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Traits that mediate species interactions are evolutionarily shaped by biotic and abiotic drivers, yet we know relatively 
little about the relative importance of these factors. Herbivore pressure, along with resource availability and ‘third-party’ 
mutualists, are hypothesized to play a major role in the evolution of plant defence traits. Here, we used the model 
system Plantago lanceolata, which grows along steep elevation gradients in the Swiss Alps, to investigate the effect of 
elevation, herbivore pressure, mycorrhizal inoculation and temperature on plant resistance. Over a 1200 m elevation 
gradient, the levels of herbivory and iridoid glycosides (IGs) declined with increasing elevation. By planting seedlings at 
three different elevations, we further showed that both low-elevation growing conditions and mycorrhizal inoculation 
resulted in increased plant resistance to herbivores. Finally, using a temperature-controlled experiment comparing high- 
and low-elevation ecotypes, we showed that high-elevation ecotypes are less resistant to herbivory, and that lower 
temperatures impair IGs deployment after herbivore attack. We thus propose that both lower herbivore pressure, and 
colder temperatures relax the defense syndrome of high elevation plants.

Since plants are sessile organisms, plant trait differentia-
tion, both within species and individuals, has been postu-
lated to influence community composition within different 
environments due to changes in biotic and abiotic condi-
tions (Ackerly and Cornwell 2007, Webb et al. 2010). 
Among the biggest threats for plants is herbivore attack, 
which has resulted in the evolution of physical and chemi-
cal defenses (Schoonhoven et al. 2005). Herbivory rates are 
not homogenous, and insects herbivores, particularly, are 
also influenced by changes in the abiotic environment 
(Hodkinson 2005). Therefore, plant traits should co-vary 
with the abiotic environment because the traits may  
simultaneously confer adaptations to tolerate variations in 
herbivory levels and a given environmental regime (Coley 
et al. 1985). Indeed, it has been shown that interaction 
between resources and herbivore pressure drives habitat 
specialization (Fine et al. 2004), and studies should simul-
taneously account for abiotic and biotic factors to evaluate 
their relative strength.

Strong environmental gradients (i.e. contrasting habi-
tats), which are increasingly being used to measure the effects 
of varying abiotic and biotic factors on plant traits (Körner 
2007), can influence plant–herbivore inter actions  
in three distinct ways. First, the species composition and 

relative abundance within herbivore communities may shift 
among habitats because herbivores are affected by abiotic 
conditions (Novotny et al. 2005, Pellissier et al. 2012). 
Second, the variation in abiotic conditions, determining  
the plant metabolic activity, also determines the extent of 
defence that can be synthesized. Due to the differential  
costs of tissue replacement in low- and high-resource  
environments, the optimal defence allocation should be 
higher in low-resource habitats and lower in high-resource 
habitats (Coley et al. 1985, Herms and Mattson 1992). 
Despite strong evidence that soil resources mediate trade-
offs between growth and defences (Coley et al. 1985, Fine 
et al. 2004), relatively little is known about whether other 
abiotic factors, such as temperature variation, directly affect 
plant defences (Rizhsky et al. 2004). Plant responses to ther-
mal stress generally lead to rapid increases in reactive oxygen 
species and rapid protein turnover (Suzuki and Mittler 
2006), which might ultimately impact secondary-metabolite 
production (Walker et al. 2012). Thus, growth at colder 
sites, such as montane environments, might impose physio-
logical constraints on how plants can resist herbivore attack. 
And third, mutualistic interactions with soil microorgan-
isms, such as arbuscular mycorrhizal fungi (AMF), known to 
modify resistance against herbivory (Gange and West 1994, 
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Bennett et al. 2006), vary along environmental gradients 
(Kernaghan 2005, Rasmann et al. 2011) and are thus 
expected to modify plant responses to herbivores.

The type of defence and the amount of energy that a 
plant allocates should represent an optimal strategy given 
the local biotic and abiotic conditions, such as climate, soil 
resources and composition, and the abundance of attackers 
and their impacts on plant fitness (Grime 1977, Herms and 
Mattson 1992, Züst et al. 2012). Nevertheless, little is 
known regarding how biotic and abiotic factors interact to 
shape the diversity and amount of plant defensive traits 
along ecological gradients. Classic examples clearly indicate 
strong plant-trait differentiation and local adaptation along 
steep ecological gradients (reviewed by Núñez-Farfán and 
Schlichting 2001), where both climate and biotic pressure 
are responsible for the maintenance of local  
variation. For instance, it was shown that along elevation 
gradients, strong genetic differentiation of Polemonium  
viscosum plants occurs simultaneously with differentiation 
in plant traits. Particularly, slow growth is associated with 
the harsher climate on the mountaintop, but higher resis-
tance at the bottom of the range is associated with higher 
herbivore pressure near the timberline (Galen et al. 1991).

In this study, we investigated the factors influencing how 
the ribwort plantain Plantago lanceolata, Plantaginaceae 
resists leaf-chewing herbivores in the Alps. First, we observed 
natural herbivory levels and plant defensive traits in  
P. lanceolata throughout the plantain’s full elevational  
distribution in the Swiss Alps (from 600 to 1800 m a.s.l.). 
Second, we investigated how elevation per se and mycor-
rhizal mutualists affect the plants’ responses to herbivores 
using a field experiment and growing individuals at three 
different elevations with and without mycorrhizae. And 
third, we performed a temperature-controlled experiment 
with seeds from low- and high-elevation populations to 
directly measure the effect of temperature on plant resis-
tance. Specifically, we addressed the following questions:  
1) is the rate of herbivore attack declining along elevation 
gradients, and does this correlate with defense production? 
2) Does growing conditions, including elevation and the 
presence of mycorrhizal mutualists, influence plant resis-
tance and defenses? And 3) does temperature drive variation 
in resistance and secondary metabolite deployment?

Material and methods

Plants

Plantago lanceolata is a short-lived perennial rosette plant 
with adventitious roots that may reproduce via seeds or by 
vegetatively forming new rosettes from axillary buds (Sagar 
and Harper 1964). This plant produces the monoterpene-
derived iridoid glycosides (IGs) aucubin and catalpol, 
known to influence feeding by both specialist and generalist 
insect herbivores (Bowers et al. 1992) as well as the growth 
of fungal pathogens (Biere et al. 2004). Aucubin is the bio-
synthetic precursor to catalpol (Damtoft et al. 1983), itself 
shown to be more heavily induced by herbivory than aucu-
bin, especially by specialist herbivores (Bowers and Stamp 
1993).

Natural population survey

In the Swiss Alps, P. lanceolata individuals grow from the 
lowland (approximately 500 m a.s.l.) up to the subalpine 
stage (approximately 1800 m a.s.l.). We measured herbivory 
on P. lanceolata individual plants growing from 600 to  
1800 m a.s.l. at elevation increments of 100 m, which 
resulted of a total of 13 different elevations (see site coordi-
nates in Supplementary material Appendix 1, Table A1).  
At each elevation site, we sampled 10 fully expanded, ran-
domly chosen leaves on three plants growing separated  
from each other by at least 30 m. Each leaf was scanned to 
quantify the level of herbivory on the plant using the image-
analysis software ImageJ ( http://rsbweb.nih.gov/ij/ ). 
Every missing part of the leaf was redrawn and used to 
quantify the percentage of damage, expressed as the missing 
area on the leaf/total area of leaf (including the estimated 
missing parts)  100 and averaged across 10 leaves.  
Finally, we averaged % damage across the three plants  
per site to obtain site-specific effects. We used Pearson’s  
correlation test to measure variation of plant damage  
along the elevation gradient. The percentage herbivory lev-
els were arcsin (square-root)-transformed prior to analysis.

Of the 13 population sampled, we measured IGs of plants 
coming from seven elevations, distributed at about 670, 980, 
1180, 1290, 1500, 1690, and 1750 m a.s.l. Quantification 
of catalpol and aucubin was done following a modified 
Bowers (1996) protocol. Between 50 and 100 mg dried  
tissue powder was extracted in 3 ml methanol overnight. 
Following solvent evaporation, 1 ml of Phenyl- -D-
glucopyranoside (  PBG, CAS 1464-44-4, Sigma-Aldrich) 
(0.5 mg ml 1), and 3 ml additional deionized H2O were 
added to the dry residue. After ether-rinsing the solution 
three times, a 0.1 ml aliquot was evaporated and added  
with 0.1 ml TMSI  PYRIDINE, 1:4 (Sylon TP, CAS  
8077-35-8, Sigma-Aldrich), as a silylation agent, and heated 
at 70 C for 20 min. Finally, 1 l of this solution was  
analysed using gas chromatography-mass spectrometry 
(GC-MS) with a Thermo Trace GC Ultra Lan GC system 
coupled to a quadrupole-typemass-selective detector (DSQ II 
from Thermo Fisher Scientific, Waltham, MA, USA; transfer 
line 220 C, source 220 C, ionization potential 70 eV). The 
sample was injected on an apolar column (Zebron ZB-5MS, 
30 m, 0.25 mm internal diameter, 0.25 m film thickness; 
Phenomenex, Torrance, CA, USA). Helium at a constant 
flow (1.2 ml min 1) was used as the carrier gas. After injec-
tion through split injector (split flow 24 ml min 1, splitless 
time 1 min), the column temperature was maintained at 
140 C for 1 min and then increased to 280 C at 6 C min 1 
followed by a final stage of 5 min at 300 C. The IG level was 
quantified by comparing the area of IGs with the area of the 
internal standard. Absolute values were obtained based on 
calibration curves of catalpol and aucubin and expressed in 

g mg 1 of leaf dry weight. The relationship between her-
bivory levels and elevation and between herbivory and total 
IGs were analysed with Pearson correlation tests.

Elevation and mycorrhizae experiment

To determine the effects of elevation and arbuscular mycor-
rhizal fungi (AMF) on plant performance and resistance 
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traits, we planted P. lanceolata plants at three different eleva-
tions (500, 1000, and 1500 m a.s.l.) and applied a mycor-
rhizal treatment. With this manipulation we aimed at 
measuring responses of plants to local environment when 
growing at different elevations. Therefore, seeds from plants 
distributed throughout the elevation gradient were pooled 
and germinated on wet paper at room temperature. The 
seedlings were planted in 12 cm diameter plastic pots filled 
with an autoclaved soil mix (120 C, 120 min, 1 atm) with a 
low P concentration (Substrat 4, Klasmann-Deilmann, 
Geeste, Germany) and sand (ratio 1:1, v/v). Immediately 
after planting, an inoculum of approximately 250 AMF 
spores (Rhizophagus irregularis, previously known as Glomus 
intraradices, Glomygel from Mycovitro S.L., Albolote, 
Granada, Spain) in 2 ml water solution was added to half of 
the plants. Rhizophagous irregularis isolates have been shown 
to form symbioses with P. lanceolata in natural conditions 
(Croll et al. 2008). A second similar inoculation was per-
formed after four days, and the next day, potted plants were 
placed outside at three elevations, and under 20% 
UV-removal shading to protect unaccustomed small seedling 
from intense UV light. In total we planted 25 plants  3 
elevations  2 treatments (with and without mycor-
rhizae)  150 plants. Of these, 60 plants were used to mea-
sure growth-related traits, and the remaining 90 plants were 
used to measure resistance and defenses. After seven weeks  
of growth, the 60 plants were scored for plant traits  
relating to growth and nutritive value (root and shoot  
biomass, chlorophyll levels, water content, and specific leaf 
area [SLA]). The aboveground biomass was measured after 
drying all the leaves and flowering stems at 60 C for four 
days. The root biomass was measured by washing soil from 
roots and drying the material as described above, using a 
subset of five randomly chosen plants. Root sampling  
also showed that plants were not root-bound, similarly to 
previous experiments in the system (Roger et al. 2013).  
The chlorophyll levels were measured using a Konica  
Minolta SPAD-502 chlorophyllometer (Konica Minolta 
Sensing, Osaka, Japan) as the average value of three different 
leaves per plant. The water content was calculated as the 
fresh leaf weight minus the weight of the leaves left drying 
for four days at 60 C. The SLA (expressed in mm2 mg 1) 
was obtained by cutting a 1 cm diameter leaf disc and  
measuring its dry weight after four days at 60 C.

The additional 15 plants per elevation and mycorrhizal 
treatment (n  90) were set aside for measuring plant  
resistance against the generalist herbivore Spodoptera  
littoralis (Lepidoptera; Noctuidae), obtained from  
Syngenta, Stein, Switzerland. Spodoptera littoralis is a  
generalist caterpillar known to feed on plants of at least 40 
different families (Brown and Dewhurst 1975), including 
Plantago spp., and is widely used to perform plant resistance 
bioassays. We also chose a non-adapted herbivore to  
remove the confounding effect of possible local adaptation. 
After seven weeks of field growth, all plants were brought 
into a light- and temperature-controlled room (24 C; 16:8 h 
light period) for the insect bioassay. The next day, 10 neonate 
larvae were placed on 10 plants per treatment and per  
elevation, previously enclosed with a fine mesh white  
cloth, and allowed to feed for seven days (n  10 plants per 
elevation and mycorrhizal treatment). The remaining five, 

control, plants were also enclosed with fine mesh cloth veil 
but left herbivore-free for measuring constitutive plant 
chemistry. Recollected larvae were dried for four days at 
60 C before being weighed. Herbivore-induced IGs were 
measured as described above on six randomly chosen  
herbivore-damaged plants per treatment, and on the five 
additional undamaged plants. On the same plants, the  
carbon-to-nitrogen ratio (C/N) was analysed with an elemen-
tal analyser. Finally, we measured AMF-colonization rates at 
different elevations on a subset of plants (n  4 undamaged 
plants per elevation) by clarifying fine root tissue (10 cm  
in length and approximately 50 mg) with 10% KOH for  
10 min and staining in 0.05% trypan blue in a 1:1:1 mixture 
of water:glycerine:lactic acid (Phillips and Hayman  
1970). The roots were mounted on slides and scored at 40 
magnification. All the spores and arbuscules were counted 
and pooled to obtain the mycorrhizal colonization level per 
cm of root.

To assess the effects of growing conditions on plant  
resistance and defenses, we tested whether elevation, herbi-
vore treatment and mycorrhizal treatments influence larval 
growth using two-way ANOVAs and IGs production using 
three-way ANOVAs. All the IG parameters (catalpol, aucu-
bin, total amounts and the ratio between aucubin and  
catalpol) were square-root-transformed prior to analysis.  
We also quantified the effect of treatments on several  
plant growth traits (biomass, chlorophyll content, SLA, 
C/N, root:shoot ratio) using three-way ANOVAs.

Controlled temperature experiment

To determine possible elevation-driven local adaptation in 
resistance and chemical defences as well as environment-
driven response to a distinct temperature regime, we  
conducted a growth chamber experiment using high and low 
elevation P. lanceolata populations, grown at two tempera-
ture regimes of 12 C and 20 C. Based on meteorological 
data from stations in the study area extracted from the 
Meteosuisse IDAWEB database ( www.meteoschweiz.
admin.ch/ ), 12 C and 20 C are the average daily tempera-
tures of the plant-growing season at 1500 m and 500 m, 
respectively. It should be noted however that the variance in 
growing season temperature is approximately 10% greater at 
1500 m compared to 500 m. We collected seeds from five  
populations situated between 500–600 m a.s.l., whereas the 
high-elevation individuals were obtained by collecting  
seeds from five populations situated between 1500–1700 m 
a.s.l., all from different alpine valleys (Supplementary  
material Appendix 1, Table A2). The two batches of  
seeds (high and low elevation) were germinated as described 
above, transplanted in 10 cm pots, and placed in two  
different temperature-controlled chambers (14:10 h light 
regime) at 12 C and 20 C (n  26 plants per elevation  
and per temperature regime). After seven weeks of growth, 
twenty plants from high and low elevations and the two tem-
perature regimes were used to measure the resistance against 
10 S. littoralis larvae per plant. Plants were enclosed with  
fine mesh cloth and placed in the greenhouse with the  
same parameters as described above to remove the con-
founding effect of temperature on the insect development. 
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Elevation and mycorrhizae experiment

We found significant effects of the treatments on the plant 
resistance and palatability parameters (Fig. 3). Spodoptera  
littoralis caterpillars feeding on high elevation grown plants 
were on average 26% heavier than the caterpillars that fed on 
low elevation grown plants (Fig. 2a, Table 1). Interestingly, 
we found that mycorrhizae decreased the S. littoralis  
mean larval weight by 25% in the low and high elevation 

Six randomly chosen, herbivore-damaged plants were used 
for measuring herbivore-induced IG levels as described 
above. The remaining six plants were used for measuring 
constitutive levels of IGs.

Plant growth (biomass) and IGs were analysed using 
three-way ANOVAs including the elevation of origin  
(high or low elevation), herbivore treatment (with and  
without herbivore) and temperature treatments as factors. 
All the IG parameters (catalpol, aucubin, total amount and 
the ratio between aucubin and catalpol) were square- 
root-transformed prior to analysis. The larval biomass was 
analysed with two-way ANOVA including the elevation of 
origin and temperature regimes as treatments.

Results

Natural population survey

Across almost 1200 m of elevation, P. lanceolata plants  
display strong variation in how much herbivory they  
experience (Fig. 1a, F12,26  3.68, p  0.003), ranging from a 
maximum of 6% damage in lowland populations to about 
0.2% damage for the high elevation populations. Paralleling 
this result, we found a significant relationship between  
IGs production and elevation (for aucubin, F7,36  2.95, 
p  0.01; for catalpol F7,36  2,35, p  0.04; and for the sum 
F7,36  2.50, p  0.03; but not for the ratio of aucubin to 
catalpol F7,36  1,35, p  0.25). As a consequence, the  
herbivory levels were positively correlated with the total IG 
levels in the plants (Supplementary material Appendix 1, 
Fig. A1, Pearson correlation, n  7, r  0.79, p  0.02). We 
note here that total IGs content, and particularly for catalpol 
(data not shown), is low compared to previous published 
studies (ranging from 1–7%) (Bowers et al. 1992, Stamp  
and Bowers 1994, Marak et al. 2003). We speculate this to 
be derived from a delayed processing of the field-collected 
material. Nevertheless, all plants underwent the same han-
dling and processing, which would validate the comparison 
among sites as done here.

Figure 1. Elevation effect on the levels of herbivory (measured  
as the number of feeding holes per plant) on 13 P. lanceolata  
populations. Each dot is the average of three plants per elevation 
(  1 SE).

Figure 2. Plantago lanceolata resistance and palatability parameters, 
including (a) Spodoptera littoralis growth rate, (b) total iridoid  
glycosides (IGs), and (c) carbon to nitrogen ratio of the plants that 
were grown at three elevation sites (500, 1000, and 1500 m a.s.l.). 
Half of the plants were either inoculated with mycorrhizae (black and 
dark grey bars) or left uninoculated (open and light grey bars). The 
light grey and dark grey bars represent plants that were treated with 
S. littoralis for 7 d. The bars represent averages  1 SE. Asterisks indi-
cate a significant difference between pairs of bars (t-test, p  0.05).
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sites (Fig. 2b, Supplementary material Appendix 1,  
Table A3). In addition, growing at high elevation decreased 
the total C/N, while the presence of herbivores increased the 
C/N ratio (Fig. 2c, Supplementary material Appendix 1, 
Table A3). We never found an interaction between the  
elevation and mycorrhizal treatment, suggesting similar  
colonization rates across elevation sites. Note that we found 
no differences in AMF colonizing the roots of plants  
from the three elevation sites (sum of spores plus arbus-
cules  23.75  3.71, 21.21  2.98, and 24.5  0.5, respec-
tively from low to middle to high elevation; elevation effect 
F2,11  0.38, p  0.69).

Finally, variation in growing conditions across elevations 
and mycorrhizae influenced the studied plant traits (Fig. 3, 
Supplementary material Appendix 1, Table A4). Growing at 
high elevation increased the plant chlorophyll levels by  
10% (Fig. 3a), decreased the above- and below-ground  
plant biomass by 73 and 84%, respectively (Fig. 3b), and 
increased the SLA by 29% (Fig. 3c), and the water content 
by 10% (Fig. 3d). In contrast, mycorrhizae did not increase 
plant biomass, SLA or chlorophyll levels but significantly 
increased the mean water content by 5% (Fig. 3d).

Controlled temperature experiment

The controlled chamber experiment showed the plastic  
effect of temperature and the effect of elevation driving  

sites (Fig. 2a, Table 1). IGs were overall only slightly affected 
by mycorrhizae, but we found strong elevation and herbivore 
effects. Plants growing at low elevation had higher total lev-
els of IGs (Fig. 2b, Supplementary material Appendix 1, 
Table A3). This result was mainly driven by the fact that  
IGs, and particularly the IG catalpol, were highly induced by 
S. littoralis feeding in plants growing at the low-elevation 

Table 1. Two-way and three-way interaction ANOVAs for  
P. lanceolata plant resistance and defense, respectively. Plants  
were grown at three different elevations, and half of the plants  
were inoculated with the AM fungi R. irregularis. Spodoptera  
littoralis larval weight after 7 d of growth was measured on the same 
plants placed in a glasshouse to remove the effect of elevation  
on insect growth. Total iridoid glycosides (IGs) represents the sum  
of catalpol and aucubin. Denominator degrees of freedom for larval 
weight is 36, and for total IGs is 49.

Response variable Factor DFnum F

Larval weight Elevation (E) 2 4.61
Mycorrhizal treatment (M) 1 6.06
M  E 2 2.54

Total IGs E 2 5.12
M 1 0.15
Herbivore treatment (H) 1 0.36
E  M 2 0.53
E  H 2 0.78
M  H 1 0.64
E  M  H 2 0.94

 p  0.01, p  0.001.

Figure 3. Plantago lanceolata traits, including (a) chlorophyll content, (b) aboveground biomass, (c) specific leaf area (SLA), and (d) 
water content. The plants were grown at three elevation sites (500, 1000, and 1500 m a.s.l.). Half of the plants were either inoculated 
with mycorrhizae (black bars) or left uninoculated (open bars). The bars represent averages 1 SE. Asterisks indicate a significant  
difference between pairs of bars (t-test, p  0.05).
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local adaptation on the resistance, and chemical defence pro-
duction in P. lanceolata. Plants were overall 60% smaller 
when growing at the colder (12 C) temperature (Fig. 4a, 
temperature effect; F1,22  50.30, p  0.0001), regardless  
of the original elevation (elevation of origin effect: 
F1,22  0.003, p  0.96, and interaction between tempera-
ture and elevation of origin: F1,22  0.01, p  0.91). Despite 
this pattern, the larvae grew 22% larger on the high- 
elevation plants than on the low-elevation ones (Fig. 4b, 
elevation of origin effect; F1,63  4.05, p  0.048), indepen-
dently of the temperature at which the plants were  
growing (temperature effect: F1,63  1.03, p  0.31, and 
interaction term: F1,63  0.10, p  0.75). In contrast, IGs 
responded differently to temperature depending on the  
elevation of origin (Fig. 4c, Table 2). In particular, the  
total amounts of IGs were 60% higher in the low-elevation 
populations than in the high-elevation ones (Table 2). 
Overall, growing at a lower temperature decreased the  
levels of IGs by 89% (Table 2). This effect was more pro-
nounced on the low-elevation individuals (see the significant 
interaction between the ecotype and temperature treatment 
in Table 2). Herbivory increased the total amount of IGs 
only in the low-elevation individuals when growing at  
20 C (see the significant temperature by herbivore treatment 
interaction in Table 2). This effect was driven by changes in 
aucubin levels and to a lesser extent by catalpol (Table 2,  
see the individual IGs effect and the effect of the ratio 
between aucubin and catalpol).

Discussion

Our study suggests that on-site plant resistance to herbi-
vores is a combination of short-term responses to  
prevailing temperature conditions and the cumulative 
effect of long-term adaptive responses to local herbivory 
pressure. First, we showed that the growth and defence 
traits of P. lanceolata plants respond to variation in environ-
mental conditions. When growing at high elevations, the 
plants became more susceptible to herbivores, and the pres-
ence of mycorrhizae increased resistance. Paralleling  
those results, the climate-controlled experiment isolated a 
direct temperature effect on plant defence deployment  
and suggested that local growing conditions impose physi-
ological constraints that modulate a plastic response in 
plant defences. Second, we showed that populations from 
low and high elevations have distinct resistance responses 
against herbivores, likely a consequence of the shift in her-
bivore pressure documented in the field, and temperature-
driven physiological adaptations.

Trait variation along elevation gradients

Since the pioneering work of Clausen et al. (1947),  
elevation gradients have been shown to shape plant trait 
variation (Núñez-Farfán and Schlichting 2001, Pellissier 
et al. 2010). These findings indicate that abiotic factors 
that co-vary with elevation (e.g. temperature, Körner 2007) 
shape plant physiology to maximize fitness at different  
elevations (Linhart and Grant 1996, Joshi et al. 2001). 

Figure 4. Temperature by elevation of origin interaction on (a) the 
aboveground biomass of P. lanceolata plants, (b) the S. littoralis 
weight, and (c) the total amount of iridoid glycosides on the  
same plants after 7 d of feeding. The plants were grown at 12 C or 
at 20 C and originated from either low- (  500 m a.s.l., open  
bars) or high- (  1500 m a.s.l., grey bars) elevation populations.  
Iridoid glycosides were measured on healthy plants (C) and on 
plants damaged by S. littoralis (H). The bars represent averages  

 1 SE. Asterisks indicate a significant difference between pairs of 
bars (t-test, p  0.05).

6

ht
tp

://
do

c.
re

ro
.c

h



showing lower levels of total IGs (Fig. 4c). We thus suggest 
that reduction of chemical defenses in high elevation  
P. lanceolata plants results from a combination of a decrease 
in herbivore pressure and physiological and ontogenic  
constraints.

Interestingly, although a phylogenetically controlled 
paired experiment recently showed that high-elevation 
plants are less resistant to a generalist caterpillar than their 
congeneric low-elevation relatives (Pellissier et al. 2012), 
reports on secondary metabolite concentration along  
elevation gradients often contain contrasting results and 
document both an increase and a decrease of plant defences 
with elevation (see the meta-analysis in Rasmann et al. 
2014). Why is the decrease of plant defence capacity  
with increasing elevation as documented in this study not 
universal? Particular classes of secondary metabolites, 
such as phenolic-based compounds, known to reduce  
herbivore performance (Forkner et al. 2004), might also 
be selected for increased levels at high elevations as  
protection against photodamage or to act as antioxidants 
(Close and McArthur 2002). Therefore, reduced biotic 
selective pressure at high elevations by herbivores may be 
compensated by an increase in abiotic selective pressure 
for particular, but not all, molecules. A study found that 
the phenol-derived compound verbascoside was increased 
when P. lanceolata plants were grown under high UV-B 
light conditions (McCloud and Berenbaum 1999). Future 
studies should therefore scale-up to take into account the 
full breadth of P. lanceolata defensive traits, including for 
example phenol-based compounds or other physical traits 
such as trichomes (Levin 1973).

Temperature effects on plant resistance and defences

We showed that at higher elevation and in colder tempera-
tures, plants produce lower levels of IGs and are less  
resistant to herbivory. Temperature is known to strongly 
affect primary and secondary plant metabolism, in particu-
lar under high light conditions. For example, in Arabidopsis 
thaliana, high temperatures increase isoprene emissions, 
which in turn reduce cellular-membrane denaturation 
(Loreto et al. 2006). However, for metabolites not related  
to plant tissue repair, it might be argued that lower  
temperatures have a negative impact on production by lim-
iting metabolic activity. Walker et al. (2012) showed in 
Bituminaria bituminosa that the amount of furanocou-
marins, supposed to protect against infection and herbivory, 
was regulated by short-term variations in temperature con-
ditions. Here, we demonstrated that growing-temperature 
conditions also affect secondary metabolite production in  
P. lanceolata, in particular showing that low temperatures 
constrain the induction of IGs after herbivory. Alongside 
this temperature-driven secondary metabolite suppression, 
we also observed a reduction in resistance to herbivores  
at lower temperatures in the field. Interestingly, plants  
from low elevations, when grown at 20 C, showed strong 
induction compared to high elevation adapted plants. 
However, plants from low elevation growing at 12 C showed 
null or negative induction of IGs after herbivory. These 
results first corroborate previous findings showing strong 

Table 2. Three-way interaction ANOVAs for the total amount of  
iridoid glycosides, catalpol only, and aucubin only in P. lanceolata 
plants grown at 12 C or at 20 C. The plants originated from either 
high or low elevation. Additionally, the plants were either left 
undamaged or were treated with the generalist herbivore S. littoralis 
for 7 d. For all the factors, the degrees of freedom are F1,39.

Response variable Factor F value

Total IGs Origin (elevation) (O) 6.19
Temperature (T) 36.72
Herbivore treatment (H) 0.47
O  H 1.21
O  T 6.50
H  T 4.86
O  H  T 4.56

Catalpol O 1.24
T 14.36
H 0.02
O  H 0.16
O  T 0.48
H  T 1.02
O  H  T 1.94

Aucubin O 4.74
T 28.16
H 0.66
O  H 0.97
O  T 5.22
H  T 4.83
O  H  T 3.58

Aucubin/catalpol O 1.16
T 5.35
H 0.26
O  H 0.01
O  T 2.09
H  T 0.04
O  H  T 0.002

 p  0.05, p  0.01, p  0.001.

Here, we expand the paradigm of trait differentiation along 
elevation by integrating herbivore and plant defence traits. 
Because insects are ectothermic, it is generally expected 
that insect abundance and herbivory rates will decrease 
with increasing elevation and thus modify the selective 
pressure on plant defence traits (Hodkinson 2005). Here, 
we showed a clear decrease of herbivory pressure with 
increasing elevation in P. lanceolata. In line with our  
expectations, the high-elevation individuals were less resis-
tant to caterpillar feeding and produced lower amounts of 
IGs before and after herbivory than the low-elevation  
individuals. However, it might be argued that high  
elevation-growing plants contained lower amounts of IGs 
solely due to a decreased, temperature-mediated, develop-
ment. Indeed, previous work on P. lanceolata showed  
that early stages of development contain lower amounts of 
IGs (Darrow and Bowers 1997, Barton 2007), a general 
rule for secondary metabolite production in herbaceous 
plants (Barton and Koricheva 2010). Plants from both  
the natural population and the field experiment were all at 
the flowering stage, thus ontogenic differences were mini-
mized. Additionally, the growth chamber experiment 
showed that low temperature does reduce plants’ growth 
rate, but this is independent of the site of origin (Fig. 4a), 
and despite this, we still observe high elevation individuals 
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mycorrhizal plants). Because we did not detect any other 
plant trait that was modulated by AMF colonization that 
could explain the lower larval fitness, we could hypothe-
size that AMF colonization is an alternative way  
to improve plant resistance via yet-unmeasured plant 
defensive traits. Indeed, P. lanceolata has been shown  
to produce phenolic-based compounds, including for 
instance verbascoside, with putative anti-fungal 
(Nikonorova et al. 2009) and anti-herbivore (Fajer et al. 
1992, Adler et al. 1995, McCloud and Berenbaum 1999, 
Sutter and Mueller 2011) properties.

The effect of AMF on plant resistance to herbivores  
can vary greatly and depends on the identity and combina-
tions of AMF species and/or populations simultaneously 
colonizing plant roots (Roger et al. 2013). Given the  
lower herbivory pressure at high elevation, the need for 
AMF for increased defence may be reduced, and this shift 
could also explain the generally increasing relative coverage 
of non-mycorrhizal plants at higher elevations (Ruotsalainen 
et al. 2004). However, future studies will be needed to  
test the relative levels of multitrophic mutualism across 
elevation gradients.

Conclusion and perspectives

Local adaptation by natural selection is a fundamental  
process in population differentiation and speciation  
(Kawecki and Ebert 2004). Here, we observed that within  
P. lanceolata populations, alpine individuals have lower  
resistance to herbivores than low-elevation relatives, in addi-
tion to lower herbivore damage, and this trend can be  
generalized to many alpine plant species (Pellissier et al. 
2012). In our case, both the high- and low-elevation  
populations of P. lanceolata may have adapted to the local 
biotic and abiotic conditions, including shifts in tempera-
ture and in herbivory, potentially promoting different eco-
types through differential selection. We therefore propose 
that along elevation gradients, variation in herbivory regimes 
and the abiotic environment affect overall resistance strate-
gies. If this promotes plant fitness, it may favor divergence 
among high- and low-elevation lineages, thus finally pro-
moting the exceptional radiation of the Alpine flora.
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