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Elevational gradients are useful ecological settings for revealing the biotic and abi-
otic drivers of plant trait variation and plant–insect interactions. However, most work 
focusing on plant defences has looked at individual traits and few studies have assessed 
multiple traits simultaneously, their correlated expression patterns, and abiotic fac-
tors associated with such patterns across elevations. To address this knowledge gap, 
we studied elevational variation in direct (phenolic compounds) and indirect (volatile 
organic compounds) constitutive defences and their inducibility after feeding by a spe-
cialist beetle Altica quercetorum in saplings of 18 wild populations of Quercus pyrenaica. 
We tested for: 1) clines in each defensive trait individually, 2) their patterns of corre-
lated expression and 3) associations between any such clines and climatic factors. We 
found that constitutive direct defences (lignins and hydrolysable tannins) decreased 
with increasing elevation. We observed no elevational gradient for constitutive indi-
rect defences (volatile organic compounds) or the inducibility of direct or indirect 
defensive traits when looking at groups of compounds. However, at individual tree-
level, increased induction of two monoterpenes (α-fenchene and camphene) at higher 
elevation was shown. Furthermore, we show a significant pattern of co-expression of 
constitutive and induced phenolics across populations, which weakened with increas-
ing elevation. Finally, we found no evidence that climatic factors were associated with 
either individual or correlated trait expression patterns across elevations. Overall, these 
findings call for moving beyond elevational clines in individual plant defences, and 
argue that assessing elevational shifts in trait correlated expression patterns and their 
underlying mechanisms can increase our understanding of plant defence evolution and 
plant–herbivore interactions along environmental gradients.
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Introduction

Ecological gradients are potent tools for understanding how 
the environment shapes species traits, communities and eco-
system function (Dobzhansky 1950, Schemske et al. 2009). 
Changing environmental conditions along such gradients are 
characterized by variation in biotic (e.g. species abundances 
or composition) and abiotic (e.g. temperature, irradiance) 
factors, which shape clinal variation in species interactions 
and traits (Schemske  et  al. 2009, Rasmann  et  al. 2014a). 
Notably, higher abundance and diversity of insect herbi-
vores (leading to greater herbivore pressure) toward warmer 
and more stable climatic conditions, such as those found 
at lower elevations, is expected to select for greater invest-
ment in plant defences (Scheidel and Bruelheide 2001, 
Rasmann et  al. 2014b, Pellissier  et  al. 2016, Galmán et  al. 
2018, Moreira et al. 2018a). Despite multiple layers of empir-
ical support for this prediction in early studies (Zehnder et al. 
2009, Garibaldi  et  al. 2011, Pellissier  et  al. 2012), recent 
work has defied this paradigm by reporting either no evi-
dence for decreasing interaction intensity with elevation, 
greater herbivory and defences at intermediate elevations, or 
even inverse gradients where plant defences and herbivory 
increase with elevation (reviewed by Rasmann et al. 2014b, 
Moreira et al. 2018a). Consequently, there is a need for fur-
ther research to resolve inconsistencies along elevation gra-
dients of plant–herbivore interactions and identify common 
generative mechanisms.

One way in which elevational research on plant defences 
can take a next step toward resolving these inconsistencies is 
by investigating clines in multiple defence traits simultane-
ously, rather than looking at individual traits (Pellissier et al. 
2016, Kergunteuil  et  al. 2018, Moreira  et  al. 2018a). The 
main reason for this is that plant defensive phenotypes are 
usually integrated by multiple traits, such that assessing these 
patterns of concurrent variation can provide a more robust 
understanding of plant defence variation along ecological 
gradients (Defossez et al. 2018, Moreira et al. 2018a). While 
most elevational studies up to a decade ago had looked at 
variation within single plant defensive traits (reviewed by 
Moreira  et  al. 2018a), recent work has started to address 
this gap by conducting simultaneous measurements of direct 
(traits that deter or reduce herbivore feeding) and indirect 
(traits that recruit natural enemies of herbivores) defences, 
as well as a separation of constitutive (basal levels in the 
absence of attack) and induced (increased levels in response 
to attack) trait expression levels along elevational gradients 
(Rasmann et al. 2014c, Pellissier et al. 2016, Defossez et al. 
2018). This research has shown that addressing multiple traits 
and their correlated expression patterns is key for achieving 
an improved assessment of plant defensive responses and can 
importantly expose underlying trait correlations which can 
shape plant defensive phenotypes along elevational gradients. 
These trait associations may be positive, leading to co-expres-
sion patterns (Pellissier et al. 2016), or negative, which often 
result from underlying allocation constraints (i.e. tradeoffs 

between traits; Agrawal and Hastings 2019), and these cor-
relations can be modulated by biotic or abiotic factors vary-
ing across elevations and ultimately shape plant defensive 
phenotypes.

Recent work indicates that elevational gradients in trait 
co-expression can arise and could be potentially common 
(Defossez et al. 2018, Kergunteuil et al. 2018). For example, 
changes in herbivore abundance or diversity with elevation 
may result in distinct patterns of plant defence co-expression, 
whereby more diverse and functionally complex insect com-
munities found at lower elevations could select for a broader 
repertoire of simultaneously expressed direct or indirect defen-
sive traits compared to higher elevations (Pellissier et al. 2016). 
Alternatively, elevational shifts in trophic structure (e.g. ratio 
of predator to herbivore abundance; Godschalx  et  al. 2019) 
or complexity (three- versus two-trophic level chains; Abdala-
Roberts  et  al. 2019) might modulate differential patterns of 
allocation to direct and indirect defences. Greater herbivore 
and predator pressure at low elevations would favour increased 
plant allocation to both direct and indirect defences, whereas 
reduced predator to herbivore abundances or predator-free 
environments at high elevations would favour only direct 
plant defences (Rasmann et al. 2014a, Moreira et al. 2018a, 
Godschalx  et  al. 2019). Overall, the consideration of co-
expression patterns in multiple traits is therefore an essential 
aspect for understanding how plant defences and plant–herbi-
vore interactions evolve along environmental clines.

Abiotic variables can also be important predictors of eleva-
tional clines in plant defences and their correlated expression 
patterns, but until recently had not been explicitly evalu-
ated. For example, changes in climate with elevation can 
shape plant defence levels through effects on abiotic stress 
or resource availability which modulate the costs of produc-
ing defensive traits (Johnson and Rasmann 2011, Abdala-
Roberts  et  al. 2016, Moreira  et  al. 2018b). These abiotic 
effects on resource availability can also affect the concurrent 
expression of multiple defences if these traits are correlated 
due to genetic linkages, metabolic constraints or allocation 
tradeoffs (Rasmann et al. 2014a, Moreira et al. 2018a). For 
instance, two or more defensive traits are co-expressed under 
high resource availability (i.e. at low elevations) but when 
resources are low (at high elevations) they are no longer co-
expressed, suggesting that resource allocation constraints 
are behind these shifts in trait correlations (Moreira  et  al. 
2018a). In this sense, plant defence theory can be used to 
make specific predictions with respect to elevational changes 
in the expression of constitutive versus induced defence levels 
(Coley et al. 1985, Endara and Coley 2011), whereby harsher 
conditions at high elevations would favour increased consti-
tutive defences but reduced inducibility, presumably because 
the cost of replacing consumed plant tissues is higher under 
limiting conditions. While this pattern has been supported 
by a few recent studies (Moreira et al. 2014, Pellissier et al. 
2016), more work is needed to investigate how clinal varia-
tion in abiotic factors shapes patterns of constitutive and 
induced expression of both direct and indirect defences.
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In this study, we tested for elevational gradients in con-
stitutive direct and indirect chemical defences and their 
inducibility (assessed as the difference between induced and 
constitutive levels of defences), as well as in their correlated 
expression patterns in the Pyrenean oak Quercus pyrenaica 
(Fagaceae). We also investigated whether climatic factors 
associated with elevation explained any such clinal patterns 
in plant defences. Specifically, we asked: 1) are there eleva-
tional gradients in constitutive direct and indirect defences? 
2) Does herbivory induce direct and indirect defenses and 
are there elevational gradients in their inducibility? 3) Are 
there emergent patterns of correlated expression in traits 
and do these exhibit elevational clines? 4) Are climatic cor-
relates of elevation (namely, precipitation and temperature) 
associated with concomitant clines in individual defensive 
traits and their correlated expression patterns? To address 
these questions, we sampled 18 populations of Q. pyrenaica 
distributed along a 1300 m-elevational gradient and quan-
tified constitutive direct (phenolic compounds) and indi-
rect (volatile organic compounds or VOCs) defences in 
leaves and their inducibility after in situ manipulation of 
feeding by the specialist oak flea beetle Altica quercetorum 
(Coleoptera: Chrysomelidae). This study builds toward a 
more complete understanding of elevational gradients by 
assessing realistically complex plant defensive phenotypes 
associated with of multiple traits and by further inquiring 
on their underlying abiotic drivers.

Material and methods

Natural history

The Pyrenean oak Quercus pyrenaica is a deciduous tree 
native to southwestern Europe and northwestern Africa, and 
it grows from ca 400 m up to 1800 m a.s.l. A number of 
specialist and generalist insect herbivores attack Q. pyrenaica 
across its distribution range, many of which are leaf chewers 
and skeletonizers. Among these, the specialist oak flea beetle, 
A. quercetorum, is one of the most destructive pests of oak 
trees in southwestern Europe (Mijuskovic 1980, Fernandez 
de Ana et al. 1996), and is also a common and ecologically-
important herbivore associated with Q. pyrenaica. This 
insect is a leaf skeletonizer which reaches peak abundances 
on Q. pyrenaica at the end of the summer season (mid to  
late August).

Quercus pyrenaica produces secondary metabolites in 
leaves, which are potentially important direct defensive bar-
riers against herbivores. Among these, phenolic compounds 
have been shown to be toxic for a broad range of phytophagous 
insects (Feeny 1970, Pearse and Hipp 2012, Moreira  et  al. 
2018b). Several oak species have also been shown to pro-
duce VOCs which attract natural enemies of herbivores (i.e. 
indirect defences; Ghirardo et al. 2012, Pearse et al. 2013). 
Quercus pyrenaica also produces and emits VOCs (data from 
this study, but also Ramilo et al. 2017), although their defen-
sive role has not yet been demonstrated. Both direct and 

indirect defences in oaks are inducible in response to her-
bivore damage (Moreira et al. 2018c, Galmán et al. 2019a).

Field sampling and induction of plant defences

At the end of the growing season, from late August to early 
September, and before leaf senescence, we sampled 18 Q. 
pyrenaica populations spanning a 1300 m elevational gradi-
ent (from 370 to 1614 m, Supporting information) in the 
mountains of Ancares (Galicia, north-western Spain). The 
sampled gradient covers most of the elevational gradient 
experienced by this oak species throughout its distribution 
range. Each population consisted of at least 10 adult oak 
trees, and for each population we selected six saplings (mean 
height = 70.5 ± 18.6 cm) separated by at least 2 m and with 
little to no signs of herbivory so that leaf defence levels largely 
represented constitutive defence levels of defence expression 
while also serving as baseline to experimentally assess induc-
ible levels.

After selecting saplings at each site, we randomly assigned 
equal numbers to one of two treatments: 1) herbivore induc-
tion with A. quercertorum larvae or 2) no induction (con-
trol). We obtained A. quercertorum larvae from a population 
of Q. robur situated 200 km away from our study area. For 
both control and induced saplings, we selected one branch 
with three or four fully-expanded leaves. Although herbivory 
was absent or low in most cases for selected leaves, we esti-
mated percent leaf area removed (mainly by miners and leaf 
chewers) prior to treatment application to account for pre-
existing herbivory as this may influence defence levels due to 
site-specific induction. For this, we used the following scale: 
0 = undamaged; 1 = 1–5% damaged; 2 = 6–10% damaged; 
3 = 11–25% damaged; 4 = 26–50% damaged; 5 = 51–75% 
damaged; 6 = >75% damaged (Moreira et al. 2020). We used 
the average value across leaves per plant for statistical analysis.

For each beetle-induced sapling, we placed one third-
instar larva on each leaf, and individually covered all leaves 
with a nylon bag to prevent herbivore dispersal or predation. 
For control saplings, we also covered the selected leaves with 
a nylon bag but without adding the larvae to control for the 
effect of bagging. Larvae were allowed to feed for two days, 
after which they were removed (with the nylon bags) and per-
cent leaf area removed by the larvae was visually estimated, 
using the previously described scale. Prior baseline damage 
and the damage caused by the beetle larvae are clearly distin-
guishable, as the latter produces a characteristic leaf skeleton-
ization pattern, whereas previous damage was caused mainly 
by leaf chewers and miners.

Shortly after removing the beetle larvae we collected leaf 
VOCs following Rasmann  et  al. (2011). Briefly, to collect 
VOCs we bagged the branches of the treatment leaves with a 
1-l Nalophan bag, and we trapped VOCs on a charcoal filter 
for 3 h at a rate of 250 ml min−1. After VOC collection, we 
stored all traps at −80°C until chemical analyses. Right after 
VOCs collection, we collected the same leaves to quantify 
leaf phenolic compounds. Leaves were oven-dried for 48 h at 
40°C (Mahugo Santana et al. 2009).
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Quantification of volatile organic compounds

To perform gas chromatography and spectrometric analyses 
of leaf VOCs, we first added 5 μl of naphthalene (20 ng ml−1)  
as an internal standard (Pellissier  et  al. 2016) to the char-
coal traps, and then eluted their contents with 400 μl of 
dichloromethane. We then injected 2 μl of the extract for 
each sample into a gas chromatograph (GC) coupled with a 
mass selective detector (MSD) fitted with a 30 m × 0.25 mm  
× 0.25 mm film thickness HP-5MS fused silica column. We 
operated the GC in splitless mode with helium as the car-
rier gas (flow rate 0.9 ml min−1). The GC oven temperature 
program was: 1 min hold at 40°C, and then 10°C min−1 
ramp to 240°C. We identified volatile terpenes using Kovats 
retention index from published work (Supporting informa-
tion), the NIST Standard Reference Database 1A v17, and by 
comparison with commercial standards when available. We 
identified two groups of VOCs: monoterpenes and sesqui-
terpenes (Supporting information) for subsequent analyses. 
Finally, we quantified individual VOCs relative to the inter-
nal standard and used for statistical analyses those exhibiting 
a relative abundance higher than 1%.

Quantification of phenolic compounds

We extracted phenolic compounds from 20 mg of dry leaf 
tissue with 1 ml of 70% methanol in an ultrasonic bath for 
15 min, followed by centrifugation (Galmán et al. 2019b). 
We then transferred the extracts to chromatographic vials. To 
perform the chromatographic analyses, we used ultra-high-
performance liquid-chromatography equipped with a Nexera 
SIL-30AC injector and one SPD-M20A UV/VIS photodi-
ode array detector. The compound separation was carried out 
on a Kinetex 2.6 µm C18 82–102 Å, LC Column 100 × 4.6 
mm, protected with a C18 guard cartridge. The flow rate was 
0.4 ml min−1 and the oven temperature was set at 25°C. The 
mobile phase consisted of two solvents: water–formic acid 
(0.05%) (A) and acetonitrile–formic acid (0.05%) (B), start-
ing with 5% B and using a gradient to obtain 30% B at 4 
min, 60% B at 10 min, 80% B at 13 min and 100% B at 15 
min. The injection volume was 15 µl.

For phenolic compound identification, we used an ultra-
performance liquid chromatography coupled with electro-
spray ionization quadrupole time-of-flight mass spectrometry. 
We identified four groups of phenolic compounds: flavo-
noids, ellagitannins and gallic acid derivates (‘hydrolysable 
tannins’ hereafter), proanthocyanidins (‘condensed tannins’ 
hereafter) and hydroxycinnamic acid precursors to lignins 
(‘lignins’ hereafter). We quantified flavonoids as rutin equiva-
lents, condensed tannins as catechin equivalents, hydrolys-
able tannins as gallic acid equivalents, and lignins as ferulic 
acid equivalents (Galmán et al. 2019a, Moreira et al. 2020). 
We achieved the quantification of these phenolic compounds 
by external calibration using the corresponding calibration 
curve at 0.25, 0.5, 1, 2 and 5 μg ml−1 for each of the four 
standards used (rutin, catechin, gallic acid and ferulic acid). 

We expressed phenolic compound concentrations in mg g−1 
tissue on a dry weight basis.

Climatic variables

To estimate climatic conditions at sampling site, we extracted 
a subset of eight climatic variables from the WorldClim data-
base (Hijmans et al. 2005) at a resolution of 30-arc-second 
(approximately 1 km distance) for the populations coordi-
nates. Specifically, we selected BIO1 (annual mean tempera-
ture, °C), BIO4 (temperature seasonality, expressed as the 
standard deviation of temperature among months × 100), 
BIO5 (maximum temperature of the warmest month, °C), 
BIO6 (minimum temperature of the coldest month, °C), 
BIO12 (annual precipitation, mm), BIO13 (precipitation of 
the wettest month, mm), BIO14 (precipitation of the driest 
month, mm), BIO15 (precipitation seasonality, expressed as 
standard deviation of precipitation across months) (Abdala-
Roberts et al. 2016). We summarized these variables by con-
ducting a principal component analyses (PCA) using the 
prcomp function in R ver. 3.4.1 (<www.r-project.org>). The 
first principal component (‘PC climate’ hereafter) explained 
89% of the variance in the climatic variables across popula-
tions and was positively associated with annual mean tem-
perature, maximum temperature of the warmest month, 
and minimum temperature of the coldest month but nega-
tively associated with annual precipitation, precipitation of 
the wettest month, and precipitation of the driest month 
(Supporting information).

Statistical analyses

Elevational gradients in constitutive defences and their 
inducibility and climatic correlates
To test for elevational gradients in constitutive direct and 
indirect defences and their inducibility, we performed popu-
lation-level multiple regressions (i.e. with population means) 
using the lm function in the lme4 package in R ver. 3.4.1 
(<www.r-project.org>). Specifically, we tested for an effect of 
elevation on constitutive phenolics and VOCs (i.e. using only 
control plants), as well as on their inducibility, i.e. mean level 
for induced plants minus the mean level for control plants at 
each site. For both constitutive and inducibility data, we ran 
separate models for each group of phenolic compounds (con-
densed tannins, hydrolysable tannins, flavonoids and lignins) 
and VOCs (monoterpenes and sesquiterpenes), as well as for 
total phenolics and total VOCs. In each of these models, we 
also included the amount of leaf herbivory on focal leaves 
to account for pre-treatment variation in natural herbivory 
(herbivory treatment above) as well as in the amount of 
experimentally-imposed damage by larvae. For control sap-
lings, the herbivory estimate corresponded to damage that 
occurred before establishing herbivory treatments (as bagging 
prevented any further damage during the experiment). For 
herbivore-induced saplings, herbivory estimates represented 
damage prior to establishing the experiment plus the damage 
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caused by A. quercetorum larvae due to the induction experi-
ment. In addition to the above population-level analyses, we 
also ran general linear mixed-effect models at the individual 
tree level testing for the effect of elevation, herbivory treat-
ment and their interaction (all fixed factors) on direct and 
indirect defences. In this case, we ran individual models for 
each group of phenolic compounds (condensed tannins, 
hydrolysable tannins, flavonoids and lignins) and VOCs 
(monoterpenes and sesquiterpenes), as well as for individual 
phenolics and VOCs. Each of these tree-level models also 
included leaf herbivory as a covariate and population as a ran-
dom factor. For models testing effects on individual pheno-
lics and VOCs, we performed p-value adjustments using the 
false discovery rate for p < 0.05 to avoid inflating type I error 
due to multiple testing (Benjamini and Hochberg 1995).

We next investigated the association between climate 
and elevational variation in constitutive direct and indirect 
defences and their inducibility. To this end, in those cases 
where elevation had a significant effect on a trait (or totals for 
a given trait type) in the population-level analysis described 
above, we re-ran the model including (in addition to elevation 
and herbivory) the first principal component of the climate 
PCA (PC climate, above) as predictor. For these follow-up 
tests, it is important to keep in mind that temperature and 
precipitation variables were strongly correlated with elevation 
(temperature: r = −0.96, p < 0.001, n = 18; precipitation: 
r = 0.95, p < 0.001, n = 18). If a significant effect of eleva-
tion in the initial model for a trait (either totals or individual 
compounds groups) turned non-significant after accounting 
for climate, this would suggest that climate accounts for (i.e. 
underlies) the elevational gradient in such defence.

Elevational gradients in trait co-expression patterns
In addition to looking at trait types individually, we also tested 
for correlated trait expression patterns by means of co-inertia 
analyses using population means, using the ade4 package in 
R (Dray et al. 2003, Dray and Dufour 2007). These analyses 
tested whether matrices of constitutive and induced direct 
and indirect defences using values for individual compound 
groups (above) were correlated (i.e. co-expressed) across oak 
populations (Pellissier et al. 2016, Defossez et al. 2018). First, 
we assessed whether there was a correlated expression between 
constitutive and induced trait levels separately for phenolics 
and VOCs. Namely, we tested for a correlated expression pat-
tern between constitutive and induced phenolics (coinertia 
test 1) and between constitutive and induced VOCs (coin-
ertia 2). Second, we assessed whether there was correlated 
expression between direct and indirect defences separately for 
constitutive and induced levels. Namely, we tested for a corre-
lated expression between constitutive phenolics and constitu-
tive VOCs (coinertia 3), and between induced phenolics and 
induced VOCs (coinertia 4). When one of the above coiner-
tia analyses was significant we proceeded to run a multiple 
regression model using elevation and herbivory as predictors 
separately for each of the first two axes of the corresponding 
coinertia test. Then, if the effect of elevation was significant 

for a given axis, we followed the same approach as above and 
ran a follow-up model including PC climate to test whether 
the observed pattern of trait correlated expression for a given 
axis of that coinertia test was underlain by climatic variation.

Results

Elevational gradients in constitutive defences and their 
inducibility and their climatic correlates

We found significant effects of elevation on constitutive 
levels of some groups of phenolic compounds, but not for 
others or total phenolics (Table 1, Fig. 1, Supporting infor-
mation). Specifically, we found significant negative effects of 
elevation on constitutive lignins and hydrolysable tannins, 
whereas we observed no effect of elevation for flavonoids or 
condensed tannins (Table 1, Fig. 1). For indirect defences, we 
found no significant effect of elevation on the emissions of 
monoterpenes, sesquiterpenes or total VOCs (Table 1, Fig. 1, 
Supporting information).

Our assessment of climatic variation underlying the above 
gradients in plant defences showed that the effect of elevation 
on the concentration of constitutive hydrolysable tannins and 
lignins remained significant after accounting for climate in 
the models (Table 2), suggesting that climate did not underlie 
the elevational gradients observed for these compounds.

We found no significant effect of elevation on the induc-
ibility of total phenolics, total VOCs or any of the groups of 
phenolic compounds or VOCS (Table 1, Fig. 2, Supporting 
information). Likewise, results from mixed-effect models at 
the tree level indicated no significant effects of herbivory 
treatment and the interaction between elevation and her-
bivory treatment for any of the groups of phenolics or VOCs 
(Supporting information). However, results concerning indi-
vidual compounds showed elevation by herbivory treatment 
effects for a couple of individual VOCs, but not so for any 
of the individual phenolic compounds (Supporting infor-
mation). Specifically, these significant interactions indicated 
that the magnitude of induction of α-fenchene and cam-
phene was significantly greater at high elevations (Supporting 
information).

Elevational gradients in the correlated expression of 
defensive traits

Results from the coinertia analyses indicated a significant 
association between the correlated expression of constitutive 
and induced phenolics (coinertia 1, Table 3). We extracted 
the first two axes from this analysis, which were both asso-
ciated with a mixture of constitutive and induced levels of 
different compounds (Supporting information). In contrast, 
the other coinertia tests indicated no significant association 
between the correlated expression of constitutive and induced 
VOCs (coinertia 2), constitutive phenolics and constitutive 
VOCs (coinertia 3) or induced phenolics and induced VOCs 
(coinertia 4) (Table 3).
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Based on the above results, we tested for and found a sig-
nificant negative effect of elevation on the co-expression of 
constitutive and induced phenolics for one of the axes of the 
coinertia 1 test (Table 1, Fig. 3), indicating that this pattern 
of co-expression of direct defences weakened with increasing 
elevation. The effect of elevation on values for this coiner-
tia 1 axis remained significant after accounting for climate 
in the model (Table 2), suggesting that climatic factors did 
not explain the elevational gradient in correlated expres-
sion of constitutive and induced phenolics depicted by this  
coinertia axis.

Discussion

We found partial evidence for elevational gradients in direct 
defences in Quercus pyrenaica, whereby constitutive lignins 
and hydrolysable tannins (but not flavonoids or condensed 
tannins) significantly decreased with increasing elevation, 
and none of the analyzed groups of phenolic compounds 
exhibited a gradient in inducibility. Likewise, there was no 
elevational gradient in constitutive indirect defences or their 
inducibility (total monoterpenes and sesquiterpenes). The 
only exception came from results for individual compounds, 
in which case the induction of two monoterpenes (α-fenchene 
and camphene) increased toward higher elevations. On the 
other hand, the coinertia analysis indicated a significant pat-
tern of co-expression of direct defences whereby the simul-
taneous expression of constitutive and induced phenolics 
weakened with increasing elevation, whereas no significant 

patterns of co-expression involving VOCs were found. Lastly, 
and counter to expectations, climatic factors did not account 
for these elevational gradients in phenolic compounds or 
their correlated expression patterns.

Our analysis of constitutive direct defences indicated a 
decrease in lignins and hydrolysable tannins toward higher 
elevations. Condensed and hydrolysable tannins are well 
known to act as feeding deterrents reducing plant digest-
ibility in both vertebrate and invertebrate herbivores (Misra 
and Fridovich 1972, Rosenthal and Berenbaum 1992, 
Thiboldeaux et al. 1998). Whilst condensed tannins have the 
ability to bind and precipitate digestive enzymes in the acid 
gut of vertebrate herbivores (Hagerman 1989), hydrolysable 
tannins might be more reactive against insect herbivores since 
their prooxidant activity is favored at basic pH, characteristics 
of insects gut (Barbehenn et al. 2006, Moilanen et al. 2013). 
Lignins are also important antiherbivore barriers, by acting as 
toxic compounds, and contribute to increased leaf toughness 
(Bonawitz and Chapple 2010, Pearse 2011). Interestingly, 
our previous work with the English oak Q. robur conducted 
in the same region indicated that flavonoids were the only 
group of phenolic compounds that varied with elevation and 
did so positively (Abdala-Roberts et al. 2016). This suggests 
oak species-specific differences in the types of constitutive 
phenolic compounds exhibiting elevational clines as well as 
the direction of such gradients.

The observed elevational patterns for constitutive hydro-
lysable tannins and lignins agree with previous studies 
showing that constitutive defences decrease with increasing 
elevation (Pellissier et al. 2012, 2014, Rasmann et al. 2014c), 

Table 1. Multiple regressions showing the effects of elevation and leaf herbivory on the concentration of constitutive direct and indirect 
defences and their inducibility after Altica quercetorum feeding, as well as the correlated expression between constitutive and A. querceto-
rum-induced phenolics (coinertia 1), in leaves of saplings from 18 Quercus pyrenaica populations. β = slope estimator, r2 = partial correlation 
coefficient. Significant p-values (p < 0.05) are in bold.

Elevation Leaf herbivory

β r2 p-value β r2 p-value

Constitutive direct defences
  Condensed tannins −0.29 0.08 0.262 −0.22 0.05 0.388
  Hydrolysable tannins −0.60 0.35 0.012 −0.59 0.34 0.012
  Lignins −0.57 0.32 0.018 −0.46 0.21 0.061
  Flavonoids −0.14 0.02 0.594 −0.63 0.40 0.007
  Total phenolics −0.38 0.14 0.134 −0.56 0.31 0.019
Constitutive indirect defences
  Monoterpenes −0.17 0.03 0.517 −0.11 0.01 0.685
  Sesquiterpenes −0.09 0.01 0.725 −0.27 0.08 0.286
  Total VOCs −0.16 0.03 0.532 −0.09 0.01 0.717
Inducibility of direct defences
  Condensed tannins 0.12 0.01 0.654 −0.08 0.01 0.751
  Hydrolysable tannins 0.39 0.15 0.119 0.01 < 0.01 0.978
  Lignins 0.14 0.02 0.596 0.04 0.01 0.889
  Flavonoids 0.08 0.01 0.771 0.01 < 0.01 0.963
  Total phenolics 0.20 0.04 0.452 −0.02 < 0.01 0.948
Inducibility of indirect defences
  Monoterpenes 0.15 0.02 0.565 −0.40 0.16 0.114
  Sesquiterpenes 0.34 0.12 0.181 0.04 0.01 0.891
  Total VOCs 0.25 0.06 0.329 −0.35 0.12 0.166
Correlated expression of constitutive and induced defences
  Coinertia 1 −0.48 0.23 0.049 0.32 0.10 0.213 
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Figure 1. Partial residual plots from the multiple regressions controlling for the effect of leaf herbivory. The plots show the relationships 
between (I) elevation and constitutive direct defences, namely: (a) condensed tannins, (b) hydrolysable tannins, (c) flavonoids, (d) lignins; 
and (II) elevation and constitutive indirect defences, namely: (e) monoterpenes and (f ) sesquiterpenes in leaves of saplings from Quercus 
pyrenaica. Dots represent Q. pyrenaica populations (n = 18). Predicted relationships come from simple linear regressions and the slope of 
each relationship is the partial correlation coefficient (r2) for the effect of the predictor (x-axis) on a given plant trait (y-axis) (r2 values are 
reported in Table 1). Black solid lines represents a significant correlation (p < 0.05).
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possibly because constitutive defences are favored at low 
elevations where herbivore pressure is greater and more pre-
dictable. In contrast, our previous studies on Pinus spp. and 
Cardamine spp. found that constitutive chemical defences 
increased with elevation possibly due to a higher cost of tis-
sue loss and regrowth in more limiting environments found 
at high elevation (Moreira et al. 2014, Pellissier et al. 2016). 
These contrasting patterns suggest that different cost-saving 
strategies are at play shaping direct defences along elevational 
gradients: one driven by low resource availability selecting for 
increased constitutive levels at high elevation due to higher 
costs of tissue loss to herbivory, and the other where high and 
consistent herbivore pressure favors greater levels of constitu-
tive defences at low elevations due to costs associated with 
lagged induced defences. Further work on elevational gradi-
ents that explicitly manipulates the effects of resource avail-
ability, herbivore pressure and measures the costs of defence 
expression is necessary to tease apart these mechanisms for 
other plant taxa.

In contrast to constitutive direct defences, we found no 
evidence of an elevational cline in constitutive VOCs for 
Q. pyrenaica. These findings run counter to previous stud-
ies showing that constitutive VOCs in Vicia (Rasmann et al. 
2014c) and extra-floral nectar in Inga (Koptur 1985) decrease 
at high elevations, possibly due to lower herbivory and reli-
ance on predator- or parasitoid-mediated defence. Our find-
ings suggest that predator pressure does not vary substantially 
across elevations, or if it does, that this variation is inconse-
quential in shaping concomitant clines in constitutive vola-
tile emissions.

Contrary to expectations, our population-level analyses 
indicated no elevational gradients in the inducibility of either 
direct or indirect defences (totals or by group). As for consti-
tutive levels, weak or unpredictable predator pressure would 
favor inducibility at high elevation (Rasmann et al. 2014c), 
whereas limiting conditions at high elevation would favor 
constitutive over induced indirect defences due to greater 
costs of tissue loss after herbivory (Moreira  et  al. 2014, 
Buckley et al. 2019). Our null findings suggest that neither of 
these mechanisms is at work (or at least not strongly enough) 
for either direct or indirect induced defences in the studied 
Q. pyrenaica populations. Moreover, these results contrast 
with our previous work showing greater inducibility for oak 
species with higher elevational ranges (analysis included Q. 
pyrenaica; Galmán  et  al. 2019a), underscoring differential 

intra- versus inter-specific patterns of clinal variation in oak 
defences (Moreira et al. 2018a).

Despite the overall lack of elevational changes in the 
induction of direct and indirect defences, when individual 
compounds were analyzed we found two monoterpenes 
(namely α-fenchene and camphene) were more strongly 
induced at high elevations. These results counter patterns 
for Cardamine spp. for which VOCs showed greater induc-
tion at low elevation (Pellissier et al. 2016), but agree with 
Rasmann  et  al. (2014c) who found greater inducibility of 
VOCs at high elevations for Vicia sepium. Camphene was 
shown to be involved in egg parasitoid attraction to stink bug-
induced soybean (Moraes et al. 2008) and entomopathogenic 
nematode attraction to root herbivores (Rasmann et al. 2011, 
Grunseich et al. 2020), whereas α-fenchene is also involved 
in attraction of bark beetle parasitoids to infested pines 
(Sullivan et al. 2000). Thus, at least for these monoterpenes, 
greater inducibility at high elevation could be explained by 
defence cost-saving strategy under weak or unpredictable 
predator and parasitoid effects (assuming these compounds 
mediate herbivore enemy attraction in Quercus).

Recent studies have attributed contrasting elevational 
clines in constitutive versus induced defences to allocation 
constraints leading to tradeoffs (reviewed by Moreira  et  al. 
2018a). Likewise, other studies have also reported on shifts in 
the co-expression of direct and indirect defences along eleva-
tion gradients, arguing changes in selective forces favoring 
single versus simultaneously expressed traits which in turn 
shape the unfolding of defensive syndromes along elevational 
gradients (Pellissier  et  al. 2016, Defossez  et  al. 2018). Our 
coinertia analysis explicitly addressed these patterns of cor-
related trait expression and uniquely revealed an elevational 
change in the nature of the co-expression of induced and 
constitutive phenolics, whereby the simultaneous expres-
sion of constitutive and induced phenolics weakened toward 
higher elevations (i.e. greater co-expression of these direct 
defences at low elevations). This finding contrasts with our 
previous work showing no elevational gradient in the cor-
related expression of induced and constitutive direct defences 
across 18 oak species (Galmán  et  al. 2019a), which again 
points at differences when analyzing intra- versus inter-spe-
cific patterns. Nonetheless, our result is similar to that found 
in a previous work with Cardamine spp. showing increas-
ing co-expression of induced direct and indirect defences 
across species toward low elevations (Pellissier  et  al. 2016). 

Table 2. Multiple regressions showing the effects of elevation, leaf herbivory and climate (based on a principal component analysis sum-
marizing a subset of bioclimatic variables) on constitutive hydrolysable tannins and lignins and the correlated expression between constitu-
tive and Altica quercetorum-induced phenolics (coinertia 1) in leaves of saplings from 18 Quercus pyrenaica populations. β = slope estimator, 
r2 = partial correlation coefficient. Significant p-values (p < 0.05) are in bold.

Elevation Leaf herbivory PC climate

β r2 p-value β r2 p-value β r2 p-value

Constitutive hydrolysable 
tannins

−0.003 0.38 0.010 −1.668 0.37 0.012 −0.274 0.06 0.374

Constitutive lignins −0.002 0.40 0.008 −0.808 0.26 0.045 −0.266 0.12 0.183
Coinertia 1 −0.546 0.30 0.030 0.307 0.09 0.247 −0.292 0.09 0.271
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Figure 2. Partial residual plots from the multiple regressions controlling for the effect of leaf herbivory. The plots show the relationships 
between (I) elevation and inducibility of direct defences after Altica quercetorum feeding, namely: (a) condensed tannins, (b) hydrolysable 
tannins, (c) flavonoids, (d) lignins; and (II) elevation and inducibility of indirect defences after Altica quercetorum feeding, namely: (e) 
monoterpenes and (f ) sesquiterpenes in leaves of saplings from Quercus pyrenaica. Dots represent Q. pyrenaica populations (n = 18). 
Predicted relationships come from simple linear regressions and the slope of each relationship is the partial correlation coefficient (r2) for 
the effect of the predictor (x-axis) on a given plant trait (y-axis) (r2 values are reported in Table 1). 
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Concerning the Cardamine system, the authors argued that 
herbivore abundance and richness are often higher at lower 
elevations (Pellissier et al. 2012, 2014), which would select 
for multiple defensive traits or strategies with synergistic 
or complementary effects in order to maximize resistance. 
While this could explain our result, it is also possible that 
higher resource availability at low elevations favors the simul-
taneous deployment of both strategies due to lower costs of 
defences, whereas their co-expression weakens under lower 
resource availability at high elevations. In addition, unlike 
Pellissier  et  al. (2016), we did not find any evidence that 
indirect defences (VOCs) were involved in the Q. pyrenaica 
defence co-expression patterns. The presence of clines in indi-
rect defences and their involvement in correlated expression 
patterns would be expected for plant species or communities 
that rely more heavily on natural enemies for indirect defence 
(Rasmann et al. 2014c), which might not be the case for the 

studied Q. pyrenaica populations. Nonetheless, as mentioned 
above, a more detailed assessment and functional evaluation 
of VOCs that includes other geographical areas is needed to 
test whether these compounds structure (and if so in what 
way) elevational clines in Q. pyrenaica multi-trait defensive 
phenotypes.

Previous research has shown that abiotic factors are 
important drivers of plant defence allocation along eleva-
tion gradients (Moreira  et  al. 2014, Pellissier  et  al. 2014, 
Kergunteuil  et  al. 2019). Specifically, these studies found 
that climatic variables (e.g. temperature and precipita-
tion) correlate with individual defensive traits (reviewed by 
Moreira  et  al. 2018a) as well as patterns of correlated trait 
expression (Pellissier et al. 2016, Galmán et al. 2019a). Our 
findings indicated that the observed elevational clines in con-
stitutive levels of phenolic compounds (lignins and hydrolys-
able tannins), and the correlated expression of constitutive 
and induced phenolic compounds remained significant after 
accounting for climatic variables. This suggests that climatic 
forcing did not underlie the observed elevational patterns of 
direct chemical defences in Q. pyrenaica. One possible limita-
tion to keep in mind is that the range of variation in tempera-
ture and precipitation across the studied gradient may have 
not been large enough to affect defensive traits. Thus, whereas 
annual mean temperature varied 5.6°C from the lowest to the 
highest elevation sites, annual precipitation varied only 357 
mm. Despite this, the observed negligible effects of climate 
are not unique as previous research involving broader gradi-
ents has similarly found that climate only partially accounts 
for elevational gradients in plant defences (Pellissier  et  al. 
2016, Galmán et al. 2018, 2019a). Instead, other abiotic fac-
tors such as soil conditions could underlie variation in plant 
defence across elevations (De Long et al. 2016, Pellissier et al. 
2016). For instance, Pellissier  et  al. (2016) found that soil 
fertility positively correlates with constitutive glucosinolates 
in plants of Cardamine plant species growing at higher eleva-
tions. In addition, De Long et al. (2016) reported that soil 
nitrogen availability drove elevational gradients in plant com-
munity-level chemical defences in a subartic tundra heath. 
Although observational approaches such our current study 
are fruitful for understanding the concurrent effects of abi-
otic factors (Moreira et al. 2014, Abdala-Roberts et al. 2016, 
Pellissier et al. 2016, Galmán et al. 2019a), they also carry 
several limitations (discussion in Abdala-Roberts et al. 2016). 
Experimental manipulations of candidate abiotic drivers are 
needed to disentangle their effects on plant–herbivore systems 
(Pellissier et al. 2014). In addition, phenological changes in 
leaf chemical composition may also take place and strongly 

Table 3. Results of the coinertia analyses between constitutive and Altica quercetorum-induced phenolics (coinertia 1), constitutive and A. 
quercetorum-induced volatiles (VOCs) (coinertia 2), constitutive phenolics and constitutive VOCs (coinertia 3) and A. quercetorum-induced 
phenolics and A. quercetorum-induced VOCs (coinertia 4). Significant p-values (p < 0.05) are in bold.

Coinertia Defence (coinertia) axis pCoinertia

1 Constitutive phenolics – Induced phenolics 0.003
2 Constitutive VOCs – Induced VOCs 0.112
3 Constitutive phenolics – Constitutive VOCs 0.666
4 Induced phenolics – Induced VOCs 0.663

Figure 3. Correlation between elevation and the correlated expres-
sion of constitutive and Altica quercetorum-induced phenolics (sec-
ond axis of the coinertia analysis 1; Methods) in leaves of saplings 
from Quercus pyrenaica. Dots represent Q. pyrenaica populations 
(n = 18). Predicted relationship comes from simple linear regression 
and the slope of each relationship is the partial correlation coeffi-
cient (r2) for the effect of the predictor (x-axis) on a given plant trait 
(y-axis) (r2 values are reported in Table 1). The observed relationship 
depicted a pattern whereby at populations at lower elevation 
invested more in the simultaneous expression of constitutive and 
induced phenolics. Black solid line represents a significant correla-
tion (p < 0.05).
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shape defence allocation and herbivory (Zehnder et al. 2009). 
Depending on the season, the consequences of leaf herbi-
vore for the plant are not the same and the plant may shift 
between the different defensive strategies. Further studies 
should therefore investigate the differences in phenology of 
plant defences across elevation by sampling at several time 
points, especially during the start and middle of the season.

Our results emphasize the importance of looking at mul-
tiple plant defensive traits and their correlated expression pat-
terns for achieving a more complete understanding of clinal 
variation in plant defensive phenotypes as these are inher-
ently multivariate. By doing so, we reveal a unique elevational 
pattern of correlated expression of constitutive and induced 
chemical defences in Q. pyrenaica. It is possible that increased 
herbivore pressure and/or resources at low elevations favors 
the simultaneous expression of these strategies, and that 
increasing resource limitation at high elevations prevents 
co-expression and leads to tradeoffs. Further manipulations 
of herbivore pressure and resource availability are necessary 
to disentangle these mechanisms. Additionally, research on 
genetic factors (e.g. gene linkage) underlying patterns of trait-
correlated expression is also needed to assess the evolutionary 
implications of our results. Controlled experiments under 
greenhouse conditions or in common gardens could help to 
reveal the genetic basis and mechanisms potentially linking 
plant defensive traits. Likewise, experimental manipulations 
under controlled conditions can also overcome potential 
biases or logistical limitations in field experiments (e.g. the 
selection of trees with low damage could have resulted in a 
bias for better defended oak genotypes), and serve as a basis 
for comparison to field patterns and to isolate and test spe-
cific ecological mechanisms.
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