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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. In this

study, we used two ongoing climate warming (open-top chambers) experiments at

Finse, southern Norway, to examine whether warming had an effect on herbivory

by leaf-chewing insects in an alpine Dryas heath community. We recorded feeding

marks on the most common vascular plant species in warmed and control plots at

two experimental sites at different elevations and carried out a brief inventory of

insect herbivores. Experimental warming increased herbivory on Dryas octopetala

and Bistorta vivipara. Dryas octopetala also experienced increased herbivory at the

lower and warmer site, indicating an overall positive effect of warming, whereas

B. vivipara experienced an increased herbivory at the colder and higher site indicating

a mixed effect of warming. The Lepidoptera Zygaena exulans and Sympistis nigrita

were the two most common leaf-chewing insects in the Dryas heath. Based on the

observed patterns of herbivory, the insects life cycles and feeding preferences, we

argue that Z. exulans is the most important herbivore on B. vivipara, and S. nigrita

the most important herbivore on D. octopetala. We conclude that if the degree of

insect herbivory increases in a warmer world, as suggested by this study and others,

complex interactions between plants, insects, and site-specific conditions make it

hard to predict overall effects on plant communities.

Introduction

Global warming is particularly pronounced in northern

areas, and mean temperatures are predicted to increase by

0.3–4.8°C by year 2100 (IPCC, 2013). This is already

affecting species and trophic interactions worldwide

(Parmesan and Yohe 2003; Parmesan 2006; Tylianakis

et al. 2008; Walther 2010). Arctic and alpine ecosystems

are expected to be especially sensitive to climate change

(Parmesan 2006), with major shifts in biodiversity and

species composition (Sala et al. 2000).

Most research on climate warming effects in arctic and

alpine regions has focused on plants (Arft et al. 1999;

Walker et al. 2006; Pieper et al. 2011; Elmendorf et al.

2012a,b). Many species have expanded their distributions to

higher altitudes and latitudes (Klanderud and Birks 2003;

Pauli et al. 2012; Grytnes et al. 2014), and plant phenology

is changing with increasing temperature (Oberbauer et al.

2013). Some functional groups, such as shrubs and grami-

noids, are increasing in abundance in many areas, whereas

others, such as dwarf shrubs, are decreasing (Klanderud and

Totland 2005; Walker et al. 2006; Elmendorf et al. 2012a,b).

Interestingly, responses within and between different groups

of species vary across regions and are not always directly

related to changes in temperature (Elmendorf et al. 2012a;

Grytnes et al. 2014). Reasons for this inconsistency are sug-

gested to result from interactions with other driving factors,

such as site-specific conditions of snow, soil moisture, or

herbivore pressure (Elmendorf et al. 2012a,b; Grytnes et al.

2014).

Even though insect–plant interactions are important in

order to understand how alpine and arctic ecosystems

respond to climate warming (Roy et al. 2004; Pedersen

and Post 2008; Tylianakis et al. 2008; Liu et al. 2011;

Gillespie et al. 2013), surprisingly, few studies have inves-

tigated this trophic interaction in light of climate change

(but see Richardson et al. 2002; Roy et al. 2004; Høye

et al. 2013; Barrio et al. 2016). The general prediction is

an increase in herbivory with increasing temperature

(Tylianakis et al. 2008), but the few experiments carried

out have found contrasting results; herbivory may

increase, decrease, or remain unchanged (e.g., Richardson
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et al. 2002; Roy et al. 2004; Liu et al. 2011; Gillespie et al.

2013). Several mechanisms may contribute to these

diverging results. First, insects and host plant phenology

may or may not change synchronously. With asyn-

chronous changes, the herbivores can be forced to change

host plants, increasing herbivory on new hosts and reduc-

ing herbivory on old (Liu et al. 2011). Second, responses

in leaf nutrients, growth, and defensive compounds

depend on the specific plant species (Richardson et al.

2002; Nybakken et al., 2008; Barrio et al. 2016). Thus,

herbivore food quality may change inconsistently across

sites, affecting herbivore food preferences and population

growth differently. Third, insects’ feeding activity depends

on their thermal adaptation (Liu et al. 2011; Barrio et al.

2016). Thus, whereas some species will increase their

overall consumption and experience population growth,

some may suffer from heat stress and a possible popula-

tion decline. Finally, whereas arctic and alpine areas have

been defined as simple ecosystems, a multitude of interac-

tions occur (Wirta et al. 2015) which may further modify

insect–plant interactions in a changing climate.

In order to understand plant community changes in

alpine and tundra ecosystems in response to warming,

studies of insect–plant interactions are essential. At pre-

sent, very few such investigations have been carried out

and it is difficult to generalize the responses. In this study,

we test the effect of warming on herbivory in an alpine

Dryas heath at Finse, southern Norway, in order to enable

future predictions. Long-term experiments are particularly

valuable to understand climate warming effects on com-

plex interactions (e.g., Adler et al. 2007), and we use two

ongoing warming experiments (open-top chambers,

OTCs) at two elevations. We test whether long-termed

warmed plants are more affected by leaf-chewing insects

than control plants in ambient temperature by recording

feeding marks inside and outside OTCs, and whether this

effect differs between two sites at different elevations. To

relate insect herbivores to the observed patterns of her-

bivory, we carried out a small inventory identifying the

most important leaf-chewing insects within the two sites.

Our overall expectations were that insect herbivory would

increase with experimental warming and be highest in the

warmer site at the lowest elevation. However, we also

expected the results to vary with plant and insect species

present.

Materials and Methods

Study area and experimental setup

The study was conducted at Mount Sandalsnuten at Finse

(60°360 N, 7°310 E) in southwestern Norway. The climate

is alpine-oceanic with an annual average temperature of

�2.1°C and precipitation of 1030 mm (Moen 1998; The

Norwegian Meteorological Institute 2015). The project

was carried out from June to August 2012, a period with

a mean monthly temperature of 6.3°C (Aune 1993) and

89 mm precipitation (at 1224 m a.s.l.) (Førland 1993).

The two experimental sites, defined as low site (leeside,

ca. 1450 m a.s.l.) and high site (ridge, ca. 1550 m a.s.l.),

are both situated in Dryas heaths. These are species-rich

plant communities (ca 10 vascular species per

50 9 50 cm plot) dominated by Dryas octopetala, and

with other common species, such as Bistorta vivipara,

Saussurea alpina, Salix reticulata, Carex rupestris, and

C. vaginata. The high site is more exposed to wind, so

the snow melts earlier and the growing season is approxi-

mately 3 weeks longer (Nybakken et al. 2011). The mean

air summer temperature (July and August) is ca 0.8°C
higher in the low than the high site (8.7°C vs. 7.5°C),
whereas mean soil temperature (ca. 5 cm below ground)

is 0.3°C higher in the low site (7.5°C vs. 7.2°C) (Nybak-

ken et al. 2011).

Open-top chambers (OTCs) are a common method to

study global warming experimentally and are considered

to have few undesired side effects (Marion et al. 1997;

Arft et al. 1999; Hollister and Webber 2000). The low site

experiment was set up in 2003 (Sandvik and Eide 2009)

and the high site in 2000 (Klanderud and Totland 2007).

The OTCs increase mean air temperature 5 cm above

ground level by ca. 1.5°C and soil temperature by ca.

1.0°C in both sites (Klanderud and Totland 2005; Sandvik

and Eide 2009). This is in accordance with an expected

warming of 0.2–0.5°C per decade until 2050 for the Nor-

wegian mainland (Hanssen-Bauer and Førland 2001).

Due to small-scale topography, there are gaps of several

cm at many points between the OTCs and the ground,

and insects as well as rodents may move more or less

freely in and out (see also Richardson et al. 2002; Barrio

et al. 2016). We also observed Zygaena exulans larvae

crawling on the OTC walls, and they were clearly not lim-

ited by the barrier. As for adult insects, they can fly freely

in and out the ca 60-cm open tops of the OTCs. The

insects do not live their entire life within the OTCs as do

plants. Therefore, we are not able to simulate the full

effect of climate change, that is, simultaneous change in

insect and plant phenology and dynamics. However,

choosing to stay in plots of increased temperature will

speed up insect development relative to the colder ambi-

ent conditions and it is likely to have a measureable effect

on insect life cycles. However, the main effect that we are

targeting with the experimental heating is the changes in

feeding capacity. However, by simultaneously comparing

sites of high and low elevation, we add effects of popula-

tion dynamics and phenology that are likely to vary

between these sites.
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In this study, 10 control plots and 10 OTCs with simi-

lar plant composition were used at each site. Inner diam-

eter at ground level of the OTCs is ca 0.9 m (low site)

and 1 m (high site). Distance between OTCs and control

plots is ≥1 m (low site) and ≥2 m (high site).

To detect differences in insect herbivory, we recorded

feeding marks of leaf-chewing insects on leaves of all vas-

cular plant species in all the 40 plots in early (19th to

28th of June) and late (28th of July to 4th of August)

summer. The data were collected within a 50 9 50 cm

frame placed in the middle of the OTCs and control

plots. The frame was divided into 10 9 10 cm subplots

to facilitate data collection.

In addition to the 50 9 50 cm frame, we searched the

whole inside of the OTCs and an additional 15-cm zone

at all sides of the control plots for 15 min and recorded

and took pictures of all leaf-chewing insects observed

before analyzing the vegetation for feeding marks. In

order not to disturb the experiment, no insects were

removed from the plots. Therefore, species identification

was performed at the sites or later based on photographs.

We recorded feeding marks on all living vascular plants

inside the frame in each plot and the amount (%) of each

leaf removed. These two estimates represent the total

feeding activity of herbivores (number of feeding marks)

and to what extend the herbivores utilize each leaf (% of

each leaf removed).

The percent cover of plant species with most feeding

marks (D. octopetala, B. vivipara, and S. reticulata) was

estimated inside the frame at the low site in early and late

summer (no significant difference with season). For the

high site, we used vegetation data recorded in the late

season in 2011 (Olsen and Klanderud 2013). The percent-

age cover of D. octopetala varied from 4.8 to 80.0 (mean

21.4) at the low site and 5.0–95.0 (mean 54.7) at the high

site. As for B. vivipara, the cover varied from 0.5% to

22.5% (mean 4.4) at the low site and 1% to 4% (mean

2.1) at the high site.

Insect trapping

To get a rough estimate of insect herbivores present at

the two sites, we used five pitfall traps (6 cm in diameter,

10 cm deep) filled half way up with propylene glycol and

water (proportion 8:2, respectively) and a few drops of

soap. The traps were protected by a plexiglass roof and

mounted in the Dryas heath more than 10 m away from

the experimental plots at both sites the 20th of June. The

traps were emptied every 2 weeks, 3rd of July (early sum-

mer), 28th of July (mid-summer), and 11th of August

(late summer). Data from the five pitfall traps were

pooled within each site to minimize workload. The

insects were preserved in 70% alcohol, and the leaf-

chewing species were identified in the laboratory to the

lowest taxonomic level possible.

Statistical analysis

Dryas octopetala and B. vivipara were the only species

with enough feeding marks for analyzing statistically, and

we ran models for these two species separately. To test

the effect of site (low, high) and treatment (control,

OTC) on the amount of insect herbivory, we used an her-

bivory index defined as “number of feeding marks

divided by percentage cover of the plant fed on” as a

response variable in a factorial ANOVA analysis. We also

did the analysis with number of feeding marks as a

response variable and percent cover of the given plant

species as a covariate in an ANCOVA analysis, which gave

the same overall results as the index (Table S1, Figs. S1,

S2). We also tested whether site and treatment effected

the amount (%) of each leaf eaten (response variable)

with an ANCOVA analysis, including percentage cover of

the particular plant species added as a covariate. Knowing

that the experiments had been running for several years

and might have affected the plant species cover, we also

included the interaction term between cover of the partic-

ular species and treatment.

The two recordings of feeding marks in time (early and

late summer) are highly dependent and could not be

included in the same analysis. Thus, linear models were

performed with data from early and late summer sepa-

rately. The response variables were log-transformed to

reach normality if needed.

All analyses were carried out in JMP version 11.1.1.

(2013 SAS Institute Inc, Cary, NC 27513-2414).

Results

As many as 94% of 4744 feeding marks recorded were

found on two plant species, Dryas octopetala (53%) and

Bistorta vivipara (41%). The remaining marks were

found on S. reticulata, Salix herbacea, Vaccinium uligi-

nosum, Saussurea alpina, Parnassia palustris, Poa alpina,

Ranunculus acris, Thalictrum alpinum, Tofieldia pusilla,

and Carex sp., but were too few to allow for statistical

analysis.

Experimental warming increased feeding on D. oc-

topetala mainly at the low site in late summer (Table 1,

Fig. 1). In contrast, herbivory on B. vivipara increased

with experimental warming mainly at the high site in

early summer (Table 1, Fig. 2). Feeding on D. octopetala

was overall higher at the lower site, whereas herbivory on

B. vivipara was overall higher at the high site. The relative

herbivory on B. vivipara was many orders of magnitude

higher than the herbivory on D. octopetala (Figs. 1, 2).
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In addition to the increased number of feeding marks,

the insect herbivores also consumed more of each

B. vivipara leaf when warmed experimentally. This effect

was apparent in early and late summer (Table 2, Fig. 3).

The consumption of each D. octopetala leaf did not

increase with experimental warming (Table 2).

Insect species

Lepidoptera larvae were the only leaf-chewing insect her-

bivores found that may feed on vascular plants (Table 3).

Zygaena exulans (Hohenwarth 1792) comprised 63.4% of

the 41 Lepidoptera larvae found in the high site and

62.5% of the 24 larvae found in the low site. The compa-

rable proportion was 12.2% and 20.8% for Sympistis

nigrita (Boisduval 1840) in the high and low site, respec-

tively. The other Lepidoptera larvae were a mix of several

species but only Erebia pandrose (Borkhausen, 1798) (one

observation at low site in late summer) was identified to

species. The pitfall traps and the observations in the con-

trol and OTC plots gave similar information of the leaf-

chewing insect fauna: Z. exulans were present in the first

Table 1. ANOVA analysis with feeding index (number of feeding

marks/% cover of species) on Dryas octopetala and Bistorta vivipara

as response variables explained by site, treatment and the interaction

term.

Early summer Late summer

df t-ratio P-value t-ratio P-value

Dryas octopetala

Site (Low–High) 1 3.74 0.0007 6.69 <0.0001

Treatment (OTC–Control) 1 �2.99 0.0052 �4.62 <0.0001

Site 9 Treatment 1 �0.05 0.9640 �2.18 0.0368

n = 37, R2 = 0.40 n = 37, R2 = 0.67

Bistorta vivipara

Site (Low–High) 1 �3.25 0.0025 �4.35 0.0001

Treatment (OTC–Control) 1 �3.24 0.0026 �2.93 0.0058

Site 9 Treatment 1 4.17 0.0002 1.07 0.2906

n = 39, R2 = 0.53 n = 40, R2 = 0.44

Data from early and late summer are analyzed separately. Significant

(P < 0.05) effects are in bold. All response variables were log-trans-

formed prior to analysis.

Figure 1. Herbivory on Dryas octopetala in control and open-top

chamber plots expressed as a feeding index (number of feeding

marks/%cover of D. octopetala) at a low and a high-elevation site

recorded in early and late summer in an alpine Dryas heath at Finse,

Norway.

Figure 2. Herbivory on Bistorta vivipara in control and open-top

chamber plots expressed as a feeding index (number of feeding

marks/%cover of B. vivipara) at a high and a low-elevation site

recorded in early and late summer in an alpine Dryas heath at Finse,

Norway.

Table 2. ANCOVA results with mean percent of each Dryas octope-

tala or Bistorta vivipara leaf removed by insect herbivores per plot as

response variables explained by site, treatment, and the percent cover

of each of these plant species within the plots.

Early summer Late summer

df t-ratio P-value t-ratio P-value

Dryas octopetala

Site (Low–High) 1 1.49 0.1468 �0.04 0.9661

Treatment (Control–OTC) 1 �0.21 0.8342 �1.41 0.1699

Site 9 Treatment 1 �0.44 0.6640 0.39 0.7023

% Dryas 1 0.37 0.7154 0.54 0.5916

% Dryas 9 Treatment 1 0.05 0.6183 �0.88 0.3858

n = 37, R2 = 0.10 n = 37, R2 = 0.13

Bistorta vivipara

Site (Low–High) 1 0.16 0.8744 �1.93 0.0614

Treatment (Control–OTC) 1 �2.55 0.0158 �2.29 0.0284

Site 9 Treatment 1 0.91 0.3719 1.10 0.2786

% Bistorta 1 0.13 0.8936 �0.74 0.4656

% Bistorta 9 Treatment 1 �0.55 0.5854 �0.46 0.6477

n = 39, R2 = 0.19 n = 40, R2 = 0.27

Significant (P < 0.05) effects are in bold. Percent leaf removed was

log-transformed in the analysis of B. vivipara in early summer.
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part of the summer, whereas S. nigrita and the other

unidentified larvae were more common in the later part

(Table 3). Zygaena exulans were restricted to early sum-

mer only in the lower site, whereas the occurrence was

extended to mid- and late summer at the high site.

Discussion

We have shown that both Dryas octopetala and Bistorta

vivipara experienced increased insect herbivory with

experimental warming. These results are in line with

our expectations and with several other findings at eco-

logical as well as evolutionary scales (Wilf and Laban-

deira 1999; Roy et al. 2004; Kozlov 2008; Liu et al.

2011; Gillespie et al. 2013; Lemoine et al. 2013). How-

ever, we also expected more herbivory at the lower

(warmer) than the higher (colder) site as they differed

by almost 1°C during the summer months. This pattern

was found for D.octopetala, giving the highest experi-

enced herbivory in the warmest (lowest) experimentally

heated plots. Herbivory on B. vivipara, on the other

hand, showed the opposite pattern with reduced her-

bivory in the lower (and warmer) plots relative to the

higher (and colder) plots, and the response to experi-

mental warming was mainly present at the upper and

colder site.

Several mechanisms might account for the unexpected

increased herbivory on B. vivipara at the colder site. First,

timing of snowmelt has been identified as an important

factor for insect phenology and activity in the arctic

(Høye et al. 2013, 2014) and day of snowmelt may there-

fore be the main driver of herbivory rates (Roy et al.

2004). In our study area, the vegetation melts out about

3 weeks earlier at the high than the low site (Nybakken

et al. 2011). Thus, increased herbivory at the high and

cold site for B. vivipara might be explained by early

snowmelt speeding up local insect phenology. Second, a

lower consumption of the favorite food (Salix) of the

caterpillar Gynaephora groenlandica was found in the low-

est (and warmest) sites in Canada, with the highest her-

bivory at intermediate (medium warm) sites (Barrio et al.

2016). This was explained by a narrow thermal adaptation

of this highly arctic species, not enabling it to increase in

response to heat in the lower (warmer) range of its distri-

bution. A similar mechanism may also prevent increased

feeding in the lower (warmer) site in our system.

Although the rise in temperature inside the OTCs relative

to the ambient temperatures at our high-elevation site is

larger than the relative change from the high to the low

site, the insects larvae within the OTCs may move out to

cool down if needed. At the lower site, however, this is

not an option and heat stress might be more severe,

restricting feeding at increased temperatures.

If different herbivores are responsible for the feeding

marks on the two different plant species, the mechanisms

described above may be species dependent, creating the

contrasting patterns between D. octopetala and B. vivipara

in our study. The caterpillar Sympistis nigrita is mono-

phagous on D. octopetala and was the most important

herbivore registered on this plant species at northeastern

Greenland (Roslin et al. 2013). Larvae of S. nigrita were

the second most abundant insect herbivore found at our

sites at Finse. Sympistis nigrita is known to hatch from

eggs in early spring and pupate in July–August after 3–
4 weeks of feeding (Roslin et al. 2013). The youngest lar-

val instar feeds on flowrs, preferring pistils and stamens

(Roslin et al. 2013). As it develops, and Dryas flowers

senesce, it changes the diet toward the leaves (Hopkins

2012). This fits well with our results of increased her-

bivory on leaves in late summer only. Adding to this pat-

tern, we also found S. nigrita larvae to be active in the

Figure 3. Percentage of each Bistorta vivipara leaf eaten by insect

herbivores in control and open-top chamber plots at a low and a

high-elevation site in an alpine Dryas heath at Finse, Norway.

Table 3. Lepidoptera larvae caught in five pitfall traps or observed in

control and open-top chamber plots at the low and high-elevation

sites at Mt. Sandalsnuten, Finse, Norway. The shading indicates occur-

rence of different species or species groups in time.

Pitfall traps Observations

Herbivores

Time of summer Time of summer

Early Mid Late Early Late

High site Zygaena exulans 6 11 – 7 2

Sympistis nigrita 2 3 – –

Other – 5 3 – 2

Low site Zygaena exulans 7 – – 8 –

Sympistis nigrita – 2 2 – 1

Other 2 1 – – 1
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later part of summer (Table 1). As warming generally

increases abundance of flowers in Dryas (personal obser-

vations, Welker et al. 1997), increased feeding of

S. nigrita is indeed expected. Sympistis nigrita was found

close to both sites, but we did not estimate abundances

properly in the plots. However, given that the feeding

marks on D. octopetala actually represent S. nigrita, the

raised levels of herbivory in the warmer relative to the

colder site may reflect a population response in S. nigrita

due to increased food availability.

Whereas the feeding marks on D. octopetala match

the seasonal occurrence of S. nigrita, the feeding marks

on B. vivipara may be explained by the activity of the

highly polyphagous Z. exulans, having B. vivipara as

one of many food plants (Naumann et al. 1999). These

butterfly larvae are likely to have a 2-year life cycle at

Finse (H�agvar, 1976) as relatively large larvae occur as

soon as the snow disappears. The larvae terminate feed-

ing very soon if kept at higher temperatures (H�agvar,

1976; Hasle 2013). In addition, we found a slightly

longer activity period in the high (colder) than in the

low (warmer) site. These observations combined suggest

a similar adaptation in the alpine Z. exulans as indi-

cated in the arctic G. groenlandica, an inability to use

temperatures above a certain threshold (Kukal and

Dawson 1989; Barrio et al. 2016). Thus, when the snow

melts out at the lower site, the temperature may

already be too high for Z. exulans, not promoting feed-

ing inside the OTCs. Parasitoids were frequently

observed on Z. exulans in the field and hatched from

paralyzed larvae when transferred to laboratory (unpub-

lished results). Parasitism causing more than 50% mor-

tality has been suggested to drive the phenology of

G. groenlandica (Kukal and Kevan 1987), and the nar-

row temperature range seen in those two species might

be linked to avoidance of predation rather than a pure

thermal adaptation. Whether the increased effect of her-

bivory on the high relative to the low site is related to

consumption rates or differences in population densities

has to be investigated further.

More of each B. vivipara leaf was consumed by insects

when experimentally warmed, whereas the percentage of

each D. octopetala leaf removed remained unchanged.

Assuming that the feeding marks on the two plant spe-

cies were caused by different herbivores, species-specific

feeding pattern in response to temperature may explain

this discrepancy. Following the line of thought from the

experiments with G. groenlandica, heat stress changed

the preferred food plant from Dryas to the more nutri-

tious Salix when warmed (Barrio et al. 2016). Here, we

suspect Z. exulans to feed on B. vivipara which is a

highly nutritious plant. However, if stressed by heat,

costs of movements between the patchily distributed

B. vivipara plants might have increased and promoted

longer feeding time within patches (plants) (Kamil,

Krebs and Pulliam 1987). As for herbivory on Dryas,

the herbivory index showed an increasing trend with

warming across sites and heat stress is unlikely to be

important. Also, Dryas form large mats which indicate

very low movements costs between leaves. Dryas is also

protected by high concentrations of defensive com-

pounds (Nybakken et al., 2011), which may interfere

with insect feeding patterns. Dryas octopetala respond to

warming by producing larger and heavier leaves (Nybak-

ken et al., 2008; Barrio et al. 2016). As we used the per-

centage of each leaf eaten to estimate herbivore

consumption, an increase in leaf size might actually

counteract effect. Thus, in later studies, amount of

removed tissue should be used to estimate leaf con-

sumption rather than a proportion of each leaf.

The larvae of Z. exulans are considered a polyphagous

herbivore (Naumann et al. 1999), feeding on many host

plants from different families. H�agvar (1976) found

Z. exulans to feed mainly on Salix at lower elevations at

Finse, but feeding marks on Salix were few in the pre-

sent study. Generalist herbivores often specialize on the

most abundant plant groups (Wilf and Labandeira

1999). Based on this argument, both D. octopetala and

B. vivipara are likely to be preferred plants at our sites

by any generalist herbivore. Z. exulans is known to feed

on B. vivipara (Naumann et al. 1999) and was able to

feed on Dryas in a no-choice feeding experiment in the

laboratory (Hasle 2013). Thus, Z. exulans and other gen-

eralist herbivores not identified (Table 3) might poten-

tially feed on both plant species, complicating the overall

picture in our study.

Our results are in line with recent meta-analyses on

plant community responses to climate change, suggesting

that site-specific conditions, such as ambient tempera-

ture, herbivory, moisture, and snow patterns, are impor-

tant drivers of community dynamics in addition to

climate warming. Although we find a general increase in

herbivory, we also show complex interactions between

plants and insects, possibly linked to phenology and spe-

cies-specific food preferences. Herbivory on Dryas, most

likely caused by the monophagous S. nigrita feeding pri-

marily on flowers, is likely to increase in importance in

a warmer future and might already contribute to Dryas

heath community dynamics by reducing Dryas seed pro-

duction. Herbivory on B. vivipara is likely to be most

important in the cooler sites and possibly deceases in

importance with increasing temperatures. Clearly, the

outcome of plant–insect interactions on plant commu-

nity level in a warmer world is hard to predict, and

more studies confirming possible outcomes are still

needed.

6960 ª 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.

Experimental Warming Increases Herbivory T. Birkemoe et al.



Acknowledgments

We thank Tone Aasbø Granerud for sorting and identify-

ing insects from pitfall traps, Sylvi Sandvik for using OTC

plots form the low site, and Finse Research Station for

hospitality.

Conflict of Interest

None declared.

References

Adler, L. S., P. de Valpine, J. Harte, and J. Call. 2007. Effects

of long-term experimental warming on aphid density in the

field. J. Kansas Entomol. Soc. 80:156–168.
Arft, A. M., M. D. Walker, J. Gurevitch, J. M. Alatalo, M. S.

Bret-Harte, M. Dale, et al. 1999. Responses of tundra plants

to experimental warming: meta-analysis of the international

tundra experiment. Ecol. Monogr. 69:491–511.
Aune, B.. 1993. Temperaturnormaler: normalperiode 1961–

1990. The Norwegian Meteorological Institute, Oslo.

Barrio, I. C., C. G. Bueno, and D. S. Hik. 2016. Warming the

tundra: reciprocal responses of invertebrate herbivores and

plants. Oikos 125:20–28.

Elmendorf, S. C., G. H. R. Henry, R. D. Hollister, et al.

2012a. Plot-scale evidence of tundra vegetation change

and links to recent summer warming. Nat. Clim. Chang.

2:453–457.

Elmendorf, S. C., G. H. R. Henry, R. D. Hollister, R. G. Bj€ork,

A. D. Bjorkman, T. V. Callaghan, et al. 2012b. Global

assessment of experimental climate warming on tundra

vegetation: heterogeneity over space and time. Ecol. Lett.

15:164–175.
Førland, E. J.. 1993. Precipitation normals, normal period

1961–1990. The Norwegian Meteorological Institute, Oslo.

Gillespie, M. A. K., I. S. J�onsd�ottir, I. D. Hodkinson, and E. J.

Cooper. 2013. Aphid-willow interactions in a high Arctic

ecosystem: responses to raised temperature and goose

disturbance. Glob. Change Biol. 19:3698–3708.
Grytnes, J.-A., J. Kapfer, G. Jurasinski, H. H. Birks, H.

Henriksen, K. Klanderud, et al. 2014. Identifying the driving

factors behind observed elevational range shifts on European

mountains. Glob. Ecol. Biogeogr. 23:876–884.

Hanssen-Bauer, I., and E. Førland. 2001. Verification and

analysis of climate simulation of temperature and pressure

fields over Norway and Svalbard. Clim. Res. 16:225–235.
Hasle, T. 2013. Experimental warming increases insect

herbivory in an alpine ecosystem. [MSc thesis], Department

of Ecology and Natural Resource Management, Norwegian

University of Life Sciences, �As, 27 pp.

H�agvar, S. 1976. Studies on the ecology of Zygaena exulans

Hochw. (Lep., Zygaenidae) in the alpine habitat at Finse,

south Norway. Nor. J Entomol. 23:197–202.

Hollister, R. D., and P. J. Webber. 2000. Biotic validation of

small open-top chambers in a tundra ecosystem. Glob.

Change Biol. 6:835–842.
Hopkins, T. 2012. An extended food web from Greenland –

adding birds, spiders and plants to a parasitoid-lepidopteran

web. [MSc thesis], Department of Biosciences, University of

Helsinki, Helsinki, 34 pp.

Høye, T. T., E. Post, N. M. Schmidt, K. Trøjelsgaard, and M.

C. Forchhammer. 2013. Shorter flowering seasons and

declining abundance of flower visitors in a warmer Arctic.

Nat. Clim. Chang. 3:759–763.

Høye, T. T., A. Eskildsen, R. R. Hansen, J. J. Bowden, N. M.

Schmidt, and W. D. Kissling. 2014. Phenology of high-arctic

butterflies and their floral resources: species-specific

responses to climate change. Curr. Zool. 60:243–251.

IPCC 2013. The physical science basis. Contribution of Working

Group I to the Fifth Assessment Report of the

Intergovernmental Panel on Climate Change [Stocker, T.F.,

D. Qin, G.-K. Plattner, M. Tignor, S.K. Allen, J. Boschung, A.

Nauels, Y. Xia, V. Bex and P.M. Midgley (eds.)]. Cambridge

Univ. Press, Cambridge, U.K. and New York, NY, 1535 pp.

Kamil, I. C., J. R. Krebs, and H. R. Pulliam. 1987. Foraging

behavior. Ed. Book. Plenum Press, New York, NY. 676 Pp.

ISBN9781461290278.

Klanderud, K., and H. J. B. Birks. 2003. Recent increases in

species richness and shifts in altitudinal distributions of

Norwegian mountain plants. Holocene 13:1–6.

Klanderud, K., and Ø. Totland. 2005. Simulated climate

change altered dominance hierarchies and diversity of an

alpine biodiversity hotspot. Ecology 86:2047–2054.
Klanderud, K., and Ø. Totland. 2007. The relative role of

dispersal and local interactions for alpine plant community

diversity under simulated climate warming. Oikos 116:1279–

1288.

Kozlov, M. V. 2008. Losses of birch foliage due to insect

herbivory along geographical gradients in Europe: a climate

driven pattern? Clim. Change. 87:107–117.

Kukal, O., and T. E. Dawson. 1989. Temperature and food

quality influences feeding behavior, assimilation efficiency

and growth rate of arctic woolly-bear caterpillars. Oecologia

79:526–532.
Kukal, O., and P. G. Kevan. 1987. The influence of parasitism

on the life history of a high arctic insect, Gynaephora

groenlandica (W€ocke) (Lepidoptera: Lymantriidae). Can. J.

Zool. 65:156–163.
Lemoine, N. P., W. A. Drews, D. E. Burkepile, and J. D.

Parker. 2013. Increased temperature alters feeding behaviour

of a generalist herbivore. Oikos 122:1669–1678.

Liu, Y., P. B. Reich, G. Li, and S. Sun. 2011. Shifting

phenology and abundance under experimental warming

alters trophic relationships and plant reproductive capacity.

Ecology 92:1201–1207.

Marion, G. M., G. H. R. Henry, D. W. Freckman, J.

Johnstone, G. Jones, M. H. Jones, et al. 1997. Open-top

ª 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd. 6961

T. Birkemoe et al. Experimental Warming Increases Herbivory



designs for manipulating field temperatures in high-latitude

ecosystems. Glob. Change Biol. 3:20–32.

Moen, A.. 1998. National Atlas of Norway: vegetation. Statens

kartverk, Hønefoss, 199 pp.

Naumann, C., G. Tarmann, and G. Tremewan. 1999. The

western palearctic zygaenidae. Apollo Books, Stenstrup.

Nybakken, L., K. Klanderud, and Ø. Totland. 2008. Simulated

environmental change has contrasting effects on defensive

compound concentration in three alpine plant species. Arct.,

Antarc. Alp. Res. 40:709–715.
Nybakken, L., S. M. Sandvik, and K. Klanderud. 2011.

Experimental warming had little effect on carbon-based

secondary compounds, carbon and nitrogen in selected

alpine plants and lichens. Environ. Exp. Bot. 72:368–376.
Oberbauer, S. F., S. C. Elmendorf, T. G. Troxler, R. D.

Hollister, J. Dawes, A. M. Fosaa, et al. 2013. Phenological

response of tundra plants to background climate variation

tested using the International Tundra Experiment. Philos.

Trans. R. Soc. Lond. B Biol. Sci. 368:20120481.

Olsen, S. L., and K. Klanderud. 2013. Biotic interactions limit

species richness in an alpine plant community, especially

under experimental warming. Oikos 123:71–78.
Parmesan, C. 2006. Ecological and evolutionary responses to

recent climate change. Annu. Rev. Ecol. Evol. Syst. 37:637–
669.

Parmesan, C., and G. Yohe. 2003. A globally coherent

fingerprint of climate change impacts across natural systems.

Nature 421:37–42.
Pauli, H., M. Gottfried, S. Dullinger, et al. 2012. Recent plant

diversity changes on Europe’s mountain summits. Science

336:353–355.

Pedersen, C., and E. Post. 2008. Interactions between

herbivory and warming in aboveground biomass production

of arctic vegetation. BMC Ecol. 8:17.

Pieper, S. J., V. Loewen, M. Gill, and J. F. Johnstone. 2011.

Plant responses to natural and experimental variations in

temperature in alpine tundra, Southern Yukon, Canada.

Arct. Antarct. Alp. Res. 43:442–456.
Richardson, S. J., M. C. Press, A. N. Parsons, and S. E.

Hartley. 2002. How do nutrients and warming impact on

plant communities and their insect herbivores? A 9-year

study from a sub-Arctic heath. J. Ecol. 90:544–556.

Roslin, T., H. Wirta, T. Hopkins, B. Hardwick, and G.

V�arkonyi. 2013. Indirect interactions in the high arctic.

PLoS ONE 8:e67367.

Roy, B. A., S. G€usewell, and J. Harte. 2004. Response of plant

pathogens and herbivores to a warming experiment. Ecology

85:2570–2581.

Sala, O. E., F. S. Chapin, J. J. Armesto, E. Berl�ow, J.

Bloomfield, R. Dirzo, et al. 2000. Global biodiversity

scenarios for the year 2100. Science 287:1770–1774.
Sandvik, S. M., and W. Eide. 2009. Costs of reproduction in

circumpolar Parnassia palustris L. in light of global

warming. Plant Ecol. 205:1–11.
The Norwegian Meteorological Institute. 2015. eKlima: Data

from weather station 25840 at Finse, normal period 1961–
1990. Available at: http://eklima.met.no (accessed 11 January

2016).

Tylianakis, J. M., R. K. Didham, J. Bascompte, and D. A.

Wardle. 2008. Global change and species interactions in

terrestrial ecosystems. Ecol. Lett. 11:1351–1363.

Walker, M. D., C. H. Wahren, R. D. Hollister, G. H. R. Henry,

L. E. Ahlquist, J. M. Alatalo, et al. 2006. Plant community

responses to experimental warming across the tundra biome.

Proc. Natl Acad. Sci. USA 103:1342–1346.

Walther, G. R. 2010. Community and ecosystem responses to

recent climate change. Philos. Trans. R. Soc. Lond. B Biol.

Sci. 365:2019–2024.
Welker, J. M., U. Molau, A. N. Parsons, C. H. Robinson, and

P. A. Wookey. 1997. Responses of Dryas octopetala to ITEX

environmental manipulations: a synthesis with circumpolar

comparisons. Glob. Change Biol. 3:61–73.
Wilf, P., and C. C. Labandeira. 1999. Response of plant-insect

associations to paleocene –ecocene warming. Science

284:2153–2156.

Wirta, H. K., E. J. Vesterinen, P. A. Hamback, E. Weingartner,

C. Rasmussen, J. Reneerkens, et al. 2015. Exposing the

structure of an Arctic food web. Ecol. Evol. 5:3842–3856.

Supporting Information

Additional Supporting Information may be found online

in the supporting information tab for this article:

Figure S1. Number of feeding marks on D. octopetala in

control and OTC plots at a low and a high elevation site

recorded in early and late summer in an alpine Dryas

heath at Finse, Norway.

Figure S2. Number of feeding marks on B. vivipara in

control and OTC plots at a high and a low elevation site

recorded in early and late summer in an alpine Dryas

heath at Finse, Norway.

Table S1. ANCOVA results with number of feeding

marks on D. octopetala and B. vivipara as response vari-

ables explained by site, treatment and the percentage

cover of these species within the plots.

6962 ª 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.

Experimental Warming Increases Herbivory T. Birkemoe et al.

http://eklima.met.no

