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Abstract
& Key message Insect herbivory in novelQuercus ilexL. forests is a highly context- and scale-dependent process.We show
that forest composition, tree height and fine-scale spatial location, as well as tree genetic relatedness and ontogeny, can all
influence herbivore activity at local to landscape scale.
& Context Understanding the intrinsic and extrinsic drivers of herbivory in novel expanding forests is essential to envisage their
role for biodiversity conservation.
& Aims To analyse the effects of landscape attributes, forest composition, genetic relatedness, ontogeny and leaf traits on insect
herbivory in novel Q. ilex forest stands.
& Methods In 15 forest patches, we examined effects of patch size and connectivity, forest composition, tree height, specific leaf
area (SLA) and nitrogen content on herbivory. In 3 forest patches, we assessed effects of tree genetic relatedness, ontogeny and
spatial distribution.
& Results Herbivory was lower in pine-oak than inmixed-oak forests owing to the shorter tree height in the former with no effects
of patch size or connectivity. Herbivory increased with SLAwhereas nitrogen content had no effect. Within patches, herbivory
differed among genetic clusters and was reduced in saplings growing near mature oaks and individuals near the forest edge.
& Conclusion We illustrate the strong context and scale dependence of tree-herbivore interactions that renders predictions for
dynamic systems such as novel oak forests extremely challenging. It implies, however, that the structural heterogeneity of such
unmanaged forests allows their function as stepping stones for insect herbivore diversity in fragmented landscapes.
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1 Introduction

Although deforestation is still a major environmental threat at
a global scale (Song et al. 2018), massive forest expansion on
former agricultural lands has occurred in Europe during the
twentieth century as a consequence of the widespread aban-
donment of rural areas, a process expected to continue in the
near future (Kauppi et al. 2018). For example, in France, forest
surface increased by 35% since 1945 and is estimated to grow
30.000 ha yearly (Tissot and Kohler 2013), while in Spain,
forests established after 1950 already account for 25% of the
current forest area (Vilà-Cabrera et al. 2016). Several studies
have highlighted the crucial role that these second-growth
forests may have in providing key ecosystem services such
as increasing carbon stocks (Pugh et al. 2019) or landscape
defragmentation (Perino et al. 2019). Yet, less attention has
been paid on how communities and trophic interactions are
assembled in novel forests, despite the relevance of this pro-
cess for biodiversity conservation. Novel forest patches
established in fragmented rural landscapes tend to be smaller
than pre-existing ones in their surroundings, to experience
strong edge effects and to show differences in species compo-
sition owing to a transient surplus or deficit (e.g. Basnou et al.
2016 for plants; Ruíz-Carbayo et al. 2016 for Lepidoptera). As
a result of land use legacies, theymay also show differences in
functional traits, such as lower specific leaf area (R. Guerreri,
unpublished results), lower wood density (Alfaro-Sánchez
et al. 2019) or higher leaf nitrogen content (Freschet et al.
2014). Finally, novel forests may show reduced tree genetic
diversity as they typically establish from a few founder trees
that dominate the local regeneration (Hampe et al. 2013;
Gerzabek et al. 2017).

Phytophagous insects are often among the first organisms
to colonize novel forests, (Lawton 1983) and herbivory is one
of the main plant-animal interactions that may shape their
dynamics by reducing plant fitness (Maron and Crone 2006;
Canelo et al. 2018). Herbivory has been recognized to be a
complex phenomenon influenced by factors that determine
plant accessibility (e.g. habitat connectivity, host appearance)
and attractiveness (e.g. palatability) for herbivores. At the
landscape level, herbivory has commonly been claimed to
be influenced by patch isolation, patch size and forest compo-
sition. Thus, more connected and larger forest patches often
harbour a more diverse and abundant herbivore community
because they can be more easily colonized and offer better
quality resources (Tscharntke et al. 2002; Maguire et al.
2015; Valdés-Correcher et al. 2019). Concerning forest com-
position, herbivory tends to be lower in mixed forests, espe-
cially when taxonomically distant tree species co-exist (Jactel
and Brockerhoff 2007). At the within-patch level, it has been
shown that herbivory may be driven by intrinsic host tree
characteristics such as genetic identity and ontogeny as well
as by extrinsic features such as the location of the tree relative

to its neighbours or to the edge of the patch. Susceptibility to
herbivory can vary among host genotypes owing to differ-
ences in the expression of phenotypic traits that affect insect
feeding preference, such as plant architecture or leaf palatabil-
ity (Castagneyrol et al. 2012; Moreira et al. 2014; Barbour
et al. 2015; Lämke and Unsicker 2018). In addition, ontoge-
netic shifts in architecture and defence traits as plant grow
influence herbivory (Boege and Marquis 2005; Moreira
et al. 2017). These effects may be modified by associational
effects that arise from interactions with conspecific or
heterospecific neighbours (Barbosa et al. 2009; Moreira
et al. 2016; Castagneyrol et al. 2019) with the sign of this
interaction depending on host-neighbour differences in leaf
palatability (Moreira et al. 2016), the emission of volatile sig-
nalling compounds (Karban et al. 2006; Moreira et al. 2017)
or the architecture and “apparency” of the focal plant (Boege
2005; Boege and Marquis 2005). Finally, the location of the
host from the forest edge may influence host traits (e.g. leaf
palatability: Onoda et al. 2008), the abundance of herbivores
and their enemies (Pare and Tumlinson 1999; Cadenasso and
Pickett 2000; McGeoch and Gaston 2000; Skoczylas et al.
2007), thereby influencing herbivory extent.

Although it has been broadly acknowledged that levels of
herbivory result from complex interactions among scale-
dependent ecological features (e.g. Bagchi et al. 2018;
Lämke and Unsicker 2018), up to now, the few available stud-
ies explicitly conducted on herbivory in novel forest patches
have focused on their landscape arrangement. For example,
Valdés-Correcher et al. (2019) reported for expanding
Quercus roburL. forests that patch size and connectivity mod-
ified the guild of herbivores and their predators but had a
minor effect on herbivory. Ruíz-Carbayo et al. (2016) showed
that the abundance and diversity of Lepidoptera varied with
the size, age and connectivity of Quercus ilex trees recently
established in croplands. Ultimately, such changes in the com-
munity of insects resulted in differences in the extent of her-
bivory among new patches depending on their connectivity
(Ruíz-Carbayo et al. 2018). Notwithstanding their interest, the
previous studies failed to provide mechanistic explanations of
the reported differences, as they ignored the potential role
played by within-patch variation and, more specifically, host
attributes (genetic identity, ontogeny or functional traits).
Thus, the main aim of the present study is to dissect the effects
of forest patch composition, host genetic identity, ontogeny
and leaf traits (SLA and nitrogen content) on insect leaf her-
bivory in holm oak (Quercus ilex L.) trees growing in novel
forest patches. In particular, we address the following ques-
tions: (i) Is herbivory in Q. ilex trees triggered by patch-level
characteristics of novel forests? (ii) Does individual variation
in tree architecture or leaf functional traits trigger within-patch
patterns of herbivory? And (iii) which role do the genetic
relatedness, ontogeny and spatial location of trees within their
population play for within-patch variation in herbivory?
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Finally, we discuss the implications of our results for the man-
agement of novel forest patches towards the maintenance of
biodiversity in highly anthropogenised landscapes.

2 Material and methods

2.1 Study area and selection of novel forest patches

The research was carried out in the Vallès lowland (Barcelona,
Spain, 41° 33′N, 2° 2′E, Fig. 1). The region has aMediterranean
climate with annual rainfall averaging 650 mm and a mean tem-
perature range from 6 °C in winter to 23 °C in summer. The area
harbours a large number of new forest patches spontaneously
established after 1950 on former croplands (Guirado et al.
2008). Holm oak is the dominant oak in many of these patches
where is accompanied by other tree species such as Pinus
halepensis Mill., P. pinea L., Q. suber L. and Q. pubescens
Willd. Holm oak hosts a diverse community of insect herbivores
including the caterpillars of specialist Lepidoptera (Ruíz-Carbayo
et al. 2016). Defoliation by insects in this species has been ob-
served to affect regeneration by reducing acorn production
(Canelo et al. 2018).

We addressed our research questions through two comple-
mentary studies conducted in a total of 18 forest patches that
had established on former croplands after 1956. These patches
were identified by combining two land cover maps obtained
after photo-interpretation of 1956 and 2005 orthoimages (see
Basnou et al. 2016). All selected patches contained a cover of
Q. ilex trees higher than 70% (Ruiz-Carbayo et al. 2020).

2.2 Study I: Effects of patch attributes, forest
composition and tree functional traits on insect
herbivory

For this study, we selected 15 patches harbouring the twomost
abundant forest types in the study area according to Guirado
et al. (2008): mixed P. halepensis-Q. ilex (hereafter pine-oak)
forests (8 patches) and mixed Q. pubescens-Q. ilex (hereafter
mixed oak) forests (7 patches). For each patch, we determined
the area and the connectivity by setting a 1-km radius buffer
around in which we calculated the forest cover percentage.We
constrained the calculation to this radius because forest
patches in the study area are rarely isolated from each other
by a larger distance (Ruíz-Carbayo et al. 2018). In each patch,
we randomly established a plot with a radius of 8 m and
counted all individuals in the tree layer, identified the species
and measured height and diameter at breast height (dbh) of all
individuals with a dbh > 3 cm. Then, we haphazardly selected
30 Q. ilex trees from across the patch and collected 30 fully
sun-exposed leaves from the canopy top of each tree to deter-
mine mean insect herbivory and another ten healthy leaves per
tree (i.e. without traces of herbivore or pathogen damages) to
determine specific leave area (SLA) and leaf nitrogen (%)
content. Mean herbivory per tree was estimated by scanning
the leaves, quantifying the total leaf area consumed by insects
and dividing it by the total leaf area of the 30 leaves collected,
a commonly used procedure. No attempt was made to distin-
guish different insect guilds as the vast majority of damage
was caused by chewers. For the calculation of SLA, leaf area
was determined after scanning the ten leaves and dry weight
was obtained after placing them for 72 h in an oven at 60 °C.

Fig. 1 a General location of the study area. b The Vallés lowland is a
highly anthropogenised mosaic-like landscape with disseminated forest
patches. c, dHistorical (1956) and recent (2009) view of a sampled forest

patch. e Oaks of the five different age classes sampled (see Section 2) are
represented by coloured points. Class 1, yellow; class 2, light green; class
3, dark green; class 4, orange and class 5, red
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The dried leaves were then finely grinded and placed into tin
capsules (Sn 98 capsules, Lüdiswiss, Flawil, Switzerland) to
analyse N content. Analyses were carried out at the UC Davis
Stable Isotope Facility, with a Finnigan MAT Delta PlusXL
IRMS. The main structural characteristics of the 15 forest
patches andmean values of SLA, leaf N content and herbivory
are shown in Table 1. Concerning landscape and structural
variables, the two forests types only differed in a shorter av-
erage height of Q. ilex trees in the pine-oak forests (Mann-
Whitney, z = − 2.985, P = 0.027).

2.3 Study II: Effects of tree genetic identity, ontogeny
and spatial distribution on insect leaf herbivory

For this study, we selected three forest patches (Cardedeu,
Martorell and Cervelló) with an abundant presence of Q. ilex
and an inter-patch distance between 9.2 and 37.3 km
(Table 2). We identified all holm oaks within each patch and
classified them into five size categories: (1) seedlings less than
20 cm in height, (2) seedlings 20–50 cm, (3) small saplings
50–130 cm, (4) saplings larger than 130 cm in height but with
dbh < 5 cm and (5) mature individuals with dbh ≥ 5 cm (see
Fig. 1). Then, we selected a total of 200 individuals per patch
using a stratified design to ensure a sufficient sample size for
each category. We mapped each individual, measured its basal
diameter (as a proxy of size) and collected a random sample of
up to 30 leaves for measuring herbivory as described above.
For an accurate determination of the age, we harvested seed-
lings and small saplings to get a trunk disc or extracted a core
from the trunk in larger individuals using a Pressler borer.
These samples were used for counting annual growth rings
as described in Alfaro-Sánchez et al. (2019). The main char-
acteristics of the three forest patches are summarized in
Table 2.

All oaks were genotyped using 66 SNP (single-
nucleotide polymorphism) loci (Bonal et al. 2019) that
were combined into two multiplexes and sequenced on
an iPLEX Gold genotyping kit (Sequenom, San Diego,
CA, USA) following the procedure described in
Chancerel et al. (2013). The data analysis was completed
using MassARRAY Typer Analyser 4.0.26.75 (Agena
Biosciences). We used the resulting genotypic data to
calculate the heterozygosity of each tree by dividing the
number of heterozygous loci by the total number of loci
amplified. Then, we performed a cluster analysis using
the find.clusters function of the adegenet package
(Jombart et al. 2010). The identified genetic clusters
were subsequently included in the linear mixed models
as a fixed factor to test for effects of genetic relatedness
(here defined as membership in a given cluster) on
herbivory.

We used two measures to test for spatial position effects.
First, we calculated the distance to the nearest mature holm

oak for all sampled seedlings and saplings (i.e. age categories
1 to 4) using the Euclidean distance as implemented by the
distance function in the package ecodist in R version 3.4.1. (R
Core Team 2017). Second, we computed the average distance
to every mature tree within the patch and used the inverse of
this quantity as a proxy for within-patch spatial connectivity.
Third, we calculated the distance to the patch edge by
rasterizing the vector layers that contained the individual lo-
cations and the polygons of the sampling patches (with R
packages rgeos, rgdal and raster) and calculating the mini-
mum distance to the polygon border.

2.4 Statistical analysis

The relationship of herbivory (log transformed) with forest
type, patch size and connectivity in the study I was ex-
plored by means of a general linear mixed effects model
including patch as a random effect. We removed all inter-
actions among fixed factors (considered up to the 2nd de-
gree) that were not significant from the saturated model.
Then, we implemented a path analysis (Sokal and Rohlf
1995) to infer causal connections between different poten-
tially interconnected variables and herbivory in the two
different forest types. The diagram in Fig. 2 shows the
causal relations we tested in our multivariate model. We
considered forest type (mixed pine-oak and mixed-oak for-
ests) as an exogenous variable whose variance was as-
sumed to be caused by variables not included in the model
(and therefore not tested). Examples of such an exogenous
effect could obey to differences in the abundance and com-
position of the community of insects feeding upon oak
mediated by differences in forest composition. Then, we
considered four endogenous variables: (i) tree height (as a
proxy of apparency to herbivores), (ii) SLA (as a proxy of
leaf palatability), (iii) leaf N content and (iv) log trans-
formed mean herbivory. Thus, we compared the direct ef-
fects of height, SLA, %N and forest type on herbivory,
with the indirect effect of forest type through the other
three variables. Although it is well known that plant height
may influence SLA owing to the effects of shading, we did
not include this relationship in our path analysis as all
sampled leaves had been collected from the upper part of
the tree canopy and fully sun exposed.

Prior to running the statistical analyses in the study II, we
checked for collinearity among continuous predictors using
Pearson’s correlation coefficients. Since basal diameter and
age (inferred from the dendrochronological analyses) present-
ed an r value higher than 0.6, we discarded size from subse-
quent analyses. Therefore, we proceeded with a generalized
linear model (GLM) to characterise the effects of site, oak
genetic relatedness (cluster identify), heterozygosity, age, dis-
tance to the forest edge and distance to mature oaks.We built a
saturated model with herbivory as a response variable and all
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other variables as fixed effects plus their second-degree inter-
actions. Model selection was performed based on the second-
order Akaike information criterion (AICc) and adjusted R2.
All statistical analyses were performed in R version 3.4.1.
(R Core Team 2017).

3 Results

The general linear mixed effects model revealed a significant
effect of forest type on herbivory with no effects of patch size
or connectivity. Herbivory was higher in mixed-oak than in

Table 2 Summary table of oak characteristics and herbivory damage
per size category class at the three forest patches (Cardedeu,Martorell and
Cervelló) where intra-patch differences in herbivory were analysed.
Numeric variables are expressed as mean ± standard error. % heterozy-
gosity refers to single-nucleotide polymorphism (SNP) loci. Genetic

cluster indicates the percentage of individuals assigned to one of the five
clusters identified (see Section 3). Distance to mature oaks is the inverse
of the mean distance. Herbivory is expressed as the % of leaf surface
consumed (see Section 2 for further details)

Site UTM_X UTM_Y Size
category

Age
(years)

%
heterozygosity

Genetic cluster (%) Distance to
edge (m)

Connectivity
(m−1)

Herbivory
(%)

1 2 3 4 5

Cardedeu 443,704.362 4,608,785.4 1 2.4 ± 1.2 0.29 ± 0.11 45 10 0 2 43 21.5 ± 8.4 0.0040 ± 0.0004 10.1 ± 8.9

2 4.7 ± 1.5 0.26 ± 0.10 38 7 14 14 27 21.2 ± 9.8 0.0041 ± 0.0004 7.5 ± 6.3

3 10.7 ± 3.0 0.24 ± 0.08 68 5 0 20 7 22.4 ± 9.1 0.0059 ± 0.0003 3.2 ± 3.5

4 17.6 ± 4.3 0.23 ± 0.06 52 3 21 21 3 17.4 ± 8.3 0.0065 ± 0.0010 1.6 ± 1.6

5 19.8 ± 5.2 0.24 ± 0.08 5 5 45 30 15 4.4 ± 4.1 0.0060 ± 0.0004 3.1 ± 0.2

Martorell 413,672.565 4,583,290.7 1 2.9 ± 1.6 0.21 ± 0.06 28 3 0 67 2 11.3 ± 5.0 0.0116 ± 0.0053 15.0 ± 15.8

2 4.9 ± 1.7 0.22 ± 0.05 19 0 19 62 0 12.8 ± 6.3 0.0116 ± 0.0056 14.2 ± 15.3

3 7.9 ± 2.9 0.20 ± 0.07 22 0 8 70 0 12.4 ± 5.8 0.0128 ± 0.0068 7.2 ± 4.7

4 13.4 ± 5.3 0.22 ± 0.07 10 0 3 84 3 16.0 ± 5.0 0.0133 ± 0.0044 5.7 ± 7.2

5 23.0 ± 5.9 0.25 ± 0.05 16 0 32 52 0 17.0 ± 5.4 0.0386 ± 0.0097 2.1 ± 0.3

Cervelló 408,533.297 4,593,310.0 1 3.1 ± 1.4 0.19 ± 0.07 59 0 8 32 1 12.9 ± 7.7 0.0148 ± 0.0105 11.2 ± 9.5

2 4.7 ± 1.6 0.18 ± 0.07 57 4 4 35 0 9.9 ± 6.2 0.0136 ± 0.0114 5.9 ± 5.7

3 8.5 ± 2.9 0.20 ± 0.05 50 0 0 46 4 10.7 ± 6.6 0.0146 ± 0.0114 4.5 ± 5.7

4 15.5 ± 4.7 0.18 ± 0.06 20 0 33 47 0 13.7 ± 5.8 0.0178 ± 0.0043 2.8 ± 0.9

5 24.0 ± 4.4 0.22 ± 0.03 3 27 55 0 15 16.2 ± 3.3 0.0185 ± 0.0062 0.9 ± 0.1

Fig. 2 Diagram showing the results of the path analyses. Green and red
lines represent positive and negative correlations, respectively, while line
thickness indicates the strength of the relationship. Standardised

coefficients and significance thresholds (*P < 0.1, **P < 0.01,
***P < 0.001,) are shown along paths
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mixed pine-oak forests (F = 4.31, P = 0.037; 4.82 ± 0.23% vs.
4.05 ± 0.22%). The model explained however a moderate
amount of variance in herbivory (R2 = 0.26). The path analysis
helped to establish causal connections between the different
variables and confirmed differences between the two forest
types (Fig. 2). Specific leaf area (SLA) was the main factor
favouring herbivory (Fig. 5 in the Appendix) with a further
significant, but more secondary, positive influence of tree
height mediated by forest type. Forest type influenced leaf N
content but with no consequences for herbivory, while we also
observed a marginally significant direct effect of forest com-
position on herbivory.

Mean herbivory was 4.1 ± 1.2% and decreased from youn-
ger to more advanced age classes in the three forest patches
selected for the study of the effects of genetic relatedness,
ontogeny and host location within the patch on herbivory
(Table 2). The three forests showed a similar level of hetero-
zygosity across the different age classes. Following the max-
imum parsimony principle, the most likely number of clusters
present in the three study sites was five (ΔBIC = 5.8; Table 3
in the Appendix). As shown in Table 2, the five clusters were
present in the three patches, although clusters 2 and 5 were
scarcely represented in Martorell and Cervelló.

The best linear mixed model for herbivory included site,
genetic cluster, minimum distance to the forest edge, age class,
average distance to mature oaks and the interaction between
age class and distance (Table 4 in the Appendix). Herbivory
was higher in the Martorell forest patch (GLM; z = 9.25; P =
0.0085) and this effect was observed in all age classes
(Table 2). Concerning genetic characteristics, the model re-
vealed that trees from cluster 3 were generally less affected
by herbivores than those from clusters 1 and 5 (GLM; z = −
7.13; P = 0.0122 and z = − 4.15; P = 0.0203, respectively;
Fig. 3). We also found that individuals located near the core
of the forest patch exhibited more herbivory than oaks near the
edge (GLM: z = 4.205; P = 0.0304). In addition to this patch-
level effect, there was a significant effect of the interaction
between age and distance to mature oaks (GLM; z = −
4.188; P < 0.001): Herbivory was lower in individuals closer
to mature oaks but only above a certain developmental thresh-
old (i.e. in saplings but not in seedlings; Fig. 4).

4 Discussion

Understanding the mechanisms that shape plant-animal inter-
actions in second-growth forests is essential to design sound
management practices to ensure the role of these novel habi-
tats in biodiversity conservation. In this sense, the first contri-
bution of our study is to show that tree species composition of
the patch may play a stronger role for insect herbivory than
standard landscape-scale predictors such as its size and con-
nectivity. Second, this is, to the best of our knowledge, one of

the very few studies conducted under natural conditions to
show that differences in herbivory damage may be related
with host genetic relatedness. Third, we show that fine-
grained spatial aspects such as the distribution of individuals,
their size as reflected by the developmental stage and their
distance from the forest edge are also relevant for the extent
of herbivory. Overall, these results represent a neat illustration
of the extensive context and scale dependence of plant-insect
herbivore interactions in natural settings.

It has been often acknowledged that insect richness and
abundance decrease in smaller and more distant forest patches
(Thies et al. 2005; Andersson et al. 2013; Brudvig et al. 2017),
while contrasting trends have been reported for herbivory (De
Carvalho Guimarães et al. 2014; Ruíz-Carbayo et al. 2018).
The absence of patch size or connectivity effects on herbivory
that we observed resemble those reported for novel Q. robur
forests in SW France (Valdés-Correcher et al. 2019) or for
highly mobile insects such as moths (Cydia sp.) in Spanish
novel holm oak forests (Ruíz-Carbayo et al. 2018). Many leaf
chewers are mobile species whose colonisation capacity is not
limited by the levels of connectivity that were investigated
here. In other words, connectivity may be irrelevant in this
sort of Mediterranean-type mosaic landscapes where, in spite
of the general mosaic-like aspect (see Fig. 1), there are still
abundant forest areas intermingled. In addition, the lack of
effects could be further mediated by a stepping-stone effect
(Brown and Kodric-Brown 1977) of scatteredQ. ilex trees that
grow in nearby hedgerows and may facilitate resources and
dispersal opportunities (see Fig. 1 c and d).

Conversely to the spatial arrangement of patches, forest
composition influenced herbivory with lower levels in pine-
oak forests compared with mixed-oak forests. Lower

He
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Fig. 3 Percentage of insect herbivory on the five differentQ. ilex genetic
clusters identified by successive K-means. Boxplots represent median,
25th and 75th percentiles, respectively. Different letters indicate
significant differences between genetic clusters. Means are represented
by empty dots while outliers are depicted as black dots
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herbivory in mixed forests, especially when taxonomically
distant species co-exist (such as pines and oaks), has indeed
received abundant support (Jactel and Brockerhoff 2007). Our
path analysis indicated moreover that this forest-type effect is,
to some extent, indirect and mediated by differences in (holm
oak) tree height (Fig. 2). Since we did not find any relations
between forest type and SLA, we believe that the observed
height effect could be more attributed to differences in the
apparency of the host (Boege 2005; Castagneyrol et al.
2013; Damien et al. 2016), with shorter trees being more dif-
ficult to detect for herbivores. We cannot discard, however,
that differences in tree height may also involve differences in
the architecture and shape of the tree canopy, two traits sug-
gested reducing the abundance of folivorous Lepidoptera in
smaller holm oak trees (Ruíz-Carbayo et al. 2016). On the
other hand, our path analysis revealed a strong effect of SLA
but a negligible one of leaf N content (Fig. 2). The former
finding is unsurprising since numerous studies have identified
SLA and leaf thoroughness as a major driver of among-
individual variation in insect herbivory (Agrawal and
Fishbein 2006; Pearse 2011). This trait is known to be influ-
enced by the position of leaves and the resulting irradiation
they receive—a factor that we can however discard given our
sampling protocol. Specific leaf area has also been reported to
vary as an adaptation of trees to local differences in water
availability (Johnstone et al. 2016), which might be important
in our study system with its drought-prone Mediterranean cli-
mate. In turn, the limited relevance of leaf N content that we
observed is of particular interest in the context of novel forests
as previous studies have shown that such forests tend to show
elevated leaf N contents as a probable result of their growth on
former agricultural surfaces (Freschet et al. 2014; Alfaro-
Sánchez et al. 2019). Notwithstanding the observed effects
of forest composition on herbivory, the amount of variance
explained by the model was moderate (ca. 25%). This sug-
gests that other environmental differences among forest

patches (e.g. aspect and altitude in Table 1) may also play a
role in determining herbivory extent. The context dependency
of herbivory and the importance of local conditions are also
stressed by the higher herbivory observed inMartorell in com-
parison with the other two sites. These differences may arise
from differences in host abundance (resource concentration)
or in the particular abiotic conditions (light, temperature, hu-
midity necessary for insect development (Bagchi et al. 2018,
Ruíz-Carbayo et al. 2016, 2018).

Whereas the landscape-scale connectivity of patches, at the
scale that we measured, does apparently not constrain their
colonisation by herbivorous insects, we detected clear evi-
dence that the location of host trees at a finer spatial scale
(intra-patch level) affected the patterns of herbivory. A higher
herbivore damage near the patch core compared with the
edges has been reported in previous studies (McGeoch and
Gaston 2000; Skoczylas et al. 2007; Régolini et al. 2014;
Bagchi et al. 2018). Indeed, herbivore activity in forest edges
may be reduced owing to harsher microclimatic conditions
(e.g. lower humidity, temperature variability, greater light
exposure and wind turbulences; Laurance et al. 2002;
Bagchi et al. 2018). These microclimatic conditions in forest
edges may also lower the quality of the resource (Baraza et al.
2004; Barber and Marquis 2011). Edges may also benefit
insect enemies by facilitating the communication among par-
asitoids (Staudt and Lhoutellier 2007) or increasing the access
of birds and other predators to adult insects and their larvae
(Skoczylas et al. 2007).

In addition to the global edge effect, we found that holm
oak saplings benefitted from the proximity of larger conspe-
cifics. Differences in leaf herbivory depending on plant on-
togeny have been previously reported for oaks and other spe-
cies (Del-Val and Dirzo 2003; Boege and Marquis 2005;
Moreira et al. 2017) and attributed to changes with ageing in
leaf traits influencing herbivory (Boege and Marquis 2005),
but few studies have reported interactions between individuals

Fig. 4 Interaction plot for the
effects of the age of the host and
its distance to mature oak trees on
herbivory damage. Distance
(m−1), age (years) and herbivory
(%) are centred and scaled.
Herbivory scale ranges from blue
(low herbivory) to red (high her-
bivory) colours
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of different age or size. The fact that in our study the effect of
ontogeny depended on the distance to mature oaks suggests
that both ontogeny and associational effects may be strongly
context dependent. One possible explanation for lower herbiv-
ory on saplings growing close to larger conspecific neigh-
bours could be the benefit from a dilution effect whereby
herbivores are satiated by a large amount of local resources,
in a trend similar to that reported for monospecific oak stands
(see Castagneyrol et al. 2019). That we did not detect the same
trend in seedlings might be due to a simple sampling effect or
to the fact that their herbivores are more strongly influenced
by the immediately surrounding (including herbaceous) veg-
etation than in the taller saplings.

Finally, the contrasting herbivory levels observed among
genetic clusters suggests that some genetically based traits
(e.g. leaf structure or chemistry) might affect tree palatability
and susceptibility to herbivores in these forests (see Ito and
Ozaki 2005; Castagneyrol et al. 2012 for other Quercus spp.;
Silfver et al. 2009 for birch). A series of possible mechanisms
have been described, although the heritability of most relevant
plant traits tends to be low owing to their multigenic determi-
nation and other constraints (reviewed in Büchel et al. 2016;
Lämke and Unsicker 2018). However, clear evidence for ef-
fects of genetic diversity or genetic relatedness has mostly
been limited to highly controlled experimental settings,
whereas the relatively few studies performed in natural tree
populations have largely failed to detect them (Tack et al.
2010; Gossner et al. 2015; see also the critical review by
Tack et al. 2012). This scarcity of empirical evidence renders
our finding noteworthy, even though a clear interpretation of
the biological processes that underlay the formation of the
detected clusters remains elusive.

5 Conclusion

Spontaneous establishment of forests in former cropland areas
is a widespread phenomenon in many regions of Europe ow-
ing to rural abandonment. In novel forest patches established
in Mediterranean mosaic-like landscapes, herbivory in Q. ilex
trees seems to be shaped by some genetically based traits and
different factors controlling host accessibility at different spa-
tial scales. At the landscape level, rather than patch size or
connectivity, tree species composition affects herbivory by
its indirect influence on tree height, a potential proxy of host
apparency. At the within-patch scale, it is the distance to ma-
ture oaks, interacting with ontogeny and the distance from the
forest edge, the most relevant factors for herbivory damage.
Overall, and except for the more elusive effects of genetic
relatedness, our results suggest that changes induced by forest

management in forest composition and fine-grained spatial
distribution of oaks could significantly modify the herbivory
extent in these novel forest patches.
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