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Abstract

Resource use by consumers across patches is often proportional to the quantity or quality of the resource within these patches.
In folivores, such proportional use of resources is likely to be more efficient when plants are spatially proximate, such as trees
forming a forest canopy. However, resources provided by forest-trees are often not used proportionally. We hypothesised that
proportional use of resources is reduced when host trees are isolated among phylogenetically distant neighbours that mask
olfactory and visual search cues, and reduce folivore movement between trees. Such phylogenetically distant neighbourhoods
might sort out species that are specialists, poor dispersers, or have poor access to information about leaf quality. We studied
individual oaks, their leaf size and quality, their folivory and abundance of folivores (mostly Lepidopteran ectophages, gallers
and miners), and parasitism of folivores. We found that leaf consumption by ectophages hardly increased with increasing
leaf size when host trees were phylogenetically isolated. We found a similar effect on host use by parasitoids in 1 year. In
contrast, we found no consistent effects in other folivore guilds. Relative abundances of specialists and species with wingless
females declined with phylogenetic isolation. However, resource use within each of these groups was inconsistently affected
by phylogenetic isolation. We suggest that phylogenetic isolation prevents ectophages from effectively choosing trees with
abundant resources, and also sorts out species likely to recruit in situ on their host tree. Trees in phylogenetically distant
neighbourhoods may be selected for larger leaves and greater reliance on induced defences.
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Introduction

Resource use by a community of consumers and their natural

Communicated by Riccardo Bommarco. enemies is often proportional to the quantity or quality of the
resource (Holling 1959; MacArthur and Pianka 1966; Emlen
Trees surrounded by phylogenetically distant neighbours are little 1966; Fretwell and Lucas 1969; Gripenberg et al. 2010). For

used by specialist leaf-chewers. Thus, such trees can have large
leaves without suffering extensive leaf damage.
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Fig. 1 Proposed processes (top
row) and the resulting pattern
of proportional use of resources
(bottom row) on phyloge-
netically non-isolated (left) and
phylogenetically isolated trees
(right). If phylogenetic isolation
of an individual tree reduces the
rate of movement of oviposit-
ing adults or larvae of folivores
that prefer large leaves, folivore
pressure will correlate less with
leaf size on more phylogeneti-
cally isolated tree
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example, folivory is higher on trees with larger leaves or
higher leaf-nitrogen content (see Fig. 1 for conceptual rep-
resentation, Moore and Francis 1991; Ruhnke et al. 2009).
Such proportional use of resources by folivorous insects
could result from ovipositing females or foraging caterpillars
choosing resource-rich trees (Faeth et al. 1981; Cornelissen
and Stiling 2008). In addition, individual folivores may be
more reluctant to leave resource-rich trees than resource-
poor trees (Charnov 1976), thereby increasing their abun-
dance on resource-rich trees. Moreover, individually, foli-
vores may consume more leaf area on trees with higher leaf
quality. This is likely the case when individuals belong to
species or genotypes that consume more (Wimp et al. 2004;
Pilosof et al. 2017; Eisenring et al. 2021). Proportional use
of resources is more likely when the trees are spatially close
to each other, facilitating folivore movements between trees.
But even resources provided by forest-trees are often not
used proportionally (Faeth et al. 1981; Courtney and Kibota
1990; Gripenberg et al. 2007; Kitamura et al. 2007; Craig
and Itami 2008), and factors that reduce proportional use of
resources on forest trees remain poorly understood.

Forest trees can be phylogenetically separated from their
spatial neighbours by millions of years of evolution (‘phy-
logenetic isolation’ from here on, Vialatte et al. 2010), and
this may reduce proportional use of resources in folivores.
Many folivores are specialised on one or a few usually
closely related host plant species (Ehrlich and Raven 1964;
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Kennedy and Southwood 1984; Brindle and Brandl 2006;
Seifert et al. 2020). Therefore, a larger number of folivores
can be expected to move between neighbouring trees that
are phylogenetically closely related than between those that
are phylogenetically distantly related (Vialatte et al. 2010).
Hence, when phylogenetic isolation of a tree is high, foli-
vore movements between trees are expected to be scarce,
compared to when phylogenetic isolation is low (Vialatte
et al. 2010). In addition, phylogenetically distant neigh-
bours could mask the olfactory and visual search cues of a
focal tree (Castagneyrol et al. 2013; Binyameen et al. 2013),
which may make the focal tree more difficult to detect for
folivores (Jactel et al. 2011; Salazar et al. 2016). This can
reduce the immigration of ovipositing females and foraging
larvae (Jactel et al. 2011). In addition, this masking of search
cues may cause folivores on phylogenetically isolated trees
to be more reluctant to leave resource-poor trees (Charnov
1976; Stratton et al. 2019). Thus, both reduced movement
and masking of search cues can reduce proportional use of
resources (Fretwell and Lucas 1969). Consistently, more
phylogenetically isolated trees have lower species richness
and abundance of folivorous Heteropteran (Vialatte et al.
2010), and reduced leaf consumption by ectophagous lepi-
dopteran caterpillars (Yguel et al. 2011). However, reduced
abundance does not indicate reduction in proportional use
of resources (Fretwell and Lucas 1969; Kratina et al. 2009;
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Beest et al. 2016; Avgar et al. 2020). To our knowledge,
effects of phylogenetic isolation on proportional use of
resources have never been studied.

Phylogenetic isolation may reduce proportional use of
resources by sorting out folivore species with traits that
facilitate it. Such traits could be (1) host plant specialisa-
tion, because specialised folivores use host resources more
efficiently (Gripenberg et al. 2010; Charlery de la Masseliere
et al. 2017), (2) ovipositing when information on leaf quan-
tity or quality is available, i.e., developed leaves are pre-
sent, as this would facilitate the choice of large and good
quality leaves, and (3) strong dispersal capacity, because
better dispersers are better able to select the most profit-
able trees. Phylogenetic isolation may sort out some of these
folivore traits. For example, when specialist folivores are
more affected by phylogenetic isolation than generalists,
and when weaker dispersers have a lower chance of finding
phylogenetically isolated trees (as indicated by Vialatte et al.
2010 for Heteroptera). Specialist folivores could be more
affected because they have lower chance to find phyloge-
netically isolated host tree as they are repelled by the odour
from phylogenetically distant trees than their host tree spe-
cies (Stratton et al. 2019). Moreover, optimal foraging theory
(Charnov 1976) suggests that oak specialists will move less
within forest stands where oaks are among phylogenetically
distant trees than where oaks are among conspecifics. Thus,
phylogenetic isolation may shape the species composition
in folivore communities by sorting out species that would
cause proportional use of resources.

Besides individual traits, folivores can be characterised by
guild membership, such as ectophages, leaf miners and leaf
gallers. Such guilds might differ in the effect of phylogenetic
isolation on their degree of proportional use of resources,
as they differ in capacity of active dispersal (Peterson and
Denno 1998; Asplen 2018), and in perception and process-
ing of information on leaf size and quality (Bernays and
Funk 1999; Javois et al. 2019). More specialised guilds such
as leaf miners and leaf gallers (Novotny et al. 2010) are
on average better at choosing plants on which their larvae
perform best (Gripenberg et al. 2010), which should lead
to more proportional use of resources. Different guilds can
also differ in their responses to leaf quality. For example,
leaf miners can locally modify the leaf’s photosynthetic
activity (Giron et al. 2007) and leaf gallers can modify the
nutritional environment of their gall (Hartley and Lawton
1992), so that natural leaf quality is less relevant to them.
Therefore, the ectophages that are poor at leaf modification
might experience more selection to find host trees with large
and high-quality leaves.

Parasitoids of folivores often have close relationships
with particular plant species (De Moraes et al. 1998; Bai-
ley et al. 2009) as they are usually specialised on one or
a few folivore species (Schir and Vorburger 2013) which

in turn are specialised on their host plants (Forister et al.
2015). Moreover, parasitoids can use the same olfactory
and visual search cues as their host for finding the correct
plants (Birkett et al. 2003; Aartsma et al. 2017). Therefore,
the degree of phylogenetic isolation of the host tree might
also affect proportional use of resources in parasitoids. This
would be important because the parasitoids can partly regu-
late local folivore abundances, and thus affect the exploita-
tion of leaf resources of a tree (Hunter and Price 1992).
Parasitoids are often able to track hosts by exploiting plant
volatiles over large distances (Gossner et al. 2014; Aartsma
et al. 2017), and may thus be less affected by isolation than
folivores. However, in the case of phylogenetic isolation,
these volatile signals may be masked by volatiles of other
plant species (Perfecto and Vet 2003), and this can cause
reduced proportional use of resources in parasitoids. Moreo-
ver, given that a patch of resources is much smaller for the
parasitoids (i.e. the folivores) than that of the folivores (i.e.,
the tree), parasitoids might also be more affected by phylo-
genetic isolation than folivores. Yguel et al. (2014) showed
that overall parasitism rate of caterpillars tends to be lower
on more phylogenetically isolated trees, but such low para-
sitism rate does not exclude proportional use of resources.
Whether proportional use of resources in parasitoids is
affected by phylogenetic isolation among trees has so far
not been addressed.

We studied the effects of phylogenetic isolation of host
trees on proportional use of resources in associated foli-
vore guilds and parasitoids. As a model system, we used
oaks (Quercus petraea (Matt.) Liebl, Q. robur L. and their
hybrids) in a mixed forest and focused mainly on ectophages.
We used a combination of raw data from earlier publications
and unpublished data (Table 1). We tested the prediction that
phylogenetic isolation reduces the strength of the relation-
ship between resource quantity/quality and resource use, i.e.
the proportional use of resources. We investigated three lev-
els of resource use: per-leaf folivory, per-individual folivory
and per-leaf abundance. At the level of per-leaf abundance,
we also explored whether the effect of phylogenetic isola-
tion of host trees on proportional use of resources is found
in particular among species that possess traits that facilitate
it: host-plant specialisation, ovipositing when leaves are
present (inferred from flying from June to October), or high
dispersal capacity (inferred from large wingspan or absence
of wingless females). We then tested whether phylogenetic
isolation per se affects overall species composition, and in
particular if phylogenetic isolation sorts out species with
traits that facilitate proportional use of resources. We finally
expanded the tests of whether phylogenetic isolation reduces
proportional use of resources to two more folivore guilds
(leaf gallers and leaf miners, in terms of abundance) and to
the parasitoids of ectophages (in terms of caterpillar use).
For folivores, we characterised resource quantity as leaf
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Table 1 Overview of the data

Data Year 2006 2010 2011
Insect group Ectophages Per-leaf folivory 1 1 Unpublished
Per-leaf abundance NA 1 Unpublished
Per-individual folivory NA 1 Unpublished
Species traits in community NA Unpublished Unpublished
Leaf miner Per-leaf abundance NA Unpublished Unpublished
Leaf galler Per-leaf abundance Unpublished Unpublished Unpublished
Parasitoid Abundance NA 2 2
Leaf traits Quantity Leaf size 1 1 Unpublished
Quality LDMC 1 1 NA
C:N 1 1 NA
LPC 1 1 NA
Tree traits Phylogenetic isolation 3 1 1
Distance to nearest oak 3 1 1
Circumference 3 1 1

Italics denotes a level of resource use

where 1 =Yguel et al. 2011, 2="Yguel et al. 2014, 3= Vialatte et al. 2010

NA data were not available

area, and resource quality as leaf dry matter content, car-
bon—nitrogen ratio (C:N) and total leaf phenolic content. For
parasitoids, we characterised resource quantity as the density
of ectophagous caterpillars. We also tested how resource use
becomes less proportional with increases in two more com-
monly studied variables, isolation of the resource patch in
space (distance to nearest oak), and the age of the resource
patch (age of oaks), and explored if phylogenetic isolation
can be explained by the proportion of pines.

Methods
Field site and study trees

Our study was conducted in the Forest of Rennes (48° 11’
North, 1° 34" West; c. 90 m altitude), a temperate forest in
Western France of about 3000 hectares with an oceanic cli-
mate (mean annual temperature 11.3 °C; cumulative annual
rainfall 836 mm). The forest is divided into 202 parcels that
are usually either dominated by oaks (Q. petraea, Q. robur
and their hybrids) or pines (Pinus sylvestris L.). We studied
pairs of oaks (avoiding cross-species pairs) with trees within
a pair being only 30-150 m apart, one in an oak-dominated
parcel, and the other in a pine-dominated parcel. Neigh-
bouring trees were from 19 species, spanning a continuous
range of phylogenetic distances from oak (Online Resource
1, Table. S1). Pairs of study trees were spread across the
entire forest. We studied the “First Set” of 9 pairs of adult
oaks (producing acorns) in 2006 (earlier used in Vialatte
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et al. 2010; Yguel et al. 2011), and the “Second Set” of 11
pairs in 2010 and 2011 (earlier used in Yguel et al. 2011,
2014; see Table 1).

Neighbourhood and traits of study trees

For each study tree, we determined the degree of phyloge-
netic isolation, distance to the nearest oak, and circumfer-
ence at breast height. In addition, crown position relative
to dominant canopy and budburst phenology of each tree
were recorded, as those are also known to affect folivore
abundance and folivory (Crawley and Akhteruzzaman 1988;
Eliason and Potter 2000; Castagneyrol et al. 2017; Barker
et al. 2018; Ekholm et al. 2020; Faticov et al. 2020). Proce-
dures and data sources are detailed below.

Degree of phylogenetic isolation for the First Set of trees
had been calculated by Vialatte et al. (2010), and for the
Second Set of trees by Yguel et al. (2011). Degree of phy-
logenetic isolation of each tree was calculated as mean phy-
logenetic distance to the trees with which its crown was in
contact (Online Resource 1). Phylogenetic distances to all
species of trees growing in contact with study trees were
quantified as in Online Resource 1, Table S1. Understory
trees (height <6 m) were not considered because there is
little exchange of insects between canopy and understory
(Corff and Marquis 1999; Gossner et al. 2009).

Spatial distance from each study tree to the nearest adult
oak was measured from trunk to trunk. This is not to be
confused with the distance between two study trees in a
pair. Rather, this distance is between one study tree and the
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nearest oak in its neighbourhood. Circumference of the study
trees was measured at breast height. As larger trees tend to
be older, the circumference is a good estimate of relative age
of the trees for a given soil and macroclimate (Rozas 2003).
According to local foresters, absolute age was on average ca.
80 years in the First Set, and on average ca. 60 years in the
Second Set of trees.

Whether the crown position of study trees was within or
below the dominant canopy was noted for the First Set of
trees. Trees of the Second Set were always located below
the dominant canopy. Budburst phenology was monitored
only for the Second Set of trees, in 2010 and 2011. From
the beginning of March, the developmental stage of 10 ran-
dom apical leaf buds from the upper stratum was determined
on a three-rank scale once every 3 days using binoculars
(Wesotowski and Rowiriski 2006). Every sampling day,
10 new buds were randomly selected. From these data we
inferred the date when a tree completed budburst, i.e., all
10 random buds of the tree had developed unfolded leaves.
We then set the date when the first tree completed budburst
as 0, and calculated the budburst of other trees relative to
this tree in days.

Quantity and quality of leaf resources

We measured leaf area as a parameter of resource quantity,
and leaf dry matter content (LDMC), leaf carbon to nitrogen
ratio (C:N) and total leaf phenolic content as parameters of
resource quality (Feeny 1970; Forkner et al. 2004; Schoon-
hoven et al. 2005). For the First Set of trees, we collected
30 leaves per tree between 16th August and 27th September
2006: 10 leaves were collected from each of 3 strata (upper
exposed to sun, lower exposed to sun, and lower sheltered),
and the leaf trait measurements were averaged per tree. For
the Second Set of trees in 2010, a total of 40 leaves (20
from upper and 20 from lower stratum) were sampled from
each tree both in the beginning of May and in the middle of
September. We used spring samples for leaf quality measure-
ments, and autumn sample for leaf size measurements. This
was done because leaf quality in September might differ
drastically from what folivores experience in the beginning
of Spring (Feeny 1970). Similar to 2010, 40 leaves were
sampled from each tree in the middle of September in 2011,
and used for leaf size measurement. In 2011, we did not
sample leaves in spring and hence did not make any meas-
urement of leaf quality.

Leaf area was estimated with a 1 x 1 cm? dot grid and
quantified as the number of dots covering the whole leaf (as
described in Yguel et al. 2011). To estimate the size of the
whole leaf we manually reconstructed the missing part that
was eaten by the ectophages.

To measure leaf quality, the leaves were cut longitudi-
nally into two pieces. The piece without the main central

vein was used to analyse LDMC and C:N, while the larger
piece was used to analyse leaf phenolics. LDMC analy-
ses were made following the protocol of Cornelissen et al.
(2003). C:N analyses were made by “flash combustion”
using a Carlo Erba NA1500 Series II elemental analyzer for
the First Set of trees, and a PerkinElmer CHN PE 2400 for
the Second Set of trees. For the analyses of leaf phenolics,
the leaves were frozen and lyophilised for 36 h, and pooled
per stratum to obtain sufficient material. Leaf phenolics
were characterised at the Polyphenols Biotech lab, Bordeaux
(France), by spectrometry following the Folin—Ciocalteu
indices method and expressed as the percentage of dry mass
gallic acid equivalent (Singleton et al. 1999).

Folivore abundance and folivory

We studied the abundance of ectophages, leaf gallers and
leaf miners to address the prediction developed in the Intro-
duction. Abundance of ectophagous caterpillars on oaks
peaks during the spring period (Southwood et al. 2004), and
therefore we sampled caterpillars twice during the springs
of 2010 and of 2011. The first sampling was done when all
the study trees had just completed budburst, and the second
was three weeks later. Each sample consisted of a two meters
long branch, and from each study tree, one such sample was
cut from the upper, and one from the lower stratum (both
are sheltered). Samples were brought to the lab in plastic
bags where the caterpillars were collected, and the leaves
counted. To obtain per-leaf abundance of caterpillars, we
divided the number of caterpillars collected from a tree by
the number of leaves sampled. The leaf miners and leaf gal-
lers are most abundant during the summer (West 1985), and
hence we counted them from the leaves sampled for leaf area
and folivory measurements in September.

Apart from counting individuals, we studied folivory
caused by ectophages (Table 1). For this, we summed the
values of missing leaf surface (see “Quantification of leaf
resources”, see also Yguel et al. 2011) across all the leaves
of a tree and divided that by the number of leaves to obtain
per-leaf folivory. We then divided these summed values by
the number of caterpillars to obtain per-individual folivory.
We note that all our measures of folivory are absolute sur-
faces, not proportions of leaf area, given that leaf area was
the independent variable in later analyses. Our aim was to
understand under which conditions the absolute amount
of leaf material used increased with quantity or quality of
leaves available, rather than the percentage (as in Yguel et al.
2011).
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Parasitism of ectophagous caterpillars

The ectophagous caterpillars collected were visually
searched for ectoparasitoids. We then reared the caterpillars
and monitored emergence of endoparasitoids for five months
from the day of sampling. The caterpillars were reared indi-
vidually in Petri dishes at ambient temperature and were fed
every two days with fresh oak leaves. We used absolute num-
bers of parasitised caterpillars observed per tree, not propor-
tions of a given number of caterpillars parasitized, given that
number of caterpillars was the independent variable in later
analyses. Again, our aim was to understand under which
conditions the caterpillar use in terms of absolute number
increases with the total number of caterpillars present, rather
than the parasitism rate (as in Yguel et al. 2014).

Ectophages species identification

After collection, all caterpillars were photographed and
assigned to morphospecies based on visual assessment.
Those that were successfully reared to adults in the lab were
identified to species. Those individuals that died before eclo-
sion (due to parasitism or other causes) were assumed to
be of the same species as those that eclosed from the same
caterpillar morphospecies. However, if the individuals that
eclosed from a single morphospecies belonged to multiple
species, we re-evaluated the caterpillar morphology taking
into account the caterpillar-adult matches. Individuals that
could not be identified in this way were not assigned to any
species (43 out of 237 in 2010 and 22 out of 203 in 2011).
We also gathered information on host-plant specialization,
flight period, winglessness in females and wingspan from
the websites Catalogue of the Lepidoptera of Belgium (De
Prins and Steeman 2021), and Guide to the moths of Great
Britain and Ireland (Kimber 2021). We considered species
that are monophagous oak feeders as specialists, and species
that fly between June and October as having direct informa-
tion of final leaf size while ovipositing.

Statistical analyses

To test for effects of phylogenetic isolation of individual host
trees on proportional use of resources, we used multiple lin-
ear regression models. For folivores, we considered per-leaf
folivory, per-individual folivory and per-leaf abundance as
dependent variables that represent aspects of absolute leaf-
resource use. These variables were then used in multiple
regression models with a leaf trait (leaf area, LDMC, C:N,
or phenolics), phylogenetic isolation, and the interaction
between the leaf trait and phylogenetic isolation. Notably,
in these models, the effects of leaf traits on leaf use repre-
sent the degree of proportional use of resources, while the

@ Springer

interaction terms indicate the effects of phylogenetic isola-
tion on proportional use of resources. For parasitoids, the
dependent variable was the number of parasitised caterpil-
lars, and predictors were the total number of caterpillars,
phylogenetic isolation, and the interaction between the num-
ber of caterpillars and phylogenetic isolation. Tree pair was
not included in the models because our analyses showed that
resource use was not affected by pair (see Online Resource
2, Table S2). These analyses were repeated including crown
position for the First Set of trees, and budburst phenology for
the Second Set of trees as co-variables in the models (phe-
nology had not been recorded for the First Set, and crown
position had been held constant in the Second Set). Account-
ing for these covariables did not change the general con-
clusions, but reduced the degrees of freedom, and is hence
presented only in Online Resource 3, Table S3. Finally, we
repeated the initial models (the ones without the covari-
ables), replacing phylogenetic isolation by either distance
to the nearest oak, or by oak circumference (indicating age),
as justified in the Introduction.

We note that per-leaf folivory cannot exceed the area
of the leaf, and number of parasitised caterpillars cannot
exceed the total number of caterpillars, so that a regression
of, for instance, leaf area on folivory area is constrained to
be positive. We hence did not present these particular rela-
tionships, nor the R? of the total models, but our focus was
on the interaction term, which is not affected by this con-
straint. Indeed, our hypotheses make predictions only about
the interaction terms. We also note that multiple analyses
were conducted on the effect of leaf quality, each accounting
for different leaf characteristics. So, a correction for multiple
testing might be warranted. However, even without correc-
tion we found only 2 significant interaction terms out of 21
in the main body of the manuscript (see Table 2) and hence
conclude the absence of pattern, even without correction.

In ectophages, we explored whether proportional use of
resources on phylogenetically non-isolated trees emerged in
particular among species with certain traits. We therefore
defined groups of species with a particular trait value, e.g.,
species that fly when the leaves are developed between June
and October vs. other species. We then conducted for each
of the two groups the initial model, i.e., per-leaf abundance
explained by resource quantity or quality, and PI, and their
interaction. We similarly divided the data into host-plant
specialists and generalists, species with winged vs. wingless
females, and species with below vs. above median wingspan.

To test for the contributions of different tree traits and
leaf traits in shaping the species composition of ectophagous
communities on individual trees, we performed a Permuta-
tional Multivariate Analysis of Variance (PERMANOVA)
using the R package vegan (Oksanen et al. 2019). To test
whether phylogenetic isolation sorts out certain species traits
in ectophages, we used simple regressions: the dependent
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Table 2 (continued)

(5

2011

Second Set

2010

First set
2006

Y
g 3
—
B>
—
o
>
Q
—
Gy
o
2]
)
ot
o=
53]
[
o
Q
]
=]
=¥
=3
o
=
O

Springer

df

df

df

NA
NA
NA

Invalid model

NA
NA
NA

Per-leaf abundance

LDMC x PI
C:NxPI

16

0.005

3.285
Invalid model

Per-leaf abundance

Per-leaf abundance

LPC x PI

Parasitoids

Caterpillars

0.46

0.460

—0.755

17

0.020

—2.567

NA

Parasitised caterpillars

TC x PI

Italics denotes a level of resource use

Bold denotes a significant p value

Proportional use of resources was considered in terms of resource quantity (leaf area) and quality (LDMC, C:N, LPC). For all three guilds of folivores, proportional use of resources was stud-

ied at the level of per leaf-abundance, and for ectophages also at the level of per-leaf folivory and per-individua folivory. Proportional use of resources by parasitoids was studied at the level of

caterpillar use. Note that the statistics given in the table are only for the interaction term in the models, but the models also accounted for the main effects of the variables in the interaction term

PI phylogenetic isolation, LA leaf area, LDMC leaf dry-matter content, C:N carbon—nitrogen ratio, LPC leaf phenolics content, 7C total caterpillars

variable was the community weighted average value of the
trait, using species abundance as a weight. In the calculus of
community-weighted mean wingspan, we excluded species
that have wingless females to ensure independence from the
community-weighted mean of presence of wingless females.
The predictor was the phylogenetic isolation of the trees.
All statistical analyses were performed using R version
4.0.2 (R Core Team 2020). We used a normal error distri-
bution as the residuals of our multiple regression analyses
approached normality and homoscedasticity. If a model
did not meet normality and homoscedasticity criteria even
after removal of at most two influential data points, it was
removed from the analyses (3 out of 51 models in the body
of the manuscript). Influential data points were identified by
the visual assessment of four plots: residuals vs fitted val-
ues, normal Q-Q, scale-location, and residuals vs leverage
(with Cook’s distance). We considered an interaction term
significant only if it was significant after the removal of at
most one influential data point and retained its significance
after possible exclusion of a second influential data point.

Results
Overview of the data

Degree of phylogenetic isolation ranged from 5.71 to 106.67
million years in the First Set, and from 10 to 125.67 million
years in the Second Set of trees, and varied continuously
between the extremes (Online Resource 4, Fig. S4.a). Spatial
distance from each study tree to the nearest adult oak ranged
from 2.5 to 18.9 m in the First Set and from 0.7 to 9.4 m in
the Second Set of trees (Online Resource 4, Fig. S4.b.). Cir-
cumference of the study trees ranged from 57.75 to 133.1 cm
(mean 93.2 cm, SD =22.4) in the First Set, and from 37.8
to 91.4 cm (mean 62.1 cm, SD=16.7) in the Second Set of
trees (Online Resource 4, Fig. S4.c).

Per tree mean leaf area ranged from 17.57 to 53.40 cm?
in the First Set of trees. In the Second Set, it ranged from
34.98 to 73.33 cm? in 2010, and from 49.40 to 83.65 cm? in
2011. Leaf size of a tree was positively correlated between
2010 and 2011 (¢=3.247, p=0.004, df =20). Mean LDMC
ranged from 30.73 to 42.44% in the First Set of trees, and
from 21.71 to 32.47% in the Second Set in 2010. Mean C:N
ranged from 17.48 to 28.91 in the First Set, and from 9.41
to 13.65 in the Second Set in 2010. Mean leaf phenolics
ranged from 3.04 to 10.01% in the First Set, and from 12.18
to 36.05% in the Second Set in 2010.

We found a total of 237 caterpillars on 9739 leaves in
2010, and 203 caterpillars on 14,914 leaves in 2011. The
per-leaf abundance of caterpillars ranged from 0.004 to
0.072 in 2010, and from 0.003 to 0.028 in 2011. Out of
these two years, the per-leaf abundance of caterpillars



Oecologia (2023) 201:1-18

was higher in 2010 (Welch Two Sample ¢ test r=2.989,
df=28.203, p value =0.006). The species composition
of ectophage caterpillars on different trees is given in
Online Resource 5, Table S5A. The information on wing-
span, winglessness in females, flying period, host-plant

specialization are given in Online Resource 5, Table S5B.
Per-leaf abundance of leaf miners ranged from 0.050 to
0.610 in 2010, and from 0.200 to 0.800 in 2011. Per-
leaf abundance of leaf gallers ranged from 0.003 to 0.362

Fig.2 Phylogenetic isola- (a) Below median phylogenetic isolation Above median phylogenetic isolation
tion of individual host trees
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in 2006, from 0.000 to 0.366 in 2010, and from 0.000
to 0.800 in 2011. For the caterpillars, per-leaf folivory
ranged from 0.700 to 9.600 cm? in the First Set of trees.
In the Second Set of trees, it ranged from 0.525 to 9.525
cm? in 2010, and from 0.425 to 10.600 cm? in 2011. Per-
individual folivory ranged from 21.197 to 418.5 cm? in
2010, and from 39.462 to 803.480 cm? in 2011. A total
of 51 out of 206 caterpillars were parasitised in 2010 and
67 out of 203 in 2011.

Effect of phylogenetic isolation on proportional use
of resources by ectophages

Phylogenetic isolation significantly reduced the propor-
tional use of leaf size at all levels of leaf use: per-leaf
folivory, per-individual folivory and per-leaf abundance
(Fig. 2): the interaction term “leaf area X phylogenetic iso-
lation” was significant and negative (Table 2). In particu-
lar, for per-leaf folivory this reduction was significant in
all the study years i.e., for the First Set of trees in 2006 and

Fig. 3 Effect of phylogenetic

for the Second Set in 2010 and in 2011 (Table 2, Fig. 2a).
The levels of per-individual folivory and per-leaf abun-
dance were tested only for the Second Set of trees in 2010
and in 201 1. For per-individual folivory, the reduction was
significant in 2011 but not in 2010 (Table 2, Fig. 2b). For
per-leaf abundance (all species together), the reduction
was significant in 2010 but not in 2011 (Table 2, Fig. 2c¢).
In contrast, phylogenetic isolation did not significantly
affect the proportional use of resource quality i.e., LDMC,
C:N and phenolics (Table 2).

Within the different groups, we found that among spe-
cialists, phylogenetic isolation significantly reduced propor-
tional use of resources in 2010 but significantly increased
it in 2011 (Table 2, Fig. 3a). Among species with winged
females, phylogenetic isolation significantly reduced pro-
portional use of resources in 2010 but not in 2011 (Table 2).

In both the years 2010 and 2011, phylogenetic isola-
tion contributed the most to shape the species composi-
tion in ectophage communities on individual trees, albeit
only significantly in 2010 (Online Resource 6, Table S6).
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Table 3 Effect of phylogenetic
isolation of individual host trees
on community-weighted means

of multiple species traits of
ectophagous folivores, tested by
simple regression analysis

Effects of phylogenetic isolation on year 2010 2011

t P df P df
Proportion of specialists —-2.301 0.033 19 -2281 0.034 19
Proportion of species that fly between June-October — 0.354 0.727 19 —1.281 0.216 19
Proportion of species that have wingless females —2.535 0.020 19 Invalid model
Community weighted average wingspan —-0.617 0544 20 0.092 0.927 20

Bold denotes a significant p value

See Fig. 3b for illustration

In particular, phylogenetic isolation significantly sorted out
specialist ectophages in 2010 and 2011 (Table 3, Fig. 3b)
and species with wingless females in 2010 (Table 3, Fig. 3c).
An analysis based on the variable ‘presence/absence of spe-
cies with wingless females’ using logistic regression leads
to the same conclusion (Online Resource 8).

Effect of phylogenetic isolation on proportional use
of resources by leaf gallers

Phylogenetic isolation did not significantly affect the pro-
portional use of leaf size by leaf gallers. This effect was
consistently absent in both the First Set (in 2006) and the
Second Set (both in 2010 and in 2011) of trees (Table 2).
Proportional use of leaf quality was affected significantly
only in 1 out of 6 cases (Table 2). The interaction term
“C:N x phylogenetic isolation” was positive (Table 2). This
reflects a reduction in proportional use of low C:N (i.e., high
leaf quality) with phylogenetic isolation.

Below median phylogenetic isolation

Effect of phylogenetic isolation on proportional use
of resources by leaf miners

The effect of phylogenetic isolation on proportional use of
leaf resources by the leaf miners was inconsistent. For the
Second Set of trees, proportional use of leaf size was sig-
nificantly reduced in 2011 but not in 2010 (Table 2). Pro-
portional use of leaf quality was affected significantly only
in 1 out of 3 cases (Table 2): in terms of low C:N in the First
Set of trees in 2010.

Effect of phylogenetic isolation on proportional use
of resources by parasitoids

Phylogenetic isolation significantly reduced the proportional
use of ectophagous caterpillars (total number of caterpil-
lars) by parasitoids in 2010 but not in 2011 (Table 2 Fig. 4).
We note that this decline in use of abundant caterpillars in
2010 cannot be explained by the effect of phylogenetic isola-
tion on caterpillar diversity, because phylogenetic isolation
reduced caterpillar diversity (p <0.001, r=—4.12, df =20),

Above median phylogenetic isolation
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Fig.4 Phylogenetic isolation of individual host trees significantly
reduced proportional use of caterpillars by parasitoids in 2010. The
increase in number of parasitised caterpillars with an increase in total
number of caterpillars was less for phylogenetically isolated trees in
2010 (t=— 2.567, p=0.02, df=17), but not in 2011 (r=— 0.755,

p=0.460, df =18). Note that the given statistics are for the interaction
term ‘total number of caterpillars *phylogenetic isolation’. Phyloge-
netic isolation is presented as binary in the figures, but is a continu-
ous measure and statistically analysed as such
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and lower caterpillar diversity increased the number of para-
sitised caterpillars (p =0.004, r=—3.31, df =19). We could
not test for the effect of phylogenetic isolation on the pro-
portional use of resource quality because we have no data on
nutritional quality provided by the caterpillars.

Effect of isolation of resource patch in space
and of age of the resource patch on proportional
use of resources

Proportional use of resources was not affected consistently
by isolation of resource patches in space, i.e. distance to
nearest oak. Only 4 out of 36 models were significant — 1
for ectophages, 2 for leaf gallers, 1 for leaf miners and O for
parasitoids (Online Resource 7A, Table S7A.a). The two
effects on leaf gallers varied between years. In 2006, dis-
tance to nearest oak statistically reduced the proportional use
of leaf size by leaf gallers, whereas in 2010 it reduced that of
a quality parameter (low C:N). Proportional use of resources
was never affected by the age of the resource patch, i.e. age
of oaks measured by its circumference (Online Resource 7A,
Table S7A.b). Overall, none of these variables affected pro-
portional use of resources as consistently as did phylogenetic
isolation. We finally note that the percentage of pines had a
weaker effect than phylogenetic isolation (Online Resource
7B, Table S7B).

Discussion

We hypothesized that proportional use of resources by foli-
vores and parasitoids would be reduced among more phylo-
genetically isolated trees as it reduces between-tree move-
ment and masks search cues. We tested this hypothesis in
three guilds of folivores—ectophages, leaf gallers, and leaf
miners, and in parasitoids of ectophages. As predicted, we
found that in ectophages the proportional use of leaf size was
reduced on more phylogenetically isolated trees in terms of
per-leaf folivory in all years tested. This pattern of per-leaf
folivory appeared to be driven by per-individual folivory in
2011, and by per-leaf abundance in 2010. Patterns of per-
leaf abundance in 2010, in turn, appeared to be driven by
(1) an increase in abundances with leaf size on phyloge-
netically non-isolated trees in species that are specialists or
have winged females in 2010, and (2) the decline of relative
abundances of specialists and species with wingless-females
on isolated trees in 2010. For leaf gallers and leaf miners, we
did not find a consistent effect of phylogenetic isolation on
proportional use of resources. For parasitoids of ectophages,
phylogenetic isolation reduced the proportional use of cater-
pillars in one of the study years, and this cannot be explained
by the finding that caterpillar diversity reduced parasitism.

@ Springer

In contrast to the significant effects of phylogenetic isolation,
we found no support for the further hypotheses of effects of
spatial isolation from to the nearest oak or of tree age on
proportional use of resources, and effects of phylogenetic
isolation could not be explained simply by the proportion
of pines.

Limitations

Our study inevitably has limitations. First, we studied the
relationship between resource use and resource quantity or
quality but did not directly study the processes that might
drive resource use, such as movements or information usage
by individuals. However, in comparable situations, such pat-
terns have indeed been shown to result from movements or
information usage. For instance, some studies showed that
the usage of volatile compounds emitted by trees helps foli-
vores to discriminate between host trees (Jactel et al. 2011;
Ghirardo et al. 2012; Binyameen et al. 2013; Conchou et al.
2017). Moreover, we studied traits of ectophage species
(for example, host-plant specialisation), which indirectly
permits us to address the underlying mechanisms. Second,
we interpret high folivory as a sign of high use of rich leaf
resources—but it may also be a sign of compensatory feed-
ing on poor-quality leaves (Raubenheimer and Simpson
1993). We cannot exclude a minor contribution of such
compensatory feeding to our folivory scores, but consider a
major contribution unlikely: compensatory feeding should
decrease with leaf quality, but we found no negative relation-
ship between folivory and leaf quality. Third, phylogenetic
isolation might represent nothing more than an effect of the
percentage of pine trees, the most abundant and phylogeneti-
cally most distant tree species in our study. However, replac-
ing the phylogenetic isolation by % pines mostly reduced
significances (Online Resource 7, Table 7B). Therefore, the
observed effects of phylogenetic isolation on proportional
use of resources are more than a pine-effect. Finally, folivory
can also be due to folivores other than Lepidoptera caterpil-
lars, notably certain Symphyta (Hymenoptera), Coleoptera
and Orthoptera (Heil 2004; Martin et al. 2009). However, in
this region, caterpillars are known to be by far the dominant
ectophage folivores (personal observations and Southwood
et al. 2004; Yguel et al. 2011). Moreover, Symphyta caterpil-
lars were not observed.

How could phylogenetic isolation have reduced
proportional use of leaf size by ectophages?

On phylogenetically isolated trees, folivory by ectophages
did not increase proportionally to leaf size, in either of the
study years. First, we had hypothesised that phylogenetic
isolation of host trees might reduce the movement of spe-
cialized ectophages between neighbouring trees (Kennedy
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and Southwood 1984; Briandle and Brandl 2006; Gilbert and
Webb 2007; Stratton et al. 2019). In this case, individual
large-leaved trees would receive fewer ectophages from their
neighbours when they are more phylogenetically isolated
from their neighbours (suggested by Vialatte et al. 2010).
This effect should be especially pronounced for more spe-
cialized folivore species (demonstrated for Heteroptera by
Vialatte et al. 2010). As outlined above, declines of overall
proportional use of resources in terms of per-leaf abundance
were consistent with the patterns of absolute and relative
abundance of specialists.

Second, the distantly related neighbours of phylogeneti-
cally isolated trees might mask the olfactory and visual cues
of the focal tree (Binyameen et al. 2013), reducing informa-
tion available to folivores. Hence, ectophages could find it
more difficult to identify and reach large-leaved trees when
the trees are more phylogenetically isolated (Jactel et al.
2011; Salazar et al. 2016). Furthermore, on small-leaved
trees, the odour from the distantly related neighbours might
discourage individual ectophages from leaving its host tree
(Charnov 1976). Overall, when ectophages visit and test
phylogenetically isolated trees at a lower rate or have less
information about other potential host trees, they are less
likely to show proportional use of resources. This should
only play a role for folivores that oviposit when developed
leaves are present, which could give them direct information
about the size and quality of leaves. However, the effect of
phylogenetic isolation on proportional use of resources did
not differ between the species that have direct leaf size infor-
mation during oviposition and species that do not have it.

Third, folivory by ectophages might not increase propor-
tionally with leaf size on phylogenetically isolates trees due
to poor sorting of phenotypes of ectophage species. If phy-
logenetic isolation of individual host trees reduces the influx
of individual ectophages, it will also reduce the influx of
phenotypes, which serve as the raw material for the sorting
of those phenotypes that fit best to the local environment
(a process operating both within and across species; Vel-
lend 2016). With less raw material, phenotype sorting might
be poor on more phylogenetically isolated trees. Hence, on
large-leaved trees that are phylogenetically isolated, there
might be fewer ectophages that are large and capable of eat-
ing much and thereby tracking large leaves. However, we
did not find any effect of phylogenetic isolation on average
body size (wingspan), nor did phylogenetic isolation affect
the proportional use of leaf size by species with below or
above median body size.

Fourth, abundances of ectophages may be abundant on
some trees due to high in situ reproduction rather than immi-
gration. In this scenario, larger leaves might allow larger
populations to develop when the trees are phylogenetically
non-isolated. This scenario would require that leaf size of
a tree is correlated between years, which we found. The

scenario would predict phylogenetic isolation of host trees
to decrease relative abundances of species that are likely to
reproduce in situ on their host tree: wingless-female species
or oak specialists (being unable to use neighbouring non-oak
trees). We indeed found decreases in relative abundances
of these groups with phylogenetic isolation, in particular
in 2010, the year in which ectophage abundances did not
increase proportionally with leaf size on phylogenetically
isolated trees. Moreover, the importance of in-situ repro-
duction is further underlined by the fact that even species in
which ovipositing females do not have information on leaf
size also showed proportional use of resources suggests an
important role for in situ recruitment.

Overall, these four processes should facilitate using
leaves proportional to their size on phylogenetically non-
isolated trees. In theory we could have expected the oppo-
site: that phylogenetically isolated trees harbour species that
are very good at finding suitable trees and that may be able
to use leaves proportional to their size even among phy-
logenetically isolated trees. Consistently, we did find more
species with winged females on phylogenetically isolated
trees. Nevertheless, leaves were used proportionally to their
size only on the phylogenetically non-isolated trees. Alto-
gether, that leaves are not used proportionally to their size
on phylogenetically isolated trees cannot be explained by
particular groups of ectophages becoming incapable of using
leaves proportionally to their size, but possibly by a relative
decline in those groups that might be best at using leaves
proportionally to size.

Why was proportional use of resources achieved
in terms of per-leaf abundance in one year,
but by per-individual folivory in the other?

Patterns of proportional use of resources at the level of
per-leaf folivory by ectophages were reflected in patterns
of per-leaf abundance in 2010, and in patterns of per indi-
vidual folivory in 2011. As outlined before, caterpillar abun-
dance on non-isolated trees being proportional to leaf size
suggests an establishment of little dispersive ectophages
recruiting in situ on their host tree so that abundances on
that tree correspond to the quantity of resources it offers.
In contrast, patterns of per ectophage folivory suggest sort-
ing of ectophage phenotypes by the leaf traits. Thus, within
ectophage species, trees with larger leaves would accumu-
late ectophage genotypes that consume more leaf surface, or
across ectophage species, those species that consume more
leaf surface. The importance of these two groups of pro-
cesses may depend on the overall abundance of ectophages,
which was significantly higher in 2010 than in 2011. High
abundance might trigger negative density-dependent interac-
tions among ectophages such as direct resource competition,
increased defences of the shared host, or attraction of shared
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natural enemies (Birkett et al. 2003; Staudt and Lhoutellier
2007; Faiola and Taipale 2020; Collie et al. 2020). These
negative density-dependent interactions, in turn, may push
ectophages to leave host trees, and find new host trees (Char-
nov 1976; Vialatte et al. 2010). Phylogenetic isolation may
then hamper these processes, in particular in a high-abun-
dance year like 2010. The same negative density-dependent
processes among abundant ectophages also reduces the
amount of resources available per ectophage (Collie et al.
2020). As a result, in a high abundance year, increased leaf
area per tree may not correspond to increased leaf area avail-
able per ectophage, and hence not sort for ectophage pheno-
types that are capable of eating more. Overall, the high total
abundance of ectophages in 2010 might possibly explain
why ectophage abundance, but not per ectophage folivory
increased with leaf area on non-isolated trees (and inversely
for 2011).

Why did phylogenetic isolation not affect
the ectophage’s proportional use of leaf quality?

We suggest that proportional use of leaf quality by ectophages
was not affected by phylogenetic isolation because there was
no proportional use of leaf quality. When proportional use of
leaf quality is absent, it cannot be affected by phylogenetic
isolation. Proportional use of leaf quality may be absent when
information on leaf quality is insufficient. This is most obvi-
ous for folivores that oviposit during the winter when there
are no leaves in the trees (Sarvasova et al. 2020). Even foli-
vores that oviposit in late summer and overwinter as eggs to
hatch in spring (Du Merle 1988) may face a poor correlation
between leaf quality in summer and that in spring of the next
year. Even in the same season, leaf quality does not correlate
perfectly among years (Gripenberg et al. 2007). Such poor
correlation might be caused in part by the tree’s responses to
folivory: trees are known to respond to folivory by reducing
their leaf quality for folivores (Kant et al. 2015; Volf et al.
2021). Therefore, herbivorous adult insects not emerging in
spring might lack sufficient information on quality of leaves
available to larvae in spring. This problem might be particu-
larly strong in trees that suffer much from folivory, which are
often phylogenetically non-isolated trees (Yguel et al. 2011).
For this reason, resource quality might not be tracked even on
non-isolated trees.

Why did phylogenetic isolation not reduce
proportional use of resources by leaf gallers
and leaf miners?

Proportional use of resources by leaf gallers and leaf min-
ers was not consistently affected by phylogenetic isolation
of individual host trees. This is consistent with lack of
effects of phylogenetic isolation on overall abundance of
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leaf miners and leaf gallers in the study system (Hidasi-Neto
et al. 2018). Perhaps miners and gallers do not respond to the
parameters tested. Absence of proportional use of leaf size
was surprising, given reported preferences for large leaves
in leaf miners (Faeth 1991). Endophages might have little
to no need of choosing trees with a particular leaf quality,
because they can strongly improve it locally (Cornell 1989;
Hartley 1998; Nyman and Julkunen-Tiitto 2000; Giron et al.
2007; Kaiser et al. 2010). Perhaps other leaf traits such as
toughness that limit oviposition and mine initiation are more
important to endophages (Faeth 1985; Pihain et al. 2019).
Even when endophages do track resources, it might be easier
for them to overcome the effect of phylogenetic isolation
than it is for ectophages if they i.e. experience less dispersal
limitation. Specifically, many leaf gallers are known for their
high dispersal capacity (Gilioli et al. 2013). In addition, this
high dispersal limits in situ reproduction on host trees and
therefore adjustment of abundances to resources available
on a tree (Connor et al. 1983).

Why did parasitoids use hosts proportionally
in only one of the two study years?

The proportional use of ectophagous caterpillars by para-
sitoids was reduced by phylogenetic isolation of individual
host trees in 2010, but not in 2011. This pattern of 2010
cannot be explained by high caterpillar diversity possibly
reducing parasitism (Stireman III and Singer 2003), as we
have demonstrated that phylogenetic isolation reduced cat-
erpillar diversity and would thus have increased parasit-
ism on phylogenetically isolated trees, not decreased it.
One possible explanation could be the higher abundance
of ectophagous caterpillars in 2010 (Yguel et al. 2014).
Effect of abundance may be predicted from optimal for-
aging theory: many parasitoid species exhibit a type III
functional response to host density (Morrison and Strong
1980; Fernandez-arhex and Corley 2003; Veldtman and
McGeoch 2004), which means that resource use increases
with resource abundance only above a certain threshold
of resource abundance. In our case, such high levels of
abundances of ectophages might have been reached only
in the high abundance year, and even then, only on the
phylogenetically non-isolated trees. Our data thus suggest
that parasitoids track the abundance of ectophage hosts
only during years of high overall ectophage abundance
and among trees with high ectophage abundance (phy-
logenetically non-isolated). We finally note that parasit-
ism not only increases in a uniformly closely related tree
neighbourhood, it also increases in a uniform community
of host caterpillars.



Oecologia (2023) 201:1-18

15

What are the potential consequences for trees
that are phylogenetically isolated?

The fact that ectophagy mostly does not increase with
leaf area on phylogenetically isolated trees, may be both
advantageous and disadvantageous for the trees. On the
one hand, it may be advantageous because when folivores
cannot feed more on large-leaved trees, trees might then
benefit more from large leaves. Such leaves can help to
reduce water loss (Wang et al. 2019). Hence, phylogeneti-
cally isolated trees can be expected to grow larger leaves.
Consistently, Castagneyrol et al. (2017) found that specific
leaf area increases with phylogenetic isolation of individ-
ual host trees. On the other hand, the fact that ectophagy
mostly does not increase with leaf area on phylogenetically
isolated trees may also be disadvantageous for the trees, as
it renders attacks by ectophages unpredictable. Unpredict-
able attacks select for induced defences because constitu-
tive defence would be a waste of resources when there
is no attack. However, when there is an attack, induced
defences may be costlier than constitutive defences (Pig-
liucci 2001; Perkovich and Ward 2021). Overall, for a tree,
the advantages and disadvantages of growing in a phyloge-
netically distant neighbourhood might possibly equal out,
but the selection pressures on leaf area and defence traits
are likely to be different.

Conclusions

Overall, we find that proportional use of resources declines
with phylogenetic isolation of host trees. It does so in the
folivore guild that is least capable of moving between,
detecting and manipulating host trees — the ectophages.
Ectophagous folivores consume more on large-leaved trees,
either by establishing in larger numbers of individuals
(2010), or by establishing individual phenotypes that con-
sume more (2011). But this proportional use of resources
happens only as long as neighbouring trees are phyloge-
netically proximate, in 2010 likely because in such neigh-
bourhoods species accumulate that are most likely to recruit
locally — species specialized on oaks or having wingless
females. Parasitism could partly counteract proportional use
of resources on trees in phylogenetically proximate neigh-
bourhoods, because high densities of ectophages attract
more parasitoids, at least during high-abundance years. Lack
of proportional use of resources in leaf miners and leaf gal-
lers might be due to their ability to improve resource qual-
ity within trees, and due to their limited in situ recruitment
on trees. Finally, the negative effect of phylogenetic isola-
tion of trees on proportional use of resources by ectophages
suggests that tree populations in phylogenetically distant

neighbourhoods might be selected for larger leaves and
greater reliance on induced defences.
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