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A mosaic of induced and non- induced branches promotes variation 
in leaf traits, predation and insect herbivore assemblages in canopy 
trees

Martin Volf1,2  |    Tereza Volfová1,3  |    Carlo L. Seifert1,3,4  |    Antonia Ludwig2,5 |    

Rolf A. Engelmann2,5 |    Leonardo Ré Jorge1  |    Ronny Richter2,5,6  |    Andreas Schedl2,7 |   

Alexander Weinhold2,7  |    Christian Wirth2,5,8  |    Nicole M. van Dam2,7

Received: 28 September 2021 | Revised: 10 November 2021 | Accepted: 24 November 2021

DOI: 10.1111/ele.13943  

This is an open access article under the terms of the Creat ive Commo ns Attri bution License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited.
© 2021 The Authors. Ecology Letters published by John Wiley & Sons Ltd.

1Institute of Entomology, Biology Centre 
of the Czech Academy of Sciences, Ceske 
Budejovice, Czech Republic
2German Centre for Integrative 
Biodiversity Research (iDiv) Halle- Jena- 
Leipzig, Leipzig, Germany
3Faculty of Science, University of South 
Bohemia, Ceske Budejovice, Czech 
Republic
4Faculty of Forest Sciences and Forest 
Ecology, Department of Forest Nature 
Conservation, Georg- August- University, 
Göttingen, Germany
5Institute for Biology, University of 
Leipzig, Leipzig, Germany
6Geoinformatics and Remote Sensing, 
Institute for Geography, University of 
Leipzig, Leipzig, Germany
7Institute of Biodiversity, Friedrich Schiller 
University Jena, Jena, Germany
8Max- Planck Institute for Biogeochemistry, 
Jena, Germany

Correspondence
Martin Volf, Institute of Entomology, 
Biology Centre of the Czech Academy 
of Sciences, Branisovska 31, Ceske 
Budejovice, 37005, Czech Republic.
Email: volf@entu.cas.cz

Funding information
Grantová Agentura České Republiky, 
Grant/Award Number: 20- 10543Y; 
Deutsche Forschungsgemeinschaft, Grant/
Award Number: DFG–  FZT 118 and 
202548816; Alexander von Humboldt- 
Stiftung, Grant/Award Number: Ref.3.3- 
CZE- 1192673- HFST- P; Akademie Věd 
České Republiky, Grant/Award Number: 
MSM200962004

Editor: Ted Turlings

Abstract

Forest canopies are complex and highly diverse environments. Their diversity is 

affected by pronounced gradients in abiotic and biotic conditions, including vari-

ation in leaf chemistry. We hypothesised that branch- localised defence induction 

and vertical stratification in mature oaks constitute sources of chemical variation 

that extend across trophic levels. To test this, we combined manipulation of plant 

defences, predation monitoring, food- choice trials with herbivores and sampling of 

herbivore assemblages. Both induction and vertical stratification affected branch 

chemistry, but the effect of induction was stronger. Induction increased predation 

in the canopy and reduced herbivory in bioassays. The effects of increased preda-

tion affected herbivore assemblages by decreasing their abundance, and indirectly, 

their richness. In turn, we show that there are multiple factors contributing to 

variation across canopies. Branch- localised induction, variation between tree indi-

viduals and predation may be the ones with particularly strong effects on diverse 

assemblages of insects in temperate forests.
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INTRODUCTION

Forest canopies represent highly complex, three- 
dimensional environments (Lämke & Unsicker, 2018; 
Ulyshen, 2011). Abiotic and biotic conditions differ sub-
stantially among tree species, genotypes and even within 
individual trees, creating niches for various organisms 
(Bertić et al., 2021; Lämke & Unsicker, 2018; Seifert et al., 
2020). Due to this variation, canopies harbour diverse 
communities of herbivorous insects and their natural 
enemies that form elaborate interaction webs (Gruner, 
2004; Hunter et al., 1997; Valdés- Correcher, Moreira, 
et al., 2021). Studying how these trophic interactions are 
shaped by variation in leaf traits across the canopy can 
help to understand how the astonishing diversity of can-
opy organisms is maintained.

Various parts of the canopy are exposed to different 
abiotic conditions, forming a steep vertical stratification 
gradient from the forest floor to the uppermost canopy 
(Lämke & Unsicker, 2018). Increases in UV- irradiation, 
temperature or wind speed towards the upper can-
opy can drive variation in leaf toughness, phenolics or 
volatile organic compounds (VOCs) (Eisenring et al., 
2021; Lämke & Unsicker, 2018; Murakami et al., 2005). 
Additional phenotypic variation among branches can 
also arise through localised somatic mutations or epi-
genetic factors (Padovan et al., 2013; Schmid- Siegert 
et al., 2017). The resulting differences in leaf quality and 
resource availability between lower and upper canopy 
layers drive interactions and species turnover in herbi-
vore assemblages (Seifert et al., 2020; Ulyshen, 2011). 
Predation pressure changes along with these trends, typ-
ically increasing towards the upper canopy in response 
to its higher productivity and leaf turnover (Bridgeland 
et al., 2010; Van Bael et al., 2003). However, information 
on the exact drivers and consequences of the resulting 
changes in canopy trees is still remarkably scarce, espe-
cially for chemical leaf traits (Eisenring et al., 2021).

Recently, several studies suggested that herbivore- 
induced defences are an important source of variation in 
leaf quality and its effects on higher trophic levels in for-
est canopies (Lämke & Unsicker, 2018; Volf et al., 2020). 
After being attacked by herbivores, trees can upregu-
late direct defences, such as various phenolics, that are 
typical chemical defences of temperate broadleaf trees 
(Rossiter et al., 1988; Wold & Marquis, 1997). Herbivores 
show differential response to phenolics, ranging from 
reduced feeding to compensatory feeding, or even pref-
erence for such hosts (Damestoy et al., 2019; Roslin & 
Salminen, 2008; Segar et al., 2017). These contrasting 
effects can cause substantial turnover in herbivore as-
semblages between trees, depending on their level of 
phenolics (Segar et al., 2017).

Trees also employ indirect defences, such as various 
VOCs, that attract predators (McCormick et al., 2014; 
Volf et al., 2021). Herbivore- induced VOCs allow pred-
ators to navigate towards attacked plants, even in the 

absence of visual cues, and to immediately remove the 
herbivores (Amo et al., 2013). They are also readily pro-
duced, unlike direct chemical defences that may take 
longer to be synthesised at sufficient concentrations 
(Hunter, 1987; Volf et al., 2021). VOCs thus may play a 
prominent role in dynamic and complex ecosystems, such 
as canopies of temperate deciduous forests. However, 
most studies investigating the effects of VOCs focused 
on seedlings, relatively young trees or isolated individ-
uals (e.g. Amo et al., 2013; McCormick et al., 2014; Volf 
et al., 2021). The roles of VOCs in trophic interactions in 
the complex canopies of natural forests are still widely 
unexplored (McCormick et al., 2019).

Induced defences can be highly localised within in-
dividual trees (Rubert- Nason et al., 2015; Volf et al., 
2021). Herbivore- induced responses can be mediated by 
internal signalling or airborne signals. Their strength 
differs between the attacked site and distal tree parts, 
depending on their connection by the phloem, their spa-
tial distance and the particular defensive trait (Heil & 
Ton, 2008). For example the activity of phenolics can be 
upregulated both systemically or locally in individual 
leaves (Wold & Marquis, 1997). Some VOCs, such as var-
ious terpenoids, seem to show especially localised upreg-
ulation in trees, being synthesised de novo in the induced 
foliage (McCormick et al., 2014; Volf et al., 2021). Such 
induced variation in tree chemistry can contribute to the 
constitutive variation due to vertical stratification or in-
dividual differences, resulting in a ‘mosaic’ of branches 
with different traits (Eisenring et al., 2021; Gripenberg 
et al., 2007; Padovan et al., 2013; Volf et al., 2021). The 
effects of such fine- scale variation can extend to higher 
trophic levels, thereby promoting variation in herbivore 
or predator assemblages associated with different parts 
of the canopy (Lämke & Unsicker, 2018; Volf et al., 2020).

Here we focus on the variation in leaf traits and trophic 
interactions across canopies of pedunculate oaks (Quercus 
robur L.) in order to expand our previous common gar-
den experiments (Volf et al., 2021) into a natural setting 
and mature trees. Pedunculate oaks are key components 
of European floodplain forests (Richter et al., 2016). Oak 
defences, in particular phenolics and VOCs, have been 
extensively studied, showing that there is a high level of 
genetic and phenotypic variation among and within can-
opies of individual trees (Bertić et al., 2021; Roslin et al., 
2006). This variation drives interactions with insect herbi-
vores and their natural enemies, making some trees more 
susceptible to herbivory than others (Bertić et al., 2021). 
As in other temperate broadleaf trees, oak interactions 
are strongly seasonal, with the highest numbers of her-
bivores and their enemies occurring during the relatively 
short period of spring leaf flush (Le Corff et al., 2000; Volf 
et al., 2019). In our study, we focus on this particular part 
of the season as we expect variation in leaf chemistry to 
play the strongest role during this period when trees need 
to protect their young and valuable foliage (Bridgeland 
et al., 2010). Specifically, we focus on the roles of simulated 
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branch- localised defence induction in driving trophic in-
teractions in the canopy, within the background of verti-
cal stratification, and individual variation among oaks. 
Instead of describing individual links, we explore multiple 
interactions between oak traits, predation and herbivore 
assemblages in a diverse, natural forest. We specifically 
aim at connecting field studies on trophic interactions (e.g. 
Hunter et al., 1997; Le Corff et al., 2000) with experimental 
studies on canopy chemistry (e.g. McCormick et al., 2014; 
Eisenring et al., 2021).

We postulated that experimentally inducing leaf de-
fences affects herbivore assemblages, either by changing 
herbivore preferences via increases in direct defences or 
by attracting more predators via enhanced VOC emis-
sions. We expected that this effect would supersede pat-
terns driven by the variation in leaf chemical traits due 
to intraspecific variation and vertical stratification. In 
turn, we show a complex network of correlations and 
interactions that drive the variation across canopies of 
mature oaks in a diverse floodplain forest. We demon-
strate that not all these links are equal and identify the 
variation between tree individuals, vertical stratification 
and predation as those with the most pronounced effects 
on diverse assemblages of insect herbivores.

M ATERI A LS A N D M ETHODS

Experimental site

We performed our experiments in April– May 2019 dur-
ing the period of leaf flush using the Leipzig Canopy 
Crane facility (LCC) located within the floodplain for-
est of Leipzig (Saxony, Germany, 51.366  N, 12.309  E). 
The site is equipped with a 40- m- high Liebherr 71 EC 
crane on rails with a span covering 16,500 m2. The crane 
plot includes nine mature pedunculate oaks reaching 
the upper canopy. In 2019, one individual was damaged 
by frost, leaving us with eight individuals that we used 
in our experiments (average diameter at breast height 
~70  cm). We randomly selected 86 terminal branches 
across the eight trees that were at least 3 m apart (6– 16 
branches per tree, depending on the canopy size). The 
selected branches were ca 5- cm thick at their basis and 
were 18.0– 32.8 m above ground. They carried 0.4– 3.2 m2 
of foliage. We used half of the branches for the induction 
treatment and half as controls, evenly distributing the 
two categories along the vertical stratification gradient 
(Table 1). The studied branches were close to other foli-
age to allow wingless insects to move in response to our 
treatment.

Induction treatment

To induce defences in the treated branches, we used me-
thyl jasmonate (MeJA), a derivative of jasmonic acid 

involved in defence induction. MeJA is used in ecologi-
cal studies to simulate herbivory by chewing- insects 
(Baldwin, 1996). While it does not provide the same level 
of specificity and intensity of induction as real herbivory, 
it allows for standardised comparisons between multiple 
trees and branches. We started treating individual trees 
once their leaves expanded and reached ca 2/3 of their 
final size. The leaf flush was asynchronous across our 
oak individuals. Therefore, we started treating individ-
ual trees on different dates (Table 1). This affected the 
timing of all other tasks described below.

We sprayed the branches in 3-  to 4- day intervals with 
a MeJA (Sigma- Aldrich) aqueous solution with 1% EtOH 
and 0.1% Triton X- 100 (Sigma- Aldrich) till run- off. We 
used 5 mM MeJA solution while the leaves were still ex-
panding to avoid their necrosis. Once they reached their 
full size, we used 10 mM solution. Control branches were 
sprayed with the carrier solution. All trees were treated 
six times over a period of 2.5 weeks except for tree 449 
that was treated seven times to synchronise its sampling 
with other trees. We used MeJA as a proxy for testing the 
effects of induced variation on leaf traits, herbivores and 
predation rates in oak canopies, which is why we used 
highly concentrated solutions to ensure a sufficiently 
strong plant response.

Predation monitoring

We used dummy caterpillars to estimate changes in 
predation rates across the canopy. We prepared the 
caterpillars (3 mm in diameter, 30 mm in length) using 
green non- toxic Newplast plasticine (Newclay Products). 
Using Loctite 401 super glue (Henkel), we attached three 
caterpillars to each branch immediately after each in-
duction treatment (258 clay caterpillars placed in total). 
Each caterpillar was placed for 2.5 weeks, that is, for the 

TA B L E  1  Oak individuals used in the experiment, including 
their ID number within the crane plot, diameter at breast height 
(DBH), total height and number of branches used in the experiment. 
Half of the branches were induced with methyl jasmonate, the other 
half was used as controls. The oaks showed an asynchronous leaf 
flush that affected the date when they entered our experiment and 
were treated with the induction treatment for the first time

Tree
ID

DBH 
(cm) Height (m) Branches

1st 
induction 
treatment

086 29.8 23.7 6 May 2

129 134.0 43.9 16 April 25

278 103.3 38.2 12 May 9

317 80.5 32.4 12 May 9

397 69.0 34.4 12 May 9

449 35.0 28.9 8 April 30

733 52.0 29.5 10 April 25

751 46.8 26.1 10 April 25



732 |   VOLF et aL.

whole period when the given branch was subjected to 
the induction treatment. The caterpillars were checked 
for beak and bite marks in 3-  to 4- day intervals and the 
damaged and missing ones were replaced.

Trait sampling

Following the last induction treatment on each tree, we 
sampled VOCs from all branches using polydimethyl-
siloxane (PDMS) tubes (Carl Roth GmbH) following 
Kallenbach et al. (2014). We placed two 1.5- cm PDMS 
tubes on a stainless- steel wire, attached it to the meas-
ured branch and enclosed it together with 19– 170 leaves 
(depending on their size; we used leaf area to stand-
ardise VOC emissions) in a polyamide bag (45 × 55 cm; 
Studio Cook BV). The VOCs from the headspace were 
passively adsorbed onto the PDMS tubes that were col-
lected after 24 h for logistical reasons. We observed some 
condensation in the bags. While this probably did not 
affect our ability to quantify terpenoids, it could affect 
the quantification of oxygenated VOCs that can dissolve 
in condensed water (Kallenbach et al., 2014). Placing the 
bags on the branches could also change the production 
of terpenoids due to the shortage of CO2 (Affek & Yakir, 
2003). Such changes would occur across all branches and 
thus would have limited effects on our conclusions.

Additionally, we estimated the number of leaves on 
each branch and haphazardly sampled 4– 7 of them 
once we completed all induction treatments of the given 
branch. We photographed the leaves and analysed their 
area in ImageJ (Abràmoff et al., 2004). We calculated 
the leaf area of each branch by extrapolating the area of 
photographed leaves by the estimated total number of 
leaves on the given branch. We used three fresh leaves 
per branch to measure leaf toughness using FL50 pen-
etrometer with Stepper Motor Powered Test Stand TVO 
500N55S (Sauter GmbH) and a 1.5- mm- wide tip. Each 
leaf was measured three times avoiding the main veins 
and the values were averaged. Finally, three leaves per 
branch were freeze- dried, homogenised and used for FT- 
IR analysis of polyphenols. The remaining leaf material 
was used for food- choice trials with caterpillars.

Food- choice trials

We compared the palatability of leaves from control 
and treated branches to polyphagous Lymantria dis-
par (Linnaeus, 1758) caterpillars in food- choice trials. 
Individual freshly hatched caterpillars were placed in 
round plastic arenas with two 1.5- cm leaf discs. Each 
trial involved one disc from a treated branch and a disc 
from the closest control branch from the same tree and 
a similar height above ground. The caterpillars fed for 
24 h. Thereafter, the leaf discs were photographed and the 
remaining leaf area was measured in ImageJ (Abràmoff 

et al., 2004). We ran up to three trials per branch pair. 
Caterpillars that did not feed were removed from the 
dataset, resulting in 100 trials we analysed.

Insect sampling

Three days after the last induction treatment (ca. three 
weeks after the first induction treatment), we compre-
hensively sampled leaf- chewing caterpillars and sawfly 
larvae from all branches by a combination of beating and 
manual searching following Volf et al. (2019). Due to the 
asynchronous leaf flush, the first trees were sampled on 
May 17, while the last one was sampled on May 30. Larvae 
were morphotyped, photographed, and reared to adults 
(Volf et al., 2019). Dead larvae were preserved in ethanol. 
Final identifications were based on larval and adult mor-
phology. Additionally, 190 insect individuals were bar-
coded at CCDB. COI barcode- sequences (658 bp) were 
uploaded to the Barcode of Life Database (www.bolds 
ystems.org, dx.doi.org/10.5883/DS- LAK2019) and the 
Barcode Index Numbers were used to improve our spe-
cies identifications (Ratnasingham & Hebert, 2013). The 
insect abundance rapidly decreased in the months fol-
lowing our sampling, which is a common seasonal trend 
in temperate forests (Le Corff et al., 2000; Volf et al., 
2019). Therefore, we did not repeat the sampling later in 
the season as we would not be able to get representative 
insect samples from the studied branches. This limits the 
conclusions we can draw on delayed effects of induced 
defences on trophic interactions.

Chemical analysis

The VOCs adsorbed to PDMS cuttings were analysed by 
thermal desorption- gas chromatograph- mass spectrom-
etry (TD- GC- MS) following the methods described in 
Volf et al. (2021); see Appendix S1 for details. Detected 
VOCs were tentatively identified by comparisons to the 
NIST20 database (National Institute of Standards and 
Technology, Gaithersburg, MD, USA) and comparisons 
to retention indices from the literature. The peak areas 
of individual VOCs were calculated using the Bruker 
Workstation software (v8.0.1) and used in the subsequent 
analyses.

We quantified the concentration of total pheno-
lics and hydrolysable tannins (HHDPs; hexahydroxy-
diphenic acid derivatives) in the leaf samples using an 
FT- NIR analysis. To perform spectral measurements, 
we used 60– 65 mg of ground and freeze- dried leaf sam-
ples. To predict the concentration of total phenolics and 
HHDPs in our samples based on the spectral measure-
ments, we created a predictive model that we calibrated 
using 41 leaf samples collected during our previous proj-
ects (Volf et al., 2021). We used a modified version of the 
CARS- PLS framework as described in Elle et al. (2019) 

http://www.boldsystems.org
http://www.boldsystems.org
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to relate the measured spectra of the 41 samples to the 
measured total phenolics and HHDPs in these samples. 
To finally determine the total phenolics and HHDPs in 
a specific sample and to estimate prediction accuracies 
for samples unseen in the model, predictions from the 
ensemble model were averaged using the median concen-
tration (Appendix S1).

Statistical analysis

We explored the causal relationships between the induc-
tion, vertical stratification, studied oak traits and higher 
trophic levels with Structural Equation Modelling (SEM). 
SEM allows to test for direct effects between pairs of var-
iables and for indirect effects of other variables involved 
in the network. We used ten variables describing the in-
duction treatment, vertical stratification, VOC emission 
level, VOC composition, HHDPs, leaf toughness, pre-
dation, herbivore preference, herbivore abundance and 
herbivore richness (see Table 2 and Table S1 for details). 
These variables were used to build a system of structural 
equations, employing local estimation methods, with 
the biologically plausible causal relationships included a 
priori in the model (Figure S1). Given the blocked design 
of the experiment within trees, all the relationships were 
modelled employing mixed models, with tree as a ran-
dom factor. For herbivore richness, we employed a gen-
eralised linear mixed model, with a Poisson distribution 
and a log link function, while all other models were lin-
ear mixed models. We used the package piecewiseSEM 
(Lefcheck, 2016) to fit the model. We evaluated the qual-
ity of the fit of our reduced model when compared to 
a saturated model, by making a direct separation test 

using Fisher's C statistic. We used the marginal and con-
ditional R² values for each of the response variables to as-
sess the explanatory power of our model and disentangle 
the effect of individual trees and explanatory variables.

Then, we explored the trends in more detail in the case 
of variables for which we had more individual compo-
nents characterising them. First, we performed partial 
Redundancy Analysis (RDA) to test for the detailed ef-
fects of the induction treatment and stratification on 
VOC composition. We used the treatment and vertical 
stratification as explanatory variables and the tree indi-
vidual as a covariable defining the permutation blocks. 
We log- transformed the individual VOCs, used them 
as response variables, tested the significance of all ca-
nonical axes using 9999 permutations, and adjusted the 
explained variability following ter Braak and Smilauer 
(2012). Second, we ran two separate Linear Mixed Effect 
Models (LMEs) testing the response in HHDPs (an 
anti- herbivore defence) and total polyphenol content 
(accounting for various polyphenols with various func-
tions) to see if there was any difference in their correla-
tion to the treatment and vertical stratification. We used 
the treatment and vertical stratification as fixed effects, 
the tree individual as a random factor and compared 
log- transformed HHDP content and total phenolics 
across the studied branches in R 3.6.1 (R Core Team, 
2019) using ʻlme4ʼ package (Bates et al., 2015). Third, we 
tested the effect of individual VOCs on predation rates. 
We employed LMEs, with the predation rate as the re-
sponse variable, tree individual as a random factor and 
each of the VOCs as the fixed effect variable. We built 
49 separate models, one for each VOC, and accounted 
for the multiple comparisons following Hommel (1988). 
Finally, we tested the effects of induction treatment and 

TA B L E  2  Variables used in structural equation modelling. All variables were measured on a branch- basis. If there were multiple values for 
a branch, we used their average

Variable Description

Induction treatment Induction treatment with methyl jasmonate; coded as 1 (for treatment) and 0 (for control)

Vertical stratification Height above ground (in m)

VOC emission level Total area under the peaks of individual VOCs we measured with GC- MS

VOC composition Similarity in VOC profiles emitted by the studied branches as measured on the first PCA 
axis; based on log- transformed emission levels of VOCs as analysed by PCA in Canoco 
5 (ter Braak et al., 2012)

Leaf toughness Leaf toughness (in N); an average value based on three leaves per branch

HHDPs Content of HHDPs (in mg/g) based on FT- IR

Predation Predation rates (0.00– 1.00) at the given branch as estimated with dummy caterpillars. The 
rates were calculated as the proportion between the number of recorded predation 
events and the number of caterpillars checked on the given branch

Herbivore preference Average area of leaf discs eaten by Lymantria dispar in food- choice trials (in mm). Each 
trial involved one disc from a treated branch and a disc from the closest control branch 
from a similar height above ground. The comparisons were replicated up to three times 
and the average value was used

Herbivore abundance Number of caterpillars and sawfly larvae sampled from the given branch standardised by 
its leaf area; we applied sqrt transformation to the data

Herbivore richness Species richness of caterpillars and sawfly larvae sampled from the given branch
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vertical stratification on the herbivore assemblages with 
Canonical Correspondence Analysis (CCA). We used the 
induction treatment and vertical stratification as explan-
atory variables and the tree individual as a covariable 
defining the permutation blocks. We down- weighted 
rare species, tested the significance of all canonical axes 
using 9999 permutations, and adjusted the explained 
variability following ter Braak and Smilauer (2012). We 
removed species occurring only on one branch from all 
multivariate analyses.

RESU LTS

The SEM analysis yielded a good representation of 
the overall correlation structure of the variables stud-
ied, with no significant deviation from goodness- of- fit 
(Fisher's C = 28.76, d.f. = 28, p = 0.425). The significant 
correlations obtained in the SEM are shown in Figure 1, 
along with the marginal and conditional R² values for all 
the response variables.

Leaf toughness and HHDPs showed a stronger posi-
tive correlation with the induction treatment than with 
vertical stratification, with the effect of stratification 
on HHDPs not being significant (Figure 1, Table S2). 
Both traits were also strongly influenced by the varia-
tion among oak individuals (Table S3). The effect of in-
duction on HHDPs was confirmed by LMEs comparing 
them to total phenolics. HHDP content was positively 
correlated with the induction treatment (χ2 (1) = 12.48, 
p < 0.001) but it showed no significant correlation to ver-
tical stratification (χ2 (1) = 0.01, p = 0.906). Contrastingly, 
the total phenolics showed no significant correlation to 
the induction treatment (χ2 (1) =  0.41, p =  0.520), while 
they increased towards the upper canopy (χ2 (1) = 15.21, 
p < 0.001; Table S4).

In total, we measured 49 VOCs, mainly mono-  and 
sesquiterpenes or derivatives thereof (Table S5). Out of 
these, 11 were missing from the control branches, whereas 
all were present in at least five induced branches. VOC 
emission level and composition showed a strong correla-
tion to the induction treatment (Figure 1, Table S2). Both 

F I G U R E  1  The causal relationships between the induction treatment, vertical stratification, plant traits, predation and herbivores in 
oak canopies. The arrows show significant relationships as analysed by structural equation modelling. The values above arrows show model 
estimates and asterisks indicate significance (*p < 0.05, **p < 0.01, ***p < 0.001; Table S2). Values below the response variable labels show 
marginal R² (representing the variance explained by the fixed effects) and the conditional R² (representing the variance explained by both the 
fixed and random effects [i.e. by the oak individual]). All models were fit with linear mixed effects models, except for herbivore richness, which 
used a generalised linear mixed model with Poisson error distribution and a log link function. Only the significant relationships are shown (see 
Figure S1 for all the relationships tested)

Induction

Vertical stratification

Herbivore 
richness

h

Herbivore 
abundance

Herbivore 
preference

HHDPs

VOC composition

VOC 
emission level

Leaf toughness

0.26*** -2.57**

-1.89***

0.12*

0.19***

2.35***4.74***
0.76***

0.03***

Predation
(R2 = 0.19/0.20)

(R2 = 0.30/0.58)

(R2 = 0.06/0.62)

(R2 = 0.63/0.74)

(R2 = 0.80/0.83)

(R2 = 0.34/0.41)

(R2 = 0.06/0.73)(R2 = 0.43/0.43)

0.01*

CH3

CH3
CH3

H C2 H H

0.38***
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VOC emission level and composition were only weakly 
affected by differences between oak individuals (Table 
S3). This was also confirmed by the RDA that showed 
most of the VOCs, in particular mono-  and sesquiter-
penes, to be strongly upregulated in the treated branches 
(Figure 2). The induction treatment explained 25.3% of 
the adjusted variability in the VOCs (pseudo- F  =  27.5, 
p  <  0.001). The effect of vertical stratification was not 
significant (pseudo- F = 1.2, p = 0.265, 0.25% of the ad-
justed variability explained).

Caterpillars preferred to feed on discs from control 
branches over those from treated branches, irrespec-
tive of vertical stratification, HHDPs, or leaf toughness 
(Figure 1, Table S3). In the field, we sampled 898 caterpil-
lars and sawfly larvae representing 41 species (Table S6). 
Neither their abundance nor their richness was directly 
correlated with vertical stratification, treatment or oak 
traits. Herbivore abundance varied greatly among oak 
individuals (Table S3). Similar to the results of the path 
analysis, the results of CCA showed that the induction 
treatment had no effect on the herbivore assemblages 
(pseudo- F  =  0.6, p  =  0.911, 0.0% of the adjusted vari-
ability explained). Although the herbivore assemblage 
composition was significantly correlated with stratifica-
tion (pseudo- F = 1.5, p = 0.048), the adjusted explained 
variability was only 0.6% (Figure 3). The variability ex-
plained by oak individual was 10.9%.

We recorded 278 predation events. Predation rates 
were positively correlated with both vertical stratifica-
tion and induction treatment, whereas the effect of oak 
individual was relatively small (Table S2). The predation 
rates were not correlated with overall VOC emission 
level or composition (Figure 1). We found five individual 
terpenoids, caryophyllene, (E)- 4,8- dimethylnona- 1,3,7- 
triene, hydroxy- eucalyptol, linalool and trans- linalool 
oxide, whose emissions correlated positively to the pre-
dation rates. However, these correlations disappeared 
when we applied a multiple- comparison correction 
(Table S7). The effects of induction and vertical strati-
fication on predation extended to herbivores, whereby 
predation had a negative effect on herbivore abundance, 
and eventually herbivore richness (Figure 1).

DISCUSSION

Diverse canopy communities are maintained by pro-
nounced gradients in abiotic and biotic factors (Hunter 
et al., 1997; Lämke & Unsicker, 2018; Ulyshen, 2011). 
We studied how the effects of branch- localised defence 
induction, vertical stratification and differences be-
tween oak individuals cause variation in leaf traits that 
extends to higher trophic levels and diverse insect as-
semblages. We show that branch- localised induction 

F I G U R E  2  Correlation between the VOC profiles, induction treatment and vertical stratification as analysed by a partial RDA with 9999 
permutations. Most of the VOCs were strongly upregulated in the treated branches, although some were also downregulated in response to 
the treatment. The treatment explained 25.3% of the adjusted variability in VOC profiles (pseudo- F = 27.5, p < 0.001). The effect of vertical 
stratification was not significant (pseudo- F = 1.2, p = 0.2650, 0.25% of the adjusted variability explained). VOCs are shown as coloured arrows 
(Monoterpenes in light blue, Sesquiterpenes in dark blue, Green Leaf Volatiles (GLVs) in orange, and Other and unidentified compounds in 
brown). Vertical stratification (height above ground; a continuous explanatory variable) is shown as a thick black arrow and the treatment (as a 
two- level categorical explanatory variable) is shown as circles
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increases predation risk, which reduces herbivore abun-
dance in highly dynamic oak canopies during leaf flush. 
Contrastingly, herbivore assemblages were not affected 
by any leaf trait we measured, despite their pronounced 
induction. Additionally, the identity of oak individual 
and vertical stratification affected herbivore assem-
blages to different extents.

The induction strongly promoted variation in oak 
traits that are primarily involved in trophic interactions 
with herbivores and predators. The effect of induc-
tion was particularly strong in the case of VOCs, with 
some terpenoids occurring exclusively in the induced 
branches. In contrast, we did not find any significant 
increase in VOCs towards the upper canopy of mature 
trees, although VOCs can increase in young oaks in re-
sponse to UV- irradiation (Harley et al., 1996) and aid 
plant performance under abiotic stress (Frank et al., 
2021). Our results support studies in trees that suggested 
a high importance of localised upregulation of ter-
penoids, which are synthesised de novo in the induced 
tissue (McCormick et al., 2019; Volf et al., 2021). The 
largely localised induction probably reflects large spatial 
distances and differences in connectivity between indi-
vidual branches, which can limit signalling via phloem. 
This suggests that the induction stimuli probably need 
to be relatively strong to cause a systemic response via 
phloem signalling in mature trees (Heil & Ton, 2008; 
McCormick et al., 2019). The efficiency of airborne 
signals strongly depends on the abiotic conditions and 
the metabolites in play (Douma et al., 2019), which can 
further contribute to the compartmentalisation of de-
fences across canopies. From the defence- economics 
perspective, such localised induction may allow large 
trees to fine- tune their defences to match the variation 
in herbivory pressure over the canopy. In case of VOCs, 

branch- localised induction could theoretically improve 
their communication with predators and parasitoids by 
attracting them specifically to the damaged part of the 
canopy (Lämke & Unsicker, 2018; McCormick et al., 
2019; Volf et al., 2021).

Various terpenoids, and particularly those synthe-
sised de novo in response to the induction, can be reli-
able cues attracting predators to damaged trees (Amo 
et al., 2013; McCormick et al., 2012). Five individual 
VOCs, all terpenoids, significantly correlated with pre-
dation rates in our experiment, although this correlation 
disappeared after correcting for multiple comparisons. 
Interestingly, two of these VOCs, linalool and (E)- 4,8- 
dimethylnona- 1,3,7- triene ((E)- DMNT), are associated 
with caterpillar damage and predator attraction in other 
tree species (Mäntylä, Alessio, et al., 2008; McCormick 
et al., 2019). These studies used real caterpillars to induce 
the trees and yet obtained similar results as our study 
using MeJA- based induction, which supports the notion 
that enhanced terpenoid emissions in trees can enhance 
predation in forest canopies. However, the absence of a 
clear correlation between overall VOC emission level and 
composition also suggests that there could be additional 
factors contributing to the increase in predation rates on 
the induced branches. For example our induction treat-
ment could change leaf reflectance so they would resem-
ble leaves attacked by herbivores and attract predators 
(Mäntylä, Klemola, et al., 2008). Both vision and VOCs 
thus likely help predators navigate towards the induced 
branches through the dense canopy foliage.

The effect of predation was quite stable across the 
trees, possibly due to high predator mobility. Both ver-
tebrate and invertebrate predators have been shown to 
reduce herbivory in trees (Böhm et al., 2011; Van Bael 
et al., 2003). Predation is generally higher at low latitudes 

F I G U R E  3  Correlation of the caterpillar assemblage composition with the induction treatment and vertical stratification as analysed by a 
partial CCA with 9999 permutations. The treatment had no effect on the studied assemblages (pseudo- F = 0.6, p = 0.9111, 0.0% of the adjusted 
variability explained). In contrast, the community composition was significantly correlated with stratification (pseudo- F = 1.5, p = 0.0475), 
although the adjusted explained variation was small (0.6%). Triangles represent insect species, vertical stratification (height above ground; a 
continuous explanatory variable) is shown as an arrow and the treatment (as a two- level categorical explanatory variable) is shown as circles. 
See Table S6 for insect species codes
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and elevations, in forests with higher leaf production, or 
on individual fast- growing trees (Bridgeland et al., 2010; 
Roslin et al., 2017; Van Bael & Brawn, 2005). Predation 
also typically increases towards the productive sun- 
exposed canopy (Van Bael et al., 2003) as evidenced by 
our study. Additionally, our results suggest that preda-
tors play a strong role in the dynamic canopies of tem-
perate forests during leaf flush. The role of predators 
thus probably increases with productivity independent 
of the scale one looks at within forest ecosystems (Borer 
et al., 2006; Fretwell & Barach, 1977). Here, the preda-
tors could readily remove herbivores from the branches, 
providing an effective protection for young, nutrient- 
rich leaves. By lowering their abundance, predators in-
directly affected herbivore diversity, creating a mosaic of 
branches harbouring different herbivores.

Similarly, we also found a branch- localised in-
crease in HHDPs and leaf toughness. Both localised 
and systemic induction of direct defences occur in 
oaks in response to herbivory (Rossiter et al., 1988; 
Wold & Marquis, 1997). Early instars of many gener-
alist, spring- feeding insect larvae are able to escape 
from non- suitable trees or branches (Hunter, 1990; 
Ramachandran, 1987). However, we did not record any 
such effect in the canopy, and we observed a negative 
effect of the induction on insect larvae only in the labo-
ratory. Instead, the composition of insect assemblages 
in the canopy was primarily affected by intraspecific 
variation between oak individuals. Pedunculate oaks 
are highly variable in their chemistry, forming eco-
types with differential resistance to herbivores, as 
also suggested by the high intraspecific variation in 
both HHDPs and leaf toughness in our system (Bertić 
et al., 2021; Ghirardo et al., 2012; Roslin et al., 2006). 
Furthermore, oaks show pronounced differences in the 
timing of their leaf f lush. Foliage availability is a key 
factor structuring assemblages of spring insect herbi-
vores in temperate forests (Hunter, 1990, 1992). Much 
of the observed variation in herbivore assemblages 
could thus be attributed to differences in bud burst 
and foliage availability among the studied oaks. This is 
further supported by the fact that we observed a mod-
est correlation between herbivore assemblages and ver-
tical stratification, which has been previously related 
to differences in foliage availability between canopy 
strata in a similar system (Seifert et al., 2020).

The vertical stratification was also associated with 
an increase in leaf toughness and total phenolics. Both 
these traits allow leaves in the upper canopy to with-
stand high intensities of UV- irradiation and wind, 
while maximising their photosynthetic capacity under 
high light availability (Eisenring et al., 2021; Murakami 
et al., 2005; Valdés- Correcher, Bourdin, et al., 2021). 
Their increase thus can be unrelated to the variation in 
biotic interactions across the canopy and result mainly 
from the role they serve in protecting leaves against abi-
otic factors. While crown position is one of the main 

sources of variation in chemical traits across the can-
opy (Eisenring et al., 2021), the specific trends in this 
variation may depend on the exact drivers and roles the 
individual traits play in tree defence and physiology.

In conclusion, we show that forest canopies are highly 
dynamic systems where induced responses, intraspe-
cific variation and vertical stratification play important 
roles (Eisenring et al., 2021; Lämke & Unsicker, 2018). 
Together with molecular mechanisms such as large num-
ber of somatic mutations and epigenetic variation among 
distant branches, these mechanisms contribute to high 
variation of chemical traits across the canopy (Lämke & 
Unsicker, 2018; McCormick et al., 2019; Padovan et al., 
2013; Schmid- Siegert et al., 2017; Volf et al., 2021). In 
turn, leaf traits and biotic interactions can be less pre-
dictable between individual branches than between indi-
vidual oak trees in some cases (Gripenberg et al., 2007). 
However, the contributions of induced responses, intra-
specific variation and vertical stratification are not equal. 
While previous studies explored pairwise interactions in 
young or isolated trees, their chemistry and higher tro-
phic levels, we identified effects with major roles in nat-
ural forest canopies. Based on our results, intraspecific 
variation between tree individuals and predation have 
particularly strong effects on herbivore abundance and 
richness during leaf flush. In contrast, upregulation of 
direct defences may primarily affect following genera-
tions of herbivores and structure their assemblages on 
longer time scales (Boeckler et al., 2013; Hunter, 1987). 
Various herbivores may also show differential responses 
to top- down and bottom- up effects (Hunter et al., 1997). 
This can create important interactions between various 
chemical defences in oaks in terms of providing efficient 
defence against herbivory. Although difficult to detect, 
such interactions between plant traits, predation and var-
ious abiotic factors are probably key factors that promote 
spatial and temporal variation within and among tree 
canopies and contribute to their high diversity.
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