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A B S T R A C T

Tree diversity has long been recognized as a major driver of insect herbivory in forest ecosystems. However,
predicting the strength and direction of tree diversity effects in real-world situations has proven elusive. One
likely reason is that most studies have focused on within-stand dynamics and insufficiently captured other
ecological drivers of insect herbivory that can act at broader (i.e., landscape) and finer (i.e., individual trees)
scales. We measured herbivory as leaf area consumed by insect herbivores in pedunculate oaks (Quercus robur)
growing in mixed and pure forest stands in southwestern France. We assessed the effects of oak spatial isolation
within the landscape, tree stand diversity, forest canopy stratification as well as the influence of leaf traits on
insect herbivory. Insect herbivory increased with stand isolation regardless of tree diversity. Diversity effects
were contingent upon the canopy stratum as insect herbivory in mixed stands exceeded that of pure stands only
in the upper stratum. Leaf traits varied between pure and mixed stands and among canopy strata. Insect her-
bivory was negatively correlated with LDMC and positively with SLA. However, the observed effects of tree
diversity, canopy stratum and stand isolation on insect herbivory were only partially driven by variability in oak
leaf traits. Our findings illustrate that, in real-world contexts, insect herbivory can be driven by a complex
interplay of multiple, scale-dependent drivers. They help step forward towards a more profound understanding
of the complex forces drive insect herbivory in managed forest ecosystems.

1. Introduction

A long held view in forest ecology is that tree diversity strongly
influences insect herbivory. Extensive research has demonstrated that
trees are generally more prone to suffering damage when grown in
monospecific stands than when associated with other tree species
(Castagneyrol et al., 2014; Vehviläinen et al., 2007), although neutral
(Rosado-Sánchez et al., 2018) or even opposite patterns have also been
reported (Schuldt et al., 2010). The underlying phenomenon, termed
associational resistance, appears to be widespread in forests
(Castagneyrol et al., 2014; but see Haase et al., 2015; Schuldt et al.,
2015). However, to date most empirical evidence on associational ef-
fects in forests stems from case studies of outbreaks of particular pest
species and from highly controlled experiments (Castagneyrol et al.,
2013; Damien et al., 2016; Schuldt et al., 2015; Vehviläinen et al.,
2007). Despite their evident strengths (Grossman et al., 2018; Paquette
et al., 2018; Verheyen et al., 2016), such experiments fail to properly
consider the diversity and complexity of drivers that tend to affect

background insect herbivory under natural, non-outbreak conditions
(Guyot et al., 2016; Moreira et al., 2017; Kozlov and Zvereva 2017).
This lack strongly constrains our understanding of the actual ecological
relevance of associational effects on insect herbivory in real-world si-
tuations.

Patterns of insect herbivory are moulded by a variety of factors
controlling plant accessibility at different scales. At the landscape scale,
herbivore density tends to be highest in those habitat patches where
their resource is most abundant, because the intensity of physical and
chemical cues makes these patches more likely to be found and colo-
nized (Andersson et al., 2013; Hambäck and Englund, 2005; Root,
1973). Within patches, herbivory on individual plants is influenced by
the identity and diversity of their neighbours which alter the focal
plant’s physical and chemical apparency and its colonization
(Castagneyrol et al., 2013; Finch and Collier, 2000; Moreira et al.,
2016). Finally, herbivory is controlled by individual plant traits in-
cluding nutritional quality and anti-herbivore defences (Castagneyrol
et al., 2018b; Finch and Collier, 2000; Schoonhoven, 2005). Insects rely
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on a complex system of decision cues for selecting the plants they forage
on. These can be used hierarchically or sequentially, and their role can
vary depending on the animal’s spatial scale of perception or nutritional
status (Andersson et al., 2013; Schoonhoven, 2005). For instance,
herbivores can be attracted by large patches from the distance but their
final decision to feed on a given plant depends on its traits and its
neighbours (Finch and Collier, 2000, 2012; Hambäck et al., 2014).
While great advances have been made in our understanding of specific
drivers of insect herbivory, the scale-dependent interplay between dif-
ferent drivers remains poorly understood.

Some such interactions have recently been hypothesized. It has for
instance been suggested that resource isolation at the landscape level
may cause herbivores to dedicate more time to foraging within resource
patches, thus increasing damage in isolated stands as a result of re-
inforced small-scale effects of tree diversity on feeding decisions
(Hambäck et al., 2014; Stutz et al., 2015; Underwood et al., 2014).
However, observational studies demonstrating such an interaction are
lacking. Within habitat patches, herbivory tends to vary along vertical
gradients in forest canopy as a result of parallel changes in micro-
climate (in particular, higher temperatures in upper strata, Stiegel et al.,
2017), leaf traits (Dudt and Shure, 1994; Stiegel et al., 2017; Thomas
et al., 2010), or the diversity and activity of herbivores’ enemies
(Aikens et al., 2013). For instance, Stiegel et al. (2017) showed that the
decrease in insect herbivory from lower to upper stratum was ac-
counted for by the parallel increase of temperatures and decrease in
nitrogen content of more sun-exposed leaves. However, the effect of
stratification on herbivory has proven to vary among insect feeding
guilds and forest management (Gossner et al., 2014). Tree diversity is
known to alter the vertical stratification of forest canopies (Forrester,
2017; Vanhellemont et al., 2018). In turn, forest stratification will likely
alter the effects of tree diversity on herbivores. For instance, both the
position in the canopy (Stiegel et al., 2017) as well as the density and
diversity of neighbouring trees can trigger the surface or the C:N ratio
of plant leaves, two traits that are commonly related with patterns of
herbivory (Castagneyrol et al., 2017; Moreira et al., 2017; Loranger
et al., 2013; Pearse, 2011; Schoonhoven, 2005). However, quantifying
the relative contribution of trait-dependent and trait-independent ef-
fects of plant density and diversity on insect herbivory remains chal-
lenging and the few existing studies have yielded conflicting results.

Here, we address how tree diversity effects on leaf damage caused
by defoliating insect herbivores in pedunculate oak (Quercus robur) are
shaped by ecological drivers independently and interactively acting at
the individual (i.e., leaf traits), habitat (i.e., forest stratum) and land-
scape (i.e., forest stand isolation) scales. For this purpose, we measured
leaf herbivory in oaks in the lower, intermediate and upper stratum of
pure and mixed oak forest stands along a gradient of forest isolation at
the landscape level across the season. We hypothesised that (i) insect
herbivory would be lower in mixed oak-pine stands than in pure oak
stands, and (ii) the difference would be strongest in isolated stands. We
further predicted that (iii) leaf traits and insect herbivory would vary
among forest strata and that (v) differences in herbivory among forest
strata would be larger in pure than in mixed stands. By addressing tree
diversity effects on insect herbivory at different scales, both within and
between stands, our study pursues a better understanding of the hier-
archical mechanisms that drive tree-herbivore interactions in real-
world landscapes.

2. Materials and methods

2.1. Study site and stand selection

The study was carried out in the Landes de Gascogne region (south-
western France), about 40 km southwest of Bordeaux (44°41′N,
00°51′W). This region harbours the largest plantation forest in Europe
with a monoculture of maritime pine (Pinus pinaster) covering ap-
proximately 10 000 km2. The remaining landscape is characterized by

agricultural lands and woodlands whose most common tree species are
oaks (Quercus robur, Q. pyrenaica) and birch (Betula pendula). These
deciduous tree species are also present in variable abundance in the
pine plantations.

In early 2009, we selected 12 forest stands for study: six pure stands
in which Quercus robur was the main species, and six mixed stands
consisting of pine-oak mixtures where oaks were abundant (Table 1).
For each stand, we mapped the main habitat types in circular buffers of
500m radius (ca. 78.5 ha). We distinguished pine plantations, decid-
uous forests and open habitats. Open habitats included roads, forest
tracks, firebreaks, clearcuts, field and field margins, and young pine
plantations (Barbaro et al., 2005). The buffer of 500m radius provided
the largest gradient of habitat variability, avoided spatial overlapping
between nearby buffers, and was previously found to be suitable to
study plant-herbivore-predator interactions in different landscape
contexts (Barbaro et al., 2005; Chaplin-Kramer et al., 2011). Habitat
mapping was based on satellite images read and analysed with QGIS
version 2.18.13 (QGIS Development Team, 2017).

2.2. Leaf sampling and measurements

In each stand, we randomly selected individual oak trees and as-
signed them to one of three forest strata. All leaves collected below 1m
were assigned to the lower stratum, which may have included hanging
low branches of adult trees as well as leaves of younger individuals. The
canopies were further divided in an intermediate stratum (lower and
mid-height branches) and an upper stratum (upper branches). We chose
to define these strata in relative instead of absolute terms because tree
height varied among the different stands.

In 2009, we sampled twice a total of 300 oak leaves per stratum in
each stand, in early (July) and late (September) season. The two sam-
pling dates were considered as temporal replicates. Although leaf her-
bivory is a cumulative process such that early season damage remains
visible in late season, oaks produce three and up to four generations of
leaves in the study area. Thus, the first and second campaigns represent
independent assessments of leaf insect herbivory.

Leaves were collected on a sample of six individuals per stratum and
per season, that were haphazardly selected each time to ensure statis-
tical independence of the temporal replicates. The number of sampled
leaves was held constant between pure and mixed stands and between
temporal replicates, whereas the sampling methodology was adapted to
the forest stratum because of technical constraints. Leaves were col-
lected using a pruning shear for the lower stratum, and with a 10m pole
pruner for the intermediate stratum of all stands and the upper stratum
of mixed stands. Rifle shooting was used to cut branches down in the
upper stratum of pure stands. For the lower stratum, we assembled a
300 leaf sample by haphazardly collecting 35 leaves on one hanging
branches of six different individuals, plus an additional pool of leaves
from younger individuals. For intermediate and upper strata, we as-
sembled the 300 leaf sample by collecting 30–50 leaves on six to ten

Table 1
Summary of stand characteristics.

Stand Coordinates Stand type

Berganton 44° 45′40.85″N, 0° 49′ 37.58″W Pure
France 44° 44′ 44.10″N, 0° 50′ 50.82″W Pure
St Alban 44° 43′ 18.78″N, 0° 45′ 3.25″W Pure
Barlan 44° 44′ 57.00″N, 0° 49′ 53.12″W Pure
Castéra 44° 44′ 0.1″N, 0° 52′ 42.29″W Pure
Croix d′Hins 44° 43′ 21.69″N, 0° 49′ 32.31″W Pure
Hermitage 44° 44′ 50.69″N, 0° 46′ 10.78″W Mixed
Renardière 44° 43′ 42.33″N, 0° 50′ 8.78″W Mixed
H5 44° 43′ 8.11″N, 0° 49′ 59.83″W Mixed
H6 44° 43′ 30.63″N, 0° 51′ 10.72″W Mixed
H8 44° 43′ 10.51″N, 0° 50′ 36.85″W Mixed
H20 44° 42′ 56.23″N, 0° 51′ 48.50″W Mixed
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branches of 6 different trees (1 or 2 branches per tree). In each sample,
we took every tenth leaf until reaching the scheduled sample size.

Herbivory was estimated by two measurers aware of sample origin.
To reduce variability among observers, we used a grid of 0.25 cm2

(0.5×0.5 cm) printed on a transparent plastic sheet and overlaid on
leaves. We calculated the total leaf area removed or affected by insect
herbivores divided by the number of leaves analysed. We initially dis-
entangled damage caused by different feeding guilds (chewers, skele-
tonizers, leaf-rollers, leaf-miners). However, some of these guilds
caused too scant damages to allow separate analyses and we therefore
pooled all types of damages.

We measured three leaf traits: leaf surface, Specific Leaf Area (SLA)
and Leaf Dry Matter Content (LDMC). These traits were measured on 10
leaves per stratum, stand and sampling date following Cornelissen et al.
(2003) after confirming that this sample size satisfyingly captures
variability among strata. We only used undamaged, mature, and fully
expanded leaves. Leaf surface and water-saturated fresh mass were
measured with a planimeter (WinFolia Pro 2007b, Regent Instruments,
Canada Inc.) and a balance (Ohaus EP114 Explorer Pro Analytical
Balance). Leaf surface, SLA and LDMC were first calculated at the level
of individual leaves and then averaged per replicate, stratum, stand and
season.

2.3. Statistical analyses

We calculated the percentage of open area in buffers of 500m radius
centered on selected stands as a proxy for stand isolation at the land-
scape level. We preferred to use this variable instead of deciduous forest
cover because pedunculate oaks commonly grow below the canopy of
pine plantations without being detectable on satellite images (Gerzabek
et al., 2017). The cover of deciduous forest alone therefore under-
estimates oak abundance in the landscape. We used linear mixed-effect
models (LMM) to analyse the effects of landscape, tree diversity and
canopy stratification on leaf traits and insect herbivory. Fixed effects
were season (early vs. late), forest type (pure vs. mixed stand), stratum
(lower, intermediate and upper) and isolation (percentage of open areas
in the landscape). Season was considered as a temporal replicate. We
tested all two- and three-way interactions between forest type, stratum
and isolation. We declared stand identity as a random factor to account
for the non-independence of samples from the same stand. For each
response variable (herbivory, leaf surface, SLA and LDMC), we first
built the full model and then applied model simplification by sequen-
tially removing non-significant terms, starting with the highest-order
interaction term. We made no attempt to simplify the random factor as
it was imposed by the sampling design. Significant interactions between
stratum and forest type were treated by estimating contrasts among
strata for each forest type separately and contrasts between pure and
mixed stands for each stratum independently. Finally, we estimated

Table 2
Summary of LMM testing the effects of season, forest type, stratum and isolation on herbivory and leaf traits. P-values are indicated within brackets and significant
effects are shown in bold. Marginal (R2

m) and conditional (R2
c) R2 are reported for the simplified model.

Predictors Total herbivory Leaf surface SLA LDMC
df χ2-value χ2-value χ2-value χ2-value

Season 1 121.06 (< 0.001) 0.66 (0.416) 4.01 (0.045) 122.03 (< 0.001)
Forest type 1 3.2 (0.072) 4.74 (0.029) 11.08 (< 0.001) 13.55 (< 0.001)
Stratum 2 129.79 (< 0.001) 1090.22 (< 0.001) 1240.75 (< 0.001) 102.15 (< 0.001)
Isolation 1 8.27 (0.004) 3.95 (0.047) 1.00 (0.318) 0.05 (0.819)
Forest type× Stratum 2 71.71 (< 0.001) 26.69 (< 0.001) 68.70 (< 0.001) 15.45 (< 0.001)
Forest type× Isolation 1 0.86 (0.352) 0.02 (0.885) 1.59 (0.207) 2.37 (0.123)
Stratum× Isolation 2 1.08 (0.583) 2.89 (0.216) 1.26 (0.533) 2.58 (0.275)
Forest type× Stratum× Isolation 2 0.67 (0.716) 2.21 (0.331) 0.59 (0.744) 0.32 (0.854)
R2m (R2c) 0.36 (0.45) 0.65 (0.66) 0.68 (0.72) 0.36 (0.45)

Fig. 1. Effects of stand isolation, forest type and stratum on leaf herbivory. (A) Effects of stand isolation. Each point represents leaf herbivory averaged (± SE) per
stratum and season. (B) Interactive effects of forest type and stratum on leaf herbivory. Each point represents leaf herbivory averaged per season across all forest
stands (± SE, n=6 per forest type). Letters above bars indicate statistical differences between forest types.

B. Castagneyrol et al. Forest Ecology and Management 433 (2019) 287–294

289



model coefficients of the simplified model and calculated R2 for fixed
effects (Rm

2) and fixed plus random effects (Rc
2). Response variables

were log-transformed to improve the distribution of model residuals.
We back-transformed model predictions with an exponential function
to plot them on figures.

We were interested in disentangling the effects of isolation, forest
type, stratum and leaf traits on herbivory. Yet, leaf traits were influ-
enced by both forest type and stratum (see Results). In order to avoid
issues arising from collinearity, we also tested the effect of leaf traits on
herbivory in a separate model where we replaced the factors forest type
and stratum by SLA and LDMC. We then applied the same modelling
procedure as described above. SLA, LDMC and isolation were scaled
and centered to allow comparing coefficient parameter estimates, al-
though we present raw data in the figures.

Finally, we used a structural equation modelling (SEM) to confirm
the indirect trait-mediated effect of tree diversity and forest stratum on
herbivory. We first built a theoretical model in which herbivory was
only explained by SLA and LDMC. SLA and LDMC were endogeneous

variables. Tree diversity and forest stratum were exogeneous variables
that only influenced SLA and LDMC. We used the piecewiseSEM
package (Lefcheck, 2016) and Shipley’s test of direct separation to
evaluate the probability that none of the paths missing from the hy-
pothesised network contain useful information (in particular direct
paths linking forest stratum and tree diversity to herbivory). This hy-
pothesis was considered rejected if χ2-test of Fisher’s C statistic fell
below the significance level (P < 0.05).

All analyses were done in R version 3.3.1 (R Development Core
Team, 2016) using the packages lmer4, car, multcomp, MuMIn and pie-
cewiseSEM (Bartoń, 2016; Fox and Weisberg 2011; Hothorn et al., 2008;
Kuznetsova et al., 2016, Lefcheck, 2016).

3. Results

3.1. Effects of forest type, stratum, isolation and season on herbivory

Herbivory was on average (± SE) 1.42 ± 0.03 cm2 per leaf (cor-
responding to ca. 8% leaf area), which corresponds to background in-
sect herbivory in the study area. Herbivory was 37% higher in the late
season than in the early season (Table 2). It increased with stand iso-
lation (Fig. 1A) and decreased from the lower to the upper stratum
(Fig. 1B). Herbivory did not differ between mixed and pure stands, but
we observed a significant forest type× stratum interaction (Table 2) as
differences between pure and mixed stands were only significant in the
upper stratum (coefficient parameter estimate ± SE: 0.60 ± 0.13,
Fig. 1B). In pure stands, leaf herbivory was significantly lower in the
upper stratum (Fig. 1B) whereas it did not differ between the inter-
mediate and the lower stratum. In mixed stand, leaf herbivory was
higher in the lower stratum than in the intermediate and upper stratum,
whereas the latter two did not differ (Fig. 1B).

3.2. Effects of forest type, stratum and isolation on leaf traits

Leaf traits varied consistently among strata and between forest types

Fig. 2. Interactive effects of stratum and forest type on leaf traits. Dots and
error bars represent means (± SE) across seasons and forest types. Letters
above bars indicate statistical differences between strata. Contrasts between
strata are shown for each forest type separately (indicated by different grey
shades).

Fig. 3. Interactive effect of Specific Leaf Area (SLA) and stand isolation on leaf
herbivory. Grey shades and isolines show predictions from mixed-effects
models for early-season data and for an average value of LDMC. Dots show the
original data.
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(Fig. 2) with a significant forest type× stratum interaction for all traits
(Table 2). Leaf surface was on average (± SE) 17.5 ± 0.3 cm2. It was
twice as large in the intermediate and upper stratum than in the lower
stratum, both across forest types and seasons, while there were no
differences between the intermediate and the upper stratum. Differ-
ences between the lower and the intermediate and upper stratum were
larger in pure stands than in mixed stands (Table 2). Oaks had larger
leaves in pure stands than in mixed stands, but only in the upper and
intermediate strata. SLA was on average 15.40 ± 0.15mm2·mg−1. It
consistently decreased from lower to upper stratum in both forest types
and seasons. All contrasts between strata were significant, but differ-
ences were larger in pure than in mixed stands. SLA tended to be higher
in pure stands than in mixed stands, but this difference was only sig-
nificant in the lower and the intermediate stratum. LDMC was on
average 436.0 ± 1.2mg·g−1. It consistently increased from lower to
upper stratum in both seasons and forest types. However, differences
among strata were contingent on forest type (Table 2). In pure stands,
LDMC was greater in the upper stratum than in the intermediate and
lower stratum, while the latter two did not differ. In mixed stands, all
contrasts between strata were significant. LDMC was greater in mixed
stands than in pure stands, but this difference was only significant in
the intermediate and the upper stratum.

4. Leaf traits associated with the effects of forest type and stratum
on herbivory

Replacing the factors forest type and stratum in the LMM by the leaf
traits SLA and LDMC, we found that differences in herbivory between
forest types and among strata could be accounted for by LDMC and SLA.
Herbivory decreased with LDMC ([82.4 ± 24.8]× 10−3, df= 1,
χ2= 11.00, P=0.001) and increased with SLA ([6.0 ± 37.6]× 10−3,
df= 1, χ2= 34.90, P < 0.001, Fig. 3). The effect of SLA was however
contingent on stand isolation (significant SLA× isolation interaction:
df= 1, χ2= 14.46, P < 0.001). The positive coefficient parameter
estimate (± SE) for the interaction (0.06 ± 0.02) indicated that the
effect of SLA on herbivory was slightly stronger in more isolated stands
and that the effect of stand isolation was in turn stronger for leaves with
greater SLA. These results are consistent with our observation that SLA
and herbivory both decreased from the lower to the upper stratum.
Model R2 was however lower when the factors forest type and stratum
were replaced by SLA and LDMC (R2

m=0.29 and R2
c = 0.42 vs.

R2
m=0.36 and R2

c = 0.44, Table 2), suggesting that the measured leaf
traits account largely but not completely for differences in herbivory
arising from differences between forest types and among strata.

In line with these results, the SEM analysis (Fig. 4) confirmed that
there were missing paths in our a priori network (C=9.69, df= 4,
P=0.046), indicating that the effects of tree diversity and forest
stratum on insect herbivory were only partially mediated by their effect
on the measured leaf traits. In particular, there was a significant missing

path between forest stratum and herbivory, indicating an additional,
trait-independent, effect of forest stratum on insect damage.

5. Discussion

The factorial and hierarchical sampling design of this single year-
study enabled us to get a detailed insight into the complex interplay of
environmental drivers that determine patterns of background insect
herbivory across spatial scales (Fig. 5). We did not detect a global dif-
ference in herbivory between mixed and pure stands, yet a finer ana-
lysis revealed that such an effect of tree diversity did exist but only in
certain canopy strata in pure stands. We also observed that both stand
isolation and stratum influenced herbivory. Finally, both stand isolation
and stratification effects were partly explained by the concomitant
variation in the leaf traits SLA and LDMC. This set of interrelationships
clearly illustrates the complex nature of the multiple, scale-dependent
drivers of insect herbivory in real-world contexts. It calls for caution
when interpreting ecological studies that address limited sets of puta-
tive drivers of insect herbivory in simplified environments.

Leaf insect herbivory was not globally reduced in mixed stands
but in certain strata. We found that tree diversity effects on insect
herbivory were not consistent across canopy strata. While mixed stands
experienced lower herbivory than pure stands in the lower and inter-
mediate stratum, the opposite occurred in the upper stratum. Previous
studies on effects of tree diversity on insect herbivory have acknowl-
edged potential stratum effects but, instead of quantifying them, seeked
to reduce them by averaging herbivory at the level of individual trees
(Castagneyrol et al., 2013; Muiruri et al., 2015; Vehviläinen et al.,
2006). Our study pinpoints the pitfalls of such an approach by de-
monstrating that the canopy stratum can exert a significant influence on
the (non-)detection of global effects of tree diversity. The pattern that
we observed might be explained by the fact that insects coming from
other forest stands are likely to arrive in the upper stratum. Reduced
herbivory in the upper stratum of pure stands could then reflect a di-
lution of the recently arrived herbivores among a larger number of host
trees (Bañuelos and Kollmann, 2011; Damien et al., 2016; Otway et al.,
2005).

Leaf insect herbivory increased from the upper to the lower
stratum. In accordance with previous studies (e.g. Reynolds and
Crossley, 1997; Stiegel et al., 2017), we found that insect herbivores
caused most damage in the lower stratum. This trend has several pos-
sible, non-exclusive explanations. First, vertical stratification in her-
bivory can be a direct consequence of stratification in leaf traits. SLA
increased and LDMC decreased towards the lower stratum, suggesting
that its leaves were most palatable and hence most attractive for her-
bivores (Le Corff and Marquis, 1999; Murakami and Wada, 1997;
Stiegel et al., 2017). This assumption was fully confirmed by the dis-
tinct effects that both parameters exerted on levels of herbivory. Al-
though we did not measure microclimate in our stands, it is likely that

Stratum

Tree 
diversity

SLA 

LDMC 

Herbivory 

Upper: -0.98 (***)
Intermediate : -1.01 (***)

Upper: 0.18 (***)
Intermediate : 0.38 (***)

Mixture : 
- 0.29 (**)

Mixture: 
0.54(**)

0.11 (*)

- 0.34 (***)

Upper: -2.73 (***)
Intermediate : -0.24 (***)

Fig. 4. Path diagrams showing the results of the
piecewise SEM. Solid and dashed lines represent
significant direct and indirect relationships
among variables, respectively. Black and grey
lines represent negative and positive correla-
tions, respectively. Standardized coefficients and
significance thresholds are shown along paths.
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light and temperature were the primary drivers of the observed SLA and
LDMC trends (Yamasaki and Kikuzawa, 2003, Stiegel et al., 2017). The
elevated herbivory in the lower stratum might also be triggered to some
extent by reduced levels of chemical defences in the youngest in-
dividuals (Boege and Marquis, 2005; Moreira et al., 2017). Yet this
effect does not explain the observed differences between the inter-
mediate and the upper stratum. Second, stratification of herbivory
could result from stratification of herbivore communities. Several stu-
dies have reported higher abundance or richness of herbivores in lower
canopy strata and linked this trend with greater leaf quality (Le Corff

and Marquis, 1999; Murakami et al., 2005) or a vertical transfer of
herbivores from the canopy to the understory (Murakami and Wada,
1997; White and Whitham, 2000). However, relationships between
herbivore abundance or diversity and herbivore damage are not
straightforward (Basset et al., 1992; Rhainds and English-Loeb, 2003;
Rossetti et al., 2017); hence the relevance of this explanation is difficult
to gauge in our case. Third, top-down control of herbivores by their
enemies could generate lower herbivory in upper strata, if predation
pressure is higher in this part of the canopy (Sobek et al., 2009; Aikens
et al., 2013). Unfortunately, we possess no empirical data yet on pre-
dator abundance or activity that would enable us to test the validity of
this explanation.

Effects of forest type and stratum on leaf insect herbivory were
partly explained by leaf traits. On the one hand, we detected an in-
teraction between canopy stratum and tree diversity on leaf traits
whereby differences in leaf traits among strata were more pronounced
in pure stands. Recent studies reported that tree diversity may alter
abiotic factors in individual canopies (and in particular light environ-
ment), and hence insect herbivory (Castagneyrol et al., 2018a, 2017;
Muiruri and Koricheva, 2016; Rosado-Sánchez et al., 2017). Given the
different growth form of oaks and pines, it is likely that the vertical
stratification of abiotic factors was far more heterogeneous in mixed
than in pure stands (Forrester, 2017), resulting in neater vertical gra-
dients of leaf traits in pure stands. On the other hand, we found sig-
nificant relationships between leaf traits and herbivory. In particular,
leaf insect herbivory increased with increasing SLA and decreased with
increasing LDMC. However, despite this direct effect of leaf traits on
herbivory, we still detected a direct effect of forest stratum on leaf in-
sect herbivory, while the effect of tree diversity on herbivory seemed to
be primarily driven by an effect of tree diversity on leaf traits. To the
best of our knowledge, to date no study addressing leaf trait-mediated
effects of tree diversity on leaf insect herbivory has systematically
compared leaves from different strata. Yet our results indicate that
controlling for this effect will be critical for future studies of tree-her-
bivore interactions in mixed forests.

Leaf insect herbivory increased with oak isolation at the
landscape scale. A long held view in ecology is that herbivory in-
creases with the density of resources (resource concentration hypoth-
esis, Root, 1973). Yet, we found the opposite. Whereas studies on forest
fragmentation often find that herbivore abundance and richness de-
crease with patch size and isolation (Rossetti et al., 2017), results are
less consistent for herbivory itself (Maguire et al., 2016; Rossetti et al.,
2017; Simonetti et al., 2007). Our results suggest that the variation in
outcomes of previous studies may to a considerable extent be caused by
tree cues at the within-patch and individual tree scales that dilute
among-patch trends in herbivory. For instance, virtually no studies we
are aware of have to date accounted for stratification effects. Yet such
effects could be far more determinant for patterns of herbivory than for
herbivore richness or abundance if they affect the quality of the plant
diet – which was the case in our system. On the other hand, we cannot
exclude that the trend we observed was to some extent also mediated by
differential top-down control of herbivores by predators, as has been
reported by some authors (Gonzalez-Gomez et al., 2006; Maguire et al.,
2015; Rossetti et al., 2014). Likewise, we present here the results of a
single year-study that was conducted in 12 mixed and pure forest stands
in southwestern France. We cannot exclude that our results may reflect
particular abiotic conditions and the management applied to forest
stands in this region.

6. Conclusions

Multiple independent approaches have been used so far to address
the effect of tree diversity on insect herbivory. Studies on the influence
of habitat diversity at the landscape level and tree diversity within
forest patches mainly addressed insect movements and population dy-
namics at large scales. Studies focusing on a much smaller scale

Fig. 5. Summary of herbivory and leaf trait response to forest type and strati-
fication. Grey squares represent herbivory and traits for different forest types
and strata. Differences in square size are proportional to observed changes in
herbivory or traits. The figure therefore illustrates the extent of differences
between forest types and among strata.
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addressed tree-tree interactions and their effects on herbivores through
changes in leaf traits. Here, we linked knowledge on tree-herbivore
interactions from these different perspectives by integrating landscape-,
forest type- and individual-levels effects on insect herbivores within the
same study. By demonstrating that insect herbivory in mixed stands
exceeded that of pure stands only in the upper stratum, we unravel the
importance of considering small-scale variability of biotic and abiotic
factors when addressing insect herbivory on forest trees. Our findings
therefore help step forward towards a more profound understanding of
the complex forces that drive insect herbivory in forests.
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