To keep the boxes moist, we added a bit of water to the
plaster of Paris every morning. The plant material used was undamaged leaves collected one
or two days before feeding and kept fresh in plastic boxes with water in a cool room. The

leaves were collected in the same area as the larvae.

Figure 2. Box with Z. exulans larva used in the feeding preference experiment. Photo: T. Hasle.

We starved the larvae overnight to make conditions for all individuals as similar as possible
and to make sure they were motivated to eat during the feeding trials (Jogesh et al. 2008;
Pérez-Harguindeguy et al. 2003). We fed the larvae in the morning by putting leaves in the
center of the boxes and placing the larvae next to the leaves to make sure they all had the
same chance to discover the food. In the no-choice test each larva was fed two leaves, both
from the same plant species, in each trial. After ca 11 hours, we removed the leaves. Because
of variation in interspecific and intraspecific leaf size, we classified the leaves as either not
eaten (less than 10% eaten) or eaten for the statistical analysis. Each larva was used in several
trials and we randomized which larvae that were fed which plant species. Dead or molting

larvae were removed from the experiment and recordings on these individuals were excluded

5



if they did not feed in earlier trials. This was done because Z. exulans larvae do not eat for 5-6
days before molting (Hagvar 1976). We did new trials to replace the ones excluded so that we

had 20 replicates of each plant species.

2.4 Statistics

The field data were not normally distributed and it was not possible to transform them to
normality. Therefore | used nonparametric tests. | used R version 2.14.2 (R Development

Core Team 2012) in all statistical analyses.

I used Mann Whitney U tests in all analyses except for the feeding preference experiment. In
most Mann Whitney U tests, Treatment (OTC or control) was used as explanatory variable.
The response variable was either Number of damaged leaves, Relative amount of damages,
Number of all Lepidoptera larvae, or Number of Z. exulans larvae. Relative amount of
damages was calculated as the number of damaged leaves divided by the percentage cover of
the damaged plant species. To determine the relationship between feeding damages and
presence of all Lepidoptera larvae or presence of Z. exulans larvae alone, |1 used Mann
Whitney U tests with Number of damaged leaves as response variable and Presence of all
larvae (1 or 0) or Presence of Z. exulans larvae (1 or 0) as explanatory variables. These
analysis included data from both the OTCs and the control plots. Data from early and late
season were always combined in analyses with all Lepidoptera larvae. Only early season data
were used in analyses with Z. exulans, because these larvae were only recorded in this period.
To compare preferences of Z. exulans in the feeding experiment, | tested whether number of
replicates with feeding damages differed between plant species by using Fisher's exact test.
Number of replicates with and without damages was used as response variable, and each plant
species as explanatory variable. | performed tests for all possible combinations of plant

species.



3 Results

3.1 Feeding damages

Based on the difference in medians, experimental warming increased the total number of
damaged leaves by 115% late in the season, whereas early in the season warming had no
significant effect (Fig. 3). Feeding damages were recorded on D. octopetala, B. vivipara,
S. reticulata, S. alpina, T. pusilla, Vaccinium myrtillus L., V. uliginosum L., Parnassia
palustris L., Thalictrum alpinum L., and Carex species. Other vascular plants, for example
S. herbacea, were observed in the plots as well, but none of these had feeding damages.

Combined, D. octopetala, B. vivipara, and S. reticulata had more than 95% of the recorded
damages. Early in the season none of these species showed a significant difference in number
of damaged leaves in OTCs compared to control plots, whereas late in the season warming
increased the number of damaged leaves on D. octopetala by 310% and on B. vivipara by
153%, based on the medians (Table 1). However, when the cover of D. octopetala,
B. vivipara, and S. reticulata in the plots was accounted for in the analyses, D. octopetala was
the only species that showed an increase in amount of damages with warming (Fig 4). In
contrast to the increase in Number of damaged leaves, this increase in Relative amount of
damages for D. octopetala was significant both early and late in the season. Based on the
medians, the increase was 168% early and 458% late. For late season the increase was
significant even when the outlier with the highest value was removed (Mann Whitney U tests:
W =62.0, p<0.001, control: n=9, OTC: n =7, Fig. 4 d).



150 200 250
| | |

100
|

a) Total damages, early
W =44.0,P=0.677

Total number of damaged leaves
50
|

o N

control
n=10

Figure 3. Total number of damaged leaves in OTCs and control plots for early and late season, Finse,
Norway, 2012. Box plots show the median, boxes mark the interquartile range. Whiskers show the
minimum and maximum values that fall within 1.5x the length of the box away from the interquartile
range, data further away are shown as outliers. P values in bold are significant at 5% level according to
Mann Whitney U tests. Without the outlier in Fig b; W = 69.5, p = 0.050.

Table 1. Number of damaged leaves on B. vivipara, D. octopetala, and S. reticulata in OTCs and
control plots for early and late season, Finse, Norway, 2012. Medians for each group are shown, in
parenthesis are the 1 and 3" quartiles. P values in bold are significant at 5% level according to Mann

Whitney U tests.
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Species Season Number of n Number of n W P
damaged leaves damaged leaves
B.vivipara  Early 14 (7, 31) 10 7(1,15) 10 415 0543
Late 9 (4, 18) 10 22(13,25) 10 780 0.037
D. octopetala Early 26 (10, 49) 9 30 (9, 42) 8 44.0 0.677
Late 26 (11, 56) 9 107 (34, 120) 8 795 0.028
S. reticulata  Early 0(0,2) 9 0 (0, 0) 5 21.0 0.867
Late 1(0,2) 8 0(0,2) 10 305 0.379
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Figure 4. Relative amount of damages calculated as number of damaged leaves divided by percentage

cover of the damaged plant species in OTCs and control plots for early and late season, Finse,

Norway, 2012. Box plots show the median and boxes mark the interquartile range. Whiskers show the

minimum and maximum values that fall within 1.5x the length of the box away from the interquartile

range, data further away are shown as outliers. P values in bold are significant at 5% level according to

Mann Whitney U tests. Note the axis break in Fig. d and the differences in scale.
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3.2 Presence of insects and feeding preference experiment

Few Lepidoptera larvae were recorded in the plots (Table 2) and the ones found were
Z. exulans, E. pandrose, and Noctuidae species. No beetles feeding on vascular leaves were
recorded. There was no significant effect of warming on occurrence of Lepidoptera larvae or
Z. exulans larvae only (Mann Whitney U tests: W = 183.5, P = 0.486, n = 40 and W = 51.5,
P = 0.914, n = 20, respectively). Furthermore, there were no significant differences in the
number of feeding damages between plots with and without Lepidoptera larvae (Mann
Whitney U test: W = 127.0, P = 0.353, larvae present: n = 6, larvae absent: n= 34) or with and
without Z. exulans larvae (Mann Whitney U tests: W = 48.0, P = 0.142, Z. exulans present:

n =4, Z. exulans absent: n = 16).

The no-choice test showed that the Z. exulans larvae preferred S. alpina less than
D. octopetala, B. vivipara, S. reticulata, and S. herbacea (Fisher’s exact test: P < 0.001 for all
combinations) (Fig. 5). However, there were no significant differences between the preference
for D. octopetala, B. vivipara, S. reticulata, and S. herbacea (Fisher’s exact test: P > 0.1 for

all combinations).

Table 2. Number of plots with Lepidoptera larvae early and late season, Finse, Norway, 2012. Number

of larvae in each plot is given in parenthesis.

All Lepidoptera larvae Z. exulans larvae only
Early Late Early Late
Control plots 2(1+2) 2 (1+1) 2(1+2) 0
OTCs 2(2+3) 0 2(2+3) 0

10
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Figur 5. The preference of Z. exulans larvae for D. octopetala, B. vivipara, S. reticulata, S. herbacea,
and S. alpina in a laboratory no-choice feeding experiment.

4 Discussion

4.1 Feeding damages

Warming increased the total number of damaged leaves in an alpine Dryas heath at Finse late
in the season. This is consistent with Bergmann (manuscript) who showed that there were
more damaged leaves in the OTCs than in the control plots at a higher elevation site at
Sanddalsnuten. The results from Finse are in accordance with Roy and colleagues (2004) who
found that experimental warming increased the herbivory by leaf-chewing insects in a
montane meadow in the Rocky Mountains. Furthermore, Kozlov (2008) found that the
herbivory by leaf-chewing and leaf-mining insects increased with warmer climate along a
gradient in Fennoscandia. Studies of fossil leaves from the Paleocene-Eocene global warming
period also show that the amount of damages increased with warming (Wilf & Labandeira
1999).

The increase in total number of damaged leaves late in the season was mainly due to feeding
marks on D. octopetala and B. vivipara. However, when the cover of the plant species was
accounted for, only D. octopetala showed a significant increase. This indicates that the
increase in number of damaged leaves on D. octopetala was due to increased herbivore
pressure in the OTCs, whereas the increase in damaged leaves on B. vivipara probably was
due to greater cover of the species in the OTCs. This is consistent with Bergmann

(manuscript) who found that warming increased the cover of B. vivipara at the higher
11



elevation site at Sanddalsnuten. The increase in number of damaged leaves in some species,
but not others, is in accordance with Richardson and colleagues (2002). They found that
warming of a subarctic dwarf shrub heath in Scandinavia increased the herbivory on
V. myrtillus by 600%, but had no effect on V. uliginosum or V. vitis-idaea L. The effect of
warming on the amount of insect herbivory in a montane meadow in the Rocky Mountains

also varied between the plant species (Roy et al. 2004).

The increase in herbivory on some plant species, but not others, may have several
explanations. For example, warming might have changed the abundance, species composition,
feeding amount, or food preference of the insects (Bale et al. 2002; Liu et al. 2011; Niziolek
et al. 2012; Schoonhoven et al. 2005). Warming might also have altered the chemical
composition the of plants (DeLucia et al. 2012) or the occurrence and population densities of
the insects’ parasitoids, competitors, or predators (Ayres & Lombardero 2000; Both et al.

2009), and thereby influenced the amount of herbivory.

Warming might have had a direct species-specific effect on insect abundance. If this was the
case, the species that preferred D. octopetala should be the ones that increased the most in
abundance in order to explain why warming only increased the amount of herbivory on
D. octopetala, and not on the other species. However, neither total number of Lepidoptera
larvae, nor Z. exulans larvae only, were more abundant in the OTCs than in the control plots.
Furthermore, there was no relationship between the presence of Lepidoptera or Z. exulans
larvae and the amount of feeding damages in my study. However, | only did recordings once
early and once late in the season, and | recorded very few larvae. Recordings of larvae every
day for a longer period might have detected a more correct diversity and abundance of insects.
Analyses combining the data from my study with the data from the higher elevation site at
Sanddalsnuten show that there were more Z. exulans larvae in the OTCs than in the control
plots, but for the total number of Lepidoptera larvae there was no significant difference
(Bergmann manuscript). Accordingly, studies from other areas show that the effect of
warming on abundance of leaf-chewing insects varies between the species; experimental
warming increased the density of the larvae of the moth Melanchra pisi (Linnaeus 1758) by a
factor of 10 in a Tibetan meadow (Liu et al. 2011), whereas it decreased the density of

Symphyta larvae and weevils in a D. octopetala heath at Svalbard (Dollery et al. 2006).
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Another possible reason for the increased amount of damages on D. octopetala in the OTCs is
that the amount eaten per insect of this species increased. Increased feeding can happen
because insects are poikilotherms and up to a certain limit, warming stimulates their
metabolism (DeLucia et al. 2012; Ipekdal & Caglar 2012; Niziolek et al. 2012; Speight et al.
2008). Niziolek and colleagues (2012) found that beetles of the herbivorous species Popillia
japonica (Newman 1841) fed more under warmed compared to ambient conditions. In
contrast, Johns and colleagues (2003) found that this was not the case for two other
herbivorous beetles, Octotoma championi (Baly 1886) and O. scabripennis (Guérin-Méneville
1844). This indicates that the effect of warming on consumption per insect is species-specific.
To my knowledge, no similar studies have been done for the insect herbivores at Finse.
However, it is possible that the species preferring D. octopetala in my study site increased
feeding as a response to warming and ate more per individual than the species preferring other
plants.

Phenological changes in insects or plants due to warming causing longer time for feeding
might also have increased the amount of biomass eaten per insect. Warming can lead to
earlier hatching or emergence of insects (Masters et al. 1998; Miles et al. 1997; Woiwod
1997, but see Liu et al. 2011). If warming advances the time of snowmelt, the early emerging
insects can start feeding on the wintergreen D. octopetala. However, not all plant species will
advance their phenology. The initiation of growth in deciduous species and herbs like
B. vivipara is often determined by photoperiod and not by temperature (Welker et al. 1997
and references therein). This might be another reason why warming only increased the

amount of herbivory on D. octopetala, and not on the other species.

Furthermore, it is possible that changed food preference of the insects can explain the increase
in damages on D. octopetala. Some studies report that the preferred food plant of insect
herbivores changed with warming, although it is not known if this was mediated by changes
happening to the insects themselves or to their food plants (Ipekdal & Caglar 2012; Schalk et
al. 1969; Schoonhoven et al. 2005). To my knowledge, this has not been studied for the
species at Finse.

The differences in herbivory between the plant species might have been induced by changes
in concentration of antiherbivory compounds due to warming (DeLucia et al. 2012; Hansen et

al. 2006). However, an earlier study at Sanddalsnuten found that in both D. octopetala,
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B. vivipara, and S. reticulata the concentration of carbon-based secondary compounds
(CBSCs) was hardly affected by experimental warming (Nybakken et al. 2008). Therefore, if
the explanation for the increase in damages on D. octopetala is that the concentration of
antiherbivory compounds had decreased, it might have been caused by other compounds than
CBSCs.

Plant quality can also change if warming leads to altered nutrient concentration (DelLucia et
al. 2012; Niziolek et al. 2012). The research of Richardson and colleagues (2002) showed that
for Vaccinium species, shoot nitrogen concentration was more important than phenolics in
explaining the amount of herbivory. Nitrogen concentration in D. octopetala has shown
contrasting responses to warming, both negative (Welker et al. 1993; Welker et al. 1997),
positive (Rustad et al. 2001), and no response (Welker et al. 2005; Wookey et al. 1995). To
my knowledge, no studies have been done on nitrogen content in D. octopetala at Finse,
therefore it is uncertain whether increased nitrogen concentration might explain the increased

herbivory in the present study.

Most of the damages seen on the leaves in the field looked similar to those made by
Z. exulans in the feeding preference experiment. However, there were other insect herbivores
feeding in the area as well, both Lepidoptera larvae and, according to pitfall traps placed ca 40
m from the OTCs, Chrysomelidae (Bergmann manuscript). | was unable to separate the
feeding damages made by the different insect species. This complicates the interpretation of
which insect species that were influenced by the warming and caused the increase in number
of damaged leaves on D. octopetala. Early in the season, the insect recordings from the site in
the present study, the higher elevation site at Sanddalsnuten, and the pitfall traps (Bergmann
manuscript) indicate that Z. exulans is the most abundant insect herbivore. This suggests that
the increase in herbivory on D. octopetala in the OTCs early in the season mostly was caused
by Z. exulans. Z. exulans has a life cycle that lasts for at least two years and overwinter as
larvae (Hagvar 1976; Tremewan 1985). In the feeding experiment most of the Z. exulans
larvae stopped eating in the end of June, after about a week in the laboratory (pers. obs.), even
though they live in habitats with a long snow-free period and can be observed throughout the
summer at Finse (Hagvar 1976). However, the larvae used in the present experiment started
feeding again after an experimental cooling period in August (Birkemoe pers. comm. 2013).

This indicates that young Z. exulans larvae feed mostly early in the season and then go into a
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diapause before they continue feeding the next spring. The older larvae pupate in early July
(Hagvar 1976). The early season feeding pattern of Z. exulans and the occurrence of other
Lepidoptera larvae in late season in my study site, the higher elevation site at Sanddalsnuten,
and in the pitfall traps (Bergmann manuscript), indicate that the increased amount of damages
on D. octopetala in the OTCs late in the season probably was caused by additional insect

herbivore species as well as Z. exulans.

4.2 The limitations of OTCs for predicting insect herbivory

Based on my data, | do not know whether the insects aggregated in the OTCs when feeding
and moved out when not feeding, or if they mainly stayed in the OTCs. Gaps under the walls
of the OTCs allowed the insects to move in and out, although the movement might have been
restricted. Free movement of insects into warmer areas to feed can cause unrealistically high
densities in the OTCs (Moise & Henry 2010). If that happened in the present study the results
do not show a realistic response to climate warming, because when the whole region is warm
the insects cannot escape from the heat when not feeding. Another source of error in the
experiment was that the insects might have preferred to stay in the OTCs because there they
were more protected from wind (pers. obs.; Richardson et al. 2002). This effect can be
avoided by using overhead heaters instead of OTCs (e.g. Roy et al. 2004). This can be an
alternative for further herbivory research, but is more expensive than OTCs, and is not suited

for remote and powerless areas such as the site in the present study (Shen & Harte 2000).

4.3 Feeding preferences of Z. exulans

The feeding preference experiment showed no significant difference between Z. exulans
larvae’s preference for D. octopetala, B. vivipara, S. reticulata, and S. herbacea. This is in
contrast to an earlier experiment with Z. exulans at Finse by Hagvar (1976). He found that
they preferred S. herbacea and other Salix species and hardly fed on B. vivipara
(D. octopetala and S. reticulata were not included in the experiment). The differences in
results might be caused by induced preference, a preference for the plant fed on earlier
(Bernays & Weiss 1996; Jermy et al. 1968), because the larvae from the two experiments
were collected in different vegetation types. S. herbacea was common in the site of Hagvar
(1976), whereas it was almost absent from my study site (pers. obs.). Induced preference is
quite common among larvae of Lepidoptera species (Bernays & Chapman 1994,
Schoonhoven et al. 2005), but to my knowledge, not studied for Z. exulans.
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In contrast to the feeding experiment, in the field 1 found more damaged leaves on
D. octopetala and B. vivipara than on S. reticulata and S. herbacea. This might be because the
two latter species were less abundant in the field (pers. obs.). As noted by Pérez-
Harguindeguy and colleagues (2003), feeding preference experiments are most useful when
comparing feeding on plant species that have the same accessibility in the field. Furthermore,
one should be careful comparing the results from the experiment and the field because the
data came from a no-choice test that tested which of the species the larvae accepted to eat, not
the preference from a choice between alternatives. The difference between the results in the
feeding experiment and in the field may also have been caused by the other insect herbivore
species feeding in the study site. Z. exulans never fed on S. alpina in the experiment, so the

damages on this species in the field were likely caused by other insect herbivores.

5 Conclusion

Even with the limitations in using OTCs for herbivory research, the present study provides an
indication of how the herbivory by leaf-chewing insects might respond to climate warming. It
indicates that some species, such as D. octopetala, will be more susceptible to insect
herbivory than others when the temperatures increase due to global warming. I have discussed
possible explanations for why the effect of warming on herbivory varied between the plant
species, however, research is needed to determine the causal relations. Furthermore, the
impact of increased herbivory on plant performance has not been assessed in this study, and
would be interesting to examine. Climate change includes more than just warming, and is
predicted to cause differences in precipitation, snow regime, and availability of nutrients
(Hobbie 1996; IPCC 2007). It would be interesting to examine the combined effect of these
factors on insect herbivory to get more reliable predictions following future climate change.
More research is needed to determine the preferred food plant of Z. exulans larvae, both
because the no-choice test in the present study did not show a pronounced preference and
because the results from the present and earlier experiments at Finse diverged. I suggest doing

a paired-choice test early in the season to avoid inactive larvae.

16



References

Adler, L. S., de Valpine, P., Harte, J. & Call, J. (2007). Effects of long-term experimental
warming on aphid density in the field. Journal of the Kansas Entomological Society,
80 (2): 156-168.

Arft, A. M., Walker, M. D., Gurevitch, J., Alatalo, J. M., Bret-Harte, M. S., Dale, M., Diemer,
M., Gugerli, F., Henry, G. H. R., Jones, M. H., et al. (1999). Responses of tundra
plants to experimental warming: meta-analysis of the international tundra experiment.
Ecological Monographs, 69 (4): 491-511.

Aune, B. (1993). Air temperature normals, normal period 1961-1990. Oslo, Norway: The
Norwegian Meteorological Institute. 63 pp.

Ayres, M. P. & Lombardero, M. J. (2000). Assessing the consequences of global change for
forest disturbance from herbivores and pathogens. Science of the Total Environment,
262 (3): 263-286.

Bale, J. S., Masters, G. J., Hodkinson, I. D., Awmack, C., Bezemer, T. M., Brown, V. K.,
Butterfield, J., Buse, A., Coulson, J. C., Farrar, J., et al. (2002). Herbivory in global
climate change research: direct effects of rising temperature on insect herbivores.
Global Change Biology, 8 (1): 1-16.

Bergmann, S. Master thesis: Department of Ecology and Management of Natural Resources,
Norwegian University of Life Sciences. Unpublished manuscript.

Bernays, E. A. & Chapman, R. F. (1994). Host-plant selection by phytophagous insects. New
York, USA: Chapman & Hall. 312 pp.

Bernays, E. A. & Weiss, M. R. (1996). Induced food preferences in caterpillars: the need to
identify mechanisms. Entomologia Experimentalis et Applicata, 78 (1): 1-8.

Both, C., van Asch, M., Bijlsma, R. G., van den Burg, A. B. & Visser, M. E. (2009). Climate
change and unequal phenological changes across four trophic levels: constraints or
adaptations? Journal of Animal Ecology, 78 (1): 73-83.

DelLucia, E. H., Nabity, P. D., Zavala, J. A. & Berenbaum, M. R. (2012). Climate change:
resetting plant-insect interactions. Plant Physiology, 160 (4): 1677-1685.

Dieker, P., Drees, C. & Assmann, T. (2011). Two high-mountain burnet moth species
(Lepidoptera, Zygaenidae) react differently to the global change drivers climate and
land-use. Biological Conservation, 144 (12): 2810-2818.

17



Dollery, R., Hodkinson, I. D. & Jonsdottir, I. S. (2006). Impact of warming and timing of
snow melt on soil microarthropod assemblages associated with Dryas-dominated plant
communities on Svalbard. Ecography, 29 (1): 111-119.

Drees, C., Brandmayr, P., Buse, J., Dieker, P., Girlich, S., Habel, J., Harry, I., Hardtle, W.,
Matern, A., Meyer, H., et al. (2011). Poleward range expansion without a southern
contraction in the ground beetle Agonum viridicupreum (Coleoptera, Carabidae).
Zookeys (100): 333-352.

Elkington, T. T. (1971). Biological flora of British Isles: Dryas octopetala L. Journal of
Ecology, 59 (3): 887-905.

Elmendorf, S. C., Henry, G. H. R., Hollister, R. D., Bjork, R. G., Bjorkman, A. D., Callaghan,
T. V., Collier, L. S., Cooper, E. J., Cornelissen, J. H. C., Day, T. A,, et al. (2012).
Global assessment of experimental climate warming on tundra vegetation:
heterogeneity over space and time. Ecology Letters, 15 (2): 164-175.

Ferland, E. (1993). Precipitation normals, normal period 1961-1990. Oslo, Norway: The
Norwegian Meteorological Institute. 63 pp.

Hansen, A. H., Jonasson, S., Michelsen, A. & Julkunen-Tiitto, R. (2006). Long-term
experimental warming, shading and nutrient addition affect the concentration of
phenolic compounds in arctic-alpine deciduous and evergreen dwarf shrubs.
Oecologia, 147 (1): 1-11.

Hanssen-Bauer, |. & Forland, E. (2001). Verification and analysis of a climate simulation of
temperature and pressure fields over Norway and Svalbard. Climate Research, 16 (3):
225-235.

Hernandez, M. C., Sacco, J. & Walsh, G. C. (2011). Biology and host preference of the
planthopper Taosa longula (Hemiptera: Dictyopharidae), a candidate for biocontrol of
water hyacinth. Biocontrol Science and Technology, 21 (9): 1079-1090.

Hickling, R., Roy, D. B., Hill, J. K., Fox, R. & Thomas, C. D. (2006). The distributions of a
wide range of taxonomic groups are expanding polewards. Global Change Biology, 12
(3): 450-455.

Hobbie, S. E. (1996). Temperature and plant species control over litter decomposition in
Alaskan tundra. Ecological Monographs, 66 (4): 503-522.

Hollister, R. D. & Webber, P. J. (2000). Biotic validation of small open-top chambers in a
tundra ecosystem. Global Change Biology, 6 (7): 835-842.

18



Horton, D. R. (1995). Statistical considerations in the design and analysis of paired-choice
assays. Environmental Entomology, 24 (2): 179-192.

Hagvar, S. (1975). Studies on the ecology of Melasoma collaris L. (Col., Chrysomelidag) in
alpine habitats at Finse, south Norway. Norwegian Journal of Entomology, 22: 31-47.

Hagvar, S. (1976). Studies on the ecology of Zygaena exulans Hochw. (Lep., Zygaenidae) in
the alpine habitat at Finse, south Norway. Norwegian Journal of Entomology, 23: 197-
202.

IPCC (2007). Climate change 2007: the physical science basis. Contribution of Working
Group 1 to the fourth assessment report of the Intergovernmental Panel on Climate
Change. Cambridge, United Kingdom and New York, USA: Cambridge University
Press 996 pp.

Ipekdal, K. & Caglar, S. S. (2012). Effects of temperature on the host preference of pine
processionary caterpillar Thaumetopoea wilkinsoni Tams, 1924 (Lepidoptera:
Notodontidae). Turkish Journal of Zoology, 36 (3): 319-328.

Jermy, T., Hanson, F. E. & Dethier, V. G. (1968). Induction of specific food preference in
Lepidopterous larvae. Entomologia Experimentalis et Applicata, 11 (2): 211-230.

Jogesh, T., Carpenter, D. & Cappuccino, N. (2008). Herbivory on invasive exotic plants and
their non-invasive relatives. Biological Invasions, 10 (6): 797-804.

Johns, C. V., Beaumont, L. J. & Hughes, L. (2003). Effects of elevated CO, and temperature
on development and consumption rates of Octotoma championi and O. scabripennis
feeding on Lantana camara. Entomologia Experimentalis et Applicata, 108 (3): 169-
178.

Kozlov, M. V. (2008). Losses of birch foliage due to insect herbivory along geographical
gradients in Europe: a climate-driven pattern? Climatic Change, 87 (1-2): 107-117.

Li, G. Y., Liu, Y. Z., Frelich, L. E. & Sun, S. C. (2011). Experimental warming induces
degradation of a Tibetan alpine meadow through trophic interactions. Journal of
Applied Ecology, 48 (3): 659-667.

Liu, Y. Z.,, Reich, P. B, Li, G. Y. & Sun, S. C. (2011). Shifting phenology and abundance
under experimental warming alters trophic relationships and plant reproductive
capacity. Ecology, 92 (6): 1201-1207.

Marion, G. M., Henry, G. H. R., Freckman, D. W., Johnstone, J., Jones, G., Jones, M. H.,
Lévesque, E., Molau, U., Mglgaard, P., Parsons, A. N., et al. (1997). Open-top designs

19



for manipulating field temperature in high-latitude ecosystems. Global Change
Biology, 3: 20-32.

Masters, G. J., Brown, V. K., Clarke, I. P., Whittaker, J. B. & Hollier, J. A. (1998). Direct and
indirect effects of climate change on insect herbivores: Auchenorrhyncha
(Homoptera). Ecological Entomology, 23 (1): 45-52.

Miles, J. E., Bale, J. S. & Hodkinson, I. D. (1997). Effects of temperature elevation on the
population dynamics of the upland heather psyllid Strophingia ericae (Curtis)
(Homoptera: Psylloidea). Global Change Biology, 3 (3): 291-297.

Moise, E. R. D. & Henry, H. A. L. (2010). Like moths to a street lamp: exaggerated animal
densities in plot-level global change field experiments. Oikos, 119 (5): 791-795.
Mossberg, B. & Stenberg, L. (2007). Gyldendals store nordiske flora. Oslo, Norway:

Gyldendal. 928 pp.

Naumann, C. M., Tarmann, G. M. & Tremewan, W. G. (1999). The western Palaearctic
Zygaenidae. Stenstrup, Denmark: Apollo Books. 304 pp.

Niziolek, O. K., Berenbaum, M. R. & DeLucia, E. H. (2012). Impact of elevated CO, and
increased temperature on Japanese beetle herbivory. Insect Science. Available at:
http://dx.doi.org/10.1111/].1744-7917.2012.01515.x (accessed: 14.04.2013).

Nybakken, L., Klanderud, K. & Totland, O. (2008). Simulated environmental change has

contrasting effects on defensive compound concentration in three alpine plant species.
Arctic Antarctic and Alpine Research, 40 (4): 709-715.

Parmesan, C. & Yohe, G. (2003). A globally coherent fingerprint of climate change impacts
across natural systems. Nature, 421 (6918): 37-42.

Parmesan, C. (2006). Ecological and evolutionary responses to recent climate change. Annual
Review of Ecology Evolution and Systematics, 37: 637-669.

Pérez-Harguindeguy, N., Diaz, S., Vendramini, F., Cornelissen, J. H. C., Gurvich, D. E. &
Cabido, M. (2003). Leaf traits and herbivore selection in the field and in cafeteria
experiments. Austral Ecology, 28 (6): 642-650.

Pieper, S. J., Loewen, V., Gill, M. & Johnstone, J. F. (2011). Plant responses to natural and
experimental variations in temperature in alpine tundra, southern Yukon, Canada.
Arctic, Antarctic and Alpine Research, 43 (3): 442-456.

R Development Core Team. (2012). R: A language and environment for statistical computing.

2.14.2 ed. Vienna, Austria: R Foundation for Statistical Computing.

20



Richardson, S. J., Press, M. C., Parsons, A. N. & Hartley, S. E. (2002). How do nutrients and
warming impact on plant communities and their insect herbivores? A 9-year study
from a sub-Arctic heath. Journal of Ecology, 90 (3): 544-556.

Roy, B. A., Gusewell, S. & Harte, J. (2004). Response of plant pathogens and herbivores to a
warming experiment. Ecology, 85 (9): 2570-2581.

Rustad, L. E., Campbell, J. L., Marion, G. M., Norby, R. J., Mitchell, M. J., Hartley, A. E.,
Cornelissen, J. H. C. & Gurevitch, J. (2001). A meta-analysis of the response of soil
respiration, net nitrogen mineralization, and aboveground plant growth to
experimental ecosystem warming. Oecologia, 126 (4): 543-562.

Sala, O. E., Chapin, F. S., Armesto, J. J., Berlow, E., Bloomfield, J., Dirzo, R., Huber-
Sanwald, E., Huenneke, L. F., Jackson, R. B., Kinzig, A., et al. (2000). Global
biodiversity scenarios for the year 2100. Science, 287 (5459): 1770-1774.

Sandvik, S. M. & Eide, W. (2009). Costs of reproduction in circumpolar Parnassia palustris
L. in light of global warming. Plant Ecology, 205: 1-11.

Schalk, J. M., Kindler, S. D. & Manglitz, G. R. (1969). Temperature and the preference of the
spotted alfalfa aphid for resistant and susceptible alfalfa plants. Journal of Economic
Entomology, 62 (5): 1000-1003.

Schoonhoven, L. M., van Loon, J. J. A. & Dicke, M. (2005). Insect-plant biology. 2nd ed.
Oxford, United Kingdom: Oxford University Press. 421 pp.

Seglen, P. (1967). Lepidoptera fra Finse. Atlanta Norvegica: Norsk lepidopterologisk selskaps
tidsskrift, 1 (1): 49-52.

Shen, K. P. & Harte, J. (2000). Ecosystem climate manipulations. In Sala, O. E., Jackson, R.
B., Mooney, H. A. & Howarth, R. W. (eds) Methods in ecosystem science, pp. 353-
365. New York, USA: Springer.

Solhgy, T. (1997). Insekter, edderkoppdyr, snegl og andre virvellgse dyr. In Sgmme, L. &
@stbye, E. (eds) Finse - et senter for hgyfjellsforskning: Et skrift til 25 ars jubileet for
Hayfjellsgkologisk forskningsstasjon, Finse : 1972-1997, pp. 32-37. Oslo, Norway:
Hayfjellsgkologisk forskningsstasjon Finse.

Speight, M. R., Watt, A. D. & Hunter, M. D. (2008). Ecology of insects: consepts and
applications. Chichester, United Kingdom: Wiley-Blackwell. 628 pp.

Tremewan, W. G. (1985). Zygaenidae. In Heath, J. & Emmet, M. A. (eds) vol. 2 The Moths
and butterflies of Great Britain and Ireland, pp. 74-123. Colchester, United Kingdom:
Harley Books.

21



Tylianakis, J. M., Didham, R. K., Bascompte, J. & Wardle, D. A. (2008). Global change and
species interactions in terrestrial ecosystems. Ecology Letters, 11 (12): 1351-1363.

Walker, M. D., Wahren, C. H., Hollister, R. D., Henry, G. H. R., Ahlquist, L. E., Alatalo, J.
M., Bret-Harte, M. S., Calef, M. P., Callaghan, T. V., Carroll, A. B., et al. (2006).
Plant community responses to experimental warming across the tundra biome.
Proceedings of the National Academy of Sciences of the United States of America, 103
(5): 1342-1346.

Walther, G. R. (2010). Community and ecosystem responses to recent climate change.
Philosophical Transactions of the Royal Society B, 365 (1549): 2019-2024.

Welker, J. M., Wookey, P. A., Parsons, A. N., Press, M. C., Callaghan, T. V. & Lee, J. A.
(1993). Leaf carbon-isotope discrimination and vegetative responses of Dryas
octopetala to temperature and water manipulations in a High Arctic polar semidesert,
Svalbard. Oecologia, 95 (4): 463-4609.

Welker, J. M., Molau, U., Parsons, A. N., Robinson, C. H. & Wookey, P. A. (1997).
Responses of Dryas octopetala to ITEX environmental manipulations: a synthesis
with circumpolar comparisons. Global Change Biology, 3: 61-73.

Welker, J. M., Fahnestock, J. T., Sullivan, P. F. & Chimner, R. A. (2005). Leaf mineral
nutrition of Arctic plants in response to warming and deeper snow in northern Alaska.
Oikos, 109 (1): 167-177.

Wilf, P. & Labandeira, C. C. (1999). Response of plant-insect associations to Paleocene-
Eocene warming. Science, 284 (5423): 2153-2156.

Woiwod, I. P. (1997). Detecting the effects of climate change on Lepidoptera. Journal of
Insect Conservation, 1 (3): 149-158.

Wookey, P. A., Robinson, C. H., Parsons, A. N., Welker, J. M., Press, M. C., Callaghan, T. V.
& Lee, J. A. (1995). Environmental constraints on the growth, photosynthesis and
reproductive development of Dryas octopetala at a High Arctic polar semidesert,
Svalbard. Oecologia, 102 (4): 478-489.

www.lepidoptera.no. (s.a.). Zygaena exulans (Fjellbloddrapesvermer). Available at:
http://www.lepidoptera.no/arter/?or_id=5135&view=fakta (accessed: 07.04.2013).

22



